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Note: Page numbers followed by f indicate figures and t indicate tables.
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A water permeability coefficient
B solute permeability coefficient
c solute concentration
cb bulk concentration
cf feed concentration
cm solute concentration near membrane surface
cp solute concentration in the permeate
Cwm the concentration of water inside the selective layer
dh hydraulic diameter
D diffusion coefficient of solute
Dsm diffusion coefficient of solute inside RO rejection layer
Dwm diffusion coefficient of water inside RO rejection layer
J water flux
Js solute flux
k mass transfer coefficient
Ksm solute partitioning coefficient in the selective layer
L channel length
lm thickness of a selective layer
P hydraulic pressure
R rejection
Re Reynolds number
Rg universal gas constant (8.31 J mol�1 K�1)
Rint intrinsic rejection of a membrane
Rm membrane hydraulic resistance
Sc Schemidt number
Sh Sherwood number
T absolute temperature (K)
u cross-flow velocity
Vw molar volume of water
v kinematic viscosity
η dynamic viscosity of water
δ boundary layer thickness
π osmotic pressure

1.1 INTRODUCTION OF REVERSE OSMOSIS

Osmosis, also called forward osmosis (FO), a natural phenomenon
discovered as early as 1748, is a diffusion of fluid (usually water) through
asemi-permeablemembrane fromasolutionwitha lowsoluteconcentration
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to a solutionwith a higher solute concentration until an equilibrium of fluid
concentrationonbothsidesof themembrane is reached [1].Thedriving force
forwater transport is the chemical potential difference (i.e., osmoticpressure
difference) across the membrane. Reverse osmosis (RO) is achieved by
applying a pressure in excess of the osmotic pressure gradient to drive the
water to flow from the high solute concentration side to the low solute con-
centration side, i.e., in an oppose direction to the automaticwater flow in the
FO process. Fig. 1.1 illustrates four osmotic membrane processes including
pressure assisted osmosis (PAO), FO, pressure retarded osmosis (PRO) and
RO.The fourprocessesaresimilar inawaythatasemi-permeablemembrane
isplaced inbetweena solutionof lowosmoticpressureandasolutionofhigh
osmotic pressure. The first three (PAO, FO, andPRO) are the processes (par-
tially)drivenbyosmoticpressuredifference,wherewater flowsfromthe low
osmotic pressure side to the high osmotic pressure side. They are not able to
achieve desalination by themselves. Only when the water flow direction is
reversed in theROprocess, cancleananddesaltedwaterbedirectlyobtained
by this pressure driven membrane process.

1.1.1 Historic Development of RO

The use of RO as a feasible separation process was first demonstrated in
the early 1960s. The milestones of RO membrane development are shown
in Fig. 1.2. The first practical ROmembranemade of cellulose acetate (CA)
was reported by Loeb and Sourirajan in 1962 [2]. This membrane exhibited
high flux and salt rejection owing to the asymmetric structure (a thin skin

ΔP = 0 p > ΔP > 0  ΔP > p  

Forward osmosis
(FO) 

Pressure
retarded osmosis

(PRO)

Reverse osmosis
(RO) 

ΔP < 0 

Pressure
assisted osmosis

(PAO)

Solution of low osmotic pressure

Solution of high osmotic pressure

Semi-permeable membrane

FIG. 1.1 Osmotic membrane processes including pressure assisted osmosis (PAO), for-
ward osmosis (FO), pressure retarded osmosis (PRO) and reverse osmosis (RO).
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layer on a porous substrate). Cadotte and Petersen later made the first effi-
cient thin-film composite (TFC) membrane based on the reaction of phe-
nylene diamine and trimesoyl chloride, which was a key breakthrough to
make the large-scale application of RO membranes economically feasible
[3]. Today, the state-of-art desalination RO membranes are still TFC poly-
amide (PA) ROmembranes [4]. Although they are produced based on the
original chemistry discovered during the 1980s, the performance of RO
membranes have been improved significantly over the 30 years [5], by
closer monitoring of the recipes for the substrates and selective layer
and/or applying coating, etc. [6]. More than sevenfold decrease in salt
passage has expanded the range of saline feeds, while the increased life-
span (2.3 times) and increased water permeability (2.5 times) have greatly
reduced the real cost (one twelfth) [5, 7]. Currently, TFC RO membranes
are produced in flat sheet configuration and mostly supplied in spiral
wound module (SWM). With the aim of further reducing energy cost in
desalination (theoretical minimal energy required to desalinate 35 g/L
seawater at 50% recovery is �1.06 kWh/m3, while the real energy con-
sumption is �2–5 kWh/m3 [8, 9]), extensive researches are focused on
developing more superior performing, fouling resistant and chlorine
resistant RO membranes, in addition to the optimizations of the process
and membrane module design.

Since 2007, the emerging thin-film nanocomposite (TFN) membranes/
mixed matrix membranes (MMMs), i.e., TFC membranes with incorpo-
rated nanoparticles/inorganic particles in the selective layer and/or the
support layer, have attracted great interests in fabricating high perfor-
mance RO membranes [10, 11], due to their enhanced performance as
compared with pristine TFC membranes [12].

FIG. 1.2 Milestones of RO membrane development. Adapted from Baker RW. Reverse osmo-

sis. Membrane technology and applications. John Wiley & Sons, Ltd; 2004. p. 191–235.
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1.1.2 Basic Properties of RO Membrane

The basic properties of RO membrane are summarized in Table 1.1
along with other types of pressure driven membranes such as nanofiltra-
tion (NF), ultrafiltration (UF), and microfiltration (MF), which are catego-
rized based on the pore size or operating pressure range. MF and UF
membranes are the low-pressure membranes with relatively larger pores.
They are usually adopted in the pretreatment of RO/NF processes to pro-
tect the RO/NF membranes. They are also used as the support for fabri-
cating TFC RO and NF membranes. RO membranes have the tightest
surface “pores” (<2 nm (diameter), generally considered as non-porous
membrane) and are able to retain dissolved ions (including monovalent
ions Na+ and Cl�) and small organic molecules. RO membranes can be
further divided into seawater RO (SWRO) and brackish water RO
(BWRO) membranes. SWRO membranes have high NaCl rejection
(>99%) and are used for seawater desalination. The trade-off for this high

TABLE 1.1 Typical Properties of Pressure-Driven Membranes

Microfiltration Ultrafiltration Nanofiltration

Reverse

osmosis

Surface pore
size (nm)

50–10,000 1–100 �2 <2

Operating
pressure
(bar)

0.1–2.0 1.0–5.0 2.0–10 10–100

Water
permeability
(L/m2h/bar)

>500 20–500 5–50 0.5–10

MWCO (Da) Not applicable 1000–300,000 >100 >10

Targeted
contaminants

Bacteria, algae,
suspended
solids,
turbidity

Bacteria, virus,
colloids,
macromolecules

Di- and multi-
valent ions,
natural organic
matter, small
organic
molecules

Dissolved
ions, small
molecules

Membrane
materials

Polymeric,
inorganic

Polymeric,
inorganic

Thin-film
composite
polyamide,
cellulose
acetate, etc. [13]

Thin-film
composite
polyamide,
cellulose
acetate

Note: MWCO, molecular weight cut-off.

Adapted from Fane AG, Wang R, Tang C. Membrane technology for water: microfiltration, ultrafiltration,

nanofiltration, and reverse osmosis. Treatise on water science, vol. 4. Amsterdam; Hackensack, NJ: Elsevier Science;

2011. p. 301; Mulder M. Basic principles of membrane technology. The Netherlands: Kluwer Academic Publishers;

1996.
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rejection is the lowwater permeability (<1 L/m2 h/bar). High pressure of
above 60 bar is generally required in real operation to overcome the sea-
water osmotic pressure to produce reasonably high-water flux. BWRO
membranes have relatively low NaCl rejection (>95%) and higher water
permeability (1–10 L/m2 h/bar), and are used for water/wastewater
treatment where feed salt content is much lower compared to that of sea-
water. NFmembranes are similar to ROmembranes, but the bigger “pore”
size of NF membranes as compared with RO membranes leads to the
higher water permeability and much lower rejection to the monovalent
ions (e.g., 10%–90% rejection to Na+ depending strongly on the surface
charges of the membrane). NF membranes can effectively remove di-
and multi-valent ions, which makes them useful for water softening.

During a pressure driven membrane process, a feed stream is divided
into two streams, i.e., retentate stream (or concentrate stream) that is
retained by the membrane and permeate stream that passes through the
membrane. It is widely accepted that the transport of molecules through
the selective skin layer of a RO membrane is best described by the
solution-diffusion model [14, 15]. It assumes that both the solvent and
the solute are absorbed to the skin layer, and then diffuse through the
non-porous layer independent of each other under their respective chem-
ical potential gradient. A separation is achieved between the solvent and
the solute (or among different permeants) because of the differences in the
amount of the molecules that dissolve in the membrane (solubility) and
the rate at which the molecules diffuse through the membrane (diffusiv-
ity) [14]. RO membranes generally allow high absorption of water mole-
cules and fast diffusion of them through the selective layer, as compared
with sodium chloride [15].

1.2 RO MEMBRANE FABRICATION

ROmembranes are generally categorized into integrally skinned asym-
metric membranes and TFC membranes based on the structure and mate-
rials. The common materials used for RO membrane fabrication are
summarized in Table 1.2. An integrally skinned asymmetric membrane
is made of one polymeric material, and CAmembranes (made of cellulose
esters) are the most widely used examples [15]. The TFC ROmembrane is
the state-of-the-art RO membrane, which comprises two or more polymer
materials. The porousmembrane support is typically made of polysulfone
(PSf) or polyethersulfone (PES). The ultrathin selective layer is generally
made of polyamide (PA), which has relatively high water flux and high
solute rejection, as well as good chemical, mechanical, and thermal stabil-
ity (Table 1.2) [9].
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TABLE 1.2 Typical Materials for RO Membrane Preparation

Polymer Structure Properties

Cellulose esters � Hydrophilic
� Cellulose diacetate and triacetate and their blends are widely

used for making RO membranes
� Cellulose acetate membranes are subject to hydrolysis and

microbial attack
� Stable over narrow pH range

Polysufone (PSf) � High performance polymer with excellent chemical and thermal
stability

� Form porous support layer of RO and NF membranes

Polyethersulfone
(PES)

� Similar to PSf, high chemical and thermal stability
� Less hydrophobic than PSf
� Form porous support layer of RO and NF membranes

Polyamide (PA) � Good thermal stability, chemical resistance and mechanical
strength

� Used as ultrathin dense layer for RO membranes
� Low resistance to chlorine
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1.2.1 Cellulose Acetate Membrane

Cellulose esters, including cellulose diacetate and cellulose triacetate,
are used to prepare the integrally skinned asymmetric RO membranes
via phase inversion. Phase inversion refers to a process whereby a poly-
mer solution (liquid form; in which the solvent system is the continuous
phase) inverts into a swollen three-dimensional macromolecular network
or gel (solid form; where the polymer is the continuous phase) [9]. In other
words, a liquid polymer solution is precipitated into two phases: a
polymer-rich phase that forms the matrix of the membrane, and a
polymer-lean phase that forms themembrane pores in an unstable nascent
membrane structure. For RO membrane/RO substrate preparation, the
precipitation is generally achieved by the immersion of a polymer solution
into a non-solvent coagulant bath, such as water (solvent containing water
coagulant bath is usually adopted for hollow fiber membrane preparation
[16]). Both flat-sheet membranes and hollow fiber membranes can be
fabricated using this method.

Despite the ease of preparation (i.e., one step casting), it is generally dif-
ficult for the integrally skinned asymmetric RO membranes to achieve
both high water permeability and high solute rejection. Formation of a
dense skin layer requires a relatively high polymer concentration, which
results in a less porous/less permeable support and therefore an increased
overall hydraulic resistance of themembrane. It has been reported that the
polymer concentration for making integrally skinned asymmetric CA
membrane is higher than that of TFC membrane with CA support [17,
18]. A common practice for increasing the solute rejection of CA mem-
brane is to adopt an annealing post-treatment, such as heating in a bath
of hot water for a few minutes [19]. This process modifies the selective
layer by eliminating the micropores and producing a denser skin, result-
ing in a decrease in water flux and an increase in salt rejection [19]. The
annealing temperature determines the final properties of the membrane
and a higher temperature generally leads to a denser skin layer. To com-
pensate the low permeability, the commercial CA RO membrane is pref-
erentially made into hollow fiber modules (e.g., Toyobo hollow fiber
membrane with a very small outer diameter of �165 μm [20]), which
can provide sufficiently high water productivity owing to the high pack-
ing density (high specific membrane area) [21]. Considerable research
efforts have been made to optimize CA membranes via changing the
compositions of polymer solution (e.g., type and concentration of poly-
mer/additives) and casting/spinning conditions (e.g., composition and
temperature of coagulant bath), and modifying the surface properties,
etc. [22–24]. However, their drawbacks of poor stability against chemicals,
bacteria, and temperature and lower water permeability make it less
competitive than the TFC polyamide membranes (see Tables 1.2 and 1.3).
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1.2.2 TFC Polyamide Membrane

ATFC polyamide (PA) ROmembrane generally comprises three layers,
including an aromatic PA selective layer (typically <200 nm thick), a
microporous support (usually a UF membrane, 20–50 μm), and a non-
woven fabric (backing layer, 100–200 μm) [9]. A schematic of a typical
TFC RO membrane is shown in Fig. 1.3. The selective layer and the sup-
port are produced separately, enabling the optimization of each individ-
ual layer for the respective specific function, i.e., the top selective layer is
thin but dense enough to attain high solvent flux and high solute rejection;

TABLE 1.3 Comparison of CA RO Membrane and TFC RO Membrane

Cellulose acetate (CA)

RO membrane

Thin-film composite (TFC)

polyamide (PA) RO membrane

Water permeability
(L/m2h/bar)

Low (�1 L/m2 h/bar
or less)

High

NaCl rejection (%) 85–98 95–99.9

Surface hydrophilicity Very hydrophilic Less hydrophilic

Surface roughness Smooth Rough surface with ridge-and-
valley structure

Operating pH range 5–7 3–10 (2–11 for certain membranes)

Maximum operating
temperature (°C)

30 45

Resistance to
biodegradation

Low Relatively good

Resistance to chlorine Stable at low levels
(<1 ppm)

Low tolerance to free chlorine
(<0.1 ppm)

Adapted from Fane AG, Wang R, Tang C. Membrane technology for water: microfiltration, ultrafiltration,

nanofiltration, and reverse osmosis. Treatise on water science, vol. 4. Amsterdam; Hackensack, NJ: Elsevier Science;

2011. p. 301.

Polyamide 0.05–0.3 µm 

Polysulfone ~20–50 µm

Backing layer ~100–200 µm

FIG. 1.3 Schematic of a thin-film composite PA membrane.
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and the support is porous enough to provide low resistance to permeate
while maintaining high mechanical strength [25]. This approach provides
great flexibility for utilizing different materials to tailor the membrane
structure and properties.

The PA layer of a TFC ROmembrane is formed on a porous membrane
support via interfacial polymerization between amines (e.g.,
m-phenylenediamine, MPD) and aromatic acyl chlorides (e.g., trimesoyl
chloride, TMC). In the process of preparation (Fig. 1.4), a membrane sup-
port (UF orMFmembrane) is immersed in an aqueous solution containing
MPD. After removing the excessMPD, themembrane surface is immersed
in/contacted with a water-immiscible solvent containing dissolved TMC.
Due to the rapid hydrolysis of acyl chloride in the aqueous phase and the
asymmetric solubility, the reaction is diffusion-controlled and comprises
three stages [26]: At the incipient stage, a loose polymer film begins to
emerge in the interface between two immiscible solvents; then amines
in the aqueous phase diffuse to the organic phase and the film becomes
dense and grows perpendicularly towards the organic phase; finally the
increase in thickness and density of the film inhibits the diffusion of
the monomers and the reaction. The advantage of interfacial reaction is
the fast reaction kinetics and self-inhibiting, resulting in an extremely thin
film. Heat treatment is often applied to complete the interfacial reaction
and further cross-linking [19]. The type and concentration of mono-
mers/solvents/additives, polymerization condition, and curing process

FIG. 1.4 (A) Schematic of the formation of a thin-film composite membrane via interfacial
polymerization; (B) reaction betweenMPD and TMC.Adapted fromWeng X, Ji Y, Zhao F, AnQ,
Gao C. Tailoring the structure of polyamide thin film composite membrane with zwitterions to achieve

high water permeability and antifouling property. RSC Adv 2015;5(120):98730-9
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can affect the performance of the PA layer and these conditions need to be
optimized for fabricating high-performance TFC membranes [27, 28].

In addition to the control of the reaction parameters of interfacial poly-
merization, the surface properties of the support such as pore structure,
surfacemorphology and chemistry are also important for the PA layer for-
mation [27, 29]. For example, a relatively porous and hydrophobic support
could result in the formation of a more permeable and rougher skin layer;
whereas a smoother PA layer with lower permeability is formed on a sup-
port of hydrophilic surface [30]. The increasing surface pore size was also
found to increase the RO membrane water permeability [31]. Although it
has been found that the support surface properties play an important role
in forming PA layer, the mechanisms are yet to be systematically investi-
gated. Besides the surface properties, an ideal support of a RO membrane
shall possess good mechanical, chemical, thermal, and biological stabili-
ties and relatively low hydraulic resistance.

In the aspect of RO support preparation, phase inversion is the most
extensively used method, with which an asymmetric UF membrane is
generally formed from polymers PSf or PES (Table 1.2). Similar to the
CA RO membrane fabrication and other UF membrane preparation,
factors such as the composition of polymer solution (e.g., the type and
concentration of polymer/additive), and coagulant bath, etc. have been
shown to influence the properties of resultant supports [15, 27]. For the
commercially available TFC membranes, the TFC RO supports are pro-
duced in flat sheets; hollow fiber TFC RO membranes are only prepared
in lab scale currently due to the challenges of large-scale production.
Nevertheless, the high performance hollow fiber TFC RO membranes
have been recently developed in a few research labs with promising
applications in brackish water desalination and surface water
treatment [32].

On the other hand, the recently emerged nanofibrous membranes pro-
duced by electrospinning have attracted many interests in preparing
membranes or membrane supports [29, 33]. Electrospinning involves a
process during which polymer is stretched into nanofibers from its
solution under an applied electrostatic force. This technique is so versatile
that the produced nanofibrous membranes can be tailored with desired
pore size, porosity, and thickness by varying the polymer solution and
electrospinning conditions [29, 34]. A typical nanofibrous membrane
has interconnected pores and relatively high porosity, which is favorable
for making RO/NF membranes with high water permeability [33]. Nev-
ertheless, the surface pore size of the nanofibrous membrane support
needs to be carefully controlled within a certain range for the successful
formation of PA selective layer. The nanofibrous support with high poros-
ity may also require other treatment to enhance its stability against high
pressure, such as heat pressing [33].
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1.2.3 Membrane With a Polyelectrolyte Multilayer Film

RO/NF membranes can be prepared by the layer-by-layer assembly of
polyelectrolytes onto a charged support (UF or NF supports), where a
polycation (e.g., polyallylamine hydrochloride, PAH) and a polyanion
(e.g., poly(sodium 4-styrene-sulfonate), PSS) are deposited alternately
[35–37]. Fig. 1.5 presents a schematic of layer-by-layer assembly cycle.
The rejection property of the membrane usually depends on several fac-
tors, such as the type and concentration of polyelectrolytes, ionic condition
of the polyelectrolyte solution, contact time, and the number of bilayers
(one positively charged layer and one negatively charged layer) [37, 38].
These conditions may influence both the tightness of the “pores” in the
membrane skin layer as well as the surface charge, thereby affecting the
passage of solutes, especially charged solutes. This method ismorewidely
used for NF membrane preparation, as the monovalent rejection of the
polyelectrolyte film is not very high while the divalent ions are much bet-
ter retained. To enhance the solute rejection and the film stability, cross-
linking via heat treatment and/or the use of cross-linking agents are
generally adopted [37–40].

1.2.4 Recent Advances in Membranes

1.2.4.1 Mixed Matrix Membranes

Mixed matrix membranes (MMMs) for RO applications are fabricated
by incorporating inorganic nanoparticles into membrane matrix via
blending the materials into the polymer solution for the support or the
monomer solution for the PA layer [27, 41]. The membrane with nanopar-
ticles embedded PA layer is also named thin-film nanocomposite (TFN)
membrane. The pioneering study by Hoek’s group [12] reported the fab-
rication of a TFN RO membrane via immobilizing zeolite NaA nanopar-
ticles in the PA layer at loadings of 0.004%–0.4% (w/v). The results

Polycation Polyanion

Membrane
support 

FIG. 1.5 Schematic of layer-by-layer assembly for preparing polyelectrolyte multilayer
film.
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demonstrated dramatic increase in water permeability upon zeolite incor-
poration, while solute rejection remained comparable to the pure TFC
membrane (Fig. 1.6). The improved intrinsic properties of the TFN mem-
branes could be attributed to the unique pore structure of zeolite molec-
ular sieve particles, which provide a preferential flow path for water
molecules through its internal pore structure. In addition, the hydrophi-
licity and negative charges of zeolite nanoparticles could result in greater
affinity for water molecules and thus increase the repulsion of anions [10].
Similar to zeolites that provide size and shape selectivities, silica (SiO2) are
also available in various forms and sizes, such as nonporous silica and
mesoporous silica. The latter has pore size range of �2–50 nm, which
could make even shorter water flow path in TFN membranes [42]. How-
ever, increasing mesopore size of silica may cause sacrificed salt retention
[43]. Besides the selection of nanoparticles, the loading of nanoparticles
shall also be carefully controlled to minimally affect the crosslinking
degree of PA layer [27]. Other promising nanoparticles for MMM prepa-
ration include titanium nanotube, silver (Ag), carbon nanotube (CNT),
and grapheme oxide (GO), etc. In addition to the enhanced separation

FIG. 1.6 Zeolite nanoparticle-embedded TFN membranes. (A) Schematic of TFN mem-
branes; (B) SEM image of zeolite nanoparticles; (C) TEM image of PA layer with embedded
zeolite nanopartilces; and (D) water permeability and solute rejection performance upon zeo-
lite loading. Reproduced from Jeong BH, Hoek EMV, Yan Y, Subramani A, Huang X, Hurwitz G,

et al. Interfacial polymerization of thin film nanocomposites: a new concept for reverse osmosis mem-

branes. J Membr Sci 2007;294(1-2):1-7.
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properties, TFN membranes may exhibit improved chemical and thermal
stability, improved reaction and sorption capacity [27]. For example, the
TFN membrane with Ag incorporated in the selective layer exhibited bet-
ter anti-biofouling property [44], and CNT embedded TFN membranes
showed improved resistance to chlorine and fouling [45].

On the other hand, MMMs with fillers in the supports have also been
extensively investigated [27]. Although TFN approach seems to be more
effective to improve RO membrane separation property, the nanoparticle
incorporation in the supports may benefit in a different way. Similar to
the effect of changing polymer solution composition (see Section 1.3.2),
a small amount of fillers in the support can significantly change the sup-
port’s properties, whichmay subsequently affect the selective layer forma-
tion [27]. The hydrophilic inorganic particles such as silica, zeolites, TiO2,
and CNTs could increase the hydrophilicity of the support layer.
Meanwhile, the changed pore structure (especially the surface character-
istics of the support) may contribute to the enhanced water permeability
[46]. This approach is very helpful in decreasing the structural parameter
of the support layer of FOmembranes to reduce the internal concentration
polarization effect, thereby increasing FO water flux [46]. Moreover, the
fillers with superior mechanical property such as CNT can significantly
increase the tensile strength of theMMMmembranes [47]. However, there
are still some challenges encountered during TFN membrane/MMM fab-
rication, such as poor dispersion of nanoparticles in the casting solution,
agglomeration of nanoparticles in the PA layer, lack of interaction
between nanoparticles and membrane matrix (leach out easily), and
unknown water and ion transport mechanisms especially for nonporous
nanoparticles [10].

1.2.4.2 Biomimetic Membranes

Different from the MMMs, the fillers used in biomimetic membranes
are aquaporin (AQP) laden vesicles. AQPs are known as water channels,
which selectively conduct water molecules while preventing the passage
of ions and other solutes (Fig. 1.7A). These characteristics make
them perfect for desalination. The single channel permeability of
AQP is �2–14 � 10�14 cm3 water molecules/s (CNT is on the orders of
10�14–10�12 cm3/s but without perfect solute rejection) [48–50]. AQP
laden vesicles have been demonstrated to possess high water productivity
as compared to that of commercial RO membranes [51]. Among different
methods of making biomimetic membranes, TFC membrane is still the
most practical and promising approach [48]. Conceptually, the way of
immobilizing biomolecules into a PA layer is similar to the TFN mem-
brane fabrication. The fabrication of biomimetic TFC RO membrane has
been firstly successfully demonstrated by Zhao et al. [52], and the resul-
tant membrane showed 25% increase in water flux without compromising
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the NaCl rejection. Later Li et al. showed that the water permeability
of AQP incorporated TFC hollow fiber membrane reached �8 L/m2

h/bar, which was twice as high as those of pristine TFC membrane and
commercial BWRO membranes [32]. A cross-sectional SEM image of bio-
mimetic RO membrane is shown in Fig. 1.7B, where the AQP laden ves-
icles can be observed within the PA layer. Despite the superior
separation performances, other issues shall be taken into consideration,
such as membrane stability (very few studies looked into the long term
stability [53]), scalability, and production cost. A comprehensive review
on biomimetic membranes can be found elsewhere [48]. On the other

Water
molecules 

Lipid
bilayer 

Aquaporin
Self-assembled
water channel 

Unimolecular
water channel

(A)

Lipid
vesicles 

Polyamide
layer 

PES support
layer 

(B)

FIG. 1.7 Water channels and biomimetic membranes. (A) Aquaporin and synthetic water
channels (self-assembled artificial water channel and unimolecular artificial water channel);
(B) biomimetic TFC ROmembranes with incorporated aquaporins (spanned in lipid vesicles)
in the PA layer. Adapted from Li X, Chou S, Wang R, Shi L, Fang W, Chaitra G, et al. Nature gives
the best solution for desalination: aquaporin-based hollow fiber composite membrane with superior per-

formance. J Membr Sci 2015;494:68–77; Barboiu M. Artificial water channels—incipient innovative

developments. Chem Commun 2016;52(33):5657–65.
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hand, the high performance of natural water channel has inspired
researchers to synthesize artificial water channels with nanotubular struc-
tures (Fig. 1.7A), which have potential to overcome the challenges faced by
AQP based biomimetic membranes [54].

1.3 MEMBRANE PROPERTIES AND
CHARACTERIZATIONS

Membrane separation properties generally consist of water permeabil-
ity and solute rejection, which directly determines membrane productiv-
ity. In addition, other important characteristics include hydrophilicity,
surface roughness and charge, andmembrane stability, which are not only
related to the separation properties, but also influence membrane fouling
significantly. Correspondingly, membrane characterization (Table 1.4)
provides the information about the important membrane properties. It
can guide the optimization of membrane fabrication to achieve excellent
separation efficiency and fouling resistance.

TABLE 1.4 Membrane Characterization Methods

Instrument Membrane characteristics

Performance test Membrane filtration
setup

Water permeability, solute rejection, pore
size distribution

Microscopic
methods

SEM Surface/cross-section features

TEM Cross-section of membrane/cake layer

CLSM Membrane structure/foulant composition

AFM Roughness, surface morphology

Spectroscopic
methods

FTIR Membrane/foulant functional groups

XPS Elements/chemical bonding

EDX Elemental mapping of membrane/foulants

EIS Structural information of sublayers

Other methods Goniometer/
tensiometer

Hydrophilicity/hydrophobicity

Streaming potential
analyzer

Surface charge

AFM force
measurement

Interaction force (membrane-foulant)

Adapted from Fane AG, Wang R, Tang C. Membrane technology for water: microfiltration, ultrafiltration,

nanofiltration, and reverse osmosis. Treatise on water science, vol. 4. Amsterdam; Hackensack, NJ: Elsevier Science;

2011. p. 301.

16 1. REVERSE OSMOSIS MEMBRANE SEPARATION TECHNOLOGY



1.3.1 Membrane Properties

1.3.1.1 Water Permeability and Solute Permeability

The solution-diffusion model assumes that the solute and solvent are
absorbed into and diffuse through themembrane selective layer, indepen-
dent of each other, under the respective chemical potential gradient.
According to the model, the water flux J and the solute flux Js are propor-
tional to the net pressure difference and the concentration difference,
respectively, across the membrane [9]:

J¼A ΔP�Δπð Þ (1.1)

Js ¼BΔc (1.2)

where A is defined as water permeability coefficient and B is the solute
permeability coefficient. ΔP and Δπ are hydraulic pressure difference
and osmotic pressure difference across the membrane, respectively. Δ c
is the concentration difference across the membrane. The transport coef-
ficients in this model can be related to membrane properties as shown
below:

A¼DwmCwmVw

RgTlm
(1.3)

B¼DsmKsm

lm
(1.4)

where Dwm and Dsm are water diffusion coefficient and solute diffusion
coefficient inside the selective layer, respectively. Csm is the concentration
of water inside the selective layer, Vw is the molar volume of water, Ksm is
the solute partitioning coefficient in the selective layer, lm is the thickness
of the selective layer, Rg is universal gas constant, and T is absolute
temperature.

The intrinsic rejection of a RO membrane Rint is defined as [55]:

Rint ¼ 1� cp

cm
(1.5)

where cp and cm are the solute concentration in permeate and at the feed
solution/membrane interface, respectively, and Rint can be determined
using the following equation:

Rint ¼ 1 +
B

A ΔP�Δπð Þ
� ��1

(1.6)

According to the above Eqs. (1.3), (1.4), and (1.6), the intrinsic rejection
can be improved by increasing the preferential absorption of water mol-
ecules to the solutes, enhancing the diffusion coefficient of water mole-
cules inside the selective layer compared with that of solutes, and
increasing the applied pressure. This intrinsic rejection is different from
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apparent rejection R, which is directly measured from experiments and
can be greatly affected by the concentration polarization (CP) (as dis-
cussed in Section 1.5):

R¼ 1� cp

cf
(1.7)

where cf is the solute concentration in the feed. In general, apparent
rejection R has smaller value than intrinsic rejection Rint due to the CP
effect.

In addition to the solution diffusionmodel, permeatewater flux J can be
also correlated to the driving force by following Darcy’s law and is com-
monly presented in terms of membrane hydraulic resistance Rm and
dynamic viscosity of the permeating water η [9]:

J¼ΔP�Δπ
ηRm

(1.8)

Although A and B value are the intrinsic properties of a membrane, the
measured water flux and rejection are affected by different operating con-
ditions, which generally include the applied pressure, cross-flow velocity
of the feed stream, feed concentration (or recovery), and temperature
(Fig. 1.8). At a relatively low applied pressure (low water flux level),
the water flux increases linearly with applied pressure (Eq. 1.2 or

FIG. 1.8 Effect of operating conditions on RO membrane performance. Adapted from Fane

AG,Wang R, Tang C. Membrane technology for water: microfiltration, ultrafiltration, nanofiltration,

and reverse osmosis. Treatise on water science, vol. 4. Amsterdam; Hackensack, NJ: Elsevier Science;

2011. p. 301.
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Eq. 1.8), the solute rejection also increases with increasing pressure
based on the solution diffusion model (Eq. 1.6). However, at a higher
applied pressure, the water flux increase deviates from the linear line,
due to the increased concentration polarization (i.e., increased concen-
tration/osmotic pressure at membrane surface, see Section 1.5). The
increased concentration at membrane surface also results in a lower
apparent rejection. Increasing the cross-flow velocity tends to increase
both water flux and solute rejection, as a result of reduced concentration
polarization. Increasing the recovery or increasing the feed concentra-
tion has an effect of reducing both water flux and solute rejection,
due to the increased osmotic pressure of the bulk solution. Hence,
the recovery for a typical SWRO desalination plant is limited to 50%,
while that for a water reclamation plant is controlled below 80% [9].
Increasing the system temperature can lead to an increase in both water
flux and solute flux, due to the enhanced diffusion coefficient (Dwm and
Dsm) in the membrane selective layer. The solute flux generally
increases more drastically than the water flux, so the solute rejection
tends to decrease at a higher temperature. It is noted that the change
in temperature affects the intrinsic properties of membrane selective
layer, while the other operating conditions discussed here are related
to the solute concentration at membrane surface.

1.3.1.2 Hydrophilicity

Hydrophilicity is a characteristic of materials exhibiting an affinity to
water. The surface of a hydrophilic membrane can readily absorb water.
In contrast, a hydrophobic membrane has little or no tendency to absorb
water. The relative hydrophilicity/hydrophobicity can be determined
using contact angle measurement (see Table 1.4). In general, a hydrophilic
membrane surface is preferred in RO applications for enhancing water
permeability and reducing membrane fouling propensity [56–58]. In this
regard, CA membrane surface is preferred compared to a typical TFC
membrane surface (a comparison of the two membranes is shown in
Table 1.3).

1.3.1.3 Surface Roughness

Membrane surface roughness is an important parameter affecting RO
membrane fouling. A rougher surface is subject to more membrane foul-
ing due to the decreased shear force over the rougher surface and the
increased membrane non-homogeneity (i.e., varied flux distribution over
the membrane surface and the local high flux would promote fouling (see
Section 1.6)) [9]. TFC RO membranes consisting of PA skin layer have
ridge and valley surface morphology that contributes to the roughness.
In contrast, CA membrane as well as semi-aromatic NF membranes
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possess smoother surface, which is less prone to initial foulant deposi-
tion/growth [58–60]. Nevertheless, surface modification can be applied
to decrease the roughness, such as the polyvinyl alcohol (PVA) coating
on BW30 membrane (Dow Filmtec) [61].

1.3.1.4 Surface Charge

The surface charge of a membrane is generally dependent on its
charged functional groups or the preferential adsorption of some specific
ionic species [9]. Most TFC ROmembranes have negatively charged active
surfaces at neutral pH, due to the presence of –COOH functional groups
on the PA layer. The surface charge can influence solute rejection. For
example, the rejection of sodium chloride by a typical RO membrane
can be partially contributed by Donnan exclusion effect [13], i.e., Cl� is
retained by the negatively charged surface due to electrostatic repulsion,
andNa+ is also retained tomaintain charge neutrality [13]. The rejection of
charged trace organic solutes is also affected by the charge of membrane
[62]. Moreover, the membrane water permeability may be affected by sur-
face charge, as evidenced by the lowest water flux at pH 5 (i.e., the isoelec-
tric point of the membrane) where membrane surface is least charged [63].
On the other hand, the membrane surface charge plays an important role
in fouling. The attractive force between oppositely charged foulants and
membrane surface has a strong tendency to induce foulant deposition
[64]. Membrane-foulant interaction can greatly affect flux performance
at initial fouling stage [65].

1.3.1.5 Stability

The mechanical, chemical and thermal stabilities of a membrane are
important for it to be successfully applied in a membrane process. The
requirement of the mechanical strength of a RO membrane depends
on its application. For example, SWRO membrane shall withstand higher
pressure than the BWROmembrane. The chemical and thermal stabilities
are closely related to the type of materials used for membrane fabrica-
tion. The RO membranes made of CA have relatively poor stability
against chemicals, bacteria, and temperature. The typical operating con-
ditions for such membranes are in range of pH 5–7 to avoid the hydro-
lysis of the polymer, at temperature below 30°C to avoid the annealing
effect (see Section 1.2.1). In contrast, the most widely used TFC RO mem-
branes with PA selective layer are generally more stable, except that it
has low chlorine resistance. To prevent unacceptable membrane damage,
the chlorine level shall be carefully controlled at a level below 0.1 ppm
(Table 1.3) [66, 67].
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1.3.2 Membrane Characterizations

1.3.2.1 Performance Tests

Membrane filtration setup is used to test water permeability and the
rejection of the solutes of interests. NaCl rejection is the most commonly
used separation efficiency indicator for ROmembranes. Molecular weight
cut-off (MWCO), defined as the molecular weight of a solute that is
rejected by membrane at 90%, is also used to represent the “pore size”
or the selectivity of RO membrane (see Table 1.1), although this concept
is more commonly used for UF/MF membranes or the support of RO/
NF membranes.

1.3.2.2 Microscopic Methods

Microscopic characterization is used for the visualization of the mor-
phology and the structure of membrane surface and cross-section. It
can be also used for the characterization of fouled membranes to provide
the details about the morphology, structure and properties of the foulant
cake layer. Scanning electron microscopy (SEM) is the most widely used
tool to visualize the surface and cross section of clean and fouled mem-
branes, attributing to its high resolution (as good as 5 nm for polymeric
samples) and relatively easy sample preparation [68]. Transmission elec-
tron microscopy (TEM) generally provides higher resolution (atomic scale
for crystalline samples), especially in detailing the structural information
of membranes and foulants [61, 69], but the sample preparation demands
more skilled hands and complicated procedures. Compared to SEM and
TEM, confocal laser scanning microscopy (CLSM) has lower resolution
(microscale), but it is a powerful tool for characterizingmembrane biofoul-
ing [70] and macroporous structure [68, 71]. Atomic force microscopy
(AFM) provides the information about membrane surface topography
and is used as a standard method to measure membrane surface
roughness [58].

1.3.2.3 Spectroscopic Methods

Most spectroscopic methods are used to provide the chemistry infor-
mation of membranes, such as Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and energy dispersive
spectroscopy (EDX). FTIR identifies various chemical bonds of membrane
materials based on its adsorption of infrared irradiation [61]. XPS and EDX
are able to identify elements. The former is a highly surface-sensitive tech-
nique that measures the elemental composition and chemical bonding for
top 1–5 nm surface region [9]. It can detect all the elements with an atomic
number of 3 and above, with detection limit of parts per thousand formost
of the elements. Moreover, the depth profile with XPS can be obtained
using ion beam to etch the layers of membrane surface [72]. EDX is a less
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sensitive technique, but it can be coupled with SEM or TEM to analyze
specific locations with constructed elemental mapping. Different from
these chemistry analyzing techniques, electrical impedance spectroscopy
(EIS) provides the structural information of membrane supports [73].

1.3.2.4 Other Characterization Techniques

The contact angle of a flat-sheet membrane surface is measured using a
goniometer to provide the hydrophilicity/hydrophobicity information,
while the dynamic contact angle of a hollow fiber membrane is measured
using a tensiometer according to Wilhelmy method [74]. The zeta poten-
tial is measured using streaming potential analyzer for understanding
surface charge characteristics. The measurement can be performed at a
series of pHs/ionic strength to obtain the isoelectric point or comprehen-
sive information of surface charge. AFM force measurement (different
from imagingmode for obtaining topography) can be used to characterize
the interaction between the membrane surfaces (or fouled membrane sur-
faces) and foulants. Such interaction forces correlate well with membrane
fouling behavior [75, 76]. All the characterization methods are summa-
rized in Table 1.4.

1.4 MEMBRANEMODULES AND PROCESS OPERATION

1.4.1 Membrane Modules

RO membrane modules are generally classified into four groups,
including spiral wound module (SWM), hollow fiber module, plate-
and-frame module and tubular module. Although the SWM design is
dominant in the market, other types of modules can still find their niche
applications.

1.4.1.1 Spiral Wound Module (SWM)

SWM is themost widely used design for RO/NFmembranes applied in
water industry. The schematic of SWM is shown in Fig. 1.9A. Flat sheet
membranes are sealed on three sides to form leaves attached to a permeate
tube along the unsealed edge. A permeate spacer is placed inside each leaf
to support the membranes and to allow permeate to flow to the permeate
tube. A net-like feed spacer fits between the leaves to define the feed chan-
nel height (�1 mm). It also plays an important role in promoting mass
transfer in boundary layer to control the concentration polarization
(Section 1.5). Several leaves and feed spacers are wound around the per-
meate tube to form a SWM with outer rigid casing. There is a trade-off
between feed spacer thickness (fouling reduction) and membrane area
(productivity). Due to the presence of spacer, the packing density of
SWM is lower than that of hollow fiber module.
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A typical pressure vessel consists of 6–8 SWMs in series. In a real appli-
cation, the membrane modules at back are exposed to higher feed salinity
and concentration, resulting in lower water flux. The lower flux may lead
to less accumulation of particulates, organic foulants and biofilms, despite
the increased feed concentration. However, the possibility of mineral scale
formation increases, as scaling is much more sensitive to the increased
concentration of scale precursors. Therefore, in RO systems the fouling
caused by the particulates, organic matters, and biofilm formation is usu-
ally more pronounced in the first two membrane elements of the pressure
vessels, and the last two elements suffer more from mineral scaling [77].

1.4.1.2 Hollow Fiber Module

A large number of membrane fibers are potted in a “shell and tube”
arrangement to form a hollow fiber RO membrane module (Fig. 1.9B). It
is generally a shell-side feed module, where high pressure up to
1000 psi is applied externally on the shell side of the membranes. Hence,
hollow fiber membranes are self-support and have small diameters [78].
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FIG. 1.9 RO membrane modules. (A) Spiral wound module; (B) hollow fiber module;
(C) plate-and-frame module; and (D) tubular module. Adapted from Baker RW. Reverse osmosis.

Membrane technology and applications. John Wiley & Sons, Ltd; 2004. p. 191–235; Fane AG, Wang
R, Tang C. Membrane technology for water: microfiltration, ultrafiltration, nanofiltration, and reverse

osmosis. Treatise on water science, vol. 4. Amsterdam; Hackensack, NJ: Elsevier Science; 2011. p. 301;

kobelco-eco.co. Available from: http://www.kobelco-eco.co.jp/english/product/dt_module/genri.html.
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Currently, the only large company that makes hollow-fiber ROmembrane
elements is Toyobo, Japan. The membranes are made of cellulose triace-
tate, which has high chlorine resistance, but relatively low water perme-
ability (compared to TFC RO membranes). A high productivity per
module can be still attained due to the major advantage of high packing
density of hollow fiber module. The feed water flow regime in a hollow
fiber module is laminar, resulting in little or no “scrubbing effect” and
thus promoting membrane fouling. Therefore, it requires more enhanced
water pretreatment to remove particulate foulants from the feed.

1.4.1.3 Plate-and-Frame Module

Plate-and-frame module uses flat sheet TFC membranes. The mem-
branes and discs are installed to a pressure tight case using the central axis
only, allowing easy assembly and disassembly (Fig. 1.9C). The flat sheets
can be easily removed from the module and hand-cleaned individually
(i.e., easier maintenance and better cleaning). However, it has lower pack-
ing density, which is about half of that of SWM. As a result, the plate-and-
frame module is not ideal for municipal water RO desalination, but for
high solids applications such as food processing [77].

1.4.1.4 Tubular Module

As shown in Fig. 1.9D, tubular module employs membranes of tube
shape (similar to hollow fiber membrane, but with larger diameter of
5–15 mm), thematerial of which is generally cellulosic based for RO appli-
cations. Similar to the plate-and-frame module, the tubular module has
relatively low packing density and allows for robust cleaning methods,
therefore it is generally used to process difficult feed streams such as those
with high solids content and/or greases and fats. For the control of con-
centration polarization, a high flow rate is required to achieve turbulent
flow regime.

1.4.2 Process Operation

Membrane filtration can be operated in cross-flow and dead-end
modes. The cross-flow filtration is dominant inmost RO andNF processes
to provide a steady production rate with a continuous cross-flow to con-
trol the concentration polarization and fouling. The dead-end mode is
used in some low pressure membrane (i.e., UF/MF) processes for energy
saving, such as the pre-treatment of RO where feed streams have rela-
tively low levels of suspended solids or turbidity [9].

Membranemodules can be connected in parallel or in series or the com-
bination of both. In a typical SWRO plant, the modules are arranged in
both parallel and series. As shown in Fig. 1.10A, the feed to each pressure
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vessel in Stage 1 is similar because they are connected in parallel. The con-
centrate from Stage 1 enters as the feed to Stage 2 and possibly followed by
Stage 3 to increase the total recovery. As the volume of the feed to Stage 2
and 3 decreases, there are fewer numbers of pressure vessels in parallel,
which is known as tapered cascade. Two-pass connection (Fig. 1.10B) is
adopted to attain higher removal efficiency of contaminants, such
as boron [79, 80]. In this arrangement, the permeate from the first pass
enters the second pass as the feed for further treatment. The product water
from the second pass will be improved in quality.

1.5 CONCENTRATION POLARIZATION

ROmembrane process and other pressure driven membrane processes
accomplish a separation with their ability to transport one component
more readily than another. For a feed containing a solute and a solvent,
the solvent permeates through the membrane whereas the solute is
(partly) retained by the membrane under applied pressure. Hence, the
concentration of the solute in the permeate is lower than that in the bulk
of the feed solution. The retained solutes accumulate at the membrane
surface, leading to a higher solute concentration near the surface com-
pared to the bulk concentration. This phenomenon is known as concen-
tration polarization (CP) [15]. This concentration build-up leads to a

FIG. 1.10 Membrane module/pressure vessel connection in (A) tapered cascade 3:2:1
array; (B) two-pass connection. Adapted from Fane AG, Wang R, Tang C. Membrane technology
for water: microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. Treatise on water sci-

ence, vol. 4. Amsterdam; Hackensack, NJ: Elsevier Science; 2011. p. 301.

251.5 CONCENTRATION POLARIZATION



diffusive flow of the solute back to the bulk of the feed, which will reach
a steady-state condition after certain period of time. The convective
transport of the solute will be balanced by the permeate flow through
the membrane and the diffusive back transport to the bulk, as shown
in Fig. 1.11 and Eq. (1.9):

Jc+D
dc

dx
¼ Jcp (1.9)

The boundary conditions are:

x¼ 0,c¼ cm,

x¼ δ,c¼ cb:

Integration of Eq. (1.9) results in

ln
cm� cp

cb� cp
¼ Jδ

D
(1.10)

or

cm� cp

cb� cp
¼ exp

Jδ

D

� �
(1.11)

The ratio of the diffusion coefficient D and the thickness of boundary
layer δ is called mass transfer coefficient, k:

k¼D

δ
(1.12)

The definition of intrinsic rejection Rint of a ROmembrane can be found
in Eq. (1.5). By substituting Eqs. (1.5) and (1.12) into Eq. (1.11), we have:

J·c

D·dc/dx

J·cp

cb

cp

Bulk feed Boundary
layer (d ) 

Membrane

cm

FIG. 1.11 Concentration polarization profile.
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cm
cb

¼ exp J=kð Þ
Rint + 1�Rintð Þexp J=kð Þ (1.13)

The ratio cm/cb is the concentration polarization modulus. It increases
with the increasing flux J, with increasingRint andwith decreasing k,when
Rint ≪ 1. When the solutes are completely retained by the membrane, i.e.,
Rint ¼ 1 and cp ¼ 0, Eq. (1.13) becomes:

cm
cb

¼ exp J=kð Þ (1.14)

Themass transfer coefficient k can be determined from Sherwood num-
ber Sh:

Sh¼ kdh
D

(1.15)

Sherwood number is related to Reynolds numberRe and Schmidt num-
ber Sc:

Sh¼ a � RebScc dh=Lð Þd (1.16)

Sc¼ v

D
(1.17)

Re¼ udh
ν

(1.18)

where dh is the hydraulic diameter, L is the channel length, u is the cross-
flow velocity, and v is the kinematic viscosity. In Eq. 1.16, a, b, c, and d are
the constant and their magnitudes depend on the flow regime and the
geometry of flow channel [9].

CP gives rise to an increased solute concentration at the membrane
surface, which decreases the water flux and apparent solute rejection
(see Fig. 1.8 and Section 1.3.1.1). TheCP of foulants can acceleratemembrane
fouling [81]. The presence of foulant cake layer on the other hand may also
enhance the CP,which is called cake-enhancedCP [82]. This phenomenon is
caused by the decreasedmass transfer of solutes (e.g., ions) in the cake layer,
as a result of decreased shear flow rate within the layer. Because the CP
modulus (cm/cb) increases with increasing water flux and decreasing mass
transfer coefficient, the CP can be controlled by operating at a lower water
flux, and enhancing the mass transfer at membrane surface via increasing
the cross-flow velocity and/or the use of a well-designed spacer, etc.

1.6 MEMBRANE FOULING AND CONTROL

Membrane fouling is defined as the deposition of contaminants on a
membrane surface and/or inside membrane pores. Non-porous ROmem-
branes generally suffer from the foulant cake deposition on themembrane
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surface. According to the nature of foulants, membrane fouling can be cat-
egorized into colloidal fouling, organic fouling, inorganic scaling, and bio-
fouling (Fig. 1.12).

Similar to the CP, membrane fouling can directly lead to water flux
drop during constant pressure operation. However, the foulant layer
remains on the membrane surface when the permeate flux is reduced to
zero, while CP disappears in absence of permeate flux. The timescale
for CP to reach a stable condition or disappear is short, while the fouling
typically occurs over longer timescale (rapid fouling can occur under
unfavorable conditions). Although CP and fouling are two different phe-
nomena, CP can accelerate membrane fouling as CP causes increased fou-
lant concentration at membrane surface, while foulant deposition can
result in enhanced CP.

1.6.1 Factors Affecting Membrane Fouling

A great number of factors can affect RO membrane fouling. In general,
these factors are classified into three groups as shown in Fig. 1.13, includ-
ing membrane properties, feed water composition, and hydrodynamic
conditions.

1.6.1.1 Membrane Properties

The membrane properties such as hydrophilicity, roughness, and sur-
face charge can affect membrane fouling. Generally, a membrane with
hydrophilic and smooth surface and low surface charge is preferred to
resist fouling at initial stage [57, 58, 83, 84]. For example, a NF membrane
with a smooth and hydrophilic surface exhibited more sustainable flux
performance at the initial stage of bovine serum albumin (BSA) fouling,
as compared with other RO/NF membranes of rougher and less hydro-
philic surfaces [65]. In addition, the surface functional groups are also
important to membrane fouling. The –COO– on the TFC PA membrane
surface may interact with specific ions such as Ca2+, which accelerates
membrane fouling [85]. However, these effects could hardly be observed
under severe fouling conditions such as at longer fouling duration, as

FIG. 1.12 Types of membrane foulants.
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fouling is dominated by foulant-deposited-foulant interaction instead of
foulant-membrane interaction [76, 86].

1.6.1.2 Feed Water Composition

The type and concentration of foulants can significantly affect mem-
brane fouling. For instance, the feedwater containing a high concentration
of sparingly soluble salts is susceptible to scale formation [87], while the
presence of microorganisms and nutrients may promote biofouling. On
the other hand, the solution chemistry such as pH, ionic strength, and spe-
cific ions can drastically change the physiochemical properties of foulants
(i.e., functional groups, size, charge, conformation, etc.) [88], or affect the
interaction between foulants or between foulants and membranes [89].
Unfavorable solution conditions can lead to less repulsion between fou-
lants and/or foulants and membrane, resulting in severe organic and col-
loidal fouling [65, 86, 90–92].

1.6.1.3 Hydrodynamic Conditions

Hydrodynamic conditions, including the level of water flux/pressure,
cross-flow velocity, recovery, temperature andmodule/spacer design, are
important to membrane fouling. The influence of some factors on mem-
brane performance (in the absence of foulants) has been discussed in
Section 1.3.1.1. Those factors affecting CP can also influence themembrane
fouling. For example, a high-water flux level leads to more severe CP of
foulants, which may promote gel formation on the membrane surface.
In addition, the greater drag force towards membrane surface may facil-
itate foulant deposition [65]. Increasing cross-flow velocity enhances mass

Feedwater composition
Foulant type, concentration
pH, ionic strength,
specific ions such as Ca2+ 

Hydrodynamic conditions
Flux
Cross-flow velocity
Recovery
Temperature
Module and spacer design

Membrane properties

Roughness
Charge
Hydrophobicity
Surface functional groups

FIG. 1.13 Factors affectingmembrane fouling.Reprinted from Tang CY, Chong TH, Fane AG.

Colloidal interactions and fouling of NF and RO membranes: a review. Adv Colloid Interface Sci

2011;164(1–2):126–43.
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transfer at membrane surface, resulting in less CP as well as less foulant
deposition [65]. The use of spacer helps to increase turbulence of flow and
thus enhance the mass transfer, but it is noted that the poor design of
spacer (e.g., presence of hydraulic dead zones) may promote foulant
deposition [85, 93].

1.6.2 Fouling Mitigation

In addition to the control of the parameters that affect fouling (dis-
cussed in Sections 1.6.1.1–1.6.1.3), other measures are also commonly
applied to mitigate fouling, including pretreatment of feed water, enhanc-
ing membrane antifouling property, using chemicals/agents during RO
operation and frequent cleaning [94]. These methods are summarized
as follows:

• Properly designed RO system and operating conditions. For example,
selection of suitable membrane modules and operating conditions (i.e.,
recovery, cross-flow velocity, pressure or flux level, etc.) according to
the feed water composition.

• Enhancing antifouling property of the membrane. To make membrane
surface smoother and more hydrophilic is a common strategy to reduce
fouling, which can be achieved by surface modification through coating
and grafting, etc. [94]. Recently, use of novel materials such as silver
nanoparticles and graphene oxide (GO) to impart anti-biofouling
properties has become an attractive direction [27, 94].

• Pretreatment of feed solution. A good pretreatment system is essential
to achieve a long RO membrane life. Different pretreatment processes
can be chosen depending on the feed composition and the RO
membrane materials/modules. The following methods are commonly
used in pretreatment: coagulation and granular media filtration, UF/
MF, adsorption by activated carbon, chlorination [15, 95]. It is noted that
CA RO membrane demands bacteria-free feed water and the
chlorination in pretreatment is an essential step [19].

• Use of chemicals during RO process. For example, adding a complexing
agent such as ethylenediaminetetraacetic acid (EDTA) to reduce free
calcium ions is helpful in fouling control; pH adjustment is important to
alter the charge of proteins and thereby affecting the foulant-foulant or
foulant-membrane interactions.

• Cleaning. Although the above-mentioned methods are able to reduce
fouling to certain extent, various cleaning methods are always
employed in practical applications. Physical cleaning and chemical
cleaning are the common methods used for RO membranes [15, 94].
A typical cleaning regime consists of flushing membrane modules by
circulating cleaning solutions at a high flow rate, followed by soaking
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and then second time flush, and so on. The commonly used chemical
cleaning agents include acids, alkalis, chelatants, detergents and
sterilizers [15, 19].

1.7 RO APPLICATIONS

ROhas received various applicationsmainly comprisingwater produc-
tion and solute concentration. The former produces clean water/desalted
water (solvent) from feed water while the latter focuses on the production
of concentrated solutes.

1.7.1 Desalination and Water Reclamation

1.7.1.1 Desalination

More than one-half of the RO systems currently installed are for the
desalination of seawater and brackishwater [96]. Table 1.5 presents a com-
parison of the components in seawater and brackish water. The data show

TABLE 1.5 Comparison of the Components in Seawater and Brackish Water

Components Seawater (mg/L)

Brackish water 1 (mg/

L)

Brackish water 2 (mg/

L)

Ca2+ 440–670 175 179

Mg2+ 1400–1550 58 132

Ba2+ 0.010 <0.10 0.06

Sr2+ 5–7.5 – 26.4

Boron 4.9–5.3 – –

Na+ 12,000 170 905

Cl� 21,000–23,000 72 1867

SO4
2� 2400–2670 670 384

HCO3
� 120–142 260 146

TDS 38,000–40,000 1320 3664

DOC <2 – 1.4

Note: the seawater source is surface water from the Mediterranean Sea (Toulon, France), and both of the

brackish water sources are groundwaters (the first is from Port Hueneme, CA, USA; the second is from

Martin county, FL, USA).

Adapted from Greenlee LF, Lawler DF, Freeman BD, Marrot B, Moulin P. Reverse osmosis desalination: water

sources, technology, and today’s challenges. Water Res 2009 43(9):2317–48.
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obvious differences between the two types of water. The seawater has a
much higher total dissolved solids (TDS) concentration, mainly due to
the large amounts of Na+ and Cl� (the ratios of Na/TDS and Cl/TDS in
seawater are significantly higher than that in brackish water). The boron
content in seawater is generally higher than that in brackish water [97].

A typical RO system for water production consists of pretreatment,
membrane separation, and post treatment [9, 98]. The examples of differ-
ent RO systems are shown in Table 1.6. For seawater desalination, SWRO
membranes are used to attain high salt rejection during the membrane
process. The high osmotic pressure (high salinity) requires an operating
pressure of �60–70 bar, making SWRO more energy intensive than other
RO/water source options. Media filtration or low-pressure membrane
process (MF or UF) is adopted for the pretreatment of seawater to reduce
membrane fouling. The product water is usually conditioned by the addi-
tion of calcium ions to meet the requirement of World Health Organiza-
tion (WHO) [99]. The concentrate brine will pass through an energy
recovery device prior to the discharge to ocean or further treatment. Since
the end of the 1970s, the energy consumption of SWRO has been reduced
significantly from more than 15 kWh/m3 to �2 kWh/m3 due to continual
technological improvements (Fig. 1.14) [8]. The current energy consump-
tion is close to the thermalminimum energy of desalination (1.06 kWh/m3

for seawater of 35 g/L at 50% recovery) [8]. The actual consumption is
higher than this minimum value, as desalination plants are finite in size
and do not operate as a reversible thermodynamic process [8]. BWRO is
usually operated at modest-size plants (not a limitless source) with higher
recovery (75%–90%). The lower salinity of brackish water requires much
lower pressure (6–30 bar) [97] and thus lower energy consumption.

SWRO generally faces the fouling problem caused by particulate mat-
ter, organic compounds, and biological growth, while the high recovery in
BWRO causes severe scaling problems mainly due to the calcium sulfate
and carbonate precipitation. In addition, boron removal of RO system is
also a concern for achieving drinking water standard, due to the low rejec-
tion of boron compared to other ions at neutral pH [97]. The high boron
concentration in seawater often requires a second RO pass to further
reduce the boron content to meet the drinking water quality
(<2.4 mg/L [100]). Although boron concentration in brackish water is
low, the relatively low rejection of BWROmembrane and higher recovery
still demands another boron removal strategy, such as boron-specific ion
exchange [97].

1.7.1.2 Water Reclamation/Wastewater Treatment

Wastewater sources that use RO treatment includemunicipal wastewa-
ter, industrial wastewater, and other contaminated water sources (e.g.,
leachate water).When the feedwater is wastewater or treatedwastewater,

32 1. REVERSE OSMOSIS MEMBRANE SEPARATION TECHNOLOGY



TABLE 1.6 Examples of RO Systems for Desalination and Water Reclamation

Application Source water Membranes

Pressure

(bar) Pretreatment Posttreatment Target removals

Desalination Seawater SWRO 60–70 Media filtration or
MF/UF

Calcium addition, alkalinity
adjustment, disinfection

Salinity

Brackish
groundwater

BWRO 6–30 Filtration Salinity

Reclamation Treated
wastewater

BWRO <20 bar MF/UF Advanced oxidation treatment Pathogens, trace
organics

Wastewater BWRO Membrane
bioreactor (MBR)

Advanced oxidation treatment Pathogens, trace
organics

Adapted from Fane AG, Wang R, Tang C. Membrane technology for water: microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. Treatise on water science,

vol. 4. Amsterdam; Hackensack, NJ: Elsevier Science; 2011. p. 301; Greenlee LF, Lawler DF, Freeman BD, Marrot B, Moulin P. Reverse osmosis desalination: water sources,

technology, and today’s challenges. Water Res 2009 43(9):2317–48.
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the target removals are pathogens and trace organics, instead of salinity
(Table 1.6). In the case of municipal wastewater, the treated wastewater
(i.e., secondary effluent) as RO feed is more common, as it builds on the
existing municipal wastewater infrastructure. MF/UF pretreatment is
generally operated in the dead-end cycles to provide the feed with low
solid content to the RO unit. The low salinity content allows the RO to
operate at much lower pressure with higher recovery (75% vs. 50%) as
compared to a SWRO unit. Advanced oxidation (e.g., UV) as post treat-
ment can provide an added barrier to virus and oxidize the trace organics
present in the RO permeates. The high quality permeate water produced
by the dual membrane reclamation processes (MF/UF + RO) is generally
suitable for the demanding industrial applications (e.g., ultrapure water
for the electronics, pharmaceutical, and power generation industries)
and indirect potable reuse (IPR). A comprehensive review of membrane
reclamation plant and comparison with SWRO was given by Côt�e et al.
[99]. The detailed reviews on pretreatment and retentate treatment tech-
nology can be also found elsewhere [95, 101, 102].

The target for water treatment varies for different industrial wastewa-
ters and contaminated water sources. For example, the targets of RO treat-
ment for landfill leachate and electroplating wastewater are for
purification and discharge [103, 104], while the wastewaters from dairy
industry, textile industry, and olive mill are often reused after RO

FIG. 1.14 The change in energy consumption for the reverse osmosis stage in SWRO
plants from the 1970s to 2008. The horizontal dashed line corresponds to the theoretical mini-
mum energy (1.06 kWh/m3) required for desalination of 35 g/L seawater at 50% recovery.
The energy data presented here exclude the energy required for intake, pretreatment,
post-treatment, and brine discharge. Reprinted from Elimelech M, Phillip WA. The future of sea-

water desalination: energy, technology, and the environment. Science 2011;333(6043):712–7.
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treatment [105–107], and some RO process is targeted for zero liquid dis-
charge [108]. The pretreatment and post-treatment processes depend on
both the wastewater sources and the final target. For high recovery or zero
liquid discharge, controlled crystallization can be used as a post treatment
[103, 108]. When treated water is recycled as process water (without the
demand of ultrapure water quality), the wastewater is generally pre-
treated by UF and no post treatment is needed after RO unit [106]. One
of the most attractive applications is to separate valuable products from
wastewater, such as the reclamation of plating wastewater and recovery
of heavymetals [19]. An example is the recovery of nickel from nickel plate
rinsing tanks. The use of ROunit produces a permeatewater with low con-
centration of nickel for reuse and a retentate stream with concentrated
nickel that can be sent back to plating tank [19].

1.7.2 Ultrapure Water Production

Ultrapure water production for the electronics industry is an estab-
lished application of RO. The usual feed is the municipal drinking water,
typically containing less than 200 mg/L dissolved solids. To meet the
requirement of extraordinarily high purity (almost only water molecules
present in the ultrapure water, refer to Table 1.7 for the specifications of
drinking water and ultrapure water), the municipal drinking water
undergoes extensive treatment with a complex array of operations [19].
As the key part of the process, RO unit removes more than 98% of dis-
solved salts and particulates under high recovery (>90%). In addition
to RO, carbon absorption removes dissolved organics, ion exchange step
removes trace ionic impurities, and UV sterilizers and cartridge microfil-
ters are used to maintain sterility [19].

1.7.3 Solute Concentration

1.7.3.1 Concentration of Juices and Dairy Products

The start of the interests in RO concentration of fruit juices dates back to
40 years ago, due to its advantages over conventional thermal based pro-
cesses: (1) low damage to the thermal sensitive components, (2) low
energy consumption, and (3) ability to produce high quality products
(retain the flavor of products) [96]. Prior studies have reported RO appli-
cations for various juice concentrations, including apple, pear, grape,
orange, blackcurrent, etc. [109–113] (Table 1.8). The high solid content
in the feed preferentially uses the plate-and-frame module or tubular
module which is suitable for tougher cleaning methods [96] (the descrip-
tion of different ROmembrane modules can be found in Section 1.4). In an
example of the concentration of apple juice, the RO-evaporation system
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shows excellent performance [117]. RO as pre-concentration step can
remove more than 50% of the water prior to evaporation, while maintain-
ing 98%–99% of sugar and acid as well as 80%–90% of volatile flavors in
the concentrate. It achieves a sugar concentration level of 20–25°Brix,
while the subsequent evaporation can boost the level to above 75°Brix.
This combined system can save energy of 60%–75% as compared to direct
evaporation. Meanwhile, the permeate water from the RO unit can be
recycled as process water (i.e., water reuse) [117].

Similar to fruit juices, milk and whey can be also concentrated by RO,
with the advantage of low temperature operation. Pre-concentration of
milk and whey prior to transportation can reduce transportation costs
[96, 117]. The main application of RO seems to be the treatment of dairy
process waters and effluents, in order to recover milk proteins and lactose,
while obtaining a permeate that can be recycled for rinsing or cooling [105,
117]. Most of earlier work used spiral wound modules (SWM) because of
their availability and low cost [105, 117]. On the other hand, concentration
of milk by RO has great potential for ice-creammanufacturing, as�70% of
water can be removed while the solids can be well retained [117].

TABLE 1.7 Specifications for Typical Municipal DrinkingWater and Ultrapure Water

Ultrapure water Drinking water

Resistivity (MΩ cm) 18.2 –

TOC (ppb) <5 5000

Particles/L by laser >0.1 μm <100 –

Bacteria/100 mL by culture <0.1 <30

Silica, dissolved (ppb) <3 3000

Boron (ppb) <1 40

Ions (ppb)

Na+ <0.01 3000

K+ <0.02 2000

Cl� <0.02 10,000

Br� <0.02 –

NO3
� <0.02 –

SO4
2� <0.02 15,000

Total ions <0.1 <100,000

Adapted from Baker RW. Reverse osmosis. Membrane technology and applications. John Wiley & Sons, Ltd; 2004.

p. 191–235.
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TABLE 1.8 Performance of RO Membrane in Juice Concentration and Dealcoholization

Feed Membrane Initial

concentration

Final

concentration

Operating conditions Ref.

Juices Apple juice Tubular PAmembrane 11°Brix 26°Brix P ¼ 55 bar, T ¼ 35°C [109]

Blackcurrent juice Tubular PAmembrane 16.5°Brix 28.6°Brix P ¼ 60 bar, T ¼ 25°C [110]

Orange juice Plate-and-frame PA
membrane

8°Brix 36°Brix P ¼ 60 bar, T ¼ 25°C [111]

Grape juice Plate-and-frame PA
membrane

14.7°Brix 28.2°Brix P ¼ 60 bar, T ¼ 40°C [112]

Pear juice PA membrane (pilot
plant)

11.9°Brix 28.9°Brix P ¼ 40 bar, T ¼ 25–27°
C

[113]

Fermented
beverage

Home-made alcoholic
beveragea

Spiral wound
membrane

5.5%v/v 0.5%v/v P ¼ 35 bar, T ¼ 0°C [114]

Beerb CA membrane 5.28%v/v – P ¼ 35 bar, T ¼ 0°C,
RE ¼ 3.6%

[115]

Red winec CA membrane 12%v/v 8.4%v/v P ¼ 16 bar, T ¼ 30°C,
RE ¼ 2.5%

[116]

Note: P, feed pressure (bar); T, temperature (°C); RE, ethanol rejection (%); initial and final concentrations for juices are in the unit of °Brix (sugar content) and those for

fermented beverages are in the unit of %v/v (alcohol concentration).
a Operated in continuous mode.
b Operated in diafiltration mode.
c Operated in semi-continuous mode.

3
7

1
.7

R
O

A
P
P
L
IC

A
T
IO

N
S



1.7.3.2 Dealcoholization of Fermented Beverage

The demand for low-alcohol and alcohol-free drinks has been con-
stantly growing. RO can be used to reduce the alcohol from wine, beer
and cider without altering their flavor and quality [96, 117, 118]. Because
this process is carried out at low temperature compared to traditional dis-
tillation, it does not involve phase change for alcohol removal [115]. Exam-
ples of RO dealcoholization are listed in Table 1.8. The dealcoholization by
RO often comprises the following steps [117]:

• Pre-concentration—the fermented beverage is separated into a
permeate stream containing water and alcohol, and a retentate stream
consisting of concentrated drinks and flavors.

• Diafiltration—addition of desalted and deoxygenizedwater by keeping
the feed volume constant to achieve higher removal of alcohol and
higher retention of desired aroma.

• Alcohol adjustment—fine tuning of taste and alcohol content by
addition of desalted and deoxygenized water.

1.7.4 Organic Solvent Separation

Although the RO membranes are designed for the applications related
to aqueous solution, the membrane materials are considered chemically
resistant to some organic solvent, driving the applications of RO for the
treatment of solvent-contaminated wastewater [96]. Earlier work has
shown the feasibility of separation of small solvent molecules from larger
hydrocarbons using cellulose acetate (CA) and TFC polyamide (PA) RO
membranes [96]. However, the membrane materials CA and polysulfone
are not resistant to certain solvents or hydrocarbons [96, 119]. Hence, it
was later found that some other polymers such as polyimide show good
resistance to solvent [119]. One commercial project by Mobil Oil devel-
oped a RO process to separate up to 50% solvent from the dewaxed oil
using polyimide SWMs to save the energy of conventional solvent dewax-
ing process [19, 119]. Recently, solvent resistant nanofiltration (NF) has
gained more and more interests in the field of organic solvent separation;
as the solvent resistant NF membranes show significantly better stability
during long term run and much higher solvent flux, as compared to the
conventional RO membranes [120].

1.8 CONCLUSIONS

Reverse osmosis (RO) has a significant role in water industry. It is
widely used for desalination, water reclamation and ultrapure water pro-
duction. In addition, it also has niche applications such as solute
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concentration and selective separation. Since the introduction of first thin-
film composite membranes in 1980s, TFC PA membranes have continu-
ously advanced and are still the state-of-the-art ROmembranes with more
than 100 times better performance than their first generation membranes
[19]. The further improvement of membrane performance may rely on the
novel materials (e.g., emerging mixed matrix membranes and biomimetic
membranes) [4]. Besides high-performance membranes, the successful
operation of RO plants also depends on smart membrane element
design/process design, and appropriate process operating conditions,
to minimize the negative effects from concentration polarization and
membrane fouling, to meet the requirement of product water as well as
to reduce capital cost and energy consumption. For example, the optimi-
zation of membrane module design with improved hydrodynamics,
improved cleaning methods and energy recovery devices can contribute
significantly to energy and cost saving.
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2.1 INTRODUCTION

The term nanofiltration (NF)was first coined after low-pressure reverse
osmosis was produced. As the name implied, NF has a pore dimension in
nanoscale ranging from 1 nm to 10 nm with the capability to retain solute
with the size of 1 nm or more. Compared to an RO membrane, an NF
membrane has different separation mechanismwhereby charge exclusion
can be a dominating factor compare to the sievingmechanism. This allows
NF to have specific applications in water treatment [1], wastewater
treatment [2–4], hardness removal [5, 6] and bio-separation [7, 8].

There are many ways to produce polymeric nanofiltration, including
phase inversion technique for asymmetricmembrane, interfacial polymer-
ization, coating [9–12], and layer-by-layer assembly methods [13, 14].
Among these methods, interfacial polymerization (IP) is known to be a
simple method due to its flexibility in optimizing the support layer and
the thin film layer, separately. Interfacial polymerization was initially
proposed by Wittbecker and Morgan in 1959 whereby polymerization
occurs in the interface of two immiscible phases whereby one phase is
common water, and the other phase consists of a low dielectric constant
solvent suchasn-hexane.The thin filmcompositemembrane couldbeopti-
mized by tailoring the properties of both support and selective layer
separately. The semipermeable skin layer is designed for higherwater flux
and better solute rejection whereas the desired qualities such as high
porosity and excellent mechanical strength were optimized for the
support layer [15].
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In selecting a nanofiltration membrane for a specific application, rejec-
tion and water permeability are two critical parameters to evaluate their
performance. Its performance relies on themembranematerials, operating
conditions, and solution chemistry.Membrane rejection is typically evalu-
ated using mono and divalent ions such as NaCl, Na2SO4, MgSO4, and
MgCl2. It is commonly accepted that NF can reject at least 95% MgSO4.
Interfacial polymerizedTFCNFmembranehas been successfully commer-
cialized and used in the water treatment industry partly to replace the
energy-intensive reverse osmosis system. Before the year 2020, NF will
dominate themembranemarketwith an expected growth of $445.1million
or annual growth rate of 15.6% [16]. Themarket is sharedby the top-ranked
nanofiltration manufacturers such as Koch Membrane, Microdyn-Nadir,
Hydranautics, GEOsmonics, Toray, and Dow-Film. Table 2.1 summarizes
the performance of some commercially available NF membranes. In aver-
age, the flux of an NF membrane is within 2–14 L/h m2 bar with >95%
rejection of the multivalent ions.

2.2 MEMBRANE CHARACTERISTICS AND ITS
PERFORMANCE

A membrane prepared via IP process has different morphology
depends on the process conditions namely the reactant concentrations,
the ratio of reactants, the solubility of the reactants in the organic phase,
diffusion rate and the kinetics of hydrolysis and crosslinking [17].

The ideal thickness of theultra-thin skin layer that governs themembrane
flux is preferably under 0.10 μm. It is necessary to producemembraneswith
higher productivities without severely affecting the membrane selectivity.
Various studies revealed that the membrane performance is related to the
molecular arrangement or chemical structure of the skin layer. The desired
properties of the thin film included defined pore size (<1 nm), narrow pore
size distribution, defect-free, smooth morphology, and thin and robust
pores. Researchworks to enhance themembrane performance could be cat-
egorized into two areas namely (i) preparation condition, e.g., reaction time,
concentration, pH, temperature, and humidity (ii)material selection such as
functionality of the reactants and its solubility or partitioning coefficient.

Significant improvement has been achieved in fabricating the poly-
meric and the nanocomposite membrane via interfacial polymerization.
The IP process can be further based on the type of monomer and reaction
(polycondensation or polyaddition). Polycondensation is commonly used
to produce the commercially available polyamide NF membrane whereas
polyaddition involves radical polymerization of alkene and initiators that
being immobilized on the solid substrate. The success of IP in producing
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TABLE 2.1 Commercial Thin Film Composite NF Membrane and Their Performance

Membrane Material Manufacturer

Contact

angle Retention

Water permeability

(L/m2 h bar) References

NF40 Polypiperazinamide Dow-Film Tec 20 bar, 2000 ppm
NaCl ¼ 45%
20 bar, 2000 ppm
Na2SO4 ¼ 95%
20 bar, 2000 ppm
MgCl2 ¼ 70%

2.15 [18, 19]

NF90 Polyamide Dow-Film Tec 54.6 5 bar, 5000 ppm
KCl ¼ 75%
5 bar, 5000 ppm
Na2SO4 ¼ 95%
5 bar, 5000 ppm
MgSO4 ¼ 95%

10.2 (PWP) [18, 20]

NF270 Polypiperazinamide Dow-Film Tec 42.7 5 bar, 5000 ppm
KCl ¼ 35%
5 bar, 5000 ppm
Na2SO4 ¼ 95%
5 bar, 5000 ppm
MgSO4 ¼ 95%

13.5 (PWP)
3.7 � 10�11 m3/(m2 s Pa)

[18, 20, 21]

aN30F Polyethersulfone MICRODYN-
NADIR GmBH

88 5 bar, 5000 ppm
KCl ¼ 2%;
5 bar, 5000 ppm
Na2SO4 ¼ 30%
5 bar, 5000 ppm
MgSO4 ¼ 30%

4.45 (PWP) [20, 22]

SU600 Polyamide Toray 3.5 bars, 1000 ppm
NaCl ¼ 55%

8 [18]
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UTC20 Polypiperazinamide
(MWCO ¼ 180)

Toray 36 10 bar, 1500 ppm
NaCl ¼ 55%
10 bar, 1500 ppm
Na2SO4 ¼ 93%
10 bar, 1500 ppm
MgCl2 ¼ 98%

9.7 [18]

DL Crosslinked aromatic
polyamide
(MWCO ¼ 150–300)

GE Osmonics 44 4 bar, 2482 ppm
NaCl ¼ 40%
4 bar, 2464 ppm,
MgSO4 ¼ 97.6%

7 [22, 23]

aNTR7450 Sulfonated
polyethersulfone
(MWCO ¼ 600–800)

Nitto-Denko 70 10 bar, 5000 ppm
NaCl ¼ 51%
10 bar, 5000 ppm
Na2SO4 ¼ 92%
10 bar, 5000 ppm
MgCl2 ¼ 13%

5.7 (PWP) [18, 22]

a The membranes are not produced via interfacial polymerization.

PWP, pure water permeability.
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defect-free ultrathin films lies on the “self-sealing” and “self-termination”
mechanism as a result of the slow solute diffusion [24].

The other parameters involved in IP process include the porosity of
support layer, wettability, monomer concentration, type of monomer,
type of organic solvent, reaction time, solution pH, and the presence of
additives. In general, during polymerization two competing phenomena
are occurring namely nucleation and crystallization as well as polymer
growth (crosslinking, hydrolysis, and film growth). Fast nucleation will
induce smaller nodule structure or tighter skin layer whereas excess film
growth reduces the membrane permeability. A membrane with thinner
skin layer has higher permeability but may compensate its structure
robustness. Depending on the applications of the NFmembrane, the oper-
ation that required low transmembrane pressure has the luxury of having
thinner film layer.

2.3 MATERIAL SELECTION

Compared to an RO membrane, nanofiltration has higher flexibility in
choosing the type of monomer involved in the IP process. Nonplanar
molecules with a functional group provide a broader choice for an NF
membrane compared to an RO membrane, which is mainly limited by
m-phenylenediamine. To date, many monomers are being employed to
synthesize the TFC NF membrane. The standard material used for the
polymerization process of reverse osmosis and NF include polyamide and
polyester but are not limited to other polymers such as polyurea, polyure-
thanes, polyesters, and polycarbonate.

2.3.1 Polyamide

TFC membranes are typically made from a thin polyamide layer
deposited onto the porous layer. A thin polyamide layer with the thick-
ness < 200 nm are formed by reacting the diacyl/triacyl chloride with
diamine monomers such as semiaromatic polyamide (piperazine-
isophthaloyl chloride) [17, 25], aliphatic or aromatic diamine [26–28],
aromatic-cycloaliphatic (cyclohexane-1,3,5-tricarbonyl chloride and
m-phenylenediamine-4-methyl) [29, 30], polysulfonamide [31], polyviny-
lamine [32], cyclen [33], and dopamine [34]. The wholly aromatic MPD-
membranes normally give higher water and salt transport compared to
the nonplanar piperazine membranes. Different monomer combination
produces membrane ranging from RO to NF with specific applications
in low-pressure desalination or selective organic solute separations. As
the flux is increased, the selectivity of themembranemay increase to allow
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the permeation of monovalent ions while rejecting the hardness solution
(divalent ions) and bigger organic compounds.

The thinner skin layer of theNF compared to the ROmembrane enables
it to operate at higher flux butmuch lower pressure (<7 bar). Although the
PA membrane is relatively hydrophilic with good chemical stability, the
PA membrane is considered to have poor chlorine tolerance (<0.1 ppm)
compared to other polymers. The membrane is not biodegradable as com-
pared to a cellulose acetate membrane and can operate within a pH of 3–9
[35]. The membrane with amide group exhibits a positive charge at a pH
lower their isoelectric point (around pH 5), which means that polyamide
membrane is mildly negative charge in most of the water stream.

It is commonly known that a polyamidemembranewith its hydrophilic
nature has enhanced antifouling properties. A TFC polyamide membrane
utilizing natural polymer, such as the Sericin-TMC membrane, possessed
a better antifouling property compared to the conventional polyamide
based nanofiltration (NF270) [36]. Besides antifouling properties, polyam-
idewith antibacterial properties also could be tailoredmade via interfacial
polymerization. A new nanofiltration membrane prepared by interfacial
polymerization of polyhexamethylene guanidine hydrochloride
(PHGH) and trimesoyl chloride (TMC) demonstrated the improvement
in term of antibiofouling performance [37]. Similar to the nanofiltration
containing zwitterionic moieties, polyamide with N-aminoethyl pipera-
zine propane sulfonate also showed excellent bacterial adsorption resis-
tance [38]. Fig. 2.1 shows that a polyamide TFC membrane can be
tailor-made using different bi-amine monomers or oligomers.

2.3.2 Polyester

Polyester membrane exhibits better chlorine resistance compared to the
polyamide membrane. The incorporation of the ester linkage can signifi-
cantly increase chlorine resistance and oxidation of the membrane. The
polyester TFC membrane can be synthesized by incorporating monomers
such as triethanolamine [39], bisphenol A [40], tannic acid [41], resorcinol
[42], pentaerythritol [43] and hyperbranched polyester [44, 45]. In general,
the polyester membrane exhibits negatively charged surface with higher
rejection toward divalent anions like the common NF membrane. It was
expected that by having higher negative charge, the membrane could
be more resistant toward organic fouling such as humic acid.

Because amines react with acyl chloride groups much more readily
than alcohols, the synthesis of a TFC polyester membrane is not as easy
as that of a TFC polyamide membrane. In view of this, polyesteramide
thin-film-composite (TFC) membranes that combine the benefits of poly-
amide and polyester can be produced by tailoring the ester/amide ratio.
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FIG. 2.1 Interfacial polymerized thin film composite polyamide membrane using different monomers.
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The polyesteramide membrane has a relatively good oxidative resistance
compared to the polyamide membrane [46]. The fluxes of the polyester
membranes are lower (0.7–2.5 L atm�1 m�2 h�1) compared to the polyam-
ide membrane [42], and their rejection is not comparable to polyamide
membrane. For example, the polyester TFC membrane synthesized from
triethanolamine (TEOA) and trimesoyl chloride (TMC) were tested on
salts separation at 0.6 MPa. The rejection of the mono and divalent salts
decreased following the order of Na2SO4 > MgSO4 > NaCl >MgCl2
[39]. The obtained results showed that the polyester NF membrane is
relatively loose compared to polyamide TFC membrane. Fig. 2.2 shows
that polyester membrane can be produced via interfacial polymerization
based on different alcohol groups.

2.3.3 Polyamine

Compared to polyamide NF membrane, which usually contains
piperazine in the aqueous phase, polyamine NF membrane uses oxidant
reacting compound, which protects the membrane from damage by chlo-
rine. Theoretically, it is deduced that membranes, which are derived from
polyethyleneimine and trimesoyl chloride, have better pH stability and
resistance toward a nucleophilic attack as compared to polyamide
membranes [47].Leeetal.proposed thesynthesisofaTFCpolyaminemem-
brane with low pH stability by reacting cyanuric chloride and diethylene
triamine monomeric amines. The membranes were found to have higher
salt rejection andwater permeability [48]. A fluorinated polyaminemono-
mer [CF3(CF2)6CONH(CH2CH2NH)2CH2CH2NH2] was also synthesized
and utilized to perform interfacial polymerizationwith trimesoyl chloride.

FIG. 2.2 Polyester produced via interfacial polymerization using various alcohol groups.
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The surface free energyof theNFmembrane is as lowas 23.0 mJ/m2,which
could resist the adhesion of foulants such as bovine serum albumin (BSA)
and humic acid [49].

2.3.4 Polyurethane

A new type and uncommon TFC-NF membranes can be prepared via
interfacial polymerization of poly(bis-MPA) and methylene diphenyl
diisocyanate [50]. The membrane rejection toward MgSO4 is lower than
40%, indicating that it is a loose NF membrane. However, the membrane
claimed to have more organic fouling resistance even though not much
information could be obtained for the PU membrane synthesized via
interfacial polymerization.

2.4 CONTROL OF INTERFACIAL POLYMERIZATION

Over the years, research has been carried out to enhance the membrane
performance by varying the reaction conditions such as types of mono-
mer, monomer concentrations, curing conditions, types of solvent, and
presence of additives in the solvent [15, 51–55]. These parameters show
high impact toward the membrane properties such as surface morphol-
ogy, chemical and bonding property, mechanical property, permeability,
and selectivity.

2.4.1 Monomer

The properties of a thin film can bemanipulated by changing the chem-
ical structure, size, solubility, shape, and reactivity of the monomer [28].
Besides, Chen et al. found that monomer concentrations, as well as wet-
ting/swelling agents, could play an essential role in themembrane proper-
ties too [56]. For example, a thin-film-composite (TFC) nanofiltration (NF)
membrane composed of aliphatic piperazine and aromatic m-phenylene
diamine mixture was employed to separate oleic acid. It was found that
the monomer concentrations and drying times have great impacts toward
the membrane’s properties [53]. Roh and co-workers demonstrated that
increasing the diamine concentration during MPD/TMC reaction caused
a drop in surface hydrophilicity and thus led to the declination of flux
[52]. The authors pointed out that membrane permeability is determined
by counterbalancing both the film thickness and surface hydrophilicity.

One of the methods to increase the flux is by hydrophilizing the mem-
brane material. In membrane technology, concern was given to producing
a membrane with superior permeability and selectivity, which can be
achieved via chemical approach. For instance, the hydrophilic
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hydroxyl-endedhyperbranchedpolyester (HPE)wasemployedasamono-
mer in synthesizing NF membrane by in-situ IP process with trimesoyl
chloride (TMC) [57]. Themembrane showed enhanced permeability with-
out scarifying its rejection capability. Another TFCmembrane synthesized
from hyperbranched polyethyleneimine (PEI) renders similar result by
incorporating the free rotating amines group that could enhance the water
permeation [53, 58].

2.4.2 Reaction Conditions

Many studies have been carried out to relate the membrane synthesis
conditions toward their performance. Past study suggested that temp-
erature and relative humidity were dominant factors in tuning the final
thickness, structure, and performance of the skin layer.Mickols found that
the controlling parameters for the membrane flux are the reaction time as
well as the amine solution temperature [59]. The skin thickness could alter
the membrane flux, but the membrane selectivity was found to be
independent of film thickness [15]. The results obtained from the attenu-
ated total reflectance infrared (ATR-IR) spectroscopy show that reaction
time, relative humidity, and reaction temperature are determining factors.
An exciting study showed that the immerse time in an organic solution, as
well as the ratio of m-phenylene diamine and m-Aminophenol, could
affect the water permeability [60].

2.4.3 Support Layer

A TFC membrane consists of a skin layer residing on a support mem-
brane. The support aims to provide mechanical strength for moderate to
high-pressure operations. The support layer itself must have optimum
pore size to diminish the additional resistance for water transport.
A TFC membrane is considered to be more advantageous than its prede-
cessor asymmetric membrane as it allows separate optimization of the
skin layer and support layer [17, 61–63]. However, recent studies revealed
that these two layers are in fact closely interrelated as the polyamide film
grows directly on top of the support surface. The surface features of
support are essential in defining the structural integrity and uniformity
of the skin layer [63–66].

Singh and co-workers reported on the effect of different pore size dis-
tribution of polysulfone to the resulting polyamide thin layer properties
[67]. The substrate with a smaller pore size (0.07 μm) shows higher salt
rejection efficiency in comparison with the substrate of higher pore size
(0.15 μm). The hydrophilicity of the membrane substrate will determine
the penetration of water into the pores, and thus the thickness of skin layer
formed [63]. Fig. 2.3 illustrates the impact of pore opening and its surface
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chemical property to the film formation. Support with more significant,
hydrophobic characteristics will produce a more permeable TFC mem-
brane with a rougher and thinner skin layer because less polymer is
formed within the pores.

Besides asymmetric support, fibrous materials are also employed as a
TFC support layer. A study was carried out to synthesize thin film nano-
fibrous composite (TFNC) membranes using the self-support nanofibrous
polyethylene terephthalate. Results showed that the TFNC-NFmembrane
had improved salt rejection and 4-fold water flux than the TFC NF mem-
brane. The improved flux in TFNC membranes is due to the low water
permeation resistance of the nanofibrous support and themore prominent
pore structure [68]. In another study, the polyethersulfone (PES) nanofi-
brous supporting layer was modified with dopamine which offers an
innovative way for the synthesis of composite NF membranes with high
salt rejection (�99.4%) and high flux (�63.0 L/m2 h) [69]. Other scaffolds
such as ultra-fine cellulose [70] and polyacrylonitrile nanofibers [71] were
also reported with good performance.

2.5 CONVENTIONAL APPLICATIONS OF TFC
NANOFILTRATION

2.5.1 Water Softening

Water softening is a process that removes calcium, magnesium, and
other metal ions from the resources such as groundwater and seawater.
A hardness of 300–500 mg/L as CaCO3 caused scaling in heating vessels

FIG. 2.3 Conceptual model illustrating the impact of support pore structure and hydro-
philicity toward polyamide thin film formation during interfacial polymerization [63].
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and pipes. The conventional methods for removing water hardness rely
on ion-exchange, precipitation, and sequestration by chelating agents.
Reverse osmosis and nanofiltration are alternatives for water softening
with NF have a typical TDS reduction of 70%–80%. From the economical
aspect, the NF process is approximately 25% more costly that an anion
exchange on a 20-year present worth basis [72] mainly due to the higher
capital cost of NF alternatives. However, as plant capacities increase, the
costs difference between the two processes decrease [72]. Compared to the
conventional softening method, operation costs of NF are considerably
low as expensive regenerations using large amounts of salt can be
avoided. Another report showed that for a small-scale plant, NF is a more
cost-effectivemethod for color removal. For such a system, theNF systems
could treat the water at a much lower price compared to lime soda, ozon-
ation, and adsorption using granulated activated carbon [73]. It is
expected that following the recent improvement in NF performance
and lower operating pressure requirements, both CAPEX and OPEX of
NF can be further reduced.

The ultimate aim of membrane development is to develop membranes
with increasing flux and enhanced rejections which are practical for desa-
lination [28]. Desalination is one of the central sectors that contribute to a
15% market growth forecast of nanofiltration (NF) [16]. Nanofiltration
(NF) is a suitable seawater softening method that provides excellent per-
meates for oilfield-water injection whereby the concentration of multiva-
lent ions such as Ca2+ and Mg2+ in permeate were kept at very low level
[74]. The pilot-scale testing revealed that with the presence of antiscalant,
total hardness with a 87.7%–93.5% removal rate can be achieved using NF
system [75]. This enables NF to be effectively used in seawater softening
and provide excellent feed for seawater reverse osmosis [76].

2.5.2 Wastewater and Water Treatment

Nanofiltration has been applied as a hybrid technology to treat thewaste-
water from leachate [77], textile effluent [3], tannery industries [78],
pharmaceutical industries [79, 80], and agriculture industries [81, 82]. The
common solute to be retained includes the divalent ions as well as medium
to high molecular weight organic molecule (>200 Da). NF is synergetically
combined with other technologies such as coagulation-flocculation [83],
adsorption [84], ozonation [4, 85], and photocatalysis [86] to polish the qual-
ity of the permeate further.

Membrane fouling is a significant problem for the applications of NF
membrane in wastewater treatment. A rapid decline in rejection efficiency
andpermeate fluxwascommonlyattributed to the fast concentrationpolar-
ization buildup and deposition of hydrophilic small-molecular-weight
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carbohydrates such as fulvic-like substances [87]. Pretreatment prior toNF
is themost practicalway to reduce fouling, prolong themembrane lifespan
and improve its performance [88]. In a technical and economic feasibility
study of an olive oil mill effluent treatment, nanofiltration was coupled
with dissolved air flotation pretreatment. The system demonstrated itself
to be able to achieve high volume reduction factors and the rejection
for total suspended solids (>80%), total organic carbon (>60%), chemical
oxygen demand (50%–70%), and oil and grease (60%–80%) [89].

Effluents from the textile industries consist of various pollutants such
as an organic material with high chemical oxygen demand, high sus-
pended solids, color, and other soluble substances [90]. Nanofiltration is
widely applied to treat the textile wastewater by removing the color
and reuse the water. Textile wastewater was recovered and reused using
a membrane pilot plant. It was found that NF90 membrane could yield a
COD reduction of 99% and the salt retention of 75%–95%. Later, it was
scaled up for long duration experiments using a spiral-wound module.
It was found that the fouling phenomena were not significant and the
foulants can be easily cleaned [91].

2.5.3 Food Processing

One of the promising applications of NF in the food industry is related
to beverage industries. Fruit juices have been traditionally concentrated
by the thermal operation; however, the high operating temperature
resulted in color changes as well as loss of juice aroma. NF membrane
which is an isothermal process that offers a better way to preserve the orig-
inal taste of the clarified juice by simple sieving mechanism. The NF
systemwas used to concentrate fruit juice from 10° Brix to 45° Brix atmuch
lower energy requirement compared to evaporation [92].

Other common applications of NF in food industries include waste
stream whey processing. Acid whey contains 0.55%–0.75% (w/v) of pro-
tein, 4.2%–4.9% (w/v) of lactose and up to 93.5% (w/v) of water [93]. The
presence of high concentrations of lactate exerts operational problems in
the dryer due to its stickiness [94]. Whey demineralization by nanofiltra-
tion allows concentration and demineralization of the whey to be carried
out in a one-step process before spray drying [95]. Under uncharged con-
ditions, lactose can be retained preferentially over lactic acid due to its big-
ger molecular weight. On the contrary, under acidic condition, NF can be
used to retain lactose while allowing the permeation of lactic acid. The
high selectivity of NF demineralization process results in a 30% reduction
in lactic acid content and a reduction of 46%–60% in monovalent ions salt
content [95].
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2.6 FUNCTIONALIZED TFC NANOFILTRATION
AND ITS APPLICATIONS

2.6.1 Positively Charged Thin Film Composite Membrane

Hardness removal from the wastewater using positively charged
nanofiltration can be achieved using a membrane with bigger pore size
due to its additional electrostatic repulsion in addition to the steric hin-
drance. Bivalent cations such as calcium and magnesium can be easily
retained by the positively charged membrane. The solute rejection behav-
iors of positively charged membranes are following a common trend of
MgCl2 > MgSO4 >Na2SO4 > NaCl.

Many attempts to produce a positively charged membrane using a dif-
ferent route has been reported. Most of the methods are through grafting,
coating, or the bulk polymerization with limited literature being reported
via IP method. The membrane bears the dissociable primary and second-
ary amine, and its charge depends on the dissociation constant of the
amine as well as the number of amine groups. Commonly, macromolecule
carrying the polyamine groups could be employed to produce positively
charged membrane. Amonomer with high amine groups has a lower par-
tition coefficient and suffers from diffusional resistance during interfacial
polymerization, which explains why IP is not a favorable process to pro-
duceNFmembrane.Monomers or polymers such as poly(ethylene imine),
poly(vinylamine), poly(amidoamine) and poly(dopamine) are commonly
used to prepare positively charged nanofiltration.

2.6.1.1 Poly (Ethylene Imine)

Despite its technical difficulties in preparing positively charged NF
membranes via an IP route, it was reported that quaternized branched
polyethyleneimine (BPEI) had been successfully introduced into the
TFC NF membrane via an IP process. The membrane showed a typical
NF rejection trend of MgCl2 >MgSO4 > Na2SO4 > NaCl [96]. Another
successful case was demonstrated by the membrane that bears fixed qua-
ternary ammoniummoieties that had been synthesized by functionalizing
the branched polyethyleneimine via reaction with glycidyl trimethyl
ammonium chloride (GTACl). The membrane showed a significant
increase of selectivity toward chloride- and sulfate-bearing solutes [97].
In one of the studies, the skin layer of the composite hollow fiber (HF)
was formed through an IP of branched polyethyleneimine (BPEI) and tri-
mesoyl chloride (TMC). The resulting membrane acquired a positively
charged surfacewith purewater permeability (PWP) of about 17 l/m2 h bar
andamolecularweight cut-off (MWCO)ofaround500 Da, or equivalent toa
pore diameter of about 1.29 nm [18, 98].
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A positively charged NF membrane had been employed for hardness
removal andwaste recovery. For example, composite nanofiltrationmem-
brane with the positively charged surface was synthesized by reacting
BPEI and trimesoyl chloride (TMC). The membrane was used for efficient
recovery of lithium from mixed LiCl/MgCl2 solution. The mass ratio of
Mg2+ to Li+ in the permeate decreased after the filtration [99]. Such amem-
brane was also employed for phosphorus recovery in which the mem-
brane effectively rejected the heavy metal ions such as Pb, Cu, Zn, and
Ni while allowing the passage of phosphate to achieve phosphorus recov-
ery [100]. Other laboratory demonstrations found that the rejection rates of
cationic dyes at neutral pH were >96% using positively charged NF
membrane [101].

2.6.1.2 Poly(vinylamine)

Thin film composite membranes that carry poly(vinylamine) (PVAm)
within the skin layer were also reported in producing positively charged
NF membranes at a lower solution pH [32]. The membrane showed the
typical rejection trend of a positively charged membrane (NaCl <
Na2SO4 < MgSO4 < MgCl2) at pH 6.0 with recorded water permeability of
8.5 l/m2 h bar [102]. Besides the IP process, the positively charged mem-
brane was also successfully developed via a layer-by-layer assembly
method. Under this method, PVA and polyvinyl sulfate (PVS) were
adsorbed layer-by-layer on the porous supports to form the polyelectrolyte
membrane. The strong rejection of Mg2+ of this membrane proved the
presence of the positively charged ammonium groups of PVA in the mem-
brane that repel the divalent magnesium ions [103].

2.6.1.3 Poly (amidoamine)

Another easy way to introduce the positively charged moieties is by
grafting poly (amidoamine) dendrimer (PAMAM) on the interfacially
polymerized layer. The resultant membrane recorded>99% rejection over
the heavy metal ions such as Pb2+, Cu2+, Ni2+, Cd2+, Zn2+, and As5+, with a
moderate pure water permeability (PWP) of 3.6 L m�2 h�1 bar�1 at 10 bar
[104]. An easy method was also reported by reacting the carboxylic acids
on the surface of a polyamide thin film composite with poly(amidoamine)
in the presence of 2-chloro-1-methylpyridinium iodide as an activating
agent. The membrane showed an elevated isoelectric point to pH 9.9
because of the high density of free protonated amino groups. The mem-
brane showed excellent rejections toward metal ions including Cu2+,
Ni2+, and Pb2+ [105].

The research was carried out by embedding poly(dopamine) modified
multiwall carbon nanotubes (PDA-MWCNTs) in polyamide thin-film
composite membranes. The membranes showed improved flux with salt
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rejection decreased in the sequence of ZnCl2 (93.0%) > MgCl2 (91.5%) >
CuCl2 (90.5%) � CaCl2, indicated that it is suitable for water softening
[106]. A new nanofiltration membrane was synthesized by reacting
poly(amidoamine) and trimesoyl chloride. During acidic solution filtra-
tion, the pH in the feed increased from 2 to 9, which showed that themem-
brane could enhance the proton permeation [107]. The membrane was
found to be more positively charged due to the profound amine groups;
however, its MgSO4 rejection is poor due to the pore opening phenome-
non. This problemwas solved by one of the recent work that incorporated
PAMAM and piperazine as co-monomer to form the skin layer with better
divalent rejection [108]. Themembrane has a lower isoelectric point and at
the same time allow better rejection of MgSO4.

Higher generationPAMAM(G4andG5)were also incorporated into the
TFC membrane. It was found that the pure water flux was improved for
106% at similar separation performance [109]. Researchers found that the
surface charge of the thin layers was changed by incorporating PAMAM
with different generations and concentrations. The membrane showed
negatively charge behavior with higher Na2SO4 rejection compared to
MgCl2 [110]. This phenomenonmight be due to the competitive hydrolysis
rate of the carboxyl group to form a negative carboxylate group due to the
poor partitioning of PAMAMinto the organic phase. By increasing the con-
centrations and generations of the PAMAM, the cationic surface charge of
the thin layers was increased [111]. Based on this observation, it can be
concluded that the charge of the membrane does not only depend on the
material itself but to a great extent depends on the processing conditions.
It is especially true for the membrane prepared via the IP route.

2.6.1.4 Poly (dopamine)

Positively charged composite NF membranes were synthesized by
depositing the poly (dopamine) (PDA) followed by grafting the poly
(ethylene imine) (PEI) on the polyethersulfone support. The salts rejec-
tion followed the sequence of MgCl2 > CaCl2 >MgSO4 >Na2SO4, show-
ing that the membranes surface carried positive charge [112]. Compared
to poly (ethylene imine), poly (vinylamine), and poly (amidoamine),
polydopamine membranes are seldom synthesized via interfacial poly-
merization due to its complex nature of the monomer. The membrane
was commonly prepared via self-polymerization [34], coating [113],
and deposition [114] methods. Nonetheless, TFC-NF membranes with
good structural stability were prepared via IP process under the media-
tion of polydopamine (PD). Under optimal conditions, the membrane
exhibited flux as high as 22.8 L/(m2 h) while the rejection of Na2SO4

reached 93.5% under 0.2 MPa [115] without showing the evidence of pos-
itively charged surface.
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2.6.2 Chemical Resistance Nanofiltration

Since the first commercial applications of organic solvent nanofiltration
(OSN) or solvent resistance nanofiltration (SRNF) around 1990, the NF
membrane with more robust materials has been continuously developed
to work in harsh conditions such as extreme pH conditions and the
processes with organic solvents [116–118]. It was reported that energy
requirement for solvents recovery could be reduced by >70% using NF
assisted evaporation process [119].

SRNFmembrane provides an effective chemicals recovery method for
oleochemical industry [119, 120] and pharmaceutical industry [121]. For
example, SelRO@ NF membranes commercialized by Koch Membrane
claimed to have excellent stability in organic solvents. Their membranes
are found suitable for extreme conditions in the separation of heavy
metals under both acids and alkaline conditions. Although the composi-
tion of the membrane is not entirely open, it is unlikely that the
membrane is produced via interfacial polymerization. SRNFmembranes
are commonly produced by coating or crosslinking the chemically
stable polymer such as poly (vinylidene fluoride) (PVDF), polyetherke-
tons (PEEK), polyetherimide (PEI), poly(phenelene sulfide)(PPS) and
polybenzimidazole (PBI).

High flux solvent-stableTFC-OSNmembranes are crucial. In one article,
diaminopiperazine (DAP) and trimesoyl chloride (TMC) reacted with the
polythiosemicarbazide support togive thehigh fluxes filtration towardsol-
vents like dimethylsulfoxide, tetrahydrofuran, and dimethylformamide
[122]. Another example includes a TFC membrane with cross-linked
polyimide substrate with the skin being subjected to the posttreatment of
glycerol/sodium dodecyl sulphate and dimethyl sulfoxide (DMSO).
The membrane was very permeable to methanol (5.12 lm�2 h�1 bar�1),
dimethylformamide (3.92 lm�2 h�1 bar�1) andDMSO (3.34 lm�2 h�1 bar�1)
but could retain tetracyclinewell [123]. JimenezSolomonet al. [124] reported
that solvent activation of the TFC membranes after IP could improve the
organic solvent permeation without compromising their selectivity.

An OSN membrane is also applied to filter the solvent containing
dye solution. Mixed matrix membranes (MMMs) consist of carboxyl-
functionalized multiwalled carbon nanotubes (MWCNTs-COOH) in P84
polyimidewith the aid of 1,6-hexanediamine (HDA) as chemical crosslinker
were employed for organic solvent nanofiltration (OSN). The cross-linked
MMM has a rejection of 85% to rose bengal (1017.65 Da) while ethanol per-
meance is9.6LMH�bar�1 at5 bar [125].Tris(hydroxymethyl) aminomethane
(Tris), a hydrophilic monoamine, was added to the dope to modify polyi-
mide OSN membranes during phase inversion [126]. The isopropanol
(IPA) permeability of the crosslinked membranes was increased as much
as 270% with slightly drop of dyes rejections.
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2.6.3 Thin Film Nanocomposite Membrane (TFN)

A thin film nanocomposite membrane is an ideal membrane structure
whereby the functional nanomaterials will be embedded within the active
layer, which is usually around 100 nm thickness. There is a growing
number of research in fabricating thin film nanocomposite nanofiltration
membranes whereby inorganic materials such as silica [127–129], Gra-
phene oxide [130–133], CNT [134–136], ZnO [137, 138], TiO2 [139, 140],
zeolite [141], MOF [142, 143], and other functional materials were
embedded within the selective layer. The advantage of adding such
nanomaterials is to combine the hydrophilicity or channeling effect of
nanomaterials and the flexibility of the polymeric materials.

Nanomaterials could enhance the water permeability due to its
channeling effect and micro-porosity with the former is more relevant
to RO membrane, and the latter applies to the UF membrane. The perme-
ability of an NF membrane, which has pore size lies between RO and UF,
could be enhanced via both effects. It is expected that a nanostructured
material with a hydrophilic outer layer and a hydrophobic inner layer
is more beneficial concerning water permeability. The outer hydrophilic
layer helps to reduce the surface tension or capillary force while the inner
hydrophobic layer is helping the transport of water molecules through the
frictionless channel. For separation involves bigger solute, micro-porosity
increment due to the incorporation of NPs could enhance the membrane
permeability while retaining its rejection capacity. Besides flux enhance-
ment, it is widely reported that TFNmembrane shows improved antifoul-
ing properties due to the changes of skin layermicrostructures and surface
features.

TFN membrane with antifouling properties finds its great potential in
wastewater treatment and bio-separation. TFN membrane with antifoul-
ing properties can be enhanced by incorporating the functionalized
carbon nanotube (CNT). There are many ways to functionalize the
CNT to enhance the surface hydrophilicity and therefore enhance their
antifouling properties of the membrane such as via sulfonation [144],
carboxylation [134], coating [135], amination [145], and zwitterionic
modification [146].

Two-dimensional (2D) graphenes are becoming the popular materials
for preparing membranes with superior performance. For example, a
polypiperazinamide membrane mediated with partially reduced gra-
phene oxide increases the membrane hydrophilicity [147]. It was found
that water flux of the TFN membrane with graphene oxide was doubled
and the salt rejection of Na2SO4 increased from 95.0% to 97.1%, compared
to the neat PA membrane [148].

Metal organic framework (MOF) is a class of porous crystalline com-
pound that offers the advantage of a large surface area with defined
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porosity. Recently, MOF incorporated polymeric membranes have gained
importance in membrane separation due to its organic solvent resistance
[143, 149]. Furthermore, a hybrid membrane with MOF decorated on the
GO sheets was synthesized and utilized as an effective bactericidal
agent [150]. Zeolite nanoparticles were also incorporated into the TFN
membrane via interfacial polymerization. The membrane showed similar
rejection of MgSO4 with a reduced rejection of positively charged small
molecular weight pharmaceuticals compounds [141]. The membrane
dosed with zeolite is more hydrophilic and render the membrane with
better antifouling properties. This property makes the polyamide mem-
brane mediated with UZM-5 was developed to improve both rejection
and permeate flux in oil separation [151].

2.7 SEPARATION PRINCIPLES AND SOLUTE
TRANSPORTATION

It is commonly known that IP is limited by diffusional control. Increas-
ing the concentrations of diamine increased the driving force of the
diamine to transfer into the organic phase. As a result, it is expected that
thicker and highly crosslinked layer can be produced at high concentra-
tions of diamine. For NF membrane with lower operating pressure, skin
layer with thickness around 30 nm is expected to give superior water per-
meability. On the other hand, assuming that the polymer undergoes
binodal demixing in the organic phase whereby nucleation and crystalli-
zation will be taken place, higher diamine concentration is beneficial in
producing amembranewith a smaller nucleus. A skin layer with a smaller
nucleus gives a membrane with smaller pore size.

FIG. 2.4 Nodules and pore size of the nanofiltration.
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Based on Fig. 2.4, by assuming the nucleus (nodule) to be spherical,
three adjacent nuclei surround a space to form the pore. The pore radius
(Rp) can be related to nucleus radius (Rn) as Rp ¼ 0.1547Rn. Based on the
analysis of the polyamide NF membrane, the nodule sizes (diameter)
observed by the AFM were in the range of 360–480 Å [152]. This nodule
size can be translated into pore radius of 2.8 nm to 3.7 nm.

Taking NF270 as an example, by assuming that the membrane consists
of cylindrical pores (τ ¼ 1) with nodule radius of 2.7 nm (which gives
pore radius of 0.42 nm) [21] and adopting the thickness of 104 � 23 nm
(measured using TEM) [153], the theoretical water permeability predicted
using Kozeny-Carman equaion [154] (Eq. 2.1) is approximately
6.84 � 10�10 m3/m2 s Pa. This prediction is an order of magnitude higher
compared to the flux of commercial NF270 (3.7 � 10�11 m3/m2 s Pa)
(Table 2.1), which shows that the actual permeability is much lower than
the ideal permeability. For nanofiltration, the pore size should be lesser or
equal to0.379 nmfor separationofhydratedSO4

2� [18].Given this, improving
the water permeability by increasing the pore size is in fact not practical.
Furthermore, for a dense membrane, nodule size has minimal effect on the
porosity.Basedon thesearguments, theonlywayto increase thepermeability
of the membrane (without compensating its rejection capability) could be
achievedbyreducing the tortuosityand thicknessof theskin layer.Therefore,
an effort to increase themicro-porosity and introducing the channeling effect
by incorporating nanomaterials as discussed earlier is crucial to increase the
membrane permeability.

J¼� d2p

180 1� εð Þ2μ
ε3

τ

ΔP
Δx

(2.1)

where ε is the porosity, μ is the viscosity, ΔP is the pressure difference, Δx
is membrane thickness, τ is tortuosity factor, J is solvent flux, and dp is
nodule diameter.

2.7.1 Driving Force of NF Process

The transport equation of solute and water across the membrane
depends on all forms of energy acting on the solute. The separation prin-
ciples of the nanofiltration are no different with other pressure driven
processes (e.g., microfiltration, ultrafiltration, and reverse osmosis)
except the additional electrical potential. A potential difference arises
because of changes in pressure, concentration, temperature, or electrical
potential in both feed and permeate solutions. The first five terms on the
right of Eq. (2.2) constitute the chemical potential of the system with the
last term contributes to the mechanical potential. For an NF membrane,
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the solute or solvent permeability is solely dependent on the chemical
potential.

Free energy of mixing 

Reference energy

Thermal energy

Pressure energy

Electrical potential

Gravitational potential
ð2:2Þ

where μ is the available potential; R is the gas constant; ai is the activity of
component; T is the temperature; i; V is the molar volume of component i;
p is the pressure; F is the Faraday constant; and ψ is the electrical potential;
S is the entropy.

To fully realize the potential of NF and to predict the performance of
membrane, the modeling of solute and solvent transport through the
membrane is necessary. Membrane separations are based on the differ-
ences in the transport rates of the components through the porous/dense
membrane phase. The transport rate is controlled by the driving force and
their mobility within the membrane phase. Their mobility is primarily
determined by the solute’s molecular size, and the concentration of the
solute in the interphase and the membrane structure.

2.7.2 Membrane Transport Model

For an RO and an NF membrane, it is erroneous to assume that the
membrane consists of virtual (visible) pores as what could be observed
in loose ultrafiltration andmicrofiltration. Instead, the pore size is contrib-
uted by the membrane free volume due to the polymer packing density.
The membranes are generally characterized by free volume, d-spacing,
and chain mobility. These properties can be obtained with good confi-
dence using PALS and simulated using molecular dynamics and Monte
Carlo simulations. Nonetheless, still a great deal of literature reporting
on the equivalence pore size assuming the validity of the cylindrical pores
and adopting the Hagen-Poiseuille equation.

All the models that describe the transport of a solute through the
membrane can be categorized as a mechanism-independent (phenomeno-
logical) model or a mechanistic model. The former model ignores the
structure of the membrane while the latter take into account the physical
and chemical properties of both themembrane and solution [155]. Examples
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of the mechanism-independent model and mechanistic model are the
Spiegler-Kedem model and the solution-diffusion model, respectively.

2.7.2.1 Spiegler-Kedem Model

In this model, the solvent flux is proportional to the pressure gradient
across the membrane obeying the irreversible thermodynamic principles.
The solute moves across the membrane by convection through the pores
and diffuses within the nonporous matrix. The reflection coefficient (σ)
indicates the degree of selectivity of the membrane. For σ ¼ 1, the solute
is wholly rejected, whereas, if σ ¼ 0, no separation takes place, solute
transport simultaneously with the solvent. This model is less suitable
for an NF membrane especially with a loose structure whereby electrical
potential cannot be neglected. The solvent and ion flux could be expressed
as below [156, 157]:

Solvent flux : Jv ¼�Lp
dp

dx
�σ

dπ

dx

� �
(2.3)

Ion flux : Ji ¼�Ps
dCi

dx
+ 1�σð ÞCiJv (2.4)

where Lp is specific hydraulic permeability, m4/N s, p is operating
pressure at the feed side of the membrane, N/m2, x is axial direction,
m, σ is reflection coefficient, π is osmotic pressure, N/m2, Ps is local solute
permeability, m2/s, Ci is the concentration in solution, mol/m3.

2.7.2.2 Solution-Diffusion Model

In the solution diffusion model, permeants first dissolve in the mem-
brane matrix and then diffuse through the membrane across the potential
(concentration) gradient. Ions and solvent diffuse independently
(uncoupled) of each other through the membrane. The convective term
disappears due to the solute and is unlikely transported via convection.
As this model ruled out the possibility of convective and electrical mobil-
ity, this model is seldom used for NF, and it is more suitable for an RO
membrane. The solvent and ion flux could be expressed as below [158]:

Solvent flux : Jv ¼DiKici0
l

1� exp
�vi Δp�Δπð Þ

RT

� �� �
(2.5)

Ion flux : Jj ¼
DjKj

l
cj0� cji exp

�vj p0�plð Þ
RT

� �� �
(2.6)

where Di, Dj are Fick’s law diffusion coefficient, m2/s, Ki, Kj are liquid
phase/membrane phase sorption coefficient, cio, cjo aremole concentration
of component i and j at membrane wall side, mol/m3, Δp is the difference
in hydrostatic pressure across the membrane, atm, Δπ is osmotic pressure
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difference across a membrane, atm, vi, vj are molar volume of component i
and j, m3/mol.

2.7.2.3 Kimura-Sourirajan Model

It is a generalized capillary-diffusion model in which solvent transport
through the membrane by preferentially sorbs at the membrane-solution
interface. Solvent/water transport through the capillary of the membrane
via viscous flow; therefore, it is proportional to the effective pressure. On
the other hand, solute pass through the pores by diffusion and hence its
permeability is proportional to its concentration gradient across the mem-
brane. A higher rejection is expected at elevated pressure due to the diluted
permeate. However, this model is lacking the appropriate charged species
separation as the contribution of electrostatic charge is not exclusively
expressed. The solvent and ion flux could be expressed as below [159]:

Solvent flux : NB ¼A P�π XA2ð Þ�π XA3ð Þ½ � (2.7)

Ion flux : NA ¼DAM

K:δ
c2XA2� c3XA3ð Þ (2.8)

where A is pure water permeability constant, mol/(m2 s atm), π(XA2) is
osmotic pressure corresponding tomole fractions of solute at concentrated
boundary solution on the high-pressure side, π(XA3) is osmotic pressure
corresponding to mole fractions of solute at the side of permeates, c2,c3
are molar density of solution (mole/cm3), DAM/Kδ is solute transport
parameter, m/s.

2.7.2.4 Maxwell-Stefan Model

These equations describe the diffusion of species under the driving
forces, which is equal to the friction of that species with all the other com-
ponents in the system [160]. The friction coefficient is specific for each pair
of species and depends on the ionic strength. The common form of the
Maxwell-Stefan equation of a species i in one-dimensional transport is:

�dμi
dy

�Vm, i
dP

dy
� ziF

d∅
dy

¼
Xn
j¼1

xjζi, j ui�uj
� �h i

(2.9)

where μ is chemical potential (J), Vm is molar volume (m3/mol), u is dif-
fusive velocity (m/s), x is mole fraction, ζ is diffusive friction coefficient
(kg/s mol), Φ is electrical potential (J/C).

2.7.2.5 Extended Nernst-Planck (ENP) Model

This is an alternative membrane transport model accounted for the
porous structure that was simplified from the generalizedMaxwell-Stefan
equations. The extended Nernst-Planck model takes into account the con-
vection, diffusion and electrical potential gradient for ions transport
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through the membrane pores [161]. Compared to the nonporous model
such as solution-diffusion model and kimura-Sourirajan Model, this
mechanistic model could better explain the transport mechanism of nano-
filtration that has looser skin layer. The detail of the transport equation is
given below:

Solvent flux : Jv ¼�Di:Ak

Δx
1

2
: ln

Z Cip

� �2�2CipZ Cip

� ��A

Z Cm
i
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(2.10)

Ion flux : ji ¼ jvc
m
i �Di

dcmi
dx

�Fzic
m
i Di

RT

dψ

dx
(2.11)

where Di is an effective diffusivity of solute in the membrane, m2/s, Ak is
surface porosity, Δx is membrane thickness, m, Cip is permeate concen-
tration, mol/m3,Ci

m is concentration inmembrane, mol/m3, ci is mole con-
centration of component i in membrane, mol/m3, jv is volume flux based
on membrane pore area, mol m2 s�1, F is Faraday constant, C mol�1, zi is
valence of ith ion, ψ is electric potential, V, R is gas constant, J K�1 mol�1,
T is temperature, K.

Under this model, few structural models were derived based on the
steric and partitioning condition between the membrane pores and the
external solution, for example, Teorell-Meyer-Siever Model, space
charge model, Donnan Steric Pore Model (DSPM), DSPM & dielectric
exclusion model.

2.7.2.5.1 Teorell-Meyer-Siever Model (TMS)

In this model, it was assumed that uniform distribution of fixed charges
and mobile species can be achieved based on Donnan equilibrium
between the external solution and themembrane pore [162]. This equation
provides a relation between the concentration of charged components
within the membrane and in the bulk solution.

γic
m
i

γ0i Ci

� �1=zi

¼ exp � F

RT
ΔψD

� �
(2.12)

where zi is valence of ith ion, γi
o is activity coefficient in the external

solution, γi is activity coefficient in the membrane, R is gas constant,
J K�1 mol�1, T is temperature, K, F is Faraday constant, C mol�1, ΔψD is
Donnan potential at interface, V.
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2.7.2.5.2 Donnan Steric Pore Model (DSPM)

For DSPM, a porous membrane type was assumed. The solute velocity
was assumed fully developed and followed the Hagen-Poiseuille type.
At the solution-membrane interface, the Donnan equilibrium, as well as
the steric effect, was taken into account [163]. The steric effect is a function
of solute to pore radius.

γic
m
i

γ0i Ci

� �1=zi

¼Φi exp � F

RT
ΔψD

� �
(2.13)

where zi is valence of ith ion, γi
o is activity coefficient in the external

solution, γi is activity coefficient in the membrane, R is gas constant,
J K�1 mol�1, T is temperature, K, F is Faraday constant, C mol�1, ΔψD is
Donnan potential at interface, V, Φi is steric partition effect.

2.7.2.5.3 Donnan Steric Pore Model & Dielectric Exclusion (DSPM&DE)

This model includes three separation mechanisms namely steric hin-
drance, Donnan equilibrium and dielectric exclusion for ionic partitioning
at the interfaces. The solvation energy at feed/membrane interfaces is
important in determining the rejection [164]:

ci 0
+ð Þ

ci 0
�ð Þ¼φi exp �ziΔψD0ð Þexp �z2iΔW0

� �
(2.14)

where ci(0
+) is mole concentration at feed/membrane interface, feed side,

mol/m3, ci(0
�) is mole concentration at feed/membrane interface, mem-

brane side, mol/m3, φi is steric partitioning coefficient, zi is valence of
ith ion,ΔψD0 is Donnan potential at interface at feed/membrane interface,
V, ΔW0 is the dimensionless excess solvation energy at feed/membrane
interface.

2.7.2.6 Space Charge Model (SC)

The space-charge model was first proposed by Osterle and co-workers
[163, 165]. The basic equations include electric potential in the axial/radial
direction, the Poisson-Boltzmann equation for ion concentration, the
Nernst-Planck equations for ionic transport, and the Navier-Stokes equa-
tion for the force balance.

In flux in x-direction:

ji ¼ uxci +Di
∂ci
∂x

� Di

RT
ziciF

∂φ

∂x
(2.15)

Ion flux in r-direction:
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jr, i ¼ urci +Di
∂ci
∂r

� Di

RT
ziciF

∂φ

∂r
(2.16)

where ji is ion flux in the axial direction, mol/(m2 s�1), jr,i is ion flux in the
radial direction, mol/(m2 s�1), ux is mass flux in axial direction, ms�1, ur is
mass flux in radial direction, ms�1, ci is concentration in the membrane,
mol m�3, r is radial variable of capillary, m, Di is diffusivity of ion i,
m2/s, R is gas constant, J K�1 mol�1, T is temperature, K, F is Faraday
constant, C mol�1, φT is total electrostatic potential in capillary, V.

2.8 CONCLUSION

Nanofiltration, which evolved from the energy intensive reverse osmo-
sis, has gained tremendous interest from the industries. NF could find its
applications in water, wastewater, and pharmaceutical industries under
isothermal conditions. It has added advantages compared to other con-
ventional technologies, which include lower footprint, ease of scale up,
and economical viability due to its chemical-free process. Membrane foul-
ing remains a challenging issue to handle although burgeoning research
on the newmaterial and systemhas been carried out over the past 30 years.
Awide choice of membranematerial for anNFmembrane prepared using
interfacial polymerization methods make it a viable technique to produce
high flux and TFC membrane with better antifouling properties. How-
ever, an NF membrane is still far from performing at a level that would
spur the rapid acceptance for a harsh process, such as corrosive effluent.
Although the TFC membrane prepared via interfacial polymerization
gave the highest membrane permeability, this technique still has limita-
tions in preparing the SRNF membrane. Recent advances in membrane
synthesis using other methods has enabled a more extensive choice of
materials suited for SRNF membrane.

Continuous effort to enhance the functionality of the NFmembrane via
nanocomposite membrane is necessary. With the advances of 2D and 3D
nanomaterials, the thin film nanocomposite membrane, which possesses
the desired properties of the inorganic membrane, could be synthesized
via the facile and economic IP route. Despite significant achievement in
membrane flux increment, membrane permeability still has room for
improvement by order of magnitude via thickness and tortuosity reduc-
tion. It can be achieved by incorporating the porous nanomaterial
within the skin layer and optimizing the support layer using nanofibrous
materials. An inorganic membrane, which is mechanically and chemically
more robust than the polymeric membrane, will inevitably dominate
the market once the production cost can be lower down. Until then, the
polymeric membrane is still high in demand for the conventional
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process. For the water and wastewater treatment, the primary concern
remains on how the permeability could be enhanced at a lower expense
of energy. This can be achieved by incorporating the nanomaterial
with a channeling effect that reduces the membrane tortuosity and the
effective thickness.

The membrane transport modeling using both phenomenological and
mechanistic approach has been well studied by taking into account the
physical and chemical properties of both membrane and solution proper-
ties. The proposed model is beneficial in predicting the overall plant per-
formance as its calculation is not time consuming and reliable. Complex
molecular scale modeling of the water and solute transport that dynami-
cally simulate the real systems were performed. The simulation would
improve the understanding of intermolecular interaction at membrane
surface (fouling) and within the matrix (permeability).

In overall, there is still room for improvement of the TFCNFmembrane
regarding flux enhancement as well as antifouling properties. Besides the
conventional applications, functionalizedNFmembranes make it applica-
ble for more specific applications. It can be achieved by reengineering the
material and method to produce the membrane aided with the traditional
understanding of membrane transportation.
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3.1 INTRODUCTION

Ultrafiltration (UF) refers to the filtrated separation of particles in the
colloid-size range [1–5]. In the UF process, the transfer of the dispersed
phase (“solute” in its most general sense) through the membrane pores
is much less than the “solvent” for one of several reasons [6–9]:

A. Due to adsorption (primary adsorption).
B. Due to size exclusion (sieving).
C. Due to deposition on the surface (cake formation).

By using a membrane surface, UF can separate dissolved macromole-
cules and tiny suspended particles from a fluid feedwith the range of pore
size between 1 and 100 nm, which means that UF is between microfiltra-
tion (MF) and nanofiltration (NF) [10–12].

TheUFmembranescanconcentrate the largecomponentsof the feed fluid
on one side of the membrane, as the microsolutes and the solvent are
depleted as they can move through the membrane [8, 12, 13]. The UFmem-
brane acts as a selective barrier retainingmolecules withmolecular weights
higher than a few thousand of Dalton (macrosolute), while molecules with
the small sizes (solvent and microsolutes) move freely through the mem-
brane pores. The UF membrane is often rated, somewhat randomly, by
themolecularweight cut off (MWCO), that is, UFmembranes have amolec-
ular weight cut off (MWCO) between 1000 and 1,000,000 [9, 12, 14, 15].

Compared to a reverse osmosis (RO) membrane, a UF membrane is
used with lower operating pressure to retain larger solutes. The range
of 1–10 bars is the typical operating pressure for UF. Generally, UF mem-
branes are classified as an asymmetric membrane with a porous sublayer
and a thin top layer, which governs the UF separation performance. A UF
membrane is often operated in a tangential flow mode where the feed
stream sweeps tangentially across the upstream surface of membranes
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as filtration occurs, thereby maximizing flux rates and membrane life [16,
17]. Some of the UFmembrane properties are pore size, pore size distribu-
tion, surface pore size, rejection, flux, percentage of porosity, solvent
resistance, temperature stability, flux decline and pressure resistance.
Retentivity is critical, and the skin plays a principal role in the UF
membrane performance. The internal pore blockage should be prevented
to maintain and provide a high flux rate [18–21].

UF is a pressure-driven membrane transport process that has been
applied in a small laboratory scale as well as in a large industrial scale.
The interest has grown in recent years to use UF for the separation of dis-
solvedmolecules ofdifferent sizes andproperties.Dependingon their pore
size, UF technology is applied for essential separation processes such as fil-
tration of colloidal suspensions, treatment of product streams in the food
and beverage industry, recovery of useful material from coating or dyeing
baths in the automobile and textile industries and treatment of industrial
wastewaters, also in medical, biotechnological industries, paper industry,
and the dairy industry [22–25].

3.2 RECENT PROGRESSES IN UF MEMBRANE
DEVELOPMENT

Themembrane separation process is known to be useful for the desalina-
tion of seawater and brackishwater,wastewater treatment, removal of toxic
substances from drinking water, and production of ultra-pure water for the
semiconductor industry. UF, NF, and RO filtration have been successfully
applied for the removal of colloidal particles, turbidity, dissolved organic
matter (DOM),andmicroorganisms.Thisadvancedtechnologycanproduce
water quality better than the current regulatory requirements and therefore
can replace conventional clarification and filtration methods [26–28].

Asymmetric polymeric UF membranes have to satisfy strict operating
parameters requirements such as solvent resistance, pH resistance,
chemical resistance, thermal and mechanical stability; also high selectiv-
ity, flux, high durability (most extended possible life) and low cost of
material on the market today [29–31]. Recently, five different polymeric
membranes, including two MF and three polyacrylonitrile UF
membranes, were compared for the treatment of industrial wastewater.
MF membranes showed higher permeability and less rejection while UF
membranes optimal results [28, 32].

3.2.1 Material Selection for Polymeric UF Membrane

In the fabrication of mixed matrix UF membranes, particles/nanopar-
ticles should be compatible with membrane polymer. When the casting
solution is prepared, loading of particles or nanoparticles in the polymeric
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solution should be set at an optimum value for avoiding particle agglom-
eration at the skin layer and sublayer of the UF membrane. Therefore, the
selection of particles and nanoparticles is a great deal of interest for all
researchers who produce mixed matrix UF membranes [9, 33–37].

In fact, the degree of entrapment of particles/nanoparticles in the
polymer matrix depends mainly on the compatibility between polymer
and particles/nanoparticles. The loading of particles/nanoparticles usu-
ally enhances themembrane performance, but themembrane performance
gradually deteriorates if the particles/nanoparticles are not strongly
entrapped in the membrane. Therefore, the material selection of parti-
cles/nanoparticles and polymers available in themarket is one of themost
important aspects to be considered inUFmembrane fabrication [33, 37–39].

3.2.1.1 Polymer

Polymer plays an essential and ubiquitous role in many technologies,
including UF, and is separated into numerous classes according to their
physical and chemical properties. Polymer morphology plays a significant
role to determine bulk physical properties by which the behavior of the
polymer as a continuousmacroscopicmaterial is determined. In fact, chem-
ical properties of polymer determine the bulk physical properties as well
through the interactions betweenpolymer chainsworking via variousphys-
ical forces. In a much larger scale, their chemical properties determine how
the bulk polymer interacts with other chemicals and solvents [13, 40, 41].

At present, some synthetic polymers such as polyether sulfone (PES),
polysulfone (PSf) and polyvinylidene fluoride (PVDF) are used for UF
membrane. On the other hand, before the evolution of polymer synthesis,
natural polymerswere used. Due to the serious concerns over the environ-
mental effects and awareness that petroleum resources are limited, the use
of biodegradable polymers produced from extensive sources such as
cellulose, chitin, and starch has significantly increased. Accordingly, this
type of polymers has been widely commercialized in membrane filtration
technology [39, 42, 43].

3.2.1.2 Nanoparticles

Particles and nanoparticles, when incorporated in the polymeric phase
of UF membranes can significantly increase the UF performance.
Currently, carbon nanotubes (CNTs), graphene, clays, carbon molecular
sieve, metallic oxide, zeolites are known to be effective for removing
organic compounds when incorporated in the polymeric membrane.
Nanostructured materials are highly capable of decreasing the toxicity
of organic pollutants to an allowable level owing to their large surface area
and uniformity in size. As discussed earlier, the compatibility of particles
and nanoparticles with the polymer matrix is essential. Therefore, finding
novel and potentially powerful particles and nanoparticles is always a
challenging task for membrane R & D [32, 44–48].
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3.3 POLYMERIC UF MEMBRANE CONFIGURATIONS

Polymeric membranes of different shapes such as flat sheet, hollow
fibers, and nanofiber sheet (see Fig. 3.1) have been used for submerged
UF membrane. Hollow fiber membranes have always shown higher
efficiency and longer lifetime; however, flat sheet membranes are easier
to use in UF [49, 50].

Flat sheet UF membrane
Particles

or
Nanoparticles

Hollow fiber membrane

Particles or nanoparticles

Nanofibrous UF membrane

Particles
or

Nanoparticles

FIG. 3.1 Various UF membrane shapes.
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Recently, nanofiber mat has been used for UFmembrane, but not many
data are available for this kind of membrane [51].

3.3.1 Flat Sheet UF Membrane

The membrane can be produced as flat sheets or hollow fibers. To fab-
ricate a flat sheet, a polymer solution is spread on a support glass plate
using a casting knife. On the other hand, hollow fibers provide a higher
surface area per unit volume of membrane modules [52–55]. The flat sheet
membrane and hollow fibers can be prepared by using a casting technique
and a spinning technique, respectively [56, 57].

The casting of flat sheet membranes is a well-established phase inver-
sion technique. First, a polymer is dissolved in a suitable solvent or a mix-
ture of solvents and nonsolvent (in phase inversion) to form a
homogeneous dope solution. The dope solution is then cast on a suitable
support such as glass plate or nonwoven polyester sheet using a casting
knife. As depicted in Fig. 3.2, the casting knife is made of a metal blade
moving on two runners that can provide a gap between the blade and sup-
port accurately [58, 59]. This gap determines the thickness of the mem-
brane produced. A pneumatically controlled flat sheet membrane
casting system has been developed by combining semi-technical hand-
casting knife and pneumatic system.

This system offers an easier casting operation by controlling several
casting variables such as shear rate and forced convection residence time.
Then, the cast film is instantly dried, or the solvent is partially evaporated
before the cast film is immersed into a coagulation bath. The resultant
membranes were used in commercial plate-and-frame and spiral wound
systems [10, 60].

1
2

4
5 3

6

7

1. Air compressor

2. Pneumatic system

3. Casting knife

4. Trolley push button

5. Trolley and glass plate

6. Evaporation chamber

7. Coagulation bath

FIG. 3.2 Flat sheet membrane casting equipment.
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3.3.2 Hollow Fibers UF Membrane

Hollow fibers were fabricated by the spinning process, which involves
the extrusion of a polymer solution through an annular spinneret. Hollow
fiber membranes can have either dense or asymmetric structures depend-
ing on the way the gel filaments are solidified [61–63]. Melt spinning usu-
ally obtains a dense structure while solution spinning (phase inversion) is
used to obtain an asymmetric structure. A hollow fiber spinning system is
shown schematically in Fig. 3.3. The fibers are almost instantaneously
formed as the polymer solution leaves through the spinneret. The spin-
neret consists of two concentric capillaries; outer capillary and central cap-
illary. The outer capillary has an outer diameter of around 400 μm and an
inner diameter of approximately 200 μm while the central capillary has a
diameter of about 100 μm. The polymer solution is forced to come out of
the outer capillary and air, or a secondary solution is simultaneously deliv-
ered through the inner capillary. Typically water is delivered through the
inner capillary when asymmetric hollow fibers are spun [9, 64–66].

3.3.3 Nanofibrous UF Membrane

A UF electrospun nanofibrous membrane is a novel technology for
removing organic contaminants in the wastewater by membrane adsorp-
tion, offering an alternative option to the effluent treatment. In particular,
electrospun nanofibrous membrane looks promising due to high perme-
ation and rejection rate, when they can be used many times via appropri-
ate desorption after each test [67]. For this reason, electrospun nanofibrous
membranes have come to the forefront of R&D recently as one of themost

1

1. Solution tank

2. Gear pump

3. Syringe pump

4. Spinneret

5. Conceptive chamber

6. Coagulant bath

7. Treatment bath

8. Wind-up drum

9. Controller

10. Internal coagulant

11. Polymer dope

12. Hollow fiber

2

4

3 5

12

11
10

6

7

9

8

FIG. 3.3 Hollow fiber spinning system.
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efficient techniques to remove the organic pollutants from wastewater at
lower operating costs. However, the incorporation of suitable and compat-
ible particles and nanoparticles, as adsorbents, is the most challenging
parameter to use electrospun nanofibrous membrane for membrane
adsorption. In several studies, a hot pressing technique has been used
for enhancing the compactness of the membrane or nonwoven supports
and via pressure and heat of hot press system [68, 69] (Figs. 3.4 and 3.5).

3.3.4 Mixed Matrix Membranes

Mixed matrix materials (MMMs) are structured with functional parti-
cles embedded within a polymer matrix. These materials are also known
as heterogeneous or hybrid materials. Selection of particles and polymer

Syringe
pump

Polymer droplet forming taylor
cone

Electrospinning

Charged jet fiber

Anode

Nanofibers collecting in
nonwoven support on drum

Cathode

High voltage
power source

Negatively charged

FIG. 3.4 Electro-spinning procedure.

Heat

Heat

Pressure

Pressure

Pressure

Pressure

Plate

Plate

Nonwoven PET support
layer + e-spun nanofiber

FIG. 3.5 Illustration of the hot-pressing method.
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binder or polymer matrix will determine its function such as adsorption,
catalysis, ion-exchange or separation membrane [9, 70–74]. The concept of
mixed matrix membrane is schematically presented in Fig. 3.6. MMMs are
formed by dispersing molecular sieve entities into a polymer matrix
[75–79]. Fig. 3.7 illustrates the structure of a mixed matrix film. In
Fig. 3.7, themolecular sieves are uniformly distributedwithin the polymer
matrix. It is believed that this emerging approach synergistically combines
the best features of both phases and simultaneously to compensate the
weakness in each medium [80, 81]. In a molecular sieves-polymer mixed
matrix system, the high selectivity benefits of the molecular sieve are

FIG. 3.6 Schematic representation of the mixed matrix membrane.

FIG. 3.7 A schematic diagram of an MMM film.
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combined with desirable mechanical properties and economical process-
abilities of polymers. In turn, the costly processing and severe mechanical
problems in purely molecular sieving membranes can be overcome, and
the limit in the trade-off between productively and selection of polymer
materials can be surpassed [82–84].

3.4 FOULING MITIGATION

3.4.1 Fouling Type and Methods to Control Fouling

The decrease in the permeation rate during membrane process, called
fouling, is recognized as themain problem in the application ofmembrane
technologies. Several types of fouling can occur in membrane systems
including inorganic fouling, particulate and colloidal fouling, organic
fouling, and biofouling [31, 85, 86]. Pore blocking and cake formation
are considered as the two primary mechanisms of membrane fouling
while other factors such as adsorption, particle deposition within the
pores, and formation of the cake layer affect membrane fouling through
the modification of either or both mechanisms. Pore blockage increases
themembrane resistance, while cake formation creates an additional layer
of resistance to permeate flow. The severity of these phenomena depends
on the nature of the particle, the operating conditions such as pH, ionic
strength, pressure, and particle concentration and the nature of the mem-
brane. Development of effective methods to control fouling is based on an
understanding of the fouling mechanism and the influence of the process
parameters on the membrane fouling. To discuss approaches to mitigate
membrane fouling we will first outline the main particularities of this pro-
cess [87–91].

Generally, for MF and UF, two types of fouling phenomena are distin-
guished. The first is macrosolute or particle adsorption, which refers to the
specific intermolecular interactions between the particles and the mem-
brane that occur even in the absence of filtration. It is usually irreversible,
adhesive fouling. In water treatment applications, the foulants are usually
adhesive due to hydrophobic interactions, hydrogen bonding, van der
Waals attractions, and extracellular macromolecular interactions among
others. The second type is known as filtration-inducedmacrosolute or par-
ticle deposition, which is often reversible, nonadhesive fouling, where the
accumulation of cells, cell debris, and other rejected particles on the top
surface of themembrane is prominent. It occurs as external fouling or cake
formation. Reversible fouling resulting from cake formation was found to
be only weakly dependent on membrane surface chemistry; in contrast,
irreversible fouling exhibited a marked dependence on surface chemistry
[92, 93].
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Membrane fouling is an incredibly complex physicochemical phenom-
enon. Usually, several mechanisms are involved simultaneously. Thus, in
case of protein-containing solutions, it was suggested that it began with
protein aggregates depositing on the membrane surface, thereby blocking
its pores. Disulphide linkages, van der Waals forces, electrostatic interac-
tions, hydrophobic interactions, and hydrogen bonding all contributed to
membrane fouling by a proteinous substance, mostly through adhesive
fouling [94–96]. On the contrary, for filtration of river water, cake forma-
tion on the surface of the membrane resulted in more pronounced UF
membrane fouling than the adsorption of small substances inside the
pores of the membrane. UFmembrane fouling was dominated by the cake
layer formation attributed to the accumulation of dissolved organic mate-
rials and suspended colloids in the raw water. The particles are driven to
the membrane surface by the flow of permeate to form a cake layer on the
membrane unless the shear rate is very high to prevent cake formation.
The undetachable cake layer accumulates on the membrane and results
in fouling in the long term [97–99].

Biofouling is another major problem, which destroys the structural
integrity of the membrane, and this leads to subsequent irreversible mem-
brane damage, shortens membrane life, increases operational and mainte-
nance costs, and reduces efficiency. It is initiated by irreversible adhesion
of one or more bacteria to the membrane surface, followed by growth and
multiplication of the sessile cells at the expense of feed water nutrients. It
can eventually form a confluent lawn of bacteria, otherwise known as a
biofilm on the membrane surface. Chemical properties of membrane sur-
face, its roughness, pore shape, and size distribution are found to be the
main factors controlling the biofouling potentials [100, 101]. The complex-
ity of membrane fouling predetermines the exploiting of a variety of
approaches to control this adverse process. Here these approaches are
categorized under four main topics: (i) Pretreatment of feed;
(ii) Membranematerials/surfacemodification; (iii) Operating parameters;
and (iv) Cleaning procedures. Approaches discussed in the first three
topics are focused on preventing or mitigation of the membrane fouling,
whereas methods of the fourth topic are assigned to cope with conse-
quences of the membrane fouling [102–104].

3.4.2 Cleaning Method

This is a standard method of reduction of membrane fouling employed
in cross-flow filtration processes. Cross-flow filtration techniques inmem-
brane technologies have been employed on a global scale for the removal
of particles, colloidal species, and microorganisms but the principal lim-
itation lies in the flux decline associated with particle formation on the
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membrane, thus hinderingmass transfer. Backflush was used to eliminate
particle deposition, which allowed efficient flux recovery [31, 45, 105].

In MF, high feed/retentate velocities are used to reduce cake formation
and concentration polarization. As well, it is a common practice to pump
filtrate back through themembrane into the feed channel to give a periodic
backwash. This lifts the deposited material off the surface of the
membrane. The backwash pressures need to be greater than the operating
filtration pressure. The efficiency and effectiveness of this technique are
limited to surface deposits removal from the membrane. It becomes inef-
fective with strong adhesion of deposits and if there is any pore fouling.
Periodic backwashing improves membrane permeability and reduces
fouling, thus leading to optimal, stable hydraulic operating conditions.
Air backwashing in submerged membrane reactors can increase the flux
up to fivefold.When the technique is carried out at a faster rate, it is known
as backpulsing or backshocking. Backpulsing is a cyclic process of forward
filtration followed by reverse filtration [87, 106–108].

Reversal filtration involves a reversal of the flow through the mem-
brane by changing the orientation of the trans-membrane pressure
(TMP). More rapid backwashing has been claimed to be more effective,
and backpulses are of short duration and may be operated continuously
or periodically [109–112]. They are particularly useful with colloidal sus-
pensions and with streams requiring protein transmissions through the
membrane. The backpressure is applied in an extremely rapid pulse every
few seconds throughout the process. The reverse flow removes the parti-
cles that are reversibly deposited on or within the pores of the membrane,
while the foulants are swept off the membrane via the cross-flow. These
actions subsequently reduce fouling and improve permeate flux over
time. Cross-flow filtration with rapid backpulsing has been studied
in-depth by many groups in different membrane/foulant system, who
documented the method as an effective means of controlling fouling
and increasing permeate flux for nonadhesive foulants that exhibit revers-
ible fouling. The use of rapid backpulsing was also studied extensively
[29, 113–115].

3.5 SURFACE MODIFICATION

Surface modification has been potentially used to minimize the fouling
on the membrane surface and maximize the membrane performance
regarding permeability and solute rejection. The primary parameter
which plays an essential role in membrane surface modification is the
use of materials with a favorable effect on the structure of membranes
such nanoparticles and nanotubes or some adsorptive materials [116].
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Alternatively, modifying membranes and membrane surfaces aim at
fabrication of antifouling membranes by inhibiting microbial growth on
the membrane. The proper membrane material selection can also improve
the membrane and membrane surfaces concerning antifouling behavior,
which consequently reduces cake layer formation and concentration
polarization and overall fouling reduction. Many marketable and com-
mercial membranes are made of PES, polyvinylidenefluoride (PVDF)
and other hydrophobic polymers due to their high chemical, thermal
and mechanical properties [116, 117]. On the other hand, hydrophilic
nanoparticles are often used to be blendedwith the hydrophobic polymer.
Hence, the combination of hydrophobic polymer and hydrophilic nano-
particles can enhance the membrane performance significantly, as
reported by many researchers [32, 107, 116, 118–120].

Other methods can be used to change the hydrophobic surface to
hydrophilic. They are (i) coating and (ii) grafting. In the first method,
the membrane is immersed in the coating solution. The second grafting
method is a kind of immobilization, where hydrophilic species are grafted
on the membrane surface from grafting solutions [121, 122]. Another type
of membrane grafting is done by photo-induced grafting, which is mainly
used for functionalization of membrane surface due to their numerous
features. Its advantages are the low cost of the process operation, selective
absorption of UV light without affecting the bulk polymer, mild reaction
conditions and permanent alteration of the membrane surface with facile
control of the chemistry [107, 120, 123–126]. In fact, many researchers have
recommended a combination of surface modification and cleaning proce-
dure to increase the permeability and separation performance of themem-
branes which reduces the fouling on the membrane surface due to
bacterial suspensions, clay suspensions, and oil emulsions [31, 127].

3.6 RECENT PROGRESSES IN UF MEMBRANE AND UF
MEMBRANE PROCESSES

UF is increasingly used in water treatment due to a decrease in mem-
brane prices, improving module design, operability, and economics of
membrane separation processes. Furthermore, as the regulation for chem-
ical and biological contaminants in water have become more stringent,
membrane processes including NF, UF, and MF have been utilized as
treatment alternatives to replace conventional processes which employ
chemical coagulation for removing dissolved species and filtration for
removing suspended species. MF has been used in water treatment for
removing suspended solids (larger than 0.1 μm). MF has also been used
by water utilities in place of conventional processes where treatment
objectives are suspended solids control and microbial removal. However,
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MF cannot achieve a reliable degree of dissolved organic control while UF
does. Denitrification can be done by physicochemical treatment tech-
niques such as RO, ion exchange and electrodialysis. Pesticides on the
other hand usually require activated carbon treatment or oxidation by
strong chemical agents. Lyonnaise des Eaux, a company in thewater treat-
ment business, developed an industrial scale MBR system to remove pes-
ticide by combining biological denitrification and powdered activated
carbon adsorption. UF has been used to remove many contaminants
[128–130].

UF can be a very promising liquid-solid separation process as it can
remove particulates and macromolecules in the range of 0.02 μm to
1 nm. Although UF has a broad molecular weight cut off (MWCO) range,
it is less effective in removing low molecular weight organic matters.
A combination of UF and coagulant or absorbent has been proven to
remove organic matters in water significantly. However, MWCO is not
the only factor that will determine the membrane rejection. Factors such
as membrane characteristics, feed properties, operational conditions, pre-
treatment procedure, module configurations, solution chemistry and the
presence of other solutes have been reported to influence the membrane
performance. UFmembranes aremade from various types of polymer, but
two most common membrane materials are PS and cellulose acetate (CA).
There were 34 UF plants in operation or under construction worldwide
having a total capacity of 34 million gallons per day [130–132].

3.6.1 Antibacterial Membrane

Since the 1990s, MF was evaluated by water supply agencies as a cost-
effective alternative to the conventional pretreatment for desalination by
RO. However, because an MF membrane can remove substances larger
than 50 nm and bacteria while bacteria and virus pass through, many
researchers have turned to UF, which allows removal of 3 nm or larger
substances, and subsequently reduces the biofouling problem of ROmem-
brane. Furthermore, the disinfection process (via UV, ozonation, or chlo-
rination) after the membrane filtration process is also recommended as a
secondary bacteria control barrier and distribution system protection
[133]. The other promisingway is to incorporate an antibacterial agent into
polymeric membrane so that removal and disinfection can be carried out
simultaneously in a membrane.

Recently, Moslehyani et al. reported that the key advantage of an anti-
bacterial membrane is the enhancement of antibacterial action by the
incorporated antibacterial agent. When the feed solution comes to contact
with the membrane surface, the antibacterial agent is released to disrupt
the bacterial cell wall membrane. Therefore, membrane filtration and
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disinfection occur simultaneously. As a result, a biofilm covers the mem-
brane surface creating a newer, smoother andmore antiadherence surface,
further enhancing the antibacterial capacity of the membrane. It is known
that the smoother surface is less prone to fouling due to the decreased
interaction between the colloidal particle and the surface [6].

Antibacterial compounds are defined as a synthetic or natural
compound that destroys bacteria or suppresses their growth or their abil-
ity to reproduce. There are many antibacterial products commercially
available for cleaning and hygienic purposes. In addition, the invention
of loading/incorporating antibacterial agents into our daily needs such
as clothing, soap, containers for food-packaging, and water filtration sys-
tem is frequently undertaken. Water treatment and effluent disinfection
using membrane technologies have been in growing interest due to the
environmental factor as compared to the common disinfectant, chlorine.
Therefore, the combination of membrane technologies and the relevancy
of the incorporation of an antibacterial agent such as silver is an area of
interest [8, 11, 134]. Factors affecting bacterial attachment and transport
are summarized in Table 3.1.

TABLE 3.1 Factors Affecting Bacterial Attachment and Transport

Factor Effect on transport and attachment

Ionic strength Attachment increases with higher ionic strength due to electrical
double-layer size reduction

Clay-content Attachment increases with high clay content due to the larger specific
area of adsorption

Oxygen
limitations

Oxygen-limited biofilms exhibit lower shear removal rates but higher
sloughing

Charge on media Attachment of negatively charged bacteria will be high in positively
charged media

Flow rate Higher flow rates reduce bacterial attachment

Nutrient
concentration

Bacterial size is reduced in higher nutrient concentrations

Bacterial size Smaller bacteriamay interact withmedia less andmay not be removed
by filtration as easily as bigger bacteria. On the other hand, larger
bacteria have been shown to move faster than small bacteria

Cell
concentration

At low cell density, attachment is favored. Bacteria tend to move from
high concentration areas by a tumbling diffusive flux

Bacterial motility Motile bacteria may migrate faster than nonmotile bacteria through
chemotaxis

Water content Bacteria move faster through the unsaturated soil of higher water
content

993.6 RECENT PROGRESSES IN UF MEMBRANE AND UF MEMBRANE PROCESSES



3.6.2 Adsorptive Membrane

Contamination of drinking water with heavy metals is a significant
public health concern worldwide. For example, the presence of lead in
drinking water has been reported in more than 70 countries. Millions of
people, mainly in developing countries such as India and Bangladesh,
are at high risk due to contamination of ground and surface water. In
the aqueous solution, heavy metals are colorless and odorless, and it is
not easy to detect them visibly. Because of this, its contamination is a seri-
ous concern for the environment and living creatures. It is known that
long-term exposure to drinking water contaminated with heavy metal
can cause various kinds of cancers. Conventional technologies to remove
heavy metal ions are chemical precipitation, coagulation and flocculation,
ion exchange and membrane filtration. Membrane filtration processes
such as NF and RO are also known to be effective to eliminate arsenics
(As). However, they consume high-energy due to the requirement of high
pumping pressure. The pore sizes of MF and UF are too large to remove
the dissolved metallic minerals. Thus, the inconsistent and/or incomplete
removal of heavy metal by conventional technologies has urged to search
for efficient, environmentally friendly, and low-cost treatment technology
for hazardous decontamination [68].

Recently, Moslehyani et al. reported that electrospun adsorptive nano-
fiber membrane (EANM) is a novel technology with a high potential to
remove heavy metals from drinking water due to EANM’s high perme-
ation rate and adsorption capacity, particularly when they can be used
multiple times via appropriate desorption. For this reason, EANMs have
come to the forefront of R & D recently as one of the most efficient tech-
niques to remove arsenic at low operation cost. However, the use of suit-
able and compatible adsorbent particles is themost challenging parameter
in the preparation of highly efficient EANMs [135].

3.6.3 UF Photocatalytic Membranes

Photolysis as a critical component of photodegradation technology has
been studied for the last few decades. The reaction scheme implies that an
interface is formed between the (solid) photocatalyst and a liquid or a gas
phase containing the reactants. Particularly, understanding the mecha-
nisms and kinetics of photocatalytic membrane process is the most signif-
icant part of the whole process [136–138]. A photocatalyst is a
semiconductor that converts the light energy to the chemical energy of
the electron-hole pairs. Therefore, a suitable energy bandgap together
with chemical and physical stability, nontoxic nature, availability, and
low cost should be considered when a solid photocatalyst is chosen
[138–140]. In general, the photodegradation has three main products
including nonreacted (similar to the initial feed), intermediate product,
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and final product [45, 141]. To understand the mechanism of photodegra-
dation is necessary to understand the role of the ultraviolet radiation in the
photocatalytic reaction. In the photocatalyst, there is a conduction band
and a valence band separated by a bandgap of energy. When the photo-
catalyst is exposed to ultraviolet photons, whose energy (hν) is higher than
or equal to the bandgap, the transfer of an electron occurs from the valence
band to the conduction band to create electron-hole pair [138, 142–144].
The lowest energy level of the conduction band corresponds to the reduc-
tion potential of the photoelectrons while the highest one corresponds to
the oxidizing power of the electron holes as is illustrated in Fig. 3.8.

When no electron and hole scavengers are available, the input energy is
dissipated as heat within a few nanoseconds by recombination.

Several steps involved in the photocatalytic reaction are given below
with an example of typical photocatalyst TiO2.

I. Photocatalyst excitation

TiO2 +UV hνð Þ)TiO2 e
CB� + h

VB +ð Þ

II. Photocatalyst adsorption

TiO2 h
VB +ð Þ+H2O)TiO2 +H+ +OH�

TiO2 h
VB +ð Þ+OH� )TiO2 +OH�

FIG. 3.8 Photocatalyst mechanism during photodegradation.
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III. Photocatalyst electron-hole trapping

TiO2 e
CB�ð Þ+O2 )TiO2 +O2

��

O2
�� +H+ )H+O2

�

IV. Photocatalyst electron-hole pairs recombination

e� + h+ )heat

Many organic reactants accept hydroxyl radicals generated in the
photocatalytic adsorption process in water, which act as electron donors
when they are oxidized. Thus, the organic reactants are degraded to the
intermediate substrate and further decomposed into carbon dioxide and
water [136, 145–147].

As well, photocatalytic reaction process is described by the following
three steps [148, 149]:

I. External mass transfer of reactant to the solid photocatalyst surface.
II. Internal mass transfer via intra diffusion of a photocatalyst.
III. Organic compounds decomposition by diffused photocatalyst.

Moslehyani et al. [98] constructed photocatalytic membrane reactor
(PMR) to study oil-water treatment. In the photocatalytic reactor, UF
membrane was used to retain the unreacted oil while TiO2 photocata-
lyst was suspended in the feed. PMR is a novel method for oily waste-
water treatment, and its performance in the degradation of toxic
hydrocarbon compounds and purification of oily wastewater looks very
promising.

3.7 SUMMARY

The water and wastewater industry has been faced with many chal-
lenges over the last three decades and is currently looking for economical
methods of treatment. The removal of particulate matters by chemical and
physical methods is commonly used for the treatment of drinkingwater as
well as the surfacewater sources.More focus is nowadays placed onmem-
brane technology for water treatment, where the choice of membrane,
module configuration, process and operating parameters, and pretreat-
ment among others are essential to make the process most effective.
Membrane processes are very promising due to their potential to remove
particles, including microorganisms, organic pollutants, inorganic salts,
and to achieve biologically stable water by reducing microbial regrowth
in the distribution system. Among others, UF is considered as the most

102 3. RECENT PROGRESSES OF ULTRAFILTRATION (UF) MEMBRANES AND PROCESSES



efficient and economical process among all types ofmembrane technology
that is used for water and wastewater treatment.
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4.1 INTRODUCTION

In recent times, membrane technology has seen significant develop-
ment. Numerous applications are proposed for membrane processes of
whichmicrofiltration and ultrafiltration are considered as themost critical
membrane technologies. These membrane processes are regarded as nec-
essary for chemical and biochemical processing because of their economic
and availability of membranes with higher overall membrane flux, lower
process cost, and low fouling [1]. The advancement in the membrane
research has provided with membranes with better chemical, thermal,
and mechanical stabilities. Therefore, these membranes can be employed
for previously not possible industrial applications. These membranes are
capable of high temperature, high pressure, and corrosive applications
with good resilience [2–7].

Microfiltration membranes are generally pressure driven processes
with pores in the range of 0.1–10 μm. The overall membrane flux of a
microfiltration membrane can be given by using the following relation:

F¼ α �ΔP (4.1)

where, F represents the overall membrane flux, α the permeability con-
stant, and ΔP the transmembrane pressure. For the calculation of various
membrane parameters, it is assumed that the pores of these membranes
are uniform and cylindrical so that the Hagen-Poiseuille and Kozeny-
Carman equations can be applied [8–10]. The Hagen-Poiseuille relation
can be used as given in the following relation:

F¼ ηr2

8ητ

ΔP
Δl

(4.2)

where, μ represents the membrane porosity, r the membrane pore radius,
η the dynamic viscosity, Δl the membrane thickness, and τ the tortuosity
factor.

In case, where feed particles are assumed as spherical and agglomerate
then the Kozeny-Carman equation can be applied to the microfiltration
membrane system as given in the following relation:

F¼ μ3

χηA2

ΔP
Δx

(4.3)

where, χ represents the pore geometry dependent dimensionless constant
and A the spherical particles per unit volume surface area.

Eqs. (4.2), (4.3) confirm that themembrane flux relates to themembrane
structural features, pore size (r) and porosity (μ). Therefore, to have an
overall effective membrane flux it is essential to have a microfiltration
membrane with narrow pore size distribution and high porosity.

Microfiltrationmembranes prepared from inorganicmaterials aremore
suitable for different industrial applications because of their excellent
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chemical, thermal, and mechanical stabilities. There are various prepara-
tion techniques available for the preparation of these membranes, which
allows theuse of different types ofmaterials. For example, for hydrophobic
membranes: polyvinylidenefluoride, polytetrafluoroethylene, polyethyl-
ene, and polypropylene; hydrophilic membranes: cellulose, polysulfone,
polycarbonate, polyamide, and polyetheretherketone; and ceramic mem-
branes: alumina, zirconia, kaolin, and titania. In addition to these other
materials are also used for the preparation of glass (SiO2) and metal mem-
branes (stainless steel, silver, tungsten). The successfully prepared mem-
branes are characterized by using various characterization techniques for
their morphological as well as permeation properties, such as thermogra-
vimetric analysis, X-ray diffraction, Fourier transforms infrared spectros-
copy, (field) scanning electron microscopy, liquid-liquid displacement
porosimetry, hydraulic permeability, and pure water permeation.

Initially, polymeric membranes were used prominently for various
membrane-based applications due to their advantages, such as easy to
cast, scale-up, and low cost. Despite having so many advantages the poly-
meric membranes were not able to make membrane processes acceptable
on an industrial level because of their severe disadvantages, such as foul-
ing and thus short lifespan, incapability to withstand harsh chemical, ther-
mal, or mechanical conditions, and limited strength. Therefore, ceramic
membranes are always preferred over polymeric membranes for indus-
trial applications, but their high cost is one factor which always halts their
progress in the field. The main reasons for the high cost of ceramic
membranes are the sintering temperature, membrane materials, and the
preparation procedure. This shows that if these three factors can be con-
trolled, then the cost of a ceramic membrane can be brought down.
The problem here is that all the three factors are equally important for a
successful membrane. The sintering temperature cannot be replaced. Sim-
ilarly, the preparation procedures would also remain the same. Therefore,
the only possible thing which can be changed is the membrane materials.
Thus, cost-effective raw materials have to be searched and developed
for the preparation of low-cost ceramic membranes. This chapter along
with the basics of the microfiltration membrane processes explains
about the various low-cost ceramic membrane materials used by various
researchers worldwide.

In this chapter, the preparation as well as characterizationmethods and
techniques are discussed in detail along with the various modes andmod-
ules used for the microfiltration membrane processes. The problem of
fouling is the most concerning object of membrane processes and is dis-
cussed in this chapter along with the various methods and techniques
to decrease the phenomenon of fouling effectively and efficiently. This
chapter discusses in detail the various low-cost ceramic membrane appli-
cations in various fields. The chapter at its end discusses about the cost
estimation of the prepared membranes.
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4.2 MODES AND MODULES

4.2.1 Modes

The two important modes of membrane process operations are dead-
end filtration and cross-flow. Both are equally important and are used
worldwide. Generally, the dead-end filtration is used in batch configura-
tion and cross flow in continuous mode. Also, dead-end filtration is
commonly used on a laboratory scale and cross-flow is favored to be used
on industrial scale. These selections are based on the advantages and dis-
advantages of these modes of membrane operations, such as low fouling,
scale of operation, etc. For example, the dead-end filtration provides high
recovery as well as fouling. Therefore, the high recovery favor it for better
recovery results and the fouling problem associated with it causes flux
decline which make it unfavorable for large scale operations. Whereas,
cross flow provides less recovery and low fouling. This makes it a better
choice for large-scale operations. Also, both the modes can be used in
single or multiple pass configurations, which allow the feed or permeate
to be circulated across the membrane single or multiple times to improve
the efficiency of the overall membrane process.

4.2.1.1 Batch

Batch mode is the most widely used mode of membrane processes.
In this mode, a predefined amount of feed is provided to the membrane.
The process runs until the feed is not over or refilled. It is advised as a vir-
tuous mode of membrane process because it allows the cleaning of the
membranes as well as the overall membrane setup in between two runs.
This makes this mode of operation beneficial for the membrane process in
terms of enhanced membrane process efficiency, membrane life, reduced
cost, and low fouling. Therefore, it is best to be used in industries, such as
food, pharmaceutical, and biotechnology.

4.2.1.2 Semi-Batch

Semi-batch mode of membrane processes is similar to batch mode of
membrane operation with the only difference that it allows recircula-
tion/addition/removal of feed/retentate/permeate. This arrangement
helps in the improvement of selectivity and better control of the overall
membrane process. Also, it helps in the reduction of total load on the
downstream processing of permeate and retentate. This mode of
membrane operations is widely used in process industries due to its
low fouling and effective efficiency characteristics.
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4.2.1.3 Continuous

Continuous mode of membrane processes consists of continuous addi-
tion of feed and removal of permeate from a membrane system. The main
attribute of this system is that it is capable of handling large volumes of
feed. This makes it an industry favorite, because it reduces the overall
membrane operation time. The only drawback of this system is fouling,
which occurs due to the nature of its continuous operation and results
in gradual decline in overall efficiency of the process. It would be suitable
and has potential for the acceptance of membrane separation processes on
a larger scale if membranes with better antifouling properties could be
developed in the near future.

4.2.2 Modules

The industrial applications require a process to have capabilities to
work efficiently and effectively on a large scale. In case of membrane pro-
cesses too it is required for the membranes to handle large sums of feed to
be acceptable on an industrial scale. Also, it is better for the membrane
setups to be compact so that they acquire less space. Therefore, mem-
branes are assembled in units which are compact and also fulfill the area
requirements of membranes to carry out the membrane process opera-
tions successfully. These units are known as modules, which are further
characterized based on their geometry and configurations. For example,
plate and frame for flat membranes and tubular for tubular (hollow)
membranes.

Typically, all the membrane modules consist of an inlet for feed and
outlets for permeate and retentate. The feed enters the membrane module
via inlet and later separates into two different streams (permeate and
retentate) inside the membrane module and come out via respective
outlets. The permeate stream consists of components allowed by themem-
brane to pass through and the components rejected by the membrane
forms the retentate stream.

The membrane modules enhanced the applicability of membranes on
industrial scale for various applications. The different types of membrane
modules available are used by industries as per the requirements of dif-
ferent applications. The different types of membrane modules commonly
available and used in membrane processes are discussed in detail in the
following sections.

4.2.2.1 Plate and Frame

Plate and frame membrane modules accommodate membranes of flat
sheet configurations in a casket form. A plate and frame module is shown
inFig. 4.1.This arrangementmakes itpossible for themodule tohousemore
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than one membrane in a stacked fashion that is one over other. The mem-
branes are arranged in a fashion that the feed and permeate sides face each
other and the module seems to be a compartment buildup of set of mem-
branes. These individual compartments formed are separated by using
spacers and the module is sealed. Furthermore, the module is housed
between plates to form the final plate and frame module assembly. Plate
and frame modules have packing density in the range of 100–400 m2/m3.

4.2.2.2 Spiral Wound

Spiral wound membrane modules are similar to plate and frame mod-
ules as they also accommodate flat sheet membranes but at the same time
different as in this module the membranes are wrapped around a per-
meant collection tube as shown in Fig. 4.2. This arrangement enhances
the efficiency and effectiveness of the membrane module. Thus, spiral
woundmembranemodule is among themost extensively usedmembrane
modules. In this membrane module, the feed runs parallel to the central
porous tube and this central porous tube also functions as the permeant
collector. The average packing density provided by this membrane mod-
ule is around 300–1000 m2/m3. Generally, more than one membrane

FIG. 4.1 Schematic representation of a plate and frame membrane module.

FIG. 4.2 Schematic representation of spiral wound membrane module.
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modules are used together so as to make the overall membrane process
economical and efficient.

4.2.2.3 Tubular

Tubular membrane modules are used for housing tubular membranes
as shown in Fig. 4.3. In thismembranemodule, the tubularmembranes are
assembled inside a metallic, ceramic, or polymeric porous tube. This
porous tube works as support for the tubular membranes. The number
of tubular membranes that can be packed inside the supporting tube is
not limited and can be set as per the requirement. This membrane module
gets the feed through the tubular membranes and permeant is collected
through the supporting porous tube. Tubular membrane module is
commonly used for ceramic membranes with an average packing density
of 300 m2/m3.

4.2.2.4 Perforated Block

The tubular membrane modules are widely used for their better effi-
ciencies and effective membrane operations. Therefore, they are further
modified for enhanced overall membrane flux and selectivity. Perforated
block membrane module is a good example of such a modified tubular
membrane module. In this membrane module, a coarsely porous ceramic
monolithic block is assembled into a supporting tube. This perforated
block contains a number of cylindrical channels parallel to its length.
The inner surface of these channels is used to have a layer of ceramicmem-
brane. The permeant has to pass this layer of the ceramic membrane and
thin walls of the membrane module so as to exit from the module. This
arrangement provides possibilities for having number of channels with
different shape variations. Tami industries provide 14 different shapes

FIG. 4.3 Schematic representation of tubular membrane module.
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with up to 39 individual channels, which offers hydraulic diameters in the
long range of 2–14 mm [11].

4.2.2.5 Rotating Disk

Rotating disk membrane module is widely used membrane module in
food, pharmaceutical, and biotechnology applications. This system pro-
vides a large area with minimal membrane fouling and enhanced mem-
brane flux. In this membrane module, multiple disks are mounted on a
single shaft and this system rotates between fixed circular membranes.
Also, multishaft systems are successfully developed and are in use in dif-
ferent parts of the world. This system is capable of using circular mem-
branes with an average area of 2 m2.

4.3 FOULING AND ITS CORRECTIVE MEASURES

The biggest disadvantage ofmembrane processes is the phenomenon of
concentration polarization and fouling. This is the consequence of the
selective behavior of the membranes as they allow specific feed compo-
nents to pass through them and retain the remaining. This results in the
accumulation of the retained feed components on the membrane surface
in a mass transfer boundary layer. This accumulation of the feed compo-
nents over the membrane surface gradually declines the membrane flux.
The accumulated material give rise to a concentration gradient between
the solution at the membrane surface and bulk, this results in the back
transport by diffusion of the feed components accumulated over themem-
brane surface. This phenomenon is known as concentration polarization
[1] and is shown in Fig. 4.4. On the other hand, fouling is the membrane
phenomenon occurs due to the deposition of the retained feed compo-
nents over the membrane surface or in the membrane pores. This results
in the long-term membrane flux decline and it depends upon the physi-
cochemical nature of the membrane, feed, and system design.

In case of reverse osmosis and nanofiltration, the membrane usually
separates low molecular weight feed components from a feed. This leads
to the increase in the osmotic pressurewhich is directly proportional to the
feed component concentration over the membrane surface and results in
overall membrane flux decline. Then again, in the case of microfiltration
and ultrafiltration, because high molecular weight feed components are
retained, the osmotic pressure remains low. The retained feed components
usually precipitate and form a solid layer over themembrane surface. This
solid layer itself acts as a membrane, thereby affecting the membrane per-
formance by a decline inmembrane flux and rejection or selectivity profile
of the membrane.
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There are four plausible ways for the accumulation of the feed compo-
nents over the membrane surface. First, is using adsorption, wherein
attractive interactions between the membrane and feed components exist.
Second, the accumulation of the feed components in the membrane pores,
thereby, blocking the pores and is known as pore blockage. This phenom-
enon generally takes place in micro- and ultra-filtration membranes.
Third, layer by layer accumulation of the feed components over the mem-
brane surface. This results in gradual decrease of the membrane flux due
to the additional hydraulic resistance. Lastly, the gel layer formation
because of the concentration polarization of the feed components over
the membrane surface.

Film theory model is the basic model used for the understanding of
concentration polarization. This model explains the transport phenomena
across a membrane when flux becomes independent of pressure on polar-
ized layer formation. According to the film theory model the feed com-
ponent accumulates over the membrane surface by convective transport
at a rate Fs, which is defined as:

Fs ¼ FCB (4.4)

where, F represents the permeate flux and CB the retained feed compo-
nents bulk concentration. The developed gradient results into backward
transport of the feed component into the bulk solution using diffusional
effect, which is given as:

Fs ¼D
dC

dx
(4.5)

FIG. 4.4 Schematic representation of concentration polarization and fouling in a mem-
brane process.
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where D represents the diffusion coefficient and dC/dx the concentration
gradient over a differential element in the boundary layer.

On attainment of steady state, the Eqs. (4.4), (4.5) can be equated and
integrated over the boundary layer giving:

F¼D

δ
ln

CG

CB
¼ k ln

CG

CB
(4.6)

where, CG represents the gel layer concentration and k the mass transfer
coefficient given by:

k¼D

δ
(4.7)

where, δ represents the thickness of the boundary layer.
There are several correlations for the correlating mass transfer coeffi-

cient and physical properties of the system [12–14]. However, these corre-
lations are not universal. Therefore, in case of microfiltration membrane
process estimation of the mass transfer coefficient can be done by dimen-
sional analysis. Thus, by using the π theorem, the following relation can be
obtained:

Sh ¼A Reð Þα Scð Þβ (4.8)

where Sh, Re, Sc represent the Sherwood, Reynolds, and Schmidt numbers,
respectively. Furthermore, the dimensionless numbers can be obtained by
using Eqs. (4.9), (4.11), and (4.12).

Sh ¼ kdh
D

(4.9)

where, dh represents the hydraulic diameter, given by:

dh ¼ 4
Cross section for flow

Wetted perimeter
(4.10)

The state of turbulence in the system can be given as:

Re ¼Vρdh
μ

(4.11)

On the other hand, Schmidt number is used to measure the ratio
between momentum and mass transfer as:

Sc ¼ μ

ρD
(4.12)

Also, theconstantsαandβ inEq. (4.8)aredeterminedaccording to thestate
of the velocity and concentration profiles development along the channel.

The concentration polarization because of its reversible nature can be
reduced by using simple hydrodynamicmeans, such as feed flow velocity,
module design, and use of other physical means, such as the use of an
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agitator over the membrane surface. On the other hand, membrane foul-
ing is challenging to control. However, methods such as feed pretreat-
ment, membrane modification, change in operating conditions, flow
manipulations, and membrane cleaning are some of the commonly used
methods for preventing fouling in a membrane process.

4.3.1 Evaluation of Membrane Fouling

The total fouling resistance (RT) in a microfiltration membrane process
is given by the sum of hydraulic resistance (RM), reversible fouling resis-
tance (RR) and irreversible fouling resistance (RIR) as:

RT ¼RM +RR +RIR (4.13)

where,RR represents thepermeation resistance causedby reversible adsorp-
tion, concentration polarization, and cake or gel layer resistance. Similarly,
RIR represents the permeation resistance caused by irreversible adsorption
andinternalporeblockingof themembrane.Thehydraulicpermeationresis-
tance (RM) can be evaluated by using the pure water flux obtained for the
fresh membrane after compaction and is given by the following relation:

RM ¼ ΔP
ηwFw

(4.14)

where, ΔP represents the transmembrane pressure, ηw water viscosity,
and Fw the membrane pure water flux.

The irreversible fouling resistance of the membrane is evaluated using
cleaned membrane after the microfiltration membrane operation and is
given by the following relation:

RIR ¼ ΔP
ηwFcleanw

�RM (4.15)

The total permeation resistance is evaluated by using the following
relation:

RT ¼ ΔP
ηpermeateF

(4.16)

where, F represents the overall membrane permeate flux and ηpermeate the
permeant viscosity.

The reversible fouling resistance can be calculated by using the follow-
ing relation:

RR ¼RT�RIR�RM (4.17)

In cases of low fouling, the RIR/RR values will be insignificant.
Therefore, it will be interesting to evaluate the contributions of RM, RIR,
and RR to RT for various cases.
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4.3.2 Methods to Abstain Fouling

The problem of fouling makes it difficult for the membranes to be used
for critical industrial applications. Therefore, it is essential to tackle this
problem of membrane fouling. Generally, membranes are modified in
such a way that the feed components repel themselves from the mem-
brane surface. There are two ways to do so. First, the membrane is made
hydrophilic in case of hydrophobic feed components by using hydrophilic
components as membrane materials. These materials are either grafted/
coated or directly blendedwithin themembranes to impart hydrophilicity
to the membranes. This leads to increase in the antifouling nature of the
membranes. Second, a charge can be imparted on membranes so that
the feed components will not attract toward the membrane surface and
thus fouling of the membrane could be reduced. The two methods are
shown in Fig. 4.5. These methods are described in the following sections.

4.3.2.1 Increase in the Hydrophilicity of the Membranes
by Blending Method

In this method, the hydrophilic membrane materials are directly
blended with membranes during the membrane preparation process.
Hydrophilic polymers, charged polymers, organic acids, and surfactants
are some of the examples of commonly used hydrophilic components for
the modification of membranes to reduce overall membrane fouling.
Nowadays, materials such as co-polymers and stimuli-responsive
materials are also commonly used. In addition to the hydrophilic organic
components, there are some inorganic components which are used for the
enhancement of the antifouling nature of the membranes, such as metallic
nanoparticles, carbon nanotubes. Therefore, this method is prominent,
easy to use, and result oriented.

FIG. 4.5 Schematic representation of (A) coating, (B) grafting, and (C) blending of
(hydrophilic or responsive) components.
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4.3.2.2 Antifouling Membranes by Surface Modification

The preparedmembranes are alsomodified bymodifying their surface.
Generally, a hydrophilic component is either coated or grafted over the
membrane surface to achieve the goal of antifouling. There are two
methods to do the surface modification of the membranes viz. physical
method and chemical method.

4.3.2.2.1 Physical Modification

In this method, the hydrophilic components are coated on the mem-
brane surface with physical interactions and without any covalent bond-
ing. In simple words, the chemical composition of the membrane remains
unchanged even after the surface modification. However, a chemical reac-
tion might be needed during the process of membrane modification. The
membranes are either directly coated with the hydrophilic component or
first dipped in a solution containing chemically active monomers. Later,
the monomers are immobilized on the membrane surface by cross-linking
or polymerization without the chemical participation of the base mem-
brane. Commonly used hydrophilic materials for this purpose are polyvi-
nyl alcohol, chitosan, and polyethylene glycol.

4.3.2.2.2 Chemical Modification

In this method, themembranes aremodified by covalent bonding inter-
action. Firstly, the membrane base polymer chains are activated chemi-
cally or by irradiation. Then the hydrophilic components are coated or
grafted over the active membrane surface. In this method too, the basic
membrane properties are not changed. The advantage of this method is
that due to the presence of covalent bonding between the hydrophilic
component and membrane surface the membrane modifying agent will
remain intact over the membrane surface for a longer period of time.

4.4 PREPARATION

Broadly, membranes can be divided into two categories on the basis of
the materials used for their preparation viz. polymeric and ceramic.
Therefore, various methods and techniques are discussed in the following
sections for the successful preparation of these two types of membranes
along with the techniques used to synthesize the membranes having
structural and functional attributes of both type of membranes (solution
coating technique for the preparation of composite membranes).
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4.4.1 Polymeric Membranes

Polymeric microfiltration membranes are prepared by using various
methods and techniques available, such as stretching, track-etching, solu-
tion coating, sintering, andphase inversion. Thesemethods and techniques
are systematically discussed in this section while giving importance to
the type of membrane pores and membrane structure obtained.

4.4.1.1 Stretching

Stretching is a commonly used technique for polymeric microfiltration
membrane preparation. In this technique, an extruded thin film or foil pre-
pared from crystalline or semi-crystalline polymers is stretched perpen-
dicular to the direction of extrusion [1]. This process results in the
formation of membrane pores due to the mechanical stress induced by
the stretching process on the membrane. Generally, the membrane pore
size of the membranes prepared by using stretching technique lies in
the range of 0.1–3.0 μm. Stretching technique is suitable for the prepara-
tion of highly porous membranes. “Celgard” and “Gore-Tex” are two
trade names for the poly(propylene) and poly(tetrafluoroethylene) micro-
filtration membranes prepared by using stretching technique.

4.4.1.2 Track-Etching

Track-etching method is a popular method for the preparation of
microfiltration membranes with uniform cylindrical pores [1, 15]. In this
method, pores are formed by perpendicularly irradiating the polymer film
with particles. This results in the formation of tracks on the polymer film
due to the damage of the material at point of particle radiation impact.
Further, the irradiated polymer film with developed tracks is immersed
in acidic or basicmediumdepending upon the type ofmaterials used. This
finally results into the formation of uniform and symmetrical cylindrical
pores from the tracks present on the polymer film. Membranes with pore
size in the range of 0.02–10 μm are obtained with this method. Generally,
the membranes developed with this method carries low porosity, which
directly depends upon the time of irradiation of the polymer film and
the membrane pore diameter depends upon the total etching time. There-
fore, regulating these two parameters of the processmembranes with opti-
mum porosity and pore size can be obtained.

4.4.1.3 Sintering

Sintering is a special technique in case of preparation of polymeric
microfiltration membranes. In this technique, polymers in powder form
of defined particle size are compressed and sintered at elevated temper-
atures. The sintering at high temperatures results in the fusion of the par-
ticles and disappearance of the interfaces present in between the polymer

124 4. MICROFILTRATION MEMBRANES



particles resulting in the formation of a porous microfiltration membrane.
The most suitable polymer for the preparation of polymeric microfiltra-
tion membranes by this method is poly(tetrafluoroethylene).

4.4.1.4 Phase Inversion

The most commonly used method for the preparation of polymeric
membranes is phase inversion. Basically, phase inversion technique
works on the principle of phase change in which a polymer solution sep-
arates into two separate phases, namely, a polymer-rich solid phase and a
polymer-lean liquid phase [1, 15]. The solid and liquid phases form the
membrane matrix and pores, respectively. The phase transition is an
important factor in this method which controls this overall membrane
preparation process. Themembranemorphology can be regulated by opti-
mally regulating this phase transition involved in the process and both a
porous as well as nonporous membrane can be obtained. Also, there is
no restriction for the selection of a polymer for membrane preparation
by this method but the only requirement of themethod is that the polymer
should be soluble in a solvent or solvent mixture so that successful phase
inversion could take place. Commonly used solvents for this method are
N-methyl-2-pyrrolidone (NMP), dimethylacetamide (DMAc), and
dimethyl sulfoxide (DMSO).

4.4.1.5 Solution Coating

Composite membranes are required in case of replacement of dense
polymeric membranes with low flux profiles [1]. The composite mem-
branes are made up of two different materials, suppose polymeric and
ceramic in case of polymer-ceramic composite membranes, where one
material forms a very selective thin top layer deposited over a porous
sublayermade up of a secondmaterial. The top layer determines the selec-
tivity of the membrane and the sublayer works as a support. This arrange-
ment provides membranes with strength and high flux profiles. There are
various methods available to carry out this procedure for the preparation
of composite materials, such as dip coating, plasma polymerization,
interfacial polymerization, and in-situ polymerization.

4.4.2 Ceramic Membranes

In general, there are two ways to prepare symmetric ceramic mem-
branes viz. paste and uni-axial method [1, 15–17]. These two methods
involve the preparation of a proper inorganicmixture constituting the var-
ious membrane materials, such as organic and inorganic pore formers,
binders, and membrane base materials. Therefore, the membrane prepa-
ration process starts with proper mixing of dry inorganic raw materials.
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The composition of a typical low-cost ceramic membrane is shown in
Table 4.1. This section describes about these two ceramic membrane
preparation methods in detail.

4.4.2.1 Paste Method

Paste method is a convenient method for the preparation of ceramic
membranes. In this method, the raw materials were mixed together by
using distilled water to form a paste [16, 18]. This paste is then casted
in the form of circular disks or tubular shapes by using a respective casing.
The casing is removed prior to the introduction of the cast to a distributed
pressure for 24–48 h. This prevents occurrence of deformation and helps
inmaking the inorganicmatrix homogeneous. Later, the cast is introduced
to sequential steps of heat treatment so as tomake themembrane ready for
its implementation in a membrane process. The first step includes drying
of the prepared cast at room temperature for 12–24 h. Then in the second
step of the heat treatment the cast is dried for 12 h at 100°C in a hot air
oven. The next step involves the drying of the cast for 24 h at 250°C. In this
step, the heating rate is maintained low in 100–250°C range to prevent ini-
tiation of thermal stresses generated due to loss of moisture. Finally, the
cast is heated to the desired sintering temperature with a heating rate
of 2–3°C per min. The cast is kept at the sintering temperature for about
3–5 h depending upon the type of raw materials used. Also, the sintering
temperature and time is different for the preparation of membranes with
different morphological properties. The characterization techniques, such
as Thermogravimetric analysis (TGA) and X-ray diffraction (XRD) helps
in the selection of the minimum sintering temperature for a membrane.
Lastly, the membranes are cooled either by using atmospheric or

TABLE 4.1 Raw Material Composition of a Low-Cost Ceramic Membrane

Raw material Composition (wt %)

Kaolin 30.0

Quartz 11.0

Calcium carbonate, etc. 19.0

Sodium carbonate 7.0

Boric acid 3.5

Sodium metasilicate 3.5

Water 26.0

Feldspar 0.0
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controlled cooling to avoid the generation of any thermal stresses. This
procedure results in the formation of a hard, rigid, and porousmembrane,
which is further polished with silicon carbide abrasive paper (C-220) to
give the membrane required smoothness and finish.

4.4.2.2 Uni-Axial Method

Uni-axial method is the most commonly used ceramic membrane prep-
aration method [18, 19]. In this method, the mixture of raw materials is
casted in the required shape and compressed under very high pressure
(30–50 MPa). Later, the cast is dried and sintered in a similar fashion to
the paste method. The type of raw materials, sintering temperature, and
time, and procedure of the processes, such as drying, sintering, and cool-
ing determine the properties of the prepared ceramic membranes in both
paste as well as uni-axial method.

4.4.2.3 Other Methods

Ceramic membranes are also prepared by using methods, such as slip
casting, tape casting, dip coating, sol-gel, and extrusion. These methods
are also commonly used for the preparation of ceramic membranes in disk
or tubular forms. The subsequent sections give a brief introduction about
these methods.

4.4.2.3.1 Slip Casting

Slip castingmethod uses a porousmold for the preparation of a ceramic
membrane from a powder suspension. The diffusion of the solvent from
the suspension through the pores of the mold forms a gel layer on the
mold surface due to the precipitation of the particles. The suspension par-
ticles concentrate at the substrate and suspension boundary due to the
capillary suction effect of the porous substrate. The casted membranes
are then dried and sintered for finally giving defect free permeable
ceramic membranes.

4.4.2.3.2 Tape Casting

Tape casting method is used to prepare ceramic membranes with less
thickness. Slurry preparation and shaping are two important steps of this
method. The slurry is prepared from the rawmaterials, whichmainly con-
sists of inorganic materials, binders, and plasticizers. The solvent for the
slurry could be water or any organic liquid. Deflocculants are also com-
monly used in this method for the stability of the suspension. The pre-
pared slurry is homogenized by using milling and sonication.
Subsequently, shaping of the prepared slurry is done by using a doctor
blade. Later, the casted ceramic membrane is dried to obtain the final
membrane.

1274.4 PREPARATION



4.4.2.3.3 Dip Coating

Dip coating method of ceramic membrane preparation coats a material
layer over a support by dipping the support in the suspension of the coating
material.Themembraneporesizecanbecontrolledbycontrolling theviscos-
ity of thematerial suspension aswell as dipping timeor speed.Accordingly,
the process of dipping and drying can be fixed as per the requirements.

4.4.2.3.4 Extrusion

Extrusionmethod involves flow of the paste through a nozzle under the
influence of compaction for the preparation of ceramic membranes.
Porous tubular ceramic membranes can be prepared on a large scale by
using this method. The die or cast used for the preparation of the mem-
brane defines the shape, size, and porosity of the prepared membranes.
The rheological properties of the paste play an important role in this
method, therefore, great care should be taken regarding ceramic grain
size, type, and ratios of the organic additives for the successful prepara-
tion of ceramic membranes by this method.

4.5 CHARACTERIZATION

Membrane characterization is important in terms of their physical and
chemical analysis for their respective morphological and behavioral indi-
vidualities. The characterization techniques for membranes are well cate-
gorized based on their morphological, permeation, and functional
characteristics. Notably, the two important features of membranes are
their pores and functional (or physicochemical) attributes and the whole
characterization of a membrane is based on these two membrane aspects.
Because it is important to know that whether the preparedmembrane con-
tains the theoretically defined physical and functional features (or not),
different characterization techniques are employed. These characteriza-
tion techniques help in analyzing the prepared membranes in different
ways, such as relating twomembranes from same batch for any difference
(or similarity); the results or changes occurred by virtue of the preparation
process regarding the membranes morphological and functional charac-
teristics; and analysis of membranes morphology and performance.

Membranes with good flux and separation profiles are desired, and
both of these properties depends upon the physical as well as chemical
attributes of the membranes. Therefore, it is essential to critically asses
the prepared membranes for these particular traits before their inception
in any process. Various techniques are available for this purpose,
which can be categorized by considering membranes physical and chem-
ical attributes. The characterization techniques regarding the analysis of
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membranes physical traits cover the membrane properties, such as mem-
brane pore configuration, charge, and mechanical, chemical, temperature
as well as pressure dependent stability. Therefore, these techniques char-
acterize everything from feed to permeate regarding amembrane process.
On the other hand, techniques based on the chemical traits covers the
properties of the membrane, such as membrane composition and surface
interactions with different feed components, which predicts the mem-
brane function and performance under different feed types and process
conditions. Altogether, these chemical traits based membrane characteri-
zation techniques are essential as they analyze amembrane surface to pro-
vide details of the complexities present there and up to a depth of some
micrometers into the membrane surface. Therefore, these two types of
membrane characterizations are essential for the in-depth assessment of
the membranes for their effective and efficient performance.

In this section, some of the critical membrane characterization tech-
niques based upon the membranes physical as well as chemical traits
are explained in detail.

4.5.1 Membrane Morphological Analysis

The first line of membrane characterization is the analysis of the mor-
phology of a membrane. This confirms the presence of desired features,
such as porosity, pore size, pore size distribution, and membrane struc-
ture. Therefore, before going for any other analysis, it is better to analyze
the prepared membrane by using morphological characterization tech-
niques, such as scanning electron microscope.

4.5.1.1 Scanning Electron Microscopy

The scanning electron microscope (SEM), invented in 1937 by Manfred
von Ardenne [20], is currently a commonly used instrument for the mor-
phological analysis of different materials including membranes. Mem-
branes are analyzed for their top surfaces as well as cross-sections. The
SEMmicrographs infer the effect of different preparation techniques, con-
ditions, and materials on the membrane morphology. Therefore, by using
SEM micrographs the best of preparation techniques, conditions, and
materials can be chosen very easily.

Fig. 4.6 shows top surface FESEMmicrograph for Kaolin based low-cost
microfiltration ceramic membrane prepared using uniaxial dry compac-
tion method [19]. It can be seen that the prepared membrane is without
pinholes and cracks. Also, the maximum observable pore size of the mem-
brane surface is about 5–10 μm. This confirms the suitability of mem-
branes for microfiltration applications.
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4.5.1.2 Membrane Pore Size and Pore Size Distribution

There are various methods available for the estimation of membrane
pore size and pore size distribution. These are SEM, gas permeation,
and liquid permeation and are explained in this section. The membrane
pore sizes calculated from these methods vary from each other and thus
a comparative study is presented at the end of this section to observe the
difference.

• SEM technique: The obtained SEM micrograph (Fig. 4.6) can be used for
the estimation of membranes average pore size (ds) and pore size
distribution by using ImageJ software [16, 21]. Approximately pore
diameters of 500 pores (visible in SEM micrographs) are measured
using the software. Because pore size and average pore size distribution
values are critically dependent on the sampling procedure, generally,
more than one SEM micrographs are evaluated. Also, these
micrographs are chosen randomly from the selected sections of the
membranes to obtain pore size distributions representing the existing
porous texture of themembrane. It is assumed that themembrane pores
are cylindrical to calculate the average membrane pore diameter from
SEM micrographs as:

ds ¼
Xn

i¼1
nid

2
iXn

i¼1
ni

2
4

3
5
0:5

(4.18)

where, n represents the number of pores and di the pore diameter (μm)
of ith pore.

FIG. 4.6 Top surface FESEM micrograph of a low-cost ceramic membrane.
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The results regarding membrane pore size distributions are shown
in Fig. 4.7. It can be observed from the figure that the membranes had
a distinct porous structure with pores ranging from 2–10 μm. Also,
the pore size distributions involve single peak profile with broader
pore size distributions for themembranes fabricated at lower pressures.
The membrane average pore size of the membranes comes out to be
as 3.23 μm, 2.45 μm and 2.33 μm for M1, M2 and M3 membranes,
respectively, from the SEM micrographs analysis. Further, it can
also be observed that the maximum number of pores (%) varied signif-
icantly with fabrication pressure and are 35%, 26% and 20% for
M1, M2 and M3 membranes, respectively. In this regard, it can be
analyzed from the data trends presented by Nandi et al. [16] that the
pore size distributions of the membranes fabricated by paste method
varied from 0.1–3 μm with 25% pores possessing a pore diameter
of about 0.5 μm. The average pore size of the membrane is 0.55 μm.
Thus, it is apparent that uniaxial dry compaction method provides
the membrane with significantly wider pore size distribution
than the membrane obtained with the paste method. This is a
critical observation given the fact that the presence or absence of
water strongly influences plasticity of the green mold and hence mem-
brane morphology after sintering.

The above discussion shows that how SEMmicrographs can be used
to infer effects of different preparation conditions, techniques, and
materials on the prepared membranes.

• Gas permeation technique: In this technique, a gas is permeated across the
membrane wetted by a liquid; therefore, this technique is also known as
gas-liquid displacement technique. In case of hydrophilic membranes
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FIG. 4.7 FESEM based pore size distributions of M1, M2, and M3 membranes.
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water is used as the wetting liquid, whereas, in case of hydrophobic
membranes, a mixture of alcohol and water is used [22]. The technique
is based on the phenomenon that the wetting liquid is trapped in the
membrane pores by capillary forces and is not able to leak out of the
membrane. Therefore, on the application of external pressure, the liquid
permeates out of the membrane pores. The external pressure is applied
in the form of a gas, and the gas will force the liquid to permeate across
the membrane. The first pore going to be empty is the largest pore
available in themembrane. The pore size is inferred from this process by
using Laplace equation as:

Pp ¼ 4 σ cosθ

dg
(4.19)

where, Pp represents the differential gas pressure on the wetting
liquid present in the membrane pore (kPa), σ the surface tension at
the gas-liquid interface (dyne/cm), θ the contact angle between the
wetting liquid and membrane surface (°), and dg the pore size (μm).
Depending upon the conditions and process variables the
Eq. (4.19) can be further simplified.

This method is also used for the estimation of membrane pore size
distribution by gradually increasing the applied gas pressure, which
further displaces the wetting liquid from the next small pore and so
on. This generated data concerning the gas flow is plotted as a
function of applied pressure and can be used for the calculation of
membrane pore size distribution by using Laplace equation at each
data point.

The ceramic microfiltration membrane pore size (dg) and pore size
distribution along with effective membrane porosity (ε/q2) can also
be calculated by gas permeation across a membrane. The results
from this technique decipher the distribution of pore percentage
present in the membrane matrix in the range of macroporous (pore
dia >50 nm) and mesoporous (pore dia <50 nm) [1]. The following
expressions can be used to calculate the average membrane pore size
and effective membrane porosity for gas phase [23]:

K¼ 2:133� r�νg
lm

� ε

q2
+ 1:6� r2

lm�η
� ε

q2
�P (4.20)

dg ¼ 2� r¼ 2:666� B

A
�νg�η (4.21)

where,

A¼ 2:133� r�νg
lm

� ε

q2
(4.22)

B¼ 1:6� r2

lm�η
� ε

q2
(4.23)

132 4. MICROFILTRATION MEMBRANES



K¼Q�P2

S�ΔP
(4.24)

and
K represents the effective permeability factor of the membrane

and P the average pressure on the membrane.
Eq. (4.21) can be used to calculate the average membrane pore size (dg)
by using known values of η (permeant viscosity), νg (molecular
speed of the permeant), A, and B. The values of A and B can be
obtained from the slope (B) and intercept (A) of the linear plot of K vs P.
On the other hand, Eq. (4.20) can be used for the calculation of effective
membrane porosity (ε/q2) by using known values of A and dg.
The first term (intercept) in Eq. (4.20) corresponds toKnudsenpermeance
and the second term (slope) to the viscous permeance. Therefore, the
percentage contribution of pores (and pore sizes) toward viscous and
Knudsen flow transport mechanisms can be obtained from the values
of slope and intercept obtained from the graph.

• Liquid permeation technique: The flux and separation factors of a
membrane are its success parameters. Therefore, a membrane with high
flux and separation efficiency traits is the demand of any membrane
process. Liquid permeation across the membrane is the crucial
techniquewhich confirms themembrane flux and separation efficiency.
Also, it is used for the determination of membrane hydraulic
permeability (Pm) and hydraulic pore size (dl). This technique involves
measurement of pure water permeation, at specific trans-membrane
pressures (ΔP) and regular intervals, across the membrane for the
evaluation of Pm and dl as a function of time. Membranes are compacted
at pressures higher than the operating pressure to get a membrane with
uniform and stable pores, which results in stable flux profile of
membrane. Therefore, eliminating chances of error in the desired
calculations of membrane parameters, such as pure water flux,
hydraulic permeability, pore size, and pore size distribution. The
membrane flux profile during compaction is shown in Fig. 4.8. Further,
the Pm and dl are calculated by assumingmembrane pores of cylindrical
symmetry by using following expressions [24]:

Jw ¼ Q

S �Δt¼
ΔP
μw

εmd2l
32lm

¼Pm�ΔP (4.25)

Pm ¼ εmd2l
32 lmμw

(4.26)

dl ¼ 32 lm μw Pm

εm

� �0:5
(4.27)
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The term εm d2l in Eq. (4.25) corresponds to the effective permeable
area factor that defines the actual permeable area accessible during
filtration. Therefore, the higher the value of εm d2l higher will be the
permeation and henceforth a higher membrane permeability. Besides,
in the given expressions the terms ΔP, μw, and lm represents the
transmembrane pressure differential, feed viscosity, and membrane
thickness, respectively.

• Comparative analysis of membrane pore sizes obtained from different
techniques: In this section, the pore sizes calculated from different
techniques, such as SEM, gas permeation, and liquid permeation are
compared with each other to have a better understanding of significant
differences among the calculated pore sizes. In general, it is observed
that the average membrane pore size calculated from gas permeation
technique is the smallest amongst the other techniques, whereas, the
one calculated by using liquid permeation comes out to be the largest.
On the other hand, the membrane average pore size calculated by using
SEM technique lies in between the pore sizes calculated by using other
two techniques. The reason behind this variation is that the gas
molecules can permeate across the membrane via small voids and
interstices as compared to liquid molecules, which results in the
estimation of smallest pore sizes and further results into overall small
average membrane pore size (dg). Conversely, the liquid permeation
technique detects actual pores as well as voids without interconnection
present in the membranes. Henceforth, pore size (dl) greater than dg. On
the other hand, average membrane pore size (ds) calculated by using
SEM technique contains a possibility of overestimation because in this
technique pores only with size �50 nm are selected. This results in ds
higher than dg and higher or lower than dl.
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The average membrane pore size calculated by using liquid
permeation technique is considered best because the hydraulic
permeability involves permeation of liquid through pores accountable
for microfiltration as compared to gas permeation or SEM technique.
However, gas permeation technique is good for the evaluation of pores
of varying sizes and their percentage distribution. SEM technique, on
the other hand, is better for the evaluation of possible available pore
sizes and their distributions.

4.5.2 Membrane Structural and Functional Analysis

Membranes are prepared with different modified structural and func-
tional attributes for their successful implementation indifferentmembrane
processes. For example, membranes with better strength, chemical, and
mechanical stability (in harsh environmental conditions), and stimuli-
responsive functional mechanisms. Therefore, there are different tech-
niques available which are used for the analysis of these particular
attributes of thepreparedmembranes, suchas thermogravimetric analysis,
X-ray diffraction, and Fourier transform infrared spectroscopy. These
techniques are highly efficient in the analysis of membranes and provide
an accurate and detailed report about the materials used and membranes
prepared. In this section, the techniques commonly used for the analysis
of membrane and their materials are discussed appropriately.

4.5.2.1 Thermogravimetric Analysis

The temperature-based stability of membranes is analyzed by using
thermogravimetric analysis (TGA). This technique gives insight into the
effect of temperature on the membrane pore structure, size, and mem-
brane strength. The membrane raw material or membrane is heated in a
α-alumina crucible starting from room temperature to 1000°Cwith a heat-
ing rate equivalent to 10°C/min.

Nandi et al. [16] observed a total weight loss of 28.5% in the membrane
sample. Out of the total weight loss the 2.5% weight loss is observed at
105°C for the removal of water molecules from the membrane. Approxi-
mately, 4%weight loss is observed in the range of 105–450°C representing
predehydration process of kaolin and dehydration of crystal water of
boric acid. A second endothermic peak commences after 513°C, represent-
ing loss of structural hydroxyl groups because of the transformation of
kaolinite to metakaolinite [17]. Carbon dioxide formation (and hence, for-
mation of membrane porous structure) starts at 730°C. There is a weight
loss of approx. 10% in the range of 663–745°C corresponding to the
calcinations of CaCO3. On the other hand, Na2CO3 calcinations starts at
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800–843°C, and in this temperature range, very little weight loss in the
membrane sample is seen. Therefore, it can be concluded that the mini-
mum sintering temperature for the given membrane is 843°C. This is
how TGA analysis of a membrane sample is carried out and information
is gained. A model TGA profile of a ceramic microfiltration membrane is
shown in Fig. 4.9.

4.5.2.2 X-Ray Diffraction Analysis

X-ray diffraction (XRD) technique is used to analyze membranes and
membrane rawmaterials for the estimation of different phase transforma-
tions that occurred during their preparation. Therefore, XRD analysis can
also be used to further confirm the sintering temperature, based on the
structural stability of a membrane, estimated from TGA analysis. This
approach is reported by Nandi et al. [25] in their work, where they dis-
cussed about the preparation and characterization of ceramic membranes
for microfiltration applications. In this method, membrane samples cal-
cined at different temperatures are analyzed with XRD technique as
shown in Fig. 4.10. It can be seen from the figure that peaks corresponding
to raw materials (XRD analysis at 25°C) disappeared for the sample cal-
cined at 850°C. Furthermore, new peaks arrived at 850°C are stable up
to 1000°C. It can be concluded from the XRD analysis of this particular
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FIG. 4.9 TGA profile of a ceramic microfiltration membrane (model composition given in
Table 4.1).
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sample that a sintering temperature of 850°C is sufficient for membrane
preparation.

4.5.2.3 Fourier Transform Infrared Analysis

Generally, the membrane preparation process requires number of
ingredients, such as pore formers, binders, viscosity enhancers, and func-
tional or nonfunctional additives. Usually, these ingredients used are
organic in nature. Therefore, to assess the successful assimilation of these
compounds in the membranes or the successful synthesis of novel mem-
brane materials Fourier transform infrared (FTIR) spectroscopic analysis
is commonly used.

Basically, this technique measures the intensity of absorption or trans-
mittance of infrared rays by a sample in a range of infrared region wave-
lengths. The absorption or transmittance bands for different molecular
components, present in the sample, is different and thus FTIR helps to
confirm the presence or absence of a particular component in the sample.
The FTIR technique achieve this differentiation on the basis of intera-
tomic bond strength measurement, such as C]C, CdC, and
CdH. Therefore, FTIR analysis is a convenient technique to assess the
purity or successful synthesis of a membrane material and also the suc-
cessful preparation of a membrane with specific materials. Another
important feature of FTIR analysis is that the plausible molecular struc-
ture of an organic compound produced in the polymeric membrane can
also be interpreted.
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FIG. 4.10 XRD graph of a ceramic membrane raw materials (model composition given in
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4.6 CERAMIC MEMBRANE APPLICATIONS

Nowadays, ceramicmembranes are used for various industrial applica-
tions worldwide. Efforts are made on large scale to replace the polymeric
membraneswith ceramicmembranes. The reasonbeing the various advan-
tages of ceramic membranes, such as long life, long-term stability, and
chemical, thermal, and mechanical resistance. The only disadvantage not
allowing their widespread use is their high cost. Also, there is need to
develop methods for the large-scale production and increase in the high-
density packing of ceramic membranes. Because these disadvantages are
barrier in the advancement of ceramicmembranes and their use. Therefore,
in this section various ceramic membrane applications are discussed,
where researchers have used low-cost ceramic membranes successfully.
These applications further provide strength to the advancement and
widespread use of ceramic membrane on industrial level.

4.6.1 Oily Wastewater Treatment

Microfiltration membrane processes provides numerous advantages
for various industrial applications, such as they are economical, effective,
and efficient. Among different industrial applications an important mem-
brane process application is oily-wastewater treatment. Microfiltration
membrane process due to its ability to process low feed concentrations
is promising for this application, because the typical oily-wastewater com-
position varies from 50 mg/L to 1000 mg/L of oil. The highly efficient
microfiltrationmembrane process helps in achieving separation efficiency
of almost 90%–99% even with low oil concentrations.

Much research has been done in the field of oily-wastewater treatment
byvarious researchers throughout theworld.Nowadays, low-cost ceramic
membranes are getting much attention due to their low cost and other
separation-related attributes, which play an essential role in this field.
Researchers have used various types of clays and zeolites to bring the over-
all membrane cost down [26–28]. For instance, Nandi et al. [16] used paste
method for thepreparation of low-cost ceramicmembranes byusing amix-
ture of kaolin, quartz, calciumcarbonate, sodiumcarbonate, boric acid, and
sodiummetasilicate. Membranes with 0.77 μm average pore size and 42%
porosity are obtained. Thesemembranes, when tested at a transmembrane
pressureof 206.80 kPaand150 mg/Loil feed,hasgiven results for theover-
all membrane permeate flux and oil rejection as 15.05 � 10�6 m3/m2 s and
98.5%, respectively. Monash et al. [6] used uni-axial method for the prep-
aration of low-cost ceramic membranes by using kaolin, feldspar, quartz,
pyrophyllite, ball clay, calcium carbonate titanium dioxide, and polyvinyl
alcohol as a binder. This resulted inmembraneswith 0.83 μmaverage pore
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size and 36% porosity. Also, an overall membrane permeate flux of value
2.50 � 10�5 m3/m2 s and 99% oil rejection is obtainedwhen themembrane
is tested with a feed with an oil concentration of 200 mg/L. Vasanth et al.
[29] also prepared low-cost ceramic membranes by using the same inor-
ganic precursor formulations as Nandi et al. [16] by using a uni-axial
method. The membranes resulted in an average pore size of 1.06 μm and
a porosity of 26%. The prepared membrane tested with a feed of
200 mg/L oil concentration and given an overall membrane permeate flux
of 0.65 � 10�4 m3/m2 s and oil rejection equivalent to 96% at a transmem-
brane pressure of 69 kPa. Similarly, Abbasi et al. [9] reported a membrane
prepared frommullite,which is further produced fromamixture of kaolin,
clay, and α-alumina with an average pore size of 0.578 μm and porosity of
38%. This membrane has provided an overall membrane permeate flux of
244 L/m2 h and 93.8% oil rejection. On the other hand, Emani et al. [19]
reported a comparative study of low-cost ceramic membranes regarding
membrane pore size distribution and the outcome of the study reveals that
themembranes preparedwith uni-axial dry compactionmethod results in
membraneswithbroadermembranepore sizedistributionsas compared to
paste method. The effect of fabrication pressures on the prepared mem-
branes is also reported. The membrane prepared at a fabrication pressure
of 25 MPa provide better results regarding overall membrane flux and oil
rejection, that is, 24 � 10�6 m3/m2 s of 95.20%, respectively, along with a
fouling index of 29.47% at a transmembrane pressure of 206.70 kPa. The
membrane prepared at a fabrication pressure of 73MPa shown better foul-
ing index of 15.54% as compared to the other membrane prepared at
25 MPa fabrication pressure with low overall membrane permeate flux
(8 � 10�6 m3/m2 s) and high oil rejection (97.9%).

The above-stated studies confirm the potential of low-cost ceramic
membranes for successful oily wastewater treatment. Membranes pre-
pared by different methods viz. paste or uni-axial show different results
in terms of membrane average pore size and pore size distribution, which
affects the overall membrane performance. Furthermore, the preparation
conditions and membrane materials also play an essential role in the per-
formance of the membranes. Therefore, the optimization and selection of
the preparation conditions and membrane materials are very important.
Thus, there is a broad scope for the development of novelmembranemate-
rials, fabrication processes, and operations for their utilization in oily
wastewater treatment.

4.6.2 Juice Clarification

Juice clarification is a prominent sector where membrane processes are
widely used for their advantages like no requirement of additive (chemi-
cals or salts) for processing of the feed, cost, effective yield, and ability to
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handle large feeds. The juice clarification is required because the most
popular fruits used in the food industry are citrus fruits, such as lemon,
orange, mosambi, and pineapple. These fruits contain both lowmolecular
compounds, such as sucrose, salt, acids, flavor, and aroma compounds as
well as high molecular weight compounds, such as pectin, cellulose, and
hemicellulose along with haze producing proteins and microorganisms
[30]. The presence of protein and pectic material in addition to their fer-
mentation causes a bitter taste, cloudiness, and postbottling haze forma-
tion on storage of the juices for extended periods. Therefore, it is
essential to eliminate these undesired materials from the produced juice
while retaining the essential low molecular weight solutes, such as sugar,
salt, acid, aroma, and flavor [24].

In recent timesmembrane processes, such asmicrofiltration, ultrafiltra-
tion, and reverse osmosis are widely used for the juice clarification appli-
cation of food industry. Both polymeric, as well as ceramic membranes,
are used for this application. It is well known that themembrane processes
are affected by the problem of fouling, especially the polymeric mem-
branes. Therefore, it is important to identify novel membrane materials
and optimal membrane morphological parameters, such as average mem-
brane pore size, pore size distribution, and porosity. Because membranes
with high membrane permeate flux and low fouling are preferred, these
parameters play a vital role in achieving the membranes with desired
properties. Also, it is essential that the juice quality should not be compro-
mised. Rai et al. [31] reported the effect of increasing average membrane
pore size on the overall membrane permeate flux and shown that flux
increases too many folds on the increase in the average membrane pore
size without compromising the juice quality. Similarly, Youn et al. [32]
observed while comparing ultrafiltration and microfiltration membranes,
for mosambi juice quality and overall membrane flux, that microfiltration
membranes provide membrane flux 2–3 folds higher than the ultrafiltra-
tionmembraneswithout compromising on the juice quality. The optimum
average membrane pore size for better flux and juice quality is inferred as
0.05 μm by various studies done using various fruit juices [16, 33–35].

Research is also done for examination of pretreatmentmethods for juice
clarification regarding lower fouling with higher overall membrane flux
and enhanced juice quality. The pretreatment of juice with enzymes (pec-
tinases) for the removal of highermolecularweight unwanted compounds
is very famous andwidely adopted. Nandi et al. [35] successfully reported
the use of enzyme pretreatment for the mosambi juice clarification before
clarifying the juice with a low-cost ceramic membrane. Pectinase enzyme
with enzyme activity 3.5 units/mg is used in this study for enzymatic pre-
treatment of the mosambi juice. The permeate membrane flux
(21.45 � 10�6 m3/m2 s) obtained for the membrane is also high in case
of enzyme treated juice. Furthermore, the mosambi juice was perfectly
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consumable even after 30 days of storage period. Therefore, this study
confirms that the enzyme pretreatment of juice is beneficial for the juice
clarification and overall membrane process.

The assessment of the literature available for juice clarification using
membrane processes infers that initially polymeric membranes were used
for the juice clarification application. This is because of their low cost as
compared to ceramic membranes. Ceramic membranes are more advan-
tageous as compared to polymeric membranes on an industrial scale.
The ceramic membranes have a longer lifespan and low fouling qualities,
which are very important for any membrane process to be successful.
Therefore, it is anticipated to lower the overall cost of ceramic membranes
by using low-cost inorganic precursors and membrane materials. Higher
membrane flux is always suitable for a membrane process, and it is con-
firmed that the averagemembrane pore size plays a little role in the overall
juice quality. Therefore, it is essential to optimize the morphological
parameters, such as average membrane pore size, pore size distribution,
and membrane porosity regarding the maximum membrane permeate
flux while ensuring the juice quality and low membrane fouling. This
can be done by studying and implementing the conceptual phenomeno-
logical models to quantify the dependence of membrane permeate flux
on membrane morphological parameters, likewise done by Nandi et al.
[35]. Thus, ceramic membranes can be placed as the ideal option for the
juice clarification application of food industry.

4.6.3 Heavy Metal Removal

The metallic elements having a relatively high density and are toxic
even at low concentrations are termed as heavy metals. Heavy metals,
such as iron, fluorine, cadmium,mercury, chromium, lead, nickel, copper,
and zinc occurs as natural constituents of the earth crust. They are tena-
cious pollutants of the environment and cannot be degraded. They tend
to enter the human body through food, water, air, and accumulates in
the body. The bio-toxic effects of heavymetals include gastrointestinal dis-
orders, stomatitis, diarrhea, hemoglobinuria, tremor, ataxia, paralysis,
depression, vomiting, and pneumonia. The effect of heavymetals depend-
ing upon their concentration and period of exposure may be toxic on
acute, subchronic or chronic levels. The heavy metals effect may also be
neurotoxic, mutagenic, carcinogenic, or teratogenic. Therefore, it is essen-
tial to get rid of these heavy metals from the food chain and drinking
water, in particular, because drinking water is the primary source of these
heavy metals.

Low-cost ceramic membranes are suitable for the removal of heavy
metals from water and have the potential to make the water safe for
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drinking. Because the better thermal and chemical propertiesmake them a
better choice for the heavy metal removal application, researchers all over
the world have studied heavy metal removal by using ceramic mem-
branes. Basumatary et al. [36] used MCM-41 composite ceramic mem-
brane for the removal of chromium (VI) from aqueous solutions. The
composite membrane is prepared by using hydrothermal synthesis
method, and the ceramic support is prepared by employing facile uni-
axial compaction method. Rejection equivalent to 80% is obtained at pH
2 with feed concentration of 1000 ppm at an applied pressure of
207 kPa. Vasanth et al. [37] reported 94% Cr (VI) removal by using low-
cost ceramic microfiltration membrane assisted with baker’s yeast.
Similarly, Kumar et al. [38] reported 78% Cr (VI) removal by using a
low-cost ceramic tubular membrane with initial feed concentration of
1000 ppm at 345 kPa applied pressure. Also, literature is available for
the removal of arsenic and fluoride from aqueous solutions by using
low-cost ceramic membranes [18, 39–41]. In addition to the use of low-cost
ceramic membranes, other techniques are also used synergistically with
the membrane process, such as electrocoagulation and micellar enhanced
microfiltration [18, 42].

The literature reported confirms that the low-cost ceramic membranes
are probably the best for heavy metal removal from aqueous solutions.
There is a need for the search and development of novel low-cost inor-
ganic precursors and membrane materials. The newmaterials will further
cut the cost down for the membranes and make them accessible for the
industrial applications of heavy metal removal.

4.6.4 Protein Separation

Proteins make a prominent source of nutrition and health products. In
many processes, they are just wasted as in case of whey proteins, but
membrane processes made it possible to separate, concentrate and use
these otherwise wasted proteins successfully. Similarly, membrane pro-
cesses are used widely for protein separation, concentration, and fraction-
ation applications of various food-based industries. Bovine milk is the
primary source of human proteins, which mainly consists of proteins
(3.2 w/w%), fat (3.4 w/w%), lactose (4.9 w/w%), and ash (0.7 w/w%).
The milk proteins are mainly divided into two categories, (i) casein and
(ii) whey proteins. The amount of casein proteins is higher (2.6 w/w%
of total 3.2 w/w% of milk proteins) as compared to whey proteins (0.6
w/w% of the total 3.2 w/w% milk proteins). Therefore, it is essential
to separate the two proteins for their use in the preparation of different
milk products. Furthermore, the separation of these two proteins provides
fractions rich in a specific protein or protein component, such as
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α-lactalbumin, β-casein, and immunoglobulin-Ig. These fractionated com-
ponents are used for the preparation of different edible products for dif-
ferent age groups, such as infants, elders, or people with special needs.

The advantages of ceramicmembranes to withstand pH values ranging
from 0.5 to 13.5 and temperatures over 100°C provides them chemical,
thermal, and mechanical stability. Thus, making the ceramic membranes
better than the polymeric membranes. Also, the availability of cross-flow
microfiltration mode further makes the ceramic membrane processes eco-
nomic and efficient for the separation of proteins and thus enhanced the
use of microfiltration on an industrial scale for various applications. In
case of the food industry, the microfiltration is primarily used for the
removal of bacteria, whey defatting, micellar casein enrichment of milk
for cheese making, and other applications. It is essential for the membrane
separation processes to optimize the membranes for their molecular
weight cut off or average membrane pore size, pore size distribution,
porosity, transmembrane pressures, and temperatures of the feed,
because these factors play an essential role and bring out the best of the
overall process. These factors are optimized regarding high membrane
flux and low fouling.

4.7 COST ESTIMATION

The industrial applications demand cost-effective processes due to their
sheer size. Therefore, for the successful implementation of membrane pro-
cesses, especially ceramic membranes, it is essential for them to be cost-
effective. The cost of a membrane mainly depends upon its raw material,
preparationprocedure, andsintering temperature (in caseof ceramicmem-
branes) alongwith the shipment cost of themembranes.All the saidparam-
eters are essential for a membrane, and it is difficult to compromise on
anyone. However, the only viable thing to cut the cost of membranes is
the rawmaterials, where cheap rawmaterials can be used for the prepara-
tion of membranes. This leads to a noticeable decrease in the cost of the
membranes. Thence, cheap rawmaterials are required for the preparation
of low-cost ceramic membranes taking care that there should not be any
compromise on the membrane properties and performance.

The membrane cost on a large scale as said mainly depends upon the
fabrication, shipment, and raw materials. Therefore, to estimate the accu-
rate cost of a membrane; these costs along with the bare module costs
should be considered. Also, care should be taken in procuring the exact
market rates for a region since the prices for raw materials or other com-
modities vary from region to region. The other factors which influence the
membrane cost are its fouling characteristics, on-time performance, dura-
bility, long-term stability, and life cycle in the process application.
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Therefore, in the cost estimation of the membranes, these factors should
also be considered in addition to the government set labor charges. Thus,
by precisely considering all these charges the accurate cost of a membrane
can be estimated.

Nandi et al. [35] and Emani et al. [43] used low-cost raw materials for
the successful preparation of low-cost ceramic membranes with a total
cost of membranes as $ 130/m2 and $ 78/m2, respectively. The character-
ization and analysis studies performed on the membranes shown consis-
tency in their properties and performance. Both these studies confirm that
it is possible to reduce the cost of ceramic membranes while maintaining
their properties and performance. Still, there is scope for reducing the
membrane costs by a significant margin by research and development
of novel raw materials or by using the waste materials generated by var-
ious process industries.
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5.1 INTRODUCTION

Membrane technology has been adopted for a broad spectrum of appli-
cations of great importance, which include, but not limited to, Water &
Waste Water Treatment, Food & Beverage, Medical & Pharmaceutical,
Industry Processing and Gas Separation [1–4]. Among these applications,
gas separation using membrane technology is a fast-growing sector in the
last several decades [5, 6], and has so far become a fundamental technique
for gas separation in industry, apart from conventional technologies such
as cryogenic distillation, absorption, and adsorption.Moreover, the robust
growth is predicted to continue to the next decade. In a more recent mar-
ket report published by Credence Research [7], “the global gas separation
membranes market was valued at US$ 1,720.4 Mn in 2015, and is expected
to reach US$ 3,325.2 Mn by 2024, expanding at a CAGR of 8.2% from 2016
to 2024.”

From membrane material point of view, gas separation membranes
can be classified mainly as polymeric membrane and inorganic
membrane. Polymeric membranes have been widely used in various
membrane processes, particularly large-scale applications, for many
years, mainly due to the relatively low costs. Compared to inorganic
membranes, polymeric membranes keep leading a very high global
share of gas separation membrane market, of 77.46% in 2015 [7].
Generally, most of the polymeric membranes are made of synthetic
polymers, considering the chemical, thermal and mechanical properties
and membrane microstructures required by specific applications.
Consequently, handling and disposing of used polymeric membranes,
which have a limited product lifetime, will gradually raise more envi-
ronmental concerns soon. From this perspective, inorganic membranes
that are significantly more durable and with less environmental impacts
will play an increasingly important role in different membrane separa-
tion processes, including gas separation, in the coming decades. As a
result, this chapter will focus on critical fundamental aspects of inor-
ganic membranes for gas separation, which is expected to help potential
readers who are seeking for appropriate knowledge in this area before
further exploring more professional expertise that can be obtained from
other monographs.
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5.2 COMMON CONSIDERATIONS AND GENERAL
PRINCIPLES

The first large-scale gas separation using inorganic membranes can be
traced back to 1940s, in the Manhattan Project to enrich uranium by sep-
arating uranium isotopes as UF6 [8]. From today’s view, it is not a very
good case for gas separation. For instance, the membrane functioned actu-
ally as a porous media in which diffusivity difference between isotopes
enabled the separation/enrichment to occur. This resulted in very low
separating efficiencies, for example, over 1000 stages were required to
enrich the product by only 3%–4%. However, this application led to fol-
lowing isotope enrichment projects in the 1950s and 1960s [8] and formed
the basis of research, development, and application of some present com-
mercial inorganic membranes.

To date, different types of inorganic membranes, which are made of a
wide range of materials and through various fabrication processes, have
been developed for many gas separation applications [6, 8, 9]. To avoid
unnecessary repetitions across these topics, this section aims at outlining
some common considerations and general principles related to research
and development of inorganic membranes for gas separation. More
detailed information on each type of inorganic membranes will be further
detailed in Sections 5.3–5.5.

5.2.1 Membrane Material and Microstructure

Membrane material and microstructure directly affect the function and
performance of a membrane, and subsequently determining the related
applications. Inorganic membranes for gas separation can be made with
different materials and of various microstructures. From a material point
of view, inorganic membranes can be ceramic-, metal- and carbon-based,
and in some cases, a mixture of these materials, the so-called dual-phase
material, is employed for multiple functions or promoted membrane per-
formance in separation. While from a microstructure point of view, inor-
ganic membranes can be dense or porous, following different separating
or transport mechanismswhen gas species permeate throughmembranes.
When the membrane is very thin, which is typically preferred due to the
higher permeation flux, a highly porous substrate is needed to provide
mechanical strength of the membrane. This further categorizes mem-
branes into self-supported and supported membranes. For the latter
one, the dense or porous membrane, which is sometimes quoted as the
separating layer, is formed on the surface of a porous substrate with trans-
port resistance much smaller than the membrane itself. Because
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membranematerial andmicrostructure are much correlated to each other,
and affect the followingmembrane formation process, as well as themem-
brane performance and application, they are used to categorize the con-
tents of Sections 5.3–5.5 in this chapter, which hopefully will contribute
to a better reading experience for readers interested in this chapter.

5.2.2 Membrane Formation

Membrane material and microstructure both affect the selection of
membrane formation processes. For instance, the preparation of ceramic
membranes, either dense or porous, typically involved the following steps
[10]: (1) formation of suspensions/solutions containing ceramic particles,
(2) rearrangement of particle packing into a membrane precursor that is
shaped into specific membrane configurations (exampled shaping tech-
nology include casting or spin-coating for flat membranes, and ram extru-
sion or dip-coating for tubular membranes), and (3) consolidation of such
membrane precursor via a high temperature heat treatment, when mem-
brane microstructures (dense or porous for instance) can be finalized. In
contrast, hydrothermal method and electroless plating are more suitable
for microporous membranes such as zeolite and dense Pd-based mem-
brane, respectively.

Apart from membrane material, permeation (permeation flux, per-
meance and permeability) and selectivity, the two membrane perfor-
mance indicators, also “steer” the membrane formation process.
Generally, a thinner membrane would lead to a higher permeation flux,
mainly due to a lower membrane resistance. While at the same time, there
is a higher chance of forming defects that can impair membrane selectiv-
ity, especially for gas separations. From this perspective, the quality of
membrane substrates, such as surface smoothness, pore size distribution
and porosity, etc., also determines the final membrane performance, in
addition to the membrane formation process itself. For gas separations,
there are mainly three groups of inorganic membranes mainly investi-
gated, which are dense ceramic membranes (Section 5.3), dense metallic
membranes (Section 5.4) and microporous membranes (Section 5.5).

5.2.2.1 Dense Ceramic Membranes

Dense ceramic membranes typically have no open pores nor intercon-
nected pore network throughout the membrane, following a solution-
diffusion type mechanism when gas species permeate through the
membrane [10, 11]. Membranes of this type can be formed directly from
ceramic particles, sometimes with a small amount of additives, via shap-
ing technologies such as pressing and extrusion to obtain self-supported
membranes. The formation of thin membranes on the surface of a porous
substrate normally involve the use of a slurry consisting of ceramic
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particles and a liquid phase with additives dissolved inside. The applica-
tion of such a slurry onto substrates, i.e., the shaping technology, includes
slip casting, tape casting and spin coating, etc. [10]. The key step of form-
ing a high quality dense ceramic membrane is the final high temperature
heat treatment, in which porosity of the precursormembrane is reduced to
nearly zero, with themembrane density approaching the theoretic density
of the membrane material. In most cases, the membrane density needs to
be over 90% of theoretic values. Most of dense ceramic membranes are for
high temperature applications [12], which imposes an extra challenge for
supported membranes, mainly due to the potential mismatch of thermal
expansion coefficients between the dense separating layer and the porous
substrates that are made of different materials.

5.2.2.2 Dense Metallic Membranes

Similar to dense ceramic membranes, the dense metallic membranes,
which are normally Pd-based, relies on a solution-diffusion type mecha-
nism to selectively separate high purity hydrogen from a gas mixture [12].
Considering the high costs of precious metals, supportedmembranes [13],
which normally consist of a defect-free Pd-based separating layer of
several to several tens of microns in thickness formed on the surface of
a highly porous substrate, is preferred for reduced material costs and
enhanced hydrogen permeation. Sometimes less expensive metallic addi-
tives (binary, ternary, and multicomponent) are used for similar purposes
[13], and the most successful one is Pd-Ag alloy. The porous substrate can
be metal or ceramic based [12] , with physical vapor deposition (PVD),
chemical vapor deposition (CVD), electroless plating (ELP), electroplating
and diffusion welding [12–14] widely used to prepare the supported
dense metallic membranes. Among these fabrication processes, ELP is
one of themethods widely studied and used, mainly due to its advantages
such as uniformity of membrane composition and microstructure on sub-
strates of complicated shapes, good adhesion to substrates, low costs due
to simplicity in equipment and operation, etc. [14].

5.2.2.3 Microporous Membranes

Microporousmembranes, which have pore sizes smaller than 2 nm, can
be used for gas separation [4]. Microporous inorganic membranes nor-
mally need a porous support due to the considerations of mechanical
properties, that is, a supported membrane structure. The membrane (or
separating layer) materials can be amorphous, such as silica and carbon,
or polycrystalline, such as zeolite.

The sol-gel method is the most popular and successful process forming
microporous silica membranes, typically on the smooth surface of a sec-
ond mesoporous (pore size between 2 and 50 nm) ceramic-based interme-
diate layer (such as gamma-alumina, zirconia and titania), which is further
supported by a third macroporous (pore size larger than 50 nm) layer on
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top of a bulk substrate providing significant mechanical strength, the
so-called laminated structure very common to commercialized ceramic
membranes (Fig. 5.1). The sol-gel method can be further classified into a
polymeric route, particulate-sol and templatemethod, whichwill be intro-
duced in Section 5.5.

Preparation of microporous carbon membranes typically involves
pyrolysis (carbonation) of a polymericmembrane at elevated temperatures
and under vacuum or a nonoxidative atmosphere (helium or nitrogen for
instance) [4]. Theuseof apolymericmembraneas theprecursormeans that,
in addition to a supported membrane structure, a self-supporting
membrane such as microporous carbon hollow fiber membranes can be
prepared directly from polymeric hollow fiber membranes [6].

Polycrystalline zeolite membranes are usually prepared under hydro-
thermal conditions, including in situ synthesis, secondary growth, and
vapor phase transport method [4]. For in situ synthesis, membrane sup-
port is in direct contact with a precursor solution or gel, in order to form
a continuous zeolite separating layer. To speed up the nucleation, micro-
wave heating has been found efficiently in reducing the synthesis time
needed, as well as improving the membrane integrity. In contrast, for
the secondary growthmethod, zeolite seeds are deposited on support sur-
face before hydrothermal synthesis. While for the vapor phase transport
method, hydrogel is first deposited onto a membrane support, prior to
being in contact with a vaporized solvent inside an autoclave to allow
the crystallization of the dry hydrogel.

5.2.3 Gas Separation Mechanism

5.2.3.1 Dense Ceramic Membranes

Dense ceramic membranes are mainly made of materials with perov-
skite or fluorite type structures [11] for the separation of oxygen or hydro-
gen at elevated temperatures [10, 12, 15]. Because this type of membranes

FIG. 5.1 Schematic presentation of the laminated structure of ceramic membranes.
Redrawn based on Fig. 2.6 of Burggraaf AJ, Cot L. Fundamentals of inorganic membrane science

and technology. Membrane science and technology series, 4; 1996.
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has no open pores, they rely on well-balanced mixed conductivity, that is,
mixed ionic-electronic conductivity for oxygen transport, and mixed
protonic-electric conductivity for hydrogen transport, to achieve high per-
meation fluxes at as low as possible temperatures, via strategies such as
lattice doping, dual-phase material, and thinner separating layer, etc. It
is also due to the unique transport mechanism, for instance, vacancy
mechanism and interstitial mechanism that forming the pathway only
for oxygen ions tomigrate through,membranes of this type normally have
theoretically 100% selectivity to oxygen or hydrogen.

5.2.3.2 Dense Metallic Membranes

Similar to dense ceramic membranes, dense metallic membranes rely
on a solution-diffusion typemechanism for separating highly pure hydro-
gen from gasmixtures. Hydrogen transports through themembrane in the
form of atomic hydrogen, which is why the theoretical selectivity to
hydrogen can be infinite if there are no defects inside themembrane. How-
ever, this is normally quite difficult, especially when the metallic mem-
brane is very thin.

5.2.3.3 Microporous Membranes

Gaseous molecules can transport through a porous membrane via dif-
ferent mechanisms, such as Knudsen diffusion, slip flow, surface diffu-
sion, viscous flow, and molecular sieving, etc. [8, 10, 16, 17], depending
on the factors such as pore diameter, molecule size (kinetic diameter),
mean free path of molecules, and interactions between gaseous molecules
and porous membrane materials, etc. While for an inorganic microporous
membrane, Knudsen diffusion, surface diffusion, and molecular sieving
have been commonly accepted as the main transport mechanisms [16].
Because kinetic diameters of gaseous molecules are quite small, normally
of several hundred pm, only microporous membranes (pore size less than
2 nm) with very small pore size can provide reasonable perm-selectivity.
In addition to membrane material andmembrane microstructures, factors
such as operating temperatures and pressures, as well as interactions
between gaseous molecules and pore surface, also affect the membrane
transport process. For instance, hydrophobicity and hydrophilicity of
zeolite membrane materials can affect the separating selectivity in perva-
poration, in addition to membrane pore size [4].

5.2.4 Performance Indicators

For both dense and microporous membranes, two major performance
indicators, that is, permeation and selectivity, are widely used for evalu-
ating the membrane separation performance [18].
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5.2.4.1 Permeation

Permeation flux, permeance, and permeability are the three permeation
related concepts widely used for gas separation.

Permeation flux is the flow rate of a permeated gas component normal-
ized by membrane area (mol m�2 s�1). Permeation flux is typically used
together with specified operating parameters, especially transmembrane
pressure or partial pressure and temperature.

Permeance is permeation flux normalized by pressure (mol m�2 s�1 Pa�1),
and can be used to characterize the gas transport through the membrane.
Apracticalunitofpermeance isGPU(gaspermeationunit,1 GPU ¼ 10�6 cm3

(STP) cm�2 s�1 cmHg�1).
Permeability characterizes the intrinsic permeation property of a gas

transporting through a membrane and is permeance multiplied by mem-
brane thickness (mol m m�2 s�1 Pa�1). Barrer is a unit for permeability
still widely used today, named after Richard Maling Barrer FRSL

(1910–1996) who is credited with breakthrough research in polymermem-
branes and molecular transport in microporous media and establishing
the field of zeolite research and its applications in industry
(1 Barrer ¼ 10�10 cm3 (STP) cm cm�2 s�1 cmHg�1).

5.2.4.2 Selectivity

Selectivity, or separating factor, indicates the extent of separating the

target gaseous component from a gas mixture (αi, j ¼ yi=yj
xi=xj

, where i and j

represent different gas components, y and x represent molar fractions at
permeate and retentate side, respectively). When the partial pressure at
the permeate side isminimal and negligible in comparison to the feed side,
selectivity is equal to the ideal selectivity, which is the ratio of the perme-
ability of the gas components [10, 19].

5.3 DENSE CERAMIC MEMBRANES

Dense ceramicmembranes aremainly developed for separating oxygen
or hydrogen from gas mixtures, depending on the type of mixed conduct-
ing behavior of the membrane materials, that is, mixed ionic-electronic
conductivity for selective oxygen permeation, or mixed protonic-
electronic conductivity for hydrogen permeation [10, 11, 20, 21]. It should
be noted here that, although mixed conductivity can be achieved by
mixing ceramic and metallic materials, that is, dual-phase materials, this
section will focus on single phase ceramic membrane only.
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5.3.1 Mixed Ionic-Electronic Conducting (MIEC) Ceramics

Most of MIEC ceramics are of perovskite or perovskite-related struc-
tures, named after a mineral oxide of CaTiO3 with a typical formula of
ABO3 [10, 11]. The ideal structure of this oxidewas first thought to be cubic
andwas later found to be orthorhombic. However, the name of perovskite
has been retained and kept using until today.

5.3.1.1 Material Structure and Basic Concepts

A ceramic material of an ideal perovskite structure and ABO3 formula
has the A site cation coordinated to 12 oxygen ions forming a cuboctahe-
dral coordination, and the B site cation coordinated to 6 oxygen ions form-
ing an octahedral geometry [10, 11], as shown in Fig. 5.2. A-site cations,
which are typically larger than the B-site cations, are commonly from
the lanthanides or alkaline earth metals, and B site cations are of transition
metals or nontransition metals. Common formulas that can be derived
from ABO3 include A

2+B4+O3, A
1+B5+O3, and A3+B3+O3. Some structural

parameters, such as tolerance factor and specific free volume,were used to
guide the design of this structure, due to a considerable number of poten-
tial combinations of cations from the periodic table of elements.

However, the ideal perovskite structure in Fig. 5.2 is too “perfect” to
exhibit any mixed ionic-electronic conductivity, because oxygen ions or
electrons cannot move across the lattices without “mobile carriers.” This
means that some imperfections or defects have to be “created,” according
to the nonstoichiometry, for the conduction or diffusion to take place [11,
22]. As a result, the actual formula of most perovskite ceramics is ABO3�δ,
with δ representing the nonstoichiometry regarding oxygen ions
“missing” from the crystal lattice, for example, oxygen vacancies. Among
various ways of creating such mobile carriers, doping A and/or B sites

FIG. 5.2 Ideal structure and the packing arrangement of perovskite ABO3 compounds.
Redrawn based on Fig. 10.10 of Burggraaf AJ, Cot L. Fundamentals of inorganic membrane science

and technology. Membrane science and technology series, 4; 1996.
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with different cations has been widely acknowledged as an efficient and
accessible method, which leads to a more common formula of
AxA

’

1�xByB
’

1�yO3�δ.
The most important defects for MIEC materials include ion defects and

electron defects, for the transport of oxygen ions and electrons, respec-
tively, in the opposite directions across a membrane. Ion defects may take
the form of vacancies, interstitial ions, impurities or dopants with charges
different from those expected from the overall stoichiometry. Electron
defects may be in the form of ions with charges deviating from the
standard lattice ions, as a consequence of the transition of electrons from
customarily filled energy levels to ordinarily empty levels. Defect theory
has been used to explain conductive properties of MIEC materials, which
has been systematically reviewed in the literature [11].

The quantity of such vacancies for transporting ions and electrons is
directly correlated to the mixed conductivity of the material, and subse-
quently the capability of oxygen permeating through the membrane,
when the electroneutrality of the membrane needs to be maintained
without external circuit. As a result, ionic and electronic conductivities
should be balanced from material design point of view, or in another
expression the transfer number of oxygen ions and electrons should be
“equal,” in order for the highest possible oxygen permeation that can
be achieved by a particular material composition [10, 11, 20], because
the excessive conductivity is not able to benefit oxygen transport through
such membranes.

5.3.1.2 Membrane Transport

Generally, the selective transport of oxygen through a dense ceramic
MIEC membrane is driven by the pressure difference and consists of five
sequential steps, as shown schematically in Fig. 5.3.

FIG. 5.3 Schematic presentation of oxygen
permeation through a dense MIEC membrane.
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(1) At the side with high oxygen partial pressure, for example, the feed
side, oxygen molecules from gas bulk phase transport through an
interfacial zone, before migrating to the membrane surface

(2) At the feed side surface, oxygen molecules dissociate into oxygen ions
and reach oxygen defects on the surface

(3) Oxygen ions transport across the membrane, with electrons transport
in the opposite direction to maintain electroneutrality of the
membrane

(4) Oxygen ions reach the permeate side surface and recombine into
oxygen molecules

(5) Oxygen molecules diffuse through the interfacial zone and transport
to the permeate side bulk phase of low oxygen partial pressure.

If a mass transfer in the two gas bulk phases, which is more related to
separator design at a unit level, is not considered, oxygen permeation
mainly consists of two processes, for example, surface exchange (step 2
and step 4) and bulk diffusion (step 3) (Fig. 5.3).

Reducing membrane thickness can be helpful for increasing perme-
ation fluxes, due to the lower resistance of bulk diffusion (step 3). How-
ever, when the membrane thickness is reduced to a certain level that
the slowest transport step is not bulk diffusion, further reducing mem-
brane thickness is not beneficial anymore. The corresponding membrane
thickness is named as characteristic thickness, Lc [11]. Characteristic thick-
ness offers a way of evaluating how thin a specific MIEC membrane need
to be and what is the controlling step of oxygen permeation and is thus
useful for guiding engineering design of related membrane microstruc-
tures and operating conditions. While it should be noted that, the value
of characteristic thickness can be affected by a variety of factors in addition
to the membrane material. For instance, increasing temperatures will
kinetically speed up both bulk diffusion (step 3) and surface exchanges
(step 2 and step 4), while at different rates, which allows the controlling
step to change with the operating temperatures. Moreover, porous coat-
ings on membrane surface can promote surface exchanges, which, as a
result, can lead to further reduced characteristic thickness. It will become
more complicated if there are catalytic reactions at the permeate side of the
membrane, such as a catalytic membrane reactor, together with a much
lower oxygen partial pressure due to the quick consumption of permeated
oxygen.

Because oxygen transport through a dense MIEC membrane can be
considered a pressure driven process, different ways can be used for such
operations, which include pressurizing the feed side, vacuuming the per-
meate side and using steam as the sweep gas to collect the permeated oxy-
gen [21]. Each operation has certain advantages and disadvantages
regarding economics and requirements on materials, and thus requiring
systematic evaluation from engineering design point of view.

1575.3 DENSE CERAMIC MEMBRANES



5.3.1.3 Membrane Configuration, Microstructure, and Fabrication

MIEC membranes have three significant configurations, like disc/flat
sheet, tube, and capillary, for different scales of applications, depending
on the surface area/volume ratio of the separator required. Capillary
membranes usually have the highest membrane area per unit volume
of the separator, mainly due to the small diameter. However, its mechan-
ical robustness is always of concerns for engineering applications.

For each of these membrane configurations, the membrane can be self-
supported or form a thin separating layer on a porous substrate, which has
been introduced in Section 5.2. Conventional methods such as pressing
and ram extrusion have been used to prepare self-supported disc and
tubular MIEC membranes, with a typical symmetric membrane micro-
structure. For self-supported capillary/hollow fiber membranes, a phase
inversion assisted process was developed, which allows the formation of
adjustable asymmetric membrane microstructures with a thinner separat-
ing layer, and as thus higher oxygen permeation fluxes [10], as shown in
Fig. 5.4.

DenseMIEC hollow fiber membranes can be asymmetric or symmetric,
depending on the fabricating parameters used, such as types of bore liq-
uids and suspension formulations [10]. Asymmetric membranes normally
consist of two sub-microstructures, such as orientedmicrovoids/channels
and a densified ceramic phase. When the microvoids are initiated from
both the inner and outer surfaces, which is governed by a phase-inversion
assisted process, the membrane has dense surfaces (inner and outer) and a
third dense intermediate layer (Fig. 5.4A), all serving as oxygen separating
layers. The microvoids contribute to a lower transport resistance, and as
thus increasing oxygen permeation flux when compared to counterparts
with a symmetric microstructure (Fig. 5.4D). Other variations in asymmet-
ric microstructures, shown in Fig. 5.4B and C, has only one dense layer,
either the inner or outer surface, and as a result further promote oxygen

FIG. 5.4 Schematic presentation of asymmetric (A–C) and symmetric (D) MIEC hollow
fiber membranes.
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permeation. However, mechanical robustness of such structures can be a
challenge for engineering applications.

For supportedmembranes, a thin and fully integratedMIEC separating
layer need to form on top of a porous substrate (Fig. 5.5), which can be
achieved via the methods briefly introduced in Section 5.2. However,
when the substrate is made of a material different from the top separating
layer, some specific challenges during the fabrication of such membranes
need to be addressed.

Typical challenges include, but not limited to,

� possible solid-state reactions at the interface, because the MIEC layer
needs to be densified at a temperature higher than 1000°C and consists
of relatively active elements such as Co that can react with support
materials at high temperatures

� Mismatch in shrinkage or shrinking rate during the high-temperature
sintering, which will lead to the formation of macrocracks in the MIEC
separating layer

� Insufficient adhesion at the interface leading to membrane peeling off
� Different thermal expansion coefficients, leading to the formation of

microcracks during thermal cycles and damaging the membrane
selectivity

� Different chemical expansion coefficients, due to the loss of lattice
oxygen under low oxygen partial pressures. This will also lead to
microcracks and poor membrane selectivity during temperature and
pressure cycles.

5.3.1.4 MICE Membranes Based on Material Families

As previously introduced, doping different cations at the A and/or
B sites of perovskite lattices allows the improvement of oxygen transport,
which also help to increase the membrane chemical robustness against
low oxygen partial pressures, CO2 and reducing atmospheres [10, 11,
21, 22]. This leads to a considerable number of investigations on MIEC
membranes with diverse compositions. Three essential families, Sr(Co,
Fe)O3, La(Co,Fe)O3 and LaGaO3, will be briefly introduced in this section.

Sr(Co,Fe)O3�δ (SCFO): membranes of this group typically have high
oxygen permeation, mainly due to the high concentration of Co. Famous
examples included SrCo0.8Fe0.2O3�δ and Ba0.5Sr0.5Co0.8Fe0.2O3� δ.

MIEC layer

Interface

Porous substrate

FIG. 5.5 A schematic presentation of supported MIEC membrane.
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However, insufficient chemical stabilities under reducing atmospheres,
which is also due to the presence of concentrated Co, limit the applications
of such membranes to oxygen separation only.

La(Co,Fe)O3� δ (LCFO): despite oxygen permeation lower than SCFO,
the improved stability andmore balancedmixed conductivitymademem-
branes of this group attracting for oxygen separation. Typical examples
included LaxSr1�xCoyFe1�yO3�δ, which is also widely used as a cathode
material of solid oxide fuel cell (SOFC) and commercially available.

LaGaO3�δ (LGO): LGO normally exhibits excellent ionic conductivity
and low electronic conductivity, mainly due to the substitution of Co
by Ga at B-sites of perovskite lattice. This also helps to improve the chem-
ical stability under reducing atmospheres and reduce thermal expansion
coefficients.

Apart from the three families above introduced, there are quite some
membrane materials not summarized here. New MIEC materials have
been kept reported for several decades, with both oxygen permeation flux
and materials stabilities improved continuously, together with signs of
progress in membrane fabrication methods. To date, there are still techni-
cal barriers hindering engineering adoptions of such membranes, which
include relatively high operating temperatures, insufficient oxygen per-
meation and stability, mechanical robustness [23], uniformity of material
compositions and membrane lifetime, as well as economic feasibilities,
which are all related to the nature of perovskite materials. From this point
of view, break-through in material design and development would be
more likely to bring fundamental changes to the current scenario.

5.3.2 Mixed Protonic-Electronic Conducting Ceramics

Mixed protonic-electronic conducting ceramics have been investigated
for hydrogen separation at high temperatures for many years [10, 20, 24].
Materials of this type usually have a perovskite type structure. Although
dual-phase materials can have similarly mixed conductivity, they will not
be discussed in this section, similar to MIEC materials above introduced.

Mixed protonic-electronic conducting ceramics have many similarities
to MIEC, such as the perovskite type structure, mixed conductivity
for selective permeation but only significant at high temperatures
(>700°C), and gas transport through a dense membrane via a solution-
diffusion type mechanism without external circuits (Fig. 5.6), etc.
However, it receives much less attention when compared with MIEC
materials, despite the increasing demand for highly pure hydrogen, which
is an important chemical and clean energy carrier, and its operating
temperatures matching well with the various processes of converting
methane or coal into syngas (CO + H2).
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5.3.2.1 Hydrogen Transport Mechanisms

Different fromMIEC membranes for oxygen transport, protons are not
an intrinsic part of the stoichiometry of perovskite structure [24] and
behave as a foreign species/defects generally in equilibriumwith ambient
hydrogen and water vapor, which complicates the transport of hydrogen
at a protonic state through a dense membrane of this type.

A proton is an elementary positively charged particle and needs to
attach to an adjacent electron cloud [20]. In a perovskite structure, protons
are attracted to oxygen ions to form the hydroxide ion. As a result, the pro-
ton attached to a standard oxygen ion can be treated as an interstitial pro-
ton, when the interstitial site is actively displaced toward a particular
oxygen ion, or the oxygen ion with the attached proton is considered as
a substitutional hydroxide ion [10, 20, 24]. This leads to two widely
acknowledgedmechanisms for hydrogen transport, such as hopingmech-
anism and hydroxyl ion migration. For the hoping mechanism, protons
jump between stationary oxygen ions, from the feed side toward the per-
meate side, with each jump followed by a rotation around the oxygen ion
to get in position for the next jump [10]. The proton jump is usually the
rate-limiting step, as the rotation is relatively more straightforward. The
hydroxyl ion migration is suitable for dominant long-range transport pro-
cesses in oxides when proceeding on interstitial lattice sites, thus cannot
provide a dominant conductivity, but accomplishes minority oxygen
transport in a proton conductor [10]. It should be noted that migration
of oxygen ions plays a vital role in proton conduction, which requires oxy-
gen vacancies that can be created by doping, and will be outlined in the
next section.

5.3.2.2 Mixed Protonic-Electronic Conducting Materials

In 1981, Iwahara et al. [25] discovered that some ceramics with a
perovskite-type structure showed reasonable mixed protonic-electronic
conductivity when exposed to a hydrogen atmosphere at high

FIG. 5.6 Schematic presentation of hydro-
gen transport through a dense mixed
protonic-electronic conducting membrane.
Redrawn based on Fig. 2.1 of Gupta VK, Lin

JYS. Ceramic proton conductors. In: Nonporous

inorganic membranes. Wiley-VCH Verlag
GmbH & Co. KGaA; 2006. p. 49–76.
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temperatures. These materials were based on SrCeO3, using trivalent
cations to replace partially (doping) tetravalent Ce4+, such as
SrCe0.95Yb0.05O3�δ, with δ representing oxygen vacancies. Following this
investigation, mixed protonic-electronic conducting ceramics based on
SrZrO3, BaZrO3, BaCeO3, and SrTiO3 were developed [10, 24].
A general formula of AB1�xMxO3� δ can be used to describe the materials
of this type, with the A site element commonly from the group with cal-
cium, strontium or barium, the B site element from the group consisting of
cerium, terbium, zirconium, or thallium, and various doping elements
M lower than the limit to form solid solution (x < 0.2) [10]. In contrast
to the diverse formulas of MIEC materials, the quantity of mixed
protonic-electronic ceramics is still so far insufficient.

Compared to MIEC, mixed protonic-electronic conducting ceramics
have more types of charged carriers, such as protons, hydroxyl ions, oxy-
gen ions/vacancies, electrons and electronic holes [24]. This means that
the correlation between electrical conductivity and hydrogen permeation
can be more complicated than the one for MIEC. For example, materials
based on BaCeO3 have relatively high electrical conductivity. While the
contribution from oxygen ions to the total conduction increases with
the temperatures, with the transfer number of protons decreasing at the
same time [26]. In contrast, SrCeO3 based materials have a lower conduc-
tivity, but a higher transport number of protons. Materials with Zr at the
B site are less conducting than those with Ce at the B site, but more chem-
ically and mechanically robust and more stable when exposed to carbon
dioxide [10]. In addition to conductivity, material stabilities under reduc-
ing, moisture-containing, and CO2-containing atmospheres can also be
adjusted, considering the environment of using such membranes for
hydrogen separation [24].

5.3.2.3 Preparation of Mixed Protonic-Electronic Conducting
Membranes

In addition to the same material structure as MIEC materials, mixed
protonic-electronic conductingmaterials andmembranes can be prepared
by the methods that have been used for MIEC materials and membranes.
Fabricating suchmembranes typically consists of three steps, synthesizing
ceramic powder, shaping into a membrane configuration, and thermal
treatment to fully density the membrane.

Popular methods for preparing ceramic powders include solid state
reaction and wet-chemistry approaches such as EDTA and citrate
methods. Solid state reaction is suitable for preparing a relatively higher
quantity of samples. Oxides or carbonates containing the required A and
B site elements are usually ball-milled and ground in a liquid media. The
mixture is then dried and sintered (typically around 950°C) to form a
single-phase material. Critical issues related to this method include mate-
rial compositions deviating slightly from the designed stoichiometry,
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which can affect the membrane permeation performance and conse-
quently lead to conflicting results, and relatively big particle sizes that
can affect the following membrane shaping processes, as well as mem-
brane performance, because bigger particles will result in larger grains
and fewer grain boundaries inside a dense membrane, and as thus affect-
ing the diffusion efficiencies. Wet-chemistry routes involve the use of che-
micals such as nitrates to form chelates, to achieve element mixing at an
atomic level, and as thus better in controlling the material composition.
Pyrolysis of EDTA and citrate provides energy to form precursor powders
much smaller in sizes, leading to a reduced particle size after secondary
sintering. The grain sizes of the resultant membrane can be smaller in this
case, and with more grain boundaries.

The synthesized powder can be directly shaped into self-supported
membranes, using methods such as pressing, ram extrusion and phase-
inversion assisted process (Section 5.2), or be used to form a slurry
coated onto a porous substrate to form a supported membrane, which
is very similar to MIEC membranes. Precursor membranes need a high-
temperature sintering process to form a dense and integrated membrane
before selective hydrogen permeation can proceed. In contrast to MIEC
membranes, the characteristic thickness of mixed protonic-electronic
conducting membrane has not been adequately investigated [24].

5.4 DENSE METALLIC MEMBRANES

Dense metallic membranes, mainly Pd-based membranes, have been
widely studied for hydrogen separation and used commercially [12].
In contrast to the ceramic counterparts (Section 5.3.2), Pd-based mem-
branes are more permeable to hydrogen in a lower temperature range
(300–600°C), and are thus suitable for hydrogen purification/recovery
[27], and very commonly membrane reactors coupling hydrogenation
or dehydrogenation reactions [28].

Hydrogen diffusion through palladiumhas been known since the 1860s
when it was found that palladium can absorb hydrogen of several hun-
dred times of its volume at room temperature. This enables the use of
Pd as a membrane to selectively separate hydrogen, when a pressure dif-
ference is formed across themembrane to allow hydrogen to continuously
dissolve into the Pdmembrane from the feed side, before being released at
the permeate side.

5.4.1 Separation Mechanism

Hydrogen transport through a dense metallic membrane is based on a
solution-diffusion mechanism and consists of the following five steps, as
shown in Fig. 5.7:
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1. Hydrogen molecules in the gas phase are chemically adsorbed on the
membrane surface (feed side)

2. Adsorbed hydrogen molecules dissociated into atomic hydrogen and
dissolved into the membrane

3. Atomic hydrogen diffuses through the membrane toward the
permeate side

4. At the permeate side surface, atomic hydrogen is recombined into
molecules

5. Hydrogen molecules desorb from the surface and migrate into the
gas phase

Similar to the dense ceramic membranes (Section 5.3), the transport
consists of two processes, such as surface exchange (steps 2 and 4) and
bulk diffusion (step 3), when the gas phase resistance can be neglected.
How the surface exchange and bulk diffusion affect the transport process
is reflected in the permeation flux equation expressed below [27]:

J¼P

δ
pnh �pnl
� �

(5.1)

where J is the hydrogen permeation flux (cm3/cm2 min); P is the perme-
ability constant of hydrogen through the membrane (cm3 cm/cm2 min -
barn); δ is the membrane thickness (cm); ph and pl are the hydrogen
partial pressures on the high pressure and low-pressure side, respectively,
and n is a constant indicating pressure dependency. If the bulk diffusion of
atomic hydrogen is the rate-controlling step, the value of n should be 0.5
according to Sieverts’ law [29]. However, when the surface processes also
affect the hydrogen permeation, n should be between 0.5 and 1 [13], par-
ticularly when the membrane is very thin. It should be noted that, if the
gas phase resistance is not negligible, n values can be higher than 0.5, espe-
cially for a supported membrane where pl in Eq. (5.1) can be easily under-
estimated or measured. When n equals 1, it indicates that surface-

FIG. 5.7 Schematic presentation of hydrogen transport through a dense Pd-based mem-
brane. Redrawn based on Fig. 6 of Yun S, Ted Oyama S. Correlations in palladium membranes for

hydrogen separation: a review. J Membr Sci 2011;375(1):28–45.
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exchange is the rate-limiting step, and further reducing the membrane
thickness will not benefit permeation flux anymore, until surface modifi-
cations that improve the surface-exchange are used.

5.4.2 Pd-Based Membranes for Hydrogen Separation

Tubular and foil membrane units are commercially available, with the
Pd membranes usually quite thick. Despite high perm-selectivity to
hydrogen, as well as proper permeation fluxes, Pd is very costly, and as
a result preparing thinner Pd membranes, which is also beneficial to fur-
ther increased hydrogen permeation flux, is economically meaningful.
When the membrane is becoming thinner, some factors that may not be
significant for thick Pd membranes start to raise concerns, because the
chance of forming pinholes or defects, either through the membrane fab-
rication processes or during the membrane operations, can be detrimental
to membrane selectivity.

5.4.2.1 Chemical Stabilities

For pure palladium, hydrogen embrittlement can occur when exposed
to hydrogen at temperatures below 300°C. This is mainly due to the phase
transition from an α phase, interstitial hydrogen in solid solution, to a β
phase forming palladium hydride, with the hydrogen/palladium ratio
increased significantly. The phase transition of this type is accompanied
by a volume increase of around 10% [13], leading to the change of internal
structures and accumulation of stress, which finally causes mechanical
failure of the membrane. The hydrogen embrittlement limits the used of
pure palladium membrane to temperatures above 300°C.

Actual used of Pdmembrane for hydrogen separation involves the con-
tact with different chemicals, such as CO, H2S, O2, hydrocarbons, and
steam. [13, 30]. H2S is corrosive to Pd and has irreversible poisoning effects
on Pd membrane surface, which is detrimental to the membrane perme-
ability. CO can also affect hydrogen permeation through a Pd membrane
by occupying adsorption sites on membrane surface at low temperatures,
and at high temperatures decomposed into carbon due to the catalytic
activity of Pd. Carbon can block pathways for hydrogen transport, and
form pinholes when there is oxygen, which is a fatal reason for poor
membrane selectivity, especially for ultra-thin Pd membranes. Effects of
oxygen can be positive and negative. Air treatment has been found ben-
eficial for Pd-based membranes because it helps to remove impurities
on the membrane surface and also roughen the surface, which improves
hydrogen adsorption and dissociation (Fig. 5.7).While for ultra-thinmem-
branes, the roughened surface can lead to the formation of open pin holes
that ruins perm-selectivity.
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5.4.2.2 Pd-Based Alloys

Palladium is capable of forming solid solutions with different metals
[31], forming Pd-based alloys that have improved chemical stability, as
well as better mechanical properties and hydrogen permeability [13,
27]. The most successful alloy is Pd77-Ag23, which is the most used for-
mula in commercially operating units [32]. In addition to a broader oper-
ating temperature window, by significantly mitigating hydrogen
embrittlement, hydrogen permeability is also much higher than pure
palladium,whichmakes it one of themost investigated alloyingmaterials.
Other Pd-based alloys include Pd-Cu, Pd-Au, as well as ternary alloys,
with details can be found in other resources [13]. Some Pd-based alloys
showed improved chemical stabilities against impurities such as CO
andH2S, while at the same time element segregation can occur [13], which
changes the actual membrane composition and consequently gradually
reduces membrane performance.

5.4.3 Formation of Pd-Based Membrane

Self-supported tubular and foil membranes made of Pd are commer-
cially available. They are typically made through metallurgical processes,
with good control of material compositions and low costs of manufacture.
Membranes of this type usually are quite thick, for example, 20 μm is
required for mechanical stability of a tubular geometry [33], with bulk dif-
fusion typically as the rate-limiting step. Apart from relative low perme-
ation, high material costs are another concerning factor, although these
membranes can be very durable owing to the membrane thickness.

Reducing the membrane thickness is efficient in lowering material
costs, particularly for precious metals like Pd, and increasing hydrogen
permeation. Driven by these two factors, more interests have been
directed to developing supportedmembrane, and the two essential factors
of fabricating high quality supported Pd-basedmembranes aremembrane
support and membrane formation methods.

5.4.3.1 The Roles of the Membrane Support

Despite its great importance, membrane support has so far received
much less attention when compared with the Pd-based membrane itself.
These porous supports can, from different aspects, affect the selection of
fabrication process, membrane microstructure, and subsequently the
membrane separating performance (selectivity and permeation).

Surface smoothness, which is directly related to the average surface
pore size of the porous support, is the factor determining how thin an inte-
grated membrane can be achieved. It has been reported that the thickness
of a Pd layer needs to be approximately three times the size of the largest
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pore of the porous support [34]. The largest pore here indicates the one on
the surface, for both symmetric and asymmetric support microstructures,
because the support surface is the interface between the support and the
Pd-based metallic layer. As represented in Fig. 5.8A, the largest surface
pore is also the weakest part of the membrane, which will be used under
high-pressure differences and temperatures for a prolonged period of
time. As thus, a support with a large number of narrowly distributed sur-
face pores of a small size is usually preferred, for a thinner but highly inte-
grated and durable Pd-based membrane.

In addition to providing mechanical strength, another requirement to
the support is to generate as little as possible resistance for hydrogen
transport. As can also be seen in Fig. 5.8A, hydrogen partial pressures
at the feed side (ph) and permeate side (pl) are measurable and are usually
used for calculating the hydrogen permeation (Eq. 5.1). This is feasible
when the support resistance is negligible (pi ¼ pl, pi is the pressure at
the interface). If not, the n value in Eq. (5.1) will deviate from the actual
value it should be. Porous supports a larger average pore size usually have
lower gas permeation resistance. While in addition to requiring a thicker
Pd-layer, as discussed above, it is easier for membrane penetration
(Fig. 5.8B) to occur during the fabrication process. This further increases
the actual membrane thickness and reduces the permeation flux. As a
result, porous support of an asymmetric microstructure (Fig. 5.1) is better
concerning balancing the effects of a small surface pore size and low sup-
port resistance, for forming high-quality Pd-based membranes.

Regarding support materials, vycor glass with pore sizes between 4 and
300 nm was first used but later replaced by ceramic and stainless steel
based materials, due to its limited thermal stabilities. Ceramic supports
made of alumina, silica, zirconia, and titania and of various configurations
have been studied, mainly due to their outstanding thermal and chemical
robustness, as well as the preferred asymmetric microstructure either

FIG. 5.8 Schematic presentation of a Pd-based membrane on a porous support,
(A) without penetration into support pores and (B) with penetration into the support pores.
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commercially available or achievable via a phase-inversion assisted pro-
cess [10]. The primary challenge of using ceramic based support is the
thermal expansion behavior very different from the Pd-based metallic
layer, especially considering the long-term use of such composite mem-
branes with repeated thermal cycles. Other concerns include complexity
regarding assembling and handling the membrane modules, due to the
brittleness of ceramic and sealing when configured into an engineering
process where metallic pipes are commonly used.

Alternatively, metallic support such as stainless steel is a more favor-
able choice, because welding can be used when attaching a membrane
module to engineering processes. Other advantages of metallic support
include thermal expansion behavior similar to Pd-based membranes,
mechanical robustness, and relatively economicalmanufacturing. The pri-
mary concerns of such support include relatively big pore size, which
requires a thicker membrane as previously discussed, and intermetallic
diffusion with the Pd-based membrane, which gradually impairs the
membrane performance. As a result, surface modification and an interme-
diate layer are required to address these problems [13]

5.4.3.2 Membrane Formation Methods

Variousmethods have been developed to fabricate thin and highly inte-
grated Pd-based membranes on porous supports of different configura-
tions, which include physical vapor deposition (PVD), electroless
plating (ELP), chemical vapor deposition (CVD), electroplating, spray
pyrolysis, and pulsed laser deposition [13, 27]. Among these fabricating
methods, PVD and ELP are very commonly used.

PVD allows the formation of a layer of a solid material onto a support
by condensing the vaporized form of this material without any chemical
reactions involved [13]. This technique is capable of forming nanostruc-
tured and ultra-thin films with excellent control of alloy compositions
[27], together with little impurities introduced during this process that
can affect the membrane microstructure and performance. However, all
these rely heavily on expensive and complicated processes, and require
a well-conditioned substrate, to avoid possible defect formation.

In contrast, ELP is a more versatile and economical choice, and the sup-
port surface does not have to be flat. ELP is an autocatalytic process in
which Pd complexes are reduced in situ with simultaneous oxidation of
a reducing agent in aqueous solutions. To speed up the film formation,
the surface of the porous supports is preferred to be activated by depos-
iting Pd seeds, via an activation and sensitization process. Recipes for spe-
cific alloy compositions usually vary from each other, while popular
alloys such as Pd-Ag and Pd-Cu can be prepared by this method. The
alloys can be achieved by codeposition or forming separate metallic layers
followed by intermetallic diffusion under high temperatures. For both
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routes, uniformity in composition needs to be carefully controlled. Thick-
ness control over the membrane and the presence of impurities such as tin
belong to the disadvantages of ELP, although processes without using tin-
containing sensitizer have been developed. Moreover, pore-penetration
(Fig. 5.8B) is another disadvantage of this method, because plating solu-
tions can wet the porous support during the fabrication. This increases
the actual thickness of the membrane, depending on the microstructure
of the porous support, and consequently resulting in possible conflicting
results between different research groups.

5.5 MICROPOROUS MEMBRANES

In contrast to the dense membranes introduced in Sections 5.3 and 5.4,
which rely on a solution-diffusion type mechanism for gas separation,
porous membranes consist of open and connected pore network for fluid
to pass through, and as thus rely mainly on the dimensions of pores to
achieve required separation performance. According to the standard of
IUPAC, pore sizes of porous membranes are categorized as macropores
(pore diameter dp > 50 nm), mesopores (2 nm < dp < 50 nm) and micro-
pores (0 nm < dp < 2 nm). Macroporous and mesoporous membranes
are essential for a wide range of membrane separation processes, such
as micro- and ultra-filtrations [35], while their pore size is too big for
gas separations, considering themuch smaller kinetic diameter of gasmol-
ecules. As a result, only microporous membranes will be introduced in
this section.

Inorganic microporous membranes are mainly made of three types of
materials, such as silica, zeolite, and carbon, prepared by different
methods and with the resultant membranes of different microstructures
and physical/chemical properties [4, 9, 16, 35–37].

5.5.1 Silica Membranes

Silica membranes are generally prepared by a sol-gel method, and con-
sidering the mechanical properties of silica itself, supported membranes
are always preferred. In most cases, precursor sol with designed compo-
sitions and rheology is applied onto a high-quality porous support
(Section 5.4.3.1), before being transferred into a continuous gel and subse-
quently thin and integrated membrane. For achieving an ultra-thin silica
microporous membrane, considering the relatively high transport resis-
tance of micropores supports with a mesoporous surface is more
favorable [4].
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5.5.1.1 Sol-Gel Methods

There are three types of well-known sol-gel methods for preparing sil-
ica microporous membranes, based on compositions of the sol and the
way of forming micropores inside the resultant membrane [4].

Polymeric silica sol: the sol of this type is generally prepared by acid-
catalyzed hydrolysis and condensation of an alkoxysilane precursor poly-
mer, such as tetraethyloxosilane (TEOS), under controlled conditions,
with the help of a mutual solvent, usually a mixture of water and ethanol.
The polymers used are preferred to be more or less linear for preparing
microporous membranes because the resultant particle size is different
from the one using well-branched polymer structure. Proper adjustment
of the sol composition and extent of the reaction, as well as other factors
such as packing and rearrangement of polymers during gelation, can
improve the control over the microstructure and integrity of the resultant
membrane, and subsequently the gas separation performance.

Particulate sol: silica colloidal sol can be prepared by hydrolysis and
condensation of TEOS, assisted by a catalyst, followed by boiling the
sol to allow the growth of the particles. This means that, by controlling
the synthesis parameters, particle sizes of silica in the sol of this type
can be adjusted, and can be further used to control the pore size of the
membrane after forming a thin layer on a porous support. For example,
particles less than 5 nm in the sol are capable of forming a silica membrane
with the pore size of around 1 nm [4]. To prepare a highly integratedmem-
brane via this method, ideal packing of such nanosized particles is needed
but always challenging. Moreover, additives are sometimes needed to
avoid infiltration of nanoparticles into the porous support, because possi-
ble pore-clogging will increase the overall membrane resistance for gas
transport.

Templated sol: organic templates, such as surfactant, ligand, and poly-
mer, are used to create residual porosity or pore network inside the mem-
brane, after being removed under following heat treatment processes.

5.5.1.2 Applying Sol Onto a Porous Support

Depending on the configurations and microstructures of the porous
supports, different methods can be used to apply the sol to form a thin
and continuous layer. Among these methods, dip-coating and slip-
coating, which are quite similar with a slight difference regarding the
relative moving part, support or sol, respectively, are very popular. Prop-
erties of the sol, such as viscosity and rheology, and the surface micro-
structure and properties of the support codetermine the parameters,
such as contacting time, as well as uniformity and repeatability of the
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coated sol. This further affects the thickness and microstructure of the
resultant membrane.

Due to the relatively high resistance of micropores, a very thin micro-
porous silica layer is always preferred for good permeation flux. This gen-
erates extra challenges regarding the formation of a thin and defect-free
membrane. For instance, solid impurities from supports, sol, and air
can potentially travel into the coated sol during dip- or slip-coating, leav-
ing pin-holes inside the resultant membranes. Moreover, the following
gelation and heat treatment processes involve quite some other factors
that can affect the final quality of the membrane. As a result, quality con-
trol and repeatability of sol-gel derived silicamembrane, in addition to the
thermal stabilities, are still of concerns, when considering larger scaled
applications of such membranes.

5.5.2 Zeolite Membranes

Zeolites represent a vast group of crystalline aluminosilicates materials
with micropores inside their diverse structures, which are constructed via
various connections of SiO4 or AlO4 in a tetrahedral form. Most zeolites
areusually in the formofmicron-sizedpowderpreparedviaahydrothermal
method. The micropores inside, sometimes called zeolitic pores, can be of a
variety of size and structure, which can be controlled by adjusting the Si/Al
ratioof the framework, aswell as typeandquantityofnonframeworkcations
for chargebalance.Materials of this typecanoffer substantial specific surface
areas, together with tunable surface properties such as hydrophobicity and
hydrophilicity.As a result, zeolites are veryuseful as a catalyst or adsorbent,
in addition to a microporous membrane for gas separation. Further details
about zeolites and the latest progress can be found through IZA Structure
Commission (http://www.iza-structure.org/).

Hydrothermal method is, so far, the primary way of preparing zeolite
membranes, which normally involves heterogeneous nucleation of crystal
seeds on the surface of a porous support or deposition of nuclei, followed
by the growth of polycrystalline grains under controlled hydrothermal
conditions into a continuous layer (Fig. 5.9).

It should be noted here that, different from the zeolitic pores, the second
type of pores, which are typically between zeolite grains, can be formed
inside themembrane.When the intercrystalline pores of this type aremore
significant than the corresponding zeolitic pores, they are detrimental to
the membrane selectivity, and should be addressed during membrane
fabrication.

Regarding preparing a microporous zeolite membrane, in situ hydro-
thermal method, secondary growth method, and vapor phase transport
method have been commonly used.
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5.5.2.1 Fabrication Methods

5.5.2.1.1 In Situ Hydrothermal Method

An in situ hydrothermal method is prevalent for preparing micropo-
rous zeolite membranes. Generally, a porous support is in direct contact
with a synthesis solution or gel consisting of sources of silicon and alumi-
num, sodium, water, and sometimes templates. Under desired hydrother-
mal conditions, zeolite nuclei start to form at the liquid/solid interface,
followed by growth of crystals from these nuclei to form a continuous
layer (Fig. 5.9). The composite membrane is then removed from the resid-
ual solution or gel, rinsed, dried and if needed calcined to remove tem-
plates, before being tested for gas separation. Fabricating parameters of
zeolite membranes are, in many cases, very similar to those used for syn-
thesizing zeolite powders, in which the formation of initial nuclei (induc-
tion period) usually takes much longer time than the subsequent growth
of zeolite grains [4]. To shorten the overall synthesis time, microwave
heating can be used. In addition to quicker and more uniform heating,
microwave fields can also affect the nucleation and crystal growth.

While due to the wide variety of zeolite compositions and structures,
many fabrication conditions for synthesizing powder zeolites do not work
for the corresponding membranes, and as thus demanding many try-and-
error style attempts. Parameters such as compositions of synthesis solu-
tion/gel, pH, temperature, and synthesizing time need to be systemati-
cally investigated to obtain uniform and integrated zeolite membranes.
Another fabricating parameter that can affect the formation of zeolite
membranes is the composition of the support, which can assist heteroge-
neous nucleation of zeolite crystals in alkaline solutions. In contrast to sol-
gel derived silica membranes, support with the surface pores larger than
mesopores can be used for zeolitemembranes, mainly due to the relatively
large grain sizes of zeolites.

FIG. 5.9 Schematic presentation of forming zeolite membranes under hydrothermal con-
ditions. Redrawn based on Fig. 2 of Salleh WNW, Ismail AF, Carbon membranes for gas separation

processes: recent progress and future perspective. J Membr Sci Res 2015;1(1):2–15.

172 5. INORGANIC MEMBRANES FOR GAS SEPARATIONS



5.5.2.1.2 Secondary Growth

For an in situ hydrothermal method, induction period can be extended
when initial nuclei are formed, which lowers the overall efficiency of the
fabrication process, especially for large-scale production. Moreover, the
possible time distribution of initial nucleation can cause nonuniformity
in the size and distribution of nuclei on a support surface, leading to a less
controlled growth of zeolite crystals and consequently forming intercrys-
talline pores in the resultant membranes (Fig. 5.9), despite stringent syn-
thesizing conditions applied. To overcome these difficulties, secondary
growthmethod has been developed andwidely used to improve the qual-
ity of zeolite membranes.

The secondary growth method generally consists of two steps, like
applying zeolite crystal seeds onto a support surface, and growing a con-
tinuous zeolite layer under hydrothermal conditions. Zeolite crystal seeds
can be easily applied onto support surface by physical methods such as
brushing, or dip-coating zeolite sol containing nanostructured seed parti-
cles. Uniformity regarding size and distribution of such seeds can directly
determine the growth of zeolite layer in the second step, in which a more
homogeneous contact between these seeds and the synthesis solution
allows amore uniform growth of zeolite grains that canminimize and seal
the intercrystalline pores. As a result, more integrated zeolite membranes
can be prepared under conditions much less stringent than the in situ
counterpart, such as lower temperatures, shorter time and more dilute
synthesis solutions. In some cases, high-quality zeolite membranes can
only be prepared via the secondary growth method.

5.5.2.1.3 Phase Transport Method

This method consists typically of two steps, applying hydrogel contain-
ing silicon, and sodium onto the support, and introducing vaporized
solvents toward the dry hydrogel (inside an autoclave) to allow crystalliza-
tion to occur. Templates can be added to either the hydrogel or solvent,with
the latter one being more difficult to utilize the templating material fully.
Compared to the in situ hydrothermal method, precursor materials inside
hydrogel can be usedmore efficiently, and zeolitemembraneswith a higher
Si/Al ratio can be achieved [4].

5.5.2.2 Modifications of Zeolite Membranes

Each fabrication method above introduced has certain advantages and
disadvantages, while for the zeolite membrane prepared, there is always a
chance of forming nonzeolitic pores, which includes intercrystalline
pores, and even macro- and mesopores. The existence of such defects is
harmful to the membrane selectivity, and “short-circuits” the role of zeo-
litic pores that are designed for separating purpose.
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Asa result, someprocesseshavebeendeveloped to“repair” thesedefects,
by filling nonzeolitic pores with carbon or silica that is converted from the
corresponding precursor materials [4, 37]. Such membrane modifications
can be efficient regarding promoting the membrane selectivity, by blocking
or reducing the size of nonzeolitic pores. However, careful selection of the
precursormaterials,which shouldnot enter intozeoliticpores, is also impor-
tant, to avoid a significant decrease in membrane permeation flux.

5.5.3 Carbon Membrane

In addition to silica membranes, carbon membrane is another type of
amorphous inorganic membranes. Benefit from the great thermal and
chemical robustness, aswell as high gas permeance and selectivity, carbon
membranes are raising increasing interest for various applications, partic-
ularly gas separations. Membranes of this type are usually prepared by
carbonization or pyrolysis of different types of polymeric precursors
[16], which are usually thermosetting polymers [4].

The preparation process consists of two significant steps. The first step
is forming a polymeric precursor membrane of required configurations,
such as self-supported hollow fiber membranes that can be fabricated
via temperature or solvent induced phase inversion process, and poly-
meric film supported by porous planar or tubular supports, via methods
such as dip-coating and spin-coating, etc. In the first step, selection of suit-
able polymeric material and formation of a uniform membrane/film are
the critical factors for consideration. Polymeric materials are the sources
of the carbon, which directly determines factors such as pore size and
mechanical properties of the resultant carbon membranes. For the self-
supported hollow fiber membranes, uniformity of the membrane micro-
structures is an essential factor, because the resultant carbon membrane
usually is of the same geometry and microstructure. For supported mem-
branes, a polymeric film is formed on a porous support made of inorganic
materials such as alumina or stainless steel. Proper adhesion between the
carbon membrane and the support is essential and challenging [38], and
will affect the separating performance and durability of the composite
membranes for large-scale applications.

The second step is to convert these polymeric precursors into a carbon
membrane at high temperatures and under vacuum or controlled nonox-
idative atmospheres. In the second step, operating parameters such as
temperature and nonoxidative environment are key factors affecting the
microstructure of resultant carbon membranes.

5.5.3.1 Precursor Polymeric Materials

Precursor polymeric materials are the source of carbon, and as thus
play a critical role in deciding the final microstructure of the carbon mem-
brane. This is entirely reasonable because two polymers of different
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compositions and structureswill give different forms of carbon, even if the
same pyrolysis conditions were used. To date, a wide variety of polymeric
materials have been investigated as the carbon source, which include
polyimides, polyfurfuryl alcohol, polyetherimide, phenolic resin, and
polyphenylene oxide, etc. [38]. Among these materials, the aromatic
polyimide-type polymer is a very promising choice regarding fabricating
high-quality carbonmembranes, due to advantageous characteristics such
as excellent thermal and structural stability, and high glass transition tem-
perature and melting point [39]. Sometimes, the precursor polymeric
materials can be modified through cross-linking, polymer-blending, and
employing functional materials such as metal-organic-framework
(MOF) [38] to obtain carbonmembraneswith further improved separation
performance.

5.5.3.2 Converting Conditions

Under controlled conditions, such as temperature and atmosphere, pre-
cursor polymeric materials are converted into carbon, during which
micropores are formed when gaseous molecules get away from the solid
matrix of the precursor membrane. Carbon membranes can have micro-
pores of different sizes [40], which include molecular sieve carbon mem-
branes (MSCM) with small pores (<4 Å) and adsorption selective carbon
membranes (ASCM) with larger pores (5–7 Å) [16]. In addition to the
nature of the precursor polymeric materials, converting conditions play
important role in affecting how densely carbon is packed and pore size
distributions, and as thus the separating performance of carbon mem-
branes. In contrast to polymeric membranes, separating performance of
carbon membranes can exceed upper bound, while still limited by the
trade-off between selectivity and permeability. This means that a more
permeable carbon membrane is very likely to provide a lower perm-
selectivity, which is entirely different from dense inorganic membranes
previously introduced.

5.5.3.3 Membrane Configurations

Carbon hollow fiber membrane is the primary self-supported mem-
brane configuration, due to advantages such as a well-developed tech-
nique for fabricating precursor membranes, high packing density due
to the smallmembrane diameter, and good separating performance. How-
ever, the brittleness of suchmembranes is still challenging for engineering
applications [38]. Alternatively, supported carbonmembranes can be very
thin, flexible in membrane configurations (planar and tubular) and
mechanically stable. To survive the carbonization or pyrolysis conditions,
inorganic porous supports have to be used, which raise another challenge
regarding the excellent adhesion between the carbon membrane and the
support. Processes such as repeated coating, modification of support sur-
face, adding inorganic particles into polymeric precursor, applying
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intermediate buffering layer and using plasma-enhanced chemical vapor
deposition (PECVD), etc. [38] have been attempted. Similar to the sup-
ported dense membranes previous introduced, further improvement is
still needed to address this challenge before suitable engineering applica-
tions can be implemented.

5.5.4 Gas Transport Through Microporous Membranes

Gas transport through microporous membranes can be complicated,
with various theories developed to describe and explain this process. Sev-
eral factors leading to the complexity of this type, which is very different
from the dense inorganic membranes, include:

1. Interactions between membrane material and gas species: microporous
membranes made of silica, zeolite and carbon are distinct in material
properties (e.g., hydrophobicity and hydrophilicity), which interact
with various gas species (different in terms of size/kinetic diameter and
properties) in different ways, such as adsorption, not only on
membrane surface, but also inside membrane pore network (pore wall)
when gas molecules travel through.

2. Actual pore size distribution: microporous membranes are defined with
pore sizes less than 2 nm. While the actual pore size distribution can be
wider due to the presence of nonstructural pores, such as
intercrystalline pores of zeolite membrane and mesopores in silica and
carbon membranes. This allows the gas transport through the
membrane to proceed via multiple mechanisms.

3. Operating conditions: pressure and temperature can change the gas
transport behavior, not only by changing the extent of driving force, but
also the interactions between gas species and membrane materials,
which can lead to different transport mechanisms under different
operating conditions.

4. Gas mixtures: interactions between gas molecules in a gas mixture can
also intervene the gas transport through microporous membrane, for
example, competitive adsorption between gas molecules. It is thus not
uncommon to seemembrane selectivity based on single gas permeation
to be different from gas mixtures.

Standard mechanisms for gas transport through a porous membrane
include Knudsen diffusion, surface diffusion, condensation-permeation
andmolecular sieving. Knudsen diffusion is important when themean free
path of gas molecules is much larger than membrane pore size, and molec-
ular collisions against pore wall are more significant than the one between
gas molecules. Surface diffusion occurs when there is a strong affinity
between gas species and pore wall at a sufficiently low temperature and
high pressure. The per-selectivity is codetermined by the extent of
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adsorption and mobility of the adsorbed molecules. Condensation-
permeation occurs when a condensable gas forms a liquid phase that filling
in the pores. This allows good selectivity because noncondensable gases are
blocked from passing through the membrane by this liquid phase. Molec-
ular sieving uses sufficiently small pores to allow smaller molecules to pass
through and retain the one larger than membrane pores.

When the operating temperatures are relative low, condensation-
permeation can be important for applications involving volatile organic
solvents. Surface diffusion/competitive adsorption-diffusion can be the
primary transport mechanism for microporous silica, zeolite and carbon
membranes. Gas species preferentially adsorbed onto the pore wall
reduce the free spaces for nonadsorbing or weakly adsorbing molecules
to enter, benefiting the membrane selectivity. Adsorbed molecules trans-
port via surface diffusion. This combined effect leads to membrane selec-
tivity to gas mixtures different from single gas. At elevated temperatures,
preferred adsorption is weakened, with more pore space open to nonad-
sorbing species, leading to increased permeation of nonadsorbing species
and changes of membrane selectivity with the operating temperatures.

As previously introduced, the gas transport through a microporous
inorganic membrane can be complicated [4, 16, 37], and affected by differ-
ent factors. In many cases, the transport process can be cogoverned by
multiple mechanisms. Despite different theories available, experimental
tests on gas separation under different conditions (gas compositions, tem-
perature, pressure, etc.) are still the dominant standard to validate and
interpret the actual gas transport through a microporous membrane.

5.6 SUMMARY

Inorganic membranes are playing graduallymore essential roles in var-
ious membrane processes, particularly gas separation that can be further
coupledwith catalytic reactions to developmembrane reactors. In contrast
to polymeric counterparts, inorganic membranes are unique in terms of
their outstanding thermal, chemical andmechanical robustness, while less
adopted by engineering applications due to factors such as relatively high
material costs, complicated membrane fabricating processes, and temper-
ature induced compatibility issues such as high-temperature sealing,
although the membrane separating performance can exceed polymeric
membranes. To address these issues, a breakthrough in material design
and development is critically important, as exampled by the MIEC mem-
branes for oxygen separation. Also, sustainable development of sup-
ported membranes can be very beneficial, while in many cases limited
by the mismatch in the natures of materials, which also requires further
innovations in material design and development.
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Despite these challenges for inorganic membranes, fast and significant
progress have been achieved in the last several decades, driven by various
demands for more energy efficient and environmentally friendly separa-
tion processes. In this chapter, essential and fundamental concepts and
principles of developing inorganic membranes for gas separations have
been outlined, which aims at benefiting the readers who are seeking for
appropriate knowledge in this area, before being capable of exploring
more professional expertise of this technology.
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6.1 INTRODUCTION

Pervaporation and vapor permeation are energy efficient membrane-
based separation processes for azeotrope mixtures and close-boiling liq-
uids [1, 2]. The processes can be used for water removal, organic recovery
and the separation of organicmixtures. Pervaporation is a process where a
liquid feed mixture evaporates at a membrane and permeates through the
membrane whereas vapor permeation is the permeation of organic vapors
or gases through a membrane. Both processes achieve the separation by
selectively permeating a particular component to other feed components.

One of the primary applications for water removal is the dewatering of
alcohols in particular ethanol [3, 4]. The water content of bioethanol must
not exceed 1% (v/v) [5] to be blended into gasoline. There has been a keen
interest in the pharmaceutical industry to purify and recycle solvents
because it could lower CO2 emission and result in greener and more sus-
tainable manufacture processes [6]. Besides, this chapter will also focus on
pervaporation recovery of organic compounds. The last application is the
separation of organic-organic azeotropes or mixtures with close boiling
points such as isomers [7].

Despite the high expectation of the membrane-based processes for
vapor separation, the actual industrial adoption of the processes is low
[1]. This may be attributed to the high initial cost of the membrane-based
processes and the lack of robustness of the membranes. The ideal
membrane-based separation processes must not only have membranes
with high flux and selectivity but also have long-term stability and robust-
ness in various feed mixtures and harsh testing conditions. Depending on
the applications, suitable membranes need to be employed. Generally,
hydrophilic membranes or molecular sieving membranes are used for
water removal whereas hydrophobic membranes are employed for
organic recovery and organic-organic separation.

The first commercial dehydration membrane was developed by GFT
[8]. It was a composite membrane consisting of poly(vinyl alcohol)
(PVA) and polyacrylonitrile (PAN). Although it was the first break-
through for the industrialization of pervaporation dehydration of organic
solvents, the PVA/PAN composite membranes had relatively low separa-
tion performance [9]. Since then, polyimides [10], polyamides [11], and
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polybenzimidazole (PBI) [12] membranes were developed to improve the
thermal and chemical stability of feeds containing acids and acetone.
However, polyimidesmight go through hydrolysis and cause degradation
of membranes over time [13]. Also, both the polyimides and PBI mem-
branes required cross-linking modifications to improve their chemical
resistance toward polar solvents like acetone [14]. Other chemically resis-
tant membranes made of perfluoro polymers, such as Hyflon [3] and Tef-
lon [15], were also investigated (the materials were invented for other
applications, and later for dehydration) to dehydrate alcohols for vapor
permeation applications at temperatures as high as 120°C. Teflon
AF2400 has higher thermal stability than Hyflon AD60 due to its higher
glass transition temperature (240°C vs. 125°C). Besides, significant efforts
have been focused on the use of mixed matrix membranes to improve the
separation performance of polymeric membranes. In particular, metal
organic frameworks (MOFs) [16–18] have been incorporated in various
polymeric membranes for solvent dehydration.

Polydimethylsiloxane (PDMS) has been the benchmark membrane
material for removing alcohols and other organics from aqueous streams.
Efforts were made to find alternative membranes made of other new
hydrophobic materials such as poly(1-trimethylsilyl-1-propyne)
(PTMSP) [19] polyether block amide (PEBA) [20, 21], polymer with intrin-
sic microporosity-1 (PIM-1) [22], Teflon [23], PVDF [24], silicalite-1[25],
ZSM-5 [26], and MOFs [27]. Among them, the inorganic membranes
had a selectivity several times higher than the polymeric membranes.
Compared to PDMS, there were no polymeric membranes with a much
better selectivity for organic solvents except PTMSP, but the permeability
of the latter decreased with time. To enhance the separation performance
of PDMS and the other types of membranes, functional particles such as
MOFs, carbon nanotubes and silane-grafted silicalite-1 were incorporated
in the polymeric matrix to improve their selectivity for alcohols [28–31].

The challenge for organic recovery was to have polymeric membranes
with a high selectivity for a wide range of feeds to compete with other sep-
aration technologies such as steam stripping, adsorption, and distillation.
Usually, the membranes could achieve high selectivity and enrich the
organics from their lower concentrations. However, due to the membrane
swelling and saturation of hydrophobic sites, it was hard to further enrich
the organics from a low concentration to a high concentration because the
separation factor is not much higher than the separation factor achieved
by the vapor-liquid equilibrium [32, 33]. Therefore, the membrane recov-
ery alonemay not achieve the purification objective for the recovery of bio-
alcohols from fermentation broths because the alcohol concentrations in
the feed are about 2–10 wt%.

Lastly, the membrane development for organic-organic separation has
been limited because fewmembrane materials have the specific affinity to
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one of the organic compounds and the required solvent stability. Only a
few materials such as polyimides [34], polyether ether ketone (PEEK) [35]
and MOFs [27, 36] were explored for the separation of aromatic/aliphatic
mixtures. In most cases, inorganic fillers like graphene oxide (GO) [37],
carbon nanotubes [38] and MOFs [39, 40] were added into the polymeric
matrix to enhance the separation performance. So far, the separation of
organic-organic mixtures remains one of the least investigated areas for
pervaporation membranes [41]. The separation is challenging as each sep-
aration requires a particular type ofmembrane unlike solvent dehydration
and organic recovery.

Pervaporation and vapor separation membrane processes are essential
additions to the industrial separation processes. Pervaporation/vapor
permeation plants using Sulzer’s membranes for solvent dehydration
was reported to have �200 installations worldwide in 2012 [1]. Therefore,
we aim to cover the theoretical separation mechanisms, polymeric
membrane fabrication, membrane material selection for various types of
applications and membrane characterizations in this chapter.

6.2 THEORY BACKGROUND

It is essential to understand the fundamentals of pervaporation and
vapor permeation processes to select the appropriate membranematerials
and develop the suitable membranes for vapor separation applications.

6.2.1 Transport Mechanism

The solution-diffusion model is the most widely accepted transport
mechanism for pervaporation and vapor permeation processes [42]. The
model defines the transport of the permeating components through a
membrane consisting of three consecutive steps (Fig. 6.1):

Vapor 

permeate

Membrane

Feed

Sorption

Desorption

FIG. 6.1 Schematic presentation of the solution-diffusion mechanism.
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(i) Sorption of the feed components into the membrane;
(ii) Diffusion of the permeating components through the membrane;
(iii) Desorption of the permeating components to the vapor phase on the

downstream of the membrane.

The dominant steps are the sorption and the diffusion of the feed
components whereas the desorption step is very fast because vacuum
or sweeping gas is applied to remove the diffused components.

The flux of the permeating component i, Ji, can be expressed by the
following equation:

Ji ¼�Di
dCi

dx
(6.1)

where Di and dCi/dx are the diffusion coefficient and the concentration
gradient, respectively, of component i in the membrane. The concentra-
tions of component i at the feed and permeate sides of the membrane
are the products of the partial pressure of component i at the two sides
(Pi

f and Pi
P, respectively) and partition coefficient Si. Therefore, Eq. (6.1)

can be integrated as:

Ji ¼
DiSi P

f
i0 �P

p
i

� �

l
(6.2)

where l is the membrane thickness. Expressing the termDiSi as permeabil-
ity (Pi), and substituting it into Eq. (6.2), one can obtain Eq. (6.3) as follows:

Ji ¼
Pi P

f
i0 �P

p
i

� �

l
(6.3)

The transport in pervaporation and vapor permeation processes is
determined by two factors: (1) the solubility of a feed component in the
membrane and (2) the diffusion rate of the permeant through the mem-
brane. It is worth noting that the two factors are tightly coupled because
a higher solubility of the component in a membrane may significantly
swell up the membrane and leads to a significantly higher diffusivity
for that component [43].

6.2.2 Evaluation of Pervaporation and Vapor Separation
Membranes

For pervaporation and vapor separation, the reported separation per-
formance in literature is not as standardized as those in gas separation.
Hence, a comparison of performance data available in the literature is
not so straightforward because the driving force (i.e., the vapor pressure
across the membrane) may or may not be included in the calculation of
separation performance. Mass flux (J in kg/m2 h or g/m2 h) and
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separation factor (β) have been widely used as the performance indices for
pervaporation and vapor separations, but they are not normalized by the
driving force. As a result, the reported separation performance is the perfor-
mance of the pervaporation process rather than themembrane itself. Gener-
ally, the permeate flux J can be calculated using the following equation:

J¼ Q

A � tð Þ (6.4)

where Q is the total mass of the permeate over time t, and A is the mem-
brane area. Separation factor can be calculated using the following
equation:

βa=b ¼
ya=yb
xa=xb

(6.5)

where x, y are the mass fractions of the components in the feed, and the
permeate, respectively, and the subscripts refer to the components a
and b. In some literature, the enrichment factor of a component, the ratio
of the permeate concentration to the feed concentration, is also used
instead of the separation factor.

To determine the intrinsic permeance (permeability/membrane thick-
ness, see below) and selectivity of a pervaporation membrane, the driving
force which is the difference between the partial vapor pressures of the
component at the upstream (feed) and downstream (permeate) sides of
themembrane should be considered. The partial vapor pressure (fugacity)
of component i on the feed side can be calculated based on its mole frac-
tion, xi, in the feed liquid mixture.

P
f
i ¼ xiγiP

sat
i0 (6.6)

where γi is the activity coefficient and Pi0
sat is the vapor pressure of com-

ponent i in the feed. Combining Eqs. (6.3), (6.6) and applying Dalton’s law
to derive the permeate partial pressure, one may obtain the following
basic transport equation for pervaporation:

Ji ¼
Pi xiγiP

sat
i0 �yiP

p
� �

l
(6.7)

where Pi and yi are the permeability and themole fraction in the permeate,
respectively, of component i, l is the membrane thickness, and Pp is the
total permeate pressure. However, the term Pi

l known as permeance is
often used for asymmetric membranes because of the difficulties to obtain
the exact thickness of the selective layer. By rearranging the above equa-
tion, the permeance could be rewritten as follows:

Pi

l
¼ Ji

xiγiP
sat
i0 �yiPp

� � (6.8)
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The selectivity of themembrane for two components, a and b, is defined
as the ratio of their permeability.

αb=a ¼Pb

Pa
(6.9)

6.3 FABRICATION OF PERVAPORATION AND VAPOR
SEPARATION MEMBRANES

Based on the membrane structure, membranes for pervaporation/
vapor permeation can be either dense or asymmetric with a dense selec-
tive layer as illustrated in Fig. 6.2. Dense membranes are normally used in
the laboratory to study the properties of membrane materials rather than
real industrial applications due to their low permeation fluxes and large
transport resistance caused by the large thickness. In contrast, asymmetric
membranes possessing a thin dense selective layer and a relatively thick
microporous substrate have a much higher flux due to the reduced sub-
structure resistance. Some common fabrication methods for pervapora-
tion/vapor permeation membranes are introduced below.

6.3.1 Solution Casting

Solution casting is the most common method for fabricating flat-sheet
membranes with different membrane structures, which consists of three
steps: (1) the polymer and potential additives are dissolved in a solvent
to form a homogeneous polymer solution; (2) the polymer solution is

Asymmetric

membrane 

Dense membrane

Homogeneous structure

Wholly integral asymmetric structure
made from the same material 

Asymmetric structure consisting of layers made
from different materials (composite membranes)

FIG. 6.2 Polymeric membranes classified by the membrane structure.
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spread evenly onto a flat support; (3) the solvent in the nascent membrane
is removed by evaporation and/or nonsolvent induced phase inversion
processes.

Dense membranes are prepared by the slow and complete evaporation
of the solvent to form dense homogeneous structures, whereas asymmet-
ric membranes with interconnected cell structures as a support layer are
obtained when the solvent removal procedure involves a nonsolvent
induced phase inversion process [44]. Besides, the addition of highly vol-
atile solvents into the casting solution followed by evaporation before the
phase inversion promotes the formation of a top dense layer for asymmet-
ric membranes. Also, multilayered asymmetric membranes can be pre-
pared by casting several polymer solutions with different compositions
simultaneously.

For the case of mixed matrix membranes (MMMs), the inorganic fillers
are dispersed into a polymer dope solution with the assistance of
sonication and thorough stirring to avoid the agglomeration of the fillers.
Subsequently, MMMs are formed by the similar procedures as
aforementioned.

6.3.2 Hollow Fiber Spinning

As compared with flat sheet membranes, hollow fiber membranes pos-
sess superior advantages such as higher surface area, higher packing den-
sity, excellent flexibility, self-support property, and ease of fabrication as
well as scale-up [45–47]. Fig. 6.3 illustrates a typical hollow fiber spinning
process via nonsolvent induced phase inversion method.

During hollow fiber spinning, the predegassed dope solution is
extruded simultaneously with the bore fluid in the lumen side of the
nascent fiber with specific flow rates. Coagulation at the internal surface
of the nascent fiber occurs right away after it emerges from the spinneret.
Meanwhile, partial coagulation starts at the outer surface when the

Air gap

Stretching

Coagulation bath

Moisture

Die swell

Dope
solution

Dope
solution

A. Pumps contain the spinning dope or bore fluid

B. Spinneret

C. Filters

D. Coagulation bath

E. Roller

A A

B

C
C

D

E

FF. Water sprinkler

Bore
fluid

Formulation 

and rate

Take up speed

Nonsolvent induced phase inversion

FIG. 6.3 The scheme of a typical hollow fiber spinning process.

188 6. PERVAPORATION AND VAPOR SEPARATION



nascent fiber travels a certain air-gap distance due to the humidity in the
air. Then the fiber enters the coagulation bath, where the whole phase
inversion process takes place via the full precipitation of the fiber. After-
ward, the hollow fiber is collected by a rolling drum with a controlled
take-up speed. During the whole process, the structure and morphology
of hollow fiber membranes are influenced by a variety of process param-
eters, including spinneret design, dope formulation, bore fluid formula-
tion, flow rates of both dope solution and bore fluid, coagulation bath
composition, spinning temperature, air gap distance, humidity and
take-up speed, etc. The spinning process becomesmore complicatedwhen
the spinning changes from single layer to dual layer coextrusion. The
dual-layer spinning technique has attracted much attention Because it
possesses the advantages of cost reduction aswell asmore freedom in cus-
tomization of materials and morphology for the selective layer and sup-
ports [48, 49]. The conventional single-layer and dual-layer hollow fiber
membranes have single-bore geometry. To enhance the mechanical prop-
erties, multibore hollow fiber membranes have also been developed for
pervaporation by using a specially designed three-bore spinneret with a
blossom geometry [50].

6.3.3 Typical Methods for Fabricating Composite Membranes

Composite membranes are a type of asymmetric membranes. The com-
posite approach gives more freedom to design and engineer high-
performance membranes because they consist of multilayers made from
different materials. For example, researchers can choose a small number
of expensive materials with excellent separation performance as the
ultra-thin selective layer and use cheap materials for the porous support.
Therefore, the composite membranes are more cost-effective and have
great potential for industrialization.

There are two strategies to fabricate composite membranes. One is to
simultaneously fabricate both the top selective layer and porous support
in one step by multilayer solution casting or dual-layer hollow fiber spin-
ning as mentioned above. The other is to fabricate the porous membrane
substrate first, and then to deposit the dense selective layer on the sub-
strate via coating, interfacial polymerization, in-situ growth or layer by
layer method. Some relevant technologies are summarized below.

6.3.3.1 Solution Coating

The solution coating technologies are widely used for fabricating com-
posite pervaporation/vapor permeation membranes, including spin coat-
ing, dip coating, spray coating and so on [51–53]. The intrusion of the top
selective layer into the substrate should be minimized during coating
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either by prewetting of the substrate or coating a permeable gutter layer on
the substrate first to stop the intrusion [54, 55]. The coating conditions are
also critical to achieving a uniform and thin dense selective layer.

6.3.3.2 Interfacial Polymerization

As demonstrated in Fig. 6.4, during the interfacial polymerization pro-
cess, two monomers are dissolved in two immiscible solvents, respec-
tively. Then the polymerization of the two monomers takes place at the
interface of the two liquid phases on top of the substrate. Thus, an ultra-
thin layer is formed. The thin-film composite (TFC) membranes fabricated
via interfacial polymerization have drawn attention in recent years for
pervaporation due to its excellent separation performance and ease of fab-
rication [56–62]. The morphology, hydrophilicity, as well as free-volume
properties of the formed thin-film selective layer, can be adjusted via
using differentmonomers, varyingmonomer concentration, changing sol-
vent chemistry, adding surfactants or catalysts, or adjusting surface mor-
phology of the support. Hence, TFC membranes fabricated from this
technology are promising because the thickness of the dense selective
layer could be controlled in molecular level easily and thus achieve both
high flux and separation factor.

6.3.3.3 Layer-by-Layer Technology

The layer-by-layer technology is also used to develop composite mem-
branes, in which the selective layer is typically formed by depositing alter-
nating layers of oppositely charged polyelectrolyte materials based on
their attractive forces [63, 64]. However, the long-term stability of compos-
ite membranes fabricated by this method in aqueous solutions may be an
issue. Therefore, some researchers have used other materials via layer-by-
layer technology based on covalent bond interaction, which has been
proved to possess a stable performance for alcohol dehydration [65].

In summary, several criteria are needed when fabricating composite
membranes: (1) Good compatibility between the layer materials is

Aqueous phase 

with amine or 
other monomer

Oil phase with 

acyl chloride

Porous 
substrate

Aqueous 
solution coating

Interfacial 
polymerization

FIG. 6.4 A typical procedure of TFCmembranes fabricated via interfacial polymerization.
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essential so that there is no delamination between layers; (2) The solvent
used to form the top selective layer should not damage the bottom layer;
(3) The intrusion of the top layer material into the bottom layer should be
minimized in order to decrease the substrate resistance. (4) An ultra-thin
selective layer and a porous substrate are desired to achieve high
productivity.

6.3.4 Physicochemical Modifications

Postmodification is commonly used to improve the separation perfor-
mance and stability of pervaporation/vapor permeation membranes,
including crosslinking, grafting, and thermal annealing. Among them,
crosslinking is the most common technique to stabilize membranes and
to suppress their swelling caused by direct contact with liquid or
vapor-state organic solvents. Besides, grafting of functional groups onto
membranes can help to adjust the hydrophilicity or hydrophobicity and
thus improve the affinity between the permeating molecules and the
membranes. Also, postannealing is a versatile and efficient technique to
eliminate defects in the selective layer and improve its separation
performance.

6.4 PERVAPORATION MEMBRANES

6.4.1 Dehydration of Organics

6.4.1.1 Highly Hydrophilic Polymeric Membranes

At the early stage of membrane development for dehydration, highly
hydrophilic membranes such as poly(acrylic acid), PVA, sodium alginate
and chitosan received much attention due to their excellent solubility
selectivity [66–69]. However, they lack mechanical strength and show
severe swelling in aqueous solutions. As a result, crosslinking is necessar-
ily employed to stabilize these membranes. In recent years, the develop-
ment of dehydration membranes has shifted toward the exploration of
new chemically and thermally stable materials. Polymers with stiff and
rigid chains have been considered to dehydrate aggressive solvents at ele-
vated operating temperatures. Some representative materials will be
introduced in detail in the following sections, and Table 6.1 summarizes
their separation performance.

6.4.1.2 Polyimide Membranes

Polyimides have emerged as potential alternative materials for the
dehydration of alcohols and other organic solvents [10, 12, 67, 71,
90–92]. This is because they have excellent thermal, chemical and
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TABLE 6.1 Selected Polymeric Membranes for Solvent Dehydration

Membranes Configuration Feed

Temperature

(°C)
Flux

(g m22 h21)

Normalized

flux

(g μmm22 h21)

Separation

factor

(water/

solvent) Ref.

POLYIMIDE

HPEI mediated GA modified
Torlon

HF Isopropanol/water
(85/15 wt%)

50 1521 NA 791 [70]

HPEI mediated BA modified
Torlon

HF Isopropanol/water
(85/15 wt%)

50 2285 NA 316 [70]

HPEI mediated GA modified
Ultem

HF Isopropanol/water
(85/15 wt%)

50 2192 NA 202 [70]

TAEA crosslinked P84 FS Acetone/water
(85/15 wt%)

50 658 NA 983 [71]

EDA vapor crosslinked P84 FS Acetone/water
(85/15 wt%)

50 1800 NA 53 [14]

P84 Dense FS Isopropanol/water
(85/15 wt%)

60 18 720 >5000 [72]

cPIM-1 (10%)/P84 Dense FS Isopropanol/water
(85/15 wt%)

60 31 1240 >5000 [72]

hPIM-1 (20%)/polyimide (i.e.,
Matrimid, Torlon, and P84)

Dense FS Ethanol/water
(85/15 wt%)

60 36.9, 17, 38 1845, 850, 1900 340, 157,
199

[73]

hPIM-1 (20%)/polyimide (i.e.,
Matrimid, Torlon, and P84)

Dense FS Isopropanol/water
(85/15 wt%)

60 39.5, 24.0,
41.5

1975, 1200, 2075 780, 719,
>5000

[73]
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hPIM-1 (20%)/polyimide (i.e.
Matrimid, Torlon, and P84)

Dense FS n-Butanol/water
(85/15 wt%)

60 47.8, 19.6,
40.0

2390, 980, 2000 >5000,
>5000,
>5000

[73]

6FDA-NDA/DABA (9:1)
polyimide

Dense FS Ethanol/water
(85/15 wt%)

25 133.4 2668 119 [74]

6FDA-NDA/DABA PI/SPI/
Ultem (3 wt% SPI)—thermal
treatment

HF Ethanol/water
(85/15 wt%)

60 2600 NA 130 [75]

6FDA-NDA/DABA PI/SPI/
Ultem (3 wt% SPI) – POSS
modification

HF Ethanol/water
(85/15 wt%)

60 2000 NA 237 [75]

6FDA/HAB/DABA poly
(benzoxazole-co-imide)

Dense FS Isopropanol/water
(85/15 wt%)

60 90 2108 2458 [76]

OTHER AROMATIC POLYMERS

PBI Single-layer
HF

Ethylene glycol/
water (50/50 wt%)

60 1147 NA 116 [77]

PBI/Ultem Dual-layer HF Ethylene glycol/
water (50/50 wt%)

60 232–732 NA 303-2288 [77]

Sulfonated PBI Dense FS Acetic acid/water
(50/50 wt%)

60 207 4140 5461 [78]

PBI Dense FS Isopropanol/water
(70/30 wt%)

70 137 5480 106 [79]

Chitosan-modified PBI Dense FS Isopropanol/water
(70/30 wt%)

70 250 10,000 108 [79]
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TABLE 6.1 Selected Polymeric Membranes for Solvent Dehydration—cont’d

Membranes Configuration Feed

Temperature

(°C)
Flux

(g m22 h21)

Normalized

flux

(g μmm22 h21)

Separation

factor

(water/

solvent) Ref.

Thermally rearranged PBO Dense FS Ethanol/water
(90/10 wt%)

25 42 NA 56 [80]

Thermally rearranged PBO Dense FS Isopropanol/water
(90/10 wt%)

80 135 3375 171 [80]

Thermally rearranged PBO Dense FS n-Butanol/water
(90/10 wt%)

80 58 1450 441 [80]

Poly[(methylene-
bisanthranilamide) 4,40-
diphenyloxidicarboxylic acid]
(precursor)

Dense FS Isopropanol/water
(90/10 wt%)

50 60 1200 140 [81]

Poly(benz-3,1-oxazinone-4) Dense FS Isopropanol/water
(90/10 wt%)

50 3 60 9000 [81]

POLYAMIDE

TAEA-TMC polyamide/mPAN FS Ethanol/water
(90/10 wt%)

25 1151 NA 1491 [82]

HPEI-2K-TMC polyamide/
Torlon

HF Isopropanol/water
(85/15 wt%)

50 1282 NA 624 [56]

(MPD-TMC) polyamide/ceramic
with HPEI pretreatment and
PDMS coating.

HF Isopropanol/water
(85/15 wt%)

50 2190 NA 2800 [61]
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HGOTMS grafted HEPI-2K-TMC
polyamide/Ultem

HF Isopropanol/water
(85/15 wt%)

50 3121 NA 467 [83]

HPEI/MPD-TMC polyamide/
Ultem tri-bore hollow fiber

HF Isopropanol/water
(85/15 wt%)

50 2647 NA 261 [50]

MPD-TMC polyamide/modified
PVDF

HF Ethanol/water
(85/15 wt%)

50 1288 NA 40 [84]

HPEI-TMC polyamide/PES with
polydopamine pre- and
postcoating

FS Ethylene glycol/
water
(80.8/19.2 wt%)

38 429 NA 196 [85]

PERFLUORO POLYMERS

Perfluorodimethyldioxole-
tetrafluoroethylene (PDD-TFE)
copolymer

FS Hydrogen peroxide/
water (43/57 wt%)

25 61.5 6765 12 [86]

Perfluoro-2,2-dimethyl-1,1,3-
dioxole copolymerized with
tetrafluoroethylene

Dense FS N,N-
Dimethylformamide/
water (90/10 wt%)

50 77 1925 12,500 [87]

Perfluoro-2,2-dimethyl-1,1,3-
dioxole copolymerized with
tetrafluoroethylene (CMS-3)

Dense FS N,N-
Dimethylacetamide/
water (90/10 wt%)

50 9.1 227.5 1500 [87]

Perfluoro-2,2-dimethyl-1,1,3-
dioxole copolymerized with
tetrafluoroethylene

Dense FS N,N-
Dimethylsulfoxide/
water (90/10 wt%)

50 8.1 202.5 1500 [87]

Hyflon AD/cellulose ester FS Ethanol/water
(90.2/9.8 wt%)

75 1746 NA 409 [3]

Continued
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TABLE 6.1 Selected Polymeric Membranes for Solvent Dehydration—cont’d

Membranes Configuration Feed

Temperature

(°C)
Flux

(g m22 h21)

Normalized

flux

(g μmm22 h21)

Separation

factor

(water/

solvent) Ref.

Hyflon AD60X/PVDF FS n-Butanol/water
(95/5 wt%)

20 156 NA 1564 [88]

Perfluoro-2,2-dimethyl-1,1,3-
dioxole copolymerized with
tetrafluoroethylene (CMS-3)

Dense FS Acetone/ethanol/n-
butanol/water (27.7/
5.3/56.2/10.8 wt%)

50 33 825 200, 1000,
5200

[89]

Perfluoro-2,2-dimethyl-1,1,3-
dioxole copolymerized with
tetrafluoroethylene (CMS-3)

Dense FS Ethylene glycol/
water
(80.8/19.2 wt%)

30 24.1 603 2419 [89]

Note: HF, hollow fiber; FS, flat sheet; NA, not available; HPEI, hyperbranched polyethyleneimine; GA, glyoxylic acid; BA, benzaldehyde; TAEA, tris(2-aminoethyl)amine;

EDA, ethylene diamine; PIM, polymers of intrinsicmicroporosity; cPIM-1, carboxylated PIM-1; hPIM-1, hydrolyzed PIM-1; 6FDA, 4,40-(hexafluoroisopropylidene) diphthalic
anhydride; NDA, naphthalene diamine; DABA, 3,5-diaminobenzoic acid; HAB, 3,30-dihydroxybenzidine diamine; PI, polyimide; SPI, sulfonated polyimide; POSS,

polyoctahedral oligomeric silsequioxanes; PBI, polybenzimidazole; PBO, polybenzoxazole; mPAN, modified polyacrylonitrile; TMC, trimesoyl chloride; MPD,

m-phenylenediamine; PDMS, polydimethylsiloxane; PVDF, poly(vinylidene fluoride).

1
9
6

6
.
P
E
R
V
A
P
O
R
A
T
IO

N
A
N
D

V
A
P
O
R
S
E
P
A
R
A
T
IO

N



mechanical stabilities, high water selectivity, and less degree of swelling
compared with hydrophilic polymers such as polyvinyl alcohol [10, 91,
93]. Because the development of polyimide membranes for pervaporation
has been extensively reviewed [10], only the recent ones will be intro-
duced here. Fig. 6.5 shows the chemical structures of four commercially
available polyimide materials. They are P84, Matrimid, Ultem, and Tor-
lon. Both their pristine and modified polymers have been studied exten-
sively for pervaporation dehydration. Hua et al. studied Torlon andUltem
hollow fibers and proposed a universal approach consisting of hyper-
branched polyethyleneimine (HPEI) pretreatment and aldehyde modifi-
cation to improve their separation factors and fluxes for the
dehydration of isopropanol [70]. To develop the polyimide membrane
suitable for the dehydration of acetone (i.e., a harsh organic solvent), Mad-
gindaan et al. used tripodal amine and ethylenediamine to crosslink the
P84 asymmetric membranes using liquid immersion and vapor crosslink-
ingmethods, respectively [14, 71]. The former resulted inmembraneswith
a high separation factor and a reasonable flux while the latter achieved a
high flux and a reasonable separation factor. Besides, polymers of intrinsic
microporosity (PIM) and their derivatives such as carboxylated PIM-1,
hydrolyzed PIM-1 as well as their blends with P84 have been explored
for alcohol dehydration [72, 73]. Results showed that by optimizing the
blending ratio, one might obtain both good flux and separation factor
simultaneously. It is worth noting that the commercial polyimide mate-
rials also serve as excellent substrates when developing composite mem-
branes for pervaporation, which will be mentioned below.

Besides the modifications of commercially available polyimide mate-
rials, researchers also designed and synthesized new polyimides for per-
vaporation membranes based on the reaction between the bifunctional
carboxylic acid anhydrides and primary diamines. Le et al. synthesized
copoly(1,5-naphthalene/3,5-benzoic acid-2,20-bis(3,4-dicarboxyphenyl)

FIG. 6.5 The chemical structures of commercial polyimides P84, Matrimid, Ultem, and
Torlon.
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hexafluoropropanedimide (6FDA-NDA/DABA) and further modified it
with various crosslinking methods, including thermal, diamino and diol
cross-linking modifications [74]. The developed dense membranes
showed good antiswelling properties and separation performance for eth-
anol dehydration. Later, they further synthesized a sulfonated 6FDA-
NDA/DABA polyimide and used it as a water-selective layer in the
sulfonated 6FDA-NDA/DABA polyimide/Ultem dual-layer hollow fiber
membranes for ethanol dehydration [75]. A surface modification using
polyhedral oligosilsesquioxane (POSS) particles was employed to
enhance the antiswelling property. Salehian et al. developed pervapora-
tion membranes for isopropanol dehydration via synthesizing a 6FDA-
durene-DABA polyimide, adjusting the membrane pore size by cross-
linking it with the aid of iron(III) acetylacetonate and post thermal treat-
ment [94]. Xu et al. synthesized a new polyimide precursor by the poly-
condensation of three monomers; namely, 6FDA, 3,30-
dihydroxybenzidine diamine (HAB) and DABA, followed by a thermal
crosslinking to form poly(benzoxazol-co-imide). This material showed
impressive results for isopropanol dehydration [76]. Fig. 6.6 depicts the
chemical structures of monomers involved in the aforementioned polyi-
mide syntheses.

6.4.1.3 Membranes From Other Aromatic Polymers

Other aromatic polymers such as polybenzimidazole (PBI), polyben-
zoxazole (PBO), and polybenzoxazinone (PBOZ) have also shown great
potential in solvent dehydration due to their excellent chemical and

6FDA (dianhydride) HAB (diamine) DABA (diamine)

NDA (diamine)Durene (diamine)

O

O

O

O
HO OH

COOH

NH2

NH2

NH2

NH2

CH3

CH3

CH3

H2N

H3C

NH2

CF3

CF3

H2N

H2N

O

O

FIG. 6.6 The chemical structures of monomers involved in polyimide synthesis, such as
6FDA (4,40-(hexafluoroisopropylidene) diphthalic anhydride), HAB (3,30-dihydroxybenzidine
diamine), DABA (3,5-diaminobenzoic acid), durene (2,3,5,6-tetramethyl-1,4-phenylenedia-
mine), NDA (naphthalene diamine).
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thermal resistance. Fig. 6.7 shows their chemical structures. The PBI-based
pervaporation membranes were pioneered by Chung’s group. They
developed PBI and sulfonated PBI membranes in the forms of flat-sheet
and hollow fiber configurations for dehydration of various solvents such
as alcohols, glycols, acetone and acetic acid [77, 78, 95]. Besides, Han et al.
improved the dehydration performance of PBI membranes by modifying
their surfaces with hydrophilic chitosan for isopropanol (IPA) dehydra-
tion [79]. In contrast, both PBO and PBOZ membranes were synthesized
by the thermal rearrangement process from their respective precursors
[76, 80, 81]. Ong et al. and Xu et al. reported that both thermally rearranged
PBO and poly(benzoxazole-co-imide) exhibited stable separation perfor-
mance in IPA dehydration for more than 200 h [76, 80] whereas Pulyalina
et al. found that the PBOZ showed effectiveness in dehydration of water-
isopropanol mixtures with a high separation factor [81].

6.4.1.4 Polyamide Membranes

Polyamides known as nylon are a group of heat-resistant materials with
good chemical and mechanical stability. They can be synthesized by step-
growth polymerization, such as interfacial polymerization. However,
their dense membranes exhibit an extremely low permeability [96]. There-
fore, a thin-film polyamide is usually synthesized on top of membrane
supports via interfacial polymerization and the resultant membranes
are often referred to as thin-film composite (TFC) membranes, as intro-
duced in Section 6.3.3.2 and Fig. 6.4. In recent years, polyamide based

FIG. 6.7 The chemical structures of PBI, PBO, and PBOZ.
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TFC membranes have emerged as a great candidate for dehydration of
organics via pervaporation. Most of these studies focused on interfacial
polymerization as functions of monomer types, substrates, pretreatment
and posttreatment conditions [11, 50, 56–58, 61, 62, 82, 84, 85, 97–99]. Some
typical monomers in both aqueous and organic phases for interfacial poly-
merization are shown in Fig. 6.8. A detailed review on recent development
of TFC membranes for pervaporation can be found in the literature [2].

6.4.1.5 Membranes From Perfluoro Polymers

Amorphous, solvent-processable perfluoro polymers (PFPs) such as
Teflon AF, Cytop, and Hyflon AD are another family of promising
membrane materials developed in the past 30 years [23, 100–106].
Fig. 6.9 illustrates their chemical structures. Because they have extraordi-
nary thermal and chemical resistance, they are unaffected bymost aggres-
sive chemicals including acids, bases, organic solvents, oils and strong
oxidizers [107]. PFPs have been explored by several research groups to

FIG. 6.8 The chemical structures of (A) aqueous phase monomers and (B) organic phase
monomers for interfacial polymerization.

FIG. 6.9 The chemical structures and trade names of commercial perfluoro polymers [3].
Reprinted with permission from American Chemical Society.
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dehydrate solvents including alcohols, acetone,N,N-dimethylformamide,
N,N-dimethylsulfoxide, N,N-dimethylacetamide, and hydrogen peroxide
[3, 86–89, 108–111]. Despite their intrinsic super-hydrophobicity, the size
exclusion mechanism has been considered as the dominant separation
mechanism for these amorphous perfluoropolymer membranes in dehy-
dration applications [111].

In summary, these rigid polymeric membranes show outstanding anti-
swelling properties and excellent selectivity; however, they normally have
a low water permeability, which could be overcome by making the selec-
tive layer ultra-thin (�100 nm) or blending them with other polymers or
inorganic fillers to enhance the free volume.

6.4.1.6 Mixed Matrix Membranes (MMMs)

Most commercialized inorganic membranes are made from zeolites
[112–114], silica [115–117], and ceramic [118, 119]. Other inorganic mate-
rials such as carbon [120, 121] and graphene oxide [122–127] are still at the
stage of research. Normally the commercial inorganic membranes possess
a flux several times higher than polymeric membranes and also have a
superior selectivity [116, 117, 128]. However, their production costs are
more expensive than those of polymeric membranes. Moreover, they also
show limitations such as poor stability in harsh feeds and difficulties in
scale-up. For example, zeolite membranes cannot withstand acid environ-
ments whereas carbon and graphene oxidemembranes have difficulties of
being scaled up.

Therefore, the concept of MMMs was proposed in the mid-1980s to
combine the strengths of both polymeric and inorganic materials in mem-
branes to overcome their limitations [129, 130]. Afterward, various types
of inorganic fillers have been incorporated into the polymeric matrix to
enhance the dehydration performance of polymeric membranes, includ-
ing zeolites [131, 132], silicalite [133, 134], metal oxide [135], carbon nano-
tubes [136], and MOFs [16, 17]. The effects of inorganic fillers on MMMs
are various. Some reported a flux enhancement but sacrificed the separa-
tion factor, while others observed enhancements in both flux and separa-
tion factor. The differences resulted from several aspects, including the
interfacial voids between inorganic fillers and the polymeric matrix, the
hydrophilic nature of fillers, the pore size and porosity of fillers, and
the rigidification of polymer chains by fillers [17, 137, 138]. Normally,
larger voids result in a higher permeability but a lower selectivity, while
fillers with a right pore size and good compatibility with the polymer
matrix lead to better separation performance.

Achieving a homogeneous dispersion of inorganic fillers in the poly-
mer matrix is a big challenge in developing MMMs. The agglomeration
of inorganic fillers causes defects in membranes and reduces the selectiv-
ity. To improve the filler dispersion and enhance the MMM performance,
several methods could be tried: (1) Controlling the filler size to be less than
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100 nm [139]; (2) Modifying the fillers with agents that induce strong
bonding with the polymer matrix [140]; (3) Coating the fillers with a
thin-layer of charged polymer [17, 138]; (4) Using less rigid fillers which
contain both organic and inorganic components such as polyhedral olig-
omeric silsesquioxane [141, 142] and MOFs [16, 143]. Separation perfor-
mance of MMMs for solvent dehydration has been summarized in
recent review papers [2, 40]. Therefore, Table 6.2 only shows some of
the most recently developed ones. MOFs particles are emerging as very
popular fillers inMMMs due to their highly porous structure, high surface
area, and flexibility, which help enhance the free volume of polymeric
materials. Not only do they improve permeability, but also some of them
enhance the selectivity.

6.4.2 Removal of Organics From Aqueous Solutions

Removal of organics from a dilute aqueous solution is a minor applica-
tion of pervaporation. It includes (1) the removal of a trace amount of
VOCs from wastewater for environmental protection [149, 150]; (2) the
recovery of valuable organics from aqueous solutions such as natural
aroma recovery from the food industries using organophilic pervapora-
tion [151, 152]; and (3) the removal of butanol from acetone-butanol-
ethanol fermentation broths that not only reduces the inhibitory effect
from butanol but also improve the productivity of ethanol and acetone
via a continuous production flow. Contrary to dehydration of organics,
the removal of organics from aqueous solutions requires membranes
made from organophilic materials which prefer the permeation of organic
compounds.

6.4.2.1 Hydrophobic Polymeric Membranes

PDMS, commonly known as silicon rubber, is the most widely studied
hydrophobic material and often regarded as the benchmark material for
the removal of organics. Besides PDMS, other hydrophobic materials have
also been studied. They are polyoctylmethyl siloxane (POMS) [153] and
polymethylphenylsiloxane (PMPS) [154, 155], PEBA [20, 21, 156–159],
fluoropolymers like polyvinylidene fluoride (PVDF) [24, 160–162] and
PTFE [161, 162], poly(3-hydroxybutyrate) (PHB) [163], poly(1-trimethylsi-
lyl-1-propyne) (PTMSP) [19, 164], and polymers of intrinsic microporosity
(PIMs) [22, 165], etc. Fig. 6.10 depicts their chemical structures. Table 6.3
shows some selected polymeric membranes developed in recent years for
organic/organic separation via pervaporationin. Among them, the sili-
cone rubber basedmembranes are prepared via crosslinking process, their
permeation fluxes are usually low. The PEBAmembranes can be prepared
easily because of no crosslinking reaction; they show a high solvent
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TABLE 6.2 Selected MMMs for Solvent Dehydration

MMM

Filler

loading

(wt%) Configuration Feed mixture

Temperature

(°C)
Total flux

(g m22 h21)

Normalized

flux

(g μmm22 h21)

Separation

factor

(organic/

water) Ref.Polymer Filler

PBI ZIF-8 33.7 Dense FS Isopropanol/
water
(85/15 wt%)

60 103 5150 1686 [16]

PVA H-ZSM5 7 Dense FS Isopropanol/
water
(90/10 wt%)

30 144–138 7200–6900 568–334 [144]

PVA H-ZSM5 7 Dense FS Ethanol/
water
(96/4 wt%)

30 125–118 6250–5900 349–236 [144]

P84 SPES primed
ZIF-90

30 Dense FS Isopropanol/
water
(85/15 wt%)

60 109 2398 5668 [17]

6FDA-
HAB/
DABA
polyimide

UIO-66 30 Dense FS Isopropanol/
water
(85/15 wt%)

60 190 4750 1883 [18]

6FDA-
HAB/
DABA
polyimide

UIO-66 30 Dense FS n-Butanol/
water
(85/15 wt%)

60 150 4500 5661 [18]
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TABLE 6.2 Selected MMMs for Solvent Dehydration—cont’d

MMM

Filler

loading

(wt%) Configuration Feed mixture

Temperature

(°C)
Total flux

(g m22 h21)

Normalized

flux

(g μmm22 h21)

Separation

factor

(organic/

water) Ref.Polymer Filler

PVA ZIF-8-NH2 7.5 Ethanol/
water
(96/4 wt%)

50 158 2370 148 [145]

6FDA
polyimide

Ammonia
functionalized
graphene
oxide

0.5 Dense FS Isopropanol/
water
(85/15 wt%)

60 161.5 4038 >5000 [146]

Chitosan ZIF-8 5 Dense FS Isopropanol/
water
(85/15 wt%)

30 410 20,500 723 [147]

PVA Polydopamine
coated SO3H-
MIL-101-Cr

30 Dense FS Ethylene
glycol/water
(90/10 wt%)

30 325 1300 4700 [148]

Note: HF, hollow fiber; FS, flat sheet; PBI, polybenzimidazole; ZIF, zeolitic imidazolate framework; PVA, poly(vinyl alcohol); 6FDA, 4,40-(hexafluoroisopropylidene)
diphthalic anhydride; HAB, 3,30-dihydroxybenzidine diamine; DABA, 3,5-diaminobenzoic acid.
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permeability [20, 156]. The fluoropolymer membranes possess very good
stability and good permeability [24, 161, 162, 166]. Other hydrophobic
polymers such as PTMSP and PIMs also exhibit a high permeability
due to their high free volumes [22, 165].

Because the available hydrophobic materials for recovery applications
are still limited, substantial researches have been conducted to improve
the existing pervaporationmembranes bymodifying their fabrication pro-
cesses. Taking PDMS as an example, one may change its viscosity and
solution composition aswell as substrates properties (i.e., pore size, poros-
ity, etc.) to improve the overall performance of composite membranes.
Moreover, researchers have also made efforts to develop new materials
for organic recovery. Grimaldi et al. prepared a new class of easy-to-
synthesize polymeric membranes comprising hydrophobic brush-like
structures as a selective layer by grafting hydrophobic vinyl monomers
on light-sensitive poly(ether sulfone) nanofiltration support membranes
[167]. Kim et al. synthesized block and random copolymers of norbornene
monomers bearing hydroxyhexafluoroisopropyl and n-butyl substituents
via living vinyl addition polymerization and made them into selective
layers of thin film composite membranes for n-butanol concentration
[168]. Huang and coworks developed polyurethane based interpenetrat-
ing polymer network membranes for butanol recovery [169, 170].

FIG. 6.10 Hydrophobic polymers applied in recovery of organics via pervaporation pro-
cess: PDMS, polydimethylsiloxane; POMS, polyoctylmethyl siloxane; PMPS, polymethyl-
phenylsiloxane; PEBA, polyetherblock-polyamides, PVDF, polyvinylidene fluoride; PTFE,
polytetrafluoroethylene; PHB, poly(3-hydroxybutyrate); PTMSP, poly(1-trimethylsilyl-1-
propyne); PIM-1, polymer of intrinsic microporosity-1.
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TABLE 6.3 Selected Polymeric Membranes for Solvent Recovery

Membranes Configuration

Organic in

aqueous feed

Temperature

(°C)
Total flux

(g m22 h21)

Normalized flux

(g μm m22 h21)

Separation factor

(organic/water) Ref.

PMPS FS Furfural/water
(1/99 wt%)

80 46 NA 28 [154]

PEBA Dense FS Ethanol/water
(5/95 wt%)

25 80 1600 5 [20]

PVDF HF Ethanol/water
(5/95 wt%)

50 3500–8800 NA 5–8 [24]

PDMS FS Acetonitrile/
water (5/95 wt%)

50 4800 NA 3 [161]

PVDF FS Acetonitrile/
water (5/95 wt%)

50 12,000 NA 5 [161]

PTFE FS Acetonitrile/
water (5/95 wt%)

50 20,000 NA 10 [161]

P(VDF-
HFP)

FS Ethyl acetate/
water (5/95 wt%)

45 433 NA 76 [166]

PIM-1 Dense FS Ethyl acetate/
water (1/99 mol%)

30 1362.068966 39,500 189 [165]

Note: HF, hollow fiber; FS, flat sheet; NA, not available; PMPS, polymethylphenylsiloxane; PEBA, polyether block amide; PVDF, poly(vinylidene fluoride); PDMS,

polydimethylsiloxane; PTFE, polytetrafluoroethylene; P(VDF-HFP), poly(vinylidenefluoride-co-hexafluoropropylene); PIM, polymers of intrinsic microporosity.
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6.4.2.2 MMMs

Because the available polymericmembranes for the removal of organics
are limited, and the cost of high-performance inorganic membranes is
high [67], fabricating organophilic MMMs is an effective way to enhance
the separation performance of hydrophobic polymeric membranes via
increasing their free volumes or adsorption capacities of organics. Several
types of inorganic particles have been explored as fillers, including hydro-
phobic zeolites such as ZSM-5 [157] and silicalite-1 with or without mod-
ifications [31, 158, 171–173], silica [19, 174], POSS [20], hydrophobic MOFs
such as ZIF-7 [29], ZIF-8 [154, 155, 175–178], ZIF-71 [21] and MIL-53 [179],
carbon nanotubes [30, 180], as well as graphene [22, 181], etc. Table 6.4
summarizes their MMM performance for organic recovery.

6.4.3 Organic/Organic Separation Membranes

The development of pervaporation membranes for organic/organic
separation is the most challenging. This may be due to the lack of robust
membrane materials as well as the modules that can withstand the
long-term exposure to organic solvents. The primary applications in
organic-organic separation are summarized in Fig. 6.11. A detailed review
regarding the background of this application was provided by Smitha
et al. [7]. Recent studies in this application have focused on the separation
ofmixtures such as aromatic/aliphatic, alcohols/tertiary butyl ethers, and
removal of sulfur compounds from gasoline.

6.4.3.1 Polymeric Membranes

A series of rubbery and glassy polymeric materials have been explored
for the separation of aromatic/aliphaticmixtures. Table 6.5 tabulates some
of their performance. Among them, polyimides draw much attention due
to their good stability [34, 182–185], followed by rubberymaterials such as
PEBA and styrene-butadiene rubber, poly(γ-benzyl-l-glutamate)
[186–188]. Moreover, several blend membranes also exhibit good separa-
tion performance, such as blends of polyimide/polybenzimidazole, ionic
liquids/polyurethane, poly(vinyl chloride)/polystyrene, soft segments
materials/waterborne polyurethane, carboxymethyl cellulose and
sodium alginate [34, 182, 189–192].

On the other hand, polymeric membranes were employed to separate
methanol/methyl tert-butyl ether (MeOH/MTBE) and ethanol/ethyl tert-
butyl ether (EtOH/ETBE) mixtures. Billy et al. fabricated membranes for
EtOH/ETBE separation by grafting poly(methyl diethylene glycol meth-
acrylate) onto cellulose acetate [193]. Zereshki et al. incorporated cardo
(lactone) groups into the backbone of PEEK to reduce its crystallinity
and employed the modified PEEK membrane for MeOH/MTBE
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TABLE 6.4 MMMs Developed for the Removal of Organics From Aqueous Solutions

MMM

Filler

loading

(wt%) Configuration

Organic in

aqueous feed

Temperature

(°C)
Total flux

(g m22 h21)

Separation

factor

(organic/

water) Ref.Polymer Filler

PDMS Trimethylsilanol
hydrophobized silica

3 FS Isopropanol/
water (4/96 wt%)

50 405 31.7 [174]

Ethanol/water
(4/96 wt%)

329 26

PTMSP Cab-O-Sil TS 530
hydrophobic silica

25 FS Ethanol/water
(5/95 wt%)

50 9500 18.3 [19]

n-Butanol water
(5/95 wt%)

9500 104

PEBA 2533 POSS (AL0136) 2 FS Ethanol water
(5/95 wt%)

25 183.5 4.6 [20]

65 427 5.7

PEBA 2533 ZSM-5 zeolite 5 FS n-Butanol/water
(2.5/97.5 wt%)

35 392 30 [157]

PEBA 2533 MCM-41 2 FS n-Butanol/water
(2.5/97.5 wt%)

35 500 25 [158]

PIM Amine-
functionalized
graphene oxide

0.5 FS Ethanol/water
(5/95 wt%)

65 2000 7 [22]

n-Butanol/water
(5/95 wt%)

2000 40

PDMS Silicalite-1 30 FS Ethanol/water
(4/96 wt%)

25 171 15.7 [171]

65 811 11.6
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PDMS Hollow silicalite
sphere

30 FS Ethanol/water
(6/94 wt%)

40 71.6 1.3 [172]

Vinyl terminated
RTV 615 PDMS

Vinyltriethoxysilane-
grafted-silicalite-1

NA FS Methanol/water
(10.5/89.5 wt%)

65 535 10 [173]

Thin film vinyl
terminated RTV
615 PDMS/PAN
ultrafiltration
membrane

Vinyltriethoxysilane-
grafted-silicalite-1

50 FS Ethanol/
fermentation broth
containing yeast
cells
(7.5/92.5 wt%)

35 270 17.5 [31]

PMPS ZIF-7 10 FS Isobutanol/water
(3/97 wt%)

80 8600 34.9 [175]

ZIF-8 Isobutanol/water
(1/99 wt%)

6400 40.1

PMPS ZIF-8 10 FS Isobutanol/water
(3/97 wt%)

80 4453 35.0 [155]

Modified ZIF-8 4453 44.7

PMPS/
hierarchically
ordered stainless-
steel-mesh

ZIF-8 41.3 FS Furfural/water
(1/99 wt%)

80 900 53.3 [154]

PEBA 2533 ZIF-71 20 FS Model
fermentation
broth: 0.6 wt%
acetone, 1.2 wt%
butanol, 0.2 wt%
ethanol

37 520 18.8
(butanol)

[21]

PDMS/
polysulfone
substrate

ZIF-8 50 FS n-Butanol/water
(5/95 wt%)

80 2800 52.8 [176]

Continued
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TABLE 6.4 MMMs Developed for the Removal of Organics From Aqueous Solutions—cont’d

MMM

Filler

loading

(wt%) Configuration

Organic in

aqueous feed

Temperature

(°C)
Total flux

(g m22 h21)

Separation

factor

(organic/

water) Ref.Polymer Filler

PDMS/
polysulfone
substrate

ZIF-8 40 FS n-Butanol/water
(1/99 wt%)

80 4846 81.6 [177]

PDMS/
polysulfone
substrate

MIL-53 40 FS Ethanol/water
(5/95 wt%)

70 5467 11.1 [179]

PDMS/PVDF
membrane

ZIF-7 20 FS n-Butanol/water
(1/99 wt%)

60 1689 66 [29]

PEBA-2533 ZIF-8 10 FS Phenol/water
(0.8/99.2 vol%)

70 1310 53 [178]

PDMS Carbon nanotubes 10 FS n-Butanol/water
(1.5/98.5 wt%)

37 244 32.9 [30]

PDMS Carbon nanotubes 10 FS Ethanol/water
(8/92 wt%)

60 128.7 8.2 [180]

PEBA Graphene 1.5 FS Isopropanol/
water (4/96 wt%)

50 248.5 10 [181]

Note: HF, hollow fiber; FS, flat sheet; PDMS, polydimethylsiloxane; PTMSP, poly(1-trimethylsilyl-1-propyne); PEBA, polyether block amide; PIM, polymers of intrinsic

microporosity; PMPS, polymethylphenylsiloxane; POSS, polyhedral oligosilsesquioxane; PVDF, poly(vinylidene fluoride); ZIF, zeolitic imidazolate framework.
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separation [35]. Liu’s group studied the material consisting of polyary-
lethersulfone and cardo (PES-C) for MeOH/MTBE separation [194]. It
showed high separation factors but low permeation fluxes. They further
blended it with poly(vinyl pyrrolidone) or sulfonating polymer to
enhance the flux [195, 196]. Besides, they also developed polyelectrolyte
complex membranes based on SPES-C and polyethyleneimine for this
application with an enhanced flux [197].

Because the Environmental Protection Agency in the United States
would lower the sulfur content in gasoline to a maximum of only
10 ppm in its Tier 3 program beginning in 2017 [198], it has pushed the
application of pervaporation for gasoline desulfurization. For example,
polyimide membranes and PEBA/PVDF composite membranes were
developed for this application [199, 200].

In addition to these three applications, viz., MeOH/MTBE, EtOH/
ETBE and gasoline desulfurization, there are also several other organic/
organic mixtures to separate. Ong et al. developed PVDFmembranes suit-
able for bioalcohol (ethanol/acetone) separation [201]. Polyamide-6 mem-
branes were explored for separating methanol from methylacetate

Major categories of  organic mixtures

Polar/nonpolar Aromatic/aliphatic Aromatic/alicyclic Isomers

e.g.
e.g.

Benzene/i - octane

Benzene/cyclohexane

Toluene/cyclohexane

Isomeric xylenes,
n/i Heptane

n-Propanol/i-propanol

C4–C8 isomers

Methanol/toluene

Ethanol/benzene

Methanol/MTBE

Ethanol/ETBE

i-Propanol/toluene

Benzene/n - heptane

Toluene/n - octane

Toluene/n - heptane

e.g.
e.g.

FIG. 6.11 Major applications of pervaporation process in organic-organic separation [7].
Reprinted with permission from Elsevier.
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TABLE 6.5 Polymeric Membranes for Organic/Organic Separation via Pervaporation

Membranes Configuration

Feed mixture (A/

B)

Temperature

(°C)
Flux

(g m22 h21)

Normalized

flux

(g μm m22 h21)

Separation

factor (A/B) Ref.

Aromatic/aliphatic separation

PI/PBI blend HF Toluene/isooctane
(50/50 wt%)

60 1350 NA 200 [34]

Various synthesized
polyimides

FS Toluene/n-
heptane
(40/60 wt%)

80 NA 17–19,500 1.4–8.1 [182]

Benzene/n-
heptane
(40/60 wt%)

NA 9180–16,670 2.8–6.0

Sulfur-containing
copolyimide

FS Toluene/n-decane
(60/40 wt%)

110 NA 2500 11.8 [183]

Toluene/n-decane
(80/20 wt%)

110 NA 7000 9.3

Aromatic polyimide FS Phenanthrene/n-
tetradecane

120 745 7580 2.8 [184]

Styrene-butadiene
rubber

FS Benzene/
cyclohexane
(10/90 wt%)

30 901 117,130 5.78 [186]

Benzene/
cyclohexane
(50/50 wt%)

30 1401 182,130 1.83

PEBA/ceramic tubular
substrates

Tubular Toluene/n-
heptane
(50/50 wt%)

40 65 195 4.3 [187]
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Poly(γ-benzyl-L-
glutamate)/poly
(amide-imide) support

Toluene/n-
heptane
(3/97 wt%)

20 110 200 88 [188]

Toluene/n-
heptane (50/50 wt
%)

40 280 540 3.8

Sodium alginate/
sodium carboxymethyl
cellulose blend

FS Benzene/
cyclohexane
(19.6/80.4 wt%)

30 1540 77,000 88.7 [189]

[C4mim]BF4/
polyurethane

FS Benzene/
cyclohexane
(50/50 wt%)

45 20 NA 27.5 [190]

[C4mim]PF6/
polyurethane

FS Benzene/
cyclohexane
(50/50 wt%)

45 12.5 NA 34.4

Poly(vinyl chloride)/
polystyrene blend

FS Benzene/
cyclohexane
(10/90 wt%)

30 55 3740 29 [191]

Benzene/
cyclohexane
(50/50 wt%)

30 96 6528 16

Alcohol/tert-butyl ether separation

Graft copolymer
cellulose acetate-g-poly
(MDEGMA)

EtOH/ETBE
(20/80%)

50 75.1 4355.8 67 [193]

Continued
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TABLE 6.5 Polymeric Membranes for Organic/Organic Separation via Pervaporation—cont’d

Membranes Configuration

Feed mixture (A/

B)

Temperature

(°C)
Flux

(g m22 h21)

Normalized

flux

(g μm m22 h21)

Separation

factor (A/B) Ref.

Modified poly(ether
ether ketone)

FS MeOH/MTBE
(1–87 wt% MeOH)

30 NA 600–4520 254–0.8 [35]

PES-C FS MeOH/MTBE
(5–40 wt% MeOH)

40 27.5–102 1210–4520 3124–99.6 [194]

PES-C/poly (vinyl
pyrrolidone) blend

FS MeOH/MTBE
(15 wt% MeOH)

40 190 3980 753.6 [195]

SPES-C FS MeOH/MTBE
(15 wt% MeOH)

40 153 4060 1300 [196]

(SPES-C)/PEI
polyelectrolyte
complex membranes

FS MeOH/MTBE
(15 wt% MeOH)

40 194 4753 1860 [197]

Removal of sulfur compounds

PEBAX 2533/PVDF
composite

FS Thiophene/n-
heptane (1000 ppm
thiophene)

40 3800 41,800 4 [199]

Polyimide 6FDA-
BDAF

FS Thiophene/n-
heptane (50-
900 ppm
thiophene)

50–90 7960–37,610 NA 3.1 [200]

Note: HF, hollow fiber; FS, flat sheet; NA, not available; PI, polyimide; PBI, polybenzimidazole; PEBA or PEBAX, polyether-block-amide; poly(MDEGMA), poly(methyl

diethylene glycol methacrylate); PES-C, polyarylethersulfonewith cardo; SPES-C, sulfonated polyethersulfone with cardo; PEI, polyethyleneimine; PVDF, poly(vinylidene

fluoride); 6FDA, 4,40-(hexafluoroisopro-pylidene) diphthalic anhydride; BDAF, m-2,2-bis[4-(4-aminophenoxy) phenyl] hexafluoropropane; MeOH, methanol; EtOH,

ethanol; MTBE, methyl tert-butyl ether; ETBE, ethyl tert-butyl ether.
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mixture [202]. Ethylene chlorotrifluoroethylene, a type of PFP, was
developed as pervaporation membranes using thermally induced phase
inversion. This material showed higher affinity to polar solvents than
nonpolar solvents and thus was applied for ethanol/cyclohexane sepa-
ration [203]. However, it is difficult to develop a membrane suitable for
all organic/organic mixtures Because different materials have different
solvent stability and affinity to the organics. For example, Parvez et al.
studied eight types of commercially available membranes (PolyAn
GmbH, Germany) for acetate-isooctane mixtures, but found only two
of them were preferentially permeable to ethyl acetate and chemically
stable in the feed [204].

6.4.3.2 MMMs

Again, inorganic materials are applied to enhance the separation per-
formance of polymer materials. The inorganic fillers used in MMMs for
organic/organic separation included bentonite [189], CNT [38, 205], gra-
phene oxide [37, 206], graphite [187], carbon [207], MOFs [208], and metal
organic polyhedra (MOP), etc. [209, 210]. It is worth noting that MOPs are
discrete metal-organic molecular assemblies constructed from metal
nodes and organic ligands, which are similar to MOFs. However, MOPs
are molecule-based porous materials with a strictly uniform molecule
size/shape and are soluble in some solvents. Their molecular surfaces
are also easy to be functionalized through ligand modifications. These
attractive features of MOPs make them perfect fillers to fabricate high-
quality hybrid membranes. Therefore, they have been reported to be good
fillers to greatly enhance the performance of organic/organic separation
in recent years [209, 210]. Their separation performance is summarized
in Table 6.6.

6.5 VAPOR PERMEATION

Similar to pervaporation, vapor permeationmembranes can be used for
dehydration of organics, removal of organics from aqueous solutions, and
organic/organic separation. Besides, vapor permeation can also be used to
remove water or organic vapors from gas streams. Among these applica-
tions, vapor permeation has been mainly applied for dehydration as it can
be integrated at the downstream of a distillation column. As such, the
membranes need to be stable in organic vapor at high temperatures.

Polyimides have emerged as potential membrane materials for vapor
permeation due to their excellent thermal, chemical andmechanical stabil-
ities as well as high water selectivity [212–214]. Huang et al. and Hua et al.
developed composite membranes by coating a PFP layer on top of a
hydrophilic polymer selective layer and a polyimide membrane,
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TABLE 6.6 Separation Performance of MMMs Developed for Solvent/Solvent Separation

MMM Filler

loading

(wt%) Configuration

Feed mixture

(A/B)

Temperature

(°C)
Flux

(g m22 h21)

Normalized

flux

(g μmm22 h21)

Separation

factor (A/B) Ref.
Polymer Filler

Sodium
alginate/
sodium
carboxymethyl
cellulose blend

Bentonite 8 FS Benzene/
cyclohexane
(19.6/80.4 wt%)

30 713 35,650 212 [189]

PEBA/ceramic
tubular
substrates

Graphite 10 Tubular Toluene/
n-heptane
(50/50 wt%)

40 NA 29 10.4 [187]

Chitosan Ag+ grafted
carbon nanotubes

1.5 FS Benzene/
cyclohexane
(50/50 wt%)

20 358 823 7.9 [38]

Polyurethane Multiwall carbon
nanotuges-NH2

1 FS Benzene/
cyclohexane
(50/50 wt%)

30 NA NA 40 [205]

Poly(vinyl
alcohol)

Graphene oxide 0.1 ppm FS Toluene/n-
heptane
(50/50 wt%)

40 27 NA 12.9 [37]

Polyimide Silver-graphene
oxide

15 FS Benzene/
cyclohexane
(50/50 wt%)

30 1573 39,325 35 [206]

Poly
(vinylchloride)

Activated carbon
Maxsorb

40 FS Toluene/heptane
(41.2/58.8 wt%)

54 20 1800 9.1 [207]

74 80 16,320 6.3



Poly(ether-
block-amide)
(PEBA)/
ceramic tube

Co(HCOO)2 4 Tubular Toluene/
isooctane
(10/90 wt%)

40 826 2478 7.2 [208]

Benzene/
cyclohexane
(10/90 wt%)

760 2280 4.6

Toluene/
cyclohexane
(10/90 wt%)

685 2055 4

Toluene/n-
heptane
(10/90 wt%)

771 2313 5.1

Hyperbranched
polymer
(Boltorn
W3000)/
ceramic tube

Metal-organic
molecule
nanocages Cu24(5-
tBu-1,3-
BDC)24(S)24

4.8 Tubular Toluene/n-
heptane
(50/50 wt%)

40 220 NA 20 [209]

Benzene/
cyclohexane
(50/50 wt%)

400 NA 15

Hyperbranched
polymer
(Boltorn
W3000)/
ceramic tube

Functionalized
metal-organic
molecule
nanocages MOP-
SO3NanHm

5 Tubular Toluene/n-
heptane
(50/50 wt%)

40 528 1056 8.3 [210]

Benzene/
cyclohexane
(50/50 wt%)

540 1080 8.4

Copolyimide Glycidyl-POSS 1 Benzothiophene/
n-dodecane
(3/97 wt%)

100 1404 40,000 2.2 [211]

10 1475 45,000 2.4

Note: HF, hollow fiber; FS, flat sheet; NA, not available; PI, polyimide; PEBA, polyether-block-amide; MOP, metal organic polyhedral; POSS, polyhedral oligosilsesquioxane.



respectively [15, 110]. They found that the PFP layer served as a protective
layer which helped enhance the dehydration selectivity and durability at
high temperatures.

6.6 USEFUL CHARACTERIZATION METHODS FOR
PERVAPORATION AND VAPOR SEPARATION

MEMBRANES

There are various methods for characterizing pervaporation and vapor
separationmembranes. The membrane surface chemistry can be analyzed
by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelec-
tron spectroscopy (XPS). The membrane morphology could be studied
using optical microscopy, different kinds of scanning electronic micros-
copy (SEM), and atomic force microscope (AFM). The microstructure
could be analyzed using X-ray diffraction (XRD), density measurement
and positron annihilation spectroscopy. The membranes affinity to sol-
vents and water could be measured by the contact angle measurement,
liquid sorption, and vapor sorption tests. Among them, PAS has emerged
as a useful tool for the analysis of the free-volume properties of mem-
branes at the subnanometer scale (0.1–1 nm), which are very important
properties for analyzing the diffusion of components inside themembrane
[43, 215–217]. Besides, vapor sorption is also a useful tool because it can
help to obtain both sorption and diffusion information of vapor separation
membranes [16, 17, 43, 218].

6.7 CONCLUSIONS AND PERSPECTIVE

In this book chapter, the latest development of pervaporation and
vapor separation membranes is comprehensively discussed. The applica-
tions, transport mechanism, the preparation and selection of the suitable
membranes as well as the characterization techniques are systematically
presented. The following can be concluded:

(1) Promising polymeric membranes, e.g., polyimides, polyamide,
polybenzimidazole and perfluoro polymer membranes, with high
thermal and chemical stability have been developed to dehydrate
many aggressive organic solvents.

(2) Hydrophobic polymers such as PVDF, PTFE, and PIMs have been
investigated for the removal of organics. Among them, PTFE and
PVDF membranes have higher fluxes but equal or lower separation
factors for most organics compared to PDMS membranes.
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(3) Polyimides and perflorinated polymer membranes are promising for
aliphatic/aromatic separation and gasoline desulfurization. More
research on new membranes is necessary for other organic-organic
separation.

(4) Many inorganic fillers such as MOFs, zeolites, and carbon nanotubes
have been incorporated into polymers to enhance the separation
performance of polymeric membranes. Among them, MOFs have been
extensively investigated because of their compatibility with polymers,
high porosity, various pore sizes and hydrophilicity/hydrophobicity.
However, long-termstabilityof thesenewmembranes is rarely reported.

The development of newmaterials and novel membranes is essential to
push the boundary of separation performance and membrane stability in
harsh feed environments. While the researchers continue to develop new
pervaporation and vapor separation membranes with higher separation
performance and stability, research on long-term stability in harsh feed
environments such as high temperatures (100–150°C), corrosive solvents
and extreme pH conditions must also be pursued to broaden the bound-
aries of applications. Also, innovative integration of membrane processes
and pilot studies are urgently needed to solve the actual separation issues
in the industry as well as to bridge the industrial applications with the
research community [3, 219–222]. Only then, pervaporation and vapor
separation membrane processes can be effectively employed for versatile
industrial applications.
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7.1 INTRODUCTION

Pervaporation (PV) and vacuummembrane distillation (VMD) are sim-
ilar inmanyways andmany applications. PV is a process inwhich organic
solvent/water mixture or organic solvent/organic solvent mixtures can
be separated by partial vaporization through a non-porous perm-selective
membrane. In this process, a liquid feed mixture is in contact with the
active nonporous side of the membrane while a vacuum is applied on
the other side of the membrane. A phase change of the permeant takes
place in the membrane. The permeant diffuses through the membrane
and desorbs on the permeate side of the membrane as vapor with the help
of a vacuum.

The transport of the permeant through a nonporous permeate-selective
membrane is quite complex and the separation is effected at each step of
sorption, diffusion, and desorption.

Membrane distillation (MD) is a process suited for applications in which
water is the major primary component of the feed solution. In MD vapor is
transported through a nonwetted porous hydrophobicmembrane, the driv-
ing force is the partial pressure difference between both ends of the mem-
brane pore. VMD and organic selective PV look very similar, the major
difference being the membranes used in these processes; the porous hydro-
phobicmembrane is used in VMDwhile the nonporous hydrophobicmem-
brane is used in organic selective PV.

PV has been known to the scientific world since the early 1900s. In 1906,
Kahlenberg [1] reported some qualitative observations concerning the
selective transport of hydrocarbon-alcohol mixtures through a thin rubber
sheet. The term pervaporation was first introduced by Kober [2] in a study
published in 1917 in the Journal of the American Chemical Society. In
1949, Schwob [3] demonstrated dehydration of alcohols by using 20-μm
thin membrane in his experimental work. In 1961, Binning [4] from Amer-
ican Oil Company, Texas City, United States, carried out several experi-
ments to separate various hydrocarbons by using pervaporation
experiments. He made a pilot plant consisting of 10 m2 of membrane area
to separate hydrocarbons. However, after several years of work the tech-
nology was not commercialized.

PV research has continued in various parts of the world without any
significant breakthrough in commercialization. In 1982, G.F.T., a German
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company, commercialized PV plant for alcohol dehydration. This plant
could produce 1300 L of ethanol per day of 99.2% purity from predistilled
ethanol. In 1987, G.F.T. was taken over by a French company Carbone
Lorraine. In 1994, Carbone Lorraine sold its pervaporation technology
to Sulzer Chemtech. In Japan, during the same period Mitsui, Sasakura
Engineering, and Asahi Chemicals made many efforts in R & D to com-
mercialize the pervaporation technology.

In 1999, based on the earlier 20 years of research by the Petro Sep sci-
entists together with the collaboration of Industrial Membrane Research
Institute (IMRI) of University of Ottawa, Petro Sep Membrane Technolo-
gies Inc. of Oakville, Canada, introduced a new type of PV membranes. In
2012 Petro Sep Groupwas consolidated into Petro Sep Corporation to con-
tinue their efforts in commercialization of their innovative membranes,
which had lasted over 25 years. Petro Sep membranes are very robust
and chemically resistant and are available in hollow fiber as well as flat
sheet configuration. The design is very user-friendly and economical.
Petro Sep has already built many pilot scale and full-scale plants for dehy-
dration of solvents. As well, Petro Sep has constructed several complete
solvent recycling plants by using AZEO SEP™, VOC SEP™ PV technolo-
gies, and AQUA SEP™ VMD technology. Petro Sep continues to serve the
industry by their innovative membranes to provide solutions for many
complex separation problems.

There are four kinds of PV membranes.

1. Hydrophilic membranes,
2. Hydrophobic membranes,
3. Organophilic membranes, and
4. Hydrophobic semiporous semipermeable membranes.

1. Hydrophilic nonporous, semipermeable membranes can be used to
dehydrate organic solvents or organic solvent mixtures. The
membranes are made of hydrophilic polymers. These membranes
are cross-linked by using various types of cross-linking agents to
provide mechanical strength, a better separation factor as well as a
higher flux as compared to noncross-linked hydrophilic membranes.
The membrane chemistry is designed to attract water molecules to the
surface of the membrane. PV takes place in the membrane. Water
molecules diffuse through the membrane and evaporate on the
permeate side with the help of vacuum. Later, vapors condense in a
condenser. Examples of applications for these membranes are
numerous. There are many organic solvents which form azeotropes
with water. Using these hydrophilic membranes, PV can break the
azeotropes in the solvents.
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2. Hydrophobic nonporous, semipermeable membranes can be used to
extract organic solvents or volatile organic compounds (VOCs) from
the water. The membranes are made of hydrophobic cross-linked
polymers. The membrane chemistry is designed to attract VOC
molecules to the surface of the membrane. PV takes place in the
membrane. VOCs diffuse through the membrane and evaporate on
the permeate side with the help of vacuum. These VOCs later condense
in a condenser. Examples of these membrane applications include
extraction of numerous types of VOC’s from water, extraction of
aromatics from water, ketones from water, esters from water and
many more.

3. Organophilic nonporous, semipermeable membranes can be used to
extract organic solvents from organic solvents. The membranes are
designed to attract certain organic molecules to the membrane surface.
The membranes can reject other types of organic molecules. The
molecules travel toward the surface, diffuse through the membrane,
and evaporate on the permeate side with the help of a vacuum. These
organics later condense in a condenser. An example is the extraction
of VOC’s from glycols. Another example is the separation of aromatics
from aliphatics, and many more.

4. Hydrophobic semiporous and semipermeable membranes can be used
to extract organic solvents or volatile organic compounds (VOCs) from
the water. The membranes are made of hydrophobic cross-linked
polymers. The membrane chemistry is designed to attract VOC
molecules to the surface of the membrane. PV takes place in one part
of the membrane, while VMD takes place in the other part of the
membrane. VOCs diffuse through the membrane and evaporate on
the permeate side with the help of vacuum. These VOCs later condense
in a condenser. Examples of these membrane applications include
extraction of numerous types of VOCs from water, extraction of
aromatics from water, ketones from water, esters from water and
many more.

7.2 VACUUM MEMBRANE DISTILLATION AND
HYBRID PERVAPORATION MEMBRANES

Among various MD configurations, VMD is least used next to sweep-
ing gas membrane distillation (SGMD). It has been considered until now
that MD would remain in the laboratory development stage, although the
concept has been known for more than 40 years [5], which is however no
longer true. Petro Sep’s breakthrough in research in 2004 and the contin-
ued work that followed enabled successful commercialization of VMD in
2012. Petro Sep’s innovative design of heat recovery system together with
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its hollow fiber configuration made the treatment of the reject from RO
seawater desalination plants one of the most economical processes. AQUA
SEP™ is a VMD process which makes use of the heat formed within the
system, without requiring the supply of heat from external sources.

7.3 AZEO-SEP™, VOC-SEP™, AND AQUA-SEP™:
PRODUCTS OF PETRO SEP

AZEO SEP™ is based on hydrophilic membranes which can break the
Azeotropes. It works on the principle of PV.

VOC SEP™ is based on hydrophobic membranes that can extract any
volatile organic solvents from the water. It works on the principle of PV.

AQUA SEP™ is based on hydrophobic membranes for many different
applications. It works on the principles of VMD.

VOC SEP™/AQUA SEP™ HYBRID MEMBRANE is a hybrid hydro-
phobic membrane. The membrane operates on the principle of PV and
VMD. This membrane is used in a VOC SEP™ system. The membrane
can reduce the concentration of VOCs in water from 10,000 ppm to less
than 50 ppm.

One of the significant challenges that industries are facing today is the
complex separation problems arising due to the azeotrope formation in
the various processes in the chemical industry. Until 1999membrane com-
panies did not have a complete solution for such problems. However, after
the breakthrough of Petro Sep Membrane Research Inc., a subsidiary of
Petro Sep Membrane Technologies Inc., it became possible to provide
the complete solution for the industries facing complex separation prob-
lems. In particular, Petro Sep Corporationwas successful in introducing in
2012 a new hybrid membrane VOC SEP™/AQUA SEP™, in which PV
and VMD are combined.

The two categories of major significant complex separations involve
organic mixtures of acidic as well as basic essential nature forming azeo-
tropes with water. It has been proven that mixtures of organics having pH
less than 1 can be dehydrated as well as fractionated by the hybrid AZEO
SEP™/AQUA SEP™ membrane. Organic mixtures having pH greater
than 9 can also be dehydrated as well as separated.

In the past, it was impossible to dehydrate amines and nitrates by using
membrane technology. Various companies have tried to dehydrate
amines by a membrane; however, none of them were successful. One of
the major primary reasons was the failure of membranes. Similarly, in
the resin industry it was impossible to recover the reactants from the
wastewater. The only way to treat such wastewater was incineration par-
ticularly when the organic loading was very high. AZEO SEP™ perva-
poration system has given a solution by proving that these reactants
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can be recovered and recycled. This process not only resolves the waste-
water problem but also can provide significant cost savings for the chem-
ical industry by recovering a large significant amount of organic solvents
from the wastewater.

It is quite common in the chemical process industry to use various
kinds of salts to dehydrate complex mixtures of solvents in azeotropic dis-
tillation. These salts can cause many serious problems in the process such
as rusting in the piping system. The disposal of toxic wastewater is a colos-
sal issue for the chemical industry. AZEO SEP™/AQUA SEP™ hybrid
system can eliminate the use of salt and can break down the azeotropes
for further use in the process.

In the semiconductor industry, a large significant amount of organic
solvents is used in various washing processes. If the concentration of
organic solvents is high in the wastewater, it cannot be treated by biolog-
ical methods, advanced oxidation, membrane bioreactor, or any other
methods. The only method available is incineration. Worldwide incinera-
tion regulations are becoming more stringent, and it is difficult for the
industries to meet the regulation. The AZEO SEP/AQUA SEP hybrid sys-
tem enables the complete recycle of the valuable solvents and can resolve
the wastewater problems. The solvents can be purified to the level up to
99.90% and can be reused. Thus, the system allows the industry to reduce
consumption of valuable solvents.

Some of the plants constructed by Petro Sep are shown below with the
process flow sheet.

7.4 SOLVENT RECOVERY AND
WASTEWATER TREATMENT

As already mentioned solvents should be recovered and reused in
many industries. Such industries include the pharmaceutical industry,
specialty chemical, printing and paint industry, cosmetic industry, and
petrochemical industry. The solvents form azeotropes with water, which
makes dehydration very difficult. VOC SEP™ PV membranes have dem-
onstrated that even complex solvent mixtures can be dehydrated to a very
high level of purity. Fig. 7.1 shows the flow sheet of the solvent recovery
process.

Feed water enters through a TFE (thin film evaporator) unit which is
connected to the solvent recovery column. TFE removes the suspended
solids in the feed and acts as a pre-heater for the solvent recovery column.
The top of the solvent recovery column collects all the solvents vapors and
transfer it to a solvent recovery condenser. Solvents are then transferred to
a solvent collection tank. The bottom of the solvent recovery column col-
lects all the water with the traces of solvents. This water is then transferred
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to a feed tank of VOC SEP™ to purify the water further. The solvent col-
lected from the VOC SEP™ goes back to the solvent recovery tank to
improve the yield of solvents. A carbon bed further polishes the water,
and if needed, it goes to an advanced oxidation (AO) tank for peroxide
dozing. AO is a safeguard for the process tomake sure the dischargewater
will always remain below 800 ppm. A vacuum pump maintains the vac-
uum around 100–150 Torr (see Fig. 7.1).

7.5 RECOVERY OF NITRATES, SOLVENTS, AND
WATER FROM WASTEWATER OF GOLD AND SILVER
PLATING INDUSTRY BY USING HYBRID VOC SEP™/
AQUA SEP™HYBRIDMEMBRANEANDDISTILLATION

Gold and silver plating industry is facing challenges in their wastewa-
ter management. According to the new regulations it is not allowed to dis-
charge wastewater without treatment, which will cause a significant
surcharge. A hybrid system produced by Petro Sep has demonstrated that
wastewater, containing nitrates, which include but not limited to ammo-
nium nitrate and silver nitrate, solvents, and water, from any of plating
industries can be treated. The valuable components of the wastewater
can be recycled and reused.

The water from the wastewater tank first enters the Aqua Sep™
module where nitrates are separated from solvents and water. Then
the permeate from Aqua Sep™ goes into VOC Sep™, where solvents
are collected in the permeate. The solvents further go to the distillation
column and condense on the top of the column. The solvents then go
back to the plating unit to be reused in the process. The deionized water
comes out from the bottom of the distillation column and then goes back
to the first stage of the process.

All the energy to heat the feed is recovered by the condensers from the
blower with the help of Aqua Sep™ and VOC Sep™ vacuum pump, this
makes the process very economical and self-sufficient. A vacuum pump
provides vacuum required for pervaporation as well as for the removal
of non-condensable. Feed enters at 70oC and exists from the modules at
30oC. A vacuum pump maintains the vacuum at 100 Torr.

A feed pumpmaintains the turbulent flow in the modules to avoid con-
centration polarization. Thus, the membrane can maintain a high selectiv-
ity with a high flux. Some of the nitrates crystalize at the bottom of the feed
tank. To avoid carry-over of the nitrates, the feed draw takes place from
the side of the feed tanks instead of the bottom of the feed tank.

Fig. 7.2 shown the picture of the pilot plant of this process constructed
by Petro Sep.
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7.6 RECOVERY OF MEG, SOLVENTS, SALTS,
AND WATER BY USING HYBRID AZEO SEP™,

VOC SEP™ SYSTEM

PET (polyethylene terephthalate) recycling by using chemicals to dis-
solve PET is a relatively new process which faces a challenge in the treat-
ment of a bi-products stream consisting of mono ethylene glycol (MEG),
mixed solvents, salts, andwater. Themembrane technology can overcome
this challenge. A simple process flow diagram of the process is shown in
Fig. 7.3. This technology is applicable not only for PET recycling but also in
any industries where similar byproducts are produced.

The by-products stream is first fed to the feed tank on a continuous
basis. From the feed tank, it enters a custom designed TFE. In TFE (thin
film evaporator) evaporate all the liquid components leaving behind salts
and some MEG. Depending on the type of the solvents, an entertainer is
necessary to be added in TFE.

In the solvent recovery column that follows TFE, MEGwith trace water
goes to the bottom while the solvents and water with a trace amount of
MEG go to the top of the column.

Thesolventsandwater fromthe topof thecolumngo toVOCSEP™where
solvents and water are separated as the permeate and the retentate, respec-
tively. Then, solvents go to the solvent tank, and water goes to (AO) tank.

From the bottom of the solvent recovery column, MEGwith trace water
go to AZEO SEP™ to dehydrate and purify MEG.

FIG. 7.2 Vacuum system of 100,000 L per day capacity AQUA SEP™, VOC SEP™ hybrid
pervaporation and membrane distillation plant for nitrates, solvents and water purification.
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The products of this process are thus, MEG, mixed solvents, water,
and salts.

7.7 PRODUCTION OF SUGAR FROM MSW BY AQUA
SEP™, VOC SEP™ AND AZEO SEP™ SYSTEMS

Extraction of sugar from MSW (municipality solid waste) can be done
by biomass hydrolysis. After extraction of sugars, the sugar solution
becomes very lean due to the presence of 90% water. To make it econom-
ically viable, it is necessary to dehydrate the sugar solution inexpensively.
Any evaporation technique will be costly to evaporate such a significant
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amount of water. Aqua Sep™ is an ideal process to dehydrate sugar solu-
tion at 60oC while maintaining the required temperature by the self-
generation of the heat. During the dehydration process, some of the sugar
is fermented due to the presence of natural bacteria. Hence, this process
produces ethanol as a by-product. The picture of the pilot plant con-
structed by Petro Sep is shown in Figs. 7.4 and 7.5.

FIG. 7.4 25,000 L per day capacity AQUA SEP™ hybrid membrane distillation plant for
sugar extraction and purification from MSW.

FIG. 7.5 25,000 L per day capacity AQUA SEP™ hybrid membrane distillation plant for
sugar extraction and purification from MSW.
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7.8 PRODUCTION OF L-QUEBRACHITOL BY USING
AQUA SEP™ AND VOC SEP™ HYBRID SYSTEM

In this process, feed consists ofwastewater from a natural rubber indus-
try. An optically active polyol, L-Quebrachitol, is contained in the waste-
water together with other impurities such as VOCs.

The wastewater is first pretreated by centrifuge, followed by a series of
filter press, MF, and UF/NF before entering Aqua Sep™. Two tanks are
attached before each filtration step to enable the continuous operation.
While one tank is in operation, the other is either in the discharge or in
the filling stage. Proteins collected as the retentate of MF and UF/NF
are sent to a drying system.

Then permeate from the UF/NF SEP™ then goes to the Aqua Sep™, via
a feed tank, operated at the vacuum of 100–150 Torr. Water collected as
vapor on the permeate side of the Aqua Sep™ goes to the heat exchanger
via a blower at which the vapor is compressed in the compression ratio of
1.5–2.0. The retentate of Aqua Sep™ in which L-Quebrachitol is concen-
trated also goes to the heat exchanger to recover the heat from the water
vapor. Isopropyl alcohol (IPA) is then added to the Aqua Sep™ retentate
tank to recover and purify the targeted product L-Quebrachitol by
crystallization.

The L-Quebrachitol/IPA mixture with remaining water is then trans-
ferred to TFE dryer to collect L-Quebrachitol crystals at the bottom. IPA
and remaining water are separated by the following solvent recovery col-
umn where IPA evaporates and condenses at the top of the column. The
IPA goes to the IPA tank, whichmakes almost 90% IPA recovery for reuse.
The 10% IPA inwater goes to VOC SEP™ from the bottom of the column to
recover IPA. Retentate water of VOC SEP™ needs to be polished by AO
before discharge (Fig. 7.6).

7.9 RECOVERY OFWATER INMININGWASTEWATER
TREATMENT BY USING AQUA SEP™

The mining industry uses a significant amount of water for the extrac-
tion of minerals. After the extraction of minerals, water becomes contam-
inated with chemicals and becomes toxic. This toxic water is exceptionally
harmful to the environment. The current practice is based on the creation
of tailing ponds. This is just a temporary solution to hold toxic water but
not the complete solution to the problem. In some cases, the toxic water is
diluted by using more water from Aquafer before being discharged to
small streams called tailings. Both the above practices are disastrous for

244 7. PERVAPORATION AND HYBRID VACUUM MEMBRANE DISTILLATION



the environment. A new process has been developed by Petro Sep to treat
the toxic wastewater in the mining industry.

As shown in Fig. 7.7, wastewater enters into the Aqua Sep™ feed tanks
after the pre-treatment by UF. Aqua Sep™ feed pump circulates the toxic
brine water through the Aqua Sep™ membrane modules. The permeate
water vapor goes to the heat exchanger via blower at a compression ratio
of 1.5–2.0. The heat is transferred to the retente of the Aqua Sep™ for fur-
ther concentration of the toxic brine. The condensedwater is clean enough
to be discharged. The vacuum pump maintains the vacuum around
100–150 Torr and removes the noncondensable.

As the time passes the brine becomes concentrated in the concentrated
salt tank. When the salt concentration reaches near the solubility limit, the
concentrated brine is transferred to the TFE dryer to dry the salts. Remain-
ing moisture also condenses at the top of TFE. The water from TFE
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condenser also goes back to the finished water tank. That makes almost
100% water recovery. Recovered water TDS remains below 10 ppm.

7.10 AZEO SEP™ USED IN A MEMBRANE REACTOR

In the resin manufacturing industry, 30% of the reactants remain
unreacted and lost in the wastewater, because, like esterification, the reac-
tion slows down due to the formation of water which inhibits the reaction.
Hence, it takes a long time to complete the reaction, especially in the batch
process. Combining AZEO SEP™ with the conventional reactor, removes
water and thus reduces the inhibition, leading to the enhancement of reac-
tion rate and yield. As well, the problem of wastewater discharge is
solved. An enormous cost saving by the reactant recovery is also expected.
The field test has demonstrated that AZEO SEP™ PV membrane is long
lasting and robust in such a harsh environment.

PV membranes can be made in flat sheet or hollow fiber configuration.
Until now, flat sheet membranes in plate-and-frame modules were the
only ones available, and even those were used for very few PV applica-
tions, mainly for ethanol dehydration. Spiral wound and hollow fiber
modules have been considered a failure due to the instability of the mem-
brane as well as lack of compatibility of epoxy and glue in the module
construction.

Recent developments in Petro Sep™ have changed the current situation
of PV. For the first time in the PV history, AZEO SEP™ solvent-resistant
membranes are now available in plate and frame (flat sheet) as well as hol-
low fiber configuration. Significant work has been done on solvent resis-
tant epoxy and module design to use hollow fiber pervaporation
membrane configuration.

The following Figs. 7.8–7.11 show the pictures of the pilot plants con-
structed by Petro Sep for various applications.

7.11 CONCLUSION

Since pervaporation (PV) was discovered as a phenomenon in the early
twentieth century and proposed as one of membrane separation processes
in the 1960s, there have been remarkable efforts worldwide to develop PV
membrane technology. Similarly, the research on membrane distillation
(MD) has a history of over 50 years.

PV was considered to become a powerful tool to separate azeotropic
mixtures, by whichmany problems encountered by the chemical industry
could be resolved. For this reason, millions of dollars have been invested
to commercialize PV and MD technologies. However, there was no great
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FIG. 7.8 20,000 L per day capacity AZEO SEP™ pervaporation plant for dehydration of
solvents.

FIG. 7.9 40,000 L per day capacity AZEO SEP™ pervaporation plant for solvent
dehydration.
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FIG. 7.10 10,000 L capacity per day pervaporation AQUA SEP™ to concentrate brine,
based on hollow fiber membranes.

FIG. 7.11 VOC SEP™/AQUA SEP™ HYBRID hollow fiber plant to treat 100,000 L
water/day.
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success in processing azeotropic solvents, with only one exception of alco-
hol dehydration in alcohols industry. Particularly, no one could treat a
complex mixture of solvents, salts, and water. Thus, PV and MD were
not thought to be economically viable, and the research started to decline
since the end of the 1990s.

Over the last 20 years, R &D of PV andMD have been revitalized, dem-
onstrating that PV technology could indeed become the solution for the
separation of complex azeotropic mixtures. Especially, hybrid PV/MD
systems provided the solution for the treatment of mixtures which consist
of solvents, salts, and water. Another interesting technological develop-
ment is the use of the hollow fiber module, which has long been consid-
ered impractical due to the lack of solvent resistant membrane as well as
epoxy resin for module sealing. It was proven recently by the field test, for
the first time in the history of PV and MD, that the hollow fiber module
can be useful in breaking azeotropic mixtures and dehydrating many sol-
vents even at an operating temperature of 120oC, providing an excellent
economical option. Another notable development in recent years is the
fabrication of a hybrid membrane in which PV and MD functions are
combined. It was found that the hybrid membrane increases the flux sig-
nificantly without sacrificing selectivity.

Thus, the recent R & D activities at Petro Sep have opened new doors
that lead to the solutions of many complex separation problems.
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8.1 INTRODUCTION

Freshwater scarcity has been one of themajor challenges in this modern
era. Global climate change, flourishing agricultural and industrial devel-
opment, rapid global population expansion as well as aggravating water
pollution have played significant roles in making the situation worse. It
has been estimated that more than one billion people face difficulties to
access to clean, fresh water [1]. Desalination is deemed as one of the most
promising methods to enhance the fresh water capacity in order to cater
the immense water needs. Through desalination, seawater and brackish
water can be converted to fresh water by removing the dissolved solutes.
Currently, reverse osmosis (RO) accounts for about 65% of the total desa-
lination erections in the world because of its capabilities to produce high
purity water [2]. However, this technology requires high operating pres-
sure which makes it very susceptible to membrane fouling which then
affects the freshwater productivity and quality [3, 4]. Thermal desalination
is another significant key desalination technology and widely used in
many of the desalination plants in the Middle East [3, 5]. This technology
is energy intensive and commonly fueled by fossil fuels, which is not sus-
tainable due to the high carbon emission and the threat of fossil fuel
reserves depletion [6, 7]. Therefore, the development of desalination tech-
nology with consistent fresh water productivity and quality as well as
sustainable energy is needed for fresh water production.

Membrane distillation (MD) is an arising desalination technology and
can be a replacement for conventional desalination processes. It is a hybrid
of thermal and membrane processes that separates the volatile solutes
from the supply solution through a microporous hydrophobic membrane
at fairly high temperatures. MD has several promising characteristics
such as (i) lower operating temperatures than the thermal desalination
technologies as the supply solution does not require to be heated to its
boiling point for the distillation to occur, (ii) lower operating pressure
compared to RO, (iii) theoretically 100% nonvolatile solute rejection,
and (iv) the process performance is not affected by the salinity of the
supply solution [8–11]. Despite the significant energy consumption, the
integration of MD with the renewable energy such as solar and geother-
mal energy, as well as low-temperature industrial waste stream makes
it particularly attractive in reducing the operating cost [12–14]. Moreover,
the lower operating pressure condition allows the use of membranes
with larger pore size and lower requirements for membrane mechanical
properties compared to RO, thus making MD to be cost effective [9, 15].
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The membranes with hydrophobic properties and larger pore size also
reduce the susceptibility of MD to fouling [8, 9].

MDwas first filed for patent by Bodell on 3rd June 1963 [16] and the first
paper on MD was issued 4 years later by Findley in 1967 [17]. However,
MD did not garner much interest at that time somewhat due to lower pro-
duction was observed compared to the RO technology [18]. MD started
to receive attention in the early of 1980s with the patent filings [19, 20]
and the discoveries of the membranes and modules with better charac-
teristics [21, 22]. The slow progress in the commercialization of MD
technology has always been associated to the lack of membranes with
appropriate characteristics for the MD applications, energy consuming
process, high possibility of membrane wetting, low flux, as well as the
limited module design [9, 18, 23]. However, with the growing efforts in
realizing MD as a useful separation technology which could be seen from
the significant increase in number of MD publications during the last
decade or so, this process has been gaining the popularity with the avail-
ability of membranes with better characteristics as well as the feasibility
to integrate with the alternative energy sources [23]. To date, the appli-
cations of MD have further been explored and expanded to various
separation processes other than desalination such as removal of heavy
metals, recovery of valuable materials, clarification of juices, which will
be further discussed in the section later.

8.2 FUNDAMENTALS OF MD

8.2.1 Fundamental Principles of MD

In MD, the supply solution and permeate product are separated by a
hydrophobic membrane. During the process, the supply solution with a
high concentration of solutes is vaporized through heating whereas the
permeate product is kept at lower temperatures. The difference in the tem-
peratures between both sides of the membrane leads to the formation of
vapor pressure difference. This induces the transport of vapor from one
side of the membrane to the other through the membrane pores. The
hydrophobic properties of the membrane only allow the transfer of vapor
and completely refrains the flow of liquid from entering the pores. There-
fore, the unwanted dissolved soluteswhich are in liquid phase are blocked
and retained at the supply side. Finally, the vapor collected at the other
side of the membrane is then condensed as a pure liquid product. The
overall principle of MD is illustrated in Fig. 8.1.

As mentioned earlier, the hydrophobic membranes only allow the
passage of vapors, which consequently leads to the accumulation of the
nonvolatile solutes at the membrane surface facing the supply side.
Eventually, the concentration of the nonvolatile solute at the membrane
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surface surpasses that of the bulk supply and leads to concentration polar-
ization. The formation of concentration polarization layer at the supply
side suppresses the transport of the vapor, leading to the reduction of the
transmembrane flux [18, 24, 25]. The mass transfer resistance exerted by
the concentration polarization layer at the supply side can be determined
using concentration polarization coefficient (CPC) as shown in Eq. (8.1).

CPC¼Cfm

Cfb
(8.1)

where Cfm and Cfb represent the solutes concentration at the membrane
surface facing the supply side and bulk supply, respectively. It is also
noteworthy to mention that the same phenomenon also occurs at
the membrane surface facing the permeate side due to the decrease in
solute concentration as a result from the condensation of vapor on the
permeate side (Fig. 8.2) [24, 25].

The mass transfer through the membrane pores is related to dusty gas
model as illustrated in Fig. 8.3. The vapor transport through the pores is
mainly controlled by three mass transfer mechanisms which are Knudsen
andmolecular diffusions, as well as Poisseuille flow (viscous flow) relying
on themembrane pore size, the existence of trapped air in the pores aswell
as the mean free path of the vapor molecules [9, 26–28]. This is due to the
mass transfer resistance exerted by the collisions of vapor molecules with
the pore wall (Knudsen resistance), collisions among the vapor molecules
and/or with the air molecules trapped in the pores (molecular resistance),
and transfer of momentum through the pores (viscous flow) [9]. It is
worthwhile to point out that the surface diffusion mechanism is assumed
to be negligible because of the small surface area of the membrane matrix
where the diffusion occurs compared to the membrane pore area.

FIG. 8.1 Schematic representation of the fundamental principles of MD.
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Not to mention, the effect of the resistance at the membrane boundary
layers toward the mass transfer are also generally insignificant.

Interestingly, the heat transfer happens concurrently with the mass
transfer in MD. In general, the heat flows from the hotter to the colder
temperature regions, and the rate of heat transfer is directly proportional
to the extent of temperature difference. In this thermally driven process,
a significant amount of heat energy is supplied to vaporize the liquid
at the membrane surface facing the supply side. This creates a heat
transfer boundary layer at that membrane surface which imposes resis-
tance to the heat transfer due to the lower temperature gradient at the

FIG. 8.2 Schematic illustration of the concentration and thermal polarizations in MD,
where Cfm and Cfb are the solutes concentration at the membrane surface facing the permeate
side, and bulk permeate, respectively, Tfm, Tpm, Tfb, and Tpb are the membrane surface
temperatures and bulk temperatures at the supply and permeate sides, respectively.

FIG. 8.3 Mass transfer resistances based on the dusty gas model.
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liquid/membrane interfaces, giving rise to the adverse effects on the
driving force for themass transfer. This phenomenon is known as temper-
ature polarization. The same effect also occurs at the membrane facing the
permeate side which has the higher temperature than that of the bulk
permeate (Fig. 8.2). The temperature polarization coefficient (TPC), which
is the ratio of the transmembrane temperature to the bulk temperature
difference, can be determined using Eq. (8.2).

TPC¼ Tfm�Tfb

Tpm�Tpb
(8.2)

where Tfm, Tpm, Tfb, and Tpb are the membrane surface temperatures and
bulk temperatures at the supply and permeate sides, respectively.

The heat transfers across the membrane occur through two different
modes, namely latent heat of vaporization and conduction [29]. The por-
tion of heat transferred by conduction through the membrane matrix and
the pore occupied with gas is considered as heat loss. It is crucial to min-
imize the convective heat loss to lower the effects of temperature polari-
zation and improve the MD process efficiency [18]. This could be
achieved by applying the thin membranes with low thermal conductivity.
Besides that, the presence of gases such as air and vapor with much lower
thermal conductivity than that of the membranematerial could contribute
to lowering the conductive heat loss [9, 26]. Therefore, the membranes
with high porosity could play their parts in enhancing the thermal effi-
ciency of the MD process. More information on mass and heat transfers
of the MD process can be found elsewhere [18, 23, 26, 27, 29].

8.2.2 MD Configurations

MD is commonly categorized into four necessary arrangements namely
direct contactmembranedistillation (DCMD), air gapmembranedistillation
(AGMD), sweeping gas membrane distillation (SGMD) and vacuummem-
branedistillation (VMD).Thesupplysolutionsof all theseconfigurationsare
in direct contactwith one side of themembrane. The differences between all
these four configurations are the types of medium in contact with themem-
brane at the permeate side and how the condensation of vapor occurs [25].
The four basic MD configurations are as illustrated in Fig. 8.4.

8.2.2.1 Direct Contact Membrane Distillation (DCMD)

In DCMD, the hot supply and cold permeate are in direct contact with
both sides of the hydrophobic membranes. It is the simplest and most
commonly studied MD configuration because it does not involve addi-
tional equipment such as a condenser. DCMD has high permeate flux
due to the direct contact of the membrane with supply and permeate,
which minimizes the mass transfer resistance [30]. However, the continu-
ous contact between the hot supply, membrane, and permeate promotes
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the conductive heat losses and contributes to the highest thermal polari-
zation among all the configurations [23]. This configuration is widely
studied for desalination, concentration of fruit juices, or acid manufactur-
ing [31–36].

8.2.2.2 Air Gap Membrane Distillation (AGMD)

In AGMD, stagnant air is introduced to separate the membrane from
the cold condensation surface. The presence of this isolating air layer
imposes a greater resistance to the mass transfer and consequently results
in lower transmembrane flux than that of DCMD [29]. Despite that, this air
layer possesses low thermal conductivity which contributes to enhancing
the thermal resistance of the membrane, thus leading to lower conductive
heat loss through the membrane. This configuration can be used in all
the applications similar to those of DCMD. Besides that, it is also suitable
to be used to remove the volatile substances like alcohols from the aqueous
solution. These volatile substances have lower surface tension and/or
smaller contact angles with the membrane, thus could lead to membrane
wetting [37]. Because the permeate does not come in direct contact with

FIG. 8.4 The basic MD configurations.
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the membrane, AGMD has no issue with the membrane wetting at the
permeate side and less tendency to fouling [23, 29, 37].

8.2.2.3 Sweeping Gas Membrane Distillation (SGMD)

Inert gas is incorporated in SGMD to carry the permeate vapor out of
the membrane module where the subsequent condensation process takes
place. Just like AGMD, the gas barrier in this configuration contributes to
lowering the conductive heat loss. Different from AGMD, the gas in
SGMD is continuously moving which in turn improves the mass transfer
coefficient substantially, resulting in higher flux compared to AGMD.
Moreover, this configuration can also be applied for the removal of vola-
tile substances from the aqueous solution as it is not susceptible to wetting
at the permeate side of the membrane. Despite all the advantages men-
tioned, this configuration requires a gas source in which the transporta-
tion of gas is costly [18]. The installation of a condenser with large
capacity also increases the capital and operating costs because a signifi-
cant amount of sweep gas is used [9]. Therefore, SGMD is less economi-
cally competitive, and this could be the main reason that it has not
received much attention compared to DCMD [18, 29]. Not to mention,
the involvement of additional equipment increases the complexity of
the configuration and hinders the heat recovery [23, 29].

8.2.2.4 Vacuum Membrane Distillation (VMD)

VMD gives the highest permeate flux compared to other types of basic
MD configurations. This is due to the reason that this configuration allows
higher partial pressure gradient [30, 38, 39]. In VMD, a vacuum is applied
at the permeate side to maintain the driving force, and the condensation
occurs outside of the membrane module because the applied vacuum
pressure is lower than the equilibrium vapor pressure [25]. This configu-
ration has very low thermal polarization and negligible heat conductive
loss [9, 23]. However, VMD has several disadvantages such as more sus-
ceptible to membrane wetting and fouling compared to other MD config-
urations [23, 30]. In addition, the heat recovery of VMD is also complicated
due to the complexity of the configuration [30].

8.3 MEMBRANES FOR MD

8.3.1 Materials of Membranes

Thedevelopment ofmembrane forMDprocess beganwith theuse of sil-
icone coatedglass fibers andnylonwhichhaddemonstratedunsatisfactory
wetting resistance [17, 40]. Since then, a number of hydrophobic mem-
branes have been introduced for MD process including both polymeric
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andceramicmembranes. Polymericmembraneshave receivedmuchatten-
tion compared to ceramic membranes due to their intrinsic hydrophobic
properties, ease of fabrication and cheaper cost. Currently, polytetrafluor-
oethylene (PTFE), polyvinylidenefluoride (PVDF) and polypropylene (PP)
are among the most commonly used polymeric membranes for the MD
applications. PTFE is themost suitablematerial forMDmembrane fabrica-
tion as it has the highest hydrophobicity character with the surface energy
of around 9–20 � 10�3 N/m and a thermal conductivity of �0.25 W/m K
[29, 40, 41]. It also possesses outstanding thermal stability and resistance
toward chemicals. Nonetheless, this polymeric material is difficult to pro-
cess because it is practically not soluble in any regular solvents [23, 25, 40].
Therefore, despite of the outstandingproperties of PTFEmembrane, PVDF
membrane is themost studiedmembranedue to its easyprocessability [23].
It has a surface energy of 30.3 � 10�3 N/m and a thermal conductivity of
�0.19 W/m K [29, 41]. PVDF has high solubility in regular solvents such
as dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), triethyl-
phosphate (TEP)anddimethylacetamide (DMAC).Thus, it isgenerally fab-
ricated through phase inversion methods [25, 40]. PP membrane exhibits
high crystallinity and excellent solvent resistant properties. This mem-
brane has a surface energy of 30.0 � 10�3 and a thermal conductivity of
�0.17 W/m K [29, 41]. PPmembrane has the advantages in terms of mate-
rial and manufacturing costs, but its symmetric structure and moderate
thermal stability at higher operating temperatures could affect its MD
performance [40].

Ceramic membranes are the arising MD membranes due to their
excellent intrinsic properties regarding thermal, chemical, and mechan-
ical stabilities [42, 43]. Ceramic membranes are hydrophilic, and thus
surface modifications are needed to acquire hydrophobicity for the
MD process. The first paper on the application of ceramic in MD was
published in 2004 by Larbot and his research partners [44]. They modi-
fied the surface of zirconia and alumina membranes with 1H, 1H, 2H,
2H-perfluorodecyltriethoxysilane which successfully enhanced their
contact angles up to 145 degrees. The membranes were used for desali-
nation and achieved the salt rejections of close to 100%. To date, some
studies have been conducted to investigate and enhance the ceramic
membranes (alumina, zirconia, silicon nitride, titania, and β-sialon) for
the MD applications [43, 45–47]. Ceramic membranes have a high ther-
mal conductivity which leads to significant conductive heat loss through
the membrane during MD operations [28]. Besides that, ceramic mem-
branes are often more expensive than polymeric membranes due to
the expensive ceramic materials and complicated fabrication processes
[42, 48]. Recently, there has been an increasing effort in fabricating
ceramic membranes using low-cost materials such as natural clays and
wastes, which makes this kind of membranes to be much more exciting
and exhibits the potential to be applied in the MD process [49–51].
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Recently, carbon nanotubes (CNTs) have been gaining some attention
in the MD applications. CNTs have several unique advantages including
high hydrophobicity, porosity and surface area, antifouling as well as
offering good thermal and mechanical stabilities, which can significantly
benefit the physical and chemical properties of the membranes for theMD
applications [52]. CNTs have been used in various forms such as stand-
alone membranes [53–56] or nanofiller reinforcements in nanofiber mem-
branes [57–59]. Dum�ee and his research group [53] developed the self-
supported CNTs bucky paper membranes through vacuum filtration
technique, in which the CNTs were only held together by the van der
Waals forces. The membranes possessed high hydrophobic properties
with a contact angle of 113 degrees and high porosity of 90%. A high salt
rejection of 99% was achieved for the DCMD, indicating its excellent
potential for the MD applications. However, CNTs bucky paper mem-
branes possessed several disadvantages such as the delamination issues
due to aging, as well as the relatively high thermal conductivity of
�2.7 kW/m2 h. To address these issues, the same research group con-
ducted the chemicalmodificationson theCNTsvia (i)UV/ozone treatment
to produce hydroxyl groups which were then replaced with alkoxylsilane
basedgroups [54], and (ii) coatingwith a thin layer of PTFE [55]. Thehydro-
phobicity of themembranes was significantly enhanced and consequently
contributed to the improvement in permeate flux. The stability of themod-
ified membranes was also increased which then improved the membrane
lifespan. However, the development of CNTs membranes is still at the
beginning phase and full of challenges which might hinder their future
development. The effective CNTs production methods and costs, as well
as potential human and environmental risks, should be explored and
accessed critically to ensure the development to their full potential [60].

8.3.2 Optimal Membrane Characteristics

8.3.2.1 Liquid Entry Pressure (LEP)

Membrane pore wetting is a crucial issue for MD applications as it
affects the permeate quality and productivity. Liquid entry pressure
(LEP) is defined as the minimum pressure required to force the liquid
to penetrate into the hydrophobic membrane pores. Pore wetting can be
prevented if the transmembrane pressure of the aqueous solution is lower
than the LEP of the membrane. It is recommended that the MD mem-
branes should have a minimum LEP value of 2.5 bar to ensure an effective
performance under fluctuating operating conditions in the real plant oper-
ations [28, 61]. LEP of the membranes relies strongly on the hydrophobic-
ity and maximum pore size of the membranes. A high LEP value can be
obtained by using the membrane materials with excellent intrinsic
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hydrophobic properties and small maximum pore size or modify the
membrane surface using the materials with low surface energy and large
contact angle. The LEP value can be determined using the Laplace-Young
equation from Eq. (8.3) [62, 63].

LEP¼ΔPentry ¼�2Bγl cosθ

rmax
(8.3)

whereΔPentry is the entry pressure difference, B is the geometric pore coef-
ficient depending on the geometry of themembrane pores (B ¼ 1 for cylin-
drical pores), γl is the surface tension of liquid (N m�1), θ is the contact
angle (degrees), and rmax is the maximum membrane pore size (m).

8.3.2.2 Mean Pore Size and Pore Size Distribution

Themembranes used inMD system generally have the pore sizes in the
range of 100 nm to 1 μm [18]. The mean pore size has the significant effect
on the membrane permeability. The permeability of the membrane
increases with the larger mean pore size, thus allowing higher transmem-
brane flux. However, the LEP value decreases at larger mean pore size
which increases the possibility of membrane wetting. Therefore, the
optimum pore size should be determined without compromising the
permeability and LEP of the membrane [26, 27].

The membranes employed in theMD applications do not have uniform
pore size. Instead, they exhibit a pore size distribution. It is important to
keep the pore size distribution narrow because it would affect the unifor-
mity of the mass transfer mechanisms [26, 27, 64]. In general, several mass
transfer mechanisms (Knudsen diffusion, molecular diffusion, and/or
Poisseuille flow) coincide in MD as mentioned in the earlier part because
of the pore size distribution and MD operating conditions [18].

8.3.2.3 Porosity and Tortuosity

Membrane porosity refers to the void volume fraction of the membrane
open to MD vapor flux. It is always recommended that the porosity of the
membrane should be as high as possible to enhance the permeate flux and
reduce the heat loss through conduction. According to El-Bourawi et al.
[18], the membranes employed in MD applications exhibit the porosity
in the range of 30%–85%. However, the membranes with high porosity
exhibit a significant weakness in term of mechanical strength and tend
to crack or compress under mild pressure [41]. Therefore, the mechanical
strength should also be taken into account when enhancing the porosity of
the membranes. The porosity of the membrane can be calculated by the
Smolder-Franken equation (Eq. 8.4) [65, 66]:
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ε¼ 1� ρm
ρpol

(8.4)

where ε is the porosity whereas ρm and ρpol are the densities of the mem-
brane and polymeric material, respectively.

Membrane tortuosity refers to the deviation of the pore structure from
the straight cylindrical pores normal to the membrane surface. Generally,
the membrane pores are not straight but full of twists and turns. The
diffusing vapor molecules must pass along the tortuous paths to reach
the other side of the membrane, which leads to lower flux. Thus, the
membrane tortuosity should be as small as possible to ensure higher flux.
According to Srisurichan et al. [67], the tortuosity factor can be success-
fully derived from the correlation proposed by Mackile and Meares [68]
as shown in Eq. (8.5).

τ¼ 2� εð Þ2
ε

(8.5)

where τ is the tortuosity factor. It is worth to mention that a tortuosity
value of 2 is frequently assumed to predict the transmembrane flux in
the MD studies [27].

8.3.2.4 Membrane Thickness

Membrane thickness is inversely proportional to the permeate flux in
the MD applications. The membrane should be as thin as possible to
acquire higher permeate flux. However, the thermal resistance becomes
lower with the decrease in membrane thickness. Therefore, for a single-
layered membrane, the membrane thickness should be optimized to
obtain high permeate flux and low conductive heat loss. A theoretical
study by Lagana and his coworkers [69] estimated that the optimummem-
brane thickness lied in the range of 30–60 μm by considering the thermal
conductivity of the commercial MD membranes. In the case of multilay-
ered composite membranes with hydrophobic and hydrophilic layers,
the hydrophobic layer should be kept as thin as possible [26, 27]. It
is worth pointing out that the membrane thickness has negligible effects
on the AGMD performance because the mass transfer resistance in this
configuration is provided predominantly by the air gap [18].

8.3.2.5 Thermal Conductivity

Membrane thermal conductivity is another vital issue in MD. The high
thermal conductivity of the membrane contributes to the degree of con-
ductive heat loss through the membrane. The polymeric membranes com-
monly used in MD (e.g., PTFE, PVDF, and PP) usually have the thermal
conductivity of higher than 0.2 W/m K [10]. Ceramic membranes have
high thermal conductivity and could cause sizeable conductive heat loss
and a decrease in permeate flux. Hendren et al. [70] reported that the
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commercial alumina anodisc membranes have high thermal conductivity
of 18 W/m K. A later study by Wang and his colleagues [43] has discov-
ered a β-sialon ceramic membrane with lower thermal conductivity of
<2 W/m K. Therefore, it is crucial to discover and use the membrane
material with low thermal conductivity in order to improve the permeate
flux. Besides that, the membranes with high porosities exhibit lower ther-
mal conductivity due to the larger amount of entrapped gases (such as air
and water vapor) in the membrane pores. Moreover, the use of porous
hydrophobic/hydrophilic composite membranes could also be a suitable
approach to enhance the MD membrane performance. The hydrophobic
layer is responsible for the mass transport and should be as thin as possi-
ble, whereas the hydrophilic layer helps to enhance the conductive heat
transfer resistance [10, 26, 27]. However, it must always be remembered
that the hydrophilic layer should not have the thickness that could pose
an adverse effect on the mass transfer in the membrane [26, 27].

8.4 HYDROPHOBIZATION OF MEMBRANES FOR MD

8.4.1 Hydrophobicity

Hydrophobicity is the critical requirement for MD process. This is
inspired by the biosurface of lotus leaf that has excellent water repellency
and self-cleaning properties. In MD, the hydrophobic membrane repels
the supply solution to maintain the membrane pores dry. Generally, the
wettability of a membrane can be quantified by contact angle (θCA). The
membrane is often characterized as hydrophobic when θCA > 90 degrees
or otherwise, it is regarded as hydrophilic (θCA < 90 degrees). The
membrane can be categorized as super-repellant and super-antiwetting
(superhydrophobic) if θCA > 150 degrees [71, 72]. In general, the mem-
branes can acquire superhydrophobic properties via surface roughening
of specific low surface energy materials, chemical modification via
grafting using low surface energy materials or the combination of both
surface roughening and chemical modification [71–73].

The fascinating phenomena of the hydrophobic surface were described
by Thomas Young >200 years ago [72]. According to Young’s equation
(Eq. 8.6), the contact angle of a liquid droplet spreading on the surface
is defined by the mechanical equilibrium of the droplet under the three
interfacial forces [74].

cosθCA ¼ γSL� γSV
γLV

(8.6)

where γSL, γSV, and γLV are the solid-liquid, solid-vapor, and liquid-vapor
interfacial forces, respectively.

Young’s equation assumes ideal surfaces (Fig. 8.5A) that are homoge-
neous, smooth, and do not change their characteristics despite external
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interactions or forces [75]. Realizing there is no such ideal surface in the
real world, two different models have been developed, particularly Wen-
zel and Cassie-Baxter regimes. Both of these regimes consider the surface
roughness in their improved sets of equations.

In the Wenzel regime [76], the liquid droplet spreads across the rough
surface without entrapped air underneath (Fig. 8.5B). Surface ratio (R) is
introduced and defined as the ratio of the actual surface area to the appar-
ent surface. The actual surface area is always greater than the apparent
surface because of the surface roughness. The surface roughness in this
regime can promote the wettability or nonwettability depending on the
intrinsic properties of the surface. The true contact angle of the surface
is described as follows (Eq. 8.7):

cosθCA ¼R
γSL� γSV

γLV

� �
(8.7)

The wetting phenomenon for the rough surface with small protrusions
that are filled with air can be described with the Cassie-Baxter regime [77]
(Fig. 8.5C). This phenomenon is necessary to create low adhesion hydro-
phobic surfaces that limit the contact of liquid droplet with the surface.
Therefore, the liquid droplet can be easily rolled off from the surface. This
regime is described in the following equation (Eq. 8.8).

cosθCA ¼�1 +ΦS 1 +
γSL� γSV

γLV

� �
(8.8)

where ΦS is the fraction of the surface that is in contact with the liquid
droplet.

8.4.2 Hydrophobic Polymeric Membranes

Several efforts have been made to enhance the hydrophobicity of the
polymeric materials by combining the polymeric materials especially
PVDF with fluoropolymers. Fluoropolymers have low surface tension

FIG. 8.5 Schematic representations of a liquid droplet spreading on a smooth surface
according to Young’s model (A), as well as rough surfaces based on Wenzel (B) and
Cassie-Baxter (C) regimes.
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due to the low polarity and strong electronegativity of the fluorine atom,
as well as the strong C―F bond (485 kJ mol�1) [78]. Thus, they have been
an excellent choice for hydrophobicity enhancement. The copolymers
such as poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
[58, 79], poly(vinylidene fluoride-co-tetrafluroethylene) (PVDF-TFE) [80]
and poly(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE)
[81] possess better hydrophobicity and are used in membrane fabrication
for the MD applications. For instance, the incorporation of hexafluoropro-
pylene (HFP) in PVDF increases the amount of fluoride content and thus
enhances the hydrophobicity of the copolymer [78, 82].

Apart from the employment of copolymer with high hydrophobicity,
the hydrophobicity of the polymeric membrane can also be enhanced
through the surface modification. There are three major surface modifica-
tion techniques, namely hydrophobic polymeric coating, plasma
treatment and incorporation of fluorinated surface modifying macromol-
ecules (SMM). Several polymeric materials have been studied for
hydrophobic membrane surface coatings such as silicon rubber [83],
styrene-butadiene [84] and perfluoropolyether [85]. Jin et al. [83] modified
the poly(phthalazinone ether sulfone ketone) (PPESK) hollow fiber com-
posite membranes with a silicone rubber coating, and a contact angle of
128 degrees was obtained. The membrane was applied in VMD and
achieved a high salt rejection of 99%. However, pore blockage occurred
due to the gelation of the silicon rubber resulted from the prolonged heat-
ing, and this had affected the permeate flux adversely [83, 86]. Yang and
his coworkers [85] modified the PVDF membrane surface with perfluor-
opolyether. The modified PVDF possessed a contact angle of 115 degrees
and LEP value of 3.9 bar. The permeate flux remained stable over 1 month
of DCMD testing, and 100% of salt rejection was obtained. Therefore, the
selection of coating material is essential as the membrane properties could
be affected either positively or negatively, which in turn would affect the
membrane performance in the MD applications [86].

In plasma treatment, the monomer molecules are ionized to form free
and active radicals, ions, electrons and molecules which would then
adsorbed, condensed and polymerized on the membrane surfaces.
Cross-linking or chemical bonding occurs between the electrons, ions
and deposited molecules, resulting in the formation of the dense hydro-
phobic coating layer that imparts enhanced hydrophobicity to the mem-
brane surfaces [86]. The process of plasma treatment is simple, and it
does not alter the membrane matrix [87]. Besides that, the hydrophobic
layer possesses an excellent adhesive ability to the membrane surface
resulting in a dense and robust coating layer. The disadvantages of this
treatment include the involvement of expensive equipment as well as
the extra cares on the handling of the toxic monomer gases [86]. Several
examples of the polymeric membranes surface modification through
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plasma treatment for the MD application purposes include the tetrafluor-
omethane (CF4) plasma modification of hydrophilic polyethersulfone
(PES) membrane [88], vacuum plasma coating on poly(ethylene tere-
phthalate) (PET) membrane using perfluorohexane and hexafluoroben-
zene [89] and octafluorocyclobutane plasma treatment on cellulose
nitrate membrane [90].

The incorporation of fluorinated surface modifying macromolecules
(SMM) in the phase inversion process is another facile method to produce
a polymeric membrane with high hydrophobicity. SMM is an oligomeric
fluoropolymer synthesized by polyurethane chemistry, and the polyure-
thane chain is ended with two low polarity fluorinated groups [27, 86].
The membrane incorporated with SMM exhibits excellent hydrophobicity
due to the formation of a thin hydrophobic layer on the membrane surface
resulting from the migration of SMM to the membrane surface during the
solvent exchange process in the phase inversion [91]. The incorporation of
SMM for the preparation of composite hollow fiber membranes for MD
has been widely studied. For instance, Khayet and his colleagues [92] pre-
pared composite hydrophobic/hydrophilic porous membranes for
DCMD by incorporating SMM with polyetherimide (PEI). It was found
that SMM modified PEI membranes possessed higher contact angles
(up to 97.7 degrees) and LEP values (>3.41 bar) than the unmodified
PEI. Despite their lower pore size and porosities, the SMM modified
PEI membranes exhibited the permeability of the same order of magni-
tude to that of the commercial PTFE membranes. The literature of the
incorporation of SMM in the preparation of other composite hydropho-
bic/hydrophilic membranes for the MD applications can be found else-
where [93, 94].

8.4.3 Hydrophobic Ceramic Membranes

The surface modification using low surface energy materials has been
widely known to be effective for the preparation of the hydrophobic
ceramicmembranes [95]. There are several types ofmodifying agents used
in the grafting process such as organosilanes, alcohols and lipid solutions
[86, 96]. The alcohols and lipid solutions are not suitable to be used in MD
applications because of their low thermal and chemical stabilities, as well
as the limitation of oil used [97, 98]. Organosilane is a silane that contains
at least one carbon-silicon bond structure. Fluoroalkylsilanes (FAS), which
is a type of organosilane, have been commonly used as the ceramic mem-
brane surface modifiers due to their ease of handling. The presence of
hydrophobic groups such as CF2-CF2, CF2-CF3, Si-C, C-C, and C-O pro-
vide FAS with lower surface tension and hydrophobic effects [99]. In gen-
eral, hydrophobic ceramic membranes can be prepared through three
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organosilane grafting techniques, particularly immersion, chemical vapor
deposition (CVD) and sol-gel methods.

Organosilane grafting via immersion is the most widely used method
due to its simple procedure and short treatment time [86]. In this method,
the organosilane is first hydrolyzed in the solvents in which the active sila-
nols are formed. The active silanols are then reacted with the hydroxyl
groups present on the surface of the ceramic membrane, imparting hydro-
phobic character on the membrane surface. Organosilane with two or
three silanol species can further adjoin with the adjacent molecules
through the Si―O―Si bond, and a hydrophobic complex is formed
[100]. Besides, the vertical polymerization occurs beyond the intermolecu-
lar reaction for hydrophobic monolayer to form grafted polysilozane as
illustrated in Fig. 8.6. The polymerization reaction of organosilane on
membrane surface was reported by Lu and his coworkers [101]. The
authors observed the formation of a needle-like structure on the surface
of the membrane and the size of the structure became larger after being
grafted for four times as a result of polymerization. The needle-like struc-
ture enhanced the surface hydrophobicity but at the same time, introduc-
ing greater mass transfer resistance and consequently affected the water
flux. The effectiveness of organosilane immersion grafting in providing
hydrophobicity to the ceramic membranes is directly affected by the types
of functional groups in the organosilane structure, hydrophobic tail

FIG. 8.6 Reaction of organosilane molecules on the membrane surface: (A) vertical poly-
merization and (B) single silanol species (―Si―OH).
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length, grafting duration, amount of hydroxyl group on the surface of the
ceramic membrane, membrane surface roughness and grafting multiplic-
ity [95, 96].

CVD is an alternative ceramic membrane grafting technique which
involves the chemical reactions of reactive vapor with the membrane
surface at the elevated temperatures. In CVD, the organosilane is heated
at its boiling points, and the reactive vapor forms chemical bonding with
the hydroxyl groups on the ceramic membrane surface to form a hydro-
phobic coating. The formation of covalent bonding between the hydroxyl
groups on the membrane surface with the organosilane vapor is similar
to that of immersion grafting [86]. CVD has several advantages over the
solution-based coating such as the use of small amount of solvent, as well
as shorter treatment process compared to a solvent-based coating which
requires drying process. However, this process is energy consuming and
requires extra safety precautions in handling the toxic organosilane
vapor. Currently, the application of CVD grafting in the ceramic mem-
brane is insufficient probably due to the requirements of the processing
vessel as well as the limitation of the organosilane compounds with low
boiling points.

In sol-gelmethod, the ceramicmembrane isdip-coated in thesol-gel con-
taining organosilane. This is finally followed by the pyrolysis of the coated
ceramicmembraneathigh temperature to remove the sol.DeVoset al. [102]
prepared the hydrophobic silica membrane through dip coating the mem-
brane with a sol containingmethyltriethoxysilane followed by the calcina-
tion of the membrane at 400°C. It was found that the membrane acquired
ten times higher hydrophobicity compared to the virgin silica membrane.
Wang and his colleagues [103] reported the fabrication of hydrophobic
β-sialon ceramic membranes by coating with polydimethylsiloxane
(PDMS) layer thoughpoly-condensation reaction. Themembranesdemon-
strated highhydrophobicitywith the contact angle of up to 140 degrees.An
increasing in contact angle values with the elevated pyrolysis temperature
from 200 to 600°C was reported. However, the hydrophobicity decreased
after the pyrolysis temperature was raised to 700°C and the membrane
became hydrophilic at 800°C. This was due to the reason that the polymer
film was burnt off at a high temperature causing the membrane to lose its
hydrophobicity. The membrane obtained successfully showed excellent
MD performance with the salt rejection of >99%.

8.4.4 Applications of Nanotechnology in Hydrophobic
Membranes for MD

Research interest has been devoted to mimicking the natural superhy-
drophobic surface through the employment of multireentrance structure
on the membrane surface and low surface tension materials. The
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functionalization of nanoparticles such as SiO2, TiO2, carbon nanotubes
(CNTs), and graphene has garnered significant attention for the
manufacturing of the hydrophobic membranes. This functionalization
technique contributes to generating hierarchical structure on the mem-
brane surfaces which imparts self-cleaning or hydrophobic properties to
the membrane. An overview of hydrophobic membrane surfaces with
macro/nanocomposite will be discussed in this section.

8.4.4.1 Applications in Polymeric Membranes

Amaterial surface is deemed as amphiphobic if it possesses repellency
toward water as well as other low surface tension oils. The material can
acquire amphiphobic properties through the combination of the macro/
nanosurface roughness with the low surface energy materials. Recently,
PVDF membranes with amphiphobic properties have been developed
through the functionalization with SiO2 and TiO2 nanoparticles and fluor-
osilanized with low surface energy organosilanes [104, 105]. The resultant
exhibited antifouling and antiwetting properties against kerosene, humic
acid and glycerol. Meng et al. [106] reported that the hierarchical structure
of TiO2-coated PVDF membrane enhanced the overall surface roughness
of the low surface energy 1H, 1H, 2H, 2H-perfluorododecyltrichlorosilane
layer, thus further enhancing the hydrophobicity. This behavior is in
accordance with the Wenzel’s regime which has stated that the surface
roughness can promote the hydrophilicity and hydrophobicity of the sur-
faces depending on their chemical properties [72]. Razmjou and his
research group [105] found that the multilevel roughness TiO2-coated
membrane demonstrated better antifouling performance compared to
the virgin membrane. The TiO2-coated membrane obtained high flux
recovery after chemical cleaning and maintained its super-repellency
toward humic acid.

The omniphobicity of the membrane can also be improved with the
higher level of reentrant structures and lower surface energy. Membrane
omniphobicity is defined as the ability of themembrane to repel water and
liquidswith low surface tension like oils, ethanol. Boo and coworkers [107]
introduced the secondary reentrant structures through the spherical SiO2

nanoparticles coating on the FAS-functionalized glass cylindrical fibers.
The secondary reentrant structures introduced an air gap between the
liquid and membrane surface which allowed the liquid with low surface
tension to achieve a metastable Cassie-Baxter state (refer to Fig. 8.7), thus
enhancing the antiwetting properties. The authors also found that the
membrane functionalized with longer FAS chain and coated with SiO2

nanoparticles demonstrated steady flux and salt rejection in DCMD for
treating the saline solution (1 M) containing the sodium dodecyl sulfate
(SDS) concentration of up to 0.2 mM. This was attributed to the multilevel
reentrant structure and lower surface energy of the FAS with a longer
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chain. A similar outcome on the reentrant structures in providing omni-
phobic properties to the membrane surfaces was also described by Li
et al. [108]. The omniphobic membrane coated with SiO2 nanoparticles
showed steady DCMD performance with more consistent flux and salt
rejection during the treatment of saline water containing SDS in compar-
ison with those of commercial hydrophobic PTFE membrane. All of these
works demonstrated that the surface modification through the functiona-
lization of low surface energy materials together with nanoparticles coat-
ing can be an effective way to sustain a robust MD operation and exhibits
great potential to be applied in various separation applications especially
those involves low surface tension supply solutions.

8.4.4.2 Applications in Ceramic Membranes

Surface modification using low surface energy material, in particular,
organosilane, has been widely employed to prepare hydrophobic ceramic
membranes. However, the modification of the surface architecture of the
ceramic membrane to acquire super-hydrophobicity for the MD process
has not been extensively investigated. Recently, Huang et al. [109] intro-
duced a superamphiphobic silica-based fibrous membrane by creating
nanoscale surface roughness with the SiO2 nanoparticles. The membrane
was fabricated using coaxial electrospinning with a blend of polyvinyl
alcohol (PVA)/silica as the substrate and PVA/silica nanoparticles as
the surface modifier to prepare membrane with nanoscale surface rough-
ness. Later, the membrane was calcined at 800°C to remove the PVA and
lastly followed by the fluorination with 1H,1H,2H,2H-perfluorodecyl-
triethoxysilane. The overall process is as illustrated in Fig. 8.8. The second
scale reentrant structure provided this membrane with amphiphobic
properties with high deionized water and oil contact angles of 154 and
149 degrees, respectively. Interestingly, the membrane demonstrated out-
standing and consistent DCMD flux and a salt rejection of 100% even with

FIG. 8.7 Schematic illustration of the putative air-liquid interface on the membranes with
single reentrant (A) and secondary reentrant structures achieved by the introduction of nano-
particles (B and C).
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the increase in SDS concentration of up to 0.4 mM. These findings have
proven the effectiveness of hierarchical surface roughness in improving
the antiwetting properties of the ceramic membrane.

8.4.4.3 Hydrophobic Carbon-Based Materials

As mentioned in the earlier part, CNTs have several outstanding char-
acteristics which give them an excellent potential for the MD applications.
CNTs can be incorporated in polymeric nanofiber membranes to enhance
their hydrophobicity. A study done by Tijing and coworkers [57] demon-
strated that the incorporation of CNTs in the nanofiber membranes con-
tributed to the bead formation that provided the micro/nanomembrane
surface roughness and consequently improved the hydrophobicity of
the membranes. However, the modified membrane exhibited lower LEP
values compared to that of the commercial PVDF membrane and this
was mainly due to their larger pore size. Moreover, the tensile strength
of the membrane was also found to be stronger after the addition of
5 wt% of CNTs compared to the commercial PVDF membrane and pris-
tine nanofiber membrane. Besides that, the membrane modifications with
CNTs have also been reported for their effectiveness in boosting the vapor
permeability by altering the vapor-membrane interactions. The incorpora-
tion CNT in nanofiber membranes enhances the antiwetting properties of
the membrane pores and promotes the mass transfer [110]. The enhanced
hydrophobicity of themembrane pores endowed byCNTs causes the pore
walls and vapor molecules to have higher repulsive energy. The incre-
ment in the repulsion of the vapor molecules to the pore wall enhances
the Knudsen and molecular diffusions. In addition, viscous flow can also

Core solution
(PVA/silica)

Sheath solution
(PVA/silica NPs)

PVA@SiNPs-SFM FAS@SiNPs-SFMSiNPs-SFM

CalcinationHigh
voltage

FAS800°C

FIG. 8.8 Schematics of the preparation of the fluorinated silica-based fibrous membrane
coated with SiO2 nanoparticles (FAS@SiNPs-SFM). Modified from Fig. 1. of Huang Y-X, Wang

Z, HouD, Lin S. Coaxially electrospun super-amphiphobic silica-based membrane for anti-surfactant-

wetting membrane distillation. J Membr Sci 2017;531:122–8 with permission. License #
4285691225631.
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be improved as a result from the reduction in the nonslip condition zone
in membrane pores due to the enhanced repulsion force. The effects of
CNTs on the mass transfer mechanisms across the membrane are illus-
trated in Fig. 8.9. To sum up, the mass transfer in the CNT-incorporated
nanofibermembranes can be enhanced due to less molecule collision and
shorter wall collision distance. The movement of vapor across the pores
like a magnetic levitation train could also reduce the chances of pore
wetting [111].

Graphene nanomaterial has also been used in MD membranes due to
its hydrophobic properties, resistivity to fouling as well as high thermal
and mechanical stability [59, 112]. Woo et al. [59] reported that the incor-
poration of graphene contributed in modifying the surface architecture
of the electrospun PVDF-HFP membrane. The multilevel membrane
surface roughness provided the membrane with higher hydrophobicity
and consequently the antiwetting properties. The graphene incorpo-
rated nanofiber membrane successfully achieved higher flux than that
of the commercial PVDF membrane due to the large available surface
area and pore volume, higher hydrophobicity, and high thermal
conductivity.

FIG. 8.9 Effects of CNTs on three different mass transfermechanisms across the nanofiber
membranes: (A) viscous flow, (B) Knudsen, and (C) molecular diffusions.Adapted from Fig. 5.

of Lee J-G, Lee E-J, Jeong S, Guo J, An AK, Guo H, et al. Theoretical modeling and experimental val-
idation of transport and separation properties of carbon nanotube electrospun membrane distillation.

J Membr Sci 2017;526:395–408 with permission. License # 4286230738497.
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8.5 APPLICATIONS OF MD

8.5.1 Desalination

MD was designed initially as an alternative to RO and thermal pro-
cesses for desalination purposes. Currently, the majority of the MD desa-
lination applications are still limited in the laboratory or small pilot scales
studies. Song and his research group [113] set up a small pilot plant for
DCMD desalination which operated on a daily basis for 3 months. City
water with different salt contents (0%, 3.5%, 6%, or 10%) and seawater
were used as the hot brine for the plant. The plant managed to achieve
the highest distillate production rate of 141 L/h and did not show signif-
icant flux reduction in treating seawater with salt concentrations of 19.5%.
Recently, the performance of DCMD and AGMD desalination modules in
laboratory and pilot scales was compared by Eykens et al. [114]. It was
found that AGMD exhibited the flux of 1.2 times higher compared to that
of DCMD in pilot scale. The results were in contrast with the laboratory
outcomes, which demonstrated that DCMD had four times higher flux
than AGMD. The difference between the outcomes of laboratory and pilot
scales was attributed to the different scale setup conditions.

Recently, many efforts have been made to commercialize this technol-
ogy for the real desalination applications. SomeMD specialized organiza-
tions have set up a number of MD pilot plants for desalination. For
instance, Memstill tested their AGMDmodules in three desalination pilot
plants located in Singapore and Netherland before commercialization. An
economic evaluation revealed thatMemstill system could reduce the desa-
lination costs to $0.50/m3 or lower depending on the types of heat sources
used [115, 116]. Besides, the pilot plants equipped with vacuum multief-
fect membrane distillation (V-MEMD) designed byMemsys has also been
installed in several countries like Singapore, Australia, and India [41]. In
2014, Aquaver successfully commissioned the first commercial MD desa-
lination plant in the world in theMaldives. This desalination plant utilizes
the waste heat produced by a local power plant to produce clean drinking
water with the capacity of up to p to 10,000 L/day [117].

8.5.2 Removal of Heavy Metals

The presence of heavymetal in water has been a significant challenge in
this modern world. A variety of heavy metals removal techniques has
been developed, including ion exchange, adsorption, chemical
coagulation-precipitation and membrane process. However, these pro-
cesses have their own disadvantages. For instance, ion exchange is not fea-
sible to treat supply waters with high salinity. The disposal of adsorbent
media, use of chemicals during regeneration and cleaning, as well as the
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loss of absorbing capacity over time, are the primary concerns for the
adsorption method. Meanwhile, chemical coagulation-precipitation pro-
cess is not ecological friendly due to the disposal of sludge. Not to men-
tion, the pressure-driven membrane process like RO and nanofiltration
are also not sufficient to treat supply stream with a high concentration
of metals. MD has been applied successfully in treating water containing
heavy metals such as arsenic and lead, thus can be an alternative for the
abovementioned techniques. Arsenic can be removed from the water
through pressure-driven membrane separation. However, a preoxidation
step is often required to convert As(III) to As(V) for higher rejection in neg-
atively charged membranes [118, 119]. This preoxidation step can be
avoided with the use of MD as high arsenic rejection could be obtained
irrespective of its forms. It was proven by a study conducted by Qu
et al. [118] showing the high removal efficiencies of over 99.95% for both
As(III) andAs(V) using DCMD. Attia and research partners [120] reported
that the flux of AGMD was not significantly affected by the heavy metal
concentration. The authors employed the PVDF nanofibrous membranes
coated with Al2O3 nanoparticles to treat solution containing lead (Pb) and
a high Pb rejection of 99.36% was achieved.

8.5.3 Recovery of Valuable Materials

MD could also be a compelling alternative to other treatment methods
like the traditional distillation process, air stripping, bioreactors, anaero-
bic/aerobic biological treatment and advanced oxidation process to
recover valuable materials [121]. The unique properties of MD that oper-
ate based on vapor pressure and volatility make it an attractive way to
concentrate these materials either in the supply stream or permeate
stream. Some research has been conducted on the recovery of valuable
materials such as alcohol, sugar, fruit juices, mineral acids and many
more [40]. For instance, pure glycerol can be obtained by dewatering pro-
cess through SGMDmode [122]. Interestingly, the process was able to give
a high level of solute rejection of>99%. Besides that, the production of eth-
anol from whey through the bioreactor coupled with DCMD (MDBR)
achieved an efficiency of two times higher than the stand-alone bioreactor
[123]. MD has also demonstrated its capability in concentrating clarified
fruit juice in the food industry. A study has shown an increase in the con-
centration of orange juice from 9.5 to 65 °Brix through two-steps DCMD
process without significant deterioration in juice quality [124]. It was also
found that MD can be a promising alternative to the conventional thermal
evaporation technique for the concentration of tomato juice. The well-
preserved color and reduction of the formations of furan and hydroxy-
methylfurfural could make MD an attractive option for the tomato juice
concentration process [125].
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8.6 CONCLUSIONS

MD is perceived as an emerging separation technology with several
remarkable and outstanding advantages compared to other separation
processes concerning mild operating conditions, high product quality
as well as the feasibility to treat supply solutions of different salinity
and couple with low-grade energy sources. This technology has been
known for more than 50 years andwidely studied for various applications
especially in desalination. However, the commercialization progress of
MD technology is still slow because it is still not fully developed at the
industrial scale. The challenges such as low availability of membranes
with suitable characteristics forMD applications, high possibility of mem-
brane wetting and limitations of commercially available MDmodules, are
themain obstacles that must be overcomewith to promote this technology
for the real applications.

MD technology has always been labeled with its low flux performance
due to the lack of membranes with excellent characteristics. This chapter
has discussed the membranes materials and the optimal membrane char-
acteristics for the MD process. Polymeric membranes are the most widely
used membranes for MD applications due to their intrinsic hydrophobic
properties, ease of fabrication and low cost. Besides that, ceramic and
CNTs membranes have also been gaining interest recently for MD appli-
cations owing to their unique properties and advantages. The develop-
ments of these two types of membranes for the MD process are still at
the early stages, and numerous challenges are still yet to be overcome
to allow them to perform up to their full potential in the MD applications.
In overall, more works need to be done to optimize the membrane char-
acteristics with the aims to enhance the MD performance as well as the
process stabilities and lifespan.

Membrane wetting is another critical issue that affects the MD perfor-
mance. It can be resolved by improving the hydrophobicity of the mem-
branes. Different approaches have been conducted to improve the
membrane hydrophobicity such as the use of membrane materials with
excellent intrinsic hydrophobic properties and/or functionalization with
low surface energy materials. However, in the real-life applications, the
supply solutions do not only contain water but might also contain some
other low surface tension liquids such as alcohols and oils. This would
limit the performance of the MD process, and consequently, the products
quality would be adversely affected. Thus, the membranes should be
equipped with amphiphobic or omniphobic properties to prevent the
membrane wetting from occurring. This can be achieved by increasing
the membrane surface roughness as well as imparting higher membrane
hydrophobicity. Recently, several efforts have been made to acquire the
amphiphobic or omniphobic properties for the MD membranes through
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the applications of nanotechnology. The membranes obtained success-
fully demonstrated outstanding antiwetting properties. Future work will
also have to be done to apply these membranes in pilot-scale research and
access the long-term stabilities of the membrane performance.
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9.1 INTRODUCTION

Hemodialysis is a process of purifying the blood of a person whose
kidneys are not working normally, using thousands of membrane fibers,
fitted into a single membranemodule commonly known as hemodialyzer.
Membrane technology keeps developing until it has been successfully
used for hemodialysis treatment for patients who suffer from acute renal
disease and end-stage renal failure (ESRF). ESRF is a disease state inwhich
long-term kidney failure has caused drastic reduction of glomerular
filtration rate to below than 5 mL/min [1]. As a result of kidney failure,
metabolites originated from body metabolic reactions will increase pro-
gressively, where the retention of a large number of molecules is called
uremic syndrome [2]. These uremic toxins can be classified in three groups
based on their physiochemical properties that influence their dialytic
removal. The classification is made based on the molecular weight
(MW) or in the ability to bind to proteins like albumin. Uremic toxins with
MW below 500 Da are classified as small water-soluble molecules, while
molecules with MW from 500 Da to approximately 15,000 Da are called
middle molecules. Independently of the MW, if a uremic toxin is capable
of binding to a protein, it belongs to the category of protein bound.

In general, the main component of hemodialysis machine is dialyzer,
where semipermeable membranes are arranged in the middle, serves as
membrane contactor to form separate adjacent paths for blood and dialysate
(Fig. 9.1). It filters waste products (i.e., urea, creatinine, β2-microglobulin),
removes excess water and balances electrolytes such as sodium, potassium,
and bicarbonate. Hemodialysis involves the movement of water containing
solutes across semipermeable membranes by diffusion and ultrafiltration
(UF). Diffusion and UF are the two fundamental processes involved in con-
tinuous renal replacement therapy.

Diffusion can be referred as the movement of solutes from high solute
concentration to lower solute concentration [3]. Dialysate runs countercur-
rent to blood flowing on the other side of a membrane to maximize solutes
concentration gradient for efficient diffusion. Small molecules such as
urea will move smoothly along the concentration gradient into the dialy-
sate fluid. Diffusive clearance of a solute usually depends on its MW,
electrical charge, the blood-dialysis fluid concentration gradient, blood
and dialysis flow rates and on membrane characteristics, such as the
diffusion coefficient. Ideally, solute removal is directly proportional to
the dialysate flow rate [4]. Meanwhile, UF is a process whereby solute
is carried by a fluid across a semipermeable membrane as the result of
a pressure gradient. This represents what happens in the healthy human
kidney. The rate of UF depends on the membrane porosity and the hydro-
static blood pressure, which depends upon blood flow. This process is
very effective for the removal of fluid along with middle-sized molecules,
which are believed to cause uremia.
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Hemodialysis membrane is a type of low pressure-driven membrane
which separates molecules by size-exclusion. The hemodialysis mem-
brane performance is determined by the membrane’s solute clearance
and UF characteristics [5]. Solute clearance represents the membrane’s
efficiency while UF characteristics will determine whether the membrane
is low flux or high flux. Hemodialysis membranes are classified based on
their chemical nature and morphology. Due to the bioincompatibility
issues of cellulose-based membranes, synthetic polymeric membranes
have been prevalently used and commercialized. Regarding morphology,

FIG. 9.1 Blood-membrane interaction [35].
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asymmetric structure of the membrane is gaining much attention over
symmetric membrane due to its superior separation performance.

9.2 PROPERTIES OF HEMODIALYSIS MEMBRANE

9.2.1 Selection Factors

The hemodialyzer is made up of thousands of hollow fiber polymeric
membranes (approximately 10,000 hollow fibers) that are bundled
together into a module [6]. This module acts as a support structure that
houses the hollow fiber membrane, enabling the dialysis process between
the patient’s blood and the dialysate [6]. The fabrication technique, prop-
erties of the fabricated membranes, clearance of the uremic toxins, and
performance in ultrafiltration (fluid removal) and dialysis are related.
For example, electrospinning technique produced high specific surface
areas that are suitable for gas separation and oil-water separation applica-
tion [7]. Thus, it is important to identify the principle used during hemo-
dialysis procedure and the morphology of the membrane that are suitable
for dialysis process prior to choosing the membrane fabrication technique
[8]. During hemodialysis procedure, the movement of molecule fluid and
solute from blood to dialysate and vice versa involve a combination of
three system which are dialysis, ultrafiltration and convection [4]. Uremic
toxins such as urea and creatinine range from size 10,000–55,000 Da needs
to be excreted out from the blood. While, proteins such as albumin
(66,000 Da) need to be retained. The penetration of urea, toxin and waste
substances can be estimated based on the formula of 1 kDA of substance is
equilibrium to 0.2 μm. The sieving coefficient of a dialysis membrane is
determined by its pore size. Thus, the membrane pore size need to be
in the range 1–10 or 10–100 nm for the filtration and retention occur effi-
ciently [9]. Based on the mean pore size, membrane for hemodialysis can
be categorized as either nanofiltration or ultrafiltration membranes. The
physical structure or morphology of a fabricated membrane is a major
concern in determining the efficiency of a dialysis membrane. Different
type of membranes morphology will give a different result in term of
its permeability and clearance efficiency. Two types of the most common
hollow fiber membrane morphology for dialysis membrane are homoge-
nous and asymmetry hollow fiber membrane [10].

An asymmetric membrane consists of a dense thin layer on the inner
surface of the membrane called “skin layer” and the density of the mem-
brane gradually decreasing in the radial direction. The skin layer repre-
sents the selective layer of the membrane and water molecules. While
the thick layer on top of the skin layer is known as “support layer.” This
layer has a minimal function in solute resistance and water transport.
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However, it provides enoughmechanical strength for themembrane struc-
ture. A typical inner diameter for synthetic dialysis membranes is ranged
between 180 and 220 μmand awall thickness range between 20 and 50 μm.
While the skin layer of the membrane is range between 0.1 and 1.0 μm
thick and support layer range from 100 to 200 μm thick. The membranes
are fabricated through phase inversion technique where an integral struc-
ture with skin and support layer made from a single material is produced
in a single process to produce an asymmetric membrane [11].

A homogeneousmembrane is a densemembranewhere its entire thick-
ness contributes to the transport resistance for solutes and water. The
permeability of a homogenous membrane is rather low as compared to
an asymmetric membrane. Most of the cellulosic membrane and some
of the synthetic polymeric membrane such as EVAL, PMMA, and
AN-69 are homogenous. For homogeneous membrane, its entire dense
membrane involved in the separation process during hemodialysis. This
can cause middle-molecule adsorption at the membrane surface, conse-
quently lead to the adverse effect of complement system activation.

9.2.2 Pore Size

A hemodialysis membrane should closely resemble with the glomeru-
lus in real kidney especially for filtration process in clearance of low and
middle protein molecular weight uremic toxins like urea, creatinine, and
β2-microglobulin. Consequent to that matter, pore size is one of the essen-
tial properties to achieve an excellent solute transfer. Pore size can be
described as the mean size of the pores on the surface of a membrane.
Moreover, it also refers to the particle size that the membrane can reject,
as well as the characterization of the membrane itself.

There are three types of pores of membrane: cylindrical, sponge and
blind pores. Cylinder shaped pores usually pass through in an entire
membrane and have lower surface area compared to spongy pores.
Meanwhile, the pores of sponge have randomly shaped of cavities and
channels, across the membrane. This type of pores has a large surface area
and mostly charged in the trapping of particles [12]. However, the pores
are less uniform because of their number of configurations inside the
membrane. According to Kosutic and Kunst [13], both cylindrical and
spongy pores in membrane practically are not uniformly shaped. Lastly,
blind pores are the pores which do not go through up to the top layer of
the membrane. Consequently, no permeation has been penetrated into
these pores and it only exists as bubbles within the surface membrane.
In the characterization of a membrane, the presence of blind pores will
indicate the ability of the medium to penetrate the membrane.

There are four types of central membranes, namely microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and also reverse osmosis
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(RO) that have a size ranging from 1000 to 0.0001 μm [14, 15]. Microfiltra-
tion mostly has a pore size of 0.1–5 μm and is the largest of pore size
compared to other three. Its size of pores is large enough to filter blood
cells, flour, bacteria, and many other fine powders in solution. Besides
that, this type of filtration can operate under low pressures and low
energy. On the other hand, ultrafiltration has a pore size range from 0.1
to 0.01 μm. It rejects particles such as silica, viruses, endotoxins, proteins,
plastics and smog/fumes such as ZnO. Due to the decrease in pore size,
the osmotic pressure required is higher than that of MF.

Nanofiltration has a pore size range of 0.001–0.01 μm and can filter par-
ticles, including sugars, synthetic matrices, and some salts, however, it
cannot remove the aqueous salts and metal ions. Meanwhile, a pore size
of reverse osmosis is in the range of 0.0001–0.001 μm. It is mostly used in
industry for a large scale in separation material such as for desalination
and water purification, as it filters out everything except for water mole-
cules. From the size of the pores indicate that this type of membrane is
solely capable of filtering salts and metal ions from the water. As the size
of pores, RO membrane is quite small. Therefore a large amount of
osmotic pressure is needed to force the filtration [13]. The different type
of filtration processes has been summarized as shown in Table 9.1.

TABLE 9.1 Different Type of Filtration Processes by Pore Size Ranges and Their
Application

Microfiltration

(MF)

Ultrafiltration

(UF)

Nanofiltration

(NF)

Reverse

osmosis

(RO)

Size of pore 0.1–5 μm 0.1–0.01 μm 0.001–0.01 μm 0.0001–
0.001 μm

Operating
pressure

0.5–5 bar 1–10 bar 7–30 bar 20–100 bar

Types of
materials
removed

Bacteria, blood
cells, flour, talc,
etc.

Silica, viruses,
endotoxins,
proteins,
plastics,
smog/fumes

Some salts,
synthetic dyes,
sugars, starch,
pesticides,
detergents

Salts, metal
ions,
sugars,
amino acids

Applications Water
purification,
sterilization

Separation of
molecular
mixtures,
artificial
kidney

Desalination,
food processing,
separation of
molecular
mixture, water
treatment

Sea and
brackish
water
desalination
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For hemodialysis membrane, it involves the diffusion of the solutes
through a semipermeable membrane by ultrafiltration process. Moreover,
in an extracorporeal circuit, the movement of the dialysate is in the oppo-
site direction with the blood flow. Therefore, the removal of the fluid is
affected by changing the hydrostatic pressure in the dialysate compart-
ment, which causes the free water and some solutes to dissolve through
the membrane along the created pressure gradient.

Dialyzer membranes have been categorized into two types based on
their different pore sizes. The flux, on the other hand, is interpreted as
the ability of the membrane to filter the plasma. Therefore, the dialyzer
that has small pore sizes are referred as low-flux meanwhile the one with
large pore sizes are referred as high-flux [9]. According to Klaus and
Suzana [16], a flow rate of less than 10 mL/h/mmHg is considered to
be a low-flux dialyzer while a dialyzer with a flow rate of more than
20 mL/h/mmHg is considered to be a high-flux dialyzer. Mostly in
low-flux dialyzers, the large molecules like β2-microglobulin are challeng-
ing to be removed. Consequent to that matter, the trend has been shifted to
use high-flux dialyzers instead of low-flux dialyzers by improving the
dialysis solution and membrane itself using nanotechnology method.

9.2.3 Porosity

Pore density or also known as porosity is one of the factors that deter-
mine the dialyzer membrane diffusive transport. Porosity is determined
by measuring the void spaces in a material, which is the fraction of void
volume over the total volume is between 0 and 1, or in percentage between
0% and 100% [17]. The porosity (ϕ) is determined by dividing the volume
of void space (VV) over the total volume of the material (VT) as in Eq. (9.1):

ϕ¼Vv=VT (9.1)

According to Mike and Yunhong [17], the value of porosity will be
changed if some of the modification in the process such as hydrothermal
alteration, deformation and producing secondary or fracture porosity has
beenmade. This is supported byManger (1963) that stated the total poros-
ity could be varied based on density used, and the method of absorptions
for different fluids or gases. The porosity value can be determined using
various ways such asMercury intrusion porosimetry, gas bubble pressure
method, and gas expansion method.

Mercury intrusion porosimetry is used to measure the pressure that is
required to expel a nonwetting liquid (mercury) through pores in the
material. In this method, high pressure is required to force the viscous
mercury to go through the small pores which could disturb the flexibility
of nanofiber membranes. Mostly, liquid extrusion porosimetry is the suit-
ablemethod for testing of nanofibermembranes however it onlymeasures
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the total pore volume instead of the diameter of the pores in the throat [18].
All instruments will assume that the shape of the pores is in cylindrical
and determined by using Young-Laplace equation that has beenmodified:

ΔP¼ σ� cos θ� 1=r1 + 1=r2ð Þ¼ 2�σ� cos θ=rpore (9.2)

This equation relates to the difference of pressure over the curved mer-
cury interface as described in r1 and r2 to the pore size by using the value of
surface tension of mercury (σ) and the contact angle betweenmercury and
the solid. However, the assumption of pore shape is in a cylinder can give
great differences between reality and analysis as the real shape of pores
that form is quite different. On the other hand, one of the limitations of
this method is that mercury porosimetry does not measure the internal
pore size, but rather determines the largest connection (pore or throat
channel) from surface of the sample to this pore. Thus, mercury porosime-
try results always show a smaller pore size comparable to the results of the
image analysis method. In fact, it cannot be used to analyze closed pores
becausemercury has noway to enter this pore. Besides that, the amount of
mercury in filling the smallest pore size usually is restricted based on the
maximum pressure achieved by the instrument.

Gas bubble pressure is a method introduced by Bechhold in 1908 [19].
In this method, the pressure (P) is required to blow through the capillary
that filled with a liquid that is inversely proportional to the radius of the
capillary (r). The size of pores can be calculated by using the Cantor equa-
tion as below:

P¼ 2� γ=r � cos θ (9.3)

The bubble point is the measure of the radius of the largest pore as soon
as the gas passed first. The advantages of this method are a simple proce-
dure, nondestructive and helpful in integrity test. Vice versa, it also has a
disadvantage as this method does not provide information for pore size
distribution in the membrane, and as for gas permeation, it requires high
air-water surface tension to go through small pores which can causemem-
brane compression instead.

In gas expansion method, it used Boyle-Marriote gas law. This method
most widely used to determine porosity. The test usually carried out at the
constant temperature. A valve connects two chambers with known vol-
umes. The sample is placed in the chamberV1 with the pressure P1. Mean-
while, second chamber V2 initiated at pressure P0 is connected to the first
one by opening the valve between them, thus permitting the gas to expand
isothermally. From Boyle-Marriote law, if the final pressure is P2:

P1 V1�Vsð Þ=Z P1ð Þ+P0�V2=Z P0ð Þ¼P2 V1 +V2�Vsð Þ=Z P2ð Þ (9.4)

V2 is for grain volume, and helium gas has been used as it an approx-
imately ideal gas (assume Z ¼ 1) at low pressure.
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9.2.4 Pore Size Distribution

The other of membrane properties is pore size distribution (PSD) that
are important for determining the efficiency of filtration process in hemo-
dialysis treatment. According to Supriyo and Keith [20], the pore size dis-
tribution (PSD) is interpreted as the statistical distribution of the radius of
the largest sphere that can be fitted inside a pore at a given point. Besides
that, it also describes the range of pore sizes that exist in a membrane with
more precision about particle sizes that preserve by the membrane itself.
On the other hand, the filtration flux is directly related to pore size and
pore distribution. This is supported by Khayet and Matsuura [21] that
stated by observing the mean pore; it can reflect the solute transport tech-
nique used in the membrane.

There are a few of methods used to measure the pore size distribution
like gas adsorptionmethod, permoporometry, and thermoporometry [21].
In the gas adsorption method, pore size distribution can be determined by
observing the adsorption and desorption of gas nitrogen through the
pores based on the process of adsorption and condensation of a capillary.
This method is applied if the membrane has pore sizes in the range of
17–100 Å [22].Meanwhile, the permoporometrymethod is used if the pore
sizes are in the range of 20–300 Å. This method is applied when the vapor
pressure on a liquid surface depends on the curvature of the surface.
The vapor pressure will rise from 0 to 1 to fill all the pores. On the other
hand, thermoporometry is referred as a calorimetric study of the liquid
capillary that goes through condensation process by saturation of porous
material. This method is used if the pore sizes are in the range of
15–1500 Å, and especially formaterials that are compressedwithout struc-
tural change [23].

9.2.5 Contact Angle

According to Tylkowski et al. [19], the contact angle is an analysis to
characterize the membrane hydrophilic/hydrophobic behavior. More-
over, it also can be used to investigate the effect of chemical modification
that has been made like cross-linking between the other materials [24] or
by addition of hydrophilic or hydrophobic solvent as a supporter into
polymeric materials to find optimal flux without sacrificing selectivity
[25]. According to Feng et al. [26], contact angle also refers to the rough-
ness and thickness of the outer parameter produced membrane. This is an
essential key element to further understanding of other techniques like
permporometry, which are associated with the thickness of the sorption
layer [27].

Hydrophobicity or hydrophilicity of solids is significant in many
processes like wetting, flotation, improved oil recovery, purification
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technology, super hydrophobicity, fluid spreading, plants protection, and
others. These words are used to explain the affinity of solids to water
extending on their surface [19]. Contact angle (θ) also is a measurement
for unequal molecular interactions which involved at least two materials
in contact known as wettability. If θ < 90 degrees, it means that the mem-
brane is hydrophilic. This is determined based on the solid that is partially
moistened with a liquid such as water. Meanwhile, if θ > 90 degrees, it
means that the surface is not wetted and is known as a hydrophobic
membrane. However, if the water contact angle is above 140 degrees, it
is known as superhydrophobic. This type of membrane can be obtained
through an appropriate modification such as roughening, micro pattern-
ing, machining, or etching [19].

9.2.6 Biocompatibility of Hemodialysis Membrane

9.2.6.1 Definition of Membrane Biocompatibility

Biocompatibility is required for material that has surface that comes
into contact with the biological system [28]. Initially, the Dictionary of Bio-
materials defines biocompatibility as “the ability of a material to perform
with an appropriate response in a specific application” [29, 30]. Lately,
biocompatibility is defined as “the biological performance of a certain
material in a specific application and its acceptance/suitability for such
application if both host and material responses are optimal” [31]. Besides,
in blood purification applications like hemodialysis, biocompatibility is
defined as “a concept to stipulate safety of blood purification therapy
by an index based on interaction in the body arising from blood purifica-
tion therapy itself” [32].

Membrane biocompatibility is considering one of the significant
aspects to be a concern for the hemodialysis membrane. The demand
properties of material biocompatibility depend on its applications of the
end-product. For hemodialysis, properties such as blood compatible or
hemocompatible are necessary for the material involved in the process
related to the reduced coagulation, platelet adhesion, protein adsorption,
and hemolysis [31]. During the hemodialysis process, numerous biologi-
cal responses arise when blood expose to the extracorporeal circuit that
includes exposure to membrane materials, removal of solute, exposure
to dialysate components, or contamination in which the membrane area
was the foremost part expose [28, 33]. Blood-membrane contact during
hemodialysis creates a series reaction of the biological event (Fig. 9.1),
which will lead to an adverse effect on the membrane performance and
also patient health. Bioincompatibility may affect the incidence of infec-
tion, malignancy, cardiopulmonary disease, and malnutrition as well as
induce novel disease processes [34].
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9.2.6.2 Protein Adsorption

Protein adsorption can be defined as “adsorptionwhich is adhesion or
sticking of protein(s) on one of the surfaces.” Proteins are commonly
serum proteins, enzymes, antibodies, and foreign antigens; sometimes
genes included even though they are not proteins in fact [36]. During
hemodialysis, the deposition of protein layers happens instantaneously
after blood contact with the foreign surface of the membrane [37]. Once
deposited, protein initiates all subsequent body biological event in blood,
which cause coagulation and complement activation and also initiates
blood cell activation and attach on membrane surfaces [37, 38]. Adsorbed
plasma proteins, such as factor XII, fibrinogen, vitronectin, high-molecular-
weight kininogen (HMWK), von Willebrand factor and others provide
a significant criterion for their thrombogenicity. The adsorption of
these plasma proteins to membrane surfaces leads to a receptor-mediated
(GPIIb/IIIa) adhesion and activation of platelets, and as a result to aggre-
gation, and in an advanced stage, to thromboembolic processes [39].

Beside affect membrane biocompatibility, irreversible protein deposi-
tion on membrane surface also cause a progressive decline in flux and a
change of membrane selectivity that known as membrane fouling [38].
Several factors such as membrane surface chemistry as well as protein
size, shape, charge and isoelectric point causing protein adsorption. It is
necessary for biocompatible membranes must not have surface nucleo-
phils, yet should have small surface charge and a well scattered hydro-
philic and hydrophobic areas [31].

9.2.6.3 Contact Activation of Coagulation

Clotting happens by the contact of plasma with membrane surface that
produces adsorbing interface. This leading opinions by Johlin’s works in
1929 show activation of the plasma-coagulation cascade is apparently
catalyzed by contact of specific blood factors with surfaces and does not
necessarily require adsorption of these factors [40]. Upon blood contacting
with hemodialysis membrane, plasma-coagulation cascade was activated
through contact activation which also termed an intrinsic pathway of
coagulation [41].

The intrinsic pathway being initiated by contact activation of high
molecular weight kininogen (HMWK), prekallikrein and Factor XII
and generally, these fragments need interaction with negatively charged
membrane surfaces for zymogen activation in-vitro. Factor XII is stimu-
lated by adsorption, FXIIa transforms prekallikrein into kallikrein and
with HMWK as a cofactor initiates Factor XI to Factor FXIa. Factor XIa
activates Factor IX to Factor IXa. After a process of reactions involving
(among others) the intrinsic tenase complex (Factor IXa and Factor
VIIIa), prothrombin is changed into thrombin. At last, thrombin converts
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the soluble fibrinogen into insoluble fibrin, which is then stabilized
by FXIIIa to form stable clots [42].

9.2.6.4 Complement Activation

The membrane biocompatibility usually been determined based on the
severity of the complement activated [43] as the complement is compo-
nents of the inflammatory response induced by the membrane [42].
Hemodialysis membrane activate complement system through alterative
pathway [44]. The adsorption of C3b on membrane surface by covalently
bonded of C3b to hydroxyl (OH―) or amine (―R―NH2) groups on the
membrane surface with the carbonyl group in the C3b thioester binding
site [42]. It subsequently activates C3 convertase which cleaves to form
C3a and C3b. The C3a later facilitates the formation of C5 convertase that
later cleaves to form C5a and C5b. C5b induced the formation of mem-
brane attack complex (MAC), which cause pathogen cell to lyse and trig-
gered further cells activation [45]. C3a and C5a are biologically active
agents that capable to cause high vascular smooth muscle contraction
and induce anaphylaxis in some animal models, therefore the name
“anaphylatoxins” given [35]. Complement C3a anaphylatoxin activates
platelets, enhancing their aggregation and activation [45, 46]. Also, com-
plement C5a anaphylatoxin caused thrombosis, through activation of tis-
sue factor (TF) in peripheral blood neutrophils that trigger in-vivo blood
coagulation process [47].

9.2.6.5 Platelets Activation and Adhesion

Platelets in nature involved in early hemostatic response when any vas-
cular injury happens [41]. During hemodialysis a rapid plasma protein
adsorption especially fibrinogen and exposure toward membrane surface
could lead activation of platelet, platelets adhesion and aggregation on the
membrane surface to form a thrombus on the hemodialyzer membrane’s
surface (Fig. 9.2) [33, 48]. Coagulation pathways activate platelets through
the release of thrombin from prothrombin conversion, while the anaphy-
latoxin C3a complement induces platelet activation and aggregation [43,
45]. The thrombocytopenia is also a well-known complication of hemodi-
alysis treatment. It was found that thrombocytopenic incidences occurring
with hemodialysis were associated with complement activation (C3a) in
addition to activation of platelets themselves [49] by the membrane.

9.2.6.6 Hemolysis

Hemolysis or degradation or the red blood cell (erythrocytes) caused by
shear stresses that occur when blood was flowing along the membrane
surface however it rarely happens during hemodialysis process. The
hemolysis also can be caused by activation of the complement system fol-
lowed by formation of themembrane attack complex (MAC) (Fig. 9.3) [43].
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9.2.6.7 Leukocyte

Leukocytes activation and adhesion is mediated by comple-
ment components system. The activation of complement system via
alternative pathway particularly C3a and C5a significantly activate
leukocytes causing leukopenia in the first 10–15 min of dialysis [10].

FIG. 9.2 Formation of thrombus following the adhesion of fibrin and platelets on the
membrane surface from Ref. [50].
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Poor biocompatibility membrane such as cuprophan initiate release vast
amount of reactive oxygen species (ROS) by neutrophils that activated by
hemodialysis membrane [10, 43] and also cause neutropenia [51].
Chronic complication of the ROS release causing anemia, amyloidosis,
accelerated atherosclerosis, and malnutrition [52]. The previous study
had reported that various membranes were causing platelets-leukocytes
aggregation due to shear stress, contact activation, or agonist activation.
This coaggregates cells could cause atherosclerotic plaques, and a severe
clinical situation in which platelet-neutrophil interactions have been
implicated is in the pathophysiology of septic shock and multiple organ
system failure [51].

9.3 THE MEMBRANE USED IN HEMODIALYSIS

Hemodialysis membranes, in general, are made up of polymer.
A polymer is dissolved in a conventional organic solvent, or sometimes
acid depending on its solubility. The polymer solution, or commonly
denoted as the dope solution can contain either entirely organic com-
pound or exists as a mixture of organic and inorganic compounds. This
dope solution will then be shaped into a membrane via phase inversion.
There is a wide range of membranes that can be used to develop a hemo-
dialysis membrane. In brief, hemodialysis membranes can be classified
based on two main criteria: (i) chemical natures of the primary polymer
and (ii) the types of modification the membranes undergo.

9.3.1 Chemical Natures of Polymer

At the early stage of the development, there were three types of hemo-
dialysis membrane, namely cellulosic, modified cellulosic, and synthetic
membranes (Ruthven, 1997). This classification was made based on the
chemical natures of the polymer used.

9.3.1.1 Cellulosic Membrane

Cellulose membranes were used at the earlier development of hemo-
dialyzer. They are fabricated from cellobiose which is ubiquitous as a sac-
charide. These membranes are symmetric concerning morphology,
indicating a substantially uniform resistance to mass transfer over the
entire wall thickness. Besides, these membranes are characterized by
the low mean size of a pore and pronounced hydrophilicity [53, 54].
The long duration of popularity was due to their particular suitability
for a diffusion-based procedure. The hydrogel structure allows the com-
bination of low wall thickness and high porosity to be attained. This
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permits satisfactory transport rate within the diffusive membrane, which
results in efficient removal of small water-soluble uremic toxins like urea
and creatinine. In early years, cellulosic membranes such as cuprophan
are popularly used due to their abundance in nature and having excellent
transport properties to remove wastes from the blood.

However, it was found that the membrane is clinically undesirable and
carries many shortcomings regarding biocompatibility [5]. The cellulose
surface tends to activate complement pathway once it comes into contact
with blood. The presence of high free hydroxyl group density in cellobiose
has aroused the activation of the alternative complement pathway. In
addition to their low biocompatibility, the incapability of cellulosic mem-
branes to extend their MW range for solutes removal contributes to the
decreased in the membranes popularity [54]. For the removal of β2-micro-
globulin, cellulose derivedmembrane is impermeable to β2-microglobulin
due to its dense symmetrical structure which does not permit the natural
diffusion or convection of proteins through the membrane. Moreover, the
demand for cellulosic membranes declined over the past decades with the
progress in other material in the same area.

9.3.1.2 Modified Cellulosic Membrane

The evolution of hemodialysismembranes continues to counter the bio-
incompatibility issues faced by cellulosic membranes [55]. Somemodifica-
tionsweremade onto the cellulose surface. There are two types ofmodified
cellulosic membranes depending on the molecules that are replacing the
hydroxyl groups, namely cellulose acetate membranes and hemophan
membranes [54].

Similar to an unmodified cellulosic membrane, thesemembranes own a
symmetric structure with low wall thickness (6–15 μm). In contrast, these
membranes have larger mean pore size compared to the unmodified
cellulosic membrane (22 μm). This resulted in more substantial porosity,
higher water permeability, and middle molecule clearance. However,
the weak hydraulic permeability and low MWCO near 2000 Da still limit
the development of cellulose-based material [56]. Modified cellulosic
membranes were first used for hemodialysis in 1980s. The modified cellu-
lose membranes still could not provide excellent separation.

9.3.1.3 Synthetic Membrane

In the early 1970s, the utilization of cellulosic membranes in hemodial-
ysis treatment has revolutionized to synthetic membranes. Since that,
many synthetic polymers such as polysulfone (PSf), polyethersulfone
(PES), poly(methyl methacrylate) (PMMA), polyacrylonitrile (PAN) and
polyvinylidenefluoride (PVDF) have been employed in the fabrication
of hemodialysis membranes [54]. While both modified and unmodified
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cellulosic membrane is prepared from a naturally existing polymer, a syn-
thetic membrane is made from thermoplastic polymer [53].

Synthetic membranes possess larger mean pore size and thicker wall
structure. These features offer high UF rate at relatively low transmem-
brane pressure. Synthetic membranes are preferable due to their better
performance and great stability over a more prolonged period. The
transition toward the use of synthetic polymer for hemodialysis has trig-
gered much effort to discover the suitability of each well-known polymer.
There were abundant studies conducted to study the suitability of differ-
ent synthetic polymers to be used in hemodialysis as well as their effects
on hemodialysis performance.

For hemodialysis treatment, the membrane should be hydrophilic to
permit water part of the blood (plasma) to pass through the membrane.
Besides, the selection of materials for hemodialysis membrane must also
consider the capacity to remove targeted molecules. For example, the
change of β2-microglobulin level in bloodplasmamaynotmerely be a result
of transmembrane transport. In fact, the protein adsorption to the mem-
brane may also play a role in the observed changes [57]. It was reported
that PAN, PSf and PMMA membrane could be used for the removal of
β2-microglobulin [58]. Other than removing the β2-microglobulin by size
exclusion, PMMA membrane tends to adsorb β2-microglobulin.

To tackle the problem of inefficient removal of β2-microglobulin, the
membranes must be able to filter both small andmiddle molecular weight
molecules. In the case of PES membrane, the removal of large molecules
was due to its asymmetric structure and the high ultrafiltration capacity,
as the result of its surface hydrophilicity and larger pore size [59]. Table 9.2
presents the different types of polymer generally used for hemodialysis
treatment.

9.3.1.4 Copolymers

Historically, polymer composites, blends, and copolymers have been
developed to combine component properties, or to optimize the cost
and properties relationship. A homopolymer is called for polymers pre-
pared by one monomer, copolymer by two monomers, and terpolymer
by three or more monomers. The purposes of developing of copolymer
and terpolymer are to improve the characteristics of the polymer proper-
ties to suit the membrane requirements according to the applications.

In the copolymers of Fig. 9.4A and B represent the other and statistical
copolymer chains. The number of monomers composer will affect the
properties of materials which is formed. The monomers usually present
in one phase and the property of the copolymer composed is approximate
of the average properties for the monomers composers. Meanwhile, if the
copolymers composed by domains of each monomer (Block and Graft in
Fig. 9.4C and D respectively), the property of the copolymer composed
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is a combination between two monomers and formed a homopolymer.
Fig. 9.4E showed the gradient copolymers. In this copolymer, the proper-
ties of a copolymer composed are dependent upon the number of constit-
uent monomers [66].

TABLE 9.2 Different Types of Synthetic Polymer Used for Hemodialysis

Polymer Advantages Disadvantages References

PMMA • Good solute permeability
• Less cytokine production
• Adsorbs and removes factor

D which triggers alternative
pathway complement
activation

• Has lower sieving
coefficient for
β-2-microglobulin

[32, 60]

PAN or
AN69

• Improve the blood
compatibility

• Reduce anaphylatoxin
formation

• A negatively
charged surface can
activate dialyzer
reactions

[53, 61]

PSf and
PES

• High thermal stability
• Wide pH tolerance
• Good chemical resistance
• Flexibility in fabrication
• High mechanical strength

• Hydrophobic
• Oxidative stress

[62, 63]

PVDF • Thermally stable
• High mechanical strength

• Hydrophobic
• Low chemical

resistance

[64]

Polyamide • Wide pH tolerance
• High thermal stability
• High mechanical properties

• Hydrophobic
• Low chemical

resistance
• Complement

activation

[64, 65]

FIG. 9.4 Types of copolymers. Alternate; statistical; block; graft; gradient respectively
from A to E [67].
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Current extensive efforts to improve hemodialysis membranes are
focusing on removal of β-microglobulin and improving blood compatibil-
ity. To support these goals, the polymers used as hemodialysis mem-
branes can be modified by copolymerization technique. Some materials
have been developed to produce the hemodialysis membranes. These
materials are ethylene-vinyl alcohol copolymer (EVAL), poly(lactic acid)-
block-poly(2-hydroxyethyl methacrylate) (PLA-PHEMA), polysulfone-
graft-poly(lactic acid) (PSf-g-PLA) [68].

The other copolymers materials very worth to be applied into hemodi-
alysis application include: poly(L-lactic-co-ε-caprolactone)-sericin (PLCL-
SC) copolymermembranes usingWharton’s jellymesenchymal stem cells;
copolymer by blending an amphiphilic triblock copolymer of poly(vinyl
pyrrolidone)-b-poly(methyl methacrylate)-b-poly(vinyl pyrrolidone)
[69]; and also copolymer between polyether urethane, polypropylene
oxide, and a polyether polyester [70]. These materials, produced from
the copolymerization process are the candidates to become hemodialysis
membrane, with regards to their biocompatibility aspects. The other pur-
pose of a copolymer is to enhance the antifouling performance of hemo-
dialysis membrane.

9.3.2 Modification of Hemodialysis Membranes

When dealing with hemodialysis membranes of any origin, there are a
few parameters need to be considered to enhance their biocompatibility as
well as to reduce membrane fouling. One of the parameters is hydrophi-
licity/hydrophobicity configuration of membrane surface, which is
closely related to the membrane materials. Bioincompatibility between
membrane polymer and a blood sample will cause rapid adsorption of
protein onto the membrane surface due to the hydrophobicity of
polymeric-based membrane, and eventually, platelets coagulation will
occur on the surface of the membrane. On the other side, membrane foul-
ing happens due to adsorption of nonpolar solutes and hydrophobic
bacteria. This would shorten the life expectancy of themembrane and sub-
sequently increase the cost.

Hence, modification of conventional hydrophobic hemodialysis mem-
branes, such as PES and PSf membranes to increase the antifouling prop-
erty, biocompatibility and other specific functions become a more
promising strategy to improve the hemodialysis performance. The mod-
ifications allow the alteration of desired hydrophobicity and hydrophilic-
ity balance by adding the hydrophilic material specifically in the
membrane pores, where they have a positive effect on flux and fouling
reduction. Proper control ofmodification also endows particular function-
ality to the biocompatible membranes. Two approaches have been
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commonly attempted to modify a hemodialysis membrane: (a) blending
of additive or filler during dope solution preparation and (b) surface coat-
ing of the prepared membrane. The membrane undergoing either one of
these approaches would be later known as a composite membrane.

9.3.2.1 Blending

Due to its simplicity, blending is the most widely used method to mod-
ify hemodialysis membranes. An organic compound which shares the
similar polarity with solvent and same chemical properties to the primary
polymer would blend perfectly in the membrane matrix. In contrast, the
inorganic compound is somewhat challenging to be blended in its raw
state. It has to be modified to ensure its compatibility with the polymer
and distribution across the membrane matrix.

9.3.2.1.1 Addition of Hydrophilic Polymer

Hydrophobic membranes are easily modified by blending with hydro-
philic polymers such as PVP [71, 72] and PEG [73]. PVP is highly polar,
nonionic, amphiphilic, and physiologically inert. The water-soluble
polymer is accessible in various MW either in powder or liquid form.
To improve the biocompatibility and hydrophilicity of PES, PVP is
commonly used as the hydrophilic additives [74]. PVP helps in reducing
membrane fouling by inhibiting the protein adsorption on the membrane
surface and plays a crucial role in pore formation. The positive influence of
PVP on the membrane hydrophilicity allows the increase in the antifoul-
ing property and blood compatibility [71].

The extent of PVP’s influence toward hydrophobic membrane was fur-
ther investigated by the preparation of a copolymer of poly(vinyl
pyrrolidone-co-methyl methacrylate-co-acrylic acid) via one-pot reaction
to being blended with PES [75]. The results suggested that the modified
PES membrane showed better cytocompatibility based on the cell mor-
phology and low hemolysis ratios.

9.3.2.1.2 Addition of Biomaterials

Biomaterials are being used as membrane additives to improve the bio-
logical interactions between blood and membrane surface. Sometimes, a
relatively more biocompatible polymer than that of the primary polymer
is added to reduce the body antiinflammatory response. The addition of
sulfonated polyether ether ketone into PES membrane, for example, has
enhanced themembrane hemocompatibility as a result of emerging repul-
sive forces between negative charges on the membrane surface and blood
components [76]. On the other hand, the blending of polyurethane (PU)
with PES has led to the enhanced antifouling and antithrombotic proper-
ties as compared to neat PES membrane [77].
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Many efforts have been made to produce biomimicking materials
which later being added into hemodialysis membranes. The molecular
structures of anticoagulants like heparin and citric acid (citrate), which
can be used to disrupt the coagulation cascade and prevent clotting, or
antioxidants like vitamin E are utilized as a template to synthesize these
biomimicking materials. In a study by [78], a substantial increase in the
blood coagulation time was reported when the PES membrane, blended
with poly(1,8-octanediol citrate) (POC) was incubated in blood plasma.
The enhanced antithrombotic property of the membrane was supported
by the reduced concentration of calcium ions detected in the plasma after
the incubation with the membrane. The citrate groups in the POC act as
chelating agent and bind to the calcium in the blood. By reducing the
amount of calcium, there will be no regulation of the binding, and the
blood coagulation cascade cannot begin [79]. The similar outcomes hap-
pened when citric acid-grafted PU was incorporated in PES membrane
by blending [80]. The blendedmembranes have better blood compatibility
in which the adsorption of protein was lowered, thus restraining platelet
adhesion and prolonged blood clotting time. In another work, a heparin-
mimicking PUwas synthesized for the modification of PES membrane for
the same reason [81].

The activation of a cellular element aswell as an inflammatory response
during hemodialysis process would most likely result in an increased
reactive oxygen species. Hence, a composite PSfmembranewhich consists
of Vitamin E TPGS was made. The presence of TPGS in the membrane
matrix improved the membrane biocompatibility by suppressing the
number of reactive oxygen species. Regarding separation, the membrane
displayed pure water flux and urea clearance of about two orders of mag-
nitude better than commercial hemodialysis membranes.

9.3.2.1.3 Addition of Sorbent

Adsorption becomes another method besides diffusion that has been
successfully investigated by researchers notably to eliminate uremic
toxins (middle molecular weight and protein bound). Research by Davan-
kov et al. [82] stated that a combination of the strength of dialysis mem-
branes with the adsorption power of high surface area sorbents could
be very beneficial for the blood purification especially when dealing with
small protein-bound toxins. Inspired by the concept of an adsorptive
membrane, attempts were made to combine membrane filtration and
adsorption columns two separate steps [83]. By the combined actions of
diffusion and adsorption, the removal of low MW particles is more effi-
cient due to the increasing adsorption capacity of the membrane.

Since that, the efforts have been shifted to the development of mixed
matrix membranes (MMMs), in which inorganic fillers or sorbents are
incorporated in the polymer matrix [84]. The research by Tijink et al.
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[85, 86] established a novel approach to blood cleaning focusing on the
improvement of adsorption capacity of a membrane. They fabricated
MMMs combining diffusion and adsorption in one step. Adsorption par-
ticle was incorporated into the mixture of PES and PVP in N-methyl-
2-pyrrolidone. Dual layer MMMs were fabricated in which a particle free
membrane layerwas formed on top of anMMM layer containing activated
carbon. The results showed a better creatinine clearance from blood com-
pared to conventional method.

Other sorbents used in hemodialysis membrane include hydroxyap-
atite (HAP) and zeolites. HAP has good adsorption to protein and usu-
ally used in the medical field due to its biocompatibility and bioactivity
[87]. Zeolites, on the other hand, are microporous, aluminosilicate min-
erals commonly used as commercial adsorbents and catalyst. Wernert
et al. [88] have successfully tried the zeolites in the development of
hemodialysis membrane [88]. The membrane can eliminate about 67%
creatinine and 29% p-cresol. It was also proven that zeolite could be used
and added to the hemodialysis membrane to clear middle molecule
toxins [89].

9.3.2.1.4 Addition of Inorganic Nanoparticles

In recent events, the focus has been placed on tackling membrane foul-
ing which has resulted in flux declination. One of the membrane surface
modification techniques is through the nanoparticles incorporation [90] to
formnanocompositemembranes, which is becoming an emerging trend in
membrane technology. Nanoparticles are particles between 1 and 100 nm
in size. The different unique properties of nanoparticles especially the
large surface area are the main reasons for their employment. There are
two types of commonly used nanoparticles, that is, (i) carbon nanoparti-
cles such as carbon nanotubes (CNTs) and graphene and (ii) metal oxide
nanoparticles like titanium dioxide and iron oxide nanoparticles. It was
found that the combined actions of embedded nanoparticles and the
membrane can improve the durability of polymeric membranes toward
chemical degradation, fouling and thermal instability as well as heighten
the performance of the resultant membrane [91, 92]. For instance, titanium
and silver-based nanoparticles have antibacterial and antiviral properties
which can reduce biofouling of membrane.

Among the membrane applications, hemodialysis is an application
that might experience a very precautionary transition from commercial
polymeric membranes to the utilization of this nanocomposite mem-
brane. Previously, insufficient numbers of studies have been reported
on the development of hemodialysis membranes incorporated with
nanofillers. The study by Zare-Zardini et al. [93] for example only
focused on the hazardous effects of silver nanoparticles and arginine-
treated carbon nanotubes (CNTs) on blood cells during hemodialysis.
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For the past 3 years, there have been a growing number of studies on
hemodialysis nanocomposite membrane, but are mostly limited to CNTs
as the nanofillers [94–97].

The first attempt was made by Irfan et al. [94] using acid-treated multi-
walled carbon nanotubes (MWCNTs), resulting in the improved clearance
of uremic toxins.Nie et al. [95] later produced the PES nanocompositemem-
brane incorporated with the heparin-mimicking polymer brush grafted
CNTs, with the primary focus to improve the biocompatibility of the
membrane. The membrane exhibited antifouling ability in ultrafiltration,
excellent blood and cell compatibility and efficient toxic molecules removal
ratio [95]. The versatility of CNTs as fillers for hemodialysis membrane is
further supported by the research conducted by Abidin et al. [96, 97].
A safe and high-performance PES/MWCNTs nanocomposite membrane
was fabricated by first growing hyperbranched poly(citric acid) on the
MWCNTs surface. The PES/MWCNTs nanocomposite membrane showed
both improvedbiocompatibilityandantifoulingperformance.Newest, there
hasbeenaclaimwhere ironoxidenanoparticlesshowapromisingquality for
hemodialysis when embedded in PSf membrane [98].

9.3.2.2 Surface Coating

Surface coatingwas seldom performed for the development of hemodi-
alysis membrane. A membrane with a layer coated on it is impractical for
extended usage, not until recently when variousmethods have been intro-
duced to ensure the coating layer becomes intactwith the supporting layer.
The development of long-term complications in hemodialysis patients,
such as anemia, has motivated a study by Bargnoux et al. [99] to minimize
oxidative stress which is a strong pathogenic cofactor for such complica-
tions. As a solution, vitamin E was coated on a PSf membrane to improve
red blood cell antioxidant activitywhen in contact with themembrane sur-
face. This effort has resulted in a preventive effect on oxidative stress.

Later, Gao et al. [56] have prepared a heparin-immobilized PLA mem-
brane for hemodialysis. Heparin adhered to the PLA membrane surface
via the strong adhesion of polydopamine, previously coated on the mem-
brane surface. The hemocompatibility of the membrane was significantly
improved after the surface heparinization, based on the suppressed plate-
let adhesion, extended plasma recalcification time and decreased hemoly-
sis ratio. Performance-wise, 79% of urea and 18% of lysozyme were
successfully removed, and over 90% of BSAwas retained. In another work
by Mahlicli and Altinkaya [100], alpha lipoic acid was immobilized onto
PSf membrane, intended to suppress oxidative stress induced by hemodi-
alysis process. In addition to reducing oxidative stress, the coating of
alpha lipoic acid also prolongs blood coagulation time.

Besides biomimicking materials, hydrophilic polymers themselves are
also known for their good biocompatibility. However, hydrophilic mem-
branes such as polyvinyl alcohol (PVA) membrane have a tendency to
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swell in water, which results in a loss of mechanical strength and often a
reduction of rejections that can be attained [101]. To make use of its useful
properties, the ingenious way is to coat the hydrophilic polymer on top of
the robust hydrophobic support, facing the blood. Yu et al. [102] have suc-
cessfully produced a thin film nanofibrous composite membrane which
consists of a two-tier composite structure, namely an ultrathin hydrophilic
active layer of chemically cross-linked PVA and an electrospun PAN
nanofibrous supporting layer (Fig. 9.5). Themembrane exhibited excellent
permeability and selectivity due to its unique structure. It also possessed
good mechanical strength and comparable hemocompatibility. Most
importantly, the membrane was able to remove 45.8% of middle molecu-
lar weight toxins, which is the best so far [102].

9.4 PREPARATION OF HEMODIALYSIS MEMBRANE

9.4.1 Nonsolvent Induced Phase Separation (NIPS)

Phase inversion is a technique involved in the demixing process
whereby the homogenously prepare dope solution is transformed from
a liquid to a solid state in a controlled manner. The phase inversion tech-
nique can be categorized into several techniqueswhich include immersion
precipitation or known as nonsolvent induced phase separation (NIPS),
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FIG. 9.5 Schematic of a two-tier composite structure with an ultrathin active separation
layer and a scaffold-like nanofiber supporting layer. Courtesy of Yu X, Shen L, Zhu Y, Li X,
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thermally induced phase separation (TIPS), evaporation-induced phase
separation, and vapor-induced phase inversion (VIPS). This topic will
focus more in NIPS as it is one of the most common methods in the
fabrication of hemodialysis hollow fiber membrane. This fabrication
technique is suitable for producing ultrafiltration (UF) membrane where
the average pore size of the fabricated membrane is in the range of
0.001–0.1 μm [8]. In NIPS process, the dope solution is immersed in a
nonsolvent coagulation bath. Here, demixing and precipitation occur
due to the solvent and nonsolvent exchange. Many factors are needed
to control and manipulated prior, during and after the NIPS spinning
process.

9.4.1.1 Preparation of Dope Solution

Polymer pellet is dried for few hours to removemoisture content before
dope solution preparation. Next, the polymer is dissolved in a suitable sol-
vent such asN-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF),
dimethylacetamide (DMAc), and dimethylsulfoxide (DMSO) to form a
polymer solution or known as a dope solution. The solvent selection
can be related to Hansen solubility parameter, thermodynamic behavior
and the mutual affinity (miscibility) of the solvent toward the polymer
used. Theoretically, the higher the miscibility between the solvent and
nonsolvent will cause instantaneous demixing which leads to a more
porous membrane. If the miscibility between solvent and nonsolvent is
low, there is high possibility an asymmetric membrane with a dense, non-
porous top layer is obtained [103]. Both polysulfone (PSf) and polyether-
sulfone (PES) are the most common polymer used to make hemodialysis
membrane by phase inversion process. Both polymers have been used in
several medical field application including microbiology fluid applica-
tions, life science, tissue culture, media sterilization, clinical, and general
filtration. This is due to their excellent physical and chemical properties
which include high thermal stability, excellent hydrolytic stability, and
excellent mechanical strength. NMP, DMF, and DMAc are the most com-
mon solvents used for both PSf and PES. The PSf and PES membrane gen-
erally are simple to be prepared by immersing the dope solution into the
nonsolvent coagulation bath, such as water [103].

9.4.1.2 Spinning Parameters

The morphology of the fabricated membrane is highly influence by the
criteria of the spinning parameter used during the fabrication process.
Few factors need to be manipulated to achieve the desired membrane,
whether a dense, symmetric or asymmetric hollow fiber membrane. Some
of the factors that need to be determined are listed in Table 9.3.
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TABLE 9.3 NIPS Spinning Parameter

Parameter Descriptions Reference(s)

Polymer
solution

Polymer or dope solution is prepared by mixing
polymer with solvent or sometimes nonsolvent. The
viscosity of the polymer solution need to be
measured prior the spinning process occur to
predict the morphology of the fabricated fiber. If the
polymer concentration of the dope solution is low,
the viscosity of the dope solution is diluted. This will
cause the outer layer membrane to become porous
due to fast phase inversion process. When dope
solution viscosity is high, the outer layer membrane
become dense. This is because the viscous solution
will hinder the movement of the pore former and
solvent during the phase inversion and increase the
density of the membrane.

[9]

Bore fluid Bore fluid or bore liquid is the fluid that helps in the
formation of the hollow fiber lumen. Distilled water
is the most common bore fluid that is used for the
fiber formation. However, some researcher
manipulates the morphology of the skin layer based
on the percentage of the solvent used in the bore
fluid.

[104]

Nozzle/
spinneret
dimension

A hollow fiber membrane spinneret is a device used
to extrude polymer solution to form fibers. It is used
tomold the shape of the fiber. The size is varied based
on the desired hollow fiber dimension size. For
hemodialysis application, the smallest dimension
size is used to ensure the size of the fabricated hollow
fiber is less than 200 μm.

[6]

Dope extrusion
rate

Dope extrusion rate (DER) is defined as the total dope
solution (mL) extrude from dope reservoir per
minute. It usually counts as mL/min or in RPM.

[11]

Bore fluid
extrusion rate

Bore fluid flow rate (BFFR) is defined as the total bore
fluid (mL) flow out per minute. It usually counts as
mL/min.

[11]

Air gap distance The air gap distance is measured from the end of the
nozzle to the surface of the water. The air gap
distance is where dry phase inversion happens,
whereby the dope solution will start to solidify
when it is introduced to the atmosphere. When The
distance apply during the fabrication of the
membrane also will influenced the size and
morphology of the membrane. When the dope
solution extruded out from the spinneret,
gravitational force or additional stretching during

[11]

Continued
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9.5 FUTURE PROSPECT

As a conclusion, membrane technology is yet to show its full eminence
in blood purification process despite the outstanding quality and pros-
pect. From an observational standpoint, the membrane performance mat-
ters the most after the safety of the membrane is fulfilled. Thus, the focus
has now been shifted on how to improve amembrane’s capacity to remove
middle molecular and protein-bound toxins. In an attempt to mimic glo-
merular removal of middle molecules, the effort is made to increase pore
size while sharpening the molecular weight cut off of high flux mem-
branes. The truth is this concept might not be practiced in the real treat-
ment due to the high possibility of facing the risk of losing essential
proteins from blood via convection.

Hence, the alternative and probably safer way to be done is by shift-
ing the approach from convection to adsorption. High flux membrane
based on enhanced adsorption, could be widely used in clinical situa-
tions. The combination of the strength of dialysis membranes with
the adsorption power of high surface area sorbents can be very benefi-
cial for the blood purification efficacy [85]. The membrane, however,
must have minimum protein adsorption and high adsorption capacity
to a wide range of toxins especially middle molecular and protein-
bound toxins.

Another use of adsorptive membrane should be expected in future
when scientists and researchers have started to develop portable hemodi-
alysis device to mimic the natural kidney and its functions to continually
cleansing the toxins in the blood. A dialysate regenerating technology
would be needed to clean the spent dialysate, before recycling the dialy-
sate back into the hemodialyzer. An adsorptive membrane would be a

TABLE 9.3 NIPS Spinning Parameter—cont’d

Parameter Descriptions Reference(s)

the take-up of the fibers will cause elongational
stresses in the air gap region which helps stretching
the fiber. If the air gap distance higher, the
elongational stresses increases, thus producing
smaller diameter of fiber.

Coagulation
bath

Water is the most common coagulation bath used not
only due to its lower cost but to fully precipitate and
stabilize the nascentmembrane structure. After being
extruded out from the spinneret, low strength
coagulant in the coagulation bath may result in a
porous outer surface, while a high strength bore fluid
may produce a tight inner skin.

[9]
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perfect candidate to replace the current dialysate regenerating technology
using sorbent. The membrane, however, must have a high adsorption
capacity of small and middle molecules.
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10.1 DEFINITION AND CONCEPT

Forward osmosis (FO) is an emerging osmotically driven membrane
process (ODMPs) for water separation and purification. To date, it has
been regarded as a promising separation process due to its low energy
consumption. The concept of FO itself is solely based on the natural osmo-
sis process in which water will flow spontaneously from a dilute region
(feed) to a highly concentrated region (draw). This process is trying to
achieve a balance concentration in both regions. The osmotic pressure is
relatively higher in the draw compared to the feed. Therefore, the move-
ment of water flow is conceptually being induced by the difference in the
osmotic pressure between these two regions [1]. Also, a highly selective
membrane will be placed in between the feed and the draw solution to
complete the separation process as it only allows water to pass through
it and retaining the unwanted solutes.

Seawater desalination is one of the membrane applications that had
increasingly gained attention nowadays. This is because conversion of
abundant seawater into freshwater will provide water sustainability in
the long term. Reverse osmosis (RO) which currently being employed
in this application process faced an obstacle to consuming too much
energy as RO operated based on a pressure-driven mechanism. In this
process, water from a highly concentrated solution is forced to move to
a diluted solution across the membrane with the assistance of hydraulic
pressure. When the solute is too concentrated, for example the seawater,
the amount of pressure applied needs to be higher. Hence, as an alterna-
tive to this process, FO is introduced as the problem solver because its
process mechanism is the opposite of RO and only utilizes the natural-
build osmotic pressure. Also, it is reported that FO is less susceptible to
membrane fouling and reversible by membrane backwashing. Thus, FO
is regarded as a greener and economically efficient alternative for water
separation application. A schematic diagram of FO and RO process is
shown in Fig. 10.1. The difference in thewater flow leads to different prod-
ucts, pure water and dilute draw solution in RO and FO, respectively.

For the production of potable water from FO process especially for
desalination, the pure water should be recovered from the dilutive draw
solution. Typically, there are several methods available for this recovery
including pressure-driven membrane separation (reverse osmosis/
nanofiltration), membrane distillation and standard distillation. However,
it needs to be noted that in other applications such as concentration of juice
or dilution of fertilizer where the desired end product is not pure, the
recovery step is unnecessary [3]. The following Fig. 10.2 illustrates the full
process of FOdesalination. All steps shown are contributed to themajority
of energy involved in the FO itself.
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FIG. 10.1 Comparison of flow ofwater in FO (A andB) and RO (C andD).Data fromQasim

M, Darwish NA, Sarp S, Hilal N. Water desalination by forward (direct) osmosisphenomenon: a com-
prehensive review. Desalination 2015;374:47–69.
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FIG. 10.2 Schematic diagram of fresh water production by FO desalination. Data from Qasim
M, Darwish NA, Sarp S, Hilal N. Water desalination by forward (direct) osmosisphenomenon: a compre-

hensive review. Desalination 2015;374:47–69.
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10.2 MOST RECOGNIZED FO MEMBRANE

Among the recognized FO membrane, thin-film composite (TFC)
appear to be the most fabricated and studied so far. It was first developed
in the 1980s and currently is receiving interest to be used as desalination
membranes because it possesses high intrinsic water permeability and
great stability regardless of any pH values [4]. Although the name is
emphasized as a thin-film, this membrane configurations are not only
restricted to a flat sheet figure but also can be found in the shape of a hol-
low fiber [5]. Structure of this membrane consists of thin polyamide (PA)
layer that incorporated on a porous support [6]. This thin layer is usually
fabricated using interfacial polymerization (IP) method and act as the
active layer that controls the rejection and permeation behavior. Another
concerning factor of thismembrane fabrication is the selection of themem-
brane support. This step is crucial as it determines themembranemechan-
ical strengthwhen operated under continuous vibration and backwashing
process. Typically, inorganic, nanofiber, and organic-inorganic materials
will be incorporated with polymeric material to formmembrane supports
[7,8]. Common examples of polymer used for this applications are poly-
sulfone (PSF), polyethersulfone (PES), polyacrylonitrile (PAN), and poly-
etherimide (PEI) [5,6,9,10]. These unique composite structures which
combined two or more different materials enable the membrane to opti-
mize FO performance separately. Typical structure of these supports
can be seen in Fig. 10.3. In addition, along with the development of mem-
brane technology, there are several modifications made on the TFC mem-
brane to further improve its properties as mentioned by Zirehpour et al.
[11]. Current approach in the modifications mainly focus on its thin-film
and substrate structures which results in development of the new kinds of
TFCmembrane called thin-film nanocomposites (TFN) and porousmatrix
membrane (PMM). TFN was fabricated when the selective layer (thin-
film) was incorporated with nanoparticles such as zeolite and silica
[4,12–14], as shown in Fig. 10.4. Meanwhile, PMM was developed when
additives or pore filler such as hybrid inorganic-organic compound
namely metal-organic framework (MOF) was added into the substrate
dope solution to improve the membrane structure and performances
[10,15]. Both membranes developed have their own characteristics that
suited with filtration of different kind of solutes using FO process.

10.3 FO MEMBRANE DESALINATION PERFORMANCE
EVALUATIONS

Although there are variations in the FO membrane developed, all of
them undergo the same performance evaluations. Water flux and reverse
solute flux are themost common test done on the FOmembrane. Following
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FIG. 10.3 FESEM images of the top surface (left) and the cross section (right) of (A and E)
TFC substrate (control), (B and F) substrate 0.33 imogolite nanotubes (INTs), (C and G)
substrate 0.66 INTs and (D and H) substrate 1.0 INTs. Data from Pan Y, Zhao Q, Gu L, Wu

Q. Thin film nanocomposite membranes based on imologitenanotubes blended substrates for forward

osmosis desalination. Desalination 2017;421(April):160–8.
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FIG. 10.4 FESEM images of layered silica-polysulfone mixed matrix membrane (A–H)
with increasing loading ratio of silica but decreasing loading ratio of PSf. Data from Liu X,
Yong H. Fabrication of layered silica–polysulfone mixed matrix substrate membrane for enhancing

performance of thin-film composite forward osmosis membrane.J Membr Sci 2015;481:148–63.
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the osmosis concept, the water flux is the permeate water that passes
through the membrane from a low concentration solution (feed) to a high
concentration solution (draw). Meanwhile, reverse solute flux is defined as
the permeate salt that transfers from the draw to the feed. Both perfor-
mances aremainly determined using a laboratory-scale cross-flow filtration
unit. Regular equations used to calculate the water flux and reverse solute
flux in the FO process are shown as the following:

Jw ¼ Δm=ρ

Am�Δt
(10.1)

Js ¼Δ Ct �Vtð Þ
Δt�Am

(10.2)

in which Jw is the water flux, Js is the reverse solute flux, Δm is the weight
change of feed solution, ρ is the density of feed solution,Am is the effective
area of the membrane and Δt is the measuring time. Also, Ct and Vt

are the salt concentration and volume of feed solution mainly based on
the time interval [16,17]. Conductivity measurement is used in the deter-
mination of the salt concentration.

Another performance evaluation for the FO membrane is the solute
rejection. Solute rejection (Rs) determined how much solute can be
retained in the draw solution instead of passing through the membrane
layer. Usually, this test is conducted using the cross-flow reverse osmosis
(RO) filtration setup to get the accurate results. Coefficients for water per-
meability (A) and water permeability (B) also being calculated based on
the RO test. As an important parameter that indicates FOmembrane selec-
tivity, small solute permeability/water permeability (B/A) ratio is desired
and describe a better selectivity in the FO system. Besides that, Js/Jw
ratiowhich is recognized as the specific solute flux also indicates themem-
brane selectivity and productivity. The lower the specific solute flux ratio,
the higher the productivity of themembrane performances [11,18–20]. The
following equations demonstrate how the Rs, A and B coefficients are
being determined:

Rs ¼
cf � cp

cf
�100% (10.3)

Jv ¼ ΔV
Δt�Am

(10.4)

A¼ Jv
ΔP

(10.5)

1�Rs

Rs
¼ B

A ΔP�Δπð Þ (10.6)
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Cf is the concentration of salt in the feed and Cp is the concentration of salt
in the permeate solution. Meanwhile, Jv is the pure water flux, ΔV is the
permeate volume, Δt is the time needed to obtain ΔV, ΔP is the operating
pressure and Δπ is the osmotic pressure difference across the membrane
[16,21].

Even with the most recent fabricated FO membranes, common prob-
lems related to FO process still could not be solved completely. In an
experimental study done by Fang et al. in which the original FO mem-
brane was accompanied with double skin (RO-like layer and NF-like
layer) still could not prevent the reverse solute flux from happening dur-
ing the FO process although it did improved the water flux performance
[22]. Besides that, some studies indeed increased its water flux perfor-
mance to a better level but at the same time, the reverse solute flux also
increased rapidly [5,11,15]. Therefore, it remains a challenge to fabricate
the FOmembranewith incrediblewater flux and high salt rejection aswell
as none occurrence of reverse solute flux. The following table summarized
the water flux, reverse solute flux and salt rejection of the previously
developed FO membrane.

10.4 FACTORS THAT AFFECTING FO PERFORMANCE

10.4.1 Internal Concentration Polarization

Internal concentration polarization (ICP) is one of the factors that hin-
der the performance of FOmembrane. It occurs within themembrane sup-
port layer that reduced the driving force (osmotic pressure) which
substantially lowering the water flux and increase the reverse solute flux.
ICP can cause water flux reduction as high as 80% which can significantly
contribute to the worst membrane performance [23]. Besides that, it is
much difficult to alleviate ICP rather than ECP as ECP can be solved by
increasing the flow velocity or introducing turbulence flow due to support
layer being relatively thicker [2]. With no specific solution to completely
remove the ICP, it can be concluded that the effect from ICP is much
severe. Also, there are two types of ICP, namely concentrative and dilutive
ICP which depends on the forward osmosis mode orientation.

Concentrative ICPmost likely happened in the active layer facing draw
solution (AL-facing DS) configuration which is also known as the PRO
mode. ICP affecting the osmotic pressure difference between draw and
feed solution by changing the concentration of solution inside support
layer. In concentrative ICP, concentration of feed inside the support layer
is relatively higher than the bulk feed solution, thus reducing osmotic
pressure difference to draw solution. Similar process occurs for dilutive
ICP in which the difference in osmotic pressure is caused by the diluted
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Year

Type of

membrane Configuration Materials

FO performance Feed

solution,

FS

Draw

solution,

DS RefMode Jw (L/m2 h) Js (g/m
2 h)

2017 TFN Flat sheet PES substrate, MOF
incorporated polyamide
layer (silver, 1,3,5-
benzene tricarboxylic
acid)

AL-FS 46.0 5.84 � 103 Deionized
water

2 M NaCl [11]

AL-DS 82.0 N/A

2016 Mixed matrix
membrane

Flat sheet Cellulosic acetate/
triacetate, CTA
(polymer), copper-
based MOF (Cu-BTC)

AL-FS 45.0 6.60 � 103 Deionized
water

2 M NaCl [15]

AL-DS 63.0 N/A

2016 TFC Hollow fiber Polyetherimide (PEI)
substrate, LiCl,
aquaporin polyamide
layer

AL-FS 49.1 5.0 Deionized
water

1 M NaCl [6]

AL-DS 90.0 10.0

2015 Thin-film
porous matrix
membrane

Flat sheet Polyacrylonitrile (PAN)
substrate, MOF, thin
selective layer (PAH &
PSS)

AL-FS 43.0 N/A Deionized
water

0.5MgCl2 [10]

AL-DS 110 N/A

2015 Thin-film
matrix
membrane

Flat sheet Polysulfone (PSf)
substrate, nanosized
silica, polyamide layer

AL-FS 31.0 7.4 Deionized
water

1 M NaCl [7]

AL-DS 60.5 16.0

2013 TFN Flat sheet Polysulfone (PSf)
substrate, polyvinyl
pyrrolidone (PVP),
functionalized
multiwall carbon
nanotubes (F-MWCNT)

AL-FS

AL-DS

35.0

75.0

2.5

4.8

10 mM
NaCl

2 M NaCl [13]



draw solution inside support layer. Thus, the development of FO mem-
branewith reduce thickness of support layer and low structural parameter
is necessary to overcome this ICP obstacle. Also, optimizing selection of
draw solutions is equally important to mitigate the detrimental effect
of ICP.

10.4.2 External Concentration Polarization

Concentration polarization (CP) occurs due to the equality effect that
occurs between flux, rejection and diffusion, and the event lowers the flux
andmembrane selectivity. Usually, ICP occurs in the process of FO but for
external concentration polarization (ECP), the condition can be found in
the dense surface of active layer [1]. ECP also have the mode of concentra-
tive ECP and dilutive ECP based on where feed solution is channeled
out. When feed solution is faced on the active layer surface, the effect of
concentrative ECP can be seen as the solute started to build up on the sur-
face of the active layer. Simultaneously, when draw solution is placed on
the permeate side of the membrane, the concentrated draw is diluted by
permeate that passes through the membrane barrier. This event is termed
as dilutive ECP. Both dilutive and concentrative ECP can lead to the
reduction of effective osmotic pressure. Theoretically, the adverse effect
of ECP can be reduced by increasing the flow velocity to create high tur-
bulence effect at the membrane surface or by manipulating the water
flux [23]. However, the ability to lessen the effect of ECP using water flux
manipulation might be limited due to low water flux produced in FO.

10.4.3 Structural Parameter

In the development of most FO membranes, the structural parameter
(S) is one of the critical factors that can affect FO membrane performance.
As stated by Lee et al. in their research, this value is closely related to the
membrane intrinsic properties such as pore structure, membranewettabil-
ity, membrane thickness and tortuosity of the FO substrate [10]. Generally,
the relation of these properties is shown as the following.

S¼ thickness� tortuosity

porosity
(10.7)

Based on this equation, it can be concluded that when the porosity of a
membrane is smaller, the S value will be bigger and results to a more
severe ICP which in return lowering the membrane performance. Hence,
through this simple relation, determination of S value would indicate the
FO membrane structure contribution quantitatively on the ICP [15,24].
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Also, the existing approach had adopted a fitted parameter mass transfer
model to calculate the S value.

There are two different equations for available FO modes which are
active layer facing feed solution (AL-FS) and active layer facing draw solu-
tion (AL-DS/PRO) [21,25]. The first equation demonstrates the
S parameter for AL-FS mode and the later one is the AL-DS mode.

S¼D

Jw
ln

B+AπD
B+ Jw +AπF

(10.8)

S¼D

Jw
ln

B� Jw +AπD
B+AπF

(10.9)

In these models, D is the solute diffusion coefficient, πD and πF are
osmotic pressures of draw solution and feed solution, Jw is the water flux
while A and B are water permeability and solute permeability coefficients.
Measurements of A and B which related to the active layer parameters are
obtained from the reverse osmosis (RO) mode experiments which apply a
trans-membrane hydraulic pressure. It is then followedby the osmotic driv-
ing force experiment to determine the support layer structural parameter
[24]. Although these models had been used extensively, some questions
had been raised for its accuracy in determining the S value because param-
eters A and B are slightly different under pressure in RO and FOmode. Tir-
aferri et al. also stated that in ROmode, solute concentration in contact with
membrane selective layer is much lower when compared to the FO [24,25].
Inconsistency with these values raises the need to build another alternative
equations to calculate S value with only a single experiment (FO mode).

One of the alternative models had been developed by Bui et al. to cal-
culate the S value accurately because it can describe the flux behavior of
themembrane used [26]. Their proposedmathematicalmodel includes the
ECP effects which considered in-series resistances for solute transport
based on the intrinsic properties, boundary layers at membrane surfaces
and also within the support layer. By employing this model, Li et al.
derived their structural parameter calculations as the following [6]:

S¼DD

Jv
ln

BAπD,b

Jv + B+AπF,bð Þexp Jv
kF

� ��DD

kD
(10.10)

where DD is the solute diffusivity in the draw solution, A is intrinsic water
permeability coefficient, π is the osmotic pressure while kD and kF are the
mass transfer coefficients in the draw and feed, respectively. The following
relation demonstrates how the mass transfer coefficient, k was obtained.

k¼ Sh �DD

dh
(10.11)
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where dh is the hydraulic diameter and Sh is the Sherwood number. If the
fluids in both channels have laminar flow, Sh could be determined by.

Sh ¼ 1:85Re

1
3Sc

1
3

dh
L

� �1=3

(10.12)

where Re is the Reynolds number, Sc is the Schmidt number and L is the
channel characteristic length. Meanwhile, substrate tortuosity, τ is calcu-
lated by structural parameter, S, and membrane porosity, ε, over thick-
ness, l with the following equation.

τ¼ S �E
l

(10.13)

However, it needs to be noted that the S and τ values are only compa-
rable to others when testing conditions and characterizations approach
used are similar [6].

10.5 MITIGATION METHODS TO REDUCE ICP

10.5.1 Membrane Fabrication Methods

Membrane fabrication is a process/method conducted to produce a
membrane. The fabrication method is the frontier of any membrane pro-
cesses, as membrane production will influence the membrane perfor-
mance. Certain membrane disadvantages cannot be fully avoided but it
can be arguably minimized through the membrane fabrication stage.
Selections of membrane materials whether it is organic (polymer), inor-
ganic, or composite are reliant in membrane fabrication process as the
choice depend on the nature of the operating process conditions and feed
streams. Basically, in membrane fabrication, polymeric materials are cho-
sen for its wide availability, ease of processing and relatively inexpensive.
However, polymericmaterials are prone to chemical and physical damage
[27,28]. On the contrary, inorganic membrane seems to have higher robust
attribute as it can operate in extreme processing temperatures and pres-
sures [29,30]. It also has great resiliency in withstanding chemical attack
and backwashing can be implied toward inorganic membrane without
any physical damages. Although it has greater stability compared to the
polymericmembrane, the price is inevitably expensive and the knowledge
on inorganic membrane in terms of fabrication and operation are still at
their early stage. Inorganic membranes usually produced from ceramic
materials such as alumina, titanium and zirconium in their fabrication
process. Composite membrane is actually a combination of organic and
inorganic materials. This membrane is said to have better mechanical
properties and possesses higher robustness in coping with high pressure
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and have high malleability in module construction. Examples of compos-
ite membrane are titanium oxide particles and carbon nanotubes (CNT’s).

Apart from membrane fabrication, membrane configuration is also
important to ensure that it can be a good selective barrier. Configuration
of a membrane is defined as the shape of a membrane when it was fabri-
cated whether it is in flat sheet, spiral, hollow fiber or tubular shape. Every
single configuration has its own benefits and advantages and they are fab-
ricated according to their specific applications. Flat-sheet membrane is
usually presented in planar configuration, having a flat surface and usu-
ally square or rectangular in shape. On conventional purpose, this mem-
brane is stacked into several layers of collated membrane and it is
mounted on a rigid frame. Fabrication methods that are usually used to
produce this kind of membrane configuration are phase inversion by sol-
vent casting, interfacial polymerization, layer-by-layer deposition and
stretching [31]. Other form of configuration that utilized flat-sheet mem-
brane is spiral wound configuration. The difference between flat-sheet
and spiral wound configuration is stacking mechanism and the form fac-
tor. This kind ofmembrane consists of collective tube that is wrappedwith
several stacks of flat-sheet membrane around it [32]. Spiral wound config-
uration can increase the membrane surface area per unit volume com-
pared to flat-sheet panel. In industries, spiral wound configuration is
used in the system that considers pressure drop and not in crosscurrent
flow system as it can maximize separation [33]. Meanwhile, hollow fiber
configuration is a bit different compared to others as the shape starts to
differ forming cylindrical-like shape. The internal and external diameter
of hollow fiber membranes usually ranging from >25 μm and < 1 mm
respectively [34]. Currently, development of hollow fiber membrane con-
figuration seems to be increasing as this configuration possesses superior
mass-transfer properties. Physical properties of the membrane also
remarkable as it has better surface area per unit volume, good mechanical
properties, ease of fabrication process, high packing density and the struc-
ture of the hollow fiber is self-supporting [35]. In membrane fabrication
process, phase inversion, wet-spinning and electrospinning are used to
produce hollow fiber configuration [31].

Membrane fabrication consists of several techniques where it implies in
making forward osmosis membrane. The techniques that will be men-
tioned in this subchapter are interfacial polymerization, layer-by-layer
deposition and integration of inorganic filler, which can reduce the ICP,
ECP and S parameter.

10.5.1.1 Interfacial Polymerization

Interfacial polymerization (IP) is a renowned technique in membrane
fabrication process as this technique can produce an extremely thin layer
of porous supporting structures [31,36]. It is a type of step-growth
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polymerization where polymerization process occurs at an interface
between one monomer contained in aqueous solution and another mono-
mer inside organic solvent. The commercial membrane used for RO and
FO process usually adopted this fabrication method as it is simple and can
produce thin-film composite (TFC). The advantage of IP membrane is it
can gradually decrease the effect of ICP, which can deliberately increase
the performance of FO process in term of water flux and salt rejection.
The world’s first IP technique was conducted by Cadotte et al., and it dra-
matically improved the membrane performance in RO application [37].
The study used microporous polysulfone as a support and it is soaked
inside polymeric amine aqueous solution. Then the process is completed
by immersing the preimpregnated membrane inside the solution contain-
ing di-isocyanate in hexane. The finished membrane of TFC polyurea
membrane is capable of high salt rejection and high-water flux compared
to cellulose acetate membrane at that time [38].

The advantage of IP fabrication method has led to many successful
developments of TFC membranes as much work has been done on fabri-
cating IP membrane [39]. Various parameters were studied based on IP
fabrication such as solvent type, monomer concentration and posttreat-
ment conditions [40–42]. All these parameters contributed to different
structural morphology and composition of the IP layer produced on the
support. Usually, most RO and NF membrane produced by IP fabrication
have polyamide (PA) layer due to its porosity, high durability, and
strength. Compatibility between IP layer and support is also important
as low compatibility can lead to pinhole and delamination of the IP layer
[36]. IP fabrications on polymeric support have no problem regarding
material compatibility but on the inorganic membrane such as ceramic
support, the tendency of IP delamination is high. The only problem with
polymer support is it has low resiliency and subjected to physical and
chemical damage. Recently, there is an effort on fabricating IP layer on
top of inorganic membrane support. Maaskant et al. successfully pro-
duced thin polyamide layer on top of α-alumina hollow fiber membrane
[36]. They stated that to produced IP layer on an inorganic membrane, the
ceramic support must have ample amount of hydroxyl group for covalent
attachment in preventing delamination and controlled drying steps are
crucial to avoid diminishment of liquid on the outer surface of ceramic
support. In addition, IP fabrication on ceramic membrane also opens up
new path for IP chemistry, as ceramic possesses superior thermal and
chemical stability. IP film such as polyimide needs thermal treatment to
complete imidization step during fabrication [43].

10.5.1.2 Layer-by-Layer Deposition

Layer-by-layer (LbL) deposition is another type of membrane fabrica-
tion method in producing thin layer film. The formation of the thin film is
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carried out by deposition of charge materials (cationic and anionic) on the
membrane support. LbL fabrication method can be accomplished by sev-
eral ways such as electromagnetism, immersion, spinning, spraying or flu-
idic. In membrane fabrication, different polyelectrolytes are used to form
multiple stacks of deposition on the surface of membrane support. The
deposition of polyelectrolyte materials must consist of polyanion and
polycation to ensure the charges attracted to each other. LbL deposition
is said to be one of the famous membrane fabrication methods as it is nat-
ural to be conducted, adjustable surface morphology and specific control-
lable thickness can be obtained using this method [44,45]. On top of that,
LbL assembled layers contain dense charge inside the internal structure
enables it to repel charges of heavy metal ions [46]. LbLmethod is suitable
for FO process as the fabrication of the membrane is extremely thin and
highly dense. The effect of ICP will be lowered due to the production of
an ultrathin layer and dense structure of the membrane will enhanced
the reduction of reverse solute across the layer.

A remarkable amount of studies had been conducted on LbL fabrica-
tion process for FO application. One of it was a study on the removal per-
formances of heavy metal ions with the assemble LbL FO membrane by
Liu et al. [46]. They used polyethylimide (PEI) and sodium alginate
(SA) as bilayer on the polymeric support (PVDF). The study found that
the LbL membrane with three layers deposition exceeds 99.31% of heavy
metal ions rejection and most of it was achieved on AL-FS mode. Another
study conducted by Salehi et al. produced a forward osmosis membrane
fabricated via LbL method that combined chitosan (CS) with graphene
oxide (GO) [47]. The membrane was tested for antifouling properties
and its water permeable performance. Their study found that by the incor-
poration of CS/GO on the surface of TFC support, the water flux was in
the range of two to four orders of magnitude higher than bare TFC mem-
brane. The CS/GO incorporated membrane possessed better antifouling
properties when compared to the bare TFC membrane when 200-ppm
sodium alginate was used in the feed solution. Kwon et al. also produced
FOmembrane but the assembly usedmolecular LbL in fabrication process
[48]. The fabrication process of polyamide was controlled up to the molec-
ular level in which the cycle number of mLbL was precisely controlled to
optimize the FO membrane. Based on their finding, ten cycles of mLbL
(mLbL-10) achieved the best FO performance regarding permeability
and selectivity. The mLbL-10 produced 3.5 times higher water flux, 60%
lower reverse solute flux and 85% lower specific salt flux compared to
the commercial membrane (cellulose triacetate HTI membrane).

10.5.1.3 Incorporation of Inorganic Filler

Incorporation of inorganic filler inside an FO membrane has become a
new trend in research studies as the incorporation of foreign materials
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might increase the performance of the FO process. The addition of inor-
ganic filler in membrane fabrication can also boost the mechanical prop-
erties as well as increase stability of the membrane depends on the
inorganic filler used [49,50]. Moreover, incorporation of inorganic filler
also helps in reducing the ICP effect, which may raise the FO performance
[50]. Recently, there was a study conducted on the effect of inorganic filler
on the FO process. Graphene oxidewas employed as a polyelectrolyte that
being deposited on both sides of the polymer support [50]. The experimen-
tal study achieved remarkable results of ICP reduction because both sides
of the membrane were able to conduct the separation process. Another
study also did proving that double-skin coating of inorganic filler on a
membrane support can achieve higher order-of-magnitude in water flux
compared to commercial FO membranes. Inorganic fillers that usually
embedded inside FO membrane are GO, CNT, zeolite, and zeolitic imida-
zolate framework (ZIF).

Jin et al. fabricated polyamide-crosslinked graphene oxide (PA-GO)
membrane used for FO process [50]. PA-GO fabrication method indeed
shows that the use of more hydrophilic and porous support of FO mem-
brane will potentially reduce the effect of ICP in FO. Their fabricated mem-
brane was tested using three different kinds of draw solutions (trisodium
citrate, Na2SO4, MgCl2) and water flux achieved was the highest on triso-
dium citrate. Sirinupong et al. also studied the synthesis and characteriza-
tion processes of TiO2/GO nanocomposite incorporated inside polysulfone
support for FO process [51]. Based on the characterization results, surface
hydrophilicity and roughness shows an increment after nanomaterials
were incorporated into the membrane. These improved characteristics lead
to a higherwater flux valuewithminimum reverse solute flux value.Mean-
while, Ma et al. had another approach in enhancing forwarding osmosis
performance [49]. They produced zeolite-polyamide thin film nanocompo-
site (TFN)membrane for forward osmosis application. TFNmembranewas
incorporated on the surface of polysulfone support. The addition of inor-
ganic nanocomposite does enhance the water permeability due to the
porous nature possess by zeolite. However, the further increment in zeolite
loading was observed to reduce the water permeability, as too much load-
ing would produce a thicker polyamide layer. The best loading for the
membrane to perform holistically is at 0.1 wt/v % where it shows 80%
improvement in water permeability compared to the bare TFC membrane.

10.5.2 Forward Osmosis Mode Orientations

Developing FO membrane with high efficiency is crucial upon reduc-
tion of the ICP [52]. FOmembrane usually have two different sides of layer
namely, support layer and active layer. When conducting FO process, the
usage of lower feed solution (FS) and higher draw solution (DS)
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concentration is a must in creating the osmotic pressure difference. The
mode of FO orientations can also be changed by only changing the side
of FS or DSwhether in the support layer or the active layer side. Placement
of FS and DS on the active layer of a membrane will create significant dif-
ferences in terms of ICP formation. As shown in Fig. 10.5, there are two
modes of forward osmosis operation; active layer facing draw solution
(AL-DS) and active layer facing feed solution (AL-FS). In AL-DS, higher
concentration of DSwill face toward the acting layer (AL). This orientation
enables the salts from the DS to penetrate through the AL and move
toward the support layer [1,52]. Continuous transfer of this salt will accu-
mulate higher concentration of salt content in the support layer region
compared to the salt content in the FS. The term used for this condition
is called concentrative ICP [32]. On the contrary, when the active layer
is facing feed solution just like in Fig. 10.5B, the water from FS is perme-
ated toward the support layer and the salt concentration inside the sup-
port layer is diluted. This condition is termed as dilutive ICP [32].
Based on this mode, the effective osmotic pressure is also lowered due
to the difference in both original concentration of FS and DS. Reduction
in effective osmotic pressure in AL-FS due to ICP is far greater than the
AL-DS side and eventually reducing the FO performance. However, in
real application of FO process, the AL-FS mode is used more often than
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FIG. 10.5 Internal concentration polarization that occurs in FOmembrane.Δπeff, effective
osmotic pressure, Jw, water flux, Js, solute flux.Data from Klaysom C, Cath TY, Depuydt T, Vank-

elecom IFJ. Forward and pressure retarded osmosis: potential solutions for global challenges in energy

and water supply. Chem Soc Rev 2013;42:6959–89.
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the AL-DSmode due to higher obtained flux from the process and usually
film pollutant is added inside the FS. For that reason, AL-DS and AL-FS
are termed as pressure retarded osmosis (PRO) and FOmode respectively.

10.5.3 Selection of Draw Solution

Draw solution is one of the important aspects of the FO process as it
provides relatively high osmotic pressure difference with the feed solu-
tion to drive the process. Selection of a good draw solution enables FO
to produces high water flux, minimal reverse solute diffusion and reduces
energy consumption during draw solution regeneration [53,54]. The
regeneration process is necessary for the production of fresh water and
it contributes most of the energy associated with the FO. By cost-effective
draw regeneration method that takes advantages of draw solute proper-
ties, the energy consumptions of the process can be reduced further.

10.5.3.1 Characteristics of Draw Solution

The solutes should have some characteristics before being utilized as
draw solution. First and most important characteristics have high osmotic
pressure. It is important for the draw solution to have higher osmotic pres-
sure than the feed solution to induce the osmosis process. The osmotic
pressure of the solution can be calculated using an equation proposed
by Van’t Hoff [54]:

π¼ n
c

M

� �
RT (10.14)

Π is the osmotic pressure (atm), n is the number of moles, c is the solute
concentration (g/L), M is the solute molecular weight (g/mol). R is a gas
constant (L atm mol� K�), and T is the absolute temperature (K). From
Eq. (10.14), the osmotic pressure of draw solution is inversely proportional
to the molecular weight of a solute. Therefore, draw solute with a low
molecular weight is preferable for draw solution as they provide much
higher osmotic pressure compared to the solute with high molecular
weight although in the same concentration. Also, this helps improve the
cost efficiency of FO process, especially during draw solution replenish-
ment process as higher molecular weight compounds have a larger size
which can be separated easily by low energy methods such as low-
pressure membrane separation.

Moreover, low molecular weight solute is also desirable due to its high
diffusivity characteristic. Draw solution with high diffusivity will be dif-
fused easily into the support layer of the membrane and minimizing the
effect of ICP [53]. However, regardless of its advantages, low molecular
weight draw solutes cannot surpass a major drawback in most FO mem-
brane which contributes to high reverse solute flux. Reverse solute flux is
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known as undesirable movement because it can contaminate the feed and
cause an osmotic pressure reduction due to the loss of solute. Another
characteristics that should be considered in the selection of draw solution
are easy replenishment and recovery. Draw solution recovery must
employed methods that can minimize energy expenditure, simple and
easy to carry out. Last but not least, draw solution that should be selected
needs to be toxic-free. Even though the FO performance will not be
affected by the draw solution toxicity, it is important to ensure that the
final product is safe for delivery and will not harm the environment.

10.5.3.2 Classification of Draw Solutions

Draw solutions can be classified into several categories, including inor-
ganic, organic, and other novel draw solutes. In the FO process, the mostly
used draw solution is based on an inorganic salts. This type of draw solu-
tion in general have high osmotic pressure andwidely available at cheaper
price which makes them as a feasible draw solute from economical point
of view. Achilli et al. have studied and compared 14 different inorganic
solutes as a draw solution to optimize the FO process [55]. From the mem-
brane performance standpoint, potassium bicarbonate (KHCO3), sodium
bicarbonate (NaHCO3), magnesium chloride (MgCl2), magnesium sul-
phite (MgSO4) and calcium chloride (CaCl2) draw solutes are the promis-
ing candidates for draw solution in FO as they greatly attract high water
flux and perform low reverse solute flux. Regardless of the five candi-
dates,MgCl2 is suggested to be the best draw solution forwater separation
process because it is unlikely to cause scaling on the membrane which can
degrade membrane performance over time.

Previous researchers, Kim et al. also had compared four inorganic draw
solutions to find the most suitable draw solution based on the economic
and environmental perspective [56]. They reported that sodium sulphide
(Na2SO4) draw solution was proved to be the most suitable for hybrid FO
and nanofiltration (NF) system. This was due to its relatively inexpensive
solute cost, low solute loss and small draw solution replenishment cost as
it required minimal energy consumption. In conclusion, their study dem-
onstrates the importance of suitable inorganics draw solution regarding
energy and cost efficiency of the FO process during the water recovery
and the draw solution regeneration.

Organic compounds such as ethanol, glucose and sucrose had been
tested as the draw solute for FO. Like the inorganic draw solution, these
organic solutes also possess high osmotic pressure due to their higher sol-
ute concentration. Typically, most organic compounds have sizable
molecular weight, and their structure consists of bigger size molecules.
This property allowed the draw solution to have a reduction in the reverse
solute flux during FO process and it can be successfully regenerated via
low-pressure ultrafiltration (UF) or NF. Furthermore, Long et al. have
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reported a series of gluconate salts as novel draw solution [57]. Based on the
results of the experimental studies, potassium gluconate was closely com-
parable to NaCl performance regarding its water flux and having a much
lower solute leakage. The possibility of this feature was achieved through
its high osmotic pressure and lowviscosity properties.Also, recovery of this
organic draw solution had been tested using NF which in return shown an
excellent solute rejection of about 91% under the operating pressure of
3.5 bar. Energy consumption for replenishment of organic solution should
be substantially lower than the inorganic counterpart.

Recently, another promising draw solution based on hydrophilic
magnetic nanoparticles (MNPs) was synthesized. MNPs acquire amaz-
ing properties such as high surface area to volume ratios, big particles
size, soluble in water and low toxicity [53,54]. One of the interesting
advantages of MNPs over the other draw solutes is its superparamag-
netic properties. It enables recovery of draw solute using magnetic fields
and resulting in an energy efficient FO. Similar to others, MNPs also
capable of producing high osmotic pressure. Ge et al. have reported
that poly(ethylene glycol)diacid [PEG-(COOH)2 250] MNPs can exhibit
tremendous osmotic pressure as high as 73 atm which is larger than
the common seawater osmotic pressure of about 22 atm [58]. Typically,
MNPs osmotic pressure is greatly induced by the size of their nanopar-
ticles. The larger the size of nanoparticles size, the higher osmotic
pressure will be produced. Therefore, by possessing such properties,
MNPs draw solution emerged as a promising candidate for seawater
desalination using the FO process.

10.6 CONCLUSION

In conclusion, the most recognized FO membrane so far was the TFC
membrane. Although different FO membranes have undergone the same
performance tests, the results obtained still varied according to various fac-
tors. However, by going through several mitigation methods offered, the
readers could sort the best way to fabricate a better FO membrane soon.
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11.1 INTRODUCTION

Currently, one of the most critical worldwide problems is the fast-
growing demand for electrical power [1]. According to Han et al. the
global energy consumption will increase by 56% in 2040, and the total
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energy usagewill rise to 240 kTWh [1]. It has been stated that the reserve of
fossil fuels is depleting and the emissions of acidic greenhouse gases have
changed the global climate. Due to the depleting resources, adverse envi-
ronmental impacts and hiking price of fossil fuels, communities all over
the world are trying to reduce their fossil fuel consumptions. One of the
alternatives to reduce the usage of fossil fuel is through the development
of renewable resources and the technologies for power generation. To
date, the most commonly explored renewable energy sources such as
solar, wind, hydro and geothermal. Besides that, the energy harvesting
based on the salinity gradient has also been investigated.

Pressure-retarded osmosis (PRO) is known to be an emerging technol-
ogy to capture energy from mixing fresh water with saltwater [2].
Recently, PRO has been widely studied because it is one of the promising
technologies which can overcome the problem of water deficiency, the
demand of power generation as well as the increase of the cost of fossil
fuel [3,4]. The concept of osmotic power that is based on salinity gradient
was proposed in 1954 by R. E Pattle. Since then, the concept has been
applied by Sidney Loeb for power generation [5]. As shown in Fig. 11.1,
PRO systems can be divided into classes based on their configuration
which is open loop and closed loop. The open loop system introduces
solar driven processes in which renewable energy is generated when
freshwater is mixed with saltwater [6]. On the other hand, a closed-loop
PRO-thermal plant uses heat waste for power generation. In this design,
waste-heat produced from power generation plants or other industrial
processes is used for draw solution regeneration. Themixed solution from
the PRO unit is further divided in the evaporator into two flows, such as
the feed solution and draw solution. One of the most significant advan-
tages of this design is no discharge of brine waste, but the set up is very
limited to the availability of waste-heat source.

Statkraft from Norway has commissioned the first PRO prototype to
harvest energy from salinity gradient. The pilot-scale plant was operated
by SINTEF Energy Research to generate electricity of 10 kW through the
salinity gradient energy harvesting process based on the 1 W/m2 mem-
brane’s energy density [3,4]. The researchers have predicted that the
osmotic potentials derived from the salinity gradient represent an energy
potential of 2000 TWh across the globe, which corresponds to about 1% of
the world energy consumption [7]. Despite the first illustration of energy
generation using osmotic power, the capacity of Statkraft plant is too small
for practical usage, and the project has been terminated due to the low eco-
nomic viability of this technology to justify more funding for this research.

Generally, PRO can be addressed as the inverse process of reverse
osmosis (RO). Unlike RO which requires hydraulic pressure to counter
the osmotic pressure to allow the permeate of feed seawater to produce
fresh water, PRO relies on the osmotic pressure of seawater to produce
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desalinated water while producing energy. In PRO, a low salinity solution
permeate, which is usually water, passes through a membrane into the
pressurized solution with high salinity. During this process, power is gen-
erated through the depressurization of the permeate through a hydro tur-
bine [7]. In a typical filtration system, the membrane is said to be operated
with the PRO mode when the draw solution is in contact with the active
layer and the feed solution is in contact with the support layer [3]. On the
other hand, the FO mode is operated when the draw solution faces the
support layer and the feed solution faces the active layer. PRO operating
mode typically demonstrates greater water flux compared to that of FO
operatingmode.However, highermembrane fouling tendency is typically
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Low-grade
heat
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Energy

Energy
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CondensationEvaporation
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FIG. 11.1 (A) Schematic diagram of an open loop water salination cycle by using PRO to
recover solar energy and (B) the closed loop PRO system where it is created to convert low-
grade heat into mechanical work [6].
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observed in the PRO operating mode [3,4]. Due to the high osmotic pres-
sure, availability, and cost-free, seawater is a good draw solution candi-
date [3]. The researcher estimated that when 1 m3 of river water flows
into sea water, the highest energy which can be generated is 0.8 kWh.
But this also depends on the salinity level of the seawater. However, after
considering pretreatment aswell as usage the installations of pumps in the
PRO process, the net energy is around 0.2 kWh/m3 [3,4]. Owing to the
concentration of NaCl which varies from 3.0 to 4.0 wt%, subjected to
the source locations, the osmotic pressure of seawater falls typically
between 25 and 33 bar at 25°C [9]. It is also found that, the RO retentate
collected from SWRO plants which usually has salt concentration ranging
from 6.0 to 7.0 wt% could possess higher osmotic pressures of 50–59 bar
[9]. Based on this observation, PRO has been addressed as a promising
method to recycle and reuse RO brine when a hybrid system of
RO-PRO is considered to minimize the discharge of this brine into seawa-
ter. In this the hybrid system, RO brine concentrate is recycled as a draw
solution [1].

PRO process has been actively explored since 1973 due to the advance-
ment made in the development of membrane technologies. Commonly,
the membrane has been identified as one of the essential components to
determine the PRO performance. Due to some similar aspects with RO,
the initial development of PRO membranes and membrane modules
was focused on the application of conventional RO membranes. PRO per-
formance greatly depends on the volume, salinity and the cleanliness of
the feed water supply. As membranes are the essential part to ensure
the practicability of PRO for energy generation, membrane characteristics
have been well concerned and carefully modified to meet the requirement
and optimize the osmotic power. The primary stumbling block for the pro-
gress of PRO technology is the availability of membranes with desired
properties such as high mechanical strength as well as promising separa-
tion performance regarding water flux and salt rejection. Additionally, as
membrane generally shows the tendency to be attached with various form
of foulants which present in the water supply, the quality of the feedwater
is known to be influential to the membrane performance.

This chapter discusses the PRO performance and the development of
the membranes for simultaneous power generation and desalination. In
the first section, the basic principles and the theories of PRO for osmotic
power generation are focused. The next section discusses the development
of PRO membranes which covers the commercial asymmetric cellulose
acetate (CA) membranes, thin film composite (TFC) membrane and thin
film nanocomposite (TFN) membrane for PRO application. The fouling
issues related to PRO membrane are then presented in the next section.
Finally, the concluding remarks and brief future outlook of the develop-
ment of PRO technologies are a highlight.
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11.2 THEORIES AND BASIC PRO PRINCIPLES

There are three types of osmosis processes which are already well
developed, namely RO, forward osmosis (FO) and PRO. The osmosis phe-
nomenon explains the spontaneous water transport which takes place
through a semipermeable membrane where the feed stream of higher
chemical potential flows into another stream with lower chemical poten-
tial [1]. Draw solution refers to the stream with lower chemical potential
meanwhile the streamwith higher potential is addressed as the feed solu-
tion. During the process, the membrane only allows the passage of water
but hinder the transport of the solutes. Along the osmosis process, the per-
meate water will dilute the draw solution speedily while the feed solution
is concentrated. The process continuously runs until equilibrium of the
chemical potential across the membrane is achieved. In this case, osmotic
pressure (π) refers to the hydrostatic pressure which acts to hinder the
transport of solvent across the membrane when it is applied to the draw
solution. It can be calculated via van’t Hoff equation.

π¼ icRT (11.1)

where i is van’t Hoff factor, c is molar concentration (mol�1 L�1), R is
universal gas constant (8.31441 J mol�1 K�1), and T is absolute tempera-
ture (K).

As illustrated in Fig. 11.2, all the osmosis process involves a semiper-
meable membrane. The FO process involves the transportation of water
spontaneously across the membrane driven by the osmotic pressure gra-
dient (Δπ) between the two solutions.When the sidewith higher salinity is
applied with hydrostatic pressure, the permeation of water is hindered
once the ΔP is equal to Δπ. However, the flow of the water will continue
to take place into the saltywater whenΔP is between 0 andΔπ because the
value of Δπ is higher than ΔP [1]. Thus, this phenomenon is denominated
as PRO where the net driving force for water transport is reduced to
Δπ � ΔPwhile the RO process occurred when water permeation is taken
place is the reverse direction. This process takes place when the trans-
membrane pressure ΔP is greater than Δπ and water is forced to pass
through the membrane from the high salinity side into the fresh water.
RO process tremendously used for seawater desalination. Based on the
osmotic principle, PRO is able to produce energy while for RO energy
must be provided and no additional energy is needed for FO [1].

In Fig. 11.3, a schematic diagram of a typical PRO osmotic power pro-
cess is presented. At first, the feeds need to be pretreated through a few
types of filtrations to ensure all the impurities are discarded and to reduce
the membrane fouling as well. Then, the treated salty water is first
pumped through a pressure exchange and then channeled into the
high-pressure chamber. In the chamber, the salty water is treated with
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FIG. 11.2 Schematic diagrams of the osmotic processes [1].
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FIG. 11.3 Schematic diagramwhich demonstrates the continuous and steady-state flow of
a typical PRO osmotic power plant [1].
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high hydraulic pressure (Ps). Meanwhile, in another chamber, pretreated
fresh water is supplied, but it differs from the high-pressure chamber
because this one is none or low hydraulic pressure (Pf) located on the
opposite side of the PROmembrane. The fresh water flows against porous
membrane support layer while the salty water faces the other part of the
membrane which is the active layer. Water transports spontaneous
through the membrane due to the existence of the driving force across
the membrane. They flow from the fresh water to the salty water at a flow
rate of ΔV (Eq. 11.2) [1].

ΔV¼ Jw�Am (11.2)

where Am is the membrane area, and Jw is the water permeation flux.
When the water permeates across the membrane, in the high-pressure

compartment, there is an increase in pressure. Apart from that, from the
low-pressure compartment, the high salinity solution is expanded with
the incomingvolume (ΔV) hence resulted in the formationof brackishwater
due to the dilution of the salinewater [1]. That brackishwater,which iswith
lowersalinity, is thenseparated into two flows.Onestreamisused tooperate
a hydro-turbine to generate electricity while another stream is delivered to
the energy recovery device (ERD) such as pressure exchanger. The pressure
exerted by the brackish water is recovered by the ERD to the feed saline
water. Based on this working principle, a cost-effective PRO system can be
realizedwith the presence of effectiveERD to reduce the loss of energy.Oth-
erwise, the turbine energy generated will not meet the targeted amount to
pretreat, pump and pressurize the feed waters. Hence, optimization is a
crucial factor to improve the actual power output of PRO plant together to
(i) optimize module design, (ii) give advance membrane performance, and
(iii) enhance the salinity gradient between the water streams [1].

Usually, for PRO applications, the membrane performance is analyzed
regarding power density W (Eq. 11.3); the power output per unit mem-
brane area (W/m2). It is imperative to have a high W PRO membrane
because it will determine the amount needed for membrane area and
the size of a PRO plant for a given capacity of energy production. Accord-
ing to mathematics theory, the product of the trans-membrane hydraulic
pressure ΔP (bar) and the water permeation flux Jw (ms�1) across the
membrane will determine the value of W.

W¼ JWΔP (11.3)

The general equation to estimate the PRO membrane water flux, Jw is:

Jw ¼Aw Δπ�ΔPð Þ (11.4)

where Aw is the intrinsic water permeability coefficient of the membrane
(ms�1 bar�1), ΔP is the differential feed pressure across the membrane
(bar), and Δπ is the osmotic pressure difference between the two
solutions (bar).
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By substituting (11.4) into (11.3), the ideal power output will be:

W¼Aw Δπ�ΔPð ÞΔP (11.5)

When the hydraulic pressure is equal to the half value of the osmotic
pressure gradient (ΔP ¼ Δπ/2) across the PROmembrane, the power den-
sity is expected to achieve a maximum theoretical value, Wmax. Eq. (11.5)
can be rearranged to calculate Wmax:

Wmax ¼Aw
Δπ2

4
(11.6)

Thus, the Wmax in a PRO system is directly proportional to the mem-
brane water permeability A, and the square of the osmotic pressure differ-
ence. It is recommended to conduct the PRO process at a pressure close to
Δπ/2 in return, the maximal power output could be produced. Han et al.
[1] stated that the desired operating pressure is approximately 13.0–13.5
bar. This condition can be achieved when river water and saline water
are mixed together. However, it should be noted that in the practical
PRO processes, the actual osmotic pressure gradient across the membrane
is normally smaller than the osmotic pressure difference between the fresh
water and saline water. This phenomenon is due to the occurrence of con-
centration polarization and reverse salt flux which eventually lead to the
decline of water flux compared to the figure obtained using Eq. (11.4).
Basically, when an asymmetric PRO membrane is considered, the avail-
able types of concentration polarizations are first external concentration
polarization (ECP) and second one is internal concentration polarization
(ICP) [1,3]. Fig. 11.4 demonstrates an asymmetric composite membrane
with the active layer facing the draw solution, that is, in PRO mode. Cs

and Cf are the salt concentrations of the bulk salt water and fresh water
solutions respectively while C1 is the salt concentration at the interference

FIG. 11.4 The illustration of the salt concentration and osmotic pressure profiles across an
asymmetric PRO thin film composite membranes [1].
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between the salty water and the membrane selective layer. The incoming
water flux (Jw) from the fresh water has the dilution effects. It causes C1 to
be smaller than Cs and this resulting in the dilution phenomenon which
known as diluted ECP. Likewise, the salt concentration C3 in which situ-
ated at the interface of the fresh and the membrane is higher than Cf due to
the consumed water and reversed diffused salt (Js). All these will lead to
the concentrated ECP phenomenon. With the increasing membrane thick-
ness, the negative impacts of the concentrative ECP can be ignored. It is
known that ICP always impart more detrimental effects on the decline in
water flux and power density whereas ECPmostly takes place when draw
solution with higher concentrations is used. Significantly, it is not easy to
reduce the ICP by simply speeding up the feed flow rate and introducing
turbulence flow through the membrane surface as ICP is a phenomenon
that happens within the porous structures of the polymeric substrate.
Previous findingshaveproved that ICPnormally subjected to themorphol-
ogy of support layer, characteristic of solute as well as the flux of water
permeation [1,3,8]. Eq. (11.7) can define the solute resistivity K (s m�1)
within the polymeric support layer to characterize the ICP effects.

K¼ S

Ds
(11.7)

where Ds is the solute diffusion coefficient in the membrane substrate
(m2 s�1) and S is the structural parameter (m) that is a function of several
membrane parameters:

S¼ tτ

ε
(11.8)

where t is the thickness of the support layer (m), τ is the tortuosity of the
support layer, ε is the porosity of the support layer.

11.3 MEMBRANES FOR PRESSURE RETARDED
OSMOSIS

As mentioned earlier, n order to obtain the power density that is com-
mercially attractive, a reliable PRO membrane should demonstrate the
desired features that are demonstrated by RO and FO membranes. Over
the past several years, significant progress has beenmade in PRO technol-
ogy via modeling and high-performance membrane design. For the prep-
aration of PRO membranes, two approaches of membrane preparation
have generally been developed, such as phase inversion and interfacial
polymerization (IP). Broadly, phase inversion is a process that involves
the nonsolvent-solvent exchange to form the membrane whereas IP
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involves the formation of the skin layer of composite membrane in a con-
ventional TFC membrane through the reaction of two monomers.

11.4 CELLULOSE ACETATE MEMBRANE

In membrane preparation, different polymeric materials have been
used for the application of water, CA is considered as the typical mem-
brane materials used owing to its good characteristic, promising flux,
low cost, long lifetime, less clean requirement and minimal fouling mem-
brane due to its high hydrophilicity [10]. Thin film of CA which has a
water permeation rate less than 0.01 L/m2 h is the first ROmembranewith
effective salt retention of 98% [11]. CA-based membranes have been com-
monly used for PRO process. CA-basedmembranes are known to demon-
strate several desired characteristics like enhanced hydrophilicity to
promote water flux and reduce the membrane fouling tendency, mechan-
ical robustness and relatively high tolerance toward chlorine attack [3].
However, CA membrane is also known to show low tolerance toward
pH change. CA membranes have been commercialized by Hydration
Technology Innovations (HTI) in flat sheet and spiral wound modules
configuration. However, the cost of production is not favorable for prac-
tical commercial applications [3]. The thickness of these CA membrane is
approximately 50 μm thick and they are made to tolerate up to 2 ppm of
chlorine and pH in the range of 3–8. Table 11.1 simplifies the PRO power
generation performance of cellulose tri-acetate (CTA) membrane manu-
factured by HTI [12]. As mentioned earlier, higher water flux can be
attained when the membrane is operated in PRO mode compared to that
in the FO mode. The development of more severe ICP in the FO mode
decrease the flux and lower power density is observed. On the other hand,
by lifting up the hydraulic pressure of draw solution, the output power
can be enhanced [13]. Therefore, it is a must to ensure the robustness of
the PRO membrane when subjected to increase hydraulic pressure to
avoid membrane damages. It is because the deformation made from high
pressure could eventually lead to detrimental reverse salt flux and signif-
icantly lowered the power density as well as promote the membrane foul-
ing [12,14].

In general, the increase of feed solution salinity has resulted in ICP phe-
nomenon and lower the net driving pressure passing through the mem-
brane. It can be observed that the power density reduced from
5.1 W/m2 to 4 W/m2 with the increasing feed salinity by 0.25% using
6% NaCl as draw solution. On the other hand, it was noticed that at a
hydraulic pressure of 13 bar, the power density was enhanced from
3.8 W/m2 to 6.7 W/m2 when the concentration of draw solution was
increased from 6% NaCl to 12% NaCl [3,4]. Saito et al. [15] investigated
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the performance of a CTA hollow fiber membrane manufactured by
Toyobo, Japan for power generation in PRO process. The salinity gradient
was created between concentrated brine from an SWRO system and feed
water from treated sewage. The power density of 7.7 W/m2 was achieved
in the prototype PRO plant at 25 bar [15]. However, severe fouling was
observed due to the small lumen size of the CTA hollow fiber membrane.
To address the fouling issues, it was recommended to control the feed and
draw solution quality through pretreatment. Fu et al. [16] also investigated
the performance of a dual-layer hollow fiber membrane fabricated via
dry-jet wet phase inversion which made up of polybenzimidazole
selective outer layer, and polyacrylonitrile inner substrate layer process.
The power density of 5.1 W/m2 was harvested at 15 bar when 1 M NaCl
and 10 mM NaCl were used as the draw solution and feed,
respectively [16].

11.5 THIN FILM COMPOSITE MEMBRANE

Besides CTA membrane in flat sheet or hollow fiber configurations,
TFC membranes are also attempted for power generation via PRO pro-
cess. TFCmembranes consist of asymmetric porous support at the bottom
and a thin selective skin layer at the in which functioning as to provides

TABLE 11.1 Performance of HTI CTA Membrane for Power Generation in PRO
Process

Feed solution

Draw

solution

Power density

(W/m2)

Hydraulic

pressure (bar) References

3% NaCl 6% NaCl 0.73 9.3 [3]

3% NaCl 6% NaCl 2.1 12.6 [3]

3% NaCl 12% NaCl 3.2 12.6 [3]

0.06% NaCl 6% NaCl 3.8 13 [34]

0.06% NaCl 12% NaCl 6.7 13 [34]

Deionized water Seawater 2.7 9.7 [4]

Deionized water 6% NaCl 5.1 9.7 [4]

0.25% NaCl 6% NaCl 4 9.7 [4]

0.25% NaCl Seawater 2.4 9.7 [4]

0.5% NaCl Seawater 2.2 9.7 [4]

0.5% NaCl 6% NaCl 4 9.7 [4]

34911.5 THIN FILM COMPOSITE MEMBRANE



the mechanical strength and performs the separation respectively. Owing
to its unique structure, TFC membranes possess several advantages such
as higher water permeability, durable and greater ability to withstand a
wide range of feed pH. However, TFC membranes also exhibit some lim-
itations such as poor tolerance toward oxidants and chlorine chemicals. In
the typical fabrication process, PRO TFC membranes are fabricated simi-
larly to that of RO TFC membrane. In brief, the fabrication involves the
preparation of a porous support substrate through phase inversion and
followed by the formation of PA salt selective layer which is prepared
through IP methods [3,17]. During the IP, two reactive monomers which
are dissolved in two phases of solvents (organic and aqueous) are allowed
to react on the highly porous polymeric support. The IP process allows the
formation of a highly crosslinked and ultrathin salt-selective PA layer
which dictates the salt rejection performance of the resultant membrane
[8]. Due to the high salt-rejection ability and high chemical resistance,
PA-TFC membranes are known to be one of the most promising materials
for PRO. At present, most of the TFC-PRO flat sheet and hollow fiber
membranes are produced by IP ofm-phenylenediamine (MPD) and trime-
soyl chloride (TMC) [8]. Li et al. [18] prepared TFC-PRO flat-sheet mem-
branes with PA selective layer of different free volumes. Methanol
posttreatment was performed to swell up the PA chains. The study
revealed that a moderate increase in PA free volume was helpful to
enhance the water permeability despite a negligible decrease in salt rejec-
tion. This modification approach is beneficial to improve the water flux,
hence the power density. Nevertheless, at very high PA free volume, both
power density and membrane selectivity were undesirably deteriorated
due to the reverse salt flux and ICP effects. Han et al. [19] fabricated a
TFC flat sheet membrane for PRO by forming the PA selective layer atop
of customizedMatrimidmembrane support which characterized with full
sponge-like structure. The structure allowed the membrane to demon-
strate greater mechanical strength hence able to withstand a hydraulic
pressure up to 15 bar. Additionally, the PA layer was posttreated with
hypochlorite and methanol to enhance the transporting properties. As a
result, the modified TFC membrane exhibited an enhanced water perme-
ability. However, a trade-off was observed where the salt rejection was
sacrificed [19].

In another study, Zhang et al. [14] fabricated TFC flat sheet membranes
on polyacrylonitrile (PAN) supports. It was reported that the post ethanol
treatment could positively affect the mechanical strength, pore structure
and hydrophilicity of the supporting layer as well as the formation of
the PA layer. The PA selective layer can be strengthened by the ethanol
treatment to enhance both water flux and withstand hydraulic pressure
up to 10 bar, and about 2.6 W/m2 power density was obtained. The study
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done byHan et al. [19] reported about the posttreatment usingNaOCl. The
modification made on the substrate allowed the formation of thinner PA
layer without affecting its structural stabilities under the high-pressure
PRO process. The primary factor for the high compressive resistance to
withstand a hydraulic pressure of 15 bar is the high toughness support.
Because the structural parameter was reduced, the power density of
7–12 W/m2 at different feed and water salinity can be produced. It has
been reported that the stronger polar aprotic solvents like N,N-
dimethylformamide (DMF) were used to posttreat the PA layer [18]. This
study concluded that the existence of more free volume and voids in the
selective layer had facilitated higherwater flux inwhich the highest power
density of 18.09 W/m2 was harvested at 22 bar.

11.6 THIN FILM NANOCOMPOSITE

TFNmembrane is a new type of composite membranes prepared via IP
process. The term “TFN membrane” was used by Hoek and his
co-workers in their pioneering research work published in early 2007
[17]. Generally, to fabricate a TFC membrane with desired performance,
a wide range of nanosized materials such as zeolite and carbon nanotubes
(CNT) have been explored. They own exceptional structural properties
and surface functionalities regarding enhanced hydrophilicity, antimicro-
bial functionality, water flux and osmotic power andmechanical property.
Hence, by incorporating these nanomaterials in TFC membrane, a
high performance of TFN membrane could be fabricated [9]. Verification
has been done experimentally and theoretically that CNTs can provide a
fast water transport. Thus, CNTs have been proposed as one of the
potential nanomaterials which able to improve the water flux in TFC
membrane [20].

Tian et al. [21] have designed a novel tiered polyetherimide (PEI) nano-
fibrous support for the fabrication of PRO composite membrane. PEI was
reinforced with functionalized carbon nanotubes (fCNTs) to improve the
mechanical property in order to withstand the high-pressure PRO process
without imparting the ICP effect to the membrane [21]. The results
showed that CNTs can act as a strong reinforcing agents to remarkably
strengthen the PEI polymeric nanofibers. It was also found that the water
permeability coefficient of the TFN membranes was 10 times higher than
the commercial HTI-CTA membrane. The result obtained when using
1.0 M NaCl and DI water as draw solution and feed solution respectively,
the peak power density was up to 17.3 W/m2 at 16.9 bar hydraulic pres-
sure. Other than exhibiting advantages such as the improved water
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permeability and separation performance, higher mechanical strength
and thermal resistance, the TFN is also endowed with anti-fouling prop-
erties through the incorporation of nanomaterials which show anti-
microbial features. One of these examples is silver nanoparticles
(AgNPs) which is found to be effective against various aquatic microor-
ganism [22]. They destroy the microorganisms via direct interaction with
cell membranes. In the study performed by Liu et al. [22], PAN was
selected as a support material due to its excellent chemical stability and
excellent chemical tunability. Hydrolysis was carried out to alter the
chemical structure of PAN support in order to improve to adhesion
between the PA layer and the support interface. AgNPs with different
weight concentrations were physically mixed into the membrane through
the simple blending during dope formulation followed by the typical
phase inversion technique to fabricate the polymericmembrane substrates
[22]. The membrane selective layer of nanocomposite osmotic membranes
was formedwith layer by layer (LbL) assemblymethod [22]. Fig. 11.5 illus-
trates the proposed schematic (cross-section) of the silver nanocomposite
osmotic membrane. The result obtained showed that the introduction of
AgNPs has improved the hydrophilicity of the PAN substrates and render
anti-fouling properties to the PRO membranes. The TFN incorporated
with 0.02 wt% AgNPs demonstrated approximately 25% enhancement
water permeability when tested in PRO Apart from that, due to the excel-
lent anti-bacterial properties displayed by the AgNPs against Gram-
positive B. subtilis and Gram-negative E. coli, it was observed that less bio-
films were formed on the surface of the TFN and the flux decline can be
minimized. The water flux was enhanced by 88.2% and the biofilm
decreased from 95.9 � 3.2% to 69.2 � 5.3% [20].

Son et al. [2] synthesized a TFN membrane by using CNT-embedded-
polyethersulfone (PES) as a support layer and PA as an active layer. When
the membranes were tested using 0.5 M NaCl solution at the draw side,
and DI water at the feed side, the water flux and maximum power density

FIG. 11.5 Proposed schematics (cross-section) of the silver nanocomposite osmotic mem-
brane [22].
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of the developed TFN membrane was found to be improved by 87% and
110% compared to TFC membranes, respectively [23]. The presence of
CNTs and the surface modification through chemical etching has pro-
moted the increase of water flux attributed to the enhanced porosity
and the hydrophilicity of the support layer. Fig. 11.6A illustrates that
the formation of the voids at the surrounding of CNT has increased the
porosity, volume and diameter meanwhile the carboxylic and carbonyl
groupswhichwere found on the CNT surface has improved the hydrophi-
licity of the membrane. However, this study discovered a relatively low
power density which is in the range of 0.5–1.6 W/m2 as shown in
Fig. 11.6B hence revealed that the osmotic power density resulted in this

FIG. 11.6 (A) A schematic illustration of the roles of CNTs in increasing the porosity and
hydrophilicity of the TFN membranes. (B) The power density tested in the study [2].
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study still do not reach the commercial expectation. Nevertheless, it has
been evidenced that CNT embedded within the support layer has several
benefits compared to TFNmembrane with CNT incorporated in the active
layer [23,24]. The CNT can be stabilized within the polymer matrix with
less agglomeration owing to the interactions between the sulfonic groups
of the polymeric backbones and the carboxylic groups present on the CNT
through hydrogen bonding. The active layer properties of the membrane
remained intact, hence allowed the optimized water flux and power den-
sity. It is also found that the incorporation of CNTs at the support layer
requires conventional phase inversion technique and less complicated
steps, hence can be easily scaled up [23,24].

11.7 FOULING IN PRO

Membrane fouling is an important factor that restricts the PRO perfor-
mance, especially when a long-term operation commercial-scale plant is
taken into consideration [25]. As well agreed, fouling in RO can negatively
affect the quality of permeate water, membrane lifespan and the required
expenses of maintenance. Although the fouling issue in PRO is recognized
to be less severe than that in those pressure-driven processes due to the
lower applied hydraulic pressure, the negative impacts resulted from
fouling should be carefully considered for their applications. Due to the
orientation of the PRO membrane (i.e., active layer facing the draw solu-
tion and support layer facing the feed solution, foulants found in the feed
solution are expected to deposit within the support layer. As such, an ideal
PROmembrane should also be designed by considering the phenomenon
of membrane fouling, as it significantly affects the osmotic power produc-
tion for practical applications [26].

Practically, many types of feed solutions low salinity can be used in
PRO processes. These includewastewater effluent, river water, and brack-
ish water [27]. Hence organic foulants are found everywhere in those feed
solutions thus can give severe fouling problems and affect the PRO per-
formance. It may lead to PRO performance decay including power density
and water flux. So, it is essential to focus on the development of effective
PRO fouling control strategies [12]. Wan and Chung [27] observed up to
80% deterioration of PRO performance when the feed solution was chan-
ged from the deionized water a wastewater retentate. This incident was
due to the severe fouling on the porous membrane substrate. She et al.
revealed that, in an osmotically driven membrane process, besides feed
solution composition, organic fouling is also significantly affected by
the draw solution composition [12]. In fact, the mechanism of reverse sol-
ute diffusion also has a significant influence on the organic fouling. It has
also been demonstrated that the solutes reversely diffusing from draw

354 11. PRESSURE-RETARDED OSMOSIS



solution into feed solution have potential to interact with the foulants in
the feed solution [12,26]. Because that kind of diffusion also occurs in
PRO process, the mechanism is likely applicable for PRO fouling.

Up to the present, some studies have been performed to provide useful
information on the PRO fouling mechanisms [12,13,19,25,28,29]. Organic
fouling behavior in PRO has been studied based on different operating
conditions like hydraulic pressure, types, and concentration of draw solu-
tions, types of foulant as well as the pH [12,19]. The fouling PRO due to the
deposition of natural organic matter (NOM) found in the feed water has
been investigated using CTA and TFC membranes [13,25]. She et al. have
systematically investigated the impact of organic fouling on PRO power
density based on abovementioned operating conditions [12]. The findings
showed that severe alginate fouling occurred when a large number of
divalent cations such as Ca2+ and/or Mg2+ present in the draw solution.
This further indicated that the organic fouling is strongly influenced by
the ions present in the draw solute as well as their rate of diffusion into
the feed solution and their ability to interact with feed foulant. High
reverse solute diffusion and initial water flux tend to increase the draw
solution concentration and speed up the PRO fouling. On the other hand,
they also concluded that, with the increasing applied pressure, the PRO
fouling is dictated by the competing results of reduced initial water flux
level and elevated reverse solute diffusion. As such, the increase of
applied hydraulic pressure was observed to reduce the alginate fouling
for NaCl draw solution but worsened the fouling for CaCl2 draw solution
due to the competing effects [12].

A recent study conducted by Kim et al. [30] demonstrated that cake
layer buildup at the membrane surface is the main contributor the colloi-
dal fouling. The fouling was further worsenedwith the diffusing salt from
the draw solution as the retained salt could increase the salt accumulation
on the membrane hence drastically affected the driving force in the PRO
system. As a result, substantial flux decline was observed due to the high
resistance of the void-less cake layer. Based on the established mitigation
strategy, it was found that the adjustment of feed solution pH was the
most effective approach to reduce the colloidal fouling, as a result of
the particle stabilization at lower pH [30].

11.8 PRO HYBRID SYSTEM

The hybrid of PRO with other well-established desalination technolo-
gies such as FO and RO has been addressed as an attractive approach
to reduce the cost of seawater desalination as well as to alleviate the envi-
ronmental impact resulted from the direct brine disposal. Even though the
hybrid system normally requires more membrane area, the energy
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consumption, hence the total desalinated water cost can be significantly
reduced. This target can be achieved by diluting seawater or using RO
concentrate as feed water in the PRO process. Therefore, compared to
the single PRO system, the RO-PRO system is operated with a higher con-
centration of draw solution. Another significant advantage of this hybrid
system is that the draw solution, which is the concentrated brine from RO,
has been pretreated in the RO system. This indicates that the brine con-
tains relatively fewer foulants. This is advantageous as it could eliminate
the additional energy needed for the pretreatment of single PRO system
[31]. Sidney Loeb has proposed the most straightforward RO-PRO hybrid
system. In this hybrid system, RO brine concentrate was used as the PRO
feed solution. Sidney’s work has demonstrated that the coupling the
RO-PRO process holds excellent potential for simultaneous desalination
and power generation [31].

The modeling of RO-PRO hybrid has been performed by Prante et al.
[32]. In their studies, the specific energy consumption (SEC) of the
RO-PRO hybrid system was modeled based on the thermodynamic
restriction of RO condition using CTA membranes. The findings showed
that about 40% reduction is SEC compared to the conventional RO seawa-
ter desalination could be achieved. The sensitivity analysis revealed the
effects of membrane characteristics on the specific energy production of
the PRO process in which the SEC was estimated to be 1.0 kW h per m3

of RO permeate at 50% RO recovery with a maximum power density of
around 10 W/m2. The hybrid of RO-PRO has also been proposed in the
Japanese’sMega-ton project [33]. This plant has applied PRO as the energy
recovery system of seawater RO in which the concentrated RO brine and
fresh water collected from the regional water treatment facility were used
as the draw and feed solution, respectively. Throughout the 1 year of oper-
ation using 10-in. CTA hollow fiber membrane modules, the maximum
membrane power density of 13.5 W/m2 has been reported. Based on
the operating conditions ofMega-ton PRO prototype, the researchers have
estimated the potential market of PRO as 1–2 GWwith 10% of energy sav-
ing of the RO plants.

11.9 CONCLUSION AND FUTURE PROSPECTIVE

PRO is known to be feasible in term of application for power genera-
tion. This technology has been acknowledged as one of the most com-
monly known salinity gradient energy approaches that based on
membrane technology. Basically, themajor components of the PRO power
plant are PROmembrane module and hydroturbine systemwhich is used
to convert the hydraulic energy to electricity [11,12]. The present research
progress of osmotic power is proliferating. However, energy harvesting
using osmotic power still remains challenging for commercial viability.
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Membrane characteristics have been recognized as one of the most crucial
element that dictates the performance of PRO. Somehow, PROmembrane
structure has similarity with RO membrane however PRO membrane’s
porous support layer is thinner than the conventional RO membrane. In
addition, the mechanical strength should be improved to withstand the
high hydraulic pressure applied on the draw solution side. Currently, sig-
nificant advances have been made to heighten the performance of PRO
membranes. Advanced techniques such as layer by layer deposition
and electrospinning have also provided viable routes to further enhance
the desired properties of the PRO membranes. Another critical develop-
ment in PRO membrane is most probably the interplay between nanoma-
terial sciences and membrane technology to introduce different unique
and exceptional functionalities to further heighten the membrane
performance.

Some of the membrane-related issues are their susceptibility to ICP and
fouling. At present, the most promising commercially available mem-
branes for PRO are those produced for FO desalination. However, the
low power density is still a significant hindrance to be overcome. Techni-
cal and economic feasibility is also a significant concern in developing
PRO for energy harvesting. Issue has been raised regarding the parasitic
process energy requirements of PRO system, which can be related to the
water conveyance and prefiltration. A study has been done in investigat-
ing a lower bound cost scenario for power generation with PRO to eval-
uate its economic viability. The study is all about the future economic
viability of PRO by pushing the limits of PRO membrane technology in
their models. Firstly, two potential methods of reducing the LCOE: har-
nessing economies of scale and improving membrane performance were
identified. The minimum levelized cost of electricity (LCOE min) is
reduced by 42% as the net power production is increased from 2 to
75 MW [34]. It was found that by decreasing the structural parameter,
results in a more significant decrease in LCOE min than increasing the
membrane permeability. With these unique analyses, it conclusively dem-
onstrated that PRO has potential to be economically viable only if
extremely high draw salinity is used (at least above 18%). Therefore, it
was suggested that future PRO research be focused on challenges associ-
ated with implementing highly saline draw solutions [34]. Also, based on
the experiences of Statkraft, the generation of 5 W/m2 osmotic power is
required to economical break-even in order to be positioned in the same
commercial competitiveness as conventional RO membranes. Despite the
promising findings reported using lab-scaled membranes, which can
reach up to 10 W/m2, the main challenges to be looked into are the avail-
ability of high performance and affordable bulk PRO membrane in the
marketplace.

In conclusion, despite the great number of studies on the potential of
PRO in desalination and energy harvesting, more research is still needed
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to provide further insights into the potential and issues of this technology.
Membrane design and optimization of operating conditions are some keys
to the successful implementation of PRO in commercial scale. It is believed
that, with the advancement made in the near future, perhaps in the next
10 years, PRO will represent a membrane technology that shows great
promise to address the global challenges in water and energy supply.
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12.1 INTRODUCTION

“Water is life’s mater and matrix, mother and medium. There is no life
without water” is a well-known quote given by Albert Szent-Gy€orgi, who
was a Hungarian biochemist and won the Nobel Prize in Physiology or
Medicine in 1937 [1]. Nowadays, the most significant problem that the
world is facing today is that of water pollution which causing grave
and irreparable damage to the earth. Heavy metal in anionic or cationic
forms is one of the dangerous contaminants that can be found in water
resulting from manufacturing and mining processes. Some of them are
lead (Pb), chromium (Cr), arsenic (As), mercury (Hg) and nickel (Ni).
These heavymetals can be found in the water by natural or anthropogenic
sources. For instance, these heavy metals are toxic and poisonous even at
low concentration, thus, can threaten human beings and animals.

Lead is heavy metal that can cause severe damage to nervous system,
kidney, reproductive system and brain [2]. According to Ajitha et al., lead
enters the water sources (drinking or wastewater) from various industrial
activities such as metal plating, printing and pigment, and finishing,
ammunition, battery manufacturing, ceramic and glass industries, solder-
ingmaterial, iron and steel manufacturing [3].Meanwhile, Goyer and Chi-
solon stated that contamination of this lead heavy metal in drinking water
occurs due to the corrosion and leaching of lead pipes and Pb/Sn solder
joints associated with copper services lines used in household plumbing
[4]. Recently, a review has been done on an update on childhood lead poi-
soning [5]. Surprisingly, it was reported in 2012, the Centers for Disease
Control & Prevention (CDC) lowered the reference value of blood level
(BLL) to 5 μg/L due to 3.6 million American homes with at least one child
have significant lead paint hazards. In 2014, nationally U.S. Poison Control
Centers (PCC) received 2, 241 calls on possible lead exposure. This is
according to Weidenhamer and Yost, toys were sometimes painted with
lead-based paint, and some plastic toys have lead added as a softener
[6, 7]. It should be mentioned that a child who ingested lead charm was
reported died of lead poisoning in 2006 [8].

Chromium exists in two oxidation states which are Cr (III) and Cr (VI),
due to the environmental condition [9]. Cr (III) is a bio-element, but Cr (VI)
is more toxic than Cr (III) [10]. Chromium exists in the environment by
natural input such as volcanic eruptions and geological weathering.
Whilst, anthropogenic activities such as the burning of fossil fuels, plastic
manufacturing, electroplating of metals and tannery industries are the
main reason for chromium poisoning toward human being [11].
Table 12.1 summarizes the use of chromium in various industries. Cr
(VI) can cause various health issues by entering into an alimentary tract
of the living organism via either breathing in dust, fumes or mist or skin
contact with solutions can create more significant health risks. In this
regard, health issues such as cancer in respiratory track, irritation in the
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upper respiratory tract, injury in the nasal septum and inflammation in the
nose. Also, Cr (VI) also causes skin problem. Table 12.2 lists the health haz-
ard caused by Cr (VI) and way of exposure.

Arsenic is known as “King of poison“ and labeled as the 20thmost com-
mon element in the Earth’s crust [13]. Arsenic contamination in water
especially drinking water sources has become a series environmental
and health concern because of its toxicity on human beings and other
living organisms. According to Almberg et al., arsenic has been classified
as Group 1 carcinogen to human as it is linked to some cancers [14]. Like
chromium, arsenic also exists primarily as an inorganic form in water
which is arsenite [As (III)] and arsenate [As (V)]. Compared with As
(V), As (III) is 60 times more toxic to human and has higher mobility in
the environment. Similar to the way of other heavy metal exposure, arse-
nic enters water through anthropogenic activities such as gold mining,
nonferrous smelting, petroleum refining and the use of pesticides. Some
developing countries, such as India and Bangladesh use groundwater
sources. Due to this arsenic toxicity, these countries have been reported
to have the highest arsenic contamination problem. Table 12.2 lists other
heavy metals that contaminated in water, a way of exposure, its effect on
human and environment and drinking water standards.

12.2 A CONVENTIONAL TECHNIQUE FOR HEAVY
METALS REMOVAL

Over the last few decades, conventional treatmentmethods such as ion-
exchange, coagulation-flocculation, adsorption and membrane technol-
ogy have been widely used for the heavy metal removal to fulfill the strict
environmental regulations. The conventional methods are discussed in
the following subsections.

TABLE 12.1 Use of Chromium in Various Industries [12]

Industry Application

Metallurgical industry (90%) Ferrous alloys (steel, cast iron)
Nonferrous alloys (Ni, Al, Cu)

Refractory and foundry (5%) Fiberglass furnace, cement kiln
Mag-chrome refractories
Glass tank regenerator

Chemicals (5%) Chrome plating
Metal finishing
Tanning
Corrosion control
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TABLE 12.2 List of Other Heavy Metal Found in Drinking Water Sources

Heavy

metals Way of exposure Effects

Drinking water

standards Ref

Nickel
[Ni(II)]

• The
manufacturing
process of
stainless steel,
super alloys,
metallic alloys,
electroplating,
and batteries

• Lung and
kidney
problems

• Gastrointestinal
distress

• Headache
• Skin dermatitis

• Environmental
Protection Agency
(0.1 mg/L)

• European
Community
(0.1 mg/L)

• Regulation of water
quality-India
(0.1 mg/L)

• Malaysian standard
(0.02 mg/L)

[15]

Copper
[Cu(II)]

• Industrial
activities:
galvanizing,
petroleum
refining, metal
finishing, paint,
and pigments
production, coal
mining,
smelting, and
electroplating

• Long term
exposure:
damage to
kidney, liver,
pancreas, and
brain

• Hemostasis,
hypotension,
melena. Coma,
jaundice,
gastrointestinal
disease

• Environmental
Protection Agency
(1.0 mg/L)

• European
Community
(3.0 mg/L)

• Regulation of water
quality-India
(0.01 mg/L)

• Malaysian standard
(1.0 mg/L)

[16–18]

Zinc
[Zn(II)]

• Travel through
the food chain
via
bioaccumulation

• Galvanizing
industries

• Stomach cramps
• Skin irritation
• Vomiting
• Nausea
• Anemia

• Environmental
Protection Agency
(5.0 mg/L)

• European
Community
(5.0 mg/L)

• Regulation of water
quality-India
(0.1 mg/L)

• Malaysian standard
(3.0 mg/L)

[19]

Cadmium
[Cd (II)]

• Metal industries
• Pigment

industries
• Plastic

manufacturing
• Polymer

production
• Electroplating
• Nickel-cadmium

batteries
• Photography

company

• Renal disorder
• Osteomalacia
• Cancer
• Anemia
• Bronchitis
• Nephrotoxicity

• Environmental
Protection Agency
(0.005 mg/L)

• European
Community
(0.2 mg/L)

• Regulation of water
quality-India
(0.1 mg/L)

• Malaysian standard
(0.003 mg/L)

[20]
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12.2.1 Ion Exchange

Ion exchange is a reversible chemical process that allows heavy metals
that have similarly charged with ion exchange resin to attach each other
[22]. These heave metals include mercury, arsenic, zinc and so on. During
this process, the resins exchange hydrogen ions (H+) for the positively
charged ions (such as Ni2+ and Cu2+) and hydroxyl ions (OH�) for neg-
atively charged sulfates, chromates, and chlorides, as illustrated in
Fig. 12.1. Because the quantity of H+ andOH– ions is balanced, as a result,
clean water is obtained after the treatment.

The key to an ion-exchange process is the type of resin used and heavy
metal that aimed to be removed. A study byMendow et al. showed a novel
process for nitrate reduction in water using bimetallic PddCu catalyst
supported on ion exchange resin [23]. The catalyst was supported on com-
mercially macroporous ion-exchange resin, using a solution of PdCl2
(8571 mg/L) dissolved in 0.01 MNaCl and 0.01 MHCl. Fig. 12.2 illustrates
the mechanism for the PddCu catalyst via an ion-exchange process. As a
result, the newly developed resin showed excellent results with possible

TABLE 12.2 List of Other Heavy Metal Found in Drinking Water Sources—cont’d

Heavy

metals Way of exposure Effects

Drinking water

standards Ref

Mercury
(Hg)

• Atmospheric
deposition

• Erosion
• Urban

discharges
• Agricultural

materials
• Mining
• Combustion and

industrial
discharges

• Poisonous
• Causes

mutagenic effect
• Disturb the

cholesterol

• Environmental
Protection Agency
(0.002 mg/L)

• European
Community
(0.001 mg/L)

• Regulation of water
quality-India
(0.004 mg/L)

• Malaysian standard
(0.001 mg/L)

[21]

Chromium
(Cr (VI)

• Air (breathing)
• Water (drinking

and eating)
• Dermal (skin

penetration)

• Respiratory
tract cancer,
lung cancer,
tuberculosis,
nasal irritation,
nasal ulcer,
cough and cold

• Alimentary tract
cancer, stomach
cancer,
bronchospasm,
pneumonia,
diarrhea

• Malaysian standard
(0.05 mg/L)

[12]
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to eliminate 100% of the nitrates with a final ammonium concentration
below 0.5 mg/L and achieved the permissible limit. Another recent study
by Lee et al. introduced a new type of ion exchange material to remove
arsenic from water [24]. The ion exchanger fiber is relatively developed

FIG. 12.1 Mechanism of an ion-exchange process for heavy metal removal.

FIG. 12.2 Mechanism for PddCu catalyst on resin during ion-exchange process. Repro-
duced with permission from Fig. 1 of Mendow G, Sánchez A, Grosso C, Querini CA. A novel process
for nitrate reduction in water using bimetallic Pd-Cu catalysts supported on ion exchange resin.

J Environ Chem Eng 2017;5(2):1404–14. License # 4274480797460.
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material for ion exchanger and has several advantages over conventional
ion exchange resins. As a result, As (V) removal efficiency of 98.5% at
60 min was obtained with a capacity of 53 mg/g. Unfortunately, ion
exchange was pH dependent, for example, arsenic in this study was effi-
ciently removed at pH 3.04.

12.2.2 Coagulation-Flocculation

Coagulation and flocculation are well-known technologies within the
wastewater. Indeed, these technologies are essential processes in various
disciplines, especially wastewater treatment. It should be noted that coag-
ulation and flocculation can be used as a preliminary or intermediate pro-
cess during wastewater treatment. For example, they have been used for
potable water treatment which clarified using coagulating agents and
been practiced for years. They are two different processes but always
being used at the same time for wastewater treatment.

Firstly, coagulationwith a coagulant such as almonds, alum, and beads.
Pioneering work on this technologies, as early as 2000 BCE, was con-
ducted by the Egyptians, who used almonds smeared around vessels to
clarify river water. Despite almonds, alum has also been used as coagulant
by the Romans in around 77 CE. Interestingly, in 1757, coagulation with
alum as coagulant has been practiced in municipal water treatment in
England [25]. During the process, coagulants with charges opposite to
those of the wastewater are added to neutralize the negative charges on
nonsettlable solids. This includes clay and color-producing organic sub-
stances. Once the charge is neutralized, the small suspended particles
are capable of sticking together.

Secondly, flocculation, where it is a process that involves gentle mixing
stage, increases the particle size from submicroscopic microfloc to visible
suspended particles. During the process, the particles called microflocs,
tend to collision each other. Thus, produce pinflocs through bonding
and increase their size. A gradual increase in size is then observed as they
continue to bondwith inorganic and organic polymers. These particles are
then called as macroflocs. Once floc has reached its optimum size and
strength, water is ready for sedimentation. Fig. 12.3 shows the complete
mechanism of treated water involving coagulation and flocculation.

Coagulation and flocculation process is an essential method in several
wastewater treatment operations. Usually, this processwas applied before
separation through membrane technology, which will be discussed in
Section 12.2.4. Untreated wastewater generally contains high levels of
organic material, numerous pathogenic microorganisms, nutrients, toxic
compounds as well as heavy metals [26]. These wastewaters entail envi-
ronmental and health hazards and, consequently, must immediately be
conveyed away from its generation sources and treated appropriately
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before final disposal. Ismail et al. investigated these combined process for
treatment of municipal wastewater [27]. Alum [Al2 (SO4)3], ferrous sul-
phate [Fe(SO4)], ferric sulphate [Fe (SO4)3] and lime [Ca(OH)2] were used
as coagulants due to their relatively low price. It was found that alumwith
a quantity of 60 mg/l was the optimum coagulant to treat the municipal
wastewater and remove contaminants, especially heavy metals. A recent
study by Choumane et al. investigated valorization of a bioflocculant and
hydroxyapatites as coagulation and flocculation adjuvants in wastewater
treatment of the steppe in the wilaya of Saida (Algeria) [28]. The coagula-
tion and flocculation jar tests of wastewater revealed that ferric chloride,
containing a mass of 0.3 g hydroxyapatite is the most effective adjuvant in
clarifying the wastewater, with turbidity equal to 98.16%.

12.2.3 Adsorption

Adsorption evolved as the most effective techniques for heavy metals
removal because the adsorption process offers flexibility in design and
operation [29]. Nowadays, there are various forms of adsorbent have been
developed such as nanoparticles [30] and beads [31]. Nevertheless, vari-
ous materials were used as adsorbents such as surfactants [32], synthetic
activated carbon [33,34], industrial by-products and wastes [35,36], fer-
rous material [37,38], iron-based soil amendment [39], and mineral prod-
ucts [40]. More recently, graphene oxide (GO) and its composites have
attracted widespread attention as novel adsorbents for the adsorption
of various heavy metal contaminants. Peng et al. have made a review of
heavy metal ions adsorption from water by graphene oxide (GO) and

Sludge

Hydrocyclone

Polymer
Micro-sand

Coagulant

Coagulation
Injection

Maturation
Tube settler
with scraper

Clarified
water

Micro-sand and sludge
to hydrocyclone

Raw
water

FIG. 12.3 Mechanism of coagulation and flocculation in water treatment. Based on Fig. 1 of

Desjardins C, Koudjonou B, Desjardins R. Laboratory study of ballasted flocculation. Water Res

2002;36(3):744–54. License # 4292940918650.
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its composites [41]. In the review, GO, and its composites are extensively
explored as advanced adsorbent materials for the removal of heavy metal
ions fromwater due to their high efficiency, fast kinetics, and strong affin-
ity to various metal ions.

A study by Zhang et al. showed adsorption of lead and mercury from
aqueous solution using magnetic CoFe2O4-reduced graphene oxide [42].
In the work, modified Hummers’ method was applied in synthesizing of
GO with collaboration through oxidation of graphite powder. Then, a
desired amount of GO was first mixed in water by ultrasonication for
CoFe2O4-rGO synthesis. Vigorous stirring was continued for these mix-
tures. After that, half of NaOH was added to the mixture drop by drop
to adjust the solution to pH12. Interestingly, the as-synthesized solid prod-
uctswere separated by amagnet,washed thoroughlywithwater and abso-
lute ethanol to remove any impurities, and then dried in a vacuum oven.
Fig. 12.4 shows the properties of newly developed CoFe2O4-rGO.

Another recent study by Su et al. on arsenic removal using iron oxide-
graphene oxide nanocomposite adsorbents has been successfully con-
ducted [43]. Fig. 12.5 shows the TEM and high-resolution TEM images
of GO, FeOx-GO-36, FeOx-GO-80, and the iron oxide control sample. In
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FIG. 12.4 Properties of newly developed CoFe2O4-rGO; (A) XRD analysis, (B) zeta poten-
tial, (C) BET analysis, and (D) the recovery procedure of CoFe2O4-rGO. Data from Fig. 1 of
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solution using magnetic CoFe2O4-reduced graphene oxide. J Mol Liq 2014;191:177–182. License #
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FIG. 12.5 TEM and high-resolution TEM images of, (A and B) GO, (C andD) FeOx-GO-36,
(E and F) FeOx-GO-80, and (G and H) iron oxide control sample. Based on Fig. 2 of Su H, Ye Z,

Hmidi N.High-performance iron oxide–graphene oxide nanocomposite adsorbents for arsenic removal.

Colloids Surf A Physicochem Eng Asp 2017;522:161–72. License # 4274481165441.
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the study, iron oxide-graphene oxide nanocomposite adsorbents show an
excellent performance toward adsorption of heavy arsenic metals. It is
noteworthy that enhancement of arsenic adsorption capacities is found
with the increase of iron oxide content due to the increase in surface area
and the generation of more accessible active sites. Overall, the excellent
performance shows high qmax values of 147 and 113 mg/g for As (III)
and As (V), respectively. These values are reported to be the recently high-
est among all literature reported. Unfortunately, no further study on sep-
aration of GO from treated water has been discussed. Accordingly, many
studies have been found on a combination of adsorption and membrane
separation technologies, which will be discussed in Section 12.3.

12.2.4 Membrane Separation Technology

Membrane separation technology, known as worldwide technology
has been proven to be a practical and environmental approach to treat
wastewater [44]. Earlier investigations toward these technologies were
developed from animals such as bladders of pigs, cattle or fish, and sau-
sage casings made of animal gut [45]. However, this investigation fails to
pursue further development due to a nonreproducible product. In 1907,
Behold introduced nitro cellulose membranes with a graded pore size
[46] and the invention has been improved by others. Impressively, by
the early 1930s, microporous collodion membranes were ready and com-
mercially available in the market. During the next 30 years, this early
microfiltration membrane technology has expanded to other polymers,
notably cellulose acetate which is fabricated using phase inversion tech-
nique by Loeb and Saurian. [47] This development has made it possible
to produce membrane in asymmetric structure. Nowadays, the membrane
from various polymeric materials has been widely commercialized world-
wide. According to some sources [48], the demand of pure water flux has
driven the market for cross-flow membrane equipment and membranes
worldwide to increase from $6.8 billion in 2005 to $9 billion in 2008. In term
of geometry, hollow fiber membrane has receivedmuch attention due to its
highest surface area (surface area to volume up to 9000 m2 m�3). This kind
of membrane can be produced via phase inversion process.

There are two types ofmembranes; polymericmembrane and inorganic
membrane, as illustrated in Fig. 12.6. In term of pore sizes, there are four
types of membrane which are microfiltration (0.05–1.0 μm), ultrafiltration
(0.005–0.5 μm), nanofiltration (0.0005–0.01 μm), and reverse osmosis
(0.0001–0.001 μm). Accordingly, heavy metals ions were tiny and some-
times they are soluble, such as arsenic, in which it is necessary to reverse
the osmosis membrane’s size to treat the water. Additionally, the water
treated through the RO process may not contained precious minerals such
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as calcium andmagnesium inwhich concerned by a human being through
drinking water [45]. The hybrid or specifically known as adsorptive mem-
brane that produced by the combination of adsorption and membrane
separation processes have been received attention, and discussed in detail
in Section 12.3.

12.3 HYBRID ADSORPTIVE POLYMERIC MEMBRANES
FOR HEAVY METALS REMOVAL

Recently, adsorptive membranes, which combine the advantages of
membrane technology and adsorption process, have become as an effec-
tive way in removing the heavy metals ions in the aqueous solutions.
These membranes’ surfaces contain reactive functional groups which
include dNH2, dSO3H, and dCOOH groups, which used ion exchange
or surface complexation mechanism to attract the metal ions. When heavy
metal ions are in contact with the membrane surface, it can be removed
from aqueous solutions even though the membrane’s pore sizes are much
more significant than the metal ion dimensions. Compared to the conven-
tional filtration membrane, the advantages of adsorptive membranes are
great heavy metal ions retaining performance, plus the lower consump-
tion of energy advantage and also produce better in permeate flux. Also,
the membranes process function also can be widening from simple filtra-
tion to improved filtration which includes the adsorption.

The elimination of the metal ions using adsorptive membranes also
dominance over the adsorptive beads, even though themechanism of both
methods are similar. The adsorptive membranes separation rate are
quicker to that of the beads due to the removed heavy metal ions can
be transported by convective flow to both internal and external binding
sites, rather than slow diffusions to the either internal or external binding
sites that is normally occurred in beads systems.

FIG. 12.6 Type of membrane separation.
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12.3.1 Polymeric Membranes

Despite the fact these adsorptive membranes have become a promising
solution for the metal ions removal, commercialize feasible adsorptive
membranes are very narrowed to inactive polymers, for instance, PVDF,
PSF, nylon, polyethylene, and polypropylene (PP). The deficiency of them
is an absence of the reactive functional groups. Therefore, surface modifi-
cation is required to prepare the inert polymer adsorptive membrane, for
instance, radiation-induced graft copolymerization method. These
methods have often been used for introducing the reactive monomers like
acrylic acrylonitrile, acid, acrylamide, and those containing the epoxy-
group, such as glycidyl methacrylate, divinylbenzene, onto the surface
of the prepared adsorptive membrane. The other example of the methods
includes attachment of various dyes chemical to hydrophilic polymer
membranes for instance poly (2-hydroxyethyl methacrylate), polyvinyl-
butyral, polyvinyalcohol, cellulose and cellulose acetate membrane.

It should be mentioned here that polymeric membranes have gone
through the adsorptive membrane modification to gain great adsorption
capacity for metal ions, the prepared membranes regularly disintegrated
as a result of the severe chemical also a physical treatment for surface
modification, or the functional chemicals used to modify the membrane
surface are not cost-effective for daily application for metal ions elimina-
tion. Another drawback in term of modification of surface which is diffi-
culty in retaining the pore sizes of the membranes as a result of a drastic
reduction of membrane performance in permeate flux.

12.3.1.1 Natural Polymer

In these past years, some development for removal of heavy metal ions
were more focused on using chitosan in fabricating the adsorptive mem-
brane. Chitosan is an abundant natural bio-polymer which obtain a large
value of functional group called amine [49]. The chitosan’s excellent per-
formance in removing the metal ions in solution has been associated with
the potential of the amine functional group which formed surface com-
plexes with many metal ions in aqueous solutions [50]. Chitosan has been
found as high-binding-capacity materials [51], usually >1 mM metal/g
chitosan, for many heavy ions such as Cu, Hg, Cd, and Pb, and the capac-
ities also have been reported to be even greater than polyaminostyrene,
the constituent of expensive ion-exchange-resin.

Nonetheless, almost all past researchers limit the usage of chitosan in
the shape of flakes, gel beads, and powder which were very challenging
to be applied to practical application and the kinetic adsorption is slow.
Because of this, some considerable research interested on preparing
high-pack-density chitosan membrane in the form of flat membrane or
in the form of hollow fiber membrane for the adsorptive plus separation
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purpose which include the removal of the metal ions, but there is limita-
tion in the scope of fabricating the membrane using chitosan due to lack of
chemical and mechanical resistance. Insufficient mechanical strength is
the most important concern for the usage of pure chitosan as the adsorp-
tive membrane. Some attempts were conducted to overcome this draw-
back by Premakshi et al. [52]. Applying the chitosan as thin film
composites by utilizing proper support, is a straightforward way to
enhance the mechanical problem of chitosan flat sheet membrane. Also,
to achieve improvement in mechanical resistance, embedding compatible
nanobiomaterials has been reported by Karim et al. [15].

The usage of chitosan has been improved and usually been used with
the other materials as its supports in the flat membranes to produce com-
posite membranes [53], but there some drawbacks in the method of coat-
ing either nonuniform/incomplete coated chitosan on the support
membrane or problemwith the nonstick coated chitosan. Previously, mix-
ing other polymers with chitosan showed a promising way to counter
shortcoming of chitosan, because of the advantages of the method in term
of the interaction of chemicals, also improve the usage of chitosan via
enhancement of chemical stability and mechanical resistance.

The initial progress has been started by Liu and Bai, fabricated the chit-
osan adsorptive hollow fiber membrane combined with other polymers,
without any extra modification of the surface of the base membranes
[54]. In their works, the chitosan hollow fiber membrane enhanced by
the blending with cellulose acetate (CA) which produce high porous
adsorptive membrane. The prepared membrane was analyzed for the
removal of copper (II) metal ions.

The adsorption results showed that the prepared membranes obtained
fast rate of adsorption, high capacity of adsorption and short adsorption
equilibrium times for copper (II) ions, also run adequately on low concen-
tration of copper (II) ions in reducing the residual level in the solution until
as low as 0.1–0.6 mg/L. XPS analysis proved that the copper (II) ions
adsorption on the prepared membranes was mostly associated to the sur-
face complexes formed with the nitrogen atoms of chitosan in the mem-
branes; thus the membranes become more adsorptive to copper (II) ions
because the presence of chitosan in the prepared hollow fiber membranes
is high. The results also proved that copper (II) ions adsorbed on the pre-
pared membranes could be adequately desorbed in an EDTA solution up
to 99% of desorption efficiency. The prepared membranes also had the
advantage of almost reusable without any defect on the adsorption capac-
ity for copper (II) ions (Figs. 12.7 and 12.8).

Kumar, Isloor, and Ismail were successfully fabricated and analyzed
the chitosan adsorptive membranes with another derivative polymer
which is polysulfone (PS) [53]. To attain the UF adsorptive membrane,
the phase-inversion method was applied, and the scope was focused on
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removing Cd(II), Cu(II) andNi(II) metal ions. The increment in the content
of chitosan in the prepared PS/CSmembrane has eventually increased the
rejection of the metal ions.

Next, another study by Kanagaraj et al., in the blended chitosan mem-
brane application for the elimination of the bio-molecules and metal ions.
PEI and NPHCs were used in the preparing of the blend solution then
after the dried of the casting; it was immersed in the water coagulation
bath. Results showed the reduction in the size of the membrane pores,
and there is an increment in hydrophilicity. The permeate flux also
increased via the rising of NPHCs content. Also, the preparedmembranes
showed an excellent performance in removal of metal ions for trivalent
ions. The results could be explained by the increment of ions charge den-
sity and great formation constant of polymer-ion complexes. Other than
that, enhanced hydrophilicity as a result of an optimize recovery of flux
ratio of 88.6% for the prepared blend membrane with the NPHCs equal
to 2 wt%. [55].

FIG. 12.7 SEM images of the four prepared CS/CA membranes. Data from Fig. 1 of Liu C,

Bai R. Adsorptive removal of copper ions with highly porous chitosan/cellulose acetate blend hollow

fiber membranes. J Membr Sci 2006;284(1):313–22. License # 4284030232905.
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The other study by Han, Liu and Bai on blended chitosan membrane
started with the ready up of nanoparticles of chitosan followed by fusing
them into the polymer matrix. The usage of a surfactant (SDS) inside chit-
osan aqueous solution, it will form the chitosan/SDS nanoparticles and
were dissolved in an organic nonacidic solvent (NMP). Dissolving CA
polymer in the aforementioned suspension prepared a dope solution to
be solidified in water during phase inversion. Huge contain chitosan hol-
low fibermembranewas obtained completewith immense copper (II) ions
adsorption efficiency [56].

12.3.1.2 Synthetic Polymer

Polyacrylonitrile (PAN) is one of the most abundant synthetic polymer
used in UF and MF membranes fabrication due to its cost-effective, excel-
lent solvent stability and excellent mechanical resistance. This polymer
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was not readily obtained but its need to be synthesized by some methods.
The nitrile (dCN) groups of PAN are easily modified via hydrolysis and a
[3 + 2] cycloaddition reaction at an elevated temperature for adsorption of
heavymetal ions. Kumar et al. were successfullymanufactured an adsorp-
tive ultrafiltration membrane from synthesized polyvinyltetrazole-co-
polyacrylonitrile (PVT-co-PAN) by nonsolvent induced phase separation
(NIPS). Also, the study has also shown that the production of adsorptive
ultrafiltrationmembranes from the comprised of polymers is such a possi-
ble process [56]. In this study, the authors have manufactured the mem-
branes by synthesizing polyvinyltetrazole-co-polyacrylonitrile (PVT-co-
PAN) by nonsolvent induced phase separation (NIPS) technique. It was
shown that the PVTportions have contributed to the alteration of pore size,
chargeaswell ashydrophilicity behaviorof themembranes.Upon thepres-
ence of PVT, themembrane becamemore hydrophilic andmore negatively
charged. On top of it, PVT was served as the primary binding sites for the
adsorption of Cu (II) ions from the aqueous solution. This study also sug-
gested that the membrane adsorptive properties were highly selective for
the adsorption of Cu (II) ions over Pb (II) ions under the similar experimen-
tal conditions. The regeneration of the treated membrane was effectively
done by using 0.25 mM ethylenediaminetetraacetic acid (EDTA) solution
and could be reused for further heavy metal removal (Fig. 12.9).

The results showed that the membranes charge, hydrophilic behavior,
and the pore size were altered by PVT segments. In the presence of PVT
segments, the membranes become great in hydrophilicity; also the nega-
tive charges are dominance in the membranes. The PVT segments served
as the major binding sites for the adsorption of copper (II) ions. In contin-
uous UF and static condition, the maximal adsorption of copper (II) ions
was obtained at pH equal to 5. Freundlich Isothermmodel showed a great
adsorption capacity result which was 44.3 mg/g.

FIG. 12.9 Schematic presentation for the adsorption of Cu (II) ions by the PVT-co-PAN
membranes from aqueous solution at pH 5 and the regeneration step using EDTA chelation.
Based on Fig. 4 of Kumar M, Shevate R, Hilke R, Peinemann K-V. Novel adsorptive ultrafiltration

membranes derived from polyvinyltetrazole-co-polyacrylonitrile for Cu(II) ions removal. Chem Eng

J 2016;301:306–14. License # 4284030512153.
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Polyethylene terephthalate (PET) are semicrystalline thermoplastic
polymers that can be used in the form of different products such as a bot-
tle, fiber, molded parts, and films. Adsorptive membranes using PET was
prepared for the application of removing chromium Cr(VI) from contam-
inated water [57]. Due to good mechanical properties and ease of proces-
sing, PET can be considered as proper material for membrane support
production. Furthermore, PET is an inert and hydrophobic polymer,
which can accommodate adsorption of chitosan onto its surface effectively
after applying an activation process. Different activation procedures can
be used to provide binding sites for chitosan onto PET surfaces such as
coating the surface with a chemical reagent containing a hydrophilic poly-
mer, irradiation grafting and low-temperature oxygen plasma [58]. The
membrane support was prepared by electrospinning of PET bottle waste
in the form of nanofibers. Then, the surface of nanofibrous PET was acti-
vated by cold plasma followed by functionalizing with chitosan.

Experimental tests showed that the adsorption affinity of the prepared
PET nanofibers was improved significantly by using plasma treatment
and functionalization with chitosan. Themembrane produced under opti-
mum conditions had amaximumadsorption capacity of 5.54 mg/50 mg at
initial water pH of 4. Reusability study revealed that the adsorption effec-
tiveness of the prepared membranes could be maintained up to 93.7% of
the fresh membrane after five adsorption/desorption cycles (Fig. 12.10).
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FIG. 12.10 The effect of pH on chromium removal.Reproduced with permission from Fig. 9 of
KhorramM,Mousavi A,MehranbodN. Chromium removal using adsorptive membranes composed of
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Riaz et al. had successfully synthesized the prepolymer and chain-
extended polyurethane with cellulose acetate into blended membranes
for the removal of chromium (VI). Cellulose acetate is one of themost com-
monly used filtration membranes. It has a hydrophilic nature and pos-
sesses good fouling resistance; it is cost effective and chlorine resistant
with fair biocompatibility. Some of its drawbacks are low mechanical,
chemical and thermal strength [59]. To overcome these problems, we have
introduced a unique polymer, polyurethane (PU) that is acclaimed to have
outstanding mechanical, chemical and thermal attributes [60]. Polyure-
thane is a heterogeneous matrix composed of an alternating array of soft
and hard segments. Soft segments are flexible and usually water soluble
such as polyether polyols, and hard segments are rigid, generally contain-
ing aromatic or aliphatic diisocyanates allied with diamine or polyols,
which are nonsoluble in water. The objective of the research is to synthe-
size a cost-effective and sustainable synthetic membrane that is used for
chromium (VI) ion removal from industrial effluents.

This research involves the synthesis, characterization, and application
of polyurethane-cellulose acetate blend membranes. Contact angle mea-
surements and water content values proved that the addition of cellulose
acetate had lowered the hydrophilicity of the modified membranes.
Because the pure polyurethane membrane is more hydrophilic than pure
cellulose acetate. SEM micrographs showed that blend membranes have
spongy structures, partially filled up with dense cellulose acetate. More-
over, there are numerous pores on the surface of blend membranes that
favors the rate of water flux. The applicability of modified membranes
was tested for Ultrafiltration, one of the promising separation techniques
by using the aqueous solution of potassium dichromate. The PU-CA1
membrane was subjected to the various chromium ion concentrations at
varying pH and pressure. The economy of the process was achieved at
pH 3 and 0.4 MPa for all the chromium ion concentrations [61]. These
characteristics of PU-CA1 blend membrane prove it an innovative choice
for effluent treatment in the textile industry (Fig. 12.11).

12.3.2 Mixed Matrix Membranes

Over the years, the development of membrane technology has bloomed
glowingly whereby the production of mixed matrix membrane (MMM)
has been introduced. The combination of membrane separation technique
to that of superior adsorption properties of adsorbent (ordinarily
inorganic materials) has eventually turned out in the production of this
hybrid membrane. The pioneer work on the fabrication of the MMM
has been explored by Ladhe et al. in 2009 [62]. The primary purpose of this
study was to capture the silver ions using the MMM of silica and poly-
sulfone and cellulose acetate. In this study, the silica particles have been
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FIG. 12.11 SEM images of pure PU, pure CA, and PU-CA blend membranes recorded
at the magnification of 2500–5000 for (A) top surface; and (B) 100 for cross sectional.
Data obtained and reproduced with permission from Fig. 5 of Riaz T, Ahmad A, Saleemi S, Adrees
M, Jamshed F, Hai AM, et al. Synthesis and characterization of polyurethane-cellulose acetate

blend membrane for chromium (VI) removal. Carbohydr Polym 2016;153:582–91. License #

4284030955213.

380 12. ADSORPTIVE MEMBRANES FOR HEAVY METALS REMOVAL FROM WATER



thiol-functionalizedwith 3-mercaptopropyltrimethoxy silane (MPTMS) to
enhance the capture process of the silver ions. The authors have also
remarked that the successful attempt of their study showed the promising
platform for the usage of MMM in the process of heavy metal capture
(Fig. 12.12).

For the case of heavy metals removal from wastewater, the treatment
via adsorption using inorganic material impregnated on the polymer
membrane has been studied by Yilmaz Yurekli in 2016 [63]. In this work,
the author has removed the lead and nickel cations for water by using zeo-
lite nanoparticle. This nanoparticle was impregnated onto polysulfone
(PSf ) membrane prior to the treatment process. The synthesized nanopar-
ticle using the mean of conventional hydrothermal was possessed a great
sorption capacity toward the adsorbed heavy metals. The hydraulic per-
meability of the membranes was improved by mere alteration of the fab-
rication conditions namely evaporation period of the casting film as well
as the zeolite loading. This study also revealed that the hybrid membrane
could be effectively used for dynamic removal of lead and nickel ions from
water, especiallywhen their concentrations and the operating pressure are
low (Fig. 12.13).

The removal of contaminants such as heavymetals through the adsorp-
tion process is usually contributed to the ability of the adsorbent to bind
with the adsorbate. Compounds that composed of active functional

FIG. 12.12 The silica particles in membrane matrix uniform distribution along the poly-
sulfone flat sheet membrane. Data from Fig. 3 of Ladhe AR, Frailie P, Hua D, Darsillo M, Bhat-

tacharyya D. Thiol-functionalized silica–mixed matrix membranes for silver capture from aqueous

solutions: experimental results and modeling. J Membr Sci 2009;326(2):460–71. License #
4284031088901.
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groups such as phenolic, carboxyl, lactone, and hydroxyl have been effec-
tive for heavy metal adsorption [64–66]. The binding process could be
attributed to the bond formation between the adsorbate to that of the
adsorbent. Sometimes, the ion-exchange mechanisms may take place dur-
ing the adsorption. The adsorbent possesses typically the active sites com-
pose with free electrons or has an electrical charge to which the
electrostatic interaction of the adsorbent and adsorbed species has taken

FIG. 12.13 Sorption kinetics of (A) Pb2+ and (B) Ni2+ ions during filtration of metal solu-
tion through PSf10-0 membrane. Data reproduced with permission from Fig. 13 of Yurekli Y.

Removal of heavy metals in wastewater by using zeolite nano-particles impregnated polysulfone mem-
branes. J Hazard Mater 2016;309:53–64. License # 4284031265597.
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place. Above all of these characteristics, an adsorbent material, which is
usually inorganic, should have owned smaller size of the particle to which
in turn offers more substantial surface area and thus increases the active
sites distribution to which eventually boosted the adsorption process
(Fig. 12.14).

The preparation of hybrid membrane comprising the mixing of the
inorganic materials (acts typically as adsorbent) to that of polymer mem-
brane can be varied. A study by Zhang et al. showed two types of mem-
brane preparation methods namely the immersion of the pretreated
polyvinylideneflouride (PVDF) films in the zinc oxide (ZnO) suspension
(method A) and blended the ZnO nanoparticles with PVDF solution prior
the casting films process (method B) [67]. The immersion method some-
how required the help of surfactants as the pretreatment of the PVDF
films. The results obtained have indicated that the executions of the mem-
branes namely hydrophilicity, contact angles, antifouling ability and
water permeability revealed a proportional improvement with the incre-
ment in ZnO dosage. This could be attributed to the incorporation of ZnO

FIG. 12.14 Somebasic terms used in adsorption studies. Based on Fig. 1 of TranHN, You S-J,

Hosseini-Bandegharaei A, Chao H-P. Mistakes and inconsistencies regarding adsorption of contam-
inants from aqueous solutions: a critical review. Water Res 2017;120:88–116. License #

4284031392721.
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nanoparticles onto the surface of the membrane. On the contrary, the
blending method has driven to the more entrapment of nano-ZnO into
the pores of PVDF. This technique also showed that the hybrid membrane
possessed relatively even structure and the better hydrophilicity of the
membrane surface. Amazingly, this PVDF/ZnOMMMpossessed a better
adsorption capability toward Cu2+ ions and the maximum adsorption
capacity obtainedwasmore than nine times better to that of original PVDF
films (Fig. 12.15).

The progress of MMM has come to a new edge when a study by Zhang
et al. in 2011 has developed amultifunctional membrane for the chromatic
warning and boosted the removal of cadmium ions via adsorption
approach [68]. In this study, a multifunctional membrane for visual warn-
ing detection and enhancement in the adsorptive removal of Cd2+ ions in
aqueous solution was prepared by immobilized an optical indicator
ligand for the Cd2+ ions detection onto a porous chitosan/cellulose acetate
blend base membrane. The ligands namely as 5,10,15,20-tetrakis
(1-methyl-4-pyridinio) porphyrin tetra (p-toluenesulfonate) was polymer
brushes grafted onto the membrane surface by the mean of surface-
initiated atom transfer radical polymerization (ATRP) method. The pro-
duced membrane was proficient of exhibiting distinctive color changes
in response to the presence of Cd2+ ions in aqueous solution. The exper-
imental results indicated significant findings as themembrane can display
an instant color change from yellow to green in the presence of Cd2+ ions
only within 2 min of contact time. Also, the concentration of the cadmium
ions is relatively low (5 mg/L), and this membrane also showed a good
selectivity toward Cd2+ ions when other cationic species namely K+,
Ca2+, Na+ and Mg2+ presented in the solutions (Fig. 12.16).

In these past years, polyvinylidene fluoride (PVDF) also has become a
great interest in the preparation of the adsorptive membranes [69]. Zheng
et al. selected PVDF for the fabrication of the adsorptive membrane for the
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removal of arsenic. In this study, a PVDF/zirconia blend flat sheet mem-
brane was prepared and possessed a capability in adsorbing the arsenate
and eliminating other contaminants such as microorganisms. The intro-
duction of zirconia has eventually enhanced the porosity and hydrophilic-
ity of themembrane, which eventually led to a substantial improvement in
the water flux of the membrane [70]. The batch adsorption experiments
have revealed that the membrane was effectively removed arsenate for
a wide range of optimal pH ranging from 3 to 8. The adsorption equilib-
rium was obtained within 25 h with the maximum adsorption capacity
was 21.5 mg/g. This achievement was comparable to that of most of the
available adsorbent. Also, the presence of co-anions such as fluoride
has not significantly affected the adsorption. It worth be mentioning that
the membrane obtained was efficient for the elimination of arsenate and
bacteria (Escherichia coli) under continuous filtration. Additionally, the sat-
urated membrane occupied by arsenate could be easily regenerated using
an alkaline solution and subsequently be reused. Finally, the results
obtained from FTIR and XPS studies could be possibly proposed a poten-
tial interaction mechanism between the membrane and arsenate ions
(Fig. 12.17).

As for the polymer matrix, polysulfone (PSf ) has been widely used in
the fabrication of the polymeric membranes due to its promising proper-
ties which are low in cost, highmechanical strength, thermal and chemical
stabilities, resistance over the wide range of pH, also processability and
variety of active functional groups. Most of the study on the PSf materials
have combined PSf with other nanomaterials or ceramic materials to
improve the properties of the membranes. Shokri et al. have decided to
further the discussion on the capability of adsorptive removal contami-
nants from water by using PSf/organoclay membranes.

In comparison with just pure PSf membrane, the prepared PSf/organo-
clay membranes exhibited higher pure water flux, surface hydrophilicity
and roughness and better mechanical strength [71]. XRD analysis revealed
that the organoclays were completely exfoliated when the organoclay

0 mg/L 10 mg/L 20 mg/L 40 mg/L 80 mg/L 120 mg/L5 mg/L

FIG. 12.16 Color changes of the multifunctional membrane responding to Cd2+ ions with
different initial concentrations. Data adapted from Fig. 5 of Zhang L, Zhao Y-H, Bai R. Develop-

ment of a multifunctional membrane for chromatic warning and enhanced adsorptive removal of heavy

metal ions: application to cadmium. J Membr Sci 2011;379(1):69–79. License # 4284040336825.
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FIG. 12.17 SEM images of the top surface (left) and cross-section (right) of PVDF adsorp-
tive membranes. Reproduced with permission from Fig. 2 of Zheng Y-M, Zou S-W, Nanayakkara

KGN,Matsuura T, Chen JP. Adsorptive removal of arsenic from aqueous solution by a PVDF/zirconia

blend flat sheet membrane. J Membr Sci 2011;374(1):1–11. License # 4284040502373.
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content increased from 0 to 1.5 wt%. However, a further increase in orga-
noclay content resulted in the formation of intercalated structure.

Arsenic removal analyses confirmed that the differences in the mor-
phology of the dispersed organoclay could lead to significant variations
in the performance of nanocomposite organoclay/PSf membrane. In this
regard, the nanocomposite membrane containing 2.0 wt% of organoclay,
the highest adsorption capacity was obtained in batch adsorption. It is due
to the higher content of dispersed inorganic adsorbents. In dynamic
adsorption evaluation of prepared membranes, however, the sample with
lower organoclay content but fully exfoliated adsorbents (1.5 wt%) pro-
vides better performance than the sample with higher organoclay content
and higher adsorption capacity (2.0 wt%). The difference in performance
was attributed to the existence of completely separated layers of fully exfo-
liated organoclays which provide a higher level of accessibility for As
(V) adsorption in short contact process. Prepared membranes showed
promising re-usability for multiple cycles and fruitful applicability in
arsenic removal from real surface water samples.

Gohari et al. in 2013 have also applied PSf in the fabrication of the
adsorptive membrane combined with the FedMn binary oxide
(FMBO). The results showed the preparedmembrane properties had been
improved in the present of FBMO in term of membrane mean surface
roughness; also the pore size also has been decreased while the pore num-
ber has been increased [72]. The significant increase in water flux as the
FMBO loading is increased most likely due to the combined effects of
the decreased contact angle, increased number of pores and greater
surface roughness upon incorporation of hydrophilic FMBO particles.
The best performing membranes prepared from the mixture of FMBO/
PES in the ratio of 1.5:1 has exhibited the high pure water flux as of
94.6 L/m2 h at a relatively low operating pressure of 1 bar. This mem-
brane possessed a maximum As (III) uptake capacity of 73.5 mg/g. The
continuous UF experiment has revealed that the PES/FMBO MMM can
be possibly employed for efficient elimination of As (III) from polluted
groundwater by generating a permeate that containing As (III) at the
concentration of <10 μg/L. The membrane adsorption capacity of as high
as 87.5% of could be regenerated using NaOCl and NaOH solution, thus
indicating the reusability and practicability of the membrane for As
(III) removal (Figs. 12.18 and 12.19).

Gohari et al. also prepared PSf in the ultrafiltration (UF) mixed mem-
brane combined with hydrous manganese oxide (HMO) for the removal
of Pb(II) [73]. The results have shown that although the membrane pore
size was tended to be decreased upon the increment in the HMO:PES
ratio, the membrane water flux was not significantly affected. Apart from
the increment in themembrane flux, the increased in theHMO content has
increased the porosity and surface roughness and reduced the contact
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FIG. 12.18 FE-SEM images of cross-section [1] and top surface [2] of prepared mem-
branes, (A) neat PSf, (B) PSf/C-30B/0.5, (C) PSf/C-30B/1.0, (D) PSf/C-30B/1.5, and
(E) PSf/C-30B/2.0. Data obtained from Fig. 1 of Shokri E, Yegani R, Pourabbas B, Kazemian N.
Preparation and characterization of polysulfone/organoclay adsorptive nanocomposite membrane

for arsenic removal from contaminated water. Appl Clay Sci 2016;132:611–20. License #

4284040734181.
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FIG. 12.19 SEM photographs of the cross-section (numbered as 1) and the top surface
(numbered as 2) of membranes prepared from different FMBO/PES ratios (A) M0,
(B)M0.5, (C)M1.0, and (D)M1.5membrane. From Fig. 4 of Jamshidi Gohari R, LauWJ,Matsuura

T, Ismail AF. Fabrication and characterization of novel PES/Fe–Mn binary oxide UF mixed matrix
membrane for adsorptive removal of As(III) from contaminated water solution. Sep Purif Technol

2103;118:64–72. License # 4284040839403.
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angle value (more hydrophilic). Of all the membranes studied, it was
found that the MMM prepared with the highest HMO:PES content ratio
possessed the highest uptake capacity of Pb (II) ions (204.1 mg/g), and this
value is equivalent to most of the promising composite adsorbents
reported in the literature. Furthermore, the continuous UF experiments
have shown that the PES/HMO MMM can be possibly effectively used
for the elimination of the Pb (II) ions by producing high quality permeate
containing <15 μg/L of Pb (II) in water. IIn addition, the simple desorp-
tion process of the Pb (II)-adsorbed MMM using HCl solution; it was
reported that 97.5% of the original adsorption capacity of the membrane
was able to be recovered. This has ensured that the reusability of themem-
brane for the further uptake of Pb (II) ions.

Another nanocomposite membranes were prepared by incorporating
functionalized graphene oxide (GO) nanoparticles using polyaniline
(PANI) into the PES matrix membrane [74]. GO nanoparticles were syn-
thesized by Ghaemi et al. using modified Hummer’s method. Among
the aforementioned nanoparticles, it was found that GO nanoparticles
are more adaptable in practical studies due to their chemical structures
which contain various oxygenated functionalities including epoxy on
the basal plane, hydroxy, carboxylic acid and carbonyl at the edges [75].
Furthermore, GO nanoparticles could be efficiently adsorbed the heavy
metal ions and forming the metal complex through the lone electron pair
sharing on the oxygen.

Additionally, itwas found that the ideaof anilinepolymerizationonto the
GO nanoparticles was efficiently improving the membrane performance
in removing the heavy metal ions in comparison to that of neat PES
membrane. The decreasing in the concentration from 50 to 5 mg/Lby the
increment in the feed solution pH from 3.5 to 6.0 has contributed to a higher
removal. The optimum experimental conditions: 0.25 wt% of nanoparti-
cles, feed concentration of 5 mg/L and feed pH of 6.0 have eventually
resulted in the highest performance of 98%. Overall, the introduction of
special functional groups onto the nanocompositemembrane over the poly-
mer modification of the nanoparticles may be considered as a valuable
method to attain a more anticipated performance in the elimination of
heavymetal ions fromwater.Theoutcomesobtained fromadsorptionexper-
iments showed that the produced membrane in this study offered a high
adsorption capacity of 202 mg/g. Also, the adsorption pseudo-first-order
kineticmodel andLangmuir isothermmodel, aswell as the reusability tests,
have strengthened that the produced membrane could be possibly used
for several times in the elimination of lead ions containing in the solution
before missing its capability (Fig. 12.20).

The addition of inorganic additives into membrane aimed the enhance-
ment of the membrane selectivity toward the targeted species, reducing
the fouling effect and improving the hydrophilicity properties of the
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FIG. 12.20 SEM micrograph of the cross-section images of prepared membranes. Based
on Fig. 4 of Ghaemi N, Zereshki S, Heidari S. Removal of lead ions from water using PES–based
nanocomposite membrane incorporated with polyaniline modified GO nanoparticles: performance

optimization by central composite design. Process Saf Environ Prot 2017;111:475-90. License #
4284040975273.
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membrane [76]. However, the limitation of these additives impregnation
onto the membrane have are the cost related to the material selection as
well as the complexity of the manufacturing. Therefore, there was a study
on the impregnation of inexpensive inorganic additives onto the poly-
meric matrix [77]. In this study, the iron ore slime (IOS) was chemically
treated and impregnated in polysulfone (PSf ) hollow fiber membrane
for the treatment of arsenic contaminated water. The inexpensive IOS
was obtained from the wastes of the steel industries was chemically trea-
ted to enhance the uptake capacity of this additive toward the targeted
heavy metal (Fig. 12.21).

The presence of this additive has also decreased the porosity from 75%
to 46%, permeability from 6 � 10�10 m/s Pa to 2.6 � 10�10 m/s Pa as well
as the molecular weight cut off of the membrane to 45 kDa. This somehow
has improved the hydrophilicity (contact angle values reduction from
75 to 63 degrees) and increased the surface roughness of the membrane
to which in turn, enhanced the arsenic uptake capacity of the membrane.
The regeneration of the exhausted membrane has also studied for up to
three cycles with breakthrough time for arsenic removal was reduced
from 28 h to 22 h and 14 h after second and third cycle, respectively.
The fabricated MMM was also able to remove microorganisms and iron
simultaneously from real life feed solution below their World Health
Organization (WHO) approved permissible level.

As been mentioned earlier, the adsorption of adsorbate species is
mainly dominated by the presence of certain functional groups in the
adsorbent structure that possessed affinity to bind to that of adsorbed spe-
cies. A study by Beppu et al. in 2004 has revealed that the uptake of Cu (II)
ions was further enhanced upon the functionalization of histidine to the
porous chitosan membranes [78]. This study has shown that the impreg-
nation of the chelating groups (histidine) can amplify the uptake capacity
of the chitosan membranes. Additionally, the assimilation of the porous
membrane with histidine has positively synergized the adsorption capac-
ity of Cu (II) ions. However, this improvement cannot be perceived for the
membranes with lower porosities. It was observed that the maximum
adsorption uptake capacity for the Cu (II) ion was 2.5 mmol metal/g pris-
tine chitosan membrane. At this stage, there was no influence of mem-
brane porosity observed. Nevertheless, upon the immobilization of the
histidine onto the chitosan membrane, the porosity of the chitosan mem-
brane was shown to be an influence that molds the maximum adsorption
capacity, with the adsorption capacity values ranging from 2.0 to 3.0 mmol
metal/g chitosan membranes. The results indicated that the immobiliza-
tion of histidine on porous chitosanmembranes portrays the synergy with
porosity in the ability to complex the Cu (II). This synergism can be either
negative or positive and highly liable on the initial porosity of the mem-
brane (Fig. 12.22).
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Apart from the removal of heavy metals from the aqueous solution,
MMMs have other applications too. Of all the findings, the fabrication
of MMMs was aimed for the enhancement of the adsorption capacity of
the adsorbed species. Table 12.3 summarizes some studies onMMM com-
prises of its constituents and applications in the various field of analyses.

12.4 CONCLUDING REMARKS AND PERSPECTIVES

In summary, the adsorptive membranes have a wide range of applica-
tions especially in the treatment ofwater. The progress in the fabrication of
the adsorptive membranes has come to a newly extended edge as the
MMMswere developed from the single polymermembranes. The adsorp-
tive removal of contaminants contained in water has also technologically
advanced upon the introduction of the adsorptive membrane, over the
conventional suspension adsorption process. The single step of contami-
nants removal has now been achieved instead of multistep of pollutant
removal treatment that previously executed. Nevertheless, the hybridiza-
tion of adsorbent additives and/or the functionalization of pristine mem-
branes have eventually combining the superior adsorptive properties of
the adsorbent to that of separation behavior of the membrane.

TABLE 12.3 Mixed Matrix Membranes for Various Water Treatment Applications

Type of

membrane Type of additive Application Ref.

Polyethersulfone
(PES)

Acrylonitrile butadiene
styrene (ABS),
Chitosan

Mercury and sodium ions
removal

[79]

Chitosan (CS) Alginate (AG) Glyphosate herbicide removal [80]

Chitosan (CS) Hydroxyapatite (Hap) Lead, cobalt and nickel removal [81]

Polyamide (PA) Titanium dioxide (TiO2) Magnesium sulfate (MgSO4)
removal

[82]

Poly (imide
siloxane)
copolymer

Carbon nanotube Gas separation [83]

Poly (vinyl
alcohol) (PVA)

N-[3-(trimethoxysilyl)
propyl] ethylene damine
(TMSPEDA)

Strontium ions removal [84]

Polyethersulfone
(PES)

Monodisperse St€ober silica Humic acid and methylene blue
removal

[85]
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The fabrication of the adsorptive membranes previously produced was
mainly dominated in the form of flat sheet configuration. This form of
membrane somehowhas some limitation in termof efficiency as the surface
area offered are rather low. Thus, the configuration of hollow fiber should
now be more focused as it offers a larger surface area for the optimum
adsorption process. On the other hand, the hollow fiber configuration is
more suitable and applicable for the development of the membrane sepa-
ration systems, namely membrane contactor and membrane distillation
systems. These systems are known to be highly efficient and effective, reli-
able, and capable of producing clean water, even for drinking purposes.

Aside from polymeric typed membranes discussed throughout this
chapter, there shall be another type of material normally fabricated to
the membrane. Ceramic materials which are typically hydrophilic owned
some functional groups that possess adsorptive behavior toward contam-
inants especially charged metal ions. Also, the fabricated membrane of
ceramic materials revealed superior physical properties, specifically the
durability toward the extreme conditions such as high pressure and tem-
perature and harsh condition of highly acidic and alkaline environment.
This notable behavior of ceramic membranes has a high potential to be
developed as adsorptive membrane systems that are dealing with such
environments. The less-reported study on the development of adsorptive
ceramic membrane perhaps indicating the bright perspective of the
expansion of ceramic membranes aim for the adsorption of heavy metals
and other contaminants existed in aqueous solution.
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13.1 INTRODUCTION

Membrane bioreactor (MBR) has become an established hybrid or inte-
grated membrane processes for various applications, especially for indus-
trial and municipal wastewater treatments. The MBR market itself was
estimated to have a market value of about USD$363 million in 2010 and
is increasing as the need for clean water increases [1].

MBR was first introduced in the late 1960s. The first idea was to
combine the operation of activated sludge bioreactor with a crossflow
membrane filtration loop. Later in 1989, Yamamoto et al. [2] proposed
the breakthrough idea of submerging the membranes within the bio-
reactor. Previous to that MBRs generally consisted of external mem-
brane module (sidestream MBR) that required high transmembrane
pressure to maintain permeate flow. With submerged MBRs, the
energy requirement is much lower, and the system becomes more
cost-effective.

This chapter will discuss the MBR in more detail focusing on mem-
brane material selection, membrane fabrication, membrane characteriza-
tion, separation mechanism, and applications. In the first part, various
types of materials that have been used for membranes in MBR are dis-
cussed. The second part looks at the types of membrane fabrication that
have been used which include nonsolvent induced phase separation
(NIPS), and melt spinning cold stretching (MSCS), track-etched, and
electrospinning. Subsequently, various methods of characterization are
explained. Next, the chapter looks at the separation mechanism that
covers the biological process as well as the membrane process. Finally,
the last part will discuss some of the applications of MBRs in various sec-
tors. More detail coverages on MBRs in recent years have been widely
available in a major handbook [1] as well as a few excellent reviews cov-
ering many aspects of MBRs [3–6].
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13.2 MEMBRANE MATERIALS SELECTION

The membrane materials selection for MBR application shall fulfill a
few criteria to be practically used in the system. The membrane shall pos-
sess high resistance to chemical attack, mechanically durable and has
some resistance toward thermal attack. The typical range of wastewater
pH in MBR is between pH 4 and pH 10. However, during chemical
enhanced backwash (CEB) using acidic and basic chemicals such as citric
acid, hydrochloric acid, sodium hydroxide or sodium hypochlorite, the
pH could be in the range from pH 1 to pH 12 [1]. Therefore, the membrane
materials used for MBR application shall be able to tolerate a harsh
environment with hazardous and corrosive waste. Membranes with high
abrasive resistance would be able to withstand certain pressure, high
shear forces from aeration and could last for at least 5 years of lifespan.
In addition to the above criteria, the price of the raw materials shall be
low or medium to be economically feasible for commercialization and
installed in large-scale wastewater treatment plants.

The two primary materials used to produce membranes for MBR are
ceramic and polymer. Fig. 13.1 shows the molecular structure of the most
commonly used polymeric materials in MBR. Although ceramic mem-
branes are more robust regarding chemical and thermal stability with
lower fouling, their application in MBR industry remains limited. This
is due to the higher production cost of a ceramic membrane, which makes
the large-scale application economically unfeasible. On the other hand,
membrane derived from polymeric materials are flexible and could vary
widely in their characteristics according to the preparation conditions
such as the concentration of polymer, blending speed, temperature, and
nonsolvent selection. Among the polymeric membranes, polyvinylidene
difluoride (PVDF) material is highly preferable and makes up half of
the market share. This is followed by polyethersulfone (PES), derivatives
of polyethylene (PE) and polypropylene (PP). The first commercial
membranes were made from cellulose acetate (CA), and polysulfone
(PS) materials [7] and their application in MBR is limited compared to
the above-mentioned materials. The cross-sectional morphology of
ceramic and polymeric membranes are shown in Fig. 13.2. Generally,

FIG. 13.1 Molecular structure of the most commonly used polymeric membranes in MBR
(A) PVDF, (B) PES, (C) PE, and (D) PP [7]. Reprinted from Principles of membrane bioreactors for
wastewater treatment, Park H, Chang I, Lee K. membranes, modules, and cassettes, p. 83. Copyright

(2015), with permission from Taylor and Francis.
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ceramic membrane consists mainly sponge-like structure with flaky sub-
stances. Polymeric membrane (i.e., PVDF) meanwhile exhibits an abun-
dance of finger-like features with a thin layer skin on the top.

Table 13.1 shows the membrane materials used for some large MBR
plants in various countries. Polymeric membranes are commonly used
in large-scale municipal wastewater plants. On the other hand, ceramic
membranes are preferred for operation in a harsh environment where
high temperature, pressure or severe fouling in high strength wastewater
are expected. It is worth mentioning that PVDF hollow fiber membranes
used in Nordkanal water treatment plant have been operating in its
tip-top condition for 13 years without significant replacement of themem-
branes. This proved that continuous research and optimization study on
the plant operation is paramount in maintaining the membrane perfor-
mance and eventually reduce the overall operational cost.

Modules such as spiral wound, tubular, flat sheet, and hollow fiber
have been widely available in the market. A spiral wound is mainly used

FIG. 13.2 Cross sectional structure of (A) ceramic [8] and (B) polymeric membranes [8a].
Reprinted from Ceramics International, vol. 43, Hubadillah SK, OthmanMHD, Harun Z, Ismail AF,

Rahman MA, Jaafar J. A novel green ceramic hollow fiber membrane (CHFM) derived from rice husk
ash as combined adsorbent-separator for efficient heavy metals removal, p. 4718. Copyright (2017),

with permission from Elsevier.
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TABLE 13.1 Membrane Materials Used in Some MBR Plants

Plant Capacity Material

Commissioning

year

Type of

water

Henriksdal
WWTP,
Stockholm,
Sweden

536–864 MLD
Submerged

PVDF
0.04 μm, hollow
fiber
GEWPT, ZeeWeed
500

2019–26 Municipal
wastewater

Brussels Sud
WWTP, Brussels,
Belgium

66–120 MLD
Submerged

PVDF
0.04 μm, hollow
fiber
GEWPT, Zeeweed
500 D

2018 Municipal
wastewater

Canton Water
Reclamation
Facility, Canton,
USA

159–333 MLD
Submerged

Chlorinated PE
0.4 μm, flat sheet
Kubota, SMU

2017 Municipal
wastewater

Shaybah Oil
Field WWTP,
Saudi Aramco,
Saudi Arabia

750 m3/d
Submerged

Chlorinated PE
0.4 μm, flat sheet
Kubota, SMU

2016 Municipal
wastewater

Carr�e de
Reunion WWTP,
Versailles region,
France

42–144 MLD
Submerged

PVDF
0.04 μm, hollow
fiber
Koch Membrane
System, PURON
MBR

2015 Municipal
wastewater

Jurong Water
Reclamation,
Singapore

4550 m3/d
Submerged

Ceramic (α alumina)
0.1 μm, Flat sheet
Meidensha

2014 Industrial
used water

Arla Factory
WWTP,
Vimmerby,
Sweden

400–450 m3/d
Sidestream

Ceramic
0.2 μm, disc &
tubular
Grundfos,
Biobooster

2012 Dairy
wastewater

Jing Xi WWTP,
Guangzhou,
China

100,000 m3/d
Submerged

PVDF
Hollow fiber
Memstar

2010 Municipal
wastewater

Hutthurm
WWTP,
Germany

20,000 PE
Submerged

PES
0.038 μm, Flat sheet
HUBER,
VRM30/544

2008 Municipal
wastewater

Nordkanal
WWTP, Kaarst,
Germany

45 MLD
47,700 m3/d
Submerged

PVDF
0.04 μm, hollow
fiber
GEWPT, Zeeweed
500

2003 Municipal
wastewater
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in reverse osmosis or nanofiltration. Tubular has low packing density
(smaller surface area) and is only applicable for side-stream application
in small-scale MBR plant. Meanwhile, flat sheet and hollow fiber are
the most commonly used configurations in submerged MBR system.

13.2.1 Ceramic Membrane

Materials that are used to produce ceramicmembranes include alumina
(Al2O3), zirconia (ZrO2), glass (SiO2), titania (TiO2) and silicon carbide
(SiC). Among these materials, Al2O3 is the most commonly used ceramic
membrane forMBRapplication.Ceramicmembrane isvery robustandreli-
able. It can be used in high acidity and alkalinity conditions (pH 0–14) and
able to withstand high pressure (up to 10 bar) and temperature in the
separation process where polymeric membrane could not perform [9]. In
MBR application, a ceramicmembrane is generally used in filtering indus-
trial wastewater which is labeled as challenging wastewater. Besides high
manufacturing cost, another main drawback of a ceramic membrane is its
brittleness; hence it has to be handled with extra care.

13.2.2 PVDF Membrane

PVDF is a semicrystalline polymer and relatively hydrophobic com-
pared with other polymers. As the precipitation during phase inversion
occurs slowly, very uniform pore size distribution was formed on the
membrane [8]. PVDF membrane possesses distinctive resistance toward
a wide range of chemicals, except strong alkalinity chemicals, esters,
and ketones. Prolong exposure to high concentration of sodium hypochlo-
rite (NaOCl) during backwash cleaning would lead to membrane aging.
Moreover, themembrane’s hydraulic performance, chemical andmechan-
ical structure could be altered [10]. Hence, cleaning with a strong concen-
tration of sodium hydroxide (NaOH) and NaOCl shall be minimized to
prevent degradation of the polymer. However, PVDF has excellent resis-
tance toward chlorine. Besides, PVDF membrane has better thermal resis-
tance compared to PES membrane [11].

13.2.3 PES Membrane

PES is the second widely used membrane material in MBR. In a study
by Liu et al. [11], it possesses higher melting point and thermal stability
than the other polymeric membranes by only 1% mass loss in air hap-
pened at 400°C. Besides, PES is more hydrophilic compared to PVDF
due to its molecular structure which facilitates hydrogen bonding with
water molecules. Therefore, higher volume of permeate could be attained
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using PES membrane [12]. Also, PES is less tolerant to chlorine but more
resistance to NaOCl. Although PES has higher mechanical strength than
PVDF membrane, it is more rigid due to little elongation ability [13].
A membrane with high flexibility is important in the MBR application
as continuous aeration with high shear force could break the membranes.
Therefore, additives are commonly incorporated to increase the flexibility
of the membrane in the submerged system.

13.2.4 Polyolefin Membrane

The most common polyolefin membrane used in the MBR system is
polyethylene (PE) and polypropylene (PP). PE is made by polymerization
of olefin ethylene while PP is produced from olefin propylene. These
membranes are mainly made as MF membrane with a pore size larger
than 0.1 μm. The main advantages of these membranes are lower produc-
tion cost due to cheaper rawmaterial price. PE membrane was the earliest
membrane material used in the MBR system. As the membrane is very
hydrophobic (more hydrophobic than PVDF), its blending capacity with
additives is limited. It usually undergoes posttreatment to become hydro-
philic. Currently, chlorinated PE flat sheet membrane was manufactured
by Kubota and applied in some MBR plants (Table 13.1). Although poly-
olefin membrane has high tolerance to chemicals, its tolerance toward
chlorine was lower compared to PVDF membrane.

The characteristics of each membrane were summarized in Table 13.2.
Eachmembranematerial has its advantages anddisadvantages. Polymeric
membranes are typically selected for municipal wastewater treatment in
large scale due to its flexibility, lower production cost, and simplicity of
manufacturing process. Althoughmost polymer materials have high ther-
mal resistance, operating temperature of 5–40°C are recommended for a
commercial polymeric membrane. Meanwhile, ceramic membranes are
highly advantageous over polymeric membranes regarding high temper-
ature, pressure, fouling, and chemical resistance. Membrane modification
has been conducted to improve their properties to obtain high quality of
membranes. Besides, continuous research on process optimization, main-
tenance of membranes, training of operators shall be implemented to
achieve a sustainable system in wastewater treatment plants.

13.3 MEMBRANE FABRICATION

Because most of the full-scale MBR plants apply polymeric membranes
as they can be manufactured at a relatively low cost, hence this section
focuses on membrane fabrication method for the polymeric membrane.
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Generally, MBR membrane fabrication methods can be categorized into
NIPS, and MSCS, track-etched, and electrospinning.

13.3.1 Membrane Fabrication Methods

13.3.1.1 NIPS

Among them, NIPS is the most commonly used and mature method
owing to its simplicity and flexibility in preparing a great variety of mem-
branes. As depicted in Fig. 13.3, the polymer is dissolved in a solvent to
form a polymer solution and subsequently cast onto suitable support fol-
lowed by immersion in a nonsolvent bath (coagulation bath) to induce
liquid-solid and/or liquid-liquid phase separation. During this process,
the solvent and nonsolvent exchange paths where the transfers occur from
the polymer solution to the coagulation bath vice versa. The space that is
occupied by solvent originally becomes the pores when the membrane
solidified. Finger-like voids are generally preferred due to lower

TABLE 13.2 Advantages and Disadvantages of Various Membrane Materials

Material Characteristics

Ceramic • Brittle
• Excellent thermal resistance
• Excellent chemical resistance
• Very expensive
• MF and UF membranes

PVDF • Medium strength with high elongation (flexible)
• Medium thermal resistance
• High chemical tolerant to chlorine and most oxidants
• Medium tolerant to high alkalinity solution especially NaOCl
• Highly commercialized, price in the medium range
• Hydrophobic, could be modified by hydrophilic additives
• MF and UF membranes

PES • High strength but more rigid (less flexible)
• High thermal resistance
• High chemical tolerant to NaOCl
• Medium chemical tolerant to chlorine
• Highly commercialized, price in the medium range
• Hydrophobic, could be modified by hydrophilic additives
• MF and UF membranes

PE and PP • Low strength
• Low thermal resistance
• Low chemical tolerant to chlorine
• Lowest manufacturing cost
• Very hydrophobic, difficult to be modified via blending method
• Mainly MF membranes
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membrane resistance thus high membrane permeability. Few parameters
can affect the structure of the membrane including the composition of
polymer casting solution, amount of solvent, the composition of coagula-
tionbath, the temperature of coagulationbath, exposure time, the thickness
of casting solution, and type of membrane support. For instance, Zinadini
et al. [15] hadprepared PESmembrane in different concentrations of 13, 15,
and 17 wt%of polymer forMBR application in dairywastewater. Based on
their results, it was shown that increasing polymer concentration resulted
in a denser and thicker skin layer, leading to higher membrane pressure
resistance and improved separation capability. Besides, the finger-like
structurebecomesnarrowas thepolymer concentration increasesas shown
in Fig. 13.4.

13.3.1.2 MSCS

In comparison to NIPS, MSCS process does not require any organic sol-
vents that may result in solvent waste and environmental damage. MSCS
is mainly used for thermoplastic polymers such as PTFE, polypropylene
(PP) and polyethylene (PE) which is difficult to dissolve in common sol-
vent [16]. DuringMSCS process, melted polymer is spun and undergoes a
cold-stretching step where a mechanical force is applied uniaxially and
biaxially to form a microporous membrane as visualized in Fig. 13.5
[14]. In this process, the membrane properties and pore structure are
greatly influenced by the polymer’s properties (crystallinity, melting
point, tensile strength, etc.) and MSCS processing condition. The primary
advantage of this method is solvent-less and compatible with the low-cost
polymer. For MBR application, Li et al. [18] have fabricated PP hollow
fiber microporous membrane with a porosity of 45.9 � 3.1% and average
pore diameter of 0.11 � 0.04 μm via MSCS method. They then combined
100 bundles of hollow fibers to develop a U-shaped hollow fiber mem-
brane in MBR filled with synthetic wastewater and seed activated sludge.

Nonsolvent
Solvent

Polymer
Nonsolvent
Solvent

Coagulation
bath

Polymer
solution

Support

J2

J1

FIG. 13.3 Schematic illustration of a polymer casting film-bath interface. J1 is the nonsol-
vent flux, and J2 is the solvent flux [14].Reprinted fromEncyclopedia of Separation Science,Mulder

M. Membrane preparation: phase inversion membranes, p. 3341. Copyright (2000), with permission

from Elsevier.
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However, there are limited studies in MBR application using membrane
fabricated by this method due to difficulty in controlling membrane pore
size. Besides, this method does not provide an effective dispersion of the
filler in the membrane matrix that can be achieved by NIPS method.

FIG. 13.4 Cross-section SEM images of (A) 13 wt%, (B) 15 wt%, and (C) 17 wt% PESmem-
brane [15a,16].Reprinted from Journal ofWaterProcessEngineering, vol. 7,Zinadini S,VatanpourV,

Zinatizadeh AA, Rahimi M, Rahimi Z, Kian M. Preparation and characterization of antifouling gra-

phene oxide/polyethersulfone ultrafiltration membrane: application in MBR for dairy wastewater
treatment, p. 286. Copyright (2015), with permission from Elsevier.

FIG. 13.5 Surface morphology of PTFE membrane fabricated by MSCS method during
(A) uniaxially stretching and (B) biaxially stretching [20]. Reprinted from Journal of Membrane
Science, vol. 149, Kurumada KI, Kitamura T, Fukumoto N, Oshima M, Tanigaki M, Kanazawa SI.

Structure generation in PTFE porous membranes induced by the uniaxial and biaxial stretching

operations, p. 53. Copyright (1998), with permission from Elsevier.
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13.3.1.3 Track-Etching

Track-etching method offers more advantages over NIPS and MSCS
due to their uniform cylindrical pores and narrow pore size distribution.
As shown in Fig. 13.6, the track-etched membrane can be formed when a
thin raw polymer film is exposed to charged particles or high energy ions
at an accelerator to produce tracks along their trajectories. Then, this film
is immersed in etch bath that etches the polymer where nucleation occurs
to form pores. The number of membrane pores will be determined by the
exposure time of the film to radiation while the pore diameter is deter-
mined by the etch time [20]. Polycarbonate or PE film is usually used as
the polymer material and NaOH as the etching solution. Choi et al. [21]
had compared the performance of tracked-etched polycarbonate (PCTE)
and phase-inversed polytetrafluoroethylene (PTFE) inMBR for municipal
wastewater treatment. Their results evidenced that PCTE had the lowest
increment in the filtration resistance owing to its smoother surface as
shown in Fig. 13.7. However, the conventional production of track-etching
method is too costly for large-scale production; hence, there is much
research that focuses on developing a new production method that can
significantly reduce investment production costs.

FIG. 13.6 Schematic illustration of the two-step process to fabricate track-etched mem-
brane [19]. Reprinted from John Wiley & Sons, Ltd., vol. 23, Baker RW, Baker WR. Membrane tech-

nology and applications, p. 94. Copyright (2012), with permission from John Wiley & Sons, Ltd.
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13.3.1.4 Electrospinning

Electrospinning is a relatively novel technique to fabricate membrane
in MBR. In this process, a high DC voltage is applied between negatively
charged polymer solution or melt and a metallic collector as shown in
Fig. 13.8. Subsequently, fine polymer fiber is discharged from the nozzle
and form randomly oriented fibrous on the metal collector. Length and
diameter, as well as the morphology of fiber, can be tuned by solution vis-
cosity, applied electric potential, and the polymer solution feed rate.
Whereas, porosity, pore size distribution, hydrophobicity, and surface
morphology of membrane can be manipulated by the fiber diameter
and its morphology [17]. For MBR application, Bilad et al. [19] had

FIG. 13.7 SEM images of (A) track-etched PCTE and (B) phase-inversed PTFE membrane
[22]. Reprinted from Separation and Purification Technology, vol. 65, Choi J-H, Park S-K, Ng H-Y.

Membrane fouling in a submerged membrane bioreactor using track-etched and phase-inversed porous

membranes, p. 185. Copyright (2009), with permission from Elsevier.

Syringe

Polymeric
solution

Electrified
polymeric jet

Collector

FIG. 13.8 Schematic showing electrospinning of polymer cast solution and nanofiber
membrane (inset) [23]. Reprinted from Desalination, vol. 257, Daels N, De Vrieze S, Decostere
B, Dejans P, Dumoulin A, De Clerck K, et al. The use of electrospun flat sheet nanofibre membranes

in MBR applications, p. 171. Copyright (2010), with permission from Elsevier.
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prepared electrospun nanofiber membrane from polyamide polymers,
and their result showed that the performance of the novel membrane is
comparable to the commercial PVDF and PEmembranes at short and long
term. Compared to NIPS fabrication method, electrospinning produces a
membrane that has a higher hydrophobic surface, high porosity, intercon-
nected open pore structure, high surface-to-mass (or volume) ratio, highly
ordered polymer chains, and a more controllable structure which is ideal
for membrane distillation (MD) process [22,22a]. Nonetheless, further
development in cost reduction and fabrication on a large-scale is still
needed to expand the electrospinning application.

13.3.2 Membrane Modification Methods

To alleviate membrane fouling in MBR, numerous studies have been
conducted to modify the membrane characteristics via blendingmodifica-
tion and surface modification which usually performed during or after
membrane fabrication. Generally, the purpose of membrane modification
is to reduce or prevent the adhesion of foulants on the membrane surface
and inner pore that leads to higher MBR operation cost, intensive energy
demand, and reduced lifespan of the membrane.

13.3.2.1 Blending Modification

For blending strategy, themethod usually involves the incorporation of
a variety of hydrophilic filler into the membrane matrix targeting to
improve the membrane antifouling properties. Nanoparticles are gener-
ally used as filler due to their large surface area to volume ratio. Thus, rel-
atively minor amount is needed for sufficient modification efficiency.
Blending modification has been widely studied as one-step membrane
fabrication due to the convenient operation and mild conditions. Besides,
the modifiedmembrane can combine fundamental properties of additives
for excellent separation performance, enhanced thermal and chemical
resistance for harsh wastewater environments. Fig. 13.9 has shown that
blending modification by alumina (Al2O3), graphene oxide (GO), iron
oxide (Fe3O4), multiwalled carbon nanotubes (MWCNTs), nanodiamond,
titanium oxide (TiO2) and zirconium dioxide (ZrO2) can significantly
improve the hydrophilicity property and reduce membrane fouling.
Fig. 13.10 depicts the schematic diagram to prepare GO blended polysul-
fone (PSF) membrane by NIPS membrane. According to studies con-
ducted by Zhao et al. [25], modified PVDF blended with 3 wt% GO
exhibited sustained permeability, lower cleaning frequency, and three-
times longer filtration time than neat PVDF membrane due to improved
surface hydrophilicity and antifouling properties [25a].
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Besides direct blending of the nanoparticles, research started to pay
attention to surface functionalization to reduce the aggregation of nano-
particles and improve membrane performance. Etemadi et al. [26] pre-
pared CA membrane by blending amino-functionalized nanodiamond
(ND-NH2), and polyethylene glycol grafted ND (ND-PEG) for MBR in
treating pharmaceutical wastewater. Their results showed that modified
membrane at low concentration functionalized ND of 0.5 wt% demon-
strated high hydrophilicity and excellent antibiofouling properties. How-
ever, the maximum modification efficiency obtained by blending method

FIG. 13.9 Chronology of membrane blending method for MBR application.

Water coagulation bath

GO

NMPWater

Phase inversion

Casting solution (PSF+GO+NMP)

GO platelets

Polymer rich phase

Polymer thin phase

FIG. 13.10 Preparation of GO blended PSfmembrane byNIPSmethod [24].Reprinted from
Desalination, vol. 313, Ganesh BM, Isloor AM, Ismail AF. Enhanced hydrophilicity and salt rejection

study of graphene oxide-polysulfone mixed matrix membrane, p. 204. Copyright (2013), with permis-
sion from Elsevier.
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is usually limited due to the nanoparticles tend to trapped in the mem-
brane bulk material. Hence, surface modification method is performed
to tune only the membrane surface where the adsorption of microbial
products such as extracellular polymeric substances (EPS) usually occurs.

13.3.2.2 Surface Modification

As shown in Table 13.3, for surface medication method, usual
approaches are physical coating or adsorption, chemical reactions on
the membrane surface, plasma treatment, and grafting. The membrane
surface modification aims to introduce hydrophilic groups on the mem-
brane surface to minimize undesired interactions with the foulants.

Physical coating or adsorption is usually performed by direct filtering
of hydrophilic materials over the membrane surface by pressure. Signifi-
cant improvement of the hydrophilicity and antifouling properties of the

TABLE 13.3 Membrane Surface Modification Method for MBR Application

Reference

MBR

application Method Procedure

[27] Synthetic
wastewater
treatment

Physical coating/
adsorption

Dipping PSF membrane into 1% TiO2

suspension and pressurized at 4 bar

[23] Synthetic
wastewater
treatment

Chemical reactions
on a membrane
surface

Modified terylene membrane was
prepared by dip-coating and cross-
linking with glutaraldehyde to
immobilize polyrotaxanes, TiO2, and
PVA

[28] Synthetic
wastewater
treatment

Coating chitosan on nonwoven fabric by
cross-linking agent glutaraldehyde

[24] Synthetic
wastewater
treatment

A membrane was dipped into TiO2 sol-
gel and TiO2 nanoparticles were bonded
on membrane surface by chemical
coprecipitation-peptization

[29] Synthetic
wastewater
treatment

Diatomite coated nonwoven fiber was
cross-linked in PVA solution

[30] Yeast
solution

Polymerization of polyaniline doped
with phytic acid on graphene deposited
filter cloth

[31] Synthetic
wastewater
treatment

Surface-tailored silica nanoparticles were
tethered to poly(methacrylic acid)-
grafted PVDF membrane

Continued
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coated membrane was observed. However, the nanoparticles were also
found easily detached from the membrane surface because of the weak
adsorption between hydrophilic nanoparticles and the hydrophobic
membrane surface. Therefore, chemical reactions are initiated to introduce
various functional groups that act as an anchor site for chemical bonding
with nanoparticles. For instance, Su et al. [24] had prepared TiO2modified
membrane by dipping neat membrane into TiO2 sol for chemical
coprecipitation-peptization. Their results showed that most TiO2 particles
were still firmly coated on the surface of the membrane even after vigor-
ous ultrasonic washing as shown in Fig. 13.11. The parameters that affect
the morphology of the modified membrane are the composition of filler,
use of a cross-linking agent, reaction time, and homogeneity of filler
suspension.

Plasma treatment is another method to generate active groups onmem-
brane surface at the presence of gas. Typically, most plasma treatments
were conducted at frequencies of 2–50 Hz and an inert gas such as helium
and argon is injected to initiate plasma condition [20]. For example, Liang

TABLE 13.3 Membrane Surface Modification Method for MBR Application—cont’d

Reference

MBR

application Method Procedure

[32–34] Synthetic
wastewater
treatment

Plasma treatment PP hollow fiber microporous membrane
was surface-modified by argon, air, N2,
CO2, NH3 plasma treatment

[35] Synthetic
wastewater
treatment

Grafting PVDF membrane was coated with
amphiphilic graft copolymer PVDF-graft-
poly(oxyethylene) methacrylate

[18] Synthetic
wastewater
treatment

Surface modification of the PP hollow
fiber microporous membrane by
sequential photoinduced graft
polymerization of acrylic acid and
acrylamide

[36] Synthetic
wastewater
treatment

PP hollow fiber microporous membrane
was surface-modified by photoinduced
graft polymerization of acrylamide

[37] Synthetic
wastewater
treatment

PP hollow fiber microporous membrane
was surface-modified by photoinduced
graft polymerization of 2-aminoethyl
methacrylate

[38] Synthetic
wastewater
treatment

Radiation-induced graft polymerization
was used to modify PVDF membrane
with glycidyl methacrylate and sodium
sulfite using radiation-induced graft
polymerization
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et al. [39] excited the PVDF membrane surface with argon plasma at pres-
sure 0.037 kPa, power of 18 W, and frequency of 8–12 MHz, and then
exposed to air to facilitate the formation of peroxides and hydroperoxides
on the membrane surface as shown in Fig. 13.12. The degree of surface
modification by plasma treatment can be governed by several factors
including a gas composition in the discharge, composition of the treated
sample, and the process parameters. For MBR application, Yu et al. [41]
had performed PP hollow fiber membrane surface modification by argon
plasma treatment, and their results showed that flux recovery and flux
ratio was improved by 20% and 143%, respectively. Nonetheless, the
chemical reaction of the plasma treatment is rather complex where the
susceptibility of polymer to plasma treatment is unpredictable. Therefore,
the detail surface chemistry of the modified surface remains unknown;
hence it is currently difficult to extend plasma treatment from existing
laboratory to the large-scale application. Besides, the mechanical strength
of the modified membrane deteriorated drastically after plasma treatment
thus unsuitable for long-hour operation.

FIG. 13.11 SEM images of (A) neat cellulose acetate membrane and (B) surface modified
membrane by TiO2 [33]. Reprinted from Journal of Environmental Engineering-Asce, vol. 138, Su

YC, Huang CP, Pan JR, Hsieh WP, Chu MC. Fouling mitigation by TiO2 composite membrane in

membrane bioreactors, p. 348. Copyright (2012), with permission from Elsevier.

PVDF membrane Activated PVDF membrane surface

Argon plasma
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FIG. 13.12 Schematic diagram for argon plasma treatment of PVDF membrane [40].
Reprinted from ACS Applied Materials and Interfaces, vol. 5, Liang S, Kang Y, Tiraferri A, Giannelis

EP, Huang X, Elimelech M. Highly hydrophilic polyvinylidene fluoride (PVDF) ultrafiltration mem-

branes via postfabrication grafting of surface-tailored silica nanoparticles, p. 6695. Copyright (2013),
with permission from American Chemical Society.
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Apart from the method mentioned above, grafting is an alternative
solution for membrane surface modification and usually initiated by
UV photo-irradiation, plasma, and high energy irradiation as well as
“living” controlled polymerization. In contrast to plasma treatment, graft-
ing is adhesion of hydrophilic modifiers after the polymer chains are acti-
vated. UV photo-irradiation is more commonly used because this method
is relatively simple, energy-efficient, and cost-effective. For instance, Yu
et al. [36] had prepared PP hollow fiber microporous membrane by pho-
toinduced graft polymerization of acrylamide as shown in Fig. 13.13. The
hollow fiber was dipped in acrylamide solution and then exposed to UV

UV light

UV lamp

Culture dish

Ar

(A)

(B)

Ar

Filter paper Membrane Monomer solution

Monomer solutionHollow fiber membraneTest-tube Rubber band

FIG. 13.13 Schematic diagram of UV photoinduced graft polymerization [42]. Reprinted
from Separation and Purification Technology, vol. 53, Yu HY, Xu ZK, Lei H, Hu MX, Yang Q. Pho-

toinduced graft polymerization of acrylamide on polypropylene microporous membranes for the
improvement of antifouling characteristics in a submerged membrane-bioreactor, p. 120. Copyright

(2007), with permission from Elsevier.
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irradiation where the surface radicals were generated and anchored to the
monomers. For MBR application, Yu et al. [42] compared the performance
modified membrane fabricated by plasma treatment and photoinduced
graft polymerization, and their results showed that surface-grafted mem-
brane has higher flux ratio compared to the plasma-treated membrane.
This is probably because grafted membrane possesses higher negative
surface charge owing to attachment of amino acids on membrane surface
thus prevent accumulation of foulants due to charge repulsion effects.
However, suitable grafting time, monomer concentration, grafting density
and chain length, should be studied to avoid surface pore blockage and
lost membrane permeability.

All in all, there are many methods to fabricate membrane and to
improve membrane performance for steady and longMBR process. Selec-
tion of membrane fabrication should depend on the compatibility of poly-
mer used, the stability of filler, cost of membrane fabrication, type of
membrane operation, propensity on the large-scale fabrication that pro-
duce the desired membrane properties.

13.4 MEMBRANE CHARACTERIZATION

Membranes are commonly characterized by its chemical and physical
characteristics. Physical parameters included membrane pore size, poros-
ity and surface morphology. Meanwhile, chemical parameters involve
membrane hydrophilicity and surface charge. The significance of these
parameters in MBR will be discussed in this section.

13.4.1 Membrane Pore Size and Porosity

The pore size of membranes used in MBR process varies, ranges from
microfiltration of 0.1–0.4 μm to ultrafiltration range of 0.02–0.1 μm. Mean-
while, the permeation flux of membranes in MBR plants ranges typically
from 10 to 80 L/m2 h. Numerous studies have been performed to investi-
gate the effect of membrane pore size and porosity on the performance of
various membranes regarding rejections and fouling behavior. Interest-
ingly, conflicting trends were observed between a wide range of mem-
brane pore size and their hydraulic performance in MBR process.

Jin et al. [43] tested four ceramic membranes (80–300 nm) inMBR using
domestic wastewater. Initially, the 80-nm membrane was able to reject
more organics due to smaller pore size. However, the discrepancy of
organics removal efficiency among the membranes became insignificant
when running in extended period. The cake layer developed on mem-
brane surface in long-term had provided perm-selectivity to the filtration
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process on all the membranes regardless of the pore size. In fouling study,
as expected, the 300-nm membrane experienced the lowest initial TMP
while the 80 nmmembrane had the highest initial TMP. However, eventu-
ally, the 300-nm membrane reached TMP of 30 kPa on day 72 which was
79 days earlier than the 80 nm membrane in the first fouling cycle. This
could be explained thatmembranewith dense structure (smaller pore size)
retained awide range of foulants on themembrane surface, forming a foul-
ing layer with higher resistance which is mostly reversible. Sheer force
could easily remove this fouling layer from the aeration.However,Miyoshi
et al. [44] found that membrane fouling propensity was not affected by
pore size, but membrane materials. Three membrane materials, cellulose
acetate butyrate (CAB), polyvinyl butyral (PVB) and PVDF with various
pore sizewere examined.Results revealed that usingPVDFmembranes, the
degreeof foulingwas in the followingorder: 0.02 μm > 0.25 μm > 0.4 μm. In
contrast, the fouling development of CAB was in the descending order of
0.2 μm > 0.05 μm > 0.04 μm. For PVB membranes, no correlation or trend
was observed with corresponding to the pore size. Therefore, the fouling
propensity of membranes with their pore size is significantly affected by
the membrane materials. The similar trend was observed in a study done
by Bilad et al. [40], where PVDF membrane with a smaller pore size
(PVDF-15, 16 nm) exhibited earlier fouling than more porous membrane
(PVDF-9, 62 nm) [40a]. However, PVDF-15 reached TMP of 25 kPa at day
6, while PVDF-9 only achieved TMP of 20 kPa at day 10. Although having
lower fouling rate, PVDF-9 prone to suffer more irreversible fouling due
to pore blockingwhere small organic and inorganic compounds easily enter
the pores and attached strongly to the substrate. In a nutshell, no consistent
general trends noted on the effect of pore size onmembrane performance as
previously reported [1].

13.4.2 Membrane Roughness

Membrane roughness is an important physical parameter which
greatly affects the fouling propensity of the membrane. The surface
morphology of membranes can be captured, and their roughness can be
measured bymeans of atomic forcemicroscope (AFM). Inmolecular scale,
the surface of themembrane is not smooth, but consists of an abundance of
“peaks” and “valleys.” Higher peaks or lower valleys would form a rough
surface and vice versa. Fig. 13.14 illustrates the interaction of various
foulants (solutes, small particles, and large particles) with membranes.
Solutes such as soluble microbial products (SMP) and EPS in a chain-like
structure are flexible and easily fit into the gaps between the peaks (val-
leys). On the other hand, large particles would not be able to deposit or
fit into the gaps.
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As membrane morphology has a significant impact on membrane per-
formance, various modifications have been employed to alter the mem-
brane surface. Among the efforts are coating membranes with TiO2

nanoparticles [46] and blending with inorganic nanomaterials such as
Zeolitic Imidazolate Frameworks [47] and GO nanocomposites [25].

It has been observed that typically membranes with rough surface pro-
vide a higher surface area for the adsorption of foulants and results in
greater fouling propensity [15, 48]. Woo et al. [49] investigated the impact
of membrane surface roughness on both permeability and fouling of two
PVDFmembranes with similar properties such as pore size, materials and
contact angle (73.46°). A membrane with a smoother surface (PVDF-B2,
47.013 nm as RMS) showed greater permeation flux as well as normalized
flux compared with rough membrane surface (PVDF-B1, 166.433 nm as
RMS). Initially, PVDF-B1 membrane showed higher permeation flux
due to its slightly larger pore size (10.4 nm bigger than PVDF-B2 mem-
brane of 227.3 nm). However, humic acid as foulant model was prone
to deposited on the uneven membrane surface of the PVDF-B1 membrane
and blocked most of the pores as shown in Fig. 13.15. As a consequence,
PVDF-B1 membrane exhibited lower permeability and normalized per-
meation flux along the 120 min filtration.

However, the previous study by Hashino et al. [51] noticed that mem-
brane with a higher projection on the outer surface experienced better
antifouling ability and recovery after backwash. By observing foulants
deposition behavior via SEM, most foulants accumulated in the valleys
but hardly be found on the top of the projection. Later, Zhao et al. [45]
found that the impact of surface roughness on fouling is complicated. It
was easier for foulants to adhere on roughmembrane surface as the attrac-
tive interaction energy between foulants and membrane decreased with
membrane roughness. As a consequence, energy barrier was lower for

FIG. 13.14 Schematics of the interaction scenarios: (A) associated with solutes,
(B) associatedwith small size foulant particles, and (C) associated with large size foulant par-
ticles [45]. Reprinted from Bioresource Technology, vol. 175, Zhang M, Liao B, Zhou X, He Y, Hong

H, Lin H, Chen J. Effects of hydrophilicity/hydrophobicity of membrane on membrane fouling in a sub-
merged membrane bioreactor, p. 64. Copyright (2015), with permission from Elsevier.
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foulants to overcome and attach on the membrane surface. Yet, the fou-
lants were easier to detach from rough membrane surface under disturb
condition (aeration). Therefore, it was suggested that rough membrane
surface is more beneficial in fouling mitigation in MBR process.

13.4.3 Membrane Hydrophilicity

Membrane contact angle is the measurement of membrane’s hydrophi-
licity. The degree of hydrophilicity can be determined with the sessile-
drop method, by measuring the angle between a water droplet and
membrane surface using contact angle meter. Smaller contact angle
implies greater hydrophilicity of membranes due to the attraction of water
molecules toward the membrane by forming a hydrogen bond with the
membrane materials. Therefore, hydrophilic membranes always show
higher permeability compared with hydrophobic membranes [25, 52].

Natural organic matters (NOMs) contain in wastewater consist of
mainly proteins and carbohydrates with both hydrophobic and hydro-
philic properties [53]. Although hydrophilic organic matters had been

FIG. 13.15 Fouling behavior on membrane surfaces observed using FESEM: (A) fouled
rough B1 and (B) fouled smooth B2 (magnified at 10,000�), (C) fouled rough B1 and
(D) fouled smooth B2 (magnified at 50,000�) membrane surfaces [50]. Reprinted from Separa-

tion and Purification Technology, vol. 146, Woo SH, Park J, Min BR. Relationship between permeate

flux and surface roughness of membranes with similar water contact angle values, p. 187–191.
Copyright (2015), with permission from Elsevier.
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known to contribute to membrane irreversible fouling, the majority of the
NOMs are hydrophobic. These hydrophobic foulants exhibit strong
adhesive potential with hydrophobic membranes, eventually forming
cake layer on the membrane surface. Therefore, usually, membranes were
modified to become hydrophilic as water boundary would form on the
membrane surface, minimize the contact and adsorption of foulants
and eventually enhances membrane’s antifouling ability [50, 54].

Some studies have been conducted to examine the impact of membrane
hydrophilicity toward fouling. In a study done by Miyoshi et al. [44], no
correlation of fouling propensity with membrane hydrophilicity was
noticed in MBR. The hydrophobicity of membranes was in descending
order of PVDF > PVB > CAB. However, the time required for the mem-
branes to reach the targeted TMP was in the descending order of
PVB > PVDF > CAB. This suggested that hydrophilicity not be the dom-
inant factor in determining fouling propensity of membranes. Matar et al.
[55] found that with same pore size, hydrophobic membranes (polyoxa-
diazole (POX) and polytriazole (PTA)) achieved higher TMP values than
hydrophilic membranes (sulfonated polytriazole (SPTA) and sulfonated
polysulfone (SPSU)). This was due to adsorption of foulants which were
hydrophobic predominant on the hydrophobic membrane surface. The
accumulation of foulants (mainly proteins in the beginning) on SPSU
(the most hydrophilic membrane) in early days was the lowest. Nonethe-
less, in longer filtration, the quantity of humic substances was higher for
PTA and SPTA membranes than POX and SPSU membranes. This indi-
cated that membranes lost their hydrophilicity or hydrophobicity charac-
teristic when the fouling layer developed and covered the membranes
exposing an area in the extended filtration period.

Membrane hydrophilicity property always relates to pore size, surface
charge, morphology and membrane materials. For example, the addition
of hydrophilic agents such as amino (NH2), carboxyl (COOH) and sulfonic
acid (SO3H) groups enhanced the hydrophilicity of PTFE membranes, at
the same time increasedmembrane pore size aswell as surface charge [56].
Although membrane hydrophilicity often correlated directly with mem-
brane permeability [57], though it is difficult to assess its relationship with
fouling propensity accurately.

13.4.4 Surface Charge

Membrane surface charge is one of the most critical parameters in gov-
erning membrane performance. The surface charge or surface potential
can be measured with streaming potential, sedimentation potential and
electrophoresis techniques [58]. Organic matters in MBR wastewater con-
sist mainly of the negative charge of proteins and polysaccharides as
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foulants. It is well established that particles with the opposite electrostatic
charge would attract each other while those with the same electrostatic
charge would repel. Foulants with high negative zeta potential tended
to form higher cake porosity, cake compressibility, and specific cake resis-
tance and hence resulted in lower fouling potential. Besides, it was noticed
that effect of foulants zeta potential significantly outweighed the cake
porosity in response to specific resistance in a study by Lorenzen et al. [59].

Specific energy barrier should be overcome for a foulant to adhere on
the membrane surface. By using XDLVO approach, interaction energy
between a foulant and different membrane surface charge (Fig. 13.16)
could be identified by setting constant values for membrane roughness,
foulant radius, foulant zeta potential and solution pH. A membrane with
higher negative surface charge (Fig. 13.16B) exhibited higher energy bar-
rier, indicated the usefulness of negative surface charge in fouling
mitigation [60].

Numerous modification techniques have been applied to increase the
negative surface charge of membranes such as in situ cross-linked poly-
merization using acrylic acid and vinyltriethoxysilane [61], blending with
graphene oxide [54] and employed plasma polymerization with maleic
anhydride and vinylimidazole [62]. These studies showed that the mod-
ified membranes with the smoother surface not only less susceptible to
fouling, also showed great improvement of foulant rejection.

Hydrophilic particles have a higher tendency for entering the inner
structures of the pores and cause irreversible fouling in hydrophilic mem-
branes. Meanwhile, hydrophobic particles tend to form a dense cake layer
on membrane surface [63]. In algal-MBR, although the algal organic mat-
ter (AOM) contained a high amount of hydrophilic substances, the

FIG. 13.16 Profiles of interaction energies between a foulant particle and the smooth sur-
face of PVDF membranes for membrane zeta potential of (A) �17.4 mV and (B) �31.0 mV
(AB: Lewis acid-base, EL: electrostatic double layer, LW: Lifshitz-van der Waals) [45]. Rep-
rinted from Bioresource Technology, vol. 175, ZhangM, Liao B, Zhou X, He Y, Hong H, Lin H, Chen

J. Effects of hydrophilicity/hydrophobicity of membrane on membrane fouling in a submerged mem-
brane bioreactor, p. 65. Copyright (2015), with permission from Elsevier.
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electrostatic interaction between negatively chargedmembrane andAOM
had significantly reduced the fouling behavior [64]. Some studies reported
that surface chargewas dominant in controllingmembrane fouling behav-
ior than membrane hydrophilicity [60, 65]. Breite et al. [65] modified the
surface potential of PVDFmembranes as well as foulant (PS beads) as pre-
sented in Table 13.4 to investigate their electrostatic interaction on mem-
brane fouling. In this study, PVDF-PEG and PVDF-PSS membranes
exhibited great fouling resistance with anionic PS beads while experi-
enced severe fouling with pristine PVDF, PVDF-TEPA, and PVDF-lysine
membranes. By using cationic PS beads, no fouling was observed on
PVDF-TEPA membrane, but strong and instantaneous fouling was
noticed on others membranes. On the other hand, uncharged PS beads
caused pore blocking and decreased permeation flux in PVDF-TEPA,
PVDF-lysine, and pristine PVDF membranes, but showed great fouling
resistance on PVDF-PSS and PVDF-PEG membranes. A PVDF-lysine
membrane with nearly zero charges experienced fouling by all PS beads.
These results indicated electrostatic repulsive interaction was dominant
on surfaces of same charges while electrostatic attractive interaction
was the driving force on surfaces of opposite charges. It is worth noting
that PVDF-TEPA membrane with a contact angle of 25° had high adsorp-
tion of anionic and uncharged PS beads but high resistance toward cat-
ionic PS beads. This implied the driving force of fouling was
electrostatic interaction, which was capable of overcoming high mem-
brane hydrophilicity. Instead, the hydrophobic interaction was dominant
for highly hydrophobic membrane as pristine PVDF membrane was
fouled by all PS beads.

A comprehensive investigation of membrane pore size, surface charge,
hydrophilicity and morphology of different membrane materials would
be useful in optimizing the membrane design. Besides the membrane
properties, the effect of feed wastewater characteristics such as particle
size distribution, zeta potential, and biological compounds would also
affect the performance of the membranes. Also, consistent cleaning would
be feasible to restore the hydrophilicity and surface charge of the mem-
branes by removing the fouling layer.

TABLE 13.4 Characteristics of Various Modified PVDF Membranes [65]

Parameter Pristine

PVDF

PVDF-

TEPA

PVDF-

lysine

PVDF-

PSS

PVDF-

PEG

Surface charge at
pH 7 (mV)

�40 +40 �8 �52 �45

Surface contact angle
(°)

132 25 114 121 92
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13.5 SEPARATION MECHANISM

This section will discuss biological and membrane process which is the
primary separation mechanism in MBR process.

13.5.1 Biological Process

In the biological treatment of MBR, organic carbon and nutrients in the
wastewater are digested by a diversity of microbes such as prokaryotes
(bacteria), eukaryotes (protozoa, nematodes, rotifer), and viruses through
biodegradation. The removal of organic compounds can be determined
regarding biochemical or chemical oxygen demand (BOD or COD, respec-
tively). In general, the biological process can be divided into an aerobic
and anaerobic process. Aerobic digestion is a process where the organic
compound is broken down in the presence of oxygen to produce carbon
dioxide and water. Whereas, anaerobic digestion is an organic compound
degradation in the absence of oxygen to produce biogas typically methane
and carbon dioxide. The removal efficiency of the biological treatment
would mainly depend on the operating conditions such as mixed liquor
suspended solids (MLSS), organic loading rate (OLR), hydraulic retention
time (HRT), solid retention time (SRT), temperature, pH, and aeration.

To measure the microorganism concentration in the activated sludge
system, MLSS was typically used. By increasing MLSS, the removal effi-
ciency will increase; however, higher MLSS will increase the sludge vis-
cosity thus result in mass transfer limitation for both the oxygen and
organic compound where higher aeration is needed. Values varying from
10 to 15 g MLSS/L are the typical values for MLSS concentration in MBR.
OLR refers to the influent COD concentration typically range from
1.1–1.6 kg/COD/m3.day. It was discovered that MLSS raised with
increasing OLR, an increase in the OLR provides bacterial growth leading
to higher MLSS concentration. OLR is one of the important design factors
in MBR system as it combines the effect of hydraulic loading and organic
concentration. Findings of Chan et al. [66] stated that the COD removal
efficiency is a function of the OLR. However, beyond maximum organic
loading of OLR, the removal efficiency of COD and BOD showed falling
trend because of the increase in organic loading in the influent that would
cause substrate inhibition to the native biomass growth and its metabolic
activities. Therefore, it is important to determine themaximum achievable
OLR to improve the biological degradation and prevent process break-
down due to overloading.

Another essential operating condition isHRTwhich is the retention time
for effluent to pass through the reactor which ranges from 4 h to several
days for MBR process. As shown in Fig. 13.17, Vijayaraghavan et al. [68]
studies showed that as theHRT increased, theCODremoval efficiency also
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increased. The possible reason for the decrease in COD could be due to the
degradation of organicmatter by longer contact timewith themicroorgan-
ism in theMBR. Apart fromHRT, SRT probably is themost significant fac-
tor in determining biological degradation efficiency. In contrast to
conventional activated sludge system, MBR allows complete control of
SRT independently from HRT. High SRT increases the sludge concentra-
tion, and therefore the pollutant degradation would also increase. This
allows the growth of slow-growing microorganisms to remove pollutants
contained in the wastewater. In some cases, to regulate a large amount of
biomass, MBR is operated with no discharged of sludge at an infinite
SRT.However, high SRTwill lead to the high viscosity of biomass andhigh
fouling rates of membrane process.

Generally, the temperature is a significant factor to control the growth
of a microorganism in MBR. Drews et al. [69] studied the impact of tem-
perature on the rejection of SMP in MBR. As shown in Fig. 13.18, lower
temperature at 10°C caused an increase in sludge concentration which
was reversible when the temperature was increased. This is probably
because of the reduction of the active bacteria when the temperature
was lowered, suggesting a limited oxygen transfer, partly due to reduced
viscosity ofmixed liquor at a lower temperature. Therefore, proper control
of temperature range is crucial to ensure the survival of bacteria especially
effluent from industries that might experience temperature fluctuation.
Another factor that affects the growth of the microorganism is pH, such
as acidity or alkalinity of the environment. During biological degradation,
pH might vary due to the activity of the bacteria. pH value increases by
ammonia accumulation during degradation of proteins, while the
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FIG. 13.17 COD removal efficiency at different HRTs [67]. Reprinted from Journal of Envi-

ronmental Management, vol. 82, Vijayaraghavan K, Ahmad D, Ezani Bin Abdul Aziz M. Aerobic

treatment of palm oil mill, p. 28. Copyright (2007), with permission from Elsevier.
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accumulation of volatile fatty acid decreases the pH value which should
greatly depend on the source of influent. For instance, Vijayaraghavan
et al. [68] investigated the effect of pH on the biohydrogen production
from palm oil mill effluent (POME). It was shown that pH value of 5
was optimum as the metabolic reaction of the hydrogen generating bacte-
rial species occurs at the slightly acidic condition.

Last but not least, aeration plays a significant role in MBR. Aeration not
only supplies dissolved oxygen for bacteria activity (aerobic) but also cre-
ates shear stress around the membrane to reduce adhesion of foulant on a
membrane surface. However, it should be noted that increasing aeration
intensity beyond a critical value had virtually no effect onMBR efficiency.
For MBR application, Wicaksana et al. [71] studied the fiber movement
induced by mechanical and bubbling on membrane fouling rate in
MBR. Their results showed that bubble-induced shear and fiber move-
ment were able to reduce fouling rate up to 10-fold due to the presence
of uniform fine bubbles and higher cross-flow velocities around the
membrane.

13.5.2 Membrane Process

Apart of biological process, membranes also play an essential role in
MBR process and determine the technological and economic efficiency.
In general, a membrane can be categorized into the pressure-driven
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process, and extractive/diffusive process depends on their separation
mechanism. The former membrane processes apply external pressure to
force feed through a semipermeable material that allows some physical
or chemical components to permeate through it while retaining others that
rejected by it. Whereas, the latter membrane processes including forward
osmosis (FO) and MD will be discussed shortly. Typically, membrane
applied for pressure-driven separation in MBR can be distinguished on
the basis of average pore diameter: 90–10 μm for microfiltration (MF),
2–100 nm for ultrafiltration (UF), 0.5–9 nm for nanofiltration (NF), and
0.2–5 nm for reverse osmosis (RO) as shown in Fig. 13.19. However, RO
membrane is less studied for MBR application hence not covered in this
section. Table 13.5 shows different membrane fabrication technique and
type of polymer used to prepare polymeric membrane. The details of
the fabrication method have been covered in Section 13.3 and critically
reviewed by Lalia et al. [17].

Most MBR process uses MF and UF membranes as MBR are commonly
emerged as secondary treatment technology before posttreatment by a

0.1 nm 1 nm
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Reverse osmosis
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Microfiltration

10 nm 100 nm 1 mm 10 mm

FIG. 13.19 Average pore diameter of the pressure-drive membrane [25]. Reprinted from

Desalination, vol. 326, Lalia BS, Kochkodan V, Hashaikeh R, Hilal N. A review on membrane fabri-

cation: structure, properties and performance relationship, p. 78. Copyright (2013), with permission
from Elsevier.

TABLE 13.5 Summary ofMembrane Fabrication Technique and Type of Polymer Used
for Membrane Process

Membrane

process

Polymer Fabrication technique

MF PVDF, PTFE, PP, PE, PES Phase inversion, stretching, track-etching

UF PAN, PES, PS, PES Phase inversion, solution wet-spinning

NF Polyamides, polysulfones,
polyols, polyphenols

Interfacial polymerization, layer-by-layer
deposition, phase inversion, interfacial
polymerization

FO Cellulose acetate, thin-
film composite (TFC)

Phase inversion, electrospinning

MD PTFE, PVDF Phase inversion, stretching, electrospinning
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membrane with a smaller pore size such as NF or RO membrane. For MF
andUF, the separationmechanism is greatly based on stericmechanism or
size based exclusion (sieving). This type of mechanism implies that bigger
molecule will be restricted by the membrane while smaller molecule will
pass through the membrane freely as shown in Fig. 13.20. Hence, the sep-
aration efficiency greatly depends on the quality of the wastewater to be
treated. In treating high strengthwastewaterwith shock loading ofmatter,
MF and UF membranes are preferable due to prolonging the membrane
usage and cost factors. Sometimes, with the formation of fouling layer
on the membrane surface, it also acts as a secondary active layer which
would improve the sieving efficiency. Jin et al. [43] had compared the foul-
ing characteristics using different pore-sized ceramic membrane (80, 100,
200, and 300 nm) in MBR. Surprisingly, a ceramic membrane with the
smallest pore size of 80 nm (R80) was found to foul the slowest whereas
the ceramic membrane with the largest pore size of 300 nm (R300) fouled
the fastest. This could be due to the surface roughness of R80 is six times
lower compared to R300. Rougher membrane surface will contribute to
higher organic adsorption hence leads to severe membrane fouling.

NFmembranes are typically used in drinking water production, waste-
water reclamation, and pretreatment for desalination. In contrast to UF
and MF membranes, NF can reject smaller size molecules such as trace
organic molecules and ions in water treatment. For NF membrane,
mono- and di-valent ions have typical rejections of 30%–80% and 70%–
95%, respectively. It is important to highlight that NF is not only relying
on size based exclusion but also Donnan and dielectric effects which had
been critically reviewed by Mohammad et al. [72]. Donnan or electrical
exclusion is an electrostatic effect which responsible for the rejection of
ionic components by the membrane surface; diffusion of anion through
the negatively-charged membrane is slower than cation diffusion or vice
versa. As shown in Fig. 13.21, the dielectric exclusion provides an addi-
tional mechanism of ions exclusion which occurs when the solvent is con-
fined in nanopores. For MBR application, Choi et al. [74] had compared
the sludge characteristics and microbial community diversity between
the NF and MF membranes in treating the municipal wastewater. Due

Membrane cross-section

FIG. 13.20 Separation mechanism based on size based exclusion [7]. Reprinted from Prin-

ciples of Membrane Bioreactors for Wastewater Treatment, Park H, Chang I, Lee K. Membranes, mod-

ules, and cassettes, p. 76. Copyright (2015), with permission from Taylor and Francis.
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to the smaller pore size of NFmembrane, a higher number of organic mol-
ecules were retained in the retentate which resulted in higher dissolved
organic carbon (DOC), total phosphorus (TP) and salts than those by
MF membrane [74a]. However, the higher concentration of organic mol-
ecules did not significantly affect the microbial diversity. Their studies
indicated great potential of NF membrane coupled with biological degra-
dation in MBR process to produce high quality of effluent.

Compared to a pressure-driven membrane, FO membrane is consid-
ered to be more energy efficient because it does not need external hydrau-
lic pressure. FO process is an osmotically-driven separation which utilizes
the osmotic pressure difference between a concentrated draw solution
(DS) and a dilute feed solution (FS) to move water molecules from the
FS to the DS; then the DS requires further treatment for reuse application
as shown in Fig. 13.22 [67]. As reported by Chen et al. [70], despite excel-
lent contaminant removal demonstrated by FO membrane, reverse trans-
port of salt from DS enhanced the accumulation of SMPs which
contributed to a significant decline of membrane flux. Their result also
supported by Zhang et al. [77] where biofilm and inorganic scaling were
formed on the FOmembrane. Later, Wang et al. [78] reportedMF coupled
with FO membrane in MBR for synthetic domestic wastewater treatment.
Their results evidenced that MF membrane effectively reduced salt accu-
mulation in the bioreactor thus enable the MBR to attain a long-run con-
tinuous operation. Nonetheless, there are still issues for the large-scale
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FIG. 13.21 Separation mechanism based on size exclusion, Donnan and dielectric effect
[73].Reprinted from Separation and Purification Technology, vol. 171, Nicolini JV, Borges CP, Ferraz
HC. Selective rejection of ions and correlation with surface properties of nanofiltration membranes.

Copyright (2016), with permission from Elsevier.
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application of FO. This has been hindered mainly due to the lack of ideal
membrane properties namely low support layer resistance of water trans-
port, high water permeability, minimum reverse solute permeability,
excellent mechanical properties, and a wide range of pH tolerance
[79,79a,79b].

Lastly, MD is a thermal-driven membrane separation where only vapor
molecules are allowed to pass through a porous hydrophobic membrane.
As shown in Fig. 13.23A, with the temperature difference being the driving
force, condensation takes place on the cooler side of the membrane leading
to apressuredifference between thewarmand cool surfaces [73]. Compared
to the pressure-driven membrane, MD has the potential to generate
high-qualitydrinkingwaterusing low-gradeheat sources suchaswasteheat
from industrial processes and solar energy. Phattaranawil et al. [82] first
studiedmembranedistillation bioreactor (MDBR)which integrates awaste-
water bioreactor with MD process as depicted in Fig. 13.23B. Their results
showed that the MDBR produced high-quality effluent with very low
TOC and negligible salts which are comparable to combined MBR and
RO process. Later, Goh et al. [83] had performed tech-economic analysis
that affirmed the electrical requirement by MDBR is 0.9 kWh/m3 which is
lower than combinedMBR-ROprocess (1–1.3 kWh/m3). Besides, the green-
house gas emission from the MDBR system is lower than the combined
MBR-RO process where hot wastewater and waste heat is captured [83a].

Nevertheless, MD process is still in the early phase and not fully imple-
mented in the industry mainly due to lack of suitable membrane. Hence,
Khayeet [84] had outlined followingmembrane requirements for an effec-
tive MD process:
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FIG. 13.22 Schematic illustration of (A) FO process with DS recovery [75] and (B) FO
membrane for MBR wastewater treatment [76]. (A) Reprinted from Advanced Powder Technol-
ogy, vol. 27,Mino Y, OgawaD,MatsuyamaH. Functional magnetic particles providing osmotic pres-

sure as reusable draw solutes in forward osmosis membrane process, p. 9. Copyright (2016), with

permission from Elsevier. (B) Reprinted from Desalination, vol. 239, Achilli A, Marchand EA. The

forward osmosis membrane bioreactor: A low fouling alternative to MBR processes, p. 12. Copyright
(2009), with permission from Elsevier.
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1. At least one of the membrane layers should be hydrophobic.
2. Pore size range from several nanometers to a few micrometers with a

narrow distribution and high liquid entry pressure (LEP).
3. Small tortuosity factor (a measure of the deviation of the pore

structure from straight cylindrical pores normal to the surface).
4. High porosity to provide a large area for evaporation.
5. Optimum membrane thickness to maximum mass transport and

minimum heat loss.
6. Low thermal conductivity to reduce heat loss.
7. High fouling resistance.
8. Long-term thermal stability (up to 100°C).
9. Excellent chemical resistance to various environment.

10. Allow stable and long life performance.

13.6 APPLICATIONS

13.6.1 Municipal Wastewater

Monclús et al. [85] operated a pilot plant MBR with University of Cape
Town (UCT) configuration (Fig. 13.24) in treating rawmunicipal wastewa-
ter, mainly focusing on the biological nutrient removal. The UCT config-
uration is a typical single-sludge system, inwhich the sludge is recycled to
the anoxic tank, and the mixed liquor is continuously returned from the
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and (B) MDBR setup [81]. (A) Reprinted fromDesalination, vol. 284, Adnan S, HoangM,Wang H,
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anoxic reactor to the anaerobic compartment. Experiment data showed
that the system was able to obtain high nutrient removal efficiency even
during the start-up. >94% COD removal, 89%–93% N removal, and
80%–92% P removal have been achieved at the end of the stage. As a
continuous from this study, Monclús et al. [87] optimized the simulta-
neous removal of C, N, and P from the system through the determination
of setpoint values for internal recycle with the use of an optimization
spreadsheet based on ASM2d model.

Some research outcomes found that temperature would influence the
performance of biological treatment in conventional activated sludge pro-
cesses [75]. Same goes for MBR where the temperature not only affect the
bioconversion rate but also influence the microbial community, mem-
brane fouling rate, and sludge morphology [76]. Thus, Gurung et al.
[88] assessed the performance of a submerged pilot-scale MBR in treating
real municipal wastewater during the winter season at Finland. An accel-
erated membrane fouling was observed when the sludge temperature
inside the MBR unit was below 10°C while maintaining aeration intensity
below the normal value. The substantial decrease in membrane perme-
ability was about 75%, leading to frequent membrane cleaning. However,
the pathogens and emerging micropollutants removal competency of
MBR was not affected. The average log reductions of 1.82, 3.02, and
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1.94 log units were achieved for norovirus GI, norovirus GII, and adeno-
viruses, respectively. Removal of Escherichia coli and enterococci was
>5.6 log units. Among the four trace organic compounds, the average
removal efficiency of bisoprolol, diclofenac, and bisphenol A were 65%,
38%, and >97%, respectively. However, carbamazepine (CBZZ) was not
efficiently removed (�89% to 28%). Regarding trace metals, an average
removal of >80% was achieved for Cd, Pb, and V. For the rest of the
metals, the removal capacity was in the range of 30%–60%.

13.6.2 Leachate

Landfill leachate (LFL) contains a high concentration of ammonia,
heavy metals, and recalcitrant organic matters, and low concentration
of phosphorus [81]. This is the reason why it is considered the most chal-
lenging wastewater. The use of MBR for leachate treatment has increased
to comprise almost the half of new landfill leachate treatment processes
(LFLTPs), increasing its share to 8% of total LFLTPs worldwide [3]. Zolfa-
ghari et al. [81] utilized synthetic LFL to study the feasibility of submerged
membrane bioreactor (SMBR) for the treatment of LFL by eliminating all
interfering factors and providing realistic view on the behavior of highly
hydrophobic organic matters and metals in MBR with the presence of
humic acid (HA) as a representative of recalcitrant organic matter. The
results revealed that SMBR in this study has high nitrification, BOD, phos-
phorous, and heavy metal removal except for molybdenum, arsenic,
manganese, and nickel, owing to strong interaction with negative charge
sludge.Whereas, the irreversible strong bound of HA and di-2-ethyl hexyl
phthalate (DEHP), a highly hydrophobic contaminant in LFL has dramat-
ically decreased the MBR biodegradability, therefore decreased its
removal efficiency. The result of biodegradation showed that the presence
of 100 mg/L of HA decreased the biodegradation rate from 37 to 7.9 μg
DEHP/g VS/day.

In Chiemchaisri et al. [89] study, a two-stage MBR utilizing incline tube
in first stage anoxic reactor for biomass separation from re-circulated
sludge followed by an aerobic reactor with a submerged hollow-fiber
membrane for solid-liquid separation had been developed and success-
fully applied for solidwaste leachate treatment. However, there have been
few studies that reported on the removal efficiency of emerging contam-
inants by microbial sludge operated in long-term and the analysis of
emerging contaminant removal kinetics. Owing to this, Boonnorat et al.
[80] have investigated the long-term fate of emerging contaminants in
MBR system and determined their maximum removal capacity under
long-term operation (500 days) without sludge withdraw. Their findings
showed that the emerging contaminants were effectively removed inMBR
with the removal of 99.5%, 99.0%, 99.5%, 97.9%, 96.8%, and 95.7% for
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Bisphenol A (BPA), 2,6-di-tert-butylphenol (2,6-DTBP), 2,6-di-tert-4-
methyl-butylphenol (BHT), ethyl phthalate (DEP), butyl phthalate
(DBP), andDEHP compounds, respectively. Based on that previous study,
Boonnorat et al. [90] had extended their research work to investigate the
kinetic of phenolic and phthalic acid esters (PAEs) biodegradation inMBR
in treating municipal LFL. Laboratory-scale MBR was fed with the mix-
ture of fresh and stabilized LFL containing carbon to nitrogen (C/N) ratio
of 10, 6, 3 and operated under different SRT of 90, 15, and 5 days. It was
found that the optimum operation of MBR occurred at C/N ratio of 6 and
SRT of 90 days for the treatment with highest biodegradation rate for phe-
nolic and PAEs where the first order biodegradation rate constant (k)
obtained was 0.059–0.092/h.

Brown et al. [86] were the first to treat compost leachate usingMBR. The
COD of the effluent was successfully reduced by >99%. A high reduction
was also observed for ammonia, caffeine, and many other metals. On the
other hand, recent studies showed that the addition of granular activated
carbon (GAC) into mixed liquid was effective in alleviating membrane
fouling. Yu et al. [91] had inspiredWang et al. [92] to combined GACwith
MBR process for LFL treatment. A pilot-scale anoxic/aerobic granular
active carbon assisted membrane bioreactors (A/O-GAC-MBR) inte-
grated with nanofiltration (NF)–reverse osmosis (RO) (Fig. 13.25) was
used by Wang et al. [92] for old leachate treatment. Results demonstrated
that the addition of GAC had enhanced the bioflocculation and settability
of flocs in addition to improving the removal efficiency of hazardous
organic pollutants and heavy metals to meet the re-utilization require-
ment. This has led to considerable reduction in membrane fouling and
subsequently the operational cost.

13.6.3 Dye and Textile

Due to its high color, heavy toxicity, and nonbiodegradable character-
istics, the treatment of dye wastewater has been one of the most challeng-
ing even at very low concentration [94, 95]. MBR has been shown to be one
of the most promising biological technologies in water treatment and thus
has great potential for stable and efficient degradation of textile wastewa-
ter [96]. Friha et al. [97] studied the performance of pilot-scale aerobic sub-
merged MBR for the treatment of raw textile wastewater under different
MBR operational parameters. Extremely high treatment efficiency was
achieved by MBR where COD, BOD5, and SS were successfully reduced
up to 100%, 98%, and 96%, respectively. On top of that, the cytotoxicity
caused by raw textile wastewater was significantly reduced by 53% at
HRT of 2 days. Hence, MBR was considered as a highly effective raw tex-
tile wastewater treatment method from both physic-chemical and toxico-
logical point of views.
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Rondon et al. [98] investigated the performance of an enhanced mem-
brane bioreactor (eMBR) comprising of two anoxic bioreactors followed
by an aerobic MBR, a UV disinfection unit, and a GAC filter to treat rema-
zol blue (BR) dye as synthetic textile effluent over a period of 100 days. The
systemwas able to remove 95% of BR, 99.1% of COD, 97% of nitrogen, and
65.1% of phosphorus. Despite the efficiency of MBR for textile wastewater
treatment, membrane fouling is still a significant problem limiting its
application [99]. Therefore, Qin et al. [100] have developed another type
of eMBR with internal micro-electrolysis (IE) as pretreatment
(Fig. 13.26) for textile wastewater treatment. A hybrid MBR (HMBR) with
iron ions fed and an iron controlled MBR (CMBR) were operated in par-
allel for 30 days. The results demonstrated that IE pretreatment had suc-
cessfully alleviated the membrane fouling in MBR system, mainly due to
the improvement of settleability and compactibility of flocs, as well as the

FIG. 13.25 Schematic diagram of A/O-MBR combined with NF/RO process [93]. Rep-
rinted from Desalination, vol. 349, Wang G, Fan Z, Wu D, Qin L, Zhang G, Gao C, et al. Anoxic/
aerobic granular active carbon assisted MBR integrated with nanofiltration and reverse osmosis for

advanced treatment of municipal landfill leachate, p. 138. Copyright (2014), with permission from

Elsevier.
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increase in the particle size. The reduction of color, COD, andNH3-Nwere
achieved >90% for both MBR systems.

In Deveci et al. [101] study, a novel integrated process of fungal mem-
brane bioreactor (FMBR) and semiconductor photocatalytic membrane
bioreactor (PMBR) (Fig. 13.27) has been shown to be able to treat industrial
textile washing bath wastewater. It was found that photocatalytic process
achieved faster color degradation than COD reduction. Whereas, fungal
biodegradation process performed in the other way. The integrated
FMBR-PMR system had shown the best performance compared to the
two single systems, where the color and COD removal was as high as
93% and 99%, respectively, suggesting it to be an optional treatment pro-
cess for textile washing bath wastewater treatment.

13.6.4 Petrochemical

Several investigations have been carried out to study the treatment of
petrochemical wastewater usingMBR [93, 103]. In Fallah et al. [104] study,
MBRwas utilized for the removal of styrene from synthetic petrochemical
industrial wastewater; Lebrero et al. [105] applied MBR for the treatment
of methylmercaptan, toluene, alpha-pinene and hexane at trace level con-
centrations. High removal efficiency was recorded by MBR system.
Whereas, Deveci et al. [93] were the first to investigate the technical feasi-
bility of MBR as a practical approach for the treatment of ethylene oxide/
ethylene glycol (EO/EG) and olefin units. An average wastewater treat-
ment efficiency of 97.5% was accomplished for the optimum HRT of

FIG. 13.26 Schematic diagram of experimental process [100]. Reprinted from Chemical
Engineering Journal, vol. 210. Qin L, Zhang G, Meng Q, Xu L, Lv B. Enhanced MBR by internal

micro-electrolysis for degradation of anthraquinone dye wastewater, p. 578. Copyright (2012), with

permission from Elsevier.

438 13. HYBRID PROCESSES: MEMBRANE BIOREACTOR



13.5 h andMLSS concentration of 8 g/L. The results indicated that MBR is
a promising technology for the treatment of high fluctuating toxic compo-
nents in petrochemical wastewater.

Wang et al. [106] have developed a novel energy-saving anaerobic
hybrid membrane bioreactor (AnHMBR) with mesh filter, which takes
advantage of AnMBR and fixed-bed biofilm reactor, for low-strength
2-chlorophenol (2-CP)-contained wastewater treatment. High COD and
2-CP removals were achieved, and the percent of removal for each param-
eter was 82.3% � 5.7% and 92.6% � 10.4%, respectively. The energy
demand for AnHMBR was primarily contributed by the feed pump,
which was estimated to be 0.0045–0.0063 kWh/m3, relatively low com-
pared to the energy consumption reported by other researchers tomitigate
membrane fouling.

13.6.5 Food and Beverage

Galacto-oligosaccharides (GOS) have gained increasing interest as an
ingredient in several functional foods [107]. Córdova et al. [108] assessed
the performance of a crossflow UF-MBR as a continuous process strategy
to improve the synthesis of GOS, using high lactose concentration, as well
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(PMR) and fungal membrane bioreactor (FMBR) integrated process 1. Stock wastewater,
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as examining the operational stability of the systemduring several hours of
operation. The operational variables of UF-MBR had greatly affected the
flux and enzyme productivity for GOS synthesis process. The operating
condition at 4.38 bar TMP, 7.35 m/s crossflow velocity, and at 53.1°C
was optimal for simultaneous flux and specific enzyme productivity.

The dairy industry is one of the most polluting sectors among food
industry [102, 109]. It is characterized by high BOD, COD, suspended
solids, fats and oils, and nutrients content [110, 111]. Fraga et al. [112]
had evaluated the performance of a pilot-scale MBR in treating dairy
wastewater to investigate the potential for water reuse. The MBR was
placed at two different locations: (i) receiving the wastewater from the
industrial process after passing through a grease removal pond (high load
stream) and (ii) receiving the wastewater after passing through the grease
removal pond and an anaerobic pond (low load stream). The MBR was
effective in removing organic matter with COD, BOD, and NH4-N
removal efficiency of 94.2%, 98.1%, and 99.6%, respectively, regardless
the type of influent wastewater to the MBR. The treated effluent complied
withmost of the drinking water standards in Uruguay except its pathogen
content, TDS, and sodium concentration. On the other hand, Buntner et al.
[113] combined up-flow anaerobic sludge blanket (UASB) and MBR
system (Fig. 13.28) for the treatment of dairy wastewater. The proposed
system proved to be highly efficient in the treatment of wastewater with
high tolerance to loading changes and temperature fluctuations, where the
average total and soluble COD removal were above 95% and average
methane production of 73%.

Sheldon and Erdogan [115] evaluated the performance of multistage
expanded granular sludge bed (EGSB)/MBR system for the treatment of
soft drink industry wastewater (SDIW). The EGSB anaerobic pretreatment
for the SDIW showed the excellent and efficient removal of organic constit-
uents and biogas production without adding external carbon sources and
nutrients. The integrated EGSB/MBR treatment had achieved up to 95%
COD removal, rendering the treated water safe for discharge. Conversely,
Bolzonella et al. [116] ran a full-scaleMBR to treat 110 m3/day of sparkling
white wine-making effluent with organic loading up to 1600 kg COD/day
at north-east Italy. The results showed that MBR was able to handle high
organic loading effluent obtained during the harvest period, producing
permeate with good quality and relatively small amount of wasted
sludge. The average COD removal efficiency was around 95% while the
corresponding sludge yield was only 0.1 kg MLVSS/kg COD removed.

13.6.6 Pharmaceutical

Pharmaceutically active compounds (PhACs) have been detected in
sewerage treatment plant (STP) effluents as well as in surface water,
groundwater, and even drinking water all over the world [114, 117–122].
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The frequent occurrence of PhAcs in the aquatic environment as well as
in treated drinking water has raised public concern due to their poten-
tial impact on environmental and public health. These include the
occurrence of aquatic toxicity, increased resistance of pathogenic bacte-
ria, genotoxicity, and endocrine disruption [123–125]. Tambosi et al.
[126] evaluated the treatment of wastewater containing six pharmaceu-
ticals of high consumption worldwide, three NSAIDs (acetaminophen,
ketoprofen, and naproxen) and three antibiotics (roxithromycin, sulfa-
methoxazole, and trimethoprim) in two MBR pilot plants with sub-
merged membranes, operated at SRT of 15 days (MBR-15) and
30 days (MBR-30) over a period of 4 weeks. The results showed that
MBR-30 presented higher removal efficiency than MBR-15 for all stud-
ied compounds. The NSAIDs were removed at higher efficiency while
antibiotics exhibited persistence to microbial attack and were removed
at a lesser extent in both MBRs. On the other hand, Siera et al. [127]
operated MBR for the removal of cytostatic drug (cyclophosphamide),
an anticancer drug which had received little attention from the public
[128, 129]. The removal efficiency of 60% was observed despite some
variation in the influent. This removal was higher than reported in most
of the studies in the literature.
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Prasertkulsak et al. [130] investigated the removal efficiency of pilot-
scale MBR for the treatment of pharmaceutical compounds in hospital
wastewater at short HRT of 3 h. In that study, 11 pharmaceutical com-
pounds in actual hospital wastewater were investigated for their removal
in MBR, including diclofenac (DCF), sulfamethoxazole (SMX), trimetho-
prim (TMP), CBZ, tramadol (TMD), naproxen (NPX), propanolol (PPL),
ibuprofen (IBP), 17b-Estradiol (E2), triclosan (TCS), and gemfibrozil
(GFZ). The results revealed that majority of pharmaceutical compounds
in hospital wastewater could be effectively removed in MBR operated
at short HRT of 3 h. However, as demonstrated by the results in Prasert-
kulsak et al. [130] study, the removal mechanism among the studied com-
pounds were different where the removal of SMX, TMP, CBZ, TMD, NPX,
PPL, E2, and TCS were mainly due to adsorption, while the removal of
DCF, IBP, and GFZ were mainly through biodegradation.

7-Aminocephalosporanic acid (7-ACA) is a very crucial intermediate for
synthesizing cephalosporin antibiotics, widely used antibiotics all over the
international markets [131]. Chemical lysis method for the production of
7-ACA causes serious water pollution problems attributed to a significant
amount of toxic organic compounds discharged together with washing
wastewater during the production process [131, 132]. However, 7-ACA is
extremely difficult to be treated by conventional separation andpurification
methods [132]. Owing to this, Chen et al. [133] have set up three novelmulti-
sparger multistage airlift membrane bioreactors (Ms2ALBRs) (Fig. 13.29) in
parallel for treating synthetic high-strength 7-ACA pharmaceutical waste-
water.During the 200-dayoperating time, all threeMs2ALBRs showedgood
performance with average COD removal efficiency of 94.96%, 96.05%, and
93.9%. Whereas, the average 7-ACA removal efficiency was 66.44%,
59.04%, and 59.60%, respectively. The optimal operating conditions for
Ms2ALBRs were 10 h HRT, 15–35°C operating temperature, and at pH 7–9.

It has been reported that pharmaceutical wastewater generally contains
high salinitywhich could affect the biological processes inMBRas the high
salinity could cause unbalance osmotic stress across the cell wall that leads
to plasmolysis as water is lost from microbial cells through osmosis [135,
136]. Therefore, biological treatment of saline wastewater usually results
in low activity of cells in the presence of high salt content (>2%) [137].
Ng et al. [138] were the first to study the coastal sediment microorganism
coupled with a membrane, named as salt marsh sediment membrane bio-
reactor (SMSMBR) and bio-entrapped membrane bioreactor (BEMR) for
the treatment of high salinity pharmaceutical wastewater over 6 months.
The results demonstrated that the conventional biomass in BEMR was
not able to tolerate the hypersaline condition, resulting in TCOD removal
efficiency of only 4.2%–68.0% compared to SMSMBR which had achieved
74.7%–90.9% of TCOD removal efficiency as the microorganisms in
SMSMBR seeded from coastal shore were able to degrade the complex
and recalcitrant organic matter in the presence of salt.
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FIG. 13.29 Schematic diagram of novel multisparger multistage airlift loop MBR [134]. Reprinted from Bioresource Technology, vol. 167, Chen Z Bo,

He ZWei, Tang C Cong, HuDXue, Cui Y Bo,WangA Jie, et al. Performance and model of a novel multi-sparger multi-stage airlift loop membrane bioreactor to treat

high-strength 7-ACA pharmaceutical wastewater: effect of hydraulic retention time, temperature and pH, p. 243. Copyright (2014), with permission from Elsevier.
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Garcı́a-Gómez et al. [139] demonstrated a combined system of MBR
with electrochemical oxidation for the removal of CBZ. An integrated
system of MBR with electrochemical oxidation was effective for COD,
TOC, and CBZ removal. Although CBZ was not highly biodegradable
(20% of removal after 120 days of operation), it did not inhibit the bio-
mass activity, evidenced by the high extent of COD removal in MBR sys-
tem. With the support of EO system, CBZ was almost entirely degraded
(99.99% of removal). Conversely, Wang et al. [140] developed a double
membrane pilot system comprising MBR and NF membrane for the
treatment of antibiotic production wastewater over a three-month
period at a pharmaceutical company in Wuxi, China. The system com-
bining MBR and NF was shown to be useful for the treatment of antibi-
otic production wastewater by recycling the NF concentrate into MBR,
afforded higher water yield of 92% � 5.6%. The permeate water quality
obtained from pilot-scale MBR-NF system was excellent and could be
reused for industrial applications.

Therehavebeenfewstudiesdealingwith the treatmentofpharmaceutical
wastewater in an anaerobic membrane bioreactor (AnMBR), particularly in
pilot plant treating real wastewater or in full-scale operation. Svojitka et al.
[141] study focused on the performance of AnMBR pilot plant, which was
fed by real wastewater originating from pharmaceutical and chemical pro-
duction. The results depicted that pharmaceutical industrial wastewater
alone showed good anaerobic degradability in AnMBR. However, low feed
concentrationandvariation infeedcompositionhaddecreasedthe treatment
efficiency. Constant and high removal efficiency (COD removal up to 97%)
was achieved when methanol (up to 25 g/L as COD) was added into the
influent and variation of its feed composition was limited.

13.6.7 Others

Sun et al. [142] developed an integrated biofilm-MBR system (Fig. 13.30)
for shipboard wastewater treatment, including grey water, black water,
and bilge water for the reuse of all wastewater streams onboard the ships.
Both dead-end side-stream and recycle side-stream configurations of the
biofilm-MBR systemwere investigated.Goodmembranepermeate quality
with lowoil concentration (<5 mg/L)was achieved in eachprocess config-
uration for various feed water compositions. However, the inclusion of
bilge water resulted in higher membrane fouling rate in dead-end side-
stream configuration when applying with high membrane recovery
(93%). Recycle side-stream configuration which recycling the membrane
concentrate into the biofilm reactor had improved the membrane perfor-
mance and permeate quality attributed to the enhancement of bio-
flocculationandbiodegradationofoil compoundsandbiomassaggregates,
resulting in a more sustainable treatment scheme.
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In another study, Umaiyakunjaram and Shanmugam [134] dealt with
the treatment of high suspended solids raw tannery wastewater using
flat sheet submerged anaerobic membrane bioreactor (SAMBR). The
SAMBRwas acclimatized with mixed hypersaline anaerobic seed sludge
for biogas generation. Results showed that the SAMBR treatment of raw
tannery wastewater achieved 90% COD removal with biogas yield of
0.161 L biogas produced/g CODremoved, and ammonia generation of
1181 mg/L. The high removal of COD and the high biogas yield con-
firmed the feasibility of SAMBR for treating raw tannery wastewater
with high suspended solids, eliminating the need of expensive chemical
treatment (primary clariflocculator), aerobic biological treatment, and
secondary clarifiers [134].

Bamboo industry wastewater (BIWW) is characterized by high COD
and NH4

+-N concentration with low pH value [143, 144]. In Xia et al.
[145] study, a control system of AnMBRs and an AnMBR system with
BC (bamboo charcoal) added (B-AnMBR) were established and operated
for 150 days to treat BIWW. During the steady-phase period, COD
removal efficiencies of 94.5% � 2.9% and 89.1% � 3.1% were achieved
by the B-AnMBR and AnMBR, respectively. Whereas, the B-AnMBR
achieving methane yield of 0.25 L CH4/g COD in the steady state, while
the AnMBR achieved an average value of 0.13 L CH4/g COD. The addi-
tion of BC in AnMBR system enriched the amount of biomass and
improved its performance in treating BIWW to obtain higher COD
removal efficiency and methane yield. At the same time, BC prolonged
the operation time by decreasing the concentrations of SMPs content by
approximately 62.73 mg/L and reducing pore blockage and cake layer
resistance, thereby mitigating membrane fouling. Table 13.6 summarized
the application of MBRs in various industries.

Feed 100%

Permeate 93% (70%)

Overflow 4% 
(27%)

Sludge 3%Air

100%

PUMP

PUMP

Feed tank

Bilge + wastewater

Air

Biofilm reactor Membrane unit

FIG. 13.30 Dead-end side-stream configuration of biofilm-MBR,membrane filtration unit
recovery: 93%or 70% [142].Reprinted fromDesalination, vol. 250, SunC, Leiknes T,Weitzenb€ock J,

Thorstensen B. Development of a biofilm-MBR for shipboard wastewater treatment: the effect of pro-

cess configuration, p. 746. Copyright (2010), with permission from Elsevier.
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TABLE 13.6 Application of MBR in Different Industries

Industry area System

Membrane

type Operating conditions Performance Reference

Municipal SMBR Polymer COD ¼ 459 � 191 mg/L
BOD5 ¼ 293 � 79.1 mg/L
TKN ¼ 50.6 � 20.5 mg/L
NH4

+ ¼ 29.1 � 10.2 mg/L
NOx

� ¼ 0.3 � 0.3 mg/L
PO4

3� ¼ 3.63 � 1.3 mg/L
C/N/P ratio ¼ 100/11/0.8
Membrane pore size ¼ 0.1 μm
Membrane surface area ¼ 12.5 m2

DO flow rate ¼ 1.5 mg/L
Working volume ¼ 2.26 m3

Rejection �94% COD, 89–93%
N, 80%–92% P

[85]

SMBR Polymer TSS ¼ 126.9 � 19.6 mg/L
COD ¼ 265.6 � 53.1 mg/L
NH4-N ¼ 45.9 � 9.2 mg/L
TP ¼ 4.7 � 0.8 mg/L
CBZ ¼ 0.63 � 0.2 mg/L
BIS ¼ 0.43 � 0.2 mg/L
DCF ¼ 1.84 � 0.4 mg/L
BPA ¼ 0.95 � 0.2 mg/L
Zn ¼ 75.86 � 17.5 μg/L
Ni ¼ 14.93 � 3.9 μg/L
Co ¼ 6.66 � 2.3 μg/L
Cu ¼ 6.19 � 3.5 μg/L
V ¼ 2.73 � 1.0 μg/L
Cr ¼ 1.64 � 0.7 μg/L
As ¼ 0.68 � 0.2 μg/L
Pb ¼ 0.65 � 0.3 μg/L
Cd ¼ 0.1 � 0.1 μg/L
Membrane pore size ¼ 0.4 μm
Membrane surface area ¼ 16 m2

Permeate flux ¼ 7.80 L/m2 h

TSS � 1 mg/L
COD ¼ 18.7 � 2.9 mg/L
NH4-N � 0.02
TP ¼ 0.43 � 0.1 mg/L
CBZ ¼ 0.77 � 0.1 mg/L
BIS ¼ 0.14 � 0.1 mg/L
DCF ¼ 1.12 � 0.4 mg/L
BPA � 0.05 mg/L
Zn ¼ 31.43 � 14.3 μg/L
Ni ¼ 9.75 � 1.8 μg/L
Co ¼ 2.6 � 1.4 μg/L
Cu ¼ 3.87 � 2.0 μg/L
V ¼ 0.35 � 0.1 μg/L
Cr ¼ 0.81 � 0.2 μg/L
As ¼ 0.34 � 0.1 μg/L
Pb ¼ 0.11 � 0.1 μg/L
Cd ¼ 0.01 � 0.0 μg/L

[88]



MLSS ¼ 5300–9800 mg/L
Aeration intensity ¼ 0.4–0.6/m3 m2 h
pH ¼ 6.6–7.3
Operating temperature ¼ 7–10°C
Operating duration ¼ 120 days
HRT ¼ 35 h
SRT ¼ 25–30 days
Working volume ¼ 3 m3

Leachate SMBR Polymer COD ¼ 2200 mg/L
DEHP ¼ 450 μg/L
N-NH4

+ ¼ 250 mg/L
P-PO4

3+ ¼ 11 mg/L
Total alkalinity ¼ 2370 mg/L
C/N/P ratio ¼ 200/22.7/1
Membrane pore size ¼ 0.04 μm
Membrane surface area ¼ 0.047 m2

DO ¼ 2 mg/L
pH ¼ 7.5 � 0.2
HRT ¼ 9 h
Operating temperature ¼ 17.5 � 1°C

Rejection �95% BOD, 60% DEHP [81]

Two-stage MBR BPA ¼ 479 � 227 μg/L
2,6-DTBP ¼ 319 � 146 μg/L
BHT ¼ 410 � 115 μg/L
DEP ¼ 394 � 238 μg/L
DBP ¼ 597 � 316 μg/L
DEHP ¼ 284 � 153 μg/L
Membrane pore size ¼ 0.4 μm
Membrane surface area ¼ 9 m2

Permeate flor rate ¼ 2 m3/day
DO level ¼ 4–5 mg/L
MLSS ¼ 7–9 g/L

• Anoxic
BPA ¼ 298 � 109 μg/L
2,6-DTBP ¼ 211 � 87 μg/L
BHT ¼ 279 � 113 μg/L
DEP ¼ 286 � 178 μg/L
DBP ¼ 448 � 215 μg/L
DEHP ¼ 247 � 96 μg/L

• MBR
BPA ¼ 2 � 5 μg/L

[80]
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TABLE 13.6 Application of MBR in Different Industries—cont’d

Industry area System

Membrane

type Operating conditions Performance Reference

HRT ¼ 1 day
Re-circulation rate ¼ 100%
Working volume ¼ 1 m3

Operating duration ¼ 500 days

2,6-DTBP ¼ 3 � 10 μg/L
BHT ¼ 2 � 9 μg/L
DEP ¼ 8 � 23 μg/L
DBP ¼ 19 � 15 μg/L
DEHP ¼ 12 � 8 μg/L

SMBR PVDF BOD ¼ 3260 mg/L
COD ¼ 6740 mg/L
NH3-N ¼ 170 mg/L
TKN ¼ 410 mg/L
TP ¼ 50 mg/L
Membrane pore size ¼ 0.4 μm
Membrane surface area ¼ 0.07 m2

C/N ratio ¼ 6
SRT ¼ 90 days
MLSS ¼ 7 g/L
DO ¼ 5 mg/L
pH ¼ 7.5
HRT ¼ 24 h
Working volume ¼ 9 L

Rejection ¼ 90%–99% [90]

SMBR Polymer Caffeine ¼ 1330 mg/L
Aluminum ¼ 39,800 mg/L
Antimony � 100 mg/L
Arsenic ¼ 634 mg/L
Barium ¼ 1190 mg/L
Beryllium � 100 mg/L
Bismuth � 100 mg/L
Boron ¼ 4890 mg/L
Cadmium ¼ 20.0 mg/L
Chromium ¼ 401 mg/L
Cobalt ¼ 220 mg/L

• Percent of reduction
Caffeine ¼ 99.95%
Aluminum ¼ 99.93%
Arsenic ¼ 97.00%
Barium ¼ 98.99%
Boron ¼ 82.74%
Chromium ¼ 98.75%
Cobalt ¼ 97.27%
Iron ¼ 99.87%
Lead ¼ 99.90%
Manganese ¼ 99.95%

[86]



Copper ¼ 113 mg/L
Iron ¼ 297,000 mg/L
Lead ¼ 811.0 mg/L
Manganese ¼ 51,000 mg/L
Molybdenum ¼ 147 mg/L
Nickel ¼ 589 mg/L
Selenium � 100 mg/L
Silver � 25 mg/L
Strontium ¼ 27,100 mg/L
Thallium � 5 mg/L
Tin � 100 mg/L
Titanium ¼ 1370 mg/L
Uranium � 5 mg/L
Vanadium ¼ 136 mg/L
Zinc ¼ 13,500 mg/L
Influent flow rate ¼ 0.83 Ml/MIN
Membrane pore size ¼ 20–30 nm
Membrane surface area ¼ 1.10 m2

Air flow rate ¼ 1100 L/h
SRT ¼ 10–20 days
pH ¼ 5.10
Operating temperature ¼ 25 � 1°C
Working volume ¼ 114 L

Molybdenum ¼ 93.20%
Nickel ¼ 88.79%
Strontium ¼ 89.19%
Titanium ¼ 99.49%
Vanadium ¼ 98.53%
Zinc ¼ 99.50%

A/O-GAC-MBR PVDF BOD ¼ 450 mg/L
COD ¼ 3134. 88 mg/L
NH3-N ¼ 434.76 mg/L
Conductivity ¼ 7150 μS/cm
Na ¼ 10.32–15.84 mg/L
K ¼ 50.30–69.70 mg/L
Mg ¼ 2.58–3.93 mg/L
Fe ¼ 0.028–0.048 mg/L

• MBR
COD ¼ 597.7 mg/L
NH3-N ¼ 33 mg/L
Conductivity ¼ 4510 μS/cm
Cd ¼ 0.047 mg/L
Pb ¼ 0.12 mg/L
Cr ¼ 0.17 mg/L

[92]
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TABLE 13.6 Application of MBR in Different Industries—cont’d

Industry area System

Membrane

type Operating conditions Performance Reference

Cu ¼ 0.09–0.16 mg/L
Cd ¼ 0.12–0.20 mg/L
Pb ¼ 0.09–0.16 mg/L
Cr ¼ 0.12–0.20 mg/L
Membrane pore size ¼ 0.2 μm
Membrane surface area ¼ 0.25 m2

Flux ¼ 6.25 L/m2 h
DO ¼ 2–4 mg/L
MLSS ¼ 4–5 g/L
SRT ¼ 40 days
HRT ¼ 2 days
pH ¼ 7.85
Operating temperature ¼ 25°C
Working volume ¼ 50 L

• NFCOD ¼ 276.25 mg/L
NH3-N ¼ 26.55 mg/L
Conductivity ¼ 3740 μS/cm
Cd ¼ ND
Pb ¼ND
Cr ¼ND

• ROCOD ¼ 12.39 mg/L
NH3-N ¼ 2.6 mg/L
Conductivity ¼ 134.22 μS/cm
Cd ¼ ND
Pb ¼ND
Cr ¼ND

Dye and Textile SMBR Polymer EC ¼ 5.12–13.22 Ms./cm
COD ¼ 187.1–2220 mg/L
BOD5 ¼ 300–1375 mg/L
TOC ¼ 439–898 mg/L
TSS ¼ 0.21–1.21 g/L
VSS ¼ 0.01–0.71 g/L
Calcium ¼ 1.34–11.9 mg/L
Potassium ¼ 1.13–110.8 mg/L
Sodium ¼ 100.4–226.0 mg/L
Magnesium ¼ 8.39–40.39 mg/L
Copper ¼ 0.000–0.003 mg/L
Zinc ¼ 0.012–0.179 mg/L
Nickel ¼ 0.000–0.027 mg/L

Rejection ¼ 100% color, 98% COD, 96%
BOD5, 100% SS

[97]



Cadmium ¼ 0.000–0.008 mg/L
Ph ¼ 10.95–12.60
MWCO ¼ 150 kDa
Membrane surface area ¼ 0.39 m2

TMP ¼ 70–350 mbar
MLSS ¼ 5.22 g/L
Aeration rate ¼ 1–2 m3/h
Operating temperature ¼ 24–29°C
Working volume ¼ 60 L
Operating duration ¼ 7 months

eMBR PVDF COD ¼ 7.78 � 70 mg/L
True color ¼ 1.19 � 0.16 Abs
NH3-N ¼ 28.3 � 2.2 mg/L
TN ¼ 35.1 � 4 mg/L
Glucose ¼ 400 mg/L
Sodium acetate anhydrous ¼ 400 mg/L
NH4Cl ¼ 100 mg/L
KH2PO4 ¼ 25 mg/L
KNO3 ¼ 50 mg/L
CaCl2�2H2O ¼ 10 mg/L
MgCl2�6H2O ¼ 10 mg/L
BR ¼ 200 mg/L
IE column diameter ¼ 11 cm
IE column length ¼ 100 cm
Recation time ¼ 30 min
Membrane pore size ¼ 0.05 μm
Membrane surface area ¼ 0.25 m2

Permeate flux ¼ 4.5 L/m2 h
MLSS ¼ 4000–5000 mg/L
Air flow rate ¼ 0.3 L/min
pH ¼ 5.9–6.8
Operating temeprature ¼ 5–15°C
SRT ¼ 30 days

• IE
COD ¼ 41.8%
True color ¼ 95.7%
NH3-N ¼ 24.7%
TN ¼ 25.1%

• HMBR
COD ¼ 93.2%
True color ¼ 97.7%
NH3-N ¼ 95.8%
TN ¼ 92.9%

• CMBR
COD ¼ 93.5%
True color ¼ 98.7%
NH3-N ¼ 97.6%
TN ¼ 67.5%

[100]
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TABLE 13.6 Application of MBR in Different Industries—cont’d

Industry area System

Membrane

type Operating conditions Performance Reference

HRT ¼ 20 h
Working volume ¼ 18 L

eMBR PES BR ¼ 50–100 mg/L
COD ¼ 2334 mg/L
Ammonium acetate ¼ 200 mg/L
Sodium hydrogen carbonate ¼ 750 mg/L
Ammonium chloride ¼ 30 mg/L
Potassium dihydrogen
phosphate ¼ 30 mg/L
Potassium hydrogen
phosphate ¼ 60 mg/L
Magnesium sulphate ¼ 50 mg/L
Calcium chloride ¼ 30 mg/L
Sodium chloride ¼ 30 mg/L
Membrane pore size ¼ 0.1 μm
Membrane surface area ¼ 0.032 m2

Flux ¼ 6.5 L/m2 h
DO ¼ 5 mg/L
UV wavelength ¼ 254 nm
UV dosage ¼ 6.602 Wsec/cm2

GAC column height ¼ 27 cm
GAC internal diameter ¼ 7 cm
GAC column volume ¼ 270 cm3

GAC column flow rate ¼ 0.56 L/s
Working volume ¼ 8 L
Operating duration ¼ 100 days

Rejection ¼ 95% BR, 99.1% COD, 97%
nitrogen, 65.1% phosphorus

[98]



FMBR-PMR PES Total COD ¼ 1125 � 70 mg/L
Soluble COD ¼ 800 � 100 mg/L
SS ¼ 35 � 2 mg/L
Conductivity ¼ 2660 � 16 μS/cm
Color ¼ Very dark violet
Membrane pore size ¼ 0.05 μm
Membrane surface area ¼ 30 cm2

Air flow rate ¼ 100 mL/min
UV intensity ¼ 3.5 mW/cm2

Operating temperature ¼ 25 � 1°C
pH ¼ 8.7 � 0.5
HRT ¼ 15 h
PMR woking volume ¼ 900 mL
FMBR working volume ¼ 500 mL

Rejection ¼ 93% COD, 99% color [101]

Petrochemical SMBR PES COD ¼ 1730 mg/L
BOD ¼ 1266 mg/L
Monoethylene glycole ¼ 452 mg/L
Acetaldehyde ¼ 220 mg/L
Formaldehyde � 1.0 mg/L
Membrane pore size ¼ 0.04 μm
Membrane surface area ¼ 10 m2

Residence time ¼ 1 day
MLSS ¼ 8 g/L
HRT ¼ 13.5 h
Working volume ¼ 2.5 m3

COD ¼ 155 mg/L
BOD ¼ 21 mg/L
Monoethylene glycole � 10 mg/L
Acetaldehyde ¼ 3.3 mg/L
Formaldehyde � 1.0 mg/L

[93]

AnHMBR COD ¼ 39.5–85.3 mg/L
2-CP ¼ 0.6–2.7 mg/L
Mesh filter pore size ¼ 0.7 μm
Mesh filter filtration area ¼ 0.022 m2

Rejection ¼ 82.3 � 5.7% COD, 92.6 � 10.4%
2-CP

[106]
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TABLE 13.6 Application of MBR in Different Industries—cont’d

Industry area System

Membrane

type Operating conditions Performance Reference

Operating temperature ¼ 25°C
Working volume of GAC
column ¼ 0.78 L

Food and
Beverage

UF-MBR Ceramic Lactose ¼ 48.30 � 1.05% w/w
GOS ¼ 27.44 � 0.65% w/w
Glucose ¼ 17.48 � 0.44% w/w
Galactose ¼ 6.79 � 0.52% w/w
MWCO ¼ 50 kDa
Membrane surface area ¼ 0.0047 m2

pH ¼ 4.78 � 0.20
Working volume ¼ 2.5 L
Operating duration ¼ 240 min

• Optimum operating conditions
Transmembrane pressure ¼ 4.38 bar
Crossflow velocity ¼ 7.35 m/s
Temperature ¼ 53.1°C

[108]

SMBR Polymer • Low load stream
COD ¼ 142–795 mg/L
BOD5 ¼ 46–231 mg/L
TP ¼ 92.2–22 mg/L
NH4-N ¼ 33–80 mg/L
TN ¼ 71–135 mg/L
TSS ¼ 30–186 mg/L

• High load stream
COD ¼ 965–2142 mg/L
BOD5 ¼ 683–1293 mg/L
TP ¼ 9.9–15 mg/L
NH4-N ¼ 23–57 mg/L
TN ¼ 74–127 mg/L
TSS ¼ 238–344 mg/L

• Low load stream
COD ¼ 8–108 mg/L
BOD5 ¼ 2–5 mg/L
TP ¼ 3.2–12 mg/L
NH4-N ¼ 0.1–0.4 mg/L
TN ¼ 17–91 mg/L
TSS � 15 mg/L

• High load stream
COD ¼ 26–47 mg/L
BOD5 ¼ 2–3 mg/L
TP ¼ 0.4–5 mg/L
NH4-N ¼ 0.1–0.4 mg/L

[112]



Membrane pore size ¼ 0.04 μm
Membrane surface area ¼ 6.6 m2

Permeate flux ¼ 7.3 L/m2 h
Air flow rate ¼ 205 L/min
SRT ¼ infinite
HRT ¼ 25.5 h
Operating temperature ¼ 25–32°C

TN ¼ 5–6 mg/L
TSS � 15 mg/L

UASB-MBR PVDF COD ¼ 1000–2000 mg/L
NaHCO3 ¼ 200 mg/L
FeCl3�6H2O ¼ 1.5 mg/L
H3BO3 ¼ 0.15 m/L
CuSO4�5H2O ¼ 0.03 mg/L
Kl ¼ 0.03 mg/L
ZnSO4�7H2O ¼ 0.12 mg/L
CoCl2�6H2O ¼ 0.15 mg/L
MnCl2�4H2O ¼ 0.12 mg/L
UASB storage volume ¼ 120 L
Aerobic chamber working volume ¼ 36 L
Membrane pore size ¼ 0.04 μm
Membrane surface area ¼ 0.9 m2

Membrane filtration working
volume ¼ 20 L
Operating duration ¼ 292 days

Total and soluble COD removal ¼ 95%
Methane production ¼ 73%

[113]

EGSB/MBR Ceramic • ESGB
Material ¼ PVC
Internal diameter ¼ 104 mm
Height ¼ 2070 mm
TSS ¼ 1182 mg/L
VSS ¼ 24.5%
Operating temperature ¼ 35–37°C
Working volume ¼ 24 L
Operating duration ¼ 135 days

• ESGB
EC ¼ 4057 μS/cm
TDS ¼ 2725 mg/L
CODt ¼ 2245 mg/L
CODs ¼ 2051 mg/L
Turbidity ¼ 50.7 NTU
TSS ¼ 99 mg/L
Fructose ¼ 189 mg/L
Sucrose ¼ 631 mg/L

[115]
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TABLE 13.6 Application of MBR in Different Industries—cont’d

Industry area System

Membrane

type Operating conditions Performance Reference

• MBR
TSS ¼ 1064 mg/L
VSS ¼ 15%
Membrane pore size ¼ 0.2 and 0.4 μm
Membrane surface area ¼ 0.058 m2

• MBR
EC ¼ 4129 μS/cm
TDS ¼ 2753 mg/L
CODt ¼ 253.5 mg/L
CODs ¼ 185.5 mg/L
Turbidity ¼ 79.1 NTU
TSS ¼ 211 mg/L
Fructose ¼ 25 mg/L
Sucrose ¼ 70.9 mg/L

SMBR Polymer COD ¼ 4728 � 2807 mg/L
SCOD ¼ 3898 � 2639 mg/L
RBCOD ¼ 3591 � 2581 mg/L
TSS ¼ 320 � 125 mg/L
TN ¼ 60 � 21 mg N/L
TKN ¼ 22 � 9 mg N/L
N-NO3 ¼ 38 � 19 mg N/L
TP ¼ 35 � 16 mg P/L
Ethanol ¼ 275 � 5 mg/L
Glucose ¼ 21 � 16 mg/L
Fructose ¼ 48 � 40 mg/L
Sucrose ¼ 4 � 7 mg/L
MBR capacity ¼ 325 m3

Air flow rate ¼ 500–1220 m3/h
Membrane pore size ¼ 0.4 μm
Operating duration ¼ 2 years

Rejection ¼ 95% COD [116]

Pharmaceuticals SMBR PES Membrane surface area ¼ 1.43 m2

Membrane pore size ¼ 0.04 μm
Operating duration ¼ 4 weeks

• MBR-15
SRT ¼ 15 days
Sludge concentration ¼ 12 g/L

• MBR-15
Rejection ¼ 100% Acetaminophen, 98%
Ketoprofen, 86% Naproxen, 57%
Roxithromycin, 55% Sulfamethoxazole,
86% Trimethoprim

[126]



HRT ¼ 9 h
Working volume ¼ 260 L

• MBR-30
SRT ¼ 30 days
Sludge concentration ¼ 12 g/L
HRT ¼ 13 h
Working volume ¼ 240 L

• MBR-30
Rejection ¼ 100% Acetaminophen, 100%
Ketoprofen, 89% Naproxen, 81%
Roxithromycin, 64% Sulfamethoxazole,
94% Trimethoprim

SMBR Ceramic COD ¼ 1750 mg/L
TN ¼ 125 mg/L
TP ¼ 25 mg/L
Cyclophosphamide ¼ 5 μg/L
Membrane surface area ¼ 0.0055 m2

Membrane pore size ¼ 0.2 μm
Permeate flow rate ¼ 13.3 L/day
HRT ¼ 36 h
SRT ¼ 20 days
DO level ¼ 0–4.5 mg/L
Operating temperature ¼ 25–32°C
pH ¼ 7–8
Working volume ¼ 20 L

Rejection ¼ 98% � 1% COD, 94% � 5% TN,
60% Cyclophosphamide

[127]

SMBR PVDF DCF ¼ 3.81 μg/L
SMX ¼ 27.62 μg/L
TMP ¼ 32.40 μg/L
CBZ ¼ 7.50 μg/L
TMD ¼ 102.33 μg/L
NPX ¼ 51.76 μg/L
PPL ¼ 5.45 μg/L
IBP ¼ 36.50 μg/L
E2 ¼ 128.19 μg/L
TCS ¼ 40.31 μg/L
GFZ ¼ 50.82 μg/L
Membrane pore size ¼ 0.4 μm
Membrane surface area ¼ 18.0 m2

• Day 0–42
Rejection ¼ �50.1% DCF, 78.5% SMX,
80.1% TMP, �94.5% CBZ, 14.4% TMD,
82.3% NPX, �57.8% PPL, 100% IBP, 100%
E2, 100% TCS, 45.8% GFZ

• Day 43–76
Rejection ¼ �270.2% DCF, �43.9% SMX,
24.6% TMP, �6.8% CBZ, �79.4% TMD,
23.6% NPX, 34.2% PPL, 100% IBP, 100%
E2, 100% TCS, �84.6% GFZ

[130]
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TABLE 13.6 Application of MBR in Different Industries—cont’d

Industry area System

Membrane

type Operating conditions Performance Reference

Permeate flux ¼ 14 L/m2 h
Total flow rate ¼ 500 L/h
Air flowrate ¼ 340 L/min
HRT ¼ 3 h
pH ¼ 6.7 � 0.2
Working volume ¼ 1.3 m3

Ms2ALBRs PVDF 7-ACA concentration ¼ 100 mg/L
Membrane surface area ¼ 0.22 m2

Membrane pore size ¼ 0.22 μm
MWCO ¼ 15,000 D
DO supply ¼ 2 � 0.2 mg/L
SRT ¼ 30 days
HRT ¼ 4–10
Operating temperature ¼ 10–45°C
pH ¼ 4–11
Working volume ¼ 4.0 L
Operating duration ¼ 200 days

Rejection ¼ 94.96% COD, 66.44% 7-ACA [133]

BEMR Ceramic TCOD ¼ 17,143 � 1873 mg/L
TOC ¼ 7238 � 1623 mg/L
TDS ¼ 26,664 � 4594 mg/L
NH3-N ¼ 68.3 � 8.7 mg/L
Chlorides ¼ 19,960 � 3391 mg/L
Fluride ¼ 104 � 37 mg/L
Sulfates ¼ 126 � 33 mg/L
Phosphate ¼ 138 � 29 mg/L
Sodium ¼ 9825 � 1749 mg/L
Potassium ¼ 3837 � 780 mg/L
Calcium ¼ 56 � 26 mg/L

• HRT ¼ 120 hTCOD ¼ 5743 � 488 mg/L
TOC ¼ 3243 � 450 mg/L
TDS ¼ 24,367 � 3253 mg/L
NH3-N ¼ 187.6 � 34.6 mg/L
Chlorides ¼ 15,345 � 2141 mg/L
Fluoride ¼ 28 � 11 mg/L
Sulfates ¼ 87 � 21 mg/L
Phosphate ¼ 123 � 38 mg/L
Sodium ¼ 7277 � 883 mg/L
Potassium ¼ 2551 � 447 mg/L

[138]



Membrane pore size ¼ 300 nm
Membrane surface area ¼ 0.08 m2

Permeate flux ¼ 1.04–2.08 L/m2 h
Carrier diameter ¼ 2.5 cm
Pack ratio ¼ 16.7%
Void volume ¼ 2 L
SRT ¼ 200 days
Attached biomass ¼ 11,000 mg/L
MLSS ¼ 3040–5380 mg/L
Organic loading rate ¼ 3.1–8.2 kg COD/
m3 day
Operating temperature ¼ 27.0 � 1.0°C
pH ¼ 7.02
Working volume ¼ 10 L

Calcium ¼ 30 � 16 mg/L

• HRT ¼ 60 hTCOD ¼ 7399 � 733 mg/L
TOC ¼ 3574 � 919 mg/L
TDS ¼ 24,919 � 4419 mg/L
NH3-N ¼ 218.5 � 31.5 mg/L
Chlorides ¼ 14,359 � 3744 mg/L
Fluoride ¼ 20 � 17 mg/L
Sulfates ¼ 183 � 91 mg/L
Phosphate ¼ 174 � 69 mg/L
Sodium ¼ 7583 � 1639
Potassium ¼ 2921 � 821 mg/L
Calcium ¼ 55 � 13 mg/L

SMSMBR Ceramic TCOD ¼ 17,143 � 1873 mg/L
TOC ¼ 7238 � 1623 mg/L
TDS ¼ 26,664 � 4594 mg/L
NH3-N ¼ 68.3 � 8.7 mg/L
Chlorides ¼ 19,960 � 3391 mg/L
Fluoride ¼ 104 � 37 mg/L
Sulfates ¼ 126 � 33 mg/L
Phosphate ¼ 138 � 29 mg/L
Sodium ¼ 9825 � 1749 mg/L
Potassium ¼ 3837 � 780 mg/L
Calcium ¼ 56 � 26 mg/L
Membrane pore size ¼ 300 nm
Membrane surface area ¼ 0.08 m2

Permeate flux ¼ 1.04–2.08 L/m2 h
SRT ¼ 200 days
MLSS ¼ 3040–5380 mg/L
Organic loading rate ¼ 3.1–8.2 kg COD/
m3 day

• HRT ¼ 120 hTCOD ¼ 1803 � 203 mg/L
TOC ¼ 923 � 218 mg/L
TDS ¼ 27,225 � 1983 mg/L
NH3-N ¼ 213.4 � 51.1 mg/L
Chlorides ¼ 18,899 � 4032 mg/L
Fluoride ¼ 21 � 5 mg/L
Sulfates ¼ 140 � 67 mg/L
Phosphate ¼ 138 � 15 mg/L
Sodium ¼ 7928 � 1717 mg/L
Potassium ¼ 2820 � 484 mg/L
Calcium ¼ 24 � 7 mg/L

• HRT ¼ 60 hTCOD ¼ 3193 � 412 mg/L
TOC ¼ 1277 � 421 mg/L
TDS ¼ 26,325 � 3413 mg/L
NH3-N ¼ 253.0 � 47.4 mg/L
Chlorides ¼ 17,068 � 1578 mg/L
Fluoride ¼ 26 � 23 mg/L

[138]

Continued



TABLE 13.6 Application of MBR in Different Industries—cont’d

Industry area System

Membrane

type Operating conditions Performance Reference

Operating temperature ¼ 27.0 � 1.0°C
pH ¼ 7.02
Working volume ¼ 10 L

Sulfates ¼ 128 � 50 mg/L
Phosphate ¼ 105 � 34 mg/L
Sodium ¼ 8480 � 823 mg/L
Potassium ¼ 3081 � 421 mg/L
Calcium ¼ 51 � 5 mg/L

MBR-
Electrochemical
oxidation

Polymer CBZ ¼ 22.45 � 0.84 μg/L
COD ¼ 402.7 � 4.8 mg O2/L
TOC ¼ 295.33 � 4.16 mg/L
NH4

+-N ¼ 68.56 � 3.42 mg/L
PO4

�-P ¼ 20.42 � 2.02 mg/L
Membrane pore diameter ¼ 0.04 μm
Membrane surface area ¼ 0.047 m2

Mixing speed ¼ 400 rpm
Operating temperature ¼ 20 � 2°C
pH ¼ 7.0 � 1.0
HRT ¼ 10 h
Working volume ¼ 6 L

• MBR
CBZ ¼ 20.12 � 0.77 μg/L
COD ¼ 11.14 � 1.54 mg O2/L
TOC ¼ 4.93 � 0.94 mg/L
NH4

+-N ¼ 13.05 � 1.96 mg/L
PO4

�-P ¼ 14.38 � 2.63 mg/L

• Electrochemical oxidation
CBZ � 0.06 μg/L
COD ¼ 7.76 � 0.67 mg O2/L
TOC ¼ 4.67 � 0.18 mg/L
NH4

+-N ¼ 8.78 � 1.01 mg/L
PO4

�-P ¼ 14.21 � 2.09 mg/L

[139]

MBR-NF PVDF Spiramycin ¼ 1.99–2.79 mg/L
New spiramycin ¼ 0.98–1.35 mg/L

• MBR
Membrane pore size ¼ 0.1 μm
Membrane surface area ¼ 34 � 0.25 m2

pH ¼ 7.09 � 0.4
HRT ¼ 30–36 h
Working volume ¼ 1.5 m3

• NF
Membrane surface area ¼ 5.2 m2

TMP ¼ 5.0 bar
Cross-flow rate ¼ 2.0 m3/h

Water yield ¼ 92% � 5.6%

• MBR
Rejection ¼ 51%–55%

• NF
Rejection ¼ 95%

[140]



AnMBR Ceramic COD ¼ 0.55–10.6 g/L
Membrane surface area ¼ 0.25 m2

Flux ¼ 8.4 L/m2 h
SRT ¼ 120 days and 450 days
Operating temperature ¼ 35–37°C
pH ¼ 7.0–7.5
Working volume ¼ 50 L

• Phase 1
Rejection ¼ 44%–94%

• Phase 2
Rejection ¼ 89%–93%

• Phase 3
Rejection ¼ 91%–97%

[141]

Shipboard Integrated
biofilm-MBR

Ceramic Oil concentration ¼ 0 mg/L
Flux ¼ 13.5 LMH
HRT ¼ 4 h
Configuration ¼ dead-end

• Recovery 70%
Rejection ¼ 42.03% TSS, 39.23% TCOD,
48.54% FCOD

• Recovery 93%
Rejection ¼ 47.83% TSS, 35.41% TCOD,
31.07% FCOD

[142]

Leather SAMBR PVDF TSS ¼ 8590–12,930 mg/L
VSS ¼ 5930–9480 mg/L
COD ¼ 11,224–12,898 mg/L
Alkalinity ¼ 940–1746 mg/L
VFA ¼ 1252–1648 mg/L
Membrane pore size ¼ 0.4 μm
MWCO ¼ 30 kDa
Membrane area ¼ 0.25 m2

Slurry mixing rate ¼ 18 L/min
Biogas re-circulating flow
rate ¼ 0.4 L/min
HRT ¼ 40 h
Operating duration ¼ 2 months

• SAMBR
TSS ¼ 6640–18,390 mg/L
VSS ¼ 5420–11,420 mg/L
COD ¼ 9087–16,793 mg/L
Alkalinity ¼ 923–2967 mg/L
VFA ¼ 197–6197 mg/L

• Effluent
TSS ¼ 2450–4140 mg/L
VSS ¼ 23–520 mg/L
COD ¼ 1257–8039 mg/L
Alkalinity ¼ 507–2635 mg/L
VFA ¼ 158–3956 mg/L

[134]

Bamboo AnMBR PVDF Membrane pore size ¼ 0.02 μm
Membrane area ¼ 0.07 m2

Recirculating flow ratio ¼ 10
Particle size of BC ¼ 0.5 mm
HRT ¼ 3 days

• B-AnMBR
Rejection ¼ 94.5% � 2.9% COD

• AnMBR
Rejection ¼ 89.1% � 3.1% COD

[145]



13.7 CONCLUSION

MBR has increasingly found applications in various sectors due to the
need of having a compact treatment system. Membranes made from var-
ious materials have been used to improve the MBR processes and these
membranes were produced using various fabrication techniques includ-
ing NIPS, and MSCS, track-etched, and electrospinning. These mem-
branes were normally characterized to find the suitable pore size and
porosity, surface roughness, hydrophilicity and surface charge which
are very important to get the best performance from the membranes.
These advances have helped to pushMBRs to have applications for waste-
water treatment in many sectors including those for municipal, leachate,
dye and textile, petrochemical, food and beverage, and pharmaceutical
industries. As more researches are carried out, MBRs will be one of the
most competitive technologies for wastewater treatment and other
applications.
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