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A B S T R A C T

In this work, an innovative design of integrated photobioelectrochemcial system (IPB) and an algal harvesting
method based on polyester-mesh membrane (MM) were investigated. The algal growth/harvesting period of
6 days led to the highest surface biomass productivity (SBP) of 0.88 gm−2 day−1 and the highest energy gen-
eration of 0.157 ± 0.001 kJ day−1. The harvesting frequency of 3 times in an operational cycle (with three
pieces of MM) enhanced the SBP to 1.14 gm−2 day−1. The catholyte recirculation for catholyte mixing resulted
in a positive net energy production (NEP) of 0.227 ± 0.025 kJ day−1. Those results have demonstrated the
benefits of both using mesh membrane and the new reactor design for algal collection with positive effects on
improving IPB performance.

1. Introduction

It has been well recognized that wastewater treatment consumes a
significant amount of energy (Henze, 2002), for example about 2–3% of
the electrical energy in the U.S. (McCarty et al., 2011). Sustainable
wastewater treatment favors recovery of useful resources such as en-
ergy and value-added products with simultaneous waste reduction. The
energy potential in the dissolved organics in a municipal wastewater is
about 4 kWh kg−1 CODremoved (Escapa et al., 2014), and recovery of this

energy will help offset energy consumption by the treatment process.
Energy can be recovered in the form of biogas, bioelectricity, and/or
biomass via different treatment methods. In addition to energy re-
covery, reducing energy consumption will also play a key role in
achieving energy-neural or even positive wastewater treatment. Be-
cause the major energy consumption (> 50%) in the existing domestic
wastewater treatment is due to aeration (Wei et al., 2003), development
of anaerobic-based treatment or alternative approaches for providing
dissolved oxygen will be of great interest.
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As an emerging treatment concept, integrated photo-
bioelectrochemical systems (IPB) link microbial fuel cells (MFCs) with
algal growth to accomplish low energy consumption (via anaerobic
treatment and elimination of external aeration) and energy recovery
(both bioelectricity and algal biomass) (Luo et al., 2017a; Xiao and He,
2014). An IPB system can take advantage of MFCs to use electrogenic
bacteria to simultaneously degrade organic compounds and generate
electricity by oxygen reduction reaction (Xiao et al., 2012). The oxygen
reduction reaction occurs on the cathode like regular MFCs to complete
the electrical circuit between the anode and the cathode (Logan et al.,
2006). In the presence of algae, oxygen is supplied to the cathode via
photosynthesis, instead of external aeration, and the anode effluent
flows into the cathode compartment as a catholyte for nutrient removal
(e.g., N, P) by algae, thereby eliminating the need for aeration and
resulting in lower energy consumption (Xiao et al., 2012). In addition,
algal biomass can be potentially harvested for production of biofuel or
other value-added products such as bioplastic (Mata et al., 2010).
Bioelectricity generation in an IPB system is relatively straightforward
and can be harvested by using power management system (Wang et al.,
2015). Algal biomass, on the other hand, will need much effort to
achieve effective collection. Algal biomass could yield 30–50% weight
to produce oil for biodiesel production, which has an energy density of
∼41MJ kg−1 (Demirbas and Fatih Demirbas, 2011). Many algal spe-
cies prefer to form biofilm on a solid surface (Gross et al., 2015;
Kesaano and Sims, 2014; Liu et al., 2013), which is usually the cathode
electrode of an IPB. The reported methods for algal harvesting from IPB
involve manual scraping and filtration of the catholyte (Hou et al.,
2016; Ma et al., 2017). Manual collection of algal biomass in the
cathode requires the MFC to be removed out of the cathode compart-
ment and this would create significant challenges for a practical system.
Filtration of the catholyte can only harvest the suspended biomass, and
the attached biomass must require manual detachment into the liquid
phase, which would be difficult in a large-scale system. Therefore, new
harvesting methods will be needed for convenient and effective algal
collection from IPB systems.

To minimize the effect of algal biomass harvesting on the cathode,
separating algal growth from the IPB cathode may be considered but
algae should still be adjacent the cathode electrode for providing dis-
solved oxygen and taking up nutrients. Mesh membrane (MM) has been
used to harvest algal biomass and may be installed in an IPB to facilitate
algal collection. Various types of MM have been examined for their
capability of algal attachment, material durability, and cost effective-
ness. It was reported that cotton duct could serve as an effective carrier
for the algal attachment in a rotating algal biofilm cultivation system
(Gross et al., 2013). The stainless steel woven mesh with a membrane
pore size of 5 µm was shown to achieve excellent production of algal
biomass (Zhang et al., 2014). Different lignocellulosic materials in-
cluding pine sawdust and rice husk have also been investigated as
carriers for the algal attachment with reducing the operational cost for
algal harvesting (Zhang et al., 2017). Synthetic materials such as nylon
and polyester were found to have suitable surface texture and physico-
chemical properties to obtain the satisfactory biomass productivity
(Gross et al., 2016). Other materials that were studied for algal growth
and attachment included the glass fiber, plain printing paper, filter
paper, and cellulose acetate membrane (Liu et al., 2013; Shi et al.,
2014). Those prior efforts indicate a good potential of using MM to
collect algal biomass, for example in an IPB system, but this has not
been investigated before.

The goal of this study was to design a configuration for IPB that
could facilitate algal collection and to formulate a strategy for effective
algal biomass harvesting using MM. Two MM materials, made of nylon
and polyester of various pore sizes, were initially examined for algal
growth and harvesting in an IPB. The polyester-MM was selected for
further experiments to understand the effects of algal growth/har-
vesting periods and harvesting frequencies on biomass collection and
energy production. Finally, catholyte recirculation, a method for

catholyte mixing, was studied and compared to mechanical mixing and
constant aeration for overall energy performance.

2. Materials and methods

2.1. Mesh membrane material selection

In the algal attachment affinity test, six types of MMs made of
polyester or nylon with different pore sizes (polyester at 0.11, 0.53 and
4.98mm, and nylon at 0.11, 0.53 and 5.31mm) were divided into three
experimental groups (Supplementary Table S1). Two different MM
materials with similar pore size (and the same physical size of
15× 15.2 cm/each) were simultaneously installed in a water tank
(15.2×30.5×20.3 cm) for side-by-side comparison (Supplementary
Fig. S1). Illumination was provided by a light at 12 h on/12 h off. The
water tank was filled with 6 L algal solution, consisting of deionized
water supplemented with chemicals to mimic domestic wastewater
according to a previous study (Luo et al., 2017b), and algae inocula
(sampled from Duck Pond on Virginia Tech campus, Blacksburg, VA) to
achieve an initial algal concentration of 1 g L−1. Each test lasted for
four cycles with a four-day period of each cycle to ensure sufficient
algal attachment (Kakarla and Min, 2014), though the four-day period
was not necessarily an optimal period to achieve the best algal growth.
The weight of the harvested biomass in last three cycles (2–4 cycle) was
used for comparison of algal attachment. Two polyester MM materials
(0.11 and 0.53mm) were further studied with eight-cycle cultivation to
determine the better pore size for the following IPB experiments
(Supplementary Table S1).

2.2. Integrated photobioelectrochemical system setup and operation

An IPB system was composed of two tubular MFCs (hydraulically
connected in series and installed in the same water tank as that of the
MM selection test) (Fig. 1). Each tubular MFC was made of cation ex-
change membrane (CEM, Ultrex CMI7000, Membranes International,
Inc., Glen Rock, NJ) to separate the anode and the cathode compart-
ments, with an anode working volume of 200mL (diameter: 4.4 cm;
length: 15 cm). The water tank functioned as both the algal bioreactor
and the cathode compartment for the IPB with a liquid volume of 3 L.
The anode electrode material was carbon brush, while the cathode
electrode was carbon cloth coated with activated carbon (5mg cm−2)
surrounding the CEM, prepared according to the previous work (Luo
and He, 2016). Each tubular MFC was connected with one external
resistor of 8.2Ω to ensure relatively high current generation, and the
total current was the sum of two MFCs.

Synthetic domestic wastewater was continuously pumped into the
IPB anodes at a flow rate of 0.55mLmin−1, resulting in an anodic
hydraulic residence time (HRT) of 12 h. It contained (per L DI water):
0.35 g sodium acetate, 0.15 g NH4Cl, 0.5 g NaCl, 0.015 g MgSO4, 0.02 g
CaCl2, 0.6 g NaHCO3, 0.027 g KH2PO4, and 1mL trace element, re-
sulting in a composition of ∼270mg L−1 COD, ∼40mg L−1 NH4

+-N,
and ∼6mg L−1 total phosphorus (TP). The anolyte effluent was dis-
charged into the water tank as the catholyte, and the catholyte effluent
was pumped out of the water tank at the same flow rate as the anolyte
(the HRT in the cathode/algal bioreactor was 3.75 days). Two fluor-
escent bulbs (40W, 125 V, 4100 K, GE, CT, USA) were installed on the
top of the water tank, with light illumination at 12 h off/12 h. The
catholyte mixing was initially provided by a stirring bar, which was in
later experiment replaced by the catholyte recirculation.

2.3. Experiments

The experiments consisted of three groups for different purposes
(Supplementary Table S2). Group 1 was to examine the time interval (4,
6 and 8 days) for algal growth/harvesting. Group 2 was to study the
partial harvesting (or frequency) by collecting algal biomass formed on
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a part of MM. To do this, three tests were performed with the same total
surface area of MM: the first test was one piece of MM that was the
same as that used in Group 1; the second test was two pieces of MM
(each was ½ of the size of the total surface area); and the third test was
three pieces of MM (each was 1/3 of the size of the total surface area).
In the second and third tests, one (small) piece was removed for algal
biomass collection, while the rest were remained in the reactor for fu-
ture harvesting. The total harvesting time was 6 days in each test; that
meant in the first test, the whole piece of MM would be removed for
algal biomass collection every 6 days, while in the second and third
tests, each (small) piece of MM was removed for algal harvesting every
3 or 2 days (in total, each IPB had 6 days for algal harvesting in each
cycle). Group 3 (three pieces of MM in the IPB) was to investigate the
method for catholyte mixing, including continuous aeration (50mL
min−1, no algae), stirring (same as that in Groups 1 and 2), and cath-
olyte recirculation. To perform catholyte recirculation, the stirring was
removed and the catholyte was returned to the top of MM by a pump at
50mL min−1 (Supplementary Fig. S2).

2.4. Measurement and calculations

For the MM material selection, the attached algae on the MMs were
scraped off after one cycle and measured for weight. In the IPB ex-
periment, the voltage of the IPB was recorded every 5min by a digital
multimeter (2700, Keithley Instruments, Inc., Cleveland, OH). The
concentrations of soluble COD, NH4

+-N, NO3
−-N, and TP were mea-

sured by using a DR/890 colorimeter (Hach Company, Loveland, CO,
USA). The dissolved oxygen (DO) in the catholyte was measured by
using a DO meter (Hanna Instrument, Woonsocket, RI, USA). The total
Coulomb (TC) were calculated by integrating current over time in an
operational cycle. The removal efficiencies (RE, %) of COD, NH4

+-N
and TP were also calculated. The algal biomass on the MM was scraped
off and dried in a muffle oven for one day (50 °C) to obtain the dry
weight, determined as harvested algal biomass (HAB, g). In contrast,
non-harvested algal biomass (NHAB, g) was defined as the algal bio-
mass attached on the wall of water tank and the cathode electrode of
the MFCs, and suspended biomass in the catholyte.

Surface biomass productivity (SBP, gm−2 day−1) was used to re-
present the algal growth rate on the MM (Gross et al., 2016), and de-
termined as SBP=HAB/surface area of MM, which was 0.0392m2 in

this study. Actual algal harvesting efficiency (AAHE, %) was calculated
according to Eq. (1):

=

+

∗AAHE HAB
HAB NHAB

100%
(1)

where HAB represents the total HAB (g) from MM, and NHAB re-
presents the total algal biomass (g) from other sources (e.g., wall sur-
faces of algal tank).

The total energy generation per day (EG, kJ day−1) was estimated
using Eq. (2), including both electricity generation (Ee, kJ day−1) and
harvested algal biomass (Ea, kJ day−1):

= +EG E Ee a (2)

The energy generation from algal biomass (Ea, kJ day−1) was esti-
mated according to Eq. (3):

=
∗ ∗ ∗ ∗

E
η η

t
HAB 3.78 10

a
1 2

4

(3)

where η1 and η2 represent the converting efficiency from harvested algal
biomass to biodiesel (η1 assumed as 0.4) and from the biodiesel to
electricity (η2 assumed as 0.3) (Tse et al., 2016; Xiao et al., 2012), re-
spectively; the number “ ∗3.78 104 ” represents the energy content (kJ)
of harvested algal biomass per gram of HAB; and t represents the total
time period (day) for each test (e.g., t = 18, 12 and 24 days for ex-
perimental group #1, Supplementary Table S2).

The energy consumption (EC) included the solution pumping,
catholyte recirculation (in later experiment), stirring for catholyte
mixing (in early experiment), and/or aeration (in the test that did not
have algae). The energy consumption by the solution pumping (Ep,
kJ day−1) was calculated according to the following equation (Eq. (4))
(Zhang et al., 2013):

= ∗ ∗ + ∗ ∗
∗

∗

Q E Q E rE (2 ) 86.4
6 10p 1 1 2 2 7 (4)

where Q1 represents the flow rates of anolyte influent and catholyte
effluent (Q1 =0.55mLmin−1); Q2 represents the flow rate of the
catholyte recirculation rate effluent (Q2 =50mL min−1; Q2 = 0mL
min−1 for experimental groups without catholyte recirculation); E1 and
E2 represent the hydraulic pressure heads of two pumps (m) for the
anolyte influent/catholyte effluent (E1 = 0.016m in this study) and the
catholyte recirculation (E2 =0.025m in this study), respectively; and r

Fig. 1. Schematic of the IPB system containing mesh membrane for algal growth and harvesting and two tubular MFCs in serially hydraulic connection, using stirring to mix the catholyte.
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is 9800 Nm−3. The energy consumption by the stirring (kJ day−1) was
assumed as 0.008W with 400 rpm (0.69 kJ day−1) according to the
power consumption of turbine impeller in a 2 L stirring miniature
bioreactor (Gill et al., 2008). The energy consumption of aeration was
estimated as 160.7 kJ day−1 with the aeration rate at 50mLmin−1

(0.62 kWhm−3 air according to a previous reference (Qin et al., 2017)).
The net energy production (NEP, kJ day−1) is the difference be-

tween energy generation and consumption. A negative NEP means that
energy input is required, while a positive NEP indicates net energy
output.

3. Results and discussion

3.1. Selection of optimal mesh membrane material

The selection of optimal MM material was performed by examining
algal growth on two types of MM materials with three different pore
sizes each (Supplementary Table S1). The results showed that the 1st

cycle generally had very low SBP, because of the initiation for the algal
attachment, and the 3rd and 4th cycles exhibited close results
(Supplementary Fig. S3). This confirmed the previous findings that the
SBP from the regrowth culture in later cycles would be higher than the
initial growth (Christenson and Sims, 2012; Gross et al., 2016). Then,
the MM comparison was based on the average SBPs from 2nd to 4th

cycles. The MM made of polyester with a pore size of 0.11mm and
0.53mm had the higher SBPs (2.41 ± 0.41 and
2.82 ± 0.33 gm−2 day−1, respectively) than that of other MMs
(p < .05, two-tailed t-test) (Fig. 2), likely benefited from suitable
surface texture of the polyester material for algal attachment (Gross
et al., 2016; Su et al., 2016). However, the SBP comparison based on
only 2–4 cycles was not sufficient to determine the pore size (0.11 mm
and 0.53mm) for the algal attachment, due to the possible cultivation
instability in the initial cycles.

Next, a relatively long-term operation (8 cycles for 32 days,
Supplementary Table S1) was performed to compare the MM made of
polyester with two pore sizes, 0.11 and 0.53mm, and the data from the
last four cycles (5–8 cycles) were used for analysis. It was found that the
SBP of the polyester with 0.53mm had 4.13 ± 0.21 gm−2 day−1,
significantly higher than that with 0.11mm

(3.60 ± 0.27 gm−2 day−1) (inset of Fig. 2, p < .05). This result was
unexpected, because the attached algal attachment was supposed to
increase with decreasing pore size that had better retention (Gross
et al., 2016; Ozkan and Berberoglu, 2013). The surface texture of 0.53-
mm MM might have helped with algal attachment, because that the
single algal cells would easily accumulate to form the cluster with a
much bigger size (possibly greater than 0.11mm pore size MM in this
study), which could make algae difficult to retain on the MM with a
smaller pore size, but a very large pore size would also decrease algal
attachment by allowing algal cells to pass through (Supplementary Fig.
S3). This was supported by a previous study that showed the best algal
attachment with 0.5-mm mesh openings (Gross et al., 2016). Therefore,
the polyester MM with the pore size of 0.53mm was chosen for the
following experiments. It should be noted that the surface properties of
the MM need to be studied by using techniques such as contact angle
(hydrophobicity/hydrophilicity) and SEM/AFM (roughness), and che-
mical properties of the MM should be evaluated in order to determine
any possible linkage of surface with algae. All of these will provide new
directions in the research of IPB systems.

3.2. Effects of algal growth/harvesting period (Group 1)

Both the algal attachment and harvesting on the MM was strongly
relevant to the algal growth the period before harvesting. Three
growth/harvesting periods, 4, 6 and 8 days, were examined (Group 1,
Supplementary Table S2). The growth/harvesting period changed DO
and thus affected current generation (Fig. 3A and B). It was observed
that the peak current increased from 1.50mA on the 1st day to 3.68mA
at the end of 6th day for the growth/harvesting period of 6 days, with
the peak DO concentration increasing from 2.80 (1st day) 5.91mg L−1

(6th day). The increased DO concentration was a result of more algal
accumulation on the MM and thus the increased oxygen production rate
over time. The IPB with the 8-day growth/harvesting period had a total
Coulomb production of 152.7 ± 36.1 C day−1, significantly higher
than that of the 4-day growth/harvesting period
(92.5 ± 31.6 C day−1) (p < .05), but not significantly different from
that of the 6-day growth/harvesting period (121.3 ± 37.0 C day−1)
(p > .05). Regardless of the algal growth/harvesting periods, the IPB
achieved comparable treatment performance, in terms of the removal

Fig. 2. Average surface biomass productivity (SBP,
gm−2 day−1) in three cycles (2–4 cycle) for two different
MM materials (“N” represents nylon; “P” represents
polyester) and different pore sizes. Inset: comparison of
SBP (5–8 cycles under stable algal growth) for the polye-
ster MM with two pore sizes, 0.11 and 0.53mm.
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efficiencies of COD, NH4
+-N, and TP (Fig. 3C). The COD removal ef-

ficiency was 61.6 ± 0.83%, 62.3 ± 3.42%, and 60.4 ± 2.38%, for
the growth/harvesting period of 4, 6, and 8 days, respectively
(p < .05). In general, the IPB could remove 60–70% of NH4

+-N and
25–40% of TP under all algal growth/harvesting periods.

The IPB operated under the algal growth/harvesting period of
6 days had a SBP of 0.88 gm−2 day−1, greater than 0.78 and
0.83 gm−2 day−1 of 4 and 8 days, respectively (Fig. 3D). The lower
productivity of the 8-day growth/harvesting period was possibly be-
cause that the formation of thick algal biofilm might have inhibited the
light penetration and the transfer of carbon dioxide from the air for
algal growth (Gross et al., 2013). In addition, the sloughing effect
against the algal growth might be another reason to inhibit the algal
growth with a longer growth/harvesting period (Gross and Wen, 2014).
For the shorter growth/harvesting period of 4 days, frequent harvesting
would keep the algal growth constantly at a lag phase, with a limited
time for the acclimatization and growth before harvesting (Gross et al.,
2013). Thus, the optimized algal growth period would be at 6 days in
the present study. An appropriate algal growth/harvesting period could
also improve energy generation, which included both electricity and
algal biomass. The energy generation of the 6-day growth/harvesting
period was 0.157 ± 0.001 kJ day−1, statistically higher than

0.148 ± 0.002 kJ day−1 of 8 days (p < .05, Fig. 3D), and the major
difference in energy generation was due to different algal biomass
production. More algal biomass with the 6-day growth/harvesting
period also benefited from its higher harvesting efficiency of 58.4%
(Supplementary Fig. S4). The lower harvesting efficiency of the 8-day
growth/harvesting period (53.1%) was possibly attributed to the cell
shading and sloughing effect due to stronger susceptibility with thicker
algal biofilm, and thus re-grown algae was easily to be washed off MM
under a turbulent condition (Boelee et al., 2011; Gross and Wen, 2014).
In summary, an algal growth/harvesting period of 6 days was de-
termined to be optimal and used in the following experiments.

3.3. Effects of harvesting frequency in a cycle (Group 2)

Because of the benefit of residue algal biomass to continuing growth
(for next harvesting cycle), it would be of interest to investigate whe-
ther the biomass should be collected completely at one time or partially
with multiple collections within a cycle. To do this, three tests were
performed with one, two, and three pieces of MM, each of them had the
same total surface area, and each test had the same total growth/har-
vesting period of 6 days. It meant that in the case two pieces of MM,
each would be removed for algal biomass harvesting every three days,

Fig. 3. The IPB performance affected by the algal growth/harvesting periods, 4, 6 and 8 days (Group 1): A) current profile; B) catholyte oxygen concentration; C) removal efficiency of
COD, NH4

+-N and TP; and D) SBP and daily energy generation (kJ day−1).
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and in the case of three pieces of MM, each would be harvested every
two days (Supplementary Table S2). The peak current generations at
the end of one cycle for the harvesting frequencies at 1, 2 and 3 time/
cycle days were similar in the range of 3.5–3.7 mA, indicating the
limited impact of changing harvesting frequencies on the current

generation and the DO supply was sufficient under all three conditions
(Fig. 4A). The total Coulomb production of three tests were not sig-
nificantly different, at 141.3 ± 13.4 C day−1, 124.9 ± 27.2 C day−1

and 121.3 ± 37.0 C day−1 with the harvesting frequencies at 2, 3, and
1 time/cycle days, respectively (p > .05). In addition, the IPB did not
behave differently in terms of the organic and nutrient removal for all
harvesting frequencies, and achieved the removal efficiency of about
60–65%, 60–70% and 30–50% for COD, NH4

+-N, and TP, respectively
(p > .05, Fig. 4B).

It was found that partial harvesting (multiple collections in a cycle)
could improve algal biomass production and thus energy generation.
The SBP of the third test (with three pieces of MM) was the highest at
1.14 gm−2 day−1, compared to that of the one-piece MM test
(0.88 m−2 day−1) and the two-piece MM test (1.04 gm−2 day−1)
(Fig. 4C), while the algal harvesting efficiency was comparable among
the three tests (Supplementary Fig. S5). This high SBP in the third test
resulted in the highest energy generation of 0.205 ± 0.009 kJ day−1

(p < .05, Fig. 4C). However, more frequent harvesting would also lead
to more algal loss. The total amount of the uncollected algal biomass in
the third test was 0.0201 g day−1, greater than that of the one-piece
MM test (0.0163 g day−1) and two-piece MM test (0.0180 g day−1)
(Supplementary Fig. S5). In general, algal harvesting based on the
three-piece MM approach could benefit algal growth and collection and
was used in the following experiments.

3.4. Effects of the catholyte mixing method (Group 3)

Catholyte mixing is critically important to provide sufficient mass
transfer of both DO (to the cathode for reduction reaction) and nu-
trients (to algae for growth). However, the use of stirring to provide
mixing is not practical. In a treatment system, mixing is usually pro-
vided by either mechanical agitation, aeration, or hydraulic recircula-
tion. In this experiment, hydraulic recirculation was employed by re-
circulating the catholyte; for comparison, constant aeration of air in the
absence of algae was also conducted (Group 3, Supplementary Table
S2).

The current generation of three operational conditions was shown in
Fig. 5A. The system with constant aeration exhibited average current
output of 3.22mA and the average current density based on the anode
volume was 8.05 Am−3. For the IPB system, the use of algae to provide
DO resulted in day/night variation affected by photosynthesis, and thus
the average current densities (including current generation at night)
under the stirring and the catholyte recirculation conditions were only
4.93 Am−3 and 5.11 Am−3 (anode volume) during 5–8 cycles, re-
spectively. The total Coulomb production and the Coulombic efficiency
with the aeration was 276.6 ± 1.3 C day−1 and 20.9 ± 0.6%, much
higher than those by either the stirring (169.4 ± 39.9 C day−1 and
12.1 ± 2.5%) or the catholyte recirculation (176.0 ± 21.8 C day−1

and 12.6 ± 1.3%) (p < .05). Such difference was due to DO supply,
which influences cathodic oxygen reduction reaction and thus the
current generation. The IPB performance of COD and NH4

+-N removal
was comparable to that with constant aeration (Fig. 5B, p > .05).
However, the treatment efficiency of TN and TP was significant en-
hanced in the presence of algae, at 46.04 ± 3.15% (TN) and
43.95 ± 4.53% (TP) with the stirring, or 37.53 ± 5.14% (TN) and
42.36 ± 2.69% (TP) with the catholyte recirculation, higher than
25.33 ± 2.91% (TN) and 7.41 ± 5.69% (TP) with constant aeration
(p < .05). The introduction of algae for their attachment on the mesh
membrane would also bring various bacterial species into the IPB
cathode (in both solution and cathodic biofilm), especially after a long-
term operation (Ma et al., 2014). In addition, the oxygen concentration
difference between the daytime and night, and the oxygen gradient
between cathodic biofilm and the solution would colonize different
anaerobic and aerobic microorganisms with various metabolic path-
ways, some of which could improve the nutrient removal, such as ni-
trification and denitrification (Rago et al., 2017). Thus, the higher TN

Fig. 4. The IPB performance affected by harvesting frequency: (Group 2): A) current
generation; B) removal efficiency of COD, NH4

+-N and TP; and C) SBP and daily energy
generation. Note: “one, two, three” represent three tests in this group that contained
different number of MM pieces with the same total surface area in each test.

S. Luo et al. Bioresource Technology 253 (2018) 33–40

38



and TP removal rates in the IPB have demonstrated the importance of
algae in nutrient removal in the proposed system.

The SBP trend was similar to the trend of the cathodic oxygen
concentration for both operating conditions (Fig. 6A and B; note: the
aeration-system did not have algal growth), but the IPB with the stirring
produced a lightly higher SBP of 1.62 ± 0.06 gm−2 day−1 than that
using the catholyte recirculation (1.46 ± 0.06 gm−2 day−1, p < .05),
based on the algal harvesting in 5–8 cycles (Fig. 6A), likely related to
the flushing effect of the catholyte recirculation that could wash off the
algae from the MM. This washing-off effect could also be the reason of a
lower cathodic oxygen concentration in the early stage of the operation
(1–4 cycles with slower algal biofilm development) under the condition
of the catholyte recirculation; eventually, both conditions had similar
cathodic oxygen concentrations (6.05 ± 0.78mg L−1 with the cath-
olyte recirculation vs. 6.41 ± 0.31mg L−1 with the stirring, Fig. 6B,
p > .05). The methods to further improve SBP warrant future in-
vestigation, such as the optimization of the bicarbonate concentration
in the cathode because of its influence on the photosynthetic process
and the oxygen concentration (Kakarla et al., 2015). In addition, the
HRT of the catholyte may also affect SBP. Compared with the prior IPB
systems that have the tubular MFCs and continuous operation of the
anode effluent to the cathode (Supplementary Table S3), the algal
productivity (normalized to per volume of treated wastewater) of the
present IPB was much higher at 72.3 gm−3 (treated wastewater), in-
dicating the effectiveness of the MM-based harvesting method.

The energy performance of three catholyte mixing conditions from
the relatively stable period (last 4 cycles) was shown in Fig. 6C. Despite
higher total Coulomb production, the aerated MFC had energy gen-
eration of only 0.004 ± 0.001 kJ day−1, much lower than that under
the stirring condition (0.292 ± 0.017 kJ day−1) or the catholyte re-
circulation (0.263 ± 0.025 kJ day−1), because of the lack of algal
biomass production. In addition, the energy consumption of the aerated
MFC was −160.7 kJ day−1, several orders of magnitudes higher than

Fig. 5. The IPB performance under three catholyte mixing/DO supply conditions (Group
3): A) current generation; B) removal efficiency of COD, NH4

+-N, TN (including NH4
+-N

and NO3
−-N) and TP.

Fig. 6. The energy performance of the IPB system under three catholyte mixing/DO
supply conditions: A) SBP (gm−2 day−1) under the conditions of stirring and catholyte
recirculation; B) cathodic oxygen concentration under the conditions of stirring and
catholyte recirculation; and C) energy generation (EG), consumption (EC), and net energy
production (NEP) under three conditions (data from the 5th to 8th cycles).
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that the IPB system under the stirring condition (−0.691 kJ day−1) or
the catholyte recirculation (−0.036 kJ day−1). As a result, the aerated
MFC had the most negative NEP of −160.695 ± 0.001 kJ day−1 (or
the largest net energy demand). For the IPB system under two catholyte
mixing conditions, the catholyte recirculation resulted in a positive NEP
of 0.227 ± 0.025 kJ day−1, while the stirring still led to a negative
NEP of −0.411 ± 0.023 kJ day−1 due to its higher energy consump-
tion than production. Therefore, the catholyte recirculation was proved
to be an effective mixing method with the best overall energy perfor-
mance.

4. Conclusions

This study has demonstrated a new method for algal collection
based on mesh membrane in a newly designed IPB system that had algal
growth physically separated from the cathode electrode to facilitate
harvesting. Both MM material and pore size were experimentally de-
termined for optimal algal growth. The key factors such as algal
growth/harvesting period and harvesting frequency were examined. It
was shown that the catholyte recirculation was an effective approach
for catholyte mixing with a theoretically positive energy output from
the IPB. Those results would encourage further efforts of developing IPB
systems for sustainable bioenergy recovery from wastewater treatment.
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