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1. INTRODUCTION AND DEFINITIONS

Coating of particulate materials is a fundamental operation widely practised in a
variety of chemical industries including pharmaceuticals, food, fertiliser, cosmetics,
biomedical, nuclear, etc. Generally, the coating process is performed to achieve
one or several of the following objectives:

» to protect powders from oxygen, humidity, light or any other incompatible el-
ement,

* to delay and/or control the release of active agents invoived in core particles,

» to confer desired interfacial properties to the particles making them more proper
for the final target applications (e.g. dispersion in plastics, electrostatic pulver-
isation, etc.),

¢ to reduce the affinity of powders with respect o aqueous or organic solvents,

¢ to avoid caking phenomena during storage and transport,

e to improve appearance, taste or odours of products,

¢ to conserve nutrients contained in food products,

» to functionalise powders (catalysts, enzyme-coated detergents, etc.), and

» to increase the particle size.

In addition, coated particles can be subsequently pelletised or serve as a final
product enclosed in a soluble gelatine capsules. The coating process involves the
covering of particulate materials including seeds, agglomerates, pellets and
powders with a surrounding layer of a coating agent (or coating material). The
latter might be composed of a single, or of a multitude of inert or active com-
ponents, each having a specified function.

The coating process can be applied to a variety of substrates ranging from
submicron particles to very large objects. The coating thickness might vary from a
few nanometres (chemical deposition) to several micrometres (film coating) or
even several millimetres (e.g. sugar coating). According to the particular
application, the active component can be contained either in core particles or
in the coating material. There are several methods to introduce the coating
agent into the system: dispersed or dissolved in an easily evaporable solvent,
molten, or applied in the form of a very fine dry powder. In majority of cases,
the final deposited layer (or coating layer) is a solid-phase material called a shell.
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Fig. 1. Survey of coated products.

In a few singular applications the coating layer can also be a liquid film. Some
examples of coated products involved in particle technology are schematically
depicted in Fig. 1.

Furthermore, the introduction of a liquid into a particulate system leads most
often to formation of liquid bridges between wetted particles. This behaviour
results in agglomeration phenomenon, which consists of adhesion of several
elementary particles to form bigger entities called agglomerates. As the coating
agent solidifies, liquid bridges are transformed to solid bridges leading to more
resistant agglomerates. The solidification is promoted either by heating and
evaporation of the solvent when the coating agent is introduced in the form of a
solution/suspension or by cooling in the case of melt coating. However, as men-
tioned by Ormos [1], a lattice distinction between coating and agglomeration is
not always possible. Usually, the process is labelled according to its main ex-
pected effect. For example, a coating process leading to coated agglomerates
(Fig. 1d) or agglomerates constituted of coated particles (Fig. 1f) is called ag-
glomeration if the expected effect is size enlargement and coating if the objective
is to cover particles to attain one of the several functionalities mentioned above.

Another term subject to controversy in the technical and scientific literature is
encapsulation, which is generally admitted to be a special kind of coating. For
example, this term has been employed to differentiate either coating process
leading to controlled release products or coating for dispersing an active agent on
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the surface of inert particles. However, in this chapter, the term encapsulation is
used to distinguish one of the two following special cases:

 the coating process is performed by immersion in a liquid phase and
¢ the products core is constituted of a liquid-phase formulation.

2. INDUSTRIAL APPLICATIONS OF THE COATING PROCESS

The coating of particulate products has been accomplished for hundreds of years
using techniques as diverse as manually applying coatings to particulate mate-
rials to fully automated processing of tablets and compacts in various types of
industrial coating devices. Today, a great diversity of products and processes
are available for coating particular materials. However, the special functionalities
to be achieved might vary basically from one application to another. The objective
of this section is to portray an overview of coating operations as practised in
various disciplines.

2.1. Pharmaceutical industry

Among all industrial branches concerned with the powder technology, the phar-
maceutical industry has without any doubt experienced the most significant de-
velopments in coating processes. This is primarily due to high complexity of
products and process specifications required in this discipline leading to the de-
velopment of high-performance coating techniques and agents. Although there are
many reasons for coating pharmaceutical products, the main objective of modern
coating processes is to manufacture controlled release granules and pellets.

Actually, the principal goal in the pharmaceutical industry has been (and still
remains) the synthesis of new and more efficient active agents. It is now generally
accepted that the manner in which the drugs are administered is at least as
important as the implementation of new drugs: “la maniére de donner est plus
importante que ce que 'on donne”' as states a French proverb.

The earlier applications of coating pharmaceutical products began with sugar
coating, a technique largely borrowed from the confectionery industry. Sugar
coating consisted of applying a relatively thick layer of sugar around particles.
Over decades, the coating had a secondary position in the manufacturing of
pharmaceutical products, as its foremost role was tc mask the bitter taste of
certain drugs “to taste ones medicine”! Indeed, the industrial nature of the coat-
ing process began in the 1960s because of the development of a broad variety of
polymer-based coating agents, in particular that of cellulose derivatives. These

! The manner of giving is more important than that one gives.
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relatively recent coating products had the particularity to form a very thin coating
layer presenting several advantages in comparison to sugar coating. In particular,
this so-called film coating process provided better waterproofing and antioxidant
effects. In addition, this type of coating allows engraving logo, identification num-
bers and names on the tablet core [2].

Consequently, since the introduction of polymers the coating process has had
a remarkable development. The search for new products and the optimisation of
existing ones have led to more and more complex and peculiar formulations. The
conception of drugs able to resist to the gastric juices with the setting up of enteric
coatings is an obvious example of the advances made possible by film coating.
This type of coating permits to protect the stomach from irritant substances on the
one hand and to guarantee the full effectiveness of the active principle on the
other hand.

Over the last decades, the coating process has become an unavoidable stage
of drugs manufacturing. Indeed, one should recognise that if the required
amounts (and thus the side effects) of some drugs have decreased considerably,
this is partly due to the use of more controlled release and more targeted medi-
cations. Currently, the main concern for coating any drug should be to achieve
the most adequate mode of its administration, in other words, to bring the right
amount of the active ingredient to the right place at the right time.

2.2, Biological industry

For powdery products, the majority of coating process applications in biological
areas is similar to those used by the pharmaceutical industry. However, in the
biological industry, it is not always possible to extract the active organisms from
their native environment in a dry form. For example, to survive, aquatic bacteria
require to be enveloped with the aqueous phase containing them. Consequently,
in biological industry the coating is frequently performed by liquid-phase encap-
sulation. The coating agents are usually long-chain molecules, which are formed
by polymerisation at the surface of emulsified droplets containing the active agent
(Section 3.4).

2.3. Food industry

Compared to other industries, the food industry is characterised by the diversity
of both coated and coating materials involved. Furthermore, this field requires the
coating of pieces that are much larger and have complex shapes: centres as
various as nuts, raisins, cherries, mint patties, crackers and gums are frequently
coated with chocolate or hard and soft sugar shells. Breakfast cereals, pet foods
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and some snacks are often coated with vitamin mixtures and sweeteners. Raisins
may be lightly coated with oil to prevent clumping and inhibit drying.

Generally, the requested effects are primarily preserving nutritious elements
as well as nutritional value and seasoning foods. For example, fried snacks,
such as potato and corn chips, are coated with dry seasoning by hot surface
frying fat to help the seasoning adhere but also to reach a moisture protective
effect.

As a consequence, the coating layer must provide a good moisture and oxygen
protective effect with an immediate release of seasoning agents in the mouth. A
recent review of existing technologies for encapsulation of food ingredients can
be found in Ref. [3].

2.4, Other fields

There are several other fields concerned by coating process, some of which are
presented below:

» Detergent manufacturing
Detergent industry is a main field of application of coating process. Generally,
the objective is to functionalise the detergent particles adhering to active agents
such as enzymes, flavours, fabric softeners and conditioners, etc.

e Agricultural products and fertilisers

Fertilisers are generally coated to obtain a slow release of contained nutritious
elements. In fact, the majority, if not all, of fertilisers is very water soluble and in
regions with high precipitation the fertiliser may be leached from the soil faster
than plants could assimilate it. For example, up to 75% of the nitrogen may be
lost in areas with high rainfali [4]. A solution to avoid this problem is to coat the
fertiliser granules with low water permeability shells that would retard the re-
lease of the fertiliser and therefore give plants more time for assimilation. The
earliest application of this type of coating was the production of sulphur coated
urea (SCU) which was the first coated fertiliser formulation sufficiently prom-
ising to reach large-scale commercialisation. The urea is highly soluble in water
whereas sulphur is an advantageous coating material because it is water in-
soluble, biodegradable, abundant and relatively low cost. In addition, sulphur is
an essential plant nutrient, which many soils lack.

More recently, the use of coating process was extended to other agricultural
products. For example, seeds have been coated with protective coat, nutrients,
herbicides, bactericidal, insecticides and other materials that attract or repeal
moisture.
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¢ Mineral industry
Coated mineral powders are principally used as solid fillers in plastics man-
ufacturing or in paints. Industrial plastics are usually composite materials, con-
sisting of particles of one or more mineral materials, called solid fillers,
suspended in a matrix of plastic materials. Commonly used fillers are clay, talc,
calcium carbonate, marble, alumina, titan dioxide and silica. The use of these
fillers in plastic systems has two main objectives:
o diminishing the cost of product by incorporating a high percentage of a low-
cost material and
o granting some desired properties to the system, i.e. opacity, vulcanisation,
UV resistance, etc.

Accordingly, coating of mineral powders has one or both of the two following
purposes:

o to improve the ease of dispersion of pigments in nonaqueous media and
0 to control their degree of flocculation in the final dispersion.
¢ Nuclear field
The most important use of the coating process in the nuclear field is the neu-
tralisation of radioactive particles by deposit of a thick layer of an inert material.

3. PRINCIPLES AND CLASSIFICATION OF COATING PROCESSES

Coating of solid particles implies two joint conditions: primarily, particles must be
thoroughly mixed and secondly the coating agent must be applied to the moving
bed of particles in the appropriate manner and form. Powder mixing can be carried
out either by mechanical actions (rotating drums and pans) or by pneumatic ac-
tions. In some cases, a combination of mechanical and pneumatic action is used
(e.g. vibro-fluidised beds). In the particular case of liquid-phase encapsulation the
dispersion of core particles is more often performed in stirred vessels.

As for the coating agent it can be introduced into the system in diverse forms
i.e. solid, liquid or suspension. Generally, from this point of view, coating proc-
esses can be classified as wet coating, dry coating and melt coating (Fig. 2).

Generally, coating processes can be classified according to five main criteria
(Table 1): the phase in which core particles are dispersed, physical nature of the
coating formulation, the dominant action used to promote the mixing, circulation
of core particles and whether or not the process makes use of a solvent. The
manner in which the coating formulation is introduced into the system might also
be used as a criterion. This criterion concerns essentially wet and melt coating,
which in the majority of cases employ a spray nozzle. Although the use of electro-
static pulverisation in dry coating techniques has been experienced recently, its
use in industrial units is not yet practised.
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Table 1. Criteria in classifying coating operations

Criterion Possible cases

Dispersing phase Gas Liquid (encapsulation)

Physical state of coating formulation Solid (dry coating) Liquid (melt,
solution or suspension)

Type of mixing action Mechanical Pneumatic Combined

Circulation of core particles Conter-current or co-current single-
stage or multi-stage

Use of solvent Solvent-aided solventless

3.1. Wet coating

In this process, the coating agent is dissolved or suspended in an easily evap-
orable solvent. The resulting coating mixture is then progressively applied into a
mixed bed of particles to be coated. This is usually done by means of a pul-
verisation system. The solvent is then evaporated, leaving behind a solidified
layer of coating agent. The heat necessary to evaporate the solvent can be
brought by a hot gas current or through the mixer wall (electric resistance, mi-
crowave, etc).

Note that most of industrial coating processes rely on wet coating. Generally, a
large variety of coated forms can be obtained. Some examples are sugar coating
as well as film coating of drugs, colouring and flavouring of foods, etc.

3.2. Dry coating

In this case, the coating agent is added to the system in the form of fine solid
particles. The adherence of the coating layer on the substrate is guaranteed by
van der Waals forces or by electrostatic forces (Section 4.4) although in some
cases small amounts of binders are added to intensify the adhesion of coating



Coating and Encapsulation Processes in Powder Technology 331

powder. Consequently, the particle size of coating agent must be small enough
(often less than 1 um) to allow adhesion forces to overcome disruptive ones. This
process is used for coating of powder paints or some mineral powders tc improve
their flowability. Another example is the incorporation of anti-caking additives to
foods, fertilisers and mineral powders before their storage in hoppers.

3.3. Melt coating

This kind of coating uses a coating agent molten either prior to or during
the coating step. Compared to wet processing, here the solidification of the
deposited coating layer is carried out by cooling rather than drying. In addition,
melt-coating processes use no solvent. The most widely used agents in this
category are high-molecular-weight compounds such as polyethylene glycols,
silicones, paraffins, etc.

Melt coating can be carried out via two different procedures. The first one
consists of spraying a hot melted agent in a cooled bed of particles at which it has
sufficient time to spread before solidification. In the second procedure, the coat-
ing agent is introduced in the system prior to coating operation in a powdery form.
The mixture is then heated up to a temperature close to the melting point of the
coating agent at limited regions of the bed. This results in the coating agent being
softened and spread over the substrate particles. Further cooling then solidifies
the deposited coating layer.

A representative example of melt-coating application is the production of sul-
phur-coated urea. Melt coating for taste masking, gastric resistance, acid resist-
ance, sustained release or bioavailability enhancement by polymers is also
frequently used.

3.4. Liquid-phase encapsulations

Liquid-phase encapsulation has been the object of intense development over the
past 20 years essentially due to increasing interest in the immobilisation of viable
enzymes, live cells and biocatalyst systems. In liquid-phase encapsulation the
active liquid to be coated is dispersed in an immiscible liquid (continuous phase). A
continuous microcapsule wall is then formed by in situ polymerisation reactions
surrounding the active liquid phase. There are four main techniques used in liquid-
phase encapsulation, which are summarised below. For more details see Ref. [5].

3.4.1. Interfacial polymerisation

In this technique the aqueous phase containing the active agent to be encap-
sulated plus one or more reactants is dispersed in an immiscible organic solvent.
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Once dispersion is well established, a co-reactant soluble in the organic phase is
added to the system. The reaction between co-reactants contained in each phase
leads to the formation of a polymer membrane on the aqueous/organic solvent
interface. The most commonly used membranes are polyamides or nylons re-
sulting from reaction of diamines (water soluble) with diacid chlorides (organic
solvent soluble). The organic phase is usually a solution of chloroform and
cyclochexane with compositions ranging from 20% to 35% v/v [5].

3.4.2. Polymer-phase separation

This technique relies on the so-called interfacial precipitation phenomenon, which
occurs at the interface of an aqueousjorganic solvent system when each phase
contains an appropriate polymer chain, e.g., 10% haemoglobin under alkaline
conditions for aqueous phase and nitrocellulose as well as polystyrene for or-
ganic solvent (diethyl ether or benzene). From a process point of view polymer-
phase separation is quite similar to the interfacial polymerisation (IFP) technique.
The main difference concerns the nature of member-forming reagents.

3.4.3. Polyelectrolyte complex formation

In this process, an aqueous solution containing sodium alginate and the active
substance to be encapsulated is dropped into an aqueous solution of calcium
chloride. This leads to formation of a calcium alginate membrane, which rapidly
appears around the droplet’s surface. The calcium alginate beads are then
transformed into microcapsules through a series of washes and treatments.

3.4.4. Solvent evaporation process

Also called in-liquid drying process or complex emulsion method, the solvent
evaporation technique is based on the dispersing of active liquid phase in an
immiscible volatile solvent, which contains a coating agent. Subsequent evapo-
ration of volatile solvent from the resulting emulsion produces microcapsules.

4. FUNDAMENTAL ASPECTS INVOLVED IN COATING

Coating is a complex operation including a number of elementary phenomena,
which take place in a multi-phase medium. Generally, several consecutive and
competitive elementary steps such as particle mixing, liquid spreading, solvent
evaporation, agglomeration, abrasion and fragmentation affect the coating proc-
ess. Each of these phenomena could interfere with the others. Therefore, the
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successful use of a coating process requires the understanding of the mecha-
nisms that govern the critical issues in coating, e.g. adhesion, uniformity, texture
of the coating and surface appearance, particle growth and stability of operation.

In this section, we will describe some theoretical aspects of phenomena in-
volved in coating operations.

4.1. Phenomena occurring during dry coating process

In dry coating, fine (guest) particles are attached onto the surface of relatively
larger (host or core) particles by mechanical means without any liquid or binder
[6,7]. Both discrete and continuous coating can be achieved depending on op-
erating conditions (processing time, weight ratio of guest to host particles), prop-
erties of both coating and coated particles and interactions between them.
Furthermore, a homogeneous coating consists of either a particle layer (mono-
layer or multilayer), which is porous, or a continuous film coating, which is gen-
erally non-porous. In the majority of cases, if a continuous coating is expected the
dry deposited layer must undergo a further treatment such as melting, polym-
erisation, etc.

Also it is important to note that an even coating is not always desirable. For
example, in dry coating of cohesive powders by flow conditioners (glidants) the
optimum fiowability is achieved before the host particles are completely covered
[8-9]. This is related to the mode of action of glidants. In an intermediate cov-
erage level, coating particles lead to a higher roughness of host particles. This
results in a decrease of the interaction forces because the presence of asperity
on the particles surface increases the distance between interacting particles.
Consequently, a more homogeneous coating characterised by a reduced surface
roughness decreases the flow properties.

A successful dry coating process requires two conditions to be satisfied: a good
mix between guest and host particles and adhesion forces high enough to over-
come the disruptive forces. The former governs the homogeneity of coating on
both a microscopic and macroscopic scale and the latter is responsible for a
stable coating. In order to achieve a homogeneous and efficient coating the size
of guest particles must be orders of magnitude smaller than that of host particles.
In addition, as the main forces promoting the adherence of coating particles are
the long action forces (van der Waals, electrostatic), generally the size of guest
particles must not exceed a few micrometers. This condition guarantees that the
adhesion force between particles prevails over the weight of the smaller particle,
which will not be easily removed from the host.

Because the main step of a dry coating operation is the mixing process, these
two processes are closely related. In order to better understand the phenomena
occeurring during dry coating the literature on powder mixing, which is much more
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abundant than the literature on dry coating, should not be overlooked (e.g.
[10,11]). Ideally, a mixing process should intimately blend the two species so that
any sample taken from the mixture would hold the same fraction of the two
constituents. This is usually referred to as ordered mixing. However, achieving
this ideal state of mixing is very difficult (if not impossible). In addition, dry coating
is @ more sophisticated procedure because, besides the requirement for ordered
mixing, some complementary conditions must be fulfilled. In particular, the guest
particles must adhere onto the surface of host particles and be evenly distributed.

Because the size of guest particles is very small the coating powder is often
cohesive and naturally forms agglomerates. Hence, a convenient coating re-
quires breaking-up of agglomerates and rearrangement of elementary coating
particles. This is accomplished by means of a mechanical action, which pro-
gressively splits the agglomerates on smalier fragments untit a homogeneous
covering of core particies is reached.

The kinetics and the quality of coating depend on the relative magnitude of
inter-particle forces exerting between host and guest particles. These forces de-
pend above all on the size of the interacting particles. However, the chemical
nature of particles plays also an important role. For example, Meyer and
Zimmermann [9] found that the coating process is more efficient when the in-
terfacial nature of guest particles is the opposite to that of the core particles:
hydrophobic coatings spread easier over a hydrophilic substrate. Generalily, the
dry coating process involves the following consecutive—competitive phenomena:

e Coating or spreading: Coating occurs when primary guest particles adhere to
the surface of host particles. As mentioned earlier, the spreading depends also
on the chemical nature of particles. The surface covering occurs either after a
collision between individual guest and host particles or by spreading of ag-
glomerates of guest particles already adhered to a host particle.

¢ Crushing or squashing: Crushing takes place as a result of the force of impact
due to mixing. Agglomerates of the coating powder break apart at structurally
weaker areas and spread over the surface of host particles either in the in-
dividual form or in the form of small agglomerates.

¢ Peeling or abrasion: If during mixing relatively strong forces are applied to the
particles, the fine particles may be peeled off from the surface of core particles
because of insufficient adhesive strength. The detached particles might be
transferred to the surface of other host particles or adhere to each other.
However, due to low proportion of guest particles with respect to host particles,
the second phenomenon is less probable.

¢ Embedding: When relatively severe operating conditions are applied, the
characteristics of host and guest particles change due to their deformation. In
some cases, because of stronger forces exerted onto colliding bodies the
guest particles are immobilised on the surface of host particles by embedding.
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However, for embedding to occur the guest particles must be harder than the
host and also host particles should be deformable. An example of a model
system reported by lwasaki et al. [12] is spherical copper particles as host and
submicron-sized alumina as guest particles. In addition, a minimum energy is
required for the immobilization, which depends on the desired feature of par-
ticles and must be provided by a proper choice of operating conditions.

* Mechanofusion: In some cases, a considerable amount of thermo-mechanical
energy is generated due to the mixing action. This can result in high local
temperatures due to dissipated energy. If local temperatures higher than the
melting point of the coating agent are attained, guest particles become softened
and molten. The coating agent can then spread over the host particle’s surface
through fusion—solidification cycles. Compared to other dry coating mecha-
nisms, mechanofusion can lead to a continuous coating shell.

4.2. Phenomena occurring during wet coating

A common characteristic of wet coating processes is the use of a hot gas stream,
which permits the evaporation and evacuation of the solvent. Several authors
[13—17] have reported a description of the different phenomena occurring during
wet coating. These phenomena are summarised in Fig. 3 and described below:

Coating liquid containing a binder is applied, usually by means of a spray
nozzle, into a moving bed of particles, which are wetted by liquid droplets. If
excessive liquid is present or it is unevenly distributed so that the liquid droplets
are larger than the particles, wet agglomerates develop by formation of liquid
bridges. When the operation is performed in a fluidised bed, if wet agglomerates
are too strong to be fragmented and too large to be fluidised then large regions of
the bed may de-fluidise and stick together as large wet clumps. This phenom-
enon is termed wet quenching. Note that if the break-up forces exerted by the
environment exceed liquid bridge strength, the wet clumps will be transformed
into smaller wet agglomerates. Alternatively, if the droplet size is less than par-
ticle size, two situations are distinguished:

* Fast drying before a collision between wet particles. Consequently, the growth
occurs by layering.

¢ Collision of two or more wet particles leading to the formation of a moving liquid
bridges and wet agglomerates.

If the cohesion strength is weak in comparison with the break-up forces in-
duced by the moving action, the break-up of the bridges could lead to the for-
mation of individual wet particles that can be dried and grow by the layering
mechanism. On the contrary, the solidification of liquid bridges occurs due to
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Fig. 3. Phenomena occurring during wet coating.

evaporation of the solvent and agglomerates become stabilised. Whether or not
the particles remain together depends on the relative magnitude of the binding
forces and the break-up forces arising from the movement of particles throughout
the bed. If the cohesive forces are larger than the break-up forces, particle growth
occurs by agglomeration. Once again, in the case of fluidised-bed coating if
excessive particle growth occurs, the minimum fluidisation velocity of particles will
exceed the operating velocity and “dry quenching” of the bed will follow. How-
ever, if the break-up forces completely predominate, the agglomerate may break
down into smaller agglomerates or individual particles with a small amount of
coating material attached to the surface of each.

Note that a parasite phenomenon takes place during the spraying of the liquid
corresponding to the droplets drying before the particles surface is attained
(spray drying). This step favours the formation of fine solid particles that can be
carried out by the drying gas or introduced in the bed and, in turn, grow or adhere
to other particles.
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In addition, another parasite phenomenon taking place during spray coating
is the rebound of droplets after their collision with particles. This phenomenon
depends on the wetting parameters of the solid-liquid system used and the
operating conditions. Whether or not the rebound of droplets occurs depends
on the relative magnitude of the droplet inertia and dissipation and spreading
energies [18].

Another common feature of wet coating operations is the existence of a local
wetting region in the neighbourhood of the introducing point of the coating liquid.
This leads to formation of a localised zone of relatively low temperature within the
moving bed, the “wetting zone”, which has a crucial role on the hydrodynamic
aspect of the operation as well as the uniformity of deposition. The presence
of such a local wetted zone was initially established experimentally by Smith
and Nienow by establishing the temperature contours in a fluidised-bed coater
(Fig. 4a) [19]. Experimental works of some other authors [20-22] confirmed this
observation. Recently, in a remarkable work Heinrich et al. [22] established a
mathematical model of the fluidised-bed coating taking into account the principal
transport phenomena i.e. momentum, heat and mass transfer. The simulation
results obtained by these authors showed that the model could reproduce the
temperature gradients close to the spray zone (Fig. 4b).

4.3. Phenomena occurring during melt coating

There are two common ways to achieve melt coating. The first one corresponds
to the injection of a molten coating agent onto the particles surface, which is
cooled by a cold gas stream. This case is analogous to wet coating provided that
the heating is replaced by cooling and drying by solidification. In the second case,
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Fig. 4. Temperature gradients in a fluidised-bed coater. (a) Measured temperature profile
in a diametrical plane of a bed of fluidised-bed coater established by Smith and Nienow
[15]. (b) Calculated two-dimensional dimensionless local liquid loading of a start-up period
in a liquid-sprayed fluidised bed (from Heinrich et al. [22]).
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the coating agent is added to particles in the solid state. The heating of the bed at
temperatures close to the melting point of the coating agent causes the fusion
and further spreading of the agent. Generally, the heating of the bed occurs
locally and the rest of the bed is at a lower temperature, which permits the
solidification of deposited coating layer. Therefore, the coating is carried out by
successive wetting of particles by molten coating agent and the solidification of
the deposited layer.

Note that compared to wet coating processes, in melt coating the control of the
heat transfer rate and the bed temperature is more important.

4.4. Wetting and wettability

From the physicochemical properties playing a role in the wet and melt coating
process, the wetting parameters are probably the most important especiaily when
using low viscosity liquid binders. In fact, both bonding and adhesive forces, which
govern the growth mechanism and the coating efficiency respectively, depend on
the liquid surface tension and liquid—solid contact angle. Wetting parameters
mainly govern the mechanisms by which particles are coated and hence the
resulting coating quality and morphology of the final product. Wettability describes
the ability of a liquid to spread over the surface of a solid material. The wettability
of a solid with respect to a liquid is a direct consequence of molecular interactions
between phases coming into contact. Considering a liquid drop deposited on a flat
solid surface; for wetting to occur, liquid molecules situated in the three phase
interface must break off with their surrounding liquid molecules, push away the
gas or vapour molecules adsorbed at the solid surface and adhere the solid by
forming bonds with the solid’s molecules. If the solid-liquid adhesive forces are
stronger than both liquid cohesive and solid/gas adhesive forces, then sponta-
neous wetting occurs. Adhesive forces arise from different interatomic and inter-
molecular bonds which are established between the atoms and molecules in the
liquid/solid interface. These forces can be classified with respect to their relative
strength as primary, donor—acceptor and secondary bonds (e.g. [23,24]). The
primary bonds involve chemical bonds (ionic, covalent or metallic), whereas
the secondary bonds refer to hydrogen and van der Waals bonds. The donor—
acceptor forces include Bronsted acid/base and Lewis acid/base interactions.
Generally, the most common bonds are the primary and donor/acceptor bonds.

Generally, wetting can occur through various mechanisms, which are classified
as “adhesive”, “spreading”, “condensational” (or “adsorptive”) and “immersion”
wetting [23]. However, sole spreading wetting is involved in wet coating process
and is discussed below.

Spreading wetting is a process in which a given amount of a liquid spreads over
a solid substrate. The most widely used description of this type of wetting is the
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concept of sessile drop. Consider a horizontally positioned, ideally planar, smooth
and chemically homogeneous solid surface in equilibrium with the vapour phase.
When a liquid drop is deposited on such a surface, spreading wetting occurs
during which the liquid forms a spherical cap and the solid/liquid interface, de-
limited by the so-called “three-phase contact line”, stretches pushing away the
solid/vapour interface. The included angle formed at a given time at a point on the
three-phase contact line between the solid/liquid interface and the tangent to
liquidjvapour interface is known as the contact angle, 8 (Fig. 5).

The spreading continues until an equilibrium contact angle, 6., is reached for
which cohesion interactions, which tend to conserve the spherical form of the
drop, equal the adhesive interactions, which are responsible for liquid spreading.
If the drop size is small enough such that the gravitational forces can be ne-
glected, the relation between surface energies and the contact angle at equilib-
rium is given by the classical Young equation [23-27]:

Ysv — VsL )
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where yap represents the interfacial tension defined as the energy required to
create a contact interface of unity between the two phases A and B, initially com-
pletely separated. The subscripts S, L and V refer to solid, liquid and vapour,
respectively. Equation (1) indicates that the equilibrium contact angle is unique and
depends only on the three interfacial tensions of the considered solid/liquid/vapour
system. Consequently, this parameter is an adequate quantitative measure of the
wettability of solids with respect to a given liquid. Low contact angles imply that the
liquid wets the surface and will spread readily across it, whereas high contact
angles imply that the liquid does not wet the surface and will tend to form beads.
For the special case when 6, = 0, the deposited liquid will spread spontaneously
and wet completely the substrate. Hence, the wetting is called total or infinite.

The liquid is called “wetting” or “non-wetting” if the contact angle is less than or
greater than 90°, respectively.

An important problem when using the Young equation to determine the contact
angle is that ysy and yg_ are not easily measurable. In order to overcome this
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Fig. 5. Sessile drop spread wetting.
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probiem, several authors have proposed models to reduce the number of variables
in equation (1). Antonow [25] and alternatively Bertholot [26], using two different
approaches showed that equation (1) can be transformed to the following:

oS = —1+28Y @)
Yrv
For planar compact solid surfaces, the equilibrium contact angle can be deter-
mined quite simply from direct measurements by microscopical methods using
goniometric techniques or indirect force-based methods using microbalances, e.g.,
Whilhelmy plate method, tilt-plate method and capillary rising method [27].

In contrast to planar surfaces, for finely divided solids, the contact angle and
therefore the wettability assessment is not a trivial task even for ideally smooth
and homogeneous surfaces. Nevertheless, both direct and indirect methods exist
to assess the wettability of powders with respect to liquids. For example, Fig. 6
shows a micrograph of a glass bead wetted by water further to water vapour
condensation in the observation chamber of an environmental scanning electronic
microscope (ESEM). It is out of the scope of this chapter to detail these different
techniques but valuable information can be found in a recent review article [27].

4.5. Interparticle forces in the context of coating processes

As was emphasised in previous sections, the interaction between build-up
and break-up forces and consequently the strength of solid and liquid bridges

BecV Magn WD H——1 10m
20.0kV 4000x 100 65 Torr

Fig. 6. Micrograph of a glass bead wetted by water further to steam condensation in the
observation chamber of an environmental scanning electronic microscope (ESEM).



Coating and Encapsulation Processes in Powder Technology 341

between particles plays a crucial role in determining the mechanism of growth. In
1958, Rumpf [28] presented a state of knowledge in the agglomeration field
together with a complete synopsis of bonding mechanisms causing agglomerate
cohesion. Rumpf used bonding mechanisms with and without material bridges as
the basis of classification. Based on theoretical considerations Rumpf plotted the
tensile strength of agglomerates due to different bonding forces as a function of
particle size (Fig. 7).

Bonding mechanisms without material bridges, i.e. van der Waals and elec-
trostatic forces, only are significant in the case of very fine particles (<100 um).
These forces can be neglected in the presence of binding agents (liquid and solid
bridges) which are at least greater by one order of magnitude.

The crystallisation of salts or drying of a deposited binder can form solid
bridges. The strength of the bond arises from the molecular or atomic attraction in
the solid state. Unfortunately, these types of forces are not so amenable to a
theoretical approach and have been often estimated experimentally. As para-
doxical as it may appear, this is not a real handicap where coating and agglom-
eration processes are concerned. In fact, the formation of solid bridges passes
through liquid bridge formation. Generally, solid bridges are several orders of
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Fig. 7. Tensile strength of binary agglomerates due to different bonding forces as a func-
tion of particle size [28].
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magnitude stronger than liquid bridges. Consequently, if the liquid bridges are
strong enough to withstand the break-up forces, so are the solid bridges.

it is out of the scope of this chapter to detail all attractive forces involved in
particulate systems. Substantial literature exists on this subject and valuable
information can be found in a number of excellent books and papers (e.g.
[24,28,29)). Here, we will limit ourselves to a brief description of attractive inter-
particle forces involved in coating process i.e. the van der Waals forces which are
responsible for dry coating and liquid bridge bonding forces occurring during wet
and melt coating.

* Van der Waals forces and dry coating

In dry coating, the adhesion of coating agent on the surface of core particles is
usually ensured by attractive van der Waals forces. These forces exist between
molecules of any nature within very short distances up to 100nm. Van der
Waals attractive forces have been extensively described in the scientific liter-
ature. Several physical models have been established for well-defined geome-
tries (see e.g. Ref. [29]). Considering a perfectly spherical and smooth guest
particle attached {o a core particle (spherical and smooth as well) according to
Lifshitz theory the van der Waals force can be calculated from the equation

C [ RiR,
F =—s 3
vaw = g1 72 <R1 + R2> ®)

where C is the “Lifshitz—van der Waals constant” which depending on the ma-
terial characteristics and physical model used, takes values in the order of
1072°-10""°J. R, and R, are the radii of the guest and the core particles, re-
spectively. Z is the gap width between two particles which is equal to 4.107"°m
for two particles in close contact [29]. This equation shows that the van der Waals
attractive force is proportional to the particle size and inversely proportional to the
squared gap width.

As long as the attractive forces remain superior to disruptive ones the particles
stay together. In the absence of external forces, disruptive forces result from the
gravity exerting on detachable particle which is considered to be the guest par-
ticle. Although the van der Waals forces increase with increasing particle size
(equation (3)) the dependency of the gravitational force, Fg, on this factor is more
pronounced (Fgy oc R3). Therefore, increasing the size of the guest particle, a
critical size is reached where the gravitational force is just equated to the attrac-
tive force. The balance between the attractive and disruptive forces is a criterion
to predict whether or not the adhesion takes place:
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where p,, is the particle density and « is taken as the ratio R4/R,. This equation
shows that for given values of Z and pp, the ratio between attractive and dis-
ruptive forces is inversely proportional to the term (x+1) as well as to squared
particle size (R%). Fuaw/F4 ratios greater than unity mean that in the absence of
any other disruptive force than that of gravity, the guest particle will spontane-
ously adhere to the core particle.

Obviously, the model presented here is an over-simplification and should not
be used for design purposes. However, it does enable us to see how changes in
some parameters affect the F,qu/Fgy ratio, thereby increasing the tendency of
guest particles to adhere. in particular, the two following important points can be
drawn from this model:

1. For a given particle size, F,qw/Fg ratio increases with decreasing «. This evo-
lution is however insignificant for « ratios smaller than 0.1 as the change
becomes negligible compared to unity (see equation (5)). This means that the
bonding forces between a guest particle and a core particle are higher than
that of the two guest particles (for which o = 1).

2. For a fixed o ratio, the probability of adhesion decreases significantly with the
size of guest particles. The F q4/Fg ratio becomes smaller than unity for par-
ticle sizes of a few micrometers (whatever the value of other parameters is)
even at very favourable conditions for adhesion (i.e. low density and narrow
gap). This is the reason why the dry coating agents are always submicron
powders.

Note that a major difficulty when dealing with real systems lies in the high
dependency of van der Waals forces on the distance between particles. In fact,
the surface roughness and the presence of dust largely affect the attractive forces
being exerted on the particles. In addition, the external forces imposed by the
mixing system are not easily amenable to a mathematical description. Finally,
depending on the nature of powders, the Lifshitz—van der Waais constant, C, can
vary by an order of magnitude. These facts taken as a whole make it extremely
difficult to establish reliable physical models to predict the behaviour of industrial
units used for dry coating.

¢ Liquid bridge bonding forces
According to models described by Rumpf [28] and by Newitt and Conway-Jones
[30], for two identical touching spherical particles (Fig. 8) the bond strength due to
a static liquid bridge can be related to the liquid surface tension, 7,
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¢ Liquid bridge bonding forces

(a) Rumpf’s model. (b) ESEM micrographs of a binary agglomerate (glass beads/water).

Fig. 8. Binary agglomerate due to a liquid bridge. (a) Rumpf's model. (b) ESEM micro-
graphs of a binary agglomerate (glass beads/water).

and solid-liquid contact angle, 6, as follows:

F = mydlsin®y + mydp sinyr sin(y + 0) (6)

where d, is the particle diameter and y the liquid filling angle which depends on
the volume of the liquid bridge.

Recently, Mehrotra and Sastry [31] presented a review of existing models
dealing with the tensile strength of binary agglomerates. They also extended the
application of the Rumpf’s theory to the case of not equally sized particles.

Furthermore, experimental results from Adams ef al. [32], Mazzone ef al. [33]
and more recently theoretical and experimental studies from Ennis et al. [34,35]
demonstrated that the cohesive strength of the dynamic liquid bridges may ex-
ceed that of the static by at least an order of magnitude due to the additicnal
energy dissipation resulting from binder viscosity. According to Ennis et al. [34]
both the capillary and viscous contributions were found to significantly affect the
bonding mechanism of colliding particles. The Ennis’ findings underlined that the
capillary viscous number, Cay;s, which is a measure of relative magnitude of
viscous forces to capillary forces, permits the estimation of the magnitude of the
strength of a dynamic pendular bridge. For Cay;s of less than 1073, the dynamic
bridge strength is of the order of a static bridge and is insensitive to liquid vis-
cosity. As a result, the strength of the dynamic pendular bridge is a superposition
of Laplace—Young capillary and viscous dissipation forces. In contrast, bridge
strength is insensitive to surface tension and linearly related to Cay;; for capillary
number in excess of 10. That is, bridge strength is only a function of viscosity at
high Ca;s. Note that under agglomeration conditions Ca,;s ranges from 1 to 100
and as a result the capillary contribution to the pendular bridge force can be
neglected in this case. In contrast, for coating operations, generally low-viscosity
liquids are employed and consequently the role of the viscous forces becomes
secondary.
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Ennis ef al. [35] linked these identified microlevel mechanisms to the macro-
scopic process variables and presented a significant understanding of different
granuiation regimes from an engineering point of view. In order to establish re-
gimes of granulation, Ennis ef al. defined the viscous Stokes number, St,, as the
ratio of the relative kinetic energy between colliding particles to the viscous dis-
sipation brought about by pendular bonds:

8d, Ui
St, = p18pu°

where U is the relative velocity of particles, p, the particle density and u the
viscosity of the binding liquid. It is to be noted that the calculation of St, presumes
knowledge of the interparticle velocity, Uy, which reflects the effect of break-up
forces imposed by granulation system. Ennis established some mathematical
models to estimate this parameter for some of currently used techniques. For
example, in the case of a fluidised bed U, was estimated to be equal to 12Ugdp/ds
as a maximum, and to 12Ugdp/dsd” on average, where § is the dimensionless
bubble spacing and Ug and dg are bubble velocity and bubble size, respectively.

A critical viscous number Sf,* must be surpassed for rebound of colliding par-

ticles to occur:
1 h
st (1+2)n(2) ®

where e is the particle coefficient of restitution, h the thickness of the binder layer
and h, a measure of the particle’s surface asperities.

Three granulation regimes were defined in terms of the magnitude of St, in
comparison with St:

(")

St, < St} non-inertial regime (all collisions successful),
St, = St;, inertial regime (some collisions succesfull), and
St,» St coating regime (no collisions successful).

Despite the limitation of theoretical analysis of Ennis due to a number of sim-
plifications, this theory can be used, at least qualitatively, with experimental re-
sults for fluidised-bed granulation.

4.6. Work of adhesion

Taking into account the analysis of phenomena governing layering, it can be
conciuded that for a given set of operating conditions, the coating efficiency
depends on physicochemical properties which condition the liquid spreading and
adhesion on the particles surface. According to Dupré’s equation, the thermo-
dynamic work of adhesion, W, required to separate a unit area of a solid and a
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liquid phase forming an interface may be expressed by:
Wa = yv(1 +cos ) + ns )

s is called the equilibrium spreading pressure which represents the difference
between solid surface energies under operating pressure and under vacuum. For
an isobaric operation, the value of this term can be considered constant. Dupré’s
equation strictly only applies to a solid/liquid interface but by assuming that the
surface free energy of a liquid does not change significantly when it solidifies
isothermally and ignoring any shrinkage stresses, it may be applied to solid/
substrate interfaces [23].

The term =g in equation (9) is defined as ys—ysy, often referred to as the
equilibrium spreading pressure. It is a measure of surface energy reduction by
vapour adsorption of the contacting liquid. For practical purposes 7 is frequently
considered negligible, mainly due to difficulties in its accurate measurement.

5. COATING TECHNOLOGIES AND EQUIPMENTS

Several coating technologies exist and a is variety of industrial equipments com-
mercially available. These could be divided into two categories: systems using
mechanical agitation and those that use pneumatic solid mixing. Examples of the
first category of apparatus are drums, pans and impeller mixers. The mixing of
the solid is achieved by the movement of the apparatus itself or by use of an
agitator. As for the second category, some examples are the fluidised-bed,
spouted-bed or Wurster apparatus.

Throughout this section we will be referring to these various coating technol-
ogies. Emphasis is however given to fluidised-bed coaters because this type of
equipment is by far the most widespread in the industry to perform the coating of
solid particles. In addition, the majority of trends relative to the influence of dif-
ferent variables on operation criteria holds up for other pneumatic agitation tech-
niques. Note that the dry coating technologies are not detailed here as they fail
under powder mixing discipline and are described in several excellent works {(e.g.
[6,10,11]).

5.1. Fluidised-bed coating

Employed as early as 1926 for catalytic cracking of hydrocarbons, fluidised beds
have successfully been used for coating solid particles such as pellets, granuies
and powders. However, it was not until the early 1970s that its widespread use
began, in particular due to its introduction in the pharmaceutical industry in the
United States. Since then, this technique has been used on an industrial scale in
the manufacture of many products, including detergents, fertilisers, foods, etc.
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In a fluidised-bed coater, core particles are fluidised by hot air in which the
coating liquid in a solution or a suspension form is applied either directly into or
onto the bed. This is often performed using a spraying nozzle. The nozzle may be
positioned either above or inside the fluidised bed.

In the case of solutions or suspensions, the solvent will be evaporated leaving
behind the deposited solid material as thin solid layers. The heat of vaporisation
of the solvent is mainty brought by the fluidising medium, which can be air, inert
gas or solvent vapour.

In addition to desirable characteristics of conventional fluidised bed such as
isothermicity, high heat and mass transfer rates and good particle mixing, flu-
idised-bed coating permits several elementary operations such as wetting,
mixing evaporation and drying and sometimes granulation and classification to
be carried out in a single piece of apparatus. Therefore, contrary to coating
technologies relying on mechanical mixing (rotating drums and pans), there is
no need for subsidiary drying units to evaporate the added solvent. However,
these advantages, responsible for the successful use of fluidised beds in in-
dustrial operations, may be upset by some disadvantages when operating in the
presence of spraying liquids, by de-fluidisation phenomena occurring due to
formation of large agglomerates. Another problem when operating fluidised
beds is the attrition phenomenon, which results in losses in coating agent dep-
osition and then operation efficiency. The latter, is an important parameter in the
case of costly binders and indicates whether or not the operation is econom-
ically acceptable.

This is a potentially serious problem that must be kept in mind for coating and
agglomeration processes because when it occurs the behaviour of fluidised bed
can change drastically and result in whole batches being rejected.

5.1.1. Influence of divers parameters on fluidised-bed coating

For optimal process development, it is imperative to understand the influence of
process parameters and design as well as product properties on the process
performance and the fundamental mechanisms controlling the process. In this
section, the influence of various parameters on the mechanism of growth based
on works reported in the literature is reviewed.

In fluidised-bed coating the growth mechanism and the properties of the end
product depend on a variety of parameters. These parameters can be classified
in four main groups: the properties of solid particles, the properties of the coating
liquid, the geometry of the coater and the operating conditions. Note that the
complexity of the process lies in the interactions between these various param-
eters. Accordingly, it is difficult to highlight the effect of each parameter in an
independent way as none of them are autonomous.
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Prior to analysing the effect of process and products variables, it is helpful to
introduce some important coating criteria. Generally, the extent of the growth is
characterised by one of the two following criteria:

» Particle mean diameter: Generally, any characteristic diameter can be used but
the Sauter mean diameter, ds,, and the median mean diameter, dsg, are the
most widely used.

* Growth rate: This dimensionless parameter determines the percentage of the
particle size increase. This can be obtained by dividing the difference between
the instantaneous diameter and the initial one by the initial mean diameter.

In addition, the following criteria take into account the efficiency of deposition
and the loss of the coating agent by attrition and spray drying:

¢ Solute content: The solute content is defined as the mass fraction (or percent-
age) of the deposited coating agent to the support particles.

» Coating efficiency: This criterion is the ratio of the quantity of solute deposited
on the solid particles during the time t to that introduced in the bed for the same
duration.

5.1.2. Influence of the properties of solid particles

¢ Size and particle size distribution.

Reported works in the literature agree on the fact that the dominant mechanism
of the growth depends strongly on the initial particles size distribution. The
presence of fine particles in the bed supports the growth by agglomeration
[15,36-38]. For example Smith and Nienow [15] using a system having a weak
tendency to agglomerate (i.e. glass beads-acid benzoic) showed that the in-
crease in the initial size of the particles allows a change of the mechanism of
growth from agglomeration to layering. The same phenomena were observed
when a more agglomerating coating solution (polyethylene glycol) was used but
the growth rate was somewhat higher. Hence, the growth rate has, on the
whole, a tendency to increase with decreasing particle size.

As for the influence of the initial particle size distribution, Jackson et al. [39] and
Vanacek et al. [40] noted that using a narrow particle size distribution leads to an
excessive formation of agglomerates. On the contrary, in the case of a relatively
broad distribution, the particle growth is mainly controlled by the layering mechanism.

In addition, the smailer the mean particle size, the greater the efficiency of
operation [41]. This can be explained by the fact that smaller particles capture
more binder than larger particles because of their greater specific area and more
frequent contact with the spray in the atomizing zone.
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¢ Particle porosity

Some authors [15,19,37,42—44] observed that the porosity of the support have
a considerable influence on the mechanism of growth in fluidised-bed coating at
low temperature. For example, Song et al. [44], carried out experiments using
both porous (sodium tripolyphosphate) and non-porous (glass beads) particles.
The coating liquid was a mixture of mono- and diorthophosphate of sodium.
They observed that the effects of the fluidising velocity and the concentration of
the solution on the growth rate are more significant for the porous particles than
for the compact beads.

Smith and Nienow [15,19] carried out coating experiments with porous alumina
particles using solutions of benzoic acid (10% w/w). They noted that contrary to
compact particles, the size of alumina particles remains practically constant
throughout a long time called no-growth period. Beyond this period, the particle
mean size increases noticeably either by agglomeration or by layering. These
authors demonstrated that the no-growth period corresponds to the partial filling
of the pores. Indeed, the specific surface area of particles decreased during the
no-growth period and remained practically constant during the growth regime.
Other workers [42—44] reported similar observations using other model systems.
These works pointed out that the duration of the no-growth period is a function of
a multitude of parameters such as the pore size distribution, the concentration
and the viscosity of the solution, wetting parameters and the drying rate.

Recently, Desportes [43] used the fluidised-bed coating technique to produce
supported catalysts using highly porous silica particles as support and a coating
solution containing organo-metallic precursors. He carried out a systematic study
on the influence of the operating parameters on the coating of coarse porous
particles in a fluidised bed. The reported results highlight that the coating process
is governed by the balance between two elementary processes: drying and im-
pregnation by capillary wetting. This author defined two characteristic times, the
first one relative to drying, t4, and the second to penetration by capillarity, fap.
He postulated that for t4/t.s, ratios higher than 10 the deposition occurs uni-
formly at the internal surface of particles provided that the moisture content of
particles remains greater than 10%. The deposition at the peripheral surface of
particles begun when volume of pores is filled either by saturated coating solution
or by solidified coating agent.

¢ Solubility of particles in the coating liquid
Dencs and Ormos [45] carried out coating experiments in fluidised beds of six
types of solids with aqueous solutions containing the same material that those
constituting the bed. These authors noted that in the case of urea, the nitrate of
sodium and potassium dihydrate carbonate, primarily layering develops the
growth. The particle size distributions of obtained products at the end of the
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operation were narrow. On the other hand, the coating of the sodium dichro-
mate, ammonium nitrate and potassium phosphate led to products having
broad size distribution, lying between 0.2 and 5 mm. In this case, the growth is
carried out mainly by agglomeration.

In addition, during the coating of sodium and iron sulphates, Mortensen and
Hovmand [46] noted that the growth is done by layering for the first case, whereas
in the case of ferrous sulphate it is controlled by the mechanism of agglomeration.
In order to highlight the effect of the solubility and the absorptivity of the solid
support on the mechanism of coating, Ormos et al. [47] studied the coating of
various materials with an aqueous solution containing gelatine (6% wjw). These
materials of initial size ranging between 0.1 and 0.2mm are different by their
solubility and their absorptivity (Table 1). These authors noted that the growth of
the particles is more marked for the soluble solids in the solvent (water), as is the
case for sodium chloride and nitrate. On the contrary, the growth is less marked
for the glass beads and silica sand, both having good absorptivity. Finally, the
speed of growth is very low when the material used has a low absorptivity, case of
polyethylene.

5.1.3. Influence of the properties of the coating liquid

¢ Liquid density
The literature reveals no significant effect of the liquid density on the coating
criteria. The only effect of this parameter concerns the coating of porous par-
ticles, in particular when the starting point for the growth regime is determined
by the filling of pore volume by the coating liquid. In this case, the higher the
liquid density, the longer the period of no growth.

¢ Wetting parameters

First of all note that the wetting parameters are not inherent properties of the
liquid but result from localised interactions between liquid and solid molecules
(Section 4.4). Several works show that the extent of wetting is one of the most
important parameters in controlling the quality of deposited layer. Indeed, the
growth kinetics as well as the operating efficiency are strongly dependent on
the distribution of the liquid on the surface of the particles characterised by the
contact angle. In addition, this parameter has an influence on the morphology of
the final product.

Generally, the wetting of the solid substrate by the coating liquid is a function of
three parameters, which are the contact angle, the surface tension of the liquid
and its viscosity. The two first parameters govern the maximum (equilibrium)
wetting which can be attained, whereas the third determines the wetting kinetics.
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The surface tension of the liquid governs the droplet size distribution as well as
the distribution of the liquid on the surface of the particles.

Aulton and Banks [48] were the first to study the effect of the wettability on the
fluidised-bed coating process. To modify the wettability, these authors used mix-
tures of two solid components, the first one being hydrophilic (lactose) and the
second hydrophobic (salicylic acid). The coating liquid was an aqueous solution
containing 5% in weight of polyvinyipyrrolidone (PVP). These authors noted that
the increase in the mass fraction of the hydrophobic component results in a
reduction of agglomeration extent.

Recently, Saleh et al. [49] carried out a systematic study of the influence of
wetting parameters on the coating criteria by two types of experiments. The first
one consisted of using hydrophaobic glass beads prepared by a chemical grafting
treatment. This type of operation has an advantage in being able to modify homo-
geneously the surface properties of solid particles without changing any other
properties of solid particles (density, size, surface roughness) or of binder liquid
(surface tension, viscosity, etc.). The second type of experiment consisted of
adding different types of surfactant to aqueous solutions of lactose (10% w/w). In
this case, both untreated and chemically treated glass beads were used. The
results showed that the coating efficiency increases with the product of the liquid
surface tension and (1+cos#). These results do indicate the direct relationship
that exists between the coating efficiency and the adhesion work (see equation 9).

In addition, the work of Saleh et al. demonstrated that the agglomerate strength
due to a liquid bridge (equation 6) can suitably describe the extent of agglom-
eration. This is mainly because the coating agent used by these authors was a
low viscosity liquid. Another remarkable finding of these authors was that for
contact angles higher than 90° the efficiency remained negligible (<4-5%)
whatever the exact value of the contact angle was. This observation was attrib-
uted to the rebound phenomena, which become preponderant when the contact
angle exceeds 90° [18].

e Liquid viscosity

The viscosity of the coating liquid has a major effect on the predominant
mechanism of the growth. Several experimental and theoretical works show
that the extent of agglomeration increases with increasing the liquid viscosity
(e.g. [15,19,32-35,50]). Generally, as described in Section 4.5 at high liquid
viscosity the capillary forces do not govern the agglomeration and give up their
place to viscous dissipation forces. Furthermore, the viscosity has a noticeable
influence on atomisation behaviour of the liquid and the resultant droplet size.
The latter has a tendency to increase with increasing the liquid viscosity.

In addition, the liquid viscosity plays a role in the quality of deposition. In the
case of high viscosity liquids, the evaporation takes place before the liquid has
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time to reach the equilibrium contact angle. This phenomenon, similar to a poor
wettability, alters the quality of deposition and the formation of nonuniform and
rough coating layers.

* Concentration of the liquid
The solution concentration is a parameter that affects the duration of the op-
eration as well as the mechanism of the growth. However, while operating with
highly concentrated solutions, the degree of saturation during drying can reach
elevated levels. This leads to an increase of crystallisation or solidification rate
of the solution on the surface of the particles.

in some cases, the concentration of the coating agent considerably affects its
viscosity. For example, this is the case when using agglomerating liquids such as
aqueous solutions containing polymers (i.e. CMC, PVP, gelatine, etc.). For this
type of coating solution the effect of the concentration appears through the var-
iation of the liquid viscosity.

In the same manner, if the concentration affects the surface properties of the
coating solution, the effect of the concentration becomes secondary compared to
that of surface tension and contact angle.

Generally, when growth by layering is the dominant mechanism (nonviscous
liguids) the growth rate after a given time varies linearly with the concentration
[44,45,51,52]. For fixed operating conditions and for a given amount of coating
agent introduced in the bed, the concentration seems to have no significant effect
on the growth rate [17]. However, with high concentrations, evaporation and
spray drying of atomised droplets becomes so fast that the coating efficiency
deteriorates.

5.1.4. Influence of operating conditions

¢ Atomising conditions
The atomization air and liquid flow rates constitute key parameters in the flu-
idised-bed coating process. These parameters determine the droplet size,
which in turn influence the mechanism and quality of deposition. Generally, it is
accepted that the mean droplet size decreases with increasing atomising air
flow rate or decreasing liquid flow rate.

Liquid flow rate

The liquid flow rate is an important parameter in the coating process especially
in batch operations, because it determines the duration of the operation and
consequently the rate of production. Heating power must be taken into consid-
eration when choosing suitable parameters.

In addition, it should be noted that, for a given atomising air flow rate, the
increase in the liquid flow rate leads to an increase in droplet size [53-56].
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The effect of this factor on the particle growth rate has been studied in two
different ways: the first one is to keep the duration of the operation constant and
the second one is to keep the amount of the liquid {reduction in operation time)
constant.

For the first case, several works showed [45,57—61] that the increase in the
liquid flow rate allows an increase in the particles size. This could be explained by
an increase in the droplet size on the one hand and the enhancement of the
amount of the coating liquid brought to the system on the other hand. These two
phenomena support the growth by agglomeration.

As for the second case, the results reported in the literature are not conclusive.
Indeed, according to the physical properties of the liquid and in particular the
liquid viscosity, two cases can be distinguished. In the case of highly viscous
binders having a strong tendency to agglomerate, the increase in the flow of the
solution allows an increase in the particle growth rate and a reduction in their
prittleness [59]. For less viscous solutions, Saleh et al. [17] reported that for a
given ratio of the solute introduced to the initial particle mass, the increase of the
liquid flow rate influences neither the particle growth rate nor the operating effi-
ciency [17,62]. This was explained by the fact that, in their operating conditions,
the droplet mean size did not vary significantly with the liquid flow rate.

These results show that the influence of the liquid flow rate on the growth rate
cannot be disconnected from the physicochemical properties of liquid and solid
particles.

Atomising air flow rate

Generally, the effect of this parameter is expressed by means of NAR ratio,
which represents the ratio of the volume or mass flow rate of the atomising air to
that of the liquid.

Several researchers [44,57,59,63] studied the effect of the air flow rate at
constant liquid flow rate on the particle growth rate. The results showed that the
increase in the atomising air flow rate results in a reduction of the average particle
size.

In addition, Shinee et al. [51] studied the kinetics of growth during the injection
of a solution of sodium chloride in a bed constituted from NaCl crystals. These
authors noticed that for low air flow rates (voluminal NAR = 500) the growth of
the particles occurs by agglomeration, while for relatively high values of this
parameter (NAR = 1000) the growth by layering becomes dominant.

Ormos et al. [64], using a solution of gelatine (6% in weight) and silica sand as
support noted that the size of the particies increases for values of NAR (mass)
ranging between 1.13 and 1.7 then decreases between 1.7 and 2.5 and remains
constant beyond this value.

As for the effect of the atomizing air on the coating efficiency, Saleh et al. [17]
revealed the existence of an optimum air flow rate. They showed that starting from
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low atomising gas flow rates the operation efficiency first increases to attain a
maximum value and decreases afterwards. It is interesting to note that the same
trend was reported by Link and Schilinder [65] concerning the coating of a single
freely suspended aluminium sphere with a 10wt.% of hydrated lime (Ca(OH),)
suspension. These researchers supposed that the binder deposition on the
particle surface occurs in two steps: collision between liquid droplets and solid
particles followed by droplet adhesion on the surface of particles. According to
Loffler [66], the ability of a droplet to come into contact with the particle is
determined by the impingement efficiency. After collision, the droplet can bounce
or be captured. The efficiency can be calculated as the product of impingement
efficiency and adhesion probability, which governs the second step. By increasing
the atomising gas flow rate at a constant liquid flow rate, impingement efficiency
increases. In fact, due to both higher velocity and higher number of droplets more
of them reach the particles surface before spray drying occurs. On the other hand,
the adhesion probability is equal to unity (up to a critical velocity) because all
kinetic energy possessed by the droplets is dissipated during contact. Beyond this
critical value, the adhesion probability decreases because the collisions become
inertial and the reflection and bounce of the liquid droplets occurs. However in the
work of Saleh et al. [17,67] the efficiency decrease after the maximum point was
not as pronounced as in Link’s experiments because in a fluidised bed the
bounced droplets from primary particles can stili encounter other particles.

In addition, Saleh et al. demonstrated that the quality of deposition can be
significantly improved by increasing the atomising air flow rate. This was attrib-
uted to the decrease of droplet size in the one hand and to the increase of droplet
momentum on the other, which lead to a more homogeneous and more impact
deposition.

¢ Bed temperature
The analysis of studies related to the effect of the temperature on the growth
mechanism results in two distinct types of size evolution according to the range
of temperatures used. For temperatures lower than 100°C, the results of var-
ious works are agreed on the fact that the size of the particles decreases with
the temperature [59,60,68]. This effect was explained by the reduction in the
solid moisture due to faster drying, which reduces the possibility of formation of
liquid bridges between particles. Thus, higher temperatures tend to encourage
the growth by layering [40]. However, Song et al. [44] attributed the reduction in
the average size of the particles to the temperature gradient existing around the
wetting zone of the coater, which leads to a fragmentation of the particles
due to thermal shocks. This gradient is more important when the temperature
is higher. In addition, in the range of higher temperatures, other researc-
hers [62,69] observed the same phenomena: the average size of particles
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decreases slightly with the temperature of the bed. During the drying and
coating of calcium tetrahydrate nitrate, Markvart et al. [69] noted that for a bed
temperature of 163°C, the dominant mechanism is agglomeration, whereas
beyond 200°C, the layering mechanism prevails. For temperatures in between,
the growth is done simultaneously by the two mechanisms.

It is notable that, for temperatures higher than 300°C (temperature range used
for radioactive waste processing and caicinations), the majority of the studies
agree on the fact that the growth is governed by layering and that the average
size of the particles increases with temperature [39,70-83]. For example, in the
case of de-nitrification of uranyl nitrate, Philoon et al. [72] noted that the average
size of the particies at a temperature of around 700°C is 2.5 times larger than that
obtained at 600°C. This result was explained by the increase in the porosity of the
bed with the temperature.

Also, Jonke et al. [52] noted that the size distribution of the coated particles
strongly depends on the temperature. At 310°C, the percentage of large particles
is appreciably reduced, and that of fines (between 74 and 147 um) is increased.
According to these authors, at low temperature, the evaporation of part of the
liquid is done in the porous solid leading to a fragmentation of the particles and a
consequent formation of fines. On the other hand, at high temperature, the
evaporation of the liquid takes place only on the external surface of particles.

in an experimental study Saleh and Hemati [41] studied the coating behaviour
of model particles (silica sand and glass beads) with aqueous solutions contain-
ing NaCl as the coating agent. They observed that the increase of the bed tem-
perature from 50°C (relatively wet conditions) to 130°C (relatively dry conditions)
led to a highly porous and rough surface with sharp-edged crystal structures. This
can be due to high drying rate in the system that causes the droplets to be
saturated (or over saturated) when reaching the particle surface. This diminishes
the wettability considerably and hence the spreading of liquid on the particle
surface. In addition, an increase in the bed temperature has a negative effect on
the coating efficiency because the loss of solute due to spray drying increases.
Also the effect of the bed temperature is more pronounced for porous particles
than compact particles.

e Fluidisation gas velocity
The fluidising gas velocity is a parameter that influences both the operation
stability and coating parameters. Hydrodynamic behaviour of the fluidised-bed
coater is strongly dependent on the fluidising gas velocity. A proper choice of
this parameter is essential to avoid unplanned agglomeration and to keep a
stable operation for long periods. According to some authors [15,44,51] the
fluidisation velocity can be considered as the principal parameter in the control
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of the growth of the particles. Generally, for low values of U/U,s (= 2), the
growth is mainly governed by agglomeration. As the ratio of U/U,,r increases,
growth by layering becomes more and more prominent. However, if the ag-
glomeration must be totally avoided fluidisation ratios between 10 and 50 are
needed [83].

In addition, Smith and Nienow [15] showed that the choice of the fluidisation
velocity depends primarily on the nature of the support and that of the coating
solution. For exampie, when a methano! solution containing 10% of benzoic acid
was injected into a bed of glass beads (270 um) fluidised with a gas excess of
0.15ms~", bed quenching took place after 5 min. Increase in the excess of gasto
0.65ms~' made it possible to maintain a stable operation up to 600 min. In the
latter case, the dominant mechanism was layering.

Also, it is worthwhile to mention the work of Cherif [84] who studied the effect of
fluidising gas velocity on the stability of the operation as well as on the coating
criteria. The operation stability was followed by means of the time evolution of
total pressure drop. In fact, it is well known that bed quenching is characterised by
a rapid decrease in pressure drop, because most of the gas goes through the
slumped bed. Consequently the bed quenching point can be determined by
measuring the pressure drop through the bed [84]. The results showed that the
lower the gas velocity, the faster the bed quenching takes place. To maintain a
stable operation with layering as the predominant mechanism, fluidising gas ve-
locities higher than 6 times the minimum fluidisation velocity of initial particles was
needed. However, a drop of about 30% in the coating efficiency was observed
when increasing the fluidisation velocity from 2 to 6 U,,,». This was attributed to the
increase of attrition rate with increasing fluidising gas velocity. Several workers
[15—17] have reported a direct relationship between the attrition rate in fluidised
beds and the excess gas velocity. In addition, a higher fluidising gas velocity
results in higher spray drying rate.

* Mass of the bed

Experiments carried out by Dencs and Ormos [45] during the production of urea
in a continuous fluidised-bed coater, showed that the average size of particles
increases with the height of the bed up to a value close to 1.25 times the
diameter of the column. Beyond this ratio the growth rate became independent
of this factor. These observations were explained by the fact that an increase in
the bed height entail on the one hand, an increase in the average residence
time of particles in the bed and on the other hand, by the development of the
mechanical constraints which support a more marked attrition of the solid par-
ticles in the bed. For the bed heights higher than 1.25 times the diameter of the
column, these authors postulated that there is a dynamic balance between the
growth and the disintegration of the formed particles.
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During batch coating, Ormos et al. [64] studied the influence of the bed height
between 40 and 130 mm. The initial size of the support varied between 100 and
200 um. During tests, they kept the ratio of the mass of the aqueous solution
injected with that of the support constant. They noted that the average size of the
particles decreases significantly with the height of the layer between 40 and
80 mm to remain constant beyond that.

In addition, according to Saleh et al. [17] for a given ratio of the introduced
mass of solute to initial bed mass, the growth rate and the coating efficiency are
independent of the initial bed mass. These results together with those related to
the effect of liquid flow rate indicate that particles wetting in a fluidised-bed spray
coater occurs only in a limited volume of bed called “atomisation zone”, which is
independent of total mass of particles. The penetration depth of the spray de-
termines the size of this zone. This is a function of gas velocity, the nozzle
position, physical properties of atomising and fluidising gas and particles mo-
mentum. The existence of such a zone in the coater was reported by Smith et al.
[15] by measuring the temperature gradients near the nozzie. Since the total bed
weight has no effect in the penetration depth of the spray there is no effect of this
parameter in the coating criteria.

5.1.5. Influence of the coater’s specifications

Aside from general requirements to ensure a suitable fluidisation [85] additional
conditions must be fulfilled to maintain a stable coating operation. In particular,
the introduction of the coating liquid within the bed renders the operation much
more delicate than the conventional fluidisation. Among all coater’s specifications
the characteristics and the position of the spraying system and the use of auxi-
liary mixing aids are the most important parameters.

Dencs and Ormos [45] studied the effect of mechanical agitation on coating
and granulation in a fluidised bed equipped with a vertical agitator. They observed
that increasing the number of revolutions leads to a linear reduction of the particle
size. However, beyond a critical value of 180 rpm, the size varied moderately with
this factor.

The position of the spray is also a design parameter which can have an on the
duration of a stable operation and on the mechanism of growth and the efficiency
of the operation.

Some researchers [57,59] announced that a rise in the spray height with re-
spect to the bed surface led to a reduction of the size of the coated particles. This
was attributed to spray drying of atomised droplets. For example, the results of
Rankell et al. [57] obtained in a fluidised-bed coater of 0.3 m diameter showed
that the average size of the particles passes from 500 to 250 um when the po-
sition of the spray with respect to the distributor increases from 0.75 to 1.5m.
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According to Mortensen and Hovmand [86] the size of the particles is maximised
when the spray is immersed in the bed.

Ormos et al. [64] studied the influence of the position of the spray with respect
to the distributor in the range between 0.09 and 0.24 m. They noted that, under
their operating conditions, this factor does not have any influence on the average
size of the particles, but it influences the particle size distribution.

Cherif [84] studied the influence of the characteristics of the pulverisation sys-
tem (i.e. the type of the spraying nozzle and the angle of dispersion of the spray)
on the mechanism of growth. Both internal mixing and external mixing nozzles
producing similar dispersion angles were studied. The results showed that the
external mixing atomiser led to a slower growth rate due to a finer atomisation.
However, the operation becomes less stabie as the external mixing nozzles
present a higher risk of filling of the liquid nozzle’s opening. The influence of the
spray dispersion angle was studied by using two internal mixing systems providing
two angles of 15 and 70°respectively. It was observed that an increase in the
angle of dispersion favours the agglomeration extent and hence the growth rate.
Cherif showed that the height of the spray nozzle has a considerable effect on the
efficiency of the operation without modifying the growth mechanism. Finally, sev-
eral authors reported that the most adequate position of the nozzle is that for
which the end of the tube is immersed in the bed. Doing so, the scouring action of
the bed particles permits to avoid cakes formation on the outside of the nozzle.

5.1.6. Design options for fluidised-bed coaters

The operating arrangement of a fluidised-bed coater varies according to appli-
cation, feed type (melt, slurry, solution, etc.), spraying nozzle configuration and
solid throughput. However, all of the possible configurations are modifications of
a basic idea: particles to be coated are suspended by a hot gas stream and the
coating liquid is applied as homogeneously as possible onto particies surface.

Figure 9 assembles a survey of diverse design options available for fluidised-
bed coaters. Regarding the spraying of coating agent, three possible elementary
configurations are commonly used which are top-spray, bottom-spray and side-
spray equipment. In some cases a combination of these options is used. The
bottom spray configuration promotes a more regular circulation of particles
through the wetting zone but its disadvantage is the clogging of the nozzle(s) that
cannot be remedied easily since removal of the nozzle during a run is not pos-
sible. Side-spray systems are frequently used for waste and sludge incineration
but rarely for coating operations.

Heat for evaporation of the solvent is either supplied as sensible heat in the
fluidising air or through the walls andfor by means of heat transfer surfaces
inserted inside the bed. In some cases, the exiting air is recycled after dehu-
midification in order to reduce energy consumption of the unit (Fig. 9).
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Fig. 9. Typical fluidised-bed coater.

Fig. 10. Examples of specially designed distributors to improve particle circulation.

Dust removal systems (cyclones and/or filter bags or a combination of both) are
usually used to separate fine dusty powder from the exit gases.

Coating units can either be carried out continuously or in batches. Batch units
are used for low solid throughputs but are versatile since the same apparatus
might treat several types of solids. The coating mass distribution is however not
as good as that obtained by continuous operations. This is because all particles
do not have the same residence time in the wetting zone of the bed. The res-
idence time distribution (RTD) of particles within the spray zone can be tightened
by a proper design of the column or the air distributor. For example, distributor
designs presented in Fig. 10 provide a more regular circulating of solid particles
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within the bed and thereby a more uniform coating mass distribution. Continuous
operations can be performed either in a single piece of apparatus or in a cascade
of different pieces of apparatus. The former is easier and less costly but the latter
results in a more uniform coating mass distribution because the RTD of particles
shifts from mixed flow to plug flow as the number of coating chambers increases.
In the case of a single unit, partitioning the coating cell as illustrated in Fig. 11
could tighten the RTD. Note that option B is more adequate for agglomeration
process because the passage of products from one compartment to another
occurs through the gap distance between the air distributor and partition plates.
Hence, due to segregation, coarser agglomerates have more possibility to leave
a given compartment than finer agglomerates, which are retained during longer
times.

5.2. Spouted bed coaters

Fluidised-bed coating would be a good choice for coating powders having small
to medium sizes (up to 1 mm). Even though this technique can be used for larger
particle sizes, its advantages will be largely disrupted as far as energy consid-
erations are concerned. For large particles (Geldart’s class D), the energy con-
sumption (calculated by the product of the gas flow rate and its temperature drop
through the bed) is determined by the minimum fluidisation velocity rather than
the net energy required to eliminate the solvent. Spouted beds have been de-
veloped into an effective alternative to fluidised beds for handling coarse par-
ticles, i.e. particles that exceed about 1 mm in diameter [87,88]. Since then they
have been commercially used as a substitute for the fluidised bed, to process a
great variety of coarse solid materials.

A typical spouted bed consists of a cylindrical vessel usually with a conical
base and a central orifice in the cone’s bottom. The vessel is filled with
solid particles and spouting gas is injected through the orifice with relatively high
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Fig. 11. Schematic view of continuous fluidised-bed coating units.
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velocities, typically between 1 and 30ms~". The gas also flows into and upwards
through the annulus. The high gas velocity causes a stream of solid particles to
rise rapidly in a dilute central zone within the bed referred to as the spout. In the
reason of diverging form of the spout the gas and solid velocities decrease along
the bed height. Therefore, having reached a given height entrained particles fall
back forming a fountain above the annular space around the spout. The particies
form a loosely packed bed within the annulus space and slide down slowly and
reenter the spout during their descending at different leveis of the bed. Hence, a
spouted bed has three well-defined characteristic regions (Fig. 12):

* The spout, characterised by relatively high velocities of both solids and gas
stream, short contact times between gas and solid phases, high bed voidage
and co-current solids movement with respect to upward gas stream.

¢ The fountain, where the solids movement with respect to the gas stream is
nearly crosscurrent.

* The annulus (also called the down-comer) which, compared to the spout, is
characterised by high solids concentrations, low gas and solids velocities,
higher contact times and a counter-current solids movement.

In a spouted bed, a well-defined cyclic movement is thereby imposed on the
solid particles. In order to avoid any lateral exchange between the spout and the
annulus the latter is sometimes delimited by means of a draft tube.

Both top-spray and bottom-spray spouted-bed coating processes can be used.
However, the most commonly used configuration is the bottom-spray configuration.

(a) spouted bed coater (b) spouted-fluid bed

Fig. 12. Spouted-bed coating apparatus.
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In this case, the coating liquid is sprayed in the lower region of the spout where the
spray droplets collide with the bed particles. Each time a particle passes through
the spray zone, it acquires an additional amount of coating material. The deposited
coating liquid should solidify or dry outside the spray zone, either in the spout or in
the annulus. This circulation of solid particles is repeated until the desired coat
amount is deposited on the solid particles. Repetitive passages through the wetting
zone increase the coating content and reduce coat deficiencies due to uneven
deposition on the surface. Consequently, the amount of coating content of each
particle depends on the coating applied in each pass and the total number of
passes executed by the particle during the operation. In aimost all experimental
works reported in the published literature, particle growth by layering is the dom-
inant growth mechanism.

Industrial spouted-bed coating processes operate either continuously or dis-
continuously. The former is better matched for high production rates but produces
iess uniform coating mass distribution due to the variation in the RTD of particles
in the wetting zone. Unfortunately, despite its importance, experimental data on
RTD in continuous spouted beds are not known.

As for batch processes, heterogeneity in coating distribution do exist due to
variations in the number of passages through the spray zone and the amount of
the coating liquid deposited in each pass. However, recent works of Cheng
[89,90] showed that the coating per pass distribution is responsible for the
maijority of the variation in the spouted-bed coating process. Note that the use of
a draft tube could however lead to a more uniform coating.

Regarding the top-spray spouted-bed coating process, Robinson and Waldie
[90] reported that the growth rate is dependent on particle size. They postulated
that larger particles spend a greater percentage of their time in the spray zone.

Finally, note that the modification of standard spouted beds to include the
characteristics of fluidised bed, called spouted-fluid bed, has also received at-
tention due to its better solids mixing and heat and mass transfer rates. This kind
of apparatus involves a substantial fluid flow through a single central inlet orifice,
as in spouted bed, and an auxiliary fiuid flow through a distributor surrounding the
central orifice, as in fluidised bed (Fig. 12b). The auxifiary gas stream thereby
keeps the annular zone lightly fluidised. Both flat based or conical based columns
can be used.

5.3. Wurster apparatus

Wurster apparatus is perhaps the most common configuration used for film
coating. This apparatus is an air suspension coating introduced in the early 1950s
by Wurster. Industrial exploitation of Wurster coaters is more recent than fluidised
beds and spouted beds. This system is a combination of the concepts of fluidised
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bed and spouted bed techniques (Fig. 13). A draft tube insert (Wurster partition or
column) is placed coaxially in the bed to order the circulation of particles. The
particles are carried by an upward gas stream in the draft tube and fall downward
around it at the top of the tube. The coating solution is sprayed upward through a
nozzle in the centre of the distributor plate placed at the bottom of the bed. The
gas velocity inside the draft tube is significantly higher (generally between 3 and
20ms™") than inside the annulus (0.1-1.0ms™").

A gap between the distributor plate and the bottom of the draft tube allows
powder to be picked up at this interface and accelerated by the high-velocity gas
stream. Generally, the distributor is a perforated plate, with the size of perfora-
tions decreasing from the centre outward. The fraction of open areas of the
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Fig. 13. Wurster coating apparatus.
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distributor beneath the draft tube and the annulus determine the relative amount
of air flowing into these two sections. The liquid droplets are moving faster than
the solid particles so the particies can be wetted and dried in the draft tube but the
drying can also take place in the annulus. The solid movement in a Wurster
coater is very similar to that of a spouted bed. The size of particles is however
much smaller, close to that used in fluidised-bed coaters. Compared to conven-
tional fluidised-bed coaters, in the Wurster apparatus growth by layering is en-
couraged. This is due to low solids concentrations and elevated heat and mass
transfer rates within the draft tube.

Industrial Wursters can be used for handling up to 500 kg of solids. The proc-
ess is extensively used in the pharmaceutical industry for precision coating and
modified release drugs, e.g., sustained release, enteric release and temperature-
controlied release.

The literature on Wurster coating processes is less abundant than fluidised-bed
coating. The fundamental mechanisms controlling the process are not yet well
understood and the optimisation is often based on operator experience. However,
the knowledge from fluidised-bed coating could be used as guidelines as the
majority of phenomena occurring are comparable in both operations. For exam-
ple, it has been reported that, similar to fluidised-bed coating, in the Wurster
apparatus the smaller particles capture more coating than the larger particles
[91]. in addition, the effect of the particle porosity is analogous to that ocbserved in
fluidised beds.

Note also that the circulation time distribution can vary considerably depending
on the particle properties, coater configuration and process variables such as air
flow rate, partition gap, loading, atomisation air velocity, and distributor design.

5.4. Rotating drum, pan and disc coaters

Rotating drum, pan and disc coaters are among the oldest and the simplest
techniques used for coating particulates. Rotary pans were originally developed
in the confectionery industry and adopted by pharmaceutical industry for sugar
coating of drugs. The main characteristics of rotational coaters are their versa-
tility, flexibility, large throughputs and ability to handle a wide range of products.
The common principal point of these techniques is that the motion of particles is
maintained in a mechanically rotated vessel, while spraying liquid onto the mov-
ing bed of particles carries out coating. Figure 14 illustrates a schematic view of
rotary coaters. These techniques are suitable for coating large particles, from a
few millimetres to some centimetres.

A main drawback of rotational coating techniques is the poor heat and mass
transfer rates. Unlike the air suspension methods (fluidised beds, spouted
beds, Wurster) a suitable control of the temperature is not possible when using
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(a) rotary drum (b) rotary disc

Fig. 14. Schematic view of rotary coaters.

rotational apparatus. In addition, the holdup of rotary coaters is small which re-
sults in bigger shell volumes compared to pneumatic-based apparatus. Because
of the large size of apparatus substantial filters must be used to collect the dust if
necessary.

Generally, coating pans operate discontinuously, whereas discs and drums
can be used either in batch or in continuous modes.

A conventional rotary pan consists of an ellipsoid vessel made usually of
stainless steel and mounted on a gearbox shaft which is driven by an electric
motor. A hot air blower is usually used to irrigate the particles bed and improve
the drying. The selection of a coating pan depends on manufacturer specifica-
tions and may range from a simple modification of the conventional copper pan to
specialised high-volume vessels.

The operating mode of coating discs and pans are very similar. The only major
difference is the geometric design of the vessel, which makes rotary discs suit-
able for continuous operation. The diameter of industrial discs varies between 3
and 10 m and the height to diameter ratios between 0.1 and 0.3. Continuous discs
are only suitable for short residence times. For longer residence times or when a
controlled RTD is required rotary drums are preferred. Rotary drums are usually
equipped with one or more ribbon-like baffles mounted to the inside surface of the
front wall. In continuous rotary drums coating agent is sprayed onto the bed,
wetting the particles as they pass through the drum. Coating agent may be
sprayed either at the entire length of the drum or only during the first sections.
The last compartments of the drum are used for evaporation and drying and in
some cases for cooling. A hot and dry gas stream generally traverses the drum.
In some industrial designs, the drum may have a perforated or mesh wall for
drying of the tablets. In this case, the hot gas stream is directed through the drum
wall as the drum and the bed of particles are being rotated. This kind of design
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enhances gas to particie heat transfer and is suitable when high drying rates are
needed.

Note that rotary coaters are more suited to narrow size distributions. In the
case of large particle size distributions, the coating distribution is less uniform due
to natural segregation as separation takes place: fines concentrate near the bot-
tom of the kidney-shaped cross-section of the bed and the coarsest particles
travel near the surface. The sizing of rotary drums is based on the average
residence time {, which is calculated from the ratio of total mass of particles
contained in the vessel (holdup), m, and mass throughput, C. The holdup, m, is a
function of drum volume and drum loading, which varies between 0.1 and 0.3.
Residence time depends mainly on three operating parameters: the angle of
inclination of the drum’s axis against the horizontal, the rotational speed and the
drum’s length. However, the angle of inclination is rather small (2-5°and only
serves to provide the required axial movement. The rotational speed is usually
fixed between 25% and 40% of the critical speed beyond which tumbling and
centrifugation occurs.

Unfortunately, the lack of the knowledge does not allow carrying out a priori
sizing of rotary drums. For a given set of coating agent and substrate the sizing is
based on experimental runs in pilot plants during which the appropriate operating
conditions {angle of inclination, rotational speed, holdup, liquid flow rate, con-
centration) are determined. The scale-up is then performed by know-how from
the equipment manufacturer but some useful guiding rules exist [92].

6. CONCEPTS IN MODELLING THE COATING PROCESS

Rational scale-up of coating units requires modelling of the growth phenomena by
layering and agglomeration. A successful modelling requires knowledge of both
mechanical and physicochemical phenomena occurring during the coating proc-
ess and presented in previous sections. Generally, the two main parameters that
are chosen as modelling variables are either the particle size or the coating
content of particles. Existing models in literature, aimed at predicting the evo-
lution of these target variables during simultaneous coating and agglomeration
processes, may be broadly classified into two main categories: empiricai and
theoretical models. The first group involves models of “black box” type where the
relationship between the particle mean size and key parameters in the process
environment expected to govern the particle growth (i.e. operating conditions and
physical properties of solid and liquid) is given by an empirical expression. These
models are quite simple but their use is restricted to the special cases and the
domain of operating conditions at which the phenomena are studied.

A very different process is used for theoretical models where one tries to take
into account the physical phenomena occurring during the operation. Among the
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various theoretical modelling works on coating and agglomeration, two different
approaches can be distinguished: simple approach and “fundamental” approach.
The simple approach neglects the variations in particle size and solute content
distributions considering that all particles have the same size as well as the same
residence time in the system. In other words, it is assumed that the size and the
solute content of a single particle can be representative of the bulk properties of
the powder. In this case, the targeted parameters can be predicted using con-
ventional heat and mass balances established for solids. In the case of mono-
size spherical particles with a uniform distribution of solute over particles the
simple layering model leads to the following relations for estimating of the evo-
lution of the sclute content and the mean particle size as a function of time:

* solute content
Wi Cn

T =
0 LMo

t (10

¢ particle mean diameter

1
inCpp oy |

— | B 4 N WEPp 0 1

%= %0700 5 p, Mo an

where ps, pp, and p,_ are solute (coating agent) density, particle density and liquid
density, respectively. wi_the coating liquid mass flow rate, t the operating time, M,
the initial mass of the bed, # the coating efficiency and C the concentration of the
coating agent. d,; and d, are the initial particle size and particle size at time {,
respectively.

An important limitation of any theoretical model of coating processes is the
difficulty of relating the coating efficiency to the process and product-related
parameters. Note that this type of model is suitable and frequently used in the
coating process by a solute but is not reliable when agglomeration is pronounced
because the total number of particles varies with time. In the latter case a simple
model proposed by Sherrington could be used [93].

If the distribution of a given coating criterion rather than its mean value is to be
predicted, more detailed description must be used based on a coupling conven-
tional heat and mass balances and population balance equations (PBEs). This is
particularly the case for the film coating of drugs where even small deviations in
the thickness of the polymer film can significantly alter the properties of the final
product.

The population balance is a statement of continuity that describes how a given
property of the population of particles changes with time and in space. In prin-
ciple, any common property of particles can be used but as mentioned above in
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coating processes the more interesting parameters are the particle size and the
coating content.

PBEs were first introduced based on statistical mechanisms by Hulburt and
Katz (1964) [94]. Since, the PBEs were successfully applied for different par-
ticulate systems such as crystallisation, granulation, mixing, fluidisation, etc.
PBEs describe how the rate of variation of the number of particles in a given
interval of the target property (particle size, coating content, etc.) can be related
to the rate at which particles enter and leave that interval by different phenomena
occurring (i.e. bulk flow intc and out of the system, coating, agglomeration,
breakage, etc.). In the most general case, for a continuous particulate system, the
macroscopic population balance leads to the following expression [94,95]:

ia(NTf) o oGhH _ Qoutfout — Qinfin
Nr ot —  ox Nt

+B-D (12)

where G = 0x/0t designates the mono-dimensional particle growth rate and f the
population density function of particles defined on a number basis. More precisely
fis a function of the spatial coordinates in the system, of the target property x of
the particles and of the time, t. fis defined as the ratio of the number of particles,
ON, in a differential neighbourhood around x, to the size of the neighbourhood, dx
Q designates the number-based particle flow rate and the subscripts in and out
specify the inlet and outlet flows. The variables B and D are the birth and death
rates of particles number variation in a given x interval by such events as ag-
glomeration and breakage which change population density in a discontinuous
fashion. The application of PBEs for modelling the simultaneous growth by lay-
ering and agglomeration in coating processes are abundant. These models can
be classified in two main categories:

¢ Single-zone models: In single-zone models it is assumed that the particles are
homogeneously mixed and the coating agent is evenly distributed throughout
the bed volume. Equation (12) is directly applicable for single zone models.
Generally, in a coating apparatus due to high intensity mixing of the particles
the population density, f, is independent of spatial coordinates. In addition,
usually the breakage rate is not detailed separately. This means that Band D in
equation (12) correspond to the net variation of particles number by combined
effect of agglomeration and breakage.

* Twin-zone models: Sheroney [96] and Wnulowski and Setterwall [97] were the
first to propose a twin-zone model based on the PBEs for the fluidised-bed
coating. In a twin zone model, the volume of the bed of particles is divided into
two distinct regions: an active zone surrounding the spray nozzle and a mixing
zone. This type of model is more reliable as it has been experimentally con-
firmed that such a distinct zone exists near the nozzle where the deposition of
the spray on the particles and bulk evaporation of the solvents take place
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[15,17,19,21,22]. The size of this region is determined by the penetration depth

of the spray, which depends in turn to operating conditions.

It is considered that the coating mass deposited on the particles is directly
proportional to the residence time of the particles in the spray zone, so that the
coating mass distribution can be regarded as the RTD function.

In a twin zone model the PBEs are applied separately for each distinct zone
taking into account the internal flow of particles circulating between them:
¢ For the spray zone:

1 a(NT,sprayfspray) _ 8(G ) fspray) _ aQoutfout — ﬁQinfin _ Qc (fspray - fdry)

NT‘spray ot ox NT,spray NT.spray

+B-D
(13a)

In this equation, « is the number fraction of the spray zone and Q. the cir-
culating rate of particles between spraying and drying zones, which is considered
to be the same for entry and exit flow. Note that even for a batch operation
(Qin = Qout = 0) the internal zones must be considered as open systems as
Qc#£0.

e For the drying zone there is no growth by layering nor by agglomeration:

1 a(NT,dryfdry> - _ (1 B OC)Qoutfout - (1 - B)Qinfin _ Qc(fdry - fspray)
Nr.ory ot Nr.ary Nt.ary

(13b)

Simultaneous resolving of equations (13a) and (13b) results in the determi-
nation of fypray and fyry.

Note also that if it is supposed that all particles have the same residence time in
the wetting-evaporation zone (i.e. the particles pass regularly through a well-
defined spray zone) twin-zone models leads to the same predictions as single-
zone models.

A difficult task while modelling the growth phenomena results from the com-
plexity of the PBEs. Although analytical methods of solving PBEs exist their use is
limited to simple cases. Actually, analytical solutions are most often used to verify
the persistence of numerical methods. Actually, numerical methods present two
obvious advantages. First of all particle size distributions of any type can be dealt
with and secondly discontinuous processes such as sequential feeding and solid
removal can be taken into account.

Extensive literature relative to numerical methods of solving PBEs is available.
For a detailed review see Hounslow et al. [98] and Hogg [99]. The basic idea
consists in breaking up the particle size distribution into a number of discrete x
ranges. The population balance, described by an ordinary differential equation, is
then established for each x interval and the resulting set of equations are solved
by numerical methods.
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The most popular numerical method is that proposed by Hounslow et al. [98]
mainly because it guarantees to predict the correct rate of change for first four
moments; i.e. total particle number, length, surface and volume (or mass).

Note that the modelling of simultaneous growth by layering and agglomeration
requires the introduction of the appropriate formulas for the particle growth rate,
G, and agglomeration terms (B—D) into PBEs.

¢ Agglomeration term: In the majority of coating operations the main growth
mechanism is the layering and agglomeration can be neglected. This is par-
ticularly true when the particle size exceeds a few hundreds of micrometers. In
this case, the PBEs can be considerably simplified because both B and D are
nil. For finer particles, the agglomeration can hardly be avoided and must be
taken into account. Smoluchowski [100] was the first to develop a mathematical
expression for birth and death rates by agglomeration. Considering that particle
coalescence results from a series of binary collisions between them, he es-

tablished the following equations:
v/2
B= B(v — w, Vv — w)Rw)ow (14a)
0

D = f(v) / " B, wwiow (14b)

where v and w are the volumes of the coalescing particles. The asterisk is used to
signify that volume rather than size or coating content is chosen as the internal
coordinate. The conversion of this equation to a length-based or a mass-based
form is straightforward.

If particle mass or coating content is chosen as x coordinate the equation (14)
is directly applicable as:

u=m/p=mp(1+1s)/p (15)

In contrast, if the particle size is used as x variable equation (14) can be ex-
pressed as follows (see Hounslow ef al. [98]):

12 L B( =2 20w (P - 2P )y
B(L) = ? (L3 — 2'3)2/3

(16a)

D(L) = ¥(L) /o ) P, A ()da (16b)

Besides the fact that this model considers only binary collisions, its main draw-
back is that it suggests that the total volume of agglomerating particles is con-
served.

In equations (14) and (16), B is a measure of agglomeration extent and is called
the coalescence kernel, which defines the rate at which binary particle collisions
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result in successful coalescence. In general, this parameter is subdivided into two
parts:

B(v, w) = KE A7)

where Kis the frequency of binary particle collisions between particles of volumes
v and w. This parameter is a function of such parameters as apparatus geometry
and operating conditions, which influence the hydrodynamic behaviour of the
system. E is the probability of successful coalescence following collision between
two particles of volumes v and w. This parameter is mainly conditioned by the
balance between disruptive and attractive forces exerted during particle colli-
sions. Generally, both K and E are size-dependent parameters but it is usually
assumed that equation (17) contains two distinct parts, one independent of the
particle size and the second dependent on it:

B, w) = KoEoK1(v, WE (v, w) = Bof1(v, w) (18)

where £, includes the functional dependency of the agglomeration kernel on the
sizes of the colliding particles.

Several attempts have been made to develop a generalised expression for
agglomeration kernel. However, despite the plenty of experimental results re-
ported in the literature none of these representations is completely reliable. Pro-
posed expressions are based on probabilistic considerations rather than a
rigorous description of the collision phenomenon [101]. At the moment, the most
commonly used expression is the following generic form proposed by Kapur
[102,103]:

_(v+w?
ﬁ1(V, W) - (VW)b

(19)

In this expression, the numerator and denominator are approximate measures of
the binary collision frequency, K, and the probability of successful collision, E,
respectively.

» Coating term: For size-based PBEs the particle growth rate, G, in equation (12)
is the rate of increase in particle size resuiting from the deposition of the coating
agent into the surface of particles. Assuming that particles belonging to different
interval sizes receive all the same amount of coating agent, G is given by

_ 1 WigC2
100 pjgpp S

(20)

This equation states that the coating rate is inversely proportional to the total
surface area of particles in the system, S. This is a fairly realistic hypothesis
because the coating process is a surface-dependent phenomenon.
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Note that equation (20) can also be written in a discretised form [36] more
adequate for numerical solutions:

M WieC 2
' 100 pyqpy > ansz
J

(21

G; is the growth rate in the ith size interval. The efficiency # depends, more often
than not, to the mean particle size inside the interval. The term an\lej2 is a
measure of total surface

CONCLUDING REMARKS

The industrial scale-up and practise of coating powder materials can be suc-
cessfully performed provided that the optimal operating conditions and required
residence time is determined prior to exploitation. Currently, a proper determi-
nation of operating conditions is only possible by conducting coating experiments
in bench scale units. Although existing literature provides highly useful informa-
tion on the effect of different variables on the coating process, its use is limited to
qualitative rather than quantitative analysis of phenomena. In particuiar, the effect
of operating variables on the coating efficiency and agglomeration extent is not
yet well described. Consequently, an accurate and reliable determination of these
parameters cannot be performed by theoretical considerations and more inves-
tigations should be carried out in this orientation. Finally, another major difficulty
is the control of the coating quality and homogeneity both on a microscopic and a
macroscopic scale.
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