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Heteroaggregation, the process of aggregation between dissimilar particles is be-

coming increasingly popular due to the versatile applicability of heteroaggre-

gates. The speci�c requirements of these widespread application areas require

customized heteroaggregates with unique set of properties related mainly to the

size and composition of these heteroaggregates. This has created an immense

need for a developed understanding of the heteroaggregate process. However, re-

search on heteroaggregates have been very limited, even fundamental questions

pertinent to the mechanism of heteroaggregation process remain unanswered to

date. The goal of this work is to study and understand the heteroaggregation

process both at particle scale to answer some of these fundamental queries about
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heteroaggregate structure and composition and also use that knowledge to ad-

vance the development of process scale models of heteroaggregation. The �rst

aim of this study is to develop a population balance model (PBM) for the second

stage of the heteroaggregation process or the agglomeration stage to predict �nal

heteroaggregate particle size distribution (PSD). The model is also used to study

the e�ect of di�erent parameters on the important forces in the system such as

electrostatic, van der Waals and hydration force to understand factors that lead

to a faster agglomeration dynamics. The model is validated by comparing with

experimentally measured �nal heteroaggregate PSD. The second objective of this

work is to develop a model for the �rst stage of the heteroaggregation process

or the layering stage where smaller nanoparticles layer on a larger microparti-

cle and a�ect its properties, thereby making it more susceptible to aggregation

with other such particles in the second stage of heteroaggregation. The model

results are compared with the experimental study of monoaggregate structure

performed by scanning electron microscopic imaging of the same. This is essen-

tial for understanding factors that regulate and limit layering, and in turn a�ect

the monoaggregate distribution and consequently heteroaggregate PSD and the

presence of di�erent heteroaggregate regimes. Furthermore, these two models are

combined to develop an integrated model for both stages of the heteroaggregation

process. The progress of the system towards di�erent heteroaggregation regimes

have also been simulated and validated experimentally by studying the �nal het-

eroaggregate PSD. The third aim of this study is to investigate the adsorption

characteristics of the heteroaggregates for the adsorption of oppositely charged

heavy metal ions from single ion as well as mixed ion systems which represent real

industrial wastewater more accurately than commonly studied single ion systems.

The adsorption capacities of the heteroaggregates from three di�erent regimes are

also compared with the adsorption characteristics of the individual components

of the heteroaggregates to see if the heteroaggregates o�er an advantage over the
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individual adsorbents. The bio-friendly nature, oppositely charged components

and an adsorption capacity comparable to that of industrially popular adsor-

bents make this system a good choice to replace commonly used adsorbents in

the future. This study is expected to advance the �eld of heteroaggregation by

answering some of its most fundamental questions and at the same time aid in

the utilization of this knowledge to progress towards the production and use of

heteroaggregates in real life applications.
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Chapter 1

Background

Colloidal particles suspended in liquid medium have a tendency to aggregate due

to attractive van der Waals force. When these particles are charged, they are also

subject to electrostatic double layer attraction or repulsion force depending on the

electrostatic surface charge of the particles. For hydrophilic particles in water, the

water molecules that are attached to the particles as a result of their hydrophilicity

gives rise to an additional hydration force. A combination of these forces produces

aggregates which are loosely divided into two categories: homoaggregates and

heteroaggregates. Homoaggregates are aggregates of one kind of particles and

heteroaggregates are aggregates of particles that di�er in various attributes such

as size, electrical surface charge etc.

Traditionally, heteroaggregation has been used to separate charged parti-

cles from solutions through precipitation by adding oppositely charged particles.

Added particles with the opposite charge neutralize the surface charge of exist-

ing particles. This causes these neutral particles to aggregate with each other

due to the attractive van der Waals force. At the other end it has been used

to stabilize colloidal solutions of negligibly charged microspheres by introducing

highly charged nanoparticles in the solution and forming nanoparticle `halos' (i.e.,

a layer of nanoparticles on microspheres) (Tohver et al., 2001). Due to the layer

of highly charged nanoparticles on the microspheres, these aggregates attain a

similar surface charge and repel each other due to the electrostatic force instead

of agglomerating.
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More recently, core-shell particles, produced by heteroaggregation have been

used for xerography, printing ink where micron sized polymer core is coated with

nanosized pigments. These toner particles are required to have a very narrow par-

ticle size distribution (PSD) and a homogeneous composition distribution (Turner

et al., 2011). Conventional mechanical production processes of toner particles in-

volve milling of a solid block of toner and generate particles with a wide PSD and

produce signi�cant amount of dust. The shortcomings of the traditional method

gave rise to the development of a chemical production method. In the chemical

method, pigments are added to latex particles and then these particles are 
oc-

culated by lowering the pH of the solution. As the pH of the solution is lowered,

negatively charged latex particles become neutral and aggregate due to van der

Waals force. This uncontrolled aggregation produces a gel which is then mechani-

cally broken into toner particles of desired size. Recently a more advanced method

has been developed where the heteroaggregation technique is applied by adding

a coagulating agent instead of lowering the pH to have a controlled aggregation

of the latex particles (Ahuja et al., 2007).

Heteroaggregates have also been suggested for drug delivery applications. Sar-

mento et al. (2007) showed that the insulin uptake capacity increased when it was

entrapped in alginate or chitosan nanoparticles as the alginate or chitosan adhered

to the mucous wall of the gastrointestinal tract, provided protection to the drug

molecule and allowed for the transport of insulin to the blood circulation system.

Bodmeier and Paeratakul (1989); Ostberg and Gra�ner (1994) also proposed the

use of calcium alginate beads to entrap water insoluble drugs to make the drug

molecules freely movable in an aqueous environment. However, erosion of the

alginate matrix accelerated the release of drugs (Murata et al., 1993b). Later,

Murata et al. (1993a); Sezer (1999); Sezer and Akbuga (1999) found that alginate

beads coated with chitosan had a higher drug loading capacity and also the layer

of chitosan reduced the erosion of the gel matrix. Positively charged chitosan
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particles have also been suggested to be a good carrier for DNA delivery since

they form complexes with negatively charged plasmid DNA. Although, to be used

for drug delivery application it is required for these particles to have a speci�c

size and structure (Kim et al., 2001).

Customized heteroaggregates can also be used for water puri�cation appli-

cations (Yu et al., 2013). This is based on the idea that oppositely charged

components of the heteroaggregates will adsorb toxic anions and cations which

include charged heavy metal compounds such as cadmium, mercury, lead, copper,

chromium and arsenic from waste-water.

The property of the heteroaggregates depend not only on the material proper-

ties of the primary component particles but also the size, composition and surface

charge. Therefore, it is very crucial to understand the mechanism of heteroaggre-

gation and to be able to control aggregation and form heteroaggregates of desired

size and composition tailored for use in the areas mentioned before.

The colloidal system chosen for this particular work comprises of alginate and

chitosan. Chitosan which is derived from chitin found in crustacean cells and

alginate which is produced from algae and certain bacteria, are abundant, bio-

compatible and environment-friendly. As mentioned before, chitosan and alginate

are popular biopolymers which have been used in drug delivery applications (Mu-

rata et al., 1993a; Sezer, 1999; Sezer and Akbuga, 1999; Sarmento et al., 2007).

Moreover, in the gel particle form both alginate and chitosan show comparable

metal ion adsorption capability to that of more popularly used ion exchange resins

(Yu et al., 2013).

Previous research (both modeling and experimental) has been mainly focused

on the aggregation of one kind of rigid colloidal particles whereas, alginate and

chitosan are oppositely charged, very di�erent in terms of size (alginate micropar-

ticles are about 130 times and alginate beads are about 10000 times bigger than

the chitosan nanoparticles) and are not rigid particles. These make the system
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studied in this work more complex than commonly studied colloidal systems.

The interactions between di�erent kind of particles in this system is shown

in the Figure 1.1. For alginate-alginate, since both the particles are negatively

charged there is a strong repulsive electrostatic force which dominates over the

weak van der Waals attraction. For chitosan-chitosan, similarly there is a strong

electrostatic repulsion which dominates over the van der Waals attraction. In

the case of alginate-chitosan particles the opposing charges result in a strong

electrostatic attraction along with the weak van der Waals attraction. For neu-

tral monoaggregates (where the charge of the chitosan particles attached to the

alginate particle is just enough to neutralize the negative surface charge of the

alginate particle) and any other type of particle the only force is weak attractive

van der Waals force. For negatively charged monoaggregates (where the positive

charge of the all chitosan particles attached to the negatively charged alginate is

less than the surface charge of the alginate particle) and any other kind of par-

ticle the forces in play are strong or weak (depending on the negative charge of

the monoaggregate) electrostatic attraction or repulsion (depending on whether

the other particle is charged and positively or negatively) and attractive van der

Waals force. For positively charged monoaggregates (where the positive charge of

the chitosan particles attached to the negatively charged alginate is more than the

surface charge of the alginate particle) similarly the forces are van der Waals at-

traction and electrostatic attraction or repulsion (except when the other particle

is neutral).

These forces facilitate the aggregation of monodispersed alginate and chi-

tosan particles and ultimately the formation of heteroaggregates mainly in two

steps. As shown in Figure 1.2, in step [a], the alginate and chitosan particles are

monodispersed at the start of the process. In the next step ([b]) due to attractive

forces between alginate-chitosan and repulsive force between alginate-alginate and

chitosan-chitosan, the chitosan particles start to attach to the alginate particles.
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Figure 1.1: Interactions between di�erent kind of particles in the system

The chitosan particles being signi�cantly smaller than the alginate particles, form

a layer around each alginate particle. These particles with one alginate particle

at the core and many chitosan particles layered on it are referred to as monoag-

gregates in this dissertation. In the last step ([c]), these monoaggregates, due to

the forces mentioned in Table 1.1 aggregate with each other and form bigger ag-

gregates with multiple alginate particles and numerous chitosan particles. These

particles are called heteroaggregates in this article.

With change in the relative starting concentration of alginate and chitosan,

the system progresses towards di�erent �nal particle size distributions. These

�nal distributions can be divided in three regimes: `dispersed, uncoated', `ag-

glomerated' and `dispersed, coated':

1. When the number of chitosan particles in the system at step [a] (Figure

1.2) is less than the amount needed to completely neutralize the surface

charge of all the alginate particles, most of the monoaggregates at step [b]
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have negative surface charge and thus repel each other and do not form het-

eroaggregates. Since the alginate particles are only partially coated (com-

plete coating represents the state when the negative charge of the alginate

particle is completely neutralized by the chitosan particles attached to it)

this regime is called dispersed (as opposed to `agglomerated'), uncoated.

2. When the number of chitosan particles in step [a] is just enough to neutral-

ize the surface charge of all the alginate particles, in step [b] mostly neutral

monoaggregates are formed which aggregate with each other to form het-

eroaggregates due to weak van der Waals attractive force. Since in this case

in step [c] we have big heteroaggregates, this regime is called the `agglom-

erated' regime.

3. When at the start, in step [a] there are more chitosan particles than that

necessary to neutralize the surface charge of all the alginate particles, ma-

jority of the monoaggregates formed in step [b] are positively charged and

thus repel each other and prevent formation of heteroaggregates. Since the

alginate particles are completely or `over-coated' with chitosan particles and

do not form heteroaggregates, this regime is called the `dispersed, coated'

regime.

It is important to note that in a real system, at any moment, there will be

a distribution of all three kinds of monoaggregates in step [b] and not only one

kind of monoaggregate (positive or negative or neutral) although the relative

number of di�erent types of monoaggregates and consequently the �nal particle

size distribution will be di�erent depending on the initial relative concentration

of alginate and chitosan.

The �rst objective of this work is to study the second stage which is the

agglomeration stage of heteroaggregation by developing a mesoscale population

balance model (PBM) and validating the model with experimental study of a
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Figure 1.2: Schematic of the three stages of the heteroaggregation process: [a]
Mono-dispersed alginate and chitosan particles; [b] Formation ofmonoaggregates
(individual alginate microparticles coated with multiple chitosan nanoparticles); [c]
Formation ofheteroaggregates(multiple monoaggregates agglomerated together)

heteroaggregation process. PBM is a very popular tool to model particulate sys-

tems. Extensive research has been done on modeling colloidal systems using PBM

(Axford, 1997; Lattuada et al., 2003, 2006; Maindarkar et al., 2012, 2013; Peukert

et al., 2005; Raikar et al., 2010, 2011; Schaer et al., 2001; Sefcik et al., 2006; Soos

et al., 2006). Some experimental work also has been reported on the heteroag-

gregation of colloidal particles (Furusawa and Velev, 1999; Schaer et al., 2001;

Lattuada et al., 2003; Soos et al., 2006; Tourbin and Frances, 2007). Although

some studies have investigated this phenomenon of the progress of a system to-

wards di�erent regimes during aggregation of microparticles and nanoparticles

(Atmuri et al., 2013; Gilchrist et al., 2005; Zhang et al., 2008), the novelty of

this study lies in dealing with alginate and chitosan which are highly hydrophilic

hydrogels of opposite charge and very distinct in terms of size and in developing

a PBM framework to describe the dynamics of their aggregation.

The second aim is to model the �rst stage or the layering stage of heteroag-

gregation at using a separate population balance model. The �ndings from these
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simulations will be compared with experimental imaging of individual monoaggre-

gates. Experimental imaging of the heteroaggregate structure using various tech-

niques and study of layering on monoaggregates have also been reported (Fisher

et al., 2001; Kim and Berg, 2000; Kim et al., 2003; Johnson and Lenho�, 1996;

Rasa et al., 2004; Yates et al., 2005). Then �nally, �ndings from the layering

model are incorporated in the agglomeration framework to develop an integrated

model for both stages of the heteroaggregation process and the results from the

integrated model are compared to the experimental heteroaggregate PSD.

The third goal is to study the adsorption characteristics of the heteroaggre-

gates and its individual components alginate and chitosan for the adsorption of

positive and negative ions from single ion and mixed ion systems for application

in removal of heavy metal ions from wastewater. Chitosan and alginate have

proven to be very good adsorbents for heavy metal ions. Therefore, the equilib-

rium adsorption capacity of alginate-chitosan heteroaggregates will be studied for

potential application in the adsorption of heavy metals ions from industrial waste

water as a more e�cient alternative to individual adsorbents.

Objectives

The objectives of this dissertation are:

� Speci�c aim 1: Development and experimental validation of a model for

the agglomeration stage of the heteroaggregation process

� Speci�c aim 2: Development and experimental validation of a model for

the layering stage of the heteroaggregation process

� Speci�c aim 3: Study of adsorption characteristics of alginate, chitosan

and heteroaggregates for the adsorption of positive & negative heavy metal

ions



9

Chapter 2

Development and experimental validation of a
model for the agglomeration stage of the

heteroaggregation process

More details about the work discussed in this section can be obtained in the

following article.

� A. Chaturbedi , C. Pathak, K. Deshpande, N. Shapley, R. Ramachan-

dran. Population balance model development and experimental validation

for the heteroaggregation of oppositely charged micro- and nano-particles.

Chemical Engineering Research & Design, 113, 96-111, 2016

2.1 Background & objectives

As mentioned before, population balance models (PBM) are very popular for

modeling particulate systems. There has been some previous work on using PBMs

for modeling colloidal systems as well, although, none of those systems were

as dissimilar as the one studied in this work with respect to the particles in

the system. This work is built on the foundation laid out by numerous other

researchers working on colloidal aggregation, especially on modeling of colloidal

aggregation as outlined below.

Traditionally the formation of colloidal aggregates has been studied in the

literature as kinetic processes with a kernel for purely di�usive systems. Fuchs

(1934) introduced the Fuchs stability ratio to account for the e�ect of various
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interaction forces such as van der Waals, electrostatic, hydration forces on aggre-

gation rate. Derjaguin (1934), and subsequently Derjaguin and Landau (1993)

and Verwey and Overbeek (1948) formulated the e�ect of van der Waals and elec-

trostatic forces on aggregation. Much later, Axford (1997) studied the reaction-

limited aggregation of colloidal silica by using a population balance model (PBM).

Furusawa and Velev (1999) investigated the e�ects of various important parame-

ters such as the particle size ratio, the particle zeta potential and the electrolyte

concentrations on the interaction of amphoteric latex particles and silica, and

succeeded in controlling the size and composition. Schaer et al. (2001) studied

the aggregation kinetics of silica particle precipitation in a batch reactor and

proposed a mechanism for the aggregation process. They also used a PBM to

model the aggregation process. Lattuada et al. (2003) performed experiments

and used a PBM for studying the reaction-limited aggregation of polymer col-

loids. Peukert et al. (2005) used a PBM to study the production of nanoparti-

cles of controlled size for nanoparticle precipitation and nanomilling applications.

L�opez-L�opez et al. (2005) modeled the binary di�usion-limited cluster-cluster ag-

gregation of similarly sized oppositely charged particles and found out that at a

relative concentration of the minority particles higher than a critical value, all

initial particles formed one large cluster however with relative concentration be-

low that value, stable aggregates were formed. Soos et al. (2006) compared their

PBM results with experiments on colloidal aggregation, breakage and restructur-

ing in turbulent 
ows. Sefcik et al. (2006) used a PBM to study the e�ect of

mixing on aggregation and gelation of nanoparticles and competition between ag-

gregation and gelation for a homogeneous system. Lattuada et al. (2006) used a

PBM for modeling the aggregation between clusters. Tourbin and Frances (2007)

compared several analytical technique to measure the size distribution of col-

loidal silica particles in suspension which were detailed in a previous work. Mao

and McClements (2011) studied the heteroaggregation of oppositely charged lipid
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droplets and found that the aggregate properties depend on the ratio of positive

to negative droplets and pH. Raikar et al. (2010) used population balance model

to predict emulsion drop size distribution for a oil-in-water simulation improv-

ing upon a previously developed model by accounting for multiple drop breakage

instead of a breakage distribution function exhibiting maximum probability for

the formation of two equal sized droplets. In a subsequent work, by increasing

number of daughter drops formed in an event of breakage and by introducing a

maximum stable diameter the model was further improved to work better for a

wide range of homogenization pressures (Raikar et al., 2011). To predict the drop

size distribution at industrially acceptable high oil-to-surfactant ratio Maindarkar

et al. (2012) developed a population balance breakage-coalescence model in place

of established breakage-only model. This model was advanced to predict drop size

distribution for di�erent surfactant types and concentration (Maindarkar et al.,

2013). PBM also has been used to model the viscosity of suspension of highly

anisotropic nanoparticles during aggregation (Puisto et al., 2012), to model the

aggregation of solid lipid nanoparticles (Yang et al., 2012), to study the aggre-

gation kinetics and e�ect of cluster size and structure on aggregation kinetics

for aggregation of rigid colloidal particles (Babler et al., 2010). Atmuri et al.

(2013) performed experiments with latex particles at di�erent salt and particle

concentration and compared the experimental results with PBM results.

Objectives

The objectives of the work outlined in this chapter are:

� Sub aim 1: Development of a PBM framework for the second stage ([b]-[c]
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in Figure 1.2) of the two stage heteroaggregation process of alginate mi-

croparticles and chitosan nanoparticles in which the monoaggregates (nanopar-

ticle coated microparticles) aggregate with each other to form heteroaggre-

gates after the partial or complete charge neutralization through layering

of positively charged chitosan nanoparticles on negatively charged alginate

microparticles in the �rst stage ([a]-[b] in Figure 1.2)

� Sub aim 2: Experimental investigation of the �nal particle size distribution

at the end of the heteroaggregation process to validate and calibrate the

model

2.2 Development of a population balance model for the

agglomeration stage of the heteroaggregation process

2.2.1 Mathematical model development

The equation for the calculation of rate of particle transfer between di�erent size

classes based on the population balance model is as follows:

@
@t

N (a; c; t) = Rform (a; c) � Rdep(a; c)(2.1)

Rform (a; c) =
1
2

Z a

0

Z c

0
K (a0; a � a0; c0; c � c0)N (a0; c0; t)N (a � a0; c � c0; t)da0dc0(2.2)

Rdep(a; c) = N (a; c; t)
Z amax � a

0

Z cmax � c

0
K (a0; a; c0; c)N (a0; c0; t)da0dc0(2.3)

where, N (a; c; t) is number of aggregates of alginate volumea and chitosan vol-

ume c at time t, Rform (a; c) and Rdep(a; c) are respectively the rates of formation

and depletion of particles of alginate volumea and chitosan volumec due to

aggregation only. For this work, the other rate processes that a�ect the forma-

tion and depletion rates such as the breakage of the aggregates, consolidation in

which due to shear the aggregates are consolidated and layering in which smaller

particles form a layer around the bigger particles in the system are neglected.
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K (a0; a; c0; c) is the aggregation rate kernel between two aggregates with alginate

and chitosan volume ofa0; c0 and a; c respectively. It is important to note that

all particles in the system are assumed to be spherical and the diameter and

the radius of the particles are calculated from the volume with this assumption.

For the monoaggregates and heteroaggregates, which are aggregates of di�erent

amount of alginate and chitosan, the total volume is calculated by adding the

volume of alginate and chitosan in that particle and the diameter and the radius

are calculated from the volume.

For a pure di�usion-limited aggregation in dilute systems, the aggregation

kernel can be represented by the Brownian kernel which is of the form (Schmitt

et al., 2000):

K (a0; a; c0; c) = 4 � (D (a;c) + D (a0;c0))(R(a;c) + R(a0;c0)) (2.4)

where, R(a;c) is the radius of the particle of alginate volume a and chitosan vol-

ume c. The di�usion coe�cient D (a;c) can be represented by the Stokes-Einstein

relationship:

D (a;c) =
kT

6��R (a;c)
(2.5)

where, k is the Boltzmann constant, T is temperature and� is viscosity of the

medium. Substituting the expression ofD (a;c) from Equation 2.5 in Equation 2.4

we get:

K (a0; a; c0; c) =
K B (R� 1

(a;c) + R� 1
(a0;c0))(R(a;c) + R(a0;c0))

4
(2.6)

where, K B = 8kT=3� is the collision rate constant for monoaggregates due to

Brownian motion for di�usion-limited aggregation. If this process is not di�usion-

limited then dividing the aggregation rate by the Fuchs stability ratio W, we get

the actual rate (Axford, 1997):

K (a0; a; c0; c) = K 0
K B

W(a0; a; c0; c)

(R� 1
(a;c) + R� 1

(a0;c0))(R(a;c) + R(a0;c0))

4
(2.7)

where,K 0 is the aggregation kernel constant.
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The Fuchs Stability Ratio is the ratio of aggregation rate in the presence

of various particles interactions such as electrostatic, van der Waals, hydration

interaction to the aggregation rate in absence of any such interactions. It can

be expressed as a function of total interaction potential energy between two ag-

gregates U, the thermal energy kT, the dimensionless center-to-center distance

L(l) ( L(l) = r (l)=A((a0; a; c0; c), where r is the distance between the centers of

the aggregating particles and A is the average radius of the aggregating par-

ticles (A((a0; a; c0; c) = ( R(a;c) + R(a0;c0))=2)) and the hydrodynamic resistance,

G(a0; a; c0; c; l) experienced by the approaching particles due to the dispersion of


uid between them.

W(a0; a; c0; c) = 2
Z 1

2

exp(U(a0; a; c0; c; l)=kT)
G(a0; a; c0; c; l)L(l)2

dL (2.8)

The hydrodynamic resistance was not taken into consideration in this work.

According to the DLVO theory (Derjaguin and Landau, 1993; Verwey and

Overbeek, 1948), the total interaction energy is the sum of interaction energies

from van der Waals, electrostatic and in this case also hydration interaction:

U = Uvan der W aals + Uelectrostatic + Uhydration (2.9)

where,Uvan der W aals is the interaction potential due to van der Waals attraction,

Uelectrostatic is the interaction potential due to electrostatic repulsion or attraction

depending on the surface charges of the aggregating particles andUhydration is the

hydration interaction energy, generated from the attaching of water molecules to

the surface of the particles that need to be displaced during aggregation.

The Hamaker relation for calculation of van der Waals interaction potential
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is (Elimelech et al., 1995):

Uvan der W aals (a0; a; c0; c; l) = �
AH

6
�

f
8! (a0; a; c0; c)

(1 + ! (a0; a; c0; c))2 [
1

(L(l)2 � 4)
+

1

L(l)2 � 4(1� ! (a0;a;c0;c)
1+ ! (a0;a;c0;c) )

2 ]

+ ln[
L(l)2 � 4

L(l)2 � 4(1� ! (a0;a;c0;c)
1+ ! (a0;a;c0;c) )

2 ]g (2.10)

where,AH is the Hamaker constant,! (a0; a; c0; c)(= R(a0;c0)=R(a;c)) is the ratio of

radii of aggregating particles,L(l) is dimensionless center-to-center distance.

The expression for electrostatic interaction potential as developed by Sader

et al. (1995):

Uelectrostatic (a0; a; c0; c; l) =
4�� 0� r ! (a0; a; c0; c)A(a0; a; c0; c) 2

(a;c)

(1 + ! (a0; a; c0; c))2L(l)

� f (1 + 	( a0; a; c0; c))2)ln(1 + exp[� �A (a0; a; c0; c)(L(l) � 2)]

+ (1 � 	( a0; a; c0; c))2)ln(1 � exp[� �A (a0; a; c0; c)(L(l) � 2)])g (2.11)

where, 	( a0; a; c0; c)(=
 ( a0;c 0)

 ( a;c )
) is the ratio of surface potential of the two colliding

particles; � 0� r is the permittivity of the dispersant and � (=
q

e2NA
P

n z2
n Cb

n
� 0 � r kT ) is the

Debye-Huckel parameter. Where,e is the electron charge,NA is the Avogadro

number, zn and Cb
n are valance and bulk concentration of species (ion) n.

For the hydration energy, by applying the Derjaguin approximation to the

typical exponential relation Fhyd = F0 exp[� h
� 0

] as shown in Israelachvili (1992)

we get:

Uhydration (a0; a; c0; c; l) =
4�! (a0; a; c0; c)A(a0; a; c0; c)

(1 + ! (a0; a; c0; c))2
�

F0� 2
0exp(�

A(a0; a; c0; c)
� 0

(L(l) � 2)) (2.12)

where,F0 is the hydration force constant and� 0 is the decay length.

Since values of some of the physical constants are not available in the literature

for a similar system, they were assumed to have reasonable values within the

feasible parametric space and are shown in Table 2.1.
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Table 2.1: Parametric values for the agglomeration model

Parameter Symbol Value Units
Boltzmann constant k 1:3806488� 10� 23 m2 kg s� 2 K � 1

Charge of electron e 1:60217657� 10� 19 Coulombs
Avogadro Number NA 6:0221413� 1023 �
Hamaker constant AH 3 � 10� 21 J

Hydration force constant F0 10� 2 N m � 1

Temperature of the medium T 298 K
Viscosity of the medium � 0:8999� 10� 3 Pa:s

Permittivity of the medium � 0� r 6:93� 10� 10 C2 N � 1 m� 2

Valence of ions in medium z 1 �
Bulk concentration of ions in medium Cb 1 � 10� 2 kg m� 3

Debye length 1
� 1:3581� 10� 7 m

Decay length � 0 6 � 10� 10 m
Density of alginate � alginate 1050 kg m� 3

Density of chitosan � chitosan 1000 kg m� 3

Surface potential of alginate 	 alginate � 46� 10� 3 V olts
Surface potential of chitosan 	 chitosan 40� 10� 3 V olts

Volume of the system V 10� 10� 6 m3

Volume of the smallest alginate bin a1 1:5 � 10� 17 m3

Volume of the smallest chitosan bin c1 0:3 � 10� 17 m3

Aggregation kernel constant K 0 5 � 109 �
Simulated process time t 10 s
Simulation time-Step dt 0:01 s

Numerical method

The numerical stability of a PBM is a complex process due to the presence of

multiple dimensions and inherent possibility of instability involved with the time-

step of the integration step. The ordinary di�erential equations (ODE) as shown

in Equation 2.1 for di�erent particle size combinations is integrated simultane-

ously using the �rst order Euler integration technique which is popularly used to

solve multidimensional PBMs (Barrasso et al., 2015; Barrasso and Ramachandran,

2015; Chaudhury et al., 2014, 2015). The time-step was chosen such that the rate

of particles leaving a particular size class (bin) is not greater than the number of

particles in that size class at any time-step based on the Courant-Friedrichs-Lewy
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(CFL) condition as mentioned in Ramachandran and Barton (2010). The value of

the time-step used is given in Table 2.1. The process time was set as 10 seconds,

since no signi�cant change was observed in the PSD after that time.

For the di�erent possible sizes of particles (indicated by the volume of alginate;

a and chitosan; c) a nonlinear grid is used to cover the broad size ranges of

particles. Since this work considers the monoaggregates as starting particles,

comparable volume for both alginate and chitosan is used, though the diameter

of individual alginate and chitosan particles are di�erent by an order of 3. The

volume bins are expressed as shown in 2.13 & 2.14:

ai = a1 � 3i � 1 (2.13)

ci = c1 � 3i � 1 (2.14)

Where, a1 and c1 respectively are the volumes of smallest alginate and chitosan

bins and shown in Table 2.1. Since a nonlinear grid is used aggregates can have

volume that lie between the prede�ned bins. The cell average method as devel-

oped by Kumar et al. (2006) for 1-dimensional case and subsequently extended

by Chaudhury et al. (2013) for multidimensional cases is used to to distribute

particles formed in di�erent bins by applying a multidimensional lever rule.

All simulations were performed in Mathworks MATLABR
 R2015a on an Intel

Core i7-4770 CPU (3.4 GHz) with 12 GB of RAM.

2.2.2 Results & discussion

2.2.2.1 E�ect of process parameters on electrostatic interaction

As shown in Equation 2.11 the electrostatic interaction depends on the medium

(i.e., permittivity), the relative size (i.e., radius ratio); the size (i.e., average

radius) of the aggregating particles, the distance between them (i.e., normalized

distance), the ratio of surface charge (i.e., surface potential ratio) and the ions




	Abstract
	Acknowledgements
	List of Tables
	List of Figures
	Background
	Development and experimental validation of a model for the agglomeration stage of the heteroaggregation process
	Background & objectives
	Development of a population balance model for the agglomeration stage of the heteroaggregation process
	Mathematical model development
	Results & discussion
	Effect of process parameters on electrostatic interaction
	Effect of process parameters on van der Waals interaction
	Effect of process parameters on hydration interaction
	Effect of process parameters on total interaction potential
	Effect of relative alginate & chitosan concentration on final heteroaggregate size distribution
	Effect of relative alginate & chitosan concentration on final heteroaggregate composition


	Experimental investigation of heteroaggregate particle size distribution
	Experimental procedure
	Materials & instruments
	Chitosan nanoparticle preparation
	Alginate microparticle preparation
	Heteroaggregation experiments

	Results & discussion

	Chapter conclusions

	Development and experimental validation of a model for the layering stage of the heteroaggregation process
	Background & objectives
	Development of a model for the layering stage of the heteroaggregation process
	Mathematical model development
	Results & discussion

	Experimental study of layering
	Experimental procedure
	Results & discussion

	Development and experimental validation of an integrated heteroaggregation process model
	Mathematical model development
	Results & discussion

	Chapter conclusions

	Study of adsorption characteristics of alginate, chitosan and heteroaggregates for the adsorption of positive & negative heavy metal ions
	Background & objectives
	Experimental procedure
	Materials
	Instruments
	Preparation of alginate bead
	Heteroaggregation experiments
	Equilibrium adsorption experiments
	ICP-OES analysis
	Particle characterization

	Results & discussion
	Particle characterization
	Equilibrium adsorption capacity
	Comparison between adsorbents
	Comparison between solutes


	Chapter conclusions

	Conclusions and future directions
	Conclusions
	Future directions

	Bibliography

