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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 specific 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 first

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 final

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

the effect of different 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 final heteroaggregate PSD. The second objective of this

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

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

cle and affect 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 affect

the monoaggregate distribution and consequently heteroaggregate PSD and the

presence of different 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 different heteroaggregation regimes

have also been simulated and validated experimentally by studying the final 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 different regimes are

also compared with the adsorption characteristics of the individual components

of the heteroaggregates to see if the heteroaggregates offer 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 field 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 differ 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 significant 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 floc-

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 Graffner (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 specific

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

Customized heteroaggregates can also be used for water purification 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 different 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 different 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 different kind of particles in the system

The chitosan particles being significantly 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 different final particle size distributions. These

final 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 different types of monoaggregates and consequently the final particle

size distribution will be different depending on the initial relative concentration

of alginate and chitosan.

The first 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 of monoaggregates
(individual alginate microparticles coated with multiple chitosan nanoparticles); [c]
Formation of heteroaggregates (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 different 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 first stage or the layering stage of heteroag-

gregation at using a separate population balance model. The findings 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 Lenhoff, 1996;

Rasa et al., 2004; Yates et al., 2005). Then finally, findings 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 efficient alternative to individual adsorbents.

Objectives

The objectives of this dissertation are:

• Specific aim 1: Development and experimental validation of a model for

the agglomeration stage of the heteroaggregation process

• Specific aim 2: Development and experimental validation of a model for

the layering stage of the heteroaggregation process

• Specific aim 3: Study of adsorption characteristics of alginate, chitosan

and heteroaggregates for the adsorption of positive & negative heavy metal

ions
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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 diffusive systems. Fuchs

(1934) introduced the Fuchs stability ratio to account for the effect of various

http://www.sciencedirect.com/science/article/pii/S0263876216301836
http://www.sciencedirect.com/science/article/pii/S0263876216301836
http://www.sciencedirect.com/science/article/pii/S0263876216301836
http://www.sciencedirect.com/science/article/pii/S0263876216301836
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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 effect 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 effects 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.

López-López et al. (2005) modeled the binary diffusion-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 flows. Sefcik et al. (2006) used a PBM to study the effect 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 different 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 effect 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 different 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 first stage ([a]-[b] in Figure 1.2)

• Sub aim 2: Experimental investigation of the final 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 different 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

∫ a

0

∫ c

0

K(a′, a− a′, c′, c− c′)N(a′, c′, t)N(a− a′, c− c′, t)da′dc′(2.2)

Rdep(a, c) = N(a, c, t)

∫ amax−a

0

∫ cmax−c

0

K(a′, a, c′, c)N(a′, c′, t)da′dc′(2.3)

where, N(a, c, t) is number of aggregates of alginate volume a 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 volume a and chitosan volume c due to

aggregation only. For this work, the other rate processes that affect 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.



13

K(a′, a, c′, c) is the aggregation rate kernel between two aggregates with alginate

and chitosan volume of a′, c′ 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 different

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 diffusion-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(a′, a, c′, c) = 4π(D(a,c) +D(a′,c′))(R(a,c) +R(a′,c′)) (2.4)

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

ume c. The diffusion coefficient D(a,c) can be represented by the Stokes-Einstein

relationship:

D(a,c) =
kT

6πµR(a,c)

(2.5)

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

medium. Substituting the expression of D(a,c) from Equation 2.5 in Equation 2.4

we get:

K(a′, a, c′, c) =
KB(R−1(a,c) +R−1(a′,c′))(R(a,c) +R(a′,c′))

4
(2.6)

where, KB = 8kT/3µ is the collision rate constant for monoaggregates due to

Brownian motion for diffusion-limited aggregation. If this process is not diffusion-

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

the actual rate (Axford, 1997):

K(a′, a, c′, c) = K0
KB

W (a′, a, c′, c)

(R−1(a,c) +R−1(a′,c′))(R(a,c) +R(a′,c′))

4
(2.7)

where, K0 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((a′, a, c′, 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((a′, a, c′, c) = (R(a,c) + R(a′,c′))/2)) and the hydrodynamic resistance,

G(a′, a, c′, c, l) experienced by the approaching particles due to the dispersion of

fluid between them.

W (a′, a, c′, c) = 2

∫ ∞
2

exp(U(a′, a, c′, c, l)/kT )

G(a′, a, c′, 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 Waals + Uelectrostatic + Uhydration (2.9)

where, Uvan der Waals 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 and Uhydration 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 Waals(a
′, a, c′, c, l) = −AH

6
×

{ 8ω(a′, a, c′, c)

(1 + ω(a′, a, c′, c))2
[

1

(L(l)2 − 4)
+

1

L(l)2 − 4(1−ω(a
′,a,c′,c)

1+ω(a′,a,c′,c)
)
2 ]

+ ln[
L(l)2 − 4

L(l)2 − 4(1−ω(a
′,a,c′,c)

1+ω(a′,a,c′,c)
)
2 ]} (2.10)

where, AH is the Hamaker constant, ω(a′, a, c′, c)(= R(a′,c′)/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(a
′, a, c′, c, l) =

4πε0εrω(a′, a, c′, c)A(a′, a, c′, c)ψ2
(a,c)

(1 + ω(a′, a, c′, c))2L(l)

× {(1 + Ψ(a′, a, c′, c))2)ln(1 + exp[−κA(a′, a, c′, c)(L(l)− 2)]

+ (1−Ψ(a′, a, c′, c))2)ln(1− exp[−κA(a′, a, c′, c)(L(l)− 2)])} (2.11)

where, Ψ(a′, a, c′, c)(=
ψ(a′,c′)
ψ(a,c)

) is the ratio of surface potential of the two colliding

particles; ε0εr is the permittivity of the dispersant and κ(=
√

e2NA
∑

n z
2
nC

b
n

ε0εrkT
) 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
δ0

] as shown in Israelachvili (1992)

we get:

Uhydration(a′, a, c′, c, l) =
4πω(a′, a, c′, c)A(a′, a, c′, c)

(1 + ω(a′, a, c′, c))2
×

F0δ
2
0exp(−

A(a′, a, c′, c)

δ0
(L(l)− 2)) (2.12)

where, F0 is the hydration force constant and δ0 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 µ 0.8999× 10−3 Pa.s

Permittivity of the medium ε0εr 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
κ

1.3581× 10−7 m
Decay length δ0 6× 10−10 m

Density of alginate ρalginate 1050 kg m−3

Density of chitosan ρchitosan 1000 kg m−3

Surface potential of alginate Ψalginate −46× 10−3 V olts
Surface potential of chitosan Ψchitosan 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 K0 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 differential equations (ODE) as shown

in Equation 2.1 for different particle size combinations is integrated simultane-

ously using the first 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 significant change was observed in the PSD after that time.

For the different 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 different 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 predefined 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 different bins by applying a multidimensional lever rule.

All simulations were performed in Mathworks MATLAB R© 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 Effect 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
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(a) Effect of distance between particles for
different size ratio

(b) Effect of the size ratio of particles for par-
ticles at different distances

(c) Effect of average size of particles for dif-
ferent distances

(d) Effect of ratio of surface potential of ag-
gregating particles for different size ratio

Figure 2.1: Effect of different parameters on electrostatic interaction potential

in the system (i.e., Debye-Huckel parameter). Since the medium in this system

is deionized water, the permittivity and the Debye-Huckel parameter are kept

constant at 6.93 × 10−10 C2 N−1 m−2 and 2.3 × 105 m−1 respectively and the

radius ratio was varied from 0.025 to 40, similarly the average radius is varied

from 20 µm (2×10−5 m) to 800 µm (8×10−4 m), the normalized distance is varied

from 2.1 to different normal distances depending on the range of the particular

interaction and the surface potential ratio is varied from −50 to 50 to study their

individual effect on the electrostatic interaction.
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As shown in Figure 2.1a for a constant average radius of 4.1× 10−4 m (mean

of the highest and lowest possible average radius), surface potential of −0.003 V

(mean of the surface potential of alginate, −0.046 V and chitosan, 0.04 V ) and

surface potential ratio of −1 representing two particles with opposite charge of the

same magnitude and 1 representing the interaction between two particles with the

same charge, the magnitude of the electrostatic force decreases rapidly with inter-

particle distance and becomes non-existent at a normal distance of 2.16 due to

the inverse dependence on L(l) in the first term in Equation 2.11. Because of the

ω(a′,a,c′,c)

(1+ω(a′,a,c′,c))2
term in Equation 2.11 the rate of change of electrostatic interaction

potential with distance is highest for equal sized particles that is when the radius

ratio is 1 and as the size ratio increases the rate of change decreases. For a radius

ratio of 20 or 0.05 the force is about 20% of the force between equal sized particles

and for a radius ratio of 40 or 0.025 the force is about 10% of the force between

equal sized particles when the particles are at a normal distance of 2.1 from each

other. As excepted, for particles with identical charge the electrostatic interaction

is repulsive an the interaction potential is positive and for particles with opposite

charges the potential is negative and thus the interaction is attractive.

The variation of electrostatic force with radius ratio of the particles for a

constant average radius of 4.1×10−4 m, surface potential of −0.003 V and surface

potential ratio of −1 and 1 at different normalized distances was plotted in Figure

2.1b. For the same reasons mentioned above, similarly to the behavior seen in

Figure 2.1a the force is highest when the particles are of equal size (that is when

the radius ratio is 1). The curves for particles at a normal distance of 2.5 are

magnified to show that though the interaction potential changes similarly with

radius ratio, the magnitude of the potential is less than 0.01% of the potential

between equal sized particles at the closest (that is at a normal distance of 2.1).

For equal sized particles, with identical and opposite charges of the magnitude
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−0.003 V , the electrostatic interaction potential decreases in magnitude with in-

creasing particle size owing to the exponential terms (exp[−κa(a′, a, c′, c)(L(l)−

2)]) in Equation 2.11. As the particle size increases the magnitude of the electro-

static interaction potential becomes non-existent at even smaller distances. For

example, particles with an average radius of 250 µm experience electrostatic in-

teraction up to a normal distance of 5 but particles with an average radius of

400 µm experience electrostatic interaction only up to a normal distance of 2.1.

As seen in Figure 2.1d, at a surface potential of −0.003 V , normal distance

of 2.1 and constant average radius of 4.1 × 10−4 m, the electrostatic interac-

tion potential increases linearly in magnitude with increasing or surface potential

ratio in either positive or negative direction. This happens as a result of the

(1+Ψ(a′, a, c′, c))2 and (1−Ψ(a′, a, c′, c))2 terms in Equation 2.11. As the magni-

tude of Ψ(a′, a, c′, c) increases the magnitude of these terms increase resulting in

an increase in the interaction potential. Since, ln(1− exp[−κa(a′, a, c′, c)(L(l)−

2)]) is inherently negative, when the surface potential ratio is negative, (1 −

Ψ(a′, a, c′, c))2 dominates over (1 + Ψ(a′, a, c′, c))2 and the interaction potential

becomes negative. Similarly since ln(1 + exp[−κa(a′, a, c′, c)(L(l) − 2)]) is in-

herently positive, when the surface potential ratio is positive (1 + Ψ(a′, a, c′, c))2

dominates over (1−Ψ(a′, a, c′, c))2 and the electrostatic interaction potential be-

comes positive. Similar to Figure 2.1a the potential increases rapidly for equal

sized particles (radius ratio of 1). As the size disparity increases the rate of

increase of the potential with increasing surface potential decreases.

Therefore it can be concluded that the electrostatic interaction potential will

be maximum when smaller, equally sized particles with different surface potential

are closest to each other.
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(a) Effect of distance between particles for
different size ratio

(b) Effect of size ratio of two particles for
particles at different distances

Figure 2.2: Effect of different parameters on van der Waals interaction potential

2.2.2.2 Effect of process parameters on van der Waals interaction

The van der Waals interaction depends on the radius ratio and normalized dis-

tance between particles (Equation 2.10). The change in van der Waals interaction

potential with normalized distance for different radius ratio is shown in Figure

2.2a. As expected the van der Waals interaction potential is always negative

confirming that the van der Waals interaction is attractive in nature. Similar

to the variation of the electrostatic force with normalized distance (Figure 2.1a)

the magnitude of van der Waals force decreases with increasing distance between

particles. Since van der Waals interaction has a inverse-squared dependence on

distance ([ 1
(L(l)2−4) + 1

L(l)2−4( 1−ω(a′,a,c′,c)
1+ω(a′,a,c′,c) )

2 ] term in Equation 2.10) in place of the

combined inverse and inverse-exponential dependence of electrostatic interaction

potential, the former exists at even longer distances compared to the latter. Sim-

ilar to the electrostatic interaction potential the van der Waals interaction po-

tential is maximum for equal sized particles (with radius ratio of 1). At very

close distance the magnitude of the van der Waals potential decreases with in-

creasing size disparity as shown in the magnified inset plot in Figure 2.2a. As

the normalized distance increases the difference between the interaction potential
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for particles with different size ratio decreases and the van der Waals interaction

becomes non-existent at a normalized distance greater than 15.

The van der Waals interaction shows a similar trend as the electrostatic force

with increasing radius ratio owing to a similar dependence on radius ratio as the

electrostatic interaction potential ( ω(a′,a,c′,c)

(1+ω(a′,a,c′,c))2
term). The van der Waals in-

teraction reaches a maximum when aggregating particles are of about equal size

(Figure 2.2b). For particles at a large distance from each other the nature of de-

pendence of van der Waals potential is similar but as shown in the magnified part

in the inset plot, the maximum difference between the maximum and minimum

potential is about 0.02% of the interaction potential between particles of equal

size at the closest.

Therefore the van der Waals interaction is also strongest at a very close dis-

tance between equal sized particles, similar to the electrostatic interaction.

2.2.2.3 Effect of process parameters on hydration interaction

The hydration interaction potential depends on the size ratio (i.e., radius ra-

tio), the size (i.e., the average radius), the separation between particles (i.e., the

normalized distance) and the decay length (Equation 2.12). Since most of the pre-

vious work on colloidal aggregation involves aggregation of similar or dissimilar

nanoparticles with each other, the experimentally estimated values of the decay

length are in the range of 0.2 − 1.5 nm (Israelachvili and McGuiggan, 1988). In

this system, since the average radius of the hetero-aggregates of microparticles

and nanoparticles is significantly higher than the decay length for nanoparticle

aggregation, the hydration force is negligible compared to other forces. Therefore,

we examined the effect of parameters mentioned above on the hydration force as-

suming the decay length to be 6 mm. For the simulation of heteroaggregation

process, the decay length was kept constant at 0.6 nm.

It can be seen that the hydration interaction potential decreases exponentially
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(a) Effect of distance between particles for
different size ratio

(b) Effect of size ratio of two particles for
different distances

(c) Effect of average size of particles for dif-
ferent normal distances

Figure 2.3: Effect of different parameters on hydration interaction potential

with distance for different radius ratio due to the inverse-exponential dependence

on distance (exp(−a(a′,a,c′,c)
δ0

(L(l)− 2)) in Equation 2.12) and is non-existent at a

normalized distance greater than 80 (Figure 2.3a). It is also important to note,

positive hydration interaction potential indicates that the hydration interaction

inhibits aggregation which is in accordance with the nature of the hydration

interaction. Similar to electrostatic and van der Waals interaction, hydration

interaction potential is maximum for equal sized particles and decrease with in-

creasing size disparity. The difference between the hydration interaction potential
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between particles with more dissimilar sizes is higher at a smaller distance. As

the distance between particles increase the difference decreases.

In Figure 2.3b the hydration force shows a similar trend to the van der Waals

and electrostatic interaction in its relationship with size ratio of particles owing

to a similar dependence on radius ratio as both electrostatic and van der Waals

interaction potential ( ω(a′,a,c′,c)

(1+ω(a′,a,c′,c))2
term in Equation 2.12). The hydration force

reaches a maximum when particles are of equal size and decrease with increasing

size disparity. This behavior is more pronounced for particles closer to each other.

At a normalized distance of 50, it can be seen that the maximum potential is only

4% of the maximum potential between particles at a distance of 2.1.

The hydration interaction potential unlike electrostatic interaction potential

increases linearly with increasing particle size for particles that are closer to each

other because more water molecules are attached to the surface of bigger par-

ticles removing which takes more energy. This rate of increase with increasing

particle size decreases as the distance between the particles increase and finally

for particles that are far away (normalized distance, L =30 and 50 in the plot)

the potential first increases a little and then decreases with increasing size. This

happens due to the counteracting proportional and inverse-exponential depen-

dence on average radius (see Equation 2.12). Depending on the distance between

particles one of the aforementioned terms dominates and dictates the magnitude

of the hydration interaction potential.

Therefore, the hydration interaction potential is highest for larger equal sized

particles at small distances.

2.2.2.4 Effect of process parameters on total interaction potential

Effect of different process parameters on the total interaction potential is discussed

in this section. The surface potential of alginate particles is −46 mV and the chi-

tosan particles is 40 mV . However the monoaggregates and the heteroaggregates
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have different surface potential depending on the composition which is the num-

ber of chitosan particles attached to the alginate particle in the monoaggregate

and similarly for heteroaggregates the number of chitosan particles present for

each alginate particle.

In Figure 2.4a, the two most dominant interactions in this system, the van

der Waals interaction potential and the electrostatic interaction potential along

with the total interaction potential are plotted with the inter-particle distance

for particles with different surface potential. At small distances the electrostatic

potential is very high between particles with more surface charge (that is when,

i) both particles have surface potential of +40 mV ; ii) both particles have surface

potential of −40 mV ; iii) the particles have surface potential of +40 mV and

−40 mV ) compared to the electrostatic potential between particles with less

surface charge (that is when, i) both particles have surface potential of +10 mV ;

ii) both particles have surface potential of −10 mV ; iii) the particles have surface

potential of +10 mV and −10 mV ; iv) both particles have surface potential of

+4 mV ; v) both particles have surface potential of −4 mV ; vi) the particles

have surface potential of +4 mV and −4 mV ) and van der Waals interaction

potential. It can also be seen that the van der Waals potential is comparable to

the electrostatic interaction potential between particles with surface potential of

a magnitude of 4 mV in this system.

In Figure 2.4b the van der Waals interaction potential, the electrostatic inter-

action potential for particles with surface potential of 4 mV with opposite and

identical charges and the total interaction potential for both these cases are plot-

ted. For oppositely charged particles both the van der Waals and electrostatic

forces are attractive and thus the magnitude of the total interaction potential is

highest and decreases rapidly at close distance between particles but at a nor-

mal distance larger than 2.15 coincides with the van der Waals potential curve

since the electrostatic potential is insignificant at a distance greater than this.
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For particles with identical charge, the repulsive electrostatic force acts against

the attractive van der Waals force and the magnitude of the total interaction

potential is about 16% of the total interaction potential between particles with

identical charges when the particles are at a normal distance of 2.1. As the

distance between particles increases the magnitude of the repulsive electrostatic

force decreases more rapidly than the van der Waals force and the total interac-

tion potential reaches the highest magnitude at a normal distance of about 2.12

and then coincides with the van der Waals potential curve at distance greater

than 2.15 similar to the total interaction potential potential curve for identically

charged particles.

In Figure 2.4c, the van der Waals interaction potential, the electrostatic in-

teraction potential for particles with surface potential of 4 mV with opposite

and identical charges and the total interaction potential for both these cases are

plotted with the radius ratio of the particles. It was seen that the interaction

potentials are highest for equal sized particles. It is important to note that the

magnitude of the electrostatic interaction potential decreases more rapidly than

the van der Waals interaction potential, with increasing size disparity. As ex-

pected, when the particle size disparity is low the total interaction potential is

dominated by the electrostatic interaction and as size disparity increases the effect

of van der Waals interaction becomes more prominent. Similar to Figure 2.4b,

the highest total interaction potential happens when the particles are of opposite

charge since both the electrostatic and van der Waals interactions are attractive.
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2.2.2.5 Effect of relative alginate & chitosan concentration on final

heteroaggregate size distribution

As shown before, the dominant force resulting in aggregation of particles and

formation of firstly; monoaggregates (chitosan nanoparticle layered on alginate

micro-particle) and then; heteroaggregates (multiple alginate and chitosan par-

ticles agglomerated together) is the electrostatic force, especially at a very close

distance. A previous experimental study on alginate-chitosan system (Deshpande

(2014)) has shown that the final aggregate demographics depend on the relative

amount of alginate and chitosan. Systems with nanoparticles also show similar

behavior by reaching different aggregation regimes depending on the properties

of the system (Atmuri et al., 2013). Therefore, the effect of relative alginate and

chitosan concentration on final heteroaggregate size distribution was studied.

Since the first stage of heteroaggregation process is the formation of monoag-

gregates from monodispersed alginate and chitosan particles and this model fo-

cuses only on the heteroaggregation of these monoaggregates which happens af-

terwards, different standard distributions were used for the initial monoaggregate

distributions for different starting alginate and chitosan ratio.

Based on the amount of initial alginate and chitosan, in each case, different

number of monoaggregates were assumed to have different charges. For example,

a very small amount of chitosan would result in a initial distribution of monoag-

gregates with partially negative charge due to the absence of sufficient chitosan

particles necessary to neutralize the negative charge of the alginate particles.

In contrast, very high amount of chitosan would result in a initial distribution of

monoaggregates where the number of positively charged monoaggregates is higher

due to the presence of chitosan particles in excess of that necessary to neutralize

the negative charge of the alginate particles. In the intermediate region where

the chitosan amount is neither too low nor too high and close to the amount nec-

essary to neutralize the charge of alginate, the number of monoaggregates with
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neutral or close to neutral charge is higher compared to monoaggregates with

strong negative or positive charge.
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Figure 2.5: Model estimated variation of final heteroaggregate particle size distri-
bution for different chitosan and alginate amount. Corresponding chitosan volume
fraction of the samples: 0.004 (0.1 g alginate-10 µl chitosan), 0.077 (0.1-200), 0.144
(0.1-400), 0.251 (0.1-800), 0.335 (0.1-1200), 0.502 (0.1-2400), 0.002 (0.2-10), 0.0.04
(0.2-200), 0.077 (0.2-400), 0.144 (0.2-800), 0.201 (0.2-1200), 0.335 (0.2-2400)

In Figure 2.5a, the effect of initial chitosan concentration on the final het-

eroaggregate particle size distribution (PSD) is shown for a fixed alginate amount

of 0.1 g. For 10 µl of chitosan, the initial monoaggregate distribution consists

mostly of negatively charged monoaggregates and the repulsive electrostatic force

is higher than the attractive van der Waals which results in a final distribu-

tion where heteroaggregate formation is very low. As the chitosan volume is

increased to 200 µl, the initial monoaggregate distribution comprises of more neu-

trally charged monoaggregates or monoaggregates with a weak negative charge so

heteroaggregate formation increases as the electrostatic repulsion between these

monoaggregates are weaker than the previous case resulting in formation of big-

ger particles. For an even higher amount of chitosan of 400 µl, the number of

neutrally charged monoaggregates is higher and that leads to formation of bigger

and a higher number of heteroaggregates. When the chitosan amount is increased

even more to 800 µl, initially some of the neutral monoaggregates present in the
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case of 400 µl become positively charged and the formation of heteroaggregate

is lower than that for 400 µl. As the chitosan amount is increased even more to

1200 µl and 2400 µl, more monoaggregates become positively charged and that

prevents the formation of big heteroaggregates.

In Figure 2.5b the final particle size distribution is shown for 0.2 g of alginate.

For this alginate amount as well the same trend follows. For 10 µl of chitosan,

most of the monoaggregates initially are negatively charged since there is not

enough chitosan particles to neutralize the negative charge of the alginate particles

and as a result there is low heteroaggregate formation. For 200 µl of chitosan,

there are more neutral or close to neutral monoaggregate initially which leads to

the formation of more heteroaggregates. For 400 µl of chitosan, there are more

neutrally charged monoaggregates initially which leads to the formation of more

and even bigger heteroaggregates similar to the case for 0.1 g alginate. Since

there are more alginate particles for 0.2 g of alginate than that for 0.1 g, even for

800 µl chitosan, the number of neutral monoaggregates is also very high and this

leads to the formation of a high number of heteroaggregates similar to the case

with 400 µl of chitosan. For 1200 µl and 2400 µl of chitosan though, similar to

the 0.1 g alginate case, the number of positively charged monoaggregate initially

is higher which hinders the formation of big and as many heteroaggregates.

The effect of relative alginate and chitosan concentration on average diameter

of the particles in the system namely D10, the 10th percentile mass diameter,

D50, mass median diameter and D90, the 90th percentile mass diameter is plotted

in Figure 2.6. As chitosan amount increases for both 0.1 g and 0.2 g alginate,

the particles get bigger initially resulting in an increase in D10, D50 and D90.

This indicates the transition from ‘dispersed, uncoated’ regime to ‘agglomerated’

regime. For, 0.1 g alginate, at 200 µl, 400 µl and 800 µl of chitosan the D10, D50

and D90 are considerably higher than the other chitosan amounts indicating the

occurrence of the ‘agglomerated’ regime. For 0.2 g alginate, the ‘agglomerated’
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regime can be seen for 400 µl and 800 µl of chitosan. With even higher chitosan

amounts the average diameter decreases as the ‘agglomerated’ regime transitions

to ‘dispersed, coated’ regime and the particle size decreases.
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Figure 2.6: Model estimated variation of D10, D50 and D90 with chitosan amount
for 0.1 g and 0.2 g of alginate

2.2.2.6 Effect of relative alginate & chitosan concentration on final

heteroaggregate composition

(a) 0.1 g of alginate (b) 0.2 g of alginate

Figure 2.7: Variation of final fractional chitosan content for different amount of
chitosan and alginate

The model evaluated number averaged fractional chitosan content for 0.1 g

and 0.2 g alginate is shown in Figure 2.7a and 2.7b respectively. The same
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amounts of alginate and chitosan as used to study the effect of alginate and

chitosan concentration on the final aggregate size were used here.

In both the cases as expected, the fractional chitosan content is very low for

10 µl of chitosan since there is a very low amount of chitosan compared to algi-

nate in the system. In Figure 2.7a as the chitosan amount increases to 200 µl the

fractional chitosan content increases since the number of heteroaggregates which

have more chitosan than smaller particles increases. For 400 µl as the num-

ber of heteroaggregates increases even more the fractional chitosan content also

increases. Above that, with increasing chitosan amount the fractional chitosan

content decreases as the number of heteroaggregates decreases. It is crucial to

note that with increasing chitosan amount, the fractional chitosan content does

not increase above 400 µl because the excess chitosan is in free chitosan form

which is not accounted for by the model, the fractional chitosan content in the

monoaggregates and heteroaggregates in the system is shown in Figure 2.7a.

In Figure 2.7b the same trend is observed. In accordance with Figure 2.8b and

2.5b, the highest fractional chitosan content is observed for 800 µl since with 0.2 g

alginate the most heteroaggregation formation happens in this case. With lower

and higher amounts of chitosan than this, the number averaged fractional chitosan

content is lower because similar to the 0.1 g alginate case, the heteroaggregate

formation is also lower in these cases.
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2.3 Experimental investigation of heteroaggregate parti-

cle size distribution

2.3.1 Experimental procedure

2.3.1.1 Materials & instruments

Low molecular weight (50-190 kDa) chitosan (deacetylation fraction 90.85 %,

viscosity of 185 cP for a concentration of 1% w/w in 1% w/w acetic acid solution),

85% sodium tripolyphosphate (TPP), dibromohexane (96%) and span-80 was

supplied by Sigma Aldrich. Sodium alginate (molecular weight of 450-550 kDa,

viscosity of 485 cP (for a 1% w/w solution)) which consisted of 65-75% guluronic

acid (G) subunits and 25-35% mannuronic acid (M) subunits was supplied by

Acros Organics under the name alginic acid. HPLC grade iso-octane and calcium

chloride was supplied by Fisher Scientific. Water was acquired from a Milli-Q

water system.

A Beckman Coulter LS 13 320 laser diffraction spectroscope was used for

measurement of the particle size distribution of alginate microparticles and the

heteroaggregates. Zeta potential and chitosan nanoparticle average diameter was

measured using a Malvern Zetasizer. A Beckman centrifuge was used for cen-

trifuging the alginate suspension in order to separate and collect alginate beads.

2.3.1.2 Chitosan nanoparticle preparation

chitosan was cross-linked using sodium tripolyphosphate by the ionic gelation

method used by (Yu et al., 2013). 0.7 ml TPP solution of 2 mg/ml concentration

was added to 5 ml of 2 mg/ml chitosan solution. Produced chitosan particles

(average diameter of 250 nm, approximate zeta potential of 40 mV, density of 1

g/ml) were suspended in water to produce a chitosan suspension of concentration

37.5 mg/ml.
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2.3.1.3 Alginate microparticle preparation

Sodium alginate solution was prepared and emulsified in 1,6-dibromohexane and

iso-octane, and span-80 was used as surfactant. The emulsified alginate was cross

linked using calcium chloride to form calcium alginate gel micro-beads. Then the

separation of the emulsion was performed in a separatory funnel with acetone

washing. Extracted alginate solution was centrifuged followed by the removal

of the supernatant liquid and collection of the alginate beads. Afterwards, wet

sieving of the alginate particles was performed and the particles were stored in

DI water (Yu et al., 2013). The resulting micro-beads (density of 1.05 g/ml) had

a diameter of 25-38 µm with an average diameter of 34 µm and a zeta potential

of about -46 mV (Mladenovska et al., 2007).

2.3.1.4 Heteroaggregation experiments

Two different sets of experiments were performed where the alginate amount was

varied at 0.1 g (approximately 4.63 × 106 particles and 95.24 µl volume) and

0.2 g (approximately 9.26 × 106 particles and 190.48 µl volume) and for each

alginate level the chitosan solution amount was varied in 6 levels: 10 µl (roughly

4.89 × 1010 particles and 0.4 µl of particle volume), 200 µl (roughly 9.78 × 1011

particles and 8 µl of particle volume), 400 µl (roughly 1.96×1012 particles and 16

µl of particle volume), 800 µl (roughly 3.91× 1012 particles and 32 µl of particle

volume), 1200 µl (roughly 5.87× 1012 particles and 48 µl of particle volume) and

2400 µl (roughly 1.17 × 1013 particles and 96 µl of particle volume). The total

volume of the sample was kept constant at 10 ml. Each of these experiments

was performed three times. To prepare these samples, first, water according to

the chitosan amount was taken and then desired amount of alginate (by weight)

was added into the water. Then the desired amount of chitosan was added.

Finally, the mixture was sonicated to break down any initial monoaggregates

and/or heteroaggregates that were formed.
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All the samples from both the sets were analyzed with a Beckman Coulter

LS 13 320 laser diffraction spectrometer. Fraunhofer.rf780d was selected as the

optical model with the refractive index of the medium set at 1.33 (refractive index

of water). The difference between mean and standard deviation of all three trials

of each sample distributions were below 10%.

2.3.2 Results & discussion

Heteroaggregation experiments and LDS analyses as mentioned in Section 2.3.1.4

were performed to study the effect of relative starting concentration of alginate

and chitosan on the final heteroaggregate PSD and compare it to the model

calculated values. The PSDs for 0.1 g and 0.2 g alginate was plotted in Figures

2.8a and 2.8b respectively. The similarity between Figure 2.5a-Figure 2.8a and

Figure 2.5b-Figure 2.8b shows that the model can correctly capture the system

behavior.
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Figure 2.8: Experimentally observed variation of final heteroaggregate particle size
distribution for different chitosan and alginate amount. Corresponding chitosan vol-
ume fraction of the samples: 0.004 (0.1 g alginate-10 µl chitosan), 0.077 (0.1-200),
0.144 (0.1-400), 0.251 (0.1-800), 0.335 (0.1-1200), 0.502 (0.1-2400), 0.002 (0.2-
10), 0.0.04 (0.2-200), 0.077 (0.2-400), 0.144 (0.2-800), 0.201 (0.2-1200), 0.335
(0.2-2400)

For 0.1 g alginate, in Figure 2.8a, at 10 µl chitosan, most of the particles have
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a diameter of about 30 µm which is similar to the diameter of a single alginate

particle (average diameter 34 µm). This indicates the presence of ‘dispersed,

uncoated’ regime, since in this regime, the majority of particles in the system

are monoaggregates (which are single alginate particles with a chitosan layer on

them). For 1200 and 2400 µl chitosan, most of the particles have a diameter of

around 50 µm, which points toward the existence of ‘dispersed, coated’ regime.

The particles are slightly bigger in the ‘dispersed, coated’ regime than the ‘dis-

persed, uncoated’ regime because the thickness of chitosan layer should be higher

in case of the earlier. For 200, 400 and 800 µl chitosan, most particles have a

diameter of around 200 µm, indicating the presence of big heteroaggregates in

the ‘agglomerated’ regime.

For 0.2 g alginate (Figure 2.8b), since the number of alginate particles are

more than for 0.1 g alginate, in case of 10 µl chitosan, the thickness of chitosan

layer is less than that in case of 0.1 g alginate. For this reason, there are some

monoaggregates in case of 0.2 g alginate which are smaller than the monoaggre-

gates for 0.1 g alginate (Figure 2.8a) in the ‘dispersed, uncoated’ regime. For 0.2

g alginate-200 µl chitosan, the system is in transition from ‘dispersed, uncoated’

regime to the ‘agglomerated’ regime, unlike 0.1 g alginate-200 µl chitosan where

the system is in ‘agglomerated’ regime, since the amount of chitosan is not enough

to neutralize the higher amount of alginate present in the case of the earlier. For

400 and 800 µl chitosan, there is enough chitosan in the system to neutralize 0.2

g alginate, resulting in the formation of mostly neutral monoaggregates and as

result finally in the formation of big heteroaggregates leading to the ‘agglomer-

ated’ regime, similar to 0.1 g alginate. For 1200 and 2400 µl chitosan, the system

again transitions to the ’dispersed, coated’ regime, for reasons similar to the case

of 0.1 g alginate.

In Figure 2.9, the experimental D10, D50 and D90 were plotted with increasing

chitosan amount for both 0.1 g and 0.2 g of alginate. A similar trend to the one
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Figure 2.9: Experimentally observed variation of D10, D50 and D90 with chitosan
amount for 0.1 g and 0.2 g of alginate

seen in Figure 2.6 is observed. At 10 µl chitosan, for both 0.1 g and 0.2 alginate,

the system is in ‘dispersed, uncoated’ regime and the D10, D50 and D90 are low.

As the chitosan amount increases the transition to ‘agglomerated’ regime starts

and the system is in ‘agglomerated’ regime at 200, 400 and 800 µl chitosan for 0.1

g alginate where the D10, D50 and D90 are very high. For 0.2 g alginate, at 200

µl chitosan, the system is in between ‘dispersed, uncoated’ and ‘agglomerated’

regime, and is in ‘agglomerated’ regime at 400 and 800 µl chitosan. With even

higher chitosan amount, D10, D50 and D90 start to decrease as the transition to

‘dispersed, coated’ regime from the ‘agglomerated’ regime starts and the system

is in ‘dispersed, coated’ regime at 1200 and 2400 µl chitosan. The sum of squared

error (SSE) was also calculated for the PBM calculated D10, D50, D90 based on

the corresponding experimental values. The average SSE for 0.1 g alginate was

0.0481 and for 0.2 g alginate, it was found to be 0.1455.

2.4 Chapter conclusions

A population balance model for agglomeration stage of the heteroaggregation

process was developed. The model was able to simulate the real system fairly

accurately. The effect of various process parameters on the individual interaction
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potentials such as van der Waals, electrostatic and hydration forces and the to-

tal interaction potential which is the sum of the above, was also examined. It

was found that the electrostatic force is strongest between two small, equal sized

particles with high surface potential ratio (i.e. distinct surface charge) at close

distance. The van der Waals and hydration forces are strongest between equal

sized particles when they are closest to each other. It was also seen that the

electrostatic force followed by the van der Waals force played the most significant

role and hydration force was negligible and as a result the total interaction poten-

tial behaved similarly to the combined effect of electrostatic and van der Waals

interactions.

The effect of initial alginate and chitosan concentration on the final particle

size distribution was studied both through the model and the experiments. De-

pending on the initial relative concentration of alginate and chitosan, the system

demonstrated the presence of three different regimes as described in Chapter 1.

For a very small amount of chitosan the system progressed towards the ‘dispersed,

uncoated’ regime consisting mainly of alginate particles partially coated with chi-

tosan particles. With very high amount of chitosan the system advanced towards

the ‘dispersed, coated’ regime comprised of alginate particles ‘over-coated’ with

chitosan particles and for intermediate chitosan loading, the neutral or close to

neutrally charged monoaggregates agglomerated with each other to form bigger

heteroaggregates and resulted in the ‘agglomerated’ regime.

The effect of initial relative concentration of alginate and chitosan on the fi-

nal heteroaggregation composition was also investigated using the model. The

results corroborated the nature of final heteroaggregate PSD. The agglomerated

regime had heteroaggregates with more chitosan compared to the partially coated

monoaggregates in the uncoated dispersed regime and the over-coated monoaggre-

gates in the coated dispersed regime since the larger fraction of chitosan present

as free chitosan particles in the last two cases was not taken into account by the
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model.

This work explored the effect of different process parameters in detail which

gives an initial understanding of the ranges these parameters should be varied

within to form aggregates of specific size. A qualitative relation between relative

quantity of alginate-chitosan and final heteroaggregate size and the final het-

eroaggregate composition was established. This knowledge can further be used to

determine the initial conditions of the system to form heteroaggregates of required

size and composition. Depending on the application heteroaggregates of different

size and composition would be more efficient, so ultimately this knowledge can

be used to produce heteroaggregates tailored for different applications.

The next step would be to model the first stage of the heteroaggregation

process, which is the formation of chitosan layers on the alginate particles for

formation of monoaggregates. This can be modeled as a layering process with

the layering rate dependent on the relative size and surface charge of individual

alginate and chitosan particles.
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Chapter 3

Development and experimental validation of a

model for the layering stage of the

heteroaggregation process

3.1 Background & objectives

In order to understand heteroaggregation, it is important to understand the pro-

cess of formation of monoaggregates by layering of chitosan nanoparticles onto

the surface of the alginate microparticles. A better understanding of the layering

process and factors that control and limit it is necessary. In previous research,

the layering of smaller particles on a bigger particle of a different kind has not

been explored in detail. Fundamental questions such as what limits the layer-

ing, the surface coverage or the the charge neutralization for charged particles,

remain unanswered. Furthermore, it is not clear whether for charged particles

the complete charge neutralization prevents further layering or in a system such

as the one studied in this work, the layering stops when the surface potential of

a monoaggregate is equal to the surface potential of the chitosan particles. In

the latter case, the repulsion between a monoaggregate and a chitosan particle

becomes larger than the repulsion between two chitosan particles. Another impor-

tant thing is to be able to calculate the surface charge or surface potential of the

monoaggregates. It is crucial to know whether the monoaggregate surface charge

potential originates from the presence of just the chitosan layer on the surface and

the free positive sites or do the negative sites of the alginate also play a role in

this. This gives rise to another important question, which is whether the chitosan
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layer is a uniform layer covering the entire surface of the alginate particle or can

they form a 2-dimensional structure with some free alginate surface area. It is

therefore necessary to model the layering stage of the heteroaggregation process

to find the answers to these questions.

There has been some previous research on simulating heteroaggregation sys-

tems using molecular dynamics simulations. Cerbelaud et al. (2008) simulated

heteroaggregation between alumina particles (400 nm) and silica particles (25 nm)

using Brownian dynamics to look at the amount of silica adsorbed on alumina

particles with increasing silica-to-alumina ratio. They also studied the same using

inductively coupled plasma (ICP) analysis. It was observed by the authors that

the maximum amount of silica that can be adsorbed on the alumina surface is

much smaller than the close-packing coverage. They also studied the heteroaggre-

gate structure using cryo-field emission gun scanning electron microscope (cryo-

FEGSEM). The heteroaggregates were seen to have a open branch-like structure.

Cerbelaud et al. (2009) performed more detailed simulations on the same sys-

tem and showed that the silica particles form a pseudo-hexagonal network as

opposed to a random arrangement on the alumina surface as the silica amount

in the solution is increased. They also attributed the chain-like structure of the

heteroaggregates to the energy barrier that monoaggregates have to cross to re-

arrange the silica particles on the surface to form more compact heteroaggregate

structure, even though the compact structures are energetically more favorable.

In Cerbelaud et al. (2010), they performed these simulations for 10 seconds and

compared the heteroaggregate structure with cryo-FEGSEM images of the het-

eroaggregates. Although, these articles provided insights into heteroaggregation

processes, these were based on systems with particles that are significantly less

size asymmetric compared to the alginate-chitosan system studied in this work.

There is also some previous work on modeling colloidal systems using DEM.

Hong (1997) performed a DEM simulation incorporating body forces such as
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van der Waals, electrostatic forces, adhesion forces, influence of the medium and

body contact forces to simulate particle packing in colloidal foaming processes.

He found that the electrostatic force dominated the particle motion. He also

observed that in highly concentrated solutions, particles with electrostatic repul-

sion formed chain-like structures but particles without repulsion tended to form

compact agglomerates. In a later work, he further improved the model by imple-

menting the adhesive force based on the Johonson-Kendall-Roberts (JKR) theory

instead of the long-rang DLVO forces to fix the problem of numerical singularity

which arises from the van der Waals force approaching infinity as the distance

between particle surface approaches zero (Hong, 1998). At a particle distance

less than that at which JKR adhesion force is equal to van der Waals force, the

adhesion forces was used to model particle movement. Li et al. (2006) also used

DEM to simulate packing structure of mono-sized silicon dioxide particles.

These models had considerable success in simulating the heteroaggregation of

colloidal particles, however, with increasing size difference between the particles,

the development of such a modeling framework becomes increasingly difficult. The

numerical stability of such simulation methods require the largest possible time

step to be defined by the size of the smallest particle in the system. This results

in the simulation progressing in the time direction slowly. At the same time, the

presence of larger particles requires the simulation domain to be large, thereby,

also increasing the computational load. Both these reasons make the simulation

of a system with such large size difference very complex. Therefore, it is necessary

to have a mesoscale modeling framework where the time step is not dependent

on the size of the particles and the particles can be treated in groups rather

than individually. For this purpose a separate 1-dimensional population balance

framework was designed to simulate the layering stage of the heteroaggregation

process where the nanoparticles layer on the microparticles.
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It is vital to compare the findings from the model with experimental obser-

vations of aggregate structures. In some previous studies, researcher have used

various imaging techniques to study the structure of monoaggregates and het-

eroaggregates. Fisher et al. (2001) studied the fraction of silica particles (5-300

nm) adsorbed onto the surface of alumina particles (250 nm). They found that

the fraction of silica adsorbed on the surface of alumina varied with the silica

particle size. The structure of the silica layer on the alumina particle was also

studied using a scanning electron microscope (SEM). It was observed that the

silica formed a monolayer on the surface of the alumina particle. Johnson and

Lenhoff (1996) used atomic force microscopy (AFM) to study the adsorption of

charged latex particles on to a mica base at various ionic strengths. For low ionic

strength of 0.003 mM and 0.1 mM, the latex particles were seen to be uniformly

distributed and evenly spaced on the mica surface. At higher ionic strength,

however, the latex particles were assembled into two dimensional clusters on the

surface of the mica substrate. Kim and Berg (2000); Kim et al. (2003) stud-

ied the structure of large heteroaggregates formed from negatively charged silica

and positively charged alumina-coated silica particles. They observed that the

heteroaggregates had a branched structure. Rasa et al. (2004) also were able

to experimentally image the heteroaggregates of negatively charged silica and

positively charged alumina coated silica particles using a cryo-SEM. Yates et al.

(2005) investigated the heteroaggregation of alumina (310 nm) and silica par-

ticles (4.3-285 nm) experimentally. They discovered that the number of silica

particles needed for optimum heteroaggregation decreased with increasing silica

particle size. Also at a very high size asymmetry, the number of silica particles

exceeded the calculated half surface coverage number while at a very low size

asymmetry, the number of silica particles needed for optimum heteroaggregation

was about 25% of the half surface coverage number. In this work, SEM images of

the heteroaggregates was acquired to study the layering of nanoparticles on the
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microparticles.

Once the layering model is developed, it is important to integrate the findings

from that into the model for the agglomeration stage. This integrated model can

then generate the final heteroaggregate PSD which can then be compared to the

experimentally acquired PSD, thereby validating the model for the layering stage.

Objectives

The objectives of the work presented in this chapter are as follows.

• Sub aim 1: Development of a model to simulate the layering stage of the

heteroaggregation process to study the extent of layering on monoaggregates

• Sub aim 2: Experimental study of chitosan layer on alginate beads

• Sub aim 3: Integration of the model for the layering stage with the model

for the agglomeration stage to develop a model for the entire heteroaggre-

gation process

3.2 Development of a model for the layering stage of the

heteroaggregation process

3.2.1 Mathematical model development

A layering model was developed to simulate the layering of chitosan nanoparti-

cles on the alginate microparticles due to the combined effect of van der Waals,

electrostatic and hydration forces. Even though all three forces are combined the

electrostatic force is by far the most dominant, especially for the layering stage,

since the nanoparticles and the microparticles are oppositely charged, resulting

in a strong attractive electrostatic force.
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In this model, the monoaggregates are divided in different classes based on

the amount of chitosan layered on them. The number of monoaggregates with

a volume of chitosan defined by c at time t is defined as N(c,t). Depending the

rate of layering, the number of monoaggregates with a certain amount of chitosan

changes with time. As the layering stage progresses, more chitosan particles

gets attached to the alginate particle in the monoaggregate and the number of

monoaggregates with less chitosan decreases and more chitosan increases as the

monoaggregates move from one particle class to another. This rate of change of

number of monoaggregates is calculated as follows:

∂

∂t
N(c, t) = Rlayering(c) (3.1)

where, Rlayering(c) is the rate of layering on monoaggregates with chitosan volume

c and can be expressed as:

Rlayering(1) = −N(1)
Klayering(1)

(vc(2)− vc(1))
(3.2)

Rlayering(nc) = N(nc− 1)
Klayering(nc− 1)

(vc(nc)− vc(nc− 1))
(3.3)

Rlayering(2 : nc− 1) = N(1 : nc− 2)
Klayering(1 : nc− 2)

(vc(2 : nc− 1)− vc(1 : nc− 2))

−N(a, 2 : nc− 1)
Klayering(2 : nc− 1)

(vc(3 : nc)− vc(2 : nc− 1))
(3.4)

where, Klayering(c) is the layering kernel for a monoaggregate with chitosan volume

represented by c, vc(c) is the volume of chitosan in a monoaggregate and vc(nc) is

the highest volume of chitosan that any monoaggregate in the system can have.

The layering kernel, Klayering is calculated similarly to the aggregation ker-

nel as shown in Chapter 2, the only difference being that the layering happens

between one alginate particle and free chitosan in the system as opposed to two

monoaggregates as is the case in the second stage of heteroaggregation.

The layering kernel is formulated as (Axford, 1997):

Klayering(c) =
KB

W (c)

(R−1alginate +R−1chitosan)(Ralginate +Rchitosan)

4
(3.5)
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where, KB = 8kT/3µ is the collision rate constant between a monoaggregate and

the individual chitosan particles due to Brownian motion. Ralginate and Rchitosan

are respectively the radii of an alginate and a chitosan particle. It is assumed that

the radius change in a monoaggregate due to layering of chitosan is negligible and

therefore the monoaggregate radius is assumed to be equal to the radius of an

alginate particle. W is the Fuchs stability constant.

The Fuchs stability constant is calculated from the hydrodynamic resistance,

G(c, l) experienced by the approaching monoaggregate and chitosan particles due

to the dispersion of fluid between them, the total interaction potential between a

monoaggregate and individual monodispersed chitosan particles; U , the thermal

energy of the system; kT and the dimensionless center-to-center distance L(l)

(= r(l)/A), where r is the actual distance between the center of the monoaggre-

gate and an individual chitosan particle. A is the average radius of the monoag-

gregate and a chitosan particle. As mentioned before, the radius of the monoag-

gregate is assumed to be equal to that of an alginate particle. So, the average

radius becomes, A = (Ralginate+Rchitosan)/2)). The hydrodynamic resistance was

neglected in this work. The expression relating the Fuchs stability constant to

the above mentioned parameters is shown below.

W (c) = 2

∫ ∞
2

exp(U(c, l)/kT )

G(c, l)L(l)2
dL (3.6)

The total interaction potential is the sum of the van der Waals, electrostatic

and hydration interaction potential:

U = Uvan der Waals + Uelectrostatic + Uhydration (3.7)

where, Uvan der Waals, Uelectrostatic and Uhydration are respectively the van der Waals,

electrostatic and hydration interaction potential.

The van der Waals interaction potential is calculated as (Elimelech et al.,
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1995):

Uvan der Waals(c, l) = −AH
6
× 8ω(c)

(1 + ω(c))2

 1

(L(l)2 − 4)
+

1

L(l)2 − 4
(

1−ω(c)
1+ω(c)

)2
+ ln

 L(l)2 − 4

L(l)2 − 4
(

1−ω(c)
1+ω(c)

)2



(3.8)

where, AH is the Hamaker constant. ω(c) is the ratio of radii of the monoaggregate

and a chitosan particle and calculated as ω(c)(= Ralginate/Rchitosan), since the

monoaggregate radius is assumed to be equal to the radius of an alginate particle.

L(l) is the dimensionless center-to-center distance.

The electrostatic interaction potential is calculated as (Sader et al., 1995):

Uelectrostatic(c, l) =
4πε0εrω(c)A(c)ψ2

(c)

(1 + ω(c))2L(l)
×

{(1+Ψ(c))2)ln(1+exp[−κA(c)(L(l)−2)]+(1−Ψ(c))2)ln(1−exp[−κA(c)(L(l)−2)])}

(3.9)

where, Ψ(c)(=
ψ(c)

ψchitosan
) is the ratio of surface potential of the monoaggregate

with layered chitosan volume represented by c to the surface potential of chitosan

nanoparticle; ε0εr is the permittivity of the dispersant and κ(=
√

e2NA
∑

n z
2
nC

b
n

ε0εrkT
) 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.

The hydration energy was calculated as shown in Israelachvili (1992):

Uhydration(c, l) =
4πω(c)A(c)

(1 + ω(c))2
× F0δ

2
0exp

(
−A(c)

δ0
(L(l)− 2)

)
(3.10)

where, F0 is the hydration force constant and δ0 is the decay length.

Numerical method

As discussed in the previous chapter, the numerical stability of a population

balance model is largely dependent on the time-step. The upper limit of the
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time-step was chosen to ensure that the number of monoaggregates moving from

one class to another is not greater than the number of monoaggregates present

in a the originating class, based on the Courant-Friedrichs-Lewy (CFL) condition

described in Ramachandran and Barton (2010). The time-step chosen is provided

in Table 3.1. The process time was set as 1 second, since, due to the opposing

charges of the aggregating particles (monoaggregates and chitosan nanoparticles)

it was assumed that the process will be much faster than the agglomeration

process which itself took less than 10 seconds.

All the monoaggregates in the system were assumed to have an alginate vol-

ume equal to that of an alginate particle of diameter 34 µm. Two sets of simula-

tions were performed for total alginate amount of 0.1 g and 0.2 g. The number

of alginate particles was calculated from the mass of the alginate added to the

system. For the different possible amount of chitosan layered on the monoaggre-

gates (represented by c) a nonlinear grid is used. The highest possible volume

of layered chitosan is chosen based on the assumption that the surface potential

of a monoaggregate remains constant once it has reached the surface potential of

chitosan nanoparticles. After that, with increasing chitosan layering the surface

potential stays constant at that value. So to capture the variation of monoag-

gregate surface potential with increasing chitosan layering, the highest volume or

amount of layered chitosan is chosen to be the amount when the monoaggregate

surface potential becomes equal to that of chitosan. To make the model more

accurate, 30 different size classes were used as shown below.

ci = c1 × 1.322i−1 (3.11)

where, c1 is the least possible volume of layered chitosan.

The cell average method developed by Kumar et al. (2006) was used similar to

Chapter 2 to distribute particles formed in different bins by applying a multidi-

mensional lever rule. All simulations were performed in Mathworks MATLAB R©
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R2018a on an Intel Core i7-4770 CPU (3.4 GHz) with 12 GB of RAM.

Table 3.1: Parameters for the layering 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 µ 8.999× 10−4 Pa.s

Permittivity of the medium ε0εr 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
κ

1.3581× 10−7 m
Decay length δ0 6× 10−10 m

Density of alginate ρalginate 1050 kg m−3

Density of chitosan ρchitosan 1000 kg m−3

Surface potential of alginate Ψalginate −46× 10−3 V olts
Surface potential of chitosan Ψchitosan 56× 10−3 V olts

Volume of the system V 10× 10−6 m3

Radius of alginate particle Ralginate 34 µm
Radius of chitosan particle Rchitosan 250 nm

Volume of the smallest chitosan bin c1 1× 10−19 m3

Simulated process time t 1 s
Simulation time-Step dt 0.0001 s

3.2.2 Results & discussion

The increase in surface potential was calculated with increasing surface area cov-

erage of the monoaggregate by chitosan and was plotted in Figure 3.1.

As can be seen, at no surface coverage, that was when, the monoaggregate

is a monodispersed alginate particle, the surface potential was equal to that of

an individual alginate particle, -46 mV. Here, in this work, surface potential was

assumed to be equal to the zeta potential. As the surface coverage increased and as

more and more chitosan layered on top of the alginate particle, the surface charge
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Figure 3.1: Surface potential of a monoaggregate with percentage surface area
covered by chitosan nanoparticles

started to increase and moved towards a positive surface potential. At about 20%

coverage the monoaggregate became neutral. As the coverage increased more

and reached about 36% coverage, the surface potential became equal to that of

chitosan particles. Since, it was assumed that with increasing surface coverage

the surface potential would remain constant at this level and would not increase

more than the surface potential of an individual chitosan particle, only this range

was studied.

It is generally considered that colloidal suspensions are stable when the par-

ticles have an absolute zeta potential ≥ 30 mV (Gumustas et al., 2017). In other

words, when all the colloidal particles in the system have a zeta potential be-

tween ± 30 mV the particles have a tendency to aggregate. In Figure 3.1, the

stable region zeta potential limits were shown with dotted blue lines and corre-

sponding surface area coverage limits were shown with black dotted lines. Any

monoaggregate with a surface coverage inside that region would have a tendency

to aggregate and form heteroaggregates.
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The number distribution of monoaggregates was shown with the percentage

surface coverage and surface potential of the monoaggregates in Figures 3.2 and

3.3 for respectively 0.1 g and 0.2 g of alginate. It can be seen in Figure 3.2a, that

as more chitosan was added to the system, the distribution shifted to the right

or in other words, the number of monoaggregates with higher surface coverage

increased. With 10 µl of chitosan, there is very little coverage on all the monoag-

gregates. For 200 µl of chitosan, most of the monoaggregates seem to have about

8% surface area coverage which increases to about 10-12% for 400 µl of chitosan,

20% for 800 µl of chitosan and finally for 1200 and 2400 µl of chitosan, most of

the heteroaggregates seem to have the surface coverage which is equal to the lim-

iting surface area coverage of the model that corresponds to the monoaggregate

surface potential equal to that of chitosan.

In Figure 3.2b, the monoaggregate number distribution was plotted with

monoaggregate surface potential. The unstable region mentioned before is shown

with black dotted lines. It can be observed that for 10 µl of chitosan, all the

monoaggregates have negative surface potential which results in very little het-

eroaggregation as reflected in the experimental final heteroaggregate PSD shown

in Figure 3.2c. As the chitosan amount increases to 200 µl of chitosan, most of the

monoaggregates have a surface potential that is within the unstable region and

therefore prone to heteroaggregation. Similarly, for 400 µl of chitosan completely

and for 800 µl of chitosan partially the monoaggregate distribution lies within the

unstable region. This is in accordance with the fact that most heteroaggregation

is seen for these three cases in the experiments as well (Figure 3.2c). For higher

chitosan amounts of 1200 and 2400 µl of chitosan, all the monoaggregates seem

to have a surface potential greater than the unstable region limit which hinders

the agglomeration of these monoaggregates and that is also seen in the leftward

shift of the final heteroaggregate PSD in Figure 3.2c.
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(a) Monoaggregate number distribution with
respect to monoaggregate surface coverage
for different chitosan amount

(b) Monoaggregate number distribution with
respect to monoaggregate surface potential
for different chitosan amount
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(c) Experimentally observed variation of final
heteroaggregate particle size distribution for
different chitosan amount

Figure 3.2: Validation of the layering model by comparison of experimentally ac-
quired heteroaggregate PSD with monoaggregate number distribution for alginate
amount of 0.1 g
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For 0.2 g of alginate, a similar trend to Figure 3.2a was observed in Figure

3.3a. With increasing chitosan amount, surface area coverage increased. From

almost no surface coverage at 10 µl of chitosan, the peak of the monoaggregate

distribution moved to about 6%, 11-12%, 20% for 200, 400 and 800 µl of chitosan

respectively. For 1200 µl of chitosan, almost all the particles had a surface cover-

age equal to the limiting coverage and for 2400 µl of chitosan all monoaggregates

had the highest possible surface area coverage.

From Figure 3.3b, it could be seen that for 10, 1200 and 2400 µl of chitosan

all the monoaggregates were inside the stable region, thereby resulting in very

little heteroaggregation which was also seen in Figure 3.3c. For 400 and 800 µl of

chitosan almost all the monoaggregates were in the unstable region resulting in

highest growth observed in Figure 3.3c. For 200 µl of chitosan, unlike the 0.1 g

alginate case, most monoaggregates were in the stable region which agreed with

the fact that the final heteroaggregate distribution shown in Figure 3.3c was more

similar to that of 1200 and 2400 µl of chitosan than that of 400 and 800 µl of

chitosan.
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(a) Monoaggregate number distribution with
respect to monoaggregate surface coverage
for different chitosan amount

(b) Monoaggregate number distribution with
respect to monoaggregate surface potential
for different chitosan amount
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(c) Experimentally observed variation of final
heteroaggregate particle size distribution for
different chitosan amount

Figure 3.3: Validation of the layering model by comparison of experimentally ac-
quired heteroaggregate PSD with monoaggregate number distribution for alginate
amount of 0.2 g
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3.3 Experimental study of layering

3.3.1 Experimental procedure

To study the monoaggregate structure, alginate beads are used since it is easier

to handle individual alginate beads and study them. For this purpose chitosan

solution of different volumes (0, 10, 400 and 2000 µl) were added to 0.1 alginate

beads in 10 ml of water. The chitosan amounts were chosen to represent the three

different heteroaggregation regimes described in chapter 2 and a control case. The

solutions were left for a day to allow sufficient time for layering. Afterwards, about

4-5 individual alginate beads were taken out of the solution. Liquid nitrogen was

poured on top of the particles to freeze them. After that, frozen alginate beads

were placed on carbon tapes on aluminum stubs for SEM analysis. Extreme

caution was taken during this step to ensure that the particles are not pressured

and deformed in any way. In the next stage the samples were left in a desiccator

overnight for drying. Finally, samples were gold coated at a thickness of 10 nm to

acquire better signal in the SEM. SEM analysis was performed in the following

step in a FESEM (Zeiss-Sigma, Oberkochen, Germany) using an accelerating

voltage of 5 kV and at a working distance of about 8.5 mm.

3.3.2 Results & discussion

The SEM images of alginate bead without any chitosan, and alginate beads from

systems with 10, 400 and 2000 µl of chitosan are shown in Figure 3.4 at 200X

magnification. It can be seen that the particles are shrunk severely. This is a

result of the drying in desiccator which is necessary to prevent the interference

of water vapor with the electron beam from a wet sample in the SEM. As the

alginate and chitosan particles are hydrogel particles, they are filled with large

amounts of water. This leads to the massive shrinkage of the particles when left in
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(a) alginate bead (b) alginate bead from a system with 0.1 g
of alginate beads and 10 µl of chitosan

(c) alginate bead from a system with 0.1 g
of alginate beads and 400 µl of chitosan

(d) alginate bead from a system with 0.1 g
of alginate beads and 2000 µl of chitosan

Figure 3.4: SEM images of alginate beads with chitosan layering on it at 200X
magnification

the desiccator. The alginate bead surface became very curvy due to this shrink-

age which made separating the surface roughness due to chitosan layering and

shrinkage difficult. At the same time, chitosan particles also shrunk significantly.

The chitosan particles were previously seen to be shrinking by a factor of 18 in

volume (Yu et al., 2013) which is equivalent to about a 2.5 times decrease in the

diameter. The 10 nm thick gold coating also contributed to reduced detect-ability

of chitosan layers.

The SEM images of the four samples mentioned above are shown in Figures

3.5, 3.6, 3.7 and 3.8 respectively both at 1000X and 10000X magnification. In



57

(a) 1000X magnification (b) 10000X magnification

Figure 3.5: SEM images of an alginate bead

(a) 1000X magnification (b) 10000X magnification

Figure 3.6: SEM images of an alginate bead from a system of 0.1 g alginate beads
with 10 µl chitosan

Figure 3.5 some sharp crystal like structures can be seen but smooth or rounded

bumps that are visible in the others are absent. This indicates that the smooth

bumps likely are chitosan layers on the alginate. It can be seen that the number

or net area covered by the smooth bumps increase slightly as the chitosan amount

increases from Figure 3.6 to Figure 3.7 and finally at the highest chitosan content,

in Figure 3.8 much more elongated surface features can be seen which possibly

indicates an increase in chitosan layering with increasing chitosan amount.

The SEM images indicate a tendency of chitosan to form layers that are non-

uniform and in form of patches. This is in line with what other researchers
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(a) 1000X magnification (b) 10000X magnification

Figure 3.7: SEM images of an alginate bead from a system of 0.1 g alginate beads
with 400 µl chitosan

(a) 1000X magnification (b) 10000X magnification

Figure 3.8: SEM images of an alginate bead from a system of 0.1 g alginate beads
with 2000 µl chitosan

have observed before. In cases of particles that are less dissimilar in terms of

size than the ones in our case, it was seen that chainlike agglomerate structures

are formed rather than symmetrical structures. That possibly happened due to

patchy layering of the smaller particles on the larger ones which formed neutral

surface patches on the larger particles which attached to neutral patches on other

particles in a non-symmetrical way and thereby creating a chainlike agglomerate.

As can be seen, the overall extent of layering was low which is consistent with

the model findings which showed that the monoaggregates surface charge reached
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the level of chitosan surface charge at a very low surface coverage. This low surface

coverage was probably pronounced in the SEM images due to the shrinkage of the

alginate beads and the chitosan particles and also the gold coating, as explained

earlier.

3.4 Development and experimental validation of an inte-

grated heteroaggregation process model

3.4.1 Mathematical model development

The layering framework was adopted to fit into the model developed for the ag-

glomeration stage in Chapter 2. Instead of change of particle distribution through

any one mechanism such as agglomeration or layering, particles were allowed to

undergo both mechanisms simultaneously. In other words, some particles could

undergo layering while other particles that already had ‘enough’ layering could

agglomerate with other monoaggregates.

The particle number changes according to the following expression:

∂

∂t
N(a, c, t) = Rformation(a, c)−Rdepletion(a, c) +Rlayering(a, c) (3.12)

where, N(a, c, t) is number of aggregates with alginate volume a and chitosan

volume c at time t. Rformation(a, c), Rdepletion(a, c) and Rlayering(a, c) respectively

represent the rates of formation, depletion and layering of particles of alginate

volume a and chitosan volume c.

Rates of formation and depletion through agglomeration are calculated in the

same way as described in Chapter 2. The rate of layering calculation shown in

Section 3.2.1 is modified for a 2-dimensional system that is necessary to represent

the heteroaggregates where the alginate volume is not constant. The rate of

layering can be expressed as shown below.
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Rlayering(a, 1) = −N(a, 1)
Klayering(a, 1)

(vc(2)− vc(1))
(3.13)

Rlayering(a, nc) = N(a, nc− 1)
Klayering(a, nc− 1)

(vc(nc)− vc(nc− 1))
(3.14)

and,

Rlayering(a, 2 : nc− 1) = N(a, 1 : nc− 2)
Klayering(a, 1 : nc− 2)

(vc(2 : nc− 1)− vc(1 : nc− 2))

−N(a, 2 : nc− 1)
Klayering(a, 2 : nc− 1)

(vc(3 : nc)− vc(2 : nc− 1))
(3.15)

where, Klayering(a, c) is the layering kernel for an aggregate with alginate volume

and chitosan volume represented by a and c, vc(c) is the volume of chitosan in

an aggregate and vc(nc) is the highest volume of chitosan that any particle in the

system can have.

The layering kernel, Klayering calculation from Section 3.2.1 is also modified

for a 2-dimensional system and is calculated as shown in the following equation.

Klayering(a, c) =
KB

W (a, c)

(R−1(a,c) +R−1chitosan)(R(a,c) +Rchitosan)

4
(3.16)

where, W is the Fuchs stability constant. R(a,c) and Rchitosan are respectively

the radii of an aggregate with alginate volume of a and chitosan volume of c

and a monodispersed chitosan particle. KB = 8kT/3µ is the collision rate con-

stant between an aggregate and the individual chitosan particles due to Brownian

motion.

The Fuchs stability constant is calculated using the following expression.

W (a, c) = 2

∫ ∞
2

exp(U(a, c, l)/kT )

G(a, c, l)L(l)2
dL (3.17)

where, U(a, c, l) is the total interaction potential between an aggregate with algi-

nate and chitosan volume of a and c respectively. G(a, c, l) is the hydrodynamic

resistance which is not considered in this model. kT is the thermal energy of the

system. L(l) (= r(l)/A(a, c)) is the dimensionless center-to-center distance where
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r is the actual distance between particle centers. A(a, c) is the average radius of an

aggregate and a chitosan particle and is calculated as A = (R(a,c) +Rchitosan)/2)).

The total interaction potential is the sum of the van der Waals, electrostatic

and hydration interaction potential:

U = Uvan der Waals + Uelectrostatic + Uhydration (3.18)

where, Uvan der Waals, Uelectrostatic and Uhydration are respectively the van der Waals,

electrostatic and hydration interaction potential.

The van der Waals interaction potential between an aggregate and a monodis-

persed chitosan particle is calculated as (Elimelech et al., 1995):

Uvan der Waals(a, c, l) = −AH
6
× 8ω(a, c)

(1 + ω(a, c))2

 1

(L(l)2 − 4)
+

1

L(l)2 − 4
(

1−ω(a,c)
1+ω(a,c)

)2
+ ln

 L(l)2 − 4

L(l)2 − 4
(

1−ω(a,c)
1+ω(a,c)

)2



(3.19)

where, AH is the Hamaker constant. ω(a, c) is the radii ratio of the aggregate

and a chitosan particle and calculated as ω(a, c)(= R(a,c)/Rchitosan). L(l) is the

dimensionless center-to-center distance.

The electrostatic interaction potential acting between an aggregate and indi-

vidual chitosan particles is calculated as (Sader et al., 1995):

Uelectrostatic(a, c, l) =
4πε0εrω(a, c)A(a, c)ψ2

(a,c)

(1 + ω(a, c))2L(l)
×

{(1+Ψ(a, c))2)ln(1+exp[−κA(a, c)(L(l)−2)]+(1−Ψ(a, c))2)ln(1−exp[−κA(a, c)(L(l)−2)])}

(3.20)

where, Ψ(a, c)(=
ψ(a,c)

ψchitosan
) is the ratio of surface potential of the aggregate with

alginate volume of a and chitosan volume c to the surface potential of a chitosan

nanoparticle. ε0εr is the permittivity of the dispersant and κ(=
√

e2NA
∑

n z
2
nC

b
n

ε0εrkT
) is
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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.

The hydration energy for layering of chitosan on aggregates was calculated as

shown in Israelachvili (1992):

Uhydration(a, c, l) =
4 π ω(a, c) A(a, c)

(1 + ω(a, c))2
× F0 δ

2
0 exp

(
−A(a, c)

δ0
(L(l)− 2)

)
(3.21)

where, F0 is the hydration force constant and δ0 is the decay length.

3.4.2 Results & discussion

The layering model combined with the agglomeration model developed in Chapter

2 was used to simulate particle size distributions at the end of the heteroaggre-

gation process. Similar to Figure 2.6, the effect of relative alginate and chitosan

concentration onD10, D50 andD90 was plotted in Figure 3.9. The combined model

was able to replicate the behavior of the agglomeration only model without any

assumptions about the initial PSD. As chitosan amount increased for both 0.1

g and 0.2 g alginate, size enlargement of particles was observed which resulted

in an increase in D10, D50 and D90 indicating the transition from ‘dispersed, un-

coated’ regime to ‘agglomerated’ regime. As the chitosan amount increased even

more, D10, D50 and D90 decreased as the ‘agglomerated’ regime transitioned to

‘dispersed, coated’ regime and the particle size decreased.

A shortcoming of this model compared to the agglomeration only model can

be seen on close observation of Figure 3.9. The D10, D50 and D90 values for both

1200 µl and 2400 µl were very similar. Also, D10, D50 and D90 values for the 10

µl was slightly higher than the ones estimated by agglomeration only model as

shown in Figure 2.6. Both of these behaviors can be attributed to enhanced lay-

ering prediction by the layering model. As the monoaggregates for 10 µl case had

more chitosan for the combined model compared to agglomeration model, more of
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Figure 3.9: Combined PBM and layering model estimated variation of D10, D50 and
D90 with chitosan amount for 0.1 g and 0.2 g of alginate

the monoaggregates had a surface charge close to neutral resulting in heteroaggre-

gation and thus higher D10, D50 and D90. For the same reason, monoaggregates

acquired high amounts of chitosan even at 1200 µl which prevented further aggre-

gation. When the chitosan amount was increased to 2400 µl, monoaggregates had

even more chitosan and thus a lesser chance of further heteroaggregation after the

layering stage.

3.5 Chapter conclusions

A 1-dimensional population balance model was developed for the layering stage

of the agglomeration process. Using the model, the increase in surface poten-

tial with increasing surface area coverage of the monoaggregate by chitosan was

studied. It was seen that at no surface coverage, as expected, the monoaggregate

surface potential was equal to that of an alginate particle. With increasing surface

coverage the surface potential increased and then reached the surface potential of

chitosan particles at maximum allowed surface coverage in the model. At about

20% surface area coverage the monoaggregates became neutral. It was thought

that with increasing surface area coverage the surface potential of the monoag-

gregate would remain equal to that of most positively charged particles in the
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system which were chitosan nanoparticles.

An absolute zeta potential less than 30 mV is considered to lead to unsta-

ble suspensions where particles do not repel each other enough to overcome the

attractive van der Waals force and they agglomerate. It was seen that monoag-

gregates within 6-32% surface area coverage were likely to agglomerate with each

other.

The relation of the number distribution of monoaggregates with the percent-

age surface coverage and surface potential of the monoaggregates was also inves-

tigated. As expected, with more chitosan in the system, the number distribution

shifts to the right which meant that the number of monoaggregates with higher

surface coverage and higher surface potential increased. For 0.1 g of alginate

and 10, 1200 and 2400 µl of chitosan, most or all monoaggregates had a surface

potential that was in the stable region and therefore large heteroaggregate for-

mation was less compared to 200, 400 and 800 µl of chitosan cases where most

monoaggregates were in the unstable region which lead to the formation of large

heteroaggregates. The model findings were validated by comparing with exper-

imental heteroaggregate PSDs, which matched with the layering model results.

In case of 0.2 g alginate, both model and experimental results showed that the

system progressed towards ‘dispersed, uncoated’ regime for 10 and 200 µl of chi-

tosan. Addition of 400 and 800 µl of chitosan lead to ‘agglomerated regime’ and

1200, 2400 µl of chitosan lead to ‘dispersed, coated’ regime.

The layering of chitosan on alginate beads is also studied. The shrinkage of

the alginate beads and chitosan nanoparticles due to drying prior SEM analysis

reduced the visibility of chitosan layers on the surface of alginate beads. However,

a slight increase in chitosan layering was observed with increasing chitosan amount

in the system. The overall low surface coverage observed is in agreement with

the low surface coverage observed in the model. The chitosan layer is also found

to be non-uniform and patchy which is similar to what has been found by other
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researchers previously.

The layering model is integrated in the 2-dimensional framework developed

in Chapter 2. The combined agglomeration-layering model was able to capture

the general trend of the system transition from one regime to another without

any assumption about the initial monoaggregate distribution. However, an over-

prediction of the layering was observed, which points towards the need of a more

detailed discrete element method model for the simulation of the layering stage.
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Chapter 4

Study of adsorption characteristics of alginate,

chitosan and heteroaggregates for the adsorption

of positive & negative heavy metal ions

The contents of this section have been submitted to a journal for consideration

for publication as:

• A. Chaturbedi, S. Patil, R. Ramachandran, N. Shapley. Adsorption of

positively and negatively charged heavy metal ions from wastewater by het-

eroaggregates of biopolymer particles.

4.1 Background & objectives

Elements with density greater than 5-6 g/cc are considered to be heavy metals.

Various chemical-intensive industries produce large amount of waste-water with

considerable amount of heavy metals in it. Metal finishing and electroplating in-

dustries generate waste-water with cadmium, chromium, zinc, lead, copper, silver

etc. Another significant source of waste-water containing heavy metals is metal

mining and smelting industries. Textile industries, because of the dyeing process

produce waste water with chromium, copper, nickel, lead in it. Manufacturing of

printed circuit boards also generates waste-water consisting of heavy metals such

as tin, lead and nickel (Akpor et al., 2014).

Heavy metals have detrimental effects on plants and animals. Copper can

cause liver damage, Wilson’s disease, insomnia. Cadmium can result in kidney

damage, renal disorder and cancer. Chromium is the reason behind diarrhea,
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nausea, cancer. Lead and mercury can cause damage to the fetal brain, result

in kidney diseases and create problems to the circulatory and nervous systems

(Barakat, 2011).

Heavy metals, due to their non-biodegradable and toxic nature are considered

to be among the most hazardous chemicals. Additionally, since heavy metals are

very soluble in aqueous environment, they are easily transported and absorbed by

animals and plants alike. The harmful nature of heavy metals and the abundance

of industries generating heavy metal containing waste-water make the removal of

heavy metals from industrial waste-water vital before the emission of waste-water

to the environment.

As mentioned earlier, very recently, customized heteroaggregates have also

been suggested as good water purifying agents (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 wastewater. The

current work is based on the same idea of exploiting the opposing charges of the

heteroaggregate components to adsorb oppositely charged heavy metal ions from

wastewater. Depending on the initial ratio of the components; the heteroaggre-

gation process can progress towards three different regimes (as shown in Figure

4.1). The aggregates formed in these regimes differ in their structure and com-

position which may have an effect on the adsorption capacity of the individual

components.

In several previous works, chitosan and alginate have been suggested by re-

searchers as good water purifying agents. In gel particle form, chitosan and

alginate have shown comparable adsorption capacity as that of commercial ion

exchange resins (Yu et al., 2013). Extensive research has been conducted on the

use of chitosan and alginate for water purification in general and specifically for

removal of heavy metals by adsorption as well. Gotoh et al. (2004) studied the
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Figure 4.1: Different heteroaggregation regimes: “Dispersed, uncoated” (individ-
ual alginate microparticles ‘under coated’ with chitosan nanoparticles); “Dispersed,
coated” (individual alginate microparticles ‘over coated’ with chitosan nanoparticles);
“Agglomerated” (multiple alginate microparticles coated with chitosan nanoparticles
agglomerated together)

adsorption of Cu(II), Co(II) and Cd(II) ions onto alginate-chitosan hybrid gel

beads and showed that the adsorption was rapid and reached equilibrium within

10 min. Jang et al. (1995) studied the effect of pH on adsorption of Cu(II) ions

onto alginate gel and observed 50% reduction in adsorption capacity as pH was

reduced from 3.4 to 2.4. Williams et al. (1998) studied the adsorption of copper,

nickel and cadmium on alginate. Chitosan, as well, has been used in various forms

such as non-cross-linked, cross-linked, flake, cross-linked beads to adsorb various

heavy metal ions such as chromium (Udaybhaskar et al., 1990; Sa and Aktay,

2002; Prez-Candela et al., 1995; Boddu et al., 2003), lead (Gonzalez-Davila et al.,

1990; Ng et al., 2003), silver (Lasko and Hurst, 1999), zinc (Juang and Shao,

2002; Wang et al., 2004), mercury (Kyzas and Deliyanni, 2013), cadmium (Evans

et al., 2002; Jha et al., 1988), uranium (Gerente et al., 1999), platinum (Guibal

et al., 1999a), nickel (Juang and Shao, 2002).

The amine groups of the chitosan as shown in Figure 4.2a are considered
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(a) Chitosan (Long et al., 1999) (b) Alginate (Smidsrd et al., 2005)

Figure 4.2: Structure of the biopolymers used in this study

the most active adsorption sites. The amine groups are protonated at acidic

pH up to the pKa value of approximately pH 6.5, causing a positive charge on

chitosan molecules. However, the hydroxyl groups present in the C-3 position can

also participate in the adsorption process (Guibal, 2004). The main adsorption

mechanism through which chitosan can adsorb positively charged metal ions is

chelation. The chelation has been shown to occur in two routes: the “bridge”

model and the “pendant” model. During chelation, nitrogen from the amine

groups form covalent bonds with the metal ion and the hydroxyl group can also

participate by releasing protons. When two sets of amine and hydroxyl groups

from the same or adjacent chains of chitosan attach to the metal ions, the process

is said to follow the “bridge” model (Figure 4.3a). Alternatively, when one set of

amine and hydroxyl groups are replaced by water molecules, the adsorption model

is termed the “pendant” model (Figure 4.3b). Chitosan cross-linked with sodium

tripolyphosphate (TPP), as performed in this study, can also adsorb anions by

ion exchange with the TPP.
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(a) “bridge” model (b) “pendant” model

Figure 4.3: Chelation models (Monteiro and Airoldi, 1999)

The principal binding mechanism for alginate and positively charged ions is

ion exchange. As shown in Figure 4.2b, the carboxyl groups of alginate are

deprotonated in aqueous solutions except at very low pH. Therefore, for most

practical pH values, the carboxyl groups are negatively charged. For calcium-

alginate beads such as the ones used in this study, calcium ions cross-link two

alginate chains by attaching with the deprotonated carboxyl groups according to

the “egg-box” model (Figure 4.4). These calcium ions can be replaced by other

positively charged metal ions during adsorption. In recent past, some studies

have hypothesized that in addition to the “egg-box” model sites, adsorption can

also occur at additional sites(Emmerichs et al., 2004; Donati et al., 2005; Siew

et al., 2005; Rodrigues and Lagoa, 2006).

Molybdenum is considered toxic at concentration levels above 5 ppm (Moret

and Rubio, 2003). Chronic exposure to Mo can result in weakness, headache,

growth reduction, sterility and death (Namasivayam and Sangeetha, 2006). Mo

ranks between Zn(II) and Cr(III) in terms of toxicity (Wu et al., 2001). Mo is

used in electron tubes, high-strength steel alloys, heat resistant materials, vac-

uum tubes, as pigments for printing ink, paints and ceramics (Lou et al., 2015;

Namasivayam and Sureshkumar, 2009). Due to the emission of Mo containing

waste-water from these industries, Mo pollution has become a major problem

in many parts of the world. Molybdenum exists in Mo(IV) and Mo(VI) forms,
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Figure 4.4: Structure of calcium alginate beads according to the “egg-box” model
(Braccini and Perez, 2001)

however, Mo(VI) dominates and is present as MoO2−
4 . Several studies have been

performed on Mo adsorption using adsorbents such as iron ore (Bostick et al.,

2003), alumina (Wu et al., 2000, 2001), magnetic chitosan resins (Elwakeel et al.,

2009), chitosan gel beads (Guibal et al., 1998, 1999b), maghemite nanoparticles

(Afkhami and Norooz-Asl, 2009), sulfuric acid-modified cinder (Lian et al., 2012),

carbon cloth (Afkhami et al., 2009).

Divalent copper, Cu(II) is very toxic and excessive consumption leads to res-

piratory problems, abdominal pain, liver and kidney failure and finally gastroin-

testinal bleeding. It also has harmful effects on the soil biota and many plant

species. Copper is mostly released through effluents from metal cleaning and

plating baths, paper board mills, pulp, wood pulp production and fertilizer in-

dustries (Akar et al., 2009). World Health Organization (WHO) defines the Cu(II)

permissible limit in drinking water as 1.5 ppm while US EPA requires the concen-

tration of copper in industrial waste water to be less than 1.3 ppm (Shawabkeh

et al., 2004). Studies on removing copper using novel adsorbents have been per-

formed using chitosan beads (Ngah et al., 2002), chitosan-GLA beads (Ngah and

Fatinathan, 2008), chitosan-tripolyphosphate beads (Ngah and Fatinathan, 2010),

chitosan-alginate beads (Ngah and Fatinathan, 2008; Yu et al., 2013).

The experimental data collected were fitted with Langmuir (Langmuir, 1917)
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and Freundlich adsorption isotherms (Freundlich, 1906) to calculate the isotherm

parameters. The Langmuir model is arguably the most popular adsorption model

since it has excellent agreement with equilibrium adsorption behavior of a wide

variety of systems. This model assumes that adsorption occurs at homogeneous

adsorption sites with identical energy. It also assumes that all the adsorption

happens on a monolayer and the intermolecular force decreases rapidly as the

distance from adsorption sites increases. The Langmuir model has the following

form:

Q =
QmaxKsCe
1 +KsCe

(4.1)

where,

Q is the equilibrium adsorption capacity (in mg/g)

Qmax is the maximum adsorbent capacity at mono-layer coverage (in mg/g)

Ks is the Langmuir adsorption equilibrium constant (in L/mg)

Ce is the equilibrium adsorbate concentration (in mg/L)

The linear form of Langmuir model is as follows:

Ce
Q

=
Ce
Qmax

+
1

QmaxKs

(4.2)

The Freundlich isotherm predicts that the equilibrium adsorption capacity in-

creases with the adsorbate concentration as a power law. As opposed to the

Langmuir model it assumes that the adsorption site energy decays exponentially.

Hence, it is generally applied to multilayer adsorption. The Freundlich model can

be expressed as:

Q = KFC
1/n
e (4.3)

where, KF and n are empirical constants. 1/n represents adsorption intensity.

The linear form of Freundlich isotherm is shown below.

logQ =
1

n
logCe + logKF (4.4)
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Objectives

The purpose of this study is to investigate the equilibrium adsorption capacity of

heteroaggregates compared to that of their components. In addition, we aim to

compare the adsorption of mixed ions (oppositely charged) with that of individual

ions. We seek to investigate the presence of any synergistic or competitive effects

in multi-ion adsorption on heteroaggregates. We use a mixture of oppositely

charged ions as a more realistic model of real world waste-water as compared

to single ion systems commonly studied in the literature. It is also important

to study the adsorption characteristics of the heteroaggregates since they offer

an advantage in capturing both the positive and negative ions over traditional

adsorbents which generally have a higher affinity for ions of a particular charge.

In addition, the large alginate particles in the heteroaggregates offer a support to

the small chitosan nanoparticles which are rapid adsorbents with minimal internal

diffusion limitations but need to be supported in adsorption equipment to prevent

large pressure drops and loss of nanoparticles.

4.2 Experimental procedure

4.2.1 Materials

Low molecular weight (50-190 kDa) chitosan (deacetylation fraction 90.85 %, vis-

cosity of 185 cP for a concentration of 1% w/w in 1% w/w acetic acid solution)

(CAS #9012-76-4), 85% sodium tripolyphosphate (TPP) (CAS #7758-29-4, tech-

nical grade) and ammonium molybdate tetrahydrate (MW 1235.86 g/mol) (CAS

#12054-85-2) were supplied by Sigma Aldrich (St. Louis, MO). Sodium alginate

(molecular weight of 450-550 kDa, viscosity of 485 cP (for a 1% w/w solution))

(consisting of 65-75% guluronic acid (G) subunits and 25-35% mannuronic acid

(M) subunits) (CAS #9005-38-3) and copper sulfate pentahydrate (MW 249.68
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g/mol) (CAS #7758-99-8) were acquired from Acros Organics (Morris Plains,

NJ). Calcium chloride (CAS #10035-04-8) and sodium chloride (CAS #7647-14-

5) were supplied by Fisher Scientific (Pittsburgh, PA). Deionized water collected

from Milli-Q water production system was used to prepare the solutions.

4.2.2 Instruments

Inductively coupled plasma - optical emission spectroscopy (ICP-OES) analysis

was performed in an iCAP-7400 ICP-OES Duo SOP (Thermo Fisher Scientific,

Waltham, MA). An Avanti J-E centrifuge (Beckman Coulter, Brea, CA) was

used for centrifugation. The measurement of size and zeta potential of chitosan

nanoparticles was done in a ZS-90 zetasizer (Malvern Instruments Ltd., Malvern,

UK). A Misonix 3000 sonicator (Qsonica, Newtown, CT) was used to sonicate

the suspension. For acquiring the microscope image of the alginate beads a Zeiss

Axio Lab A1 optical microscope (Carl Zeiss, Thornwood, NY) was used.

4.2.3 Preparation of alginate bead

Larger alginate beads (diameter of 2 mm), as opposed to alginate microparticles,

were used for the adsorption experiments. For preparation of alginate beads, 2

wt% sodium alginate solution was mixed with 2 wt% sodium chloride solution.

A bath of 0.1 M calcium chloride solution was prepared to which sodium chloride

was added to make a 0.075 M solution. A 5 cc syringe with a 30G 1/2 needle was

attached to a syringe pump and the sodium alginate-sodium chloride solution

was pumped into the bath in a drop-wise fashion from a height of 12 cm at a

volumetric flow rate of 0.1 ml/min. The bath was stirred manually. The beads

were collected after 15 minutes to allow for cross-linking to be complete. These

beads were then stored in deionized water.
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4.2.4 Heteroaggregation experiments

Three types of heteroaggregates were studied as adsorbents in this study. The

heteroaggregates were chosen such that they represent the distinct heteroaggre-

gation regimes determined in our previous work (Chaturbedi et al., 2016). To

produce the heteroaggregates, firstly, 0.1 g of alginate beads were added to 10

ml of deionized water. Depending on the desired heteroaggregation regime, 10 µl

(‘dispersed, uncoated’ regime), 400 µl (‘agglomerated’ regime) or 2000 µl (‘dis-

persed, coated’ regime) of chitosan suspension (of concentration 0.04 g/ml) was

added to the alginate and water mixture. The mixture was sonicated for 30

seconds at 15 W power to break down any initial aggregates and to generate a

homogeneous suspension. The mixture was left to rest for 30 minutes to ensure

that the individual components had enough time to form the heteroaggregates.

4.2.5 Equilibrium adsorption experiments

To study the equilibrium adsorption capacity of chitosan for Mo(VI) ions, ammo-

nium molybdate tetrahydrate solutions of different concentrations (0-4000 mg/L)

were prepared and 3 ml of these solutions were added to test tubes containing

0.1 g of chitosan nanoparticles. These solutions were sonicated to uniformity at

9-12 watts for 30 seconds and then kept under magnetic stirring for a week. An

excess amount of ion solution (3 ml) was used and the adsorption was allowed to

continue for a week to ensure equilibrium adsorption. Afterwards, the solutions

were centrifuged at 20,000 RPM for 30 minutes to separate the particles from the

liquid. After centrifugation, the supernatant was collected and filtered using a

0.22 µm syringe filter. Subsequently, the samples were diluted 2-2000 times using

2% nitric acid depending on the initial concentration of the ion solution. The

dilution factor was chosen such that the approximate final ion concentration of

the samples remained between 115 ppb (µg/L)-50 ppm (mg/L), which was the



76

most suitable range for the ICP-OES used for analysis. A similar process was

followed for the investigation of the equilibrium adsorption capacity of alginate.

However, 0.2 g of alginate beads was used and samples were centrifuged at 10,000

RPM instead of 20,000 RPM (used for chitosan) since they were easily separable

from the solution due to their large size.

For adsorption experiments with heteroaggregates, as mentioned before, 10

ml of heteroaggregate solution was used and 10 ml of ion solution was used. The

final ion solution concentrations were kept the same as for the experiments with

individual adsorbents. In case of heteroaggregates, the sonication and stirring

steps were not performed to prevent breakage of the heteroaggregates. As men-

tioned in Section 4.2.4, the total amount of adsorbent used was 0.1 g alginate

with 0.0004 g, 0.016 and 0.08 g chitosan, respectively, in heteroaggregates with

10, 400 and 2000 µl of chitosan. The rest of the process remained the same as in

the experiments with chitosan or alginate.

The same set of experiments was repeated with a solution containing only cop-

per sulfate pentahydrate in the same molar concentrations as those of ammonium

molybdate tetrahydrate. Subsequently, both ammonium molybdate tetrahydrate

and copper sulfate pentahydrate, each of the same concentrations as for individ-

ual ions, were mixed with alginate beads, chitosan nanoparticles and heteroag-

gregates. Both salts were added in the same molar concentration. The complete

design of experiments is shown in Figure 4.5.
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Figure 4.5: Schematic showing the design of experiments

4.2.6 ICP-OES analysis

The concentration of ions remaining in the supernatant liquid post adsorption

was measured by inductively coupled plasma optical emission spectrometry (ICP-

OES). Mo(VI) ion concentration was measured at 202.030, 203.844, 204.598 nm

in radial mode. Cu(II) ion concentration was measured at 224.7, 324.754 and

327.396 nm in radial mode. These wavelengths were chosen based on the highest

sensitivity of the ions at these wavelengths. Wavelengths at which both ions were

sensitive, were avoided to eliminate overlapping signals. Before measuring each

set, a set of calibration samples of the corresponding ions (copper, molybdenum or

a mixture of both) of concentration 1, 3, 5, 7, 10, 30, 50 mg/L (ppm) was analyzed

to get the calibration curve which was then used to calculate the concentration

of the samples of unknown concentrations.
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4.2.7 Particle characterization

Dynamic light scattering was used in the zetasizer to measure the size of the

chitosan nanoparticles. Phase analysis light scattering was used in the same

equipment to measure the zeta potential of the nanoparticles. The alginate gel

beads were observed under an optical microscope and the image was recorded

with AxioVision software under 5x magnification.

4.3 Results & discussion

4.3.1 Particle characterization

The average diameter of the chitosan nanoparticles was found to be 251.3 ± 3.3

nm which is close to previously reported chitosan nanoparticle diameter produced

by the same ionic gelation method (Yu et al., 2013). The diameter of the alginate

beads was measured by optical microscopy. It was seen that most of the beads

have a spherical shape (Figure 4.6) and a diameter of around 1.5 mm.

Figure 4.6: Optical microscope image of alginate beads

Zeta potential indicates the strength of electrostatic inter-particle interactions.

Average zeta potential of the chitosan nanoparticles was found to be 39.6 mV at
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pH 7. The positive zeta potential is due to the presence of protonated amine

groups as shown in Figure 4.2a. Although the alginate beads studied here are too

large for zeta potential measurements to be obtained by zetasizing instruments,

Sarei et al. (2013) found that alginate nanoparticles of size 70 nm exhibit zeta

potential values of -46.7 mV. The negative zeta potential is due to the carboxyl

groups present in alginate (Figure 4.2b).

4.3.2 Equilibrium adsorption capacity

The equilibrium adsorption capacity of each adsorbent-adsorbate combination

(shown in Figure 4.5) was studied according to the procedure described in Section

4.2. In all the figures in this section the equilibrium adsorption capacity, Q

(amount of adsorbate adsorbed per unit amount of adsorbent) is plotted with the

equilibrium concentration of the adsorbate in the solution, Ce.

4.3.2.1 Comparison between adsorbents

In this section, the equilibrium adsorption capacity of various adsorbents such as

alginate beads, chitosan nanoparticles and heteroaggregates from three different

heteroaggregation regimes has been investigated for the adsorption of copper from

a solution of only copper sulfate, molybdenum from a solution containing only

ammonium molybdate, and both copper and molybdenum from a mixed solution

containing both copper sulfate and ammonium molybdate. The coefficients from

Langmuir and Freundlich isotherm fits of the adsorption curves are shown in

Table 4.1.
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Figure 4.7: Adsorption of copper on various adsorbents. Alginate-Cu represents the
adsorption of copper on alginate. Chitosan-Cu represents the adsorption of copper
on chitosan. H10-Cu, H400-Cu and H2000-Cu respectively represent the adsorption of
copper on heteroaggregates with 10, 400 and 2000 µl of chitosan.

Adsorption of copper

It can be seen from Figure 4.7 that the equilibrium adsorption capacity of all of

the heteroaggregates is an order of magnitude higher than the maximum equi-

librium adsorption capacities of individual adsorbents. It can also be seen that

the equilibrium adsorption capacity is highest for heteroaggregates with 10 µl of

chitosan followed by the heteroaggregates with 400 and 2000 µl of chitosan, which

are very similar to each other. Among the heteroaggregates, the mass ratio of

alginate to chitosan is the highest in the heteroaggregates with 10 µl of chitosan,

and in previous work (Yu et al., 2013) it was found that alginate has a higher

density of adsorption sites for copper ions than chitosan does, even though both

individual adsorbents adsorb copper ions, alginate by opposite charge attraction

and chitosan by complexation. Therefore, among the heteroaggregates, the extent

of interaction between the negative functional groups of alginate and positively

charged copper is greatest for heteroaggregates with 10 µl of chitosan, resulting

in a higher equilibrium adsorption capacity than for other heteroaggregates. The
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significant synergistic effect observed between alginate and chitosan in heteroag-

gregates could be due to a modification in structure of the alginate network. Local

chitosan patches on the surface may attract nearby alginate molecules, leading to

the formation of pores or a more permeable surface, causing more interior adsorp-

tion sites to be accessible to the copper ions compared to the number available

in plain alginate particles. Chitosan nanoparticles may spread when aggregat-

ing with oppositely charged alginate, also causing more adsorption sites on the

chitosan to be accessible than in the case of free chitosan.

Adsorption of molybdenum
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Figure 4.8: Adsorption of molybdenum on various adsorbents. Chitosan-Mo repre-
sents the adsorption of molybdenum on chitosan. H10-Mo, H400-Mo and H2000-Mo
respectively represent the adsorption of molybdenum on heteroaggregates with 10,
400 and 2000 µl of chitosan.

The adsorption of molybdenum ions on various adsorbents is shown in Figure

4.8. Negatively charged alginate did not adsorb a detectable amount of negative

molybdate ions. Therefore, adsorption of molybdenum on alginate is not shown

in the figure. In contrast to chitosan complexation with divalent metal ions, com-

plexation of negative ions with alginate has not been reported and is not expected

due to the absence of nitrogen functional groups in alginate. Accordingly, oppo-

site charge attraction is the only adsorption mechanism expected for molybdate
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ions. It can be seen that as the fraction of chitosan in the adsorbent increases,

the amount of molybdenum adsorbed increases. This observation is consistent

with the hypothesis that the negatively charged molybdate ion attaches to the

positively charged amine groups of chitosan. However, heteroaggregates with 400

µl of chitosan seem to have a lower adsorption capacity than the heteroaggre-

gates with 10 µl of chitosan, possibly because of diffusion limitations or presence

of inaccessible sites in case of the former, due to multiple ‘monoaggregates’ ag-

glomerating together. Moreover, unlike the adsorption enhancement observed in

copper adsorption, all of the heteroaggregates do not have a higher adsorption

capacity for molybdate than individual adsorbents (chitosan in this case) do. It is

possible that the like charge repulsion of alginate and molybdate competes with

the opposite charge attraction of chitosan and molybdate until the ions are adja-

cent to the chitosan, resulting in lower adsorption capacity for heteroaggregates

than for free chitosan.

Adsorption of mixed molybdenum and copper ions

The adsorption of copper and molybdenum ions from a mixture of the same are

shown in Figures 4.9 and 4.10 respectively.

It can be seen in Figure 4.9 that the adsorption capacities of the heteroag-

gregates are higher than those of the individual adsorbents. The individual ad-

sorbents alginate and chitosan adsorb comparable amounts of copper ions from

the mixture. Among the heteroaggregates, the ones in the ‘agglomerated’ regime

(400 µl chitosan) seem to have the lowest adsorption capacity. This is probably

due to the fact that the heteroaggregates in the ‘agglomerated’ regime have some

adsorption sites obstructed or inaccessible compared to ‘dispersed, uncoated’ (10

µl chitosan) and ‘dispersed, coated’ (2000 µl chitosan) regimes. It can also be

seen that as the equilibrium concentration increases, after a certain point, the ad-

sorption capacity instead of reaching saturation starts to increase sharply again.
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Figure 4.9: Adsorption of copper from a mixture of copper and molybdenum ions on
various adsorbents. Chitosan-Cu(+Mo) and Alginate-Cu(+Mo) represent the adsorp-
tion of copper on chitosan and alginate respectively. H10-Cu(+Mo), H400-Cu(+Mo)
and H2000-Cu(+Mo) respectively represent the adsorption of copper on heteroaggre-
gates with 10, 400 and 2000 µl of chitosan.

The sharp increase, or inflection point, likely happens due to the transition of the

system from the adsorption to the precipitation regime. The most likely explana-

tion would be the precipitation of the positive copper ion and negative molybdate

ion together as a salt. The fact that signs of precipitation in the adsorption curve

were observed only in the case of mixed ion adsorption where the concentration

of ions is twice the amount of ions in the single ion adsorption supports this ex-

planation. Moreover, precipitation in the mixed solutions was observed visually

where the starting ion solution concentration was higher than 2000 mg/L, but not

in the single ion solutions. The sharp increase in the curve occurs at the lowest

equilibrium concentration for the 2000 µl heteroaggregate, followed by the 400 µl

heteroaggregate, the 10 µl heteroaggregate, and chitosan, and is not observed at

all for alginate over the concentration range studied.

As in Figure 4.9, the sharp changes in slope are seen in the curves of Figure

4.10, at the lowest equilibrium concentration for the 2000 µl heteroaggregate,

followed by the 400 µl heteroaggregate, chitosan, the 10 µl heteroaggregate, and

are not observed at all for alginate particles. The reasons are believed to be
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Figure 4.10: Adsorption of molybdenum from a mixture of copper and molybdenum
ions on various adsorbents. Chitosan-Mo(+Cu) and Alginate-Mo(+Cu) represent
the adsorption of molybdenum on chitosan and alginate respectively. H10-Mo(+Cu),
H400-Mo(+Cu) and H2000-Mo(+Cu) respectively represent the adsorption of molyb-
denum on heteroaggregates with 10, 400 and 2000 µl of chitosan.

similar to the ones described above. Unlike copper adsorption, however, in the

case of molybdate adsorption from a mixed ion system, the heteroaggregates

do not show a clear advantage over the individual adsorbents. Similar to the

adsorption of molybdate from a single ion solution (Figure 4.8), the chitosan has

a higher adsorption capacity than the heteroaggregates with 10 and 400 µl of

chitosan, and comparable adsorption to that of the heteroaggregates with 2000

µl of chitosan. Heteroaggregates with 2000 µl of chitosan seem to have the highest

adsorption capacity for both molybdate and copper from a mixture.

4.3.2.2 Comparison between solutes

In this section, the equilibrium adsorption capacity of each adsorbent for the

adsorption of various solutes such as molybdate and copper ions from single ion

and mixed ion solutions has been compared in order to understand the effect of

the presence of oppositely charged ions in the system.
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Figure 4.11: Adsorption of various solutes on alginate. Alginate-Cu(+Mo) and
Alginate-Mo(+Cu) respectively represent the adsorption of copper and molybdenum
from a mixture of the same on alginate. Alginate-Cu represents the adsorption of
copper on alginate.

Adsorption on alginate

The adsorption capacity of alginate for the adsorption of copper ion from a copper

sulfate solution, copper and molybdate ions from a mixture of copper sulfate and

ammonium molybdate is shown in Figure 4.11. As mentioned before, adsorption

of molybdate from the single ion solution is not shown in the figure because there

was no detectable adsorption. In contrast, alginate was able to adsorb molybdate

from the mixed ion solution. It can be seen that the adsorption capacity of

alginate for both ions is much higher for mixed ion systems. This enhanced

adsorption probably happens because of complexation in the case of mixed ions,

where the positive copper ions adsorbed on the alginate beads interact with the

negative molybdate ions in the solution and form a complex. Another possibility

is that positive copper ions adsorb on to the alginate first and form a layer that

neutralizes some of the alginate negative charge and thereby reduces the repulsion

of molybdate ions. Molybdate ions may then form a layer on top of the copper

ions and then promote enhanced adsorption of copper from the mixture as well.

Because the copper ion is of the opposing surface charge of alginate, more copper
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is adsorbed as compared to molybdate in case of mixed ions. In addition, the

smaller size of the copper ions may allow more adsorption sites to be accessible

to copper ions than to the larger molybdate ions.

Adsorption on chitosan
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Figure 4.12: Adsorption of various solutes on chitosan. Chitosan-Cu(+Mo) and
Chitosan-Mo(+Cu) respectively represent the adsorption of copper and molybdenum
from a mixture on chitosan. Chitosan-Cu and Chitosan-Mo respectively represent the
adsorption of copper and molybdenum on chitosan from single ion solutions.

In Figure 4.12, the equilibrium adsorption behavior of chitosan for molybdate

and copper ions from both single ion systems and mixed ion systems is shown. It

can be seen that the adsorption capacity is higher for molybdate ions compared

to copper ions for both cases. This observation suggests that opposite charge

attraction is a more effective adsorption mechanism than complexation. Com-

paring the mixed ion to single ion systems, the adsorption of molybdate ions was

almost identical in both cases. At dilute concentrations where the data are most

accurate, the adsorption of copper ions was greater in the mixed solution that in

the single ion solution. Perhaps the molybdate is preferentially adsorbed through

opposite charge attraction by the chitosan and then provides additional opportu-

nities for copper ions to adsorb through complexation between the two metal ions,

layer-by-layer adsorption of oppositely charged metal ions, or opening of pores in
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the chitosan to expose additional interior adsorption sites on the chitosan, similar

to the hypothesized adsorption behavior on alginate.

Adsorption on heteroaggregates

The adsorption of various solutes on the heteroaggregates from the three different

regimes is presented in Figure 4.13. For all of the heteroaggregates, the adsorption

capacity for copper ions alone is higher than that for molybdate ions alone, with

the greatest difference seen in heteroaggregates with 10 µl of chitosan. Also, the

amount of copper adsorbed from a mixed solution is greater than or equal to the

amount of molybdate adsorbed from a mixed solution. It can be seen that the

adsorption behavior is similar for heteroaggregates with 10 and 400 µl of chitosan

but slightly different behavior can be seen for heteroaggregates with 2000 µl of

chitosan. This is expected since the amount of chitosan is very dissimilar in

the latter from the other two. In the case of heteroaggregates with 10 and 400

µl of chitosan, it can be seen that the adsorption capacity is much higher for

adsorption of copper from single ion as well as mixed ion solutions compared to

molybdate. This finding can be attributed to the higher alginate-to-chitosan ratio

in heteroaggregates in these regimes. In the case of heteroaggregates with 2000

µl of chitosan, the difference between copper adsorption from a single and mixed

ion solution is less compared to that of the heteroaggregates with 10 and 400 µl of

chitosan. Also, the adsorption of molybdate is very similar in the mixed ion and

single ion solutions for heteroaggregates with 10 and 400 µl of chitosan, while the

molybdate adsorption is less for the mixed ion solution than the single ion solution

for heteroaggregates with 2000 µl of chitosan. These results could be due to the

presence of a much higher chitosan fraction in the heteroaggregates with 2000

µl of chitosan. In addition, it is possible that there are free chitosan molecules

remaining on the surface of the chitosan nanoparticles which agglomerate with

negative molybdate ions, resulting in an increase in the ‘adsorption’ of molybdate.
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Comparing the three types of heteroaggregates over the full concentration range

(b,d,f), it appears that a sharp increase in the slope of the adsorption curve,

likely indicating precipitation, occurs at a lower equilibrium concentration as

the chitosan fraction in the heteroaggregate increases. This observation suggests

that the presence of chitosan promotes precipitation, possibly by bringing the

oppositely charged metal ions into close proximity as they are nearing adsorption

on the chitosan. Another notable point is the lower copper ion adsorption in mixed

ion compared to single ion solutions, particularly for heteroaggregates with 10 µl

of chitosan, while molybdate adsorption is unchanged or slightly lower in mixed

ion solutions. The lower copper ion adsorption in a mixture is the opposite of

what is observed in the individual components. The data suggest the molybdate

ions interfere with the enhancement of copper ion adsorption observed in the

heteroaggregates, perhaps by decreasing the mobility of the alginate and chitosan

networks due to adsorption or charge effects.

In mixed ion solutions, all of the heteroaggregates are able to achieve a ca-

pacity of approximately 40-50 mg/g (based on the wet mass) adsorption of either

ion, before significant precipitation occurs. Considering that the adsorbents are

hydrogels and consist of more than 90% water, the adsorption capacity based on

the dry mass adsorbent is at least a factor of 10 greater than the observed amount

and therefore quite promising. Based on the Langmuir coefficients indicating the

maximum adsorption capacity in Table 1, the optimal choice of adsorbent would

probably be a combination of the heteroaggregates with 10 µl and with 2000 µl

of chitosan.
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Figure 4.13: Adsorption of various solutes on heteroaggregates from three differ-
ent regimes. H−-Cu(+Mo) and H−-Mo(+Cu) respectively represent the adsorption
of copper and molybdenum from a mixture on the heteroaggregates. H−-Mo and
H−-Cu respectively represent the adsorption of molybdenum and copper on the het-
eroaggregates.
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Table 4.1: Coefficient of determination and model constants for Langmuir and Fre-
undlich isotherms

Adsorbent Adsorbate
Langmuir Freundlich

R2 Qmax Ks R2 KF 1/n
(mg/g) (L/mg) (mg

g
)(mg

L
)−1/n

Alginate Cu 1 1.2548 0.0340 - - -

Alginate Cu(+Mo) 0.9551 30.9396 0.00302 0.9497 0.6334 0.5902

Alginate Mo(+Cu) 0.7513 110.0027 1.2× 10−4 0.9901 0.1797 0.9255

Chitosan Cu 0.9936 7.5967 0.0080 0.9587 0.5596 0.4815

Chitosan Mo 0.2024 210.732 3.6496× 10−4 0.9494 0.5304 0.7856

Chitosan Cu(+Mo) 0.9253 44.4012 0.0011 0.9499 0.5299 0.6520

Chitosan Mo(+Cu) 0.9881 63.8913 0.0011 0.9678 0.6034 0.6677

H10 Cu 0.8587 153.9457 0.0065 0.9437 1.3044 0.7094

H10 Mo 0.93 28.4576 0.0021 0.9825 0.4759 0.6927

H10 Cu(+Mo) 0.93802 46.8200 0.0046 0.9772 1.0745 0.4995

H10 Mo(+Cu) 0.9859 26.8345 0.0034 0.9468 0.4926 0.7166

H400 Cu 0.8138 69.2450 0.0095 0.8518 1.3921 0.5369

H400 Mo 0.7466 13.3518 0.0061 - - -

H400 Cu(+Mo) 0.8893 19.1086 0.0086 0.9388 0.8138 0.5383

H400 Mo(+Cu) 0.8846 19.2979 0.0065 0.9642 0.7091 0.5770

H2000 Cu 0.8749 48.5419 0.0217 0.8510 1.3781 0.5560

H2000 Mo 0.9823 139.2400 0.0011 0.9327 0.4257 0.8876

H2000 Cu(+Mo) 0.6554 71.1779 0.0047 0.9624 1.1285 0.5757

H2000 Mo(+Cu) 0.3847 74.1708 0.0015 0.9125 0.4676 0.8562
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4.4 Chapter conclusions

In this work, the equilibrium adsorption capacity of novel structured particulates

(heteroaggregates) made up of environmentally benign biopolymers alginate and

chitosan, popularly used as adsorbents for wastewater purification individually,

has been investigated. The adsorption capacity of the heteroaggregates has been

compared with that of its components to explore the possibility of using these het-

eroaggregates instead of their individual components. Moreover, the adsorbents

have been tested for the adsorption from mixed ion solutions which represent real

wastewater more accurately than the commonly studied single ion systems.

It was observed that for adsorption of copper ions, both from single ion and

mixed ion systems, the heteroaggregates from all three regimes showed enhanced

equilibrium adsorption capacity. For adsorption of copper from a single ion sys-

tem, heteroaggregates with 10 µl of chitosan showed much higher adsorption

capacity than the other heteroaggregates, possibly due to the fact that these

heteroaggregates have the highest alginate-to-chitosan ratio.

For molybdate adsorption from both single and mixed ion systems, it was

seen that as the quantity of chitosan in the adsorbent increases, the adsorption

capacity increases. This finding can be attributed to the electrostatic attrac-

tion between negatively charged molybdate ions and positively charged chitosan

particles. Unlike the copper adsorption behavior, however, chitosan individually

seemed to have a higher adsorption capacity for molybdate than the heteroaggre-

gates with 10 and 400 µl of chitosan, which is possibly due to the high surface

area available with chitosan nanoparticles and the strong electrostatic attraction

between positively charged chitosan nanoparticles and negatively charged molyb-

date ions. Alginate particles individually did not adsorb any detectable levels of

molybdate ions as both are negatively charged entities.

Among the heteroaggregates, the structures with 400 µl of chitosan generally
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showed the lowest equilibrium adsorption capacity. This effect is most likely due

to either diffusion limitations or the presence of inaccessible sites to the ions or

both, since, in this agglomerated regime, multiple ‘monoaggregates’ agglomerate

to form large heteroaggregates.

In case of adsorption from mixed ion systems, a sharp change in the slope of

the adsorption curve was observed in almost all of the experiments. Instead of

the saturation of equilibrium adsorption capacity with increasing ion concentra-

tion, the equilibrium adsorption capacity seemed to continue to increase. This

indicated the transition of the system from adsorption to precipitation regime.

Due to an ion concentration that is twice of the ion concentration in single ion

systems, oppositely charged copper and molybdate ions seemed more prone to

aggregation with each other followed by precipitation.

From the comparison of the adsorption capacity of alginate and chitosan for

different solutes, it was seen that the adsorption of each ion from mixed ion sys-

tems was greater than or equal to the adsorption from single ion systems. The

increase in mixed solutions can be attributed to a complex formation where the

first ‘layer’ of ions adsorbed on the adsorbent, for example, molybdate ions on

chitosan and copper ions on alginate, form a complex with the oppositely charged

ions, such as copper ions for chitosan and molybdate ions for alginate. Another ex-

pected trend was the greater adsorption of ions when they are oppositely charged

with respect to the adsorbent, for example, molybdate ion adsorption on chi-

tosan both from mixed and single ion systems is greater than copper adsorption

on chitosan.

From the comparison of adsorption of different solutes on heteroaggregates,

the overarching trend was greater or equal adsorption of copper compared to

molybdate from single and mixed ion systems, which is likely due to both compo-

nents alginate and chitosan exhibiting affinity for copper ions while only chitosan
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shows affinity with molybdate. The heteroaggregates in all three regimes are al-

ginate dominated, with a mass fraction of negatively charged alginate of greater

than 0.5. Another observation was that the heteroaggregates with 10 and 400 µl

of chitosan behaved quite similarly to each other, which was expected considering

that the composition of the heteroaggregates of these two regimes is quite similar

to each other compared to the heteroaggregates with 2000 µl of chitosan. Also,

as expected, heteroaggregates with 2000 µl of chitosan adsorbed more molybdate

than the other heteroaggregates, since there was more chitosan in these heteroag-

gregates and possibly some free chitosan as well in the solution to adsorb more

molybdate. Moreover, it was observed that the adsorption of copper ions and of

molybdate ions was the same or lower in the mixed ion solution than in the sin-

gle ion solutions, suggesting the presence of competitive or blocking interactions

between the ions. Finally, in mixed ion solutions, all of the heteroaggregates are

able to achieve a capacity of approximately 40-50 mg/g (based on the wet mass)

adsorption of either ion, before significant precipitation occurs, which indicates

that they have great potential as sustainable, next generation adsorbents.
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Chapter 5

Conclusions and future directions

5.1 Conclusions

In this work, firstly, a population balance model for the second stage or the

agglomeration stage of the heteroaggregation process was developed. A paramet-

ric study was performed using the model to study the effect of various process

parameters on the van der Waals, electrostatic, hydration and total interaction

potential. It was seen that the magnitude of the electrostatic force was highest in

case of two small, equal sized particles with a high surface potential ratio at close

distance in contrast to the case between two large, dissimilar sized particles with

low surface potential ratio that were very far from each other. In comparison,

van der Waals and hydration forces were strongest at a close distance between

two equal sized particles. Electrostatic force was seen to be the most dominant

among all the forces. VDW force closely followed but the hydration force seemed

negligible compared to these forces.

Both simulations and experiments were performed to investigate the effect of

initial alginate and chitosan concentration on the final particles size distribution

and composition. It was observed that the system progressed towards different

regimes based on the initial relative amount of alginate and chitosan. For sys-

tems with small amount of chitosan compared to alginate, ’monoaggregates’ with

very little chitosan layered on top was formed initially. These negatively charged

‘monoaggregates’ repelled each other and did not agglomerate. This was termed

the ‘dispersed, uncoated’ regime. For a very high chitosan amount compared
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to the alginate, positively charged ‘monoaggregates’ were formed which repelled

each other. This regime was called the ‘dispersed, coated’ due to the ‘monoag-

gregates’ being well coated with chitosan but not aggregating. Agglomeration

was seen when the chitosan amount was just enough to neutralize the negative

surface charge of majority of alginate particles. These resulted in neutral monoag-

gregates which aggregated with each other to form larger heteroaggregates. This

was named the ‘agglomerated’ regime.

In different application areas of heteroaggregates, different size and composi-

tion criteria have to be maintained. In this work, a qualitative relation between

the initial alginate-chitosan relative concentration and the final heteroaggregate

size and composition was established. This knowledge can therefore be applied

to design and produce heteroaggregates suited to different applications.

In the next step, a separate model for the first stage or the layering stage of

the heteroaggregation process was developed and validated by comparing with

the trends seen in the final heteroaggregate PSD.

It was seen that at no surface coverage, the monoaggregate had a surface po-

tential equal to that of an alginate particle. With increasing surface coverage the

surface potential increased. At maximum allowed surface coverage in the model,

the monoaggregate surface potential reached the surface potential of chitosan

particles.

A zeta potential within ± 30 mV is considered to lead to unstable suspensions

where particles do not repel each other enough to overcome the attractive van

der Waals force which leads to agglomeration. It was seen that monoaggregates

with about 20% surface area coverage were neutral and monoaggregates within

6-32% surface area coverage were likely to agglomerate with each other.

The relation of the number distribution of monoaggregates with the percent-

age surface coverage and the surface potential of the monoaggregates was also
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investigated. As expected, with more chitosan in the system, the number dis-

tribution shifted to the right which meant that the number of monoaggregates

with higher surface coverage and higher surface potential increased. For 0.1 g of

alginate and 10, 1200 and 2400 µl of chitosan, most or all monoaggregates had a

surface potential that was in the stable region and therefore large heteroaggregate

formation was less compared to 200, 400 and 800 µl of chitosan cases where most

monoaggregates were in the unstable region which lead to the formation of large

heteroaggregates. The model findings were validated by comparing with exper-

imental heteroaggregate PSDs, which matched with the layering model results.

In case of 0.2 g alginate, both model and experimental results showed that for

10 and 200 µl of chitosan the system progressed towards ’dispersed, uncoated’

regime. Addition of 400 and 800 µl of chitosan lead to ‘agglomerated regime’ and

1200, 2400 µl of chitosan lead to ‘dispersed, coated’ regime.

The layering of chitosan on alginate beads was also studied using SEM analy-

sis. The samples had to be dried before the SEM analysis which led to shrinkage

of the alginate beads and chitosan nanoparticles. This reduced the visibility of

chitosan layers on the surface of alginate beads. However, with increasing chi-

tosan amount in the system, a slight increase in chitosan layering was observed.

The overall low surface coverage observed in the SEM images agreed with the

low surface coverage observed with the layering model, which was probably more

pronounced due to the shrinking of particles. The chitosan layer was also found

to be non-uniform and patchy which was in line with what has been found by

other researchers.

After that, the layering model framework was integrated in the agglomeration

model developed in Chapter 2. Although, the combined agglomeration-layering

model was able to capture the general trend of the system transition from one

regime to another without any assumption about the initial monoaggregate dis-

tribution, a over-prediction of the layering was observed.



97

Lastly, the equilibrium adsorption capacity of the heteroaggregates for the

adsorption of heavy metal ions from wastewater was studied. The components of

the heteroaggregates used in this study being good adsorbents of heavy metals in-

dividually made it likely for the heteroaggregates to be good adsorbents of heavy

metals as well. With the added benefit of having oppositely charged components

in the heteroaggregates facilitating the adsorption of oppositely charged heavy

metal ions from the wastewater which is otherwise not possible by having just

one of the adsorption components in the system, the heteroaggregates have poten-

tial to be a better alternative to individual adsorbents. Moreover, the components

being environment friendly biopolymer particles makes these heteroaggregates an

attractive option as an adsorbent of heavy metal ions from wastewater. The

adsorption capacities of the heteroaggregates were compared with the adsorption

characteristics of the individual components to verify this hypothesis. In addition,

the adsorption characteristics of the adsorbents were compared for the adsorp-

tion from mixed ion systems as well as single ion systems. This was included

in the study because the mixed ion solutions represented real wastewater more

accurately than the commonly studied single ion systems.

The heteroaggregates showed a much better adsorption than the individual

adsorbents in case of copper ion adsorption. Among the heteroaggregates, the

one with 10 µl of chitosan had the highest adsorption capacity, likely due to the

highest alginate-to-chitosan ratio in the adsorbent.

For adsorption of molybdenum, the adsorption capacity increased with in-

creasing chitosan amount in the adsorbent. This was probably due to the elec-

trostatic attraction between the positively charged component of the adsorbents,

chitosan and negatively charged molybdenum ions. Individual alginate particles

did not adsorb detectable amount of molybdenum probably due to the similar

surface charge of both.

The biggest heteroaggregates, the ones with 400 µl of chitosan adsorbed the
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least amount, likely due to either diffusion limitations causing some adsorption

sites inside the hydrogel to be less accessible to the ions.

For the adsorption of various ions on alginate and chitosan, it was observed

that the adsorption was higher when the adsorbent-ion combination was oppo-

sitely charged, for example, adsorption of copper on alginate and molybdenum

on chitosan was higher than the other combinations.

For the adsorption of different adsorbates on heteroaggregates, the adsorption

of copper was more than the adsorption of molybdenum; both for single and mixed

ion systems. This can be attributed to the smaller size of copper ions compared

to the molybdenum oxoanion which possibly allowed more adsorption sites inside

the hydrogel structure to be accessible to the copper ion but not the molybdenum

ion. It could also be possible that the presence of a higher quantity of negatively

charged alginate in the heteroaggregates helped in the adsorption of positively

charged copper. Possibly for a similar reason, heteroaggregates with 2000 µl of

chitosan adsorbed more molybdenum compared to the other heteroaggregates. It

is also possible that there was some free chitosan in this case which might have

precipitated with the molybdenum ions. The heteroaggregates with 10 and 400

µl of chitosan did not show much difference in terms of adsorption characteristics,

probably because the composition of the heteroaggregates were not much different

from each other even though structurally they were different.

5.2 Future directions

This work can be extended to study and predict the particle size evolution of

heteroaggregates in real systems such as an adsorption column packed with par-

ticles that are very different in terms of size and charge such as the alginate

microparticles and the chitosan nanoparticles studied in this system for waste-

water purification by coupling the PBM with discrete element models (DEM) and
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computational fluid dynamics (CFD), if necessary. The over-prediction of layer-

ing by the combined agglomeration-layering model indicated the need for a more

detailed DEM model or even more accurate molecular dynamics simulations for

simulating the layering stage. More detailed imaging of the monoaggregates and

heteroaggregates would give a better idea of the structure and layering. It would

be especially useful to use a imaging method such as cryo-SEM where the struc-

ture of the monoaggregates could be conserved during imaging. This would also

allow for imaging of heteroaggregates which is otherwise impossible. It would be

useful to develop a microscale model for the layering stage and use those images

for validation of the model.

Elemental analysis of the heteroaggregates and monoaggregates would also

give a better idea about the composition of the aggregates which is another cri-

terion that is very crucial in various application of heteroaggregates.
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