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ABSTRACT

Colloidal-collector interactions are of fundamental importance in separation and fil-
tration technologies. Here, the effect of collector grains on the behavior of colloidal
particles was studied in two different experimental systems, i.e., column studies with
stationary collectors and batch mixing to study hetero aggregation. Polystyrene la-
tex beads, 100 nm diameter, and soda lime glass beads, with two different diameters
of 212-300 um and 710-1180 um, were employed as colloidal particles and collector
grains, respectively. Column experiments were performed to understand fate of col-
loidal particles in the porous medium. There are three major phenomena that control
colloidal transport in porous media: Deposition, aggregation, and straining. These
three distinct types of particle dynamics in porous media were studied by adjusting
physicochemical properties of colloidal suspension. Furthermore, the effect of wash-
ing the collector beads was studied. Batch experiments, in which known amount of
collector grains are added to colloidal suspension with known concentration, are de-
signed to investigate more collector-colloids interaction role in transport dynamics of
colloidal particles. UV-Vis spectroscopy and dynamic light scattering techniques are
employed to understand both deposition and aggregation of colloidal particles in the
vicinity of collector grains. Results obtained by dynamic light scattering revealed that
aggregation is the predominant factor in this colloidal system. The possible sources
for this type of behavior are also tackled by undertaking controlled experiments. In the
batch experiments, ions leaching from the surface of glass beads, effect of mixing, and
glass beads presence are confirmed as the three major reasons behind the aggregation
of colloidal particles.

Keywords: Colloidal particles, polystyrene, collector, glass beads, column exper-

iment, batch experiment, aggregation, deposition, straining, ion release, mixing
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND OVERVIEW

EHAVIOR oOf tiny particles and their interactions are a long-standing problem. Un-
B derstanding the effective factors in behavior of small particles is of great im-
portance in numerous industries, e.g. energy and environment sector. The major group
of tiny particles is colloidal particles, which are traditionally smaller than 1 yum, in
one of their sizes [1]. In nature, these colloidal particles are found dispersed in differ-
ent forms, e.g. gas and liquid forms. Colloidal particles, which are dispersed inside
liquid phase, referred as colloidal suspension. These suspensions are ubiquitous in na-
ture ranging from food products, e.g. milk, to industrial byproducts, e.g. industrially
affected water.

Inter-particle interactions are important in the fate of colloidal suspensions. Col-
loidal particles interaction results in either attraction or repulsion between colloids.
The attractive forces between colloidal particles destabilize colloidal suspension. Col-
loidal particles typically gather in clusters in dominant attractive force between par-
ticles. This process of cluster formation of colloidal particles is often called as ag-
gregation [1]. Regardless of the circumstances of colloidal aggregation, this process
attracted considerable attention in recent decades owing to the wide applications in

different industries including oil and gas industry [3].
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Nowadays, various extraction methods are used in oil and gas industry [4]. Since
only 3 percent of Alberta oil resources can be extracted through surface mining ex-
traction methods [4, 5], Steam assisted gravity drainage (SAGD), is currently most
convenient oil extraction process. SAGD is an enhanced oil recovery method in which
two wells, one a few meter deeper than the other, extract the oil trapped deep in the
earth. In one well, pressurized steam is pumped into the oil bed to reduce its viscos-
ity so that a mixture of clay, water, and bitumen can be extracted through the other
well [6]. Mining processes consume nearly 8 to 10 barrels water for every barrel of
produced crude oil. However, in SAGD processes, one barrel of crude oil production
requires 2.5 to 4 barrels of water. Most of water used in SAGD process, i.e., 80-95
percent, is recycled to the system while only 40 to 70 percent of water in mining pro-
cesses is recovered. It is worthy to note that these two processes together consumed
up to total 170 million cubic meter of water in 2011 [7].

As mentioned above, most of SAGD produced water is recycled through an ex-
haustive process. Initially, gravity and floatation vessels separate crude oil from the
produced complex mixture of water and oil. Gravity skim tank and induced static
floatation are the first treatment methods in setting apart the crude fluid, namely, pro-
duced water with bitumen. Produced water is treated in a warm lime softener to remove
silica and hardness from the water after separating the free oil content in the water, for
below 20 mg/L, by walnut shell. The water at the final stage is used as feed for steam
generator after separating Calcium (Ca?*) and Magnesium (Mg>*) via weak acid cation
exchanger. The rest of water that is not recycled through the process is eventually sent
for disposal [8].

Despite the fact that a significant effort have been made to understand the nature of
SAGD produced water, there are ongoing problems, e.g. clogging and fouling inside
pumping wells and pipelines, etc. These indicate that knowledge of SAGD produced

water needs to be improved in order to develop better treatment processes. Owing to
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the fact that higher temperature (200 — 250°C) and pressure (3.5M Pa) are used in this
process compared to conventional mining extraction process (T= 70 — 90°C), SAGD
produced water is probably more complex than water produced in mining extraction
processes. Since colloidal particles, i.e., usually smaller than 1 um, are the primary
reason behind clogging and fouling inside pipelines, understanding the aggregation of
colloidal particles is necessary.

The colloidal particles not only interact with each other but also interact with other
particles. Different particles could be added to change colloidal particles behavior,
e.g., stabilizers and coagulants [9]. Collector particles are typically used to collect col-
loidal particles. The interaction between colloidal particles with collector beads gives
rise to deposition of colloids on the surface of collector beads. This attraction energy
between colloids-collectors is widely used in different industries including separation
and filtration technologies.

Filtration and purification is not only required for industrially contaminated water
but also is needed for potable water. Groundwater is nearly one-third of freshwater re-
sources which provide main reserves of drinking water [10]. Bio-colloids, e.g. viruses
and bacteria, are one of key players in polluting the drinking water. For the sake of
clarity, colloidal particles are defined as small particles, traditionally smaller than 1
um, dispersed as suspended particles in continuous phase [11]. Bio-colloids, respon-
sible for polluting water, are not the only colloidal particles inside water. It is worth
mentioning that dirty water is responsible for 3.4 million deaths every year which is
around 99 percent of them takes place in developing countries [12]. In fact, colloidal
particles inside drinking water are not restricted to detrimental bio-colloids. Colloidal
particles may also contribute in better transportation of highly adsorbing contaminants
inside porous medium [13].

Understanding transport dynamics of bacteria and viruses in porous media will

help to facilitate how to separate these bio-colloids from drinking water. Column ex-
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periments as one of the well known methods in, both, characterization and separation
of particles inside the liquid phase are employed here to study behavior of colloidal
particles in aqueous dispersions. Besides, batch experiments are performed to under-
stand much more closely the interaction of the colloidal particles and charged surfaces
used in column experiment.

Based on the discussion presented here in this chapter, scopes and objective of the

work is written in the following chapter.

1.2 OBJECTIVE AND ORGANIZATION OF THE THESIS

Objectives of the work are as follows:
e Understanding the interaction between colloidal particles and collectors.

e Characterizing the role of charged collectors in the stability of colloidal suspen-

sion.

The current thesis is primarily an experimental investigation to understand the de-
position and aggregation of colloidal particles in the presence of charged collectors.
Detailed experiments are comprised of column experiments to understand colloids be-
havior inside porous medium as well as batch experiments to study collector-colloidal
interactions. This thesis is presented in five different chapters, i.e., introduction, lit-
erature review, column experiment, batch experiment, and concluding remarks with
possible future directions. In chapter 1, the importance of the problem and applica-
tions are introduced. The need for characterization and purification of water affected
by oil extraction processes is described. The major benefits of understanding tiny par-
ticles transport in sub-surface environment along with purification of groundwater are
outlined in this section.

In chapter 2, a literature review is reported to understand the current knowledge

in this area. Methods employed during the experiments including dynamic light scat-
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tering, scanning electron microscopy (SEM), ICP-MS technique, and ultraviolet spec-
troscopy are briefly introduced. Moreover, the effective mechanisms of transport of
colloids and their interaction are also briefly explained in this chapter.

Colloidal particles and collector beads interactions are studied in two different ex-
perimental conditions, i.e., column experiments and batch experiments. Column ex-
periments results are reported in chapter 3 as the first set of experiments performed.
Experimental methodology, including effect of collector beads rinsing and employed
colloidal particles surface properties are outlined in the following section entitled ex-
perimental methodology.

Batch experiments, explained in chapter 4, are the second set of experiments. In
this experimental system, two different behavior of colloidal suspensions, i.e., deposi-
tion and aggregation, are reported. Experimental methodology along with the devices
employed for further analysis of results are outlined in experimental methodology sec-
tion. The impact of pH of colloidal suspension is embedded in the first section of
results and discussion in this chapter. The effect of washing procedure and the re-
maining ions on the surface of collector beads are discussed in the following section.
Afterwards, the experiments are divided into five different case studies in which con-
trol experiments are performed to understand the effect of ions, mixing field, and glass
beads in batch experiments. Finally, batch experiments major conclusions are reported
in summery section of this chapter.

In the end, concluding remarks are presented in chapter 5 along with possible future

research directions.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

ispersed particles are ubiquitous with the broad range of applications in many
D areas, e.g. health, environmental , and industrial sectors. Particle size acts as
one of the important criteria in classification of dispersed particles. Figure 2.1 repre-
sents the various groups of classified particles based on their size. Colloidal particles,
which are traditionally approximately below 1 um (in one of their sizes) are one of
the biggest group of dispersed particles [1]. In the following sections, the stability of
colloidal dispersion and their interactions with different surfaces are discussed. First
section pertains to one of most important theories in defining behavior of colloidal
particles, the DLVO theory. This theory, however, is not able to address all the com-
plexities in colloidal systems. Phenomena not accounted for by the DLVO theory are
often invoked to understand primary challenges in the behavior of colloidal particles.
Non-DLVO interactions, often called as extended DLVO, are described in the follow-
ing section to address those complexities in behavior of colloidal particles. Besides,
experimental techniques, used to obtain better understanding of colloidal dispersion in

this study, are briefly introduced.
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2.2 DLVO THEORY AND COLLOIDAL SYSTEMS

The Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory considers a force bal-
ance between an attraction force, i.e., Van der Waals attraction [14], and a repulsive
force, i.e., electrical double layer repulsion [15, 16], which is commonly used in de-
scribing colloidal dispersion stability. This theory developed independently by Der-
jaguin and Landaeu [17] and Verwey and Overbeek [18] is one of the important frame-
works to understand colloidal stability.

Interaction of colloidal particles, as the basis of colloid science, is affected by
different parameters. The properties of the surrounding medium have a strong effect
on behavior of colloidal particles. When colloidal particles are present in a electrolytic
medium, a double layer is formed around the colloidal particle. This double layer plays
an important role in defining major forces between colloidal particles in the DLVO
theory. The theory of electrical double layer is treated in the famous article of von
Smoluchowski [19]. The double layer is a consequence of redistribution of free ions
along with colloids surface ions around colloidal particle [11]. Inverse length of double

layer, known as Debye length is defined as follows for symmetric electrolyte [11]:

€kBT 1/2
2272 ne

k= 2.1

where € is permittivity of bulk solution, z is ion valence, and 7., is bulk concentra-
tion of ions, kg is Botzmann constant, e is the charge of the electron, and T is absolute
temperature.

Based on the DLVO theory, the double layer is also responsible for the repulsive
forces between colloidal particles. Electrical double layer repulsion stems from the
overlay of similar charges in diffuse double layer, a layer proposed by Gouy [20] and
Stern [21]. Electrical double layer repulsion is a long range force, which is approached

in two distinct ways: constant surface charge and constant surface potential [22]. The
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interaction between double layers of colloidal particles is a function of free energy
of double layer. This energy plays a dominant role in determining the fate of colli-
sions between double layers of different particles. This free energy is comprised of
chemically attractive forces, which are related to the adsorption of ions, and electrical
repulsive force which stems from the similarly charged layers [18].

van der Waals attraction is the other major force considered in the DLVO theory.
Generally, van der Waals interaction is comprised of three major forces including in-
teraction between two permanent dipoles, dipole with another induced dipole, and two
induced dipoles [23]. In essence, this force is the result of spontaneous fluctuations of
electric cloud of one material which gives rise to the polarization of one atom, and con-
sequently, motion of materials in vicinity [11,24,25]. These interactions, eventually,

forms the basis of van der Waals forces between particles.

2.3 EXTENDED DLVO THEORY IN COLLOIDAL SYSTEMS

The DLVO theory forms the basis of understanding the behaviour of colloidal sus-
pensions. However, it is rather simplistic and does not include other forces that are
involved. Hence extensions to this theory are required to fully characterize colloidal
behaviour. Steric stabilization of colloids [26] is one of the significant interactions that
are not included in the DLVO theory. Figure 2.2 represents the major interactions in
colloidal systems. As depicted in this figure, Lewis Acid/Base interaction is the other
major interaction that is not considered in classical DLVO theory [2]. Most of these
inter-particle forces, which can also contribute in the stability of colloidal systems, are

listed as follows:

e Born repulsion

Born repulsion is a short range force which is a consequence of inter penetrating

the electron shells between colloidal particles [1,27].
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e Hydration effects

In aquatic systems, hydrophilic materials on the surface of the particles result in
hydration effects. Hydration effects come into play when two particles approach
each other which require draining water between them. Since hydrophilic groups
present at the particle surface draining water between approaching surfaces re-
quires work [1]. The work by Israechvili and Pashley illustrates the role of

hydration effects in colloidal systems [28].

e Hydrophobic interactions

Water has no affinity towards hydrophobic surfaces since these surfaces lack
polar or ionic groups or hydrogen-bonding sites on their surfaces [1]. The water
molecules migrate from the gap between two hydrophobic surfaces which leads

to further attraction of these surfaces in the water.

e Steric interactions

One of the important aspects related to the stability of colloidal systems is sur-
face interactions. Adsorbed layers on the surface of particles, e.g. polymers,
play a key role in colloidal interactions. These adsorbed layers could be ef-
fective in either reducing the stability of suspension or increasing its stability.
Coagulation, i.e., the process of clustering, could come from “polymer bridg-
ing” in which polymers are attached onto the surface of particles as an adsorbed
layer [29]. Steric stabilizers are the other groups of polymers that are attached to

the surface of particles and stabilize the particles by their hydrophilic chains [1].

The theory that accounts for these non-DLVO forces with DLVO interactions are
often called “extended DLVO” or “XDLVO” [2, 30, 31]. This theory is exploited to

describe most complex behavior of colloidal systems, e.g. aggregation.
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2.3.1 Aggregation

Aggregation refers to association of particles to form clusters [1]. Early experiments
of Schulze [15] and Linder and Picton [32] resulted in two distinct observations: first
is the dependency of coagulation process on the ions in the electrolyte solution and,
second, ion valency’s effect on the ions activity, which is eventually responsible for
colloids aggregation in the suspension [33]. Attractive forces between colloids are
usually van der Waals and electrostatic attraction which act against repulsive force of
double layer interaction. Aforementioned hydration, hydrophobic, Born, and steric
interactions are the other group of the forces effective in fate of colloidal particles.

Dynamics of aggregation is fundamentally important to understand the basic mech-
anisms responsible for the cluster formation. Cluster structure formation and its kinet-
ics, obtained by scaling concepts, bring insights into dynamics of aggregation [34,35].
Kinetics of the process is described by two distinct regimes for irreversible aggregation
of colloidal particles: diffusion limited colloid aggregation (DLA), i.e., fast aggrega-
tion, [36,37] and reaction limited colloid aggregation (RLA), often called slow aggre-
gation [38]. Slow and fast aggregation delineate the kinetics of aggregation process.
However, the kinetics of the process is not solely limited to these two types of aggre-
gation models. The crossover aggregation is the other regime in which its kinetics is
found to be faster than RLA but slower than DLA [38,39].

Nature of slow aggregation is described by DLVO theory in which Coulombic re-
pulsive forces, i.e., double layer repulsion forces, besides van der Waals attraction
determine the aggregation kinetics. This slow aggregation, i.e., RLA, is governed by
the sticking probability of collided particles rather than diffusion [38]. On the other
hand, diffusion, as one of the main transport mechanisms especially in tiny particles,
is introduced to shed some light into diffusion limited aggregation [37,40]. Let us
consider two particles in colloidal systems in which one of them moves by diffusion.

There are two possible scenarios that can occur: particle moving towards away and
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particle walking towards the vicinity of the other particle. In the latter case, the at-
traction force is strong enough to make an “irreversible” bond between these particle.
This process of aggregation is the nature of diffusion limited aggregation, DLA, or fast
aggregation [41].These limiting regimes properly address physics of cluster formation
in colloidal systems.

Different factors are potentially effective in investigating the colloidal system sta-
bility. Adding chemical agent is one of the effective ways in destabilizing the colloidal
suspension through adjusting bulk ion concentration n, as shown in equation 2.1. Salt-
induced aggregation is one of the well established methods in triggering controlled ir-
reversible aggregation in colloidal systems. These induced aggregation methods have
been implemented on various particles including gold [38], silica colloids [42], and
polystyrene [43]. Higher ionic strength is a result of adding salt which leads to com-
pressing diffuse double layer (Please see equation 2.1). The colloids are much likely
stick to each other since double layer repulsion will reduce as a consequence of dou-
ble layer compression. This mechanism lies behind the destabilizing role of salts in
colloidal systems.

Chemical agents are not the only factors in destabilizing colloidal dispersion. Ex-
ternal fields, e.g. electric field [44] and shear field, are widely used in aggregation of
colloidal particles. Shear-induced aggregation is an example of external fields role in
destabilizing colloidal systems. Shear-induced aggregation is also known as orthoki-
netic aggregation. Streamlines along with shear forces help colloids in approaching
towards each other, consequently, higher colloidal particles collision which, eventu-
ally, results in higher aggregation rate [45]. Camp [46] studied the effect of shear field
on the size of clusters that are made through this process. Maximum stable cluster size
is also calculated through the simulation done by Boadway [47]. Moreover, Boadway
has presented the density of flocs that are coming from the shear field effect. The main

conclusion is that increasing collision rates between the colloids is the main benefit of
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applying shear field into the colloidal dispersion [45].

2.4 COLLOIDAL PARTICLES IN THE PRESENCE OF COLLECTORS

Suspensions are usually comprised of particles in different sizes ranging from nano
meters to couple of millimeters. Proper separation of tiny particles is cumbersome
owing to the complex behavior of these tiny particles inside the suspension. Colloidal
particles, as a part of these tiny particles, are separated through different processes.
One of the convenient methods in separation of colloidal particles is by adding collec-
tor beads.

The collector-colloidal particles interactions are studied because of its importance
in the separation of colloidal particles. Dominant attractive force between these par-
ticles is capable of collecting the colloidal particles used in separation and treatment

processes. This mechanism is a complex process which is explained as follows.

2.4.1 Deposition

Colloidal interaction and their effect on stability of colloidal system have been re-
viewed in section 2.3.1. Here, we will discuss the deposition originating from the
interactions between colloids and large surfaces [11].

Lots of efforts have been made to integrate long-range hydrodynamic interactions
with short-range surface forces associated with deposition of particles onto collectors
[48-51]. Convection, diffusion, and gravity settling, i.e., sedimentation, are the main
mechanisms that constitute long range interactions [52]. It is worthy to note that, for
larger particles, effect of diffusion is negligible compared to gravity and convection
transport while, for smaller particles, the effect of diffusion and convective transport
become considerable compared to the effect of gravity. Here, we have mainly focused

on the short-range collector-colloids interactions and factors effective in this process.
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Surface interactions, as the main part of short-range colloidal interactions, are im-
portant in deposition. When repulsive forces become unimportant, predominant attrac-
tive forces make the collector to play the role of a sink for the colloidal particles [52].
Under these conditions, colloidal deposition on different surfaces including spheres,
hard disks [53], and single cylinders [54] is studied to understand the importance of
surface forces. Adamczyk et al. [49] revealed that deposition of colloidal particles
is significantly improved upon reducing the salt concentration of colloidal dispersion
and consequently strengthening double layer attraction. This confirms the important
role of short-range interactions, i.e., surface forces, in deposition of colloidal particles.
Given the fact that surface forces play an important role in colloidal particles deposi-
tion, one should take into account surface properties, e.g. roughness, and its geometry
as the effective factors in determining surface forces.

Collector shape is one of the principal factors in calculating the interaction en-
ergy [11]. The interaction of spherical particles with flat plate is one of the classical
problems in determining the interaction energy between colloids and collectors. To
solve this, one should firstly calculate van der waals attraction via either Hamaker ap-
proach [14,55,56] or Lifshitz quantum electrodynamics [55,57]. Besides, double layer
interaction should be obtained through solving Poisson-Boltzman equation [1,55,56].
There are numerous numerical attempts to obtain this interaction energy [58—60]; how-
ever, they all ended up with approximate solutions for this problem. Bhattacharjee and
Elimelech’s novel mathematical model, i.e., surface element integration, among others,
provides a precise calculation of energy between spherical particles and flat plates [61].
For spherical-spherical interactions, solving analytical solution for spherical surface
potential is very cumbersome [11]. Even finding approximate solutions for surface
potential of spherical particles inside electrolyte solution is problematic [62-64]. It
is valid to calculate surface potential for a sphere by approximating it as a plane in

the case of particles with large surface curvature compared to their double layer thick-
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ness [65]. Besides, solving the linear region of Poisson-Boltzman ion distribution, i.e.,
Debye-Huckel region, could be one of the ways to solve spherical-spherical interac-
tions [66].

Geometry of the surface is of importance in determining the surface potential and
interaction energy between particles. Surface heterogeneity, e.g. surface roughness, is
often responsible for the discrepancies between experimental observations and DLVO
theory predictions [67,68]. Bowen and Lovitt [69] studied the effect of surface rough-
ness by atomic force microscopy. They, experimentally, reaffirmed the effect of surface
roughness in particle-substrate interactions. For unfavorable interactions,i.e., repulsive
double layer interaction, rough surfaces are found to be more attractive for colloidal

particles rather than smooth surfaces [70].

2.4.2 Colloids inside porous medium

Porous medium is potentially effective method in trapping colloids among other sepa-
ration techniques established for very small particles. Background knowledge in col-
loids transport inside porous medium, e.g. soil, which is constituted of numerous
single surfaces, is studied in this section.

As mentioned in section 1.2, contaminants transport and purification in sub-surface
environments play a critical role in multiple health and environmental industries. Un-
derstanding colloids transport inside these media is essential part of treating contam-
inants. The concept of filtering sub-micron colloids in granular bed in the absence of
double layer repulsion is described in Yao et al. work [71]. Fitzpatrick and Speil-
man [72] revealed that London forces are important in describing the behaviour of col-
loids collection in porous medium. However, non Brownian particles, usually greater
than 2-3 um, are dominantly collected by interception and gravity mechanisms [73].
Figure 2.3 illustrates the different mechanisms effective on the fate of colloidal trans-

port inside porous medium.



CHAPTER 2. LITERATURE REVIEW 15

The transport of colloids comprises of two different mechanisms: attachment and
transport. Sub-micron particles inside porous medium move by convection and dif-
fusion while larger particles are influenced by gravity and interception due to their
finite size [71,74]. Attachment, as the other effective factor, is rather complex process
which is affected by several physicochemical conditions. Colloids and collector par-
ticles size become important in understanding the circumstances of attachment. For
larger particles, porous medium plays like a sieve in which the pores between collec-
tors particles become the dead end for large colloidal particles [75]. The mechanism of
particles trapping between the pores of porous medium are often called straining [75].
Straining of particles is strongly dependant on the colloid-collector size ratio. Xu et al.
revealed that straining has negligible effect for the case of D,/D¢ < 0.008 [76]. Double
layer repulsion and van der Waals attraction along with hydration forces, hydropho-
bic, and steric interactions are all contributing in the attachment efficiency of the col-
umn [77]. In spite of the fact that these forces are the effective factors in the filtration
process of colloids, there are reports revealing some discrepancy between DLVO filtra-
tion theory and colloids collection process inside the column [77,78]. Hydrodynamic
interaction, dynamics of interactions, collector surface roughness, and deposition in
secondary minima of interaction energy are revealed to be the possible reasons behind

this discrepancy [77].

2.5 MEASUREMENT TECHNIQUES

In this section, the measurement techniques that were employed during the experi-
ments, either in batch or column experiments, are introduced.
2.5.1 Dynamics of Light Scattering

Laser and optical measurements have developed dramatically during the past decade.

Optical devices are now used routinely in several fields of investigation Precise mea-
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surement of particles size distribution is obtained through some of these characteriza-
tion systems [79]. Laser diffraction, dynamic light scattering (DLS), image analysis
and acoustic spectroscopy are of the optical techniques employed in obtaining size dis-
tribution of particles including colloids. DLS devices are usually comprised of laser
emitter, detector, temperature controller, correlator, and main computer as depicted in
Fig. 2.4.

Theory of light scattering size measurement stems from the concept of diffusion
and Brownian motion in the particles. There is a correlation between decay rate of
time-dependant correlation function (I') and diffusion coefficient (D) [80] which reads

as follows [81]

1
D= 2.2
T (2.2)
Here, q is scattered light wave vector which is defined as follows:
drn
= 2.3
1= sin0)2 23)

In which, n, 4, and O are refractive index of the material, wavelength of incident
light, and scattering angle, respectively.
DLS instrument measures the electric field autocorrelation function (g;) which de-

fines autocorrelation function (g;) through the Siegert relation as follows:

8(1) = 1+ pgi(7)’ (2.4)

It is worth mentioning that § is the instrument parameter which is between O to 1.

For monodisperse particles, autocorrelation function (g,) reads as

(1) = exp(—2I'Dg?) (2.5)
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Here, the relationship between diffusion coefficient and autocorrelation function is
elaborated. Diffusion coefficient is also calculated through Stokes-Einstein equation

for spherical particles [82]

KT

D =
6nr

(2.6)

As shown in equation 2.6, by measuring the electric field autocorrelation func-
tion, which eventually transforms to diffusion constant under specific circumstances,
particles hydrodynamic sizes are obtained.

DLS devices measure aggregation behaviour of colloidal dispersion through ana-
lyzing fluctuations of random interference pattern [83]. Decay rate is calculated from
analyzing the slope of correlation function by CONTIN analysis [84]. The diffusion
coeflicient, for poly dispersed particles, is obtained through Siegert relationship, i.e.,

equation 2.4, with the aid of the following equation:

gi(7) = fA(/l) exp(—At)dA 2.7)

This relationship forms the basis of the light scattering technique which yields
valuable information about the colloidal particles size in suspension. It should be
borne in mind that light scattering techniques are associated with some challenges.
One of the challenges ahead of proper understanding of colloidal particles size is the
interpretation of autorcorrelation function. Different techniques like CONTIN, cumu-
lants, and least square methods are employed to analyze autocorrelation data [85]. For
poly-disperse particles, in some of cases, another measurement should be performed at
a different angle to gather information about the intensity of the particles [86]. In our
experiments, there are numerous measurements including mono-disperse and poly-

disperse particles.
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2.5.2 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy, UV-Vis spectroscopy, is a method to measure absorp-
tion of light in ultraviolet region. Ground state electrons are excited by absorbing light
energy which is, consequently, measured by the device as the absorbed energy. The
UV-Vis region of working wavelength is between 200-800 nm [87]. Beer-Lambert
equation is the fundamental correlation in UV-Vis spectroscopy measurement which is

described as follows [88]

A = gbc (2.8)

where A is the absorbance, € is the molar absorpitivity of the molecule in the solu-
tion, b is the path length of sample holder, and c is the concentration of the suspension.
UV-Vis devices use single beam, double beam, and simultaneous beam spectrom-
eter. Since we employed a device with diode array instead of monochromator in si-
multaneous spectrometer, as shown in Fig.2.5, our measurements are faster and more

precise compared to single and double beam devices.

2.5.3 Zeta potential measurement techniques

Zeta potential is the electrostatic potential in the double layer which is a layer of ions
bounded to the surface of particles [89]. There are generally three routes of indirectly
measuring zeta potential of particles which are as follows: measuring electroosmotic
mobility, measuring streaming potential by the pressure driven flow in conduit, and by
measuring the response of small particle movement in electric field [89]. The third
method is commonly used for measuring colloidal suspension zeta potential.
Movement of the particle under the effect of electric field is processed via laser
Doppler velocimetry [90]. To calculate zeta potential, Henry equation is employed as

follows [91]
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_ 2ezf(ka)

U,
3n

2.9)

Here, U, is electrophoretic mobility, € is the dielectric constant, z is the zeta poten-

tial, 77 is absolute zero shear medium viscosity, and f(xa) is Henry function.

2.5.4 Inductively coupled plasma- mass spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry, i.e., ICP-MS, is one the well estab-
lished techniques in quantifying the ions in the sample [92]. In this technique, two
concepts are brought together to measure precisely the ion concentration as low as one
in 10" ions. These two techniques are ICP, which is Inductively Induced Plasma, and
mass spectrometry [93].

Ions and electrons are generated by heating the gas by electromagnetic coil in
which, eventually, makes the gas conductive. ICP technique utilizes this state in or-
der to evaporate the sample constituents into atoms [94]. These atoms are conducted
through multiple cones into mass spectrometry device, usually a quadrupole, in which
they have been separated based on their mass to charge ratios. Consequently, ion signal
is received to understand the concentration. The output will be compared with certi-
fied reference material to understand the constituents of the sample [93]. However,
for further information about the quantity of each ions, isotropic dilution should be

performed.

2.5.5 Scanning Electron Microscopy (SEM)

Electron scanning of solid surfaces concept is firstly presented by Knoll in 1935 [95].
Owing to growing demands which stem from unique imaging resolution and depth of
focus capability with nanometer precision of these devices [96]. An electron beam,

which is emitted through electron gun, is reflected from the sample surface in the
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forms of x-rays, auger electrons, primary backscatterred electrons, and secondary elec-
trons. Scanning electron microscopy, i.e., SEM, is utilizing reflected electrons instead
of lights to produce an image of the surface. X-rays, backscattered electrons, and sec-
ondary electrons are gathered through SEM detectors to be analyzed and to produce the
image. Each reflected electron provides useful information about the surface proper-
ties. X-ray brings important information about the thickness composition information
while primary backscattered electrons provides the atomic number and topographical
information of the surface. Besides backscattered electrons, secondary electrons help
in providing surface topography information [97]. Note that proper preparation of
sample is also necessary since scanning electron microscopy works in vacuum condi-

tion [97].

2.6 SUMMARY

In this chapter, colloidal particles interaction with either single surfaces or multiple
surfaces, e.g., porous medium, are reviewed. The aggregation, which is the colloidal
particles interaction with each others, and deposition, which is colloidal particles in-
teraction with large surfaces or collectors, are described. The important role of double
layer interaction and van der Waals forces, as the basis forces of DLVO theory, are
outlined in column experiments chapter. Following literature review on single sur-
faces and colloidal particles, mechanisms responsible for either transport or attach-
ment of colloids inside porous medium are explained in colloids in porous medium
section (section 2.4). Subsequently, measurement techniques employed in this work
are delineated in section 2.5. Literature survey on light scattering techniques to un-
derstand the dynamic behavior of colloidal particles, UV-Vis spectrometer for realiz-
ing the absorbance of the colloidal suspension, zeta potential measurement as one the
main criteria in understanding DLVO forces role, and ICP-MS technique to perceive

the role of ions are presented to portrait a complete picture of measurement techniques
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performed. Finally, SEM basics are introduced which will help in understanding the
colloidal particles deposition on the glass beads surface. Based on this literature sur-
vey, following chapters on the circumstances of the behavior of colloidal particles in

batch (Chapter 4) and column experiments (chapter 3) are presented.
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Figure 2.2: Interactions between particles inside colloidal systems. [2]
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Figure 2.3: Different mechanisms of collecting colloidal particles inside porous
medum. (Figure is courtesy of [1])
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CHAPTER 3

COLUMN EXPERIMENTS

3.1 INTRODUCTION

ransport of colloids in porous medium is of interest in separation, percolation
T of ground water, etc. This chapter focuses on elucidating the mechanisms as-
sociated with this process. Column experiments provide a platform to understand the
dynamics of colloidal transport through porous medium. Here, controlled experiments
are carried out to shed light on the interaction between colloidal particles and collec-
tors.

The interaction of colloids and porous media is a long-standing subject of study
[98]. In section 3.2, the theory behind these interactions is briefly introduced. The
experimental results are obtained through controlled experiments explained in sec-
tions 3.3 and 3.4. Glass beads (porous medium) and polystyrene latex beads (colloidal
particles) are the two major constituents of these experiments. Section 3.3 describes
column dynamics in the presence of unwashed glass beads. Experimental methodol-
ogy and the effect of major physicochemical parameters, e.g. solution pH, gravity,
and collector beads size are delineated. In section 3.4, experiments performed with
washed beads are described. The effect of washing on colloidal transport is also pre-
sented to provide a better insight into the transport of colloids in porous media. Finally,

summary of the experimental results is presented in the last section of this chapter.

27
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3.2 THEORETICAL BACKGROUND OF COLUMN EXPERIMENT

Column experiments are performed to understand the transport of colloidal suspen-
sions through porous medium. Chemical properties of the colloidal suspension play a
crucial role in transport dynamics of colloidal particles in the presence of collectors. As
mentioned earlier, many efforts have been made to understand this process [77]. One
of the comprehensive and well developed theories explaining the behavior of colloidal
particles is the DLVO theory. This theory also describes aspects of the interactions of
collectors and colloidal particles.

Column efficiency, as one of these well-defined factors, introduces a way to better
understand the column operation. This efficiency is defined as the frequency of col-
loidal particles striking the collector beads to the frequency of colloidal particles going

through the column [99]. Column efficiency is expressed as follows [100]

No =MNp +n;+1Nc (3.1)

Above, efficiency of the column is comprised of three different mechanisms re-
sponsible for colloidal particle interactions. Predominant long range forces in the
transport of colloidal particles are determined by this column efficiency. These inter-
actions of colloidal particles with glass beads stem from three distinct driving forces,

i.e., interception, diffusion, and gravity which are explained below.

3.2.1 Diffusion

Particle size plays a dominant role in determining the nature of colloid-collector inter-
actions. while gravity is most important for large particles. Diffusion is responsible for
the interactions of small particles with collectors. Diffusion based column efficiency

is given by [100]:
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1
N = 24 A; N];O'OSI N]—)S.715 N—O.OSZ (32)

vdw

Here, this efficiency is formulated the function based on four different parameters

as indicated above. A; is porosity factor which is defined as [100]:

2(1-v")

Ag =
2— 3y +3y> =296

(3.3)

where y = (1 - f)% and f is porosity. The particle diameter ratio, Ng, is defined as
the ratio of the diameter of collector beads to colloidal particles. The Peclet number,

Np, 1s ratio of convective to diffusive transport, is given by [100]

U dc
D,

Np, = (34)

Here, U is the superficial velocity, d. is collector diameter, and D, is bulk solution
diffusion constant. In addition, van der Waals interactions play a decisive role in the

process. These forces are considered in van der Waals number [100]

Nvdw = T (35)

where A is Hamaker constant, kg is Boltzmann constant, and T is absolute temper-

ature.

3.2.2 Interception

Among the transport mechanisms, interception is the second major long-range interac-
tions inside the column. Interceptive interactions arise from the collisions of colloidal
particles with glass beads owing to the hydrodynamic field. Fluid movement around
the glass beads may result in deposition of colloidal particles which are transported

in direction of streamlines of bulk solution. Interception efficiency of the column is
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expressed as [100]

nr = 0.55 A, Ny N;O1% (3.6)

Here, N, is attraction number which determines the relative roles of van der Waals
attraction and fluid velocity. Particles usually follow fluid streamlines inside porous
medium which affects the interaction of colloidal particles with collector beads. There-
fore, fluid flow plays important role in determining the fate of colloidal particles in the

porous medium.

3.2.3 Gravity

Gravitational force is the third major mechanism involved in particles transport in
porous medium. Large particles are usually affected by this type of transport mecha-

nism. Gravity based efficiency is given by [100]:

ne = 022 Np* Ng'' N> (3.7)

vdw

Here, Ng is defined as follows [100]:

AR

N
“"9 utu

(3.8)

Where, a,, p,, pf, 4, and U are particle radius, particle density, fluid density, bulk
solution viscosity, and approach velocity. Effect of gravity could also be assessed
by settling time of colloidal particles in the system. Overall, each of these major
mechanisms is a function of different factors that are important in controlling colloids

behavior inside porous medium.
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3.3 COLUMN EXPERIMENTS WITH UNWASHED BEADS

3.3.1 Materials and methods

Column experiments were performed to discern colloidal particles dynamics inside
packed columns. The column used in this study were obtained from Omnifit (one
end adjustable chromatographic column). Two different lengths, namely 15 and 25
cm columns were used. Polystyrene sulfonate latex beads (100 nm diameter) were
obtained from Interfacial Dynamics Co. While, soda lime glass beads (two batches,
with the particle diameter of 212-300 um and 710-1180 pm) are obtained from Sigma
Aldrich (St. Louis, MO). Sodium nitrate (Caledon Lab. Ltd., ON) is used as a conser-
vative tracer to understand mass transfer properties in the column experiments [101].
HPLC pumps (Model 305/306, Gilson Inc., Middletown, WI) were used to deliver
the flow. A UV-Vis spectrometer (GENESYS 10S UV-Vis, ThermoScientific Inc.,
Waltham, MA) was used to measure the particle concentrations. A desktop computer
collected the data from the UV-Vis spectrometer as a function of time.

The experimental setup used is shown in Fig. 3.1. It consists of the Omnifit col-
umn packed with the soda lime glass beads. The Polystyrene latex beads were diluted
in deionized (DI) water and pumped into the column using HPLC pump. The con-
centration of the latex beads in the effluent is measured by the UV-Vis spectroscopy.
A typical-breakthrough experiments involves saturating the column with an aqueous
solution of a known pH and switching the inlet stream to the solution with latex beads
and measuring the outlet concentration until a time-invariant UV response is obtained.
A washing step is then performed by switching the inlet from solution containing the
beads to the aqueous solution.

Both here and in chapter 4, aqueous solutions with different pH were used. These
were prepared by adding specific amount of HCl (Anachemia Chemicals, NY) to pre-

pare acidic suspension and Sodium hydroxide (Fisher Chemical, Fair Lawn, NJ) to
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prepare base suspension.

3.3.2 Zeta potential measurements

Surface charge of particles is a key determinant of the interaction of colloidal parti-
cles with collector beads. The zeta potential is provided by a measurements of elec-
trophoretic potential, which is also referred as “surface potential”. In this work, pH of
solution has been varied in order to understand the effect of hydrogen ion activity on
the surface potential of particles. Since most of the experiments were undertaken in
acidic condition, i.e., pH=3, the zeta potential of glass beads were measured at this pH
and was found to be {= -24 mV. Increasing pH is expected to decrease zeta potential
which means that glass beads are negatively charged in other working pH. In other
words, alkali added to the solution makes the particles more negatively charged [102].
In this work, polystyrene sulfate beads are employed as colloidal particles. The zeta
potential as a function of solution pH is shown in Fig. 3.2. The results indicate that sur-
face potential of these colloidal particles are negative. From these two experiments, it
is seen that the surface of both the colloidal particles and collector beads have negative

charges which will lead to minimal deposition.

3.3.3 Effect of gravity

Based on the discussion in section 3.1, gravity is important mechanism that governs
the transport of colloidal particles through porous medium. In order to understand its
role in the current system settling time of particles was calculated to verify if gravity
can have an effect in current experimental system. Settling time of particles is obtained
by balance of buoyancy and gravitational forces on the particle. Terminal velocity of

a falling sphere is given by [103]

‘D2 (3.9)
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Where D, and u are particle diameter and bulk solution viscosity, respectively,
while, p, and py refer to density of particles and fluids, respectively. Time (t = L/V)

is obtained as follows assuming constant velocity in the axial direction:

Lx18
t= —/12 (3.10)
For the colloidal particles used in this system, settling time, depicted in Fig. 3.3,
is at the order of 10® s, which is high enough to neglect the effect of gravity in the

column.

3.3.4 Effect of pH

The surface forces are adjustable by different physical and chemical factors. The pH
of solution is one of these chemical factors that is routinely used to evaluate the role of
the surface forces. The pH of a solution is representative of the hydrogen ion activity
that plays a critical role in determining the stability of colloidal suspension. In this sec-
tion, the influence of pH on column dynamics is investigated. An acidic environment
provides a better colloidal particles attachment in the column while colloidal particles
deposition decreases with increasing pH of suspension. The effect of pH was stud-
ied by analyzing the column response at different values of pH. In these experiments,
water was pumped for the initial stage of the experiment for period of one minute. Col-
loidal suspension was then introduced to column for 20 minutes and the breakthrough
curve is measured. Finally, aqueous solution is introduced for 10 minutes to wash the
column.

Figure 3.4 shows the breakthrough profiles measured at different pH solutions.
They are plotted as a function of the normalized concentration. Note that when the
column is fully saturated the exit concentration is expected to be nearly 1. We notice

this only at the highest pH measured in this study, 1.e., at pH=9. It is worth noting
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that the breakthrough starts at t~240 s which corresponds to the dead time in the col-
umn, i.e., the time taken for a non-interacting particle to exit the column. A system
that shows retention of the colloidal particles on the sample of glass beads will break-
through at times longer than the dead time. The current observation shows that for all
pH values studied, the breakthrough initially starts at the same time, indicating that
there is no retention in any of experiments. In lower values of pH, it takes a much
longer time for the colloidal suspension to reach to the value of C/Cy = 1. This indi-
cates that other non-thermodynamic mechanisms are in play that delay the profile from
reaching C/C( = 1. Another possibility that can explain this is that UV measurements
do not necessarily correlate to the concentration of mono-disperse colloidal particles.
The rate of successful deposition, i.e., sticking of particles to the collector beads, is
studied by attachment efficiency. Let us suppose all the discrepancy between different
colloidal suspensions stems from deposition of particles in porous medium. In this
case, attachment efficiency represents the successful collisions resulted in deposition.

Attachment efficiency is defined as follows [100]:

2dc C

Fa-omL e G

a =

where d, is collector diameter, € is the porosity of medium, 7, is the efficiency of
the column in favorable deposition, i.e., in case of attractive forces between glass beads
and colloidal particles, L is the column length, C is the suspension concentration, and
Cy 1s the feed concentration. In favorable condition, column efficiency is obtained
with the aid of equation 3.1. In the current work, column efficiency for three different

mechanisms as well as total efficiency of column are mentioned in table 3.1.

The Hamaker constant between polystyrene particles and glass beads is 1 x 1072°
[11]. As illustrated in table 3.1, gravity and interception contribution compared to

diffusion mechanism is negligible. In fact, the colloidal particles that are going to the



CHAPTER 3. COLUMN EXPERIMENTS 35

column efficiency calculated value

. 524 %107
m 7.53 x 1076
G 3.39 x 107
o 525 1073

Table 3.1: Employed column efficiency in favourable condition

vicinity of collector beads are much likely affected by diffusion rather than gravity or
interception mechanisms. Substituting the values for different parameters employed in

attachment equation, equation 3.11, changes it to the following form

C
a = —1.50545 x In(—) (3.12)
Co

Attachment efficiency is calculated for the case of long column as shown in Fig.3.5.
This calculation helps in better understanding the rate of colloids collisions which were
resulted in deposition of colloids on the surface of the glass beads. In acidic condition,
attachment efficiency is greater than three other employed pH of colloidal suspension.
Based on the calculations, the attachment efficiency is decreasing with increasing pH

in the same way of the changes in zeta potential in different pH.

3.3.5 Effect of size of collector beads

It can be seen from the Figs. 3.4 and 3.6 that in both cases complete breakthrough was
not achieved even after waiting over a long period of time. In fact, for the case of the
large glass beads and pH=3, the breakthrough reaches a plateau without any dynamics
occurring within the column. It is highly unlikely that there is accumulation within the
column. The only possibility is that the dynamics within the column alters the nature
of the colloids that it is different from the inlet. Interestingly, effect of altering pH

of liquid moving inside porous medium is illustrated in Fig.3.6. The loosely attached
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colloidal particles are eluted in pH=~6 which is the pH of eluting water. Further studies

on this were conducted and the results are discussed later on.

3.4 COLUMN EXPERIMENTS WITH WASHED BEADS

The Soda lime glass beads described were used as-is from the manufacturer. It is
very likely that contacting these beads with an aqueous solution of pH=3 can lead to
release of ions that can in turn lead to the aggregation of the colloidal particles in the
fluid phase. Some reports in the literature point to the fact that aggregation indeed can
alter the UV absorbance of a suspension [104]. In order to investigate this a detailed

washing procedure was developed in order to eliminate the effect of the ion release.

3.4.1 Glass beads washing process

The washing of glass beads is performed in two steps as depicted in Fig.3.7. In the
first step, glass beads are rinsed with DI water to the point that pH of washing solution
becomes invariant. At this point, the supernatant is removed from the glass beads and
stored for future use. The glass beads obtained from this step are called “single wash”.
The procedure is repeated again to ensure a thorough process of the washing of the
beads. The glass beads obtained in this process are called “double-washed”. These

washed beads are then packed in a column for further experiments.

3.4.2 Effect of collector grain washing

The effect of washing procedure on colloidal particles dynamics inside column is stud-
ied in this section. Three different groups of glass beads, namely, unwashed, single,
and double washed beads, are employed to understand the effect of surface ions on
colloidal particles. In addition to the injection of colloidal particles, a tracer is injected
to delineate the effect of dispersion in the column. Figure 3.8 illustrates the tracer

response which indicates the dispersion effects are indeed minimal and the column
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packing is of high quality. Also note that the tracer exits the column at the same time
as the other experiments.

The effect of washing is clearly illustrated in Fig. 3.8. Note that pumping proce-
dure is started with pumping of deionized water for five minutes and then switched to
pumping of either colloidal suspension or tracer. It is clear that unwashed glass beads
lead to long and dispersed breakthrough curves that do not reach C/Cy=1. However,
with each washing step, the breakthrough profiles approach that of the tracer, although
at a slower rates. It can also be seen that with the double washed beads the outlet
concentration indeed reaches the C/Cy, maximum concentration of C/Cy=1. Although
this is the case, the area between the tracer response and colloidal particles response
depicts the amount of colloidal particles “trapped” within the column. This phenom-
ena has been reported by other groups and is called “straining”. In “straining” the fluid
streamlines flow around the particles in such a way that the glass beads act as a strainer

so that some of colloidal particles are obtained within the column [76].

3.5 SUMMARY

Colloidal particles transport inside single column packed with soda lime glass beads
is studied in the current chapter. Gravity, interception, and diffusion mechanisms, as
of three major long-range interactions inside the column, are introduced in theoretical
background section. The experimental methodology, including the experiment prepa-
ration, glass beads washing process, and particles zeta potential measurements are ex-
plained in the second section of this chapter. The effect of straining and gravity effects
in the column was studied. Role of gravity is examined by calculating the settling time
of particles. Results revealed that there was negligible difference in colloidal particles
transport with adjusting flow direction. Colloidal particles surface properties effects
are investigated by changing pH of suspension. In acidic condition, colloids are more

likely to trap inside the column since their surface charge decreases. Furthermore, ef-
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fect of physical parameters, e.g. glass beads size, was studied to describe the role of
surface forces inside the column. Increasing surface of glass beads increased colloids
retention inside column. Experimental results confirmed that the main retention mech-
anism was straining. Washing process on the glass beads was found to be important
on colloidal particles behavior. Results revealed that cleaning surface of glass beads

decreases the chance of colloids retention inside the column.



CHAPTER 3. COLUMN EXPERIMENTS

|

s

> HPLC g%
%

pump e

B

water

_al

> HPLC
pump

Colloidal suspension

)

Chromatographic
column

—3 uv

UV-Vis
spectrometer

Figure 3.1: Schematic illustration of column experiment.

39

—
L

Eluted
suspension



CHAPTER 3. COLUMN EXPERIMENTS

-10 4

-20 4

-30 4

40 -

Zeta potential (mV)

-50 4

-60 4

pH

Figure 3.2: Surface potential of polystyrene particles in various pH.

40



CHAPTER 3. COLUMN EXPERIMENTS

Settling time (s)

L I L}
0O 100 200 300 400 500 600 700 800 900 1000
Particle size (nm)

Figure 3.3: Calculated settling time of colloidal particles.
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CHAPTER 4

BATCH EXPERIMENTS

4.1 INTRODUCTION

He main aim of performing the column experiments was to elucidate transport
T mechanisms that commonly encountered industry. However, the column exper-
iments left certain questions unanswered. The first issue is the retention of colloids in
the column. Both adhesion and straining were considered to be possible explanations.
In order to segregate these two effects it is necessary to design an experiment which
will eliminate either one of these phenomena. A natural choice is that of a batch system
that will eliminate the occurance of straining as the collectors are now truly suspended
in to solution. This was the primary motivation to consider batch experiments.

This chapter describes the experimental methods employed to study the behavior
of colloids in the presence of a charge collectors in a batch system. Various exper-
iments were performed with both washed and unwashed glass beads. The effect of
rate of mixing was also studied to understand the effect of fluid flow on the current

experimental system.

4.1.1 Deposition of colloidal particles

Deposition of colloids is mainly dependent on surface properties of both glass beads

and colloidal particles. Surface potential, i.e., zeta potential, is one of the significant

47
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surface properties. As explained earlier in section 3.3.2, zeta potential is representative
of particles surface potential in different physiochemical conditions.

Surface charge is an important criteria in determining colloidal particles stability.
Interaction energy between colloids and collectors is highly dependent on these surface
charges. According to Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the total
interaction energy is comprised of van der Waals attraction and double layer repulsion.
For two different size particles with dissimilar surface potential, DLVO interaction

energy is given by [105]

earay ({2 +45) 2nln 1 + exp(—« x) Aa a
vl = ol T S0 Hn(1—exp(~2k x))] - —— 92
Prowa (a; + @) 2+, T 1—exp(-«x) n(1=exp(=2« x))] 6 x (a; +ay)
“4.1)

Here, a; and a, are particles radii, { is particles’ zeta potential, x is separation
distance between approaching surfaces, and k™! is Debye length. For binary and sym-
metric electrolytes, the expression of Debye length (equation 2.1) can be expressed

as

L 3.04

x 107 4.2)
VM

K

Note that z is ion valence and M is molar concentration of solution. In the present
work, Debye length is calculated to be 3.4 x 107® m given the fact that we assumed
electrolyte concentration is 10~ M.

Interaction energy between small glass beads and polystyrene particles, which play
a decisive role on deposition of colloidal particles, is depicted in Fig. 4.1. Colloidal
particles in close distances tend to stick to glass beads surface whereas they repel
each other in long distances. In fact, this calculation shows the energy of interaction
between porous medium constituents, i.e., glass beads, with colloidal particles, i.e.,

polystyrene particles, in acidic condition.
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4.1.2 Aggregation of colloidal particles

Aggregation is important phenomenon to be considered in dealing with colloidal par-
ticles. In the current system, aggregation of colloidal particles is a possibility pro-
vided the environment in which the particles are present promote this. The surface
potential of colloidal particles plays an important role in determining the suspension
stability. As mentioned earlier, the total interaction energy comprises of two differ-
ent forces, van der Waals attraction and double layer repulsion. As shown in Fig.
4.2, which is obtained by calculation of interaction energy between colloidal particles
based on zeta potential measurements, the barrier height increases with pH increase,
which demonstrates the higher stability of nanoparticles in basic condition compared
to acidic samples. The total interaction energy between two spherical double layers

with same surface charge and same diameter reads as follows [105]

Viota = VR + V4 (43)
sap’
Ve = In(1 + exp(—kx)) “4.4)
Aa
Vp=—— 4.5
A 2x (4.5)

Here, a is radius, ¢ is surface charge, x is the distance between particles, and A is
Hamaker constant which is 0.64 x 1072° for two polystyrene spheres with intervening
medium of water [61]. It should be borne in mind that salt concentration, in these
cases, is 107 M.

In the current chapter, the effect of physicochemical parameters and the effect of

washing the collector beads are investigated to understand the role of glass beads.
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4.2 EXPERIMENTAL METHODOLOGY

The experimental setup used in this study is schematically illustrated in Fig. 4.3. The
colloidal particles and glass beads used are described in chapter 3. Glass beaker with
a magnetic stirrer was used to perform the batch experiments.. The volume of liquid
present in the beaker was such that the assumption of a uniformly mixed system can be
reasonably approximated. Experiments with both unwashed and washed glass beads
were performed.

Deposition of colloidal particles onto glass beads was investigated through scan-
ning electron microscopy (FEI instrument: Quanta 250, Hillsboro, OR). The concen-
tration of colloidal suspension was monitored by Ultraviolet-Visible spectroscopy de-
vice (Agilent Tech.,Varian Carey 50, Santa Clara, CA) at 220 nm. A ALV/CGS-3
Compact Goniometer (ALV-GmbH, Langen, Germany) is employed to obtain the par-
ticle size distribution using dynamic light scattering in which HeNe laser light at 632.8
nm, is emitted to the sample at 90° degree. Note that the goniometer can measure par-
ticles in the size range of 1 to 10* nm. Consequently, CONTIN analysis is performed
to extract particles size distribution. Cations in colloidal suspension are measured by
ICP-MS technique (1 Multi-Collector ICP-Mass Spectrometer, Nu instruments, Wrex-
ham, United Kingdom) to quantify the mass of ions in colloidal suspension.

The experiments can be classified as those with unwashed glass beads and those
with washed beads. The only difference is that in one case, the glass beads are used
“as-1s” while in the second case, the washing procedure described earlier is used. In all
the experiments, an aqueous solution of known pH is used to disperse the concentrated
colloidal particles. The concentration of the particles is ~ 10'®/m?. A known mass
of glass beads are added in a 50 ml beaker which is placed on a platform suitable for
a magnetic stirrer. The stirrer bar is dropped in the beaker and the stirring is gently

started. At time ¢ = 0, a measured volume of the colloidal suspension is added to the
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beaker and the stirring rate is set. At regular intervals, the solution is withdrawn and
is sampled in a UV-Vis spectrometer and in a DLS systems. Once the measurements
are performed , these samples are re-mixed with the suspension. Note that the sample
removed is small compared to volume of suspension and hence it is assumed that the
sampling does not interfere with the experiments. In the case of the experiments with
washed glass beads, the washed glass beads and supernatant from the washing process
containing the ions leached from the glass beads are used to prepare the colloidal

suspension.

4.3 RESULTS AND DISCUSSION

4.3.1 Impact of pH on unwashed glass beads

As seen in the column experiments, solution pH plays an important role in determining
the behavior of colloidal suspension. The first experiment focused on studying this
effect using unwashed glass beads. Five experiments with pH of 3, 5, 7, 9, and 11
were performed and the results of the UV absorbance with time is depicted in Fig.4.4.
Note that normalized UV absorbance is the ratio of measured UV absorbance of the
sample to the initial UV absorbance of the colloidal suspension. It can be shown
that UV response decay is only for strong acidic condition, i.e., pH=3. At higher
values of pH, the normalized UV absorbance does not vary with time. This indicates
that the colloidal suspension does not change at higher values of pH. In other words,
there is certainly no deposition occurring under these conditions. Juxtaposing this with
the column experiments at higher pH which showed evidence of retention proves that
straining is perhaps the dominant factor.

Now let us consider the experiment at pH=3. This experiment clearly indicates that
the UV absorbance drops with time. The drop is clearly measurable and larger than

accuracy of the UV spectrometer. Hence, measurements artefacts can be clearly elim-



CHAPTER 4. BATCH EXPERIMENTS 52

inated. One phenomenon that can explain this trend is the deposition of the colloidal
particles on the glass beads. This phenomenon will remove the colloidal particles from
suspension thereby resulting is the reduction of concentration and consequently a drop
in the UV absorbance. In order to investigate deposition of colloidal particles, the
glass beads were taken out of suspension and examined using a scanning electron mi-
croscopy. Some sample SEM images are shown in Fig.4.5. These images show that
were some sparse deposition of the colloidal particles on the surface. A simple mass
balance from the UV absorbance indicates that nearly 40 percent of colloidal particles
should be deposited on the surface by 30 minutes. This would lead to a surface cover-
age of nearly 15 percent. However, a careful look at the SEM micrographs shows that
deposition was at best negligible.

This observation raises an important question “what causes the drop in UV ab-
sorbance?”. Several possibilities can explain this observation. First, settling of the
colloids in the beaker can lead to this observation. However, the settling velocity of
the colloids, calculated in Sec.3.3.3, are low enough that the possibility of their set-
tling can be simply eliminated. Further, if settling was the reason, a similar behavior
would have been noticed also in the case of other pH values; but that was not the case.
Second, it is possible that sample preparation for the SEM could have removed the
colloids from the surface of the glass beads. This is possible and we have no means
to verify this. However, a third possibility that can explain this trend was revealed
by the DLS measurements shown in Fig.4.6. The DLS results show that in the case
of pH>3, the colloidal suspension retained its particle size distribution throughout the
experiment. However, the experiment in pH=3 showed aggregation of the particles.
Although the mean particle size remains close to the orginal distribution, “clusters”
with larger measured-diameters can be seen. This observation along with reports from
literature point to the fact that aggregation can result in lower UV absorbance com-

pared to unimodal particles [106]. The rest of the thesis seeks to understand the origin
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of this aggregation and the factors affecting it.

4.3.2 Glass beads washing and colloids aggregation

In the experiments with glass beads several factors that could contribute to the aggre-

gation are simutaneousely present in the system:
1. The presence of charged collectors
2. The possibility of the cations leaching from the soda lime glass
3. Establishment of turbulent conditions that initiate and promote aggregation

In such a situation, two possible aggregation mechanisms were considered as shown
in Table 4.1. Table 4.1 shows the operating conditions of the main experiments along

with corresponding figure.

Case study Glass beads Supernatant  Figure
A without beads without cations 4.7
B double-washed beads without cations 4.8
C without beads with cations 4.10
D double-washed beads  with cations 4.11
E double-washed beads  with cations 4.12

Table 4.1: Case studies in batch experiments

Note that dynamic light scattering results for colloidal particles are presented with

time evolution in appendix A.

4.3.3 Case study A

The first among the case studies involved experiments in the absence of both glass
beads and the ions. In these experiments, the colloidal suspension was present in a
solution with pH=3. Three different mixing speeds were considered, namely, 60, 360,

and 700 rpm. Figure 4.7 shows the progression of the UV absorbance and the DLS
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measurements. It is clear that from both the figures that the colloidal particles, by
themselves, are stable. Even after 2 hours of stirring, they maintained their original

uni-modal distribution.

4.3.4 Case study B

In case study B, double-washed glass beads were added to the colloidal particles in the
absence of the ions. The results of this experiment is shown in Fig.4.8. Similar to case
study A, no aggregation were noticed in these experiments. This experiment clearly
shows that the glass beads alone do not initiate any aggregation. Hence, the washing
procedure indeed removed a vital constituent that initiates the aggregation.

At this point, it is pertinent to compare the effect of washing on the aggregation
phenomena. Figure 4.9 shows the effect of washing and it is clear that washing has a
significant effect. As seen from the UV and DLS measurements, the unwashed beads
result in significant aggregation. The single washed beads show a reduced degree of
aggregation while the double washed beads retain the monodispersity with the peak
close to initial value. These point to the fact that in the case of the unwashed glass
beads several phenomena occur simultaneously. Firstly, upon addition of the aqueous
solution,i.e., deionized water, the cations from the surface of the glass beads leach to
a fluid phase. Since these cations carry an opposite charge the act as an initiator for
the aggregation. With time, more cations leach to the fluid phase resulting in rapid
aggregation.

The effect of washing process on the glass beads could also possibly stem from
“glass corrosion” phenomenon. In fact, the soda lime glass in vicinity of water leaches
ions to the surrounding medium. The process of leaching ions to the surrounding
medium is often called as “glass corrosion” [107]. Aggregation of colloidal particles

could start from releasing of ions from surface of glass beads, i.e., “glass corrosion”.
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4.3.5 Casestudy C

In order to establish that it is the presence of cations that initiate and promote aggre-
gation, a series of experiments in the presence of the cations but in the absence of the
glass beads were carried out. In these experiments, washed glass beads were used and
the supernatant from the washing procedure was added along with the colloidal sus-
pension. The concentration of various cations are shown in Table 4.2 which confirm

that different experiments have approximately identical cation concentration.

Mixing rate Na (ppm) Mg (ppm) Al (ppm) K (ppm) Ca (ppm) Fe (ppm)

60 rpm 8.43 0.019 0.0659 0.182 <DL 0.0088
360 rpm 8.10 0.018 0.0637 0.155 <DL 0.0152
700 rpm 8.28 0.033 0.0587 0.158 <DL <DL
900 rpm 8.44 0.017 0.064 0.127 <DL <DL

Table 4.2: Tons present in batch experiment with different mixing rate w/o glass beads

Figure 4.10 shows the UV absorbance and the particle size distribution (PSDs)
from the DLS measured. The figure confirms that even at 60 rpm aggregation is clearly
seen. Aggregation is enhanced with the increase in the mixing rate. This can be
anticipated as increase in the mixing rate increases the probability of cations colliding
with each other to form aggregates. It is interesting to note that at high mixing rates,
the PSDs show a bimodal distribution with the first peak close to the initial distribution
and the second one greater than 10,000 nm, i.e., beyond the measurement range of
the DLS instrument.. If the aggregates grow by traditional mechanisms of growth a
continuous distribution of particle sizes would be expected. It appears that once an
aggregate is formed, it continues to form a large aggregate with a significant large size
compared to the constituent particle. The presence of a bi-modal distribution at high
rpm is particularly interesting considering the fact that the first peak is very close to

the diameter of the native colloids. This phenomenon deserves further study.
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4.3.6 Casestudy D

In case study D, both cations and washed collector beads are present. This is consid-
ered as the control experiment that brings together both collectors and cations. Figure
4.11 shows the results from these experiments. In these experiments, it is clear that in
addition to the presence of aggregation, the rate of aggregation is enhanced compared
to case C. The normalized UV response drops to 0.2 at 180 min. compared to 0.9 in
case C. These experiments illustrate that the presence of “double-washed” collector
particles enhances the rate of aggregation. It is hypothesized that the presence of the
collector beads reduces the available volume fraction of the fluid, thereby leading to in-
creased Reynolds number for identical mixing rates. Further, the mixing rate increases
the shear forces acting on the colloidal particles resulting in the so called “shear driven
aggregation phenomena”. Furthermore, streamlines between collector beads conduct
colloidal particles in a confined medium in which the rate colloidal particles collisions
may increase. Higher rate of colloidal collisions eventually results in higher colloidal
particles aggregation. It is also interesting to note that beyond 360 rpm, both UV decay
and the PSD show no change with the stirring rate. The reason for this phenomena is

currently unknown.

4.3.7 Case study E

The final case study considers the effect of the collector volume fraction. In this case,
washed glass beads were used along with the supernatant solutions. The volume and
concentration of the colloidal suspension were maintained while the amount of glass
beads were varied. Figure 4.12 clearly illustrates the effect of the presence of glass
beads. The presence of 1 percent glass beads has a significant impact on the aggre-
gation phenomena. At higher volume fractions, the aggregation is significantly en-
hanced. At volume fractions greater than 0.03, the aggregation is indeed rapid as the

normalized UV falls to 0.05 within 5 minutes. The DLS results confirm the enhanced
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aggregation phenomena. It is interesting to note that although the bimodal distribution
is still retained, the first peak has moved from 80 nm to higher values. This indicates

that very few colloidal particles are present in their native state.

44 SUMMARY

The batch experiments were designed to understand the interactions between colloidal
particles and collector beads. Physicochemical parameters are adjusted to extract an
initial image of the complex behavior of the colloidal particles. Role of ions, glass
beads, and mixing field are revealed to be significant in behavior of colloidal particle.
Aggregation of colloidal particles is enhanced in strong mixing rates. Higher mixing
rates enhance the aggregation, knowing that, this mixing cannot solely initiate the ag-
gregation in our experiments. In fact, ions present on surface of glass beads triggers
the process of aggregation of colloidal particles. The batch experiments show con-
vincingly that these ions can leach into the solution and trigger aggregation of colloids
in the fluid phase. Interestingly, the presence of “double-washed” glass beads, i.e.
“neutral” glass beads, in the solution, intensifies the aggregation with providing higher
excluding area and shear to the system. Figures 4.13 summarized all the parameters
effective in aggregation of colloidal particles. It is observed that when all three mech-
anisms, i.e., ions presence, mixing field, and glass beads presence, came together the
aggregation was enhanced. Overall, important mechanisms in the aggregation process
of colloidal particles, pH=3, are studied in this section by performing controlled set of

experiments.
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Figure 4.1: Total interaction energy between polystyrene nanoparticles and glass beads
(212-300 um) in water at pH=3.
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Figure 4.3: Schematic illustration of batch experiment.
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Figure 4.5: SEM images of glass beads surfaces. (a) big glass beads (¢s,=0.013, 360
rpm); (b) small glass beads( ¢sp,=0.038, 360 rpm); (c) small glass beads ( ¢;,=0.013,
360 rpm).
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Figure 4.9: Effect of glass beads washing on the behaviour of colloidal particles.
(¢6s=0.038) (a) Evolution of UV absorbance with time; (b) Particle size distribution
from DLS measurements at t=180 mins.
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CHAPTER 5

CONCLUSIONS AND POSSIBLE FUTURE

DIRECTIONS

5.1 CONCLUSIONS

IN chapter 1, major objectives of this thesis and the scope of the work were defined.
As per those objectives, the experiments were undertaken and major results are

listed below:

1. Physicochemical parameters play important role in transport and fate of col-
loidal particles. Effect of pH, as one of important physicochemical propertis,
was studied in column experiments. Acidic suspension, pH=3, shows signifi-
cant difference compared to other employed pH of suspension. Results revealed
that this discrepancy is independent of collector particles size. Colloidal suspen-
sion, in pH=3, are in intermediate stability regime in which aggregation could
be a possible reason behind the different behavior of acidic suspension. Surface
charge of particles, i.e. zeta potential, is able to determine the other possible
reasons behind the behavior of colloidal particles. However, these mechanisms,
which responsible for either deposition of colloids in acidic condition or their

blocking by the porous medium, are still obscure.

2. Batch experiments are undertaken to understand colloids-collector interactions
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in a highly controlled environments. Same as column experiments, pH of sus-
pension is adjusted to see the effect of surface potential on the overall behavior
of colloidal particles system. Again, results indicate a different behavior for
acidic condition compared to higher pH of colloidal suspension. In acidic sus-
pension, results revealed that colloidal particles in contact with unwashed glass
beads start to aggregate. Based on SEM results, deposition of colloidal particles

is not significant compared to colloidal particles aggregation in this case.

3. Experimental observations revealed three major mechanisms behind colloids ag-
gregation inside porous medium. Role of ions, leached from surface of glass
beads, is the main reason for initiating the aggregation inside colloidal suspen-
sion. Compressing diffuse double layer, as a consequence of ions presence,
makes aggregation of colloidal particles to each other much more feasible. Mix-
ing field inside the system is the other major reason behind aggregation of col-
loidal particles. Increasing mixing leads to higher rate of colloidal particles
collisions which eventually engender considerable number of colloidal clusters
inside suspension. Moreover, collector beads presence intensifies aggregation

by adding excluding area as well as providing small scale shear to the system.

5.2 POSSIBLE FUTURE DIRECTIONS

This thesis presents the colloidal particles and collector beads interaction in two differ-
ent environments to mimic movement of small particles, less than 1 ym, inside porous

medium. Some of possible next steps for this research work are listed below:

1. Surface modification is found important during the experiments by performing
controlled washing process on the glass beads. Coating the surface of particles
presents another way to modify the surface properties of collector grains. The

surface engineering enables us to understand the potential of coating method in
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purification of dirty fluids. Furthermore, surface coating could disclose exciting
potential of effect of collector beads modification in the fate of colloidal particles

in porous medium.

2. The batch experiments revealed that adding glass beads enhances aggregation.
The knowledge behind this mechanism of aggregation is still sparse. Effect of
principal factors could help in better understanding the aggregation dynamics.
For instance, the effect of collector beads diameter on the aggregation dynamics is
important since it will provide valuable information on the physical effect of glass
beads in the batch experiments. Furthermore, viscosity of colloidal suspension

and its efficacy on colloidal particles aggregation deserves more study.

3. Modelling transport dynamics of colloidal particles helps in better understanding
the problem of sub-surface transport of colloidal suspension. Characterization of
the role of each transport mechanism on the movement of colloidal particles will
bring more insight to the physics behind the problem. In fact, modelling of the
transport of colloidal particles with the aid of experimental observation is capable

to show the physics behind the problem.
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In this section, the detailed evolution of PSD of colloidal particles is presented. This
detailed time evolution represents the circumstances of colloidal particles aggregation.
As shown in these figures, colloidal particles are initially monodisperse with one peak
around 70-80 nm. These particles are then start to aggregate and create the second
peak. Bimodal distribution of colloidal particles, in some of cases, still remains until

the end of experiment.
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Figure A.1: Effect of washing of small glass beads on the behaviour of colloidal par-

ticles (a) Double-washed glass beads without ions; (b) With ions without glass beads;
(c) Double-washed glass beads with ions.
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Figure A.2: Mixing effect on small double-washed beads corresponding to case study
C. (a) Mixing at 60 rpm; (b) Mixing at 900 rpm.
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Figure A.3: Mixing effect on small double wash beads corresponding to case study D

(a) Mixing at 60 rpm; (b) Mixing at 700 rpm.
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Figure A.4: Effect of volume fraction of collector grains on the behaviour of colloidal
particles. (a) p=1 %; (b) =17 %.
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