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ABSTRACT

AL-RESHEQ, DANA, l., Masters : June : [2021],
Masters of Science in Environmental Engineering

Title: Development and Performance Test of Choline Chloride Based Natural Deep

Eutectic Solvent for Separation of Colloidal Suspensions

Supervisor of Thesis: Hazim, Qiblawey; Mustafa S. Nasser.

Clay minerals such as bentonite are considered as a valuable raw material for a
variety of industrial applications including drilling fluids for oil and gas industries,
cosmetics, papermaking, paint and dyes, pharmaceutical, cement, and water treatment.
As aresult, large volumes of wastewater contaminated with clay minerals are generated
continuously. The presence of clay minerals in water demonstrates a serious problem
due to their stability and separation difficulty raising the complexity of the treatment
process. Therefore, the development and enhancement of the separation processes are
of great interest in the academic and industrial fields. Among the available
technologies, coagulation/ flocculation is the most utilized method for the separation of
colloids because of its high-performance efficiency, simplicity, and economical
properties. Inorganic coagulants like aluminum sulfate and ferric chloride are
commonly used destabilizing agents for colloidal particles. However, due to the high
dosage requirement, low efficiency, and toxicity, their use in wastewater treatment
follows strict regulations. Hence, there has been an increasing need to find more
suitable, efficient, and green alternatives for the traditional coagulants.

Therefore, the main purpose of this research study was to introduce the novel

application of choline chloride (ChCI) based natural deep eutectic solvents (NADESS)



as a green coagulant for highly stable colloidal particles in suspension. The influence
of ChCl-based NADES on the stability of bentonite suspension in terms of its
electrokinetics properties, rheological behavior, and dewaterability was investigated.
Furthermore, it analyzed the effect of the constituent components as coagulants of the
suspension to determine the role of each component on the destabilization process.
Consequently, the influence of water on the NADES interactions and hence on its
destabilization efficiency were determined. The impact of each coagulant was
illustrated in the floc size, zeta potential, turbidity removal, and the settling and
rheological behavior of the produced flocs. And finally, the electrokinetic properties
including the floc size, zeta potential, and pH of the system were employed to determine
the optimum operating conditions in terms of the coagulant dosage and the bentonite

concentration.
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1. INTRODUCTION

1.1. Research Overview

Clay minerals are phyllosilicate minerals composed of very fine particles with
a median diameter < 2um and a layered structure [1]. Clay minerals occur naturally
through low-temperature hydrothermal processes on aluminosilicates [2]. They can be
found in nature in most soil, marine sediments, oceans, and argillaceous rocks like
mudstones, siltstones, and argillites. According to their composition and structure, clay
minerals can be classified into different categories including kaolinite, smectites, and
micas. Clay minerals such as bentonite and kaolinite have attracted the attention of
several industries, especially in the engineering field due to their desirable physical and
chemical properties. These properties include their cation exchange capacity, large
surface area to mass ratio, surface charge, sorption ability, viscosity, thixotropy,
dispersibility, and plasticity [3]. Moreover, they are considered as budget friendly and
abundant industrial materials. Wastewater treatment, drilling fluids, constructions, soil
treatment, and landfill applications are some of the engineering industries that involve
clay minerals in their processes [4-8]. Furthermore, they have been adopted in other
industrial fields such as paper making, and pharmaceutical industries in addition to the
synthesis and fabrication of nanomaterial [9-12].

Bentonite is a smectite clay mineral known as hydrated aluminum silicate with
the chemical formula of (Na)o7 (Alss Mgo.7) SigO20(OH)4.nH20. The formation of
bentonite can occur naturally as a result of the hydrolysis of volcanic ash and tuff under
elevated temperature. Bentonite is composed of montmorillonite in addition to illite,
quartz, pyrite, and other minerals [13]. The mineralogical properties of bentonite may
vary according to its type and composition, making it suitable for a variety of
applications [14]. Bentonite is characterized by having a negative net charge and hence,

1



a negative zeta potential due to the isomorphic substitution between aluminum ions
with magnesium and iron ions (Mg*? and Fe*?) in addition to the substitution between
silicon ions with Al*3 that occurs in the octahedral and tetrahedral layers, respectively
[15]. Furthermore, bentonite has very fine platelet-like particles with a very small
median diameter (Dso) resulting in a very large surface area. Therefore, when dispersed
in water, bentonite forms a highly stable colloidal suspension with the help of Brownian
motion as a result of two factors: the negative zeta potential ({ <-35mV) and the particle
size (Dso < 5um) [16].

Bentonite particles comprise surfaces and edges, the surfaces possess a
permanent negative charge while the charge of the edges relies on the pH of the
surrounding. Therefore, the structure and the degree of flocculation of bentonite
suspension strongly depend on the pH of the environment [17]. In aqueous media,
colloidal particles develop an electrical double layer (EDL) around the particle’s
surface. The EDL consists of two chief layers: the stern and the diffused layer [18,19].
The difference in the electrical potential between the inner stern layer and the outer
diffused layer is known as the zeta potential ({ — potential). { — potential is an essential
parameter in investigating the colloidal stability as it provides an indication on the
magnitude of the repulsive forces between the particles. A highly positive or a highly
negative zeta potential ({ < —=30mV or { > +30mV) implies greater repulsive
between the colloidal particles and hence, more stable suspension [15]. As the { —
potential values approach zero, the repulsive forces decrease reducing the stability of
the system. When in water, bentonite particles develop a net negative charge resulting
in highly negative zeta potential. As a result, a highly stable suspension with treatment
difficulties due to the micro-sized particles with repulsive forces between them

hindering their ability to settle is formed [20].



Bentonite has outstanding properties including its non-toxicity, high ion
exchange capacity, swelling ability, and large surface area promoting high adsorption
capacity [21]. Furthermore, it may be utilized directly in its natural form or it may be
treated prior to using it with heating, ion exchange, and acid or soda activation [22].
The composition and desirable properties of bentonite clay minerals resulted in its
popularity as a raw material in the industrial sector for a wide variety of applications.
The commercial significance of bentonite and other types of clay in the industrial sector
led to the generation of wastewater containing a large amount of very fine colloidal clay
particles. As a result, highly persistent and stable colloidal suspensions are formed that
require the implementation of treatment methods for the destabilization, aggregation,
and separation of the colloidal particles from water [9]. The treatment processes of this
type of wastewater is a challenging task due to the contaminants separation difficulties
in addition to their high expenses and environmental problems. Furthermore, the
techniques applied for solid-liquid treatment processes lead to the formation of sludge
in large quantities with handling and dewatering problems [23]. Nevertheless, direct
discharge of stable colloidal suspension into water bodies is prohibited as it causes a
significant increase in turbidity resulting in severe problems for aquatic life. Thus, it is
of great importance to properly treat the produced wastewater prior to discharging it
into water bodies [9,24].

Treatment of colloidal suspensions requires the implementation of physical or
chemical solid-liquid separation methods. Several technologies are available for the
treatment of colloidal wastewater such as electrocoagulation, membranes filtration,
electro-osmosis, and thermo-mechanical dewatering [25-28]. However, these
techniques are energy-intensive and of a high cost [29]. Coagulation-flocculation is

among the most used processes for the treatment of water and wastewater, especially



for the removal of suspended colloidal particles as they are highly efficient, economical,
and have low cost and energy requirements [1,30,31]. Reduction of the particles’ net
negative charge and promoting van der Waals attractive forces between them is the key
principle in the coagulation and flocculation processes [1]. Coagulation mainly aims
for the destabilization of the colloidal particle and the formation of micro-aggregates.
On the other hand, during the flocculation process, further aggregation of the particles
is exhibited to promote the formation of larger and stiffer flocs [1]. Consequently, the
formed aggregates will settle by gravity leading to a relatively clear supernatant.
Different types of chemicals were used as destabilizing agents for coagulation and
flocculation of colloidal suspension including metal salts and polyelectrolytes,
respectively [32]. Aluminum sulfate and ferric and aluminum chlorides are common
coagulants used in the industry as they are of low cost and easy to use [30]. However,
due to their low removal efficiency and environmental and health concerns represented
in the presence of residual metal in the supernatant and formation of toxic sediment,
coagulants are not popular. In addition, difficulties in handling it due to the low shear
resistivity of the formed aggregates. All mentioned factors raised public concerns and
limited their use for water treatment [29,30]. Therefore, there is a continuous search for
an environmental friendly and economical alternative coagulants.

In recent years, the use of polyelectrolytes as a flocculant has become a common
practice due to their efficiency in treating colloidal suspension through bridging
mechanism [1]. Polyelectrolyte such as polyacrylamide (PAM) has been widely used
for the separation of colloidal particles from industrial wastewater [20,33-35].
Flocculation of fine colloidal particles using polyelectrolytes such as polyacrylamide
(PAM) may occur through different mechanisms such as polymer adsorption and

bridging, charge neutralization, particle- surface complex formation and depletion



flocculation, or by a combination of these mechanisms [36]. Cationic polyacrylamide
(CPAM) as a flocculant has been widely used for the destabilization and separation of
stable colloidal suspension. The destabilization process using CPAM (Figure 1.1)
occurs through the adsorption of the cationic polymer chains via hydrogen bonding
interactions between the particle surface and polymer’s primary amide functional
groups. Thus, charge neutralization becomes a major mechanism, where CPAM will
locally reverse the particle surface charge [1]. The chief characteristic of CPAM
responsible for its function as a destabilizing agent defined in the presence of the
quaternary ammonium salt carrying a positive charge is also observed in choline
chloride (CsH,;0HCI™N™). Choline chloride (ChCI) is among the main components
utilized as a hydrogen bond acceptors (HBA) in the synthesis of the green solvents

known as deep eutectic solvents [37,38].
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Figure 1.1: Chemical structure of cationic polyacrylamide

Deep eutectic solvents (DES) were reported for the first time in 2003 by Abbot

et. al. [39] as a possible alternative for ionic liquids (IL). DESs are described as a



combination of two components at least are mixed under controlled conditions of
temperature and rotational speed and a specified molar ration leading to the formation
of a eutectic mixture. Commonly, the constituent components forming a DES are
defined as hydrogen bond donor (HBD) and acceptor (HBA). Hence, they associate
together through the formation of intermolecular hydrogen bonds [37,40]. The term
“deep” in DES comes from the deep depression exhibited in the melting point of solvent
compared to its elemental components leading to the formation of a liquid mixture at
room temperature [38,41,42]. DES has a very simple preparation technique that
depends on continuously heating the components at moderate temperatures coupled
with vigorous mixing until a clear homogenous liquid is formed.

A binary eutectic system is defined as a mixture of two components that inhibit
the crystallization process of each other at certain molar ratios. As a result, the formed
system exhibit a melting point lower than either of its components. The formation of a
eutectic system occurs when both constituent components are completely miscible in
each other in the liquid phase while immiscible in the solid phase. The phased diagram
of a binary eutectic system formed from X and Y is illustrated in Figure 1.2. Lines AB
and BC demonstrate the temperatures after which the homogeneous mixture of X and
Y starts to solidify. The region above these lines is defined as the liquidus region where
the system is liquid at any composition. In contrast, line DBE represents the
temperatures at which the system begins to melt and the system is completely
crystalline at the solidus region below this line. In regions ABD and CBE, the mixture
comprises of two phases: a liquid mixture of X and Y with solid Y and a liquid mixture
of X and Y with solid X, respectively. Point B where lines AB, BC, and DBE meet is
identified as the eutectic point indicating the temperature and composition at which a

eutectic mixture is formed [43].
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Figure 1.2: Schematic Binary Phase Diagram of a Eutectic System with Dual

Components [43]

When DES is formed from natural components mainly primary metabolites
such as organic acids, sugars, amino acids, choline salts, and alcohols the resultant DES
is defined as natural deep eutectic solvents (NADES) [44]. NADESs have favorable
characteristics, as they are stable chemically and thermally, non-toxic, environmental
friendly, biodegradable, biocompatible, and composed from widely and naturally
abundant components. Additionally, the synthesis process of such solvents is very
simple, time-efficient, and economical making them a potential green alternative for
some industrial solvents [45,46]. NADESs are distinguished for possessing tunable
properties through the manipulation of their composition by varying the molar ratio and
water content. Consequently, they become suitable industrial solvents for a wide variety
of applications such as gas absorption (CO. and SO.), lead removal, fuel purification,
and nanoparticle fabrication [41,47-52]. Furthermore, DESs can be used in the removal

of metal oxides and heavy metals in addition to the preparation, production, and
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purification of biodiesel [53-57].



1.2. Tangible Objectives

Vi.

The study aims to achieve the following objectives:

Investigate the destabilization and separation degree of bentonite colloidal
suspension using choline chloride (ChCI) based natural deep eutectic solvents
(NADES). This objective can be achieved through analysis of the electrokinetic
properties, floc size, and settling behavior.

Determine the impact of water on the NADES efficiency as a coagulant
considering the interaction between the hydrogen bond donor and hydrogen
bond acceptor. This can be executed by investigating the coagulation efficiency
of the constituent components (i.e., HBD and HDA) in addition to a mixture of
two components and compare it with the efficiency of the synthesized NADES.
Examine the role of varying the coagulant’ concentration in the suspension on
the destabilization and separation processes.

Test the effect of ChCI based NADES with different hydrogen bond donors
including lactic acid, malic acid, and citric acid on the destabilization degree of
bentonite suspension.

Investigate the influence of the bentonite concentration and the coagulant
dosage on the coagulation degree of the suspension. Furthermore, find the
optimum operating conditions under which the treatment efficiency is
maximized using response surface methodology (RSM).

Evaluate the effect of the best performed NADES studies in part iv (ChCI:LA)
on the rheological behavior of bentonite suspension. This can be accomplished
by conducting a flow and viscoelastic behavior analysis. Moreover, determine
the performance of NADES in comparison with the rheological behavior of

suspensions treated with ChCI-LA mixture.



vii.  Investigate the influence of NADES and ChCI-LA on the destabilization degree

with respect to the rheological behavior of bentonite suspension.
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1.3. Research Contribution

Over the past decade, natural deep eutectic solvents (NADESs) have emerged
as an environmental friendly and economical solvent with a wide variety of potential
applications. In the literature, a large number of research papers studying the use of
NADES for different applications including gas adsorption, extraction processes, and
fuel purification [49,51,58]. Similarly, numerous studies are focusing on the
destabilization and separation processes of colloidal clay particles using traditional
coagulants/ flocculants such as metal salts and polyelectrolyte are available in the
literature. Such studies mainly highlight the effect of the utilized coagulant/ flocculant
on the colloidal suspension in terms of its electrokinetics and rheological behavior
[1,59]. However, and to the best of our knowledge, the application of choline chloride
(ChCI) based natural deep eutectic solvent as a destabilizing agent for clay suspension
has never been investigated before. Therefore, this thesis provides a comprehensive
overview of the destabilization process of clay minerals in wastewater in terms of the
mechanisms, the available agents, and the factors affecting the process. It also
highlights the key experimental parameters in the destabilization processes including
zeta potential, turbidity measurements, floc size distribution, and rheological
measurements represented in the flow and viscoelastic behaviors.

The current research study investigates for the first time the use of ChCl based
NADES as a destabilizing agent for highly stable bentonite suspension. Consequently,
it delivers a comprehensive analysis of the influence of ChCl based NADES on
electrokinetic properties and rheological behavior of bentonite suspensions. The
analysis is conducted through zeta potential and turbidity measurements, floc size,
settling behavior, viscosity measurements, and viscous and elastic behaviors of the

treated suspensions. Furthermore, it aims to provide the optimum operating conditions
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for the process that achieves the desired outcomes.
1.4.  Thesis structure

The structure of the following thesis concerning the influence of choline
chloride based natural deep eutectic solvents on the electrokinetic and rheological
behavior of bentonite dispersion starts with a comprehensive overview of the main
concepts of NADES and the destabilizing process in chapter 2. The chapter focuses on
demonstrating the principles of the colloidal systems and the coagulation/ flocculation
process represented in the mechanisms, coagulants/ flocculants types, the factors
influencing the process, and the experimental methods employed to evaluate its
efficiency. Furthermore, a review of some of the available coagulation/flocculation
studies in the literature is provided describing the utilized methods to conduct the
research study and the obtained outcomes. Additionally, an explanation of the deep
eutectic systems, their types, properties, and most common applications is included.
Most importantly, the chapter shed light on the existing gap in the application of DES
generally and NADES specifically in the wastewater treatment field.

Following that, chapter 3 provides the required materials and apparatus to
perform the experimental study. In addition, it describes in detail the followed
methodology to achieve the targeted objectives stated in section 1.2.

In chapter 4, the results of the conducted experimental analysis are
demonstrated in four sections. Section 4.1 displays the characterization results of the
three choline chloride (ChCI) based natural deep eutectic solvents (NADES) in terms
of thermogravimetric and FT-IR analysis and density measurements. In Sections 4.1 to
4.4, the influence of ChCl based NADES on the electrokinetic properties of bentonite
suspensions, optimization study through response surface methodology of the

destabilization process, and the rheological behavior of treated bentonite suspension
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with ChCI based NADES are presented, respectively.

Lastly, chapter 5 delivers a comprehensive conclusion of all the obtained results

and outcomes from the conducted research study. Moreover, it proposes additional

prospect work to further enhance and develop the research topic.
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2. LITERATURE REVIEW
2.1. Clay minerals and their industrial significance

Clay minerals can be found in nature in most soil, marine sediments, and
argillaceous rocks. They are naturally synthesized through low-temperature
hydrothermal processes and weathering of aluminosilicates [2]. Furthermore, they can
be synthesized in laboratories under a controlled environment for analysis of their
structures and properties and industrial application [60]. Clay minerals are a member
of the phyllosilicate minerals. They are composed of fine particles with layered
structure. The layers are made up of octahedral aluminum (O) sheet with one or two
tetrahedral silica (T) sheets. Each particle consists of numerous numbers of stacked
layers of T and O sheets. T sheets shown in Error! Reference source not found.a are ¢
omprised of units made up of four oxygen atoms with silicon atom at the center (Si0,).
On the other hand, units in the O sheets illustrated in Error! Reference source not f
ound.b possess a composition of Al,Ocwith six oxygen atoms in an octahedral
arrangement surround a central atom of aluminum [2,61]. Al atoms occupy only two-
third of the available positions in the unit. Therefore, it may be replaced by magnesium
(Mg) or iron (Fe) atoms may replace it due isomorphic substitutions occupying all
available positions [1]. Layers of clay minerals may have three sheets TOT (2:1) or two
sheets TO (1:1) arrangements: one octahedral sheet bonded with two tetrahedral sheets
or one tetrahedral and one octahedral sheet, respectively.

The particles of clay minerals usually comprise three different surfaces
identified as inner surface, outer surface, and edges. Cations in the inner and outer
surface on the particle are susceptible to isomorphous substitution which is the primary
source of the surface net negative or positive charge. A negative charge is gained from

the substitution between higher valence and lower valence cation. For example,
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replacement of the silicon ion (Si**) in the tetrahedral sheet with the aluminum ion
(AL3*). Consequently, the substitution from lower valence (i.e. Fe?*) to higher valence
cations (i.e. Fe3*) leads to gaining a positive charge [62]. The surface net charge of
clay particles relies on balancing the total electrons gained or lost in the substitution
process. However, most of the isomorphic substitution processes in clay minerals yield
a net negative charge. Alteration of cations between the particle’s layers can occur

through ion exchange and adsorption.

Y/

Black circles represent oxygen atoms,  white circles represent oxygen atoms, and

and the grey circles represent the metal  the black circles represent silicon atoms
atoms (Al, Mg, or Fe)
(a) (b)

Figure 2.1: (a) Octahedral aluminum sheet and (b) tetrahedral silicate sheet [1]

Depending on the number of tetrahedral and octahedral sheets, presence of
exchangeable ions, type of metal ions in the octahedral sheets (Al, Mg, or Fe),
crystalline structure, and presence of interlayer water molecules; clay minerals are
classified into seven different phyllosilicate groups as shown in Error! Reference s
ource not found. [1,63]. Clay minerals impart unique physical, surface, and rheological
properties making them of great interest for a wide variety of industries. Surface

properties include surface area and charge, cation exchange capacity (CEC), sorption,
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and dispersibility. Rheological properties such as viscosity, plasticity, and time
dependence (thixotropy). Physical properties as the particles’ shape and size, color,
opacity, and reflectance [3]. While clay minerals may differ in their surface and
rheological properties. However, their physical characteristics especially the shape and
size are very similar. Therefore, several techniques can be utilized to distinguish
between their different types including infrared spectroscopy (IR), scanning electron
microscopy (SEM), differential thermal analysis, X-ray Fluorescence (XRF), and X-
ray diffraction (XRD) [64].

Due to their very fine, micro-size particles and high surface area, clay minerals
form highly stable colloidal suspensions when found in aqueous media. Their stability
in suspension is dependent on several structural and external factors including clay
mineral type, surface and edge charges, cation exchange capacity (CEC), pH and
salinity of the suspension, and type and concentration of the utilized surfactant [64].
lon exchange capacity is one of the most fundamental characteristics of clay minerals.
It is defined as the amount of cations or anions replacing others on the clay particles’
surface expressed in meg/100g of dry clay [61]. lon exchange occurs due to the clay's
tendency to absorb some of the ions (i.e. cation or anions) available in the surrounding
media and their ability to retain them. lon exchange happens in the interlayer space of
clay particles without affecting the structure of the silica-alumina sheets. In addition, it
may take place on the particles’ edges or surface. the capacity or the reactivity of the
particle’s surface is a function of the available exchangeable ions, ionic sites, surface
area, and the surface and edges charge [1,64,65]. Therefore, the determination of the
ion exchange capacity for any clay mineral should be done under neutral conditions
(pH = 7) as acid or alkaline environment alternate the net charge on the surface and

edges [61].
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Figure 2.2: Clay minerals classifications [1]

Another important feature of some clay minerals such as smectite is their
swelling ability. Swelling is known as the adsorption of solvent molecules usually water
resulting in the expansion on the interlayer space until it reaches a maximum limit
known as the maximum equilibrium separation [66]. Generally, it occurs due to the
presence of stronger attractive forces between the adsorbing molecules and the
exchangeable ions than the forces between exchangeable ions and the surface net
charge [61]. The particle size of the clays increases as a result of swelling leading to an
increase in the volume as well. Furthermore, particles swelling play an important role
in determining the rheological behavior of the suspension as it significantly increases
its viscosity [67]. The particles size and shape, their charge density, and the

exchangeable ions charge are all factors that influence the swelling ability. In addition,
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the salinity of the aqueous media has a significant effect on the swelling behavior of
the clay. Higher salt concentration in the system reduces the swelling ability of the clay
[68].
2.1.1. Bentonite

Bentonite is an aluminum phyllosilicate clay mineral classified among smectite
clay group with a composition of (Nay,)(Al;3Mg,,)SigO,0(OH),. H,0. It is
composed mainly of montmorillonite (80 — 90 wt%) with the remaining as a mixture
of impurities, the most common includes biotite, kaolinite, calcite, nontronite, and
feldspar [69,70]. Generally, bentonite is naturally formed from weathering and
alteration of volcanic ashes under the presence of water. As illustrated in Figure 2.3,
bentonite has 2:1 structure with one octahedral aluminum sheet surrounded by two
tetrahedral silica sheets [22]. The negative net charge possessed by bentonite particles
arises from the isomorphic substitution of the aluminum ion (A13%) in the octahedral
sheet with other metal ions such as iron (Fe?*), magnesium ((Mg?*). Furthermore,
isomorphic substitution taking place in the tetrahedral sheet (i.e. Si** with AI3%)
influence the charge of the particles. The surface net negative charge resulted from the
isomorphic substitution can be balanced by exchangeable cations such as sodium
(Na™), calcium (Ca?*), and potassium (K *) [22,65,69,71].
Bentonite possesses special physical and chemical properties making it one of the most
valuable raw material for a wide range of industrial applications. It is characterized by
its crystalline structure, porosity, particles’ shape and size, high surface area in a range
of 760 — 810 m?/g, plasticity, high swelling ability, thixotropy, and high cation
exchange capacity (80 — 150 meq/100g) [72—74]. The properties of bentonite may
vary depending on its origin, composition, impurities and organic content, surface area,

type and amount of the exchangeable ions, and the chemical substitution degree [3,69].
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The nature of the industrial application of bentonite relies greatly on its composition
and exchangeable cations. Commercially, Ca-bentonite and Na-bentonite are the most
common grades utilized in the industrial field. The main difference between the two
grades is their swelling behavior as the latter shows considerably higher swelling
abilities [3]. According to the industrial application need, bentonite may be used
naturally or may be treated by ion exchange, acid or soda activation, or thermally
treated before usage [22]. Bentonite is extensively used as a filler in the papermaking
industry to enhance the quality of the produced paper [75,76]. Furthermore, due to its
high swelling capacity and dispersivity, bentonite is commonly utilized as an agent for
water-base drilling fluids in the oil and gas industry to enhance their rheological
characteristics [77]. In the pharmaceutical industry, bentonite is used to enhance the
entrapment and sustained-release of the drugs. In addition, it is utilized in hydrophobic
drugs to enhance their dissolution rate and bioavailability [78]. Bentonite has versatile
applications in the food industry, paint and dyes, cosmetics, construction, agriculture
applications, and in wastewater treatment for the removal of organic matter and
nutrients and sludge dewatering [4,5,80,81,6-12,79]. Moreover, it can be used for the

production of nanocomposites, and in catalyst synthesis [5,78,82].
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2.2. Colloidal particles stability

Contaminates in wastewater can be classified into three main categories:
suspended solids such as sand and gravel, dissolved solids which include organic and
inorganic compounds (calcium, magnesium, and bicarbonate), and colloidal particles
such as clays [83]. As illustrated in Figure 2.4, colloids are very fine particles with a
median diameter varying between 107° m and 107 m. Typically, colloids are large
compared to molecules and atom, however, they are still not visible to the naked eye.
As a consequence of their micrometric nature, they exhibit extremely large surface area
compared to its mass giving a very small mass to surface area ratio. Thus, gravitational
forces are negligible while surface phenomena predominant [84].

Colloids are widely available in nature and are utilized in many engineering
processes. They gain their stability as a result of the repulsion forces between the
similarly charged surfaces. Therefore, the stability can be assessed by evaluating the
dominant interaction forces between the particles in a system. If repulsion forces are
dominant, the system is highly stable, and the particles will remain in suspension for a
long time. On the other hand, if attractive forces are dominant, then the system is
destabilized, and aggregation will occur. Colloids can be classified according to the
dispersion medium and the dispersion phase to emulsions (liquid-liquid), dispersions
(liquid-solid), foams (liquid-gas), gels (solid-liquid), and aerosols (gas-liquid/ solid)
[85,86]. When placed in water, colloids develop a negative surface charge forming a
very stable suspension which is attributed to the domination of repulsion forces between
the particles [87]. Counter ions available in water will be attracted to the colloidal
particles neutralizing the surface charge and resulting in the formation of an electrical

double layer [84].
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Figure 2.4: Typical size range of particulate matter [87]

2.2.1. Electrical double layer and zeta potential

The development of an electrical double layer may occur as a result of
ionization, ion dissolution, and ion adsorption [1]. The electrical double layer shown in
Figure 2.5 consists of two chief layers: the inner stern layer and the outer diffused layer.
The Stern layer represents the inner rigid region, and it can be divided into two
subregions: the inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP). IHP
contains only counter ions tightly packed on the surface of the colloidal particle, while
OHP comprises both co and counter ions. The rigidity and high ion density in the Stern
lead to a movement restriction and high electrical potential [1]. On the other hand, ions
in the outer diffused layer are dispersed and free to move due to the diffusion forces.
The slipping plan or also known as the shear surface is the interaction surface between
the stagnant medium in the Stern layer and the mobile medium in the diffused layer

The maximum potential, which is known as the Nernst potential is exhibited at
the surface of the colloidal particle. The potential decreases across the Stern layer as a
result of the presence of counter ions until it reaches the slipping plan where it is known

as the zeta potential [87]. Zeta potential ({ — potential) is defined as the potential

22



difference between the inner Stern layer and the outer diffused layer. It is considered as
the main reason for colloidal stability as its magnitude indicates the interaction forces
between the particles [88]. The high magnitude of zeta potential indicates the presence
of repulsion forces between the particles, the higher the potential the greater the
repulsion. Highly positive (= +30 mV) or highly negative (< —30 mV) zeta potential
values interpret a more stable colloidal suspension. Reducing the stability of the
suspension can be achieved by the addition of a destabilizing agent known as a
coagulant or a flocculant through which the zeta potential will decrease due to the
reduction in similar repulsive surface charge. Moving away from the slipping plan, both
the ion concentration and the potential decrease gradually until the potential reaches

electrical neutrality in the surrounding media [89].
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Figure 2.5: Electric double layer and zeta potential [67]

2.2.2. Van Der Waals interaction

Van der Waals forces are intermolecular attractive forces between molecules
and atoms. There are three types of Van der Waals forces: dipole-dipole interaction;
induced dipole-dipole interaction, and dispersion forces which are attractive forces
between non-polar molecules. These forces play a unique role in colloids and surface
chemistry in determining their properties and behavior [90].
2.2.3. Electrical double layer repulsion

When two particles in suspension move closer to each other due to Brownian

motion, overlapping of the two double layers will occur. lons distribution around the
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particles is altered hence increasing the free energy of the system. Bringing the particles
to a closer distance from each other and changing the distribution of the surrounding

ions need a certain amount of work known as repulsive energy [90,91].

2.2.4. Brownian motion

Brownian motion is defined as the random and uncontrolled motion of particles
or molecules in a fluid (i.e. liquid or gas) as a result of their continuous collision with
each other. In colloidal systems, the Brownian motion arises from the continuous
collision between the colloids and the water molecules [92]. It is considered one of the
main characteristics of colloidal dispersion that accounts for their stability [93,94].
2.2.5. DLVO theory

The DLVO theory was established in the 1940s by Derjaguin Landau and
Verwey Overbeek research groups to explain the stability of colloidal dispersion. It
takes into consideration the main two forces acting on the dispersed particles: attractive
van der Waals and electrostatic repulsion due to the presence of an electrical double
layer [95]. According to the DLVO theory, colloidal stability in the dispersion is
estimated by balancing the forces (attraction and repulsion) between the particles. The
negative surface charge of the colloidal particles is balanced out by ions in the solution
resulting in the accumulation of positive charges around the particle and hence, the
formation of an electrical double layer and electrostatic repulsion. Overlapping between
the double layer of two particles result in the electrostatic double layer interaction (V;).
As shown in Figure 2.6, the total interaction (V;) is a function of the distance (x)
between two particles and is defined as the algebraic sum of the attractive van der Waals
(V,) and the electrostatic repulsion (/) forces [96]. The attractive van del Waal energy
V4 is inversely proportional x; it decreases as the distance between the two particles

increases. Consequently, the repulsion interaction energy shows an exponential
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relationship with the distance, therefore, changes in Vy takes longer time [19]. Thus, at

medium to large separation the repulsion forces dominant (stable system) while at small

separation the van der Waals attraction outweigh repulsion forces resulting in an

unstable system (attraction instability) [85,97].

Interaction Energy
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L7 Vaalix
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Figure 2.6: Potential energy diagram [19]
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2.3. Coagulation and Flocculation

Coagulation and flocculation are two interdependent processes. They are
conventional physicochemical wastewater treatment methods that represent the
backbone for any wastewater treatment plant (WWTP) [89]. Mainly, they concern with
the treatment of persistent suspension through overcoming the stabilizing forces
between the colloids and suspended particles [98,99]. Coagulation is the first step that
involves the addition of organic or inorganic coagulant and destabilization of the
suspension to initiate the aggregation of particles. It is also known as the rapid mixing
stage to uniformly distributed the coagulant in the system [1]. The resultant flocs are
relatively small and fragile and may break upon force application [30]. On the other
hand, flocculation represents the further aggregation of the particles by the addition of
a flocculant, usually a polymer, and the formation of larger and stronger flocs that can
settle under the influence of gravitational forces giving clear suspension. Flocculation
involves a slow mixing stage over a longer period of time in order to enhance the
interaction between the particles and hence, larger flocs [1].

2.3.1. Mechanisms

2.3.1.1. Sweep coagulation

Sweep coagulation (Figure 2.7) is exhibited when a metal salt such as aluminum
‘alum’ sulfate and ferric chloride are used to coagulate turbid suspension. Sweep
coagulation depends on the hydrolysis of metal salts to form solid metal hydroxide. The
addition of metal salts to the water in high concentration promotes the formation of
amorphous metal hydroxide as aluminum or iron hydroxide (Al(OH);/ Fe(OH);)
which will precipitate. Colloidal particles in the system are enmeshed or swept out by
the metal hydroxide precipitation [100-102]. Sweep coagulation is usually encountered

during the treatment of a system with relatively low turbidity [103]. The produced flocs
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are weak with a loose structure and can easily break [104].
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Figure 2.7:Coagulation by Sweep Mechanism (Redrawn from [105])

2.3.1.2. Electrostatic patch coagulation (EPC)

EPC occurs when the used coagulant cannot fully neutralize the negative surface
charge of the colloidal particles. Accordingly, two areas can be distinguished on the
particles’ surface: the covered areas where the cationic coagulant is adsorbed and the
uncovered negatively charged areas as illustrated in Figure 2.8. As a result of the
presence of two oppositely charged areas, a positively charged patch on one particle
attracts a negatively charged surface on another particle due to electrostatic interaction
between them. Thus, increasing the collision rate between the particles and
consequently promote particle aggregation. According to this mechanism, high
turbidity removal can be achieved without the need to fully neutralize the negative
surfaces [106,107]. The EPC mechanism was proposed for the first time by Gregory to
explain the high reduction in turbidity with relatively high zeta potential [108,109].

Furthermore, the high turbidity removal (< 10 NTU) of kaolin suspension with poly-
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aluminum chloride (PACL,,, PACl,5, and PACl — E) at a zeta potential greater than

—15 mV was interpreted with EPC mechanism [31,107].
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Figure 2.8:Coagulation by Electrostatic Patch Mechanism (Redrawn from [107])

2.3.1.3. Charge neutralization

Charge neutralization arises from the utilization of a coagulant or a flocculant
with a high positive charge to destabilize negatively charged particles in suspension.
The cationic destabilizing agent will adsorb to the particles’ surface as a result of
electrostatic interaction between them. Therefore, the negative charge on the particles
will be reduced or completely neutralized enabling them to move closer to each other
forming larger flocs that will settle under the force of gravity [105,110]. Destabilization
via cationic polymers such as polyacrylamide usually occurs through charge
neutralization. Monitoring and controlling the applied dosage is an essential step as
overdosing can cause a charge reversal due to the saturation of the surface of the
particles with positive charges and thus, reaggregation and stabilization of the
suspension [102].
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2.3.1.4. Bridging

Flocculation of fine particles through bridging mechanism takes place when a
long-chain polymer with high molecular weight is utilized [36,111,112]. The
mechanism demonstrated in Figure 2.9 can be described by three steps: polymer
addition and mixing, adsorption on the particles’ surface, and lastly aggregation and
flocs growth. The charge density and the molecular weight of the polymer are the two
main factors that influence destabilization through bridging. For bridging to occur, the
polymer chain must be adsorbed on the surface by few attachment points only while
the bulk of the chain is stretch out to the surrounding to enable other particles to adhere
to the polymer chain. Thus, the same particle may get attached to more than one
polymer chain leading to the formation of a larger flocs network [36]. However, high
adsorption affinity to the surface and high dosage are undesirable as they may result in
a ‘hairball effect” where the particle surface will be completely coated with the polymer

which prevents bridging and restabilizes the system [99].

T 4%

Figure 2.9:Flocculation by Bridging Mechanism with high molecular weight polymer

[36]
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2.3.1.5. Compression of the electric double layer

Colloidal stability is mainly attributed to the repulsion between the electrical
double layers. Destabilization of colloidal dispersion through compression of the
electrical double layer occurs when an electrolyte with oppositely charged ions is
introduced to the system at high concentrations [1]. The penetration of the counter-ions
into the outer diffused layer compresses the layer giving a denser, thinner, and smaller
volume outer layer. Consequently, the net repulsion forces between the particles will
decrease allowing them to come closer to each other, and hence, destabilization and
agglomeration occur. The reduction degree of the repulsion forces depends on the type
of the added ions: monovalent, divalent, or trivalent. Addition of higher valent ions
such as Al3*results in steeper potential gradient across the Stern layer in addition to
rapid neutralization over a shorter distance in the solution compared to divalent and

monovalent ions as Mg?* and Na*, respectively [87].

2.3.2. Coagulants and Flocculants

Coagulants and flocculants are chemical substances used in water and
wastewater treatment to enhance the separation between the solid phase and the liquid
phase. The solid phase is usually presented as very fine particles (colloids) dispersed in
water [113]. As a result, a highly stable suspension with little or no tendency for
sedimentation and agglomeration is formed. Therefore, in order to promote
agglomeration and sedimentation, reducing the stability of the system is a must. This
can be achieved by the addition of coagulants, flocculants, or a combination of both as

destabilizing agents.

2.3.2.1. Coagulants
Coagulants mainly concern with the reduction of the electric charge on the

particles’ surface and hence decreasing the electrical repulsion between them. They can
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be classified into two categories: inorganic coagulants such as metal salts and organic

coagulants such as polyDADMAC.

Inorganic coagulants:

Metal salts are considered the most popular inorganic coagulants. They can be
classified into two main categories: aluminum-based and iron-based. Their popularity
arises from their effectiveness for a wide variety of water and wastewater treatment. In
addition, they are readily available and cost-effective materials [114]. However,
inorganic coagulants have some disadvantages as they show high sensitivity toward the
pH and produce larger sludge volume compared to other destabilizing agents [113].

e Aluminum sulfate (Al,(50,)3): also known as Alum is the most common metal salt
for water treatment processes [115]. It is widely used for the removal of suspended
colloids due to its high efficiency, availability, and cheap prices [116]. However,
the low water quality produced as a result of the presence of significant aluminum
content, large sludge volume, and its adverse effect on human health limited its use
in some applications [117,118]. When added to water, aluminum hydroxides are
formed and precipitate with the suspended solids found in water. The formation of
aluminum hydroxide occurs through the reaction between the acidic coagulant and
the water alkalinity represented in calcium carbonate (CaC03). As a result, the pH
of the treated water will be reduced [119].

e Ferric chloride (FeCls): is an iron-based coagulant utilized to prevent the health
impacts associated with aluminum sulfate. It is primarily used for the reduction of
turbidity formed from suspended colloids in wastewater [115]. Ferric chloride has
a similar destabilization mechanism to aluminum sulfate; however, iron hydroxide

precipitate is formed. Consequently, a significant reduction in the pH of the system
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is obtained due to the consumption of water’s alkalinity to the formation of the iron
hydroxide [119].

Poly aluminum chloride (PAC): is pre-polymerized aluminum salts with a chemical
formula of (Al,,(OH),(Cl)3n-m))x usually obtained from hydrolyzing AlCl;
[113,120]. It has been extensively applied during the last decade for wastewater
treatment instead of aluminum sulfate and ferric chloride [121]. Compared to the
conventional coagulants, PAC has higher performance efficiency at a lower dosage,
over a wider pH range, and at lower temperatures. In addition, utilization of PAC
results in lower sludge volume, aluminum residue in water, and effect on the pH of
water [122]. The degree of polymerization of PACI influences its basicity.
According to Zouboulis et. al. [123], utilizing PACI with higher basicity and
aluminum content as a coagulant result in enhanced performance through charge

neutralization.

Organic coagulants:

Organic coagulants are usually polymers of low to medium molecular weight.

They can be classified into two main categories: natural such as chitosan and synthetic

as (Poly-diallyl-dimethylammonium chloride) polyDADMAC. Compared to inorganic

coagulants, they are safer, require a lower dosage, and produce lower sludge volume.

Moreover, the efficiency of organic coagulants is less affected by the pH of the solution.

Chitosan: is a cationic linear amino polysaccharide polymer with nontoxic,
biodegradable, antimicrobial, and biocompatible properties (Figure 2.10). It is
considered the second most abundant polysaccharide-based polymer after
cellulose. Chitosan is driven from chitin found in the exoskeleton of shellfish such
as crawfish, crabs, and shrimps [124,125]. Its production occurs through the

alkaline deacetylation process where the acetyl group is removed from chitin by
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treating it with a strong alkali such as NaOH [126,127]. Due to its desirable
properties in addition to its unique physicochemical characteristics as a result of
the amino group and high content of nitrogen, chitosan has been utilized in a
variety of applications [128,129]. Consequently, chitosan has been used widely
as a coagulant in the last two decades for wastewater treatment due to its high
charge density and long-chain (medium molecular weight) [95,99]. The
coagulation process with chitosan is influenced by several factors: the molecular
weight, the degree of deacetylation, and the pH as it affects the charge density

[110].

Figure 2.10: Chemical structure of Chitosan [127]

. PolyDADMAC: is a synthetic linear polymer used extensively in water treatment
industries [130]. It is synthesized by free-radical initiated addition polymerization
of diallyl-dimethylammonium chloride (DADMAC) monomer with the presence
of organic peroxide as a catalyst. It is a water-soluble polymer with a molecular
weight in the low to medium range [110]. As illustrated in Figure 2.11,
PolyDADMAC comprises repeating pyrrolidine rings forming the backbone of

the polymer [131]. It is classified as a cationic polyelectrolyte (ionic polymer) due
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to the presence of a positive charge in its structure from the amine group.
Furthermore, it is characterized by high charge density making it suitable as a

coagulant [132].

Pt

Cl L

Figure 2.11: Chemical structure of PolyDADMAC

2.3.2.2. Flocculants

Flocculants play a key role in further reducing the repulsion forces and
connecting the colloidal particles to form large flocs with a high tendency to settle.
They are water-soluble polymers of natural or synthetic origins. Polymeric flocculant
can be classified according to their molecular weight (MW) or ionic properties. Three
polymers categories arise from the variation in the MW: low with MW less than <
105 g/mol, moderate with MW values ranging between 10°and 10° g/mol, and high
with MW values greater than 10° g/mol [110]. On the other hand, polymers can be
classified as ionic polymers (polyelectrolytes) and non-ionic polymers depending on
their ionic properties [1].
lonic polymers (Polyelectrolyte):

Polyelectrolytes are polymers with a charged functional group in their repeating
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unit. They can be divided into two classes depending on the charge type to univalent
and multivalent polyelectrolytes. Univalent polyelectrolytes are homogeneous in terms
of the charge type, they can be cationic or anionic. On the other hand, multivalent or
amphoteric polyelectrolytes comprise repeating units with negatively and positively
charged functional groups [1]. The charge density (CD) is considered an important
parameter in the flocculation process with polyelectrolytes. It can be determined
through experimental methods such as colloids titration and usually expressed in terms

of mol% or meq/g [110].

e  Cationic Polyelectrolytes: are polymers with a positively charged functional
group. The majority of such polymers obtain their positive charge from the
presence of quaternary ammonium groups in their structure [110]. Cationic
polyacrylamide (CPAM) and Epichlorohydrin/ dimethylamine (EPI/ DMA)
polymers are examples of synthetic flocculants possessing quaternary ammonium
groups. CPAM is prepared by polymerization of acrylamide with chloro-
methylated monomer [1]. It possesses a linear chain structure, however,
modification methods can be employed to give highly branched chains to enhance
its flocculation performance for clay suspensions [133]. Its major application is
in the field of wastewater and potable water treatment in addition to sludge
conditioning due to its high efficiency as a flocculant and its rapid dissolution
[134]. Synthesis of EPI/ DMA polymers occurs through a chemical reaction of
EPI with a primary or a secondary amine such as DMA. The produced
polyelectrolyte is characterized by a linear chain, low molecular weight, and both
hydrophobic and hydrophilic groups (methyl group and quaternary ammonium,

respectively) [110,135]. EPI/ DMA can be used for the removal of suspended
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and colloidal particles from wastewater through charge neutralization and
bridging mechanisms [135,136].

Anionic Polyelectrolytes: are polymers with a negatively charged functional
group, usually carboxylic acid (R — COOH) or sulfonic acid (R — S(=0), —
OH) in their structure [137]. Unlike cationic polyelectrolytes, the charge density
of anionic polyelectrolytes is dependent on the pH value of the media [110].
Poly(acrylic acid) and poly(styrene-sulfonic acid) are examples of the most
common anionic flocculants. Additionally, anionic PAM (APAM) with high
molecular weight and low charge density represent a good flocculant for
wastewater treatment. It is synthesized through the polymerization reaction
between acrylamide and acrylic acid which impart the negative charge to the
polymer. The removal of suspended and colloidal particle with APAM occurs
through steric interactions, covalent, or hydrogen bonding [138]. Generally,
anionic polyelectrolyte has been widely applied in the field of water and
wastewater treatment especially in papermaking, mining, and oil exploring
industries. They play an important role in the treatment of water-containing metal
ions and sludge conditioning/ dewatering [138]. Moreover, they are efficient as a
thickening agent in textile and cosmetic industries [1].

Amphoteric Polyelectrolytes: also known as polyampholytes are polymers with
both negative and positive charged functional groups among their carbon chain.
Factors such as charge density, ionizable groups, and charge balance affect their
solubility in water [139]. Amphoteric polyelectrolytes have been utilized in
various applications like drilling fluids, papermaking industry, and wastewater
treatment. Due to the presence of cationic and anionic charges, they were found

to be efficient flocculants for the removal of colloids such as clay minerals
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dispersed in water [140,141]. Their flocculation efficiency depends upon the ratio
between the cationic and anionic functional groups. The flocculation may occur
through charge neutralization, bridging, or adsorption [140]. The most known
polyampholytes are amphoteric PAM which is synthesized through the free
radical polymerization of acrylamide monomer with other functional groups such

as carboxylic acid, sulfonic acid, or vinyl group [1,141].

Non-ionic Polymers:

Unlike polyelectrolytes, non-ionic polymers do not bear any charged functional
groups in their structure. They can be naturally occurring polymers or synthetic
polymers produced through homo-polymerization. Usually, synthetic polymers occupy
1 — 3% of negatively charged functional groups. Polyacrylamide (PAM) is a non-ionic
polymer synthesized from acrylamide monomers with less than 1% anionic groups
under controlled conditions of pH, concentration (i.e. monomers and initiator), and
temperature [110]. On the other hand, natural non-ionic polymers include starch,
cellulose, and galactomannans. They are biodegradable, non-toxic, and widely
available substances [110,139]. In general, non-ionic polymers serve as good flocculant

municipal and industrial wastewater [1].
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2.3.3. Experimental methods used to evaluate coagulation-flocculation

Evaluation of coagulants and flocculants efficiency in the treatment of
wastewater containing colloidal particles can be conducted through several
experimental methods including analysis of the physicochemical properties such as
turbidity removal, reduction in negative zeta potential, and the size and settling velocity
of the formed flocs. Furthermore, the performance of the destabilizing agent can be
assessed by evaluating the strength of the produced sediments through rheological
measurements.
2.3.3.1. Turbidity and Zeta potential

The turbidity of a system is an optical characteristic defined as the measure of
the reduction in water transparency due to the presence of colloidal and suspended
particles. A large amount of colloidal and suspended particles in water leads to higher
turbidity and hence, lower transparency [142]. Turbidity measurements are conducted
through an electronic device using the light scattering method known as a turbidimeter.
A white light beam is directed to the water sample and passes through it. The intensity
of the scattered light is measured through a photometer at a 90° angle to the direction
in which the light beam passes the sample. The amount of scattered light is directly
proportional to the turbidity of the water sample measured in nephelometric turbidity
units (NTU) [143].

Turbid water is usually associated with an increase in temperature and a
reduction in the photosynthesis rate. This is attributed to the heat adsorption and
sunlight scattering by the colloidal particles. As a result, the level of dissolved oxygen
(DO) in water decreases. Furthermore, the presence of colloids in water may cause filter
clogging, prevent disinfection via UV radiation, and interfere with chemical

disinfectants. Additionally, it affects the water aesthetic as it is unsafe and unappealing
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for consumers to use turbid water [142,143]. Therefore, turbidity reduction is
considered as one of the main targets for wastewater treatment plants especially for
effluent discharged into water bodies or effluents reused in agriculture or domestic
applications [144]. According to the world health organization (WHO), the maximum
acceptable turbidity limit for agriculture and drinking water is 5 NTU. However,
turbidity of 1 NTU or less is preferred to ensure effective disinfection of water
[145,146].

Turbidity reduction is always associated with a change in the zeta potential of
the colloids in suspension. The magnitude of the zeta potential indicates the stability
degree of particles in the system. Consequently, it is an important method to evaluate
the performance of coagulation and flocculation processes. Zeta potential analysis
provides an insight into the particles’ surface charge density and the adsorption affinity
of the destabilizing agent to the particles’ surface. In the treatment process via
coagulation and flocculation, a reduction in the negative value of zeta potential to
approach the zero point of charge (ZPC) is desirable [1,17]. Various studies examined
the effect of different coagulants and flocculants on the turbidity and zeta potential of
the studied systems. Al-Risheq et. al. [147] and Alshaikh et. al. [17] studied NADES
and cationic PAM, respectively of bentonite suspension with a solid concentration of
1 g/L. NADES and cationic PAM have the same positively charged functional group
(NR,™), however, PAM have large molecular weight and longer chains. Consequently,
the studies followed the same operating conditions for the jar test and settling time. At
the optimum dosage for each destabilizing agent, both achieved similar residual
turbidity of 0.65 NTU and 0.53 NTU for NADES and CPAM, respectively. However,
significate variation the zeta potential is observed as the suspension treated with

NADES had a zeta potential value of —18.8 mV while a positive zeta potential of
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3.79 mV was obtained for the treated suspension with CPAM. The difference in the
potential values is attributed to the structural difference between the two destabilizing
agent and their mechanism. Destabilization of bentonite with CPAM occurred through
charge neutralization and bridging [17]. On the other hand, the electrostatic patch
mechanism was used to describe the destabilization mechanism of NADES where only

patches on the clay surface are neutralized [147].

2.3.3.2. Floc size

Usually, the effectiveness of the coagulation/ flocculation process is primarily
measured by the reduction of the supernatant turbidity and negative zeta potential.
However, the type of information provided from these parameters is not sufficient for
the following treatment steps [103]. The size and the strength of the produced flocs are
among the chief characteristics that determine the efficiency of the coagulant/
flocculent in the treatment process [32]. Floc size is usually evaluated through particle
size distribution (PSD) which can be conducted via multiple techniques. However, laser
diffraction is the most utilized method due to its precision and accuracy over a wide
range. PDS is usually described by the D-values represented in D1, Dso, and Dgo. D1o,
Dso, and Dgo provide the floc diameter at 10%, 50%, and 90% in the cumulative floc
size distribution, respectively. The Dso values are used to describe the median diameter
of the flocs in any system. Additionally, the number average or first moment (D,,) and
the weight average or second moment (D,, ) defined by Eq. 2.1 and Eq. 2.2, respectively

can be employed to analyze the changes in the floc size [66].

Nl'XDl'
Dn=2 —— . (Eq.2.1)

i

D, = Ni x D;” Eq.2.2
= N, x D, .. (Eq.2.2)

Where N; is the occurrence frequency while D; is the particle size in um. The D,, takes
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into consideration the effect of both large and small flocs unlike the D,, which describes
the number average particle size (ordinary arithmetic mean) without giving more
weight to larger particles. Hence, for quantifying coagulation/ flocculation, the weight
average (D,,) is more relevant as it accounts for the weight rather than only the number
of the particles [17,66].

The characteristics of the produced flocs including the size, strength, and
structure are dependent on the type of the employed coagulant and its destabilization
mechanism. Metal salts are one of the most utilized inorganic coagulants in the
treatment process, however, destabilization through the sweep mechanism, which
depends on the initial pH and the formed precipitate, results in relatively small and
fragile flocs [30]. In contrast, the charge neutralization mechanism exhibited by organic
coagulants and polyelectrolytes has an advantage over inorganic coagulants in terms of
the size and strength of the formed flocs. However, the bridging mechanism associated
with high molecular weight polyelectrolytes is the most remarkable for producing the
largest flocs with high shear resistance [148]. Li et. al. [103] studied the influence of
three destabilization mechanisms (i.e. charge neutralization, sweep coagulation, and
bridging) on the strength of the resultant flocs. It was found that the variation of floc
strength was in the following hierarchy: bridging > charge neutralization > sweep
coagulation. Another study was conducted to analyze the performance difference
between ferric chloride and polyDADMAC in terms of the floc size and strength for
bentonite suspension with a solid concentration of 1 g/L [32]. The study revealed that
at the same coagulation conditions, polyDADMAC gives larger, denser, and more shear
resistance flocs compared to ferric chloride. The obtained results are in good agreement
with the observations found by Li et. al. [103] as destabilization with polyDADMAC

occurs via charge neutralization while destabilization with ferric chloride occurs
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through sweep coagulation.
2.3.3.3. Capillary suction time

Capillary suction time (CST) is a simple method that measures the required time
to filter out the free water, not chemically bonded to solids, in the sediment volume
under the influence of the capillary suction pressure [149]. The wastewater treatment
process results in the formation of sediment/ sludge with water representing more than
90% of its volume [150,151]. Therefore, CST was established to determine the water
filterability rate required to reduce the sediment volume. Water filterability rate
depends mainly on two factors: the permeability of the sediment layer and the solid
capacity for holding water [149]. As illustrated in Figure 2.12, sediment bed formed
from relatively small and dense flocs with high compactness has small pores. Therefore,
a longer time is required for the removal of free water resulting in high CST values,
hence, low filterability rates. On the other hand, large and less compacted aggregates
result in wider capillaries (interstices). As a result, the water flow more easily and
radially. As a result, shorter CST associated with faster filtration rate are achieved

[152,153].
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Forms a dense compact
bed with smaller pore
spaces through which
drainage of liquid is slow

Forms a more open bed
with larger pore spaces
through which liquid can
drain faster

(b) Aggregated particle bed

Figure 2.12: Illustration of sediment bed formed from (a) small particles and (b)

aggregated particles [149]

Reducing the required CST and energy for sludge dewatering is an essential
step to reduce the cost of sludge disposal which accounts for 40 — 50% of any
wastewater treatment plant [154]. Therefore, chemical conditioning of the sludge using
coagulants or flocculants was found to enhance the stability of sludge and increase its
filtration rate. Several studies investigated the influence of the coagulation/ flocculation
process on the dewaterability of the sludge. The influence of polyDADMAC on the
dewaterability of industrial membrane bioreactor sludge was investigative by Yousefi
et. al. [23]. Upon the addition of polyDADMAC with an optimum dosage of 40 mg/L,
the dewaterability of the sludge decreased from 15s to 7s. This decrease was
associated with an increase in the floc size from 17 um to 65 um. the coagulant/
flocculent dosage plays a major role in enhancing the filterability of the sludge. In a
study conducted by Pambou et. al. [155], the CST curve decreased upon increasing the
polymer dosage. However, after a certain dosage, the CST values started to increase

again illustrating an overdosing followed by re-stabilization of the sludge.
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2.3.3.4. Rheological Measurements

Rheology is defined as the science that studies the matter behavior of flow and
deformation upon force application [156]. it also concerns with the relationship
between the shear stress (t, mPa) and shear rate (y,s™1) [157]. The ratio of the shear

stress to the shear is known as the viscosity (4, mPa. s) of the system (Eq. 2.3).
L. Eq.23
u=- .. . 2.
y q

According to the behavior of fluids upon shearing, they can be classified into two
different categories: Newtonian and non-Newtonian. When the viscosity is independent
of the shear rate, the fluid is described as a Newtonian fluid having an ideal viscous
flow behavior. In this case, the fluid does not exhibit yield stress. On the other hand, if
the viscosity varies upon shearing, the fluid is a non-Newtonian fluid. Four types can
be distinguished in non-Newtonian fluids; shear-thinning (pseudoplastic), shear
thickening (dilatant), thixotropic, and rheopectic [158,159]. For pseudoplastic
materials, the viscosity decreases with shear, while it increases for dilatant. Thixotropic
and rheopectic fluids have time-dependent properties; thixotropic fluids exhibit a
decrease in viscosity when shear is applied followed by an increase upon reducing or
removing the applied force and vice versa for rheopectic fluids [159]. Generally,
coagulated/ flocculated as clay suspension demonstrates a time-dependent thixotropic
behavior as under a constant shear rate, both the viscosity and yield stress of the system
decrease with time [90]. This behavior can be explained by analyzing the influence of
the shear rate on the interactions between the formed aggregates. With time, the
interaction strength weakens and the aggregates breakdown into smaller constituents.
As a result, the viscosity of the system decreases until an equilibrium viscosity is
reached.

The concentration of solids in a suspension system has a great influence on its
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rheological behavior. To initiate the flow in systems with high solid concentration, it is

required to apply a minimum stress value known as the yield stress. The magnitude of

yield stress represents the interaction strength between the solid particles themselves

(particle-particle interactions) and in between the solid particle and the fluid in the

system  (particle-fluid interactions) [1,160]. The rheological behavior of non-

Newtonian fluids can be described by several empirical models relating the shear stress

with the shear rate including Bingham, Casson, Herschel-Bulkley, and power-law

models [159]. Error! Reference source not found. summarizes the rheological models w

ith their empirical formula and parameters.

Table 2.1:Rheological models for non-Newtonian fluids [1,13,161]

Model Equation Parameters
Ty Bingham plastic
viscosity (Pa.s)
Bingham T=719+nyy..(Eq.2.4)
To: Yield stress (Pa)
y: Shear rate
For power law:
n < 1 implies a shear-
Power- thinning or pseudoplastic
T=ky"..(Eq.2.5)
law fluid
n > implies a shear-
thickening or dilatant fluid
Ne:. Infinite rate apparent
Casson VT =10 + Ny ... (Eq.2.6)

viscosity (Pa.s)
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Model Equation Parameters

k: Fluid flow consistency
(Pa.s™)

n: Flow-behavior index (-),

Herschel- . is a measure of the effective
T=19+ky™... (Eq.2.7)
Bulkley fluid viscosity with respect
toy

for Herschel and Bulkley: 0

<n<l

The Bingham model defined by Eq. 2.4 is commonly used to describe the
behavior of clay suspensions with high solid content [162]. The model indicates that
under low shear rates and stresses, the material has a solid-like characteristic. The flow
is initiated upon the application of finite stress and a Newtonian behavior is exhibited
upon increasing the applied stress. Diluted clay suspensions with pseudoplastic
behavior and no yield stress are usually expressed in terms of the power-law model (Eq.
2.5) [67]. Casson and Herschel-Bulkley models defined by Eg. 2.6 and Eq. 2.7,
respectively are widely used to describe the behavior of coagulated/flocculated clay
suspensions. According to the model, the behavior of the aggregates in the system is a
function of the applied shear rate. At low shear rate magnitudes, the system appears to
have initial yield stress while at an elevated shear rate a shear-thinning/ pseudoplastic
behavior is exhibited. The magnitude of 7, interprets the strength of the formed
aggregates in a flocculated suspension. Furthermore, it measures the required stress to

obtain a suspension composed of the primary particles only due to breakage of the
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flocculated suspension [163]. From Eq. 2.7 describing the Herschel-Bulkley model, it
should be mentioned that when n = 1 the equation transforms to the Bingham model
and when t, = 0 the power-law model is attained. In case where both conditions occur
(i.e.,n =1andt, = 0), the system demonstrates a Newtonian behavior [164]. Several
rheological methods are available in the literature to measure and determine the yield
stress of a solid-liquid system. The most common method to determine the yield stress
IS by extrapolating the linear section of the shear stress vs. shear rate curve also known
as the flow curve to y = 0 s~1 [165,166].

Alongside the flow behavior, viscoelastic properties represented in the viscous
modulus (G"'), elastic modulus (G'), and complex viscosity (n*) are employed to
evaluate the kinetics of the flocculated suspension [23,36]. These parameters can be
obtained by performing an oscillatory test. The elastic and viscous modules describe
the status of the studied system during the test. For the elastic modulus, the system
stores the energy received due to the applied oscillatory motion, therefore, it is also
known as the storage modulus. On the other hand, the viscous modulus is described as
the loss modulus as the system will undergo an irreversible deformation resulting in an
energy loss [163]. G' and G'' are strain/ stress dependent parameters; however, at low
applied magnitude they become independent of strain/stress resulting in a linear region
known as the linear viscoelastic region (LVR). For the applied conditions of angular
frequency during the oscillatory test, the magnitudes of G' and G" in the linear
viscoelastic region are of valuable meaning for the system characteristics. When G’ >
G'"' it indicates that the studied sample has a solid-like structure and is identified as a
viscoelastic solid. In contrast, when G’ < G" the sample has a liquid-like behavior and
is described as a viscoelastic liquid [167].

The interactions between the clay mineral particles and their structures in
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suspension are an important factor for several industrial applications. Such information
can be attained by studying the viscoelastic properties of the suspension (i.e., G’ and
G'") on the suspensions. In clay suspensions, three modes of particle-particle
interactions can be observed: edge to edge (EE), face to face (FF), and edge to face
(EF). The destabilization degree of the suspension depends greatly on the interaction
mode exhibited by the particles [36,168-170]. For example, the produced sediments
through EE and EF interaction modes are characterized by their low density and large
volume. On the other hand, FF interactions result in more dense aggregates
[168,170,171]. In two different studies by Khandal and Tadros [172] and Sohm and
Tadros [173], the viscoelastic properties of a bentonite suspension represented in the
G' and G" measured through dynamic oscillatory measurements were employed to
differentiate between cross-linked network structures and isolated flocs. The authors
linked the G’ and G" results to the gelation kinetics of the suspension understudy to
provide information regarding the gelation mechanism and gel strength of the colloidal

suspension.

2.3.4. Factors affecting the coagulation/ flocculation process

The efficiency of the coagulation/ flocculation process for the treatment of
wastewater is primarily dependent on the operating conditions of the process. The
coagulant/ flocculant type and dosage, pH, temperature, mixing conditions, in addition
to molecular weight and charge density when polyelectrolytes are utilized represent the
main factors affecting the destabilization process. Therefore, to ensure achieving the
desirable results, understanding the influence of each factor on the destabilization
process and optimizing it is essential.
2.3.4.1. Coagulant/ flocculent type and dosage

The selection of the right destabilizing agent type with the appropriate dosage
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has a major influence on the efficiency of the treatment process. Destabilizing agents
can be organic or inorganic, natural or synthetic. Consequently, polymeric flocculant
can be cationic, anionic, amphoteric, or nonionic. The applied coagulant/ flocculant
dosage is the most critical factor in the destabilization process. Optimizing the applied
dosage according to the selected coagulant/ flocculant, their properties, water
chemistry, and the operating conditions is an essential step to minimize the cost and the
amount of sludge produced [174]. Insufficient or excess dosing can significantly reduce
the performance efficiency of the coagulant/ flocculant. Generally, the zeta potential
value is employed as a measure to determine the optimum coagulant/ flocculant dosage.
The concentration at which the zeta potential approaches the zero point charge (ZPC)
also known as the isoelectric point is usually designated as the optimum concentration.
When excess coagulant/ flocculant dosage is applied, the zeta potential values change
from being highly negative to highly positive due to the saturation of particles surface
with the destabilizing agent. As a result, the new positively charged particles repel each
other’s and hence, re-stabilization occurs [175]. In the coagulation process, overdosing
may disturb the destabilization and sedimentation process due to the resuspension of
the colloidal particles resuspension [176]. Therefore, to avoid excess dosing,
identifying the critical coagulation concentration, also known as the inflection point
after which no significant changes in the system are observed is a must [177].

Hussain et. al. [178], performed a study to investigate the performance of three
aluminum-based coagulants: Alum, PACI, and high-performance PACI for the
treatment of surface water. Larger flocs and faster settling times were obtained when
high-performance PAC was utilized compared to alum and PACI. In another study by
Bazrafshan et. al. [174], the effect of ferric chloride dosage when combined with natural

coagulant aid for the treatment of synthetic kaolin suspension was analyzed. The dosage
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of FeCl; and the natural coagulant aid varied between 2 — 35 mg/L and 0.1 — 5ml/L,
respectively. Increasing the FeCl; dosage was found to enhance the turbidity reduction,
the highest reduction was achieved with 10 mg/L and 0.4 ml/L of FeCl; and natural
coagulant, respectively. In addition, it was noticed that lower dosage of natural
coagulant is preferred to prevent high organic matter content, microbial growth,
increase in turbidity, and undesirable color [174]. Furthermore, depending on the
coagulant type and dosage, different coagulation mechanisms may occur. For
aluminum sulfate, the coagulation process occurs through sweep coagulation where the
amorphous hydroxide precipitation plays the main role [179]. On the other hand, the
coagulation mechanism with PACI was a function of the pH, in acidic environment
coagulation takes place through charge neutralization while in alkaline environment
sweep coagulation is dominant [180].

In the flocculation process, the adsorption affinity of the flocculant to the
surface of the particles plays a major role in determining the flocculation efficiency.
High adsorption affinity results in saturation of the adsorption sites which prevents
bridging to occur and may result in re-stabilization of the particles [29]. The adsorption
affinity of the polymeric flocculants can vary according to their type and the dosage. In
general, destabilization using polyelectrolytes occurs via adsorption and hydrogen
bonding with the colloidal particles. The use of anionic polyelectrolytes such as anionic
PAM was found to be more effective for the destabilization of negatively charged
particles than cationic polyelectrolytes. This is attributed to the repulsive forces which
limit the adsorption of the flocculant to only few active sites on the particles. As a result,
particles saturation and re-stabilization is avoided [169]. Several studies were
conducted to compare the performance of cationic and anionic polyelectrolytes for

flocculation of negative colloids. For example, Nasser et. al. [9] studied the effect of
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three polymeric flocculants (i.e. anionic, cationic, and non-ionic) on the destabilization
degree of papermaking suspension containing kaolinite clay. Reductions in the residual
turbidity and negative zeta potential were enhanced by increasing the dosage of the
cationic polyelectrolyte until the optimum dosage was reached. Any excess addition of
the flocculant resulted in a reversed effect. Anionic PAM was found to be the most
efficient in terms of turbidity reduction at its optimum dosage. In addition, it resulted
in larger and less dense floc with an open structure compared to cationic PAM which
can be justified by the lack of attractive forces and the formation of loops and tails on
APAM. In contrast, at low dosage of non-ionic PAM insignificant turbidity reduction
is observed. Slight dosage addition led to an adverse effect on the suspension turbidity
due to displacing the counter ions in the interlayer with the non-ionic PAM.
2.3.4.2. Molecular weight and charge density

When polymers are utilized as coagulants/flocculants for wastewater treatment,
their performance is strongly influenced by the molecular weight (MW) and the charge
density (CD) [20]. The charge density is described as the percentage of the polymeric
chain occupied by ionic functional group. Shaikh et. al [17], investigated the effect of
both MW and CD on the destabilization behavior of bentonite suspension. polymers
with molecular weight varying between 6 — 15 million g/mol and charge densities
between 20% — 80% were utilized as flocculation for the treatment of bentonite
suspension with solid concentration of 1.5 g/L. For the same coagulant type (i.e.
cationic), it was found that by increasing the charge density from 20% to 80%, the
adsorption isotherm increase from 1.0 mg/g bentonite to 1.7 mg/g bentonite with no
clear steady state at 80% CD indicating strong adsorption. In the same manner, polymer
with higher MW (10 — 15 million g/mol) exhibited higher adsorption isotherm

compared to lower MW (6 — 10 million g/mol). The influence of both MW and CD
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on the turbidity and zeta potential is very limited. However, at the same MW (i.e. 10 —
15 million g/mol), flocculant with CD of 80% was associated with smaller flocs
compared to lower CDs. This phenomena is attributed to the strong adsorption affinity
of high CD PAMs to the bentonite particles which led to their saturation and limited
the bridging mechanism [17].

In the coagulation process where chitosan is used as a destabilizing agent, the
deacetylation degree (DD) has an influence on the performance along the MW. Soros
et. al [144], examined the effect of the MW, DD, and chitosan dosage on its coagulation
efficiency in terms of turbidity for synthetic bentonite and kaolinite suspensions. MW
of 5,000, 50,000, 100,000, 600,000, and 1,000,000 Da with constant DD of 90%
were investigated to analyze the MW effect. On the other hand, to study the DD effect,
chitosan with DD of 70%, 75%, 80%, 85%, 90%, and 95% and MW of 50,000 Da
were utilized as coagulants. For all DD, turbidity reduction of 80% and higher was
achieved at low to moderate dosage. At 3 mg/L chitosan with DD of 85% was found
to achieve the highest reduction of 99.2%. At high coagulant dosage (i.e. 30 mg/L),
the reduction drops to less than 25% for DD of 70%. However, high dosages appear to
have less significant effect on the residual turbidity for chitosan with higher DD hence,
overdosing probability is lower. Furthermore, it was found that by increasing the MW
the turbidity reduction increases for both bentonite and kaolinite suspensions. For
bentonite suspension, increasing the MW from 5,000 Da to 100,000 Da leads to an
increase in the turbidity reduction from 10% to 98.1%, respectively. For MW above
100,000 Da, the increase in turbidity reduction is insignificant.
2.3.4.3. Mixing conditions

Mixing or agitation is an essential step in the coagulation and flocculation

processes as it can significantly affect the destabilization degree of the system. The
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mixing step can be divided into two regimes: rapid and slow mixing. The rapid mixing
stage usually varies from few seconds up to 3 minutes. Its main target is to guarantee
the uniform distribution of the destabilizing agent among the system and the formation
of a homogeneous solution [181]. BinAhmed et. al. [182], studied the effect of different
rapid mixing speeds and times on the destabilization process of highly turbid kaolin
suspension in terms of the floc size and strength. the rapid mixing speeds and times
were 80, 100, and 120 rpm and 20, 40, and 60 s, respectively. It was found that larger
flocs with low compactness (low shear resistance) were formed under a shorter mixing
time. In contrast, smaller flocs with higher strength (high shear resistance) were
obtained with a longer mixing time. The observed phenomena is attributed to exposure
to an extended period of high shear rate resulting in floc breakage and hence, smaller
flocs which exhibit lower collision efficiency [183].

On the other hand, the slow mixing is considered as the flocs growth stage and
it is a very critical step in the destabilization process. The optimization of the slow
mixing stage helps in enhancing the separation efficiency of the formed flocs from the
supernatant [121]. Yu et. al. [183], conducted a study to evaluate the influence of the
slow mixing speed on the coagulation/ flocculation efficiency. Aluminum sulfate
(alum) was utilized as a coagulant at a concentration of 0.2 mM for a diluted kaolin
suspension with clay concentration of 0.05 g/L. The jar test was carried at a constant
rapid mixing of 200 rpm for 60 sec and variable mixing speeds of 40, 50, 60, 80, and
100 rpm. It was found that before breakage, the slow mixing speed has an inversely
proportional relationship with the flocculation index (FI) which gives a precise measure
of particle aggregation. As a result, when increasing the slow mixing speed, the
flocculation index decreases. After breakage, the FI of the regrowth was found to be

similar for all mixing speeds. The obtained results were supported by the particle size
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distributions. Both mixing time and speed influence the destabilization process,
however, mixing time optimization is more essential as sufficient time enhances the
collision efficiency through which the flocs become more compacted and shear
resistant. Generally, increasing the rapid mixing speed should be associated with a
shorter mixing time. While for slow mixing, increasing the speed may cause floc

breakage under a high shear rate due to floc splitting and turbulent drag [184,185].

2.3.4.4. pH

The pH of the media plays a major role in determining the efficiency of the
coagulation/ flocculation process. Polymeric flocculants (i.e. natural and synthetic) are
usually not affected by the pH changes [30]. However, the efficiency of inorganic
coagulants is highly influenced by the pH of the media. Generally, the determination of
the optimum pH range to achieve higher efficiency during the destabilization process
is mainly dependent on the type of the utilized coagulants [186]. Consequently, the type
and characteristic of the effluent have an influence on the optimum pH range. When
the pH of the media is outside the desirable range, the coagulation efficiency decreases
significantly. Furthermore, the coagulation mechanism varies according to the selected
pH range from charge neutralizing, bridging, double layer compression, or sweep
coagulation [177]. However, sweep coagulation is not desirable as it result in the
formation of large sediment volume with large amounts of metal precipitation.

Yang et. al. [186], studied the influence of the pH on three aluminum-based
coagulants (Al,(S0,)s, AlCl;, and PAC) for the treatment of kaolin-humic acid
synthetic water. The initial pH of the system ranged from 4 — 9 and the effect was
recorded in terms of turbidity removal. As the pH increased from acidic to neutral
(pH = 6), the turbidity removal gradually increased to more than 90% for all

coagulants. A slight increase was observed in the turbidity removal at higher pH values
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for ALCl; and PAC while the removal percentage decrease for Al,(S0,). The observed
trends were attributed to the formation of positive hydrolysate which can neutralize
negatively charged kaolin particles at lower pH values while at pH higher than 8 the
formed hydrolysates are negatively charged. At an optimum dosage, the optimum pH
range was as following: between 5 — 8 for PAC and between 6 — 7 for Al,(S0,); and
AlCl; [186]. Commonly, coagulation using aluminum-based metal salts tends to be
most efficient at pH values of 6 or lower as destabilization by the formed positive Al
species occurs through charge neutralization rather than adsorption or sweep
coagulation. At pH higher than 6, amorphous participate starts forming and
destabilization occurs through sweep coagulation which is unfavored [187]. The same
trends also apply to destabilization using iron-based coagulants.

Furthermore, initial pH has an influence on the electrokinetic behavior of the
effluent. The effect of varying pH on bentonite suspension was analyzed in terms of
zeta potential and turbidity as shown in Figure 2.13 [17]. With the addition of H*ions
to the suspension, the decrease in the pH is associated with a gradual decrease in the
negative zeta potential while the turbidity remains constant at pH higher than 2. Once
the pH reaches 2, a clear supernatant is formed after a settling time of 5 minutes and
the maximum decrease in the negative zeta potential is obtained. The observed
phenomena was attributed to the neutralization of part of the negative charges on
bentonite surface causing the zeta potential value to reach the zero point of charge
(ZPC) [17]. In contrast, increasing the pH value by adding a base such as NaOH to the
system results in negative charge build up which will lead to increase in the negative
zeta potential and re-stabilization of the system. Nasser el. al. [9], studied the effect of
the initial pH on papermaking suspension containing precipitated calcium carbonate

(PCC), a negatively charged colloidal particle. Trends similar to shaikh et. al. [17] were
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observed upon the addition of H*ions to the suspension. However, the reduction in

turbidity did not occur suddenly but in a gradual manner with the decrease in the pH.
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Figure 2.13: Effect of initial pH values on the stability of bentonite suspension [17]

A review of some of the key research papers related to the coagulation/ flocculation

process and its influence on the electrokinetic of industrial clay minerals are presented
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Table 2.2: Review of the coagulants/ flocculants efficiency for destabilization of clay minerals.

clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
For Alum and PACI, increasing the aluminum
concentration led to a faster destabilization and floc
formation rate. This observation is attributed to the
increase in the collusion-attachment efficiency
between the particle and the increase in their volume
pH
at higher concentrations.
PACI Floc growth
- Kaolin Coagulation performance of PACI was less sensitive [188]
Alum rate
to the pH of the media compared to Alum. Therefore,
Temperature

at varying temperature conditions, PACI has an
advantage over Alum as the temperature change
affect the ion product of water (H*and OH ™).

More rapid destabilization rate was attained in

suspension treated with PACI than Alum.

58



Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
e Utilization of natural coagulant for destabilization of
clay suspension was found to be significantly
efficient in turbidity removal.
e The turbidity reduction varied between 90 — 96%
with the maximum reduction achieved by chitosan
Chitosan Local followed by M. oleifera and lastly cactus.
Turbidity
Cactus Opuntia - natural e Higher turbidity reduction was accomplished with M. [189]
removal
Moringa Oleifera clay oleifera (94.8%) compared to cactus (92.2%),).

However, the required dosage for M. oleifera was two
times higher than that required when cactus is the

utilized coagulant.
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Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
Over a pH range varying from 4 to 10, the maximum
reduction in turbidity using chitosan was obtained at
neutral pH value.
The utilized chitosan dosage plays an important role
Turbidity
in determining the residual turbidity of the
Chitosan Natural removal
- supernatant. At neutral media, the maximum removal [190]
Alum clay Settling time
percentages of 61.9% 84.1%, and 95.30% for
pH

wastewater with low, medium, and high initial
turbidity, respectively were achieved at a

concentration of 1.5 mg/L.
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clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
Utilization of chitosan as a coagulant aid for
aluminum sulfate (Alum) further increased the
Turbidity
coagulation efficiency and resulted in the formation
Chitosan Natural removal
- of large coarse flocs with a rapid settling rate. The [190]
Alum clay Settling time
turbidity removal percentage increased to 74.8, 96.7
pH
and 98.2% for water with low, medium and high
initial turbidity, respectively.
CPAM The produced flocs using PAMs with higher
(C448,C4 Zeta potential molecular weight were larger in size than medium
Aluminum 98) Residual molecular weight PAMs.
Kaolin [191]
sulfate APAM turbidity Between cationic and anionic PAMs with similar
(A130,A1 Floc size molecular weight, the larger flocs were formed
15) through the flocculation process with cationic PAM.
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Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
e The influence of the molecular weight on the density
of the flocs was more apparent for anionic PAMs.
Increasing the molecular weight of the utilized PAM
CPAM was associated with the formation of denser flocs.
(C448,C4 Zeta potential e  Stronger and more shear resistance flocs were formed
Aluminum 98) Residual using cationic PAM as a flocculent.
Kaolin [191]
sulfate APAM turbidity e The zeta potential of the bentonite suspension treated
(A130,A1 Floc size with aluminum sulfate and cationic PAM increased
15) from —40 mV to reach the zero point of charge.
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Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
The maximum reduction in the supernatant residual
turbidity and negative zeta potential was obtained by
cationic PAM which demonstrates strong adsorption
affinity to the bentonite particles.
CPAM For zeta potential and residual turbidity, the influence
Adsorption
APAM of the polymer’s molecular weight was not significant.
Turbidity
- Amphoteric  Bentonite The floc size of the produced sediments was found to [17]
Zeta potential
PAM be directly proportional to the molecular weight of the

Floc size

polymers.

The influence of the charge density on the floc size
varied depending on the type of the polyelectrolytes.
With increasing the charge density, the floc size

increased for APAMSs and decreased for CPAMSs.
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Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
CPAM Adsorption
e Between the three tested PAM types, cationic PAM
APAM Turbidity
- Bentonite with high molecular weight and charge density (FO [17]
Amphoteric Zeta potential
4800 SH) was the most efficient destabilizing agent
PAM Floc size
At acidic pH of 4, a 50% reduction in turbidity was
attained by rice starch. Combining rice starch with a
Rice, Turbidity
traditional coagulant through two-steps coagulation
Wheat, Sludge
process further enhanced the turbidity removal
Corn, and potato volume
- Kaolin percentage by 30%. [192]

starches

Alum

PACI

Zeta potential
Floc size and

density

The two-steps coagulation process using traditional
and natural coagulant resulted in a reduction of the

chemical based sludge volume by 60%.
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Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
Rice, Turbidity e Larger flocs were produced for suspension coagulated
Wheat, Sludge with natural coagulants. Furthermore, the flocs
Corn, and potato volume produced by rice starch were the largest.
- Kaolin [192]
starches Zeta potential e The bulk densities of the flocs generated by traditional
Alum Floc size and coagulants were double the densities of the rice starch
PACI density flocs.
e Single APAM systems showed poor destabilization
APAM efficiency for bentonite suspension with slight
PolyDADMAC (F1: Low Turbidity reduction in the turbidity at lower dosage associated
(C1) MW and  Bentonite Zeta potential and a steady zeta potential in the region between [94]
Polyamine (C2) F2: high Floc size —30 mV and —40 mV depending on the APAM type.
MW) In contrast, the single APAM systems were able to

achieve large flocs.
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Clay Investigated

Coagulant Flocculent Main Observations Reference
mineral parameters
e Single cationic coagulant systems demonstrated good
coagulation performance with residual turbidities of
1.98 NTU and 1.56 NTU at concentrations of
20 mg/L and 30 mg/L. Increasing the concentration
APAM above these values led to reversible results verified by
PolyDADMAC (F1: Low Turbidity the zeta potential values. However, the produced flocs
(C1) MW and Bentonite Zeta potential were smaller in size compared to the APAM. [94]

Polyamine (C2)

F2: high Floc size o

MW)

Utilization of hybrid system combined the advantages
of the cationic coagulant with excellent turbidity
reduction and the large flocs of the anionic flocculent.

Hence, it provided better destabilization performance.
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Coagulant

Clay Investigated
Flocculent
mineral parameters

Main Observations

Reference

PolyDADMAC

Residual
- Bentonite
turbidity

Coagulation of bentonite  suspension  using
PolyDADMAC as a coagulant occurred through
charge neutralization.

The residual turbidity of the supernatant decreased
gradually upon increasing the concentration of the
organic coagulant until it reaches a minimum turbidity
at a concentration of 0.61 ppm.

Further increase in the concentration led to re-
stabilization of the bentonite suspension due to the
saturation of the particles with the coagulant resulting

in positively charged particles repelling each other.

[193]
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Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
PSiFAC; 5.10:15 coagulant ~ formed  through
copolymerization method achieved a reduction in the
supernatant turbidity to below 1 NTU with minimum
dosage of 1.5 — 2 mg/L while the required dosage of
PACI PACI to achieve similar reduction was higher than
Residual
Polyaluminum- 3mg/L.
Turbidity
ferric-silicate- - Kaolin The lowest residual aluminum concentration of [194]
Residual Al

chloride

(PSiFAC; 5.10.15)

concentration

135 ug/L (below the legalization limit 200 ug/L)
was attained by using PSiFAC; s.;0.15 With a dosage

of 2mg/L.
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Clay Investigated
Coagulant Flocculent Main Observations Reference
mineral parameters
Both organic and inorganic coagulants achieved
remarkable turbidity removal varying from 70% to
99%. However, the organic coagulants showed lower
residual turbidity and faster settling rate compared to
ferric chloride.
Turbidity
PolyDADMAC Depending on the type and concentration of the
Removal
(C591 and C595) - Bentonite utilized PolyDADMAC, the produced flocs ranged in [32]
Floc size and
FeCls size from 400 um to 500 um. On the other hand,
strength

smaller flocs were produced with ferric chloride
(350 wm at optimum concentration)

Larger, more compactable, and more shear resistance
flocs were formed through coagulation with

PolyDADMAC compared to ferric chloride.
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Clay Investigated

Coagulant Flocculent Main Observations Reference
mineral parameters

Higher reduction in the negative zeta potential was
accomplished with cationic PAM than anionic PAM.

CPAM Increasing the concentration of the cationic PAM after

(C446, the zero point of charge caused charge reversal and re-

C496, Adsorption stabilization of the suspension.

C492) Turbidity The required dosage to neutralize the surface charge

- APAM Kaolinite  Zeta potential is inversely proportional to the charge density of the [36]

(Al130 Floc size polymer

LMW, Settling test For cationic PAMSs, the settling rate was found to be

A130, directly proportional to the molecular weight and

A100) inversely proportional to the charge density of the

polymer.
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Clay Investigated

Coagulant Flocculent Main Observations Reference
mineral parameters

CPAM

(C446,

C496, Adsorption e Anionic PAMs resulted in a more rapid settling rated

C492) Turbidity compared to cationic PAMs. While cationic PAMs

- APAM Kaolinite  Zeta potential were more efficient in turbidity removal. [36]

(A130 Floc size e Flocs produced from anionic PAMs were larger flocs

LMW, Settling test than cationic PAM.

A130,

A100)
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2.4. Deep Eutectic Solvents

2.4.1. Background
For decades, ionic liquids (ILs) have been considered as green solvents and thus,

utilized in a variety of industrial sectors because of their remarkable physical and chemical
properties including low vapor pressure and volatility, and high thermal stability.
Moreover, ILs are identified as designer solvents as they are characterized by their
tailorable properties through the utilization of different cations and anions combinations
[40]. Hence, they have become a promising alternative for chemical solvents. However, in
recent years, labeling ILs as green solvents has been questioned as more in-depth studies
have shown that they are toxic, unstable, and flammable [195]. In addition, they possess
undesirable properties including poor biodegradability, non-biocompatibility, high
viscosity, and the high cost of the required materials and large-scale production [195,196].
Furthermore, their high sensitivities to impurities limited their widespread in the industrial
sector [197]. Therefore, to overcome the drawbacks and limitations of the traditional ILs,

a new class of green solvents known as deep eutectic solvents (DESs) has been designed.

2.4.2. Definition

Deep eutectic solvents (DESs) are descended from the ionic liquids family.
However, as illustrated in Figure 2.14, they are safer for the environment, cheaper, and
possess a simpler synthesis method. In some studies, different terms are employed to refer
to a DES such as low transition temperature mixtures (LTTM) and low melting mixtures
(LMM) [198,199]. DESs are liquid systems composed of two or three nontoxic and
inexpensive components that are able to associate together through hydrogen bond

interactions. The constituent components of a DES are usually defined as hydrogen bond
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donor (HBD) and hydrogen bond acceptor (HBA). Through a simple procedure of
continuous mixing and heating, a eutectic mixture with a melting point lower than that of
the constituent components is formed [200]. Hence, DESs are liquid at temperatures
ranging from room temperature up to 150°C [201]. The deep depression in the freezing
point exhibited by the DES systems upon their synthesis is attributed to the charge
delocalization happening on the proton in the HBD and the halide ion such as

Cl~ and Br~in the HBA [37].

ILs SIMILARITIES DESs

Composed primarily Wide liquid range _
of an anion and a N Formed with
cation Low volatility HBA and HBD

The ability to dissolve
both organicand
inorganic compounds

Expensive and difficult Less expensive

to synthesize on a
large scale

Less hazardous
More biodegradable
Stable

Hazardous Highly tunable

Non-biodegradable

Figure 2.14: Similarities and differences between ionic liquids and deep eutectic solvents

[195]

The first DES reported in the literature in a study by Abbott et. al. [39] in 2003 was
synthesized from quaternary ammonium salt with urea at an adequate molar ratio resulting

in a mixture with unique eutectic properties. The possible combinations of HBA and HBD
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to form DES are extremely larger and a numerous number of combinations have been
reported in the literature. Figure 2.15 shows some of the available HBD and HBA for the
synthesis of DES. As a result of combination variety, four different DES types classified
according to the constituent components can be distinguished: type 1 from quaternary salt
with metal halide, type 2 from quaternary salt with hydrated metal halide, type 3 from
quaternary salt with hydrogen bond donor, and type 4 from metal halide with hydrogen

bond donor [37,202-204].

Halide Salts Hydrogen bond donors

o
o 1 A
HZN)k N/ll\ HN” “NH

__//\Cr/\OH \/NH; er

1
1
: NH, H, NH,  \_/
(Che)) (EtNH,CI) : o
: g o X
HN” “NH
ZnCl, /cr )o\ ! HzN/‘kN \HN)KNH/ )
N I N
clr / 1
— Nt 1 0 i /(‘)k
(ACChCl) I
I(TMACI) | Ph*NHz H,C NH, F:C7 TNH,
Br, !
s OFO | e
cl
Bu—N—Bu @ : Ho\/\OH HO/\,/\OH
1 HO 0O
Bu 1 HO' H
1
(TBACI) (MeP(Ph);Br) ! o o o
\ : HOMOH Ho)\/\"/
cr / cr 1 o
N_"OoH — g !
r H / ! 9 O _OH
1 HO HO. OH
(Etz(EtOH)ACI) (CIchcl) | OH
I ) 6 OH O
fe o |
Br —_— cr 1
Et—N"—Et N 0H ! OH HO OH
' L
Et | 0
1
|

(TBABN)

Figure 2.15: chemical structure of typical halide salts (hydrogen bond acceptor)and

hydrogen bond donors for the synthesis of DES [38].
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2.4.3. Natural deep eutectic solvents
DES produced from a combination of naturally abundant metabolites such as

choline chloride, sugars, carboxylic acids, and amino acids at a defined molar ratio is
known as natural deep eutectic solvent (NADES) [205]. NADES was reported in the
literature for the first time as a new DES class by Choi et. al. [206] in 2011. They fall within
type 111 of the DES classifications as they are produced from quaternary ammonium with
a HBD (Figure 2.16). Choline chloride (ChCI), a quaternary ammonium salt, is a green
material and widely used in various applications including animal feed, human nutrition,
and the pharmaceutical industry. Animal feed (poultry, swine, ruminant) is the largest end-
product user with around 94% of the total annual production. ChCl is used as an additive
to animal feed as it helps in the development and accelerating the growth rate [207,208].
Owing to its remarkable characteristics represented in nontoxicity, availability, low cost,
and biodegradability, ChCl is among the most utilized quaternary ammonium salt for the
synthesis of NADES. Generally, this class of DES is known for its simple preparation
method, the abundance and low cost of its raw materials, and biodegradability [37].
Furthermore, NADESs are environemtal friendly solvents, easy to handle, nonvolatile,
nonflammable, and do not require any additional purification process. Consequently, their

storage and large-scale application are feasible.
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N -———- o — H=----0

Figure 2.16: Molecular structure of choline chloride: lactic acid NADES with a molar ratio

of 1:1

Similar to DES, NADESs are designer solvents as their properties can be tuned
according to the targeted application by manipulating the utilized hydrogen bond donor
and molar ratio [37]. Furthermore, they are known for their biocompatibility with enzymes
and ability to solvate different species of transition metal [37,201]. As a result, they are
designated as versatile solvents with a wide range of possible applications such as biodiesel
purification from glycerol [209], metal oxides processing [56], and the synthesis of
cellulose derivatives [210]. Additionally, NADESs qualify as an alternative of ionic liquids
and traditional solvents in a variety of processes including gas adsorption [41,211], and
metal ions extraction [212]. Table 2.3 presents some of the choline chloride based natural

deep eutectic solvents available in the literature with their physicochemical properties.
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Table 2.3: Review of some of the available choline chloride based NADES in the literature

HBA:HBD  Melting Density  Viscosity
Hydrogen Bond
Molecular Structure Molar Point (g/ (mPa.s) Reference
Donor
Ratio (°C) cm3) @ 25°C
Glycerol HO/\(\OH 1:2 —40 1.18 259 [213]
OH
0
Urea & 1:2 12 1.25 750  [39,213,214]
Ho,N™ O NH,
0 (0]
Malonic Acid M 1:1 10 1.25 1,124 [213,215]
HO OH
OH
Ethylene Glycol o > 12 —66 1.12 37 [213,216]
Glycerol HO OH 1:3 —32.65 1.20 450 [217]
OH
o O, OHO
Citric Acid /U\I/LL 1:1 43 — 1,003,100 [41]
HO OH OH
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HBA:HBD  Melting Density  Viscosity
Hydrogen Bond
Molecular Structure Molar Point (g/ (mPa.s) Reference
Donor
Ratio (°C) cm?3) @ 25°C
HO O
Fructose 1o OH 1:1 — 1.23 625 [41]
HO  OH
O
Malic Acid HOWLOH 1:1 — 1.28 4,4079 [41]
O OH
O
Lactic Acid \)\QH 1:1 - 1.16 412 [41]
OH
Phenol Q/ 1:3 - 1095 588 [218]
OH
O-cresol ©/C”3 1:3 i 1071 776 [218]
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2.4.4. Applications

Because of their green properties and remarkable characteristics, DESs are
attracting attention as an alternative solvent for a wide variety of applications. Several
research studies available in the literature reported the use of DES as a solvent for metal
processing, surface fabrication, and coating [219-224]. Furthermore, it has been
utilized as a media for the synthesis of polymers, organics, and zeolite analogs [225-
228]. A review paper by Alonso et. al. [229], reported the use of DES for the synthesis
reaction of more than fifty organic. Additionally, DESs can be employed in
electrochemical applications [230], preparation of carbon-carbon nanotube composite
[231], leather processing [232], pretreatment of wood cellulose for nano-fibrillation
[233], and drug solubilization [234]. Table 2.4 summarize some of the most popular

application of choline chloride based DES.

Table 2.4: Applications of choline chloride based deep eutectic solvents

Application References
CO. Capture [41,235-242]
SO2 Removal [49,211,243,244]
Lead Removal [50]
Denitrification [245,246]
Polyphenolic Extraction [247]
Bio-diesel Preparation and
[55]
Purification
Removal of Heavy Metal [53,54]
Removal of Metal oxide [56]
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Application References

Bio-diesel Production [57]

Nanoparticle Fabrication [248-251]

Reflecting on Table 2.4 above, it is worth mentioning that there is no previous
application of DES generally or ChCl based NADES specifically in the wastewater
treatment and colloidal destabilization field. Therefore, in the upcoming sections, an
extensive study on the influence of choline chloride based natural deep eutectic solvents
on the electrokinetic properties and rheological behavior of bentonite colloidal

dispersion will be conducted.
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3. MATERIALS AND METHODS

3.1. Materials

All chemicals used in this study for the NADES synthesis were purchased from
Sigma Aldrich. Table 3.1 shows the utilized chemicals with their specification
including the structure, phase, purity, molecular weight, melting/ boiling point, and

their CAS Number.

Table 3.1: Chemicals specifications

Melting/
Molecular
boiling
Name Structure Phase Purity  Weight CAS No.
Point
(gmol™1)
(°C)

Choline [ -
_ Ho/\/"”\ Solid 98.0%  139.62  302-305 67-48-1
chloride o

Lactic
H  Liquid 85.0% 90.08 122 50-21-5
acid

(@]
(@]
OH
@]
Malic acid HONOH Solid 99.0%  134.09  131-133 6915-15-7
O OH

O OH
Citric acid m Solid 99.5% 19212  153-159  77-92-9
HO OF
OH
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Bentonite (CAS Number 1302-78-9) purchased from Sigma Aldrich was used
with deionized water at room temperature of 25°C to prepare the bentonite suspension.
The detailed composition of the bentonite is presented in Table 3.2 as per described by
AlShaikh [67]. The Silica gel (CAT No. 297-011-020R) utilized to keep ChCI under
dried conditions was purchased from Grifiin & George with a regeneration temperature
of 150°C — 175°C. Lastly, hydrochloric acid (CAS Number 7647-01-0) was purchased

from Fisher Scientific.

Table 3.2: Chemical composition of Bentonite [67]

Composition Weight Percent (%)
Na,0 2.43
K,0 0.26
Fe,0, 3.25
MgO 2.67
Al,0, 24.05
Si0, 58.02
CaO 0.75
FeO 0.31
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3.2.  Methods
The obtained experimental results in this study were replicated a minimum of
three times and the average value was taken for each measurement. The results were

reproducible with an experimental error of 5% or less.

3.2.1. Synthesis of NADES

In this study, three choline chloride (ChCl) based NADESs were used as
coagulants for destabilization and separation of highly stable bentonite colloidal
suspension. NADESs were synthesized by mixing ChCl as the HBA with lactic acid
(LA), malic acid (MA), or citric acid (CA) as the HBD with a molar ratio of 1:1. ChClI
is a hygroscopic substance meaning it tends to absorb moisture from the surrounding
environment. Therefore, it was placed in a glass desiccator with silica gel for at least
48 hours prior to its use to remove any water content. Furthermore, a 1000 mL Heidolph
rounded flask was dried in a DRY-Line oven at 90°C for 10 minutes to ensure the
removal of any water droplets and prevent the absorption of water by ChCI. The molar
ratio of the HBA to the HBD was scaled down to 0.25 M for simplicity (i.e., 13.54 g
of ChCland 22.52 g of LA). The required amount of the HBA and HBD were measured
using an ISOLAB analytical balance with 0.0001g precision and placed in the flask.
The flask was attached to the Heidolph 2 G3 Hei-VAP Precision rotatory evaporator
shown in Figure 3.1. The NADES systems were synthesized in an oil bath under
atmospheric pressure with continuous heating and mixing at a constant rotational speed
till a clear transparent liquid was formed. The synthesis conditions and specification of
each system are described in Table 3.3. The liquid NADES was transferred to a 100

mL SCHOTT glass container and stored under dried conditions at room temperature.
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Figure 3.1: Heidolph rotatory evaporator

Table 3.3: Specification and synthesis conditions of the prepared NADES systems

Mixing Rotational ~ Mixing
Molar
HBA HBD temperature speed time Remarks
ratio
(°C) (RPM) (hr)
Liquid at room
ChCl LA 1:1 80 200 1
temperature
ChCl MA 11 80 200 2-3 Viscous fluid
Highly viscous
at room
ChCl CA 1:1 90 200 24 temperature,

needs heating

to flow
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3.2.2. Density measurements

Density measurements for the three ChCl-based NADES systems were performed using
Anton Paar DMA 4500M densitometer shown in Figure 3.2 which employs the U-tube
oscillating principle and provides measurements with 5-digits accuracy
(£0.00005 g.cm™3) [252]. Calibration of the densitometer was performed using
water’s density as a reference -obtained from Wagner and Pruss fundamental equation
of state- to ensure the measurement accuracy of the instrument. The density profiles of
ChCI:LA and ChCIl:MA NADESs were obtained over a temperature range from 20°C
to 80°C at atmospheric pressure of 1 bar. On the other hand, ChCI:CA NADES density
profile was attained over a smaller temperature range varying from 45°C to 65°C due to

its high viscosity at lower temperatures.

Figure 3.2: Anton Par densitometer
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3.2.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed on the synthesized NADES
using PerkinElmer Pyris 6 TGA instrument shown in Figure 3.3. TGA instrument was
calibrated to verify their performance by running a weight loss experiment of a calcium
oxalate sample. The TGA was conducted to obtain the decomposition and onset
temperatures of ChCI:LA, ChCI:MA, and ChCIl:.CA NADES and to analyze their
thermal stability. NADES systems were heated from 30°C to 700 °C with an increment
of 5 °C per minute under a dried atmosphere using nitrogen gas to generate a weight

loss curve.

Figure 3.3: Thermogravimetric analysis instrument
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3.2.4. FT-IR Spectroscopy

Fourier transform infrared (FT-IR) spectrum is considered as the material
fingerprint as no two unique compounds have the same spectrum. Therefore, it can be
employed to identify the composition and the bonds of the compound. When IR
radiation passes through the sample, part of the radiation gets absorbed while the other
is transmitted. The spectrum is created by measuring the energy absorbed by the
samples at different wavelengths [253]. NICOLET iS10 Thermo Scientific FT-IR
spectrometer shown in Figure 3.4 was used to create the FT-IR spectrums for all raw
components (ChCl, LA, MA, and CA) in addition to the spectrum of the three
synthesized NADESs (ChCIL:LA, ChCI:MA, and ChCI:CA). The spectrums were
generated by running 24 scans for each sample over a wavenumber between 400 cm ™1
and 4000 cm™?! and a resolution of 16 cm™1. OMNIC software was employed to

process and display the generated FT-IR spectrum.

Figure 3.4: NICOLET iS10 Thermo Scientific FTIR spectrometer.
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3.2.5. Coagulant preparation

Three different NADES systems were tested as destabilizing agents for bentonite
suspension, which are: ChCI:LA, ChCI:MA, and ChCIL:CA. In addition, the
performance of the constituent components of ChCIl:LA NADES (i.e., ChCl and LA)
and a binary mixture of ChCl and LA (ChCI-LA) as coagulants were evaluated to assess
the influence of each component of the suspension stability. Furthermore, coagulation
with the constituent components was performed to analyze the difference. A stock
solution with a concentration of 1.2 M was prepared for each coagulant. For ChClI, LA,
and the NADES systems, the specified amount of each was mixed with deionized water
to prepare the stock solutions. For the coagulation test, a wide range of concentrations
ranging from 2.98 x 1073 M to 6.76 x 1072 M (0.25 to 6.0 %v/v) was selected to
analyze the impact of varying the concentration on bentonite suspension. The coagulant
volume required to be added to the suspension was calculated using Eq. 3.1. The
required volume was measured using the Thermo Scientific Finnpipette F2 shown in
Figure 3.5.

coagulant concentration in suspension

mol
Coagulantconcentration (W) X Coagulantvolume (mL)

= - ... Eq.3.1
coagulant,,jyme + SUSPENSION o 1me

( 1000 )(L)

Figure 3.5: Thermo Scientific Finnpipette F2.
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3.2.6. Jar Test

The coagulation test was carried in a Stuart Flocculator SW6 jar test apparatus that
consists of six compartments with rectangular paddles (Figure 3.6). The standard
coagulation/ flocculation procedure as described in the literature was followed
[9,17,171,254]. The coagulation test began with rapid mixing at 180 rpm for 30-60
seconds of the prepared bentonite suspension while simultaneously adding the required

coagulant volume followed by a slow mixing stage at 50 rpm for 20 minutes.

Figure 3.6: Stuart jar test apparatus

Figure 3.7 demonstrates schematically the addition steps of the each coagulant
during the coagulation test. Figure 3.7b explains the addition mechanism of the binary
ChCI-LA mixture. Equal parts of LA and ChCl coagulants were used in the
destabilization process. The required volume of the LA stock solution was added to the
bentonite suspension and mixed well at high speed for 30 seconds. Then, the same
volume of ChCI stock solution was added to the suspension followed by continuous

mixing for 30 seconds. The addition of LA followed by ChCI was found to be better
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than adding ChCI followed by LA as the addition of LA at first helps in preparing the
media by reducing its pH to around three which promotes destabilization of the system
and floc formation. On the other hand, when adding ChCI at first the obtained results
in terms of turbidity removal and floc size were found to be very similar to coagulated

suspension with ChCl only and the only difference was in the pH value.

'

“ar

Add NADES . Let the flocs
Bentonite coagulant and rﬁltrI\LI:; za? settle for 2 Exiract fhe
Suspension stirhfo:1 30 se;. low speed minutes wpematu
at high spee
(a)

'

B

g1

Add LA Add ChCl . Let the flocs
Bentonite coagulant and coagulant and :,:LI:; 2;: settle for 2 Extract the
Suspension stir for 30 sec stir for 30 sec Heiiisels minutes supematant
at high speed at high speed P

Figure 3.7: The coagulation test steps of (a) NADES, ChCl, and LA and (b) ChCI-LA

mixture coagulants.
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3.2.7. Zeta potential and turbidity

The influence of varying the pH on the turbidity and zeta potential of the
bentonite suspension was studied by adding hydrochloric acid (H* ions) to the
suspension a drop at a time. The pH of the suspension was measured using HACH
HQ11d pH meter. The pH readings varied from 10 to 2 and the effect of this variation
on the turbidity and zeta potential was recorded using a HACH 2100N turbidimeter
(Figure 3.8) and a Malvern Instruments Ltd. ZEN3600 Zetasizer (Figure 3.9),
respectively. Furthermore, the variation in the turbidity and zeta potential of the
bentonite suspension upon coagulant addition at different concentrations were
analyzed. Bentonite suspension was prepared by mixing 1.5 g of bentonite in 1 L of
deionized water using a Fischer Scientific homogenizer for 5 minutes. After the
coagulation test, the formed flocs were allowed to settle for 2 minutes before sampling

the supernatant for the turbidity and zeta potential measurements.

Figure 3.8: HACH 2100 Turbidimeter
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€) (b)

Figure 3.9: (a) Malvern Instruments Ltd. Zetasizer ZEN3600 (b) measuring cell

3.2.8. Particle size distribution

For particle size distribution, bentonite suspension was prepared by mixing 3 g
of bentonite in 1 L of deionized water with a Fischer Scientific homogenizer for 5
minutes. The coagulation test was performed following the same procedure as
described in section 3.2.6. The particle size distribution was investigated over a wide
coagulant concentration ranging from 2.98 x 1073 M to 6.76 x 10~2 M. The formed
flocs were allowed to settle for ten minutes before sampling them for measurements.
Samples of the resultant sediments were collected from a fixed position near the bottom
of the beaker. The flocs were then analyzed using a Mastersizer 2000 (Malvern
Instruments Ltd., UK) shown in Figure 3.10 to study the effect of changing the

coagulant type and dosage.
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Figure 3.10: Malvern Instruments Ltd. Mastersizer 2000

3.2.9. Settling Test

For the settling test, the suspension was prepared by mixing 3 g of bentonite in
1 L of deionized water with a Fischer Scientific homogenizer for 5 minutes. The
prepared suspension was then divided into 200 mL and transferred to graduated
cylinders (Figure 3.11). The required coagulant dosage was added to the cylinder and
mixed well for 2 minutes using a glass rod. The volume of the interface between the
supernatant and the formed flocs was recorded every minute for the first 10 minutes
and then every 5 minutes for an hour to generate the settling curve. The final

sedimentation volume was recorded after 2 hours.
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Figure 3.11: Setup for the settling test

3.2.10. Response surface methodology

Experimental design and analysis of the obtained data were done through
Minitab Software (version 17). The design was generated using response surface
methodology (RSM) in combination with the central composite design method (CCD)
in order to find the optimum conditions for the coagulation process using ChCl based
NADES as a coagulant. Central composite design (CCD) is a sampling design method
commonly used in RSM to generate a quadratic (second-order) model by selecting
central, axial, and corner points without the need to perform a full factorial design. The
bentonite concentration in water and the ChCI:LA dosage were selected as the two
dominating variables in the studied process. Therefore, according to Eq. 3.2, the design
will have a total of nine experiments: one run at the central point (0,0), four runs at the
axial points {(v2,0), (=v2,0), (0,v/2), (0,—+v2)}and another four runs at the corner
points {(1,1), (—1,1), (1,-1), (-1, —-1)}.

N=2F+2k+1.. Eq.3.2

Where N is the total experimental runs and k is the number of the studied variables.
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However, in CCD designs, additional replicate runs of the central point are required -
usually four- resulting in increasing the total number of experiments to exceed “N”
[255].

The ranges of both independent variables with the corresponding level for each
are presented in Table 3.4. The ranges of the independent variables were selected
according to a set of experiments conducted to roughly estimate the operating
conditions that maximize the turbidity removal, floc size, and zeta potential reduction

separately.

Table 3.4: Experimental Ranges and levels of the independent variables

Ranges and levels
Variables

-2 -1 0 1 2
ChCI:LA dosage (MM), x; 2.83 140 409 678 789

Bentonite concentration
0.57 15 3.75 6 6.93

(9L™), x,

Table 3.5 shows the full factorial CCD design (9 experiments) in addition to
four replicate experiments for the central points (run number 3, 6, 7, and 11) which are
required to estimate the percentage error involved in the developed model [256]. The
two independent variables are expressed in terms of their original units in panel B (mM
for the ChCI:LA dosage and gL* for the bentonite concentration) alongside the design
code (panel A). The design code values were as follows: maximum point (2), 1, central

point (0), —1, and minimum point (—2). The results of each experiment were
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represented in terms of four dependent variables or also known as responses which are
zeta potential, turbidity removal percentage, floc size, and pH. The selection of the
optimum conditions for the designed process was based on the analyzed data of the four
responses and predicted using the second-order quadratic equation illustrated in

Equation 3.3 [257]:

k k k k
i=1 i=1 j

li<j J
Where i, j, and g are the linear, the quadratic, and the regression coefficients,
respectively. While “k™ is the number of independent variables of the designed
experiment and “e” is the random error [258].

The relationship between the two variables and the responses in addition to the
significance of the model was evaluated using the P-value with a confidence interval of
95%. Therefore, generated models for each response and model’s terms (i.e., X;, X iz,
and X;X;) with P-value below 5% (0.05) are identified as significant. On the other hand,
when the P-value is higher than 0.05, this indicates that the studied variable or
relationship is insignificant and does not have an effect on the process [259].
Furthermore, the quality of the fit of the experimental data to the polynomial model was
assessed through the correlation coefficient (R? and adjusted R?); the closer the value

of R? to unity the better the fit of the produced model
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Table 3.5: Experimental design run order and conditions.

Run Panel A Panel B

Order X Xy x; (mM)  x,(gL™)
1 0 0 40.9 3.75
2 -1 1 14.0 6.00
3 0 0 40.9 3.75
4 0 -2 40.9 0.57
5 -2 0 2.83 3.75
6 0 0 40.9 3.75
7 0 0 40.9 3.75
8 1 1 67.8 6.00
9 2 0 78.9 3.75
10 -1 -1 14.0 1.50
11 0 0 40.9 3.75
12 0 2 40.9 6.93
13 1 -1 67.8 1.50

3.2.11. Rheological Measurements

In section 4.4, the rheological and electrokinetic measurements were performed
on bentonite suspension with a concentration of 10 g/L. After the completion of the
coagulation test, a settling time of 24 hours was given for the treated suspension to
settle and stabilize before carefully extracting the supernatant on top. The rheological

characteristics of the treated bentonite suspension using ChCl:LA NADES and ChClI-
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LA mixture were studied by Anton Paar Rheometer Model MCR 302 using cup and
bob measuring geometry presented in Figure 3.12. The prepared bentonite suspensions
were mixed gently to create homogenous samples before carefully loading them into
the measuring cylinder to avoid disturbing the flocs. Then, an equilibrium time of 3
minutes was given for the samples to stabilize before starting the tests.

The flow behavior of the treated suspensions was examined by studying the
viscosity and shear stress as a function of the shear rate which varied between 0.01 to
1000 s*. Bingham model was used to describe the samples under study which was done
through RheoPlus software algorithms to fit the data. Consequently, the viscosity vs.
time with a constant shear rate of 1s~! was conducted in order to examine the
thixotropic behavior of formed flocs. In addition, the same test was performed at a
higher shear rate of 10 s~! to examine whether the flocs will breakdown to their
original state or will maintain their strength even at higher shearing. Furthermore, the
elastic and viscous modulus (G’ and G”) were studied as functions of the angular
frequency in the range of 0.1-500 rad/s and a constant strain of 0.3%. The strain value
was selected following a strain sweep test conducted at a constant oscillatory frequency
of 6.28 rad/s to ensure that all studied samples fall within the linear viscoelastic region
(LVR). All rheological measurements were conducted at a controlled temperature of

25.0 £ 0.1°C.
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(a) (b)

Figure 3.12: (a) Anton Par rheometer model MCR 302 and (b) cup and bob measuring

geometry.

3.2.12. Capillary suction time (CST)

Triton 319 Multi-purpose CST (Triton Electronics Limited, UK) shown in
Figure 3.13 was utilized to perform the CST analysis on the treated bentonite
suspension. The equipment comprises two Perspex plates with the top one coupled with
two-electrode sensors connected to a stopwatch, a filter paper to be placed in between
the two plates, and a hollow steel cylinder which represents the filtrate reservoir [153].
The CST values represent the time required for the water within the filtrate in the steel
cylinder to move through the filter paper from point LA where the first electrode sensor
is placed to point 1B under the influence of the capillary suction pressure (CSP) (Figure

3.13b). The CSP of the filter paper is around two times the hydrostatic pressure within
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the steel cylinder. Hence, the CST is independent of the filtrate volume within the
cylinder [260].

CST analysis was conducted on the same bentonite suspension prepared for the
rheological measurements in section 3.2.11. The formed sediment was poured into the
steel cylinder to the indicated level. The capillary suction pressure acting on the liquid-
air interface of the filter paper forces the water from the filtrate to pass through the

porous media leaving the sediment cake on top of the filter paper.

(a)
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Figure 3.13: (a) Triton 319 Multi-purpose CST (Triton Electronics Limited, UK) and

(b) schematic diagram of the CST apparatus [149].
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4. RESULTS AND DISCUSSION

4.1. Characterization of Choline Chloride Based Natural Deep Eutectic
Solvents

4.1.1. Introduction

The following section aims to evaluate the properties of the synthesized
NADES (i.e., ChCI:LA, ChCI:MA, and ChCI:CA) in terms of their density profile and
thermal stability. Furthermore, analysis of the new interactions formed between the
HBD and HBA in each solvent through FT-IR spectroscopy is conducted to confirm

the formation of NADES.

4.1.2. Density Measurements

The density profiles of the three NADES systems under study (i.e., ChCI:LA,
ChCI:MA, and ChCI:CA) at atmospheric pressure of 1 bar are presented in Figure 4.1.
The temperature profile for ChCIl:LA and ChCIl:MA was performed over a temperature
ranging from 25°C — 90°C (298.15K — 363.15K). However, as ChCI:CA exhibits a
very high viscosity at room temperature, the density measurements were conducted
over a smaller temperature range varying from 42°C — 67°C (315.15K — 340.15K).
At a room temperature of 298.15K and atmospheric pressure, the density for ChCl:.LA
and ChCI:MA were measured to be 1.159 gcm and 1.278 gcm3, respectively. On the
other hand, at a temperature of 318.18 K, the density of the ChCI:CA system was found
to be 1.31 gcm™. Furthermore, from Figure 4.1, the density for the systems under study
is observed to exhibit a linear decrease with a regression coefficient of 0.99 with
increasing the temperature. The reduction in density is attributed to the increase in
volume as a result of higher molecular activities in the system. In addition, comparing
the overall trend between the three studied systems; ChCI:CA shows the highest density

values followed by ChCIl:MA and lastly ChCI:LA. The obtained density measurements
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show good agreement with the available literature. For example, the thermochemical
characteristics of ChCI:LA and ChCI:CA NADESs were investigated in a study
conducted by Altamash et. al. [41]. At a temperature of 298.15 K, the density of
ChCILA was 1.16 gcm™3. On the other hand, the density of ChCI:CA was

1.31 gem™3 at the same temperature [41].
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Figure 4.1: Density profile of ChCI:LA, ChCI:MA, and ChCI:CA NADES systems.

4.1.3. Thermal Stability

Studying thermal stability for NADESs by performing a TGA analysis is
considered a vital step in many applications. Its importance comes from the need to
identify the decomposition temperature after which the NADES will start degrading for
optimizing the operational temperature of the processes utilizing NADES. The type of
HBA and HBD in addition to their molar ratio are the two main factors playing a key

role in the thermal stability of NADES. Figure 4.2 illustrates the weight loss curve for
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the synthesized NADESs with a molar ratio of 1:1 over a temperature range from 30°C
to 500°C (303 K — 773 K). The decomposition process of the systems can be described
as a single step degradation with a decomposition temperature (T,;) of 460 K, 480 K,
and 440 K for ChCI:LA, ChCI:MA, and ChCI:CA, respectively. Multiple studies are
available in the literature showing the physiochemical properties of ChCI:LA,
ChCI:MA, and ChCh:CA including their thermal stability. Elhamarnah et. al. [42]
studied the thermochemical and rheological characteristics of ChCl:MA NADES. The
decomposition temperature was measured to be 207 °C (480.15 K). Moreover,
Altamash et. al. [41] investigated the properties of several NADES including ChCI:CA
and ChCI:LA. The obtained results for the two systems from the thermogravimetric
analysis were as follows: ChCI:LA exhibited a decomposition temperature of while
ChCI:CA demonstrated a decomposition temperature of 440.15 K. The obtained
experimental results for thermal stability and the decomposition temperatures were

aligned with values from the literature.

Weight Loss (%)

T T T
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Figure 4.2: weight loss curve of ChCI:LA, ChCIl:MA, and ChCI:CA NADES systems
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4.1.4. FT-IR Analysis

Figure 4.3, Figure 4.4, and Figure 4.5 show the FT-IR spectrums over a
wavenumber ranging from 400 cm™?! to 4000 cm™! for the constituent components
and the three NADES systems i.e., ChCI:LA, ChCI:MA, and ChCI:CA, respectivelty.
Analyzing the functional groups' peaks for each component and comparing them to the
peaks in the NADES spectrum is one way to prove the formation of a hydrogen bond
between the HBA and HBD which is the reason behind the eutectic characteristics of
NADES [261]. From the FT-IR spectrum for ChCl, vibrations at 3200, 2850, 1300 —
1000, and 623 ¢m™? are observed. The hydroxyl group (O — H stretching) and the
alkane group (C — H stretching) in the ChCl structure are represented in peaks at 3200
and 2850 cm ™1, respectively. Peaks at 1300 — 1000 cm ™! represent the stretching bond
between the nitrogen atom in the amine group and the carbon atom in the alkane group
(C — N) and the stretching carbon oxygen bond in the primary alcohol group [262]. The
presence of the chloride ion in the ChCl is illustrated in the vibrational peak at 623
cm™1 [263]. From the LA spectrum in Figure 4.3b, the peak at 3393 ¢m ™1 represents
the stretching bond in the hydroxyl group (O — H). The trough peak appearance is due
to the presence of two hydroxyl group: one from the alcohol group and the other from
the carboxylic group. The O = C in the carboxylic group is shown through the
vibrational peak at 1710 cm™1. The stretching bonds of C — 0 and C — H in addition
to the bending bond of O — H from the hydroxyl and alkane groups in the lactic acid’s
structure are illustrated in the peaks over a wavenumber from 1450 to 800 cm™1.

A comparison between the three FT-IR spectrums in Figure 4.3 reveals the
occurrence of new interactions between ChCl and LA to produce NADES. The shift in

the carboxyl group of LA from 1710 ¢cm™? to 1741 cm™! in NADES in addition to a
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downward shift in the hydroxyl group to 3290 ¢cm ™1 and the formation of a wider and

flatter peak indicates the formation of a hydrogen bond between the two components

0=C

be obse

— 0 — H --- N). Furthermore, from the NADES spectrum in Figure 4.3c, it can

rved that both components (i.e., ChCl and LA) have retained their structure in

the formed solvents. Most of the distinguished peaks in ChCl and LA such as the peaks

at 1710

and 1212 cm™1 in LA and peaks at 1150, 800, and 623 cm™1 in ChCI appear

in the NADES spectrum as well.
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Figure 4.3: FT-IR spectrums for (a) ChCl, (b) LA, (c) ChCI:LA

respecti

From the FT-IR spectrums of MA and CA in Figure 4.4b and Figure 4.5b,

vely, the sharp and the trough peaks ranging between 3500 and 2500 ¢m ™1
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represent the O — H stretching in the hydroxyl and carboxyl groups in the acid
structures. Furthermore, the peaks at 1750 — 1690 ¢cm™! correspond to the carboxylic
groups (C = 0). Multiple peaks are shown in Figure 4.4b and Figure 4.5b due to the
presence of more than one C = O in the structure of MA and CA. The vibrations from
1450 to 800 ¢m~?! are indication of C — O stretching, O — H bending, and C — H
stretching from the hydroxyl and alkane groups in the acids’ structures. By comparing
the spectrums in Figure 4.4 and Figure 4.5, a shift in peaks of the carboxylic groups
from to 1724 ¢m™! and 1721 ¢cm™?! can be observed in ChCI:MA and ChCI:CA
NADESs, respectively. Furthermore, the formation of broader peaks in Figure 4.4c and
Figure 4.5¢ between 3500 and 2500 cm ™! indicates the formation of a hydrogen bond
between the nitrogen in the amine group and the hydrogen from the carboxyl group in
the acids. Similar to ChCI:LA, by analyzing the FT-IR spectrums for ChCI:MA and
ChCI:CA, it can be noticed that both the hydrogen bond donor and acceptor have
retained some of their structure as some of the peaks can be observed in both spectrums.
For example, the peak at 623 cm ™! which represents the halogen compound in choline
chloride can be observed in all of the NADESSs spectrums as well. The obtained results
show good agreement with the data available in the literature and prove the formation

of the new hydrogen bonding in the synthesized DES in this work [261-266].
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4.1.5. Conclusions
Some of the physical and thermal properties of the three NADES systems under
study including their density and thermal stability were investigated. Furthermore, the
FT-IR analysis of the synthesized NADES and their individual components was
performed to identify the functional groups in each component and to confirm the
formation of new interactions between them. The conducted characterization study
revealed the following conclusions:
e The hydrogen bond donor had a significant effect on the analyzed properties for the
NADES systems.
e For all three NADES systems under study, the density was found to decrease

linearly upon increasing the temperature at a constant pressure.
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The highest density was exhibited by ChCI:CA due to the strong interaction
between the components followed by ChCI:MA and ChCI:LA.

With a decomposition temperature (T,;) of 480 K (207°C), ChCl:MA NADES is the
most stable system under a wide temperature range followed by ChCI:LA and
ChCI:CA.

From the FT-IR analysis, the formation of a hydrogen bond between the hydrogen
atom in the carboxylic group in the acid and the nitrogen atom in the amine group
in ChCl was confirmed.

The obtained results were in good agreement and comparable to the available data

in the literature.
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4.2. Choline Chloride Based Natural Deep Eutectic Solvent for
Destabilization and Separation of Stable Colloidal Dispersions

4.2.1. Introduction

In the following section and for the first time, choline chloride (ChCI) based
NADES is introduced as a coagulant for bentonite suspension. The utilized NADES is
synthesized from ChCl as the HBA and lactic acid (LA) as the HBD with a 1:1 molar
ratio. This study concerns with analyzing the influence of ChCI:LA dosage on the
coagulation process of bentonite suspension and determining the destabilization
mechanism exhibited by NADES. Furthermore, it evaluates the effect of water on
NADES interactions and its performance as a coagulant in comparison to its
components. Hence, the influence of ChCl, LA, and a binary mixture of the two
components (will be referred to as ChCI-LA) on the stability of bentonite suspension is
investigated. The efficiency of each coagulant (i.e., ChCl, LA, ChCI-LA, and NADES)
is examined using key experimental parameters for coagulation including turbidity and
zeta potential measurements of the supernatant, floc size distribution, settling rate, and
final sedimentation volume.
4.2.2. pH dependence of Zeta and Turbidity Measurements

The effect of varying the pH of the bentonite suspension on its turbidity and
zeta potential is presented in Figure 4.6. At initial conditions and prior to the
hydrochloric acid addition, bentonite suspension represents a basic media with a
pH of 10. As a result, both the edges and the faces of bentonite particles possess are
negatively charged. Therefore, at a pH of 10, the turbidity and zeta potential of the
suspension were 350 NTU and —40.4 mV, respectively. Upon adding the H* ions, the
pH decreases gradually with no significant change in the turbidity measurements. When
the pH reaches 2 a drastic decrease in turbidity from 325 NTU to 11.2 NTU is exhibited
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resulting in a relatively clear supernatant. Furthermore, by reducing the pH of the
suspension toward more acidic conditions, the zeta potential moves toward a less
negative potential gradually. The reduction in the negative zeta potential is due to
neutralizing part of the negative charges on the bentonite particles by increasing the
concentration of the hydrogen ions in the suspension [17]. Consequently, the repulsive
forces between the particles and therefore the stability of the suspension are reduced
allowing the edge and faces of the bentonite platelets to come closer together producing

an edge-to-face (EF) structure and hence, settle without coagulation [17].
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Figure 4.6: Effect of pH on the turbidity and zeta potential of bentonite suspension.

4.2.3. Zeta and Turbidity Results of Bentonite
Turbid systems are very stable and usually associated with a highly positive or

highly negative zeta potential. According to the world health organization (WHO), a
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turbidity of 5 NTU or below is acceptable for agriculture and drinking water while
ideally turbidity of 0.1 NTU is preferred for drinking water [145,267].

Some researchers have shown that deep eutectic solvents dissociate in water at
different degrees. According to D’ Agostino et. al. [268], the dissociation degree of deep
eutectic solvents in water relies on the hydrogen bond donor and acceptor of the
synthesized solvent. Furthermore, in a study conducted by Hammond et. al. [269], it
was proven that above 42 wt% of water the DES—DES interactions in the studied
system start to weaken, and above 52 wt% of water the DES—water interactions become
stronger and dominant in the system and it can be described as an aqueous solution of
DES components. Therefore, to analyze the effect of water on the prepared ChCIl:LA
NADES and its efficiency as a destabilizing agent; ChCI, LA, and a mixture of both
components (ChCI-LA) were examined as destabilizing agents for bentonite
suspension. Figure 4.7 shows the turbidity and zeta potential behavior for coagulated
bentonite suspensions with four different additives (a) ChCl, (b) ChCI-LA, (c) ChCI:LA
NADES, and (d) LA. Prior to the addition of coagulant, both the edge and face of the
bentonite particles were negatively charged with a zeta potential of —40.4 mV and
turbidity of 350 NTU. Figure 4.7a illustrates the turbidity and zeta potential
measurements for bentonite suspension treated with ChCI as a coagulant. A small
reduction in the negative zeta potential to around —30 mV is obtained at a concentration
of 1.78 x 1072M (1.48 %v/v) due to the presence of a positively charged functional
group in the ChCl structure. Furthermore, ChCI was found to be effective in terms of
turbidity reduction; achieving a removal percentage of 98%. It is worthy to mention
that the pH of the dispersion remains constant at pH of ~9 after ChCl addition.

Next, the binary mixture of ChCl and LA (ChCI-LA mixture) was assessed as a

coagulant for the same bentonite suspension to further investigate the difference in the

113



performance with the synthesized NADES. The zeta potential and the turbidity results
for suspensions treated with ChCI-LA mixture with variable concentrations are
displayed in Figure 4.7b. At a concentration of 1.78 x 10™2M, a reduction in turbidity
and the negative zeta potential to 4.3 NTU (98.8%) and —22.5 mV, respectively were
achieved. Hence, the ChCI-LA mixture performance is very similar to the ChCl and the

effect of LA was observed in a further reduction in the negative zeta potential only.
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Figure 4.7: Turbidity and Zeta Potential of Bentonite Suspension as a function of (a)

ChCl, (b) ChCI-LA, (c) ChCI:LA NADES, and (d) LA concentrations.
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The effect of NADES on the turbidity and zeta potential of bentonite suspension
is illustrated in Figure 4.7c. A reduction in the magnitude of the zeta potential to
—18.8 mV at a concentration of 1.78 x 1072 M is associated with reduction in the
turbidity of the supernatant to below 1 NTU resulting in achieving a 99.8% removal
percentage and a clear supernatant. The high turbidity removal percentage combined
with a negative zeta potential can be attributed to the electrostatic patch coagulation
mechanism (EPC) where turbidity is efficiently removed without fully neutralizing the
negative charges possessed by the clay’s particles [106].

To explain the mechanism further, Figure 4.8 below shows the chemical
structure of the cationic polyacrylamide (CPAM) and ChCIl. CPAM is a cationic
polymer with a high molecular weight used as a flocculant for the treatment of clay
colloidal suspension. The cationic properties of the polymer come from the quaternary
ammonium group giving it an advantage over anionic and amphoteric polymers [17].
Figure 6b shows the chemical structure of ChClI. The similarity in structure between the
cationic PAM and ChCl especially in the presence of the quaternary ammonium group,
which play a vital role in the destabilizing process, rose our attention to the potential
use of choline chloride based NADES as a destabilizing agent and as an alternative for
inorganic coagulants such as multivalent metal salts represented in aluminum sulfate,
ferrous sulfate, ferric chloride, and ferric chloro-sulfate which have a potential
environmental risk due to the presence of residual metals in the treated water. ChCl and
cationic PAM have the same quaternary ammonium salt that promotes responsible for
the destabilization and charge neutralization of the colloids during the flocculation
process [17]. However, the number positively charged ammonium salt on the PAM
surface depends on the PAM molecular weight while choline chloride has only one.

Therefore, it is desired to study the similarity and differences in their mechanism and
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performance as a destabilizing agent in addition to understand the role of ChCI

presented in NADES during the destabilization process.
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Figure 4.8: Chemical Structure of (a) Choline Chloride and (b) Cationic Polyacrylamide

[67]

Flocculation of bentonite using PAM occurs through the adsorption of
polyacrylamide primary amide functional groups onto the edge surface of bentonite (i.e.
aluminol (AI-OH) and silanol (Si-OH) groups) via hydrogen bonding [17]. Thus,
charge neutralization becomes a major mechanism, where the cationic PAM will locally
reverse the particle surface charge. Collision with negative patches on another particle

allows bridging (Figure 4.10) then aggregation producing big flocs [169].
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Figure 4.9: Flocculation through bridging mechanism using cationic polymer (PAM)

On the other hand, for ChCI, the coagulation process occurs through partial
charge neutralization due to the attraction between the negatively charged bentonite
surface and the positively charged ChCl. However, bridging is not possible as in the
PAM case . Hence, coagulation occurs through the electrostatic patch (ESP) mechanism
described in Figure 4.10. Consequently, the flocs grow through the electrostatic patch
forces.

ESP coagulation takes place when a coagulant with low molecular weight/
short-chain is utilized to destabilize colloidal and suspended particles in water. In this
case, two zones will appear on the colloidal particles: the uncovered zone and the
neutralized zone occurring as patches due to adsorption of an oppositely charged
coagulant. As a result, particles’ aggregation will occur and loose flocs will form due
to the weak interaction between the particles. suspensions with high turbidity can be
treated efficiently by electrostatic coagulation without the need to fully neutralize the
surface charge of the particles [106]. Both coagulation through ESP and flocculation
via bridging have efficient results in terms of turbidity removal and supernatant clarity,
however, the main difference is the formation of larger and stronger flocs through

bridging due to the longer chains of the utilized agent.
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Figure 4.10: Coagulation through electrostatic patch mechanism using ChCl based

NADES

Figure 4.7d represents the changes in the magnitude of zeta potential and
turbidity upon the addition of LA at different concentrations to the bentonite
suspension. It can be observed that in terms of turbidity reduction, LA was not efficient
as the obtained turbidity at a concentration of 1.78 x 10™2 M was 336 NTU which is
in the same range as the untreated bentonite suspension. However, a significant drop in
the zeta potential magnitude to —22 mV is observed which is attributed to the positive
charges gained by edges of the bentonite particles under low pH conditions [270]. At
the same concentration of 1.78 x 10~2 M, suspensions treated with NADES, ChCI-LA,
and LA exhibit the same pH value of ~3. Hence, the acidic environment by itself does
not represent the only reason behind the high turbidity removal percentage obtained
when NADES and ChCI-LA mixture were utilized for the destabilization of bentonite
colloidal particles.

Destabilization and coagulation of bentonite suspension through the EPC
mechanism were exhibited when NADES, ChCl, and ChCI-LA mixture were employed
as destabilizing agents. At the highest analyzed concentration (i.e., 1.78 x 1072 M),

close results were obtained for the three active coagulants. Nevertheless, NADES was
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the most efficient coagulant even at a very low dosage of 2.9 x 1073 M (i.e,
0.25 %v/v) achieving supernatant turbidity of less than 5 NTU. While for ChCI and
ChCI-LA mixture, a higher dosage was required to achieve a similar performance level
as NADES. Both NADES components, ChCl and LA, affected the bentonite suspension
in terms of turbidity removal and zeta potential, respectively. However, the formation
of a hydrogen bond between the HBD and HBA in the NADES resulted in a coagulant
with a higher molecular weight and a longer chain, therefore, a better destabilization
performance

To further show the effectiveness of each proposed coagulant; turbidity of 5
NTU was set as a standard value as it represents the upper limit of the allowed turbidity
for agriculture and drinking water [145,267]. Figure 4.11 and Table 4.1 show the
concentration of each coagulant at which the supernatant turbidity is equal to or less
than 5 NTU. Only NADES and ChCI-LA mixture were able to achieve the required
target at a concentration of 2.80 x 10™3 M (0.23 %v/v) and 1.69 x 1072 M (1.42
%vl/v), respectively. However, the needed concentration to achieve the targeted value

using ChCI-LA coagulant was around six times higher than the NADES concentration.

Table 4.1:Concentration of Coagulant Required to Achieve Turbidity <5 NTU

Coagulant Coagulant Concentration (M)  Turbidity (NTU)

NADES 2.80 x 1073 5

ChCI-LA 1.69E x 1072 5
ChCl NA NA
LA NA NA
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Figure 4.11: Turbidity of Bentonite suspension as a function of concentration for all

tested coagulants

4.2.4. Floc size distribution

The size of the produced flocs in the coagulation process can be expressed in
terms of the D-values. D10, Dso, and Dgo provide the floc diameter at 10%, 50%, and
90% in the cumulative floc size distribution, respectively. Commonly, Dso describes the
median diameter of particles before and after the coagulant addition. Therefore, in the
present study, Dso is employed to investigate the influence of coagulant type and
concentration on the size and characteristics of the formed floc. The main purpose of
the treatment process through destabilization of colloidal particles is represented in the
turbidity reduction and formation of clear supernatant. However, the ease of the
handling process of the produced sediments in further treatment stages is very crucial.
Therefore, the particle size distribution was analyzed over a wider coagulant

concentration range.
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Table 4.2 presents the particles median diameter of both untreated and treated
suspensions with concentrations of 3.48 x 1072 M and 6.76 X 1072M. Untreated
bentonite suspension possesses very fine particles with a median diameter of 2.5 um.
Similar to the results obtained from the turbidity measurements, suspensions treated
with LA did not show any significant changes in the floc size even at a high dosage
compared to untreated suspension. For example, at a coagulant concentration of
3.48 X 1072 M and 6.76 x 10~2M the resultant sediment had a floc size with a Ds, of
2.6 um and 3.3 um, respectively. Thus, the use of LA for coagulation of bentonite
suspension is not efficient. Furthermore, any reduction in the turbidity is attributed to
the precipitation of particles without aggregation confirming the obtained results in

Figure 4.7.

Table 4.2: Coagulant Dosage with Corresponding Median Floc Diameter

Coagulant  Coagulant Concentration (Molar) Dso (Um)

- - 2.50
3.48 x 1072 21.80
NADES
6.76 X 1072 36.70
3.48 x 1072 8.57
ChCI-LA
6.76 x 1072 12.30
3.48 X 1072 5.74
ChCl
6.76 X 1072 10.50
3.48 x 1072 2.55
LA
6.76 x 1072 3.30
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Figure 4.12 illustrates a comparison between the coagulants (i.e., NADES,
ChCl, and ChCI-LA) in terms of the floc size as a function of concentration. It can be
observed that the floc size increases gradually with concentration upon the addition of
ChCl, the mixture of ChCI-LA, or NADES. At the same coagulant dosage, it is clear
that NADES forms the largest flocs with a median diameter of 36.7 um due to the
stronger interaction between the bentonite particles and the NADES chains. Therefore,
it can be concluded that ChCI:.LA NADES shows the best performance as a
destabilizing agent even at lower concentrations compared to ChCl, LA and the ChCl-
LA mixture. Furthermore, it is worth mentioning that even though some studies showed
that above 52 wt% of water the DES system will be described as an aqueous solution
of DES components, however, the destabilization process of colloids and floc formation
are very fast and occur within seconds. Therefore, the addition of NADES to the
bentonite suspension results in better outcomes compared to the mixture of ChCl and
LA (ChCI-LA). This supports the hypothesis that NADES still retain their structure
within the first seconds of addition and their superior effect is clear on bentonite

suspension stability.
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Figure 4.12: Floc size of bentonite suspension treated with ChCI, ChCI-LA, and

NADES at different concentrations

Figure 4.13 represents the particle size distribution of suspensions treated with
NADES, ChClI, and ChCI-LA at a constant concentration of 6.76 x 1072 M. It can be
observed from Figure 4.13 that when a coagulant with a greater molecular weight/
longer chain is utilized, the distribution peak shift to the right of the untreated
suspension’s peak indicating the formation of larger flocs [17]. Hence, NADES (MW =
229.70 g/mol) resulted in the formation of the largest flocs with a D5, of 36.7 um
followed by ChCI-LA mixture D, of 12.3 um. Lastly, the smallest flocs with a median
diameter of 10.5 um were formed when ChCl (MW = 139.6 g/mol) was utilized as a
coagulant. Larger flocs were formed by ChCI-LA coagulant compared to ChCI
coagulant due to the effect of LA on the pH of the suspension. As a result, the edges of
the clay particles became positively charged and are attracted to the negatively charged

faces of the particles leading to the formation of larger flocs.
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Figure 4.13: Floc size distribution of bentonite suspension treated with 3 coagulants at

a concentration of 6.76x1072M

Furthermore, the size of the formed flocs is highly influenced by the concentration
of the coagulant in the suspension. Figure 4.14 represents the particle size distribution
of suspensions treated with NADES as a function of concentration. Upon increasing
the NADES concentration in the suspension from 9.0 x 1073M t0 6.76 x 1072 M, the
distribution peack shift to the right of the untreated suspension peak. Thus, increasing
the dosage up to a certain limit is associated with an increase in the size of the formed
flocs. Similarly, ChCl and ChCI-LA mixture demonstrate the same behavior upon
increasing the utilized concentration. The increase in the floc size upon increasing the
coagulant concentration arises from neutralizing more patches on the particles’ surface
and hence, further reduction in the repulsive forces. Accordingly, more particles will

move closer to each other forming larger flocs.
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Figure 4.14: Floc size distribution of bentonite suspension treated with NADES at

different concentrations.

4.2.5. Settling Behavior

The settling test is an analysis method to evaluate the settling ability and
characteristics of the formed flocs. The settling behavior of the flocs is a function of the
floc size, the coagulant type and dosage, and the ratio of solid to water. large flocs with
rapid settling rate and high compactness properties are desirable in water treatment
processes [170]. The settling rate and the final sediment volume for suspensions treated
with NADES and ChCI-LA at concentrations of 3.48 x 1072 M and 6.76 X 1072 M
are illustrated in Figure 4.15. The final sediment volume of the treated bentonite is in
agreement with the floc size results. From Figure 4.15, it can be observed that the final
settling volume for suspensions treated with NADES is greater than that for suspensions
treated with ChCI-LA mixture. Furthermore, the final volume of NADES is reached
faster than ChCI-LA mixture. For instance, at a constant concentration of

3.48 x 1072 M, final settling volume of 90 mL was reached after 45min for
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suspension treated with NADES. On the other hand, suspension treated with ChCI-LA
mixture exhibited a final settling volume of 75 mlL after 60 min. The higher settling
rate and volume exhibited by suspensions treated with NADES are attributed to the
formation of larger flocs, almost 2.5 times the flocs formed by ChCI-LA mixture.
Moreover, increasing the applied dosage is associated with the formation of flocs with
greater median diameter. Hence, a faster settling rate and larger sediment volume are
expected upon increasing the dosage. For NADES, increasing the concentration from
3.48 X 1072 M t0 6.76 x 102 M the settling time decreased from 45 min to 30 min.
Eventhough larger flocs were produced at 6.76 x 102 M, however, due to their higher

compactness the settling volume remained tha same (i.e., 90 mL).
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Figure 4.15: Settling Behavior of Bentonite Suspension Treated with 3 coagulants at

(a) 3.48x1072M and (b) 6.76x1072 M. The onsets display a closer look for the first 5

minutes.

4.2.6. Conclusions
NADES, ChClI, ChCI-LA, and LA were tested as destabilizing agents for stable
bentonite suspension. The study was conducted to evaluate the efficiency and
performance of NADES as coagulants and to determine the effect of each component
on the stability of the suspension. Zeta potential, turbidity measurement, floc size
distributions, and settling test were used as evaluation methods for all coagulants. From
the obtained results, the following conclusions can be made:
e NADES was the most effective coagulant with almost a 100% turbidity removal
associated with the highest reduction of the negative zeta potential (—18 mV’) and

flocs with the largest median diameter followed by ChCI-LA mixture and ChCI.
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ChCl and ChCI-LA mixture gave relatively similar outcomes in terms of turbidity
while less negative zeta potential and larger flocs were achieved using ChCI-LA
mixture due to the positive charge gained by the edges of the particle under low pH
conditions.

A significantly lower dosage of NADES was required to achieve the same results
obtained by of ChCl and ChCI-LA at an optimum concentration of 1.78 x 1072 M.
LA was an inefficient coagulant for bentonite suspension as the changes in the
turbidity (336 NTU) and the floc size (3.3 um) were not significant compared to
the untreated suspension (350 NTU and 2.5 um).

Electrostatic batch coagulation mechanism (EPC) was observed in bentonite
suspension treated with the three active coagulants which explain the negative zeta
potential and the formation of micro-scale loose flocs with high turbidity removal
percentage.

Between NADES and ChCI-LA mixture, a higher settling rate was exhibited by
suspensions treated with NADES. Moreover, increasing the coagulant dosage
further enhances the flocs settling rate and reduces the sediment volume as more
compacted flocs are produced.

The difference in the coagulation efficiency of NADES and ChCI-LA mixture in
terms of floc size, turbidity removal percentage, and settling rate and volume is due
to the presence of a hydrogen bond connecting ChCl and LA in NADES resulting
in a compound with higher molecular weight/ longer chain and hence, a better

coagulant.
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4.3. Destabilization of Stable Bentonite Colloidal Suspension Using
Choline Chloride Based Deep Eutectic Solvent: Optimization Study

4.3.1. Introduction

The appropriate implementation of the destabilization and separation process is
essential to achieve the desired results of the maximum reduction in negative zeta
potential and turbidity and maximizing the produced flocs size, which is important for
further handling and treatment. The right execution depends mainly on the
concentration of the selected coagulant, pH, and the suspended solid content (initial
turbidity) [258]. In traditional practices, process optimization is achieved by optimizing
each variable individually; where one variable is changing while the rest remains
constant. However, such practices are very time consuming and unreliable process as
they do not take into consideration the interactions between the different variables.
Therefore, using a computational method to study the relation between the variables
and their effect on the studied responses is necessary to find the optimum operating
conditions that attain the targeted results [271].

Response surface methodology (RSM) is a statistical and mathematical method
that combines experimental design, regression analysis, and optimization methods to
optimize the process conditions by providing an experimental design with a specified
number of experiments, Thus, reducing the required time and improving the accuracy
of the obtained results [271,272]. Generally, RSM is employed for modeling and
optimization of processes with a number of independent variables that influence the
behavior and the performance of the system [59]. RSM can be conducted by different
sampling methods such as central composite design, full factorial, and Box Behnken.

Therefore, this section further investigates the use of choline chloride based

NADES as a destabilizing agent for stable colloids under different conditions. A
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comparative study was performed to analyze the performance of three ChCl based
NADES with different HBD which are lactic acid (LA), malic acid (MA), or citric acid
(CA) as a coagulant for highly stable bentonite suspension. Furthermore, response
surface methodology (RSM) and central composite design (CCD) were used to design
a set of experiments to investigate the effect of the coagulant dosage and the bentonite
concentration on the destabilization process of bentonite suspension using ChCI:LA
NADES. The effects of these two variables were recorded in terms of the changes in
zeta potential, pH, and turbidity of the suspension in addition to the variation in the size
of the formed flocs. Furthermore, the experimental results in combination with the
computational methods were employed to determine the optimum operating conditions

for the process.

4.3.2. Performance analysis

Several factors influence the destabilization process of colloidal particles
including type and dosage of the used coagulants, colloid concentration, and pH of the
system [95]. Under basic conditions (i.e., pH > 7), colloidal suspensions are very
stable due to domination of repulsive forces between the particles. On the other hand,
lowering the pH values play a major role in the destabilization process by reducing the
repulsive forces between the particles and hence, reducing overall negative charge and
promotes further aggregation [17]. Therefore, in this study, the performance of three
acidic ChCl based NADESs (i.e., ChCI:LA, ChCIl:MA, and ChCI:CA) as coagulants for
highly stable bentonite suspension was analyzed in terms of the reduction in negative
zeta potential, the turbidity of the supernatant, and the floc size of the resultant
sediment. This analysis was conducted in order to study the effect of NADES with

different HBD on the destabilizing process.
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4.3.2.1. Turbidity and Zeta Potential

Turbidity and zeta potential measurements for the treated bentonite suspension
using different ChCl based NADES coagulants (ChCI:LA, ChCI:MA, and ChCI:CA)
are presented in Figure 4.17 and Figure 4.17, respectively. Untreated bentonite
suspension demonstrates turbidity of 350 NTU and a zeta potential of —40.4 mV. From
Figure 4.17, it can be observed that for all of the investigated coagulants, the turbidity
decreases with increasing the coagulant concentration. At the lowest coagulant dosage
of 2.98 x 1073 M, ChCI:LA attained a supernatant turbidity of below 5 NTU while
suspensions coagulated with ChCI:MA and ChCI:CA achieved a reduction in the
turbidity to below 100 NTU. The turbidity continued to gradually decrease until it
reached a minimum value of less than 1 NTU by ChCI:LA and ChCI.CA at a
concentration of 1.78 x 1072 M. On the other hand, at the same dosage, suspensions
treated with ChCl:MA exhibited turbidity of 2.5 NTU which is close to the final
turbidity obtained when ChCI:LA was used at a concentration of 2.9 x 103 M. Hence,
ChCI:MA is effective as a coagulant, however, a larger dosage is required to achieve

better results compared to ChCI:LA and ChCI:CA.
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Figure 4.16: Turbidity as a function of the concentration for bentonite suspension

treated with ChCI:LA, ChCI:MA, and ChCI:CA

Commonly, the reduction in the turbidity of the supernatant is associated with
an increase in the corresponding zeta potential. From Figure 4.17 it is shown that the
maximum increase in the magnitude of the zeta potential was achieved at a
concentration of 1.78 x 1072M by ChCI:CA with a zeta potential of around -16 mV
followed by ChCI:LA and ChCI:MA with a magnitude of —18 mV and —22 mV,
respectively. The changes displayed by the bentonite suspension upon the addition of
the NADES systems are attributed to the positive charges presented in the NADESs’
structure, which get attracted by the negative charges on the surface of the bentonite
particles resulting in partially neutralizing some of the charges and thus reduces the
surface negative zeta potential. Moreover, the negative zeta potential alongside the high
reduction in turbidity is mainly due to the electrostatic patch coagulation mechanism
which is observed when a coagulant with a low molecular weight is employed to
destabilize suspended clay particles [106,107]. Furthermore, it is worthy to mention

that the system's pH was not changed before the coagulant addition and the drop of the
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pH value was a result of the organic acids in the used NADES. The final pH of all
suspensions upon the coagulant addition was within the same range at all

concentrations.
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Figure 4.17: Zeta potential as a function of the concentration for bentonite suspension

treated with ChCI:LA, ChCI:MA, and ChCI:CA.

4.3.2.2. Particle Size Distribution

The effect of the three investigated coagulants on the destabilization and
coagulation of bentonite suspension was analyzed in terms of the median diameter (Dso)
of the produced flocs. Figure 4.18 illustrates the effect of the coagulation process using
ChCI:LA, ChCI:MA, and ChCI:CA NADESs on the floc size as a function of
concentration. Untreated bentonite suspension has a median diameter of 2.5 pum
demonstrating a slight swelling in the particles upon mixing it with water. It can be

observed from Figure 4.18 that upon the addition of the NADES coagulants to the
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bentonite suspensions, the size of the flocs increases significantly. Increasing the
concentration from 3.48 x 1072M to 6.76 x 1072M led to an increase in the floc size
from 18.4 um, 21.8 um, and 29.1 pm to 22.3 um, 36.7 um, and 36.2 um for ChCl:MA,
ChCI:LA, and ChCI:CA, respectively. At the same coagulant concentration, the
difference in the median diameter of the flocs is due to the different adsorption capacity
of each coagulant on the surface of the particle [17]. The increase in the floc size as a
result of the coagulant addition to the suspension is attributed to the decrease in the
electrostatic repulsive forces between the particles rising from partially neutralizing
some of the negative charges on the surface of the bentonite particles. Thus, the particle
were allowed to come closer to each other promoting aggregation and flocs formation.
Higher coagulant dosage leads to a further reduction in the repulsion forces and hence,
the formation of larger flocs [17]. The produced flocs can be described as a micro-scale
loose floc as their formation is a result of destabilization using a short-chain coagulant

through electrostatic patch coagulation mechanism (EPC) [106,107].
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Figure 4.18: Floc size of treated suspensions using ChCI:LA, ChCI:MA, and ChCI:.CA

at concentrations of 3.48 X 1072M and 6.76 x 1072M.

From the conducted analysis on ChCI:LA, ChCI:MA, and ChCI:CA, it can be
concluded that the performance efficiency of the three investigated coagulants is
relatively similar in terms of maximizing the zeta potential and the floc size in addition
to reducing the turbidity. However, both ChCI:LA and ChCI:CA have slightly better
performance efficiency than ChCI:MA. Furthermore, the synthesis of ChCI:LA is
simpler and more time-efficient (maximum 1 hour) compared to ChCIl:CA which
requires a minimum preparation time of 24 hours for both components to completely
dissolve in each other. Hence, for the optimization study in the following section, the
process conditions of the destabilization and separation of bentonite suspension in
terms of the coagulant dosage and the bentonite concentration will be optimized using
ChCI:LA NADES. ChCIl:LA NADES was selected as it is efficient, easy to prepare,

and remains liquid at room temperature while the other two studied NADESs are highly
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viscous and require pre-heating before using them in the coagulation process.

4.3.3. Statistical Analysis

Experiments were conducted according to the run order from Table 3.5 and the

full result of the responses for the experimental design is presented in Table 4.3.

Table 4.3: RSM Experimental results of the four studied responses

Zeta Turbidity Floc size
Run Order  Potential Removal pH
Dso (um) Do (Um)
(mV) (%)
1 -16.6 99.91 22.3 63.9 2.36
2 -20.7 99.80 22.7 64.8 3.50
3 -16.2 99.83 29.7 70.6 2.33
4 -15.9 99.22 20.2 48.6 2.30
5 -22.7 97.49 4.0 13.7 4.04
6 -14.1 99.89 24.1 57.9 2.37
7 -14.2 99.85 29.2 66.2 2.35
8 -7.2 99.92 31.6 67.8 2.28
9 -7.9 99.90 32.4 66.3 2.20
10 -21.7 98.78 10.2 29.1 3.50
11 -17.0 99.91 31.1 68.1 2.43
12 -17.0 99.91 30.0 68.6 2.50
13 -5.8 99.47 29.8 61.1 2.12
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The relationship between the studied variables of the destabilization and
separation process which are the ChCI:LA dosage and the bentonite concentration and
the responses (turbidity, zeta potential, floc size, and pH) was analyzed through
response surface methodology (RSM). Table 4.4 shows the significance of each
developed model and the variation of the fitted data around the model through lack of
fit (LOF) which was evaluated using the P-value with a confidence level of 5%. If the
obtained P-value was less than 0.05 it indicates the significance of the model, otherwise,
it is insignificant. From Table 4.4, it can be observed that all the models except the
turbidity model are significant with a P-value below 5%. Furthermore, except for the
turbidity measurement, the lack of fit of each response was insignificant (> 5%)

indicating the significance of the correlation between the variables and responses [273].

Table 4.4: Significance results of the studied responses

Response Model significance LOF
Turbidity 0.089 0.000
Zeta potential 0.001 0.155
pH 0.000 0.098
Dso 0.002 0.678

Floc size
Dgo 0.003 0.096

The insignificance presented in the turbidity model is mainly due to the constant
turbidity removal percentage (~99%) which leads to the absence of variation in the

turbidity values and therefore, the lack of fit of the resultant model. Another
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experimental study was performed by generating an experimental design using RSM
and CCD with a wider range for the bentonite concentration. It was desired to
investigate the effect of the ChCI:LA dosage on a highly concentrated colloidal system
and the coagulation process. However, the design resulted in an insignificant model for
the turbidity as well since the removal percentage varied between 97% and 99%. Thus,
the turbidity as a response was excluded from the study.

4.3.3.1.0ptimization of the zeta potential and pH

The experimental values of zeta potential and pH for the coagulation process
are presented in Table 4.3. The regression models of zeta potential and pH are described
by Eg. 4.1 and Eq. 4.2, respectively.

Yzp = —24.53 4+ 0.197 x; + 0.17 x, + 0.000928 x,2 + 0.018 x,2 —
0.0102 x;x, .. Eq. 4.1
(R? = 0.929, adjusted R? = 0.878)
Ypu = 4392 — 0.07165x; — 0.0594x, + 0.000550x,2 +
0.00760x,% + 0.000661x;x, .. Eq. 4.2
(R% = 0.995, adjusted R? = 0.991)

Where X1 is the ChCI:LA dosage in mM and x: is the bentonite concentration in
gL"t. From the above equations, variables with positive signs imply a synergistic effect
while an antagonistic effect is donated by variables with negative sign [274]. For the
zeta potential model, the correlation coefficient (R? = 0.929) alongside the adjusted
correlation coefficient (adj. R? = 0.878) imply that around 12% of the experimental
data deviate from the implemented model. Similar to the zeta potential model, the high
correlation coefficient (~1) of the pH regression model indicates the good fit between
the experimental data and the second order polynomial model [256].

Table 4.5 illustrates the significance of each term in the produced models
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according to the obtained p-value. For the pH model, it can be observed that both the
ChCI:LA dosage (x1) and the bentonite concentration (x2) in the system in addition to
the square term (x12) are highly significant where their p-values are less than 0.05 while
the remaining square and interaction terms are insignificant with a p-value higher than
5%. On the other hand, only the ChCI:LA dosage (x1) is significant for the zeta potential
model and the remaining terms can be excluded as their effect is insignificant on the

magnitude of the system electric potential [275].

Table 4.5: Significance of the models’ variables in Equations 4.1 and 4.2 for zeta

potential and pH in terms of the P-value.

P-value
Model’s variables
Zeta Potential (mV) pH
X1 0.000 0.000
Xy 0.713 0.031
X1Xq 0.377 0.000
Xp Xy 0.904 0.125
X1X5 0.530 0.212

According to Equation 4.1, the optimum conditions to obtain the maximum
reduction in negative zeta potential are 70.0 mM for the ChCI:LA dosage and 1.5 gL
for the bentonite concentration in the suspension which will result in zeta potential of

—6.97 mV. On the other hand, it is desired to minimize the pH of the system as lower
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pH enhances the destabilization process. Therefore, from Equation 4.2, the optimal
design conditions for minimizing the pH of the system are 64.3 mM for the ChCI:LA
dosage and 1.5 gL for the bentonite concentration giving a pH of 2.05.

With zeta potential and pH as responses for the designed experiment, Figure
4.19 shows the surface plot of both responses as a function of the ChCI:LA dosage (x1)
and the bentonite concentration (x2). It is noted that the optimum conditions for
minimizing the pH value and maximizing the zeta potential both fall within the selected
range for the study. Furthermore, it is observed that both responses are primarily
affected by the variation in the ChCI:LA dosage, as increasing the dosage reduces the
pH and hence increases the zeta potential [17]. The effect of the bentonite concentration
on the responses is limited and unfavorable as at a constant ChCI:LA dosage. For
example, at a constant ChCIl:LA dosage (x1) of 67.72 mM a higher bentonite
concentration leads to a slight decrease in the zeta potential from —7.67 mV at 1.5 gL~
! t0 —9.41 mV at 6 gL™*. Whereas for the pH, at the same bentonite concentration of
1.5 gLt the pH decreases from 2.495 at 35.8 mM to 2.051 at 64.87 mM, while
increasing the X2 in the system from 1.5 gL to 6 gL at a constant ChCI:LA dosage

of 64.87 mM leads to increasing the pH from 2.051 to 2.233, respectively.
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Figure 4.19: Surface graph of the (a) zeta potential and (b) pH as a function of the

ChCI:LA dosage (x1) and the bentonite concentration (X2)

To further assess the quality of the fit and the reliability of the model, the
predicted values generated from the designed models should show a satisfactory result

when compared to the experimental values [276]. Therefore, plots of the predicted
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values from the generated models (equations 4.1 and 4.2) versus the experimental
values are shown in Figure 4.20. According to the regression coefficients (R?), the
predicted values of both the zeta potential and pH model are in good agreement with

the obtained experimental results.
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Figure 4.20: Graphical verification of the regression models for zeta potential (a) and

pH (b)

4.3.3.2. Optimization of the sediment floc size

The floc size of the resultant sediment was described by the particle diameter at
50% of the cumulative distribution curve where half of the flocs have a diameter below
Dso. It is also known as the median diameter and used to describe the average floc size
of the sediment. Moreover, it was described by (Dgo) which indicates that 10% of the
produced flocs have a diameter higher than Dgo. The experimental values of the floc
size (Dso and Dgo) for the destabilization and separation process are presented in Table
4.3. The regression models of Dsg and Dgo are described by Eq. 4.3 and Eq. 4.4,

respectively.
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Yp,, = —9.53 + 0.945x; + 4.28x, — 0.00562x,2% — 0.121x,% — 0.0442 x,x, .. (Eq.
4.3)
(R? = 0.909, adjusted R? = 0.845)
Yp,, = —19.1+ 2.210x; + 11.48x, — 0.01530x;2 — 0.354x,2 — 0.1199x; x; ..
(Eq. 4.4)
(R? = 0.889, adjusted R? = 0.811)

The correlation coefficients and the adjusted correlation coefficient of the
regression models show the accuracy of the model prediction. Eq. 4.3 describing the
median floc size (Dso) shows an accuracy of around 85% implying that around 15% of
the experimental data variation could not be explained by the produced models.
Furthermore, Equations 4.4 have lower estimation accuracy of the results and only
around 19% of the predicted data deviate from the experimental values [277].

Table 4.6 demonstrates the p-values of the linear (x1 and x2), square (xi? and
X22), and interaction (x1x2) terms of the obtained models. From Table 4.6, both Dso and
Dgo models expressed by Equations 4.3 and 4.4, respectively are significant in respect
of both linear terms (x1 and x2) in addition to the square term of the ChCI:LA dosage
(x1%). However, for x2? and xixz, the models are insignificant, thus, they do not have a

dominant influence on the size of the resultant flocs.
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Table 4.6: Significance of the models’ variables in Equations 4.3 and 4.4 for Dsg and

Dgo in terms of the P-value

P-value
Models’ variables
Dso (Lm) Dgo (Lm)
Xy 0.000 0.001
X5 0.023 0.013
X1X1 0.017 0.006
XX 0.652 0.550
X1X 0.164 0.095

Generally, it is desired to maximize the D-values as the larger the flocs the easier
the dewatering and treatment processes of the obtained sludge. Therefore, from
Equations 4.3 and 4.4, the optimum conditions for maximizing the values of Dso and
Dgo are as the following: 60.3 mM with 6 gL and 48.9 mM with 6 gL%, respectively.
Treating bentonite suspension systems with the stated conditions will results in flocs
with Dsp of 32.35 pm and Dgo of 73.34 pm.

Figure 4.21 shows the surface plots of the floc size (Dso and Dgo) as a function
of the ChCI:LA dosage and the bentonite concentration in the system. The optimum
conditions that maximize the two D-values fall within the selected range for the
optimization study. Furthermore, both surface plots exhibit a concavity which indicates
the sensitivity of the responses to both variables: the ChCI:LA dosage (x1) and the
bentonite concentration (x2) in the observed systems [257]. Nevertheless, it can be

observed from Figure 4.21b that after reaching a maximum value of 73 um at x» of 6
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gL and x; of almost 49 mM, the Dgo value starts to decrease gradually with increasing
the coagulant dosage to 71.1 um at 60.3 mM and 66.4 pum at 70 mM. This behavior can
be attributed to the fact that the bentonite particles’ surface becomes saturated with the

coagulant and can connect with other particles through limited sites only [17].
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Figure 4.21: Surface graph of the floc size (a) Dso and (b) Dgo as a function of the

ChCI:LA dosage (x1) and the bentonite concentration (x2)
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For the verification of the produced models for the floc size and to check their
reliability, a graphical comparison between the predicted values from the model and the
experimental results are represented in Figure 4.22. It can be noticed from the
regression coefficient (R?) for the linear fit that the relation between the predicted
values from the models and the experimental results are showing similar trends with
Equations 4.3 and 4.4 where Dso model showed a better prediction accuracy with an R?

of 0.91 followed by Dgo and with R? of 0.89.
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Figure 4.22: Graphical verification of the regression models for the floc size (a) Dso and

(b) Dgo.

4.3.3.3. Multiple Response Optimization

In the previous sections, the optimum conditions were found for each response
individually without taking into consideration the results of the remaining responses.
Therefore, in this section, the optimization of the destabilization and coagulation
process variables with respect to all responses is conducted using multiple response

optimization function in Minitab.
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The optimization results were evaluated using the composite desirability value.
Composite desirability evaluates the ability of the designed model to satisfy the
optimization conditions; its value ranges from zero to one. To be able to achieve the
desired target; composite desirability close to unity is required [259,278]. By using
multiple response optimization function to achieve maximum reduction in the negative
zeta potential and pH in addition to maximizing the floc size the obtained composite
desirability was 0.978. Therefore, the optimum condition of the destabilization and
separation process of bentonite suspension was found to be as following: bentonite
concentration of 3.48 gL and a ChCI:LA dosage of 77 mM which will result in zeta
potential of -5.8mV, floc size of 31.5 um and 63.8 um for Dsg and Do, respectively and
a pH of 2.2. Figure 4.23 shows the overlaid contour plot of the responses as a function
of the two variables. The shaded area represents the unfeasible region where the
optimization of all responses together is not possible. On the other hand, the white area
is the feasible region where it is possible to optimize all responses at the same time
[279]. It can be noticed that the feasible region includes the optimized conditions of the

process (3.48 gL and 77 mM) implying the validity of the results.
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Figure 4.23: Overlaid contour plot of the optimal region

Additional three experimental runs using both ChCI:LA dosage and bentonite
concentration as the independent variables with one run within the optimum region
(shown in Figure 4.23) were conducted to confirms the validity of the designed
experiments. Table 4.7 presents the conditions, experimental results, and the error
percentage with the predicted values from the model. As shown in Table 4.7, the
experimental results, of zeta potential, pH, and floc size (Dso and Dgo) are close to the
predicted model with an error percentage varying from 2% to 11% with the highest

percentages were due to variation in zeta potential values.
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Table 4.7: Experimental confirmation of the designed models

Response

Conditions Zeta Potential Dso Dao
pH
(mV) (um) (Hm)

x, =348mM,x, =3 gLt

Experimental Value -15.8 2.45 21.8 53.59
Model Response -16.94 2.52 23.69 58.02
Error % 7.24 3.01 8.65 8.27

x, =67.6mM,x, =15 gL™?

Experimental Value -6.92 2.15 28.61 66.79
Model Response -7.71 2.06 30.34 64.64
Error % 11.43 4.19 6.05 3.22

x, =17.8mM ,x, = 10 gLt

Experimental Value -21.2 3.30 27.33 74.98
Model Response -19.05 3.57 28.34 73.45
Error % 10.14 8.18 3.70 2.04

4.3.4. Conclusions

Choline chloride based NADES was proved to be an effective coagulant for the
destabilization and separation of stable colloidal suspension. In this study, three ChCl
based NADESs with lactic acid, malic acid, and citric acid as the HBD (ChCI:LA,
ChCI:MA, and ChCI:CA) were employed as a coagulant to investigate the effect of the

organic acid side of the NADES. The following conclusions were drawn:
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The three NADESs were evaluated in terms of the removal percentage of the
supernatant’s turbidity, the reduction in the negative zeta potential, and the floc size
of the resultant sediments. Both ChCIl:LA and ChCI:CA showed very efficient
performance as a destabilizing agent with almost similar results in all of the
evaluated parameters with a reduction in the turbidity to below 1 NTU, floc size of
36 pm, and a zeta potential of -18 mV and -16 mV, respectively.

ChCI:LA was designated the most suitable and convenient coagulant in terms of
efficiency and simplicity of the synthesis method compared to ChCI:CA, therefore,
the optimization study was conducted using ChCI:LA.

The experimental design through RSM analyzed three main parameters that are
significantly affected during the destabilization of colloidal particles which are the
zeta potential, pH, and the floc size (Dso and Dgo) by varying the NADES and
bentonite concentration in the system.

The optimum condition for the coagulation process of bentonite colloidal
suspension using ChCIl:LA NADES was found to be as following: 77 mM for the
ChCI:LA dosage and 3.48 gL for the bentonite concentration in the system
resulting in -5.8mV, 31.5 um 63.8 um, and 2.2 for the zeta potential, floc size (Dso

and Dgo), and pH, respectively.

150



4.4. Influence of Choline Chloride Based Natural Deep Eutectic Solvent
on the Rheological Behavior of Bentonite Suspension

4.4.1. Introduction

At present, several researches that study the influence of inorganic and organic
coagulants on the behavior of clay suspension are available in the literature [180,193].
Furthermore, researches investigating the utilization of polymeric flocculants such as
polyelectrolytes and the effect of their charge density, molecular weight, and adsorption
affinity are heavily conducted [17,170]. However, most of these studies analyze the
coagulation/ flocculation degree in terms of the zeta potential, turbidity, and floc size
only. Performing rheological analysis on coagulated/ flocculated clay suspension is an
important method to understand the mechanism and evaluate the strength of the formed
flocs. Yet, researches that study the relationship between the type/ structure of the
coagulant/ flocculent with the destabilization degree and rheological behavior of clay
suspension are still very limited. To this end, in the following sections, the kinetics of
the dewatering process were investigated by zeta potential, { , flocs size, and capillary
suction time (CST) measurements for treated bentonite suspensions with ChCl based
natural deep eutectic solvent (ChCI:LA NADES). In addition, yields stress (z,), elastic
modulus (G'), and viscous modulus (G'") were measured for the same bentonite
suspensions to study the shear sensitivity and elasticity behavior of the coagulated
network. Thereby, linking these properties to the mechanical limit of the material
during the dewatering process. Furthermore, the destabilization degree of bentonite
suspension treated with a ChCI-LA mixture (at room temperature) will be used as a
destabilizing agent for the same bentonite suspension. This assessment aims to analyze
the performance difference between the synthesized NADES and the mixture of its raw

constituent components to know whether NADES will have a superior performance
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over ChCI-LA mixture or similar behavior will be observed due to the high level of
hydration.
4.4.2. Effect of the coagulant concentration on the destabilization degree
4.4.2.1. Turbidity and Zeta Potential

Applications of NADES in aqueous media are still very rare and limited. This
is attributed to the dissociation of NADESSs in water to their constituent components
due to their hydrophilic properties. However, several studies have shown that the
dissociation degree varies depending on the type of the HBD and HBA, their molar
ratio, and the bonding between them in addition to the volume (v%) or weight (wt%)
percent of water in the system [268]. Hammond et. al. [269], conducted a study on ChCl
based NADES with urea as the HBD to relate the degree of dissociation with the wt %
of water in the system. It was found that up to 42 wt% of water, the DES — DES
interactions are still dominant, and the DES system resists hydration. Above 42 wt%
of water, the DES — DES interactions’ strength gradually decreases and DES — water
interactions become stronger and the system can be described as aqueous DES.
Therefore, the following study will investigate as will the performance difference
between the NADES and the binary mixture of the constituent components (ChCI-LA)
to evaluate the influence of water on the NADES interactions.

Bentonite suspension understudy is a highly stable system with { — potential of
—40.4 mV and turbidity around 4100 NTU. Figure 4.24a and Figure 4.24b demonstrate
the changes in turbidity and - potential for treated bentonite suspensions with NADES
and ChCI-LA mixture, respectively as a function of concentration. It is clear that for
both coagulants, the increase in the applied dosage is associated with an increase in the
¢- potential and hence, a decrease in the turbidity. This observation can be explained

by the electrostatic patch coagulation mechanism (EPC) exhibited by the treated
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suspensions. The coagulant will neutralize some of the negative charges on the
bentonite platelets reducing the repulsive forces. Hence, the particles will be able to
come closer to each other forming larger flocs that can settle under the influence of the
gravitational forces on them. As a result, the turbidity of the suspension will decrease

and a clear supernatant will be produced.
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Figure 4.24: Turbidity and Zeta Potential of Bentonite Suspension as a function of the

coagulant type and concentrations (a) NADES, and (b) ChCI-LA.

Table 4.8 illustrates the effect of the destabilization process of bentonite
suspension in terms of turbidity, zeta potential, floc size, and CST measurements. From
Figure 4.24 and Table 4.8, it can be observed that at the same coagulant dosage,
NADES shows better performance as a destabilizing agent than ChCI-LA mixture. For
example, at 5.9 x 1073M, treated bentonite suspension with NADES achieved a
turbidity reduction of 12% while only 2% reduction was attained for ChCI-LA treated
suspension which is six times less than NADES. Moreover, it is worthy to mention that

at this concentration (i.e. 5.9 x 1073M) and after allowing the treated suspension to
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settle for 1 hour, almost 80% reduction in the supernatant turbidity of suspension treated
with NADES. On the other hand, the turbidity of ChCI-LA treated suspension did not
change. Consequently, at higher concentrations of 1.78 x 1072 M and 6.76 X 1072 M,
NADES exhibited a higher reduction in the negative zeta potential, however, both
NADES and ChCI-LA mixture showed similar turbidity removal percentage of 99%

and higher.

Table 4.8: Measured parameters of the coagulated bentonite suspension

Zeta
Concentration  Turbidity Dso CST
Coagulant potential
(M) (NTU) (Hm)  (sec)
(mV)
Bentonite
- 4096 —40.4 2.5 37.7
suspension
59 %1073 3599 —23.1 3.3 59.5
ChCI:LA
1.78 x 1072 2.44 —20.2 27.3 12.7
NADES
6.76 X 1072 1.25 —8.6 50.7 9.3
59 %1073 3999 —25.5 3.6 142.6
ChCI-LA
1.78 x 1072 12.4 —21.8 7.1 20.5
mixture
6.76 X 1072 1.4 —18.5 28.8 111
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4.4.2.2. Particle size distribution

The size of the produced flocs is evaluated through Dg, values that correspond
to the median diameter of the flocs in the sediment. Figure 4.25 demonstrates the effect
of the NADES dosage on the distribution of the produced flocs. It can be noticed that
by increasing the applied dosage to the suspension, the distribution curves shift to the
right of the untreated suspension curve. The upward shift in the curves indicates the
formation of flocs with a larger diameter (Dso). The increase in the Dg, values is
attributed to the greater coagulant-particle interactions at a higher dosage.
Consequently, more negative patches on the surface of bentonite particles will be
neutralized allowing for more particles to come closer to each other and hence, the

formation of larger flocs.

10

Volume (%)

0+ T T
10" 10° 10! 102 103
D5, (nm)

—&—59x10° M (NADES) —#—1.78x102M (NADES) —m—6.76x102M (NADES)
—— Bentonite suspension

Figure 4.25: Particle size distribution for treated bentonite suspension with NADES at

three different concentrations
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The difference in the median diameter of the produced flocs between NADES
and ChCI-LA mixture is illustrated in Figure 4.26. At the lowest concentration
understudy (i.e., 5.9 x 1073M), both coagulants produced flocs of the same Ds,.
However, when increasing the concentration, a significant difference in the D5, values
is observed between the two coagulants. For example, at a constant concentration of
6.76 X 1072 M, the flocs produced as a result of bentonite suspension treated with
NADES is 50.7 um which is almost twice the flocs size when the suspension is treated
with ChCI-LA mixture (28.8 um). The variation in the floc size between the two
coagulants can be attributed mainly to their structural difference and the presence of
hydrogen bonds in the NADES connecting the two components (ChCl and LA). As a
result, a coagulant with a longer chain and a larger molecular weight is formed and
hence, allowing for more particles connect together through EPC mechanism resulting

in larger flocs.
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Figure 4.26: Particle size distribution for bentonite suspension treated with NADES or

ChCI-LA at different concentrations
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Thus, from the zeta potential, turbidity, and floc size results, it is safe to say that
NADES has a better performance as a destabilizing agent for highly stable bentonite
suspension over a mixture of its constituent components (ChCI-LA). Moreover, it worth
mentioning that although an aqueous solution of DES components is formed at such an
elevated hydration level, the time required for the destabilization process is very short
and aggregation of particles occurs within seconds which justify the better outcomes of
NADES compared to ChCI-LA mixture. Consequently, it supports the hypothesis that
NADES still retain some of their structure within the first seconds of the addition to the
suspension and their effect is clear on bentonite suspension stability.

In addition to the destabilization degree of the treated suspensions, evaluating
the structural strength of the formed flocs is an essential step for further treatment
processes such as filtration and separation of the cleared supernatant from the
sediments. Accordingly, in the following sections, the strength of the formed flocs and
the interactions between them will be examined by studying their rheological behavior
in terms of viscosity, elastic modulus, and viscous modulus. In addition, the relation
between the destabilization degree and the rheological behavior of the flocs will be
analyzed.

4.4.3. Effect of the destabilization process on the rheological behavior of
bentonite suspension
4.4.3.1. Shear flow behavior

Figure 4.27 illustrates the flow behavior of the untreated and treated bentonite
suspensions with NADES or ChCI-LA. It can be observed that the untreated bentonite
suspension follows Newtonian behavior as the viscosity remains constant with
increasing the shear rate. Furthermore, ChCI-LA treated suspension at 5.9 x 1072 M

exhibits Newtonian behavior as the system does not exhibit any aggregation or
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sedimentation hence, it behaves in a similar manner to the untreated suspension. On the
other hand, the treated suspensions with NADES or ChCI-LA mixture exhibit a non-
Newtonian behavior (except ChCI-LA at 5.9 x 10~3 M) where the shear rate decreases
with increasing the viscosity and increases as the shear stress increases. The obtained
trends imply that the treated bentonite suspension has a shear-thinning (pseudoplastic)
behavior which is observed in most of the destabilized bentonite suspensions [13,67].
Moreover, the difference between the initial and final viscosities of the treated
suspensions after the shearing process is observed in Figure 4.27. The drop exhibited
by the viscosity upon shearing indicates a structural breakdown in the formed flocs.
However, even after high shearing of 1000 s, the final viscosities for all treated
suspension (except ChCI-LA at 5.9 x 1073 M) are still 8 times higher than the
viscosity of the untreated suspension. Thus, the sheared flocs retain some of their
structure and interaction and do not go back to their formal state of colloidal particles
Furthermore, from Figure 4.27 it is clear that adding NADES or ChCI-LA to
the bentonite suspension leads to an increase in the viscosity of the system under study.
It can be observed that with increasing the concentration of the coagulant, the initial
viscosity of the suspension increases. Moreover, between suspensions treated with
NADES and others treated with ChCI-LA mixture, higher viscosities are observed with
NADES as the destabilizing agent. The variation in the obtained viscosity can be
attributed to the differences in the structure of each coagulant. In NADES, ChClI and
LA are linked together with a hydrogen bond. On the other hand, ChCI-LA coagulant
is two separate components consecutively added to the suspension. Hence, the resultant
coagulant from NADES possesses a longer cationic chain that attracts and neutralizes
more negatively charged particles. As a result, the particles can come closer together

forming larger flocs and more viscous sediment.
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Figure 4.27: Variation in viscosity with shear rate for bentonite suspension treated with

NADES and ChCI-LA at different concentrations

The relation between shear stress and shear rate for treated suspensions with
NADES or ChCI-LA were fitted with a correlation coefficient (R?) greater than 0.9 to

Bingham and Casson models defined by Eq. 4.5 and Eq. 4.6, respectively.

T =719+ n,y ... (Eq. 4.5)

VT =10 + ey ... (Eq.4.6)

Where, 7, is the yield stress (Pa), n,,; is the Bingham plastic viscosity (Pa.s), y is the
shear rate, and n., is the infinite rate apparent viscosity (Pa.s). Figure 4.28
demonstrates the yield stress (t,) and the plastic/ infinite viscosity for all NADES and

ChCI-LA treated bentonite suspensions as a function of concentration. The yield stress
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describes the maximum stress after which the deformation of the flocs will change from

elastic to plastic deformation and the flocs will not go back to their initial state. From

Figure 4.28, the yield stress is observed to increase with the concentration indicating a

greater ability of the flocs to reverse deformation when the applied force is removed.

Higher 7, values were obtained in suspension treated with NADES compared to ChCl-

LA. The highest achieved yield stress was around 2950 mPa when NADES was used

to destabilize the bentonite suspension with a concentration of 6.76 x 1072M. This

value suggests the high particle-particle interaction through NADES resulting in very

strong flocs.
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Figure 4.28: Bingham and Casson parameters for viscoelastic behavior in treated

bentonite suspension.
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Figure 4.29a shows the viscosity-time trends for both the untreated and treated

bentonite suspensions with a constant shear rate of 1s~!. After 10 minutes of

continuous shearing, the measured equilibrium viscosities are still higher than that for

the untreated suspension. This suggests that the formed flocs do not completely

breakdown into their constituent particles when sheared at low shear of 1 s* confirming

the obtained trends from Figure 4.27. Therefore, this proves the enhancement in the

flocs structure and strength of bentonite suspensions when treated with NADES or

ChCI-LA.
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Figure 4.29: Variation in viscosity with time for bentonite suspension treated with
NADES or ChCI-LA at a constant shear rate of (a) 1 s** at different concentrations and

(b) 10 st for at 6.76 x 10% M.

Moreover, Figure 4.29b illustrates the time-dependent behavior of treated
suspensions using NADES and ChCI-LA at a constant concentration and shear rate of
6.76 X 1072M and 10 s, respectively for around 5 minutes. The purpose of the
conducted analysis was to investigate the changes in the flocs interactions a higher shear
rate will cause in addition to whether they will completely breakdown into their
constituent particles or not. Observations from Figure 4.29b reveal that even at higher
shear, bentonite suspensions treated with NADES and ChCI-LA at a concentration of
6.76 X 102 M exhibit equilibrium viscosities of 142.7 mPa, and 28.1 mPa,
respectively. Despite the drop in the viscosity, as manifested in the observed shear
thinning behavior, the viscosity at 10 s is still more than two orders of magnitude

higher than bentonite suspension. Thus, the flocs do not completely breakdown after 5
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minutes of shearing at 10 s. Hence, the produced suspensions are stable under

shearing, which facilitates the separation of these flocs in typical field applications.

Table 4.9 summarizes the initial and equilibrium viscosities for both untreated

and treated suspensions with the two coagulants (i.e., NADES and ChCI-LA) at variable

concentrations and two different shear rates. Depending on the concentration and the

selected shear rate for the measurement, the reduction in the viscosity varied between

50% up to 95% with the lowest reduction observed in NADES treated suspension with

6.76 X 102M at both shear rates.

Table 4.9: Initial and equilibrium viscosities of untreated and treated bentonite

suspension with NADES and ChCI-LA

Shear Initial Equilibrium
Concentration
Coagulant Rate Viscosity Viscosity
st M mPa.s
- - 7.0 11
59 x 1073 507.4 80.6
NADES 1.78 x 1072 1671.1 118.5
1 6.76 X 1072 2956.2 1442.6
5.9 %1073 7.9 1.3
ChCI-LA 1.78 x 1072 522.7 58.7
6.76 X 1072 1276.0 71.9
NADES 358.46 142.7
10 6.76 X 1072
ChCI-LA 173.2 28.1
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4.4.3.2. Viscoelastic behavior

The storage/ elastic modulus (G') and the loss/ viscous (G") modulus are
properties that correspond to the amount of energy stored in or dissipated from a
material during deformation. G’ and G" are obtained through oscillatory measurements
in order to determine the strength of the sediment produced from the destabilization of
bentonite suspension. Table 4.10 shows the G' and G"' values attained from the linear
viscoelastic region in Figure 4.30 in addition to the critical frequency, ¢, (G'= G" at
c) for all NADES and ChCI-LA treated suspensions. Observations from Table 4.10
show that for all tested samples, G’ values are always higher than G" which confirms
the viscoelastic solid-like behavior for the treated suspension. The higher the value of
G' in comparison to the G'’ and the positive shift in oc demonstrate a higher structural
strength of the formed sediments. Important factors that influence the structural strength
of the studied systems are the flocs size and the interactions between them. With
reference to Figure 4.26, it appears that when larger and stiffer flocs are formed, greater
G' values are achieved. This observation is a result of the better interactions between
the positively charged coagulant and the negatively charged bentonite particles at
higher concentrations. Therefore, resulting in larger and stronger flocs with higher
resistivity to breakage upon increasing the angular frequency in oscillatory shear. The
obtained findings show similar trends to other studies on the treatment of bentonite

suspension using polyelectrolytes as a destabilizing agent [67,94].
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Table 4.10: Elastic/ storage modulus and loss modulus for untreated and treated

bentonite suspension with NADES and ChCI-LA at three different concentrations

Concentration G’ G" Critical frequency, oc
Coagulant
M mPa mPa rad/s
59x 1073 4856.3 467.9 29.2
NADES 1.78 x 1072 9406 723.1 46.9
6.76 X 1072 17286.0 1448.5 > 200
59x 1073 639.4 57.1 18.2
ChCI-LA 1.78 x 1072 4050.5 342.1 29.2
6.76 X 1072 8579.8 607.3 75.3

Figure 4.30 represents the viscoelastic behavior of the treated bentonite
suspension with NADES and ChCI-LA by means of elastic moduli (G") and viscous
moduli (G"') as a function of the oscillatory frequency at a constant strain of 0.3%. As
G’ represents the amount of mechanical energy stored in the systems understudy,
systems treated with NADES appear to have higher storage capacity than those treated
with ChCI-LA. Whereas, at a unified dosage, the attained G’ and G" values for
suspensions treated with NADES are higher by around twice the magnitude compared
with ChCI-LA treated system. The obtained results follow the same trend as the floc
size distribution and viscosity trends. Thus, it confirms that better interactions between
the coagulant and bentonite particles contribute to the formation of larger, stronger, and
more compacted and stable flocs, which are desired for further treatment and separation
processes.
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On the other hand, the G’ values demonstrate the simultaneous energy loss with
increasing the oscillatory frequency by the viscoelastic systems. The sharp decrease in
the values of G’ at higher angular frequency is associated with a sharp increase in the
G"' values implying the transition of the treated bentonite suspension behavior from
solid-like to liquid-like behavior. The point after which the material starts exhibiting a
behavior shift is known as the transition point or the critical frequency. Figure 4.30
shows that for the treated suspensions with a concentration < 1.78 X 1072M, G’
remains steady under an oscillatory frequency of 30 rads/sec or less. Furthermore, when
comparing both coagulants at similar concentrations, it appears that NADES exhibits
solid-like behavior over a wider frequency range. For example, at 6.76 x 10™2M, the
G’ values remain steady under oscillations of frequency as high as 100 rads/sec for
NADES treated suspension indicating the formation of strong flocs with high breakage
resistance. While flocs breakage starts at an oscillatory frequency of 50 rads/sec for
systems treated with ChCI-LA at the same concentration. In addition, the treated
bentonite suspension with the highest yield stress (t,) showed stronger and stiffer flocs

with higher elastic properties.
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4.4.4. Destabilization degree vs. rheological behavior of treated bentonite

suspension

4.4.4.1. Zeta potential

Zeta potential (¢ — potential) is a physical property exhibited by the particles
in any solid-liquid systems [280]. It is known as the difference in the potential between
the suspension media and the stationary layer surrounding the particle. In other words,
it is the total net surface charge of the particles in a system. Zeta potential has a
significant role in determining the stability of the suspension. High { — potential values
indicate the domination of repulsive forces between the particles over attractive forces
and hence, resulting in highly stable system [1,84]. Consequently, the dispersed system
will have low viscosity and will begin to flow under the application of low stress [23].
On the other hand, when the system is destabilized using a flocculant or a coagulant
such as NADES or ChCI-LA mixture, the negative charges on the particles attract the
positive charges on the coagulant promoting the formation of flocs through electrostatic
patch coagulation mechanism (EPC). Therefore, the viscosity of the system increases
and higher stress magnitudes will be required to breakdown the formed flocs and initiate
the flow. Figure 4.31 demonstrates the relation between the zeta potential and three
other parameters which are: the viscosity, the yield stress, and the elastic modulus for
bentonite suspensions treated with NADES and ChCI-LA mixture at different
concentrations.

From Table 4.8, untreated bentonite suspension has the lowest zeta potential of
—40.4 mV with a floc size of 2.5 pm and is described as a Newtonian fluid where the
viscosity is independent of the shear rate. This is attributed to the high stability of the
system due to the domination f the repulsive forces between the bentonite particles.

From Figure 4.31, it can be seen that the addition of NADES or ChCI-LA to the
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bentonite suspension aggregates the system and reduces its stability by reducing the
negative . By increasing the concentration of the coagulant (NADES or ChCI-LA), the
systems under study exhibit a further reduction in the negative zeta potential. This
reduction is associated in all cases with an increase in the viscosity, elastic modulus,
and yield stress. The increase in the rheological parameters is mainly attributed to the
formation of larger, stronger, and stiffer flocs that can withstand higher stress before
breaking.

Furthermore, in addition to the concentration effect on the zeta potential, the
type of the used coagulant influences the rheological behavior of the system. For treated
bentonite suspension with NADES and ChCI-LA at a concentration of 1.78 x 1072 M,
the obtained C values are similar (—20.2 mV and —21.8 mV, respectively). However,
the rheological parameters for the NADES treated bentonite suspension is almost
double the values of the system coagulated with ChCI-LA. The observed behavior is

mainly due to the difference in structure between the two coagulants.
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Figure 4.31: (a) Elastic modulus, (b) Bigham yield stress, and (c) viscosity of treated

bentonite suspension as a function of zeta potential at different concentrations.

4.4.4.2. Flocs size and CST

Floc size is commonly determined through particle size distribution (PDS)
which is a method used to determine the average size of particles presented in a system.
Showing the relationship between the results of the particle size distribution represented
in the median diameter (Dso) and the rheological behavior of the treated bentonite
suspension is an important step as it supports the obtained trend correlating the zeta

potential results to the rheological parameters.

Figure 4.32 reveals the relation between the floc size (Dso) and the elastic
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modulus, the Bingham yield stress, and the initial viscosity of the treated bentonite
suspension with NADES or ChCI-LA. In addition, they show the effect of the coagulant
type and concentration on the floc size and the rheological parameters. Observations
from

Figure 4.32 demonstrates that an increase in coagulant concentration leads to
the formation of larger flocs which is associated with higher elastic modulus, yield
stress, and viscosity. Furthermore, the type of the used coagulant has an influence on
the floc size and rheological parameters. By comparing the performance of the NADES
and ChCI-LA at a constant concentration of 1.78 x 1072 M, it is clear that NADES
results in a better characteristic. Moreover, at a concentration of 5.9 x 1072M, the
resultant flocs have approximately similar median diameters, however, all three
rheological parameters (i.e., elastic modulus, yield stress, and initial viscosity) are
higher for NADES treated suspension. The difference in the rheological behavior
between the two coagulants is mainly attributed to their structural difference and the
hydrogen bonding connecting the two components in NADES which results in a longer
coagulant chain where more particles can get attached forming larger flocs.
Nevertheless, the obtained trends are in good agreement with the zeta potential results
as less negative zeta potential values were associated with larger and stronger flocs

giving higher elastic modulus, yield stress, and viscosity.
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Figure 4.32: (a) Elastic modulus, (b) Bigham yield stress, and (c) viscosity of treated

bentonite suspension as a function of Dsp at different concentrations.

Furthermore, capillary suction time (CST) was conducted to analyze the effect
of the coagulant’s concentration on the filterability of bentonite suspension. CST is
known as the time needed for free water to filtrate from the solid layer (flocs) through
porous media such as filter papers as a result of capillary suction pressure [149].
Generally, flocs with smaller median diameter exhibit larger CST values than that of
larger diameter as the water flow more easily and at higher rates in wider capillaries
[152,153]. Figure 4.33 illustrates the variation in CST with the elastic modulus, the
yield stress, and the initial viscosity for bentonite suspension treated with NADES and

ChCI-LA as a function of the concentration. It can be seen that as the studied rheological
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parameters increase with concentration, the CST values decrease as a result of the
formation of larger flocs and hence, wider capillaries and higher filtration rates. When
NADES was used as a coagulant, the CST of bentonite sediments decreased from
almost 60 sec at a concentration of 5.90 x 1073 to 9sec at a concentration of
6.76 x 1072, Furthermore, as it was observed previously with zeta potential and floc
size, NADES showed a higher filtration rate (lower CST values) compared to ChClI-
LA. Therefore, it can be concluded that all six parameters are directly related to each
other’s as when larger flocs with a less negative zeta potential are formed, greater elastic
modulus, yield stress, and viscosity with lower CST are obtained. Thus, NADES has a
better performance as a destabilizing agent for bentonite suspension.

The obtained results show comparable trends with other well-known
destabilizing agents. For example, polyDADMAC (FL 4440) was used as a coagulant
for the conditioning of industrial MBR sludge [23]. At an optimum dosage of 50 mg/L,
the conditioned sludge had flocs with a median diameter of 52 um and CST of 8 sec
[23]. Furthermore, the CST of synthetic clay suspension coagulated with traditional
coagulants such as aluminum sulfate and ferric chloride were 55.5 sec and 75.7 sec,
respectively [152]. Therefore, it is clear from the obtained results that NADES as a
novel coagulant is compatible with traditional coagulants in terms of performance and

environmental properties.
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bentonite suspension as a function of CST at different concentrations.

4.45. Conclusions

The main purpose of this study was to investigate the effect of the
destabilization process using NADES and a combination of its constituent components
(ChCI-LA) on the destabilization degree and the rheological behavior of bentonite
suspension. Furthermore, a correlation between the rheological parameters (i.e., elastic
modulus, yield stress, and initial viscosity) and the destabilization degree of the treated
suspension was performed. The achieved results provided the following conclusions:
e Untreated bentonite suspension exhibited a Newtonian behavior where the viscosity

remained constant with increasing the shear rate.
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Treated suspensions showed a non-Newtonian shear thinning behavior as the
viscosity decreased upon shearing and they were described by the Bingham model.
In addition, time-dependent (thixotropic) behavior was detected in bentonite
suspensions treated with NADES and ChCI-LA.

The destabilization process with NADES and ChCI-LA was found to enhance the
rheological parameters of bentonite suspension such as yield stress (t,), elastic
modulus (G') in addition to the initial and equilibrium viscosities. This enhancement
is mainly attributed to interactions between the coagulant and the bentonite particles
allowing the formation of larger particles and hence, more viscous and stronger
systems.

A higher destabilization degree was accompanied by an enhancement in the
rheological behavior of the treated suspensions. Thus, increasing the coagulant
dosage was found to be advantageous as it further aggregates the system and
enhances the studied rheological parameters.

The use of NADES as the destabilizing agent demonstrates better performance
compared to ChCI-LA which is mainly due to the presence of the hydrogen bond
connecting choline chloride and lactic acid in NADES resulting in coagulant with
better properties.

At a concentration of 6.76 x 1072 M, suspension treated with NADES achieved
high reduction in turbidity (99.97%) and the negative zeta potential with a D¢, of
50.7 um and short CST of 9.3 sec. As a result the system exhibited relatively high

viscosity and yield stress of 194,110 mPa. s and 2959.3 mPa, respectively.
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5. CONCLUSIONS AND FUTURE PROSPECTS

5.1. Conclusions

The ultimate objective of this study is to understand the influence of choline
chloride (ChCI) based natural deep eutectic solvents (NADESS) on the destabilization
and separation processes of clay minerals specifically bentonite and to determine the
optimum operating conditions of the process. To accomplish the aim of the study,
comprehensive knowledge of the bentonite-NADES systems in both the free settling
region and the networked region of the suspension is required. Knowledge of the
suspension’s free settling region and the networked region is obtained from the
electrokinetics (settling behavior, zeta potential, turbidity, and floc size measurements)
and rheological measurements of the formed sediments, respectively. Furthermore, a
correlation between the electrokinetic and rheological properties of the treated
suspensions is conducted to achieve the targeted objective.

In agqueous media, bentonite forms a highly stable suspension which raises the
complexity of the treatment process. The stability of bentonite suspensions arises from
the colloidal nature of the particles possessing a negative surface charge. Therefore, the
selection of choline chloride based NADES as a destabilizing agent for bentonite
suspensions is attributed to the presence of a cationic functional group in the ChCl
structure. The utilized NADESs were synthesized with a 1:1 molar ratio of ChCl as the
hydrogen bond acceptor (HBA) and three carboxylic acids i.e., lactic acid (LA), malic
acid (MA), and citric acid (CA) as the hydrogen bond donors (HBD). The
destabilization degree of bentonite suspension was evaluated through the changes in the
electrokinetic parameters of the suspension including zeta potential, the residual
turbidity of the supernatant, and the floc size of the produced sediments. Additionally,

the influence of ChClI, LA, and a mixture of both (ChCI-LA) on the electrokinetic of
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bentonite suspension was investigated to determine the role of each component in the
destabilization process and the influence of water on the efficiency of NADES as a
destabilizing agent.

In the absence of any destabilizing agent, bentonite suspension exhibits a
negative zeta potential of —40 mV and have particles with a median diameter (D) of
2.5 um. The turbidity of the suspension varies depending on the amount of bentonite in
the system from 350 NTU up to 4100 NTU. The coagulants’ efficiency was determined
according to the obtained results from minimizing the required dosage, maximizing the
reduction in the residual turbidity and negative zeta potential of the supernatant, and
achieving larger and stronger floc with a faster settling rate. With a turbidity reduction
of 2% and particle size of 3.3 um, bentonite suspensions treated with LA by itself did
not exhibit any significant changes in the turbidity or the floc size. ChCl on its own
demonstrated a good reduction in the residual turbidity. Nevertheless, the obtained
results in terms of the zeta potential and a floc size of less than 10um even at higher
dosage lowered its performance efficiency as a coagulant. The observed electrokinetic
parameters for bentonite suspensions treated with ChCI-LA mixture indicate its
effectiveness in the coagulation process. However, similar results were observed by the
three NADES systems understudy with one-sixth of the dosage utilized by ChCI-LA
mixture. The variation in the coagulation efficiency between the ChCI-LA mixture and
the three NADES systems is attributed to the structural difference between them
represented in the presence of hydrogen bonds between ChCI and the carboxylic acids
in the NADES structure. As a result, coagulants with longer chains and higher
molecular weight are formed bringing more particles together and hence, giving more
desirable outcomes at a lower dosage. ChCI:LA and ChCI:CA showed similar

performance with a 99.8% and 99.9% turbidity reduction, zeta potential of —18.8 mV
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and —15.6 mV, and floc size of 36.7 um and 36.2 um, respectively. However, the
simplicity and time efficiency in addition to the lower dosage requirement of ChCI:LA
made it a more efficient and more economical coagulant for bentonite suspension.
Accordingly, the most efficient coagulant was ChCI:LA followed by ChCI:CA,
ChCI:MA, ChCI-LA mixture, ChCI, and lastly LA with the lowest coagulation
efficiency.

Destabilization of bentonite suspension using ChCl based NADESs, ChCI-LA
mixture, or ChCI occurs through electrostatic patch coagulation (EPC) mechanism
where the coagulant gets absorbed on patches of the negatively charges surface. As a
result, electrostatic attraction is exhibited between the particles permitting them to come
closer forming larger and more settable flocs. The exhibited coagulation mechanism
explains the high reduction achieved in the turbidity. The influence of the coagulant
dosage and the bentonite concentration on the destabilization process with CHCI:LA
NADES was investigated by conducting an optimization study using the response
surface methodology (RSM) function in Minitab. The performance efficiency of the
destabilization process was found to be mainly a function of the applied coagulant
dosage to the bentonite suspension. More desirable results of minimizing the residual
turbidity to below 5NTU and maximizing the zeta potential and floc size were
accomplished by increasing the coagulant dosage. According to the performed
optimization study, the optimum operating conditions for the destabilization process
with ChCI:LA NADES are 77 mM and 3.48 gLt for the ChCI:LA dosage and the
bentonite concentration in the system, respectively. Under these conditions, a
supernatant with a turbidity removal of 99.9%, a zeta potential of -5.8mV, and a pH of
2.2, and sediment with a median floc size of 31.5 were obtained.

The influence of ChCI:LA NADES and ChCI-LA mixture on the coagulation
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efficiency of bentonite suspension was assessed through measurements of the
rheological parameters. Bentonite suspension in the absence of any coagulant/
flocculent demonstrates a Newtonian fluid while a non-Newtonian shear thinning
behavior is attained from coagulated suspension with ChC:LA NADES. On the other
hand, coagulated suspension with ChCI-LA exhibit a Newtonian behavior at low
coagulant dosage and a non-Newtonian shear thinning behavior at moderate and high
dosage. Viscoelastic measurements through elastic (G") and viscous (G'") modulus of
the coagulated suspensions illustrated a solid-like behavior as G' was always greater in
value than G".

In spites of the coagulant type, the viscosity along with the Bingham yield stress
and the elastic modulus of the coagulated suspensions were found to increase with
increasing the coagulant dosage indicating the formation of stronger particle-particle
interactions.  Furthermore, coagulated suspensions with ChCI:LA NADES
demonstrated higher rheological parameters compared to ChCh-LA mixture as larger
flocs and stronger networks were formed. Overall, CHCI:LA NADES demonstrates
better rheological performance. Hence, it can be concluded that ChCIl:LA NADES
results in a stronger and more compacted network with a rapid filtration rate of the

water within the produced sediment.
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5.2.  Future Prospects
The presented research study investigates for the first time, novel application of

ChCl based NADES as a destabilizing agent for colloidal clay suspension. Hence, there

is tremendous work that can be conducted to develop and improve the treatment process

of colloidal suspensions using the emerging coagulant.

I.  The performance of ChCI:LA NADES in destabilization and separation of
different types of colloidal suspension such as kaolinite and precipitated calcium
carbonate (PCC) in suspension should be investigated to determine its treatment
efficiency of clay suspensions with different complexities.

ii.  The influence of NADES with different combinations and molar ratios of the
hydrogen bond donor and acceptor on the coagulation performance of clay
suspensions could be examined. For example, conducting a study on the
treatment efficiency of NADES synthesized from ChCI with sugars or amines
such as fructose and urea, respectively.

iii.  ChCl based NADES is highly efficient in the reduction of the supernatant
residual turbidity, however, the formed flocs are relatively small and loose. On
the other hand, flocculation with polyelectrolytes is characterized by the
formation of large and strong flocs with a moderate turbidity reduction.
Therefore, it is beneficial to test the performance of the hybrid coagulation/
flocculation process using ChCl based NADES as a coagulant with
polyelectrolytes as a flocculant.

iv.  Pilot-scale testing of the coagulation process using ChCl based NADES could
be performed at advanced stages. Furthermore, an examination of the

coagulation performance on real industrial wastewater could be conducted.
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