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ABSTRACT

During the extraction of bitumen from the Alberta oil sands, a wide range of
contaminants are concentrated in oil sands process-affected water (OSPW), among which is
a family of organic carboxylic acids known collectively as naphthenic acids (NAs). NAs
have shown to be both corrosive toward process equipment and acutely toxic toward a
number of aquatic organisms. Therefore, for oil sands producers to either recycle OSPW or
reintroduce it back into the environment, the concentration of NAs must be reduced to
acceptable levels. Adsorption is one technique that has been investigated for their removal.
This thesis reports on the removal of a model aromatic NA from aqueous solution using
sustainable quaternized chitosan hydrogel adsorbents. Using optimized processing
conditions to prepare the adsorbent material, an adsorption efficiency of 315 mg g was
observed. The kinetic and equilibrium adsorption characteristics were investigated by
performing several batch adsorption experiments under a range of conditions. To improve
the compressive strength of the hydrogel, cellulose nanocrystals (CNC) and quaternized
cellulose nanocrystals (QCNC) were incorporated into the adsorbent formulation.
Improvements in compressive strength of up to 179% were observed. However, this
improvement was coupled with reductions in the efficiency of model NA adsorption. To
the best of our knowledge, this work is one of very few studies to investigate the adsorption
of NAs using polymeric resins and is the first to report the use of biopolymer based
hydrogels and nanocomposite hydrogels for this application. When compared to other
adsorbent materials reported in the literature, the adsorption efficiency of the presently

reported material was on par if not superior.
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CHAPTER 1

Introduction




1.1 Background information and motivation for research

1.1.1 Alberta oil sands

Located in northeastern Alberta are three of the world’s largest oil deposits. Identified as
the Athabasca, Cold Lake, and Peace River deposits based on their geographical location,
the three are referred to collectively as the Alberta oil sands. Together they cover
approximately 140200 km?, with estimates of up to 1.7 trillion barrels of oil in place. This
places Canada’s total oil reserve third in the world, just behind Saudi Arabia and

Venezuela, in known volume of crude oil (Schramm, Stasiuk and MacKinnon 2000).

The Alberta oil sands reserves differ significantly from more traditional oil sources.
While conventional oil and gas reserves, such as those in the United States and the Middle
East, contain crude oil that can under most circumstances flow with ease, the Alberta oil
sands bitumen is typically composed of long chain hydrocarbons and contains an
interspersed solid particulate matrix, both of which give it an extremely high viscosity
(~10000 Pa s at 25°C). This makes the extraction of bitumen a much more challenging

process, requiring either heating or solvation or both (Hein, et al. 2013).

Broken down into its three components, oil sands ore is a combination of fine solid
particulate (75-85 wt. %), bitumen (1-18 wt. %), and water (5-10 wt. %) (Schramm, Stasiuk

and MacKinnon 2000).



Water layer
g ? Fine solid particulate
Q Sand particle
Bitumen

Figure 1.1 General composition of oil sands ore.

The bitumen phase is continuous, but is heavily dispersed with the solid phase, of which
approximately 80-90 wt. % is quartz. Surrounding the solid phase, in most cases, is a very
thin aqueous layer on the order of 10 nm (Takamura 1982). Due to the particular chemical
composition of the solid phase, the solid particles in the Alberta oil sands reserves possess
hydrophilic qualities. This important trait is what allows for the use of water as an
extraction solvent, making the extraction process economically feasible (Schramm, Stasiuk

and Turner 2001).

1.1.2 Acid extractable organic compounds

Naturally present in Alberta oil sands and other oil reserves throughout the world are a
family of saturated aliphatic and alicyclic carboxylic acids known collectively as NAs
(NAs) (Fan 1991) (Schramm, Stasiuk and MacKinnon 2000). NAs are weak acids with a
pK, in the range of 5-6 (Havre, et al. 2002) (Headley and McMartin 2004) and in alkaline
conditions, such as those present in oil sands process-affected water (OSPW), NAs are
preferentially soluble in the water phase or at hydrophilic-hydrophobic interphases

(Schramm, Stasiuk and MacKinnon 2000).



Studies have shown that NAs present a significant health risk to aquatic and mammalian
species upon exposure and may result in both acute and chronic toxicity (MacKinnon and
Boerger 1986) (Schramm, Stasiuk and MacKinnon 2000) (Madill, et al. 2001) (Rogers, et
al. 2002) (Frank, et al. 2009). As well, NAs have been identified as one of the primary
causes of corrosion towards process equipment during bitumen extraction unit operations
(Derungs 1956) (Schramm, Stasiuk and MacKinnon 2000) (Fan 1991). While NAs are
proven to be toxic and corrosive compounds, their presence is essential for the extraction of
bitumen from sand particles (Sanford 1983) (Schramm, Smith and Stone 1984) (Humphries
2008). It has been demonstrated that their concentration in process water directly correlates
to extraction efficiency through a parabolic relationship, resulting in an efficiency
maximum within a certain concentration range (Sanford 1983) (Schramm and Smith 1984).
Therefore, if the concentration of NAs in OSPW is excessively high, bitumen extraction

suffers.

As a result, for oil sands producers to (a) remediate OSPW and reintroduce it into the
local environment or (b) recycle OSPW and reduce freshwater intake, the concentration of

NAs in OSPW must be reduced.

1.1.3 Remediation techniques

A number of novel technologies, spanning advanced oxidation, biodegradation,
coagulation/flocculation, membrane filtration, and adsorption, have been developed over
the past decade and their ability to remove NAs from OSPW has been demonstrated with

relative success. However, each class of technologies possesses limitations. For instance,



many of the works involving advanced oxidation processes reviewed in this article report
on the preferential oxidative degradation of bulkier, polycyclic NAs (Legrini, Oliveros and
Braun 1993) (Neyens and Baeyens 2003) (Afzal, et al. 2012). Conversely, reports of NA
bioremediation often conclude that lower molecular weight NAs with less rings and
branching are more easily biodegraded by microbial cultures (Clemente, MacKinnon and
Fedorak 2004) (Scott, MacKinnon and Fedorak 2005) (Smith, et al. 2008) (Han, Scott, et
al. 2008). In both cases, this selective degradation often leaves behind a number of
recalcitrant NAs that persist in OSPW. Coagulation/flocculation processes are often cited as
significant producers of sludge (Pourrezaei, et al. 2011) (De Philippis and Micheletti 2009)
and the high ionic strength of OSPW often disrupts the destabilization mechanisms that
cause flocculant-contaminant complex to settle out of solution (Allen 2008). Meanwhile,
fouling, high pressure drop, and low throughput are commonly encountered for membrane
filtration processes (Peng, et al. 2004) (Allen 2008). Adsorption, while being a well-
developed technology for wastewater treatment, allows for high throughput and, in most

cases, comprehensive NA removal.

1.2 Research scope

The research presented in this thesis is concentrated on three main regions:

(a) The optimization of quaternized chitosan hydrogel adsorbents.

The effects of polymer density, degree of crosslinking, and degree of quaternization of
quaternized chitosan hydrogels on their swelling and equilibrium adsorption characteristics

were investigated. The equilibrium adsorption experiments involved the removal of 2-



naphthoxyacetic acid, a model NA, from aqueous solution. Based on the modeled
adsorption efficiencies of the formulations using the Langmuir adsorption isotherm, a

formulation in which adsorption efficiency was maximized was obtained.

(b) Investigation of the kinetic, equilibrium, and thermodynamic characteristics involved
with the adsorption of a model NA from aqueous solution using quaternized chitosan

hydrogel adsorbents.

The optimized adsorbent formulation was used to remove 2-naphthoxyacetic acid, a
model aromatic NA, from alkaline aqueous solution. The effects of adsorbate
concentration, adsorbent dosage, agitation rate, solution pH, monovalent ionic strength, and
temperature on the kinetics of adsorption were modeled using the pseudo second order rate
equation. The equilibrium adsorption characteristics for the optimized adsorbent
formulation were modeled using the Langmuir adsorption isotherm. The thermodynamic
parameters associated with the adsorption process were also determined. The regenerability

and cyclability of the adsorbent material was demonstrated.

(c) The development of novel quaternized cellulose nanocrystal-chitosan nanocomposite

hydrogels for the adsorption of a model NA from aqueous solution.

CNC and QCNC were incorporated at different loadings into the quaternized chitosan
hydrogel matrix of the optimized adsorbent formulation to improve the mechanical strength
of the material. The effects on swelling behaviour, adsorption efficiency, and compressive

strength were reported.



1.3 Thesis outline

This thesis consists of seven chapters. Chapter 1 provides background information
describing the motivation behind this research, as well as the scope of the work presented
herein. Chapter 2 provides an in depth literature review describing some of the current
practices used for NA removal or remediation. Special attention is paid to adsorbent
materials used to remove NAs from aqueous solution. Chapter 3 discusses some of the
general theory surrounding adsorption. Chapter 4 addresses the first two objectives outlined
in the research scope and is titled, “Optimized adsorption of a model aromatic naphthenic
acid from aqueous solution using sustainable quaternized chitosan hydrogels”. Chapter 5
addresses the last objective outlined in the research scope and is titled, “The development
of novel quaternized cellulose nanocrystal-chitosan nanocomposite hydrogels for the
adsorption of a model aromatic naphthenic acid from aqueous solution”. Chapter 6 provides
a general summary of the findings reported in Chapters 4 and 5. Chapter 7 highlights
recommendations for future work based on the conclusions of this research. Following
Chapter 7 are, in order, an alphabetical list of references used throughout the entire report,
Appendix A, providing secondary data for Chapter 4, and Appendix B, providing

secondary data for Chapter 5.



CHAPTER 2

Literature review




2.1 Oil sands mining operations

While crude oil reservoirs can be mined using traditional drilling methods that take
advantage of oil displacement and capillary forces (Sah 2003), the high viscosity and mixed
composition of oil sands bitumen limits their extraction to specialized mining techniques,

the most common being surface and in situ mining (Hein, et al. 2013).

2.1.1 Surface mining

Surface mining is the more traditional approach to isolating bitumen from oil sands ore.
The bituminous ore, including bitumen, solid particulate, and water, is removed from
shallow deposits using either large draglines or shovels and is transported to a separate site
for processing and separation. The ore is combined with high temperature alkaline water
and is mixed to create a slurry. Thermal and mechanical energy are employed to overcome
the forces holding the ore together in clusters (Schramm, Stasiuk and Turner 2001). Air is
sparged into the mixing tank and the bitumen rich froth, which accumulates at the top of the
tank, is skimmed off. This process is often repeated a number of times before the froth is
further separated using centrifugation and additional filtration units. Distillation is then
used to isolate a purified bitumen product for upgrading (Schramm, Stasiuk and
MacKinnon 2000) (Humphries 2008). While the extraction processes amongst different

surface mining operations typically vary, they all loosely follow this general procedure.

2.1.2 In situ mining

In situ mining is a less conventional approach to isolating bitumen from oil sands ore,

but, over the past 25 years, has become much more widespread in Alberta. For in situ

9



recovery, a three-stage process is used: (1) alkaline steam is injected approximately 100
metres underground to the reservoir using a pipeline; (2) the steam and condensed water
heat the bitumen ore, reducing its viscosity and allowing the bitumen to flow like
conventional oil; and (3) the heated mixture of water, bitumen, and dissolved fine solids are
pumped to the surface for separation by centrifugation and distillation. While in situ mining
typically requires less water and results in less ground clearance, an elevated level of

greenhouse gas and SO, emissions often accompanies it (Humphries 2008).

2.2 Naphthenic acids (NAs)

2.2.1 Molecular structure and physical properties

Naturally present in Alberta oil sands and other oil reserves throughout the world are a
family of saturated aliphatic and alicyclic carboxylic acids known collectively as NAs
(NAs) (Fan 1991) (Schramm, Stasiuk and MacKinnon 2000). Produced by the oxidation of
hydrocarbons, NAs are amphiphilic compounds, in which the hydrophobic segment is often
composed of saturated 5- or 6-carbon rings in a variety of combinations, and the
hydrophilic segment is present in a carboxyl group, separated from the ring structure by a
carbon chain of at least two units in length. Acyclic NAs also exist, but are more likely to

be branched (Clemente, Prasad, et al. 2003).
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Figure 2.1 Generalized molecular structure of some monoacidic NAs.

NAs may be defined by the general chemical formula C,H5,+,0O:N,S;, where m is the
carbon number, 7 is a negative even integer corresponding to hydrogen deficiency resulting
from ring formation in the organic segment, and x, y, and z, are the oxygen, nitrogen, and
sulphur numbers (Schramm, Stasiuk and Turner 2001), which for ‘classical’ NAs are equal
to 2, 0, and 0, respectively (Headley and McMartin 2004) (Mapolelo, et al. 2011). The
carbon number (m) for most NAs is typically in the range of C;3 to Cy7 (Clemente, Prasad,
et al. 2003). Aromatic, steroidal, and multi-acidic NAs have also been documented (Jones,

et al. 2012) (Rowland, et al. 2011) (Frank, et al. 2009).

NAs are weak acids with a pK, in the range of 5-6 (Havre, et al. 2002) (Headley and
McMartin 2004). Therefore, below pH 5, NAs are preferentially soluble in the hydrophobic
phase and above pH 6, NAs are preferentially soluble in the hydrophilic phase. Compared
to synthetic anionic surfactants, NAs have a lower preference for the aqueous phase, but
remain water soluble in alkaline conditions, nonetheless (Schramm, Stasiuk and

MacKinnon 2000).
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During the extraction of bitumen from oil sands ore, NAs are solubilized and
concentrated in slightly alkaline (pH ~ 8.5) OSPW (Schramm, Stasiuk and MacKinnon
2000). The ambient concentration of NAs in rivers and waterways in northern Alberta is
typically below 1 mg 1", while the concentration of NAs may be as high as 110 mg I
(Conrad Environmental Aquatics Technical Advisory Group (CEATAG) 1998). In aged
tailings pond water, NAs are usually present in concentrations ranging from 40 to 70 mg 1,
a figure slightly reduced by the natural microbial biodegradation processes present (Allen

2008).

Table 2.1 General physical and chemical properties of acid extractable organic compounds.

Parameter General characteristics References
Color Pale yellow to dark amber (Brient, Wessner and Doyle 1995)
State Viscous liquid (Brient, Wessner and Doyle 1995)
(Schramm, Stasiuk and
Molecular weight 140-450 g mol™! MacKinnon 2000) (Kannel and
Gan 2012)
Density 0.97-0.99 g cm™ (Armstrong 2008)
Water solubility <50 mg 1" (Brient, Wessner and Doyle 1995)
Dissociation 5_6 (Havre, et al. 2092) (Headley and
constant McMartin 2004)
Boiling point 250 —350°C (Brient, Wessner and Doyle 1995)
Acid number 150 - 310 mg KOH g (Brient, W(eps}fﬁglrﬁailg 12)0 yle 1995)
Refractive index ~1.5 (Armstrong 2008)
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2.2.2 Origin

NAs originate in petroleum deposits and are believed to be a result of two natural
phenomena: (a) partial aerobic biodegradation (Watson, et al. 2002) and (b) incomplete
catagenesis (Clemente and Fedorak 2005) of bituminous compounds. Natural geological
events, such as earthquakes and erosion, expose bitumen to environments that are ideal for
aerobic biodegradation and the high pressure and temperatures found in some petroleum

deposits may result in catagenesis of organic matter.

2.2.3 Corrosivity

NAs are of interest to those associated with bitumen production for a number of reasons.
In the early twentieth century, it was discovered that NAs played a major role in the
corrosion of process equipment used in the upgrading and refining stages of petroleum
processing (Derungs 1956) (Schramm, Stasiuk and MacKinnon 2000). NAs present in the
liquid phase have been reported to induce corrosion when process temperatures lie within
the range of approximately 200-400°C (Fan 1991) (Brient, Wessner and Doyle 1995). The
corrosion mechanism involving NAs is poorly understood. It has been proposed, however,
that at high temperatures, NA multimers in solution disassociate into their monomeric form
and those present at the surface of equipment materials form metal carboxylates with
nearby metal ions (Scheme 2.1) (Chakravarti, et al. 2013). The mobilization of these
complexes away from the metal surface and into the bulk fluid leads to local degradation of
the metal surface. The rate of corrosion by this process is hastened by increases in the

flowrate and turbulence of the bulk fluid phase, as well as increases in overall process
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temperature, all of which participate in the rate of mass transfer from the surface to the bulk

(Lochte and Littmann 1955) (Gutzeit 1977) (Schramm, Stasiuk and MacKinnon 2000).

Scheme 2.1 NA corrosion mechanism proposed by Chakravarti et al. (2013).
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2.2.4 Toxicity

Aside from corrosivity, there is also concern regarding the toxicity of NAs. In fact, NAs
are believed to be the most toxic compounds present in OSPW (MacKinnon and Boerger
1986) (Schramm, Stasiuk and MacKinnon 2000) (Madill, et al. 2001). Their toxicity is
often attributed to their surface-active behaviour (Rogers, et al. 2002), with the primary
mode of toxicity suggested to be non-specific narcosis via cell membrane disruption
(Frank, et al. 2009). In a study by MacKinnon and Boerger (1986), the removal of NAs
alone from OSPW significantly reduced its acute lethality towards rainbow trout
(Onchorhynchus mykiss) and water fleas (Daphnia magna). Rogers et al. (2002) found the
acute toxicity of NAs present in the drinking water of Wistar rats (Rattus norvegicus) at
concentrations commonly observed in OSPW to be relatively low. Still, they did observe
adverse health affects from repeated low doses, suggesting the subchronic toxicity of low-

dose NAs towards mammalian species similar in size and habit to the Wistar rat.
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Frank et al. (2009) suggested that NA toxicity is in close relation to the hydrophobicity
of the compound. In controlled studies using individual surrogate NAs of varying structure,
it was observed that toxicity of monoacidic NAs increased with molecular weight, but that
the introduction of additional carboxylic acid groups on the NA molecule resulted in lower
toxicity. Interestingly, they also observed that, in general, NAs of higher molecular weight
often possessed more than one carboxylic acid groups, which lead to a reduced overall

toxicity when compared with smaller monoacidic NAs.

2.2.5 Role of NAs in bitumen recovery

While NAs are proven to be toxic and corrosive compounds, their presence is essential
for the extraction of bitumen from sand particles (Sanford 1983). Under basic conditions,
the carboxylic acids of NAs are present as the carboxylate salts, giving the molecule strong
amphiphilic behaviour. The negatively charged carboxylates are soluble in water, while the
hydrophobic segment preferentially adsorbs to the air-water interface or, under certain
conditions, causes the NAs to self-assemble into micelles (Havre, et al. 2002) (Havre,
Sjoblom and Vindstad 2003) (Mohamed, Wilson and Peru, et al. 2013). Because of these

qualities, NAs are classified as surface-active components.
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Figure 2.2 NA equilibrium in oil sands slurry under alkaline conditions.
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The surface-active behaviour associated with NAs has proven to be of significant aid in

primary bitumen recovery, especially in low-grade bitumen ore (i.e. ore with a low bitumen

fraction). From early research in the Alberta oil sands, it was understood that the addition

of NaOH to the process water improved bitumen recovery (Humphries 2008), but it was not

until the latter half of the twentieth century that the effect of NAs and their ability to aid in

oil recovery were specifically identified and recognized (Schramm, Smith and Stone 1984).

The addition of NaOH neutralizes NAs to carboxylates, which, at a critical concentration,

allows for optimal oil recovery (Sanford 1983) (Schramm and Smith 1984), as shown in

Figure 2.3.
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Figure 2.3 Processability curves as a function of NaOH concentration for oil sands of

different composition (Sanford 1983).

The recovery of bitumen from oil sands is, generally, a two-stage process (Schramm,

Stasiuk and MacKinnon 2000). The first step, which takes place in the flooding of oil sands

ore with alkaline water, is bitumen-solid separation. This involves the adsorption of anionic

NAs at the interface between the solid sand particles and the bituminous coating that
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surrounds them. The adsorbed NAs act as a wedge between the two phases, causing them to
electrostatically repel one another. This eventually results in the ejection of bitumen
droplets into the aqueous phase. The second step, bitumen-air adhesion, occurs during the
flotation process. The efficiency of this stage hinges on the degree of adhesion between
solubilized bitumen droplets and the bubbles of air sparged into the system. However, NAs
may also adsorb on the surface of the air bubbles, introducing undesired electrostatic
repulsive forces that counter bitumen-air adhesion. Therefore, there is an optimal
concentration of NAs in OSPW. There must be enough NAs present to promote repulsion
and separation between the bitumen droplets and sand particles, but not so much so as to

hinder the bitumen-air adhesion process (Schramm, Stasiuk and MacKinnon 2000).

2.3 Methods of NA removal or remediation

In an effort to improve the recyclability and/or reduce the acute toxicity of OSPW,
several methods have been developed to remove or remediate NAs. These include but are
not limited to advanced oxidation, biodegradation, flocculation, membrane filtration, and

adsorption (Allen 2008).

2.3.1 Advanced oxidation

Advanced oxidation is a broad term for processes in which chemical compounds are
partially or completely degraded through oxidation reactions with hydroxyl radicals
(Andreozzi, et al. 1999). There is a wide range of advanced oxidation processes used in

wastewater treatment, such as photocatalysis and Fenton’s peroxidation, which are
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characterized by the system of reactions used to produce reactive hydroxyl radicals that go

on to decompose compounds (Hendricks 2006).

Perez-Estrada et al. (2011) investigated the use of ozonation to oxidize NAs from
OSPW. In alkaline conditions, they found that ozone decomposed to form hydroxyl
radicals, which in turn reacted with NAs. It was determined that NAs of greater molecular
weight more readily decomposed. Using this process, up to 61% removal was
accomplished. The same group, in 2012, also investigated the relative reactivity of NAs
using a UV/H,0, advanced oxidation process (Afzal, et al. 2012). Similar to the previous
study, NAs of greater molecular wright were preferentially oxidized. Degradation rates of

up to 99% were achieved under some experimental conditions.

In many cases, advanced oxidation processes only partially degrade their chemical
precursors (Legrini, Oliveros and Braun 1993) (Neyens and Baeyens 2003). In the case of
OSPW treatment, this could pose as a significant hurdle, as it may result in products of
greater toxicity than the initial NAs (Afzal, et al. 2012). As well, advanced oxidation
processes are often resource intensive, resulting in high operating costs (Oller, Malato and
Sanchez-Pérez 2011). This becomes especially true when aiming to achieve complete
oxidation because reaction intermediates are often more resistant to degradation, requiring a
greater amount of resources (energy or chemical reactants, depending on the oxidation

method) (Mufoz, et al. 2005).
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2.3.2 Biodegradation

Similar to advanced oxidation processes, certain microbes possess the ability to naturally
metabolize soluble organic matter, resulting in either partial or complete degradation.
Products of biodegradation are often carbon dioxide and new biomass (Grady, Daigger and
Lim 1999). Complete mineralization of precursor chemicals would result in only carbon

dioxide evolution.

A number of microorganisms have been shown to metabolize NAs, including
Acinetobacter anitratum, Alcaligenes faecalis, and Pseudomonas putida (Del Rio, et al.
2006). It is believe that the degradation pathway is dominated by f(-oxidation, but a-
oxidation and aromatization may also play a contributing role (Han, Scott, et al. 2008).
Clemente et al. (2004) illustrated the biodegradation of commercial NA preparations using
microorganisms native to tailings ponds. Microbes native to OSPW were selected for the
study, as they are often resistant to the toxic effects of NAs. They observed that within 10
days of incubation under aerobic conditions, the concentration of NA declined by more
than 90%, from approximately 100 mg I"' to less than 10 mg I"'. They also observed that
NAs of lesser molecular weight were more prone to biodegradation, which opposes the
trend observed for most advanced oxidation processes. Scott et al. (2005) compared the
biodegradation of commercial NA preparations with actual OSPW extracts containing
native NAs. Their findings suggested that native NAs present in OSPW are much less
biodegradable than solutions prepared using commercial NAs. For commercial NA
preparations, removal rates of 77-93% were observed within 10 days of incubations.

Conversely, only approximately 25% of the native NAs were removed within 40-49 days.
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The authors indicate that the disparity is likely a result of the fact that the commercial NAs

were of much lesser molecular weight compared to the native NAs.

One of the primary issues relating to NA biodegradation is the structure selectivity.
Aside from the size selectivity observed by Clemente et al. (2004) and Scott et al. (2005),
studies have also demonstrated that NAs with more rings and alkyl chain branching are
often less prone to biodegradation (Smith, et al. 2008) (Han, Scott, et al. 2008). As well,
biodegradation in some cases is a very slow process, taking months or even years to
degrade some recalcitrant species (Scott, MacKinnon and Fedorak 2005) (Han, MacKinnon
and Martin 2009). As a result, biodegradation may play a role in the remediation of OSPW,
but would likely require the use of alternative remediation techniques in combination

(Clemente, MacKinnon and Fedorak 2004).

2.3.3 Flocculation

Flocculation processes involve the collision of small particles to form larger particles,
which are then separated from solution by either flotation or settling. It is usually a two-
stage process, where dissolved particles or suspended solids first coagulate to form what are
known as microflocs. These microflocs then agglomerate to form flocs. The formation of
microflocs is typically a result of electrostatic attraction between the compound of interest
and a polyelectrolyte. The combination results in charge neutralization and instability in

aqueous solution (Hendricks 2006).

Pourrezaei et al. (2011) demonstrated the removal of NAs from OSPW using a two-step

flocculation process. First, a metallic salt was dispersed in the OSPW under rapid mixing to
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form microflocs with the dissolved NAs via electrostatic interaction. Then, a cationic
polymer was added under slow mixing to bridge between microflocs and form larger flocs
that could settle out of solution. Using this treatment method, the authors were able to
achieve 37% removal of NAs and 86% removal of oxidized NAs. NAs of higher molecular
weight were preferentially removed. Bjornen (2014) removed NAs from wastewater using
an electrocoagulation method, where a sacrificial anode made of iron or aluminum was
oxidized under high current density to produce metal cations in solution. The production of
positively charged species caused the coagulation and subsequent flocculation of NAs

dissolved in the water. Up to 93% removal was obtained using this method.

While flocculation processes are often energy efficient and simple to maintain
(Hendricks 2006), there are associated limitations. Typically, for flocculation processes to
effectively remove dissolved contaminants, a surplus of chemical flocculants is required.
This is often accompanied by excessive operating costs for the materials consumed. As
well, once settling has occurred within the process, large volumes of sludge are produced as

a waste product (De Philippis and Micheletti 2009).

2.3.4 Membrane filtration

Membrane filtration is a broad term describing a process wherein a fluid is passed
through a porous immobilized solid material, allowing for the removal of select solutes
from the fluid stream (Hendricks 2006). The mechanism of removal may include
electrostatic attraction or size exclusion. Membrane technologies are often categorized
depending on the size of the smallest solute they are capable of rejecting (Taylor and

Duranceau 2000).
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Peng et al. (2004) explored the use of three commercial polymeric nanofiltration
membranes for the removal of NAs from OSPW. Maintaining a commercially acceptable
permeate flux of 15 1 m™ h™' at a trans-membrane pressure of 10.3 bar, they were able to
achieve greater than 95% removal. While significant fouling was observed during the
course of the 18 h experiment, it was found to be reversible, allowing for continued use of
the membranes. Alpatova et al. (2014) investigated the use of a commercial ceramic
ultrafiltration membrane to remove dissolved organic and inorganic solutes from OSPW.
First, aluminum sulphate was added to the OSPW to coagulate dissolved species and was
then passed through the membrane with a pressure of 2.8 bar. While relatively high
removal rates were observed for particulates and chemical oxygen demand, only 12.4% of

NAs were removed under the conditions studied.

An apparent limitation of membrane filtration processes is fouling. Fouling not only
limits the removal efficiency of the membrane, but also reduces the flux through the
membrane (Hendricks 2006). Therefore, to maintain a constant effluent flowrate under
fouling conditions, the trans-membrane pressure must be increased. However, the pressure
across the membrane is also limited by the mechanical strength of the membrane material

(Riffat 2013).

2.3.5 Adsorption

Adsorption is a physical or chemical process wherein an adsorbate, a solution-based
solute, preferentially concentrates at an interface (Hendricks 2006). This results in a
concentration profile, where the solute concentration increases towards the interface. The

adsorption process is exothermic and is driven by the unique surface energetics of bulk
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materials, a result of the bonding deficiencies experienced by atoms at a material’s external
surface (Israelachvilli 2011). Depending on the mode of adsorption, the adsorbate may

accumulate on the interface in a monolayer or multilayer.
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Figure 2.4 Monolayer and multilayer adsorption.

The most common adsorbent investigated for the removal of NAs from OSPW is
activated carbon (Hendricks 2006). Mohamed et al. (2008) explored the use of commercial
granular activated carbon for NA removal and, under the experimental conditions used,
observed a maximum adsorption efficiency of 159 mg g, as estimated by the Langmuir
equilibrium adsorption isotherm. Sarkar (2013) studied the adsorption of a single-ring
model NA from simulated process water using petroleum coke-derived activated carbons
that varied in both overall surface area and functionality. It was observed that activated
carbons with higher surface area and ammonia surface functionality offered optimal
adsorption with removal rates of up to 98%. Gong and Yao (2012) investigated the use of
spent fluid catalytic cracking catalyst for the adsorption of NAs from OSPW. The exterior
and pore surfaces of the zeolite-based catalyst, after exposure to hydrocarbon cracking, was
coated with carbon and provided the material with an active surface for adsorption. Under

the experimental conditions studied, an adsorption efficiency of approximately 52 mg g’
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was achieved. Most recently, Iranmanesh et al. (2014) produced activate carbons from
sawdust using both chemical and physical activation processes for the removal of NAs
from OSPW. The chemically activated carbon possessed a higher surface area and, thus,
resulted in greater adsorption efficiency (up to 35 mg g'). While activated carbons tend to
possess high porosity and specific surface area that lend to their adsorption efficiency, the
cost of commercial activated carbons may be prohibitive (Sarkar 2013). Small et al. (2012)
also found that activated carbons derived from coke tend to leach heavy metals, such as
magnesium, nickel, cobalt, vanadium, and copper, which could result in the secondary
concern of inorganic toxicity in reclaimed OSPW. As well, the activation process, while
necessary to achieve suitable specific surface areas, is often energy intensive and may
produce air emissions that contain particulate matter and volatile organic compounds
(Cecen and Aktas 2012). The use of activated carbons derived from waste products may

remain economical, though, depending on their removal efficiencies.

Other adsorbent materials explored for the removal of NAs from wastewater include
clay and synthetic resins (Zou, et al. 1997) (Mohamed, Wilson and Headley, et al. 2008)
(Gaikar and Maiti 1996). Zou et al. (1997) investigated the adsorption process of NAs onto
the surfaces of montmorillonite, kaolinite, and illite using calorimetry. They observed that
the process was driven by two surface interactions. First, the carboxylate group of the NA
molecules participated with polar atoms or water molecules bound to the clay surface by
hydrogen bonding. Second, the hydrophobic segment of NA molecules was found to bond
to the clay surface through van der Waals interactions. They concluded that clays with a

greater specific surface area performed better as adsorbents. Mohamed et al. (2008)
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prepared synthetic polymer networks with B-cyclodextrin (B-CD) functionality. The ability
of the B-CD to complex with hydrophobic molecules allowed for the adsorption of NAs,
with the hydrophobic segment of the NAs centred within the -CD. Under the conditions
studies, adsorption efficiencies of 20-30 mg g were achieved. As suggested by the authors,
the specific surface area of the adsorbent limited the removal efficiency. Gaikar and Maiti
(1996) studied the use of commercial anion exchange resins with tertiary or quaternary
amine functionality to remove NAs from a continuous water stream. To achieve adequate
rates of adsorption using the resins with tertiary amine functionality, the inlet water stream
required acidification. Conversely, the resins with quaternary amine functionality
performed well in the native alkaline conditions. These findings suggested that the mode of
adsorption between NAs and anion exchange resins was primarily electrostatic. However,
structural factors, such as porosity and functional group accessibility, dictated the overall

adsorption efficiency, which, among the resins studies, ranged from 15.5-92 mg g,
2.4 Chitosan as a sustainable adsorbent
2.4.1 Chitosan

Chitosan (CS) is a random linear copolysaccharide constituted of p-linked D-
glucosamine and N-acetyl-D-glucosamine (Rinaudo 2006). It is a deacetylated derivative of
chitin, the second most abundant polymer in the world, after cellulose (Tharanathan and
Kittur 2003). CS is defined as having a degree of deacetylation (DD) of 50% or greater, i.c.
the molar fraction of D-glucosamine units is greater than the molar fraction of N-acetyl-D-

glucosamine units present within the copolymer chain. The opposite is true for chitin. The

25



deacetylation process involves mixing chitin in 40% sodium hydroxide at 120°C for 1 to 3
hours (M. N. Kumar 2000). The source of most of the chitin and, consequently, CS used for
practical applications is the exoskeleton of marine crustaceans, such as shrimp and crab (M.
N. Kumar, A review of chitin and chitosan application 2000) (Rinaudo 2006). Other

sources include fungi (Teng, et al. 2001) and yeast (Roelofsen and Hoette 1951).

Chitosan is an attractive material for functional applications in wastewater treatment for
a number of reasons. Being an abundant, natural biopolymer derived from food industry
waste makes its production feasible (M. N. Kumar 2000). Also, its solubility properties
allow for processing and modification reactions to be carried out in aqueous media (pH <
5). Simple crosslinking reactions with chitosan have been well studied (Monteiro and
Airoldi, Some studies of crosslinking chitosan - glutaraldehyde interaction in a
homogenous system 1999) (Mi, Sung and Shyu 2000) (Berger, et al. 2004) (Hudson and
Jenkins 2004), as has its use as a matrix material in hydrogels (Chatterjee, Lee and Woo

2010) (Baysal, et al. 2013) (Chen, et al. 2013).

Scheme 2.2 Deacetylation reaction of chitin to form chitosan.
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2.4.2 Chitosan hydrogel adsorbents

Hydrogels are highly porous three-dimensional polymer networks, which, in the
presence of water, swell to many times their dry mass (Hoffman 2002). Their high porosity
lends to their exceptional ability as adsorbents (Baysal, et al. 2013). Li and Bai (2005)
investigated the use of covalently crosslinked chitosan hydrogel beads for the adsorption of
metal ions from aqueous solution. The authors proposed a novel crosslinking method that
involved the shielding of the amine groups of chitosan by reaction with formaldehyde to
limit the crosslinking of the polymer to only the hydroxyl groups. The crosslinking agent
used was ethyleneglycol diglycidyl ether (EGDE). This crosslinking approach maintained a
high degree of free amine groups to participate as active sites for adsorption, which could
be protonated by the addition of hydrochloric acid. While this approach did improve the
adsorption capacity of the hydrogel beads, the production process was resource intensive.
Yan and Bai (2005) studied the adsorption of lead ions and humic acid onto non-
crosslinked chitosan hydrogel beads under mildly acidic and neutral conditions. The
authors observed that the hydrogels remained intact even under mildly acidic conditions
due to the low deprotonation of the amine group and the strong hydrogen bonding that
existed between chitosan chains. The lead ions were observed to complex with the nitrogen
atoms on chitosan and the humic acid was observed to locally protonate amine groups and
bind electrostatically. It is likely that this system would lack the robustness found in
covalently gelled systems, limiting the useful lifetime and regenerability of the material.
Chiou and coworkers (2004) studied the adsorption of anionic dyes in acidic solution using

chitosan hydrogel beads covalently crosslinking with epichlorohydrin. The covalent
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crosslinking allowed the hydrogels to avoid solubilization under acidic condition,
regardless of protonation of the amine groups. Adsorption capacities of up to 2498 mg g

were observed for the high molecular weight dyes studied.

Electrostatic adsorption of solute onto chitosan is limited by the pH of the solution. At
low pH, the C, amine groups of chitosan exit in their protonated and, thus, positively
charged state. This charge allows it to electrostatically bind with anionic chemical species
in solution. At high pH, above the pK, of chitosan, the amine group exists primarily in the
deprotonated state. As a result, the polymer loses its hydrophilicity and its positive charge,
barring the material from electrostatically bonding with anions. To combat this
circumstance and permit chitosan-based materials to electrostatically adsorb anionic solute
under neutral and alkaline conditions, a number of groups have reported the
functionalization of chitosan with quaternary ammonium moieties (Qin, et al. 2003) (Wang,
et al. 2008) (Zhang, et al. 2011) (Sowmya and Meenakshi 2013). Qin et al. (2003) prepared
epichlorohydrin crosslinked chitosan microspheres with the amine groups of chitosan
covalently shielded. The amine groups were unshielded and quaternized by reaction with
glycidyltrimethylammonium chloride. The quaternized chitosan microspheres were used to
remove chromium (VI) ions from aqueous solutions via electrostatic adsorption. While the
adsorption of chromium onto the non-quaternized chitosan was limited to acidic pH, the
functionality of the quaternized derivative was extended over the pH range of 3 to 11. The
high ionic strength of solution under extremely acidic or basic conditions limited the
adsorption efficiency of the adsorbent material due to electrostatic charge screening. In

more recent work by Sowmya and Meenakshi (2013) investigated the adsorption of
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inorganic anionic solutes onto quaternized chitosan hydrogel beads. The chitosan hydrogel
beads were first crosslinked using glutaraldehyde, then quaternized by reaction with
glycidyltrimethylammonium chloride. The authors observed adsorption capacities of 67.5
and 59.0 mg g' toward nitrate and phosphate anions, respectively, from highly
concentrated solutions. The adsorbent material was also demonstrated to be regenerable for

more than 10 cycles.
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CHAPTER 3

Adsorption theory

30



3.1 Theoretical overview of adsorption

Adsorption is a phase transfer process wherein a chemical species preferentially
concentrates at an interface (Hendricks 2006). In the treatment of wastewater, adsorption
processes are used to remove dissolved compounds (adsorbate) from an inlet water stream
and localize them on the surface of a solid substrate (adsorbent), yielding water of higher

purity in the effluent.

Adsorbate molecules

Adsorbent surface

Figure 3.1 Adsorption of adsorbate molecules onto a solid adsorbent surface.

As a result of this concentration of like species, the entropy of the system decreases, i.e.

dS < 0. If we consider the following:

dG = dH —TdS (3.1)
where dG is the change in Gibbs free energy of the system (J mol™), dH is the change in
enthalpy of the system (J mol™), T is the temperature of the system (K), and dS is the
change in entropy of the system (J mol” K™), then we observe that for an adsorption

process to proceed spontaneously, i.e. dG < 0, the system must be exothermic, i.e. dH < 0.
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Therefore, as temperature increases, we expect the maximum adsorption efficiency to

decrease.

Another very important concept in adsorption processes is the specific adsorption of an
adsorbent, ¢ (mg g"). In a liquid-solid system, it is defined as the amount of adsorbate
removed from the bulk liquid phase and adsorbed to the adsorbent surface per mass of
adsorbent (Hendricks 2006). For a batch system of constant volume, the specific adsorption

may be calculated as follows:

q= (Co :nC)V (32)

where C, is the initial concentration of solute in the bulk liquid (mg 1), C is the
concentration of the solute in the bulk liquid at time ¢ (mg 1), ¥ is the volume of the
system (1), and m is the mass of the adsorbent (g). The specific adsorption alludes to the
adsorption efficiency of an adsorbent, that is, how much solute can be adsorbed by a given
mass of adsorbent. At equilibrium, Eq. 2 may be modified to give the specific adsorption of

an adsorbent at equilibrium, g. (mg g"):

= -GV (3.3)

de m

where C, is the concentration of the solute in the bulk liquid at equilibrium (mg I™").
3.2 Modes of adsorption

The driving force for adsorption may differ between processes and is dependent on the

adsorbate-adsorbent interaction (Hendricks 2006) (Worch 2012). Most adsorption
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processes can be grouped into one of three categories, though: (a) physical adsorption, (b)

chemical adsorption, and (c) electrostatic adsorption (Inglezakis and Poulopoulos 2006).

3.2.1 Physical adsorption

Physical adsorption, often referred to as physisorption, is driven by weak intermolecular
interactions, such as van der Waals and hydrogen bonding, between the adsorbate and the
surface of the adsorbent (Worch 2012). These interactions are not site-specific and allow
the adsorbate to adsorb at any point on the surface of the adsorbent. The interaction energy
for this process is comparable to the heat of vapourization (Inglezakis and Poulopoulos
2006). The adsorbate may adsorb in a monolayer fashion, wherein the depth of the
adsorbed molecules is limited to one molecule, or in a multilayer fashion, characterized by
the stacking of adsorbate molecules on the surface of the adsorbent (Hendricks 2006). Due
to the relative weakness of the interactions in physical adsorption processes, the adsorbate
is free to migrate across the surface of the adsorbent. Typically, physical adsorption
processes are characterized by an enthalpy change of -25 kJ mol™ or less and may be
reversed by reducing the concentration of the adsorbate in the bulk (Worch 2012). Due to
the low heat of adsorption, physical adsorption processes are only stable at temperatures

below 150°C (Inglezakis and Poulopoulos 2006).

3.2.2 Chemical adsorption

The adsorption of adsorbate to an adsorbent surface via a chemical bond is referred to as
chemical adsorption, or chemisorption (Worch 2012). Chemical adsorption typically only

occurs at specific sites on the surface of the adsorbent due to localized surface energetics or

33



chemical functionality. The interaction energy for chemical adsorption processes is
comparable to the strength of chemical bonds and are quite stable at high temperatures
(Inglezakis and Poulopoulos 2006). As a result of the site specificity, chemical adsorption
usually occurs only in monolayer fashion and is often a non-reversible process (Davis
2012). The enthalpy change associated with chemical adsorption typically lies in the range
of -40 — 800 kJ mol™ (Inglezakis and Poulopoulos 2006). The rate of chemical adsorption
processes may be much greater than physical adsorption and, thus, it may take much longer

periods of time to approach equilibrium (Davis 2012).

3.2.3 Electrostatic adsorption (ion exchange)

Electrostatic adsorption is another class of adsorption processes and is driven by
Coulombic attraction between the adsorbate and adsorbent (Worch 2012). Similar to
chemical adsorption processes, electrostatic adsorption relies on specific sites on the
adsorbent surface to host adsorbate molecules driven from the bulk. These sites are
typically of either amine or carboxyl functionality, imparting a positive or negative
electrostatic charge on the adsorbate surface, respectively (Davis 2012). The electrostatic
adsorption process is often referred to as ion exchange because it involves the
stoichiometric displacement of a counter ion from the adsorption sites when the adsorption
process occurs (Hendricks 2006). This separates electrostatic adsorption from physical and
chemical adsorption, which do not involve the release of any chemical species from the
adsorbent. In most cases, the associated enthalpy change in electrostatic adsorption

processes is very small, often less than -10 kJ mol’. Electrostatic adsorption may be
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reversed by exposing the saturated adsorbent to a bulk solvent concentrated with a different

ionic species of the same charge (Inglezakis and Poulopoulos 2006).

3.3 Equilibrium adsorption isotherms

If an adsorbent is exposed to adsorbate for sufficiently long periods of time, equilibrium
between adsorption and desorption will be established. For the development of an
adsorption process, it is necessary to have a sound understanding of the equilibrium
properties of the system, as they will influence many design and operational parameters
(Hendricks 2006). An adsorption isotherm is a model used to describe the equilibrium of an
adsorption system at a constant temperature by relating the concentration of adsorbate in
the bulk to the specific adsorption of the adsorbent. Some of the most frequently used

isotherms in practice are the Langmuir, Freundlich, and Temkin models (Worch 2012).

3.3.1 Langmuir model

The Langmuir isotherm is the simplest and most commonly used model to describe
equilibrium adsorption data (Foo and Hameed 2010) (Howe, et al. 2012). It was initially
derived in 1916 for a gas-solid system (Langmuir 1916), but has since been adapted for
liquid-solid systems, as well (Inglezakis and Poulopoulos 2006) (Worch 2012). The
isotherm is presented as follows:

_ qulCe

1+ kC, (3.4)

de

where ¢, is the specific adsorption of an adsorbent at equilibrium (mg g'), ¢. is the

maximum specific adsorption of an adsorbent (mg g'), k; is the Langmuir affinity
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coefficient (1 mg'l), and C, is the concentration of the solute in the bulk liquid at
equilibrium (mg I'). At low concentrations, the Langmuir isotherm reduces to Henry’s law:
Clir—l:lo de = qmkCe (3.5)

wherein the surface adsorption is linearly proportional to the adsorbate concentration in the

bulk.

Linearization of the Langmuir isotherm yields the following:

c, 1 1
— C
qe dm qu l

(3.6)

The model parameters, ¢, and k;, may be determined by performing one of two batch
experiments: (a) vary the initial adsorbate concentration and measure the specific
adsorption at equilibrium, while keeping all other parameters constant or (b) vary the
adsorbent loading and measure the specific adsorption at equilibrium, while keeping all
other parameters constant. Both methods will yield data sets of C, and ¢., which may then
be used to calculate the model parameters through linear regression. Non-linear regressive

techniques may also be applied.

There are many assumptions associated with the Langmuir isotherm (Inglezakis and
Poulopoulos 2006). One is that the surface of the adsorbent is uniform. This implies that the
surface is perfectly flat and without imperfection. It also implies that the active sites for
adsorption on the adsorbent surface are energetically equivalent. Further, this isotherm only
accounts for monolayer adsorption, wherein adsorbate molecules stoichiometrically occupy

the active sites. Lastly, it is assumed that there is negligible interaction between adjacent
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adsorbed molecules. In practical situations, many of these assumptions are rarely satisfied
(Langmuir 1916). Nonetheless, the Langmuir model often provides adequate fit of

experimental adsorption data (Foo and Hameed 2010).

Because the Langmuir isotherm is so frequently used in the literature, g, is the most
commonly reported figure to represent the adsorption efficiency of a specific adsorbent
material (Foo and Hameed 2010). As a result, g,, may be used to compare between different

materials with caution.

3.3.2 Freundlich model

The Freundlich isotherm, while not as commonly used as the Langmuir isotherm, is the
older of the two. Like the Langmuir isotherm, the Freundlich isotherm is a two-parameter
model (Freundlich 1906). Unlike the Langmuir isotherm, however, its foundation is strictly
empirical and lacks a thermodynamic basis. It is often used to model adsorbents with
heterogeneous surfaces or multilayer adsorption (Patel and Vashi 2014). The isotherm is as

follows:

1

e = kel 67

where kr is an index for adsorption capacity ((mg g™)(1 mg™)""

) and //n is a measure of the
adsorption intensity. An increase in kr indicates an increase in the maximum adsorption
capacity of the adsorbent, while an increase in //n indicates a more favourable adsorption
process. It is also referred to as the heterogeneity factor because a deviation from unity

signifies a deviation from the Langmuir model for homogenous adsorption sites (Foo and

Hameed 2010). The value of » may also be used to determine whether an adsorption
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process is favourable or not under certain conditions. If » > I, then the process is

favourable (Patel and Vashi 2014).

The Freundlich model inherently assumes that the heat of adsorption decays
exponentially as the fractional surface coverage increases. In other words, it assumes that
the strongest binding sites are occupied first, followed by those of weaker energy (Foo and
Hameed 2010). Its ability to account for site heterogeneity, as well as its general simplicity

makes the Freundlich isotherm an attractive modeling tool.

Linearization of the isotherm permits parameter determination:

1
logqg, = logkyr + Elog Ce (3.8)

Similar to the procedure used for the Langmuir isotherm, data sets of ¢, and C. may be
plotted to determine the model parameters. Non-linear regressive techniques may also be

applied.

One of major limitations associated with the Freundlich isotherm is that the lower limit
as C, approaches zero does not reduce to Henry’s law. Similarly, at high concentrations, the
upper limit for g, is not bound. Therefore, as concentration increases, there is no limit to the
amount of solute that may be adsorbed on the adsorbent surface. Because of this, the
Freundlich isotherm tends to fail at high concentrations. One advantage, however, is that a
well-defined relationship can often be obtained with limited data sets (Foo and Hameed

2010).
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3.3.3 Temkin model

Similar to the Freundlich isotherm, the Temkin isotherm assumes that the heat of
adsorption decreases as the fractional surface coverage of the adsorbent increases (Temkin
and Pyzhev 1940). As a result, the Temkin isotherm also retains the ability to account
heterogeneous adsorption processes, where the assumption of constant heat of adsorption
may not be valid (Foo and Hameed 2010). While the Freundlich isotherm assumes an
exponential reduction, the Temkin isotherm assumes a linear reduction in the heat of

adsorption. The two-parameter model is as follows:

RT
de =7—InArC, (3.9)
by
where R is the universal gas constant (8.314 J mol”' K", T is the temperature of the system

(K), br is a model parameter related to the heat of adsorption (g J mg" mol™), and A7 is a

model parameter related to the equilibrium binding constant (1 g™).

The Temkin isotherm is expressed below in its linear form:

RT RT
qe=5;mAr+5;mCe (3.10)

Again, data sets of ¢, and C, may be plotted to determine the model parameters using linear

regression. Non-linear regressive techniques may also be applied.

3.4 Kinetic adsorption models

In order to design and implement an adsorption column in a process, a thorough

understanding of the kinetics involved with the system is required (Ho and McKay, The
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kinetics of sorption of basic dyes from aqueous solution by sphagnum moss peat 1998). By
studying the kinetics of adsorption, one may elucidate the effect of different parameters on
the overall rate of the adsorption process (K. V. Kumar 2006). These parameters may
include system parameters, such as the adsorbent composition and the type of adsorbate, or
environmental parameters, such as solution pH, salt concentration, and temperature. By
having a reliable estimation of the rate and mechanism of adsorption, one can then begin to

safely design for a column’s dimensions and desired residence time (Ho 2004).

As in the study of adsorption equilibrium, there have many models developed to aid in
the understanding and prediction of adsorption kinetics. Some of the more commonly used

models are described below.

3.4.1 Pseudo first order model

The pseudo first order model is an empirical model derived by Lagergren in 1898 to
study the adsorption of organic acids onto charcoal (Lagergren 1898) and is one of the
most-widely applied techniques for modeling the kinetics of aqueous liquid-solid

adsorption systems. The equation is presented below:

dq

E=k1(qe—q) (3.11)

where ¢ is time (min) and k; is the pseudo first order rate constant (min'). While the rate
law may be defined in terms of the number of active sites free for adsorption, in Equation.
3.11 it is instead defined using the adsorption efficiency, ¢, as the two are assumed to be
proportional (Ho and McKay 1999). By integrating the above equation with the boundary

conditions ¢ = 0 at¢t = 0 and g = g at ¢ = ¢, we may arrive at the following linear form:
40



k
log(qe — q) =logqe —5oo=t (3.12)

By measuring the specific adsorption efficiency as a function of time in a batch experiment,
linear regression may be used to obtain the rate constant. Non-linear regressive techniques

may also be applied.

3.4.2 Pseudo second order model

The pseudo second order model is also very commonly used to model liquid-solid
adsorption processes (Ho and McKay 1999). Similar to the pseudo first order model, the

rate law is defined in terms of the adsorption efficiency, g:

dq

7 = ka(qe - q)? (3.13)

where k; is the pseudo second order rate constant (min™'). By integrating with the boundary

conditions ¢ = 0 at¢t = ( and g = g at ¢ = ¢, we again arrive at a linear form:

t 1 1

= +—t
q kyqZ qe

(3.14)

Through a thorough review of the literature, Ho and McKay (1999) found that while the
pseudo first order model is simplest, the pseudo second order model was more accurate in

modeling solid-liquid adsorption kinetics beyond its initial stages.

3.4.3 Intraparticle diffusion model

The intraparticle diffusion model takes a mechanistic approach to describing adsorption
kinetics (Weber and Morris 1963). By doing so, the model may assist in elucidating the

effect of boundary layer diffusion on the rate of adsorption for a given system. The
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intraparticle diffusion model, sometimes referred to as the Weber and Morris model, is

presented below:

q=ktOS +C (3.15)
where k is the intraparticle diffusion rate constant (mg g' min®’) and C is a constant
reflecting the external boundary layer effects (mg g'). If C approaches 0, then the

adsorption process is entirely diffusion controlled.
3.5 Summary of adsorption models

Presented below is a clear and concise tabular summary of the equilibrium and kinetic

models discussed, as well as their linearized forms.

Table 3.1 Summary of equilibrium adsorption models presented.

Model Equation Linear form Reference
Langmuir qe = % g_: — i C, + q;kl (Lallr;%gl)uir
Freundlich — Ce% log g, = log ks + %log . (Frirgggiich

Table 3.2 Summary of kinetic adsorption models presented.

Model Equation Linear form Reference
log(qe — q) = logq
Pseudo first dq I ‘ kel (Lagergren
order 7t = klde—a) ~ 5303 1898)
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Pseudo dq t 1 1 (Ho and

— = _ 2 R + —
second order dt k2(qe — @) q " ka2  ge McKay 1999)
Intraparticle ;
diffusion q=kt*S+C N/A (Weber an.

Morris 1963)
model
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CHAPTER 4

Optimized adsorption of a model aromatic naphthenic acid
from aqueous solution using sustainable quaternized

chitosan hydrogels
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4.1 Introduction

For each barrel of bitumen produced in the Alberta, Canada’s oil sands development,
approximately 0.5 to 2.5 barrels of freshwater must be drawn in from local waterways to
aid in the processing of the mined ore (Allen 2008). This equates to approximately 2.9
million barrels of freshwater per day. Upon the mining and extraction of bitumen from oil
sands ore, a number of contaminants are solubilized and concentrated in oil sands process-
affected water (OSPW), where they prompt several environmental and process-related
concerns. Among these contaminants is a very broad family of saturated aliphatic and
alicyclic carboxylic acids known collectively as naphthenic acids (NAs). NAs are surface-
active compounds (Havre, et al. 2002) (Headley and McMartin 2004) that have proven to
be both corrosive toward process equipment (Derungs 1956) (Schramm, Stasiuk and
MacKinnon 2000) (Fan 1991) and acutely toxic toward a number of aquatic organisms
(MacKinnon and Boerger 1986) (Schramm, Stasiuk and MacKinnon 2000) (Madill, et al.

2001) (Rogers, et al. 2002) (Frank, et al. 2009).

A range of novel technologies, spanning advanced oxidation, biodegradation,
coagulation/flocculation, membrane filtration, and adsorption, have been developed over
the past decade and their ability to remove NAs from OSPW has been demonstrated with
relative success. However, each class of remediation techniques possesses certain
limitations. For instance, many of the works involving advanced oxidation processes report
on the preferential oxidative degradation of bulkier, polycyclic NAs (Legrini, Oliveros and
Braun 1993) (Neyens and Baeyens 2003) (Afzal, et al. 2012). Conversely, reports of NA

bioremediation often conclude that lower molecular weight NAs with less rings and

45



branching are more easily biodegraded by microbial cultures (Clemente, MacKinnon and
Fedorak 2004) (Scott, MacKinnon and Fedorak 2005) (Smith, et al. 2008) (Han, Scott, et
al. 2008). In both cases, this selective degradation often leaves behind a number of
recalcitrant NAs that persist in OSPW. Coagulation/flocculation processes are often cited as
significant producers of sludge (Pourrezaei, et al. 2011) (De Philippis and Micheletti 2009)
and the high ionic strength of OSPW often disrupts the destabilization mechanisms that
cause flocculant-contaminant complex to settle out of solution (Allen 2008). Meanwhile,
fouling, high pressure drop, and low throughput are commonly encountered for membrane
filtration processes (Peng, et al. 2004) (Allen 2008). Adsorption, while being a well-
developed technology for wastewater treatment, allows for high throughput and, in most

cases, comprehensive NA removal.

The most common adsorbent material investigated for the removal of NAs from OSPW
is activated carbon. Mohamed et al. (2008) explored the use of commercial granular
activated carbon for NA removal and, under the experimental conditions used, observed a
maximum adsorption efficiency of 159 mg g™, as estimated by the Langmuir equilibrium
adsorption isotherm. Sarkar (2013) studied the adsorption of a single-ring model NA from
simulated process water using petroleum coke-derived activated carbons that varied in both
overall surface area and functionality. It was observed that activated carbons with higher
surface area and ammonia surface functionality offered optimal adsorption with removal
rates of up to 98%. Gong and Yao (2012) investigated the use of spent fluid catalytic
cracking catalyst for the adsorption of NAs from OSPW. The exterior and pore surfaces of

the zeolite-based catalyst, after exposure to hydrocarbon cracking, was coated with carbon
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and provided the material with an active surface for adsorption. Under the experimental
conditions studied, an adsorption efficiency of approximately 52 mg g' was achieved.
Most recently, Iranmanesh et al. (2014) produced activate carbons from sawdust using both
chemical and physical activation processes for the removal of NAs from OSPW. The
chemically activated carbon possessed a higher surface area and, thus, resulted in greater
adsorption efficiency (up to 32 mg g™). In comparison with commercial activated carbon
whose maximum NA adsorption capacity was 21 mg g', both the physically and
chemically activated carbons were an improvement. While activated carbons tend to
possess high porosity and specific surface area that lend to their adsorption efficiency, the
cost of commercial activated carbons may be prohibitive (Sarkar 2013). As well, the
activation process, while necessary to achieve suitable specific surface areas, is often
energy intensive and may produce gaseous emissions that contain particulate matter and
volatile organic compounds (Cecen and Aktas 2012). The use of activated carbons derived
from waste products (Sarkar 2013) (Gong and Yao 2012) (Iranmanesh, et al. 2014) (Islam,
Zhang, et al. 2015) (Islam, Dong, et al. 2014) may remain economical, though, depending

on their removal efficiencies.

Other adsorbent materials explored for the removal of NAs from wastewater include
clays and synthetic resins (Zou, et al. 1997) (Mohamed, Wilson and Headley, et al. 2008)
(Gaikar and Maiti 1996). Zou et al. (1997) investigated the adsorption process of NAs onto
the surfaces of montmorillonite, kaolinite, and illite using calorimetry. They observed that
the process was driven by two surface interactions. First, the carboxylate groups of the NA

molecules participated with polar atoms or water molecules bound to the clay surface by
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hydrogen bonding. Second, the hydrophobic segment of NA molecules was found to bond
to the clay surface through van der Waals interactions. They concluded that clays with a
greater specific surface area performed better as adsorbents. Mohamed et al. (Mohamed,
Wilson and Headley, et al. 2008) (Mohamed, Wilson, et al. 2011) prepared synthetic
supramolecular polyurethane adsorbents with p-cyclodextrin (S-CD) functionality. The
ability of the -CD to complex with hydrophobic molecules allowed for the adsorption of
NAs, with the hydrophobic segment of the NAs centered within the B-CD and the
carboxylate directed away from the adsorbent material. Under the conditions studies,
adsorption efficiencies of 20-30 mg g were achieved. As suggested by the authors, the

specific surface area of the adsorbent limited the removal efficiency.

In a recent report published by Sowmya and Meenakshi (2013), regenerable quaternized
chitosan hydrogel adsorbents were used for the selective removal of phosphate and nitrate
anions from aqueous solutions. Chitosan (CS) is a random linear copolysaccharide
constituted of B-linked D-glucosamine and N-acetyl-D-glucosamine (Rinaudo 2006). It is a
deacetylated derivative of chitin, the second most abundant polymer in the world, after
cellulose (Tharanathan and Kittur 2003). Chitosan is an attractive material for functional
applications in wastewater treatment for a number of reasons. First, being an abundant,
natural biopolymer derived from food industry waste makes its production economical (M.
N. Kumar 2000). Further, its solubility properties allow for processing and modification
reactions to be carried out in aqueous media (pH < 5). The ISO 14000 family of standards
addresses the concept of industrial sustainability in businesses and organizations, offering
guidelines for environmental management systems (EMS) (Internation Organization for
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Standardization (ISO) 2004). The potential benefits of implementing and abiding by such
systems include reduction in waste production and the avoidance of use and disposal of
hazardous or potentially polluting materials. By using chitosan as the bulk material for the
adsorbent and carrying out reactions in aqueous media, the work described herein aims to

approach the industrial ideals and standards outlined in ISO 14001.

Simple crosslinking reactions with chitosan have been well studied (Monteiro and
Airoldi 1999) (Mi, Sung and Shyu 2000) (Berger, et al. 2004) (Hudson and Jenkins 2004),
as has its use as a matrix material in hydrogels (Chatterjee, Lee and Woo 2010) (Baysal, et
al. 2013) (Chen, et al. 2013). In their study, Sowmya and Meenakshi (2013) observed
adsorption capacities of 67.5 and 59.0 mg g toward nitrate and phosphate anions,
respectively, from highly concentrated solutions. The hydrogels were also demonstrated to

be regenerable for more than 10 cycles.

The present study investigates the use of similar quaternized chitosan hydrogels for the
adsorption of an organic anion, 2-naphthoxyacetic acid, to demonstrate the applicability of
this type of material towards the removal of NAs from OSPW. The effects of varying three
processing parameters on the physical and adsorption characteristics of the resulting
adsorbent material were investigated. This included studying the density of chitosan, the
degree of crosslinking, and the degree of quaternization of the hydrogels. Their effects on
the swelling behaviour and Langmuir adsorption capacity for the model NA were reported.
From the results of this optimization study, an optimal adsorbent formulation was produced
and the batch equilibrium and kinetic adsorption processes were characterized. The
Langmuir adsorption isotherm provided adequate fit for the equilibrium adsorption data,
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while the pseudo second order rate equation modeled the kinetic adsorption data quite well.
The effects of adsorbate concentration, adsorbent dosage, agitation rate, ionic strength, pH,
and temperature on the adsorption process were studied. Under optimal conditions, up to
91% of the model NA was adsorbed. The optimized quaternized chitosan hydrogel
adsorbents reported in this study possessed a maximum adsorption efficiency of 315 mg g’
! as estimated by the Langmuir adsorption isotherm from batch equilibrium adsorption
data. This is a significant improvement from the hydrogel adsorbents reported by Sowmya
and Meenakshi (2013), as well as many of the activated carbon adsorbents used for the
removal of NAs from OSPW (Sarkar 2013) (Gong and Yao 2012) (Iranmanesh, et al. 2014)

(Mohamed, Wilson and Headley, et al. 2008) (Mohamed, Wilson, et al. 2011).
4.2 Experimental section

4.2.1 Materials

Medium molecular weight chitosan (CS, 75-85% deacetylated), sodium hydroxide
(NaOH, pellets, > 99.0%), hydrochloric acid (HCl, 37%), glutaraldehyde (GA, 50% w/w in
water), glycidyltrimethylammonium chloride (GTMAC, > 90%), 2-naphthoxyacetic acid
(mNA, > 98.0%), and sodium chloride (NaCl, > 99.0%) were purchased from Sigma-
Aldrich and used without further purification. Water (> 18 MQ cm) used in all procedures

was filtered through a Millipore Milli-Q Purification System.

AN O\)LOH
o0

Figure 4.1 Chemical structure of 2-naphthoxyacetic acid (mNA, MW = 202.21 g mol™,

Amax = 325 nm).
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4.2.2 Methods

4.2.2.1 Synthesis of quaternized chitosan hydrogel adsorbents

The procedure for preparing the QCHA was adapted from the recent work of Sowmya
and Meenakshi (Sowmya and Meenakshi 2013). First, aqueous chitosan solutions were
prepared by dissolving 200-400 mg CS in 19.6-19.8 ml 1% w/w HAc solution, depending
on the desired CS concentration (1, 1.25, 1.5, 1.75, and 2% w/w). The solutions were
shaken at 500 rpm on an orbital plate shaker for 1 h to ensure complete dissolution.
Spherical CS hydrogels were then prepared by slowly drop casting the mildly acidic CS
solution into 100 ml of a gently stirring 0.5 M aqueous NaOH solution. A peristaltic pump
was used to dispense the solution through a 22G hypodermic needle at a rate of
approximately 2 drops per second. The tip of the needle was maintained at a height of 3 cm
above the liquid surface. The hydrogels were stirred in the NaOH solution for 30 minutes to
allow for complete coagulation. The beads were then carefully filtered from the NaOH
solution and placed in 100 ml water to remove the NaOH from the pores of the beads. The
beads were stirred for 5 minutes before carefully filtering them from the solution. This
wash process was repeated until the pH of the water approached neutral values (pH 6-7)

and remained consistent (approximately 5 to 7 total iterations).

The CS hydrogel beads were then added to 20 ml water in a 100 ml conical flask. Next,
50-250 pl GA was added, depending on the desired aldehyde to amine molar ratio on the
GA and CS, respectively (0.5:1, 1:1. 1.5:1, 2:1, and 2.5:1). The solution was shaken at 250

rpm for 1 h to allow for the crosslinking reaction to occur, after which the beads were
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carefully filtered from the reaction solution and were washed using the previously

described procedure.

The crosslinked CS hydrogel beads were then added to 30 ml water in a 100 ml round
bottom flask. Next, 0.82-2.88 ml GTMAC was added, depending on the desired epoxy to
amine molar ratio on the GTMAC and CS, respectively (5:1, 7.5:1, 10:1, 12.5:1, 15:1, and
17.5:1). The contents were then heated to 55°C under gentle stirring and allowed to react
for 12 h. The resulting quaternized chitosan hydrogel adsorbent (QCA) were then carefully
filtered from the reaction solution and were washed using the previously described

procedure. The beads were stored in their hydrated state.

Scheme 4.1 Crosslinking and quaternization of chitosan hydrogels.

(Deswelling)

(Swelling)
Legend:
— * Gel points
e Quaternary ammonium moieties
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4.2.2.2 Optimization of quaternized chitosan hydrogel adsorbents

The effects of varying a number of reaction and processing parameters on the swelling
behaviour and adsorption performance of the resulting QCA were studied. The parameters
investigated were (A) the amount of CS in the initial suspension, (B) the molar ratio of
aldehyde to amine on the GA and CS, respectively, in the crosslinking reaction, and (C) the
molar ratio of epoxy to amine on the GTMAC and CS, respectively, in the quaternization
reaction. The variations in conditions are outlined in Table 1, below. An optimized
formulation for use in thorough kinetic and equilibrium adsorption experiments was

determined based on the results of this parameter study.

Table 4.1 Experimental conditions for QCA reaction and processing parameter study.

Sample Amount of CS (% w/w) Aldehyde: amine GTMAC: amine

ratio (molar) ratio (molar)
Al 1 1 10
A2 1.25 1 10
A3 1.5 1 10
A4 1.75 1 10
A5 2 1 10
B1 1 0.5 10
B2’ 1 1 10
B3 1 1.5 10
B4 1 2 10
B5 1 2.5 10
Cl 1 1 5
C2 1 1 7.5
c3’ 1 1 10
C4 1 1 12.5
C5 1 1 15
Co6 1 1 17.5

T Al, B2, and C3 are replicates.
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4.2.3 Characterization
4.2.3.1 Swelling ratio

The swelling ratio of the QCA was determined gravimetrically. The hydrated beads were
placed on cellulose filter paper to remove any excess water and the mass of 15 beads was
measured. The beads were dried under vacuum pressure at room temperature for 12 h and
the mass of the dehydrated beads was measured. The swelling ratio, SR (g g'), was

determined as the ratio of hydrated mass, m,, (g), to dehydrated mass, m, (g):

SR = —~ (4.1)

Each measurement was recorded in triplicate.
4.2.3.3 Equilibrium adsorption

A 1 1 stock solution of 1 mM mNA was prepared, with the pH adjusted to 8 using 0.1M
NaOH to relate to the pH of OSPW. The same stock solution was used throughout the
course of all adsorption experiments. UV-vis absorbance with a range in wavelength of
300-350 nm was used to measure the concentration of mNA in solution (Varian Cary 100
Bio) (Figure 4.2a). A calibration plot was prepared by diluting the stock mNA solution to
five different concentrations using water (pH adjusted to 8) and measuring the
corresponding peak UV-vis absorbance (325 nm) for each concentration (Figure 4.2b). The

same calibration plot was used throughout the course of the adsorption experiments.
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Figure 4.2 (a) UV-vis absorbance of the mNA for a wavelength range of 300 to 340 nm
and (b) a calibration plot demonstrating the relationship between mNA concentration and

UV absorbance at 325 nm.

10 mg dry equivalent QCA were added to a series of five 20 ml polypropylene vials. To
each, 10 ml of mNA stock solution was added and the vials were immediately placed on a
temperature controlled orbital shaker at 25°C and shaken at 300 rpm. After 4 h, equilibrium
had been reached and 2.5 ml aliquots of mNA solution were removed from each vial. The
concentration of mNA was measured using UV-vis absorbance. Five initial adsorbate

concentrations were studied: 0.2, 0.4, 0.6, 0.8, and 1.0 mM.
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These experiments were used to determine the equilibrium adsorption characteristics for
the QCA parameter study and the optimized QCA formulation. The equilibrium adsorption
of mNA onto the various QCA was modeled using the Langmuir isotherm (Langmuir
1916):

_ qulCe

1+ kC, (4.2)

de

where q, is the specific adsorption of an adsorbent at equilibrium (mg g"), g, is the
maximum specific adsorption of an adsorbent (mg g'), k; is the Langmuir affinity
coefficient (1 mg'l), and C, is the concentration of the mNA in the bulk liquid at
equilibrium (mg 17). g, may be calculated using at equilibrium using the following

relationship:

(Co - Ce)V (43)

de

where C, is the initial mNA concentration, V is the volume of the system, and m is the

adsorbent dosage.

The parameters to the Langmuir equation, q,, and k; were evaluated nonlinearly using

the MATLAB built-in function nlinfit.
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4.2.3.2 Kinetic adsorption

A certain mass of dry equivalent QSCHB was added to a series of 20 ml polypropylene
vials. To each, 10 ml of mNA stock solution was added and the vials were immediately
placed on a temperature controlled orbital shaker and shaken at a particular rate. At
predefined time intervals, 2.5 ml aliquots of mNA solution were removed from each vial
and the concentration of mNA was measured using UV absorbance. The solution was then
placed back into its respective vial and the adsorption experiment was allowed to continue

for a total of 4 h.

The effect of the initial adsorbate concentration on the adsorption kinetics was studied
by varying the amount of mNA in each batch adsorption experiment. Five initial adsorbate
concentrations were studied: 0.2, 0.4, 0.6, 0.8, and 1.0 mM. The adsorbent mass, agitation
rate, initial solution pH, NaCl concentration, and temperature were maintained at 10 mg,

300 rpm, pH 8, 0 mM, and 25°C, respectively.

The effect of adsorbent dosage on the adsorption kinetics was studied by varying the
mass of adsorbent in each batch adsorption experiment. Five adsorbent dosages were
studied: 5, 7.5, 10, 12.5, and 15 mg. The initial adsorbate concentration, The initial
adsorbate concentration, agitation rate, initial solution pH, NaCl concentration, and

temperature were maintained at 1 mM, 300 rpm, pH 8, 0 mM, and 25°C, respectively.

The effect of agitation rate on the adsorption kinetics was studied by varying the
rotational speed of the orbital shaker used throughout the batch adsorption experiments.

Three agitation rates were studied: 100, 300, and 500 rpm. The initial adsorbate
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concentration, adsorbent mass, initial solution pH, NaCl concentration, and temperature

were maintained at 1 mM, 10 mg, pH 8, 0 mM, and 25°C, respectively.

The effect of solution pH on the adsorption kinetics was studied by varying the initial
pH of solution in each batch adsorption experiment. This was done by preparing five 50 ml
mNA solutions from the original stock and adjusting the pH using very small volumes of
1.0 and 0.1 M HCI and 1.0 and 0.1 M NaOH. The mNA solutions for this set of
experiments were then drawn from the corresponding pH adjusted stock solutions. Five
initial pH values were studied: pH 2, 4, 6, 8, and 10. The initial adsorbate concentration,
adsorbent mass, agitation rate, NaCl concentration, and temperature were maintained at 1

mM, 10 mg, 300 rpm, 0 mM, and 25°C, respectively.

The effect of ionic strength on the adsorption kinetics was studied by varying the
concentration of NaCl in each batch adsorption experiment. This was done by preparing
five 50 ml mNA solutions from the original stock and adjusting the salt concentration by
adding 29.2-116.9 mg NaCl to each solution. Five NaCl concentrations were studied: 0, 10,
20, 30, and 40 mM. The initial adsorbate concentration, adsorbent mass, agitation rate,
initial solution pH, and temperature were maintained at 1 mM, 10 mg, 300 rpm, 8, and

25°C, respectively.

The effect of temperature on the adsorption kinetics was studied by varying the water
bath temperature in each batch adsorption experiment. Three temperatures were studied:
25, 35, and 45°C. The initial adsorbate concentration, adsorbent mass, agitation rate, initial
solution pH, and NaCl concentration were maintained at 1 mM, 10 mg, 300 rpm, 8, and 0

mM, respectively.
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These experiments were used to determine the kinetic adsorption characteristics for the
optimized HTCC hydrogel formulation. The kinetic adsorption of mNA onto the optimized
QCA under a variety of process conditions was modeled using the pseudo second order rate
equation (Ho and McKay 1999):

dq

7= ke (qe — q)? (4.4)

where k, is the pseudo second order rate constant. Integration of Equation 4.4 for the
boundary conditions g = 0 att = 0 and q = q at t =t yields the integrated pseudo second

order rate law:

q; tk;

_ 4.5
1 1+ k,q. (4.5)

The parameters to the pseudo second order rate equation, g, and k, were also evaluated

nonlinearly using the MATLAB built-in function nlinfit.
4.2.3.4 Adsorbent regeneration

To study the recyclability of the optimized QCA formulation, a series of equilibrium
adsorption and desorption experiments were performed. For these experiments, 10 mg dry
equivalent QCA were added to a 20 ml polypropylene vial. Then, 10 ml of | mM mNA
stock solution was added and the vial was immediately placed on an orbital shaker at 25°C
and shaken at 300 rpm. After 4 h, equilibrium had been reached and a 2.5 ml aliquot of

mNA solution was removed from the vial. The concentration of mNA was measured using
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UV absorbance. The remaining solution mNA solution was then strained from the beads
and 10 ml 50 mM NaCl was added. The vial was then immediately placed back on the
orbital shaker and shaken at 300 rpm. At predefined time intervals, 2.5 ml aliquots of
regeneration solution were removed from the vial and the concentration of desorbed mNA
was measured using UV absorbance. The solution was then placed back into the vial and
the desorption experiment was allowed to continue until equilibrium was reached (2 h).
Once desorbed, the hydrogel beads were strained from the regeneration solution and
washed five times with water to remove any excess NaCl. This procedure was then

repeated for a total of five cycles. Each measurement was recorded in triplicate.

4.3 Results and discussion

4.3.1 Optimization of quaternized chitosan hydrogel adsorbents

4.3.1.1 Effect of chitosan density

Adsorbents are typically housed in fixed bed adsorption columns, the capital cost of
which is proportional to the volume required for the specified design (Faust and Aly 1987)
(Hendricks 2011). After a certain period of time, the adsorbent must either be regenerated
by desorbing the adsorbed solute using an eluent or disposed of and replaced by unused
adsorbent material. The regeneration or replacement of adsorbent material results in
significant operating costs. By increasing the effective density of the adsorbent material,
one may be able to achieve more functional surface area for adsorption per unit volume
and/or improve the lifetime of the material, resulting in a reduced regeneration or

replacement frequency (Li, et al. 2014). For example, if two hydrogel adsorbent beads are
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of similar volume, but one has twice the potential adsorption sites due to an increased
density of the gel network, then an adsorption column of half the volume could be used to
provide the same overall adsorption efficiency. Alternatively, if the same volume of
adsorbent were used, the adsorbent with twice the density of adsorption sites could have
potentially twice the active lifetime. However, it is possible that by increasing the density
of the gel, access to the innermost adsorption sites may be limited by effective mass
transfer, making those sites unusable. By investigating the impact of density of the QCA on

the material’s adsorption capacity, we may confirm or reject the above hypotheses.

The hydrogel density could be easily controlled by varying the concentration of chitosan
in the initial polymer solution (1.0 to 2.0% w/w) prior to bead formation. In terms of
processing, the more concentrated chitosan solutions were of higher viscosity, resulting in
slower and slightly more tortuous pumping through the narrow needle used to drop cast the
solution into NaOH solution throughout the hydrogel preparation stage. Upon drop casting,
the clear-yellow chitosan solution was observed to immediately congeal into white
coloured spheres. The gels remained at the air-water interface of the NaOH solution until
complete coagulation (approximately 2 minutes), after which they were observed to
submerge to the bottom of the vessel. Although the solution viscosity differed between
samples, the size of the resulting spherical hydrogels remained relatively consistent at

approximately 2.5-3.0 mm in diameter.
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Figure 4.3 Langmuir adsorption isotherms for the adsorption of mNA onto QCA samples
Al to A5 at 25°C. The experimental data is represented by the triangles and the modeled
data is represented by the dashed line.

The effect of varying the density of chitosan on the swelling ratio and adsorption
efficiency of the QCA is depicted in Figure 4.4. The swelling ratio of the adsorbents was
observed to decay somewhat exponentially as the chitosan density was increased from 1.0
to 2.0% w/w. The lowest density hydrogels possessed a swelling ratio of 57.0 £ 2.55 g g”',
while the swelling ratio for the highest density hydrogels was 30.0 + 0.94 g g”', an almost
50% reduction. This was to be expected because, although the hydrogel volume remained

relatively constant throughout this series of experiments, the effective mass of polymer
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within the gels continually increased. Therefore, there is less volume available for water

sorption in the higher density hydrogels.
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Figure 4.4 The effect chitosan density on the swelling ratio (blue triangles) and mNA
adsorption efficiency (red squares) of the resulting QCA samples.

While the swelling ratio was observed to decrease, the adsorption efficiency of the
hydrogels towards the mNA remained relatively constant throughout the series, ranging
from 181.8 mg g on the low end to 197.3 mg g on the high end. This means that
regardless of density, a given mass of hydrogels permits the same removal efficiency of
mNA from water. This observation persuades one to conclude that the higher density
hydrogels, with more mass per volume, possess more effective adsorption sites for a given
volume. As well, one may conclude that limitations to mass transfer within the hydrogels

are either non-observable or non-existent for the applied experimental conditions. This is
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likely a result of the porous nature of the non-glassy gels, which permits the flow of water
and dissolved solutes relatively easily within the gel structure (Hoch, Chauhan and Radke

2003).

4.3.1.2 Effect of the amount of crosslinking agent

To improve the robustness of the QCA and to avoid aqueous dissolution of the chitosan
polymer after quaternization, heterogeneous covalent crosslinking was introduced to the
hydrogels prior to the quaternization step. The most common crosslinking agents
investigated for covalently crosslinking chitosan are glutaraldehyde, a five carbon
dialdehyde, (Roberts and Taylor 1989) (Argiielles-Monal, et al. 1998) (Monteiro and
Airoldi, Some studies of crosslinking chitosan—glutaraldehyde interaction in a
homogeneous system 1999) and genipin, a naturally occurring protein crosslinker (Butler,
Ng and Pudney 2003) (Muzzarelli 2009) (Espinosa-Garcia, et al. 2007). While genipin is
considered to be a more biocompatible, non-toxic alternative (Lai 2012), glutaraldehyde is
low cost, commercially available, and highly reactive (Migneault, et al. 2004). In this
investigation, where the proposed application of the hydrogels is non-biological,

glutaraldehyde was used for economical reasons.

Almost immediately upon introduction of the glutaraldehyde to the chitosan hydrogels,
the slightly translucent beads were observed to turn completely opaque. Correspondingly,
the size of the beads was observed to decrease slightly. Throughout the reaction, the beads
had taken on a very light yellow colour. Similar colour change has been previously reported
for glutaraldehyde crosslinked chitosan systems (Roberts and Taylor 1989) (Monteiro and

Airoldi, Some studies of crosslinking chitosan—glutaraldehyde interaction in a
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homogeneous system 1999) (Schiffman and Schauer 2007). Roberts and Taylor (1989)
suggested that the change in colour is likely a result of the formation of a chromophore as
one of the stable crosslinking products. After 1 h, the hydrogels appeared sufficiently
crosslinked and the reaction was terminated. Monteiro and Airoldi (1999) suggest that 1 h
is more than enough time to allow for ample imine formation between the primary amines
of chitosan and the aldehydes on glutaraldehyde. A schematic for the reaction between GA
and CS under neutral conditions is shown in Scheme 2. Since the crosslinking of chitosan
with glutaraldehyde is well reported in the literature and the in depth examination of the
crosslinking mechanism remains out of the scope of this study, no quantitative analysis or
the crosslinking process, other than the investigation of the effect on swelling ratio and

mNA adsorption efficiency, was performed for the present study.

Scheme 4.2 Reaction between glutaraldehyde and chitosan under neutral conditions.

Sl s

R= H3or=—

The effect of varying the amount of glutaraldehyde crosslinking agent used on the
swelling ratio and adsorption efficiency of the QCA is shown in Figure 4.6. This series of
crosslinking reactions was carried out under neutral pH. As the molar ratio of aldehyde
groups on GA to amine groups of CS increased from 0.5 to 2.5, an exponential decay is

observed for the swelling ratio. It is believed that as the amount of crosslinker used
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increases, the number of gel points correspondingly also increases up to a certain point.
Mirzaei and coworkers (2013) reported similar observations, claiming that increasing the
amount of glutaraldehyde used to crosslink chitosan resulted in reduced chain flexibility
and water sorption. The most drastic reduction in the swelling ratio is reported between
ratios 0.5 and 1.0, wherein a more than 25% reduction from 77.6 + 2.43 g g™ to 57.4 + 0.72
g ¢! was observed. This indicates that the majority of extra GA introduced into the system
results in new gel points. Further increase in the amount of crosslinker from ratios of 1.0 to
2.5 resulted in a reduction of less than 20%, from to 57.4+0.72 g g t0 46.6 £ 0.49 g g It
is apparent that above a certain ratio of crosslinker to chitosan, excess GA likely results in
incomplete crosslinking, wherein only one aldehyde group per molecule is reacted with the
chitosan matrix. Therefore, although the amount of GA reacted with the chitosan increases,
it is probable that many of the reacted GA molecules do not contribute to the overall

gelation of the hydrogel.

As the amount of crosslinker used increased from 0.5 to 2.5, the adsorption efficiency of
the system towards mNA was observed to linearly decrease from 185.3 to 159.6 mg g
This may be a result of the reduced mass transfer through the hydrogel beads due to the
increased crosslinking, but due to the results discussed for increasing chitosan density, it is
believed that mass transfer is likely not limiting for the conditions used for the equilibrium
adsorption experiments. Instead, it is believed that by increasing the degree of reaction
between the aldehyde groups on GA and the amine groups on CS, the number of potential
sites for adsorption is reduced. For the QCA under investigation, the chief sites for

adsorption are the quaternary ammonium moieties that primarily react with primary amine
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groups of CS. However, with GA also reacting with the same primary amines, the total
amount of amine groups available for quaternization for a given mass of adsorbent is
significantly reduced. Ultimately, it is believed that this chain of events is what prompts the

reduced mNA adsorption efficiency of the more densely crosslinked hydrogel adsorbents.
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Figure 4.5 Langmuir adsorption isotherms for the adsorption of mNA onto QCA samples
B1 to B5 at 25°C. The experimental data is represented by the triangles and the modeled
data is represented by the dashed line.
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Figure 4.6 The effect of varying the amount of crosslinking agent on the swelling ratio
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4.3.1.3 Effect of the amount of quaternizing agent

The application of the presently investigated QCA is directed towards the removal of
NAs from alkaline OSPW. Since the C, primary amine groups of chitosan have a pK, of
approximately 6.5-7 (Yao, et al. 2012) and are naturally deprotonated under alkaline
conditions, a permanent positive charge, such as that of a quaternary ammonium group,
must be introduced onto the polymer to permit the electrostatic adsorption of the anionic

mNA in alkaline conditions.

Quaternized chitosan is typically prepared using one of two methods. One route is the
methylation of the primary C, amine group on chitosan by reaction with a methylated

halogen, such as iodomethane (Domard, Rinaudo and Terrassin 1986). The product is a
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trimethylammonium halide pendant group. Another common route is by reaction with
GTMAC to yield N-(2-hydroxy)-propyl-3-trimethylammonium chitosan chloride (Lim and
Hudson 2004), herein referred to as QCS. The second approach was taken due to its
relatively fast reaction kinetics and resulting chloride salt. The reaction schematic for
GTMAC and CS under neutral conditions is depicted in Scheme 4.3.

Scheme 4.3 Reaction between glycidyltrimethylammonium chloride and chitosan under

neutral conditions.

+  CI

WAN OH
H,0 HO o)
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Upon reaction of the GTMAC and CS, a deep yellow colouration was observed. Also,
upon introduction of positive charge, the beads were observed to swell. This was likely a
result of electrostatic repulsion between trimethylammonium moieties and increased water

sorption due to the increased hydrophilicity of the hydrogels.

The effect of varying the amount of GTMAC quaternizing agent used on the swelling
ratio and adsorption efficiency of the QCA is shown in Figure 4.8. This series of
quaternization reactions was carried out under neutral pH. An almost linear increase in the
swelling ratio was observed for CS hydrogels reacted with more GTMAC. A swelling ratio
of 49.5 + 1.43 g g was detected for QCA produced using a GTMAC:amine molar ratio of

5, while an increased swelling ratio of 59.1 + 0.67 g g’ was observed when the
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GTMAC:amine molar ratio was increased to 17.5. This was likely a result of electrostatic
repulsion between trimethylammonium moieties that increased as the degree of
quaternization also increased. Further, it may result from increased water sorption due to

the increased overall hydrophilicity of the hydrogels.
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Figure 4.7 Langmuir adsorption isotherms for the adsorption of mNA onto QCA samples
C1 to C6 at 25°C. The experimental data is represented by the triangles and the modeled
data is represented by the dashed line.

A corresponding increase in adsorption efficiency was also increased as the ratio of
GTMAC:amine increased. A sharp improvement in the mNA adsorption efficiency from
107.3 to 227.8 mg g was observed as the ratio of GTMAC to amine groups increased from

5 to 12.5. Further increase in the amount of quaternizing agent resulted in only a minor
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improvement in adsorption efficiency, from 227.8 to 266.4 mg g'. This saturation is
believed to correspond to a maximal degree of quaternization, wherein all available primary

amine groups have undergone quaternization.
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Figure 4.8 The effect of varying the amount of quaternizing agent on the swelling ratio

(blue triangles) and mNA adsorption efficiency (red squares) of the resulting QCA samples.

In aqueous conditions, it is well known that GTMAC hydrolysis by water is a prevalent
side reaction, yielding the non-reactive species 2,3-dihydroxypropyl trimethylammonium
chloride (Zaman, et al. 2012) (Bendoraitiene, et al. 2006). While more dominant under
alkaline reaction conditions, it remains significant under neutral conditions, as well
(Ruihua, et al. 2012). Further, it has been suggested that in aqueous or alcoholic reaction
media, GTMAC also undergoes self-polymerization, making it unreactive towards the CS

(Ruihua, et al. 2012).

71



Scheme 4.4 Hydrolysis side reaction between glycidyltrimethylammonium chloride and

water under neutral and alkaline conditions.

Y - o1
H,0O + W/\T+\ “ > HO/\/\?H\ cl
0 H,0 OH

(Neutral
or NaOH)

However, for the heterogeneous conditions used for the quaternization reaction, a certain
volume of water was required to allow the QCA to stir easily and reduce the boundary layer
effects that limit the mass transfer of reactant radially into the core of the spherical
hydrogel beads. Further, the presence of ample water allowed for minimal contact between
the QCA and the stir bar, avoiding any potential shear damage inflicted upon the material.
For these reasons, GTMAC was required in relatively high excess to achieve a reasonable
degree of quaternization.

Table 4.2 Summary of the effects of chitosan density (A1-AS5), amount of crosslinking
agent used (B1-B5), and amount of quaternizing agent used (C1-C6) on the swelling ratio,

percent mNA removal from 1 mM aqueous solution, Maximum adsorption capacity, and

Langmuir affinity coefficient of the resulting QCA adsorbents.

Percent Maximum Langmuir affinity Ad
Swelling mNA adsorption  coefficient, k; (1 eq}lacy
Sample ratio removal capacity, mg ' )* re r:ssion
gg)  (Co=1 G T
mM) (mg g)*
Al 57.0+2.55 60.0 181.8 0.0286 0.995
A2 44.6 £0.26 65.3 193.3 0.0216 0.994
A3 41.2 £ 1.06 64.0 192.4 0.0273 0.997
A4 33.5+0.44 62.0 197.3 0.0212 0.991
A5 30.0+0.94 65.8 182.8 0.0353 0.999
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B1 77.6 +£2.43 61.6 185.3 0.0256 0.997

B2 57.4+0.72 59.7 189.2 0.0216 0.996
B3 53.0+1.51 58.2 180.4 0.0209 0.991
B4 49.2+0.78 55.5 179.0 0.0170 0.985
B5 46.6 £0.49 52.1 159.6 0.0159 0.993
Cl1 49.5+1.43 41.4 107.3 0.0292 0.999
C2 53.8 +1.37 57.0 171.8 0.0222 1.000
c3t 574 +£2.78 61.8 184.0 0.0267 0.997
C4 58.0+£0.78 73.4 227.8 0.0337 0.997
(O] 58.9+1.44 76.4 269.7 0.0259 0.995
C6 59.1 £ 0.67 76.4 266.4 0.0276 0.993

" Al, B2, and C3 are replicates. * As determined by Langmuir adsorption isotherm.

4.3.2 Adsorption equilibrium using optimized adsorbent

Based on the adsorption efficiencies of the parameter study for the QCA, optimal
chitosan density, aldehyde:amine molar ratio, and GTMAC:amine molar ratio were used to
produced an optimal QCA. A chitosan concentration of 1.5% w/w was selected for
preparing the initial hydrogels. This allowed for increased hydrogel density, while also
permitting relatively easy pumping during the bead production stage due to the relatively
low solution viscosity. An aldehyde:amine molar ratio of 1:1 was selected for the
crosslinking reaction to provide a moderate structural robustness to the beads, while leaving
the majority of the amine groups on CS available for quaternization. Lastly, a
GTMAC:amine molar ratio of 15:1 was used for the quaternization reaction. This allowed
for optimal degree of quaternization of the CS, resulting in the most potential adsorption
sites for mNA removal. An objective function was not applied for this parametric
optimization study, as statistical optimization was not the primary goal. Instead, the goals
of the study lied in using a systematic approach to understanding the effects of individual
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process parameters on the performance of the QCA. The relevant variables were

determined qualitatively through screening experiments.

Using the optimized QCA, a batch equilibrium adsorption study was used to determine
its effectiveness in removing mNA from water. The resulting Langmuir adsorption
isotherm at 25°C is presented in Figure 4.9. The Langmuir isotherm provided adequate fit
to the data, with an R” value of 0.990. The predicted adsorption capacity for the optimized
QCA was 314.9 mg g'. Under optimal conditions and a naphthenic acid concentration of
100 mg 1", this equates to approximately 317 g of adsorbent to treat 1 m®> of OSPW. The
adsorption capacity of the presently reported adsorbent is compared to that of other

reported adsorbents for the removal of NAs from OSPW in Table 4.3.

180
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20
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Ce (mg 1)

Figure 4.9 Langmuir isotherm for the removal of mNA from water at 25°C using the
optimized QCA. The experimental data is represented by the blue triangles and the modeled
data is represented by the dashed line.
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Table 4.3 Comparison of the adsorption efficiency of common adsorbents used to remove

NAs from aqueous solution.

Material Adsorption efficiency, ¢, (mg g”) Reference
Commercial granular 159 (Mohamed, Wilson and
activated carbon Headley, et al. 2008)

Petroleum coke-
derived activated 25-300 (Sarkar 2013)
carbon
Carbon coated Al,O3
and SiO, zeolite 52 (Gong and Yao 2012)
Sawdust-derived 355 (Iranmanesh, et al. 2014)
activated carbon
Biomass-derived 100 (Berlin and
aromatic material Myroshynchenko 2013)
Clay 20-50 (Zou, et al. 1997)
Commercial anion 15.5-92 (Gaikar and Maiti 1996)
exchange resin
Cyclodextrin-based 20-30 (Mohamed, Wilson and
synthetic resin i Headley, et al. 2008)
Quaternized chitosan 315 Present study

hydrogel adsorbents

4.3.3 Adsorption kinetics using optimized adsorbent

4.3.3.1 Effect of initial adsorbate concentration

The effect of varying the initial mNA concentration on the kinetics of adsorption is
depicted in Figure 4.10. For all initial concentrations, it may be observed that equilibrium
had been achieved within 1 h. The percent mNA removal at equilibrium decreased linearly
from 91.2% to 82.0%, as the initial mNA concentration increased, which was expected
because the same amount of QCA was used for each. Figure 4.11 shows the effect of the

initial mNA concentration on the pseudo second order rate parameters, as determined by
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non-linear regression. The rate constant was observed to exponentially decay from 1.06 X
107 to 7.97 x 10° g mg"' min”', while the equilibrium adsorption efficiency increased
linearly from 38.5 to 179.4 mg g as the initial mNA concentration increased from 0.2 to
1.0 mM. By increasing the bulk mNA concentration, the concentration gradient between
the inner pores of the QCA and the bulk solution, which drives the diffusion process, also
increases. With improved diffusion of mNA towards to QCA surface, an enhanced

adsorption efficiency results.
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Figure 4.10 Effect of initial adsorbate concentration on the percent mNA removal by QCA.
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Figure 4.11 Effect of initial adsorbate concentration on the pseudo second order kinetic

model parameters k; and q, for mNA removal by QCA.

4.3.3.2 Effect of adsorbent dosage

The effect of varying the adsorbent dosage on the kinetics of adsorption is depicted in
Figure 4.12. For dosages of 5 and 7.5 mg, it may be observed that equilibrium was
achieved within 2 h. However, for dosages of 10 to 15 mg, equilibrium was achieved
within just 1 h. For lower adsorbent dosages, the contact between solute and adsorbent
surface is limited, resulting in a greater amount of time for the adsorbent surface to reach
saturation. An increase in the QCA dosage resulted in an improved percent mNA removal.
The increase was almost linear, from 71.5% to 85.5%. With more adsorbent available for at
higher dosages for the adsorption of the same amount of mNA in solution, it is rational that

the percent removal increases upon increasing QCA dosage. Figure 4.13 demonstrates the
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effect of QCA dosage on the rate parameters. By increasing the adsorbent dosage, the ratio
of mNA to adsorption sites decreases. In contrast to increasing the initial mNA
concentration, as discussed above, the diffusion of solute into each hydrogel is reduced
because there is increased competition from other hydrogels. As a result, the equilibrium
adsorption efficiency is observed to decrease from 308.2 to 118.9 mg g’ as the QCA
dosage increased from 5 to 15 mg. The pseudo second order rate constant was observed to

increase from 4.20 X 10 to 4.51 x 10° g mg" min™".
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Figure 4.12 Effect of adsorbent dosage on the percent mNA removal by QCA.
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Figure 4.13 Effect of adsorbent dosage on the pseudo second order kinetic model

parameters k; and q, for mNA removal by QCA.

4.3.3.3 Effect of agitation rate

The effect of varying the agitation rate of the adsorption system on the kinetics of
adsorption is illustrated in Figure 4.14. For agitation rates of 300 and 500 rpm, it may be
observed that equilibrium was achieved within 1 h. However, much slower kinetics was
observed for the agitation rate of 100 rpm. This slower mixing system took over 4 h to
reach equilibrium. Increasing the rate of mixing between the QCA and the mNA solute
helped to reduce the thickness of the stagnant boundary layer that surrounds the adsorbent
material and limits the rate of diffusion of molecules into the hydrogel pores. Above 300
rpm, the diffusive limitations due to boundary layer effects had already been minimized, so

there only minimal improvement in the rate of the system. For all mixing rates, the percent
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mNA removal at equilibrium was approximately equal, at 82.3%, 82.0%, and 80.7% for
agitation rates of 100, 300, and 500 rpm, respectively. Figure 5.15 shows the effect of the
agitation rate on the pseudo second order rate parameters. The rate constant may be
observed to increase from 3.74 x 10 to 2.22 x 10° g mg"' min™ as the agitation rate
increased from 100 to 500 rpm. The equilibrium adsorption efficiency for the system

decreased as a function of agitation rate, from 291.1 to 167.5 mg g™
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Figure 4.14 Effect of agitation rate on the percent mNA removal by QCA.
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Figure 4.15 Effect of agitation rate on the pseudo second order kinetic model parameters k;

and q, for mNA removal by QCA.

4.3.3.4 Effect of initial pH

The effect of varying the initial solution pH on the kinetics of adsorption is depicted in
Figure 4.16. For all pH levels, it may be observed that equilibrium had been achieved
within 1 h. For pH 4, 6, and 8, the percent mNA removal at equilibrium was approximately
equal. It was measured to be 80.6%, 81.6%, and 82.0% for pH 4, 6, and 8, respectively. The
most significant reduction in the percent mNA removal at equilibrium was observed for pH
2. Under these conditions, the percent removal was limited to just 17.8%. Sowmya and
Meenakshi (2013) reported similar observations for their system. They suggested that the
reduced solute adsorption is a result of competitive adsorption by the highly concentrated

chloride ions introduced when acidifying the solution with HCI. The chloride ions compete
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for adsorption on the positively charged quaternary ammonium groups on QCA. Similarly,
a slight reduction in the percent mNA removal to 76.9% was observed for pH 10. This is
believed to be a result of the competitive adsorption of hydroxide ions introduced into the
system after adding NaOH solution to increase the pH. The observed reduction in percent
mNA removal is not as apparent as it was for the system at pH 2, however, because at pH 2
the concentration of chloride ions is ten-fold greater than the concentration of hydroxide
ions at pH 10. Further, the majority of carboxylate groups present on the mNA exist in their
protonated, non-charged state at pH 2, eliminating the electrostatic attractive forces that
exist between mNA and QCA. Figure 4.17 illustrates the effect of initial solution pH on the
pseudo second order rate parameters. The rate constant decreases from 1.61 x 107 to 2.28
x 107 g mg" min™ as the pH increased from 2 to 4. Further increase in the pH resulted in
no drastic changes observed for the rate constant. Contrastingly, the equilibrium adsorption
efficiency for the system increased from 14.5 to 169.1 mg g as the pH of the system
increased from 2 to 4. Again, no drastic changes in g, were observed for additional

increases in pH.
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Figure 4.16 Effect of initial pH on the percent mNA removal by QCA.
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Figure 4.17 Effect of initial pH on the pseudo second order kinetic model parameters k;

and q, for mNA removal by QCA.

4.3.3.5 Effect of monovalent ionic strength

The effect of varying the ionic strength of the system on the kinetics of adsorption is
depicted in Figure 4.18. For all NaCl concentrations, it may be observed that equilibrium
had been achieved within 1 h. The percent mNA removal at equilibrium was observed to
decay exponentially from 82.0% to 17.7% as the concentration of NaCl increased from 0 to
40 mM. As was observed for especially low and high pH, there is an apparent competition
between solutes for adsorption onto the QCA surface. In this case, it is between the added
chloride ions and the mNA. At 40 mM NaCl, the concentration of chloride ions in solution
is 40 times that of mNA, resulting in a very significant reduction in the efficiency of the

mNA adsorption process. Figure 4.19 shows the effect of ionic strength on the constants k;
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and q,. It is evident that as the concentration of free NaCl in solution increases, as does the
rate constant. Further, the equilibrium adsorption efficiency was observed to decay
exponentially from 179.4 to 37.9 mg g as the concentration of NaCl increased from 0 to

40 mM.
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Figure 4.18 Effect of ionic strength on the percent mNA removal by QCA.
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Figure 4.19 Effect of ionic strength on the pseudo second order kinetic model parameters

k; and q, for mNA removal by QCA.

4.3.3.6 Effect of temperature

The effect of varying the temperature of the system on the kinetics of adsorption is
depicted in Figure 4.20. For all temperatures, it may be observed that equilibrium had been
achieved within 1 h. An increase in the temperature of the system resulted in a reduction in
the time required to reach equilibrium. Figure 4.21 shows the effect of the temperature on
the pseudo second order rate parameters. The rate constant was observed to increase
linearly from 8.78 x 10 to 4.22 x 10 g mg" min™', while the equilibrium adsorption
efficiency decreased slightly from 179.4 to 165.3 mg g as the temperature of the system

increased from 25 to 45°C.
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Figure 4.20 Effect of temperature on the percent mNA removal by QCA.
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Figure 4.21 Effect of temperature on the pseudo second order kinetic model parameters k;

and q, for mNA removal by QCA.

Using the pseudo second order rate constants for the three temperatures studied, an
Arrhenius plot was constructed to analyze the thermodynamics of the adsorption process of
mNA onto QCA (Figure 4.22). The relationship between temperature and rate first

described by Arrhenius (1889) is as follows:

k=A exp Ta (46)

where k is the rate constant for the process (g mg" min™), A is the pre-exponential factor
(g mg"' min™), E, is the activation energy of the adsorption process (kJ mol™), R is the
universal gas constant (8.314 J mol”' K™'), and T is the temperature of the process (K). By

taking the natural logarithm of both sides of Equation 4.6, one may obtain a linear
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relationship between the inverse temperature, 1/T, and the natural logarithm of the rate

constant, In k:

k=221 4 In4 (4.7)
nK = R T n .

The above equation was used to evaluate the temperature effects of the present adsorption
system. Linear regression of the data presented in Figure 4.22, yields an activation energy
of 62.1 kJ mol”', which, while towards the upper end of the spectrum, is in alignment with
the activation energies for ion exchange systems (Saha and Chowdhury 2011) (Inglezakis
and Zorpas 2012). The relatively high activation energy observed suggests that the
adsorption system for the given batch experiments is surface adsorption controlled instead
of diffusion controlled (Saha and Chowdhury 2011). This is in agreement with the
conclusion that for agitation rates of 300 rpm or greater, the effects of external and film

diffusion are negligible.

89



-4
4.5 |
5}
S5 r A

& 6 f S

= 65}
7} A
7.5
-8 A A

0.0031 0.0032 0.0033 0.0034

1/T (K1)
Figure 4.22 Arrhenius plot for the adsorption of mNA onto the optimized QCA.

The change in standard Gibbs free energy, AG®, enthalpy, AH®, and entropy, AS° of the
system at equilibrium could be determined using the percent mNA removal at equilibrium
for the system over the range of temperatures studied by plotting the inverse temperature
against the natural logarithm of the equilibrium constant, K. (Figure 4.22). The equilibrium

constant may be defined by the following relationship:

K. = (4.8)

where C, is the initial adsorbate concentration (mg 1) and C, is the adsorbate concentration
at equilibrium (mg 1'1). At 25, 35, and 45°C, the observed percent mNA removal during the

batch kinetic adsorption experiment was 82.0%, 80.7%, and 80.0%, respectively. This
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equates to K, values of 4.54, 4.18, and 3.99. Therefore, as the temperature of the system

increases, the amount of adsorbed mNA is observed to decrease.

The standard Gibbs free energy of the system may be defined by the following two

equations:
AG° = —RT InK, (4.9)
AG®° = AH° — TAS® (4.10)

By substituting Equation 4.9 into Equation 4.10 and rearranging results in the following

linear relationship:

AH° 1 +AS°
RT R

Ink, = — A.11)

Linear regression of the data presented in Figure 4.23 allows for the calculation of AH® and
AS°. Substitution of these parameters into Equation 4.10 allows for the calculation of AG® at

the three investigated temperatures. These values are presented below in Table 4.4.
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Figure 4.23 Plot of In K against 1/T for the adsorption of mNA onto the optimized QCA

for determining the thermodynamic parameters of the system.

Table 4.4 Thermodynamic parameters for the adsorption of mNA onto QCA.

AG°
Sample (kJ mol ™)
298 K 308 K 318K

AH° AS°
(kJ mol™) (Jmol' K™

Optimized

QCA -3.74 -3.69 -3.64 -5.17 -4.80

The negative AH® indicates that the process of mNA adsorption on QCA is exothermic.
This is often the case for ion exchange adsorption systems (Saha and Chowdhury 2011)
(Inglezakis and Zorpas 2012) (Sowmya and Meenakshi 2013). The relatively low value
observed for AH® (< |10-15| kJ mol™") further suggests that the adsorption process is driven

by physical interactions (Inglezakis and Zorpas 2012), such as the electrostatic interaction
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between the negatively charged carboxylate of mNA and the positively charged quaternary
ammonium groups present on QCA. Congruently, an increase in the value of AG® is
observed for increases in temperature from 25 to 45°C. Therefore, the process becomes less

spontaneous as the temperature of the system increases.

4.3.4 Regeneration of optimized adsorbent

The regeneration and reuse of the QCA was studied by eluting the adsorbed mNA by
submerging the adsorbent material in a 50 mM NaCl solution. Because the adsorption of
mNA onto the QCA is believed to be primarily electrostatic, saturation of the system with
monovalent salts caused the adsorbed mNA to be replaced as the QCA counterion. This
resulted in an increase in mNA concentration in the bulk, which could be detected by UV-

vis absorption spectroscopy.

The concentration of mNA in the eluent is presented in Figure 4.24a as a function of
time for five adsorption/desorption cycles. After inspection of the figure, it may be
concluded that the mNA desorption process reached equilibrium within approximately 2 h.
More than 95% of the equilibrium mNA concentration in the eluent had been achieved
within the first 30 min of the desorption process. After the desorption process had reached
equilibrium, the regenerated QCA were thoroughly washed with water and reused for mNA
adsorption. This process was repeated for a total of 5 cycles. Figure 4.24b shows the mNA
uptake and elution for each cycle. For each cycle, more than 80% of the mNA in a 1 mM
solution was adsorbed onto the surface of the QCA. There was no observed reduction in the
reusability of the adsorbents throughout the cycling. The elution process was able to

remove over 90% of the adsorbed mNA for each cycle, implying that less than 10% of the
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adsorbed mNA remained on the surface of the QCA. Again, this was repeatable throughout

cycling.

These results demonstrate the ability of the QCA to be rapidly and efficiently

regenerated for reuse by simply exposing the saturated adsorbent to a small volume of high

ionic strength solution.
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Figure 4.24 Adsorption/desorption cycling for mNA onto the QCA surface showing (a) the

bulk concentration of mNA through multiple regeneration cycles and (b) the percent mNA

uptake (red bars) and elution (blue bars) for each cycle.
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CHAPTER 5

The development of novel quaternized cellulose nanocrystal-
chitosan nanocomposite hydrogels for the adsorption of a

model aromatic naphthenic acid from aqueous solution
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5.1 Introduction

Throughout their useable lifespan, adsorbent materials endure a substantial amount of
static and dynamic mechanical stresses (Shchukin, et al. 2006) (Antonyuk, et al. 2005).
During manufacturing and packaging, contact with both handling equipment and other
adsorbent particles introduces a number of shear stresses applied to the material. During
operation, contact with the fluid phase, column wall, and neighbouring adsorbent particles
also result in particle shearing. As well, for packed bed adsorption units, the gravitational
force of higher packed adsorbents can present significant compressive stresses for particles
nearer the bottom of the column. For relatively porous adsorbent materials, such as
hydrogels, whose resistance to shear and compressive forces is minimal, this can pose as a

significant limitation towards their industrial application (Breitbach, et al. 2002).

To combat this constraint, much work has been dedicated to improving the mechanical
properties of hydrogel adsorbents (Liang, et al. 2012) (Wang, et al. 2012) (Giigli, et al.
2010). One approach is to reinforce the material by using introducing a nanofiller that,
through interaction with the hydrogel matrix, may help to better distribute applied stresses,
reducing the risk of fracture (Park, Chen and Park 2001) (Wang, et al. 2008) (Zheng and
Wang 2009) (Haraguchi 2007) (Kasgéz and Durmus 2008). In most instances, certain
mechanical properties, such as compressive strength, tensile strength, and Young’s
modulus, are observed to improve as a function of nanofiller loading, up until a certain

point (J. Yang, C. -R. Han, et al. 2013).
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Due to their inherently strong intermolecular interactions and natural abundance
(Klemm, et al. 2005), cellulose-based nanofillers have been under frequent investigation for
the improvement of hydrogel mechanical strength (Aouada, et al. 2011) (Eyholzer, et al.
2011) (Wang and Drzal 2012). Specifically, much interest has been directed towards the
use of cellulose nanocrystals (CNC), whose high aspect ratio and easily functionalizable
surface makes it a prime candidate as a reinforcing material in functional hydrogels (Yang,

etal. 2013) (J. Yang, C. -R. Han, et al. 2013) (Abitbol, et al. 2011).

A recent report by Yang and coworkers (2013) discussed the incorporation of CNC into
poly(ethylene glycol) hydrogels at loadings ranging from 0.2 to 1.8% v/v to improve the
tensile properties of the material. The authors observed significant increases in the Young’s
modulus and fracture stress of the gels up to a loading of 1.4% v/v. Specifically, the
Young’s modulus increased from 7.5 + 0.42 to 31.1 + 2.3 kPa when increasing the CNC
loading from 0 to 1.4% v/v. The fracture stress of the resulting material increased from 65 +
3.8 to 375 + 13.5 kPa for the same CNC loading. The authors suggested that the primary
mechanism for reinforcement was the strong adsorption of the CNC particles into the PEG
matrix, which behaved as physical crosslinks. Further increases in the CNC loading
resulted in discontinuities within the hydrogel matrix, causing adverse effects to be

observed for the tensile properties of the material.

Abitbol et al. (2011) investigated the reinforcement of poly(vinyl alcohol) hydrogels by
incorporating CNC particles into the polymer matrix. CNC was added at loadings ranging
from 0.75 to 3.0% w/w. The authors observed an increase in the swelling of the hydrogels,

which they attributed to the increased overall hydrophilicity of the material after CNC
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incorporation. The compressive strength of the hydrogels was observed to increase from
approximately 0.75 kPa to approximately 3.7 kPa as the CNC loading increased from 0 to
1.5% w/w. Similar to the observations reported by Yang et al. (2013), further increase in
the CNC loading yielded an overall reduction in the compressive strength, which Abitbol
and coworkers also attributed to the disruption of the hydrogel network by the CNC

particles.

In this study, CNC and quaternized CNC (QCNC) were used as reinforcing agents in
quaternized chitosan hydrogel adsorbents (QCA). The resulting reinforced QCA (rQCA)
specimens were applied as adsorbents for the removal of a model aromatic naphthenic acid

(mNA), 2-naphthoxyacetic acid, from aqueous solution.

Naphthenic acids (NAs) are a family of aliphatic and alicyclic carboxylic acids naturally
present in oil sands ore (Frank, et al. 2009). Upon the mining of this ore, NAs become
highly concentrated in the process water used to mine and extract bitumen from the sand
particles. Their presence results in a number of process-related and environmental issues,
including corrosion of process equipment (Derungs 1956) (Schramm, Stasiuk and
MacKinnon 2000) (Fan 1991) and toxicity towards several aquatic organisms (MacKinnon
and Boerger 1986) (Schramm, Stasiuk and MacKinnon 2000) (Madill, et al. 2001) (Rogers,
et al. 2002) (Frank, et al. 2009). Therefore, their removal from oil sands process-affected

water is of primary concern for oil sands producers.

The quaternization of CNC was characterized by conductometric titration to determine

the trimethylammonium content on the resulting QCNC material. Zeta potential analysis in
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neutral aqueous solution was also used to confirm the charge reversal of desulfated and

quaternized CNC.

CNC and QCNC were incorporated into the QCA at loadings of 0.1, 0.2, 0.3, and 0.6%
w/w. The effect of adding CNC and QCNC to the hydrogels on the porosity of the
hydrogels was characterized by measuring the swelling ratio of the resulting rQCA. The
effect of CNC and QCNC loading on the mNA adsorption efficiency was studied by
performing a series of batch equilibrium adsorption experiments for each loading. The
Langmuir adsorption isotherm provided adequate characterization of the adsorption system.
Lastly, the compressive strength of the hydrogel materials under the range of CNC and
QCNC loadings was compared to investigate the overall changes in mechanical strength as

a function of nanofiller type and loading.

5.2 Experimental section

5.2.1 Materials

Medium molecular weight chitosan (CS, 75-85% deacetylated), sodium hydroxide
(NaOH, pellets, > 99.0%), hydrochloric acid (HCl, 37%), glutaraldehyde (GA, 50% w/w in
water), dimethylsulfoxide (DMSO, > 99.0%), tetrabutylammonium hydroxide 30-hydrate
(TBAH, > 98.0%), glycidyltrimethylammonium chloride (GTMAC, > 90%), silver nitrate
(AgNO3, > 99.0%), 2-naphthoxyacetic acid (mNA, > 98.0%), and sodium chloride (NaCl,
> 99.0%) were purchased from Sigma-Aldrich and used without further purification. Water
(= 18 MQ cm) used in all procedures was filtered through a Millipore Milli-Q Purification

System. CNC (CNC) were supplied by CelluForce, Inc.
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5.2.2 Methods

5.2.2.1 Synthesis of quaternized CNC

The CNC, as supplied by the manufacturer, possess a negative surface charge attributed
to the presence of sulfate ester groups on surface of the nanoparticles. The sulfate group is
introduced during the sulfuric acid hydrolysis process used to isolate the CNC from bulk
cellulose. Before a permanent positive charge was imparted on the CNC surface via
trimethylammonium functionalization, the existing negative charge was removed using a
modified procedure of previously published work (Scheme 5.1) (Feng, Esker and Roman
2010). 2 g CNC was added to 100 ml water in a 250 ml round bottom flask. The mixture
was dispersed for 5 min at 15 000 rpm using a homogenizer, then sonicated for 10 minutes.
70 ml 5M NaOH was then added to the solution under stirring at 300 rpm and heated to
65°C. After 5 h, the reaction product was allowed to cool and was dialyzed (12 kDa
MWCO) against water for 3 days, with continual water change throughout. The desulfated

CNC was then concentrated by centrifugation and lyophilized.

Scheme 5.1 Alkaline desulfation of CNC.
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Quaternized CNC (QCNC) was prepared using a modified procedure of previously
reported work (Scheme 5.2) (M. Hasani, E. D. Cranston, et al. 2008). 0.6 g desulfated CNC
was dispersed in 60 DMSO. Next, 0.6 g TBAH and 2.5 ml water were added. The solution
was then degassed using N, for 30 min under stirring at 300 rpm. 1.5 ml GTMAC was
added to the stirring solution and the vessel was heated to 65°C. After reacting for 5 h, the
reaction product was allowed to cool and was then dialyzed (12 kDa MWCO) against water
for 3 days, with continual water change throughout. The aqueous QCNC solution was then

concentrated by centrifugation and lyophilized.

Scheme 5.2 CNC quaternization by reaction with GTMAC.
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5.2.2.1 Synthesis of quaternized chitosan hydrogel adsorbents

The procedure for preparing the QCA was adapted from the recent work of Sowmya and
Meenakshi (Sowmya and Meenakshi 2013). First, aqueous chitosan solutions were
prepared by dissolving 300 mg CS in 19.52 to 19.7 ml 1% w/w HAc solution, depending on
the desired CNC or QCNC loading (0 to 0.6% w/w). Then, 0 to 180 mg CNC or QCNC
was added to the mixture. The solutions were shaken at 500 rpm on an orbital plate shaker

for 1 h to ensure complete dissolution. Spherical CS-CNC nanocomposite hydrogels were
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then prepared by slowly drop casting the mildly acidic CS-CNC solution into 100 ml of a
gently stirring 0.5 M aqueous NaOH solution. A peristaltic pump was used to dispense the
solution through a 22G hypodermic needle at a rate of approximately 2 drops per second.
The tip of the needle was maintained at a height of 3 cm above the liquid surface. The
hydrogels were stirred in the NaOH solution for 30 minutes to allow for complete
coagulation. The beads were then carefully filtered from the NaOH solution and placed in
100 ml water to remove the NaOH from the pores of the beads. The beads were stirred for 5
minutes before carefully filtering them from the solution. This wash process was repeated
until the pH of the water approached neutral values (pH 6-7) and remained consistent

(approximately 5 to 7 total iterations).

The CS-CNC nanocomposite hydrogel beads were then added to 20 ml water in a 100
ml conical flask. Next, 100 ul GA was added and the solution was shaken at 250 rpm for 1
h to allow for the crosslinking reaction to occur, after which the beads were carefully
filtered from the reaction solution and were washed using the previously described

procedure.

The crosslinked CS-CNC nanocomposite hydrogel beads were then added to 30 ml
water in a 100 ml round bottom flask. Next, 2.47 ml GTMAC was added. The contents
were then heated to 55°C under gentle stirring and allowed to react for 12 h. The resulting
rQCR were then carefully filtered from the reaction solution and were washed using the

previously described procedure. The beads were stored in their hydrated state.
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5.2.3 Characterization
5.2.3.1 Conductometric titration

The quaternary amine content on the surface of QCNC was determined by
conductometric titration with AgNO; using a Metrohm 809 Titrando autotitrator. 30 mg
QCNC was dissolved in 50 ml water and stirred for 20 minutes at 25°C to ensure complete
dissolution prior to titration. 5 mM AgNOs was titrated into the solution at a rate of 0.05 ml
min”' under moderate stirring. The conductivity of the solution was measured as a function

of titrant volume.

5.2.3.2 Zeta potential

To further confirm the presence of trimethylammonium moieties on the CNC surface of
QCNC, the zeta potential was measured to compare the apparent surface charge of the CNC
before and after surface modification. 0.1% w/w aqueous solutions of CNC and QCNC
were prepared at neutral pH and were sonicated for 1 min immediately prior to testing. Zeta
potential values were measured using a Malvern Zetasizer Nano ZS90 and a minimum of

10 measurements were reported.

5.2.3.3 Swelling ratio

The swelling ratio of the rQCA was determined gravimetrically. The hydrated beads
were placed on cellulose filter paper to remove any excess water and the mass of 15 beads
was measured. The beads were dried under vacuum pressure at room temperature for 12 h
and the mass of the dehydrated beads was measured. The swelling ratio, SR (g g), was

determined as the ratio of hydrated mass, m,, (g), to dehydrated mass, m, (g):
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SR= — (5.1)

Each measurement was recorded in triplicate.
5.2.3.4 Equilibrium adsorption

A 1 1 stock solution of 1 mM mNA was prepared, with the pH adjusted to 8 using 0.1M
NaOH to relate to the pH of OSPW. The same stock solution was used throughout the
course of all adsorption experiments. UV-vis absorbance with a range in wavelength of
300-350 nm was used to measure the concentration of mNA in solution (Varian Cary 100
Bio). A calibration plot was prepared by diluting the stock mNA solution to five different
concentrations using water (pH adjusted to 8) and measuring the corresponding peak UV-
vis absorbance (325 nm) for each concentration. The same calibration plot was used

throughout the course of all adsorption experiments.

10 mg dry CNC, QCNC or dry equivalent rQCA were added to a series of five 20 ml
polypropylene vials. To each, certain volumes of mNA stock solution and water were
added to a total volume of 10 ml and the vials were immediately placed on an orbital shaker
and shaken at 300 rpm at 25°C. After 4 h, equilibrium had been reached. The CNC and
QCNC were separated from the system by centrifugation, while the rQCA were simply
allowed to settle to the bottom of the vial. 2.5 ml aliquots of mNA solution were removed
from each vial. The concentration of mNA was measured using UV-vis absorbance. Five

initial adsorbate concentrations were studied: 0.2, 0.4, 0.6, 0.8, and 1.0 mM.
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These experiments were used to determine the equilibrium adsorption characteristics for
the rQCA under varying CNC and QCNC loadings. The equilibrium adsorption of mNA
onto the various rQCA was modeled using the Langmuir isotherm (Langmuir 1916):

_ qulCe

1+ kC, (5.2)

de

where q, is the specific adsorption of an adsorbent at equilibrium (mg g'), g, is the
maximum specific adsorption of an adsorbent (mg g'), k; is the Langmuir affinity
coefficient (1 mg'l), and C, is the concentration of the mNA in the bulk liquid at
equilibrium (mg 17). g, may be calculated using at equilibrium using the following

relationship:

(Co - Ce)V

(5.3)

de

where C, is the initial mNA concentration, V is the volume of the system, and m is the

adsorbent dosage.

The parameters to the Langmuir equation, q,, and k; were evaluated nonlinearly using

the MATLAB built-in function nlinfit.

5.2.3.5 Compression testing

To determine the effect of CNC and QCNC incorporation into the QCS hydrogel matrix
on the mechanical properties of the beads, compression testing using a tension/compression

instrument equipped with a 10 N load cell was completed. The hydrated beads were placed
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on cellulose filter paper to remove any excess water and then uniaxially compressed
between two parallel plates. The compression rate used was 0.05 mm s™'. The engineering
strain, g, (kPa), with respect to the initial cross-sectional area, 4, (m?), of the spherical

hydrogel beads, was measured in response to the applied stress.

F
0= (5.4)
o

where F is the applied load (N). The compressive strength of each specimen corresponds to

the observed engineering strain just prior to fracture, g, :

o'g = — (55)

Where F* is the applied load just prior to fracture. The compressive strength measurements

were replicated 10 times.
5.3 Results and discussion

5.3.1 CNC quaternization
5.3.1.1 Conductometric titration

The amount of quaternary ammonium groups present in cellulose-based materials has
often been quantified by conductometric titration of chloride counterions using silver
nitrate (M. Hasani, E. Cranston, et al. 2008) (Pei, et al. 2013). The titration data for QCNC
is presented in Figure 5.1. For the titration, two clear stages separated by a conductivity

minimum may be observed. The first stage shows a linear decrease in solution conductivity.
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This is a result of free silver cations in solution binding with the chloride counterions of the
quaternary ammonium groups on the QCNC sample to form silver chloride, which rapidly
precipitates out of solution. The bulkier and less mobile nitrate anions that replace the
chloride counterions are weaker conductors of electricity (Haynes 2014), thus resulting in
the observed conductivity decrease. The second stage shows a sharp linear increase in
solution conductivity, which results from the addition of free silver cations and nitrate
anions into solution. The titration endpoints can be visually detected as the points of
inflection between these two stages. Linear regression was used to model each of the two
linear stages and the point of intersection between the two lines was used to determine the
volume of silver nitrate titrant required to reach molar equivalence with the chloride ions

and, thus, the quaternary ammonium groups. The quaternary ammonium content for the

QCNC was 0.78 mmol g,
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Figure 5.1 Conductometric titration of QCNC with AgNO:s.
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5.3.1.2 Zeta potential

The zeta potential values displayed in Figure 5.2 help to further validate the presence
of quaternary ammonium groups on QCNC. A complete charge reversal from -66.8 + 9.51
to +76.1 = 4.47 mV may be observed for the QCNC derivatives. This indicates the

prominence of the positively charged species after desulfation and quaternization of CNC.
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Figure 5.2 Zeta potential measurements for CNC and QCNC.

5.3.2 CNC and QCNC reinforced QCA
5.3.2.1 Swelling ratio

Figure 5.3 shows the effect of CNC and QCNC loading on the swelling properties of the
resulting hydrogels. For both, a near-linear reduction in swelling ratio as a function of
nanoparticle loading was observed. The swelling ratio for the QCA prior to reinforcement
was 62.6 + 0.37 g g”'. Adding CNC and QCNC at solids loadings of 0.6% w/w yielded

reduced swelling ratios of 39.4 + 0.68 and 51.8 + 1.62 g g”'. The swelling ratio for the QCA
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reinforced with CNC was reduced at an increased rate when compared to the QCNC
reinforced QCA. The swelling ratio of hydrogels is a strong function of hydrogel
hydrophilicity, material density, and degree of crosslinking for the gel. The CNC and
QCNC reinforced materials may be expected to have the same overall hydrophilicity. Both
nanofillers possessed charged surfaces and the overall QCS hydrogel matrix was very
strongly positively charged, permitting both materials to absorb water molecules to a
relatively high extent. Further, both the CNC and QCNC reinforced hydrogels were
covalently crosslinked with the same amount of glutaraldehyde. Therefore, it is safe to
assume that the degree of covalent crosslinking remains consistent regardless of the type of
reinforcing agent. However, it is believed that the electrostatic interaction between the
negatively charged sulfate ester moieties on CNC and the positively charged
trimethylammonium groups on QCS result in the generation of physical crosslinking
throughout the gel material. An increase in the CNC loading yields a greater degree of
crosslinking, limiting the ability of the hydrogels to swell upon hydration. This electrostatic
crosslinking is not observed for the QCNC reinforced material because the surface charge
of QCNC is strongly positive. The trimethylammonium groups on QCNC repel those of
QCS and so the QCNC particles are more loosely bound within the polymer gel network.
Scheme 5.3 illustrates the effect of CNC and QCNC loading on the particle-matrix
interactions that result in changes in hydrogel swelling. The slight reduction in swelling
ratio upon increasing the QCNC loading, however, may be attributed to the overall density
of the QCNC particles compared to the QCS hydrogel network. While the QCS exists as a
loose, swollen polymer network upon hydration, the QCNC particles are composed of

dense crystalline cellulose. While the water from within the polymer network may escape
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during drying, the mass of the nanofiller material remains the same. Therefore, the mass of
the dried hydrogels when reinforced with CNC or QCNC is larger than for the pristine
QCA. This density effect also contributes to the observed reduction in swelling ratio upon

increasing the nanofiller loading.
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Figure 5.3 Swelling ratio for QCA reinforced with CNC (blue triangles) and QCNC (red

squares).
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Scheme 5.3 Hydrogel swelling behaviour as a result of CNC (blue) or QCNC (red) surface

interactions with QCS matrix.

HO Electrostatic repulsion

5.3.2.2 Equilibrium adsorption

The mNA adsorption efficiencies for CNC and QCNC as modeled by the Langmuir
adsorption isotherm are presented in Figure 5.4. The Langmuir isotherm provided adequate
fitting with r* > 0.98 for all experiments. For all experiments, adsorption equilibrium had

been reached within 2 h under the conditions used.

The adsorption efficiency for QCNC was more than three-fold that of CNC. The
adsorption efficiencies for CNC and QCNC were 43.4 and 144.5 mg g”', respectively. The
strong positive surface charge of QCNC lends to its ability to electrostatically adsorb the
negatively charged mNA molecules in solution. Meanwhile, the negative surface charge of
CNC made it a poor adsorbent for the organic carboxylates. The low degree of adsorption
observed, however, is attributed to hydrophobic interaction between the organic fraction of

the mNA molecules and the cellulose material in sulfate ester-free domains.
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Figure 5.4 Langmuir adsorption efficiency for CNC and QCNC.

The mNA adsorption efficiencies for QCA reinforced with CNC and QCNC are
displayed in Figure 5.5. As was observed with the swelling ratio of the hydrogel beads, the
adsorption efficiency of both is observed to decay exponentially with an increase in
nanofiller loading. The adsorption efficiency for the QCA without reinforcement was 314.9
mg g'. Addition of CNC and QCNC at a loading of 0.6% w/w yielded significantly
reduced adsorption efficiencies of 192.7 and 228.0 mg g”'. The electrostatic crosslinking
between the QCS and CNC is believed to be a primary cause for the observed reduction in
adsorption efficiency upon increasing addition of CNC. By introducing negatively charged
functional groups to bind the positively charged groups of QCS, the number of available
sites for mNA adsorption is reduced. By increasing the amount of CNC present in the
hydrogel matrix, the number of potential sites for adsorption is reduced. Further, the CNC
material contributes to the overall mass of the adsorbent material. However, the CNC
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material does not contribute significantly to the adsorption of mNA. Since the adsorption
efficiency is normalized by the mass of the adsorbent material, an overall reduction may be
observed when increasing the amount of CNC. A similar inference may be made for the
QCNC rQCA. While the QCNC contributes significantly to the overall mass of the
adsorbent, it does not contribute to the adsorption of mNA to the same degree as the QCS
hydrogel network. Therefore, an overall reduction in the adsorption efficiency is observed

while increasing the QCNC loading.
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Figure 5.5 Langmuir adsorption efficiency for QCA reinforced with CNC (blue triangles)
and QCHC (red squares).

Similar observations were reported by Zheng and Wang for their study of the

incorporation of rectorite clay particles into the matrix of a chitosan-poly(acrylic acid) dual
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polymer hydrogel adsorbent system to reduce the overall cost of the material. The material
was used to remove ammonium from aqueous solution. While the hydrogel matrix alone
reportedly possessed an adsorption efficiency of 40.61 mg g, the rectorite particles were
much weak adsorbents, with an adsorption efficiency of 1.54 mg g'. Upon addition of the
rectorite into the hydrogel adsorbent system, the adsorption efficiency was observed to

decrease to as low as 17.3 mg g with a loading of 50% w/w.

Therefore, the adsorption efficiency of a composite adsorbent material may in some
cases be considered to be additive of the adsorption efficiencies of each individual
component, based their relative compositions. However, the effects of particle-matrix

interactions may yield deviations from this generalization.
5.3.2.3 Compression testing

The compressive strengths of the rQCA are shown in Figure 5.6. The series of stress-
strain curves for each formulation are shown in Appendix B (Figures B1 to B9). For both
the CNC and QCNC reinforced hydrogels, a very clear increase in compressive strength
may be observed. The compressive strength of the non-reinforced QCA was 5.56 + 1.57
kPa. Adding CNC at solid loadings of 0.1, 0.2, 0.3, and 0.6% w/w resulted in highly
improved compressive strengths of 8.10 = 0.71, 9.14 + 1.15, 10.08 + 2.43, and 15.06 + 0.78
kPa, respectively. The addition of QCNC at solid loadings of 0.1, 0.2, 0.3, and 0.6% w/w
yielded slightly more modest, but still improved compressive strengths of 7.21 + 0.67, 7.94
+ 1.86, 7.96 £ 0.57, and 12.17 &+ 1.22 kPa, respectively. At the highest solids loading (0.6%
w/w), the addition of CNC and QCNC to the QCA material resulted increases in

compressive strength of 171% and 119%, respectively.
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Typically, nanofiller materials provide structural reinforcement to hydrogels through the
even distribution of applied stresses throughout the bulk of the material, reducing the risk to
crack nucleation at specific sites within the material. The ability for nanofiller materials to
do so, however, hinges on their interfacial adhesion with the neighbouring polymers and
their uniform dispersion throughout the matrix material. A number of studies reporting on
the reinforcement of materials by CNC incorporation attribute the observed improvement in
mechanical properties to the interfacial interactions between the matrix material and the
CNC surface (Fox, et al. 2012) (Yang, et al. 2013) (Azouz, et al. 2012) (J. Yang, C. -H.
Han, et al. 2014). For the presently reported CNC reinforced QCA, the interfacial adhesion
is likely greater due to the high degree of electrostatic gel points that exist between the
negatively charged CNC and positively charged QCS. It is believed that, under compressive
strain, this improved interactivity yields superior force displacement from the relatively
weak hydrogel matrix to the tougher nanorods. For the QCNC reinforced QCA, the
electrostatic repulsion that exists between the positively charged QCNC particles and QCS
matrix is believed to yield poorer interfacial adhesion. However, modest improvements in
the compressive strength of the resulting hydrogels were still observed. Although it was not
observed under the solids loadings used in this study, it is possible for the addition of
nanofiller beyond a certain point to hinder the mechanical properties of the bulk material.
Such a phenomenon is typically attributed to nanofiller aggregation with the continuous

phase.
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CHAPTER 6

Conclusions and engineering significance
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6.1 Conclusions for the work presented in Chapter 4

Covalently crosslinked quaternized chitosan hydrogels were prepared using a modified
method of Sowmya and Meenakshi (2013). The resulting hydrogels were applied as
adsorbents for the removal of 2-naphthoxyacetic acid, a model NA (mNA), from aqueous
solution. The effects of varying three processing parameters on the swelling behaviour and
adsorption efficiency of the hydrogels were investigated. The parameters studied were the
density of the chitosan polymer in the hydrogels, the amount of glutaraldehyde used for
covalent crosslinking of the hydrogels, and the amount of GTMAC used to impart

quaternary ammonium functionality to the hydrogels.

The swelling ratios of the resulting hydrogels, which provide insight into the extent of
gelation and resulting porosity of the hydrogels, were measured gravimetrically. The
maximum efficiency with which the mNA was adsorbed onto the resulting hydrogels was
estimated by modeling a series of batch equilibrium adsorption experiments using the

Langmuir adsorption isotherm.

The swelling ratio of the hydrogels was observed to decrease at a linear rate from 57.0 +
2.55 g g t0 30.0 + 0.94 g g when the chitosan density increased from 1 to 2% wi/v.
Meanwhile, the adsorption efficiency remained relatively unchanged for changes in
chitosan density. The predicted adsorption efficiencies varied from 181.8 to 197.3 mg g”',
but without any observable trend. This result indicated that although the porosity of the

hydrogels decreased with increasing polymer density, the ability of the material to remove
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the mNA from water did not suffer. This leads to the conclusion that the equilibrium

adsorption process is not hindered by diffusive limitations.

Increasing the amount of crosslinking agent used to gel the chitosan polymer resulted in
near linear decreases for both the swelling ratio and adsorption efficiency of the adsorbent.
The swelling ratio decreased sharply from 77.6 + 2.43 g g to 57.4 + 0.72 g g when the
molar ratio of aldehyde on glutaraldehyde to amine on chitosan was increased from 0.5 to
1. A modest reduction in swelling ratio from 57.4 + 0.72 g g”' to 46.6 £ 0.49 g g was
observed when the ratio was further increased from 1 to 2.5. The adsorption efficiency
decreased linearly from 185.3 to 159.6 mg g when the ratio was increased from 0.5 to 2.5.
It is believed that by increasing the extent of crosslinking, the number of potential sites for
adsorption is reduced. This is because the amine groups that participate in the crosslinking
reaction are also hosts for the future quaternization reaction, which provides the quaternary
amine groups necessary for adsorbing the negatively charged mNA. The limited adsorption
efficiency for highly crosslinked hydrogels is not believed to be a result of limited mass

transfer.

A swelling ratio of 49.5 + 1.43 g g was detected for hydrogels produced using a molar
ratio of GTMAC to amine group equal to 5, while an increased swelling ratio of 59.1 + 0.67
g ¢! was observed when the ratio was increased to 17.5. This was believed to be a result of
increased hydrophilicity of the hydrogels and electrostatic repulsion between cationic
groups. A sharp improvement in the adsorption efficiency from 107.3 to 227.8 mg g was
observed as the ratio increased from 5 to 12.5. Further increase in the amount of

quaternizing agent resulted in only a minor improvement in adsorption efficiency, from
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227.8 to 266.4 mg g'. This saturation is believed to correspond to a maximal degree of
quaternization, wherein all available primary amine groups on chitosan have undergone

quaternization.

Using the results of the parameter study, an optimized quaternized chitosan hydrogel
adsorbent (QCA) was prepared, with an adsorption efficiency of 315 mg g'. When
compared with other adsorbent materials reported in the literature, the adsorption efficiency

of the presently reported material was on par if not superior.

Studying the effects of various process parameters on the adsorption kinetics of the
mNA onto the optimized QCA showed that initial adsorbent concentration, adsorbent
dosage, agitation rate, pH, ionic strength, and temperature were all of significance.
Increasing the initial adsorbate concentration from 0.2 to 1.0 mM resulted in a reduction in
the initial rate of adsorption and the overall percent removal. Increasing the adsorbent
dosage from 5 to 15 mg dry equivalent caused the initial rate of adsorption and overall
percent removal to increase. Increasing the agitation rate from 100 to 300 rpm resulted in a
drastic improvement in the initial adsorption rate. Further increase to 500 rpm did not result
in any further significant improvements. The overall percent removal at all three rates did
not vary significantly. The effect of pH was only prominent in highly acidic and basic
environments when charge screening due to ionic strength is more prevalent. The initial
rate of adsorption and percent removal were very drastically reduced at pH 2. Increasing
the monovalent ionic strength from 0 to 40 mM caused the initial rate of adsorption to
decrease. The percent removal was also observed to decay exponentially. This was likely a

result of charge screening and competitive adsorption. Increasing the temperature of the
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system from 25 to 45°C caused a very slight increase in the initial rate of adsorption.
However, the percent removal at equilibrium showed a slight reduction. The standard
changes in Gibbs free energy, enthalpy, and entropy for the adsorption process at 25°C
were -3.74 kJ mol™, -5.17 kJ mol™', and -4.80 J mol K", indicating that the adsorption of

the mNA onto the QCA was spontaneous and exothermic.

Regeneration of the adsorbent by contacting the hydrogels with NaCl solution was
simple and efficient. After five cycles, the adsorbents maintained the same ability to

remove the mNA from aqueous solution.

To the best of our knowledge, this work is one of very few studies to investigate the
adsorption of NAs using polymeric resins and is first to report the use of biopolymer based
hydrogels for this application. We believe that the thorough investigation of the processing
parameters involved in the preparation of these hydrogel adsorbents will be of significant

value to those looking to prepare similar materials.
6.2 Conclusions for the work presented in Chapter 5

Cellulose nanocrystals (CNC) and quaternized CNC (QCNC) were used as reinforcing
agents in QCA. The resulting reinforced QCA (rQCA) were applied as adsorbents for the
removal of 2-naphthoxyacetic acid, a model aromatic naphthenic acid (mNA), from

aqueous solution.

QCNC were successfully prepared by the method of Feng and coworkers (2010).
Desulfation was used to remove the existing negative surface charge of the particles and a

positive charge was introduced by reaction with GTMAC. The quaternary ammonium
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content of the particles, as determined by conductometric titration, was 0.78 mmol g". The
charge reversal was verified by comparing the zeta potentials of the pristine unreacted
particles and the particles after desulfation and quaternization. The zeta potential was

observed to change from -66.8 +£9.51 to +76.1 £ 4.47 mV.

The adsorption of the mNA onto CNC and QCNC was studied using batch equilibrium
adsorption experiments. The maximum adsorption efficiencies for the two nanomaterials,
as estimated using the Langmuir adsorption isotherm, were 43.4 and 144.5 mg g It is
believed that the adsorption efficiency of the quaternized cellulose nanocrystal provided
enhanced adsorption due to the strong electrostatic attraction that exists between the anionic

adsorbate molecules and the cationic trimethylammonium functionality of the material.

The swelling ratio of the rQCA was observed to decrease linearly with the addition of
CNC or QCNC into the hydrogel matrix. The swelling ratio for the adsorbent prior to
reinforcement was 62.6 £ 0.37 g g”'. Adding CNC and QCNC at solids loadings of 0.6%
w/w yielded reduced swelling ratios of 39.4 + 0.68 and 51.8 + 1.62 g g”'. The drastic
reduction upon addition of CNC may be attributed to the generation of new physical gel

points, which limits the ability of the hydrogels to swell when hydrated.

The adsorption of the mNA onto the QCA prior to the addition of CNC or QCNC was
315 mg g, as previously reported. Addition of CNC and QCNC at a loading of 0.6% w/w
yielded significantly reduced adsorption efficiencies of 192.7 and 228.0 mg g'. The
observed reductions were attributed to the weaker ability of the nanofiller material to

adsorb the mNA.
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For both the CNC- and QCNC-rQCA, a very clear increase in compressive strength may
be observed. The compressive strength of the non-reinforced QCA was 5.56 + 1.57 kPa.
Adding CNC at solid loadings of 0.1, 0.2, 0.3, and 0.6% w/w resulted in highly improved
compressive strengths of 8.10 £ 0.71, 9.14 + 1.15, 10.08 £ 2.43, and 15.06 + 0.78 kPa,
respectively. The addition of QCNC at solid loadings of 0.1, 0.2, 0.3, and 0.6% w/w
yielded slightly more modest, but still improved compressive strengths of 7.21 + 0.67, 7.94
+ 1.86, 7.96 £ 0.57, and 12.17 &+ 1.22 kPa, respectively. At the highest solids loading (0.6%
w/w), the addition of CNC and QCNC to the rQCA resulted increases in compressive

strength of 171% and 119%, respectively.

To the best of our knowledge, this is the first report to demonstrate the enhanced
mechanical properties of quaternized chitosan hydrogels upon addition of CNC. These
findings help to demonstrate the applicability of CNC and derivatives thereof as a

reinforcing material in hydrogels.
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CHAPTER 7

Recommendations
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7.1 Recommendations for the work presented in Chapter 4

To improve the practical applicability of the QCA towards the removal of NAs from

OSPW, the following recommendations are made for future studies:

1. Investigate the ortho-quaternization of chitosan to increase the quaternary

ammonium content of the adsorbent.

A recent study by Gruskiené and coworkers (2013) reported on the ortho-quaternization
of chitosan by reacting both the C, primary amine and Cs hydroxyl moieties with GTMAC
under alkaline conditions in aqueous media. Doing so increased the degree of
quaternization of the polymer from 68% to 95%. According to the authors, only the amine
groups of chitosan are nucleophilic enough to induce ring opening of the epoxy groups on
GTMAC under acidic and neutral conditions. However, under alkaline conditions, the
hydroxyl groups may also react with GTMAC, yielding ortho-quaternized chitosan. It is
believed that this approach may help to increase the overall cationic charge density of the
QCA presented in this study, effectively increasing the number of potential naphthenic acid
adsorption sites without requiring additional chitosan material. Unfortunately, the authors
reported increased hydrolysis of the GTMAC under alkaline conditions. Therefore, for the
reaction to successfully increase the degree of quaternization, GTMAC was required in
extreme excess. An alternative solution to aid in reducing GTMAC consumption might be
to perform the reaction in DMSO, as has been investigated for the quaternization of
cellulose-based material (M. Hasani, E. D. Cranston, et al. 2008), to eliminate the water

hydrolysis side reaction.

125



2. Investigate the adsorption of native NAs from real OSPW samples.

It is well known that real OSPW contains a very broad range of naphthenic acid
structures and is often highly concentrated in suspended solid material (Schramm, Stasiuk
and MacKinnon 2000). Further, the concentration of dissolved salts is, in most cases, very
high (Allen 2008). By investigating the adsorption of native NAs from real OSPW samples
onto the presently reported QCA, the relative adsorption of NAs of different structures may
be revealed. This may aid in understanding the underlying factors that affect the adsorption
process for this system. As well, one may more realistically study the effects of charge
screening on naphthenic acid adsorption due to the presence of monovalent and divalent
ionic species. Lastly, the effects of fouling on the overall effectiveness and lifetime of the

QCA may be studied.

7.2 Recommendations for the work presented in Chapter 5

To further enhance the compressive strength of the rQCA, the following recommendations

are made for future studies:

1. Investigate the covalent crosslinking of amine-functionalized CNC into the

quaternized chitosan hydrogel matrix.

Recent work by Hemraz and coworkers (Hemraz, Boluk and Sunasee 2013) reports on
the surface functionalization of CNC with primary amine moieties under aqueous
conditions. By adding similarly prepared amine-functionalized CNC into the chitosan-
based hydrogels prior to gelation and quaternization, the CNC particles may be covalently

crosslinked into the hydrogel matrix. It is believed that the glutaraldehyde crosslinking
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reaction that binds together amine groups on chitosan (Argiielles-Monal, et al. 1998) may
also react with the amine groups present on the nanofiller to help strengthen the interfacial
adhesion between the nanofiller and polymer matrix phases. Since this interfacial
interaction is paramount in the translation of applied forces from the matrix to the
reinforcing material and vice-versa (Fox, et al. 2012) (Yang, et al. 2013) (Azouz, et al.
2012) (J. Yang, C. -H. Han, et al. 2014), the covalent gelation of the CNC into the hydrogel
matrix is expected to yield an adsorbent material with a much improved compressive
strength. Further, it is hypothesized that the amine-functionalization of CNC will allow for
quaternization of the CNC surface while simultaneously quaternizing the primary amine

groups of chitosan through reaction with GTMAC.

2. Investigate the reinforcement QCA with cellulose nanofibrils (CNF).

When compared to CNC, the aspect ratio of CNF is much greater (Iwamoto, Lee and
Endo 2014). Many studies have demonstrated that nanofiller materials with increased
aspect ratios often result in significant improvements in mechanical properties (Thomas, et
al. 2013). Therefore, it is hypothesized that by using CNF as a nanofiller material instead of
CNC, further improved compressive strength of the QCA may result. However, due to the
amorphous cellulose regions present within CNF fibers, they are, generally, less rigid than
their shorter, fully crystalline CNC counterparts (Klemm, et al. 2005). It would be
interesting to investigate how the mechanical properties of the individual nanofiller
particles affect the mechanical properties of the bulk nanocomposite. Ultimately, this might
shed more light on the nanofiller reinforcement mechanism in the presently reported

hydrogel adsorbents.
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APPENDIX A

Optimized adsorption of a model aromatic naphthenic acid
from aqueous solution using sustainable quaternized

chitosan hydrogel adsorbents
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Table A1 Batch equilibrium adsorption data for mNA using QCA samples Al to AS.

Sample Co_1 Ce_l UV abs at Qe } Fractional
(mgl™) (mgl1) 325 nm (mgg) removal
Al 40.44 7.05 0.05 36.18 0.83
80.88 20.43 0.15 65.67 0.75
121.33 35.11 0.26 93.42 0.71
161.77 55.25 0.41 114.48 0.66
202.21 80.94 0.59 131.30 0.60
A2 40.44 7.21 0.05 30.11 0.82
80.88 18.77 0.14 56.80 0.77
121.33 33.71 0.25 79.71 0.72
161.77 51.33 0.38 99.96 0.68
202.21 70.12 0.51 120.38 0.65
A3 40.44 6.67 0.05 33.31 0.84
80.88 18.05 0.13 61.45 0.78
121.33 31.22 0.23 88.29 0.74
161.77 49.40 0.36 110.13 0.69
202.21 72.82 0.53 128.87 0.64
A4 40.44 7.76 0.06 32.61 0.81
80.88 20.77 0.15 60.38 0.74
121.33 37.17 0.27 84.77 0.69
161.77 57.98 0.43 104.78 0.64
202.21 76.84 0.56 126.30 0.62
AS 40.44 5.90 0.04 33.89 0.85
80.88 15.85 0.12 64.71 0.80
121.33 28.72 0.21 90.98 0.76
161.77 47.06 0.35 114.45 0.71
202.21 69.19 0.51 130.21 0.66

Table A2 Batch equilibrium adsorption data for mNA using QCA samples B1 to BS5.

Co Ce UV abs at Je Fractional

Sample (mg 1) (mg ' 325 nm (mgg") removal
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Bl 40.44 7.92 0.06 32.44 0.80
80.88 18.96 0.14 61.91 0.77
121.33 35.23 0.26 86.34 0.71
161.77 56.13 0.41 106.51 0.65
202.21 77.60 0.57 125.70 0.62
B2 40.44 8.10 0.06 31.81 0.80
80.88 21.02 0.15 59.32 0.74
121.33 38.95 0.29 83.06 0.68
161.77 57.63 0.42 105.15 0.64
202.21 81.57 0.60 122.19 0.60
B3 40.44 8.11 0.06 32.34 0.80
80.88 23.52 0.17 57.34 0.71
121.33 41.01 0.30 80.09 0.66
161.77 60.01 0.44 101.18 0.63
202.21 84.48 0.62 116.51 0.58
B4 40.44 9.41 0.07 30.88 0.77
80.88 26.04 0.19 54.57 0.68
121.33 46.88 0.34 74.01 0.61
161.77 65.84 0.48 95.36 0.59
202.21 89.99 0.66 110.46 0.55
BS 40.44 11.14 0.08 27.20 0.72
80.88 27.46 0.20 48.89 0.66
121.33 49.73 0.36 66.97 0.59
161.77 70.71 0.52 84.74 0.56
202.21 96.91 0.71 98.24 0.52

Table A3 Batch equilibrium adsorption data for mNA using QCA samples C1 to C6.

Sample Co_l Ce_1 UV abs at Je -1 Fractional
(mgl™) (mgl1) 325 nm (mgg) removal
Cl 40.44 12.38 0.09 28.01 0.69
80.88 30.40 0.22 50.39 0.62
121.33 54.28 0.40 66.92 0.55
161.77 86.01 0.63 75.62 0.47
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202.21 118.53 0.87 83.53 0.41
C2 40.44 9.32 0.07 30.65 0.77
80.88 23.15 0.17 57.84 0.71
121.33 40.55 0.30 80.43 0.67
161.77 61.20 0.45 99.39 0.62
202.21 86.88 0.64 113.21 0.57
C3 40.44 7.52 0.06 32.92 0.81
80.88 18.57 0.14 62.28 0.77
121.33 35.13 0.26 85.94 0.71
161.77 53.72 0.39 108.03 0.67
202.21 77.21 0.57 125.57 0.62
C4 40.44 4.79 0.04 35.53 0.88
80.88 12.67 0.09 68.39 0.84
121.33 23.37 0.17 97.63 0.81
161.77 36.80 0.27 125.05 0.77
202.21 53.87 0.39 148.69 0.73
C5 40.44 5.05 0.04 35.13 0.88
80.88 12.54 0.09 67.85 0.84
121.33 23.11 0.17 97.68 0.81
161.77 34.87 0.26 124.79 0.78
202.21 47.73 0.35 152.31 0.76
Cé6 40.44 4.62 0.03 35.60 0.89
80.88 12.26 0.09 69.22 0.85
121.33 22.90 0.17 97.91 0.81
161.77 34.22 0.25 127.35 0.79
202.21 47.69 0.35 154.48 0.76

Table A4 Batch equilibrium adsorption data for mNA using the optimized QCA.

Sample Co_1 Ce_l UV abs at Qe } Fractional
(mgl™) (mgl1) 325 nm (mgg) removal
Optimized 40.44 3.67 0.03 35.89 0.91
QCA 80.88 10.31 0.08 70.83 0.87
121.33 18.53 0.14 101.62 0.85
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161.77 28.45 0.21 131.81 0.82
202.21 38.31 0.28 165.68 0.81
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Figure A1 AgNO:; titration curves for QCA samples C1 to CS5.

Figure A2 Optical microscope images of (a) hydrated and (b) dehydrated QCA.
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Mechanically reinforced quaternized cellulose nanocrystal-
chitosan nanocomposite hydrogels for the adsorption of a

model aromatic naphthenic acid from aqueous solution
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Table B1 Batch equilibrium adsorption data for mNA using the CNC and QCNC.

Sample Co_1 Ce_l UV abs at Qe } Fractional
(mgl™) (mgl1) 325 nm (mgg) removal
CNC 40.44 30.59 0.22 9.87 0.24
80.88 63.90 0.47 16.93 0.21
121.33 98.85 0.72 22.21 0.19
161.77 138.76 1.02 23.24 0.14
202.21 174.75 1.28 28.31 0.14
QCNC 40.44 7.23 0.05 33.30 0.82
80.88 19.49 0.14 57.86 0.76
121.33 37.11 0.27 85.19 0.69
161.77 57.47 0.42 99.81 0.64
202.21 81.96 0.60 123.07 0.59

Table B2 Batch equilibrium adsorption data for mNA wusing the QCA-CNC

nanocomposites.
Samble Co Ce UV abs at Je Fractional
P (mg 1) (mg ' 325 nm (mg g™ removal

QCA 40.44 5.98 0.04 35.38 0.85
0.1% w/w 80.88 14.71 0.11 67.91 0.82
CNC 121.33 24.12 0.18 99.89 0.80
161.77 37.97 0.28 124.49 0.77

202.21 56.75 0.42 149.41 0.72

QCA 40.44 6.51 0.05 32.57 0.84
0.2% w/w 80.88 15.87 0.12 64.68 0.80
CNC 121.33 25.81 0.19 94.25 0.79
161.77 40.78 0.30 119.02 0.75

202.21 61.00 0.45 140.35 0.70

QCA 40.44 7.11 0.05 33.29 0.82
0.3% w/w 80.88 16.77 0.12 63.81 0.79
CNC 121.33 26.48 0.19 95.49 0.78
161.77 41.54 0.30 119.30 0.74
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202.21 64.62 0.47 136.62 0.68

QCA 40.44 8.27 0.06 32.13 0.80
0.6% w/w 80.88 20.09 0.15 61.43 0.75
CNC 121.33 35.29 0.26 86.31 0.71
161.77 52.72 0.39 107.95 0.67

202.21 76.64 0.56 124.15 0.62

Table B3 Batch equilibrium adsorption data for mNA wusing the QCA-QCNC

nanocomposites.
Sample Co_l Ce_1 UV abs at Je -1 Fractional
(mgl™) (mgl1) 325 nm (mgg) removal

QCA 40.44 4.53 0.03 35.86 0.89

0.1% w/w 80.88 11.11 0.08 69.40 0.86

QCNC 121.33 20.47 0.15 101.02 0.83

161.77 30.98 0.23 130.72 0.81

202.21 43.61 0.32 158.40 0.78

QCA 40.44 4.95 0.04 35.34 0.88

0.2% w/w 80.88 11.99 0.09 69.36 0.85

QCNC 121.33 21.16 0.16 99.63 0.83

161.77 33.22 0.24 129.04 0.79

202.21 47.23 0.35 155.00 0.77

QCA 40.44 6.08 0.04 34.70 0.85

0.3% w/w 80.88 14.04 0.10 67.32 0.83

QCNC 121.33 24.86 0.18 96.96 0.80

161.77 38.70 0.28 124.21 0.76

202.21 53.25 0.39 147.62 0.74

QCA 40.44 6.92 0.05 33.75 0.83

0.6% w/w 80.88 15.85 0.12 64.50 0.80

QCNC 121.33 29.49 0.22 92.51 0.76

161.77 45.05 0.33 117.83 0.72

202.21 62.67 0.46 140.13 0.69
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Figure B1 Stress-strain curves for the uniaxial compression of QCA (n = 10).
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Figure B2 Stress-strain curves for the uniaxial compression of 0.1% w/w CNC QCA

nanocomposites (n = 10).

156



18

16 |

14

12 F

10 F

s F

6 | A

4t AN

2t o

0 “‘M&. . . :

0 10 20 30 40 50
Strain (%)

Stress (kPa)

Figure B3 Stress-strain curves for the uniaxial compression of 0.2% w/w CNC QCA

nanocomposites (n = 10).
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Figure B4 Stress-strain curves for the uniaxial compression of 0.3% w/w CNC QCA

nanocomposites (n = 10).
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Figure BS Stress-strain curves for the uniaxial compression of 0.6% w/w CNC QCA

nanocomposites (n = 10).
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Figure B6 Stress-strain curves for the uniaxial compression of 0.1% w/w QCNC QCA

nanocomposites (n = 10).
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Figure B7 Stress-strain curves for the uniaxial compression of 0.2% w/w QCNC QCA

nanocomposites (n = 10).
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Figure B8 Stress-strain curves for the uniaxial compression of 0.3% w/w QCNC QCA

nanocomposites (n = 10).
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Figure B9 Stress-strain curves for the uniaxial compression of 0.6% w/w QCNC QCA

nanocomposites (n = 10).

163



