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Abstract

The contamination of drinking water sources with poly- and perfluoroalkyl substances
(PFAS) is a cause for concern. These compounds have been linked to several health problems
in humans, and thus there is an urgent need to develop sustainable removal technologies for
PFAS remediation. Cellulose nanocrystals (CNCs) are derived from plants and offer a
sustainable, green approach for the development of adsorbents due to their ease of
modification. The modification of CNCs with glycidyltrimethylammonium chloride
(GTMAC) and the lignin-based flocculant, Tanfloc, was used to prepare positively charged
CNCs, while beta cyclodextrin (B-CD) was grafted onto CNCs to promote hydrophobic
interactions between PFAS and B-CD. TF-CNC was incorporated into sodium alginate
hydrogel beads for ease of adsorption and removal.

Treatment of an anionic dye, methyl orange (MO), with the adsorbents resulted in a
maximum adsorption capacity of 125.7 mg/g for B-CD-CNC, and up to 80% removal of 1000
ppm MO by GTMAC-CNC. TFSH-CNC and TFSG-CNC resulted in qmax values of 917.8 mg/g
and 247.5 mg/g, respectively, while the qmax values of ALG beads impregnated with TF-CNC
increased from 2.2 mg/g to 4.9 mg/g. Treatment of KPFBS with the adsorbents resulted in
removal percentages ranging from 26.1 to 56.5%, indicating that chemical and physical
modifications improve the adsorption capacity of CNCs for PFAS. Together, these results
indicate that modified CNCs offer a promising template for the development of adsorbents for

PFAS remediation from water sources.
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Chapter 1: Introduction



1.1 Project Motivation

Per- and polyfluoroalkyl substances (PFASs) are a group of highly persistent
contaminants that have garnered growing interest and concern over the past few decades [1].
Due to their chemical stability and surfactant-like characteristics, these compounds are
extremely difficult to break down [2], and have thus become ubiquitous in the environment
[3]. The persistent nature of PFASs is of major concern due to the possible links of various
PFASs with several forms of cancer [4], diabetes [5], and immune-suppression [6]. Thus, there
exists an urgent need to develop efficient PFAS removal techniques from the environment.

Current methods for the removal of PFASs from water include the use of granular
activated carbon (GAC), ion exchange resins, and membrane separation processes such as
reverse osmosis (RO) and nanofiltration (NF) [7]. Several issues such as high installation and
maintenance costs [8], large environmental impact due to high temperatures for activation [9],
as well as fouling and scaling of membranes [10], require that focus shift toward sustainable
and efficient PFAS removal methods.

Natural materials, such as cellulose, alginate, lignin, and cyclodextrins provide a
sustainable and ‘green’ approach for the development of new PFAS removal systems. Since
these materials are derived from plant material, they are environmentally friendly and can be
used to formulate processes that rely less heavily on synthetic chemicals which may raise

additional toxicity concerns.



1.2 Project Outcomes

The overall aim of this project is to develop sustainable adsorbents for the removal of
PFASs from water. Two approaches were adopted to achieve this goal: chemical modification
of cellulose nanocrystals (CNCs) and the coating of CNCs.

The chemical modification of CNCs was further divided into two directions. The first
involved the introduction of cationic groups on the CNC surface to allow electrostatic
attraction between the negatively charged PFASs and positively charged CNCs. The second
method involved the grafting of B-cyclodextrin (B-CD) onto the CNC surface to allow for the
formation of inclusion complexes with PFASs [11].

Coated CNCs were prepared using the lignin-based, cationic flocculant Tanfloc. The
coating was produced to take advantage of electrostatic attraction between the coated CNCs
and PFASs. Both the chemically modified and coated CNCs were tested for the removal of the
anionic model compound, methyl orange, and potassium perfluorobutanesulfoanate (KPFBS)
from water to determine the adsorption efficiency of the generated materials and their potential

application for PFAS removal.

1.3 Thesis Outline

This thesis consists of five chapters. Chapter 1 contains an introduction to the project
and provides the motivation for the study. Chapter 2 provides a brief literature review on
PFASs, PFAS removal techniques, and the reasoning behind the material selection for this
study. Chapters 3 and 4 contain experimental data and results, with Chapter 3 focusing on

chemically modified CNCs and Chapter 4 focusing on coated CNCs. Finally, Chapter 5



provides overarching conclusions that can be drawn from this study and provides

recommendations for future work on PFAS removal from water.



Chapter 2: Literature Review



2.1 Poly- and Perfluoroalkyl Substances

Poly- and perfluoroalkyl substances (PFAS) are defined as aliphatic compounds
containing one or more carbon atoms, with all the hydrogen atoms substituted with fluorine
[3]. All PFAS contain the perfluoroalkyl moiety, defined by the formula CiFan+i-.
Perfluoroalkyl substances differ from polyfluoroalkyl substances in that they have all their
non-functional group hydrogen atoms replaced with fluorine, whereas polyfluoroalkyl
substances only have some carbon atoms with all their hydrogen atoms replaced with fluorine.
Several classes of PFAS exist, and almost 8000 distinct compounds belonging to this family
of chemicals are included in the United States Environmental Protection Agency PFAS master

list [12]. Figure 1 shows the difference between PFAS and non-PFAS compounds.

a) b) c)
R F R F R F o R F R F R F Q H H H H H H ©
F F. F
OH OH OH
F F H
F F F F F F F E H H H H F F H F H F HH F
Figure 1: Examples of a) a perfluoroalkyl substance, with all hydrogen atoms replaced with
fluorine atoms, b) a polyfluoroalkyl substance, with some carbon atoms fully saturated with

fluorine atoms, and c¢) a compound with scattered hydrogen atoms replaced with fluorine

atoms. Both a) and b) are PFASs, but ¢) is not.

2.2 General Properties of PFAS

Due to their chemical structure, PFAS tend to be more surface active than ordinary
surfactants, and the strength of the carbon-fluorine bond makes them highly resistant to acidic,
alkaline, oxidative, and reductive reagents, as well as to high temperatures [2]. PFAS can also
withstand photolytic, microbial, and metabolic degradation processes, leading to their highly

persistent nature in the environment [13]. PFAS exhibit both hydrophobic and hydrophilic



behaviour due to the low polarizability of the fluorine atoms, and become increasingly inert
with increasing carbon chain length [14].

In general, PFAS solubility decreases with increasing carbon chain length due to the
increase in hydrophobicity of long chain compounds [14]. The solubility is also dependent on
the counterion present, with most anions being more soluble than the free acid at a given
temperature [2]. Predicted and experimental pKa values for the perfluoroalkyl carboxylic acids
(PFCAs) and the perfluoroalkyl sulfonic acids (PFSAs) indicate that these groups are strong
acids, and will tend to dissociate at environmentally relevant pH conditions [13]. However,
other classes of PFAS, such as fluorotelomer alcohols (FTOHs), tend to remain in their
undissociated form at environmentally relevant pH conditions, indicating that different

methods may be required to remove different PFAS from environmental matrices.

2.3 Occurrence and Hazardous Potential of PFAS

PFAS have become ubiquitous in the environment due to their widespread use in
consumer and industrial products. Because of the historical and current use of PFAS, the
compounds have been found in sediment cores in Arctic Lakes in Canada [15], surface water
and sediment in the North and Baltic Seas in Europe [16], household and childcare center dust
[17], [18], seafood [19], agricultural plants [20], bird eggs [21], and drinking water [22].
Exposure of humans to PFAS through water, food, consumer products, and dust has led to the
prevalence of PFAS in human blood serum [23], tissues [24], breast milk, and urine [25].

Although some manufacturers have phased out the production of C-8 PFAS such as
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), production

continues in several countries including China, India, Poland, and Russia [15]. After the ban
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on long chain PFASs, the focus shifted to the manufacture of alternatives such as short chain
PFAS, which may be just as harmful than their phased-out precursors. These short chain
PFASs are already being detected in increasing quantities in breast milk, suggesting that human
exposure to these PFAS is increasing [26]. The cumulative exposure to PFASs, combined with
emerging evidence that short chain PFASs are linked to thyroid dysregulation in newborn girls
[27] and disturbances in fetal gonadotrophins [28] is a cause for concern. Furthermore, long
chain PFAS still exist in the environment and are linked to health risks including depressed
immune function and reduced effectiveness of vaccines [6], [29], [30], increased risk for
diabetes [5], increased oxidative stress [31], liver and kidney diseases [29], and cancer [32].
A study on the accumulation of PFASs in human tissues showed that various PFASs
accumulate differentially in different tissues (Figure 2) [24]. Acidic PFASs with odd number
carbon-chains accumulate in the kidneys, while even number carbon-chain compounds and
sulphonates accumulate in the brain. Sulphonates can also accumulate in bone. People in older
age groups tend to have higher PFAS accumulation in their tissues, suggesting that PFASs
accumulate in tissues over time and can lead to adverse health effects with increasing age.
With exposure to PFAS beginning prenatally and continuing over a lifetime, it is
essential to develop efficient PFAS remediation methods to reduce human exposure to PFAS

and the health effects that come with it.
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Figure 2: Concentrations of various PFASs (ng/g) in 5 human tissues. Figure from reference
[24].

2.4 PFAS Adsorption

2.4.1 Mechanism

The predominant mechanisms for PFAS removal through adsorption are hydrophobic
and electrostatic interactions [33]. The anionic head of PFASs can be adsorbed onto positively
charged adsorbents through electrostatic interactions (Figure 3). However, if negatively
charged natural organic matter (NOM) is present in the water to be treated, the organic matter
may compete with the PFASs and reduce the adsorption efficiency of the adsorbent. The
repulsion between NOM and PFASs can also reduce the electrostatic interaction between

9



PFASs and positively charged adsorbents. Conversely, the presence of multivalent cations in
water samples can increase the adsorption efficiency of adsorbents by acting as a bridge
between the adsorbent and the PFASs.

Hydrophobic interactions are also significant for the adsorption of PFASs on various
adsorbents [33]. The hydrophobic tails of PFASs self-organize to form micelles in bulk water
to reduce the entropy of the system. This interaction is important at high pH values near and
above the point of zero charge of positively charged adsorbents. Many carbonaceous and resin
adsorbents rely on hydrophobic interactions as the main method of PFAS removal from water.

The formation of micelles and hemi-micelles on surfaces has also been reported on PFAS
adsorption [33]. Micelles and hemi-micelles can both enhance and inhibit the adsorption of
PFAS on an adsorbent. On one hand, the formation of these structures can attract more PFAS
molecules to the surface of the adsorbent, thus enhancing the removal, while on the other hand,
the micelles and hemi-micelles can block the pathway to the surface for other molecules in
solution, which can reduce the adsorption capacity. This is particularly important in
microporous adsorbents, where pores might become blocked by micelles and hemi-micelles.

Besides electrostatic and hydrophobic interactions, ligand and ion exchange are also
pathways for PFAS adsorption, particularly when metal hydroxides and oxides are present
[33]. Anions and functional groups such as hydroxyl groups can form inner-sphere complexes

or act as exchange ions with the head groups of PFASs. Despite the hydrophobicity of PFASSs,
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Figure 3: Adsorption mechanisms for PFAS. In a) microporous materials, short-chain PFASs
can diffuse into the pores, while long-chain PFASs may block the pores; b)
meso/macroporous materials can allow diffusion of both long and short-chain PFASs into the
pores and can also result in the formation of micelles and hemi-micelles; c) the presence of
natural organic matter and multivalent cations can result in the reduction or enhancement of

the interactions between PFASs and the adsorbent. Figure adapted from reference [33].
hydrogen bonding between hydroxyl groups and the fluorine atoms of PFASs has been
reported. However, this hydrogen bonding can easily be displaced by water molecules if the

adsorbent contains many protonated groups and is thus usually insignificant in PFAS

adsorption.
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2.4.2 Adsorption Isotherms

Adsorption isotherms are plots of the equilibrium relationship between the amount of
compound left in solution and the amount of compound on the surface of an adsorbent [34].
The two commonly used models applied to adsorbents in water treatment are the Langmuir
and Freundlich adsorption isotherms.

The Langmuir isotherm (Figure 4a) assumes monolayer adsorption, with no or only ideal
interactions between the adsorbate particles [35]. The adsorbent surface is assumed to be
homogeneous, and all the adsorbing sites are considered chemically equivalent, with only one
particle able to adsorb to each site. Additionally, the adsorbate is assumed to occupy an
immobile state so it will be bound to one site and remain adsorbed until it desorbs. The relative
coverage of the adsorbent surface and the adsorption density, I' (units of mol/g-adsorbent), are

described by the following equations:

KL P

= TrKLP (Eq- 1

r
0= — (Eq. 2)
I'=f(P/c,T) (Eq. 3)

Here, 0 represents relative coverage, Ki is the Langmuir constant, ['mono 1S the maximum
amount adsorbed, and P/c are the pressure or concentration of the sample. The Langmuir
adsorption isotherm describes saturation at high concentrations when the full monolayer is
achieved, and this behaviour is often observed in solutions and when porous materials are used
[35].

The Freundlich adsorption isotherm (Figure 4b) applies when the adsorbent surface is

heterogeneous and contains sites that are occupied at different rates. Repulsion between
12



adsorbate molecules can also occur in this case. The adsorption function is described by the
following equation, where Kr and q are constants for a given adsorbate and adsorbent:

I'= Kg. P9 (Eq. 4)

Figure 4: The a) Langmuir and b) Freundlich adsorption isotherms. Figure adapted from

reference [35].

2.5 Current PFAS Removal Methods

Due to the inertness and resistance of PFAS to physical, chemical, and biological
degradation, current water treatment methods that are effective for PFAS removal are based
on adsorption and filtration. It must be noted that several of these treatment methods are not
specifically designed for PFAS removal in full scale water treatment plants but have been

found to be effective at removing them.

2.5.1 Activated Carbons
Activated carbons are carbonaceous adsorbents that include both granular activated
carbon (GAC) and powdered activated carbon (PAC). While both these adsorbents are used in
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water treatment plants for the purpose of removing taste and odour in drinking water, they are
also known to be effective against synthetic organic chemicals, including PFASs [34].

Activated carbon can be prepared from various materials including bituminous coal,
bones, coconut shells, lignite, peat, pecan shells, petroleum-based residues, pulp mill black
ash, sugar, wastewater treatment sludge, and wood [34]. Today, lignite, coal, and coke are
commonly used to produce activated carbon. The structure of activated carbon is more
disorganized but similar to pure graphite. Typical activated carbons have micropores,
transitional pores, and macropores, with some macropores leading to the particle surface.

Activated carbon is produced through physical or chemical activation. In physical
activation, the material undergoes carbonization upon being pyrolyzed at very high
temperatures (600-900 °C) [9]. Following pyrolysis, the char is gasified or activated with
steam, carbon dioxide, air, or a combination of all of these at temperatures around 600-1200
°C. In chemical activation, the precursor material is impregnated with concentrated salts, acids,
or bases, and is then heated. Chemical activation is known to impart better micro and mesopore
volumes and tends to be more consistent than physical activation.

Despite their use in water treatment plants, the efficiency of PFAS removal by activated
carbon is dependent on several factors. Studies have shown that the renewal efficiency of GAC
filters decreases steadily over time [36], [37], with PFAS breakthrough occurring as early as
42 days after the introduction of a new filter [38]. Factors such as the weather also have an
effect on PFAS removal efficiency, with much greater desorption occurring during summer as
compared to winter [37]. This effect can be significant enough to cause negative removal ratios
during summer. Finally, activated carbons are much more efficient at removing long chain

14



PFAS than short chain PFAS, due to the significance of the hydrophobic mechanism of

adsorption [39].

2.5.2 Ion-Exchange Resins (IEX)

Besides activated carbon, a commonly used PFAS removal method in current use is
anion exchange resins. These resins have shown good removal efficiencies for PFAS, but the
removal efficiency is highly dependent on the type of resin and its properties.

Polyacrylic resins perform better than resins with polystyrene matrices due to the higher
hydrophilicity of the matrix, which allows easier transport of PFAS into the resin pores [40].
Additionally, polyamine resins tend to be effective over a narrower pH range (3 to 9), whereas
quaternary ammonium resins are effective over a broader pH range due to a permanent positive
charge on the quaternary ammonium group. Similar to activated carbons, IEX are more
effective at removing long chain PFAS compared to short chain PFAS due to increasing
hydrophobic interactions between the resin and the carbon chain [41]. Furthermore, long chain
compounds are less soluble in water and have a greater tendency to adsorb. The chain length
of the resin functional group also affects the removal efficiency, with longer chain lengths

increasing the selectivity for larger and more hydrophobic anions such as long chain PFAS.

2.5.3 Nanofiltration and Reverse Osmosis Membranes for PFAS Removal

Nanofiltration (NF) and reverse osmosis (RO) are techniques that have been shown to
be effective for PFAS removal and are in use in current water treatment technology.
Nanofiltration is a filtration technique that requires the use of pressure to remove unwanted
substances from water using a membrane with very small pore sizes (1 to 10 nm) [42]. The

removal mechanisms usually include size exclusion as well as electrostatic interactions.
15



Reverse osmosis is a filtration process that is essentially the opposite of osmosis [42]. In
osmosis, the solvent naturally moves from an area with low solute concentration to an area
with high solute concentration to reduce the Gibbs free energy of the system. In reverse
osmosis, an external pressure is applied to force the solvent to travel in an opposite direction
than it would during osmosis. Reverse osmosis membranes typically have very small pore
sizes, from 0.1 to 1 nm, and are thus capable of separating very small particles from water.

Studies on the effectiveness of RO treatment on PFAS-contaminated water in full scale
water treatment plants have shown rejection of greater than 99% of PFAS in water [43], [44].
Bench scale studies have also shown greater than 99% rejection of PFOS from semiconductor
wastewater [45]. Furthermore, RO membranes at the full scale have shown greater than 90%
rejection of short chain PFAS such as perfluorobutanesulfonic acid (PFBS), which are typically
difficult to remove using other techniques [43].

Bench scale studies on commercial NF membranes have shown that these membranes
can achieve greater than 93% removal for both long chain and short chain PFAS [46]. A pilot
plant study on PFAS removal reported that NF membranes achieved greater than 99% removal
of PFAS from raw water, including short chain PFAS such as perfluorobutanoic acid (PFBA)
[47]. A study on NF membranes with bipiperidine as one monomer and trimesoyl chloride as
the other reported rejection of sulfate anions and permeation of cations to reduce scaling,
showing that these membranes may be effective against anionic PFAS [48]. Another study on
multilayer NF membranes reported PFOA and PFOS retention rates similar to commercial
membranes, while also showing a reduction in scaling [49]. These multilayer membranes also

had a much lower flux reduction compared to the commercial membrane (13% vs 37%),
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indicating that these NF membranes may have longer filtration lifetimes than commercial

membranes.

2.5.4 Disadvantages of Current Removal Methods

Activated carbon adsorbents such as GAC have high installation and maintenance costs,
and negative environmental impact associated with them. For example, the installation of five
new GAC filters in Plainfield Township, Michigan, cost $750,000 [8] and the annual GAC
operation cost at a drinking water treatment plant in Uppsala, Sweden is 712 million Euros,
with the majority of the cost attributed to GAC regeneration [50]. Apart from the high costs
associated with GAC filters, regeneration requires very high temperatures that causes loss of
material and have a negative environmental impact due to the energy cost and generated heat.
Finally, the efficiency of GAC filters is dependent on dissolved organic matter, competing
ions, weather conditions, and decreases as they age.

NF and RO processes also have high costs associated with them [43], such as the $137
million reverse osmosis upgrade and $2.9 million annual operating costs at a water treatment
plant in Brunswick Country, North Carolina [8]. Other issues typically associated with
filtration membranes include scaling, which reduces flux and leads to higher operational costs.
The membranes are also subject to fouling, which can result in biofilm formation and release
unwanted microbes into the water supply [10]. Finally, these membranes are also affected by
several parameters such as pH, pressure, and membrane properties, which can affect PFAS

rejection.
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Due to the costs and problems associated with current treatment technologies, new PFAS
removal methods are being developed and studied, with a focus toward the use of biomaterials,

a few of which are discussed in the following section.

2.6 Biomaterial Adsorbents for PFAS Removal

With increasing concern over the negative impact of industrial processes on the
environmental and the push toward more sustainable processes, several biomaterial-based
adsorbents are being investigated for water treatment applications. These include both
biomaterial-based activated carbons and biochar, as well as novel adsorbents based on

functionalized biomaterials.

2.6.1 Biomaterial-Based Activated Carbon and Biochar

Activated carbons derived from bamboo, coconut-shell, and rice husk have gained
attention since they are derived from agricultural products rather than fossil fuels. A
comparison of bamboo-derived GAC (BAC) to coal-derived GAC (CAC) reported 70% PFOA
removal by BAC and 30% removal by CAC [51] (Figure 5a). The PFOA removal efficiencies
remained consistent over pH values from 2 to 9, and the BAC could be regenerated and used
over 5 cycles with an overall reduction of PFOA removal by about 15% (Figure 5b), suggesting
that agriculturally derived GAC may be a good alternative to coal- and petroleum-based GAC.

An alternative to GAC that has been generating interest is biochar, a low-cost carbon
residue derived from the pyrolysis of wet biomass in an oxygen-limited environment [52].
Unlike activated carbon, biochar does not require harsh chemicals for treatment, and is much
more environmentally friendly, requiring 6.1 MJ/kg for production and releasing 0.9 kg

COo/kg, as compared to an energy demand of 97 MJ/kg and greenhouse gas emissions of 6.6
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Figure 5: a) PFOA removal efficiencies of BAC, CAC, commercial IEX resin IRA67,
macroporous styrene XAD4, and macroporous aliphatic acrylic polymer XAD7HP, and b)

PFAS removal efficiency of BAC over 5 adsorption cycles. Figure from reference [51].
kg CO2/kg by activated carbon. Further, biochar is much cheaper than activated carbon, with
a cost of $256/ton compared to a production cost of $1500/ton for activated carbon [53].
Biochar has been reported to have maximum adsorption capacities of 21.6 mg/g, 35.2 mg/g,
10.3 mg/g, and 7.0 mg/g for PFOA, PFOS, PFBA, and PFBS, respectively. The magnetic
modification of biochar has shown to produce a regenerable adsorbent material with maximum
adsorption capacities of 204.7 mg/g for PFOA and 195.5 mg/g for PFOS [54]. These adsorption
capacities are comparable to GAC, suggesting that biochar may be a viable option for PFAS

removal in water treatment systems.

2.6.2 Natural Polymer-Based Adsorbents

With the shift toward deriving carbonaceous adsorbents from plantsinterest has also been
shown in the use of using bio-based polymers as adsorbents for PFAS. These natural polymers

include chitosan, starch, cyclodextrin, and cellulose.
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El:IH ?H Chitosan (Figure 6) is a biopolymer derived
/E\;ﬂi/afg\,#i/g from the deacetylation of chitin, which is extracted
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NH, NH, from shrimp and other crustaceans [55]. Free amino

Figure 6: Structure of chitosan. Adapted SIOUPS are present in chitosan, which becomes

from reference [S5]. positively charged at low pH values, allowing for

electrostatic interactions with anionic species such as acidic PFAS [56]. Studies on chitosan-
based molecularly imprinted polymers (MIPs) have indicated the selective removal of up to

60% of the target PFAS, with recyclability over five cycles with no loss in the adsorption

efficiency (Figure 7a-b) [57]. Epichlorohydrin-crosslinked chitosan beads have been reported

to have maximum adsorption capacities of up to 2500 mg/g for PFOA [58], while chitosan-
ethylene glycol hydrogels have shown a maximum adsorption capacity of 1200 mg/g for PFOA

[59]. While these studies show favourable adsorption capacities, chitosan-based adsorbents are

limited by pH, and become less effective as pH increases.
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removal efficiency of the MIPs over 5 regeneration cycles. Figure from reference [57].
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Starch, an important energy storage polymer found in plants, is a homopolymer of o-
glucopyranose units [60]. Starch has been shown to stabilize magnetite nanoparticles, which
tend to agglomerate in solution [61]. The addition of 1% starch by weight to a ferrous-ferric
solution was used to produce highly stabilized magnetite nanoparticles that achieved up to 62%
PFOA from a sample solution, with a maximum adsorption capacity of 62.5 mg/g.

Another natural polymer of interest is cellulose, the most abundant polymer in the
biosphere [62]. It is found in plants, animals, algae, fungi, and bacteria. Cellulose consists of
glucose molecules connected by B-1,4-glycosidic linkages (Figure 8). In native cellulose, each
glucose unit has three free hydroxyl groups on carbons 2, 3, and 6, which can be functionalized
through various chemical reactions. Native cellulose can be converted to micro- and nano-
forms using various top-down and bottom-up techniques. Cellulose has been studied for the
removal of dyes, heavy metal ions, and other organic contaminants such as drugs from water,
but few studies on the removal of PFAS using cellulose-based systems have been reported.

Different plant sources contain different amounts of cellulose by weight, with wood

typically containing 40-50% cellulose, while cotton contains up to 90% cellulose by weight

Glucose Cellobiose

OH
OH OH
HO 0 0
S~a O O HO O«..,_
OH
OH OH
Reducing end

Non-reducing end [-1,4-glycosidic linkage

Figure 8: Structure of cellulose. Adapted from reference [62].
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[62]. The introduction of quaternary ammonium groups into cotton can impart a permanent
positive charge to the cotton, making it favourable for electrostatic interactions with anionic
PFAS. Cotton quaternized with poly(2-(dimethylamino)ethyl methacrylate) has been reported
to have maximum adsorption capacities of 1283 mg/g and 1650 mg/g for PFOA and PFOS,
respectively [63]. Further, due to the permanent positive charge, the material is effective over
a wide pH range. Despite the promise of quaternized cotton as an adsorbent for PFAS, it must
be noted that cotton is an extremely energy- and labour-intensive crop with a significant
environmental impact. Approximately 25% of the world’s insecticides and 11% of the world’s
pesticides are used for cotton production [64], making cotton-based PFAS removal best suited
when using recycled cotton or used textiles to reduce the environmental impact.

The use of cellulose from plants native to a geographic region provides a good alternative
to using cotton-based adsorbent materials. Fiber obtained from the Calotropis gigantea plant,
a plant native to South Asia, Southeast Asia, and North Africa, can be functionalized with
polyaniline for the removal of PFOA from water [65]. This material has been reported to have
a maximum adsorption capacity of 232.8 mg/g for PFOA, maintaining over 80% removal over
5 regeneration cycles.

Besides native cellulose, micro- and nanocellulose can also be functionalized for the
development of adsorbents for PFAS removal. Cellulose microcrystals functionalized with
polyethyleneimine (PEI) have been shown to achieve 90% PFOA removal, with a maximum
adsorption capacity of 2.32 mg/g [66]. The adsorbent achieved up to 99% removal of 22
different PFAS from environmental lake water samples, and maintained its removal efficiency

over 8 regeneration cycles, making it highly reusable (Figure 9a-b).
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adsorption of PFOA over 8 adsorption cycles. Figure from reference [66].

Finally, cyclodextrins (Figure 10), cyclic oligosaccharides formed through the bacterial
digestion of cellulose [67], have also garnered attention for PFAS removal from water.
Magnetic nanoparticles functionalized with B-cyclodextrin (B-CD) and ionic liquid have been

reported to remove both PFAS and Cr(VI) ions from sample solutions [68]. The functionalized
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Figure 10: Structure of alpha, beta, and gamma cyclodextrin. Figure generated by author.
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nanoparticles were able to achieve level of removal of PFOS and PFOA comparable to
commercial activated carbon and maintained their removal efficiency over 10 regeneration
cycles. B-CD polymers crosslinked with decafluorobiphenyl (DFB) have been shown to
outperform commercial coconut-shell activated carbon (CCAC) for PFOA removal, with a
maximum adsorption capacity of 34 mg/g, and recyclability of four regeneration cycles [69].
The DFB-linked polymer (DFB-CDP) achieved up to 99% PFOA removal at equilibrium,
performing significantly better than when tetrafluoroterephthalonitrile (TFN) was used as the
crosslinker to produce P-CDP (Figure 11a). Crosslinker chemistry was confirmed to be
important for the efficient removal of PFAS, with the hydrophobic crosslinker DFB imparting
hydrophobic characteristics to the f-CD polymer and improving PFAS removal for C4-C10
PFAS when compared to 2-isocyanatoethyl meth- acrylate (IEM) linked CDP and

epichlorohydrin (EPI) linked CDP (Figure 11b) [70].
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Figure 11: a) PFOA removal efficiency of P-CDP and DFB-CDP compared to commercial
coconut shell activated carbon and b) PFAS removal efficiencies of DFB-CDP, IEM-CDP, and
EPI-CDP. DFB-CDP 1-3 were prepared using increasing p-CD to DFB ratios. Figure a) from

reference [69] and b) from reference [70].
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2.6.3 Summary

As discussed in the preceding sections, several biomaterials are being investigated for
PFAS removal from water, and adsorption capacities varying from the ng/g to the g/g range
have been reported (Table 1). Due to the renewable nature of the base materials, and the
recyclability of several adsorbents, they present promising alternatives to current PFAS
removal techniques. However, despite the promise of the adsorbents, a need still exists to
continue to innovate and search for adsorbents with facile synthesis methods that are efficient,
renewable, economically feasible, and have a low environmental impact.

While cellulosic materials, such as fiber, cotton, and cellulose microcrystals have been
studied for PFAS removal, no studies have yet focused on the use of CNCs as the base for a
PFAS adsorbent. Since CNCs are abundant, renewable, nontoxic, and easily modified via
physical and chemical processes, they offer an excellent basis for the development of novel
PFAS adsorbents. CNC-based adsorbents for dyes and surfactants have been reported by Tam
and co-workers [71], [72], [73]. Based on these studies, it was theorized that the application of
CNC-based adsorbents can be further extended toward the removal of PFAS from water, which

is the basis for the current study.
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Table 1: Summary of maximum adsorption capacities of various adsorbents reported in the

literature. Values reported were obtained at room temperature.

Sample Adsorbent PFAS Maximum adsorption Reference
capacity (mg/g)
Lake water Coal-based PFOA 0.52 [37]
GAC
Groundwater Coal-based PFOA 1.1 [74]
GAC PFOS 53
PFHxS 0.6
Groundwater Coal-based PFOA 20 [74]
PAC PFOS 10
PFHxS 13
PFAS Resin PFOS 207 [40]
solution
Industrial Bamboo- PFOA 414 [51]
wastewater derived AC
PFAS Magnetic PFOA 204.7 [54]
solution biochar PFOS 195.5
PFAS Quaternized PFOA 1283 [63]
solution cotton PFOS 1650
PFAS Chitosan PFOS 2500 [58]
solution beads
PFAS Chitosan- PFOA 1200 [59]
solution ethylene
glycol
hydrogel
PFAS Starch- PFOA 62.5 [61]
solution stabilized
magnetic NPs
Lake water PEI- PFOA 2.32 [66]
functionalized
cellulose
microcrystals
PFAS Functionalized PFOA 232.8 [65]
solution CGF
PFAS B-CD-IL- PFOA 2.5 [68]
solution MNPs PFOS 13.5
PFAS B-CD polymer PFOA 34 [69]
solution
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2.7 Material Selection for This Work

This section briefly outlines the materials selected for this study and explains the

rationale behind the selections.

2.7.1 Cellulose Nanocrystals (CNCs)

Cellulose nanocrystals are a form of cellulose nanomaterial produced via the acid
hydrolysis of cellulose fibers, typically from plant sources [75]. Cellulose fibers contain
crystalline domains and amorphous regions. These amorphous regions are disintegrated during
the acid hydrolysis process, resulting in the production of CNCs (Figure 12). CNCs produced
from plant sources are typically 5-70 nm laterally and 100-250 nm in length. The acid used in
the acid hydrolysis process determines the surface functional groups on the CNCs. CNCs have
several properties that make them attractive for use in the development of adsorbent materials.

CNCs are renewable, non-toxic, biodegradable, highly abundant, and have large surface areas
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CNCs

Figure 12: a) Schematic showing the process of CNC production from wood and b) TEM
micrograph of pristine CNCs.
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that provide many active sites for adsorption [76]. Furthermore, the abundance of hydroxyl
groups on the CNC surface provides sites for surface modification through various chemical
processes, making CNCs highly tunable (Figure 13).

In this study, CNCs were selected due to their high tunability, abundance,
biocompatibility, and renewable nature. The CNCs used for the experiments described in this
work have a negative surface charge due to the presence of sulfate groups, which allows for
electrostatic interactions with the cationic coating material, Tanfloc, while the hydroxyl groups

allow for the chemical modification of the CNCs to improve adsorptive properties.
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Figure 13: Common chemical modifications of CNCs. Figure adapted from reference [76].

NdOH

Finally, CNCs have already been shown to adsorb contaminants such as the dyes

methylene blue [77] and crystal violet [78], and heavy metal ions such as Ag(I), Cu(Il), and
28



Fe(III) [79]. The adsorptive properties and tunability of CNCs could allow for the development

of a multi-target adsorbent for the removal of several different contaminants from water.

2.7.2 Glycidyltrimethylammonium chloride (GTMAC)

GTMAC (Figure 14) is a cationizing agent that can

~
-

CI

N* o be grafted onto hydroxyl groups via a ring-opening
reaction. The cationization of CNCs with GTMAC has

Figure 14: Chemical structure of been reported previously, via semi-dry [80] and wet [81]

GTMAC. processes. The highly positive surface charge after

cationization with GTMAC could be used to encourage electrostatic interactions with anionic
PFAS for water treatment, while the cellulose backbone provides sites for hydrophobic

interactions with the carbon chain of target PFAS.

2.7.3 B-Cyclodextrin

Due to the rigid shape of the glucopyranose units that make up B-CD, B-CD molecules
are shaped like truncated cones with an inner wide-end diameter of 7.8 A [67]. The
hydrophobic nature and size of the cavity allows B-CD molecules to form 1:1 and 2:1 host-
guest interactions with PFAS such as PFOA [11]. The nature of the interaction depends on
factors such as ionic strength and pH of the solution.

The ability of B-CD to capture PFAS molecules from water through hydrophobic
interactions, its renewability and nontoxicity, and previous reports of CNCs grafted with -CD

[73], [82], led to the selection of this material for this study.
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2.7.4 Tanfloc

Tanfloc (TN) (Figure 15) is a cationic, tannin-based
polymer extracted from the black wattle tree (Acacia

mearnsii), and is used as a flocculant in water treatment

[83]. Since tannin-based materials are biodegradable, non-

@1"41-[2

toxic, and derived from plants, they are excellent for the .
Figure 15: Theoretical structure

development of more sustainable technologies. The of Tanfloc. Figure adapted from
positive charge in TF is derived from substituted amine reference [83].
groups, and TN has been reported to form polyelectrolyte complexes with alginate, an anionic
polysaccharide [84]. Its sustainability, cationic nature, and its ability to complex with anionic

polymers make Tanfloc an excellent candidate to prepare CNCs with a positive surface charge

without requiring chemical modification.

2.7.5 Sodium Alginate

Sodium alginate (AG) is an anionic polysaccharide found in brown algae and its basic
structure consists of linear copolymers of 1 = 4 linked a-D-mannuronic acid and f-L-
guluronic acid [85]. Alginate can interact with divalent cations such as calcium to produce
thermally stable and biocompatible hydrogel beads, which are widely used to encapsulate
microbial cells, enzymes, hormones, drugs, and oils. CNC-AG hydrogel beads containing
anionic CNCs have previously been reported as adsorbents for organic dyes in aqueous
solutions [71], [72], as have hydrogels produced from cationic CNCs and AG [86]. AG was
selected for this study due to its ability to form hydrogel beads with CNCs, which can then be

employed as sustainable and biodegradable adsorbents for PFAS removal from water.
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2.7.6 Summary

This section discusses the materials selected for the development of nanocellulose-based
PFAS removal systems. CNCs, B-CD, Tanfloc, and AG were all selected for their
biocompatibility, biodegradability, and natural origins. Tanfloc and GTMAC were selected for
their ability to impart a cationic charge to the CNCs to allow for electrostatic interactions with
anionic PFAS present in water, while B-CD was selected for its potential for hydrophobic host-
guest interactions with PFAS. Finally, AG was selected for its ability to produce stable
hydrogel beads with CNCs in the presence of calcium cations, allowing for the production of

adsorbent beads that can be utilized in water treatment systems such as column filters.
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Chapter 3: Chemically Modified CNCs

and their Adsorptive Properties
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3.1 Introduction

The prevalence of PFAS in different water sources is of growing concern due to the
bioaccumulation of these highly stable compounds [19], [20], [24], which can lead to health
problems such as diabetes, reduced kidney function, and inflammation [87], [88], [89], [90].
While modified cellulose has been studied for PFAS removal from water [63], [65], [66], few
studies have been reported on chemically modified nanocellulose for PFAS removal.

In this study, CNCs were selected as a nano-template for the development of adsorbents
for water treatment because they are naturally sourced and have an abundance of hydroxyl
groups that can be chemically modified. Cationized CNCs were synthesized using GTMAC as
the cationizing agent, while CNCs that would promote hydrophobic and host-guest interactions
with PFAS were synthesized by grafting B-CD onto CNCs. The synthesized materials were
characterized, and used as the adsorbent to remove methyl orange (MO) and KPFBS and

determine the adsorption efficiency of the synthesized materials.

3.2 Experimental Procedure

3.2.1 Materials

Cellulose nanocrystals (5-20 nm width and 100-200 nm length) were donated by
CelluForce Inc. Glycidyltrimethylammonium chloride (GTMAC) solution, B-CD, sodium
hydroxide (NaOH) pellets, epichlorohydrin (EPI), phenolphthalein (C20H1404) (Phe) powder,
silver nitrate (AgNO3) powder, methyl orange (MO), potassium bromide (KBr), potassium
chloride (KCl), and dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich and used
as received. Ethanol was purchased from Fisher Scientific.  Potassium

perfluorobutanesulfonate (KPFBS) was purchased from the Tokyo Chemical Industry (TCI)
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and used as received. Milli-Q water (resistance > 18 MQ/cm) was generated by a Millipore

Mill-A purification system.

3.2.2 Cationization of CNCs with GTMAC

The cationization of CNCs was performed using a semi-dry procedure adapted from the
procedure reported previously by Zaman et. al [80]. 1 g of powdered CNCs and 50 mg of
NaOH pellets were mixed thoroughly with a mortar and pestle, which caused the temperature
of the mixture to rise. The mixture was allowed to cool to room temperature and transferred to
a resealable polyethylene bag. The solvent was then added to the mixture (Milli-Q water or a
Milli-Q water/DMSO system). The mixture was kneaded by hand, and GTMAC (3:1 molar
ratio of GTMAC to anhydroglucose units) was added dropwise to the mixture. The mixture
was kneaded as the GTMAC was added. Following the addition of GTMAC, the mixture was
placed in an ultrasonic bath at 60 °C for 6 hours. The reaction was stopped by precipitation in
ethanol, and the unreacted reagents and by-products were removed through centrifugation. The
pellet was redispersed in water and placed in a Labconco freeze dryer to remove the water over
72 hours. The dried cationized CNC (GCNC) powder obtained after freeze drying was stored

at ambient conditions.

3.2.3 Synthesis of B-CD Grafted CNCs

B-CD grafted CNCs (B-CD-CNC) were synthesized following a procedure adapted from
Lin and Dufresne [82]. 20 g of B-CD was first dissolved in 40 mL of 5 M NaOH. 2 g of CNC
was dispersed in 40 mL of Milli-Q water and added to the $-CD solution and stabilized for 30

minutes at room temperature. Following this, 11.92 mL of EPI was added dropwise to the
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solution under vigorous stirring. The reaction was allowed to proceed at 40 °C for 6 hours.
After modification, the suspension was centrifuged at 8500 rpm for 1 hour. The supernatant
was removed, and the pellet was redispersed, washed, and repeatedly centrifuged until
neutrality to remove ungrafted -CD and residual NaOH. Finally, the material was freeze-dried
for 3 days and a powder was obtained. The powdered B-CD-CNC was stored at ambient

conditions.

3.2.4 Batch Adsorption Experiments

To test the adsorptive performance of the synthesized materials, batch adsorption

experiments were conducted as described in the following sections.

3.2.4.1 Adsorption of MO by GCNC

MO solutions with composition 50, 100, 500, and 1000 ppm were prepared in Milli-Q
water, followed by the addition of 30 mg of powdered, freeze-dried GCNC to 5 mL of dye
solution (adsorbent concentration of 6 mg/mL). The resulting dispersions were allowed to
equilibrate on a shaker overnight. The solutions were then centrifuged to remove the dispersed
GCNC. UV-vis measurements were conducted at 464 nm with a Cary 100 Bio UV-vis

spectrophotometer to determine the concentration of MO remaining in the supernatant.

3.2.4.2 Adsorption of MO by B-CD-CNC
MO solutions of composition 5, 10, 20, 50, 100, 200, 400, 500, 1000, and 2500 ppm

were prepared in Milli Q water, and 100 mg of powdered, freeze-dried B-CD-CNC was added
to 5 mL of each solution (B-CD concentration of 2.5 mg/mL). The solutions were allowed to

equilibrate overnight on a shaker. The solutions were filtered to remove the f-CD-CNC and

35



UV-vis measurements were conducted at 464 nm with a Cary 100 Bio UV-vis

spectrophotometer to determine the remaining MO in solution.

3.2.4.3 Adsorption of KPFBS
40 mL of 250 uM KPFBS solutions were prepared in 10 mM KCI. GCNC (325 mg) and

B-CD (439 mg) were added in powder form to various solutions. These solutions were allowed
to equilibrate overnight on a shaker. After adsorption, the adsorbent was removed from the
solution via ultrafiltration through a 0.1 pm membrane. The KPFBS concentration of the
filtrate was measured using an ion-selective electrode (ISE) for KPFBS. To reduce signal drift

between measurements, a new sensor tip with a fresh membrane was used for each sample.

3.3 Material Characterization
3.3.1 Hydrodynamic Size and Zeta Potential Measurements

The zeta potential (ZP) of the GCNC was determined using a Malvern Nano-ZS90
Zetasizer. Samples were prepared by diluting purified GCNC solution to 0.1% (w/w) in Milli-
Q water. Samples were sonicated using a probe sonicator for 2 minutes before measurements
were conducted. ZP measurements were based on electrophoretic potential at room
temperature. All measurements were repeated three times and data are presented as averages

of three measurements.

3.3.2 Quantification of Quaternary Ammonium Groups in GCNC

The amount of quaternary ammonium groups incorporated in the GCNC was determined
via potentiometric titration with silver nitrate using a Metrohm Titrando system coupled with

a Ag/AgCl reference electrode. Silver nitrate undergoes a displacement reaction with chloride
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ions to form insoluble silver chloride, resulting in increasing solution turbidity and decreasing
the number of free ions in solution, which results in a change of the EMF of the system [91].
The volume of titrant used to reach the endpoint of the titration is used to calculate the moles
of silver, which is equivalent to the moles of chloride ions and quaternary groups present in
the sample solution. GCNC sample solution (20-25 mL, 1 mg/mL) was titrated with 10 mM
AgNO;s solution, and the amount of GTMAC in each sample was calculated using the equation:
molgryac = Vr X Cr (Eq. 5)
where molgrmac is the moles of GTMAC in the sample, V7 is the total volume of titrant added
at the endpoint, and Cr is the concentration of the titrant. The percentage of GTMAC grafted

on CNC was then calculated using the equation:
%GTMAC grafted = 22ETMAC 5 1009, (Eq. 6)
moloy

where molonis the number of potential grafting sites present in the sample solution. Lower and
upper bounds of grafting percentage were calculated based on the minimum and maximum

number of free hydroxyl groups present in each repeating unit.

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR) of p-CD-CNC

FT-IR spectroscopy was conducted using a PerkinElmer 1720 FT-IR spectrometer to
validate CNC modification. Samples were prepared by grinding them with KBr and using a
hydraulic press to form transparent pellets. The pellets were scanned using the spectrometer at

a resolution of 4 cm™ to obtain the spectra.

37



3.3.4 Determination of p-CD Content in B-CD-CNC

The amount of B-CD grafted onto CNC was measured using a phenolphthalein (Phe)
indicator test. A standard curve relating the amount of B-CD to Phe absorbance was generated
using UV-visible spectrophotometry, and the amount of B-CD present in the B-CD-CNC was
determined using the standard calibration curve. Samples and standards were prepared as
follows: 2 mL of a 0.1% (w/v) Phe solution in 1:1 ethanol to water was added to a 50 mL
centrifuge tube, followed by 2 mL of 0.005 M NaOH. For the standard curves, 0-10 mL of a 1
mg/mL B-CD solution were added to the base-indicator solution, and the final solution volume
was adjusted to 25 mL with the addition of Milli-Q water. For sample solutions, 100 mg of
powdered B-CD-CNC was added to the base-indicator solution, and the final solution volume
was adjusted to 25 mL. The samples were placed on a shaker overnight and filtered through
filter paper prior to UV-vis measurements. Absorbance was measured at 464 nm, and the
amount of B-CD present in each sample was calculated using the standard curve. The B-CD

content was calculated using the equation:

massﬁ_CD

%pB — CD grafted = — x 100% (Eq.7)

asscnc

Lower and upper bounds of grafting percentage were calculated based on the minimum

and maximum number of free hydroxyl groups present in each repeating unit.
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3.4 Results and Discussion

3.4.1 Synthesis and characterization of GCNC
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C /\

A

OH OH o o
| | NaOH | | | |
| 1] =TT = |
08035 oH 0805 0S0; O 0S05 0s0y © 0S0y°
CNC Activated CNC GTMAC-CNC

Figure 16: Modification of CNC with GTMAC to prepare cationic CNCs.

GCNC was synthesized through a ring opening reaction between the deprotonated
hydroxyl groups in CNCs and the three-membered ring in GTMAC (Figure 16). To determine
the effect of the solvent system on grafting efficiency, the semi-dry process was conducted
with water as the sole solvent and with a 2:1 DMSO:water solvent system. Zeta potential results
(Figure 17) show an increase in the zeta potential from -37.8 = 3.7 mV to +48.4 = 1.5 mV for

the GCNC synthesized with water as the solvent. There was a slightly larger increase in the

6. zeta potential to +52.1 £2.1 mV in the GCNC
40 * I synthesized using DMSO and water as the
_‘Eﬁ 20 solvent system. The charge reversal of CNCs
% 0 from negative to positive confirmed the
N -20 grafting of GCNC onto the CNC surface, and
407 ! agreed with similar changes reported in the

T T T
Pristine CNC Water Water and DMSO

literature [80], [81].
Figure 17: The zeta potential of pristine CNCs
and GCNC prepared using the semi dry To determine the grafting efficiency of
process using different solvent systems. GTMAC onto the CNCs, a conductometric
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titration with silver nitrate was conducted. The volume of silver nitrate required to neutralize
the chloride counterions present in the sample solutions was determined from titration curves

such as one shown in Figure 18a. The titrant volume was then used to calculate the grafting
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Figure 18: a) A representative titration curve generated from a silver nitrate titration to determine
the grafting efficiency of GTMAC onto CNCs and b) the upper and lower bounds of percent
GTMAC grafting in water and water + DMSO as the solvent.

efficiency using Equations 5 and 6. The theoretical ranges in which grafting efficiency falls
are shown in Figure 18b. The upper and lower bounds were calculated by assuming 1 and 3
grafting sites available on each anhydroglucose unit in CNC, and of those, 1 and 3 sites
modified. The combined use of DMSO and water as co-solvents led to higher grafting
efficiencies (5-28%) than that achieved with water alone (4-20%). The decrease in grafting
efficiency when using water as the sole solvent is due to the hydrolysis of epoxide groups in
water, which reduces the number of GTMAC molecules available to react with the CNCs [80].
Another reason for the reduction in grafting is the salting out of GTMAC as the sodium

chloride concentration increased in solution as the reaction proceeded and released chloride
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ions into the solution [92]. However, since only a small volume of water (2 mL) was used for
the reaction, the salting out effect was unlikely to have been significant.

Finally, the quaternization of CNCs was further validated through FT-IR spectroscopy.
The FT-IR spectra (Figure 19) of the GCNC prepared in water and in the DMSO/water system
both showed the appearance of a prominent band at 1479 cm™!, which corresponds to the methyl

groups of the GTMAC [80].

GTMAC-CNC (DMSO + H,0)

GTMAC-CNC (H,0)

CH, bending of GTMAC

! I ! I ! I ! I | I !
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 19: FT-IR spectra of pristine CNC, and GCNC prepared in water and DMSQO/water.

3.4.2 Synthesis and characterization of -CD-CNC

B-CD-CNC was synthesized using EPI as the crosslinker to connect the hydroxyl groups

on CNCs with B-CD (Figure 20). The addition of base deprotonated the hydroxyl groups and
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allowed them to participate in nucleophilic substitution and ring opening reactions with EPI,

resulting in B-CD grafting onto CNCs. To prevent the self-crosslinking of f-CD, the EPI/B-CD

2 0S0; o 050,

%C, e
Cl)H C]JH epichlorohydrin O
==ZupEiiER e —>.
— e {
| | NaOH
0S0y (|JH 0SOy a

CNC B-CD B-CD-CNC
Figure 20: Reaction scheme for the synthesis of p-CD-CNC.

ratio was kept below 10 [82].

The grafted B-CD content in the B-CD-CNC was determined using UV-vis
spectrophotometry, with phenolphthalein (Phe) as the indicator. In the presence of B-CD, the
pink Phe solution loses its colorimetric intensity due to the formation of a B-CD-Phe complex
[93]. The corresponding reduction (Figure 21a) in UV-vis absorbance can be used to determine

the amount of B-CD present in a sample. A calibration curve relating the mass of B-CD to
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Figure 21: a) UV-vis spectra of B-CD in Phe solution, and b) the calibration curve for the
determination of B-CD using the Phe indicator assay (R? = 0.99034), equation: y = 2.70502 + -
0.21864x.
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absorbance at 552 nm was constructed (Figure 21b) and the equation y = 2.70502 - 0.21864x
was used to calculate the -CD content of the B-CD-CNC (12.5% = 0.9%).
FT-IR spectroscopy was used to further validate the successful grafting of B-CD onto

CNC. After grafting B-CD onto the CNC, the intensities of the peaks found at 2912 cm™ (C-H

B-CD

V;CW

"

C-H sp? stretching H,0bending  c.0 sfféﬁhing
T

' ! ' ! ! ! ! I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 22: FT-IR spectra of B-CD, pristine CNC, and p-CD-CNC.

stretching) and 1645 cm™ (O-H bending vibration) increased slightly, while there was a
decrease in the peak intensity in the 1200 cm™ to 950 cm™ region. The peaks located in this
region include the antisymmetric bridge oxygen stretching at 1163 cm™!, antisymmetric in-
phase ring stretching at 1113 cm™!, and C-O stretching for cellulose at 1059 cm™. The increase
in the peak intensity for the C-H stretching indicated the presence of additional C-H bonds of
grafted B-CD, while the increase in O-H bending indicated water molecules present in the -

CD cavities [94]. The decrease in peak intensity in the 1200 cm™ to 950 cm™! region suggested
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the formation of C-O bonds between the EPI and cellulose, and agreed with similar changes

reported in the literature [82].

3.4.3 Adsorptive Performance of GCNC and p-CD-CNC
3.4.3.1 Adsorption of MO by GCNC

The adsorption of MO onto GCNC adsorbent led to an increase in dye removal as the
initial dye concentration rose. The result was visually evident by the appearance of the pellet
after centrifugation. The pellets obtained by centrifuging the sample with the initial MO
concentrations of 500 ppm and 1000 ppm were much larger and bright orange in colour, while
the pellets obtained from the 50 ppm and 100 ppm samples were slightly orange and did not

contain large amounts of dye (Figure 23).

Y

Figure 23: Pellets obtained after centrifugation of MO samples with GCNC as the adsorbent.

The increasing dye removal was confirmed through UV-vis spectroscopy. The UV
absorbance of MO at 464 nm increased with increasing dye concentration (Figure 24a), and
this trend was used to generate a MO calibration curve (Figure 24b). The calibration curve was

used to determine the equilibrium concentration (C.) of MO using the equation:
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Figure 24: a) UV-vis spectra of increasing MO concentration and b) UV-vis calibration curve

for MO. Equation: y = 0.06399x, R? = 0.99962.

C, =—2_ .4l (Eq. 8)

0.06399

where Abs is the UV absorbance at 464 nm and dil refers to the dilution factor used to prepare
the sample for the measurement. C. was then used to calculate the amount of dye adsorbed at

equilibrium per gram of adsorbent (qe) using the equation:

(C - Ce) (Vs
g, = L= ) (Eq. 9)

Mads

where Cyp is the bulk dye concentration, VL is the sample volume, and mags is the mass of
adsorbent added to the dye sample.

A plot of e against C. revealed an increase in the amount of dye adsorbed with increasing
dye concentration at equilibrium (Figure 25a), which corresponded to increasing initial
concentrations of dye. The increase in adsorption capacity with the increase in the MO
concentration was also supported by the increase in removal efficiency as the dye concentration

increased, with 9.5% removal at 50 ppm MO and 80% removal at 1000 ppm (Figure 25b).
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Figure 25: a) Equilibrium adsorption data of GCNC as the solvent with 0, 50, 100, 500, and

1000 ppm of MO as the starting concentrations, and b) percent removal of MO by 30 mg of
GCNC as the adsorbent.

Generally, an increase in initial dye concentration results in the saturation of adsorption
sites and leads to an eventual decrease in removal efficiency [95]. However, in some cases, an
increase in initial dye concentration may lead to an increase in the dye loading capacity of the
adsorbent [96]. This increase may be due to an excess of adsorption sites present in the solution,
which were not saturated by the dye molecules present. The increase may also be due to
stacking interactions between MO molecules, which would increase with an increase in dye
concentration and result in greater removal. To determine the saturation point of GCNC and
determine maximum adsorption loading capacity, adsorption should be conducted at higher
MO concentrations or lower adsorbent amounts. The high MO removal efficiencies of GCNC
at high initial dye concentrations indicated that this adsorbent may be more suitable for the
remediation of samples containing high contaminant concentrations, such as industrial

wastewater.
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3.4.3.2 Adsorption of MO by B-CD-CNC
Treatment of MO with B-CD-CNC resulted in dye uptake by the powdered adsorbent.

Since the adsorbent did not disperse in the dye solution, the solid adsorbent settled to the

bottom of the sample vials after being removed from the shaker, with a clear supernatant visible

above the spent adsorbent (Figure 26).

Figure 26: MO solutions after being treated with B-CD-CNC as the adsorbent.

The experimental data from UV-vis spectroscopic analysis of the supernatants were then
utilized in Equations 8 and 9 to obtain C. and q. for the samples. The resulting plot of g against
C. was fitted to the Langmuir and Freundlich isotherms (Figure 27a) using non-linear curve
fitting in Origin 2018. The Langmuir and Freundlich isotherms are respectively described by

Equations 10 and 11:

_ qmKLCe
qe - (1+ KLCQ) (Eq' 10)

qe = Kp(Co)'/m (Eq. 11)

where K is the Langmuir constant (L/mg) and g is the theoretical maximum adsorption
capacity of the adsorbent in mg/g. Kr, also known as the Freundlich constant, describes
adsorbate loading on the adsorbent (units of (mg/g)(L/mg)'™), and I/n is related to the
heterogeneity of the adsorbent surface. From the fitted data, the predicted values of K and qm

were 0.56 L/g and 125.7 mg/g, respectively. Kr and n were 0.24 (mg/g)(L/mg)'™ and 1.3,
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respectively. Since the experiments were limited by MO solubility and did not reach saturation,
the obtained parameters must be interpreted with caution. Adsorption tests with reduced
adsorbent mass should be conducted to determine experimental parameters and the validity of
the predicted parameters.

Both isotherms showed good fitting to the data, with the Freundlich isotherm showing a
slightly better fit with a sum of squared error (SSE) of 3.4 compared to an SSE of 5.6 for the
Langmuir isotherm. The similar SSE and R? values (0.99778 for Langmuir and 0.99864 for
Freundlich) suggest that the adsorption of MO by B-CD-CNC could be described well by both
models.

The removal efficiency of MO ranged from 44% at an initial dye concentration of 2500
ppm to 71% at an initial dye concentration of 20 ppm (Figure 27b). The removal efficiency

data suggest that B-CD-CNC may be more suitable for contaminant removal at concentrations
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Figure 27: a) Adsorption isotherm of MO adsorption onto p-CD-CNC and b) removal efficiency
of MO by B-CD-CNC.
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between 10 and 100 ppm. However, the adsorbent may still be effective between 100 and 1000

ppm, as it achieved between 50-58% removal at these concentrations.

3.4.3.3 Adsorption of KPFBS
The treatment of 250 pM KPFBS with GCNC and B-CD-CNC resulted in removal

efficiencies of 43.7 and 56.5%, respectively (Figure 28). The removal of KFPBS by GCNC
was greater than the removal of MO by GCNC, while the removal of KPFBS by B-CD-CNC
was lower than the removal of MO by B-CD-CNC. This may be due to the varying degree of
electrostatic and hydrophobic interactions in the two systems. These results indicate that
GCNC and B-CD-CNC are promising adsorbents for the removal of short-chain PFAS, such
as PFBS. However, it is important to note that the ISE system used to calculate KPFBS
concentrations is still in its preliminary stages, and this method of measurement is not the
standard for PFAS quantification. To validate these results, KPFBS should be quantified using
the standard analytical methods of high-performance liquid chromatography (HPLC) and mass

spectrometry.
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Figure 28: Removal of KPFBS by GCNC and B-CD-CNC. Initial concentration of KPFBS =
250 pM in 10 mM KCL
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3.5 Conclusions

This chapter presents the synthesis, characterization, and adsorptive properties of
chemically modified CNCs. CNCs were successfully cationized with GTMAC to generate
GCNC. The grafting reaction conducted in a 2:1 DMSO/water solvent system resulted in up to
28% GTMAC grafting and produced highly stable cationic CNCs with a zeta potential of +52.1
+ 2.1 mV. The GCNC achieved between 9.5% and 80% MO removal, with higher removal
efficiencies at higher initial dye concentrations, suggesting that this adsorbent is suitable for
wastewater samples with high concentrations of anionic contaminants. GCNC achieved 43.7%
removal of KPFBS from a laboratory sample, suggesting that this adsorbent may be used to
enhance short-chain PFAS removal from water.

B-CD-CNC with 12.5% + 0.9% B-CD content was synthesized to generate an adsorbent
for removing contaminants through hydrophobic host-guest interactions. Batch adsorption
tests showed good fitting with both the Langmuir and Freundlich isotherms. The theoretical
maximum adsorption capacity of the adsorbent was determined to be 125.7 mg/g, and the
adsorbent achieved up to 71% MO removal at an initial dye concentration of 20 ppm,
suggesting that this adsorbent is suitable for the removal of anionic contaminants at low initial
concentrations. The adsorbent also achieved 56.5% removal of KPFBS from water, suggesting

that B-CD-CNC is a promising adsorbent for the removal of short-chain PFAS from water.
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Chapter 4: Coated CNCs and their

Adsorptive Properties
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4.1 Introduction

Current methods of PFAS remediation, such as GAC, RO, and NF have large financial
and environmental costs associated with them [8]. Due to these drawbacks, the development
of low-cost, environmentally friendly adsorbents is desirable. The simplest method for the
generation of these adsorbents is one that does not require large amounts of organic solvents
and chemicals and does not involve multiple synthesis steps. Electrostatic interactions between
oppositely charged particles to form polyelectrolyte complexes (PEC) offer a facile method to
prepare charged particles [97]. Since the PEC particles carry a surface charge, they can be
utilized as adsorbents to attract target contaminants with the opposing charge.

CNCs prepared through sulfuric acid hydrolysis carry a negative surface charge due to
the presence of sulfate groups [98]. The negative charge can be utilized to coat the CNCs with
positively charged polymers such as chitosan [99] and lignin [100] to produce CNC-based
complexes with a positive surface charge. The coating process is simple and green, as it
involves the mixing of the oppositely charged materials without the use of any harsh chemicals.

This chapter describes the coating of CNCs with the positively charged, lignin-based,
commercially available flocculant, Tanfloc. The surface charge of two types of Tanfloc,
Tanfloc SH (TFSH) and Tanfloc SG (TFSG) was studied over a range of pH values, and the
optimal conditions for the preparation of Tanfloc-coated CNCs (TFSH-CNC and TFSG-CNC)
were determined. The prepared material was crosslinked with sodium alginate to produce

hydrogel beads, and the adsorptive properties of the beads were studied using MO and KPFBS.
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4.2 Experimental Procedures
4.2.1 Materials

Cellulose nanocrystals (5-20 nm width and 100-200 nm length) were donated by
CelluForce Inc. Tanfloc SG and Tanfloc SH were donated by Tanac, Brazil. Both types of
Tanfloc are lignin-based, cationic polymers [101]. Tanfloc SH has been modified to have a
higher molecular weight than SG, with the other chemical and physical properties being the
same as presented on the MSDS for each chemical. Sodium alginate (ALG), calcium chloride
dihydrate (CaCl;.2H>0), potassium bromide (KBr), potassium chloride (KCl), and methyl
orange (MO) were purchased from Sigma Aldrich and used as received. Potassium
perfluorobutanesulfonate (KPFBS) was purchased from the Tokyo Chemical Industry (TCI)
and used as received. Milli-Q water (resistance > 18 MQ/cm) was generated by a Millipore

Mill-A purification system.

4.2.2 Preparation of TF-CNC
To prepare TF-CNC, powdered CNCs were dispersed in Milli-Q water to yield a 2%

CNC dispersion. TF was added to an equivalent volume of water and stirred until dissolved.
The TF solution was slowly added to the CNC dispersion while stirring. Following the addition
of TF, the mixture was homogenized using an IKA homogenizer. The homogenized mixture
was stirred and centrifuged at 8500 rpm for 60 minutes to remove excess TF. The pellet was
redispersed in Milli-Q water and freeze-dried for 2 days to yield powdered TF-CNC.

For the experiments aimed at optimizing coating composition, the TF:CNC ratio was
varied from 0.5:1 to 3:1. For preparation time optimization, a constant ratio of 3:1 TF:CNC

was used and the mixtures were stirred for 0 to 5 days.
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4.2.3 Preparation of Hydrogel Beads
To prepare hydrogel beads, 4-8% w/w dispersions of TF-CNC were prepared in Milli-Q

water. The TF-CNC dispersions were homogenized and added to a 1% solution of sodium
alginate. The TF-CNC-ALG mixture was homogenized once again and added dropwise with a
14-gauge needle to the gelation bath (1L, 180 mM CaCl,.2H>0). The beads were allowed to
crosslink for 30 minutes in the gelation bath while being gently stirred to prevent clumping.
After crosslinking, the beads were removed from the gelation bath using a nylon mesh and
dialyzed against DI water for 2 days to remove excess calcium chloride. After dialysis, the
beads were stored in the wet state in 50 mL centrifuge tubes at ambient conditions. Control
beads were prepared with 4% w/w CNC and 1% sodium alginate following the same procedure

as above.

4.2.4 Batch Adsorption Experiments

To test the adsorptive properties of the prepared hydrogel beads, batch adsorption

experiments were conducted on MO and KPFBS.

4.2.4.1 Adsorption of MO by TF-CNC and TF-CNC-ALG Beads

MO solutions of varying concentrations were prepared and the adsorbent (15 mg TFSG-
CNC, 25 mg TFSH-CNC, or 30 mg dry weight of the beads) was added to each solution. The
solutions were then allowed to equilibrate overnight on a shaker. The adsorbent was removed
from the MO solution through filtration (beads) or ultracentrifugation at 15000 rpm for 10
minutes (TF-CNC). The UV-vis absorbance of the filtrates and supernatant solutions were
measured at 464 nm using a Cary 100 Bio UV-vis spectrophotometer to determine the MO

remaining in the solution.
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4.2.4.2 Adsorption of KPFBS by TF-CNC-ALG Beads
40 mL of 250 uM KPFBS solution were prepared in 10 mM KCI. Hydrogel beads (300

mg dry weight) were added to the KPFBS solution. The solutions were allowed to equilibrate
on a shaker (overnight for CNC-ALG and 4SG-ALG to allow equilibration; 3 hours for 4SH-
ALG and 8SH-ALG to prevent bead disintegration). After adsorption, the solutions were
centrifuged at 8500 rpm for 30 minutes. Ultrafiltration through a 0.1 pm membrane was used
to remove any remaining particles from the supernatant. The KPFBS concentration in the

filtrates was measured with a KPFBS ion-selective electrode (ISE).

4.3 Material Characterization
4.3.1 Quantification of Quaternary Ammonium Groups in TF

The amount of quaternary ammonium groups (QAG) in TF was determined via
potentiometric titration with silver nitrate using a Metrohm Titrando system coupled with an
Ag/AgCl reference electrode. TFSG and TFSH sample solutions (20 mL, 1 mg/mL) were
titrated with 10 mM AgNOs solution, and the moles of quaternary ammonium groups per gram

in each TF sample was calculated using the equation:

Vr X Cr

mOlQAG = (Eq 12)

mrr

where molgpac 1s the moles of QAG in the sample, V'71s the total volume of titrant added at the
endpoint, Cr is the concentration of the titrant, and mrzr is the mass of TF in the sample in

grams.
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4.3.2 Hydrodynamic Size and Zeta Potential of TF-CNC

The hydrodynamic size and zeta potential (ZP) of the TF-CNC were determined using a
Malvern Nano-ZS90 Zetasizer. Samples were prepared by diluting dispersed TF-CNC to 0.1%
(w/w) in Milli-Q water. Samples were sonicated using a probe sonicator for 2 minutes before
measurements were conducted. Hydrodynamic size measurements were conducted using
single angle (90°) dynamic light scattering at room temperature, while ZP measurements were
based on electrophoretic potential at room temperature. All measurements were repeated three

times and data are presented as averages of the three measurements.

4.3.3 Fourier Transform Infrared Spectroscopy (FT-IR) of TF-CNC

FT-IR spectroscopy was conducted using a PerkinElmer 1720 FT-IR spectrometer to
validate CNC modification. Samples were prepared by grinding them with KBr and using a
hydraulic press to form transparent pellets. The pellets were scanned using the spectrometer at

a resolution of 4 cm™ to obtain the spectra.

4.3.4 Coating Efficiency of TF

To determine the amount of TF coated onto CNCs, TF-CNC were centrifuged after the
coating process to remove excess TF. The supernatant was collected, and the concentration of
TF was measured using a Cary 100 Bio UV-vis spectrophotometer at 285 nm and 284 nm for
TFSH and TFSG, respectively. The amount of TF in the solution was determined using the
calibration curves constructed for TFSG and TFSH. The ratio of TF:CNC in the coated product

was determined using the equation:

TFy— TFg

Coated TF = (Eq. 13)

mcNc
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where TF) is the mass of TF added to the CNC dispersion, TFk is the amount of excess TF

determined through UV-vis spectroscopy, and mcncis the mass of CNC in the dispersion.

4.3.5 Hydrogel Bead Moisture Content and Diameter
The moisture content of the TF-CNC-ALG beads was determined using a VWR-54M.1

Moisture Analyzer. Beads were removed from water and gently patted dry on a piece of
Whatman Grade 1 filter paper to remove excess water before measurement.

The diameter of the hydrogel beads was measured using a pair of calipers. Beads were
removed from water and patted dry on filter paper. The diameters of 15 beads were measured

and the data presented are averages of 15 measurements.
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4.4 Results and Discussion
4.4.1 Quaternary Ammonium Content of TFSH and TFSG

The QAG in TFSH and TFSG were determined using silver nitrate titration. The volume
of titrant (10 mM AgNO3) required to neutralize the chloride counterions present in solution
was determined using the titration curves (Figure 29), and Eq. 12 was used to calculate 0.20
molgac/g for both TFSH and TFSG. These values have not been reported previously in the

literature to the author’s knowledge.
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Figure 29: Silver nitrate titration curves for TF. The solid line represents TFSH and the dotted

lined represents TFSG.
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4.4.2 pH Response of TF

To determine the suitability of TF at different pH conditions, the zeta potential and size
of TFSH and TFSG were determined over a pH range of 2-11. The pH of the TF solutions was
controlled with 1 M and 0.1 M NaOH and HCI. Both TFSG and TFSH showed positive zeta
potential values at acidic pH values (Figure 30a-b). The point of zero charge for TFSH was
between pH 9 and 10, and at pH 8 for TFSG. Both types of TF showed large particle sizes at
pH 8, which occurs due to particle aggregation at the point-of-zero-charge. The positive zeta
potential at pH values below 8 makes TFSH and TFSG suitable for water treatment at neutral

and acidic conditions.
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Figure 30: The dependence of the size and zeta potential of a) TFSH and b) TFSG on solution
pH.

4.4.3 Optimization and Characterization of TF-CNC Preparation

To determine the ratio of TF to CNC that provides the best coating and size and zeta
potential, TF:CNC mass ratios from 0.5:1 to 3:1 were studied. The amount of TF in excess was
determined using the calibration curves (Figure 31a-b). From the UV-vis measurements, it was
determined that the amount of TF coated onto CNCs increased with the increasing amount of
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TF added to the CNC dispersion for both TFSH and TFSG (Figure 32a). TFSH was determined
to be more efficient at coating CNCs, resulting in higher coating amounts for all tested ratios
except 0.5:1. 1:1 coating was achieved with starting ratios of 1.5:1 and 2.5:1 for TFSH and

TFSG, respectively.
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Figure 31: UV-vis calibration curves for a) TFSH (y = 6.63602x, R? = 0.99697) and b) TFSG (y =
5.98056x, R? = 0.99802).

A 2:1 TF:CNC starting ratio was determined to yield coated CNCs with the largest
positive zeta potential for both TFSH and TFSG (Figure 32b), with TFSG-CNCs having a more
positive surface charge of +44.2 = 1.0 mV than TFSH-CNCs (+39.2 £ 7.0 mV). Since zeta
potential is expected to increase or remain constant with increasing TF:CNC ratios after
reaching a maximum value, the drop in zeta potential at TF:CNC 2.5:1 is likely due to
experimental error. The largest particle size was observed at an initial TF:CNC ratio of 0.5:1
for TFSH-CNCs and 1:1 for TFSG-CNCs. Due to the highly positive zeta potential, small

particle size, and good coating efficiency, the TF:CNC ratio of 2:1 was determined to be the
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optimal ratio for the coating of CNCs with TF. All the experiments were conducted at the latent
pH of the solutions (~6).

To determine the amount of time required to achieve maximum coating of CNCs by TF,
six samples with TF:CNC ratios of 3:1 were prepared with a stirring time from 0 to 5 days.
The initial ratio of 3:1 was selected to determine if there was a maximum coating that could be
achieved. The stirring time was found to have no effect on the coating of TFSH onto CNCs
(Figure 33a). However, a stirring time of 2 days resulted in the highest coating of TFSG onto
CNCs (1.7:1), and the amount of coated TF decreased when the samples were allowed to stir
for 3 to 5 days. Hydrodynamic size measurements showed no effect of stirring time on TFSG-
CNC particle size between 0 and 4 days of stirring and showed a slight increase in the particle
size from 228.7 + 14.4 nm to 292.8 + 13.0 nm after 5 days (Figure 33b). TFSH-CNC showed
a large particle size and distribution (614.4 = 322.1 nm) with a stirring time of 0 days. However,
stirring for 1 to 5 days resulted in smaller particle sizes of approximately 230 nm, with smaller

standard deviations. The most positive zeta potential values were obtained after 1 day of
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TF:CNC ratio.
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Figure 33: The effect of stirring time on a) TF coating efficiency and b) size and zeta potential.

stirring for TFSG-CNC (+45.1 £ 1.1 mV) and after 0 days of stirring for TFSH-CNC (+42.5 +
1.3 mV). However, due to the large particle size distribution at 0 days of stirring, the optimal
time for TFSH-CNC preparation was determined to be 2 days. The optimal time for the
preparation of TFSG-CNC was also determined to be 2 days, due to the high coating efficiency,
positive zeta potential, and consistent particle size.

The parameters determined in this section were used to prepare adsorbents containing
TFSH-CNC and TFSG-CNC by incorporating them into hydrogel beads. A summary of these

parameters is given in Table 2.

Table 2: Optimal Ratio and Stirring Time for TF-CNC Preparation

Parameter TFSH-CNC TESG-CNC
TF:CNC Ratio 2:1 2:1
Stirring Time (days) 2 2

FT-IR spectroscopy was conducted to validate the coating of CNCs with TF. The
spectra of both TFSH-CNC and TFSG-CNC (Figure 34a-b) showed decreasing peak intensities
of the cellulose C-H sp? stretching bands at 2900 cm™ with increasing TF:CNC ratios, while

the characteristic cellulose peaks in the 950 cm™ to 1163 cm™ region increased in intensity in
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the coated samples. The coated samples also showed an increase in the C-H bending bands at
1430 and 1470 cm™ that are present in TFSH and TFSG. The differences in peak intensities

were slight because the amount of TF coated onto the CNCs was not drastically different
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Figure 34: FT-IR spectra of a) TFSH-CNC and b) TFSG-CNC with varying ratios of TF:CNC.



between samples. Finally, the coated samples showed the appearance of intense N-H bending

bands at 1615 cm’!, confirming the successful coating of both TFSH and TFSG onto CNCs.

4.4.4 Adsorptive Properties of Hydrogel Beads and Coated CNCs

Four batches of hydrogel beads were prepared to study the absorptive properties of the

TF-CNC material: CNC-ALG control beads, hydrogel beads containing 4% TFSH-CNC (4SH-

ALG), hydrogel beads containing 8% TFSH-CNC (8SH-ALG), and hydrogel beads containing

4% TFSG-CNC (4SG-ALG). The CNC-ALG beads and 4SG-ALG beads showed consistent,

spherical shapes and sizes, while the 4SH-ALG and 8SH-ALG beads were more elongated in

‘ CNC-ALG

8SH-ALG

4SG—1§LG

4SH-ALG

Figure 35: Photograph of different

hydrogel beads prepared.

shape and less robust (Figure 35). All hydrogel beads
containing coated CNCs were brown in colour,
corresponding to the colour of Tanfloc in solution.
4SH-ALG beads showed a less intense brown colour
than 8SH-ALG beads, an indication of lower TFSH
content in the beads. The moisture content and
diameters of the beads were measured and are reported

in Table 3.

Table 3: Composition, diameter, and moisture content of hydrogel beads.

System Name (TF)-CNC Alginate Diameter (mm) Moisture
Content Content Content (%)
CNC-ALG 2% CNC 0.5% 3.10£0.06 92.6
4SH-ALG 2% TFSH-CNC 0.5% 3.02+0.21 94.8
4SG-ALG 2% TFSG-CNC 0.5% 3.00 £0.03 90.1
8SH-ALG 4% TFSH-CNC 0.5% 2.98 £0.25 86.6
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Batch adsorption experiments were conducted to study the adsorptive properties of the
prepared hydrogel beads for MO chosen as a model compound due to its anionic nature.
Solutions with varying concentrations of MO were treated with the hydrogel beads. To confirm
that an increase in adsorption of the TF-CNC-ALG beads was due to the TF coating on the
CNCs, CNC-ALG beads prepared with pristine CNCs were tested. Fitting the plot of ge against

Ce. (Figure 36) to the Langmuir isotherm yielded a gmax of 2.2 mg/g and a Kt of 0.0022 L/mg.

T T T T T T T T T T
0 100 200 300 400 500
C. (mg/L)

Figure 36: Isotherm plots of the adsorption of MO by CNC-ALG hydrogel beads. The
filled squares represent experimental data, the solid line represents Langmuir isotherm

fitting, and the dashed line represents Freundlich isotherm fitting.

The Langmuir isotherm showed better fitting to the data than the Freundlich isotherm, with R?

values of 0.97 and 0.95, respectively.
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Batch adsorption experiments with 4SG-ALG showed a slightly larger qmax of 3.8 mg/g
compared to the CNC-ALG beads, with a K of 0.0011 L/mg, with an R? of 0.93, making the

Langmuir isotherm a better fit than the Freundlich isotherm (Figure 37a), which had an R? of
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Figure 37: a) Isotherm plots of the adsorption of MO with 4SG-ALG hydrogel beads. The solid
squares represent experimental data, the solid line represents Langmuir isotherm fitting, and
the dashed line represents Freundlich isotherm fitting. b) Photograph of 4SG-ALG beads in

sample solutions after the batch adsorption tests.

0.90. The beads remained intact in the sample solutions after the batch adsorption experiments
(Figure 37b), showing that they are robust.

Batch adsorption of MO with 4SH-ALG yielded an increasing ge with increasing initial
dye concentration (Figure 38a). The removal efficiency also increased slightly above initial
MO concentrations of 500 ppm, although the maximum removal achieved was only 22.5%
(Figure 38b). The hydrogel beads were observed to have disintegrated during the adsorption
test, indicating that the calcium ion crosslinking between the TFSH-CNC and the ALG was

weak.
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Batch adsorption with 8SH-ALG showed a similar trend to that observed for 4SH-ALG,
with increasing dye adsorption with increasing initial MO concentration (Figure 38c).
However, the removal percentage for 8SH-ALG was significantly higher than 4SH-ALG, with
the adsorbent showing 95% removal for the initial MO concentration of 5 ppm and 99.7%
removal for 200 ppm (Figure 38d). The 8SH-ALG beads also disintegrated during the batch

tests (Figure 39a), indicating weak crosslinking with calcium ions.
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Figure 38: a) Plot of adsorbed dye vs equilibrium MO concentration for 4SH-ALG as the
adsorbent, b) the removal efficiency of MO by 4SH-ALG, c) plot of adsorbed dye vs
equilibrium MO concentration for 8SH-ALG as the adsorbent, and d) the removal efficiency

of MO by 8SH-ALG.
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To prevent the disintegration of the beads, the adsorption experiment was repeated with
an adsorption time of 2 hours rather than equilibrating overnight. To ensure that 2 hours was
sufficient for the system to reach equilibrium, a 100 ppm MO solution was contacted with
8SH-ALG for 180 minutes and the resulting MO concentration remaining in solution was

monitored (Figure 39b). This experiment showed that equilibrium was reached within 60

minutes.
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Figure 39: a) Disintegrated 8SH-ALG beads after batch tests with MO and b) determination
of time required to reach equilibrium in MO adsorption tests with 8SH-ALG (initial MO

concentration: 100 ppm).

MO adsorption with 8SH-ALG for 2 hours resulted in the beads remaining intact relative
to the previous experiment (Figure 40a). Fitting the Langmuir and Freundlich isotherms to the
experimental data (Figure 40b) resulted in R? values of 0.93 and 0.98 for the two isotherms,
respectively. The predicted Kr and n values for the adsorbent were 1.02 (mg/g)(L/mg)'"™ and

4.2, respectively, while Langmuir isotherm fitting predicted a qmax value of 4.9 mg/g.
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Figure 40: a) Photograph of 8SH-ALG beads in MO after adsorption for 2 hours and b)
isotherm plots of the adsorption of MO with 8SH-ALG hydrogel beads. The solid squares
represent experimental data, the solid line represents the fitted Langmuir isotherm, and the

dashed line represents the fitted Freundlich isotherm.

The results reported above showed significantly different removal efficiencies,
adsorptive behaviour, and appearance of the hydrogel bead systems. The CNC-ALG beads
were robust, with well-defined shapes, as reported previously [71]. While the 4SH-ALG beads
showed similar consistency in appearance, the 4SH-ALG and 8SH-ALG beads were less
spherical and robust. The 4SH-ALG beads were light brown in colour and soft in texture, while
the 8SH-ALG beads were darker and relatively more robust. The difference in robustness was
due to the differing CNC content of the beads. Since TFSG has a lower coating efficiency than
TFSH (Figure 32a), the final CNC content of the 4SG-ALG beads was higher than that of the
4SH-ALG beads, leading to the formation of more robust beads. The 8SH-ALG beads were

more robust than 4SH-ALG beads because they contained a higher final CNC content.
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From the batch adsorption tests, the low gmax of the control CNC-ALG beads indicated
that pristine CNCs do not show significant uptake of MO. This result was expected due to
electrostatic repulsion between the anionic MO molecules and the negatively charged CNCs,
confirming that unmodified CNCs do not efficiently remove anionic species from water. The
predicted gmax values for the TF-CLC-ALG systems were only slightly larger than the CNC-
ALG hydrogel beads. It is possible that due to the positive surface charge of the TF-CNC, the
TF-CNC acted as the crosslinker during hydrogel bead formation rather than the calcium ions
[84]. This would result in fewer positively charged sites on the adsorbent for the anionic species
in water to interact with and reduce the adsorption capacity of the adsorbent.

The adsorption and removal of MO by 4SH-ALG and 8SH-ALG beads was much greater
when the beads disintegrated in the sample solutions (Figure 38). The disintegration of the
beads resulted in the release of positively charged TF-CNC into the solution, as well as any
calcium ions that were involved in the crosslinking, while also increasing the surface area for
interactions with MO molecules. The positively charged particles were then able to interact
with the anionic MO molecules present in the solution and remove the anions from solution.
The increase in the ionic strength of the solution could also have contributed to the salting out
of MO from solution [102], increasing the apparent qe values. Another possible cause for the
increase in removal efficiency is the interaction of MO molecules with each other, resulting in
stacking and greater removal at higher initial MO concentrations [ 103]. These data suggest that
the use of sodium alginate as the hydrogel network is not suitable for the removal of anionic

species from water.
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Data from 8SH-ALG as the adsorbent showed better fitting to the Freundlich isotherm

(a summary of the fitting parameters is provided in Table 4), which may be due to the

heterogeneity in the amount of TFSH-CNC incorporated into the beads, resulting in highly
irregular distribution of the coated CNCs.

The overall performance of the hydrogel bead systems in the removal of MO from

solution suggests that the beads are not suitable for the removal of anionic species from water.

Based on the data obtained for MO, the beads were not expected to achieve high removal
efficiencies for PFASs in water.
To confirm that the low adsorption capacity of the hydrogel beads was due to the
encapsulation of the coated CNCs into the alginate network, the adsorption of MO onto TFSH-
CNC and TFSG-CNC was tested. Both TFSH-CNC and TFSG-CNC showed significantly

400

higher adsorption capacity than the hydrogel bead systems, with the predicted qmax values of

917.8 mg/g and 474.2 mg/g, respectively (Figure 41). The R? values for the fit were higher for
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Figure 41: Isotherm plots for the adsorption of MO onto a) TFSH-CNC and b) TFSG-CNC

dashed lines represent Freundlich isotherm fitting.

Squares represent experimental data, solid lines represent Langmuir isotherm fitting, and
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the Langmuir isotherm than the Freundlich isotherm for TFSG-CNC, indicating that the
adsorption of MO by TFSG-CNC is better described by the Langmuir isotherm. However, both
isotherms describe the adsorption of MO onto TFSH-CNC, as indicated by the similar R?
values. The high gmax values of the coated CNCs suggest that TF-CNC is a promising adsorbent
for the removal of anionic species from water. However, the reduction in adsorption capacity
due to the encapsulation of TF-CNC into an alginate network suggests that alternate methods
to incorporate TF-CNC into a practical adsorbent system are necessary.

Another limitation of the adsorption data presented here is the extrapolation of the
models to obtain fitting parameters. The experiments were limited by the solubility of MO,
and additional data should be collected by reducing the adsorbent mass added to dye solution

to achieve saturation.

Table 4: Isotherm fitting parameters for hydrogel bead systems and coated CNCs.

System Langmuir Isotherm Freundlich Isotherm

qmax (mg/g) | KL(L/mg) | R®> | Kr(mg/g)(L/mg)"" n R?
CNC-ALG 22 0.0022 0.97 0.012 1.4 0.95
4SG-ALG 3.8 0.0011 0.93 0.017 1.4 0.90
8SH-ALG 4.9 0.037 0.93 1.02 4.2 0.98
TFSG-CNC 247.5 0.00931 | 0.89 20.2 3.0 0.80
TFSH-CNC 917.8 0.0031 0.97 6.38 1.3 0.99

Finally, the hydrogel bead systems were used to treat 250 puM KPFBS. All bead systems

containing TF-CNC achieved higher removal of KPFBS than the CNC-ALG control (Figure
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42). This indicates that the coating of CNC with positively charged TF improved the adsorption
capacity of CNCs for negatively charged targets such as PFAS. The highest removal (38.2%)
was achieved by 8SH-ALG hydrogel beads, with 4SH-ALG and 4SG-ALG beads achieving
26.1% and 34.9% removal, respectively. The higher removal by 8SH-ALG beads was due to
the higher content of coated CNCs in the beads, resulting in more adsorption sites available for

the KPFBS. The modest removal efficiencies of the hydrogel bead systems indicate the need
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Figure 42: KPFBS removal by different hydrogel bead systems. Initial concentration of
KPFBS =250 puM.

for further optimization of the system. Limiting the treatment time to 2 hours prevented the
disintegration of the beads. This indicates that the beads can achieve removal of KPFBS while

maintaining their structural integrity.
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4.5 Conclusions

This chapter presents the coating of CNCs with a commercial, lignin-based flocculant,
Tanfloc, and the incorporation of the coated CNCs into a hydrogel bead network consisting of
sodium alginate.

Starting ratios of 2:1 TF:CNC and stirring times of 2 days were determined to be optimal
for the coating of TFSH and TFSG onto CNC, and produced TF-CNCs with highly positive
zeta potential values (+35-40 mV). Hydrogel beads incorporating TF-CNC into an ALG
network were prepared and used as adsorbents to test the removal of the anionic dye MO.
Batch adsorption tests showed low qmax values for the TF-CNC-ALG bead systems, but
removal efficiencies of up to 99% were achieved when the beads disintegrated in the solution.
These results indicate that ALG hydrogel beads with TF-CNC are not suitable for highly
efficient removal of anionic species from water. However, the increase in removal efficiency
with increased surface area and the release of TF-CNC particles in solution, as well as the high
gmax values for TFSH-CNC and TFSG-CNC indicated that the system holds promise as an
adsorbent, and optimal parameters and conditions to exploit these adsorptive properties should
be studied in detail.

The treatment of KPFBS with the produced hydrogel bead systems resulted in removal
efficiencies between 26.1 and 38.2%, with the highest removal efficiency achieved by 8SH-
ALG beads. Despite the low removal efficiencies, all hydrogel beads containing TF-CNC
achieved higher KPFBS removal than pure CNC-ALG control beads, suggesting that the

coated CNCs are a promising adsorbent system for PFAS remediation. Further studies on the
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development of robust systems incorporating coated CNCs should be conducted to study the

maximum PFAS remediation potential of TF-CNC.
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Chapter 5: Conclusions and

Recommendations for Future Work
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5.1 Conclusions

The goal of this study is to prepare sustainable adsorbents for the removal of PFASs from
water, and this was achieved through physical and chemical modification of cellulose
nanocrystals.

CNCs were chemically modified with GTMAC to produce cationic CNCs and with 3-
CD to produce B-CD-grafted CNCs. GCNC was produced to remove PFASs from water
through electrostatic interactions while B-CD-CNC was used to exploit the host-guest
interactions that B-CD is known to make with PFASs such as PFOA.

Cellulose nanocrystals were coated with two forms of the cationic, lignin-based
flocculant, Tanfloc, to produce positively charged TF-CNC. The simple coating procedure was
optimized to produce coated CNCs with highly positive (+35-40 mV) surface charge using
starting TF:CNC mass ratios of 2:1 and allowing the coating to occur over 2 days. The coated
CNCs were then used to prepare hydrogel beads through ionotropic gelation with sodium
alginate and tested as adsorbents for the uptake of anionic species.

Methyl orange was used as a model compound to test the adsorptive properties of the
adsorbents. Batch adsorption tests showed increasing MO removal with increasing initial MO
concentration for GCNC, with the highest removal efficiency of 80% at 1000 ppm MO,
suggesting that the GCNC may be suitable for the removal of anionic species from water at
high concentrations. Conversely, the dye removal efficiency for B-CD-CNC was highest at an
initial MO concentration of 20 ppm (71% removal), and the maximum adsorption capacity
obtained from fitting the data to the Langmuir isotherm was 125.7 mg/g. This suggests that -

CD-CNC is suitable for the removal of anionic species at low initial concentrations.
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All the hydrogel bead systems had low adsorption capacities, although there was a 73%
increase in gmax When 4% TFSG-CNC was used to prepare the beads, and a 122% increase in
qmax When 8% TFSH-CNC was used. When the beads disintegrated in the MO solutions and
released the coated CNC particles, the increase in the number of sites for electrostatic
interactions improved MO removal, and up to 99.7% removal was achieved at 200 ppm MO
with the 8SH-ALG hydrogel beads. Further, when TFSH-CNC and TFSG-CNC were tested
without impregnation into an alginate matrix, the respective qmax values of 917.8 mg/g and
247.5 mg/g were found.

All adsorbents were used to remove KPFBS from water to test their performance against
PFAS. GCNC and B-CD-CNC achieved removal efficiencies of 43.7 and 56.5%, respectively,
showing promise for the removal of short-chain PFAS from water. The treatment of KPFBS
with the hydrogel bead systems resulted in removal efficiencies ranging from 26.1 to 34.9%,
indicating that TF coatings improve the PFAS adsorption capacity of CNCs, and TF-CNCs are
promising for the removal of short chain PFAS from water. The chemically modified CNCs
showed better removal efficiencies for KPFBS compared to the hydrogel beads. These results
indicate that while Tanfloc-coated CNCs do improve the adsorption of anionic species by

CNCs, sodium alginate is not a desirable hydrogel matrix for the incorporation of TF-CNC.

5.2 Recommendations for Future Work

Future work on this project should focus on improving the grafting efficiencies of
GTMAC and B-CD onto CNC. Improved GTMAC grafting could be achieved by using organic
solvents to prevent hydrolysis of GTMAC. A dry method without the use of solvents should

also be investigated for a more environmentally friendly reaction procedure. To improve the
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grafting of B-CD onto CNC, different crosslinkers such as decafluorobiphenyl could be used
rather than epichlorohydrin [70]. Additionally, the ratio of B-CD to crosslinker could be
optimized to improve the grafting efficiency. The synthesis of CNCs which are both cationic
and grafted with B-CD should also be considered to simultaneously utilize both electrostatic
and hydrophobic host-guest interactions during water treatment.

Since sodium alginate is not a desirable hydrogel network for the incorporation of coated
CNCGCs due to its negative charge, a positively charged system should be investigated instead.
Once such system is the well-established chitosan-tripolyphosphate hydrogel bead system
[104]. Because chitosan is positively charged, the incorporation of TF-CNCs into chitosan-
based beads is expected to enhance the adsorption capacity of the adsorbent for anionic species
such as MO and PFAS. The longevity of the TF coating on CNC should also be studied in
detail, as changes in the coating may have a significant effect on the adsorptive properties of
the material.

To better understand the adsorption mechanisms involved in the uptake of PFASs from
water by these adsorbents, the dynamics of adsorption should be studied in detail. This will
allow a thorough understanding of intraparticle mass transfer and reaction kinetics, factors
which are important for process design. The effect of factors such as salt content, presence of
competitive ions, solution pH, solution temperature, and dissolved organic matter should also
be studied. These studies will provide a thorough understanding of the affinity and specificity
of the adsorbents for PFASs present in water samples. Adsorption tests with real environmental
samples containing competitive species should also be conducted to determine the applicability

of the adsorbents to water treatment plants.
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Finally, the disposal of the collected PFASs should also be seriously considered. Current
studies reported in the literature primarily focus on the removal of PFASs from water and do
not discuss the fate of the removed PFASs. It is vital to ensure that the disposal of spent
adsorbents does not reintroduce PFASs into the environment. Therefore, methods that convert

PFASs to benign species or destroy them completely should be developed.
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