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Abstract: The adsorptive removal of trihalomethanes (THMSs) from spiked water samples was
evaluated with a series of modified polysaccharide adsorbents that contain f-cylodextrin or chitosan.
The uptake properties of these biodegradable polymer adsorbents were evaluated with a mixture of
THMs in aqueous solution. Gas chromatography employing a direct aqueous injection (DAI) method
with electrolytic conductivity detection enabled quantification of THMs in water at 295 K and at
pH 6.5. The adsorption isotherms for the polymer-THMSs was evaluated using the Sips model, where
the monolayer adsorption capacities ranged between 0.04 and 1.07 mmol THMSs/g for respective
component THMs. Unique adsorption characteristics were observed that vary according to the
polymer structure, composition, and surface chemical properties. The modified polysaccharide
adsorbents display variable molecular recognition and selectivity toward component THMs in the
mixed systems according to the molecular size and polarizability of the adsorbates.
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1. Introduction

Maintaining drinking water quality is a significant global issue in public health, where
the use of chlorine-based disinfectants (e.g., Cl, or sodium hypochlorite) in drinking water
is regarded as a major achievement for public health in the 20th century [1]. Chlorination
efficiently reduces microbial pathogen levels in water supplies and the incidence of wa-
terborne diseases. An unintended consequence of the disinfection process results in the
formation of disinfection by-products (DBPs) for water that contains dissolved organic
carbon (DOC) [2,3]. Trihalomethanes (THMs) are among the most common and important
DBPs, which pose a potential public health concern as a result of conventional water
disinfection processes. THMs are halomethanes with the general molecular formula CHX3,
where X represents fluorine, chlorine, bromine, or iodine (cf. Figure 1; inset). Several impor-
tant THMs present in disinfected water supplies are chloroform, bromodichloromethane
(BDCM), dibromochloromethane (DBCM), and bromoform (cf. Table 2 & Table 1). The
formation of THMs is closely related to the specific conditions in the water environment
such as chlorine dosage, contact time, pH, bromide ion concentration, and levels of DOC
in the source water supply [2].

THMs are highly volatile organic compounds, where their physical properties are
listed in Table 2. Chloroform is volatile and is partially soluble in water with greater solu-
bility in organic phases. Both chloroform and brominated THMs remain in air and water,
with relatively long residence times, which can partition to groundwater through soil [4].
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Hydrolysis of brominated THMs in aqueous media is very slow where the estimated
half-lives are as follows: BDCM (1000 y), DBCM (274 y), and CHBr3 (686 y) [4,5].

/ H \ Bromoform
DBCM

‘ Dichloromethane
Methanol

C.,
7 NTX BDCM
X \X

Chloroform: X = Cl
Bromoform: X = Br
DBCM: 2X=Br, X=Cl Chloroform
\ BDCM: 2X=Cl, X=Br

/

Internal Standard

Figure 1. A typical chromatographic profile of component THMs (10 ppm) obtained using the DAI method. The inset (left
hand side) shows the molecular structure of the various THMs investigated herein.

Table 1. International Agency for Research on Cancer (IARC) classification and United States
Environmental Protection Agency (U.S. EPA) cancer potency factor of THMs.

Component Molecular Classification Cancer Potency Factor

THMs Formula (mg/kg/day)
Chloroform CHCl; Group 2B 0.0061

BDCM CHBrCl, Group 2B 0.062

DBCM CHBr,Cl1 Group 3 0
Bromoform CHBrj Group 3 0.0079

Table 2. Physical properties of trihalomethanes (THMs).

(g/L)? (kPa) (mL/mol)
CHCl, 78(5)‘095)’0 (2%1;3&) 61.3 119.4 80.5 (216;,2)
CHBrCl (3%‘%2(:) (2%‘(;7C) 90.0 163.8 82.7 (225'102C)
CHBr,Cl (31)'25@ (3%'2%) 119 2083 85.0 (Sﬁé)
CHBry (3%1%) (3%'2%) 150 252.7 89.0 (3555’8)

2 THMs water solubility at variable temperature; b Henry’s law constant (atm.m®.mol 1) at variable temperature
[6]; and M,, denotes relative molecular weight.
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The major routes of human exposure to THMs are ingestion, inhalation, and dermal
contact with chlorinated water. Similarly, THMs are often ingested by direct contact with
contaminated water and through consumption of foods containing THMs [7]. The In-
ternational Agency for Research on Cancer (IARC) has classified chloroform and BDCM
as possible carcinogens for humans (Group 2B), and there is sufficient evidence in the
case of animal studies (cf. Table 1). DBCM and bromoform were assigned to Group 3
Environmental Protection Agency (EPA) cancer potency factors because of their incon-
clusive carcinogenicity in humans and limited evidence from experimental studies on
animals [1,8]. Besides carcinogenicity, animal studies indicate that chloroform in drinking
water supplies may lead to low birth weight, prematurity, and intrauterine growth retarda-
tion [1,8,9]. Chloroform may cause acute and chronic ecological effects to aquatic life due
to its moderate acute and chronic toxicity to aquatic organisms.

The United States (U.S.) EPA has published the Disinfection By-products Rule to
regulate total THMs at a maximum allowable annual average level of 80 ppb for Stage
1 and 40 ppb in Stage 2 for water treatment processes [9]. The maximum acceptable
concentration (MAC) for THMs in drinking water established by Health Canada is 100 ppb.
The MAC is based on a locational annual average for a minimum quarterly sampling
taken at points in the distribution system with the highest potential THM levels. Thus,
the removal of THMs to levels below their regulatory values, along with development
of related analytical methods is an important goal toward addressing drinking water
quality [10].

Adsorption-based removal of THMs represents a relatively inexpensive and facile tech-
nology for tertiary water treatment [11]. In comparison to reverse osmosis and distillation,
membrane filtration is often limited to the type or size of contaminants, whereas adsorptive
removal is a more versatile technology that relies on physical or chemical interactions with
the adsorbent [12]. Whereas activated carbon (AC) is a common industrial adsorbent for
the removal of THMs, there are potential limitations due to its production and regeneration
costs due to its energy footprint [13]. AC displays variable physicochemical properties
depending on its mode of preparation and functionalization [11,14,15]. By comparison,
there is interest in the development of sustainable and low-cost biomaterials with tun-
able adsorption properties that offer an improvement in the thermodynamic and kinetic
properties of adsorption for such systems [11,16].

In particular, synthetically modified polymers prepared by functionalization, cross-
linking, and composite formation have been prepared to yield adsorbents with tunable
physicochemical properties [17-19]. Synthetic reactions under thermodynamic and kinetic
control that employ variable stirring rates, cross-linker ratios, and type of polysaccha-
ride are known to yield adsorbents with controlled surface area, chemical functionality,
and biodegradability [17-21]. Examples of such polysaccharide adsorbents that contain
B-cyclodextrin (3-CD) or chitosan (CS) that can be conjugated with polyfunctional agents
yield cross-linked and grafted materials. In this study, 3-CD was cross-linked with se-
bacoyl chloride (SCI) or terephthaloyl chloride (TCl), whereas chitosan was grafted with
polyacrylic acid (PAA) and 3-CD. The use of variable reactant ratios at variable reaction
conditions can afford materials with variable structure, composition, and physicochemical
properties. -CD is a toroidal-shaped macrocycle with amphiphilic properties with a
torus length of 7.9 A and an internal diameter between 7.5 to 8.3 A. The toroidal cavity of
-CD lends to its unique inclusion properties, especially toward suitably sized lipophilic
guest molecules (cf. Scheme 1a) [22]. The properties of 3-CD have been extended to
polymeric forms via cross-linking, grafting, or non-covalent self-assembly with suitable
reagents to yield framework materials with unique inclusion and solid-phase extraction
(SPE) properties [23,24]. CS is a linear polysaccharide composed of randomly distributed f3-
(1 — 4)-linked D-glucosamine and N-acetyl-D-glucosamine units that can be synthetically
modified due to its abundant amine and hydroxyl groups [25,26]. Ionic and covalently
cross-linked CS frameworks have been reported with adsorption sites that possess variable
hydrophile-lipophile balance (HLB), in accordance with the nature of the cross-linker. In
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turn, such CS frameworks can be used for the controlled uptake of adsorbates due to their
variable HLB character. Mohamed et al. reported on the fractionation of complex mixtures
of organic acids by systematically cross-linking CS at variable glutaraldehyde content, as
revealed by a scalable imprinting factor [27].

OH _ OH _ OH
O o 0 0
d HO 'OHO OH
NH | NH, |, NH,

Scheme 1. Molecular structure of polysaccharide precursors: (a) 3-cyclodextrin (3-CD) and (b) chitosan (CS).

Herein, CS and (-CD (cf. Scheme 1) were used for the design of tailored SPE materials
because of their tunable host-guest chemistry upon synthetic modification. The use of such
versatile polysaccharides are anticipated to possess unique adsorption properties according
to a facile cross-linking strategy [28]. This study reports on the uptake of THMs from water
at equilibrium conditions using a series of synthetically modified polysaccharide-based
adsorbents. While the synthesis and characterization of these adsorbent materials have
been reported previously, the dye adsorption results for such polysaccharide (PS) materials
(cf. Scheme 2) provide evidence of their variable surface chemistry and textural properties.
The limited availability of adsorption studies for such polymers for the controlled removal
of THMs and chlorinated organics from mixtures [11,28,29] provided the motivation for
this study. Thus, the present study describes the solid-liquid adsorption properties of
several cross-linked PS materials (cf. Scheme 2) with THMs in aqueous media [17-19].
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Scheme 2. Schematic molecular structure of polysaccharide adsorbents: (a) 3-CD/PAA copolymer, where the toroid
represents 3-CD and the straight line segments connecting the tori denote a cross-linker unit; (b) 3-CD/TCI polymer;
(c) B-CD/SCl polymer; and (d) CS/PAA grafted polymer where R represents the PAA grafted moieties.

2. Results and Discussion

Several types of polysaccharide materials were prepared at variable composition,
where the copolymers of interest for this study are outlined in Table 3. The copolymer
materials contain a polysaccharide component (3-CD or chitosan) that is cross-linked to
a second component, which has been described previously, along with the structure and
physicochemical characterization results elsewhere [17-19]. Table 3 outlines the compo-
sition of the copolymers, where it is noted that the materials were prepared as insoluble
products with variable hydrophile-lipophile balance (HLB). In turn, the solid-phase adsor-
bent materials outlined in Table 3 allow for phase separation of the copolymers from water
after the adsorption process. This enables determination of the residual (unbound) concen-
tration (Ce) and adsorbent amount (Qe) of the THMs at equilibrium after the adsorption
process, according to Equation (2).

Table 3. Summary of copolymer adsorbent materials according to their synthetic composition and
acronym designation.

Acronym Composition Precursors Literature
B-CD/PAA 3-CD/Polyacrylic acid (PAA) M, (B-CD) = 1135.01 [17]
(1:1 or 1:5) weight/weight ratio, and variable My, (PAA) =19 x 10°

mixing speed ~

SCI-1 (1:1) 3-CD/Sebacoyl chloride My (f-CD) = 1135.01 [18]
SCI-5 (1:5) (SCI) mole ratio M (SCl) = 239.14
CP-1 (1:1) Chitosan (CS)/PAA (CS/PAA) My (PAA) =19 x 10° [19]
CP-5 (1:5) mole ratio M (CS) =1.2 x 10°

* Regular and high speed mixing refers to 1,100 rpm and 13,500 rpm, respectively; and M, denotes the relative
molecular weight (g/mol)

The concentration of unbound THMs (Ce) after the adsorption process can be mea-
sured directly using the direct aqueous injection (DAI) method with gas chromatography
(GC) and electron-capture detection (ECD) [30,31]. The DAI-GC-ECD method provides
quantitative detection of halomethanes in water at equilibrium with the use of gas-tight
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vials (cf. Experimental Methods, Section 4), where the utility of DAI-GC as an analytical
method for the detection of THMs was previously reported [10,31]. The adsorption proper-
ties of the copolymers with the THMs was posited to vary in accordance with the unique
structure and composition of the adsorbents (cf. Table 3 and Scheme 2) [17-19].

Figure 1 shows that the GC-ECD chromatogram yielded good separation of THMs and
the internal standard according to the resolved retention times of the component fractions.
Chlorobenzene (CIBz) exhibits suitable retention behavior as an internal standard because
of its partial solubility in water (0.05 g/mL), and CIBz is well resolved among the four
THMs. In a previous study [31] of chloroform in aqueous solutions, the GC-based DAI
method provided reliable results with adequate detection limits in the ppm region. Various
types of synthetic and PS-based adsorbent materials have been reported [32,33] for the
separation and capture of volatile organic carbons, in line with the methodology reported
herein for the quantitative analysis of THMs. Figure 2 illustrates linear calibration curves
(R? > 0.99) for THMs at variable concentrations (5-50 ppm) against an internal standard
solution (cf. Table 3). In turn, the adsorption capacity of the PS-based adsorbents was
achieved by in situ quantitative analysis of the adsorption profiles of the THMs outlined in
Figure 3.

x4 ~ r T 1T T T
] ®m  Bromoform
300 A  Chloroform z _
e BDCM
DBCM
250 -
2 200 + -
©
o
g 150 |
<
100 -
50 - -
0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Conc. (ppm)

Figure 2. Gas chromatography (GC)-based calibration curve of the component THMs in water at pH
6.5 and 295 K. The value for R? is given in parentheses for each THM: CHCI; (0.998), BDCM (0.993),
DBCM (0.993), and CHBr3 (0.993).
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Figure 3. Adsorption isotherms for various copolymers with THMs at pH 6.5 and 295 K: (A) CP-1, (B) CP-5, (C) 3-CD/PAA
1:5, (D) B-CD /PAA 1:5 at high speed, (E) p-CD/PAA 1:10, (F) SCI-5, (G) SCI-10, and (H) AC. The best-fit results were
obtained by the Sips isotherm model (cf. Equation (3)), as shown by the fitted lines through the isotherm data.
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The use of the GC-based DAI method allows for the quantitative analysis of mixtures
of THMs, before and after the adsorption process. The results in Figure 3A-H illustrate the
adsorption isotherm profiles (Q. versus Ce) for the polysaccharide materials, along with
activated carbon for comparison. The plots in Figure 3 illustrate the adsorbed amount of
THMSs per gram of adsorbent as denoted by Q. (mmol/g), whereas C denotes the residual
concentration (mM) of THMs after the adsorption process. The adsorption properties of
the PS-based materials that showed favorable chloroform adsorption (cf. Table 3) were
selected for further adsorption studies with the mixture of THMs in aqueous solution. In
general, the magnitude of Q. increased monotonically as C. increased, where differences in
the relative adsorption affinity among the various adsorbents with the component THMs
were observed, as described below.

2.1. Chitosan-Based Copolymers

In Figure 3, panels A and B show the trends in THMs uptake for the CP-1 and CP-5
adsorbents, where CP-1 showed greater overall uptake versus CP-5. In the case of CP-1,
bromoform showed the greatest uptake among the THMs, whereas CP-5 had the highest
uptake with chloroform. The Qn, (mmol/g) values for the THMs with CP-1 are given
in descending order: CHBr3 (0.440) > DBCM (0.415) > BDCM (0.387) > CHCl3 (0.0420).
In contrast, the Qn, values for CP-5 adopted a trend with a reverse order: CHCI;3 (0.141)
> BDCM (0.119) > DBCM (0.0684) > CHBr3; (0.0522). Considering the relative binding
affinity between the PS materials with the various THM components, CP-1 had favorable
adsorption with the brominated THMs that concurs with the greater apolar nature of this
adsorbent due to its greater chitosan content (cf. Table 3). The importance of solvent effects
and van der Waals interactions are evident from the trends in adsorption between these
chitosan polymers and the trend in water solubility of the THMs (cf. Table 2). The greater
chitosan content of CP-1 concurs with its greater apolar character and favorable uptake of
bromoform, in line with the role of hydrophobic effects [17,31] and the trend in Ky values
listed in Table 2 for the THMs. The greater uptake of chloroform by CP-5 concurs with
the greater hydrophilic character of the adsorbent on account of its higher PAA content,
along with the greater dipolar character and the water solubility of CHCl3 among the
various THMs (cf. Table 2). Surface accessibility of the active adsorption sites may relate
to the role of the hydration effects of copolymers in their swollen state, as evidenced
by the greater swelling ratio (r) in water for CP-1 (r = 22.6) over CP-5 (r = 11.6) [19].
The greater hydrophilic character of CP-5 is attributed to its greater PAA content, which
favors hydration of the adsorbent and the potential role of dipolar interactions with
THMs that possess greater dipolar character such as CHClz. CP-1 shows an incomplete
saturation profile of the isotherm for CHBr3; over the range of experimental C. values
studied. This apparent effect relates to its greater adsorption affinity (cf. Table 4) and the
equimolar concentration of THMs employed in the experimental design for this study were
intended to achieve good accuracy and suitable dilution factors for the GC-ECD analysis.
Notwithstanding the saturation limits of the isotherms, the trend in the adsorption profiles
for Figure 3A,B provide a meaningful relative comparison for the uptake of THMs by
the adsorbents. Table 6 lists the calculated dipole moments of the component THMs
according to estimates obtained using Spartan’08 1.2.0. The parameters in Table 6 for
the THMs provide complementary insight on the trend for the Qn, values (cf. Table 3) in
these CS/PAA copolymers. The role of hydrophobic effects and the availability of polar
adsorption sites (-OH, -NHR, -COO™), on the polymer surface play a key role, where the
molecular size and polarity of the THMs exert an influence their uptake properties.
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Table 4. Sips model parameters (Qy;, Ks and ng)  for the copolymer materials * with THMs obtained
from the best-fit (x?) P results to the adsorption isotherms at pH 6.5 and 295 K.

a a
(m?nn:ﬂ/g) (L/Ir(nsmol) ns? X R?
THMs CP-1 Adsorbent
CHCl; 0.0420 2.95 x 103 3.78 8.32 x 107° 0.979
BDCM 0.387 17.0 1.72 6.00 x 10> 0.994
DBCM 0.415 53.9 1.69 1.40 x 1075 0.990
CHBr; 0.440 375 2.04 2.60 x 10* 0.987
THMs CP-5 Adsorbent
CHCl; 0.141 174 2.41 4.00 x 107> 0.988
BDCM 0.119 3.46 x 103 491 6.00 x 10> 0.982
DBCM 0.0684 144 1.95 3.00 x 107> 0.980
CHBr3 0.0522 4.76 x 103 2.77 5.07 x 107° 0.990
THMs 1:5 3-CD/PAA Adsorbent
CHCl; 0.104 36.5 1.80 1.54 x 1077 1.00
BDCM 0.277 99.8 2.01 6.31 x 107° 0.999
DBCM 0.643 7.47 1.14 1.10 x 1074 0.994
CHBr3 1.07 6.33 1.09 3.60 x 10~* 0.990
THMs 1:5 3-CD/PAA Adsorbent (High Speed Mixing)
CHCl; 0.0485 2.23 x 10° 4.15 2.00 x 107° 0.974
BDCM 0.0712 94.0 1.47 359 x 1077 1.00
DBCM 0.0745 50.3 1.22 8.13 x 10~° 0.994
CHBr3 0.0786 2.71 x 103 2.17 3.69 x 1076 0.999
THMs 1:10 3-CD/PAA Adsorbent
CHCl; 0.111 2.63 0.515 1.95 x 107° 0.996
BDCM 0.184 6.83 1.29 3.00 x 107> 0.986
DBCM 0.116 81.8 1.78 8.00 x 107> 0.956
CHBr; 0.157 19.1 1.50 5.00 x 107> 0.985
THMs SCI-5 Adsorbent
CHCl; 0.287 421 1.53 3.10 x 10~* 0.971
BDCM 0.153 6.19 x 103 3.39 7.00 x 1072 0.990
DBCM 0.119 5.56 x 103 3.07 1.19 x 10~ 0.991
CHBr; 0.0807 6.78 x 10° 497 2.00 x 107> 0.986
THMs SC1-10 Adsorbent
CHCl; 0.248 247 0.728 2.80 x 10* 0.951
BDCM 0.155 5.84 x 10* 3.54 1.10 x 10~ 0.983
DBCM 0.140 9.64 x 10 3.63 4.00 x 1075 0.990
CHBr; 0.116 1.46 x 10° 4.40 2.00 x 1072 0.995

* The composition of the copolymer adsorbents is outlined in Table 3. @ The Sips model parameters are defined by
Equation (3) and b 42 js defined by Equation (4).

Previous isotherm studies [17-19] of polymer-dye systems revealed the utility of the
Sips model [34]. The Sips model provides an account of adsorption profiles that are other-
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wise accounted for by the Langmuir and Freundlich models due to its dual model nature.
Additionally, the Sips model provides an estimate of the monolayer adsorption capacity
(Qm) and an account of the role of heterogeneous adsorption sites, as the exponential term
(ns) deviates from unity (ns # 1) for such types of adsorbent systems. The adsorption
profiles for the THMs were evaluated by applying the Sips isotherm (cf. Equation (4) in
Section 4), where the “best-fit” results are listed in Table 4. The general utility of the Sips
model and the isotherm parameters is evidenced by the goodness-of-fit to the isotherm
results shown in Figure 3.

2.2. B-CD-Based Copolymers

The trend in the adsorption properties of the copolymer materials relates to the nature
of the cross-linker, polysaccharide, and its relative composition (cf. Tables 3 and 4). The
adsorbent structure (cf. Scheme 2) can be varied accordingly by these parameters, in
accordance to the synthetic conditions (e.g., reagent mole ratios and mixing speeds) as
evidenced in Figure 3C-G. The THMs reported herein have variable molecular structure
(cf. Figure 1, inset) and physical properties (cf. Table 2), where the Henry’s law constants
of CHCl3; and CHBrj3 vary over two orders of magnitude. The offset in water solubility
of the THMs and their adsorption properties relate to the size, polarity, and molecular
polarizability of the halomethanes, as revealed by the variable isotherms for adsorbents (cf.
Figure 3C-G) that contain (3-CD.

According to Figure 3, panel C reveals the highest uptake of THMs overall. The
3-CD/PAA (1:5) system revealed systematically higher adsorption properties with the
various THMs versus the 3-CD/PAA (1:5 high speed and 1:10) systems. This may relate
to the presence of its suitably sized lipophilic inclusion sites (cf. Table 5) that play a
variable role according to the level of cross-linking and inclusion site accessibility. The 1:10
copolymer has attenuated adsorption capacity due to the greater PAA content or extensive
cross-linking effects [17]. Further support of reduced inclusion sites accessibility of 3-CD is
shown for the 3-CD/PAA 1:5 system that was prepared under micro-emulsion conditions
(at high speed mixing). The product obtained under high speed mixing is compared with
reactions that use conventional stirring (cf. Table 3), where greater cross-linking occurs
for the former [17]. The presence of micropore sites with variable accessibility that favor
THM adsorption is anticipated for intermediate levels of cross-linking, as noted for 3-CD
adsorbents when the inclusion site accessibility is favorable. Relatively stable inclusion
complexes of THM molecules within the 3-CD cavity are anticipated in water due to
favorable dispersion interactions and hydrophobic effects, as outlined in a recent review
for these types of inclusion complexes [22]. The role of entropy-driven processes due to
hydration effects for such host-guest complexes are known to stabilize complexes between
-CD and haloalkanes [22,35,36]. Wilson and Verrall [37] reported a thermodynamic
study describing the formation of complexes between 3-CD and its modified forms with
halothane (CHBrCl-CF3) in aqueous media. Moderately stable 1:1 host-guest binding
constants (ca. 102 M) were reported on the basis of 9F_.NMR chemical shift variations
and positive changes in the partial molar volume in aqueous media. The formation of a
“facial complex” for the 3-CD/halothane system provides insight on the role of polymer
adsorbents that contain 3-CD tend to form stable complexes with THMs. The trends
in Figure 3 for such systems can be understood based on the role of inclusion binding
since it correlates with the relative accessibility of the 3-CD cavity interior, as described
elsewhere [38,39]. The reduced sorption of the THMs in Figure 3D,E can be related to
the reduced inclusion binding of such 3-CD/PAA copolymers. Bromoform displays the
greatest Qn, value overall among the THMs with the 3-CD/PAA copolymers, in agreement
with its greater apolar character and the key role of hydrophobic effects for adsorption by
the 3-CD inclusion sites. The relative ordering of the Qn, values for the 3-CD/PAA-THMs
are listed in descending order: bromoform > BDCM > DBCM > chloroform. The trend
parallels the apolar character and molecular polarizabilities of the THMSs (cf. Table 6). In
general, hydrophobic effects provide the driving force for the more apolar (Br-containing)
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THMs with the 3-CD containing adsorbents. For the case of SCI-1 and SCI-5 polymers (cf.
Figure 3F,G), CHCI; showed greater uptake over CHBr3 and this may relate to the presence
of polar ester linkages within the polymer network. The parallel trend in uptake of THMs
for SC1-5 and SCI-10 with chloroform and the similar sorption capacities for the brominated
THMSs concur with the role of both 3-CD and cross-linker adsorption sites, where the ester
linkage sites are inferred to favor dipolar interactions with CHCl;3 [22,36,37,40].

Table 5. Selected structural and physical properties of THMs.

Dipole
Volume ds 2 Vin P dec
THMSs (A%) A) VO™ (mLimon &)
CHCl3 74.9 5.23 1.40 80.5 6.34
DBCM 79.4 5.33 1.35 82.7 6.40
BDCM 83.9 5.43 1.23 85.0 6.46
CHBr3 88.3 5.53 1.03 89.0 6.56

3 ds, van der Waals diameter calculated by the Hartree—Fock model (vacuum) using Spartan 08’ v1.2.0Spartan.
b Molar volume, calculated by Vim = My, /p, where M,, is molecular weight and p is bulk liquid density. < Molecule
diameter, where the radius was calculated by Vi, and V.=V, /Na =4/ 37r3, where the THMSs were approximated
as spheres (7 = 3.14, N = 6.02214 x 10?3 mol~1).

A general comparison of the uptake profile for activated carbon (AC) with THMs
revealed that the uptake was comparable to the 3-CD-based copolymers (cf. Figure 3D-G).
The role of hydrophobic effects for AC with the THMs was evidenced by the greater
uptake of CHBr3, while the lowest uptake occurred for CHCl3, in line with the Henry’s law
constants listed in Table 2. The greater uptake observed for 3-CD/PAA 1:5 in Figure 3C
relates to the role of macrocyclic host binding sites within the polymer compared to less
preorganized (two-dimensional) graphenic surface sites of AC that reveal lower uptake of
THMs in Figure 3H.

A comparison of the adsorption capacity for AC with the PS adsorbents is summarized
in Table 6. The relevance of comparing the uptake results for AC with the copolymers
relate to the widespread use of AC as an industrial carbonaceous adsorbent for THMs
removal [3,11-13,15,16]. The adsorption isotherms of AC (cf. Figure 3H) are distinctive for
chloroform and brominated THMs, based on differences in their polarity and molecular
polarizability (cf. Table 6), as noted above. The adsorption isotherm of the AC-CHCl;
system displayed a Langmuir-type adsorption profile, according to the Sips (ns ~ 1)
model. The greater uptake of brominated THMs by AC was assigned to the contribution
of hydrophobic effects for such bromine-based THMSs, based on the graphenic nature of
the AC surface [41]. Several THMs display isotherm saturation at comparable Q. values,
further supporting the nonspecific van der Waals interactions with the AC surface and
hydrophobic effects, which are prominent for the adsorption of THMs [31,35]. This is
supported by the notable adsorption of CHCl3 by AC (Qm = 0.261 mmol/g) that compares
favorably with the Qn, values (mmol/g) for SCI-5 (0.287) and SC1-10 (0.248). In contrast, AC
had lower adsorption of CHBr3 (Qm = 0.141) compared with 3-CD/PAA 1:5 (Qn = 1.07).
The relative adsorption capacity (Qm; mmol/g) of the PS material with CHCl5 at similar
experimental conditions showed the following trend: SCI-5 (0.287) > AC (0.261) > SCI1-10
(0.248) > CP-5 (0.141) > 3-CD/PAA 1:10 (0.111) > 3-CD/PAA 1:5 (1.104) > 3-CD/PAA 1:5
at high speed (0.0485) ~ CP-1 (0.0420).
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Table 6. Sips isotherm model parameters (Q;;, Ks, and ng) for activated carbon and other carbona-
ceous materials from the literature with THMs at pH 6.5 and 295 K.

THMs Activated Carbon (AC) Adsorbent
a a
(m?nn;ug) (L/Irismol) s X o

CHCl3 0.261 3.93 0.973 6.00 x 107> 0.978
BDCM 0.138 2.39 x 103 2.71 5.00 x 107> 0.982
DBCM 0.142 1.45 x 10* 2.79 3.00 x 107> 0.991
CHBr3 0.141 2.11 x 103 3.35 1.00 x 107> 0.990
THMs PAC CNTs ACF(A-10) ACF(A-15) ACF(A-20)

Qm ¢ Qm ¢ Qm ¢ Qm ¢ Qm ¢
CHCl3 0.0101 0.0202 0.0135 0.00804 0.00578
BDCM 0.0103 0.00751 0.00611 0.00391 0.00305
DBCM 0.0105 0.00518 0.0352 0.00184 0.0127
CHBr3 0.0109 0.00364 0.0380 0.0386 0.0255

2 The Sips model parameters are defined by Equation (3), ® x? is defined by Equation (4), and the literature values,
¢ were obtained from independent studies [42,43].

Tables 4 and 6 illustrate that variable Qp, values are noted for the copolymers and
the AC materials for the various THMs. The carbonaceous materials cover a range of
systems such as powdered AC (PAC), carbon nanotubes (CNTs), and various AC fibers
(AC-10, AC-15, and AC-20) [42,43]. The Sips exponent parameter (ns) for the copolymers
deviates from unity (i.e., ns # 1) and indicates the presence of multiple adsorption sites.
For CD- and CS-based copolymers, the availability of multiple adsorption sites depend
largely on the structure and composition of the PS materials (cf. Table 3). There are two
potential adsorption sites for 3-CD polymers that are known due that arise from the (3-
CD inclusion sites and the interstitial (non-inclusion) sites, where the latter are assigned
the cross-linker sites [44,45]. The role of dual adsorption sites in CD-based copolymers
is strongly supported by dye-adsorption [17-19] and mass spectrometry studies [44]. It
follows that the role of multiple adsorption sites for copolymers of CS and PAA relate to
the presence of micropore domains due to cross-linking effects and surface bound groups
of the polymer framework [19]. The latter includes hydrogen bond donor-acceptor sites
(e.g., -NH, -OH, and -COOQO™) that likely contribute to such secondary adsorption sites
for cross-linked copolymers [46]. The relative adsorption capacities of the carbonaceous
adsorbents (cf. Table 4) and the copolymers (cf. Table 3) with the THMs in water highlight
the unique adsorption properties of such PS-based materials. Taken together with the
sustainability and biodegradability of PS-based adsorbents, the above results indicate
their significant potential for targeted contaminant removal in advanced water treatment
processes [11,13].

3. Materials and Methods
3.1. Reagents

Methanol (HPLC grade) was obtained from Fisher Scientific. Activated carbon (AC,
Darco 20 x 40 LI) was purchased from Norit America (Boston, MA., USA) and was treated
with 2.0 M HCl using a Soxhlet extractor for 48 h. All water used in this work was distilled
and deionized water. All the solutions were freshly made prior to analysis.

3.1.1. Copolymer Polysaccharide Materials

Copolymers that contain polysaccharides such as 3-CD and chitosan (3-CD/PAA 1:5,
-CD/PAA 1:5 at high speed, 3-CD/PAA 1:10, 3-CD/SCl1 1:5 and 1:10) and chitosan/PAA
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copolymers (CP-1 and CP-5) are summarized in Table 3. A detailed account of the synthesis
and materials characterization are outlined elsewhere [17-19].

3.1.2. Internal Standard

The internal standard for GC analysis was a 1% (v/v) chlorobenzene solution (Sigma-
Aldrich Canada; Oakville, Ontario) in methanol.

3.1.3. Stock Standard Solutions

The THMSs calibration standard is a mixture of chloroform, BDCM, DBCM, and
bromoform obtained from ULTRA Scientific (Santa Clara, CA., USA) at 5000 ppm (w/v)
in methanol.

3.2. Apparatus

Custom built (9 mL) glass vials with silicone- and Teflon-lined caps were designed
in-house for the sorption experiments to achieve an efficient gas-tight seal suitable for
the analysis of volatile organic carbons (VOCs). A 5890 Hewlett Packard model gas
chromatograph (Wilmington, DE, USA) equipped with an electron-capture detector (ECD)
and a cool on-column (DV-1, 30 m x 0.32 mm ID x 25 um) injection system.

3.3. Operating Conditions

A helium carrier gas was maintained at a constant 10-kPa inlet pressure. The makeup
gas was 5% (v/v) methane—argon mixture with a flow rate of 60.0 mL/min. The injector
and detector temperatures were set at 250 °C. The maximum oven temperature was 300 °C
and the equilibrium time was set at 3.00 min. For GC analysis of the THMSs, the oven
temperature and initial temperature (50 °C), and the final temperature was 100 °C. The
initial time was 5.00 min. The heating rate was 10.0 °C/min and the final time was 2.50 min.

3.4. Methods

The DAI method [10] was used for the GC analysis without extraction or any pre-
concentration steps. The aqueous solutions of THMs were directly injected to the gas
chromatograph using 1 pL of analyte with 1 pL of air into the injector port for every
analysis and analyzed in triplicate.

3.4.1. Calibration of Standard Solutions.

The standard solution of THMs was diluted to 50 ppm. Eight data points ranging from
5-50 ppm were collected to construct a quantitative peak area vs. concentration calibration
curve. The calibration curves were plotted by concentration versus area ratios, according
to Equation (1).

As
I

area ratio = @
where ‘Ag’ is the relative peak area of the respective component THMs and “Ay’ is the peak
area of the internal standard.

3.4.2. Adsorption Isotherms

Fixed amounts (~5-6 mg) of the powdered copolymer materials were sieved through
size 40-mesh sieves (particle size < 420 um) and mixed with 7 mL of blank solution at
variable concentration (5-50 ppm) for each of the component THMs until fully equilibrated
on a horizontal shaker table for 24 h. A 4% (v/v) internal standard was added 15 min.
ahead of each sample injection of the supernatant solution from the sample vial containing
copolymer solutions after completed gravity settling of the solution phase. The data
corresponding to the isotherms were analyzed in triplicate.

The adsorption isotherms are presented as plots of the adsorbed amount of THMs in
the copolymer phase per mass of adsorbent (Qe; mmol/g) versus the equilibrium residual
concentration of unbound THMs (i.e., adsorbate) in aqueous solution (Ce) after the sorption
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process. Q. was estimated by Equation (2) where Cy and Ce are the concentrations of
THMSs before and after the sorption process, respectively. V is the volume (L) of solution
and m is the mass (g) of adsorbent.

(CO — Ce) xV

Qe = - (2)
The Sips isotherm model [34] (cf. Equation (3)) is a versatile and generalized isotherm
that accounts for a distribution of adsorption energies on the sorbent surface with behavior
that may vary from a monolayer (Langmuir) to multi-layer (Freundlich) type profile. The
parameter (ng) reflects the heterogeneity of the sorbent where a value of ng = 1 infers
homogenous surface, whereas ns # 1 indicates heterogeneous surface sites. Langmuir-type
behavior is predicted when ng = one, and Freundlich behavior occurs when the exponent

term in the denominator of Equation (3) is much less than one.

_ QmKsCe's

K represents the Sips equilibrium constant; Q,, is the maximum monolayer adsorption
capacity per unit mass of sorbent; and s is an exponent parameter, as described above.
The criteria of the “best-fit” between the calculated isotherm and the experimental
data are determined by the correlation coefficient (R?) and the chi-square distribution
(x?). The parameter R? ~1 denotes a satisfactory “goodness-of-fit”. However, a more
sensitive measure for non-linear least squares fitting involves the minimization of the x?
parameter. The chi-squared distribution is commonly used to test the “goodness-of-fit”
between an observed and a theoretical distribution. The independence of the two criteria of
classification of qualitative data, and in the confidence interval estimation for a population
standard deviation of a normal distribution derived from a sample standard deviation. x? is
defined by Equation (4) according to the chi-square distribution with k degrees of freedom.

2 _ i (Qo,i_Qe,i)2

(4)
i=1 Qe,i

Q,,i represents the observed value and Q. ; is the theoretical value.

3.4.3. Error Analysis

The calculation of uncertainty for arithmetic operations of several estimates associated
with measurements, each of which has a random error, is not solely the sum of individual
errors. The relationship between the concentration terms (cf. Equation (2)) from instrumen-
tal estimates are based on multiplication and division. Therefore, Equation (5) was used
for the error analysis [47].

%ey = \/ (%e1)? + (%er)? + (%es)? (5)

In the case of the error calculation for Qe, the uncertainties are attributed as follows:
%e is estimated from calibration curves under the similar experimental conditions; and
%e; is estimated from the detection limit of analytical balance (=10~ g) for weight mea-
surements. The term, %ej3, was estimated from the detection limit volume (0.06 mL) of 10
mL Kimax-51 petite tubes (Sigma-Aldrich Canada, Oakville, ON.) to obtain the volume of
solution. The overall error (%e4) was implemented into the fitting program, Origin 7.5 for
the estimation of the total error.

4. Conclusions

In this work, a systematic adsorption study of a diverse range of polysaccharide-based
polymers with THMs spiked into water samples were reported and compared with car-
bonaceous adsorbents (cf. Tables 4 and 6). The level of THMs in aqueous solution at pH 6.5
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and 295 K was evaluated using GC-ECD with a direct analysis injection method. The poly-
mers that contained either 3-CD or chitosan (CS) displayed variable uptake of THMs where
the adsorption of apolar THMs appear to be governed by hydrophobic effects, along with
secondary dipolar interactions with the polar surface functional groups of the copolymer.
Polymers that contain 3-CD displayed highly favorable uptake of THMs due to the for-
mation of inclusion complexes to the overall adsorption process. The role of hydrophobic
effects and inclusion complexes is noted by the favorable uptake of CHBr3 by 3-CD/PAA
(1:5) and CS/PAA (1:1). The Sips model provided estimates of the monolayer sorption
capacity (Qmn; mmol/g) for the various copolymers, as follows: CHCl3 (0.0485-0.287);
DBCM (0.0712-0.277); BDCM (0.0684-0.387); and CHCl3 (0.0522-1.07). The copolymers
displayed evidence of molecular selective affinity among the various component THMs
(cf. Figure 3 and Table 4). The structural role of polysaccharide and cross-linker units con-
tribute uniquely to variable physiochemical properties of the adsorbent material, according
to the synthetic conditions (cf. Table 3). The biodegradable adsorbents reported herein
displayed tunable adsorption properties that rival those of commercial activated carbon
adsorbents. This study demonstrates that variable cross-linker content and judicious choice
of the polysaccharide afford the design of adsorbent materials with improved properties
for the controlled removal of waterborne THMs. Further research is underway to evaluate
the kinetic properties of such polysaccharide adsorbents with real environmental water
samples that contain THMs.
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