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Abstract: Porous cellulose beads were quaternized with glycidyltrimethylammonium chloride (GT-
MAC) to explore a potential use of them as an adsorbent for removal of humic acid (HA) from
aqueous medium. The introduction of quaternary ammonium groups was confirmed by FT-IR and
XPS analysis. The content of introduced quaternary ammonium groups increased with an increase in
the GTMAC concentration. The adsorption capacity increased with a decrease in the initial pH value
and attained the maximum value at pH 3 and increased with an increase in the content of quaternary
ammonium groups. The removal % increased with the dose of quaternized cellulose beads at both
pH 3.0 and 6.0. The adsorption process obeyed the pseudo-second order kinetic model and exhibited
a better fit to the Langmuir isotherm model, suggesting that the adsorption of HA is accomplished
through the electrostatic interaction between a quaternary ammonium group introduced and a
dissociated carboxy group of a HA molecule. The maximum adsorption capacity obtained in this
study is comparable to or higher than those published by other articles. HA loaded was completely
released to NaOH solutions at higher than 100 mM to regenerate the quaternized cellulose beads.
The above-mentioned results clearly show that the quaternized cellulose beads prepared in this study
can be used as a regenerable adsorbent with high capacity for removal of HA from aqueous medium.

Keywords: porous cellulose beads; quaternization; quaternary ammonium group; humic acid;
adsorption; desorption

1. Introduction

Humic substances are formed through the chemical and biological humification of
plants and through the biological activities of micro-organisms widely distributed in
surface waters, sediments, and soils. Humic substances can be divided into three different
components: fulvic acid, humic acid (HA), and humin based on the solubility [1,2]. Of
them, HA is not soluble in water under acidic conditions (pH < 2) but is soluble at higher
pH values. Although HA has different kinds of functional groups in structure, the most
predominant are phenolic hydroxy and carboxy groups [3-5].

The presence of HA in natural waters causes undesirable color and taste and may
also cause various environmental and health problems; HA serves as food for bacterial
growth in water distribution systems. In addition, HA has the ability to bind a large range
of metals and metalloids, such as Al(IlI), Pb(II), Ca(Il), Mn(1l), Mg(II), Fe(IIll), As(V) to
form heteromolecular complexes. In the presence of chlorine and chloramine, which are
added to disinfect water, disinfection byproducts, including trihalomethanes, haloacetic
acids, and haloacetonitriles, can be generated through reactions with HA. These byproducts
are potentially carcinogenic, although HA is harmful in itself [6,7]. As just described, the
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presence of HA in water resources has been of major concerns in water supply and there is
practical interest to remove HA in drinking water and other process waters.

Various removal methods of HA have been reported, such as chemical coagulation [8],
membrane separation [9], oxidation [10,11], and adsorption [12]. Among these methods,
adsorption is considered a promising method for removal of various pollutants from
wastewater, owing to its simplicity, high removal efficiency, and low-cost. In adsorption
methods, porous materials are widely used as an adsorbent matrix. Activated carbons
produced from different kinds of agricultural materials have been prepared to be applied
to the removal of HA in many articles [13-15]. However, their use is frequently limited
because of disadvantages, such as high cost for chemical activation, slow adsorption rate,
low adsorption capacity, and difficulty of regeneration.

Cellulose can be considered as a candidate as an alternative of activated carbon in
the following viewpoints. Cellulose is the major component of plant cell walls and the
most abundant polysaccharide in nature. The Cellulose chains consisting of repeated 3-1,4
linked D-glucopyranose units can be present in ordered structure due to the absence of side
chains or branched chains [16]. Although cellulose has a primary hydroxy (-OH) group at
the C-6 position and two secondary hydroxy (-CH,OH) groups at the C-3 and C-4 positions
in each anhydroglucose unit (AGU), it is insoluble in water and in common organic solvents
due to strong inter- and intramolecular hydrogen-bonding interactions [17,18]. Cellulose
exhibits above-mentioned unique physicochemical properties suitable for an adsorbent
matrix and undertakes productive chemical functionalization through hydroxy groups.
Therefore, many investigations have been published on widespread use of functionalized
cellulose-based materials for removal of metallic and organic pollutants [9,19-22]. However,
the investigation on the functionalization of cellulose materials and their application to
water treatment is still a great challenge.

In this study, commercially available porous cellulose beads were functionalized
with glycidyltrimethylammonium chloride (GTMAC) to introduce quaternary ammonium
groups. The quaternization of the cellulose beads was confirmed by Fourier transform
infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS) analysis. The adsorption of
HA on the quaternized cellulose beads was estimated by varying the experimental parame-
ters, such as the initial pH value, the temperature, the content of quaternary ammonium
groups, and the dose of quaternized cellulose beads, and then the adsorption behavior was
characterized by the kinetic, isotherm, and equilibrium analysis. In addition, desorption of
HA was also investigated for the practical use.

2. Materials and Methods
2.1. Chemicals

Porous cellulose beads, Viscopearl-mini®, were purchased from Rengo Co., Ltd.
(Osaka, Japan), which have the diameter of 0.3 mm, the bulk specific gravity of 0.2 g/mL,
the water absorptivity of 3.5 g/10 mL, specific surface area of 10 m? /g, and the porosity
of 87%. These data are nominal values from the manufacturer. GTMAC (80% aqueous
solution) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Other
chemicals were used as received.

®

2.2. Quaternization of Cellulose Beads

A given amount of GTMAC was dissolved in a NaOH solution at 5 w/v% to give a
volume of 50 mL. First, 5.0 g of porous cellulose beads were dispersed in a NaOH solution
at 5 w/v% for 24 h. Then, the GTMAC solution was added to this mixture solution so as to
make the concentration of 0.10 to 1.0 M and stirred for 0.5-4 h at 65 °C [23-25]. After the
reaction, the porous cellulose beads isolated by decantation were thoroughly washed in the
order of diluted HCI, water, and acetone, and then dried under reduced pressure.
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2.3. Determination of Content of Quaternary Ammonium Groups

Under nitrogen atmosphere, 0.10-0.60 g of the quaternized cellulose beads were im-
mersed in 10.0 mL of a HCI solution at 20.0 mM and the solutions were mildly stirred for
18-24 h. The aliquots taken from the supernatants were titrated with a NaOH solution at
10.0 mM in the presence of bromothymol blue used as an indicator. The content of quat-
ernized ammonium groups per 1.0 g of dry quaternized cellulose beads was determined
from the concentration difference in the HCl solution using Equation (1):

(10.0 — Cyzy) - 0.020
Wqcen

content of quaternary ammonium groups (mmol/g) =

)

where Cyy( is the concentration of HCI solution in which the quaternized cellulose beads
were immersed (mM), Wycen the weight of the quaternized cellulose beads (g). The
quantity of 10.0 and 0.020 are the initial concentration (mM) and volume of HCI solution
(L), respectively.

2.4. FT-IR and XPS Analysis

The FT-IR spectra of the untreated cellulose beads and the quaternized cellulose
beads were measured by a JASCO FT/IR-4100 spectrometer. The spectra were recorded by
cumulating 16 scans at the resolution of 4.0 cm 1.

The XPS high-resolution spectra of Cy5, O15, and Ny; of the untreated cellulose beads
and the quaternized cellulose beads were recorded on a Shimadzu ESCA 3400 X-ray
photoelectron spectrometer (Kyoto, Japan) with MgKa (1253.6 eV) source operated at 8 kV
and 20 mA. The binding energy was calibrated with the aid of the reference to the Aqu/ 2
peak at 83.8 eV.

2.5. Particle Size Distribution

The photographs of the untreated cellulose beads and quaternized cellulose beads with
different contents of quaternary ammonium groups in the dry and water-swollen states
were taken at the magnification of 150 times through a Keyence VH-5500 microscope (Osaka,
Japan). The diameter of 200 pieces of the untreated cellulose beads and the quaternized
cellulose beads was measured, regarding them as a sphere, and the average size was
calculated from the particle size distribution.

2.6. Water Absorptivity

Accurately weighed 0.05 g of the quaternized cellulose beads were immersed in water
for at least 12 h at 25 °C and their weight was measured. The water content was calculated
using Equation (2),

Wwet -W

water content (%) :Witdry -100 2)
we

where W,y and Wyt are the weight of quaternized cellulose beads in the dry and water-
swollen states.

2.7. Preparation of HA Solutions

About 0.125 g of HA was added to about 450 mL of water and the mixture was stirred
for at least 12 h to dissolve HA. The insoluble components were removed with a filter
paper, and then the filtrate was filled up to 500 mL with water. The weight concentration
of the stock HA solution was determined by subtracting the weight of insoluble residues
retained on the filter paper from the weight of added HA [24]. This solution was diluted
with water to give the concentration from 40 to 150 mg/L, the pH value of which was
adjusted to 3-12 with HCl or NaOH. The calibration curve was prepared by measuring
the absorbance of HA solutions at 254 nm. A linear relationship was obtained between the
absorbance and the HA concentration at this wavelength with a high regression coefficient
(e =12.58 dm3/ g-cm, r = 0.9999). In a preliminary experiment, it was confirmed that this
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wavelength was an isosbestic point at which the adsorption coefficient remained constant
in the pH range between 5 and 12. The calibration curves at 254 nm were individually
prepared at other pH values.

2.8. Adsorption of HA

The adsorption of HA was initiated by adding a given amount of quaternized cel-
lulose beads to the HA solutions, the pH value of which was beforehand adjusted to a
predetermined one, in batch system. The experimental conditions were varied, including
the initial pH value, the temperature, the dose of quaternized cellulose beads, the content
of quaternary ammonium groups, and the HA concentration. Unless otherwise stated, the
adsorption experiments were performed by adding 10 mg of the quaternized cellulose
beads to 50 mL of a 100 mg/L HA solution at pH 3.0 or 6.0 and 25 °C. The solutions were
mildly stirred and the absorbance at 254 nm was measured at predetermined time intervals
until the adsorption equilibrium. The amount of adsorbed HA at time t was calculated
using Equation (3),

(Co — Cy) - 0.050

amount of adsorbed HA (mg/g) = W
q

®)

where Cy and C; are the concentration of HA at time 0 and t, respectively. Wy is the weight
of the quaternized cellulose beads added to the HA solutions (g). The quantity of 0.050 is
the volume of a HA solution (L). In addition, the removal % value was calculated from the
initial and final concentrations using Equation (4).

Co

-C
=¥~ 100 (4)

removal % =
Co

2.9. Kinetic and Isothermal Analysis

The adsorption data under different conditions were analyzed by the pseudo-first
and pseudo-second order models [26-32]. The pseudo-first order equation is generally
expressed by

In (Qeq - Qt) =In Qeq — kgt &)

where Q; and Qcq denote the adsorbed amount at time t and at equilibrium, respectively,
and k; is the pseudo-first order rate constant [27,28].
On the other hand, the pseudo-second order equation is expressed as

t t 1
~—=—>5 +—t 6)
Qt kp 'ng Qeq
where k; is the pseudo-second order rate constant [27-29].

The adsorption capacity obtained in the range of the initial HA concentrations of
0.060-0.150 mg /L was applied to Langmuir and Freundlich isotherm models represented
by Equations (7) and (8), respectively [28,31].

Ceq _ 1 + Ceq
Qeq I<L : Qmax Qmax

@)

where Ceq is the HA concentration at equilibrium, Qmax the maximum adsorption capacity,
and Ky, the Langmuir adsorption constant related to the affinity of binding sites [32].

1
log Qeq = log K + o log Ceq (8)

where Kp is the Freundlich constant related to adsorption capacity and 1/n the empirical
parameter corresponding to adsorption intensity, depending on the heterogeneity of the
adsorbents [33].
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2.10. Desorption

NaOH solutions at 10-200 mM were prepared as an eluent for desorption of HA [26].
The quaternized cellulose beads HA-loaded were immersed in the NaOH solutions at 25 °C.
The absorbance at 254 nm was measured at predetermined intervals and the desorbed
amount was calculated from the HA concentration in the NaOH solutions. The desorption
% value was obtained from the ratio of the desorbed amount to the adsorbed amount.

3. Results and Discussion
3.1. Preparation of Quaternized Cellulose

The quaternization of cellulose beads was performed by varying the concentration of
GTMAC and the reaction time. The content of quaternary ammonium groups introduced
of the cellulose beads with GTMAC was determined by the back titration with HCIL. The
amount of HCI consumed was directly proportional to the dose of quaternized cellulose
beads added to the HCI solution. Therefore, the content of quaternary ammonium groups
introduced to the cellulose beads was determined from the slope of the straight line obtained
(Figure S1). The content of quaternary ammonium groups of the other quaternized cellulose
beads was also determined in the same manner. Since an epoxy group is involved in a
nucleophilic ring-opening reaction and the reaction is fast, the content of quaternary
ammonium groups was readily controlled by varying the GTMAC concentration rather
than the reaction time. Figure 1 shows the change in the content of quaternary ammonium
groups introduced to the cellulose beads with the concentration of GTMAC for the reaction
time of 2 h at 65 °C. The content of quaternary ammonium groups increased with an
increase in the concentration of GTMAC and then reached up to 0.524 mmol/g at 1.0 M.
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Figure 1. Change in the content of quaternary ammonium groups introduced to the cellulose beads
with the concentration of GTMAC at the reaction time of 2 h.

In other studies, the quaternization of cellulose has been performed with GTMAC [27-29]
or 3-chloro-2-hydroxypropyltrimethylammonium chloride (CHPTAC) [30,31] in the presence
of NaOH. For the quaternization with CHPTAC, NaCl is generated in converting a 3-chloro-
2-hydroxypropyl group of CHPTAC into an epoxypropyl group. On the other hand, when
GTMAC is used in place of CHPTAC, the addition reaction of an epoxypropyl group with an
OH group or a CH,OH group will occur without forming any byproduct [23,32-37]. Therefore,
in this study, GTMAC was used for quaternization of the cellulose beads.

3.2. FT-IR and XPS Analysis

The FT-IR spectra were shown in Figure S2 for the untreated cellulose beads and
the quaternized cellulose beads with the content of quaternary ammonium groups of
0.231 mmol/g. The band attributed to methyl groups of quaternary ammonium groups at
1476 cm ™~ ! and the band 1406 cm ! [37-39]. The XPS spectra of the quaternized cellulose
beads were also measured, because the difference in the FT-IR spectra was small.
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The XPS high-resolution spectra of Cy5, Oq5, and Nyg were shown in Figure 2 for
the untreated cellulose beads and the quaternized cellulose beads with 0.231 mmol/g.
For the untreated cellulose beads, a peak at 286.5 eV assigned to -C-OH and -CH,-OH
and a peak at 285.0 eV assigned to -CH,-CH,- were observed in the C;4 high-resolution
spectrum. An Oy peak assigned to -OH also emerged at 532.7 eV. Subsequently, when the
cellulose beads were quaternized with GTMAC, an N5 peak assigned to -N*(CHs)3 groups
emerged at 402.7 eV. Since the position of N1 peak assigned to quaternary ammonium
groups was slightly higher than those of the N4 peaks assigned to amino groups and their
protonated forms at about 399-402 eV, the N4 peak at 402.7 eV was characteristic of a
quaternary ammonium group [36,40]. As described here, the analysis by XPS emphasized
that quaternary ammonium groups were successfully introduced to the cellulose beads
with GTMAC according to the reaction shown in Scheme 1.
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Figure 2. The XPS high-resolution spectra of Cy5, O1g4, and N5 for (a) the untreated cellulose beads
and (b) the quaternized cellulose beads with 0.231 mmol/g.

CH20H OH
O CHs3
0 OH W/ \Tl\l CH3Cl
OH + *—CHsCI
o o~ |
(6] O CH3s
OH CH20H
cellulose GTMAC
(les
CHzO/\(\Il\I'—CHsCl'
OH  Cu;  oH
0 o)
NaOH
OH
\O 0/
0
OH CH20H

quaternized cellulose
Scheme 1. The schematic representation of the quaternization of cellulose beads with GTMAC.

3.3. Water Absorptivity

The water content of quaternized cellulose beads with different contents of quaternary
ammonium groups was measured at 25 °C. The change in the water content with the content
of quaternary ammonium groups is shown in Figure 3. The water content of the used cellulose
beads was 81.6% and gradually increased with the content of quaternary ammonium groups.
However, the water content remained unchanged in the range higher than 0.25 mmol/g.
The particle size distributions of the used cellulose beads and some quaternized cellulose
beads in the dry and water-swollen states are summarized in Table 1 (also see Figure S3).
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The average particle size of the used cellulose beads was 0.298 mm (SD = 0.0462 mm) and
0.395 mm (SD = 0.0475 mm) in their dry and water-swollen states, respectively. As shown in
Table 1, the average particle size remained almost unchanged in the dry and water-swollen
states, even when the content of quaternary amonium groups increased.
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Figure 3. Change in the water content with the content of quaternary ammonium groups at 25 °C.

Table 1. The average particle sizes of the untreated and quaternized cellulose beads with different
contents of quaternary ammonium groups in the dry and water-swollen states.

Content of Quaternary Untreated 0.053 0.231 0.380 0.524
Ammonium Groups (mmol/g)

in the dry state

Average size (mm) 0.298 0.299 0.293 0.302 0.294
Standard deviation (mm) 0.046 0.050 0.048 0.041 0.038
in the water swollen state

Average size (mm) 0.395 0.394 0.393 0.405 0.399
Standard deviation (mm) 0.048 0.049 0.050 0.045 0.037

3.4. HA Adsorption
3.4.1. The pH Dependence

The effects of the pH value and temperature on the adsorption of HA were investigated
with the quaternized cellulose beads with 0.231 mmol/g. Figure 4a shows the changes in
the adsorption capacity and removal % value with the initial pH value. The adsorption
capacity sharply decreased in the range of pH 4-5, and then gradually decreased with a
further increase in the initial pH value. During the adsorption process, the pH value of HA
solution changed, as shown in Figure 4b. A similar pH dependence has also been discussed
in other articles on HA adsorption [41,42]. Figure 5 shows the change in the adsorption
capacity with the pH value at equilibrium. The pH dependence of the HA adsorption will
be also discussed in more detail in the Section 3.4.5.

0.50 100
) ~ 12 F
) L (@) . ORaN )
& 0.40 — -1 80 £
= 210
€ 030 60 & = o[
g = B 8 p
31 2 g - ¢
g 020 40 2 % ¢ L
E=} xX ) 0
= =R Z
§ 0.10 20 S 4 _/j(g
< - - T L
0 N I S I N R S ool
2 4 6 § 10 12 2 4 6 8 10 12

Initial pH value (-) Initial pH value (-)

Figure 4. Changes in the (a) adsorption capacity and removal % value and (b) the pH value at equilib-
rium with the initial pH value for adsorption on the quaternized cellulose beads with 0.231 mmol/g
in a 100 mg/L HA solution at 25 °C.
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Figure 5. Change in the adsorption capacity and removal % value with the pH value at equilibrium
for adsorption of the quaternized cellulose beads with 0.231 mmol/g in an aqueous 100 mg/L HA
solution at 25 °C.

3.4.2. The Temperature Dependence

The temperature dependence of the HA adsorption was assessed at pH 3 and 6.
Figure 6 shows the changes in the adsorption capacity and ky value with the temperature.
Although the adsorption capacity was almost constant against the temperature, the k;
value obtained from the pseudo-second order reaction equation increased with an increase
in the temperature. The fit to the pseudo-second order model of HA adsorption will be also
discussed in the Section 3.4.5. A linear relationship was obtained between the reciprocal
of temperature and the In k; value. The activation energy calculated from the slopes of
the straight lines was 14.5 and 36.3 kJ/mol at pH 3 and 6, respectively. In general, the
adsorption process can be categorized into the physical and chemical adsorptions by the
magnitude of activation energy. It is said that the specificity and involvement of strong
forces characteristic of chemical adsorption require more than 4.2 kJ/mol of activation
energy [42,43]. Therefore, the above-mentioned values suggest that the adsorption in this
study occurred through the chemical reaction. In addition, a low activation energy at pH
3.0 supports that the HA adsorption more successfully proceeded at this pH value as shown
in Figures 4 and 5.
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Figure 6. Changes in the adsorption capacity (open) and k; value (filled) with the temperature for
adsorption on the quaternized cellulose beads with 0.231 mmol/g in an aqueous 100 mg/L HA
solution at pH 3.0 (O,e) and 6.0 (A,A).
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Based on the results obtained above, the interaction involved in the adsorption of HA
on the quaternized cellulose beads will be discussed. First of all, HA is a macromolecular
compound with two or more than negatively chargeable functional groups, such as carboxy
groups and phenolic hydroxy groups. The presence of these functional groups contributes
to the acidity of HA, although the number of these functional groups depends on the
source of origin as well as the conditions of extraction and production processes [44,45]. A
high adsorption capacity was obtained at pH 3—4, as shown in Figures 4 and 5, contrary
to our expectations, in spite of the fact that only some of the HA molecules present in
the solution were in the anionic form at pH 3—-4. HA is successfully adsorbed on the
quaternized cellulose beads through the interaction, or ion exchange reaction, between a
dissociated carboxy group of a HA molecule and a quaternary ammonium group of the
quaternized cellulose beads according to Equation (10) in Scheme 2 [34]. This reaction led
to the decrease in the concentration of dissociated carboxy groups in the outer solution,
and consequently the dissociation of carboxy groups of HA molecules was promoted (see
Equation (9) in Scheme 2).

HA-COOH ——>  HA-COO- + H* ©)

}N*(CH3)3'C1 + -“00C-HA — }N*(CH3)3'OOC-HA + Cr (10)

}N*(CH;);‘CI + OH- RN }N*(CH_z)z'HO + cr (11)

Scheme 2. The schematic representation of the proposed mechanism of the adsorption of HA
molecules on the quaternized cellulose beads.

Subsequently, the decrease in the adsorption capacity will be discussed. The molecular
size of HA in water increases at higher pH values due to the intramolecular electrostatic
repulsion between dissociated carboxy groups [46]. The ion repulsion between dissociated
carboxy groups in HA molecules binding to the quaternized cellulose beads and ones
of HA molecules present in the outer solution probably inhibits the adsorption of HA
molecules [47]. In addition, hydroxide ions added in the HA solution to adjust the pH
value are a competition ion of carboxy ions. Therefore, the increase in the concentration
of hydroxide ions also leads to the decrease in the adsorption capacity in the range of pH
values higher than 7. As a whole, the multiple involvement of the above-mentioned factors
results in the decrease in the adsorption capacity [48].

3.4.3. The Content of Quaternary Ammonium Groups

At 25 °C, 10 mg of quaternized cellulose beads with different contents of quaternary
ammonium groups were added to HA solutions of pH 3.0 and 6.0. Figure 7 shows the
changes in the adsorption capacity and removal % value with the content of quaternary
ammonium groups. The adsorption capacity increased with an increase in the content
of quaternary ammonium groups and the adsorption capacity at pH 3.0 was higher than
that at pH 6.0 irrespective of the content of quaternary ammonium groups. In particular,
at pH 6.0, the adsorption capacity was directly proportional to the content of quaternary
ammonium groups below 0.231 mmol/g, and then deviated from the straight line at further
increased contents of quaternary ammonium groups. In addition, the adsorption capacity of
0.036 was obtained at pH 3.0 for the untreated cellulose beads. This suggests that hydrogen
bonding between undissociated carboxy or phenolic hydroxy groups of a HA molecule
and alcoholic hydroxy groups of cellulose beads or generated through the addition reaction
with GTMAC would have also been involved in adsorption of HA. The removal % value
went up to 86.1% at pH 3.0 and 61.7% at pH 6.0 for the quaternized cellulose beads with
0.524 mmol/g.
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Figure 7. Changes in the adsorption capacity and removal % value with the content of quaternary
ammonium groups at pH 3.0 (O) and 6.0 (A).

3.4.4. The Dose of Quaternized Cellulose Beads

Different doses of quaternized cellulose beads with 0.231 mmol/g were added to HA
solutions to increase the removal of HA. Figure 8 shows the changes in the adsorption
capacity and removal % value with the dose of quaternized cellulose beads at pH 3.0 and
6.0. The adsorption capacity decreased and the removal % value increased with the increase
in the dose of quaternized cellulose beads at pH 3.0. On the other hand, at pH 6.0, the
removal % value was directly proportional to the dose of quaternized cellulose beads, and
the adsorption capacity was constant in the range below 20 mg (dose = 0.40 g/L), and
then the adsorption capacity gradually decreased at further increased doses of quaternized
cellulose beads. This would have been caused mainly by the fact that HA adsorption
progressively occurred, and the HA concentration sharply decreased. The removal % value
reached over 90% by addition of 30 mg (dose = 0.60 g/L) at pH 3.0 and by addition of
40 mg (dose = 0.80 g/L) at pH 6.0. This indicates that HA was highly removed from the
outer solution through the adsorption process.
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Figure 8. Changes in the adsorption capacity (open) and removal % value (filled) with the dose of
quaternized cellulose beads at pH 3.0 (O,e) and 6.0 (A,A).

3.4.5. Kinetic Analysis

The kinetic parameters calculated by the pseudo first-order and second-order equa-
tions were summarized in Table 2 for HA adsorption on the quaternized cellulose beads
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with 0.231 mmol/g at pH 3.0, 6.0, and 9.0 as typical results. A typical example of the
kinetic analysis is shown in Figure S4. The kinetic data fit to the pseudo-first order model
only for initial short immersion times, although the theoretically estimated values of the
adsorption capacity obtained from the intercept were close to the experimental values. On
the other hand, the adsorption processes followed the pseudo-second order model with
correlation coefficients higher than 0.99 for 7-8 h and the theoretically estimated values of
the adsorption capacity obtained from the slope were quite close to the experimental values
with the small relative errors. As shown in Figure 9, the k, value gradually increased with
an increase in the pH value and had the maximum value at pH 6-7. The increase in k, value
is attributed to the fact that although the adsorption capacity decreased with an increase in
the pH value as shown in Figure 5, the rate of adsorption was higher at higher pH values.
The time course of HA adsorption at pH 3 and 6 is shown in Figure S5. However, at further
increased pH values, the increase in the hydroxy ion concentration resulted in the decrease
in the rate of adsorption and adsorption capacity. As compared with the results shown
in Figure 6, the pH value also influenced the k; value, although it was to a much lesser
extent than the temperature. To be specific, the adsorption of HA occurred through the
electrostatic interaction of a quaternary ammonium group introduced to the cellulose beads
with a dissociated carboxy group affixed to a HA molecule as shown in Scheme 2.

Table 2. The kinetic parameters calculated by the pseudo first-order and second-order equations for
the quaternized cellulose beads with 0.231 mmol/g at pH 3.0, 6.0 and 9.0.

pH Qexp Qcal Relative Error ki r Time Range
(g/g) (g/g) (%) (1/h) (=) (min)
3 0.359 0.35 —2.36 1.667 0.9088 5
6 0.195 0.192 —1.49 0.504 0.9952 40
9 0.195 0.187 —4.09 1.253 0.9938 5
pH Qexp Qcal Relative Error ko r Time Range
(g/g) (g/g) (%) (g/g-h) (=) (h)
3 0.359 0.355 —1.14 2.288 0.9988 7
6 0.195 0.194 —0.55 3.072 0.9996 8
9 0.195 0.199 1.99 2.943 0.995 7
10
8
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Figure 9. Change in the k; value with the initial pH value for the quaternized cellulose beads with
0.231 mmol/g.

3.4.6. Analysis by Langmuir and Freundlich Adsorption Isotherms

On the basis of the fact that HA adsorption fit to the pseudo-second order model, the
adsorption capacity at different concentrations was analyzed by the isotherms to provide
the qualitative information. The adsorption capacity was determined in the range of the
initial HA concentrations of 0.060-0.150 mg/L at pH 3.0 and 6.0 for the quaternized cellulose
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beads with 0.231 mmol/g and applied to Langmuir and Freundlich isotherm models [28,31].
The Langmuir and Freundlich parameters are summarized in Table 3. Figure S6 shows the
linear forms of (a) Langmuir and (b) Freundlich isotherms. The Langmuir isotherm model
fit better with a little higher regression coefficient than the Freundlich isotherm model. The
fit to Langmuir isotherm indicates that the HA adsorption will proceed with an assumption
of a 1:1 ratio between an active site, a quaternary ammonium group, and a dissociated
carboxy group of a HA molecule as adsorbate. The calculated Qmax values in Table 3 were
much higher than the experimental Qeq values shown in Figure 5, which suggests that
the quaternized cellulose beads prepared in this study have a high potential to adsorb
HA molecules. The calculated Qmax value at pH 3.0 was higher than that at pH 6.0. This
suggests that the decrease in the adsorption capacity would have been caused mainly by
the ionic repulsion between HA molecules and the accompanying increase in the size of
HA molecules. In addition, the Ky, value at pH 3.0 was higher than that at pH 6.0. Since the
Langmuir constant is a measure of the affinity of an adsorbate to an adsorption site, the
Ky, value at pH 3.0 also supports successful adsorption of HA on the quaternized cellulose
beads at this pH value.

Table 3. The Langmuir and Freundlich parameters for HA adsorption on the quaternized cellulose
beads with 0.231 mmol/g at pH 3.0 and 6.0.

Langmuir Isotherm

Freundlich Isotherm

pH3.0 pH 6.0 pH 3.0 pH 6.0
Qmax (8/8) 0.775 0.378 n 1.86 217
K (dm®/mg) 0.0313 0.0174 (mg/g) /I(<§m3 Jmg)l/n 0.0548 0.0288

2 0.9895 0.9996 2 0.9866 0.9925

3.5. Comparison with Other Adsorbents

The adsorption capacities obtained by other adsorbents for HA removal were sum-
marized in Table 4 to compare with ours [2,3,24,26,42,49-56]. However, we should bear in
mind in advance that it is difficult to directly compare our adsorption capacity with others,
since the experimental conditions, such as the initial pH value, temperature, concentration
and volume of HA solution, and dose of adsorbent, vary from article to article. However,
it was found that among articles on polymeric adsorbent used for removal of HA, the
adsorption capacity obtained in this study was considerably higher than those of other
adsorbents, which should be specially mentioned. This emphasizes that the quaternized
cellulose beads prepared in this study have a high potentiality as an adsorbent for removal
of HA.

Table 4. The comparison with HA adsorption capacities of adsorbents reported in other articles.

Adsorbent pH Temp. HA Conc. Dose Q Ref.
(W) (mg/L) (g/L) (mg/g)

quaternized cellulose beads 3.0 25 100 0.20 359 this study
cetylpyridium bromide modified zeolite 7.5 30 60 0.40 92 [2]
amine-modified PAAM-bentonite composite 6 50 167.5 2.00 82.6 [3]
quaternized cellulose fibers 6 room temp. 500 0.50 310 [24]
magnetic Fe304@SiO,-PANI particle 6 25 41.85 0.50 36.36 [26]
PEI-modified fungal biomass 5 25 100 1.00 415 [42]
Fe;04@Na-BP-PEI particles 6.7 20 91 0.20 114 [49]
PDMAEMA /pumice stone hydrogel composite 4 20 50 0.50 59.72 [50]
amine-modified silica aerogel 5 35 250 1.00 236.4 [51]
PEI modified magnetic graphite 4 20 21 0.25 83.71 [52]
quaternized DMAEMA grafted cotton linter 6 30 800 1.00 333.3 [53]
PAAm/chitosan semi IPN hydrogel 7 25 80 0.50 148.7 [54]
chitosan/cellulose acetate-cellulose nanocrystal fibers 4.0 25 30 0.06 151.4 [55]

electrospun cellulose acetate/chitosan fibers 4.0 25 30 0.04 184.7 [56]
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3.6. Desorption

The economic feasibility of the adsorption process is dealt with the regeneration of
the used adsorbents in practical applications. The HA desorption was investigated by
immersing the quaternized cellulose beads with 0.231 mmol/g loaded with HA in NaOH
solutions at different concentrations at 25 °C. The quaternized cellulose beads had the
average amount of adsorbed HA of 0.166 (0.156-0.177) mg/g by immersing in the HA
solutions for 16 h at pH 6.0. Figure 10 shows the changes in the desorption % and desorption
time with the NaOH concentration at 25 °C. The desorption % value increased with an
increase in the NaOH concentration and HA was almost completely released from the
quaternized cellulose beads for 100 min and the quaternized cellulose beads were decolored
from deep green to white at 100 mM. In addition, when the NaOH concentration was
further increased, the desorption time was shortened. After the desorption, the quaternized
cellulose beads were treated with pH 3 HCl solution. Then, when immersed in a HA
solution at pH 6 again, the adsorbed amount of 0.168 mg/g was obtained. This value was
quite close to that of the first run (0.177 mg/g). These results indicate that the quaternized
cellulose beads were regenerated and could be reused for HA removal. The regeneration of
the used adsorbents is crucial for industrial and large-scale practical applications. This will
reduce the operational cost of the process as well as minimize the ecological risk factor, or
secondary pollution.

100 0— 200
80 _ 150 g
=) - (=]
z IR
3 60 s
z — 100 Z.
S 40 i g
a L b3
20 -1 50 E
ol 1 vy,

0 50 100 150 200
Concentration of NaOH (mM)

Figure 10. Changes in the desorption % value (O) and desorption time (A) with the concentration of
NaOH at 25 °C.

4. Conclusions

In this study, the cellulose beads were quaternized with GTMAC in the presence of
NaOH and the HA adsorption of the resulting quaternized cellulose beads was investigated
by varying the experimental conditions, such as the pH value, the temperature, the content
of quaternary ammonium groups, and the dose of quaternized cellulose beads. In addition,
the kinetic, isothermal, and thermodynamic properties of HA adsorption were analyzed
for their application as a promising adsorbent.

The content of quaternary ammonium groups was controlled with changing the
GTMAC concentration. The introduction of quaternary ammonium groups to the cellulose
beads was confirmed by FI-IR and XPS analysis and the content of quaternary ammonium
groups determined by the back titration with HCI increased to higher than 0.5 mmol/g.
The adsorption capacity of the quaternized cellulose beads increased with a decrease in
the pH value and the maximum adsorption capacity was obtained at pH 3.0. On the other
hand, although the adsorption capacity remained unchanged against the temperature, the
ky value obtained from the pseudo-second order equation increased with an increase in the
temperature. The kinetics of HA adsorption obeyed the pseudo-second order model and
the adsorption capacity at different concentrations was well described by the Langmuir
isotherm. These results emphasize that the HA adsorption will occur through the chemical
bonding (interaction) between adsorbates and functional groups on the surfaces of the
adsorbents, or the electrostatic interaction between a quaternary ammonium group on
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the quaternized cellulose beads and a dissociated carboxy group of a HA molecule. The
removal % value increased with the increase in the content of quaternary ammonium
groups and the dose of quaternized cellulose beads. The removal % value reached over 90%
by addition of 30 mg (dose = 0.60 g/L) at pH 3.0 and by addition of 40 mg (dose = 0.80 g/L)
at pH 6.0 for the quaternized cellulose beads with 0.231 mmol/g, indicating that HA
was almost completely removed from the aqueous medium. The adsorption capacity
obtained in this study was compatible to or higher than those of other articles. It should
be noted that the adsorbent with excellent adsorption performance for removal of HA
was constructed from porous cellulose beads through the quaternization. In addition, the
results obtained in this study demonstrated that the quaternized cellulose beads are an
effective and economically viable adsorbent for removal of HA. However, for practical
applications, further studies should be conducted in the mixed and multi-pollutants system
and in the presence of salt to satisfy the requirements of wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ physchem3010005/s1, Figure S1: The determination of the content
of quaternary ammonium groups by the back titration with HCI for the quaternized cellulose beads
with the content of quaternary ammonium groups of 0.231 mmol/g; Figure S2: The FI-IR spectra of
(a) the untreated cellulose beads and (b) the quaternized cellulose beads with 0.231 mmol/g. Figure
S3: The particle distributions of the untreated cellulose beads in the (a) dry and (b) water-swollen
states; Figure S4: The kinetic analysis of the time source of HA adsorption on the quaternized cellulose
beads at the content of quaternary ammonium groups of 0.231 mmol/g by the (a) pseudo first- and
(b) second-order equations; Figure S5: The time course of HA adsorption on the quaternized cellulose
beads at the content of quaternary ammonium groups of 0.231 mmol/g at pH 3.0 (O) and 6.0 (A);
Figure S6: The linear forms of (a) Langmuir and (b) Freundlich isotherms for the HA adsorption on
the quaternized cellulose beads at the content of quaternary ammonium groups of 0.231 mmol/g at
pH 3.0 (O) and 6.0 (A).
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