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pH-responsive Hydrogels of Carboxymethyl Cellulose
and Polyethyleneimine for Efficient Removal of lonic
Dye Molecules

Minjung Jung,? Jungkyu Kim,? Seungoh Jung,? YunJin Kim,? Junsik Bang,?
Hwanmyeong Yeo,*® In-Gyu Choi,*® and Hyo Won Kwak 2P*

A carboxymethyl cellulose (CMC)/polyethyleneimine (PEI) hybrid hydrogel
was successfully prepared under green processing conditions. The CMC
and PEI formed a polyelectrolyte complex, and the three-dimensional (3D)
network structure was hardened by chemical crosslinking, resulting in
suitable hydrogel properties. In the prepared CMC/PEI polyelectrolyte
hydrogel, the surface charge was easily switched according to the pH
change, and the resulting swelling and contraction was reversible. The pH
sensitivity of the CMC/PEI hydrogel was effective in removing ionic dye
contaminants, and as a result, it showed an excellent removal capacity of
319 mg/g for anionic acid orange (AO) and 129 mg/g for cationic
methylene blue (MB). In addition, the CMC/PEI polyelectrolyte hydrogel
maintained structural stability despite repeated changes in surface charge
characteristics and shrinkage-swelling due to repeated pH conversion. As
aresult, in the reuse process through repeated adsorption and desorption,
it showed an excellent reuse efficiency of more than 93% even after 10
reuse cycles.
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INTRODUCTION

A dye molecule is a specific compound used as a substance that binds to a selected
material to give it a specific color (Faria et al. 2004; Chang et al. 2020). Today, dye
molecules are widely used not only in the traditional textile and paper industry but also in
other industries, including materials, and the amount used is 50 million tons per year
(Hameed 2009; Salleh et al. 2011). However, in the general dyeing process, a large amount
of unreacted dyes that do not participate in the color expression of the material are
generated. In addition, waste dyes whose characteristic colors are damaged due to changes
in the physicochemical properties of dye molecules during the dyeing process are
continuously generated (Faria et al. 2004). In general, these unreacted and decomposed
dye molecules also exist in a dissolved form in water, and these contaminants are
collectively called dye wastewater (Wojnarovits and Takacs 2008; Gupta and Suhas 2009).

To purify dye wastewater, various environmental restoration processes have been
proposed and used in practice based on physics (Li et al. 2017b), chemistry (Natarajan et
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al. 2018), and biology (Aksu 2005). Physically, sedimentation, screening, filtration, and
membrane separation processes have been tried as aerobic or anaerobic processes, but the
slow purification rate has been a disadvantage. Chemically, there are chemical
precipitation, agglomeration, ion exchange, solvent substitution, and adsorption processes,
which generally boast high purification efficiency and faster speed than physico/biological
processes (Roa et al. 2021). In these chemical processes, adsorption is the most popular
water treatment process and has advantages such as simple operation, high process
efficiency, reusability of adsorbent materials, and non-generation of secondary pollutants
(Kim et al. 2021). In general, activated carbon has been used most widely in the practical
adsorption process thus far, but the use of petroleum-based carbon precursors and the high
energy required during the carbonization process inevitably cause an increase in economic
problems (Luo and Zhang 2009; Chong and Tam 2020). In addition, the use of
unformulated activated carbon powder makes it difficult to recover the adsorbent from
contaminated water after the process, so there is also difficulty in the regeneration and
reuse process (Mokhtar et al. 2020). Therefore, recently, there has been an explosive
increase in interest in the development of biopolymer-based high-performance adsorption
materials away from such activated carbon-based adsorption materials. In this regard,
research on the manufacturing process of micro/nano particles, fibers, macro beads, films,
and hydro or aerogels to have structural stability in agueous environments through polymer
processing has also been actively conducted (Dassanayake et al. 2021).

A hydrogel is a hydrophilic polymer in which individual polymer chains form a
specific three-dimensional (3D) dynamic water-swollen network structure to contain a
large amount of water molecules while maintaining the structure (Mahinroosta et al. 2018;
Van Tran et al. 2018; Kong et al. 2019). The gelation phenomenon, which means the
formation of a 3D network structure of a polymer, can occur in various ways through the
physical and chemical crosslinking process of natural and synthetic polymers
(Mohammadzadeh Pakdel and Peighambardoust 2018; Kordjazi et al. 2020). In general,
because these hydrogels are fabricated based on a solution process, they can be mass-
produced and do not require a separate coagulation bath, unlike particle production by wet
spinning and dripping processes (Ahmed 2015). In addition, the hydrophilicity of
hydrogels has the advantage of being able to easily prevent the diffusion of contaminants
in the water treatment process that occurs in other types of solid adsorption materials.

Recently, there has been increasing interest in smart hydrogels that have stimuli
sensitivity to various environments, such as temperature, light, electric field, pressure, COz,
and pH, by combining the functionalities of polymers that serve as a skeleton beyond the
simple functional properties of hydrogels (Zhu et al. 2018; Liu et al. 2020; Rungsima et al.
2020). In particular, in water treatment processes, pH-sensitive hydrogels can not only
provide convenience for desorption and reuse processes but also they can induce high-
performance adsorption processes based on strong interactions, including electrostatic
attraction with target contaminants, by easily converting the surface charge properties of
the adsorbent (Zhu et al. 2018; Monir et al. 2019).

In this study, a cellulose-based pH-sensitive smart hydrogel was prepared for the
efficient production of ionic dyes. Here, the pH sensitivity of the hydrogel means a fast
surface charge conversion in a specific pH environment. Through this, it is possible to
maximize the adsorption efficiency of the ionic dye having an opposite charge to the
hydrogel surface. At the same time, it is possible to provide a strong desorption driving
force for the dye molecules having the same charge as the hydrogel surface. To this end, a
polyelectrolyte complex was prepared using carboxymethyl cellulose (CMC), a
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representative anionic cellulose derivative, and polyethyleneimine (PEI), which is rich in
cationic amine groups (Hossieni-Aghdam et al. 2018; Zhang et al. 2018). CMC is a
cellulose derivative in which the hydroxyl group of cellulose is substituted with a
carboxymethyl group. Unlike cellulose, it is easily soluble in water and can be used to
manufacture hydrogels. Meanwhile, PEI is a representative cationic synthetic polymer
most often used in the surface modification process to improve the adsorption capacity of
the existing biopolymer-based adsorbent. The gelation behavior according to the ratio of
CMCI/PEI, the concentration of the crosslinking agent and the water stability of the
prepared hydrogel was investigated. The pH sensitivity of the prepared smart hydrogel was
confirmed by changing the zeta potential and swelling degree according to each pH
environment. Ultimately, the ionic dye removal properties of the prepared smart hydrogel
were evaluated by selecting cationic methylene blue (MB) and anionic acid orange (AO)
as model dye molecules and performing adsorption experiments.

EXPERIMENTAL

Materials

Carboxymethyl cellulose sodium salt (CMC, Extra Pure) and sodium hydroxide
(NaOH) were purchased from Junsei Chemical (Tokyo, Japan). Polyethyleneimine (PEl,
branched, Mw ~800 Daltons), epichlorohydrin (ECH, > 99%), methylene blue (MB), and
acid orange A (AO) were purchased from Sigma—Aldrich (Yongin, Korea). Hydrochloric
acid (HCI, 36.5 to 38.0%) was purchased from Alfa Aesar (Incheon, Korea).

Preparation of the CMC/PEI Hydrogel

First, to determine the optimal CMC/PEI blend ratio for hydrogel preparation,
CMC 2 wt% and PEI 2 wt% solutions were mixed in a 20 mL vial at a constant ratio (100:0,
75:25, 50:50, 25:75, or 0:0). Next, 62.5 pL of HCI was added and mixed. Various volumes
of ECH solution were used as a crosslinking agent, and hydrogel formation was confirmed
depending on the amount of the crosslinking agent (0%, 0.05%, 0.10%, 0.15%, or 0.20%).
After all the solvents were mixed, the reaction was completed in an oven at 65 °C for 1 h.
After the reaction finished, the hydrogel was washed with distilled water for one day to
remove residual acidic and/or unreacted substances.

Characterization of the CMC/PEI Hydrogel

Optical images of CMC/PEI hydrogels were obtained by digital photography
(iPhone 12, Apple Inc., Los Altos, CA, USA). The morphologies of the CMC/PEI hydrogel
were characterized using field-emission scanning electron microscopy (FE-SEM; SUPRA,
Carl Zeiss, Berlin, Germany). The ImageJ software was adopted to measure the pore size
distribution of prepared CMC/PEI hydrogels (ImageJ; Wayne Rasband, Bethesda, USA).
The chemical structures of the hydrogels were examined by Fourier transform infrared
spectroscopy (FTIR; Nicolet Summit FTIR Spectrometer, Thermo Fisher Scientific,
Waltham, MA, USA). Attenuated total reflection (ATR) mode was used for 64 scans with
4 cm? resolution to obtain a spectral range of 4000 to 700 cm™*. The chemical bonding
and elemental contents of the CMC/PEI hydrogels were analyzed with X-ray photoelectron
spectroscopy (XPS; Axis Supra, Kratos, UK) and an elemental analyzer (Vision-EA,
Isoprime, UK). Using a Zetasizer (Litesizer 500, Malvern, UK), the zeta potential of CMC,
PEI, and CMC/PEI hydrogels were investigated according to the pH of the solution.
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Swelling Property of the Hydrogel

To measure the swelling ratio, the hydrogels were immersed in 0.1 M HCI, distilled
water, and 0.1 M NaOH solution for 1 h. After immersion, the swelling ratio (SR) was
calculated by Eq. 1,

SR (g/g) = (Wi - Wo) / Wo (1)

where Wi is the weight (g) of the sample include all of the water in the system after
immersion and Wo is the dry weight (g) of the sample.

To measure the swelling reversibility, the hydrogels were sequentially immersed in
different pH solutions at 1 h intervals (pH 3, 7, and 10). After the swelling behavior of the
hydrogel reached a steady state, the swelling ratio was calculated by Eqg. 1.

Dye Adsorption Studies

The MB and AO dye removal experiments were conducted through batch
adsorption experiments. The adsorption experiment was performed via addition of 50 mg
of CMC/PEI hydrogel into a 70 mL vial, and 50 mL of MB and AO solutions with various
concentrations (50 to 300 mg/L) were added. Samples were taken at regular time intervals,
and the concentration of each dye molecule was measured using an ultraviolet—visible
(UV-vis) spectrometer (Optizen Pop, Mecasys, Korea) (MB: 665 nm, AO: 486 nm). The
MB and AO removal efficiency (%, ge) were calculated using Eq. 2,

Qe = (Co- Ce) / Co X100 (2

where Co is the initial concentration (mg/L) and Ce is the equilibrium concentration of the
dye solution (mg/L).

To analyze the effect of solution pH on the dye adsorption efficiency of the
CMC/PEI hydrogels, adsorption experiments were performed for various pH (3, 7, and 10)
conditions, which were controlled using 0.1 M HCI and 0.1 M NaOH solutions.

Adsorption Isotherm Studies

The relationship between CMC/PEI hydrogels and dye molecules was described
with Langmuir and Freundlich linear isotherm models, which are described by Egs. 3 and
4,

Ce/Qe=1/(KL x0m) + Ce/ gm 3)
Inge= 1/n x InCe + INKr (4)

where (e is the adsorption capacity of dye molecules at equilibrium (mg/g), gm is the
adsorption capacity of dye molecules at maximum (mg/g), Ce is the equilibrium
concentration of dye solution (mg/L), K. is the Langmuir adsorption constant (L/mg), and
Kk is the Freundlich capacity of the adsorbent (mg/g). 1/n is the heterogeneity factor of the
Freundlich model (mg/L).

Desorption and Reuse Experiment

Various desorption agents were tested to determine the optimal desorption and
regeneration conditions (distilled water, 0.1 M HCI, and 0.1 M NaOH). Prior to the
desorption experiments, CMC/PEI hydrogels were stirred in a 200 mg/L MB and AO
aqueous solution (150 rpm, room temperature, for 6 h). After the adsorption process, the
dye-adsorbed hydrogel was recovered and transferred to a 0.1 M HCI solution for MB and
a 0.1 M NaOH solution for AO, followed by a desorption process through stirring. To
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calculate the desorption efficiency, the concentration of the desorbed dye was analyzed via
UV-vis analysis. To study the recycling efficiency, 10 cycles of adsorption-desorption
experiments were performed. Adsorption and desorption experiments were performed
during a contact time of 6 h and a stirring speed of 180 rpm, respectively. After each
experimental cycle, the CMC/PEI hydrogel was washed 3 times with distilled water to
ensure conditioning for the next adsorption-desorption cycle.

RESULTS AND DISCUSSION

The formation of a polyelectrolyte complex is an effective way to increase the
interaction of polymer chains in a physically given space when forming a hydrogel. In
general, when solutions of a pair of polymer materials, one having negative ionic charges
and the other having positive charges are combined in the solution phase, a polyelectrolyte
complex is formed. Specifically, the distance between each polymer chain decreases due
to electrostatic attraction, and ultimately, an interpenetrating structure is formed. In
addition, by adding a suitable crosslinking agent to the already formed polymer electrolyte
composite, a hydrogel with improved structural stability can be fabricated (Liew and
Ramesh 2015; Li et al. 2017a). Figure 1(a). shows the results of the CMC/PEI solution
gelation experiment according to the CMC/PEI ratio and the concentration of ECH used as
a crosslinking agent. For the separate CMC and PEI solutions, the opacification
phenomenon does not occur because polyelectrolyte complexes are not formed. In addition,
the gelation phenomenon does not occur despite the increase in the crosslinking agent
concentration. In contrast, when CMC and PEI were both present, opacification occurred
regardless of the mixing ratio, which is clear evidence of the formation of a polyelectrolyte
complex. As the concentration of the crosslinking agent increased, a three-dimensional
hydrogel having a dense and stable network structure by covalent interchain bonding was
formed (Wang et al. 2021). This means that chemical crosslinking is essential for the
gelation of the CMC/PEI polyelectrolyte.

Hydrogels for use in water treatment processes must ensure structural stability
against process conditions, particularly external physical stimuli, such as stirring or
agitation (Ren et al. 2022). Figure 1(b). shows the shape of the CMC/PEI hydrogel that
was gelled, which was supported in distilled water and stirred at 180 rpm for 30 min. As
shown in Fig. 1(b), in all hydrogels except CMC:PEI = 50:50, 0.2% ECH, the hydrogel
structure collapsed due to physical stimulation. The mechanical properties of the CMC/PEI
hydrogel were affected by both the degree of polyelectrolyte formation and the chemical
covalent bond. Therefore, considering these results, CMC:PEI = 50:50, 0.2% ECH was
selected as the optimal processing condition, a hydrogel was prepared, and additional
physicochemical characterization of the hydrogel and dye removal experiments were
conducted.

To analyze the chemical properties of the prepared CMC/PEI polyelectrolyte
hydrogel, FTIR and XPS analyses were performed, and the results are shown in Figure.
2(a). The PEI exhibited a broad absorption band within the 3500 to 3200 cm™ region, which
can be attributed to the stretching vibrations of N-H. In addition, the characteristics of the
PEI chain were revealed through the presence of -CH:z and -CH stretching vibrations and
N-H bending characteristic peaks at 2940, 2810, and 1450 cm™, respectively (Song et al.
2019). Inthe FTIR spectrum of CMC, a broad peak of 3500 to 3000 cm™ was also observed,
which is attributed to the O-H stretching vibration (Sun et al. 2014; Guo et al. 2019; Kim
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etal. 2022). Additionally, two strong absorption bands were observed at 1600 and 1420 cm”
! attributed to the asymmetric and symmetric stretching of COO", respectively (Yang et al.
2011; Choi et al. 2018).

(b)

Fig. 1. Optical images of solution gelation experiment according to different CMC/PEI and ECH
ratio (a) Gelation behavior according to the CMC/PEI ratio: and crosslinker concentration; (b)
Stability evaluation result of the CMC/PEI hydrogel in an aquatic environment

Meanwhile, for the prepared CMC/PEI polyelectrolyte hydrogel, the peak in the
3500 to 3000 cm* region was further broadened because the N-H and O-H groups coexist
and form numerous hydrogen bonds. Meanwhile, the intensity of peaks corresponding to
the most characteristic functional groups of PEl and CMC, N-H, and COO", decreased.
This means that both the amine of PEI and the carboxyl group of CMC participate in the
covalent bond formation of the crosslinking agent ECH. The formation of such a covalent
bond can also be confirmed through the absence of a general peak of the epoxy group at
1250 or 910 cm™ (Yang et al. 2011). In general, the easiest way to prove PEI surface
modification of polysaccharide-based polymer materials is to detect nitrogen atoms present
in PEL. To confirm the PEI present in the CMC/PEI polyelectrolyte hydrogel, C, N, and H
elemental analysis using the dynamic flash combustion method was performed, and the
results are shown in Fig. 2(b). Because this method cannot measure the oxygen content,
CMC consists of 87% carbon and 13% hydrogen. However, the CMC/PEI polyelectrolyte
hydrogel showed a nitrogen content of 9%, confirming the successful preparation of the
CMC/PEI polyelectrolyte hydrogel. The existence of these nitrogen atoms can also be
confirmed through CMC/PEI hydrogel surface analysis through XPS. Figure 2(c) shows
the results of the XPS full scan survey, and a signal in the 406 to 394 eV range
corresponding to nitrogen can be clearly seen. This was not present in CMC, and it was
observed only in CMC/PEI. The functional groups of the CMC/PEI polyelectrolyte
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hydrogel surface were analyzed through high-resolution C 1s and N 1s spectral
interpretation, and the results are shown in Fig. 2(d). It can be seen from the C 1s spectra
that the CMC/PEI polyelectrolyte hydrogel is composed of C-C/C-H, C-O/C-N, C=0, and
O-C-0 groups. Among them, the peak at 285.7 eV corresponding to C-O and C-N is due
to the characteristic binding present in the main chains of cellulose and PELI. In addition,
the C=0 bond at 286.7 eV is due to the carboxyl group of CMC, and through this, the
generation of COO upon pH change is expected. In addition, according to the N 1s spectra,
the surface of the CMC/PEI polyelectrolyte hydrogel is composed of amines and imines.
In particular, for NHz, which is a primary amine, the ionic species NHs" is formed by the
pH change, thereby exhibiting a cationic surface charge (Choi et al. 2018).
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Fig. 2. Chemical properties of the CMC/PEI hydrogel: (a) FTIR spectra; (b) Elemental composition
of CMC and CMC/PEI hydrogel; (c) Full scan XPS spectra of CMC and CMC/PEI hydrogel,
(d) high-resolution C 1s and N 1s spectra of CMC/PEI hydrogel

To investigate the morphology of the prepared CMC/PEI polyelectrolyte hydrogel,
freeze-drying was performed, followed by FE-SEM analysis, and the obtained images are
shown in Figs. 3(a, b). The pore size distribution of the CMC/PEI hydrogel is shown in
Fig. 3(c). The freeze-dried CMC/PEI polyelectrolyte hydrogel exhibited a 3D network
microstructure with macroscale pores ranging from 2 to 10 um. The high-resolution image
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shows that open pores and closed pores coexisted. In general, for a hydrogel polymer
formed by a single mechanism, such as physical entanglement of polymer chains or
formation of a network structure by chemical covalent bonding, it will have a uniform pore
structure (Nele et al. 2020). However, in the case of the CMC/PEI hydrogel, pores of a
wider range were expressed, which can be attributed to a 3D network structure
simultaneously involving the formation of a polyelectrolyte complex by electrostatic
attraction and covalent chemical bonding by ECH (YYang et al. 2011). In more detail,
because the hydroxyl group of CMC and the amine group of PEI can both become reaction
sites with ECH, the formation of such a chemical network structure can help the formation
of the structure of the CMC/PEI polyelectrolyte. A formation mechanism of the CMC/PEI
hydrogel is proposed in Fig. 3(d).
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Fig. 3. (a, b) FE-SEM images of the CMC/PEI hydrogel; (c) Pore size distribution of the CMC/PEI
hydrogel; (d) Formation mechanism of the CMC/PEI hydrogel

The pH response and durability of the prepared CMC/PEI polyelectrolyte hydrogel
were evaluated through zeta potential, swelling, and continuous pH conversion
experiments in Fig. 4. In the zeta potential measurement results shown in Fig. 4(a)., CMC,
the raw material, showed a negative charge, and PEl showed a positive charge,
respectively, at the pH values of 3, 5, 7, 10, and 12. This is because the carboxy group of
CMC and the amine group of PEI can be charged with COO™ and NHs", respectively, by
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deprotonation and protonation behavior depending on the pH environment (Song et al.
2019). In contrast, the CMC/PEI polyelectrolyte hydrogel showed a positive charge of
+32.8 mV at pH 3, which is an acidic condition. Meanwhile, at pH 7, a neutral condition,
+1.3 mV was exhibited, converging on the surface net charge of the hydrogel. In addition,
at pH 10, which is a basic condition, a negative value of -28.9 mV was shown, confirming
the anionic properties of the hydrogel surface. The pH sensitivity of the CMC/PEI
polyelectrolyte is because, in a neutral condition, a balance of the net charge of the carboxy
group and the amine group is maintained, but when placed in an acidic or basic
environment, NHs™ and COO" are predominantly charged, respectively (Song et al. 2019).
Figure 4(b). shows the pH-responsive swelling behavior of the CMC/PEI polyelectrolyte
hydrogels at various pH values (distilled water, 0.1 M HCI, 0.1 M NaOH). The swelling
ratio of CMC/PEI was high in 0.1 M HCI (17.7 g/g) and 0.1 M NaOH (25.9 g/g), while it
was low at distilled water conditions (8.6 g/g). This pH-specific swelling behavior is
possible because the carboxylic acid and amine groups in the hydrogel structure have
different surface charges, depending on the pH environment (Song et al. 2019). When the
pH is lower than 7, the carboxyl groups in the CMC units in the CMC/PEI polyelectrolyte
are protonated in an acidic environment, thus weakening the electrostatic interaction.
However, the amine group included in PEI is protonated to increase the repulsive force
between the polymer chains, and this repulsive force dominates the swelling process,
expanding the intramolecular space of the hydrogel and allowing more water molecules to
penetrate the hydrogel. In contrast, in an environment close to pH 7, both the protonation
tendency of the amine group and the deprotonation tendency of the carboxy group decrease
so that the average net charge is close to neutral. As the electrostatic repulsive force
between each CMC, PEI, and CMC/PEI polymer chain is minimized, it has a dense
structure of hydrogel network structure and thus has a low swelling degree. Finally, under
basic conditions with a pH value greater than pH 7, the amine groups of PEI mainly are
present in the protonated form NH2, and the CMC carboxylic acid groups become
negatively charged after deprotonation. At this time, the repulsive force between negative
charges (COQ") begins to play a major role in expanding the hydrogel network structure,
and as a result, the hydrogel can absorb more water molecules and increase the swelling
rate. The expansion and water absorption characteristics of such a pH-sensitive polymer
network structure are clearly shown not only in the microenvironment but also in the
change in the bulk structure (Song et al. 2019). Figure 4(c). shows the change in the volume
expansion degree and images of the CMC/PEI polyelectrolyte under each pH condition.
As shown in the Fig. 4(d)., the hydrogel exhibited the smallest volume under the distilled
water condition because the dense polyelectrolyte-based 3D network structure is
expressed. In contrast, under the conditions of 0.1 M HCI and 0.1 M NaOH, volume
expansion of the hydrogel clearly occurred and tended to coincide with the swelling degree
value. This volume expansion is a phenomenon caused by the simultaneous expression of
water absorption and distance expansion of the polymer 3D network structure.

In terms of the desorption and reuse of contaminants in the water treatment process
using the actual stimulus-sensitive hydrogel, it is important to ensure the durability of the
response to the constant stimulation of the pH-sensitive hydrogel (Abdel-Halim and Al-
Deyab 2011). Considering the pH environment of dye-contaminated wastewater, to study
the swelling reversibility of the CMC/PEI polyelectrolyte hydrogel, sequential immersion
at pH 3, 7, and 10 was repeated to observe the change in swelling degree according to pH
dependence. As shown in Fig. 4(e), pH 7 of the solution showed the lowest degree of
swelling, whereas pH 3 and 10 showed excellent swelling behavior of 8 g/g or more. In
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addition, the degree of swelling continuously and sensitively responded to changes in the
pH environment. This means that the carboxylic acid and amine groups of CMC/PEI can
be rapidly protonated and deprotonated, and the expansion and contraction of the 3D
network structure can be reversible. As a result, it was confirmed that the water absorption
behavior of the CMC/PEI hydrogel can also repeatedly maintain pH reactivity.
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Fig. 4. (a) Zeta potential results of CMC, PEI, and CMC/PEI hydrogel; (b) Swelling ratio, (c) Swelling
volume comparison, and (d) Optical image of hydrogels after swelling in 0.1 M HCI, distilled water,
0.1 M NaOH solution; (e) Swelling reversibility of CMC/PEI hydrogel

To confirm the correlation between the pH-sensitive properties of the CMC/PEI
hydrogel and the actual dye removal properties, MB and AO were selected as
representative cationic and anionic model dyes, respectively, and the adsorption efficiency
for each pH was evaluated (Ghariani et al. 2019; Naresh Yadav et al. 2021). Figure 5 shows
the results of the adsorption efficiency for each dye of the CMC/PEI hydrogel at pH 3, 7,
and 10. The AO adsorption showed an excellent adsorption efficiency of 99% at pH 3,
which is an acidic condition, and the adsorption efficiency tended to decrease as the pH
increased to neutrality and basicity. Conversely, cationic MB showed the highest
adsorption efficiency of 65% at a basic pH of 10, and the efficiency gradually decreased as
the pH decreased. The reason that the adsorption efficiency of the ionic dye varies
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according to the pH conditions is that the charge characteristics of the hydrogel surface are
converted according to the pH conditions. That is, under acidic conditions, cationization
by amines is dominant. By contrast under basic conditions, anionization by carboxylic acid
groups prevails. Accordingly, the adsorption efficiency of each ionic dye is greatly
affected. The reason that the adsorption efficiencies of anionic AO and cationic MB
differed under each optimal condition can be attributed to the fact that the amount of amine
groups in CMC/PEI was somewhat higher than that of carboxylic acids.

1001 w® —®—AO0
—s—MB

80 -

o : }
o :

Removal efficiency (%)

Fig. 5. Effects of pH on the adsorption of MB and AO dyes onto the CMC/PEI hydrogel (Co = 100
mg/L; contact time: 6 h; mass of CMC/PEI hydrogel = 200 mg; temperature: room temperature)

Figure 6 shows the change in the adsorption capacity of the CMC/PEI
polyelectrolyte hydrogel according to the concentration and stirring time of the dye to
investigate the adsorption performance of each ionic dye and its mechanism. As shown in
the Figs. 6(a,d), regardless of the ionic characteristics of the dye molecules, the adsorption
capacity of each dye molecule increased as the initial dye concentration increased. This is
because as the concentration of the adsorbate increases, the interaction between the
adsorbate and the adsorbent surface could be favored. However, the further increment of
increase decreased due to the equilibrium and saturation of the surface adsorption process.
When the concentration increases above a certain point, the increase in the adsorption
capacity decreases because equilibrium occurs due to the saturation of the surface
adsorption site. AO showed an excellent adsorption capacity of 60 to 180 mg/g in the
concentration range of 100 to 300 mg/L, whereas MB showed a relatively low adsorption
capacity of 16 to 92 mg/g in the range of 20 to 150 mg/L. This is consistent with the
previous results of dye adsorption efficiency according to pH, and it is because the
CMCI/PEI polyelectrolyte complex has an abundance of amine groups that can be relatively
protonated (Song et al. 2019). In contrast, the relatively low MB removal efficiency was
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attributed to the presence of fewer carboxylic acid groups, the main adsorption sites of
cationic MB, than the amine groups of PEI in the CMC/PEI polyelectrolyte complex. This
has an influence on the low DS (~1.0) of CMC used for hydrogel preparation.
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Fig. 6. (a) Equilibrium adsorption capacity, (b) Langmuir linear plot, and (c) Freundlich linear plot
of AO adsorption; (d) Equilibrium adsorption capacity, (e) Langmuir linear plot, and (f) Freundlich
linear plot of MB adsorption

The fitting of the experimental results using the isothermal adsorption model and
the interpretation of the results provide useful information for the relative evaluation of the
adsorption performance of the prepared adsorption material and for understanding its
adsorption mechanism. The linear fitting process was performed by applying the Langmuir
and Freundlich models, which are representative isothermal adsorption models, to the
results of the change in adsorption capacity according to the concentration, and the results
are shown in Figs. 6(b, c, e, and f). (Kwak et al. 2015; Duman et al. 2020).

As shown in Tables 1 and 2, both AO and MB showed higher R? values for the
Langmuir model than for the Freundlich model.

However, the Freundlich model also showed a high R? value of 0.9 or more. The
gm Vvalue in the Langmuir model refers to the maximum monolayer adsorption capacity and
is a factor mainly used to evaluate the capacity of the manufactured adsorbent material
(Zhai et al. 2019; Beh et al. 2020). The gm value of AO was 319 mg/g, which means that
the CMC/PEI hydrogel has excellent adsorption capacity for anionic dyes. In contrast, the
gm of cationic MB was lower (129 mg/g). In principle, it is expected that the value would
be increased by the additional introduction of an anion functional group or the use of CMC
with high DS. In the bioremediation process, in particular with adsorption as the main
mechanism, desorption and reuse efficiency are important factors in the design of an
efficient contaminant removal process and its long-term operation.
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Table 1. Langmuir and Freundlich Isotherm Parameters of AO Adsorption on
CMC/PEI Hydrogels

Langmuir Isotherm Value Freundlich Isotherm Value
R? 0.979 R? 0.959

gm (Mg/g) 319.49 Kr (mg/g) 13.749
Ki(L/mg, 0.0074 1/n (mg/L) 0.500

Table 2. Langmuir and Freundlich Isotherm Parameters of MB Adsorption on
CMC/PEI Hydrogels

Langmuir Isotherm Value Freundlich Isotherm Value
R? 0.934 R? 0.901

gm (Mmg/g) 129.36 Kt (mg/g) 8.497
Ki(L/mg 0.0401 1/n (mg/L) 0.614

In general, desorption of contaminants can be implemented by using a desorbent
that interacts more strongly with contaminants or by blocking the main interaction between
the adsorbent and contaminants (Yu et al. 2010). As mentioned above, the main adsorption
mechanism of the CMC/PEI polyelectrolyte complex hydrogel and ionic dye was
electrostatic attraction, and thus, the pH in the solution had a great effect on the overall
adsorption efficiency. Therefore, in this study, desorption was performed under acidic
conditions (0.1 M HCI) for cationic MB and basic (0.1 M NaOH) conditions for anionic
AO, and the desorption efficiency is shown in Fig. 7(a).
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Fig. 7. (a) Desorption efficiency (b) Optical image of CMC/PEI hydrogel after adsorption and
desorption (c) Removal efficiency of CMC/PEI hydrogel according to reuse cycle of MB and AO

(Co = 100 mg/L; contact time: 6 h; mass of CMC/PEI hydrogel = 200 mg; temperature: room
temperature)
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Both MB and AO present on the surface and inside of the CMC/PEI hydrogel
showed excellent desorption efficiency of over 93% under each desorption condition,
which means that pH shifting can be effectively used for desorption of ionic dyes. As
shown in Fig. 7(b), when CMC/PEI adsorbed each ionic dye, the color of the hydrogel
appeared to adsorb each dye molecule, and after desorption, the color of the hydrogel
returned to that of the original hydrogel. In addition, physical dimension changes or
mechanical destruction of the hydrogel were not observed even after adsorption and
desorption. This means that the CMC/PEI hydrogel maintains structural stability in the
extreme physicochemical environment of the swelling and contraction process according
to the pH change and the surface adsorption-diffusion-desorption of the dye pollutant
(Song et al. 2019). To evaluate the reuse efficiency of the CMC/PEI hydrogel, repeated
adsorption/desorption experiments were performed for each dye of AO and MB, and the
results are shown in Fig. 7(c). The reuse efficiency of the CMC/PEI hydrogel gradually
decreased as the number of reuses increased. Nevertheless, it showed an excellent reuse
efficiency of 95% or more for AO or more than 93% for MB compared to the initial
adsorption efficiency even after 10 reuses. This is because the conversion of the surface
charge of the CMC/PEI polyelectrolyte according to the pH change and the conversion of
the physical hydrogel network structure by the resulting contraction and expansion are
stably and reversibly driven. This confirms that the CMC/PEI polyelectrolyte complex
hydrogel can serve as an effective biosorbent for the sustainable removal of dye substances,
especially ionic dye molecules.

CONCLUSIONS

1. Inthiswork, a carboxymethylcellulose/polyethyleneimine (CMC/PEI) polyelectrolyte-
complex pH-sensitive smart hydrogel was prepared and applied to the ionic dye
removal process. A crosslinking agent (epichlorohydrin) was used to achieve a
hydrogel structure capable of maintaining its integrity over a very wide range of pH
conditions.

2. The carboxylic acid of CMC and the amine of PEI were the main pH-sensitive sites,
and protonation and deprotonation of functional groups according to the pH
environment could reversibly implement the hydrogel surface charge and consequent
swelling-shrinkage of the hydrogel.

3. pH-sensitive surface charge conversion behavior of CMC/PEI hydrogel strongly
induced electrostatic interactions with ionic dye molecules having opposite charges.

4. The adsorbed ionic dyes were easily desorbed through a simple pH conversion process,
and as a result, an excellent reuse efficiency of 95% or more was maintained without
structural destruction of the hydrogel even after repeated 10 reuse cycles.
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