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Dissolution and Reaction Catalysis Strategy Using
Alkaline Solvent for Mild Fabrication of Chitin
Composite Hydrogel for Dye adsorption

Xiaoyu Chen,* and Zhen Mao

As the most abundant natural amino polysaccharide, chitin remains
among the least exploited polymers due to its poor solubility, which
restricts its research and utilization. In this study, a new chitin composite
hydrogel was prepared by a mild process at 25 °C within a short time. To
enhance the adsorption capacity, sodium carboxymethyl cellulose and
attapulgite were introduced into the structure of a hydrogel by chemical
reaction and physical interaction, respectively. Alkaline solution was used
as a solvent to dissolve chitin and used as a catalyst to accelerate the
cross-linking reaction between chitin and sodium carboxymethyl cellulose.
This solvent (8 wt% NaOH/6 wt% urea solution) has dual functions: to
dissolve chitin and to accelerate the cross-linking reaction of chitin with
carboxymethyl cellulose by epichlorohydrin. The cross-linking reaction
occurred at room temperature (25 °C) within a short time (4 h). Fourier
transform infrared spectroscopy (FTIR) indicated that chitin and sodium
carboxymethyl cellulose has been successfully cross-linked. X-ray
diffraction results showed that the cross-linked structure was amorphous
and that attapulgite kept its crystal structure in the hydrogel. Scanning
electron microscopy showed the coarse surface of composite hydrogel
with attapulgite. The adsorption capacity for methylene blue reached 167

mg gt.
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INTRODUCTION

As the most abundant amino polysaccharide, chitin exists in the shells of many
animals, such as shrimp, crab, and insects (Duan et al. 2018). Chitin is nontoxic, easy to
degrade (Maet al. 2020), and renewable, and it has good adsorption ability for dye or heavy
metal ions (Liao and Huang 2019; Mabel et al. 2019; Nguyen et al. 2019). These
advantageous characteristics make chitin a suitable material for usage in medicine and
functional materials. Similar to cellulose or lignocelluloses, chitin has a dense crystal
structure with extensive hydrogen bonds (Rujiravanit et al. 2020). These hydrogen bonds
prevent the dissolution of chitin in water, which greatly restrict its applications (Yang et
al. 2021). Thus, chitin has not been studied or used as extensively as cellulose, chitosan,
and alginate.

Main solvents that have been applied to dissolve chitin include LiClI/DMAc
solution, ionic liquids, CaCl2-:2H20 saturated methanol, deep eutectic solvents, mineral
acids, inorganic salt aqueous solutions, and aqueous alkali/urea solution. LiClI/DMAc
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solution has been shown to be a suitable organic solvent for the dissolution of chitin
(Truong et al. 2022). lonic liquids are organic salts in the liquid state at room temperature.
Deep eutectic solvents are composed of hydrogen bond acceptors and donors with lower
melting points compared to each constituent. Another organic solvent includes calcium
chloride dihydrate in methanol (CaCl2-MeOH). These organic solvents have disadvantages
including toxicity, strong volatility, high cost, difficult recovery, and low biodegradability.

Mineral acids such a HsPOas, H2SO4, and HCI with high concentration can dissolve
chitin. Aqueous solutions of certain inorganic salts that are capable of strong hydration,
such as LiSCN, Lil, LiBr, LiCl, Ca(SCN)z, Calz, CaBrz, CaClz, and Ca(NOz)2, also can be
used to dissolve chitin.

Alkaline solution is another important class of aqueous solvent. Alkaline solutions
tend to destroy the hydrogel bonds in cellulose and lignocellulose. For example,
NaOH/urea solution dissolves cellulose to prepare cellulose hydrogel, film, microspheres,
and fiber. The alkali molecules destroy the hydrogen bonds in cellulose, and urea prevents
the aggregation of cellulose chains.

Chitin could be dissolved in a concentrated NaOH solution mixing with ice.
NaOH/urea aqueous systems with freeze/thaw cycles have been used extensively to
dissolve chitin and to prepare various chitin materials. Chitin is dissolved in NaOH/urea
aqueous solutions by forming a hydrogen-bonded chitin/NaOH complex, which is
surrounded by the urea hydrates. This sheath-like structure leads to good solubilization of
chitin. Besides NaOH, LiOH and KOH have also been used for dissolving chitin (Xu et al.
2019; Huang et al. 2021). The alkaline solvents, especially NaOH/urea aqueous solution,
are a much safer and facile choice. Beyond its use as solvent to dissolve chitin, an alkaline
solvent can catalyze certain reactions between the solute molecules in the solution.
Recently, this solvent has been applied to dissolve chitin, enabling the production of chitin
materials such as spheres (Duan et al. 2015), film (Duan et al. 2013), and hydrogel (Tang
et al. 2012; Sharma et al. 2021).

Hydrogels have cross-linking polymeric network structure with hydrophilic groups
(Liao et al. 2022). For preparing hydrogel, alkaline solution is a solvent and a catalyst for
the reaction of some cross-linkers, such as epichlorohydrin (Chen and Hong 2022). This
catalytic effect allows the cross-linking reaction to occur in a mild way at room temperature.
Thus, it is possible to fabricate a hydrogel in room temperature. Such a temperature is
sometimes important for preparing hydrogel containing a bioactive component that would
have been destroyed by high temperature. Dissolution and reaction all happen in the same
alkaline solution. This strategy can be extended to other reactions catalyzed by alkaline
conditions for chitin, cellulose, or other natural polymers, but this preparation has not been
reported.

In this study, an alkaline based dissolution-catalysis strategy was used to prepare a
new chitin hydrogel for dye adsorption. Organic dyes such as methylene blue can be toxic
and have stable structures (Seera et al. 2021). Dye wastewater effluents cause serious
environmental problems (Liu et al. 2020), but hydrogels can adsorb large amounts of dye
from solution. To enhance the adsorption capacity of chitin hydrogel, sodium
carboxymethyl cellulose (CMC) and attapulgite were added to the chitin hydrogel. Sodium
carboxymethyl cellulose is a carboxymethyl derivative of cellulose (Yang et al. 2021) with
—COONa side chains. Attapulgite is a magnesium aluminum silicate with rod-like
morphology (Liu et al. 2011) and negative charge. Methylene blue (MB) was selected as
dye in this study.
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EXPERIMENTAL

Materials

NaOH, urea, methylene blue (methylthioninium chloride CisH1sNsSCI), and
epichlorohydrin were all analytical grade. Chitin was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Sodium carboxymethyl cellulose (CMC) was purchased
from Sinopharm Chemical Regent Co., Ltd. Attapulgite was produced by Jiangsu
dianjinshi Au soil Mining Industry Co., Ltd.

Preparation of Composite Hydrogel

Chitin (2 g) was immersed into 100 g of 8 wt% NaOH/6 wt% urea solution and
underwent freezing/thawing cycles until it was completely dissolved. CMC (2 g) was also
dissolved in this solvent (100 g) but at 25 °C. The two solutions were mixed together at a
certain weight ratio, with the addition of epichlorohydrin (14% weight ratio of above
mixture) as cross-linker. After incubating the mixture at 25 °C for 4 h, the chitin-CMC
hydrogel was formed. Residual NaOH and urea were removed by distilled water, and
finally, chitin hydrogels were freeze-dried. Chitin-CMC hydrogels were coded as C-0%,
C-16.7%, C-20%, C-25%, C-33.3%, and C-50% according to the weight percentage of
CMC solution. A certain amount attapulgite was added into C-50% before cross-linking to
prepare chitin composite hydrogels. Chitin composite hydrogels were coded as A-0.2%,
A-0.5%, A-1%, A-2%, A-5.7%, A-9%, A-12.3%, and A-16.7% according to the weight
percentage of attapulgite.

Characterization

Scanning electron microscopy (JSM-7800, JEOL, Shanghai, China), Fourier
transform infrared spectroscopy (FTIR) using a spectrometer (Thermo Fisher Nicolet iS10,
Nanjing, China), and wide-angle X-ray diffraction (XRD) (D8-Advance, Bruker, Nanjing,
China) were used to detect the surface morphology and structure of chitin composite
hydrogel(A-5.7%).

Water Uptake Ability and Dye Adsorption Capacity Measurement
Water uptake ratio (S) was calculated by Eq. 1,

_ Wt _Wo
Wo

S (1)
where W: is the sample weight after immersed in water 24 h, and Wo is the initial weight of
freeze-dried sample.

The adsorption capacity (Q) was calculated by Eqg. 2,
(G =ClV (2)

m

Q=

where Co (200 mg L) is the initial dye concentration, Ce is the dye concentration after
adsorption of 72 h at 25 °C, V (0.05L) is the methylene blue (MB) solution volume, and m
(0.1 g) is the mass of freeze dried sample.

To measure the effect of initial concentration of MB on adsorption capacity, the
adsorption capacity of A-5.7% in 100, 200, 300, 400, 500, and 600 mg L* MB solution
was measured.
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RESULTS AND DISCUSSION

Preparation of Composite Hydrogel

Chitin composite hydrogel was successfully fabricated by dissolution of chitin in
alkaline solvent and subsequently cross-linking of chitin and sodium carboxymethyl
cellulose catalyzed by same alkaline solvent. NaOH/urea solution as the alkaline solvent
was used to dissolve chitin by repeatedly freezing/thawing process to get a viscous solution.
Figure 1(a) shows a good dissolution of chitin, the solution of which climbs up the stirring
rod (Weissenberg effect). After dissolution, chitin and CMC were cross-linked with
epichlorohydrin in the same solvent via Williamson etherification and alkali-catalyzed
oxalkylation (Lin et al. 2017). The chlorine or epoxy group of epichlorohydrin mainly
reacted with the hydroxyl of chitin and CMC to form ether bonds. Both reactions need
alkaline conditions to enable catalysis. In NaOH/urea solution, the reaction occurred
without the addition of an extra base. As a result, chitin composite hydrogel easily formed
at room temperature in a short time, which was a mild method to fabricate chitin hydrogel

(Fig. 1(b)).

@) (b) ()

Fig. 1. (a) Dissolution of chitin in 8% NaOH/6% urea solution; (b) just prepared chitin composite
hydrogel; (c) freeze-dried chitin composite hydrogel
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Fig. 2. Schematic depiction of fabrication of composite hydrogel by dissolving and reaction
catalyzing strategy based on alkaline solvent
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Morphology and Structure

Sample C-50% exhibited the largest water uptake ratio among chitin-CMC
hydrogels. A-5.7% had larger adsorption capacity and medium attapulgite content, which
can represent other samples containing attapulgite. Freeze-dried chitin-CMC hydrogel C-
50% had a porous structure and smooth surface (Fig. 3A,B), which indicates a good
dissolution of chitin. Freeze-dried chitin composite hydrogel (A-5.7%) exhibited a coarse
surface with rod-like attapulgite (Fig. 3C-F).

\ - “
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Fig. 3. SEM photos of C-50% (A, B) and A-5.7% (C, D, E, F)

Figure 4(a) shows the FTIR spectra of chitin, CMC, C-50%, and A-5.7%. In C-
50%, the peaks at 1587 cm™* and 1418 cm™! indicate the stretching vibration of -COO" of
CMC. The peak at 1649 cm™* belongs to the amide band | of chitin; 2925 cm™ and 2877
cm™ belong to the stretch vibration of ~CH2—, which was strengthened by adding
epichlorohydrin through the cross-linking reaction. In A-5.7%, the peaks at 3611 cm™ and
3537 cm* belong to the stretching of hydroxyls, coordinate crystal water in attapulgite,
respectively.
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Fig. 4. (a) FTIR spectra of chitin, CMC, C-50%, and A-5.7%; (b) XRD spectra of attapulgite,
chitin, CMC, C-50%, and A-5.7%
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In Fig. 4(b) for attapulgite, peaks at 8.4, 13.8, 16.4, 19.8, 21.4, and 35.3° were
attributed to the (110), (200), (130), (040), (121), and (061) crystal faces of attapulgite
(Wang et al. 2014). The (110), (040), and (061) peaks also appear in A-5.7%, reflecting
the intact crystal structure of attapulgite in A-5.7%. Peaks of chitin at 9.3, 12.8, 19.3, 23.4,
and 26.4° were assigned to (020), (101), (110), (130), and (013), respectively (Cardenas et
al. 2004). These results indicated the crystalline structure of a-chitin (Cardenas et al. 2004).
There was no diffraction peaks in CMC and C-50% spectra. CMC is a semi-synthesized
derivative of cellulose and is amorphous. C-50% is a cross-linked structure of chitin and
CMC; the dissolution and cross-linking destroyed the crystalline structure of chitin, which
exists in an amorphous state.

Water Uptake Behavior and Dye Adsorption Capacity

Figure 5(a) shows water uptake ratio of hydrogels (without attapulgite). C-50%
exhibited the largest water uptake ratio. Compared with other hydrogels, C-50% had the
largest content of CMC. Sodium ions in CMC solution are easy to dissociate in solution.
Residues of —-COO" with negative charge repel each other through repulsive electrostatic
forces, which expands the network and increases the water uptake. The high content of
CMC enables more solution to enter the hydrogel and is beneficial for the adsorption of
dye.

Hydrogels are three-dimensional network structures that are able to retain large
amounts of water. Hydrogels can absorb water more than 20% of their dry weight, up to
thousands of times their dry weight (superabsorbent hydrogels). Hydrogels can be
classified on the basis of origin, composition, ionic charge, physical structure, or cross-
linking. On the basis of origin, natural hydrogels are prepared using natural polymers such
as alginate, cellulose, chitosan, and chitin, while synthetic hydrogels are of synthetic origin.
On the basis of nature of electric charge on the cross-linked chains, hydrogels are classified
into neutral (non-ionic) hydrogels, ionic hydrogels, ampholytic hydrogels. On the basis of
nature of cross-linking, hydrogels are of two types: physical hydrogels and chemical
hydrogels. Physical hydrogels are cross-linked by various physical processes such as
crystallization, hydrogen bonding, and hydrophobic interactions, whereas covalent cross-
linking is used to prepare chemical hydrogels. In this study, nature-based ionic hydrogel
specimens were prepared with chemical cross-linking.

Figure 5(b) shows that the adsorption capacities of composite hydrogel increased
to the highest value and then decreased with increased content of attapulgite. The
adsorption capacities of composite hydrogel were larger than for chitin hydrogel without
attapulgite.

Adding high adsorption ability clay into hydrogel to prepare composite hydrogel is
a common strategy to enhance the adsorption ability of hydrogel. Clays such as
montmorillonite (Shen et al. 2016), laponite (Mahdavinia and Karami 2015), and
attapulgite (Chen et al. 2019) have been incorporated in hydrogels to increase their
adsorption capacity. As a hydrated octahedral layered magnesium aluminum silicate,
attapulgite has a negative charge and can absorb cationic dyes such as methylene blue
through electrostatic attraction. A high content of attapulgite increases the adsorption sites
in the hydrogel, which increases its adsorption capacity. However, too much attapulgite
impedes the diffusion of MB solution into the inner part of the hydrogel, leading to
decreased adsorption capacity. A-0.5% (0.5% attapulgite content) had the largest
adsorption capacity.
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Fig. 5. (a) Water uptake ratio of hydrogels with different sodium carboxymethyl cellulose content;
(b) Adsorption capacities of chitin composite hydrogels with increased content of attapulgite in
200 mg g* methylene blue solution

The initial concentration of MB had a large effect on the adsorption capacity. With
the increase of initial concentration, Qe increased to 167 mg g* at 500 mg L and then it
remained constant (Fig. 6). The high MB concentration increased the diffusion of MB
molecules into the composite hydrogel, leading to the high adsorption capacity. Table 1
compares the adsorption capacity of this work with some reported adsorption material by
nature polymers.

200

0 100 200 300 400 500 600 700

Initial Methylene Blue Concentration (mg L)

Fig. 6. Effect of initial methylene blue concentration on the adsorption capacity of A-5.7%

Figure 7 illustrates the water uptake and adsorption behavior of chitin composite
hydrogel. When dried hydrogel is immersed into dye contaminated water, -COONa
groups in CMC are dissociated to negatively charged —COQO" groups, which repel each
other. This repulsion expands the network structure of the hydrogel via swelling; a large
amount of MB solution is taken into the hydrogel network. Positively charged MB
molecules interact with the negatively charged attapulgite, leading to the adsorption of MB
onto the composite hydrogel. The high swelling degree and more adsorption groups are
beneficial to the adsorption for dye molecules (Chen and Zhu 2019).
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Table 1. Comparison of Maximum Adsorption Capacities of Adsorbents for
Methylene Blue

Adsorption Materials Om/mg gt References
Mesoporous silica/calcium alginate beads 333.33 Boukoussa et al. (2021)
Modified cellulose nanocrystal IPN hydrogel 281.9 Zhang et al. (2021)
TiO2-embedded guar gum hydrogel 198.61 Santoso et al. (2021)
Activated carbon/waste cotton sheets 174.71 Wang et al. (2021)
Chitin/clay microspheres 156.7 Xu et al. (2018)
Xylan-gelatin cross-linked reusable hydrogel 155.7 Seera et al. (2021)
Starch based hydrogels 136.89 Hasan et al. (2022)
Chitin-sodium alginate composite hydrogel 116.6 Chen and Hong (2022)
m-PVA/CMC/cHSP 71.07 Wu et al. (2022)
Chitosan/AMPS/kaolinite composite hydrogels 52.9 Tasdelen et al. (2021)
Carboxymethyl cellulose hydrogel 343 Zhou et al. (2021)
nanosorbents )
Cellulose—attapulgite hydrogel 24.3 Chen et al. (2019)
Attapulgite 51 Al-Futaisi et al. (2007)
Chitin composite hydrogel 167 This work

methylene blue

water uptake .
repulsion between

-COO-

o
© water molecule

sodium carboxymethyl cellulose

Fig. 7. Water uptake and adsorption behavior of chitin composite hydrogel

CONCLUSIONS

1. A chitin composite hydrogel was successfully prepared by dissolving and reaction
catalyzing strategy based on alkaline solvent by chitin, sodium carboxymethyl cellulose,
and attapulgite. This cross-linking reaction is mild in 8%NaOH/6%urea solution.

2. Fourier transform infrared (FTIR) analysis confirmed the cross-linking reaction.
Scanning electron micrographs (SEM) showed a coarse surface of composite hydrogel
with rod-like attapulgite located on the surface.

3. Sodium carboxymethyl cellulose and attapulgite enhanced the adsorption capacity for
methylene blue by increasing water uptake and adsorption sites in hydrogel.
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