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A pH-sensitive Xylan-based Superabsorbent Hydrogel
for the Removal of Methylene Blue from Water
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Ting Wu 2°

A novel porous xylan-based hydrogel was prepared using methacrylated
xylan and acrylic acid via free radical polymerization. The structure,
morphology, and thermal stability of the hydrogel were characterized using
Fourier transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), and thermogravimetric analysis (TGA). The pH value
had an important effect on the swelling and dye-adsorption properties of
the hydrogel. When methylene blue was used as a dye model, the dye
adsorption of the hydrogel followed the Langmuir isotherm model and
pseudo-second order kinetic model. The calculated maximum adsorption
capacity reached 4720 mg/g. Besides, the hydrogel retained about 90%
of its adsorptive capacity even after 4 cycles of usage. Therefore, the
xylan-based hydrogel presented excellent dye adsorption performance
and could be a promising superabsorbent for wastewater treatment.
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INTRODUCTION

With rapid economic growth and increased industrialization, water contamination
by organic dyes has become a serious environmental issue and has caused widespread
concern (Kumari et al. 2016). Colored industrial effluents can be highly toxic and
carcinogenic, thus causing a great danger to living organisms. Because of the complex
chemical structure, high hydrophilicity, and stability, the organic dye effluents pose
difficulties for wastewater treatment (Mohammed et al. 2015). Many technologies have
been used to treat colored wastewater, including coagulation and flocculation, oxidation,
adsorption, membrane separation, and electro-coagulation methods (Wang et al. 2013;
Katheresan et al. 2018; Li et al. 2019). Among these, the adsorption method is regarded as
one of the most attractive processes because of its easy operation and high removal
efficiency (Tang et al. 2013). It is crucial to develop high performance adsorbents for
removing the pollutants. Recently, special attention has been paid to adsorbents based on
natural polymers, such as cellulose, chitosan, and starch (Gomes et al. 2015; de Azevedo
et al. 2017; Dai et al. 2018; Melo et al. 2018). Meanwhile, natural polymers contain
abundant functional groups, which are of importance for the removal of organic dyes (Zhou
etal. 2011; Yu et al. 2018).

Hemicellulose is one of the most abundant renewable polysaccharides found in
nature. Hemicellulose-based adsorbents have been widely used to remove organic dyes
from aqueous systems (Zhang et al. 2014; Song et al. 2016). Cheng et al. (2016) introduced
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clay nanosheets into hemicellulose systems, forming hybrid hydrogels with admirable
adsorption capacity for methylene blue (MB) at 148.8 mg/g. Sun et al. (2015a) prepared a
stimuli-responsive hydrogel synthesized from wheat straw hemicelluloses using CaCOs as
the porogen and used it for dye removal. Thus, novel hemicellulose-based hydrogels have
attracted wide attention of researchers and showed great application potential as adsorbents
for dye removal.

Xylan is the main type of hemicellulose in hardwood and is a part of the
hemicelluloses of softwood and straw biomass. It exhibits the same properties as the other
hemicelluloses, such as excellent hydrophilicity, biocompatibility, and biodegradability.
So it is considered a promising raw material for developing novel adsorbents (Deng et al.
2014; Liu et al. 2018). Li and Buschle-Diller (2017) prepared a type of pectin-blended
anionic xylan film for cationic-dyes adsorption. Jing (2014) introduced a novel
superabsorbent based on multiwalled carbon nanotubes-xylan composite and poly-
(methacrylic acid), and the maximum adsorption capacity was 192 mg/g. Qi et al. (2017)
reported a xylan-modified graphene oxide for adsorption of organic dyes with the
adsorption capacity nearly 700 mg/g. During recent decades, improvements in the
performance of superabsorbents has played an important role in the field of functional
polymers. However, few xylan-based hydrogels have been reported as superabsorbents for
organic dyes adsorption.

This study investigated the preparation and evaluation of xylan-based hydrogels to
adsorb MB from aqueous solutions. After modification, the xylan derivative was grafted
with acrylic acid by free radical polymerization to prepare the superabsorbent. The xylan-
based hydrogel thus prepared was characterized using Fourier transform infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM), and thermogravimetric
analysis (TGA). The pH sensitivity of the hydrogel was evaluated in water and MB
solutions. The kinetic behavior and isotherm analysis of MB adsorption on the hydrogel
were investigated as well. Based on the results, the xylan-based hydrogel showed great
adsorption performance of MB from aqueous solution.

EXPERIMENTAL

Materials

Pure xylan from beech wood, with the molecule weight of 38,500 g/mol, was
purchased from SERVA Electrophoresis GmbH (Heidelberg, Germany). Glycidyl
methacrylate (GMA) with the purity of 97% and containing 100 ppm hydroquinone
methylether (MEHQ) as stabilizer, was purchased from Aladdin Industrial Inc. (Shanghai,
China). Pure analytical grade MB was obtained from Tianjin Institute of Chemical
Reagents (Tianjin, China). Other reagents used were of analytical grade and used without
further purification. Ultrapure water with a resistivity of 18.25 MQ-cm at 25 °C was used
for all experiments.

Synthesis of Xylan-based Hydrogels

Xylan was modified with glycidyl methacrylate (GMA) using the reported
procedure (Guilherme et al. 2005; Peng et al. 2012). About 3.3 g of xylan was dissolved
in 100 mL of dimethyl sulfoxide (DMSO) at 95 °C. After the solution was cooled to room
temperature, the catalyst 4-dimethylaminopyridine (DMAP, 0.66 g) was added, and the
mixture was stirred at 40 °C for 0.5 h. Later, 2.0 g GMA was added and the final reaction
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mixture was stirred for 24 h. After that, the reaction mixture was precipitated with 500 mL
of anhydrous ethanol and filtered. The precipitate obtained was washed with anhydrous
ethanol three times. Then the products were dissolved in water and freeze-dried at -50 °C
for 72 h. The modified xylan thus obtained was light brown and was labeled as MX.

The modified xylan (MX, 0.083 g) was dissolved in 10 mL water and stirred at 60
°C in a water bath. Then ammonium persulfate (APS) solution, acrylic acid (AAc), and
methylene-bis-acrylamide (MBA) were added sequentially. The reaction was continued for
4 h. After that, the hydrogels were taken out, washed with water, and cut into small pieces.
Then the hydrogels were immersed in water for 72 h and the water was refreshed every 6
h. After vacuum drying at 40°C for 48 h, the xylan-based hydrogels were obtained as solid.

Characterization

The FT-IR spectra of xylan, modified xylan (MX), and the xylan-based hydrogel
(MXH) were measured on a Nicolet iS10 model FT-IR spectrometer (Thermo Electron,
Waltham, MA, USA) in the wavelength range from 4000 cm™ to 500 cm™. The samples
were freeze-dried at -50 °C for 72 h without other pretreatment before the FT-IR detection.
The morphology of the xylan-based hydrogel was analyzed by SEM (Hitachi S-3400N,
Tokyo, Japan). Prior analysis, the swollen hydrogel was freeze-dried at -50 °C for 72 h.
Then it was fractured, and the interior surface was coated with gold by sputtering before
SEM visualization. The TGA of the lyophilized hydrogel sample was performed using a
TG209F1 Libra thermal analyzer (NETZSCH, Bavaria, Germany) in a nitrogen
atmosphere with the gas flow of 20 mL/min. The temperature range used was from 40°C
to 700 °C at a scan rate of 10 °C/min.

Swelling Experiments

The swelling property of the xylan-based hydrogel was measured using the
previously reported method from the authors (Lin et al. 2018). The dried hydrogels were
first immersed in water at 25 °C for 72 h. Then the swollen samples were taken out, wiped
the water on the surface of samples, and then weighed. The weight of samples was
measured three times to calculate the average result. The swelling ratio (S) of the hydrogel
sample was calculated by Eq. 1,

S = (W-Wp)/Wo 1)
where Wy (g) and W (g) denote the weights of dry and swollen hydrogel samples.

Adsorption Experiments

The adsorption performance of the xylan-based hydrogel as superabsorbent for MB
removal was investigated in this study (Mall et al. 2005; Xu et al. 2018). The effects of pH
value, initial MB concentration, and adsorption time on the dye adsorption were
investigated. For evaluating the effect of pH value, the dried hydrogels (10 mg) were
immersed in 30 mL MB solutions (100 mg/L) with different pH values and then placed in
a 25 °C shaking incubator for 24 h with a constant rate of 100 rpm. The pH of the MB
solutions was adjusted with 0.01 M HCI and 0.01 M NaOH solutions. The effect of initial
MB concentration was studied at 50 mL MB solutions with various concentrations from
500 mg/L to 1800 mg/L and the pH was adjusted to 8. In order to study the adsorption
kinetics, the experimental conditions were kept basically the same as that in pH
investigation above, except that the MB solution (100 mg/L) was 50 mL and the pH was
adjusted to 8. Then the hydrogel was separated at specific time intervals, and the
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concentration of MB solutions was measured using an ultraviolet spectrophotometer (T6
New Century, Beijing, China) at 664 nm. The amount of MB (q) adsorbed was calculated
using Eg. 2, and the removal ratio (R) was calculated by Eqg. 3,

g= (Co-Ce¢)xV/m 2
R = (Co-Ce)/C0%x100% 3)

where Co (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations of MB
solution, respectively; V (L) is the volume of MB solution; and m (g) is the weight of the
dry hydrogel.

Reuse Experiments

The reusability of xylan-based hydrogel for dye adsorption was studied by four
cycles of adsorption-desorption processes. Approximately 10 mg dried xylan-based
hdrogel was placed in 30 mL MB solution (100 mg/L, pH=8). After 2 h, the MB preloaded
hydrogel was separated and immersed in 30 mL HCI (0.1 M) to restore the adsorption sites
of the hydrogel. Later the restored hydrogel was washed with 30 mL water and used for
the next adsorption-desorption cycle. The removal efficiency was calculated by the
removal ratio of MB in order to investigate the reusability of the xylan-based
superabsorbent.

RESULTS AND DISCUSSION

FT-IR Characterization

The FT-IR spectra of xylan, MX, and MXH are depicted in Fig.1. In Fig.1a, the
intense band at 1032 cm originated from the C-O-C stretching of pyranoid-ring on xylan.
The absorbance at 3363 cm™ resulted from the O-H stretching. Compared with Fig.1a, a
characteristic peak at 1715 cm™ found in Fig.1b was related to C=0 stretching, which
indicated that the methacrylate group was attached onto xylan molecule (Peng et al. 2012).
Very wide absorbance at 3693 cm™ to 2000 cm™ in Fig. 1c was attributed to O-H stretching
from -OH groups on xylan ring and grafted -COOH groups.
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Fig. 1. FT-IR spectra of (a) xylan, (b) modified xylan, and (c) xylan-based hydrogel
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The prominent absorbance at 1696 cm™ was assigned to the overlap effects of the
C=0 stretching bands of carbonyl groups originated from the modified xylan, acrylic acid,
and MBA (Guilherme et al. 2005; Paulino et al. 2006). The band at 1161 cm™ was
attributed to C-O and C-O-C bond stretchings (Peng et al. 2012).

Morphology Analysis

The interior morphology of the prepared MXH is shown in Fig. 2. The hydrogel
exhibited a large number of pores and gaps with uneven size. This porous structure was
convenient for the penetration of water and chemicals into the hydrogel network, resulting
in the enhancement of water and dye adsorptions.

Fig. 2. SEM images of the xylan-based hydrogel sample (a: MXH X 27; b: MXH X 100; and c:
MXH X 200)

Thermogravimetric Analysis

The TGA and the corresponding differential thermogravimetric analysis (DTG)
plots for xylan and MXH are shown in Figs. 3a and 3b, respectively. As can be seen in Fig.
3a, the xylan showed one distinct thermal degradation stage from 230 °C to 330 °C and the
MXH showed two distinct thermal distinct degradation stages (200 °C to 280 °C, and 280
°C to 500 °C). It was reported that TGA of polyacrylic acid (PAAc) exhibited two distinct
zones of weight loss, 100 °C to 250 °C and 250 °C to 500 °C (Chen et al. 2016). This
indicates that PAAc chains were successfully grafted on the xylan backbone.

The DTG results (Fig. 3b) show a peak in xylan curve at about 252 °C due to xylan
degradation. There were two peaks in the curve of xylan-based hydrogel at 252 °C and
415 °C because of the decomposition. Notably, the reported DTG peaks of PAAc were
found at 260 °C and 430 °C, respectively (Chen et al. 2016). These results suggest that the
thermal stability of the xylan-based hydrogel is unchanged when compared with xylan.
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Fig. 3. TGA(a) and DTG (b) curves of xylan and xylan-based hydrogel (MXH-13)
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Preparation and Swelling Property of the Xylan-based Hydrogels

In this work, the MXH superabsorbents were prepared by modified xylan and
acrylic acid via free radical polymerization. The reaction between GMA and
polysaccharides has been much studied in last decades (van Dijk-Wolthuis et al. 1995; van
Dijk-Wolthuis et al. 1997; Paulino et al. 2010). It appeared that the reaction of xylan with
GMA was a transesterification reaction rather than an opening epoxy ring of GMA,
resulting in the direct attachment of methacryloyl group to xylan (Peng et al. 2012). The
modification reaction of xylan was not the research emphasis for this study.

80 60

a b
i —
60 + /'/
- 40 -
=) —
5 40 o ‘/////’
g 2
7))
h 0 20 4
20 + ~—
- .—.-‘-‘-‘-‘.-
0 —T—TTT T 0 — T T T T
114 15 16 1.8 110 0 2 4 B 8
Mass ratio of MX to AAc Dosage of APS (%)
100 150
: Td ]
80 — \ 120 -
i —~—— 1
60 90 -
9 cl
Bl ° k)
o= 40 = 60 -
20 30
0 L e L 0 T T—‘.Il — 7T
0 2 4 6 8 0 2 4 6 8 10 12
Dosage of MBA (%) pH

Fig. 4. Effects of mass ratios of MX to AAc (a), dosage of the APS (b), and dosage of MBA (c) on
the swelling ratio of the hydrogels; swelling curve of MXH-13 (d). Reaction conditions: (a) APS
dosage 6%, MBA dosage 2%, 60 °C, 4 h; (b) mass ratiol:6, APS dosage 6%, 60 °C, 4 h;

(c) mass ratiol:5, APS dosage 6%, 60 °C, 4 h

Several MXH samples were prepared by varying (a) the mass ratio of MX to acrylic
acid, (b) the dosage of APS, and (c) the dosage of MBA.. The swelling ratio of the hydrogels
was measured and is shown in Figs. 4a to 4c (the samples were labeled as MXH-1 to MXH-
17, respectively). It can be seen that these three factors had noticeable effects on the water
adsorption of the hydrogels. When the mass ratio of MX to AAc, dosage of APS, and
dosage of MBA were increased, the swelling ratio of hydrogels increased to a maximum,
and then they decreased in various degrees. Especially in Fig. 4a, if excess AAc was used
in the reaction, the swelling ratio of the hydrogels was very low, which can be attributed
to the self-polymerization of AAc. In Figs. 4b to 4c, excessive APS and MBA contents
also played adverse effects on the swelling ratio of the hydrogels. When excess amounts
of APS was added, self-polymerization of AAc was intensified and the chain termination
reaction was aggravated, resulting in less carboxylic groups being linked onto the polymer
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and resulting in decreased molecular weight of the hydrogel. Besides, more MBA content
would intensify the crosslinking of hydrogels and give rise to tighter polymer network, thus
reducing the swelling ratios. Therefore, the suitable preparation condition was as follows:
1:5 MX:AAc mass ratio, 6% (w/w) of APS dosage, and 2% (w/w) of MBA dosage. Under
this condition, the maximum swelling ratio of the hydrogel (MXH-13) obtained was 91.2
9/g.

Figure 4d shows the swelling ratio of the hydrogel (MXH-13) at different pH
values. It can be seen that the swelling ratio increased with increasing pH values from 2 to
10, and then reached a stable value. At a lower pH, COO groups in the hydrogel were
protonated. The strong intramolecular and intermolecular hydrogen bonding between -
COOH and -OH groups contributes to the shrinkage of the hydrogel network, which is bad
for the water uptake. At higher pH, COO" groups cause electrostatic repulsion forces among
the adjacent ionized groups of hydrogel network. The swollen structure allows for large
number of water uptake until it reached the equilibrium.

Effect of pH on the Dye Adsorption Property

As mentioned above, the prepared MXH samples were sensitive to the pH value of
solutions. The effect of pH on adsorption of MB onto hydrogel sample (MXH-13) was
studied, and the results are shown in Fig. 5. In the pH range from 2 to 8, the adsorption
amount of MB increased prominently from 3.7 mg/g to 296.8 mg/g, and the dye removal
ratio also increased from 11.7% to 99.0%. When the pH was increased to 10, the adsorption
amount and the dye removal percentage hardly increased (297.6 mg/g and 99.2%,
respectively). A similar trend was seen in some pH sensitive polymers (Paulino et al. 2006).
This was attributed to the structure of the hydrogel in different pH conditions and also to
the interactions between dye molecules and the polymer network. At a lower pH, the
shrinkage of hydrogel hindered the MB penetrating into the hydrogel. The MB cations
compete with H" ions for the adsorption sites in hydrogel, resulting in a very low
adsorption. As the pH was increased, the COOH group was converted to COO™ ions, which
interacted with MB cations. Besides, the expansion of the hydrogel polymer network was
favorable for MB adsorption on the hydrogel. As a result, the adsorption amount of MB
and the MB dye removal ratio showed a rising trend. However, the adsorption amount
tended to be stable at pH>8 owing to the fixed number of bonding sites of the hydrogel.
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Effect of Initial MB Concentration and Isotherm Studies

Figure 6 presents the effect of the initial MB concentration on the adsorption
property of the xylan-based hydrogel (MXH-13). The amount of MB adsorbed on the
porous MXH sample clearly increased from 2490 mg/g to 4690 mg/g as the initial
concentration increased from 500 mg/L to 1800 mg/L. This result may be ascribed to the
higher concentration of the dye solution inducing a stronger driving force (Sun et al.
2015a). However, the MB removal ratio decreased from 99.5% to 53.9% with increasing
initial MB concentration. This can be attributed to the limited adsorption sites available on
the hydrogel.
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Fig. 6. Effect of initial MB concentration on the adsorption

Two adsorption isotherm models, the Langmuir model and the Freundlich model,
were used to investigate the equilibrium adsorption data of MB on the MXH
superabsorbent. Langmuir isotherm, presented as Eq. 4, describes a monolayer adsorption
on a homogeneous surface (Sun et al. 2015b). The Freundlich isotherm is an empirical
equation described as Eq. 5 and it is used for heterogeneous multilayer adsorption occurred
on solid surfaces (Wang et al. 2017).

&—&+i (4)
G On OnD
Ing, :%Ce +InK, ®)

In these equations, Ce (mg/L) is the equilibrium MB concentration, gm (mg/g) is the
maximum adsorption capacity, de (mg/g) is the amounts of adsorbed MB at equilibrium, b
and Krare the Langmuir constant and the Freundlich constant, and n (L/mg) is a Freundlich
parameter, related to the adsorption capacity. Generally, greater n value shows more
favorable adsorption performance.

The isothermal parameters from the two models are listed in Table 1. As shown,
the coefficient of determination (R?) of the Langmuir model was 0.999, much larger than
that of Freundlich model (0.887). This indicated that the Langmuir isotherm is better than
Freundlich isotherm for describing the MB molecular adsorption on the hydrogel by a
monolayer adsorption. Based on the Langmuir model, the calculated maximum adsorption
capacity of the hydrogel was 4720 mg/g, which was very close to the experimental data of
4690 mg/g. In addition, this number was much larger than that of the reported xylan-
containing absorbents (Jing et al. 2014; Sun et al. 2015b; Qi et al. 2017) and
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polysaccharides based superabsorbents (Zhu et al. 2017; Tang et al. 2018), which
suggested that the prepared MXH sample exhibited great adsorption performance.

Table 1. Isothermal Parameters of the MXH Adsorbent

Langmuir model Freundlich model
Qm.exp (MY/Q) * 2 1-1n| Uny-1 2
gm (Ma/g) b (L/mg) R Kr (mgt-inLing-1) n R
4685.7 4717.0 0.13 0.999 2517.5 10 | 0.887
& Experimental data

Effect of Contact Time and the Adsorption Kinetic Analysis

The time-dependent adsorption of MB on the hydrogel was measured, and the
respective adsorption curves are shown in Fig. 7. The amount of MB adsorbed increased
rapidly in the first 120 min and reached an essentially static state after that. The MB
removal ratio increased from 32.6% to 95.4% at the first stage and then reached 99.0% at

720 min. This suggested that the contact time played an important role in the initial
adsorption stage.
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Fig. 7. Effect of contact time on the adsorption

Four kinetic models, the pseudo 1% kinetic model (Eg. 6), the pseudo 2" kinetic
model (Eq. 7) (Li et al. 2014), intra-particle diffusion model (Eq. 8) (Lin et al. 2018), and
Elovich equation (Eg. 9) (Sun et al. 2015b), were applied to analyze the adsorption Kinetic
data for investigating the adsorption process,

k.t

—a)—lag - 6
lg(g. —a,) =lgq, 5303 (6)
e )
q kg d,
g, =kt +C (8)
q, =%In(ab)+%lnt 9

where ge and qg: (mg/g) are the amounts of MB adsorbed at equilibrium and at time ft,
respectively; ki (min?), k2 (g-mgt-min?), ki (mg-g*min?); and a (mg-g*t-min?)
represent the rate constants of the pseudo 1% order, pseudo 2" order, the intraparticle
diffusion, and Elovich equation models, respectively; C (mg/g) is a constant that
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characterizes the thickness of the boundary layer; b (g/mg) is related to the extent of surface
coverage, and the activation energy for the chemisorptions.

The parameters of the four kinetic models are listed in Table 2. As shown in Table
2, the R? of the pseudo 2" model was 0.999, which was higher than that of the other three
models, and the calculated ge predicted in pseudo 2" model was very close to the measured
value. This result indicated that the adsorption of MB on the MXH superabsorbent
followed the pseudo 2" kinetic model. Besides, the intercept C of the fitted curve of the
intra-particle diffusion was not 0, which meant that the intra-particle diffusion was not the
sole rate-limiting step in the adsorption process.

Table 2. Adsorption Kinetic Parameters of the MXH Adsorbent

" - - - -
Pseudo 1%t Order Model Pseud'\(/laozd“eIOrder Intra pa:qlc(:)lgetl)lffusmn Elovich Equation
kox104
Ki a b
k1x103 -mao- Qe i
(rlnin'l) (m?;/g) R? (g 1. g (mg/ R? (g'g-l' C R? (mg/g (g/m R?
min-l) g) min_llz) .min_l g)
9.2 220.8 | 0.917 1.1 511.0 | 0.999 11.8 242.1 | 0.676 | 119.1 | 0.013 | 0.871

* Experimental data: ge*(mg/g) = 495.1

Reusability of the Superabsorbent

The reusability performance of the hydrogel (MXH-13) is summarized in Table 3.
In the first two cycles, there were almost no decreases in the removal efficiency. The
removal efficiency decreased in the late two cycles because of the decreased adsorption
amount with increasing number of cycles. While after 4 adsorption-desorption cycles, the
MB removal efficiency of the superabsorbent was maintained above 90%. These results
revealed that the xylan-based hydrogel could be regenerated and reused, and have the
potential as superabsorbent for MB removal in aqueous solution.

Table 3. Reusability of the Xylan-based Superabsorbent

Recycle times 1 2 3 4
MB (removal efficiency, %) 99.2 98.5 95.8 94.2

CONCLUSIONS

1. A novel porous xylan-based hydrogel was prepared using methacrylated xylan and
acrylic acid via free radical polymerization reaction. The structure, morphology, and
thermal stability of the hydrogel were characterized using FT-IR, SEM, and TGA.

2. The pH played great role with respect to the swelling ratio and MB dye adsorption of
the hydrogel. The MXH sample presented excellent MB adsorption performance at
pH>8.

3. According to the Langmuir isotherm, the maximum adsorption capacity of the hydrogel
reached 4720 mg/g.

4. The MXH can be regenerated and recycled, and the MB removal efficiency was
maintained above 90% even after 4 cycles.
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