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ABSTRACT: A stimuli-responsive porous hydrogel was synthesized from wheat straw hemicellulose using CaCO3 as the porogen, and its

application for the removal of methylene blue was studied. The porous structure of the prepared hydrogel was confirmed by SEM analysis.

The effects of pH and polyelectrolyte on the swelling of the hydrogels were discussed, and the porous hydrogels showed excellent sensitiv-

ity to pH and salt. The deswelling kinetic study indicated that the hydrogels exhibited rapid shrinking in NaCl aqueous solutions. The

methylene blue adsorption on the hydrogels was investigated, and the obtained adsorption data was fitted to the pseudo-first-order,

pseudo-second-order and intra-particle diffusion kinetics models, and the pseudo-first-order kinetic model could describe the adsorption

process, and the adsorption process of methylene blue on the hydrogels was controlled by external film diffusion. This study reported that

the hemicellulose-based porous hydrogel is promising for water treatment. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41606.
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INTRODUCTION

Superabsorbent hydrogels are three-dimensional network struc-

tural materials that can absorb and conserve considerable amounts

of aqueous fluids,1–3 and they are generally classified as conven-

tional hydrogels and environmentally sensitive hydrogels because

of their response to external stimuli. Environmentally sensitive

hydrogels are also called intelligent hydrogels, and they can sense

tiny environmental stimulus, such as temperature, electric fields,

magnetic fields, light, pH, ionic strength, and pressure.4 These

hydrogels have been widely used in agriculture, environment, bio-

medicine, and other related fields, such as wastewater treatment,5

drug delivery carriers,6 artificial organs,7 and tissue engineering.8

In recent years, environmentally sensitive hydrogels have been

widely used as adsorbents for the removal of hazardous substances

from wastewater. Novel polyampholyte nanocomposite hydrogel

had been synthesized, and the hydrogel was a suitable superab-

sorbent for removing indigo carmine from textile aqueous efflu-

ents.9 Sema Ekici et al.10 prepared poly (acrylamide-sepiolite)

composite hydrogel, and the hydrogel was considered a candidate

for retaining more water and dyes. The hydrogels based on the

starch of potatoes had also been prepared, and these hydrogels

had excellent adsorption capacities for cationic dye.11

Organic dyes are widely used in modern cosmetic, textiles,

printing, and dyeing industries.12 The colored wastewater from

these industries is charged into the natural rivers, which results

in a large area of water coloring that not only affects plant

growth but also endangers human health. Dyes pollution can

increase the chemical oxygen demand of water and decrease the

projection of lighting which has an effect on photosynthesis.13

The exposure to dye results in considerable damage, and a

long-term exposure to dye can cause some side effects in the

human body, such as a change in heart rate, vomiting, shock,

limb paralysis, tissue death, and other adverse symptoms.14,15

The removal of organic dye from wastewater had been studied

using adsorption, biodegradation, oxidation, flocculation, and

so on.9 Adsorption is considered the most effective method for

removing dye,11 and the adsorbents based on natural polymers

have attracted considerable attention for wastewater treatment

applications because of their low-cost, biodegradation, and non-

toxic behavior.

Hemicellulose (HC) is second only to cellulose as the most

prevalent polysaccharide in nature, and it accounts for 30–40%

of agriculture residues.16 HC is heterogeneous polysaccharide

consisting of various structural units,17 and wheat straw HC is

primarily composed of D-xylose, L-arabinose, D-mannose, D-glu-

cose, D-glucuronic acid, and so on.18 Because these structural

units have an abundance of hydroxyl group, HC can be used to

prepare hydrogels. A few functional hydrogels based on HC

have been prepared,19–22 and there is a currently promising

research on preparing novel HC-based hydrogels for industrial

applications.
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The purpose of this study was to prepare HC-based porous

hydrogels for removing methylene blue from aqueous solution.

The prepared hydrogels were characterized using FT-IR and

SEM. The pH- and salt-responses and the deswelling kinetics of

the prepared hydrogels were investigated. The adsorption behav-

ior of methylene blue onto the prepared hydrogels was also

studied to test their potential for environmental applications.

EXPERIMENTAL

Materials

The monomer acrylic acid (AA) was purchased from the Tian-

jin Kermel Chemical Reagent Company in China. The cross-

linker N,N0 methylenebisacrylamide (MBA), initiator

ammonium persulfate (APS), and anhydrous sodium sulfite

were purchased from the Tianjing Hongyan Chemical Reagent

Factory in China. The porogen, CaCO3, was purchased from

the Tianjing Fuchen Chemical Reagent Factory in China. The

methylene blue, which was used in the adsorption studies, was

purchased from the Tianjing Tianli Chemical Reagent Factory

in China. All other reagents were of analytical grade.

EXPERIMENTAL METHOD

Isolation and Characterization of HC from Wheat Straw

Wheat straw was first cut into small pieces and then dried in an

oven at 60�C, and the dried materials were dewaxed using tolu-

ene and ethanol in a 2 : 1 volume ratio in a Soxhlet apparatus

for 12 h. The dewaxed straw was delignified using sodium

chlorite in an acidic solution (pH 4.0) at 75�C for 2 h to obtain

holocellulose. The holocellulose was treated using 10% KOH at

a 1 : 20 solid to liquid ratio at room temperature for 10 h and

then filtered to separate HC and cellulose. The obtained filtrate

was neutralized to pH 5.5 and concentrated under a reduced

pressure, and then precipitated in three volumes of ethanol to

obtain HC materials.

The prepared HC contained 80.4% xylose and 12.5% arabinose

(related to the total sugar content), which was determined using

our previous method by gas chromatography.16 The values of

the weight-average and number-average molecular weights of

the HC were 28,650 and 13,770 g mol21, respectively, which

were determined using GPC.

Synthesis of Porous Hemicellulose-g-poly(sodium acrylate)

Hydrogels

Hemicellulose-g-poly(sodium acrylate) porous hydrogels (HC-

g-PSA) were prepared by free radical polymerization method.

About 0.5 g of HC was dissolved into a 10 mL solution of 6%

NaOH (wt %), and a certain amount of CaCO3 particles with

120-nm diameter was added into the HC solution. Then,

0.05 g of both the APS initiator and the anhydrous sodium

sulfite accelerant were added into the mixed solution, and the

sodium acrylate solution and 0.05 g of the MBA cross-linker

were also added into the solution. The sodium acrylate solu-

tion was prepared by dissolving the appropriate amount of AA

into 10 mL of distilled water and then neutralized with NaOH.

When the viscosity of the reaction mixture increased, the stir-

ring was stopped. The reaction beaker was placed in a water

bath at 25�C for 1 h to ensure a complete reaction. The pre-

pared hydrogels were collected and cut into uniform sized

pieces, and these pieces were immersed into 0.1 mol L21 HCl

solutions to remove CaCO3, and the HCl solution was

replaced regularly until there were no bubbles on the surface

of the hydrogels and the hydrogels floated on the surface of

the solution. Hydrogels free of CaCO3 were then immersed

into dilute alkali solution to convert ACOOH into ACOO2

completely. The prepared HC-g-PSA hydrogel samples were

placed into an oven and dried until a constant weight was

obtained. The feed compositions for the preparations of HC-g-

PSA hydrogels are presented in Table I.

Hydrogel Characterization

The chemical structure of the prepared hydrogels were analyzed

using Fourier transform infrared spectrophotometer (Nicolet

510) within a frequency range of 4000–400 cm21 after the sam-

ples were mixed with KBr and pressed to form a disc. The sur-

face morphology of the prepared hydrogels were observed using

a scanning electron microscope (SEM, S-2460N, Hitachi, Tokyo,

Japan) after the swollen hydrogel samples were freeze-dried and

coated with gold.

Swelling Test

The swelling ratio of the hydrogel samples was determined

using gravimetric method in buffer solutions with different pH

(2.0–12.0) and in NaCl or CaCl2 solutions with various concen-

trations (0.01–0.10 mol L21) at room temperature. The ionic

strengths of all of the buffer solutions were adjusted to 0.05 M

using NaCl. To ensure complete swelling, samples were allowed

to swell for 2 days, and the swollen hydrogel samples were then

weighed after the excess surface water was removed using filter

papers. The equilibrium swelling ratio (SR) was calculated using

the following eq. (1):

SR ðg=gÞ5 We2Wd

Wd

(1)

where We is the weight of the swollen hydrogel (g) and Wd is

the weight of the dry hydrogel (g).

The shrinking rate of hydrogels is very important for their

potential applications. The deswelling kinetics of hydrogels is

generally studied in salt solutions, and the water retention val-

ues are used to evaluate the deswelling kinetics. During

this test, swollen hydrogel samples were immersed into a

Table I. Feed Compositions of the Porous HC-g-PSA Hydrogels

Sample code AA (g) HC (g) AA/HC (g/g) CaCO3 (%)

Gel-1 2.0 0.5 4 20

Gel-2 3.0 0.5 6 20

Gel-3 4.0 0.5 8 20

Gel-4 5.0 0.5 10 20

Gel-5 6.0 0.5 12 20

Gel-6 4.0 0.5 8 0

Gel-7 4.0 0.5 8 5

Gel-8 4.0 0.5 8 10

Gel-9 4.0 0.5 8 15

Gel-10 4.0 0.5 8 30

CaCO3ð%Þ5 CaCO3
HC1AA 3100% (by weight).
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0.05 mol L21 NaCl solution at room temperature. After certain

time intervals, the samples were collected and weighed after

removing the excess water from the surface of the hydrogel. The

water retention (WR) was calculated using the following eq. (2):

WR ð%Þ5 Wt 2Wd

We2Wd

3100% (2)

where Wt is the weight of the hydrogel (g) at deswelling time t

(min), and Wd is the weight of the dry hydrogel (g), and We is

the weight of the swollen hydrogel (g).

Adsorption and Desorption Test

The adsorption property of the prepared hydrogels for cationic

dye removal was studied using methylene blue as a model com-

pound. Approximately 20 mg of dried hydrogel was immersed

in 50 mL solutions of methylene blue for 72 h at room temper-

ature, and the concentrations of the methylene blue solutions

before and after adsorption were then measured using a UV

spectrophotometer at 663 nm.23 The effect of temperature on

adsorption and desorption behavior was studied at the tempera-

tures of 30, 40, 50, 60, and 70�C. Desorption test was per-

formed in distilled water using the hydrogel sample containing

methylene blue.

The adsorption amount of methylene blue (Q) was determined

using the eq. (3):

Qðmg=gÞ5 ðCo2CeÞ3V

1000Wd

(3)

The removal/desorption percentage of methylene blue was cal-

culated using eq. (4):

Rð%Þ5 Co2Ce

Co

3100% (4)

where Co and Ce are the initial concentration and the remaining

concentration of the used solution (mg L21), respectively; V is

the volume of the used solution (mL), and Wd is the weight of

the dried hydrogel (g).

RESULTS AND DISCUSSION

Preparation of Porous HC-g-PSA Hydrogels

The proposed mechanism for the synthesis of porous HC-g-PSA

is shown in Figure 1. First, the redox initiator system

(NH4)2S2O8-NaSO3 deprived of hydrogen from the HC

hydroxyl group. The grafting reaction occurred at the active

sites of the hemicellulosic polymers by sodium acrylate. The

two end vinyl groups of the MBA cross-linker could react with

some active sites to form a polymeric network. During the

preparation process, CaCO3 was added as a porogen, and the

hydrogels containing CaCO3 were obtained; CaCO3 was then

removed by washing the hydrogels with a diluted acid. The

obtained hydrogel samples were treated with a NaOH solution

to convert the ACOOH groups into ACOOA groups

completely.

FT-IR Analysis of HC-g-PSA Hydrogels

Figure 2 presents the FT-IR spectra of HC, Gel-3, and Gel-4.

The IR spectrum of HC presented the absorption peaks at 3442,

2923, 1630, 1467, 1256, 1044, and 901 cm21, which are the

characteristic absorptions of hemicellulosic polymer.16 The

absorption peak at 3442 cm21 was assigned to the stretching of

the OAH groups, and the band at 2923 cm21 was attributed to

the stretching of the CAH of methyl and methylene groups.

The band at 1630 cm21 can be assigned to the AOH bending

from the absorbed water. The very small band at 1467 cm21

was indicative of a trace amount of lignin in the HC. The sharp

peak at 901 cm21 was the frequency vibration and the ring fre-

quency vibration of the C1 group, which is the characteristic

absorption peak of the b-glycosidic bond. The band at

1044 cm21 was attributed to the CAO and CAC stretching and

the glycosidic linkage v(CAOAC) contributions, which is the

characteristic peak of xylan,17 and indicated that the HC of

wheat straw mainly consisted of xylan.

The IR spectra of HC-g-PSA hydrogel samples (Gel-3 and Gel-

4) also exhibited the characteristic absorption peak of xylan at

1044 cm21, but the peak was relatively smaller than that in HC,

which was due to the low content of added HC in the hydrogel.

The spectra of hydrogels, except for the characteristic peaks of

HC, presented two peaks at 1598 and 1401 cm21, which were

assigned to the asymmetric and symmetric stretching of C@O

in ACOO2 groups.11 This observation indicated that sodium

acrylate was successfully grafted to the HC.

SEM Analysis

SEM micrographs of the prepared hydrogels are also presented

in Figure 3. As shown, the surface of the hydrogels that pre-

pared without CaCO3 was relatively slick, but the other hydro-

gels exhibited a large number of pores, and the pore

distribution was well proportioned. Moreover, the content of

the interconnected pore channels increased with increasing

amounts of CaCO3. The porous hydrogels that prepared using

the porogen method mainly took the advantage of memory

effect of the hydrogel, and the produced pores would not vanish

after the removal of the porogen.24

Swelling Studies

Effects of pH on Swelling Behavior. The HC-g-PSA hydrogels

would be sensitive to pH because of the presence of carboxylate

groups in the hydrogels. The effect of pH on the equilibrium

swelling ratio of the hydrogels is shown in Figure 4(a,b). As

shown, the swelling ratio of all hydrogels in buffer solutions

were low and significantly changed with increasing pH values of

the buffer solution. Under strongly acidic conditions, the

Figure 1. Proposed mechanism for the synthesis of the porous HC-g-PSA

hydrogels. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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swelling property of the prepared hydrogels was poor and the

swelling ratio of the samples were <40 g g21, because the

ACOO2 in the hydrogels was protonated which increased the

number of hydrogen bonds in the hydrogel network and

reduced the repulsive force. It is known that the dissociation

constant, pKa, of the carboxyl group is 4.28, and the carboxyl

group would dissociate to ACOO2 when pH> pKa, and this

dissociation would result in a decreased number of hydrogen

bonds and increase the repulsive forces among the negatively

charged polymer chains; therefore, the equilibrium swelling

ratio of hydrogel increased at pH> 4. At pH> 8, the ACOOH

was completely ionized and the electrostatic repulsion force in

the hydrogel network did not increase; therefore, the swelling

ratio reached the maximum value and did not change with fur-

ther increasing pH values.

Figure 4(a) displays the effect of the AA/HC ratio on the equi-

librium swelling ratio of the prepared hydrogels, and the swel-

ling ratio clearly decreased as the AA/HC ratio increased. The

reason for this behavior is that the high AA content may result

in more hydrogen bonds and restrict the movement of the

molecular chains, which resulted in a denser network structure

with smaller pores or space for water storage.22 Figure 4(b)

shows the effect of CaCO3 amount on the equilibrium swelling

ratio of the prepared hydrogel, and the swelling ratio of all sam-

ples was observed to increase with increasing the amount of

CaCO3. The addition of CaCO3 nanoparticles resulted in high

pore density which provided more paths for water molecule to

Figure 2. FT-IR spectra of the prepared hydrogels and HC. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. SEM images of the prepared porous hydrogel samples (a: Gel-6 3400; b: Gel-3 3400; c: Gel-3 31000; d: Gel-10 31000).
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diffuse into the hydrogel network.25 Figure 5(a) presents the

effect of temperature on the equilibrium swelling ratio of the

prepared hydrogel, and it was observed that the swelling ratio

significantly increased with an increase in temperature from 30

to 70�C, and this phenomenon implied that the high tempera-

ture promoted the swelling behavior of the hydrogel. The swel-

ling process of hydrogel is generally controlled by three

consecutive steps: the diffusion of water molecule into the poly-

mer system, the relaxation of the hydrated polymer chains and

expansion of the polymer network into the aqueous solution,

which could be favored at higher temperature, and the pore size

within the network could be increased at higher temperature.

Effect of Polyelectrolyte on Swelling Behavior. The prepared

hydrogels in this study contained ionic carboxylate groups.

According to the reports of Chang et al.2 and Rasool et al.,26

the effect of salt ions on the swelling of ionized hydrogels was

remarkable. Therefore, the change in the swelling ratio of the

hydrogel versus salt concentration and salt species was investi-

gated, and the acquired results are displayed in Figure 4(c,d).

The equilibrium swelling ratios of the prepared hydrogels were

observed to decrease rapidly as the salt concentration increased,

and this may result from the charge screening effect that caused

by cationic Na1 and Ca21 which reduced the electrostatic repul-

sion force between carboxylate anions1,2 and the osmotic pres-

sure between the hydrogel network and the external solution.

However, the decrease extent of the osmotic pressure was

significant with an increasing salt concentration; therefore, the

swelling ratios of the hydrogels rapidly reduced. Moreover, the

swelling ratio of the hydrogel was significantly lower in the

CaCl2 solution than that in the NaCl solution, and this result

indicated that Ca21 ions may cross-link to polyacrylate, and the

result was attributed to the difference in their charge number

(Ca21> Na1) which resulted in an ionic strength difference.26

Therefore, the sensitivity of the hydrogel was greater in CaCl2
solution than that in NaCl solution when their concentrations

were kept the same.

Deswelling Kinetics. Deswelling behavior is a feature of ionized

hydrogels, and deswelling study is significant for the application

of the hydrogel in water treatment. Figure 6 presents the desw-

elling kinetics of the swollen hydrogel samples in a 0.05 mol

L21 NaCl solution at room temperature. As shown, the hydro-

gels rapidly shrunk and lost water once the swollen hydrogels

were immersed into the NaCl solution. The hydrogels could

reach the shrinking equilibrium after �200 min. The effect of

AA/HC ratio on the deswelling kinetics is presented in Figure

6(a), and the water retention value increased from 15.60 to

24.16% when the AA/HC ratio increased from 4 to 12; there-

fore, the shrinking rate clearly decreased as the AA/HC ratio

increased. The shrinking of hydrogels primarily depended on

the charge screening effect that caused by the cationic Na1,

which resulted in a decrease of the electrostatic repulsion force

between carboxylate anions.2,26 When the AA/HC ratio was

Figure 4. The change of the swelling ratio of the porous hydrogels: (a) hydrogels with various AA/HC ratios at different pH; (b) hydrogels with various

amounts of CaCO3 at different pH; (c) hydrogels with various AA/HC ratios in NaCl and CaCl2 solutions; (d) hydrogels with various amounts of

CaCO3 in NaCl and CaCl2 solutions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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high, the charge screening effect was reduced. Figure 6(b)

presents the effect of CaCO3 amount on the deswelling kinetics,

and the water retention value decreased from 27.88 to 16.78%

when the amount of CaCO3 was increased from 0 to 30%.

Because of the increased number of pores with the increasing

amount of CaCO3, the water molecules in the hydrogel network

can be excluded. The pores offered excluded paths for water

molecule diffusion from the hydrogel network.25

Adsorption Studies

Effect of Initial Concentration of Methylene Blue on Adsorp-

tion. Figure 7(a) shows that the adsorption amount of methyl-

ene blue was dependent on initial concentrations. The

adsorption amount of methylene blue on the porous HC-g-PSA

hydrogel clearly increased from 58.7 to 1072.7 mg g21 as

the initial concentration increased from 25 to 500 mg L21,

respectively. This result may be due to the more concentrated

solution inducing a stronger driving force.27 Rafatullah et al.28

had reviewed the adsorption of methylene on low-cost adsorb-

ents, and Yagub et al.29 had reviewed dye removal from aqueous

solution by adsorption, and the adsorption capacity of the listed

adsorbents was less than 1000 mg g21, and the prepared hydro-

gel showed higher adsorption amount of methylene blue. The

removal percentage of methylene blue by the prepared hydrogel

was >87% when the initial concentration of methylene blue

was <300 mg L21, and it decreased with increasing initial con-

centration because of the use of only 20 mg hydrogel samples.

We prepared hemicellulose-g-poly(methacrylic acid)/carbon

nanotube composite hydrogel for methylene bule removal,30

and the removal percentage was kept higher than 98% when the

adsorbent amount was above 6 g L21, but the adsorption

capacity of methylene blue was very low.

The SEM images of Gel-10 before and after adsorbing methyl-

ene blue are presented in Figure 8(a,b), respectively. Figure 8(b)

shows that the pore structure of the hydrogel sample with

methylene blue had not been observed, which was attributed to

Figure 5. Effect of temperature on the swelling ratio (a), adsorption (b)

and desorption (c) of the prepared hydrogel. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Deswelling kinetics of the porous hydrogels in a 0.05 mol L21

NaCl solution: (a) hydrogels with various AA/HC ratios; (b) hydrogels

with various amounts of CaCO3. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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the reduction in the repulsive force between the polymer chains

after the adsorption of the cationic dye on anionic hydrogel,

thereby causing a decrease in the pore size. Because methylene

blue is a cationic dye and the surface of HC-g-PSA hydrogels

contained a large number of ACOO2 groups, the strong elec-

trostatic attraction resulted in the high removal percentage. In a

previous paper,30 we had studied the FT-IR spectra of methyl-

ene blue loaded sample, and found that the adsorption of meth-

ylene blue on the hydrogel mainly depended on electrostatic

interactions between ACOO2 anions and methylene blue

molecules.

Effect of Contact Time on Adsorption. Figure 7(b,c) presents

the plots for the amount of adsorbed methylene blue vs. contact

time at an initial concentration of 200 mg L21. The amount of

adsorbed dye was observed to increase as the contact time

increased, and the uptake of methylene blue was rapid during

the initial 36-h period, and the adsorption quantity achieved

>90% of the equilibrium adsorption amount. After 59 h, all of

the hydrogel samples accomplished adsorption equilibrium. Fig-

ure 7(b) presents the effect of the AA/HC ratio on the adsorp-

tion amount, and there was no evident difference in the

adsorption capacity of the porous hydrogels prepared with var-

ied AA/HC ratios. The adsorption capacity may be affected by

both the swelling ratio of the hydrogels and the amount of

ACOO2 groups, and the swelling ratio data of samples indi-

cated Gel-1>Gel-3>Gel-5 but the amount of ACOO2 groups

in hydrogels was Gel-1<Gel-3<Gel-5; therefore, the effect of the

AA/HC ratio on the adsorption capacity may be not significant.

The adsorption capacity of the porous HC-g-PSA hydrogels that

were synthesized with various amounts of CaCO3 is displayed

in Figure 7(c). The adsorption amount clearly improved as the

used CaCO3 amount increased, and this improvement is

because the addition of CaCO3 increased the number of pores

in the hydrogel, which not only created a chance for adsorbing

methylene blue but also resulted in complete exposure of the

ACOO2 in the hydrogel. Therefore, the adsorption amount of

methylene blue on the porous HC-g-PSA hydrogel increased

with the addition of CaCO3 nanoparticles.

Effect of Temperature on Adsorption and Desorption. Tem-

perature may affect the adsorption and desorption behaviors.

Figure 5(b,c) presents the effect of temperature on the adsorp-

tion amount and desorption percentage of methylene blue on

the prepared hydrogel, respectively. As shown, temperature

affected the adsorption behavior of the prepared hydrogel, and

the adsorption amount of methylene blue was 1280 mg g21 at

70�C that was higher than that at 30�C (1180 mg g21), and the

adsorption behavior was fast during the initial 4 h at 70�C,

indicating an endothermic process; However, temperature did

not significantly affect the desorption behavior of methylene

blue on the prepared hydrogel, and the desorption percentage

of methylene blue reached 96% at 30�C. This result indicated

that the prepared hydrogel can be reused for methylene blue

removal and an increase of temperature can promote the

adsorption behavior but not affect the desorption behavior of

methylene blue on the prepared hydrogel.

Adsorption Kinetics. To clarify the adsorption process of meth-

ylene blue on the porous HC-g-PSA hydrogel, the adsorption

kinetics was studied. The obtained experimental data were fitted

using the pseudo-first-order kinetics model and the pseudo-

second-order kinetics model. A linear form of the pseudo-first-

order kinetics model is expressed by the following eq. (5)31,32:

Figure 7. Effects of the initial concentration and contact time on the

adsorption: (a) Effect of initial concentration; (b) Effect of contact time

on the hydrogels with various AA/HC ratios; (c) Effect of contact time on

the hydrogels with various amounts of CaCO3. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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log ðQe2Qt Þ5log Qe2
k1t

2:303
(5)

A linear form of the pseudo-second-order kinetics model is

expressed by the following eq. (6)33,34

t

Qt

5
1

k2Qe
2
1

t

Qe

(6)

where Qt is the amount of methylene blue adsorbed at time t

and Qe is the amount at equilibrium state (mg g21); k1 (h21)

and k2 (g mg21 h21) are the rate constants of the pseudo-first-

order kinetics model and the pseudo-second-order kinetics

model, respectively.

The fitting results from the pseudo-first-order kinetics model

and the pseudo-second-order kinetics model are listed in Table

II. The R2 values for the pseudo-first-order kinetics model were

>0.94, whereas the R2 values for the pseudo-second-order

kinetics model were lower for all samples, which indicated

that the pseudo-first-order kinetic model was appropriate for

predicating the kinetics of methylene blue adsorption on the

porous hydrogels. This result suggested that the adsorption of

methylene blue on the hydrogels was a chemsorption process

that involved the exchange or sharing of electrons between

methylene blue and the functional groups on the HC-g-PSA

hydrogels. Table II shows that the experimentally determined

adsorption capacity was less than that determined by calcula-

tion. This may be due to the change of porous structure of the

hydrogel during the adsorption process. The methylene blue

adsorption on the porous HC-g-PSA hydrogels primarily

depended on the electrostatic attraction between methylene blue

and the functional groups on the hydrogel, which reduced the

repulsive forces in the hydrogel network. As shown from Figure

8(b), the pores on the surface of the hydrogel could be not

observed, and this result is due to the reduction in the repulsive

forces that limited the diffusion of the methylene blue molecule

into the inside of the adsorbent, thereby causing the decreases

in the experimental adsorption amount of methylene blue.

Figure 8. SEM images of Gel-10 before adsorbing methylene blue (a) and after adsorbing methylene blue (b).

Table II. Adsorption Kinetic Parameters of Methylene Blue onto Porous Hydrogels

Sample code Gel-1 Gel-3 Gel-5 Gel-6 Gel-8 Gel-10

Qe
a, mg g21 368.80 377.86 403.89 298.96 350.09 409.86

Pseudo-first-order

K1, h21 0.0990 0.0921 0.0737 0.0612 0.0636 0.0753

Qe
b, mg g21 573.72 501.53 459.41 384.45 408.75 461.35

R2 0.9455 0.9565 0.9584 0.9863 0.9852 0.9665

Pseudo-second-order

K2, g mg21 h 3 1025 4.7043 0.5569 7.6919 0.9319 0.0016 4.0490

Qe
b, mg g21 628.93 1434.50 578.03 1045.09 221845.32 709.22

R2 0.8797 20.0352 0.9561 0.3312 20.1109 0.6946

Intra-particle diffusion

kid, mg g21 h1/2 68.7461 70.9761 67.2414 63.9045 68.8204 72.9716

Ci 266.9188 264.6804 234.2675 290.2436 278.9007 253.7708

R2 0.9673 0.9420 0.9540 0.9757 0.9248 0.9619

a Experimental.
b Calculated.
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To study the adsorption mechanism of methylene blue on the

porous HC-g-PSA hydrogels, the experimental data were also

fitted using the intra-particle diffusion kinetics model. This

model is expressed by the eq. (7)35,36:

Qt 5kidt1=21Ci (7)

where kid (mg/g h1/2) is the diffusion rate of the intra-particle

diffusion kinetics model; t (h) represents time; Ci is a constant.

If the plot of Qt vs. t1/2 passes through the origin, the intra-

particle diffusion is the rate-limiting step. If Ci is not zero, the

adsorption process may be controlled by both external film and

intra-particle diffusion. When the plots exhibit multilinearity, it

indicates that many steps occur during the adsorption process.37

Figure 9 presents the plot of Qt vs. t1/2 for the methylene blue

adsorption on the porous HC-g-PSA hydrogels. The values of

kid and Ci are also listed in Table II. Figure 9 shows that the

experimental data points before 36 h almost formed a straight

line and did not pass through origin, which indicated that the

external film diffusion occurred during the adsorption process,

and this stage was likely due to the strong electrostatic attrac-

tion between methylene blue and the external surface of the

adsorbent. After 36 h, adsorption behavior was attributed to the

diffusion of methylene blue molecules to inside the porous HC-

g-PSA hydrogels through pores. However, the pore shrinking of

the adsorbent limited the diffusion of dye molecules to inside

the adsorbent.

CONCLUSIONS

A novel porous hydrogel based on HC was synthesized using

CaCO3 as the porogen. The porous HC-g-PSA hydrogel showed

a high adsorption capacity for methylene blue. The effect of the

AA/HC ratio on the adsorption capacity was not significant,

and the adsorption capacity improved with an increasing

amount of used CaCO3. The study of the adsorption kinetics

demonstrated that the pseudo-first-order kinetics model was

suitable for describing the adsorption process of methylene blue

on the porous HC-g-PSA hydrogels. The smart swelling prop-

erty and the high adsorption capacity of the porous HC-g-PSA

hydrogels will be very significant for wastewater treatment

application.
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