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ABSTRACT: To better use the waste nameko mushroom substrate (WNMS) and prevent its pollution into the environment, a novel

superabsorbent polymer was synthesized via the UV irradiation copolymerization of acrylic acid and WNMS in the presence of an

initiator (dimethoxy-2-phenylacetophenone and ammonium persulfate) and crosslinker N,N0-methylenebisacrylamide. The factors

that had an influence on the water absorbency of the superabsorbent polymer were investigated and optimized. Under the optimized

conditions, WNMS–poly(acrylic acid) was obtained. Its swelling behaviors, which followed the pseudo-second-order swelling kinetic

model, were investigated in distilled water (1701 g/g) and a 0.9 wt % NaCl solution (388 g/g). The water absorbency was 1011 g/g in

a 0.1 wt % urea solution and 80% amount of urea diffused into the gels. The urea diffusion followed a Fickian diffusion mechanism.

Moreover, the product showed excellent water retention capabilities under the condition of high temperature or high pressure. VC 2014

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40471.
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INTRODUCTION

Superabsorbent hydrogels are three-dimensional crosslinked

hydrophilic polymers with the ability to absorb larger quantities

of pure water or aqueous solutions compared to traditional

absorbent materials, such as sponges, cotton, and pulp.1 The

superabsorbent hydrogels not only have a high water absorbency

but also exhibit an excellent water retention (WR) capacity. In

addition, the hydrogels display a slower water-releasing rate

than traditional materials even under the same conditions.2,3

Because of these superior performances, superabsorbent poly-

mers are widely used in many specialized applications, such as

drug-delivery systems,4,5 coal dewatering, hygienic products,5

wastewater treatment,6 metal-ion removal,7 horticulture, and

agriculture.8,9

Recently, many superabsorbent polymers have been synthe-

sized with polysaccharide-based natural materials;10–15 this

could increase their biocompatibility, biodegradability, and

water absorbent capacity and decrease their toxicity. Among

these natural materials, cellulose has been studied extensively

because of its abundant reserves. However, the effective use

of existing resources is significant in contemporary society.

Thus, it is quite necessary to study the reuse of waste materi-

als. In the world, millions of tons of mushrooms are pro-

duced per year. As a byproduct of mushroom cultivation,

waste nameko mushroom substrate (WNMS; the mushroom

cultivation substrates consist of corn cobs and sawdust, and

it can be obtained after the growth of nameko mushrooms),

which primarily consists of natural cellulose and hemicellulo-

ses (10–30%), protein (6–13%), and crude fat (1–5%),16,17

is an abundant bioresource. Unfortunately, only a small por-

tion of WNMS is used in organic fertilizers and flower

soils. Most WNMS is discarded or burned; this leads to the

waste of resources and environmental pollution. In view of

this situation, we considered WNMS for use as a raw mate-

rial in the synthesis of superabsorbent hydrogels. Thus, the

disadvantages mentioned previously could be prevented,

and most of all, the reuse of waste substrate could be

accomplished.

Conventional synthetic methods for producing superabsorbent

polymers are time-consuming and often require expensive speci-

alized equipment to maintain the necessary reaction conditions.

Recently, new synthesis technologies, such as microwave irradia-

tion,18,19 ultrasound,20 c irradiation,21 and UV irradiation,19,22

have been developed. Among those methods, UV irradiation

can shorten the reaction time23 and improve the efficiency.24,25

The environmental impact of irradiation technology is also

more manageable and applicable as a dry reaction or semidry

reaction processes.

VC 2014 Wiley Periodicals, Inc.
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In this study, a novel superabsorbent polymer WNMS–poly(acrylic

acid) (PAA) was synthesized by UV irradiation. The introduction

of WNMS–PAA was expected to provide a new way to extend the

utilization of WNMS, what is more, to lower the cost of produc-

tion and improve the biocompatibility and biodegradability of the

superabsorbent. WNMS–PAA can be used in agriculture to retain

water and as a fertilizer. The effects of the preparation conditions,

such as the contents of crosslinker, initiators, and WNMS; reaction

time; and acrylic acid (AA) neutralization degree, on the water

absorption abilities in distilled water and 0.9 wt % NaCl solutions

were discussed. This polymer was characterized by Fourier trans-

form infrared (FTIR) spectroscopy, scanning electron microscopy

(SEM), and thermogravimetry (TG)/derivative TG. Furthermore,

the swelling kinetics and urea diffusion mechanism were systemati-

cally investigated.

EXPERIMENTAL

Materials and Methods

Materials. AA (analytically pure, Tianjin Fuchen Chemical Reagent

Co., Ltd., China) was purified under reduced pressure. Ammonium

persulfate (APS; analytically pure) was from Tianjin Fuchen Chemi-

cal Reagent Co., Ltd. (China). N,N0-Methylenebisacrylamide (MBA;

purity> 99.9%), dimethoxy-2-phenylacetophenone (BDK), metha-

nol, sodium hydroxide, and sodium chloride were from Beijing

Chemical Works (Beijing, China). Urea (Xilong Chemical Co., Ltd.,

Guangdong China), paradimethyl aminobenzaldehyde (Tianjin

Guangfu Fine Chemical Institute, Tianjin, China), and all of the

other reagents were all of analytical grade and were used directly as

purchased. WNMS (particle size 5 120 mesh) was acquired from the

Bacteria Institute of Jilin Agricultural University (Jilin, China) and

used without further purification.

Preparation of the WNMS–PAA, PAA Superabsorbent Com-

posite. The required amount of AA was added to a certain

amount of a 20 wt % NaOH solution in a 500-mL glass beaker,

which was placed in an ice bath with constant stirring, to obtain

a series of different neutralization degrees of AA solution. The

prepared solutions were mixed with different quantities of

WNMS, MBA (0.02 g/mL), APS, and BDK (0.05 g/mL) in 50-

mL glass beakers and were subjected to ultrasound pretreatment

in an air atmosphere for 1 min. The specific parameters of each

experiment are shown in Table I. The effects of the variable

conditions, such as the reaction time, neutralization degree of

AA, and crosslinker and initiator contents, on the swelling

behavior were examined. When one factor was studied, the

other variable conditions were kept constant. Then, homogene-

ous mixtures were exposed to a UV lamp for several minutes

[the self-regulated UV irradiation system consisted of an iron

box containing an UV lamp (1000 W) with a wavelength of 365

nm.]. The distance between the reaction mixture and the light

source was 37 cm. Thereafter, the gels obtained were immersed

in a methanol solution to remove the water-soluble oligomer,

uncrosslinked polymer, and unreacted monomer. Finally, the gel

was dried in a vacuum oven at 70�C to a constant weight and

crushed into 150–300-lm particles for use. WNMS–PAA repre-

sented the polymer obtained under the optimal conditions

which had the largest water absorbency. PAA was synthesized

according to the previous method, and the mass ratios of AA to

WNMS to MBA to APS to BDK was 100:0: 0.12:0.40:0.25. The

neutralization degree of AA was 85%, and the reaction time was

20 min. The proposed mechanism of hydrogel formation is

shown in Figure 1. First, the BDK initiator and (NH4)2S2O8 ini-

tiator decomposed into benzoyl and sulfate radicals under UV

irradiation. Second, these radicals reacted with the cellulose

chain in WNMS. Then, the ring structure of b-D-glucose in cel-

lulose was broken, and this resulted in the formation of some

more active groups, such as alkoxy radicals. The AA monomer

molecule reacted with these groups, and this led to the growth

of polymer chain. Finally, the polymer chains reacted with the

end vinyl groups of the crosslinker (MBA) during chain propa-

gation. As a result, the crosslinked structure combined with the

network structure was formed gradually.14

Water Absorbency Measurement. The water absorbency of the

hydrogel (Qt; g/g) was examined by the immersion of approxi-

mately 0.10 g of hydrogel in 500 mL of distilled water at room

temperature (25�C) at different intervals [time (t; min)] until

swelling equilibrium (360 min) was reached.26 The swollen sam-

ple was filtered through a 100-mesh nylon bag to separate

unabsorbed water and was then weighed. The swelling capacity

of the polymer was calculated by the following equation:

Qt 5
mt 2m0

m0

(1)

where m0 and mt are the weights of the dry and wet samples at

a specified time (g), respectively. The water absorbency in the

0.9 wt % NaCl solution and 0.1 wt % urea solution were tested

in the same way.

Swelling and Urea Diffusion Characteristics in a Urea Solu-

tion. To study the swelling of the hydrogel and urea diffusion

in a 0.1 wt % urea solution, approximately 0.10 g of the

WNMS–PAA polymer was placed in 500 mL of urea solution

(0.1 wt %) under stirring conditions at room temperature

(25�C). Then, the gel and unabsorbed urea solution were sepa-

rated at different times. The urea content contained in the solu-

tion before and after the addition of hydrogel was determined

with ultraviolet–visible spectrophotometry at 430 nm.27 Then,

the amount of urea diffused into the gel at time t (Mt) was

obtained. All of the experiments of urea content were per-

formed in triplicate, and the results were averaged.

Determination of Water Retention. The percentage WR was

determined by the weights of the water-swollen gel before centrifuga-

tion (M1; g) and after centrifugation (M2; g) at 6000 rpm (M1� 40 g,

centrifugal radius 5 8.6 cm) at set intervals (0, 5, 10, 15, 20, 25, 30,

35, 40, 45, 50, and 60 min) or heating at 60�C (M1 � 75 g) in an air

oven at set intervals (0, 100, 200, 300, 400, 500, 600, 700, 800, and 900

min). The WR of the sample was calculated28 according to eq. (2):

WRð%Þ5 m2

m1

3100 (2)

Characterization

Elemental analysis of WNMS, PAA, and WNMS–PAA was per-

formed with a Vario EL cube (Elementar, Germany). An FTIR

spectrometer (Shimadzu, 1.50SU1, Japan) was used to identify

the vibrations in the functional groups presented in the sam-

ples. The spectra were obtained with 20 scans per sample
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ranging from 4000 to 400 cm21. The morphologies of the sam-

ples were analyzed by SEM (Shimadzu SSX-550, Japan). Before

testing, the samples were sputter-coated with gold with an

ETD-2000 auto sputter coater (Elaborate Technology Develop-

ment Co., Ltd., China) with a current of 4 mA for 2 min. Ther-

mogravimetric analysis (TGA) was performed on a

thermogravimetric-differential thermal analysis (TG-DTA)

instrument (Beijing Hengjiu Instrument, Ltd., Beijing, China)

from 25 to 900�C at a heating rate of 10�C/min under a flowing

air atmosphere. A Techcomp CT14D centrifuge (Shanghai,

China) was used to calculate WR.

RESULTS AND DISCUSSION

Characterization of the Materials

Structure. Elemental analysis. As shown in Table II, the C con-

tent in WNMS–PAA increased from 34.24 to 35.66%, and the

Table I. Effects of Different Parameters on the Water Absorbency of WNMS–PAA in Distilled Water and Salt Solutions

Effect
MBA
(wt %)

APS
(wt %)

BDK
(wt %)

Neutralization
degree of AA
(%)

WNMS
(wt %)

Reaction
time (min)

Qe

(g/g)a
Qe

(g/g)b

Crosslinker 0.03 0.30 0.30 70 30 20 1203 32

0.06 0.30 0.30 70 30 20 1268 93

0.09 0.30 0.30 70 30 20 1366 159

0.12 0.30 0.30 70 30 20 1663 161

0.15 0.30 0.30 70 30 20 1456 101

0.18 0.30 0.30 70 30 20 1141 39

Water-soluble initiator 0.12 0.00 0.30 70 30 20 703 31

0.12 0.10 0.30 70 30 20 1206 39

0.12 0.20 0.30 70 30 20 1401 48

0.12 0.30 0.30 70 30 20 1663 161

0.12 0.40 0.30 70 30 20 1680 196

0.12 0.50 0.30 70 30 20 1176 33

Photoinitiator (BDK) 0.12 0.40 0.05 70 30 20 42 22

0.12 0.40 0.10 70 30 20 623 119

0.12 0.40 0.15 70 30 20 764 202

0.12 0.40 0.20 70 30 20 793 220

0.12 0.40 0.25 70 30 20 1698 228

0.12 0.40 0.30 70 30 20 1680 196

Neutralization
degree of AA (%)

0.12 0.40 0.25 65 30 20 135 92

0.12 0.40 0.25 70 30 20 1698 228

0.12 0.40 0.25 75 30 20 1073 231

0.12 0.40 0.25 80 30 20 1292 240

0.12 0.40 0.25 85 30 20 1701 388

0.12 0.40 0.25 90 30 20 236 181

WNMS 0.12 0.40 0.25 85 0 20 998 100

0.12 0.40 0.25 85 15 20 1406 140

0.12 0.40 0.25 85 30 20 1701 388

0.12 0.40 0.25 85 45 20 1033 173

0.12 0.40 0.25 85 60 20 624 63

0.12 0.40 0.25 85 75 20 368 36

Reaction time 0.12 0.40 0.25 85 30 5 1332 41

0.12 0.40 0.25 85 30 10 1343 128

0.12 0.40 0.25 85 30 15 1410 306

0.12 0.40 0.25 85 30 20 1701 388

0.12 0.40 0.25 85 30 25 1516 308

0.12 0.40 0.25 85 30 30 1389 200

a Water absorbency of WMS–PAA in distilled water.
b Water absorbency of WMS–PAA in a 0.9 wt % NaCl solution.
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N content increased from 0.18 to 0.45% compared with PAA,

whereas the H content decreased from 5.330 to 4.845%. This

was because the cellulose molecules with relatively high carbon

contents in WNMS reacted with the monomer molecules and

changed the polymer chains. Meanwhile, part of the nitrogen-

containing compound in WNMS was added to polymer chains;

this led to increases in the C and N contents. The previous two

reasons resulted in a slight decrease in the relative H content in

WNMS–PAA.

FITR spectroscopy. The FTIR spectra of WNMS, PAA, and

WNMS–PAA are shown in Figure 2. The spectrum of WNMS

showed characteristic absorptions of cellulose structures, includ-

ing the absorption at 3437 cm21 (hydrogen bonded AOH

stretching vibrations), 2939 cm21 (methylene stretching), 1404

cm21 (carbonyl stretching), and 1037 cm21 (1,4-glycosidic

bond). In the spectrum of PAA, the band at 3450 cm21 was

related to OAH and NAH stretching vibrations. The band at

2939 cm21 resulted from the methylene stretching and OAH

stretching of carboxylic acid. The absorption at 1680 cm21 cor-

responded to the stretching of amide I. The band at 1562 cm21

was due to the C@O asymmetric stretching of ACOOA and

amide II.29 The two bands at 1404 and 1315 cm21 contributed

to the C@O symmetric stretching of the ACOOA, stretching

and bending vibrations of the CAN. Compared with PAA, the

absorption peaks of WNMS–PAA revealed some changes in the

characteristic spectral peaks. The peak at 2931 cm21 (ACOOH)

was lower, and the ones at 1639 cm21 (C@O of amide I), 1562

Figure 1. Proposed mechanism for the synthesis of WNMS–PAA. DMPA 5 dimethoxy-2-phenylacetophenone.
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cm21(COOA and amide II), and 1440 cm21(ACOOA) were

sharper in the spectrum of WNMS–PAA than in those of PAA.

This indicates that these functional groups in WNMS grafted

onto WNMS–PAA during the polymerization and ACOOH

groups transformed into ACOOA groups during the neutraliza-

tion of AA and WNMS.30

Morphology. The SEM micrographs of WNMS, PAA, and

WNMS–PAA are depicted in Figure 3. We observed that

WNMS showed a lamellar structure surface, and PAA showed a

smooth, dense, and porous surface, whereas WNMS–PAA

exhibited a comparatively coarse, loose, and porous surface. We

concluded that the cellulose particles were added to polymer

chains and many irregular aggregates were formed during the

copolymerization reaction.30 The coarse and improved surface

of WNMS–PAA made the specific surface area of the superab-

sorbent materials increased; this was beneficial for the promo-

tion of the water absorbency.

Thermal Properties. The thermal behavior of WNMS–PAA is

shown in Figure 4. From the TG curve, we found that WNMS–

PAA had a three-step thermogram, with weight losses of 28.97,

39.80, and 20.93%, respectively. The first stage occurring before

360�C was due to the water evaporation and the breaking of

CAOAC bonds in the chain of WNMS. To be more exact, part

of the CO2 molecule eliminated from the polymeric backbone.31

The major weight loss of the polymer occurred in the second

stage between 360 and 538�C; this was assigned to the elimina-

tion of the water molecule from the two neighboring carboxylic

groups of the polymer chains with the formation of anhydride,

main-chain decomposition of the PAA, and destruction of

crosslinked network structure.32 The third stage occurred

between 700 and 800�C; this might have been acceptable evi-

dence for the further decomposition or degradation of residual

organic matter at high temperatures. Ultimately, the weight of

the residual sample was 10.30%; this was attributed to inorganic

salts in the material and part of the decomposition of the prod-

uct. Correspondingly, there were three peaks in the derivative

TG curve at about 299, 426, and 744�C; this represented the

maximum decomposition speeds.

Effects of the Different Parameters on the Water Absorbency

of WNMS–PAA. The effect of different parameters on the dis-

tilled water and salt solution absorbency of WNMS–PAA are

shown in Table I.

Effect of the crosslinker content on the water absorbency of WNM-

S–PAA. As shown in Table I, the water absorbency increased

with the augment of crosslinker content from 0.03 to 0.12 wt %

and then decreased with further increases in the crosslinker con-

tent. For an MBA to AA ratio of 0.12 wt %, the superabsorbent

composite exhibited maximum absorbencies of 1663 g/g in

distilled water and 161 g/g in a 0.9 wt % NaCl solution. For an

MBA to AA ratio of less than 0.12 wt %, the increasing cross-

linker raised the number of network nodes and improved the

crosslinking density. This led to the formation of more three-

dimensional polymer networks with a small aperture. These

effects were favorable for fluid absorption and retention.33 How-

ever, when the crosslinker content was too large (>0.12 wt %),

the crosslinking density was higher, the holes in three-

dimensional networks became smaller, and the elasticity of the

polymeric network of the superabsorbent decreased. Then, the

proposed structure failed to expand upon fluid wetting; this

caused a decreased ability in the absorbing water. In summary,

the superabsorbent composite with a moderate level of cross-

linking can absorb and retain large quantities of aqueous fluids.

Effect of the initiator content on the water absorbency of WN-

MS–PAA. Table I illustrates the effect of the water-soluble initia-

tor (APS) and photoinitiator (BDK) on the water absorbency of

the prepared samples. The water absorbency increased with the

augmentation of the APS and BDK contents from 0.0 to 0.4%

and from 0.05 to 0.25%, respectively, and then decreased with

the increasing APS and BDK content. The maximum absorb-

ency was obtained when the content of APS was 0.4 wt % and

that of BDK was 0.25 wt %. The reason was related to the rela-

tionship between the average chain length and concentration of

the initiator in the polymerization.34 It was assumed that with

increasing initiator content, more radical centers and crosslink-

ing density occurred; this could have promote the full reaction

between the cellulose molecules and AA molecules. As a result,

an effective three-dimensional polymer network could be

formed, which might have enhanced the water absorbency.

However, too many radical centers decreased the chain length

and the molecular weight of the prepared polymer, which would

bring about a lower water absorbency.35

Effect of the neutralization degree of AA on the water absorbency

of WNMS–PAA. As shown in Table I, the water absorbency was

quite low at a neutralization degree of 65% and higher at a

Table II. Elemental Analyses of WNMS, PAA, and WNMS–PAA

Sample C (%) N (%) H (%)

WNMS 35.93 1.36 5.096

PAA 34.24 0.18 5.330

WNMS–PAA 35.66 0.45 4.845

Figure 2. FTIR spectra of (a) WNMS, (b) PAA, and (c) WNMS–PAA.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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neutralization degree of 70%; this was caused by the increase in

the ionic dissociation of the carboxylic acid groups.36 The maxi-

mum absorbency (1701 g/g in distilled water and 388 g/g in 0.9

wt % NaCl solution) were obtained when the neutralization

degree of AA was 85%. After AA was neutralized with a sodium

hydroxide solution, the number of negatively charged carboxyl

groups in the composite material and osmotic pressure

increased and produced an electrostatic repulsion. Then, net-

work expansion could be obtained. The electrostatic repulsion

and osmotic pressure increased with the augmentation of the

neutralization degree from 75 to 85%. This led to a high water

absorbency. When the neutralization degree of AA exceeded

85%; however, the water absorbency of the prepared superab-

sorbent composite decreased. This behavior could have been

due to a rise in the chain rubbery elasticity and counter-ion

condensation on the polyion. We hold the opinion that the

increasing numbers of Na1 in the polymeric network led to the

net charge density in the per unit chain length becoming

higher; this may have contributed to the decline in the swelling

ability.18

Effect of the WNMS content on the water absorbency of WNMS–

PAA. The effect of the weight ratio of WNMS to AA on the

water absorbency was studied, and the results are shown in

Table I. The superabsorbent composites reached their maximum

absorbency at a WNMS weight ratio of 30 wt % and then

decreased. This effect was apparent for samples submersed

either in distilled water or in saline solution. The maximum

absorbency in distilled water was 1701 g/g, and that in a 0.9 wt

% NaCl solution was 388 g/g. The absorbency in distilled water

and that in a 0.9 wt % NaCl solution showed an increasing

tendency in the ratio from 0 to 30 wt %; this was likely caused

by increase in crosslinking between WNMS and PAA. WNMS

contained a number of hydrophilic functional groups (AOH

groups). Thus, reactions between the AOH groups of WNMS

and the ACOOA groups of AA occurred. Then, the polymeric

network was enhanced, and this further caused a higher water

absorbency.37 The absorbencies in distilled water and the 0.9 wt

% NaCl solution decreased at ratios over 30 wt %. This phe-

nomenon may have been due to the conformation of more

crosslinking points in the polymeric network; this would lead to

an excessive increase in the crosslinking density of the superab-

sorbent hydrogel and a decrease in the water absorbency. More-

over, the phenomenon may have resulted in a relative ratio

reduction in hydrophilic groups, such as AOH, ACOOH, and

ACOOA, in the superabsorbent composite.

Effect of the reaction time on the water absorbency of WNMS–PAA.

As shown in Table I, the water absorbency in distilled water and

in the saline solution increased from 5 to 20 min and then

decreased from 20 to 30 min. The maximum absorbency (1701

g/g in distilled water and 388 g/g in 0.9 wt % NaCl solution)

was observed at 20 min. On one hand, a reaction time that was

too short resulted in incomplete polymerization and a short

polymer chain; this was not conducive to water absorption; On

the other hand, an irradiation time that was too long resulted

in an increase in polymer crosslinking degree; many branched

chains were formed in the network structure, which tangled

with each other and obstructed the expansion of the polymer.

So, it produced small holes in three-dimensional networks,

which led to the compounds absorbing little water.35 Both of

these respects resulted in a low water absorbency.

Water Retention

To evaluate the WR properties, high-temperature (60�C) dry-

ing and centrifugal separation methods (6000 rpm) was used

Figure 3. SEM micrographs of surfaces of (a) WNMS, (b) PAA, and (c) WNMS–PAA.

Figure 4. TGA thermogram of WNMS–PAA. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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to test the WR capacity. The results obtained by drying under

a temperature of 60�C in an air oven are shown in Figure

5(a), and those obtained by centrifugation at speed of 6000

rpm under room temperature are shown in Figure 5(b). As

shown in the figure, the WR maintained 68 and 75% WR

after 15 h of drying and 60 min of centrifugation, respec-

tively. The WR capacity could be determined by van der

Waal’s forces and the hydrogen-bonding interaction between

the superabsorbent and water molecules.38 The substantial

carboxylate groups of WNMS–PAA made this chemical inter-

action stronger, and this improved the WR capacity.1 The

water loss ratio was larger in the first several hours than in

the last several hours. The reason for this phenomenon was

that at beginning, there was more weak-absorption water

(easier to lose) on the polymer. As the extension of the dry-

ing and centrifugation time, the weak-absorption water was

lower and lower, and the ratio of strong-absorption water was

relatively larger in the hydrogel, and this led to a reduction in

dehydration.

Swelling Kinetics

Swelling Behavior in Distilled Water and in a 0.9 wt % NaCl

Solution. Figure 6(A,B) shows the effect of the contact time on

the water absorbency in distilled water and in a 0.9 wt % NaCl

solution, respectively. To investigate the kinetic mechanism, the

pseudo-first-order and pseudo-second-order models were

adopted to fit the experimental data.

The pseudo-first-order swelling kinetic model39 is as follows:

ln ðQe2Qt Þ5ln Qe2K1t (3)

The pseudo-second-order swelling kinetic model40,41 is as

follows:

t

Qt

5
1

K2Q2
e

1
t

Qe

(4)

where Qe (g/g) and Qt (g/g) are the water absorbencies at equi-

librium and at time t (min), respectively, and K1 (min21) and

K2 (g/g/min) are the rate constants.

As shown in Figure 6(A), the process of water absorption con-

sisted of three steps: (1) an initial rapid increase phase at 0–60

min, where the absorption was fast and contributed significantly

Figure 5. WR capacity of PAA–WNMS (a) dried at 60�C and (b) centri-

fuged at 6000 rpm. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 6. (A) Effect of the contact time on the distilled water absorbency:

(a) pseudo-first-order kinetic model and (b) pseudo-second-order kinetic

model. (B) Effect of the contact time on the salt solution absorbency (0.9

wt % NaCl): (a) pseudo-first-order kinetic model and (b) pseudo-second-

order kinetic model. (C) Effect of the contact time on urea diffusion. The

inset shows linear plots of the logarithm of diffusion fractions of urea

against the log time in a 0.1 wt % urea solution.
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to the equilibrium uptake (>77%); (2) a slower second increase

phase at 60–360 min, whose contribution to equilibrium

absorption was relatively small (<23%); and (3) an equilibrium

phase after 360 min, where absorption almost remained

constant.

As shown in Figure 6(A), the pseudo-first-order plot (in part a)

was linear with a linear correlation coefficient (R2) of 0.9714

(Table III), and the value of the experimental absorption

capacity (Qe,exp) was 1701 g/g; this was much higher than the

calculated value of the absorption capacity (Qe,cal; 1031 g/g).

The pseudo-second-order plot (in part b) also gave perfect

straight lines with R2 5 0.9991. Qe,cal (1765 g/g) was slightly

higher than Qe,exp (1701 g/g). Therefore, this indicated that the

swelling process in distilled water followed the pseudo-second-

order swelling kinetic model.

As shown in Figure 6(B), the curve of water absorption in the

0.9 wt % NaCl solution also consisted of three phases:

1. An initial rapid increase phase at 0–60 min, in which the

salt solution absorption rate was fastest and up to 69% of

equilibrium absorption capacity.

2. A slower second increase phase in 60–360 min, whose con-

tribution to equilibrium absorption was approximately 29%.

3. An equilibrium phase after 360 min, where absorption

remained almost constant.

The dynamic swelling studies were done to characterize the

mechanism of the 0.9 wt % NaCl solution absorption by the

superabsorbent polymer via eqs. (3) and (4). As shown in Fig-

ure 6(B), the pseudo-first-order plot (in part a) and the

pseudo-second-order plot (in part b) were linear with R2 values

of 0.9450 and 0.9972, and the Qe,cal values were 247 and 400 g/

g, respectively. They were 36 and 3.1% differences in the value

of the salt solution Qe,exp (388 g/g). Therefore, this indicated

that the swelling process in a 0.9 wt % NaCl solution followed

the pseudo-second-order swelling kinetic model. The good

agreement with pseudo-second-order swelling kinetic model

explained that the absorption determining step may have been

valence forces through the sharing or exchange of electrons

between WNMS–PAA and the salt solution.42

Swelling Behavior in a Urea Solution. The water absorbency in

the 0.1 wt % urea solution was measured three times by eq. (1),

and the average value of equilibrium absorbency was 1011 g/g.

The water absorption rate in urea solution was reduced to

59.5% relative to the equilibrium absorbency in distilled water

(1701 g/g). This was because urea was a nonelectrolyte existing

in the molecules and a nonionized form in aqueous solution.18

The existence of urea caused osmotic pressure differentials in

the superabsorbent polymer solutions, and this may have caused

thewater molecules to move in the direction of the electrolyte

dilution concentration. Thus, urea-based fertilizers reduced the

water absorbency of the superabsorbent polymer.

As shown in Figure 6(C), the diffusion capacity of urea

increased rapidly from 0 to 30 min, and more than 40% of the

total amount of urea diffusion into the gels occurred within

30 min. The urea diffusion capacity decreased gently in the later

90 min, but there was still nearly 31% urea diffusion into the

gels. After 120 min, the diffusion rate slowed down rapidly until

it reached the maximum amount of diffusion close to 80% of

the total amount of urea. This phenomenon was due to the

existence of intermolecular forces between the urea molecules

and polymer chains and the osmotic pressure of the urea solu-

tion. The osmosis of the solution and hydrogen-bonding inter-

actions between the urea molecules and the groups of the

polymer was strong at first, and this led to a relatively high

absorbency. With a prolonged contact time, further interaction

of the groups gradually weakened; this slowed down the speed

of water absorption until it reached equilibrium absorbency.

The study on the urea diffusion mechanism is very important

for practical hydrogel applications. To further understand the

urea diffusion mechanism, the results were analyzed to estimate

the values of n and k with an empirical equation43 as follows:

log ðMt=MeÞ5log ðkÞ1nlog ðtÞ (5)

where Me is the amount of urea at equilibrium, n is a diffusion

exponent that indicates the diffusion mechanism, and k is a dif-

fusion constant. A good linear fit with an R2 of 0.9819 was

observed between log(Mt/Me) and log t for Mt/Me� 0.6. From

the slope and intercept of the plot of log(Mt/Me) versus log t,

the kinetic parameters n and k were calculated, and the value

were 0.3812 and 0.1117, respectively. According to the classifica-

tion of the diffusion mechanism, a value of n< 0.5 indicated

the Fickian diffusion mechanisms. The calculated value for the

constant n 5 0.3812, the urea diffusion mechanism of the

hydrogels was a Fickian diffusion mechanism.

CONCLUSIONS

A novel superabsorbent hydrogel (WNMS–PAA) was synthe-

sized by the UV irradiation method in the presence of BDK and

APS as initiators and MBA as a crosslinker. The structure and

properties of WNMS–PAA were analyzed by FTIR spectroscopy,

SEM, and TGA, the consequences of which indicated the occur-

rence of the copolymerization process. A condition experiment

was conducted on the neutralization degree of AA, reaction

time, and amounts of AA, WNMS, MBA, APS, and BDK.

The optimal conditions were m(AA)/m(WNMS)/m(MBA)/

Table III. Kinetic Parameters for the Water Absorbency of WMS–PAA in Distilled Water and 0.9 wt % NaCl Solutions

Qe,exp (g/g)

Pseudo-first-order swelling kinetics Pseudo-second-order swelling kinetics

K1 (min21) Qe,cal (g/g) R2 K2 (1025 g/g/min) Qe,cal (g/g) R2

Distilled water 1701 0.0101 1031 0.9714 2.4886 1765 0.9991

0.9 wt % NaCl solution 388 0.0082 247 0.9450 9.1777 400 0.9972
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m(APS)/m(BDK) 5 100:30:0.12:0.40:0.25 (where m is the

abbreviation of mass), neutralization degree of AA 5 85%, and

reaction time 5 20 min. The water absorbencies of the WNMS–

PAA in distilled water, 0.9 wt % in NaCl solution and 0.1 wt %

in urea solution were 1701, 388, and 1011 g/g, respectively. The

swelling process in distilled water and in 0.9 wt % NaCl solution

followed the pseudo-second-order swelling kinetic model. More-

over, almost 80% of the total amount of urea in the 0.1 wt %

urea solution diffused into the hydrogel, and the diffusion pro-

cess was consistent with a Fickian diffusion mechanism. In addi-

tion, our synthesized superabsorbent WNMS–PAA composite

showed better properties of water swelling, WR, and urea absorp-

tion compared to the same type of superabsorbent materi-

als.1,18,25 Thus, it could be exploited very well in many potential

applications, including agriculture, forestry horticulture, pharma-

ceuticals, and other industries. The application and degradation

of the product will be explored in our future research work.
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