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a b s t r a c t

Well-dispersed graphene oxide sheets were successfully incorporated into a superabsorbent resin
through in situ graft polymerization of acrylic acid on carboxymethyl cellulose backbone in the pres-
ence of graphene oxide as filler. The structure and properties of the resultant superabsorbent resin were
studied in detail by means of a variety of characterization methods. The influence of the feed ratio of
starting materials (such as GO, initiator, cross-linker, the ratio of CMC to AA and the neutralized degree of
eywords:
arboxymethyl cellulose
uperabsorbent resin
raphene oxide
welling behavior

ater retention

AA) and pH values on water absorbency and retention ability was extensively determined and discussed.
The obtained results showed that the introduction of graphene oxide had no obvious influence on the
inherent structure of the superabsorbent resin but changed the surface morphology significantly. Impor-
tantly, the hybrid superabsorbent resin showed an enhanced thermal stability and remarkably improved
swelling ratio as well as water-retention ability comparing with that of the pure superabsorbent resin.

© 2016 Elsevier Ltd. All rights reserved.
. Introduction

Superabsorbent resin (SAR) represents a new type of functional
ydrogel with an appropriate degree of cross-linking and poly-
er network structure. SAR can absorb large volumes of water

r aqueous solutions in a relatively short time and retain swollen
tate even under certain pressure (Ma, Li et al., 2015; Mukerabigwi
t al., 2016). Because of these excellent characteristics, SARs are
xtensively used in many fields, such as agriculture, horticulture,
ygienic products, wastewater treatment, drug delivery and coal
ewatering, and so on. Generally, raw materials for preparing com-
ercial SARs have almost focused on petrochemical products, such

s acrylic acid, acrylamide, polyvinyl alcohol, and acrylonitrile.
hough the SARs produced from synthetic polymers with superior
rice-to-efficiency balance, high production cost and serious envi-
onmental problem have been two major concerns for these SARs

Ma, Ran et al., 2015; Mukerabigwi et al., 2015). In this regard, the
evelopment of eco-friendly natural-based SARs with low produc-
ion cost and good biodegradability will be highly desired.
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E-mail addresses: gary1451@iccas.ac.cn (Z. Wang), song1666@126.com

A. Song).
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144-8617/© 2016 Elsevier Ltd. All rights reserved.
To date, various alternatives and strategies have been proposed
to prepare low cost and eco-friendly SARs (Bao, Ma, & Sun, 2012;
Chen, Zhang, & Li, 2015; Liu, Li et al., 2013; Muhammad et al., 2016).
Among them, copolymerization of natural polysaccharides such as
starch, cellulose or chitosan with hydrophilic synthetic polymers
have been proved to be a popular and applicable method. Neverthe-
less, the lower swelling ratio and weaker gel strength of these SARs
relative to the petro-based products severely restrict their practi-
cal application (Bao et al., 2012; Liu, Li et al., 2013; Muhammad
et al., 2016; Mukerabigwi et al., 2016; Wang & Wang, 2010). To this
end, much effort has been made on developing economic and more
effective polysaccharide based hydrogels through different strate-
gies, and much progress has been achieved during past few years
(Huang, Liu, Fang, & Zhang, 2013; Ma, Li et al., 2015; Mukerabigwi
et al., 2016; Peng et al., 2016). Among them, hybridizing inorganic
nanomaterials with SARs have attracted more and more interest
owing to their synergistic properties and potential applications
in various fields. The incorporation of these nano-fillers can not
only reduce production cost, but also improve swelling ability, gel
strength, and thermal stability of the corresponding SARs. To date,

different additives, such as montmorillonite, kaolin, attapulgite,
and vermiculite have been used to fabricate hybrid SARs (Bao, Ma,
& Li, 2011; Bao et al., 2012; Zhu et al., 2012).

dx.doi.org/10.1016/j.carbpol.2016.09.070
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Ever since Novoselov et al. succeeded in extracting single atom-
hick layer from bulk graphite in 2004 (Novoselov et al., 2004),
raphene oxide (GO) and graphene have attracted considerable
ttention for use in numerous applications including nanocom-
osites due to their unique structural and fascinating properties
Wang, Xu, Gao, & Li, 2014). GO consists of a considerable number
f covalently attached oxygen-containing groups such as hydroxyl,
poxy, carbonyl and carboxyl groups. The existence of these groups
akes GO sheets good hydrophilicity and the ability to be well dis-

ersed in aqueous media by mild ultrasonic treatment (Compton &
guyen, 2010). Though a few investigations devoted to GO-based

omposite hydrogels (Liu et al., 2016; Zhang, Zhai, & He, 2014), very
ew reports were on GO-based SARs until now (Huang et al., 2012;
iu, Yu et al., 2013; Morimune, Nishino, & Goto, 2012; Zhu et al.,
012). Besides, the raw materials concerned in these documents are
lmost based upon petrochemical products. There are few litera-
ures using biodegradable natural polysaccharides as raw materials
or preparing GO-based SAR (Huang et al., 2016). It is expected that

 new type of SAR with novel structure and improved performance
an be developed by the effective combination of biodegradable
atural polysaccharide and GO.

In the present study, GO sheets were successfully incorporated
nto a carboxymethyl cellulose (CMC)-based SAR by grafting poly-

erization of partially neutralized acrylic acid (AA) onto CMC
ackbones in the presence of GO as fillers. The inherent structure
nd surface morphology of the hybrid SAR (HSAR) were compared
ith that of the pure SAR. The effects of the feed ratio of starting
aterials (such as GO, initiator, cross-linker, the ratio of CMC  to AA

nd the neutralized degree of AA) and pH values on the swelling
ehavior of the HSARs were systematically investigated. The effect
f GO on the water retention abilities of the prepared HSAR in
istilled water at different temperature were also examined.

. Experimental

.1. Materials

AA (A.R.), Ammonium persulfate (APS, A.R.), CMC  (C.R.,
00–800 mPa  s) and N,N-methylene bisacrylamide (MBA, C.R.)
ere purchased from Sinopharm Chemical Reagent Co., Ltd, China.
A was distilled under reduced pressure before use. All the reagents
sed in this study were of reagent grade. All other reagents were
sed as received and all solutions were prepared with distilled
ater.

.2. Preparation of CMC-g-PAA/GO HSAR

The graphite oxide was synthesized from natural graphite pow-
er by the modified Hummers method as originally presented
y Kovtyukhova and colleagues (Hummers & Offeman, 1958;
ovtyukhova et al., 1999). The obtained graphite oxide was dis-
ersed in deionized water and subsequently sonicated to yield
xfoliated GO. A typical procedure for CMC-g-PAA/GO HSAR was
erformed as follows: CMC  powder (5–20 wt% of AA) was dissolved

n 30 mL  distilled water in a 250 mL  four-necked flask equipped
ith a mechanical stirrer, a thermometer, a reflux condenser and

 nitrogen line to form a transparent sticky solution. The solution
as heated to 60 ◦C and purged with N2 for 30 min  to remove dis-

olved oxygen. Then, 5 mL  of APS aqueous solution with adequate
mount was added under continuous stirring and kept at 60 ◦C for
0 min  to generate radicals. AA (7.2 g) with various neutralization

egree from 40 to 90%, MBA  cross-linker (0.01–0.1 wt% of AA) and
he calculated amount of GO powder for different final contents (0;
.1 wt%; 0.3 wt%; 0.5 wt%; 0.8%; 1.0 wt%) were stirred or sonicated
or 1 h until the mixture was dissolved completely. After cooling
lymers 157 (2017) 48–56 49

to 50 ◦C, the mixture was  added to the flask. The temperature was
risen to 70 ◦C and maintained for 3 h to complete reaction. A nitro-
gen atmosphere was  maintained throughout the reaction period.
The obtained hydrogel products were washed with distilled water
for several times and dried to constant weight at 70 ◦C. Finally, the
dried HSAR was  ground and sieved to 80 meshes for further use.

2.3. Materials characterization

The synthesis of GO and HSARs were characterized compre-
hensively by a variety of techniques. The X-ray photoelectron
spectroscopy (XPS) data were obtained with VG Multilab 2000
electron spectrometer from Thermo Scientific using 300 W Al K�
radiations. The base pressure was  about 3 × 10−9 mbar. The binding
energies were referenced to the C1s line at 284.8 eV from adventi-
tious carbon. Wide angle X-ray diffraction (WXRD) measurements
were made using a Bruker D8 ADVANCE X-ray diffractometer with
Cu Ka (1.541 Å) radiation (40 kV, 30 mA). Powder samples were
mounted on a sample holder and scanned with a step size of 0.01◦ in
the angular region between 2� = 3◦ and 90◦. AFM image was taken
by using a Multimode 8 microscope (Bruke Veeco, Inc.) operating in
the tapping mode with standard silicon nitride tips. Typically, the
surface was  scanned at 1 Hz with the resolution of 256 lines/image.
For scanning electron microscopy (SEM) observations, the speci-
mens were dropped onto the silicon single crystal sheet and dried
under infrared light. The dried specimens were placed carefully
on conducting glue, then coated with gold vapor to make them
conducting and analyzed on a JSM 6700F SEM operated at 5.0 kV.
The thermal stabilities were determined using a NETZSCH4 TGA
instrument at a 50 mL  min−1 flow rate under a nitrogen atmo-
sphere. The temperature was  increased from 50 to 800 ◦C at a rate of
10 ◦C min−1. The FT-IR spectra were obtained using a Nicolet Avator
230 spectrometer. The samples were prepared with KBr.

2.4. Swelling behaviors

The pre-weighted dry SAR was  immersed in excessive distilled
water and kept undisturbed for 10 h at room temperature until
equilibrium swelling was reached. The swollen superabsorbent was
filtered using a 100-mesh sieve and drained for 20 min  until no free
water remained. After weighing the swollen SAR, the equilibrium
water absorption can be calculated by using the following equation.

Qeq = (w2 − w1)/w1 (1)

where Qeq is the equilibrium water absorption defined as grams
of water per gram of sample; w1 and w2 are the mass of sample
before and after swelling, respectively. All of the data were given
as means ± SD (n = 3).

2.5. Water retention properties

Water retention behaviors of the optimal HSAR with 0.6 wt%
GO were measured and compared with pure SAR by two  different
methods, i.e. heating test and centrifuging test. For the heating test,
the pre-weighted swollen HSAR (w2) equilibrated in distilled water
was put into beaker and placed into an oven with the temperature
of 100 ◦C. The water retention study was  measured as a function
of time by weighing the sample at certain time intervals. The mass
of HSAR were recorded and marked asw3. For the centrifuging test,
the pre-weighted swollen HSAR (w2) samples were centrifuged at
4000 rpm for 10 min  continuously each time. The water retention

study was measured as a function of time by weighing the sample at
certain time intervals. The mass of HSAR were recorded and marked
asw3. As a control, the water retention behaviors of the pure SAR
were tested under the same condition.
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The percentage of water retention is calculated as follows:

ater retention (%) = (w3/w2) × 100 (2)

. Results and discussion

.1. Synthesis and characterization of GO

There are a wide range of oxygenic functional groups such as
poxy, hydroxyls, and carbonyl and ketone and carboxylic acid,
oth on the basal planes and at the edges of GO sheets. These
ydrophilic groups facilitate GO exfoliated and dispersed readily

n aqueous solution to produce homogeneous colloidal suspen-
ions (Dreyer, Park, Bielawski, & Ruoff, 2010; Tripathi & Mitra,
016). These properties are critical factors which will influence
he properties of GO based composites, especially hydrogels or
ARs. The chemical structure, morphology and dispersibility of the
s-prepared GO were characterized by XPS, XRD and AFM measure-
ents and shown in Fig. 1.

As shown in Fig. 1a, after oxidation of the graphite into GO,
wo dominant XPS peaks were observed at 284.7 and 286.8 eV. The
eak at 284.7 eV is a characteristic peak for C C/C C bonding of
raphite. The other peak at 286.8 eV shows a broad tail to higher
inding energy region, which is attributed to emission from the oxi-
ized carbon atoms in the GO. The three fitted peaks at 284.7, 286.8
nd 287.9 eV can be assigned to the binding energies of carbon
n C C/C C, C O (epoxy/hydroxyls), and C O (carbonyl/ketone),
espectively, indicating the formation and existence of consider-
ble amounts of oxygen containing groups on the surface of GO.
his conclusion was further confirmed by the FT-IR spectroscopic
easurement of GO (Fig. 2d).

The interlayer distances of both natural graphite and GO were
nvestigated by XRD. As shown in Fig. 1b, a sharp diffraction peak
ear 26◦ was observed, implying an interlayer distance of 3.34 Å

f the natural graphite. For the XRD pattern of GO, the diffraction
eak near 26◦ disappeared while a new diffraction peak arose at
2◦, which is the well-known peak position of GO, indicating that
he natural graphite has been transferred into GO after oxidation.
Fig. 2. The FT-IR spectra of (a) CMC, (b) CMC-g-PAA, (c) CMC-g-PAA/GO (0.6 wt%
GO),  and (d) GO.

The distances of the interlayers of GO were calculated to be 7.30 Å
compared to that of 3.34 Å for natural graphite, in agreement with
previous result (Wilson et al., 2009). This is also consistent with the
fluffy appearance of the lyophilized GO (inset in Fig. 1b).

The AFM image of the GO sample (Fig. 1c), which were deposited
onto a silica wafer from an aqueous dispersion, indicated that the
thickness of the GO sheets averaged ca. 2 nm,  indicating that the GO
are in few-layered structures. Compared with natural graphite, the
GO became strongly hydrophilic and could be dispersed in water
forming a stable aqueous dispersion by mild ultrasonic treatment
(Fig. 1c, inset).
3.2. Synthesis and characterization of HSARs

For investigation of the chemical structural changes from graft
copolymerization to the formation of hybrid hydrogels, FT-IR
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ig. 3. SEM micrographs of (a and a’) CMC-g-PAA, (b and b’) CMC-g-PAA/GO (0.6 wt
epresent 1 �m and 100 nm,  respectively.

pectroscopic measurements of CMC, GO, CMC-g-PAA, and CMC-g-
AA/GO (0.6 wt%) were performed and displayed in Fig. 2. It can be
een that the characteristic absorption bands of CMC  at 1061, 1115
nd 1159 cm−1 (stretching vibrations of C OH) were obviously
eakened after copolymerization (Fig. 2a and b). Two new bands

t 1739 cm−1 and 1556 cm−1 attributing to the C O stretching of
COOH and asymmetric stretching of COO groups, appeared

n the spectra of CMC-g-PAA and CMC-g-PAA/GO (Fig. 2b and c),
ndicating that PAA was grafted onto the CMC  backbone. The asym-

etric stretching vibration of C O groups on CMC  at 1625 cm−1 can
e observed which overlapped with the characteristic absorption
f COO groups of grafted PAA chains and formed a broad band.
he COO bands of CMC-g-PAA at 1556 cm−1 almost disappeared
fter forming CMC-g-PAA/GO hybrid hydrogel, which implied the
ncorporation of GO decreased the bonding interaction between
olymer chains compared to that of CMC-g-PAA hydrogel. In addi-
ion, The coupling O H stretching vibration and the OH bending
ibration at 3550 cm−1 and 1480 cm−1 of GO weakened obviously
n the spectrum of the hybrid hydrogel (Fig. 2c and d). Meanwhile,
he characteristic absorption band of GO at 1637 cm−1 appeared in
he spectrum of CMC-g-PAA/GO with a weakened intensity (Fig. 2c).
ll of these signals revealed that the GO sheets participated in the

ormation process of the HSAR through its surface active groups. A

agnified FTIR plot for all samples in the range of 2000–800 cm−1

or more clarity of explanations was provided in the section of
upporting information (Fig. S1).
 and (c and c’) CMC-g-PAA/GO (1.0 wt% GO). The scale bars in left and right column

Since the GO sheets participated in the formation process of the
hybrid SAR, it would be important to examine the possible effect of
GO on the underlying structure of the SARs. To this end, the wide-
angle X-ray diffractions were conducted to trace the alteration of
the crystalline structure. However, as shown in Fig. S2, the patterns
of the HSARs with different GO contents were nearly the same with
that of the pure CMC-g-PAA SAR. This result indicates that the addi-
tion of GO had no effect on the formation mechanism of SAR. Nor
is this all, the characteristic diffraction peak of GO at 12◦ does not
appear in the XRD pattern of HSARs (Fig. S2b and c). This result
might on the one hand because the feed ratio of GO was too little
to be detected. But on the other hand, we thought more possible
reason was that the majority of GO sheets have been exfoliated and
dispersed uniformly into the SAR matrix which resulted the disap-
pearance of the diffraction signal of GO. A similar effect of SWNTs on
the �-CD based hybrid hydrogel was also reported in the literatures
(Wang & Chen, 2007).

The effect of GO sheets on the thermal stability of the syn-
thesized HSAR was also investigated using the TGA technique.
Fig. S3 shows the thermograms of CMC-g-PAA, CMC-g-PAA/GO
(0.6 wt%) and CMC-g-PAA/GO (1.0 wt%) in range of 50–800 ◦C. It
was notable that three thermograms exhibited similar three-stage
thermal decomposition processes after the earlier weight loss of

14.16% at 237 ◦C which was due to the loss of absorbed and bounded
water. At the initial stage, three samples showed similar weight
loss of about 21.72% between 237 and 405 ◦C which attributed to
the dehydration of saccharide rings, the breaking of C O C bonds
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n the chain of CMC  and the elimination of the water molecule from
he two neighboring carboxylic groups of the PAA chains due to the
ormation of anhydride and main-chain scission (Huang, Lu, & Xiao,
007). In this stage, the introduction of GO sheets had almost no
ffect on the thermal decomposing process. The secondary decom-
osition stage occurred in the range of 401–475 ◦C for CMC-g-PAA,
04–487 ◦C for CMC-g-PAA/GO (0.6 wt%), and 409–499 ◦C for CMC-
-PAA/GO (1.0%) under the same weight loss of 17.65%. This stage
hould be attributed to the breakage of PAA chains and the destruc-
ion of cross-linked network structure network of SARs (Wang &

ang, 2010). Obviously, this process is delayed for the HSARs due
o the introduction of GO sheets. With the increase of GO amounts
rom 0 to 1.0 wt%, the degradation temperature enhanced from 475
o 499 ◦C. This result further confirmed the cross-linking role of GO
heets. A detail description of the degradation process for three
amples in this stage was provided in a tabulated form in the sec-
ion of Supporting information (Table S1). Subsequently, the thirdly
reakdown stage occurred with successive weight loss of about
5.82% until 600 ◦C for three hydrogel samples, this stage can be
ttributed to the destruction of carboxylic groups and CO2 evo-
ution, main chain scission and the breakage of the cross-linked
etwork structure (Chen et al., 2015; Ma,  Ran et al., 2015). Based
n the abovementioned information, it can be concluded that the
SARs show lower weight loss rate and smaller total weight loss

ompared with pure SAR, which indicates that the incorporation
f GO is helpful to improve the thermal stability of hydrogel. This
esult may  contribute to the “tortuous path” effect which delays
he permeation of oxygen and the escape of volatile degradation
roducts. A similar effect on the thermal resistance of hydrogel
omposites was  also reported in the literatures (Ferfera-Harrar,
iouaz, Dairi, & Hadj-Hamou, 2014; Irani, Ismail, & Ahmad, 2014).

To examine the effect of GO sheets on the surface morphology
f the resultant HSARs, SEM observation of CMC-g-PAA, CMC-
-PAA/GO (0.6 wt% GO) and CMC-g-PAA/GO (1.0 wt% GO) were
onducted and their images with low (left column) and high magni-
cation (right column) were presented in Fig. 3. It could be seen that

he fracture surface morphology of the pure hydrogel (Fig. 3a and a’)
s obviously different from that of the hybrid hydrogel (Fig. 3b and
’ and c and c’). As shown in Fig. 3a, the pure CMC-g-PAA hydrogel
isplays a relatively smooth and tight surface. However, the hybrid
ydrogel containing the GO sheets exhibited an undulant, coarse
nd rough surface (Fig. 3b and c). Furthermore, with the increase
f GO, the rough and super porous structure became more easily

dentified on the surface and the pores became smaller and more
niform comparing with the pure SAR (Fig. 3c and c’), which will be
n added advantage to enhance the water absorbance proficiency of
ybrid SARs. This fracture surface morphology change is attributed
o the introduction of GO sheets, and then may  have some influ-
nce on the water permeation regions and swelling behaviors of
he corresponding HSARs.

.3. Swelling behaviors of HSAR

The effect of GO content on swelling ratio of the hybrid hydrogel
n distilled water and 0.9 wt% NaCl aqueous solutions was investi-
ated and the results are displayed in Fig. 4. It could be seen that the
O content had an important influence on the water absorbencies
f the hybrid SARs. The water absorbencies of the HSARs increased
ith increasing the content of GO when the content of them is lower

han 0.6 wt%. This tendency may  be due to the fact that the GO
heets participated in the formation of the three-dimensional net-
ork structure, and the introduction of GO sheets greatly decreased
he hydrogen bonding interactions among hydrophilic groups and
estrained the entanglement of polymer chains, thus the physical
rosslinking degree is decreased with the increase of GO. Corre-
pondingly, the swelling capacity enhanced evidently. A similar
Fig. 4. The effect of GO content on the water absorbency in distilled water and
0.9  wt%  NaCl solution. Reaction conditions: AA = 7.2 g, CMC  = 12 wt%, MBA  = 0.05 wt%
and APS = 0.5 wt% at 70 ◦C.

effect of other inorganic fillers on the SARs has also been reported
in the literatures (Ma,  Ran et al., 2015; Wang & Wang, 2010). How-
ever, with further increasing the GO content from 0.6 to 1.0 wt%,
more cross-linking points was  generated, which decreases the elas-
ticity of the polymer chains, resulting in the decrease of water
absorbency. The highest swelling ratio for the hybrid hydrogel with
0.6 wt% of GO is 750 g g−1 in distilled water and 85 g g−1 in 0.9 wt%
NaCl solution. These results reveal that the incorporation of mod-
erate amount of GO into the CMC-based SAR matrix can enhance
the water absorbency. Similar conclusion has also been reported
in the petrochemical-based SAR systems, more importantly this
CMC-based HSAR showed enhanced performances than previous
reported PAA, PAA/GO and PAA-AAm–HNT–GO SARs (Liu, Yu et al.,
2013; Zhu et al., 2012). This will provide a novel way to produce
low-cost and eco-friendly superabsorbent materials, and render
them with great potential for applications in various fields.

Next, the effect of pH on the swelling behaviors of pure CMC-g-
PAA SAR and CMC-g-PAA/GO (0.6 wt%  GO) HSAR were investigated
in various pH solutions ranging from 2 to 12 (Fig. S4). The solution
pH was adjusted by NaOH (pH = 13.0), HCl (pH = 1.0) and distilled
water to reach the desired value. It could be seen from Fig. S4, the
swelling ratio of the two tested samples showed similar change
tendencies towards the change of pH value. When the pH value is
less than 5, the swelling ratio of the two tested samples increased
drastically with the increase of pH value. When the pH value was
increased continually from 5 to 7, the increasing trends of the
swelling ratio of the two samples slowed obviously, especially for
the pure SAR which reached a relative steady platform with tiny
vibration. The maximum value of swelling ratio appeared at pH
value 7. When continued to increase the pH from 7 to 12, the
swelling ratio of the two  tested samples decreased drastically. This
result could be explained as follows. When the pH < 5, most of
the COO group changed into COOH groups, so the repulsion
between polymeric chains decreased, leading to a decrease of water
absorbency. When the pH > 10, most of the COOH groups con-
verted into COO groups, and the screening effect of the counter
ion (Na+) on the poly-anionic chain is more evident, which also led
to a decrease of the water absorbency. This phenomenon indicated
that the buffer action of COOH and COO disappeared when a
large amount of acid or base is added. When the pH values kept
in the range of 5–10, some of the carboxylate groups were ionized

and the ionization degree of the carboxylate groups remains almost
constant, which induces a similar osmotic pressure between the
hydrogel network and the external solution as well as the electro-
static repulsion among the COO groups. In addition, the HSAR
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ig. 6. The effect of (a) initiator content and (b) AA neutralization degree on the w
nd  GO = 0.6 wt%  at 70 ◦C.

howed an enhanced swelling capacity compared with the pure
AR over a wide pH values range of 5–10. The maximum value of
welling ratio also appeared at pH value 7. This phenomenon might
esult from the incorporation of GO sheets which partially broke
he hydrogen bonding interactions among the COOH groups of
he PAA chains, which increased the network size of the hydrogel
nd thus enhanced the swelling capacity.

The effect of CMC  content on water absorbency of CMC-g-
AA/GO (0.5 wt% GO) HSAR in distilled water and 0.9 NaCl solution
as also examined (Fig. 5a). It could be seen from Fig. 5a that water

bsorbance of the HSAR increased slightly when the CMC  amount
as raised from 5 to 12 wt%. This result was possibly resulted from

he increase of OH groups of CMC  available to react with AA
onomers through graft copolymerization. With the increase of

he CMC  amount, the homo-polymerization of the AA monomers
ill decrease in the reaction system, and this can effectively con-

ribute to the increased water absorbency. Nevertheless, when the
MC  amount reach 12 wt%, the water absorbency decreased obvi-
usly with the continued increase of CMC. This result could be
xplained as follows. With the increase of CMC, the viscosity of
he reaction medium enhanced obviously, which restrained the
ree movement and uniformly distribution of other reactants in
he reaction system. Consequently, both grafting efficiency and
he molecular weight of the grafted copolymer chains decreased,
hich resulted to the decrease of swelling ration. All in all, the CMC

mount is a critical factor in preparing high performance natural-
ased SARs.

The cross-linking density of the hydrogel network in the synthe-
ized composites is a critical swelling control factor and depends
pon the amount of cross-linking agent used. In the present study,

he variation of MBA  amount (0.01–0.10 wt%) was investigated
ccording to water absorbencies of the HSAR with 0.6 wt% GO
Fig. 5b). The water absorbency increased with increasing the
ontent of cross-linking agent from 0.01 to 0.05 wt%  and the
bsorbency of HSAR. Reaction conditions: AA = 7.2 g, MBA  = 0.05 wt%, CMC  = 12 wt%

maximum water absorbency was  achieved when the amount of
crosslinking agent was  0.05 wt%. This phenomenon is due to the
fact that the amount of soluble material increased and the three-
dimensional network of the HSAR could not be formed efficiently
when the amount of cross-linking agent was lower than 0.05 wt%,
which resulted in a smaller swelling ratio of the HSAR. When the
amount of cross-linker increased and exceeded 0.05 wt%, more
cross-linking points were produced during polymerization and
caused the higher cross-linking density and decreased the space
of the polymer three-dimensional network. Consequently, it was
not beneficial to expand the structure and hold a large quantity of
water.

The influence of the initiator content on swelling ratio of CMC-
g-PAA/GO (0.6 wt% GO) HSAR was  investigated by varying the APS
concentration in the range of 0.2–0.8 wt%  and the results were col-
lected in Fig. 6a. It was  evidently seen that the swelling ratio of the
HSAR increased considerably with the increase of APS amount in
the range of feed ratio from 0.2–0.5 wt%  no matter in distilled water
or in 0.9 wt%  NaCl solution. Thereafter, it started to decrease grad-
ually as the amount of initiator continue to increase. The cause was
related to the relationship between average chain length and con-
centration of the initiator in the polymerization (Zhang, Wang, &
Wang, 2007). When the dosage of initiator was low, free radicals on
the backbone of cellulose couldn’t be fully produced and the poly-
merization was  tardive, which led to less grafted points and grafted
monomer amount. More graft polymerization occurred between
AA and CMC, leading to the formation of more stable network struc-
tures and contributed to the enhancement of water absorbency.
When the concentration of the initiator was  too high, there was
a strong reaction with the cellulose molecular, which resulted in

the decrease of the main chain length. Consequently, the water
absorbency of the HSAR dropped.

The ratio of available hydrophilic groups such as carboxylic
group ( COOH) and carboxyl group ( COO ) in polymeric net-
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Fig. 7. Water retention behaviors of pure SAR and HSAR with 0.6 wt%  GO tested by (a) heating test at 100 ◦C and (b) centrifuging test at 4000 rpm.
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Fig. 8. Schematic illustration of the forming mechanism o

ork have a great influence on the water absorbance of hydrogel.
he ratio of these hydrophilic groups can be adjusted by pre-
eutralizing the AA monomers. In this study, the AA monomer
as partially pre-neutralized with NaOH solution to varied degrees

anging from 40 to 90%. The effect of the neutralization degree
f AA on water absorbency of CMC-g-PAA/GO (0.6 wt% GO) SAR
as assessed and shown in Fig. 6b. It can be seen that the water

bsorbency increased as the neutralization degree of AA increased,
nd reached the maximum when the neutralization degree was
0%. Then it decreased with further increase of the neutraliza-
ion degree of AA. So the optimum neutralization degree was 80%.
ccording to previous studies, the colloid elasticity, ionic osmotic
nd water affinity have an influence on the swelling ability and
bsorbencies of hydrogel. The increasing neutralization degree of
A caused more hydrophilic groups on the chain of the composite,

hus the network expanded, which was helpful to water absorp-
ion. But when the neutralization degree was over 80%, more Na+

ounter ions in the polymeric network would react with the COO
roup and reduce the repulsion, thus resulting in the decrease of
ater absorbencies. This result is consistent with the literature (Ma

t al., 2011).

.4. Water retention properties of HSAR

Water retention abilities of the CMC-g-PAA/GO (0.6 wt% GO)
SAR and pure CMC-g-PAA SAR was determined by heating test
t 100 ◦C as well as centrifuging test at 4000 rpm for 10 min  each
ime. As shown in Fig. 7a, both pure SAR and HSAR exhibited a
ecreasing trend of water retention with pro- longing time. After

eating for 80 min  at 100 ◦C, the water retention was  found to be
8% for pure SAR and 70% for HSAR, respectively. With prolong-

ng the test time, the HSAR showed a better water-retention ability
han that of pure SAR, especially when the duration time ranges
MC-g-PAA/GO HSAR by in situ radical co-polymerization.

from 80 min  to 240 min. Similar results were also obtained in the
centrifuging test (Fig. 7b). After the centrifuging test for 60 min  at
4000 rpm, 58% of water was  maintained for HSAR while about 38%
of water retention for pure SAR was  obtained. Clearly, HSAR obvi-
ously showed a better water retention ability than that of pure SAR.
According to previous study (Zhu et al., 2012), the water in a hydro-
gel can be classified into bound water, half-bound water, and free
water. Compared to bound water and half-bound water, the free
water in a hydrogel has high mobility and can easily be lost. Sim-
ilar to the structure of layered silicates in a polymer matrix, the
irregular dispersion of the GO sheets in the polymeric network of
the HSAR may  form a so-called “house- of-cards” structure which
could serve as a barrier to hinder the diffusion of free water in the
network. Therefore, it is suggested that the “barrier effect” of GO
sheets would be responsible for the slower release of water from
the HSAR than that of pure SAR. Inspired by this observation, this
GO hybridized SAR may  be attractive in the fields of drug-delivery
systems or agriculture applications where the slow release of drugs
or fertilizers from hydrogel carriers is essential.

3.5. Forming mechanism of HSAR

Schematically, the proposed mechanism of graft polymerization
of partial pre-neutralized AA onto the backbone of CMC  in the pres-
ence of GO as fillers by using APS as a radical initiator and MBA
as a hydrophilic cross-linker was illustrated in Fig. 8. Briefly, sul-
fate anion radical generated from the hemolytic cleavage of APS
initiator, reacts and gives rise to hydroxyl free radical. The sulfate
anion radical abstracts hydrogen from the hydroxyl group of the

CMC  to form alkoxy radicals on the substrate. Then, the resulting
radical active centers on the substrate will initiate polymerization
of the partial pre-neutralized AA, leading to a graft copolymeriza-
tion of PAA onto CMC  backbone. The copolymer formed in this way
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onsisted of a cross-linked structure as the MBA was  present in
he system. Since the GO have rich surface groups, such as OH
nd COOH group, which could participate in the reaction system
hrough hydrogen bonds or Van der Waals forces. Thus, the GO
heets may  act as physical cross-linking points in the network and
hrough this process CMC-g-PAA/GO HSAR was formed.

. Conclusion

In summary, an eco-friendly hybrid SAR with well dispersed GO
heets was synthesized through in situ copolymerization of par-
ially neutralized AA on CMC  backbone in the presence of GO as
llers. It was found that the contents of various factors, such as GO,
MC, cross-linking agent, neutralized degree of AA and initiator had
ignificant influence on the water absorbency and retention behav-
ors. Under the optimized conditions viz. AA = 7.2 g, neutralization
egree = 80%, APS = 0.5 wt%, CMC  = 12 wt%, GO = 0.6 wt%, reaction
emperature 70 ◦C, and MBA  = 0.05 wt%, the water absorbency of
MC-g-PAA/GO HSAR in distilled water and 0.9 wt% NaCl solution
ere 750 g g−1 and 85 g g−1, respectively. According to the results

f XRD and SEM, the incorporation of GO sheets had almost no
bvious influence on the inherent structure of the SAR but changed
he surface morphology markedly. Importantly, the thermal stabil-
ty, water absorbency and retention ability of the resultant HSAR
mproved obviously compared to the pure SAR. Moreover, the
MC-g-PAA/GO HSAR could retain relatively higher swelling capac-

ty under weak acidic and basic conditions although pH-sensitive
welling behavior. Thus, this kind of hybrid SAR, combining the
xcellent characteristics of SARs with the unique properties of GO,
ay  find widespread use in a variety of practical applications.
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