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ABSTRACT: Novel polyacrylamide/graphite oxide (PAM/GO) superabsorbent nanocomposites were synthesized by a simple solution po-

lymerization of acrylamide using N,N 0-methylenebisacrylamide as crosslinker and ammonium persulfate as initiator. The well

dispersion of GO nanoplatelets in the polymeric network results in a remarkable improvement on the comprehensive swelling perform-

ance of the resulting superabsorbent nanocomposites. The water absorption experimental results show that the superabsorbent nano-

composites could absorb water as twice as that of crosslinked polyacrylamide (PAM) superabsorbent with a weight gain of 400 g g�1

with a low loading of GO. The salt tolerance and water-retention ability of the resulting PAM/GO superabsorbent nanocomposites are

also enhanced compared with PAM. Moreover, by embedding of ammonium salt into PAM/GO network, the PAM/GO superabsorbent

nanocomposites also exhibit a slow release behavior of ammonium salt from network when swelling in water, which makes the PAM/

GO superabsorbent nanocomposites multifunctional absorbent materials with great potential for agricultural and horticultural applica-

tions. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Superabsorbents are three-dimensionally crosslinked hydrophilic

polymers capable of swelling and retaining a large amount of

water in the swollen state and the water absorbed is hardly

removable even under some pressure. Due to their superior swel-

ling performance to traditional absorbents (such as sponge, cot-

ton, and pulp, etc.), superabsorbents have attracted much atten-

tion in the past several decades and found a variety of valuable

applications, such as medicine for drug delivery systems,1,2 tissue

engineering,3 immobilization of protein and cells,4,5 agriculture,

and horticulture,6 sanitary products,7 and so on. To date, exten-

sive efforts have been devoted to develop new superabsorbents

with improved swelling performance, in which the employment

of various hydrophilic vinyl monomers for changing the polyelec-

trolytic nature of superabsorbents or tuning the crosslinking den-

sity of superabsorbent networks are common approaches. In

addition to these traditional methods, the incorporation of

micro- or nano-sized fillers into crosslinked polymeric networks

for fabrication of novel superabsorbent composites has been

proved to be a cost-efficient way to improve the comprehensive

swelling performance of the resulting superabsorbents. For

instance, Wu et al.8,9 prepared starch-g-acrylamide/clay and

poly(acrylic acid)/mica superabsorbent composites. Li et al.10

successfully developed novel poly(acryl amide)/laponite clay

nanocomposite hydrogels for improving cationic dye adsorption

behavior. A series of attapulgite-based superabsorbent composites

have also been reported by Li et al.11,12 It can be seen that the

water absorbencies of these superabsorbent composites are

enhanced and the production cost is greatly reduced by introduc-

ing clay micropowder into polymeric networks. In these cases,

the improvement on both swelling performance and salt-toler-

ance performance of the resulting superabsorbent composites

have been realized as the following two reasons: (i) the clay par-

ticles in the polymeric network act as additional crosslinking

points which form a more intact polymeric network structure

and then the network has additional space to allow more water

to be held; (ii) the non-ionic nature of clay particles in poly-

meric network can efficiently resist against the collapse of the

polyelectrolytic network in saline solutions. Inspired by this,

more recently we have successfully developed novel
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superabsorbent nanocomposites by introduction of graphite ox-

ide (GO) nanoplatelets into crosslinked poly(acrylic acid) net-

work and the excepted enhancement on both water absorbency

and salt-tolerance has been achieved.13

Recently, studies on superabsorbents with the slow-release

property of fertilizer have received considerable attention. In com-

parison with normal superabsorbents, these superabsorbents have

great advantages due to not only their swelling performance but

also their slow-release properties.14,15 In addition, these superab-

sorbents with the slow-release property of fertilizer can be used as

functional water-management materials and may prove especially

practical in agricultural and horticultural applications. In a contin-

uation of our studies on absorbent materials,13,16,17 in this work

we report the design and preparation of novel GO-based superab-

sorbent nanocomposites with the slow-release property of fertil-

izer. The polyacrylamide/GO (PAM/GO) superabsorbent nano-

composites were prepared by incorporation of GO nanoplatelets

into PAM matrix by a solution polymerization method using

N,N’-methylenebisacrylamide as crosslinker and ammonium per-

sulfate as initiator referred to previous work.13 Our primary design

is using non-ionic acrylamide monomer and non-ionic GO nano-

platelets as fillers to improve the swelling performance and salt-

tolerance of the resulting superabsorbent nanocomposites, more

importantly, the barrier effect of GO nanoplatelets incorporating

in polymeric network would possibly offer the network new func-

tionality for slow release of the imbedded fertilizer, which may

provide a new possibility for preparation of multifunctional super-

absorbent materials and should be of special interest especially in

agricultural and horticultural applications.

EXPERIMENTAL

Materials

The natural graphite powder used in this study is supplied by

Bay Carbon, N,N’-methylenebisacrylamide and ammonium per-

sulfate are supplied by Sigma-Aldrich, and other reagents are

from Guangdong Guanghua Sci-Tech Co. All reagents do not

undergo further purification.

Experimental Procedure

Preparation of GO and Composites. GO was synthesized from

graphite powder using a modified Hummers method as fol-

lows.13,18,19 In order to be fully oxidized, the graphite powder is

pretreated by K2S2O8, P2O5, and H2SO4 (98 wt%).19,20 Then

followed the Hummers method, concentration H2SO4 (38 mL)

and preoxidized graphite (1.0 g) were mixed in an ice bath.

Then KMnO4 (6.0 g) was added into the mixture with the tem-

perature not more than 10�C. The temperature was raised to

35�C for 2 h. Deionized water (77 mL) was added slowly and

the suspension was heated to 98�C for 15 min. The suspension

was diluted with deionized water (100 mL) and 30% H2O2 (5.0

mL), then washed fully with aqueous HCl (3 wt%) solution and

water. The wet gel was dried at 50�C for 3 days and milled to

GO powder. For preparation of polyacrylamide(PAM)-GO

superabsorbent nanocomposite, 20 mL colloidal suspension of

GO (the concentration is 0.05 wt%) and 7.1 g acrylamide are

mixed and sonicated until the mixture became clear. The

obtained brown dispersion is subjected to 10 min of centrifuga-

tion at 4000 rpm for removal of bigger suspended particles. At

the room temperature and under an inert atmosphere, 7.1 mg

N,N-methylenebisacrylamide is added with vigorously stirring.

After 15 min, the temperature is raised to 30–35�C and 80 mg

ammonium persulfate is quickly added. As the temperature

slowly increases, the mixture becomes brown jelly at 50–55�C

along with bubbles, after which the colloid substance is main-

tained at 70�C for 3 h. Then in the air atmosphere, the resulting

composite PAM/GO1 (the composite of GO with the starting

concentration of 0.1 wt% is defined PAM/GO2) is washed with

abundant water and dried at 60�C to a constant weight, and

then milled and screened with a particle size in the range of

60–80 mesh. PAM is prepared similarly to the composite with-

out GO dispersion.

Water-absorbency Measurement. Before measurement, the sam-

ples were dried overnight in vacuum at 60�C. The absorbency

value was gained by immersing the composite (0.1 g) in distilled

water, water with various pH values which was adjusted by adding

HCl or NaOH into water, aqueous NaCl (0.5 wt%), and MgCl2
(0.5 wt%) at room temperature. After reaching the swelling–desw-

elling equilibrium, swollen sample was separated from the solu-

tion by filtering over 80-mesh screen. The water-absorbency MH2O

(g g�1) was calculated by the equation as follows:

MH2O
¼(m2�m1)/m1

where m1 and m2 are the weights of the dry sample and the

water-swollen sample.

Characterization

The elemental contents were obtained from Elementar Vario EL

and X-ray powder diffraction (XRD) measurements were per-

formed on a Rigaku D/Max-2400 with a Cu tube source. Solid

state infrared spectra (IR) were recorded from in the range of

4000-400 cm�1 using the KBr pellet technique on a FT-Raman

Module (Nicolet, America) instrument. Thermogravimetric analysis

(TGA) was performed under a nitrogen flow rate of 20 mL min�1

using a Perkin-Elmer TG/DTA-6300 instrument and the sample

was heated from room temperature to 600�C at 10�C min�1. The

morphology of dried samples was examined by scanning electron

microscopy (SEM, JSM-6701F) after coating the samples with Au

film. Atomic force microscopy (AFM) image of GO was obtained

using Scanning Probe Microscope (SPM) from AIST-NT Inc.

RESULTS AND DISCUSSION

The GO nanoplatelets were prepared by the oxidation of pris-

tine graphite by a modified Hummer’s method. During the oxi-

dation treatment of pristine graphite, the graphene sheets in

graphite are heavily oxygenated and the resulting GO nanoplate-

lets can be exfoliated to form stable aqueous dispersion by

ultrasonic treatment. The AFM image of GO nanoplatelet is

shown in Figure 1. The GO nanoplatelet exhibits a thickness of

approximately 2 nm, which indicates that the GO nanoplatelets

are in multilayer structures. Further measurement results show

that the thickness of the most GO nanoplatelets samples ranges

from 1 to 2 nm under our experimental conditions. The XRD

patterns for graphite, GO, PAM, and PAM/GO2 superabsorbent

nanocomposite are shown in Figure 2(a). It is clear that the
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peak for GO phase appeared at 12.2�, in contrast, the character-

istic peak of graphite at 26.6� disappeared, indicating that the

successful synthesis of GO by oxidation of graphite. These

results are in good agreement with previous literatures.13,21 The

distance of interlayer of GO were calculated to be 7.30Å larger

than that of 3.34Å for natural graphite, indicating the increasing

of interlayer distance due to the oxidation. The chemical com-

position of initial graphite was measured to be C: 77.43%, H:

1.29%, and O: 21.28%, after oxidation, the chemical composi-

tion of as-prepared GO samples was changed to be C: 45.18%,

H: 2.48%, and O: 52.34% by elemental analysis, showing the

increasing of oxygen content. Moreover the XRD pattern of

PAM/GO2 superabsorbent nanocomposite reveals that there are

no obvious changes in diffraction profile compared to that of

PAM, implying that the PAM/GO2 has the same amorphous

feature as that of crosslinked PAM. On the other hand, the peak

at 12.2� for GO phase disappeared, suggesting the occurrence of

the exfoliation and the decrease of agglomeration of GO nano-

platelets in polymeric matrix.13 The same observation was also

found in polymer intercalated GO as reported previously.22 As a

result, the dispersion of GO nanoplatelets individually in

polymeric matrix may be achieved under our experimental

conditions, which would expect to improve the comprehensive

performance of the resulting products.

The SEM images of GO powders, dried PAM and PAM/GO2

samples are shown in Figure 2(b–d). As shown in Figure 2(b),

the GO nanoplatelets with layered structures are irregularly

aggregated together to some extent after oxidation. The PAM

sample shows a smooth and neat surface morphology [Figure

2(c)], while the surface morphology of PAM/GO2 sample turns

Figure 1. A typical AFM non-contact-mode image of a GO nanoplatelet

deposited onto a freshly cleaved mica from an aqueous dispersion. [Color

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

wileyonlinelibrary.com.]

Figure 2. (a) XRD patterns of graphite, GO, PAM, and PAM/GO2, and SEM images of (b) GO, (c) PAM and (d) PAM/GO2. Scale bar: 1 lm.
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to be more crumpled and rough and with an irregular, plat-like

structure after introduction of GO nanoplatelets into PAM net-

work [Figure 2(d)], which may be induced by the layered struc-

ture of GO nanoplatelets. IR spectra of GO, PAM, and PAM/

GO2 are shown in Figure 3(a). For GO, the intense and broad

bands at 3410 cm�1 is attributed to the hydroxyl groups and

water molecules. The peak at 1720 cm�1 can be ascribed to the

stretching vibration of carboxyl groups on the edges of the layer

plane, the peak at 1630 cm�1 is ascribed to the vibration of

water molecules, while the peak at 1390 cm�1 and 1050 cm�1

are assigned to the vibrations of OAH and CAO bonds. IR

analysis for GO prepared under our experimental conditions is

in good agreement with that reported previously.23 We can

therefore infer that GO is rich of oxygen-containing functional

groups which would be responsible for the hydrophilic nature

of GO. Owing to its hydrophilic nature, the dispersion of GO

in water can be easily obtained by ultrasonic treatment and

available to react with acrylamide by aqueous polymerization

method for preparing superabsorbent nanocomposites as

expected. For PAM, the peaks observed at 3430 cm�1 should be

attributed to NAH stretching and water peak. The peak at

2940 cm�1 is corresponding to the CAH stretching of acrylam-

ide units. And the peak at 1640 cm�1 and 1390 cm�1 is attrib-

uted to C¼¼O and CAN of amide units. The appearance of

these characteristic peaks of both GO and PAM in the IR

spectrum of PAM/GO2 composite indicates that GO was suc-

cessfully incorporated into the polymeric matrix.

The thermal properties for GO, PAM, and PAM/GO2 superab-

sorbent nanocomposites were investigated by TGA. As shown in

Figure 3(b), GO, PAM, and the PAM/GO2 have a very low mass

loss below 100�C implying a loss of moisture. The major weight

loss of GO starts at around 210�C due to the decomposition of

oxygen-containing groups, whereas the PAM and PAM/GO2 have

a major weight loss starting at around 300�C and 350�C. Under

the measurement condition, the whole weight loss of GO, PAM,

and PAM/GO2 were found to be 92.76 wt%, 70.75 wt%, and

24.93 wt%. Obviously, the thermal stability of nanocomposite is

enhanced largely by the introduction of GO into the polymeric

network, which is very similar to the enhancement of heat resist-

ance when introduction of clay into the PAM polymeric network.

In this case, the ‘‘heat barriers’’ was attributed to the layered

structure of clay which could slow down the heat transmission

and the volatilization of decomposed products thus in turn

enhancing the thermal stability. The enhancement of thermal sta-

bility of PAM/GO2 could be explained in the same way.

The swelling performance of PAM, PAM/GO1 and PAM/GO2

were investigated by immersing samples into distilled water,

saline solutions, and water with various pH values to reach their

swelling equilibrium followed by separation and weighing of the

swollen samples. As shown in Figure 4(a), PAM exhibits an

absorbency of 200.46 g g�1 in distilled water. The swelling abil-

ity of a hydrogel mainly depended on the hydrophilicity of the

polymer chains and the physical structure of the polymer. In

this case, lots of hydrophilic amine groups bonded in polymer

chain, and the spacious network was formed in the polymeriza-

tion of acrylamide which supplied residences for water mole-

cules. For GO incorporated samples, the water absorbency was

found to be 332.69 g g�1 for PAM/GO1 and 400.11 g g�1 for

PAM/GO2. Obviously, the introduction of GO into the PAM

matrix leads to an enhancement of water absorbency of the

resulting samples which may be due to the fact that the hydro-

philic groups such as ACOOH in edges of the GO layer plane

react with ANH2 of polymers network and produce more stable

and intact network for accommodating more water mole-

cules.8,13 Similar results were also found for mica or attapulgite-

based superabsorbent composites.9,12 However, in most cases,

obvious improvement of clay-based superabsorbent composite

was only achieved with an inorganic filler loading higher than 5

wt%. In this case, only a very small loading of GO in superab-

sorbent nanocomposites can lead to a significant enhancement

on its swelling performance, which may prove to be an efficient

way for development of novel and high performance nanocom-

posites by using GO nanoplatelets as nano-sized fillers.

We also investigated the swelling performance of PAM, PAM/

GO1, and PAM/GO2 in water with various pH values. As

Figure 3. (a) IR spectra and (b) TGA cures of GO, PAM, and PAM/GO2.

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

wileyonlinelibrary.com.]
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shown in Figure 4(b), the change of the water absorbencies for

all of three samples is slight in the range of pH value from 4 to

10 and the absorbency is approximately equal to its equilibrium

water absorbency for each sample. However, the samples show a

sharp decrease in water absorbency in water with both high and

low pH value, which are attributed to the decrease of osmotic

pressure difference between the polymeric network and the

external solution as the ionic strength of external solution

increases significantly both in high and low pH value.11,24

The swelling performance of PAM, PAM/GO1, and PAM/GO2

in various saline solutions was also investigated. As shown in

Figure 4(a), compared with that of in distilled water, the absor-

bencies for all three samples decrease evidently in NaCl solu-

tions. The absorbency was evaluated to be 37.75 g g�1, 48.17 g

g�1, and 51.59 g g�1 for PAM, PAM/GO1, and PAM/GO2. In

divalent cation solution, in this case is MgCl2, the decrease in

water absorbencies for three samples are more apparent. The

decrease of absorbency in saline solutions should be attributed

to the decrease of osmotic pressure difference between the poly-

meric network and the external solution and complex floccula-

tion ability of PAM to metal ions which induced the formation

of intramolecular and intermolecular complexes, which resulted

in the collapse of the polymeric network.12,25 However, com-

pared to that of PAM, the GO-based samples show a better

water absorbency in both NaCl and MgCl2 solutions, indicating

an improved salt tolerance effect by introduction of GO into

PAM network. Compared to those ionic vinyl monomers such

as acrylic acid, acrylamide is a kind of nonionic monomer and

has great advantage on its good salt-tolerance performance as a

raw material for superabsorbent.26 So, the good water absorb-

ency both in distilled water and saline solutions for PAM/GO1

and PAM/GO2 should be attributed to the fact that the GO

sheets in polymeric network act as ‘‘nonionic’’ nanofillers to

effectively improve the network structures and enhance the

swelling performance in saline solutions. Compared with poly(-

acrylic acid)/GO superabsorbent composites,13 PAM/GO shows

a better absorbency in saline water due to the intrinsic non-pol-

yelectolytic network of PAM.

The water retention of the swollen absorbent composites was

investigated by a heating test at 100�C and centrifugation at

4000 rpm. As shown in Figure 5(a). It can be seen that a

decreasing trend was observed for all of three samples with pro-

longing the test time. Keeping at 100�C for 50 min, the water

Figure 4. (a) Weight gain of PAM, PAM/GO1, and PAM/GO2 in distilled

water and salt solutions. (b) Weight gain of PAM, PAM/GO1, and PAM/

GO2 in solution of different pH value. [Color figure can be viewed in the

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

Figure 5. Water retention of swollen samples as a function of time at

100�C (a) and with centrifugation at 4000 rpm (b). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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retention was 63.67%, 74.85%, and 77.98% for PAM, PAM/

GO1, and PAM/GO2. Clearly, GO-based samples have better

water retention than PAM in the test conditions. The similar

results were also obtained in the centrifugation test [Figure

5(b)]. After centrifugation for 20 min, 82.9% of water main-

tained in PAM/GO2, while 78.2% and 80.6% of water main-

tained in PAM and PAM/GO1, respectively. According to previ-

ous literatures,27 three forms of water could exist in hydrogel,

including bond-water, half bond-water, and free water. The free

water is more mobile and easily lost than bond-water and half

bond-water. As mentioned in our pervious study,13 the irregular

dispersion of the plate-like GO nanoplatelets in polymeric net-

work may form so-called ‘‘house-of-cards’’ structures which

could serve as barriers to hinder the diffusion of free water in

network, which would be also responsible for the slower release

of water from PAM/GO nanocomposites than that of from

PAM in this case.

Inspired by this observation, it would be naturally assumed that

the PAM/GO superabsorbent nanocomposites should be ideal

candidates as carriers for slow release of fertilizer. As a proof-

of-concept study, therefore, we also investigated the slow release

property of PAM/GO by embedding of (NH4)2SO4 into the net-

work of nanocomposites. The slow release experiment was per-

formed as follows. The wet gel (15.0 g) containing (NH4)2SO4

(0.75 g) (named as PGAS) was immersed into 300 mL distilled

water. At certain time intervals, 10 mL of the solution contain-

ing (NH4)2SO4 was sampled for testing with the formaldehyde

method. Then an additional 10 mL of distilled water was added

into the beaker in order to maintain a constant amount of the

solution. The release trend of (NH4)2SO4 is shown in Figure 6

and around 95.8% of (NH4)2SO4 was released in the whole test

time. According to Raban and Shaviv description,28 the release

process of polymer-coated fertilizer can be divided into three

periods: (i) the initial stage during which water molecules dif-

fusing into the network made the hydrogel swelling, and almost

no obvious releasing is observed. (ii) The constant releasing

stage during which (NH4)2SO4 release from the network of

hydrogel driven by the concentration difference between hydro-

gel and solution accompanied with polymer swollen in water.

(iii) Gradual decay of release rate stage. In this period, the

release became slow with the decrease of driving force for the

release. It can be seen from Figure 6 that the release behavior of

PGAS is slightly different from that of the polymer-coated fertil-

izer such as urea as reported previously.29 Unlike urea, due to

the ionic nature of (NH4)2SO4, the doped (NH4)2SO4 quickly

released from network driven by osmotic pressure difference

between the polymeric network and the external solution when

the sample was immersed in water at the initial stage. So the

initial release rate for (NH4)2SO4 is higher than that of urea.

However, for the whole duration time, the release rate for PGAS

is lower than that of polymer-coated urea and about 95.8% of

the doped (NH4)2SO4 can be released after 36 h, which makes

the PAM/GO an ideal candidate as an efficient fertilizer carrier

with great potential for agricultural and horticultural applica-

tions. Similar to that of slow release of water molecules from

PAM/GO samples, the barrier effect of plate-like GO nanoplate-

lets in network would also be responsible to the slow release

behavior of (NH4)2SO4 for PGAS. Inspired by these results,

further tailoring the properties of GO-based superabsorbent

nanocomposites with controlled release behavior for fertilizer

can be anticipated and the work in this direction is currently

underway.

CONCLUSIONS

GO nanoplatelets as layered fillers were introduced into the

PAM matrix to prepare superabsorbent composites by solution

polymerization. Our results exhibited the superabsorbent nano-

composites show water absorbency of 332.69 g g�1 and 400.11

g g�1 for PAM/GO1 and PAM/GO2 with low loading of 0.037

wt% and 0.074 wt% of GO. The salt tolerance and water-

retention ability of the resulting PAM/GO superabsorbent nano-

composites are also enhanced. Moreover, the as-synthesized

superaborbent nanocomposites exhibit slow release behavior of

(NH4)2SO4, which makes them multifunctional materials for

both water management and slow release of fertilizer and may

have great potential especially for agricultural and horticultural

applications.
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