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Abstract Polyacrylamide/poly(vinyl alcohol)/polyacryl-
amide/graphite interpenetrating network (PAM/PVA/
PAM/G IPN) hydrogel is synthesized using a simple two-
step polymerization method. The swelling behaviors of the
hydrogel depend on the PVA, graphite, and crosslinker
dosages, and swelling process is dominated by a relaxation
of macromolecule chains. Owing to IPN structure, the
hydrogel shows a good mechanical strength and thermal
stability. On the other hand, the incorporation of graphite
improves the conductivity of the hydrogel.

Introduction

Hydrogel polymers, such as polyacrylamide (PAM), are
structurally loosely cross-linked network hydrophilic
polymers [1], which have the ability to absorb considerable
amounts of water or aqueous fluids to form a stable
hydrogel, and the absorbed water is hardly removed under
some pressure. About three decades ago [2, 3], hydrogel
polymers were introduced into the agriculture and diaper
industries, and then their applications were extended to
other industries where an excellent water-holding property
was emphasized. Recently, many researchers focus their
attention on the hydrogel polymer to develop new appli-
cations, such as conducting materials, biomaterials,
sensors, and release materials [4—12]. A multifunctional
hydrogel material is expected to be prepared to meet
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applications requirement by modifying, grafting, copoly-
merizing, and other methods.

Recently, carbon conducting polymer composites have
been developed, which mainly concentrated on adding
graphite [13], carbon fibers [14], carbon black [15], and
carbon nanotubes [16] to polyethylene, nylon, esters, etc.
These conducting composites are mostly solid state. On the
other hand, conducting hydrogels [17-19], typical quasi-
solid materials, have not been developed. Based on the
electrical conductivity of graphite and the water absor-
bency of polymer matrix, it is significant to add graphite
particles to polyacrylamide/poly(vinyl alcohol) (PAM/
PVA) to form a composite with a better hydrogel con-
ductivity. A conducting hydrogel could be used in fuel
cells, supercapacitors, dye sensitive solar cells, and
rechargeable lithium batteries [20, 21], due to its better
conductivity property, colloid stability, low cost, and
simple preparation.

Despite their high potential as multifunctional materials,
the low mechanical strength of hydrogels is a disadvantage
for practical applications. Therefore, much attention has
been paid to establish a useful method to create tough
hydrogels, such as introducing dangly comb-chains [22],
adding polymer particles in gel network [23], cold treating
[24] or freeze-drying [25], incorporating clay with polymer
[26], forming interpenetrating network (IPN) structure
[27]. The formation of a full IPN network structure is
believed to be an effective method for enhancing the
mechanical strength of hydrogel. Gong et al. [28] suc-
ceeded in creating a tough double network hydrogel, which
is a kind of IPN structure prepared by the following two-
step gel formation: the first step is gelation of rigid poly-
electrolyte (the first network), and in the second step
flexible neutral polymers (the second network) are intro-
duced in the first network. The IPN hydrogels, containing
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90% water, exhibit compressive fracture strength of more
than 20 MPa and a rather high Young’s modulus (ca.
0.1 MPa). This is similar to the second-generation super-
porous hydrogel hybrids (SPH). Omidian et al. [4] has
demonstrated in detail the developments of SPHs. Owing
to the poor mechanical and elastic properties for the
second-generation SPH, the third generation of SPHs is
necessarily to be developed. Unlike SPH composites (the
second generation of SPHs) wherein a pre-crosslinked
matrix-swelling additive is added [29], SPH hybrids are
synthesized using a hybrid agent that can be crosslinked
after SPH is formed. The hybrid agent is a water-soluble or
water-dispersible polymer that can form crosslinked
structure through chemical or physical crosslinking. PVA
is a typical water-soluble hybrid agent used in preparing
IPN hydrogels. Once the second network is formed, the
whole system becomes an IPN system. But the method is
moderately complicated.

In this paper, a simple two-step polymerization method
is used for the synthesis of PAM/PVA/PAM IPN structure;
subsequently graphite particles are introduced into the
system to form a novel conducting hydrogel with a high
mechanical strength. The synthesis process is shown in the
following expression. The unusual swelling and mechani-
cal properties are investigated in detail.

AM + PVA + G "™ hre- PAM/PVA/G
+ AM "M pAM/PVA/PAM/G IPN

crosslinker

Experimental
Materials

Acrylamide (AM) monomer was used as received. Potas-
sium peroxydisulfate (KPS) was a radical initiator for the
synthesis reaction of PAM and PVA. N,N'-methylene bis-
acrylamide (NMBA), a crosslinker for preparation of the
IPN structure, was purified by recrystallization from
66 wt% ethanol/water solution. PVA was used without
further purification and graphite micropowders having a
specific surface area larger than 80 m? g~ and an average
particle size smaller than 1.6 x 107° m were dried at
105 °C for 4 h prior to use. The above materials were all
purchased from Shanghai Chemical Reagents Co., China.

Preparation of PAM/PVA/PAM/G composites

In a typical synthesis, a mixed solution consisting of AM
monomers and PVA was prepared by dissolving desired
amounts of AM and PVA in 30 ml distilled water for 3 h at
90 °C. A predetermined amount of graphite micropowders
was dispersed in the above mixture. The mixture solution

was stirred and heated at 80 °C in a water bath for 30 min,
under a nitrogen atmosphere. Initiator KPS was added into
the solution, and the prepolymerization reaction was car-
ried out until the viscosity of the reactant hybrid solution
becomes 140 mPa s. Another prepared mixed solution
consisting of 5 g AM monomer and NMBA in 5 ml dis-
tilled water was poured into the above prepolymerization
solution, and the initiator KPS was added again. Under a
nitrogen atmosphere, the mixture solution was stirred until
the viscosity of the diluted mixed reactant solution reached
around 180 mPa s. Thus the dope was transferred to room
temperature and polymerized equably. The half produc-
tions were rinsed with distilled water and dried under
vacuum at 80 °C for more than 12 h to a constant weight to
remove oligomers and any impurities. After being milled
and sifted using a 40-mesh screen, a powdered product
PAM/PVA/PAM/G IPN composite was obtained.

Measurements of swelling ratio and electrical
conductivity of the IPN hydrogels

Measurements for swelling ratio of the hydrogels were
carried out in distilled water at 25 °C. Each experiment
was repeated three times with errors of approximately
+4.5%, and the swelling ratios (SR, g/g) were calculated at
certain intervals according to the equation below:
W, — W,

Swelling ratio (SR) = A
1

(1)
where W is the weight of dried composite (g) and W, is the
weight of swollen hydrogel (g).

The powdered composite of 3 g was immersed in dis-
tilled water of 500 ml at room temperature for at least 3 h
to reach swelling equilibrium, which resulted in the
absorption of water inside the network of the composite
and the formation of a conducting hydrogel. The unad-
sorbed water was removed by filtering over a 40-mesh
stainless steel screen and hanging up for 25 min. The
electrical conductivity of the hydrogel washed for three
times was measured by inserting a Pocket Conductivity
Meter (HANNAS733) in a cylinder containing a swollen
sample of 30 g.

Measurement of mechanical strength

The mechanical properties of hydrogels were measured
using Dejie DXLL-20000 equipment. The test conditions
were controlled as follows: temperature 25 °C; the sample
length of 80 mm; crosshead speed of 100 mm min~"'. The
cubic samples were elongated at a strain rate of 5% min ™"
The strain under stress was defined as the change in length
relative to the initial length of the specimen. The tensile

strength and modulus were calculated on the basis of the
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initial cross section. The tensile strength or strain of
hydrogel was obtained according to the following equation:
F

-, 2
| @)

where o is tensile strength or strain, A is cross-sectional
area of zonal hydrogels, F is the force acted on the sample.

o=

Characterizations

The powdered sample was identified by IR spectroscopy on
a Nicolet Impact 410 FTIR spectrophotometer using KBr
pellets. The thermal stability was also carried out on a
thermogravimetrical analyzer (TA5200, USA) by heating
the polymer samples at a rate of 15°C min~' under
nitrogen atmosphere. The thermal studies were conducted
in the temperature range between room temperature and
700 °C.

Results and discussion
Characterizations

The FTIR spectra of PAM, PAM/PVA/PAM, and PAM/
PVA/PAM/G composites are shown in Fig. 1. For PAM,
the broad, strong band at 3700-3000 cm~ ! is due to O-H
stretching in H-O-H, while the aminogroup (—NH,)
stretching also appears in this wavenumber range, i.e., the
O-H and —-NH, peaks overlap here. The absorption peaks
at 2937, 1666, 1608, 1310, and 1401 cm™! are due to
—CH,-asymmetrical stretching vibration, C=0 stretching
(AM band I), N-H in-plane bending in —-CONH, group
(AM band II), C-H bending, and C-N stretching vibration,
respectively. The peaks at 1188 and 1125 cm ™! correspond

(0)

1413

Transmittance (%)

1666

<——1401
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 1 FTIR spectra of (a) PAM, (b) PAM/PVA/PAM, and (c) PAM/
PVA/PAM/G
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to —-NH, in-plane rocking vibrations and the broad band at
500 cm ™ is attributed to -NH, out-plane rocking vibration
peak [30].

For PAM/PVA/PAM and PAM/PVA/PAM/G compos-
ites, the absorption peak at 1453 cm ™! is due to C-H,
—CH,—, and O-H bending. Compared to pure PVA and
PAM, O-H stretching vibration peak in PAM/PVA/PAM
and PAM/PVA/PAM/G shifts to higher frequency, the
absorption peak at 1401 cm™! derives two weak peaks at
1453 and 1413 cm™', and the peak at 1125 cm™' also
moves to 1048 cm™'. The above changes are due to the
appearance of OH free radical and its partial copolymeri-
zation with AM monomer. In PAM/PVA/PAM/G
spectrum, a new absorption peak that is due to C-O-C
stretching vibration at 1048 cm ™' appears. The appearance
of the ether group reveals intermolecular and intramolec-
ular self-crosslinking [31].

Swelling kinetics

The influences of PVA, graphite, and crosslinker dosages
on swelling rate of the hydrogels are shown in Figs. 2—4. It
can be seen that they have similar swelling tendency. This
indicates that the dosages of components have no obvious
effect on the swelling behaviors of the hydrogels. However,
finally SR of the hydrogel changes with changing of PVA,
graphite, and crosslinker contents. PVA is a multihydroxy
polymer. When it is combined with PAM to form an IPN
structure, there will be intermolecular hydrogen bonds
between PVA and PAM, which will affect the swelling
behaviors of PAM/PVA/PAM/G IPN hydrogels. Wu et al.
[32] have adjusted in detail the hydrophilic groups to
obtain high water absorbency on starch-graft-acrylamide/
mineral superabsorbent composite. They revealed that the
collaborative absorbent effect of —-CONH,, -COONa, and
—COOH groups is superior to that of single -CONH,,
—COONa, or —COOH group. When the composite has a
proper ratio for the groups, the highest water absorbent
ability is obtained. Similarly, the collaborative effect of
—OH group in PVA and -CONH, group in PAM is the best
when the mass ratio of PVA to AM is 20 wt%, and thus,
the equilibrium SR is the highest (Fig. 2a).

The natural graphite powder is hydrophobic; the intro-
duction of graphite inevitably decreases the hydrophilic
ability and equilibrium SR, as can be seen from Fig. 3a.

Crosslinker is another important parameter for SR of the
hydrogels. Clearly, the integration of PVA and PAM and
the formation of three-dimensional (3D) network of the
polymer depend on the crosslinker amount. Under lower
crosslinker concentrations, the polymerization reaction
does not occur adequately, and the 3D network of the
polymer does not form effectively; water molecules cannot
be held in the 3D network, which leads to the decrease of
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the SR. On the other hand, a higher concentration of
crosslinker produces a larger number of growing polymer
chains, which are in turn involved in generating an addi-
tional network [33]. Thereby, SR decreases with an
increase in the crosslinker concentration because the net-
work space gets diminished and less water enters the
composite. Furthermore, in comparison with traditional
hydrogels or superabsorbents, the swelling process to reach
equilibrium state is prolonged. This may be the result of
interpenetration and entanglement of PAM and PVA net-
works, which restrict the expansion and swelling of PAM/
PVA/PAM/G hydrogel.

It is known that swelling of hydrogel is a complicated
process. Generally, three continuous processes are
involved [34]: (1) water molecules enter the inside of

hydrogel, (2) relaxation of macromolecule chains, and (3)
stretch of whole macromolecular chains in water. If the
first process is dominating in swelling of hydrogel net-
work, the SR is directly proportional to square root of
absorption time. If the second process is dominating, the
relation plotted in SR and square root of time is “S”
figure [35, 36]. From the above three figures plotted by
SR versus tl/z, it can be seen that the shapes describe a
S-curve (Figs. 2—4b). Based on that, the second process is
dominating in the swelling of PAM/PVA/PAM/G IPN
hydrogels. That is the water molecules entering the inside
of hydrogel is a fast process, and the relaxation of
macromolecule chains is a slow process, which results in
the swelling controlled by step (2). The result is con-
sistent with reports [35].

@ Springer
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Fig. 5 Tensile strength of PAM/PVA/PAM/G IPN hydrogels as a
function of AM [II]/AM [I] (m/m) ratios (0.1 wt% crosslinker, 3 wt%
initiator, 20 wt% PVA, and 12 wt% graphite)

Mechanical strength

It is known that the good mechanical strength roots in the
formation of IPN structure and physical entanglement of
the two networks. It can be seen from Fig. 5 that the
mechanical strength of PAM/PVA/PAM/G IPN hydrogel
increases gradually from 0.15 to 0.29 MPa with the
increase of AM [II] contents from O to 1 (AM [II}/AM [1],
m/m) (AM dosage in the first and second polymerization
reaction is designated as AM [I] and AM [II], respectively).
It is well known that the IPN structure is not formed
without the second component. Therefore, if the whole
system becomes a single component, the mechanical
strength of the hydrogel decreases dramatically. With the
increase of AM [II], the 3D network of PAM [II] tends to
be perfect and the IPN structure is also formed. The
physical and chemical interactions between PAM [I]/PVA
and PAM [II] are also enhanced; especially the physical
entanglement is increased. The result is the increase of
whole hydrogel strength.

Figure 6 is a representative mechanical strength plot of
the PAM/PVA/PAM/G IPN hydrogels with different mass
ratios of PVA to AM. As can be seen in Fig. 6, the tensile
strength of the hydrogels at break increased gradually with
the increase of PVA amounts. It is well known that the
excellent mechanical strength roots in the network of PAM,
the self-crosslinked network of PVA, and the entanglement
of the two networks. In order to investigate the contribu-
tions of the first network and the second one, Tsukeshiba
et al. [37] have analyzed in detail a double network
hydrogel based on poly(2-acrylamido-2-methylpropane-
sulfonic acid) (PAMPS) and PAM, which were the first and
second component, respectively. The experiment results

@ Springer

1.2

1.04
0.8
0.6

N

0.2 T T T T T T T T T T T T
0 5 10 15 20 25 30

PVA dosages (wt%)

Tensile strength at break (MPa)

Fig. 6 Tensile strength of PAM/PVA/PAM/G IPN hydrogels as a
function of PVA content (0.1 wt% crosslinker, 3 wt% initiator, and
12 wt% graphite)

revealed that the first network PAMPS had “voids” with a
size much larger than the radius of the second polymer
PAM, and the second network in the voids may play a more
important role in its inhomogeneous structure model.
Similarly, in our conditions, as the first component, PAM
hydrogel is a superabsorbent polymer [32, 33], and it has
large “voids” with a size much larger than the radius of the
second component PVA, which results in the formation of
inhomogeneous structure. Therefore, the mechanical
strength of the PAM/PVA/PAM/G IPN hydrogels increases
with the increase of PVA amount in the hydrogels.

Conductivity

The PAM/PVA/PAM/G IPN hydrogel shows a conductiv-
ity of 1.4 mS cm™'. Since the conductivity of swollen
PAM/PVA/PAM IPN hydrogel in the same conditions is
only <1.0 x 107> S cm ™!, the observed conductivity from
the PAM/PVA/PAM/G IPN hydrogels is mainly accounted
for the presence of graphite micropowder component. The
result is consistent with conducting hydrogels consisting of
polyaniline nanoparticles and pyrrolidone [38], polyani-
line—polyacrylamide, and polyaniline—poly(2-acrylamido-
2-methyl propanesulphonic acid) semi-interpenetrating
network hydrogels [39].

Thermal stability

Figure 7 depicts a TGA thermogram of the PAM/PVA/
PAM/G, PAM/PAM/G, PAM/PVA/PAM, and PAM/G. It
can be found that the initial weight loss between 50 and
150 °C is mainly due to the release of moisture from the
surface of composites. Further weight loss of PAM/PVA/
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Fig. 7 TGA curves of PAM/PVA/PAM/G, PAM/PAM/G, PAM/G,
and PAM/PVA/PAM

PAMY/G that takes place at a slower rate between 300 and
350 °C relates to morphological changes in the composite
system. The sharp weight loss beginning at about 380 °C
presumably corresponds to the large-scale thermal decom-
position of PAM/PVA/PAM chains. Gradual weight loss
over the wide temperature range can be attributed to the good
thermal stability of the PAM/PVA/PAM/G composite. For
the TGA curves of PAM/PAM/G, PAM/G, and PAM/PVA/
PAM, the tendency is similar to that of PAM/PVA/PAM/G
composite except lower decomposition temperature. After
complete degradation for both PAM, the weight losses are all
around 20%. From the thermal analysis, we can conclude
that the physical/chemical interactions of PAM/PVA/PAM/
G conducting composite prepared using the simple two-step
polymerization technique has excellent thermal stability.

Conclusions

Polyacrylamide/poly(vinyl alcohol)/polyacrylamide/graph-
ite interpenetrating network (PAM/PVA/PAM/G IPN)
hydrogel was synthesized using a simple two-step aqueous
polymerization method. The swelling behaviors and the
conducting and mechanical properties of the hydrogel are
investigated. It is found that the swelling ratio of the
hydrogel depends on the PVA, graphite, and crosslinker
dosages, and the swelling process of the hydrogel is
dominated by a relaxation of macromolecule chains.
Owing to IPN structure, the hydrogel has a good
mechanical strength and thermal stability. The incorpora-
tion of graphite improves the conductivity of the hydrogel.

Acknowledgements The authors thanks the joint support by the
National Natural Science Foundation of China (No. 50572030 and

No. 50372022) and the Key Scientific Technology Program of Fujian,
China (No. 2005HZ01-4 and No. 2004HZ01-3).

References

1. Buchholz F, Graham A (1997) Modern superabsorbent polymer
technology. Wiley, New York
2. Fanta GF, Burr RC (1969) J Polym Sci 167:528
3. Weaver MO, Bagley EB, Fanta GF et al (1976) US Patent
3,981,100
4. Omidian H, Rocca JG, Park K (2005) J Control Release 102:3.
doi: 10.1016/j.jconrel.2004.09.028
5. Ito K, Chuang J (2003) Prog Polym Sci 28:1489. doi:10.1016/
j-progpolymsci.2003.07.001
6. Lee WF, Chen YC (2005) Eur Polym J 41:1605. doi:10.1016/
j-eurpolymj.2005.02.011
7. WuJH, Lan Z, Wang DB et al (2006) Electrochim Acta 51:4243.
doi: 10.1016/j.electacta.2005.11.047
8. Abd EIl-Rehim HA (2005) Radiat Phys Chem 74:111. doi:
10.1016/j.radphyschem.2005.01.002
9. Wada H, Nohara S, Iwakura C (2004) Electrochim Acta 49:4871.
doi: 10.1016/j.electacta.2004.05.041
10. Richter A, Howitz S, Kuckling D (2004) Sens Actuators B
99:451. doi:10.1016/j.snb.2003.12.014
11. Li M, Guo Y, Wei Y et al (2006) Biomaterials 27:2705. doi:
10.1016/j.biomaterials.2005.11.037
12. Wu J, Lin J, Zhou M (2000) Macromol Rapid Commun 21:1032.
doi:10.1002/1521-3927(20001001)21:15<1032:: AID-MARC1032>
3.0.CO;2-N
13. Chen G, Weng W, Wu D et al (2004) Carbon 42:753. doi:
10.1016/j.carbon.2003.12.074
14. Yang S, Chen X, Motojima S et al (2005) Carbon 43:827. doi:
10.1016/j.carbon.2004.11.014
15. Jia S, Jiang P, Zhang Z, Wang Z (2006) Radiat Phys Chem
75:524. doi:10.1016/j.radphyschem.2005.11.004
16. Zhang X, Zhang J, Liu Z (2005) Carbon 43:2186. doi:10.1016/
j-carbon.2005.03.034
17. Lin JM, Tang QW, Wu JH (2007) React Funct Polym 67:489.
doi:10.1016/j.reactfunctpolym.2007.02.002
18. Lin JM, Tang QW, Wu JH et al (2007) React Funct Polym
67:275. doi:10.1016/j.reactfunctpolym.2007.01.011
19. Tang QW, Lin JM, Wu JH et al (2007) Carbohyd Polym 67:332.
doi:10.1016/j.carbpol.2006.05.026
20. Pissis P, Kyritsis A (1997) Solid State Ionics 97:105. doi:
10.1016/S0167-2738(97)00074-X
21. Sun X, Liu G, Xie HY et al (2004) Solid State Ionics 175:713.
doi:10.1016/j.ss1.2003.11.043
22. Kaneko Y, Nakamura S, Sakai K (1998) Macromolecules
31:6099. doi:10.1021/ma971899¢g
23. Zhang J, Huang S, Xue Y, Zhuo R (2005) Macromol Rapid
Commun 26:1346. doi:10.1002/marc.200500298
24. Zhang X, Zhuo R (1999) Macromol Rapid Commun 20:229. doi:
10.1002/(SICI)1521-3927(19990401)20:4<229:: AID-MARC229>
3.0.CO;2-N
25. Kato N, Sakai Y, Shibata S (2003) Macromolecules 36:961. doi:
10.1021/ma0214198
26. Haraguchi K, Farnworth R, Ohbayashi A, Takehisa T (2003)
Macromolecules 36:5732. doi:10.1021/ma034366i
27. Hou X, Siow KS (2001) Polymer (Guildf) 42:4181. doi:
10.1016/S0032-3861(00)00818-1
28. Gong J, Katsuyama Y, Kurokawa T, Osada Y (2003) Adv Mater
15:1155. doi:10.1002/adma.200304907
29. Polnok A, Verhoef JC, Borchard G, Sarusyta N (2004) Int J
Pharm 269:303. doi:10.1016/j.ijpharm.2003.09.022

@ Springer


http://dx.doi.org/10.1016/j.jconrel.2004.09.028
http://dx.doi.org/10.1016/j.progpolymsci.2003.07.001
http://dx.doi.org/10.1016/j.progpolymsci.2003.07.001
http://dx.doi.org/10.1016/j.eurpolymj.2005.02.011
http://dx.doi.org/10.1016/j.eurpolymj.2005.02.011
http://dx.doi.org/10.1016/j.electacta.2005.11.047
http://dx.doi.org/10.1016/j.radphyschem.2005.01.002
http://dx.doi.org/10.1016/j.electacta.2004.05.041
http://dx.doi.org/10.1016/j.snb.2003.12.014
http://dx.doi.org/10.1016/j.biomaterials.2005.11.037
http://dx.doi.org/10.1016/j.carbon.2003.12.074
http://dx.doi.org/10.1016/j.carbon.2004.11.014
http://dx.doi.org/10.1016/j.radphyschem.2005.11.004
http://dx.doi.org/10.1016/j.carbon.2005.03.034
http://dx.doi.org/10.1016/j.carbon.2005.03.034
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.02.002
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.01.011
http://dx.doi.org/10.1016/j.carbpol.2006.05.026
http://dx.doi.org/10.1016/S0167-2738(97)00074-X
http://dx.doi.org/10.1016/j.ssi.2003.11.043
http://dx.doi.org/10.1021/ma971899g
http://dx.doi.org/10.1002/marc.200500298
http://dx.doi.org/10.1021/ma0214198
http://dx.doi.org/10.1021/ma034366i
http://dx.doi.org/10.1016/S0032-3861(00)00818-1
http://dx.doi.org/10.1002/adma.200304907
http://dx.doi.org/10.1016/j.ijpharm.2003.09.022

5904

J Mater Sci (2008) 43:5898-5904

30.

31.

32.

33.

34.

Yang ZW, Jiang YS, Xu LX, Wen B, Li FF, Sun SM, Hou TY
(2005) J Mater Chem 15:1807. doi:10.1039/b418015¢
McDermott MK, Chen TH, Williams CM et al (2004) Biomac-
romolecules 5:1270. doi:10.1021/bm034529a

Wu JH, Wei YL, Lin JM, Lin SB (2003) Polymer (Guildf)
44:6513. doi:10.1016/S0032-3861(03)00728-6

Tang QW, Lin JM, Wu JH et al (2007) J Appl Polym Sci
104:735. doi:10.1002/app.25531

Enscore DJ, Hopfraberg HB, Stannett VT (1977) Polymer
(Guildf) 18:793. doi:10.1016/0032-3861(77)90183-5

@ Springer

35.

36.

37.

38.

39.

Zhang XZ, Zhou RX (2000) J Colloid Interface Sci 223:311. doi:
10.1006/jcis.1999.6654

Zhang XZ, Zhou RX, Yang Y (2002) Biomaterials 23:1313. doi:
10.1016/S0142-9612(01)00249-6

Tsukeshiba H, Huang M, Na YH et al (2005) J Phys Chem B
109:16304. doi:10.1021/jp052419n

Dispenza C, Lo Presti C, Belfiore C et al (2006) Polymer (Guildf)
47:961. doi:10.1016/j.polymer.2005.12.071

Siddhanta SK, Gangopadhyay R (2005) Polymer (Guildf)
46:2993. doi:10.1016/j.polymer.2005.01.084


http://dx.doi.org/10.1039/b418015c
http://dx.doi.org/10.1021/bm034529a
http://dx.doi.org/10.1016/S0032-3861(03)00728-6
http://dx.doi.org/10.1002/app.25531
http://dx.doi.org/10.1016/0032-3861(77)90183-5
http://dx.doi.org/10.1006/jcis.1999.6654
http://dx.doi.org/10.1016/S0142-9612(01)00249-6
http://dx.doi.org/10.1021/jp052419n
http://dx.doi.org/10.1016/j.polymer.2005.12.071
http://dx.doi.org/10.1016/j.polymer.2005.01.084

	Two-step synthesis of polyacrylamide/poly(vinyl alcohol)/polyacrylamide/graphite interpenetrating network hydrogel �and its swelling, conducting and mechanical properties
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of PAM/PVA/PAM/G composites
	Measurements of swelling ratio and electrical conductivity of the IPN hydrogels
	Measurement of mechanical strength
	Characterizations

	Results and discussion
	Characterizations
	Swelling kinetics
	Mechanical strength
	Conductivity
	Thermal stability

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


