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e unit for synthesis of highly
elastic polydimethylsiloxane sponge with nanofiller
modification†

Shi Qiu,a Hengchang Bi,a Xiaohui Hu,a Mingbo Wu,*b Yongfeng Lic and Litao Sun*a

Polydimethylsiloxane (PDMS) sponges with nanofiller modification are gaining considerable attention

because of their extraordinary performances in improving the qualities of polymer nanocomposites.

However, the current synthesis methods limit the flexibility and stability of functional PDMS sponges.

Herein, we present an ultrasound-assisted in situ polymerization approach to convert a novel clay-like

PDMS nanocomposite into a functional PDMS sponge. Accessible ultrasound with low intensity can

moderately regulate the cross-linking degree of PDMS oligomer to obtain only shape-controllable clay-

like units for the scalable synthesis of a PDMS sponge with a high elasticity. In order to enhance the

functionality, graphene nanosheets serve as a nanofiller uniformly distributed into the three-dimensional

porous PDMS skeleton. The graphene-reinforced PDMS sponge (GRPS) exhibits mechanical stability and

wettability, and is a better alternative to typically recyclable adsorbents in an oil–water separation

system. Thus, the present synthesis method may pave a facile way for manufacturing functional PDMS

sponges on a large scale.
Introduction

Polydimethylsiloxane (PDMS), comprising repeated units of –O–
Si(CH3)2–,1 is the most commonly used silicone-based elas-
tomer, due to its transparency, viscoelasticity, dielectricity,
hydrophobicity, biocompatibility, and scalability,2 and it has
become a crucial material in many kinds of applications,
including microuidic devices,3 wearable electronics,4 capaci-
tive sensors,5 tissue engineering scaffolds,6 and waterproof
membranes.7,8 Particular interest has focused on the synthesis
of a three-dimensional porous PDMS architecture serving as
a new paradigm for oil adsorbents,9 nanogenerators,10 and so
robotics,11 using salt, sugar, and sodium bicarbonate as the
fugitive porogen. In the present study, a solvent evaporation
approach has been developed to fabricate porous skeletons via
vacuum12 or air blow,13 which can achieve the encapsulation of
a template with a PDMS matrix through capillary forces.
However, the vacuum operation at extreme pressure and
temperature limits the elasticity of the as-made PDMS sponges.
Although the introduction of a volatile organic solvent can
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adjust the elasticity of the porous PDMS skeletons produced by
the lightly cross-linked PDMS oligomers, the unalterable shape
of the products also limits the diversied application of PDMS
sponges. Therefore, the development of a simple and exible
synthetic strategy presents a major challenge.

Inorganic–organic composites are an innovative class of
polymeric materials, which can coordinate the functionality of
an inorganic nanomaterial and the elasticity of an organic
polymer matrix. PDMS sponges incorporated with nanollers,
such as BaTiO3 nanoparticles,14 TiO2 nanoparticles,15 carbon
nanotubes,16 graphene nanosheets,17 and metals18 have attrac-
ted great interest with regard to their practical applications,
because they are known to reinforce piezoelectric, photo-
responsive, mechanical, wetting and conductive properties,
respectively. In order to form polymer nanocomposites, a dip
coating method is used to perform the nanoller deposition on
the surface of PDMS sponges prepared beforehand.15,16

However, the van der Waals force is a relatively weak interaction
between the nanoller and porous PDMS skeleton, leading to
mechanical instability under compression, stretch, twist, and
friction conditions. Thus, the loose interaction between nano-
ller and PDMS matrix is crucial for their industrial applica-
tions. Recently, an in situ polymerization method has been
developed to address the weak linkage, resulting in three-
dimensionally cross-linked networks between the nanoller
and the PDMSmatrix.19 However, this approach is still a roughly
mechanical mixture, which hinders the uniformity of the
composite structure and hampers the performances of func-
tional PDMS sponges in practical applications.
RSC Adv., 2017, 7, 10479–10486 | 10479

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26701g&domain=pdf&date_stamp=2017-02-07
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26701g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007017


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 1
1:

51
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
To address these limitations, herein we report an
ultrasound-assisted in situ polymerization approach to convert
a moldable clay-like PDMS nanocomposite into a functional
PDMS sponge. Graphene nanosheets act as a nanoller, PDMS
as a matrix, and sea salt crystals as a template. Accessible
ultrasound with low intensity can regulate the moderately cross-
linked PDMS oligomer to obtain only a shape-controllable clay-
like graphene–PDMS–salt unit, which is especially applicable
for the scalable synthesis of a graphene-reinforced PDMS
sponge (GRPS). As a result, GRPSs show high exibility and
strong hydrophobicity, and can be used as a recyclable adsor-
bent in an oil–water separation system. Thus, this work opens
up a new avenue for the efficient production of elastic PDMS
sponges with functionality via the moldable clay-like unit.

Experimental
Preparation of clay-like units and GRPSs

The scalable production of graphene nanosheets via shear-
assisted supercritical CO2 exfoliation was described elsewhere
in the literature.20 For ultrasound-assisted in situ polymeriza-
tion, liquid PDMS (1 g of base agent with 0.1 g of curing agent of
Sylgard 184 and 10–40 mL of EtOAc), graphene (0–40 mg), and
a certain volume of salt particles (10 g) were added into a reac-
tion vessel and placed in an ultrasonic cleaning bath. During
the EtOAc evaporation, the clay-like graphene–PDMS–salt units
were obtained. Then, these composites were molded into
desired shapes and cured at 60–90 �C overnight. Hard and
nonviscous composites were immersed in hot water to leach out
the salt crystal templates. Aer drying, GRPS-x with 0–4 wt% of
graphene contents was nally obtained; where, x is dened as
the mass percentage of graphene loading content to PDMS
matrix.

Characterization

GRPS microstructures were observed via SEM (Hitachi S4800,
Japan) and TEM (EOL JEM-2100, Japan). Salt particle sizes were
characterized using a polarizing microscope (Nanjing Jiangnan
Novel Optics XPL-2, China). Raman scattering measurements
were carried out with a Raman spectrometer (Renishaw inVia
Reex, UK). Water contact angles were measured with an optical
contact-angle meter (Kruss DSA-100, Germany). Compression
tests were measured using a force gauge (Mark-10 series 5, USA)
equipped with a 10 N load cell at a constant loading and
unloading speed of 200 mm min�1. The sample geometry used
for compression tests was 2.5 cm (diameter) � 3.0 cm (height).
Bending tests were measured using a two-phase stepping motor
(TOPCNC 86BYG68A, China). The sample dimension was
3.0 cm (diameter) � 0.3 cm (height).

Solvent and oil adsorptions of GRPSs

In a typical adsorption test, GRPS was immersed into corre-
sponding organic liquids for a set time and then picked out for
measurement. The specimens for adsorption tests were made
into cubic blocks 3.0 cm � 3.0 cm � 3.0 cm. The weights of the
GRPS before (mo) and aer (mt) adsorption were recorded to
10480 | RSC Adv., 2017, 7, 10479–10486
estimate the adsorption capacity (q). The q values were calcu-
lated from the following formula:

q ¼ (mt � mo)/mo � 100%

Each organic liquid was tested for ve cycles. Subsequently,
the adsorption kinetics of GRPS were investigated by quanti-
fying the adsorbed n-hexane as a function of contact time with
a time interval of 1 s. The recyclability was evaluated by the
cyclic adsorption–squeeze measurement.
Results and discussion

Fig. 1 schematically illustrates the ultrasound-assisted in situ
polymerization approach for incorporating graphene into salt-
template-derived PDMS nanocomposites. Commercial sea salt
crystals were selected to act as a template, with an average size
of 650 mm (Fig. S1, ESI†). A perfect graphene nanosheet is
hydrophobic in nature,21 and exhibits exceptional mechanical
stiffness.22,23 To improve the performance of the initial PDMS
sponge as much as possible, graphene nanosheets served as
a nanoller fabricated by the shear-assisted supercritical CO2

exfoliation method,20 exhibiting thin and transparent sheets
according to transmission electron microscopy (TEM) charac-
terization (Fig. 1a). The graphene nanosheets comprise 5 to 10
monolayers per sheet, as observed by high-magnication TEM
(the inner of Fig. 1a) and Raman spectroscopy (Fig. 1b) analyses.

Ultrasound is a unique means of interaction between energy
and matter,24 and it arises from acoustic cavitation: the forma-
tion, growth, and implosive collapse of bubbles in liquids,
leading to intense local heating, high pressure, and very short
lifetimes.25 It can release enough kinetic energy from the
generation of localized hot spots to activate various chemical
reactions to completion, even some reactions that were previ-
ously difficult to realize by other traditional methods.26 There-
fore, an ultrasound-assisted in situ polymerization approach
was explored as a modied method. Three functions of ultra-
sound were involved in the fabrication of the clay-like unit.
First, under continuous ultrasonic irradiation, the physical
effect induced by cavitation bubbles can rst accelerate gra-
phene dispersion into the solution, increasing the possibility of
collision between the graphene nanoller and the PDMSmatrix.
Second, the polymerization process of PDMS is mainly through
a hydrosilylation reaction between vinyl (–CH]CH2) end
groups of the PDMS prepolymer and Si–H groups of the PDMS
cross-linker in the presence of platinum-based catalysts.27 As
a result, the platinum-based catalyst which served as one
component of the PDMS can be activated by the thermo-
mechanical energy arising from the ultrasonic effect,28,29

improving the catalytic efficiency of the hydrosilylation reaction
with regard to the polymerization of the PDMS oligomer. Third,
the moderately cross-linked polymer can uniformly and effi-
ciently coat on the salt crystal surface, leading to a graphene–
PDMS–salt composite.

It is worth noting that the ultrasound-assisted in situ poly-
merization, which is done under an accessibly ultrasonic
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration of the ultrasonic synthesis of moldable clay-like units for scalable production of GRPSs. (a) TEM and the corre-
sponding HRTEM images of graphene nanosheets. (b) Raman spectrum of graphene. (c and d) Digital photographs of various macroscopic
features of clay-like units.

Fig. 2 Mechanical behaviors of GRPSs. (a) Digital photograph showing
a cylinder and a series of cylindrical GRPSs with different graphene
contents. (b and c) Transformation of the GRPS-3 scaffolds into curly
shapes. (d) Compressive stress–strain curves of GRPSs at 50% strain
deformation. (e) The relationship between energy loss coefficient and
graphene content at different strain deformations. (f) Compressive
stress–strain curves of GRPS-3 at various set strains of 30%, 50%, and
70%, respectively. (g) Cyclic stress–strain curves of GRPS-3 at 50%
strain deformation.
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cleaning bath with a low intensity (�1W cm�2), can regulate the
moderately cross-linked PDMS oligomer to obtain only clay-like
units. The primary benet of this approach is that it does not
produce the completely cross-linked PDMS oligomer that has
limited the elasticity and shape diversity of products based on
the traditional solvent evaporation methods.19 Therefore, these
novel composites can be molded into any desired shapes via the
viscoelasticity of the clay-like units, which are similar to Silly
Putty. As shown in Fig. 1c, the irregular small clay-like units are
assembled into a large spherical shape and arbitrary sizes of
hexagons; these hexagons can also be arranged into desired
polygons (Fig. 1d). Aer curing of the graphene–PDMS–salt
composites, GRPSs with high exibility were readily obtained by
immersing the composites in hot water, dissolving the salt
component and leaving the three-dimensional macropore
skeleton. Unlike typical synthetic methods (Table S1, ESI†), the
ultrasound approach obviously simplies complex synthetic
steps, and results in a kind of novel clay-like unit, making
possible the scalable production of highly elastic PDMS sponges
with a nanoller modication.

Fig. 2a shows the cylindrical shapes of as-made GRPSs ob-
tained from clay-like units, and the change in color from white
to black with an increasing graphene content. Interestingly,
GRPSs can be easily manipulated into rolls without structural
damage from originally at or columnar shapes (Fig. 2b and c
and Movie S1, ESI†), similar to superelastic graphene/polyimide
nanocomposite foams.30 Hence, we performed a systematic
mechanical testing on GRPSs to investigate their compress-
ibility and recoverability. Fig. 2d presents the compressive
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 10479–10486 | 10481
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stress–strain curves of GRPSs (up to 50% strain). The initial
linear elastic regions of GRPSs reached 30% strain deformation,
which is superior to the previous PDMS sponges reported by
a sugar-templating approach (15–20%).31 Both ultimate
strength and Young's modulus of GRPSs have been enhanced by
the incremental graphene contents (Fig. S2a and Table S2,
ESI†). The measured Young's moduli of GRPSs were approxi-
mately 5.83–14.14 kPa, which are in agreement with the pristine
PDMS sponges (5.56–20 kPa) and much lower than those of
reported PDMS sponges with nanoller modication (100–169
kPa) (Table S1, ESI†). As a result, this ultrasound approach can
address limitations of the exibility of PDMS nanocomposites.
Fig. 2e shows the relationship between the energy loss coeffi-
cients of GRPSs and the graphene loading contents at different
strain deformations. The values of energy loss coefficients were
in the range of 0.14 to 0.29, indicating low energy dissipation in
contrast to typically compressible graphene aerogels (0.75–
0.83).32,33 The energy dissipation of GRPSs quickly increased
with the rise in strain amplitude, owing to the incremental
frictions between owing air and the sponge skeleton.34,35

Obvious turning points in the corresponding energy loss coef-
cients appeared in GRPS-2 (below 50% strain amplitude),
which might be related to the changing trends in ultimate
strength and elastic modulus with different graphene content
(Fig. S2a, ESI†). When graphene loading content was main-
tained at the level of 2–4 wt%, the reinforced mechanical
stability of GRPSs could protect them from structural damage
from external compression, resulting in a reduction in energy
dissipation. However, it is difficult to obtain a porous skeleton
from a 5 wt% graphene loading content, which means that an
excess of graphene nanoller may interrupt the cross-linked
PDMS matrix.

Thus, we selected GRPS-3 to study cyclic compression
behaviors. The stress–strain curves of GRPS-3 at different strain
deformations of 30%, 50%, and 70% were investigated (Fig. 2f).
Each succeeding loading curve returned to the preceding cycle
and continued the trend of the preceding loading curve, thereby
displaying a shape memory characteristic along a given loading
path.36 Then, stress responses were measured at a constant
stress amplitude (50% strain deformation) as a function of cycle
number (Fig. 2g). The cyclic stress–strain curves of GRPS-3 show
that the areas of the hysteresis loops remain constant and avoid
stress-soening behavior. In addition to the recyclable
compressibility, GRPS-3 underwent bending fatigue for at least
30 000 cycles (Movie S2, ESI†). Thus, the excellent elasticity
deformation restorability of GRPS-3 is superior to reported
graphene-based sponges with high oil adsorption capacity
(Experiment S1, Fig. S2b and Movie S1, ESI†).37,38 The notable
mechanical performances are very important in the recyclability
of adsorbents and the recoverability of pollutants in practical
applications.

Themicrostructures of GRPSs were investigated via scanning
electron microscopy (SEM) characterization. The top surfaces of
GRPSs exhibit dense and compact structures, demonstrating no
apparent differences between GRPS-0 and GRPS-3 (Fig. S3,
ESI†). Then, when GRPSs were sliced, three-dimensionally
interconnected macroporous networks emerged on the
10482 | RSC Adv., 2017, 7, 10479–10486
fracture surfaces, displaying a shallow bowl-shape morphology
(Fig. 3a and c). In contrast to the irregular pore structure of the
reported PDMS-based sponges, GRPSs show a narrow pore-size
distribution of cellular holes with an average diameter of 630
mm, which are in agreement with the sizes of commercial salt
crystals. It is noted that the incremental graphene contents of
GRPSs can form diverse morphologies on cellular hole surfaces,
especially the more crumpled pore walls of GRPS-3 (Fig. 3c)
compared to GRPS-0 (Fig. 3a). These phenomena were observed
clearly through the high magnication of SEM images. Unlike
the relatively smooth topography of the original PDMS sponge
(Fig. 3b), Fig. 3d presents cuticular folds of GRPS-3 with a strip
width from 540 nm to 1.54 mm, demonstrating the micro-
structural change in GRPSs from incorporating a graphene
component. Furthermore, the results could be supported by the
corresponding Fourier transform infrared spectroscopy (FTIR)
spectra (Fig. S4, ESI†). The obvious decrease in the intensity of
the absorption bands of GRPS-3 (at 802 cm�1 and 1262 cm�1

due to Si–CH3 vibration, 2905 cm�1 and 2965 cm�1 due to the
symmetric and asymmetric stretching vibrations of C–H in
methyl groups)39 indicates that graphene nanosheets have been
embedded into the interior of the PDMS elastomer and tightly
covered the entire surface of the porous skeleton. As a conse-
quence, the unique microstructures of GRPSs might result in
a functional integration between the graphene nanoller and
the PDMS matrix for surface modication.

Owing to bioinspired surfaces, the cooperative interactions
of multiscale structures and chemical compositions have been
demonstrated to form a fascinatingly wetting surface.40 The
relationship between the wetting behaviors of as-made GRPSs
and different graphene loading contents was investigated.
Fig. 3e shows a water contact angle (WCA) of 140� on the outside
surface of GRPS-0 and a WCA of 146� on the inner surface of
GRPS-0, which are in agreement with the previous reports of
hydrophobic PDMS sponges.9 With a graphene loading up to 3
wt%, the WCAs of GRPS-3 on the outside surface and inner
surface reached 149� and 151�, respectively. It is known that the
surface wettability can be enhanced by being textured with
different scale structures. Therefore, the superhydrophobicity
of GRPS-3 can be attributed to the multiscale structure
depending on the cellular holes in the microscale and cuticular
folds in the nanoscale by the cooperative interactions of the
graphene nanoller and the PDMS matrix.

According to the “petal effect”,41 this multiscalar structure of
GRPS-3 is expected to produce another superhydrophobic
surface: the Cassie impregnating wetting state.42 As shown in
Fig. 3f, a water droplet (5 mL) was not easily dragged back by the
needle when it came into slight contact with the GRPS-3 surface
(Movie S3, ESI†). This result suggests a highly adhesive surface
for GRPS-3, which is consistent with the sticky super-
hydrophobicity of a graphene aerogel at low surface tension
modication.43 As to the multiscalar structure of GRPS-3, water
droplets are able to enter into the cellular holes of the surface
but not into the cuticular folds, resulting in a large contact
angle and a high contact angle hysteresis. Thus, this special
petal-like property of GRPS-3 has potential application in liquid
transportation without loss.44 Fig. 3g shows how a small-volume
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Microstructures and wetting behaviors of GRPSs. (a–d) Cross-sectional SEM images of (a and b) GRPS-0 and (c and d) GRPS-3 at various
magnifications. (e) The relationship between water contact angles and graphene loading contents in GRPSs. Internal optical images showing the
shape of a water droplet (5 mL) on the surface of corresponding GRPS. (f) Sequential optical images showing the dynamic process of a water
droplet in contact with the GRPS-3 surface. (g) Transportation of a water droplet from a self-cleaning surface to the GRPS-3 surface. (h) Dynamic
swelling process of GRPS-3 for the n-hexane adsorption.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 1
1:

51
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
water droplet is easily transferred from a self-cleaning surface
(as seen in a graphene-based composite coating)45 to the GRPS-3
surface which served as a “mechanical hand” (Movie S3, ESI†).
Additionally, GRPS-3 could oat easily on the water surface, and
support water droplets to maintain their uniform spherical
shapes on the GRPS-3 surface (Fig. S5, ESI†); these character-
istics are indicative of a stable superhydrophobic property. In
contrast, Fig. 3h shows the expanded volume of GRPS-3 during
the n-hexane adsorption process (Movie S3, ESI†). The swelling
ability of the cross-linked polymers is an intrinsic characteristic,
which can result in a volume expansion of the polymers by
adsorbing nonpolar solvents.46 As a consequence, incorporating
a low graphene content in GRPS still maintains the swelling
behavior derived from a pure PDMS matrix.

PDMS sponges have been widely used as a kind of adsorbent
in an oil–water separation system, due to their super-
hydrophobic and superoleophilic characteristics.12 The high
elasticity is benecial for the recyclability of adsorbents and the
recoverability of pollutants in practical applications. However,
the adsorption of organic molecules is inefficient because of the
low separation efficiency caused by the nite elastic deforma-
tion of the PDMS sponge. In this regard, incorporation of a low
graphene content into the three-dimensional porous PDMS
skeleton can avoid the structural damage of the nanoscale
features required for super-repellency.47 Due to its optimal
mechanical feature, a PDMS sponge with graphene modica-
tion prepared by the present method can be used as an adsor-
bent for the removal of organic contaminations from water.
This journal is © The Royal Society of Chemistry 2017
Therefore, GRPS-3 was selected as an adsorbent according to its
superior elasticity and wettability (Movie S4, ESI†). As illustrated
in Fig. 4a, when GRPS-3 approached chloroform under water,
the chloroform was quickly sucked out without leaving any
residue. Then, when GRPS-3 came into slight contact with the
surface of an oil–water mixture, it selectively adsorbed n-hexane
from the water surface in a few seconds (Fig. 4b). These results
demonstrate that GRPSs have excellent oil-capturing ability
both underwater and on the surface.

To investigate the maximum adsorption capacity (q) of as-
made GRPSs, we performed adsorption tests on various
organic media without any water. Fig. 4c shows the relatively
high q values of GRPSs for organic liquids (3 to 19 times their
own weight), which are consistent with the adsorption capacity
of PDMS sponges reported in early work,13 depending on the
density, porosity and swelling ability of the polymer elastomers
(Table S3, ESI†). The q values of GRPSs exhibit the same
increasing order: ethanol < acetone < paraffin oil < petroleum
ether < n-hexane < chloroform. It is known that adsorption is
based on the void volume in the macropores of sponges by
capillary action and is driven by the diffusion of organic mole-
cules; thus, adsorption capacity has been reported to be linearly
related to oil density.48 Additionally, the solubility parameter (d)
plays an important role in the swelling ability of the cross-linked
polymers. If the d value of the solvent is similar to that of PDMS
(d ¼ 7.3 cal1/2 cm�3/2),49 the PDMS matrix may adsorb a large
amount of solvent caused by volumetric swelling (Fig. S6, ESI†).
Thus, GRPSs exhibited an obvious volume change for the
RSC Adv., 2017, 7, 10479–10486 | 10483
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Fig. 4 Oil–water separation systems of as-prepared GRPSs. (a and b) Snapshots showing the collection process of (a) chloroform and (b) n-
hexane (dyed by oil red 24) from water using GRPS-3 as adsorbent. (c) Adsorption capacities of GRPS-3 measured for a wide range of oils and
organic solvents. (d) Adsorption kinetics of n-hexane adsorbed by GRPS-3. (e) Cyclic adsorption tests of GRPS-3 for n-hexane. (f) Schematic
illustration of a possible adsorption pathway of GRPSs with low graphene content for organic solvent.
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adsorption of n-hexane and petroleum ether, leading to higher q
values in contrast to those of ethanol and acetone. The highest q
value of GRPSs for chloroform may be mainly ascribed to the
highest chloroform density.

Surprisingly, the q values of GRPS-3 were higher than those
of GRPS-0 for chloroform, n-hexane and petroleum ether, while
the opposite trends were seen in the q values for ethanol,
acetone, and paraffin oil. These phenomena are closely related
to the incorporation of graphene with low content in the PDMS
matrix, whichmay cause two opposite effects on the two types of
solvents. When the solvent and PDMS matrix are compatible,
the positive effect may improve the oil affinity derived from the
optimal surface tension of GRPSs by graphene modication.
This can be further conrmed by the adsorption kinetics. As
shown in Fig. 4d, the n-hexane adsorption rates of GRPS-3 were
faster than those of GRPS-0 in the rst ve seconds, indicating
that the positive effect derived from graphene incorporation. In
contrast, graphene may slightly reduce the pore size of GRPSs
with an increasing graphene loading content, resulting in the
restriction of the valid volume for solvent adsorption.

Wemeasured the cyclic adsorption–squeezing experiments on
GRPS-3 using n-hexane as the model contaminant (Fig. 4e). Aer
10484 | RSC Adv., 2017, 7, 10479–10486
10 cycles, Fig. 4e shows the intact structure, exible elasticity, and
high adsorption capacity of GRPS-3; approximately 89% of n-
hexane was removed from the regenerated absorbent. The uc-
tuation of the q values in each cycle can be attributed to a small
amount of organic residual that adhered to the GRPS-3 surface.
Fig. 4f further illustrates the potential adsorption pathway of
GRPS with low graphene content for organic contaminants.
When GRPS was immersed in solvents, the incorporation of
graphene might improve the oil affinity and attract more organic
molecules around the GRPS. Then, with the help of the swelling
ability of the cross-linked PDMS matrix, GRPS could store the
nonpolar solvents by means of the expanding volume of the
interconnected network structure. Additionally, graphene might
serve as a stiff scaffold to protect the PDMS matrix from
mechanical damage during the swelling process, because the
hard graphene nanosheets could protect the polymer elastomers
from the swelling-induced modulus changes reported in the
existing study.50 Therefore, graphene nanosheets and PDMS
elastomers may show a signicant cooperative effect with each
other in the adsorption of organic contaminants. However, the
precise oil absorption mechanism of GRPS is still debatable.
Thus, a detailed investigation should be carried out in the future.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26701g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 1
1:

51
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conclusions

In conclusion, we have demonstrated that a moldable clay-like
unit can be transformed into an elastic PDMS sponge with
a nanoller modication via an ultrasound-assisted in situ
polymerization approach. Graphene nanosheets are used as
a nanoller, PDMS as a matrix, and sea salt crystals as
a template. The primary advantage of this approach is that the
moderately cross-linked PDMS oligomer produces only clay-like
units. Therefore, this novel composite can be molded into any
desired shape via the elasticity and viscosity of the clay-like
performance, which is especially applicable for synthesis of
GRPS on a large scale. GRPS with a low graphene content
exhibits high elasticity and hydrophobicity, leading to repeated
adsorption of organic molecules from water. As a consequence,
this approach opens up a new possibility for the efficient
production of functional PDMS sponges with nanoller
modication.
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