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Separation of water from non-polar liquid mixtures (dewatering) is a challenging, yet an important prob-
lem in such fields as petroleum industry and power coolants. We describe a method of fabrication and
properties of a high-capacity hydrophilic sponge based on polydimethylsiloxane (PDMS). The sponge is
obtained by addition of 1-octanol and incorporating zinc chloride powder template in the precursor
PDMS liquid followed by heat curing at 115 �C with subsequent elution of the template. The produced
PDMS sponges have water absorbing capacity reaching approx. 1600%, which is two times higher than
typically known for dewatering sorbents. Those high-capacity sponges may find use as dewatering agents
for oils, hydrocarbons and other nonpolar liquids.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction in many cycles [19]. The main weak point there is the need of fil-
Polydimethylsiloxane with open pores (PDMS sponge) is highly
attractive material that has a lot of different applications [1]
including fabrication of flexible conductors [2,3], sensors [4–6],
energy harvesting and storage devices [7–9], catalysis [10–12] to
name a few. Due to hydrophobic properties of PDMS, sponges
made of it are very effective in absorbing nonpolar organic com-
pounds like oils and other hydrocarbons from water [13–15]
allowing applications in water purification.

In certain cases, however, the opposite – removal of water from
nonpolar organic substances is necessary. For instance, dewatering
of hydrocarbons is necessary in the process of oil reforming and
mining of petroleum. Another example is dewatering of trans-
former oil, where presence of water in oil could lead to electrical
insulation breakdown. Physical adsorption [16,17] onto solid
materials is one of most promising approaches to the problem
due to simplicity and low cost. Sorbent materials capable of dewa-
tering of hydrocarbons, include powders made of silica gel, calcium
sulfate, several grades of alumina [18], some polymeric micropar-
ticles [17] or mixture of magnet particles based of iron oxide
[16]. Great advantage of such materials is that they can be used
tering the powder from liquid after use. There are also chemical
methods based on interaction between water and salts with forma-
tion of solid hydrates in the form of sediment that should be later
removed [20]. Demulsification based on freeze/thaw is another
approach [21] with the main disadvantage being high cost. Smart
PDMS sponge with switchable pH-responsive wetting was
reported [22] allowing water sorption from non-polar liquids, but
only in highly acidic environment. PDMS sponge with superhy-
drophobic (oleophilic) properties using NaCl microparticles as a
hard template was reported in [23].

In the present work we describe preparation and properties of
dewatering sponges made from a standard PDMS precursor and
modified with common chemicals in a simple 4-step process. The
hydrophilic PDMS sponges are easy to use, have high liquid capac-
ity and need no subsequent filtering. To the best of our knowledge,
this is the first successful demonstration of a hydrophilic PDMS-
based sponge material for dewatering purposes.
2. Experimental

2.1. Fabrication of hydrophilic PDMS sponge

PDMS was prepared using Sylgard 184 Silicone Elastomer Kit
(Dow Corning, USA), consisting of two liquid components: base
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and curing agent. The PDMS pre-polymer liquid was obtained by
mixing the base, curing agent and 1-octanol. In all cases base to
curing agent ratio was 10:1 by mass with the total mass of base
and curing agent being 1.5 g. Concentration of 1-octanol was var-
ied in the range from 0% to 20% of the total product mass. Next,
ZnCl2 powder (2.7 g) (See Figure S1 in Supporting Information for
SEM image) was dispersed in prepolymer solution by mechanical
stirring with ES-8000 stirrer (Ecros, Russia). ZnCl2 remained in
PDMS in form of solid particles as a template. Additionally we pre-
pared control samples either without 1-octanol, but containing dif-
ferent concentration of ZnCl2 (10–60% mass), or without ZnCl2, but
with different concentration of 1-octanol (0–20% mass). The
obtained suspension was heat cured at 115 �C for three hours. Solid
samples were boiled in distilled water for 48 h to remove ZnCl2
template. Water was changed three times per day. Obtained
sponges were dried at 105 �C for 48 h. Fabrication process is shown
schematically in Fig. 1.

2.2. Characterization methods

Porosity of the sponges was studied by BET-method (Thermo
Scientific Surfer, USA). Chemical composition was analysed with
EDX 8000 Shimadzu (Japan).
Fig. 1. Hydrophilic PDMS-based sponge. Schema

Fig. 2. Testing water sorption of the hydrophilic PDMS sponges. (a) Dependence of wate
Photograph of swelling of the hydrophilic PDMS sponge (17% 1-octanol recipe), before a
2.3. Water sorption test

The produced PDMS sponges were kept in distilled water inside
a hermetically sealed plastic flask. Mass and volume of the sponges
were monitored during several days until reaching saturation (see
Figure S4 in Supporting Information). Water sorption capacity ratio
was determined as the ratio of absorbed water mass to sponge
mass.
3. Results and discussion

3.1. Properties of the PDMS sponges

Freshly produced dry samples had density of 0.62 ± 0.14 g/ml
and surface area of the dry samples reached approx. 0.2 m2/g.
EDX analysis indicated the presence of zinc and chlorine.

In the water sorption tests, the amount of water absorbed by
PDMS sponges greatly depended on concentration of 1-octanol in
PDMS (Fig. 2a). Samples with 1-octanol content exceeding 17%
did not cure and were not used for tests. For all 1-octanol concen-
trations water sorption capacity was higher than that of pristine
PDMS (see Table 1 in Supporting Information). The highest
tic representation of the fabrication process.

r capacity of PDMS sponge on concentration of 1-octanol used in its production. (b)
nd after the sorption test, and the ruler in [cm].



Fig. 3. Swelling of the hydrophilic PDMS sponge in water-containing environment.
Schematic illustration of the swelling process featuring swelling pressure driven by
a layer with high polarity.
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sorption capacity (16 g of water per 1 g of sponge, or 1600%) was
observed for the sponge produced with 17% of 1-octanol. After
the test sponges were dried and experiments were repeated with
the same result indicating reusability of the material. Obtained
maximal value exceeds the typical 600%-800% reported for dewa-
tering agents in literature [16,17]. The compounds without either
1-octanol or ZnCl2, exhibited no water absorption. Surprisingly,
wetting angle for samples with 0% and 17% of 1-octanol was
approx. the same. However for 1-octanol containing sample angle
decreased significantly faster, which can be linked to absorption of
water (see Figure S2 in Supporting Information).

The low surface area revealed in the porosity test and high
water swelling capacity suggest that the sponge has ‘‘hidden”
porosity with glued channels. Morphology of pores is shown in
Supporting Information (Figure S3). The nature of this swelling
pressure is fundamentally resemblant of osmotic pressure
observed in fluid systems with selective membranes. When the
sponge is immersed in water the hidden pores are forced to open
due to ionic affinity of the polar layers to water molecules (see
Fig. 3). We suppose that Zn2+ and Cl� ion pairs could form a polar
bilayer that increased wettability of the polymer. Based on Fig. 2a,
the ability of the Zn2+ and Cl� pairs to settle in the PDMS matrix
strongly depends on the concentration of 1-octanol. Notably, 1-
octanol molecules are highly soluble in PDMS due to their nonpolar
organic skeleton, wherein ZnCl2 is soluble in 1-octanol. After boil-
ing (see Fig. 1, #4), the material could hypothetically contain other
alkyl chains, whose presence could not be confirmed in this study,
e.g. 1-chlorooctane formed hydrochloric acid mediated reaction
from hydrated zinc chloride. We conclude that ZnCl2 powder itself
acts as a template for hidden porosity and polar driver for swelling
pressure, whereas 1-octanol serves as an intermediate agent for
solubility of ZnCl2 in PDMS matrix.

4. Conclusions

We demonstrated high-capacity dewatering sponge based on
polydimethylsiloxane (PDMS) modified with zinc chloride and 1-
octanol. Water capacity increased steadily with 1-octanol content
and reached 16 g of water per 1 g of the sponge at the maximum
possible 17% of 1-octanol. The obtained water capacity was two
times higher than reported for dewatering sorbents previously.
According to our understanding, this high hydrophilicity of the
sponge was conditioned by polar hydroxy group of 1-octanol dis-
solved in elastomer matrix and solubility of ZnCl2 in 1-octanol.
The presence of 1-octanol allowed Zn2+ and Cl� ion pairs to
settle-in and form an internal hydrophilic bilayer. The ZnCl2 pow-
der acted also as a template-forming agent. The proposed method
is attractive for oil mining and reforming applications. It benefits
from high efficiency and the fact that the sorbent is in bulk form
allowing simple separation from oil without using filters contrary
to powder dewatering agents.
CRediT authorship contribution statement

Ilya M. Sosnin: Conceptualization, Methodology, Supervision,
Investigation, Formal analysis, Visualization, Writing - original
draft. Sergei Vlassov: Funding acquisition, Conceptualization,
Methodology, Investigation, Writing - original draft, Writing -
review & editing. Evgeny G. Akimov: Investigation. Vladimir I.
Agenkov: Investigation. Leonid M. Dorogin: Funding acquisition,
Project administration, Supervision, Conceptualization, Methodol-
ogy, Visualization, Writing - original draft, Writing - review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This work was supported by Russian Science Foundation project
grant 18-19-00645 ‘‘Adhesion of polymer-based soft materials:
from liquid to solid” (sponge fabrication and sorption testing).
Materials characterization was supported by the Estonian Centre
of Excellence in Zero Energy and Resource Efficient Smart Buildings
and Districts, ZEBE, grant no. 2014-2020.4.01.15-0016, funded by
the European Regional Development Fund.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matlet.2019.127278.

References

[1] D. Zhu, S. Handschuh-Wang, X. Zhou, Recent progress in fabrication and
application of polydimethylsiloxane sponges, J. Mater. Chem. A 5 (2017)
16467–16497, https://doi.org/10.1039/C7TA04577H.

[2] J. Park, S. Wang, M. Li, et al., Three-dimensional nanonetworks for giant
stretchability in dielectrics and conductors, Nat. Commun. 3 (2012) 916,
https://doi.org/10.1038/ncomms1929.

[3] J.-W. Han, B. Kim, J. Li, M. Meyyappan, Flexible, compressible, hydrophobic,
floatable, and conductive carbon nanotube-polymer sponge, Appl. Phys. Lett.
102 (2013), https://doi.org/10.1063/1.4790437 051903.

[4] S. Chen, B. Zhuo, X. Guo, Large area one-step facile processing of
microstructured elastomeric dielectric film for high sensitivity and durable
sensing over wide pressure range, ACS Appl. Mater. Interfaces 8 (2016) 20364–
20370, https://doi.org/10.1021/acsami.6b05177.

[5] S. Kang, J. Lee, S. Lee, S.G. Kim, J.-K. Kim, H. Algadi, S. Al-Sayari, D.-E. Kim, D.E.
Kim, T. Lee, Pressure sensors: highly sensitive pressure sensor based on
bioinspired porous structure for real-time tactile sensing (Adv. Electron. Mater.
12/2016), Adv. Electron. Mater. 2 (12) (2016), https://doi.org/10.1002/aelm.
v2.1210.1002/aelm.201670065.

[6] E. Song, B. Kang, H.H. Choi, D.H. Sin, H. Lee, W.H. Lee, K. Cho, Stretchable
electronics: stretchable and transparent organic semiconducting thin film with
conjugated polymer nanowires embedded in an elastomeric matrix (Adv.
Electron. Mater. 1/2016), Adv. Electron. Mater. 2 (1) (2016), https://doi.org/
10.1002/aelm.v2.110.1002/aelm.201670002.

[7] W.R. McCall, K. Kim, C. Heath, et al., Piezoelectric nanoparticle-polymer
composite foams, ACS Appl. Mater. Interfaces 6 (2014) 19504–19509, https://
doi.org/10.1021/am506415y.

[8] H. Lee, J.-K. Yoo, J.-H. Park, et al., A stretchable polymer-carbon nanotube
composite electrode for flexible lithium-ion batteries: porosity engineering by
controlled phase separation, Adv. Energy Mater. 2 (2012) 976–982, https://doi.
org/10.1002/aenm.201100725.

[9] W. Liu, Z. Chen, G. Zhou, et al., 3D porous sponge-inspired electrode for
stretchable lithium-ion batteries, Adv. Mater. 28 (2016) 3578–3583, https://
doi.org/10.1002/adma.201505299.

[10] X. Li, Y. Li, Y. Huang, et al., Organic sponge photocatalysis, Green. Chem. 19
(2017) 2925–2930, https://doi.org/10.1039/C6GC03558B.

https://doi.org/10.1016/j.matlet.2019.127278
https://doi.org/10.1039/C7TA04577H
https://doi.org/10.1038/ncomms1929
https://doi.org/10.1063/1.4790437
https://doi.org/10.1021/acsami.6b05177
https://doi.org/10.1002/aelm.v2.1210.1002/aelm.201670065
https://doi.org/10.1002/aelm.v2.1210.1002/aelm.201670065
https://doi.org/10.1002/aelm.v2.110.1002/aelm.201670002
https://doi.org/10.1002/aelm.v2.110.1002/aelm.201670002
https://doi.org/10.1021/am506415y
https://doi.org/10.1021/am506415y
https://doi.org/10.1002/aenm.201100725
https://doi.org/10.1002/aenm.201100725
https://doi.org/10.1002/adma.201505299
https://doi.org/10.1002/adma.201505299
https://doi.org/10.1039/C6GC03558B


4 I.M. Sosnin et al. /Materials Letters 263 (2020) 127278
[11] A.R. Khataee, M.N. Pons, O. Zahraa, Photocatalytic degradation of three azo
dyes using immobilized TiO2 nanoparticles on glass plates activated by UV
light irradiation: influence of dye molecular structure, J. Hazard. Mater. 168
(2009) 451–457, https://doi.org/10.1016/j.jhazmat.2009.02.052.

[12] R. Hickman, E. Walker, S. Chowdhury, TiO2-PDMS composite sponge for
adsorption and solar mediated photodegradation of dye pollutants, J. Water
Proc. Eng. 24 (2018) 74–82, https://doi.org/10.1016/j.jwpe.2018.05.015.

[13] J.H. Shin, J.-H. Heo, S. Jeon, et al., Bio-inspired hollow PDMS sponge for
enhanced oil-water separation, J. Hazard. Mater. 365 (2019) 494–501, https://
doi.org/10.1016/j.jhazmat.2018.10.078.

[14] C.C. Ong, S. Sundera Murthe, N.M. Mohamed, et al., Nanoscaled Surface
modification of poly(dimethylsiloxane) using carbon nanotubes for enhanced
oil and organic solvent absorption, ACS Omega 3 (2018) 15907–15915, https://
doi.org/10.1021/acsomega.8b01566.

[15] P. Lee, M.A. Rogers, Phase-selective sorbent xerogels as reclamation agents for
oil spills, Langmuir 29 (2013) 5617–5621, https://doi.org/10.1021/la400805c.

[16] C. Liang, Q. Liu, Z. Xu, Dewatering bitumen emulsions using interfacially active
organic composite absorbent particles, Energy Fuels 30 (2016) 5253–5258,
https://doi.org/10.1021/acs.energyfuels.6b00228.

[17] C. Liang, Q. Liu, Z. Xu, Synthesis of surface-responsive composite particles by
dehydration of water-in-oil emulsions, ACS Appl. Mater. Interfaces 7 (2015)
20631–20639, https://doi.org/10.1021/acsami.5b05093.
[18] D.E. Eaves, P.R. Sewell, Drying liquid hydrocarbons using adsorptive agents,
Industrial Eng. Chem. Proc. Design Develop. 3 (1964) 361–365, https://doi.org/
10.1021/i260012a016.

[19] Z. Li, L. Zhong, T. Zhang, et al., Sustainable, flexible, and superhydrophobic
functionalized cellulose aerogel for selective and versatile oil/water
separation, ACS Sust. Chem. Eng. 7 (2019) 9984–9994, https://doi.org/
10.1021/acssuschemeng.9b01122.

[20] F. Augier, C. Boyer, M. Vassieu, Liquid drying by solid desiccant materials:
experimental study and design method, Oil Gas Sci. Technol. - Revue de l’IFP
63 (2008) 713–722, https://doi.org/10.2516/ogst:2008030.

[21] C. Lin, G. He, C. Dong, et al., Effect of oil phase transition on freeze/thaw-
induced demulsification of water-in-oil emulsions, Langmuir 24 (2008) 5291–
5298, https://doi.org/10.1021/la704079s.

[22] S. Zhang, J. Guo, X. Ma, et al., Smart PDMS sponge with switchable pH-
responsive wetting surface for oil/water separation, New J. Chem. 41 (2017)
8940–8946, https://doi.org/10.1039/C7NJ01067B.

[23] X. Zhao, L. Li, B. Li, et al., Durable superhydrophobic/superoleophilic PDMS
sponges and their applications in selective oil absorption and in plugging oil
leakages, J. Mater. Chem. A 2 (2014) 18281–18287, https://doi.org/10.1039/
C4TA04406A.

https://doi.org/10.1016/j.jhazmat.2009.02.052
https://doi.org/10.1016/j.jwpe.2018.05.015
https://doi.org/10.1016/j.jhazmat.2018.10.078
https://doi.org/10.1016/j.jhazmat.2018.10.078
https://doi.org/10.1021/acsomega.8b01566
https://doi.org/10.1021/acsomega.8b01566
https://doi.org/10.1021/la400805c
https://doi.org/10.1021/acs.energyfuels.6b00228
https://doi.org/10.1021/acsami.5b05093
https://doi.org/10.1021/i260012a016
https://doi.org/10.1021/i260012a016
https://doi.org/10.1021/acssuschemeng.9b01122
https://doi.org/10.1021/acssuschemeng.9b01122
https://doi.org/10.2516/ogst:2008030
https://doi.org/10.1021/la704079s
https://doi.org/10.1039/C7NJ01067B
https://doi.org/10.1039/C4TA04406A
https://doi.org/10.1039/C4TA04406A

	Hydrophilic polydimethylsiloxane-based sponges for dewatering applications
	1 Introduction
	2 Experimental
	2.1 Fabrication of hydrophilic PDMS sponge
	2.2 Characterization methods
	2.3 Water sorption test

	3 Results and discussion
	3.1 Properties of the PDMS sponges

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


