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The removal of oil from water is a worldwide challenge that must be faced to avoid
irreversible marine habitat destruction. A novel fast and simple technique to obtain
polydimethylsiloxane (PDMS) membranes is developed using the photopolymerization
technique. The high reactivity of the acrylated PDMS formulation towards photo-induced free
radical polymerization is assessed via the Differential Scanning Photo-Calorimetry (photo-
DSC) technique. Two different membranes dense or porous are developed and investigated.
Porous membranes, having 100-200 um as pore size, were obtained using a low-cost
environmentally friendly sodium chloride template. Thanks to the hydrophobic/oleophilic
intrinsic characteristic of PDMS, the UV-cured membranes can selectively remove dodecane,
selected as the target oil, from water. The dodecane sorption capability of both membranes is
investigated and compared. Moreover, the membranes can be easily reused since the adsorbed
oil can be recovered by simply compressing the membrane. Those PDMS sorbents show high

mechanical stability after five adsorption/desorption cycles.
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1. Introduction

A critical challenge of the 21% century is the availability of clean water. This is particularly
important taking into account the recent drought problems coupled with pollutants spoiling
water resources.

As the development of both marine and petrochemical industries speeds up, industrial oily
wastewater and accidental oil spillage have become a global issue that threats both the
environment and the economy. For this reason, different strategies have been investigated in
the literature to address this serious problem. !

A variety of methods were proposed to clean water from oil pollutants such as filtration, in
situ burning 2, bioremediation >, chemical treatments >, and sorbent materials. *° Among
these techniques, the sorption process can be considered the most environmentally friendly
since it does not generate secondary pollution. '

The most traditional sorbent materials are silica, zeolite, and activated carbon but they are
generally difficult to recycle and possess poor selectivity and sorption capacity. '!
Therefore, the research interest has been driven toward the development of new types of

1213 "aerogels ', and particles !> with enhanced water-oil

sorbent materials like sponges
separation.

In particular, the use of polydimethylsiloxane (PDMS) as a sorbent material has recently
attracted increasing interest since it possesses a mixture of unique properties; it is flexible,
biocompatible, easily molded, mechanically and chemically stable. '® Moreover, PDMS with
its Si-O-Si polymeric structure possesses a high hydrophobic as well as high oleophilic
nature, which allows the selective oil sorption from water. 1723

So far, several strategies have been proposed to produce PDMS sorbents that can be classified
into different categories: sol-gel 2%, foaming agent >, emulsion 2°, and particle templating. 2’
Choi et. al. '° and later Zhang et. al. ?® developed PDMS sponges using sugar particles as an
easy-removal template with high oil mass adsorption. Later Shin et al. investigate the
possibility to use 3D printed polycaprolactone as a sacrificial template for the PDMS sponge
fabrication 2°. More recently, Zhou et al. propose microstructured PDMS meshes realized via
an aluminum sheet template with high water-oil separation efficiency. '’

Jiang et. Al. successfully prepared porous PDMS using suspension polymerization with
surfactant gelation 3 while Wang et. al. described a one-pot method to generate pores within
the PDMS matrix by reaction of NaHCO3 and HCI. 3!

However, all the previously reported methods possess a long preparation time making those

sorbents difficult to scale up at the industrial level. 32
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More recently, new attempts to obtain silicon-based sorbents have been made using
photopolymerization processes. The photopolymerization mechanism generally allows a
striking reduction of the processing time, is solvent-free, and has no Volatile Organic
Compound (VOC) emissions, and has low energy consumption. % Ozmen e at. developed
silicon-based cryogels using a photoinduced thiol-ene reaction > which was later optimized
by Cao et al. ¥ Nonetheless, these processes involved the use of cyclohexane which is very
toxic for aquatic organisms, and the use of energy to freeze the solvent to obtain the desired
porosity.

To minimize the energy consumption and to ease its scalability for a high production level,
herein, we exploited the photocuring of an acrylated PDMS to obtain either dense or porous
membranes. The interconnected porous structures were obtained using NaCl salt, which was
chosen as a low-cost and eco-friendly template. The photocuring process of the PDMS was
evaluated using a Photo-DSC test and the properties of the UV-Cured PDMS samples were
fully investigated via DMTA and contact angle analysis. The sorption properties of the PDMS
were studied using dodecane as a target oil. Furthermore, the efficiency of oil removal of the

dense and porous PDMS membranes was evaluated and compared.

3. Results and Discussion

UV-Cured PDMS membranes were selected, in this work, as a good candidate for oil
remediation from wastewater because of high hydrophobic and oleophilic properties. The
acrylated PDMS (TEGORAD) formulations were photocrossliked in the presence of a radical
photoinitiator at 2 phr. In Figure 1,a the photo-DSC curve of the UV-curable silicone is reported
to show its high reactivity towards photopolymerization reaction. As can be observed from the
graph, the reaction starts immediately (tonset negligible) and it reaches the tmax after 3 seconds of
irradiation with a very high exothermicity, showing the good reactivity of the silicone
precursors in free-radical chain-growth polymerization.

The dynamic thermal-mechanical properties of the UV-cured PDMS sample were subsequently
investigated by DMTA analysis. As it can be observed in Figure 1,b, the result demonstrates
the high network flexibility proved by its low glass transition temperature (Tg = -107 °C)
measured as the maximum of the tand plot. Moreover, in Figure F1,b it can be also observed a
storge modulus decrease in the so-called glass transition region stating the passage of the

thermoset from a plastic to a rubber behaviour.
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Figure 1. a) Photo-DSC curve of TEGORAD 2800 in the presence of 2 phr of the radical
photoinitiator, b) Tand and storage modulus of TEGORAD 2800.
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The contact angle measurements on UV-cured PDMS membranes reported in Figure 2,a
showed values of about 85° with water and 40° with diiodomethane with a surface tension of
39.7 mN m™! confirming the high hydrophobicity and good oleophilicity of the crosslinked
silicone material.

The adsorption efficiency of the UV-Cured silicone membranes was evaluated gravimetrically
using dodecane as a target oil. The weight upload as a function of time is reported in Figure 2,b.
The oil uptake is very fast reaching a plateau of about 126% after 5 minutes of immersion. The
same gravimetric analysis was performed by immersing the UV-Cured silicone in water and it
did not show any water uptake, suggesting the selectivity of oil adsorption in the case of the

water-oil mixture.

Figure 2. a) Contact angle with water and dodecane of the UV-Cured TEGORAD 2800
membrane and b) Oil uptake (%) as a function of time of the dense membranes immersed into

pure dodecane.
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The next step was the evaluation of oil uptake of the UV-cured silicone membrane immersed
in a water solution containing 500 ppm of dodecane. Taking into consideration the absence of
water uptake from the crosslinked membrane, the oil adsorption capacity over time (q¢) value
was evaluated by using equation 3 and the removal efficiency (R%) by using equation 4. The
adsorption capacity (q vs time) and the removal efficiency (R% vs time) are reported in Figure
3, when the crosslinked silicone membrane was immersed in water containing 500 ppm of
dodecane as an oil target molecule. Noteworthy, the removal capacity gradually increases over
time leading to complete removal of the oil from the water solution after only 1 hour of

immersion time.

Figure 3. a) Adsorption capacity (q) and b) removal efficiency R as a function of time of UV-

Cured TEGORAD 2800 membranes immersed into a water solution containing 500 ppm of

dodecane.
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To enhance the efficiency of oil uptake from water, porous UV-Cured silicone membranes were
fabricated using NaCl particles as templates. The random porous structures with averaged pore
dimensions of 100-200 um were achieved as can be observed from the SEM images reported

in Figure 4.

Figure 4. SEM images of the porous silicon membrane.

Figure 5 reports a comparison of the oil uptake as a function of time for the dense and porous
silicone membranes immersed in dodecane. From this graph, a strong enhancement of oil
uptake achieved by the porous membranes can be observed with respect to the dense ones. In
fact, dense membranes showed an oil removal of 126% while the porous ones reached up to
264%. This result can be attributed to the increased surface area which has induced the increase
in adsorption capability. The achieved oil uptake % of the porous membranes is higher than the
ones obtained by the PDMS sponges obtained using a 3D printed PCL template (~90%) with

comparable pore size. %

Figure 5. comparison of oil uptake as a function of time for the UV-Cured TEGORAD 2800

dense and porous membranes immersed into dodecane.
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The recyclability of the PDMS porous membranes was tested by performing five different
adsorption/desorption cycles. The results are reported in Figure 6. After the adsorption, the oil
can be recovered from the membrane by performing a simple manual squeezing. After the
squeezing, the same membrane was placed again in the dodecane solvent and the adsorption
test was repeated.

As can be seen from the graph, no significant change in oil absorption capacity and in the porous

membrane weight was observed after the 5 absorbing/desorbing cycles.

Figure 6. Normalized porous membrane weight at different adsorption/desorption cycles in

dodecane.
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4. Conclusions

In conclusion, in this work, it was developed a new type of low-cost and environmentally

friendly PDMS adsorbents with high adsorption and excellent reusability. These membranes
7
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can be directly obtained by mixing the acrylated PDMS with 2wt% of radical photoinitiator
followed by 1 minute of irradiation. It was possible to achieve both dense and porous
membranes by simply adding NaCl salt as a template into the initial formulation. The choice
of NaCl powder as an economic template and the very fast UV-curing reaction made this
process feasible for large-scale manufacturing. The UV-cured membranes showed low glass
transition temperature which gives them high flexibility.

The PDMS membranes possess excellent sorption capability and selectivity towards dodecane
in both pure solvent tests and in real water/oil mixtures. Moreover, those membranes possess
high stability and recycling capability as shown by the results of five adsorption/desorption
cycles. Therefore, the UV-cured PDMS membranes are expected to have promising

applicability in the water/oil separation treatment at the industrial level.

2. Experimental

2.1. Materials

The acrylated PDMS resin “TEGORAD 2800 was gently given by Evonik. The radical
photoinitiator 2-Hydroxy-2-methylpropiophenone, and the solvent dodecane were purchased
from Sigma Aldrich, Milano, Italy.

2.2 UV-Curing of silicone membranes

The silicone resin TEGORAD2800 was mixed with 2 phr of the radical photoinitiator and then
poured on a glass slide forming a film of 1 cm length, 0.5 cm width, and 400 um thickness. The
film was irradiated with the static Dymax UV lamp with a light intensity of 165 mW cm™, under
nitrogen for 1 minute. The obtained crosslinked membranes were used for the dodecane
adsorption tests without further modifications.

The porous membranes were obtained by filling a silicone mold with NaCl, used as a template,
and subsequently pouring on top of'it, the photocurable silicone formulation, with a weight ratio
of template/silicone precursor 5:1. The formulation was kept under vacuum for 10 minutes, to
assure a complete wettability of the viscous formulation and UV-irradiated for 2-3 minutes
under nitrogen. The fabricated crosslinked material was kept under stirring in water at 90 °C

for 12 hours, to assure the complete NaCl solubilization.

2.3 Characterization
2.3.1 Photo-differential scanning calorimetry (Photo-DSC)
The photo-DSC measurements were conducted with a Mettler-Toledo DSC instrument. The

light source consists of a Hamamatsu LC8 lamp with a light intensity of 100 mW c¢cm™ equipped

8
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with an 8 mm light guide. Samples having masses of approximately 10 mg were inserted in 100
pL aluminum pans and tested at 25°C under a nitrogen atmosphere. The exothermicity of the
photocuring reaction was studied using the following method: 1) isothermal of 120 s with no
light source, 2) isotherm of 600 s with irradiation, 3) isotherm with no irradiation and 4)
isotherm of 600 s with irradiation. Then the curve of the second irradiation was subtracted from
the first irradiation and plotted. This step was conducted in order to eliminate the heat
component deriving from the light dissipation. From the Photo-DSC curve, it was possible to
calculate the time to start the polymerization (tonset) and the time to reach the maximum heat
flux (tmax).

2.3.2. Dynamic Thermal Mechanical Analysis (DMTA)

Dynamic thermal-mechanical analysis was performed using a Triton Technology instrument.
PDMS samples (10 x 5 x 0.2 mm) were tested with uniaxial stretching with the frequency fixed
at 1 Hz and strain at 0.02%. The heating rate was set as 3 °C min™'. The storage modulus (E”)
and the loss factor (tand) were recorded as a function of temperature.

2.3.3 Contact angle measurements

Contact angle measurements were performed using a Kruss DSA 10 instrument, equipped with
a video camera. Analyses were performed at room temperature using a sessile drop technique.
Six measurements were performed on each sample. The surface free energy was determined
using the Owens-Wendt-Rabel-Kaelble (WORK) method. *® Double distilled water (y = 72.8
mN m™) and diiodomethane (y = 50.8 mN m™') were used as measuring liquids.

2.3.4 Scanning Electron Microscopy (SEM)

The morphological characterization of the porous crosslinked membranes was performed by
using SEM (JCM-6000PLUS, JEOL) instrument. All the samples were coated with a thin layer
of platinum.

2.3.5 Adsorption experiments

The oil removal efficiency of the dense and porous membranes was tested by immersing the
samples either in pristine dodecane or in a water solution containing 500 ppm of dodecane.
The oil uptake percentage over time and oil uptake percentage at equilibrium of the membranes

were measured using the following equations:

0il utake (%) = We=%o)
Wo
(1)
[ _ (We—Wp)
Oil utake.q = TOO
(2)
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were W; is the weight of the sample at time t,Wy is the initial weight of the sample and W is
the weight of the sample at the equilibrium.
The adsorbent capacity at time t (q: [mg g™']), and the removal efficiency (R%) were calculated

according to Equations 3 and 4, respectively 373,

_ (Co=Cp)*xV
t w

(3)
R(%) = (%) 100

(4)
where Co (mg/L) is the initial dodecane concentration, while C; (mg L) is the dodecane
concentration at time t. V (mL) is the volume of the dodecane solution, and W (g) is the mass
of the crosslinked silicone membrane.
2.3.6 Recyclability test
The dodecane adsorption and desorption test were repeated five times to evaluate the reusability

of the PDMS porous membranes.

Acknowledgements

The authors would like to thank Quirino Claudio Manganiello for the help with the DMTA
analysis. This paper is part of a project that has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant

agreement No 101007578 (SusWater).

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions
A.G. performed all the experimental part, C.N., G.R. and M.S., wrote the manuscript and give

suggestion on the design of the experiments. All authors reviewed the manuscript.

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

10



WILEY-VCH

References

1. Zhang, N.; Q1, Y.; Zhang, Y.; Luo, J.; Cui, P.; Jiang, W. Ind Eng Chem Res 2020, 59,
14546-14568

2. Tran, V. H. T.; Lee, B. K. Sci Rep 2017, 7, 1-12.

3. Voskoboinikov, G. M.; Matishov, G. G.; Metelkova, L. O.; Zhakovskaya, Z. A.;
Lopushanskaya, E. M. Doklady Biological Sciences 2018, 481, 139—-141.

4, Adams, F. v.; Niyomugabo, A.; Sylvester, O. P. Procedia Manuf 2017, 7, 459—464.

5. Page, C. A.; Autenrieth, R. L.; Bonner, J. S.; McDonald, T. 2005 International Oil Spill
Conference, IOSC 2005 2005, 36, 600-602.

6. Zolfaghari, R.; Fakhru’l-Razi, A.; Abdullah, L. C.; Elnashaie, S. S. E. H.; Pendashteh,
A. Sep Purif Technol 2016, 170, 377-407.

7. Dunderdale, G. J.; Urata, C.; Sato, T.; England, M. W.; Hozumi, A. ACS Appl Mater
Interfaces 2015, 7, 18915-18919.

8. Liu, B.; Zhang, L.; Wang, H.; Bian, Z. Ind Eng Chem Res 2017, 56, 5795-5801.

9. Wu, C.; Huang, X.; Wu, X.; Qian, R.; Jiang, P. Advanced Materials 2013, 25, 5658—
5662.

10. Choi, S.J.; Kwon, T. H.; Im, H.; Moon, D. il; Baek, D. J.; Seol, M. L.; Duarte, J. P.;
Choti, Y. K. ACS Appl Mater Interfaces 2011, 3, 4552—-4556.

11.  Ifelebuegu, A. O.; Johnson, A. Crit Rev Environ Sci Technol 2017, 47, 964—-1001.

12.  Zhu, H.; Chen, D.; An, W.; Li, N.; Xu, Q.; Li, H.; He, J.; Lu, J. Small 2015, 11, 5222—
5229.

13.  Feng, Y.; Yao, J. Ind Eng Chem Res 2018, 57, 7322-7330.

14.  Song, Y.; Li, H.; Gao, Y.; Yue, Q.; Gao, B.; Kong, W.; Zang, Y.; Jiang, W. Process
Safety and Environmental Protection 2019, 129, 119-129.

15.  Xu, L. P.; Wu, X.; Meng, J.; Peng, J.; Wen, Y.; Zhang, X.; Wang, S. Chemical
Communications 2013, 49, 8752-8754.

16.  Shin, J. H.; Heo, J. H.; Jeon, S.; Park, J. H.; Kim, S.; Kang, H. W. J Hazard Mater
2019, 365, 494-501.

17.  Ge,J; Jia, Y.; Cheng, C.; Sun, K.; Peng, Y.; Tu, Y.; Qiang, Y.; Hua, Z.; Zheng, Z.; Ye,
X.; Xue, L.; Jiang, G. J Appl Polym Sci 2021, 138, 1-12.

18.  Liu, Y.; Xin, J. H.; Choi, C. H. Langmuir 2012, 28, 17426—17434.

19.  Zhou, Y.; Gu, X.; Yuan, Z.; L1, Y.; Wang, B.; Yan, J.; Zhao, D.; Liu, J.; Liu, X.
Colloids Surf A Physicochem Eng Asp 2022, 641, 128462.

20.  Shin, J. H.; Heo, J. H.; Jeon, S.; Park, J. H.; Kim, S.; Kang, H. W. J Hazard Mater
2019, 365, 494-501.

21.  Feng, L.; Song, Y.; Zhai, J.; Liu, B.; Xu, J.; Jiang, L.; Zhu, D. Angewandte Chemie -
International Edition 2003, 42, 800-802.

22.  Yu,C.; Yu, C; Cui, L.; Song, Z.; Zhao, X.; Ma, Y.; Jiang, L. Adv Mater Interfaces
2017, 4.

23.  Zhang, W.; Wang, J.; Han, X.; Li, L.; Liu, E.; Lu, C. Materials 2021, 14.

24,  Mu, L.; Yang, S.; Hao, B.; Ma, P. C. Polym Chem 2015, 6, 5869—5875.

25.  Yilgor, E.; Yilgor, 1. Prog Polym Sci 2014, 39, 1165-1195.

26.  Tebboth, M.; Jiang, Q.; Kogelbauer, A.; Bismarck, A. ACS Appl Mater Interfaces
2015, 7, 19243-19250.

27.  Zhao, X.; Li, L.; Li, B.; Zhang, J.; Wang, A. ] Mater Chem A Mater 2014, 2, 18281—

18287.

11



28.

29.

30.
31.

32.
33.
34.
35.

36.
37.

38.

WILEY-VCH

Zhang, A.; Chen, M.; Du, C.; Guo, H.; Bai, H.; Li, L. ACS Appl Mater Interfaces
2013, 5, 10201-10206.

Shin, J. H.; Heo, J. H.; Jeon, S.; Park, J. H.; Kim, S.; Kang, H. W. J Hazard Mater
2019, 365, 494-501.

Jiang, G.; Hu, R.; Xi, X.; Wang, X.; Wang, R. J Mater Res 2013, 28, 651-656.
Wang, H.; Wang, E.; Liu, Z.; Gao, D.; Yuan, R.; Sun, L.; Zhu, Y. J] Mater Chem A
Mater 2015, 3, 266-273.

Ozmen, M. M.; Fu, Q.; Kim, J.; Qiao, G. G. Chemical Communications 2015, 51,
17479-17482.

Nog¢, C.; Hakkarainen, M.; Sangermano, M. Polymers (Basel) 2021, 13, 1-16.
Sangermano, M.; Roppolo, I.; Chiappone, A. Polymers (Basel) 2018, 10.

Cao, J.; Wang, D.; An, P.; Zhang, J.; Feng, S. ] Mater Chem A Mater 2018, 6, 18025—
18030.

Owens, D. K.; Wendt, R. C. J Appl Polym Sci 1969, 13, 1741-1747.

Zeinali, S.; Abdollahi, M.; Sabbaghi, S. J. Water Environ. Nanotechnol. J. Water
Environ. Nanotechnol. 2016.

Ge, H.; Hua, T.; Chen, X. J Hazard Mater 2016, 308, 225-232.

12



WILEY-VCH
UV-CURED PDMS FOR OIL REMOVAL FROM WASTEWATER

Antonio Grieco, Camilla No¢, Giancarlo Rizza, Marco Sangermano *

UV-Cured PDMS membrane is obtained either as dense or porous membrane and investigated

for oil removal from wastewater.
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