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Published: 23 September 2015 : environmental pollution and machine/facility malfunction in oil-based industries. Novel materials and
© structures able to selectively and efficiently filter liquid and vapor in various types of solutions are

therefore in continuous demand. Here, we investigate selective gas-water-oil filtration using three-
dimensional graphene structures. The proposed approach is based on the adjustable wettability of
three-dimensional graphene foams. Three such structures are developed in this study; the first allows
gas, oil, and water to pass, the second blocks water only, and the third is exclusively permeable
to gas. In addition, the ability of three-dimensional graphene structures with a self-assembled
monolayer to selectively filter oil is demonstrated. This methodology has numerous potential
practical applications as gas, water, and/or oil filtration is an essential component of many industries.

In view of the prevalence of oil-based industries across the globe, high-efficiency water-oil filtration is
essential to avoid oil wastage and protect the environment. Water-oil separation is a key step in a num-
ber of processes, namely oil drilling in exhausted oil fields, tertiary oil extraction, oil spill cleanups, and
oil-bearing industrial wastewater purification. In this context, many studies have recently focused on the
separation or absorption of water-oil'™, mainly using mesh-type or foam-type polymers of nanostruc-
tured filters. Specifically, an oil-water separation method has been suggested based on the assembly of
sodium silicate and TiO, nanoparticles into two-dimensional (2D) stainless steel meshes!. Elsewhere,
structured cone arrays have been investigated to collect micron-sized oil droplets in an effective manner?,
and the oil sorption properties of polypyrrole have been enhanced through the assembly of functional-
ized graphene oxide®. Two-dimensional stainless steel meshes coated with polyacrylamide hydrogels have
also been studied as a means to separate oil and water®.

The volume capacity of existing 2D meshes is however limited owing to the weight of larger mesh
substrates. Two-dimensional meshes are furthermore susceptible to damage to any part of the mesh, do
not readily filter vapor oil, and separate oil less efficiently than three-dimensional (3D) meshes. Indeed,
large volumes are readily filtered through thicker 3D meshes without increasing the size of the sub-
strate. Moreover, in terms of reliability, surface damage does not compromise the filtering ability of 3D
meshes because of the underlying connected structure. Finally, the larger reaction surface presented by
3D meshes traps significantly larger volumes of oil vapor. Thus, in order to overcome many drawbacks
of 2D filters, 3D structures for water-oil separation were investigated®-S.

Graphene has superior mechanical, thermal, and electrical characteristics than inorganic materials
and its antibiotic properties inhibit the formation of bacteria’. These properties explain its widespread
use for the adsorption of heavy metal ions or volatile organic pollutants, in fuel cells, and for energy stor-
age'1, In particular, 3D structured graphene has recently proved valuable for various devices, including
batteries, supercapacitors, and sensors. In particular, graphene/NiO and graphene/Co;0, supercapacitor
electrodes have been prepared by creating 3D graphene networks through chemical vapor deposition'**>,
and 3D graphene foam has been utilized as a monolithic and macro-porous carbon electrode for elec-
trochemical sensing!®.
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Figure 1. (a) Photograph of a 3D structural graphene foam 25.4mm in diameter. FE-SEM image of the
graphene foam with an average pore diameter of 150-200pum. The inset shows a higher magnification image
of the surface of a single graphene wire, in which the graphene laminated on the fracture surface is clearly
observed. (b-d) Schematic illustration of three different types of graphene by using surface treatment and
their selective filtering properties.

In this study, 3D graphene structures were employed to selectively filter gas, water, and oil. To that end,
three forms of graphene foams were prepared by adjusting their hydrophobicity via surface treatments
(i.e., with pristine graphene surfaces, those treated with O, plasma, or covered with a self-assembled
monolayer).

Results and Discussion

A schematic diagram and a photograph of a piece of 3D graphene foam 25.4 mm in diameter and 2mm
thick are shown in Fig. 1a, along with a surface field-emission scanning electron microscopy (FE-SEM)
image of this foam, which reveals a 3D structure with pores of 150-200 pm diameter. The higher mag-
nification image in the graphene-coated area (Fig. la inset) shows that the graphene has a perfectly
laminated and rough surface (see Figure S5 in the Supporting Information for Raman spectra of 3D
graphene foams). Schematic diagrams of the three different types of graphene foams used as selec-
tive filters are shown in Fig. 1b-d. These diagrams represent the omniphilic graphene foam obtained
by surface O,-plasma treatment, the hydrophobic pristine graphene foam, and the omniphobic foam
with self-assembled (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane (HDF-S). As synthesized,
3D structural graphene is hydrophobic but the O,-plasma treatment generates defects on the graphene
surface, rendering it omniphilic. For the omniphobic structure, the hydroxyl groups (—OH) on the
graphene surface and the active group (trichlorosilane-SiCl;) of HDF-S form covalent bonds from which
a strong siloxane network is built up. These three different types of graphene foam allow selective filtering
of gas and/or liquids.

Figure 2 shows the wetting properties of the three 3D-graphene structures (O,-plasma-treated, pris-
tine, and with self-assembled HDF-S) to water, gasoline, kerosene, and olive oil. The average and stand-
ard deviation of five measurements performed for each sample are shown. The contact angle of all the
liquids on the O,-plasma-treated graphene foam is 0°, which indicates omniphilic behavior. The contact
angles of water on pristine graphene is 107.9 £ 1.1°, which contrasts with the 0° measured for gasoline,
kerosene, and olive oil. The (hydrophobic) pristine graphene therefore blocks water only. On the other
hand, the 3D graphene covered with self-assembled HDF-S is not only superhydrophobic (143.2+ 0.5°
contact angle with water, ~35° higher than measured for pristine graphene), but also oleophobic, with
gasoline, kerosene, and olive oil contact angles of 78.14-1.4°, 105.6+ 3.8°, and 121.7 = 1.7°, respectively.
It is thereby constitutes an omniphobic filter.

Figure 3 demonstrates the transmission capabilities to gas, water, gasoline, kerosene, and olive oil of
the omniphilic, hydrophobic, and omniphobic graphene filters. Each 3D filter was fixed between two
PP beakers. Gas, water, and oil, mixed with dye to facilitate observation, were then injected through
the upper beaker. Note that no external force was applied during the filtering process (see details in the
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Figure 2. Wetting properties of omniphilic (O,-plasma-treated graphene foam), hydrophobic (pristine
graphene foam), and omniphobic filters (graphene foam covered with self-assembled HDF-S) to
different liquids.
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Figure 3. Gas/water/oil separation achieved with the omniphilic, hydrophobic, and omniphobic
graphene filters coated on ~150-200 pum meshes. The graphene foams were fixed between a polypropylene
(PP) tube and a PP beaker, and pure gas, water, or oil (the latter two with dye) were placed in the upper PP
tube. Water permeates through the coated mesh, while the oil is repelled and retained in the upper tube.

Experimental Section and Supporting Information video). Gas, water, and oil rapidly permeate through
the omniphilic graphene foam and drop into the beaker below (Fig. 3a). The hydrophobic graphene
filter allows gasoline, kerosene, and olive oil to pass through but blocks water (Fig. 3b). The omniphobic
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Figure 4. (a) Schematic diagram of typical solvent-substrate interface with water, graphene, and Ni
molecules during the molecular dynamics simulation. (b) Adhesion energies—represented by bars
overturned at —650kcal/mol—of water, gasoline, kerosene, and olive oil to Ni substrates covered by
pristine or omniphobic graphene. Solvents whose adhesion energy falls in the red region are filtered out,
while those whose adhesion energy falls in the blue region pass through the filter. (c) Adhesion energies of
water, gasoline, kerosene, and olive oil to Ni substrates covered with (3% and 6.25%) hydroxyl-, carboxyl-,
epoxide-, and carbonyl-functionalized graphene.

graphene foam blocks all liquids (water and oils), with gas only permeating through the filter into the
beaker below (Fig. 3c¢).

The adsorption strength between each solvent and the substrate was investigated from a molecular
perspective to elucidate different filtration behavior. First of all, the theoretical balance between surface
tension and the gravitational force was calculated in a model pore system to estimate the maximum
height of solvent that can be maintained by surface tension alone on a single pore (see Figure S1 in the
Supplementary Information for a depiction of the model). The heights obtained are ~0.204 mm for water,
~0.206 mm for gasoline and kerosene, and ~0.207mm for olive oil, much less than those used in the
abovementioned tests (Fig. 2), suggesting that all these liquids should have passed through the filters.
This highlights the selective filtering effects of the interactions between the solvents and the modified
surfaces of each filter. The collective absorption through the interconnected pores in Fig. 4a is governed
mainly by nonbonding interactions between the substrate surface and the solvent. The interaction energy
was therefore estimated by performing molecular dynamics simulations (at 298 K) of a flat surface cov-
ered with solvent molecules (Fig. 4a). The adhesion energy calculated for each solvent to the substrate
through different graphene filters is presented in Fig. 4b,c and Table S2, as calculated from van der
Waals intermolecular interactions. The energy is negative in all cases, indicating favorable surface-sol-
vent interactions. Since the adhesion (and gravitational) force pull the solvent molecules toward the
substrate, and since the filters are highly porous, more negative interaction energies indicate greater
solvent penetration. Here, we define an energy threshold for the penetration to occur in our systems by
treating penetration-influencing factors such as 3D foam structure, its pore size and shape, and intrinsic
properties of solvents as collective effect. Thus, by comparing the adhesion energy corresponding to the
filtration phenomena in experiment, we determined the threshold energy, approximately —650 kcal/mol
(i.e. ~0.22N/m) for our systems. Based on this criterion, Fig. 4b clearly shows that pristine graphene
blocks water but not gasoline, kerosene, or olive oil, while the graphene covered with HDF-S filters out
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all the solvents. Note that the relative degrees of filtration and penetration can also be estimated by the
heights of bars. Since the role of the hydrophobic surface inducing solvents to cohere is crucial in this
context, Fig. 4c highlights the effects of different functional groups. By applying the same threshold
energy, a graphene surface covered at 3% or 6.25% with =0, —OH, or —COOH is permeable to all
solvents other than kerosene, which is filtered out at 6.25% OH or —COOH. The fact that only kerosene
is blocked suggests that the physical length and shape of the solvent molecules influence their filtration
by the different graphene surfaces. Interestingly, Fig. 4c also shows that epoxide-functionalized graphene
filters out all solvents at 6.25% coverage but is selective at 3% coverage, blocking only water. This indi-
cates that the relative coverage of less attractive epoxide and more attractive sp? carbon is the important
factor governing the filtration of gasoline, kerosene, and olive oil.

Conclusions

In summary, 3D graphene structures were fabricated whose wettability was controlled using a
self-assembled monolayer. The hydrophobicity of the 3D graphene structures is substantially increased by
the self-assembled HDF-S surface layer, with the water contact angle increasing from ~107.9° to ~143.2°.
Raman analysis shows that the graphene in these structures is uniformly formed and X-ray photoelectron
spectroscopy (XPS) measurements demonstrate that HDF-S self-assembles as desired on the graphene.
The static apparent contact angle was measured on the graphene foams for liquids with different values
of surface tensions, namely water, gasoline, kerosene, and olive oil. Water is selectively filtered by pris-
tine (hydrophobic) graphene, while the HDF-S functionalized (omniphobic) graphene filter blocks all
solvents. The porous structure of both filters (with 150-200pm diameter pores) means, however, that
they are both permeable to gas. Molecular dynamics simulations show that this selective filtration stems
from the effects of different functional groups grafted onto the graphene. Indeed, while a high-percentage
coverage of —OH and —COOH blocks kerosene, water is not filtered out with low-percentage epoxide
coverage. This suggests a topic for further investigations, that the surface functionalization of graphene
can be tailored to solve particular separation problems involving oil and water mixtures. This approach
has numerous potential industrial applications. This study also provides a basis for future advances in
gas-oil-water separation methods.

Methods

Preparation of 3D structural graphene foam. Ni foam with a 3D porous structure (pore size:
150-200pm (120 pores per 25.4mm), diameter: 25.4 mm, thickness: 2mm, purity: 99.9%) was used as
a catalyst and supporting frame for the fabrication of 3D structural graphene foams. The Ni foam was
soaked in acetone and ulrasonicated for 3min for cleaning and to remove organic contaminants from
its surface. The clean foam was then annealed at 600°C under flowing Ar (100 sccm) for 1h. To grow
graphene, the annealed Ni foam was placed in a chemical vapor deposition (CVD) chamber under H,
gas (100 sccm); the substrate temperature was then raised from room temperature to 1020°C and kept
at this temperature, first for 90 min under H, gas and then for further 30 min under CH, gas (20 sccm).
The CH, gas flow was then interrupted and the CVD chamber was cooled at a rate of 150 °C/min in H,
environment.

Controlling the wettability of 3D structural graphene foams and preparing selective fil-
ters. Omniphilic graphene was obtained by O,-plasma treatment (30 W, 70 sccm, and 1205s). Graphene
is hydrophobic as grown. In order to render it omniphobic, HDF-S (Gelest) was used to produce a
trichlorosilane monolayer that self-assembles. The fabricated 3D graphene foam was immersed in a
mixed solution of anhydrous toluene (99.8%) and silane precursor (3.0mM), and trichlorosilane was
left to self-assemble on the graphene surface in N, ambient for 1h. The graphene substrate covered with
self-assembled HDF-S was then rinsed three times in anhydrous toluene and twice in isopropyl alcohol,
before being left to dry for 1h under ambient conditions.

Optical and contact-angle measurements. The surface topology of the foams was observed by
FE-SEM (S-4800, HITACHI) and the graphene was characterized by Raman spectroscopy. The presence
of HDEF-S and the surface chemical state of the graphene were verified by X-ray photoelectron spec-
troscopy (XPS, (PHI Quantera-II, Ulvac-PHI)). Contact angles (Phoenix 300, SEO) were measured by
placing droplets (5pL) of water, gasoline, kerosene, and olive oil on the surface of the samples under
ambient conditions. For the gas penetration tests, the graphene foams were placed above dry ice in a
closed bottle. To reveal the penetration of the different solvents, a water-soluble dye (fluorescin disodium
salt, Samchun Pure Chemicals Co.) or an oil-soluble dye (Oil Blue N, dye content 96%, Sigma-Aldrich)
was mixed into appropriate samples.

Molecular dynamics simulations. Simulations were performed with four different solvents, namely
water, gasoline (consisting of heptane, octane, and hexyl benzene), kerosene (consisting of n-hexadecane
and n-eicosane), and olive oil (consisting of palmitic acid, stearic acid, oleic acid, and linoleic acid) (see
Table S3 in the Supporting Information for the precise composition of each solvent and the structure of
the molecules therein). The Ni substrate was covered with graphene, which was either simulated pristine
or functionalized with HDF-S, -OH (hydroxyl), -COOH (carboxyl), -O- (epoxide), or =O (carbonyl)
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groups, with different coverages thereof (see Figure S2 in the Supporting Information for a detailed
depiction of the modeled surfaces). The simulated surface was 42.60 A x 49.19 A across. Infinite layer
systems were constructed by using periodic boundary conditions in the x- and y-directions, as shown in
Figure S3. The simulations were performed in the NVT (i.e. canonical) ensemble at room temperature
with 1 fs time steps. The systems were left to relax for 200 ps ahead of the 1ns production runs used to
calculate the adhesion energies. The values reported are averages from two independent simulations and
the COMPASS force field was used throughout!’-°.

References
1. Zhang, L., Zhong, Y., Cha, D. & Wang, P. A self-cleaning underwater superoleophobic mesh for oil-water separation. Scientific
reports 3, 2326 (2013).
2. Li, K. et al. Structured cone arrays for continuous and effective collection of micron-sized oil droplets from water. Nat. Commun.
4, 2276 (2013).
3. Li, H, Liu, L. & Yang, E. Covalent assembly of 3D graphene/polypyrrole foams for oil spill cleanup. J. Mater. Chem. A 1,
3446-3453 (2013).
4. Xue, Z. et al. A novel superhydrophilic and underwater superoleophobic hydrogel-coated mesh for oil/water separation. Adv.
Mater. 23, 4270-4273 (2011).
5. Zhou, X. et al. Robust and durable superhydrophobic cotton fabrics for oil/water separation. ACS Appl. Mater. Interfaces 5,
7208-7214 (2013).
6. Zang, D. et al. Porous copper surfaces with improved superhydrophobicity under oil and their application in oil separation and
capture from water. Chem. Commun. 49, 8410-8412 (2013).
7. Wang, E. et al. Superhydrophobic and superoleophilic miniature device for the collection of oils from water surfaces. J. Phys.
Chem. C 118, 6344-6351 (2014).
8. Deng, D. et al. Hydrophobic meshes for oil spill recovery devices. ACS Appl. Mater. Interfaces 5, 774-781 (2013).
9. Akhavan, O. & Ghaderi, E. Toxicity of graphene and graphene oxide nanowalls against bacteria. ACS Nano 4, 5731-5736 (2010).
10. Zhao, G., Li, J., Ren, X., Chen, C. & Wang, X. Few-layered graphene oxide nanosheets as superior sorbents for heavy metal ion
pollution management. Environ. Sci. Technol. 45, 10454-10462 (2011).
11. Diaz, E., Ordéiez, S. & Vega, A. Adsorption of volatile organic compounds onto carbon nanotubes, carbon nanofibers, and
high-surface-area graphites. J. Colloid Interface Sci. 305, 7-16 (2007).
12. Gong, K. P, Du, E, Xia, Z. H., Durstock, M. & Dai, L. M. Nitrogen-doped carbon nanotube arrays with high electrocatalytic
activity for oxygen reduction. Science 323, 760-764 (2009).
13. Xu, C. et al. Graphene-based electrodes for electrochemical energy storage. Energy Environ. Sci. 6, 1388-1414 (2013).
14. Cao, X. et al. Preparation of novel 3D graphene networks for supercapacitor applications. Small 7, 3163-3168 (2011).
15. Dong, X. C. et al. 3D graphene—cobalt oxide electrode for high-performance supercapacitor and enzymeless glucose detection.
ACS Nano 6, 3206-3213 (2012).
16. Dong, X. et al. 3D graphene foam as a monolithic and macroporous carbon electrode for electrochemical sensing. ACS Appl.
Mater. Interfaces 4, 3129-3133 (2012).
17. Sun, H. COMPASS: an ab initio force-field optimized for condensed-phase applications-overview with details on alkane and
benzene compounds. J. Phys. Chem. B 102, 7338-7364 (1998).
18. Sun, H., Ren, P. & Fried, J. R. The COMPASS force field: parameterization and validation for phosphazenes. Comput. Theor.
Polym. Sci. 8, 229-246 (1998).
19. Materials Studio, version 7.0; Accelrys Software Inc. San Diego, CA, 2009.

Acknowledgments

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIP) (2014R1A2A1A11049450 & 2013M3A2A1067519). S.K.K. acknowledges the
financial supports from the R&D Convergence Program of MSIP and NST (National Research Council
of Science & Technology) (CRC-14-1-KRICT) and project No.C15009 (Supercomputing infrastructure
service and application) supported by KISTI. Computational resource has been also supported by
UNIST-HPC.

Author Contributions

S.J. conceived and designed the study. J.B. and T.L. carried out experiments, with the help of K.S.
Contributions to the simulation were made by C.A.K. and J.H.P, S.J. and S.K.K. wrote the paper. All
authors contributed to discussions regarding the research.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Bong, J. et al. Dynamic graphene filters for selective gas-water-oil separation.
Sci. Rep. 5, 14321; doi: 10.1038/srep14321 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14321 | DOI: 10.1038/srep14321 6


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Dynamic graphene filters for selective gas-water-oil separation

	Results and Discussion

	Conclusions

	Methods

	Preparation of 3D structural graphene foam. 
	Controlling the wettability of 3D structural graphene foams and preparing selective filters. 
	Optical and contact-angle measurements. 
	Molecular dynamics simulations. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Photograph of a 3D structural graphene foam 25.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Wetting properties of omniphilic (O2-plasma-treated graphene foam), hydrophobic (pristine graphene foam), and omniphobic filters (graphene foam covered with self-assembled HDF-S) to different liquids.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Gas/water/oil separation achieved with the omniphilic, hydrophobic, and omniphobic graphene filters coated on ~150–200 μm meshes.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Schematic diagram of typical solvent–substrate interface with water, graphene, and Ni molecules during the molecular dynamics simulation.



 
    
       
          application/pdf
          
             
                Dynamic graphene filters for selective gas-water-oil separation
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14321
            
         
          
             
                Jihye Bong
                Taekyung Lim
                Keumyoung Seo
                Cho-Ah Kwon
                Ju Hyun Park
                Sang Kyu Kwak
                Sanghyun Ju
            
         
          doi:10.1038/srep14321
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14321
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14321
            
         
      
       
          
          
          
             
                doi:10.1038/srep14321
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14321
            
         
          
          
      
       
       
          True
      
   




