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ic paper with mussel-inspired
polydimethylsiloxane–silica nanoparticle coatings
for effective oil/water separation

Xuewei Ruan, *ab Tiancheng Xu,b Dingjiang Chen,a Ziwen Ruanb and Haitu Hub

Although various filtration materials with (super)wetting properties have been fabricated for effective oil/

water separation, eco-friendly and low-cost materials are still highly desired. This work details the facile

preparation of efficient oil–water separation papers with superhydrophobic properties that successfully

combine micro/nanoscale hierarchical particles and low surface energy components with porous

substrates. The superhydrophilic papers were coated with a polydopamine layer and then immersed in

the mixture of polydimethylsiloxane (PDMS) and hydrophobic-silica nanoparticles. The resultant paper

can separate oil–water mixtures under gravity driving conditions, where heavy oil penetrates through the

sample and water is collected on the surface. And the as-prepared sample had favorable separation

efficiency (>99%). More importantly, the oil flux almost remained at the original value after 10 cycles,

indicating excellent recyclability. In addition, the as-prepared paper exhibits good stability in acidic,

alkaline and salty media.
Introduction

Effective separation for oil–water has drawn signicant world-
wide attention because of the weaknesses in freshwater supply
for the rapidly growing global human population. This kind of
wastewater comes from a variety of sources such as crude oil
production and reneries, petrochemical, pharmaceutical,
metal processing, and textile production industries, and oil spill
accidents from storage tanks or transport facilities. They oen
contain various toxic substances such as phenols, petroleum
hydrocarbons, polyaromatic hydrocarbons, metal ions, and
radioactive elements that possess mutagenic and carcinogenic
risks to plants, animals and human beings.1–3 A variety of
conventional methods such as gravity or density separation,
burning, skimming, centrifugation, coagulation, adsorption,
etc., have been invented to separate oil–water.4–11 However,
these methods are not completely satisfactory. For instance, the
coagulation and gravity separation techniques are low efficiency
and multistage (Fig. 1A).

Recently, ltration techniques have been proved to be one of
the best methods for effective separation of oil–water, which
only allows a selected phase (either oil or water) to penetrate,
while preventing the other phase from passing through. Various
polymer membranes,12–16 metal meshes,17–20 nanobers,21,22

graphene oxide/carbon nanotube lters23–26 with selective
wettability have been fabricated via phase separation,
ciences, Zhejiang University, Hangzhou,
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015
electrochemical deposition, chemical vapor deposition, dip
coating, etc. Now, superhydrophobic/superoleophilic “oil-
removing” materials and underwater superoleophobic “water
removing” materials have received a great deal of attention.
Hydrophobic polydimethylsiloxane (PDMS) is one of the most
important materials in the preparation of superhydrophobic
and superoleophobic surfaces based on its very low surface
tension and self-roughening.27–32

Dopamine, the most renowned catecholamine, is able to
undergo self-polymerization under oxidizing conditions,
creating a bioinspired surface-adherent polydopamine (PDA)
coating on almost all kinds of organic and inorganic
surfaces.33–36 Moreover, PDA chains incorporate many func-
tional groups such as catechol, amine, and imine, that can serve
as the reactive sites with desired molecules and the anchors for
the loading of transition metal ions via bidentate coordination,
hydrogen bonding, Michael addition or Schiff base reactions for
efficient oil/water separation.34,37–42 Lee group modied anodic
aluminum oxide (AAO) membranes by adhesionmechanisms of
PDA and so-lithographic technique. The modied super-
hydrophobic surface showed high-water adhesion properties,
that can be used as a water-capturing device shown in the
cuticle of the Namib desert beetle.43 Xie group prepared a stable
three-dimensional composite sponge with magnetic by situ
coating of dopamine and followed by immersing in the mixture
of magnetic Fe3O4 nanoparticles and PDMS. The modied
sponge exhibited high adsorption capacity for diverse organic
solvents and can be easily recovered in oil–water mixture under
magnetism.44
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of oil/water separation processes by the coagulation and gravity separation techniques (A) and the fabrication for
the film of PDMS–SiO2/PDA/paper and its application for oil/water separation (B).

Fig. 2 (A) Photographs, (B and C) SEM images of the papers before and after mussel-inspired surface coating.
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However, the (super)wetting materials for effective oil–water
separation are conned to some extents due to the inevitable
rapid consumption of non-renewable and their high-cost.
Additionally, the polluted separation materials are directly
discarded or burnt, inevitably leading to the secondary pollu-
tion to the environment, although the oil pollution problem has
been solved. Therefore, it is very important to develop eco-
friendly and low-cost green materials for oil/water separation.
In this work, environmentally friendly and abundant tissue
paper with hydrophobicity is developed by coating of dopamine
and followed by immersing in the mixed suspension of PDMS
and SiO2 nanoparticles. The as-prepared PDMS–SiO2/PDA/
This journal is © The Royal Society of Chemistry 2020
paper exhibits high porosity, strong water repellence, low
water-adhesion force, and excellent mechanical strength.
Moreover, the highly efficiency and large ux for treating
multiple type oil–water mixtures was achieved, and the sepa-
ration mechanism was investigated in detail.

Experimental
Materials and reagents

Tissue papers were bought from Tmall, China. Poly-
dimethylsiloxane (PDMS) precursor and curing agent (Sylgard
184) were purchased from Dow Corning. Nano fumed silica
RSC Adv., 2020, 10, 8008–8015 | 8009
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(SiO2, hydrophobic-260, 7–40 nm), dopamine (DA), tris(hy-
droxymethyl)aminomethane hydrochloride (Tris), ethyl acetate,
trichloromethane, carbon tetrachloride, 1,2-dichloroethane,
red oil O and methylene blue were used directly and purchased
from Aladdin, China. Sodium chloride (NaCl), hydrochloric
acid, ethanol and sodium hydroxide were supplied by Sino-
pharm Chemical Reagent Co.
Fabrication of hydrophobic tissue paper

PDMS–SiO2/PDA/paper lms were fabricated by mussel-
inspired surface coating technique as shown in Fig. 1B. In
a typical synthesis, the tissue papers were rst immersed in 5 g
L�1 DA solution in Tris–HCl buffer solution (pH 8.5, 10 mM) at
40 �C for 12 h under continuous shaking. Then they were taken
out, washed thoroughly in water, and dried under vacuum. The
sample was named as PDA/paper. The coating yield of PDA on
paper was 13.1 � 0.5 wt%, which was calculated by measuring
the weights of the paper before and aer surface coating. Nano-
SiO2 (1 wt%) was dispersed in the solution of PDMS precursor
(4 wt%) and curing agent (0.4 wt%) in ethyl acetate under stir-
ring for 30 min at room temperature, then the mixture was
sonicated for 30 min to ensure the homo-dispersion of nano-
particles. Subsequently, the obtained PDA/paper samples were
soaked in the mixture for 1 min. They were taken out, washed
with water and dried at 80 �C for 4 h and named as PDMS–SiO2/
PDA/paper. The coating yield of PDMS–SiO2 on PDA/paper was
22.7 � 0.9 wt%. As a control, PDMS–SiO2 modied paper
(PDMS–SiO2/paper) was fabricated by the same procedures. The
coating yield of PDMS–SiO2 on paper was 28.6 � 1.1 wt%.
Table 1 Elemental weights of the samples characterized by EDS from
SEM images in Fig. 2B

Sample

Elements (wt%)

C O N Si

Paper 56.9 43.1 — —
PDA/paper 67.2 25.0 7.8 —
PDMS–SiO2/PDA/paper 17.5 38.9 0.4 43.2
PDMS–SiO2/paper 30.7 41.0 — 28.3
Characterization

The morphologies and the elemental analysis of the samples
were characterized by a eld-emission scanning electron
microscope (FESEM, Hitachi S-4800, Japan) equipped with an X-
ray energy dispersive spectroscopy (EDS). Fourier transform
infrared spectrometer (ATR-FTIR, Thermo-Nicolet 6700, USA)
was used to characterize chemical composition of the papers.
Tensile strength and elongation at break of the samples with
a size of 20 mm � 10 mm (length � width) were measured by
a tensile tester (Instron 5567, US) at a speed of 10 mm min�1.
Membrane porosity (%) was characterized by dry-humid weight
method using 1-butanol as the testing liquid and calculated
according to eqn (1):

Porosity ¼ ðmw �mdÞ=r1
ðmw �mdÞ=r1 þmd=r2

� 100 (1)

wheremd (g) andmw (g) refers to the mass of the samples before
and aer immersing in 1-butanol respectively, r1 (g cm�3) and
r2 (g cm�3) is the density of 1-butanol and the paper.

Contact angle (CA) of the samples was conducted using an
OCA20 machine (Data Physics, Germany) equipped with a video
capture at ambient temperature. The adopted CA was the
average value of at least ve measurements performed at
different positions on the same sample. The water-adhesion
force was measured using a high-sensitivity micro-
electromechanical balance system (Data-Physics DCAT11,
8010 | RSC Adv., 2020, 10, 8008–8015
Germany). A water droplet (5 mL) was suspended with a metal
cap, then the sample moved upward at a constant speed of
0.5 mm s�1 until touching the droplet, then keeps moving
upward for 0.2 mm. At last, the sample moved downward to the
initial position, and the distance–force curve was recorded. The
impact process of a water droplet on the sample surface was
recorded by a camera (FASTCAM Mini UX100, Photron Limited,
Japan) at a rate of 1000 frames per second.

Oil/water separation of the sample was characterized by
a dead-end ltration cell with an effective diameter of 2.5 cm
gravity driving conditions. The sample was sealed between one
vertical glass tube and one conical ask. 15 mL oil colored by oil
red O and 15mL water colored by methyl blue was poured in the
cell, oil or water spontaneously permeated quickly. The ux (J, L
m�2 h�1) was calculated according to eqn (2). The separation
efficiency (SE, %) of the samples was characterized by the
residual oil content in the water aer permeation of the mixture
through the sample. The oil concentration in water aer sepa-
ration was measured by an infrared photometer oil content
analyzer (Beijing Fly Seth Technology Co., LTD, OL680). To
evaluate the reusability of the samples, the sample was washed
with acetone for 5 min aer a solvent separation, then the next
oil–water separation experiment was carried out again.

J ¼ V

At
(2)

where V (L) represents the permeated volume, A (m2) represents
the effective area of the sample, and t (h) is the operation
time.

To characterize the liquid absorption capacity, a piece of
sample was immersed in oil or water for 10 min, le on a metal
net and wiped quickly to remove the excess liquid. The liquid
absorption capacity (C) was calculated according to eqn (3),
where m1 (g) and m2 (g) is the weight of the sample before and
aer being treated.

C ¼ m2 �m1

m1

(3)

Results and discussion
Surface morphology and chemistry

The papers were fabricated by mussel-inspired surface coating
technique, their micro-structures characterized as by SEM are
shown in Fig. 2, and the elemental weights measured by EDS
from Fig. 2B are listed in Table 1. The white pristine paper
shows a three-dimensional structure consisting of microbers
This journal is © The Royal Society of Chemistry 2020
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Table 2 Thickness, porosity, tensile strength and elongation at break of the papers before and after surface coating

Sample Thickness (mm) Porosity (%) Tensile strength (MPa) Elongation at break (%)

Paper 265.4 � 3.4 87.4 � 1.3 7.8 � 0.6 23.8 � 2.3
PDA/paper 287.4 � 3.6 81.2 � 1.7 8.4 � 0.5 26.3 � 1.0
PDMS–SiO2/PDA/paper 298.8 � 5.1 77.0 � 2.1 7.7 � 0.8 27.5 � 1.6
PDMS–SiO2/paper 293.4 � 7.4 69.2 � 3.5 8.1 � 0.7 28.9 � 2.7

Fig. 3 (A) Digital pictures of the water droplets dyed by methylene blue on the papers (a to d), water contact angles in air (e to h), underwater oil
(soybean oil) contact angles (i and g), underoil (trichloromethane) water contact angles (k and l) of the paper before and after modification. (B and
C) Photographs of water droplets bouncing on PDMS–SiO2/PDA/paper and PDMS–SiO2/paper. (D) Water-adhesion forces on the sample
surfaces.
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with a diameter of 11.4 � 0.3 mm. Only peaks of C and O are
detected by EDS. Aer coating PDA for 12 h, the granules
distribute loosely and randomly on the bers, and the color of
PDA/paper changes into dark brown. Three elements of C, O
and N are simultaneously presented, and N accounts for
7.8 wt%. Upon being attached by PDMS and SiO2 nanoparticles,
PDMS–SiO2 micro/nanoparticles overlapped densely around
PDA particles, and the resultant PDMS–SiO2/PDA/paper
becomes light. In addition, seen from Table 1, new Si element
appears and accounts for 43.2 wt%, while N can be neglected. It
conrmed that PDMS–SiO2 layer was successfully coated on
PDA/paper. White PDMS–SiO2/paper exhibits a signicantly
lower roughness, and the elements of C, O and Si were also
detected. The results indicated that PDA particles play impor-
tant role in development of a micro/nanoscale hierarchical
structure on the ber surface.44,45 In addition, aer surface
coating, the thickness increases, the porosity decreases, tensile
strength and elongation at break of the papers scarcely change
(Table 2). Mussel-inspired surface modication technique is
mild and facile.
This journal is © The Royal Society of Chemistry 2020
Surface wettability

The contact angles of the paper before and aer surface modi-
cation are shown in Fig. 3A. The water contact angles in air of
paper (a and e) and PDA/paper (b and f) are about 0�, and their
underwater oil (soybean oil) contact angles are 145 � 1.6 (i) and
151 � 2.4� (j), thus suggesting a superhydrophilic and under-
water oleophobic properties. Upon modied by PDMS–SiO2,
tissue papers become hydrophobic (c and d). Compared with
PDMS–SiO2/paper, PDMS–SiO2/PDA/paper is more hydrophobic
with a water contact angle in air of �153� (g) and an underoil
(trichloromethane) water contact angle of �144� (k). Further-
more, the bouncing behavior of water droplet on the hydro-
phobic surface was investigated. As shown in Fig. 3B, the water
droplet rebounds on the superhydrophobic surface of PDMS–
SiO2/PDA/paper without wetting or even residual. While, the
water droplet sticks to the surface of PDMS–SiO2/paper and
nally rest on the surface. The water-adhesion force of PDMS–
SiO2/paper (229.3 mN) is obviously larger than that of PDMS–
SiO2/PDA/paper (104.9 mN) (Fig. 3C). All the results illustrated
RSC Adv., 2020, 10, 8008–8015 | 8011
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Fig. 4 (A) Photographs of the underwater oil (trichloromethane) capture and collection process by PDMS–SiO2/PDA/paper. (B) Absorption
capacity of the papers before and after surface coating for various liquids.

Fig. 5 (A) Photograph of soybean oil/water separation using paper. (B) Photograph of water/trichloromethane separation using PDMS–SiO2/
PDA/paper. (C) Water flux for soybean oil/water mixture. (D) Oil flux and separation efficiency for various oil/water mixtures. (E) The recycled
separation flux of 1,2-dichloroethane/water mixture. (F) SEM images and elemental weights characterized by EDS of the samples after 10 cycles
of reuse.

8012 | RSC Adv., 2020, 10, 8008–8015 This journal is © The Royal Society of Chemistry 2020
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that the satisfactory superhydrophobic modication of the
paper was achieved through the comprehensive utilization of
PDA and PDMS–SiO2, and liquids on the surface are in Cassie–
Baxter state (low adhesive surface). This is because of a high
surface roughness obtained by self-polymerization and depo-
sition of dopamine as shown in Fig. 2. Moreover, it is attributed
to more PDMS brushes and SiO2 nanoparticles being
generated.30

Absorption of liquid

Owing to open three-dimensional structure of the papers before
and aer modication, they showed great potential for the
selective adsorption of liquid from water/oil mixture. As shown
in Fig. 4A, PDMS–SiO2/PDA/paper is able to adsorb trichloro-
methane (dyed with oil red O) immersing in water within 3 s. In
addition, the adsorption capacity of the samples for various
liquid was calculated and the results are shown in Fig. 4B. It is
indicated that the adsorption capacity of water for paper is
almost the same as that of PDA/paper, due to their similar
micro-structure and hydrophilicity. Compared with PDMS–
SiO2/paper, PDMS–SiO2/PDA/paper has a high absorption
capacity for 1,2-dichloroethane, trichloromethane and soybean
oil.
Fig. 6 (A) Digital pictures of the water droplets dyed by methylene blue,
(D) ATR-FTIR spectra, and (E) oil fluxes for separation of 1,2-dichloroethan
pH 3), pure water (pH 7), alkaline (pH 10, pH 13) and salty (2 M NaCl) at 60
aqueous solutions with PDMS–SiO2/PDA/paper.

This journal is © The Royal Society of Chemistry 2020
Oil/water separation

The separation performances of the paper before and aer
surface modication for different oil/water mixtures were
investigated under gravity driving conditions. Upon dumping
soybean oil/water into the apparatus, water quickly penetrates
through the sample of paper due to it superhydrophilicity, while
soybean oil is retained on the surface because of its under-water
oleophobicity, as depicted in Fig. 5A. The corresponding water
ux was more than 10 000 L m�2 h�1, and the separation effi-
ciency (SE) is 93.8 � 1.4% (Fig. 5C). In addition, paper showed
stable oil/water separation performance aer 10 cycles of reuse.
PDA/paper also can effectively separate soybean oil/water
mixture. The separation treatment of immiscible heavy oil
(carbon tetrachloride, trichloromethane, 1,2-dichloroethane)/
water was similarly conducted by PDMS–SiO2/PDA/paper and
PDMS–SiO2/paper. As shown in Fig. 5B, heavy oil penetrates
through the sample due to its oleophilicity, while water is
collected on the surface because of its under-oil hydrophobic
properties. As summarized in Fig. 5D, compared with PDMS–
SiO2/paper, the corresponding oil uxes of PDMS–SiO2/PDA/
paper are obviously larger, ascribing to higher porosity and
under-oil hydrophobicity. The SE values of the samples for these
(B) underoil (trichloromethane) water contact angles, (C) SEM images,
e/water mixture of PDMS–SiO2/PDA/paper after shaken in acidic (pH 1,
�C for 7 days. Insets in (A) corresponding photographs of the different

RSC Adv., 2020, 10, 8008–8015 | 8013
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heavy oil/water mixtures were found to be higher than 99%,
demonstrating almost complete separation processes. More
important, aer 10 cycles, oil uxes of PDMS–SiO2/PDA/paper
and PDMS–SiO2/paper are similar to the initial values respec-
tively, suggesting the oil/water separation behavior of the
samples is fully reversible. And the surface morphology and
chemical composition of the samples aer 10 cycles of reuse
hardly change as shown in Fig. 5F. The results indicated that all
the papers before and aer modication showed stable oil–
water separation performance and chemical stability.
Stability

The signicant feature of thematerials for efficient separation oil/
water mixture is the stability and durability in acidic, alkaline and
salty. In this test, the as-prepared hydrophobic PDMS–SiO2/PDA/
paper was rst immersed in ethanol for 30 min, taken out and
shaken in aqueous solutions at pH 1, 3, 7, 10, and 13, as well as
aqueous solution of 2 M NaCl at 60 �C for continuous 7 days.
Compared with the pristine PDMS–SiO2/PDA/paper, the tensile
strength and elongation at break of the washed samples in various
solution changed barely. It was found that the solution color
changes from colorless to brown, as pH value increases from 1 to
13, and the washed sample turns from dark drown to faint yellow
(Fig. 6A). The strongly alkaline solution leads PDA disassembly or
destacking.33,46 The underoil (trichloromethane) water contact
angle of the sample aer washing ismore than 140� (Fig. 6A). The
multiscale structures of the washed samples are also observed in
Fig. 6C. Fig. 6D shows the ATR-FTIR spectra of the samples.
Compared with the pristine paper, all the spectra of the washed
PDMS–SiO2/PDA/paper exhibit the characteristic signals of Si–C
bond (at 1257 and 780 cm�1), Si–O–Si bond (at 1070 cm�1), and
C–H stretching vibration (at 2962 cm�1),30 suggesting the good
stability of PDMS–SiO2 layer on the PDAmodied paper substrate.
Seen from Fig. 6E, aer immersion in the solution of pH 13, the
ux of the modied papers washed under various solutions did
not change much. All the results indicated that PDMS–SiO2/PDA/
paper exhibits good stability in acidic, alkaline and salty.
Conclusions

In summary, we have developed a simple strategy for fabricating
superhydrophobic paper having the capacity to separate oil–
water mixtures under gravity driving conditions. The nascent
papers were coated with a PDA layer and then immersed in the
mixtures of PDMS and hydrophobic-SiO2 nanoparticles. It is
shown that the micro/nanoscale hierarchical particles of
PDMS–SiO2/PDA covered on the porous substrate. The water
droplets can rebound on the modied low energy surface
without wetting or even residual. Upon dumping oil–water
mixture into the surface, heavy oil quickly penetrates through
the sample, while water is retained on the surface. The sepa-
ration efficiency is larger than 99%. Furthermore, the modied
paper shows excellent recyclability and stability in acidic,
alkaline and salty. We believe that such a high-efficiency, low-
cost and eco-friendly paper has great potential for the prac-
tical application in solve the oily wastewater.
8014 | RSC Adv., 2020, 10, 8008–8015
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