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Recent oil spills and the rapid expansion of petrochemical industries have highlighted the challenge of
effective oil-water separation. Developing a filtration platform based on new surface modification
strategies that exhibits good oil-water separation, particularly in a complex environment, is highly

R 4 21stN ber 2016 desirable for purposes of environmental clean-up. Herein, we present a polymer-modified filter paper
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Accepted 25th January 2017 (PMFP) with an underwater superoleophobic surface fabricated via a facile dip-coating process. The as-
prepared polymer-modified filter paper not only separates the oil-water mixture in gentle environment,

DOI: 10.1039/c6ra27124c but performs effectively in harsh environments, including high salt concentrations, extreme pH, and oil-
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Introduction

Oil contaminated wastewater from petrochemical industries
and oil spills has been plaguing the earth for decades by causing
serious environmental issues.”> For example, polycyclic
aromatic hydrocarbons and other oily chemicals in wastewater
pose a potential risk to aquatic ecosystems as their decompo-
sition causes excessive oxygen consumption, which leads to an
increased mortality rate in fish populations.® Therefore, the
challenge of effective oil-water separation has been high-
lighted. Conventional oil-water separation methods, including
gravity separation, air flotation, coagulation, and de-
emulsification, have inherent disadvantages such as low
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in-water emulsions with surfactants, suggesting its great potential for large-scale industrial applications.

efficiency, high energy consumption, and recontamination
problems.*” Separation of oil and water is essentially an inter-
facial science problem, and thus new strategies based on
unique wettability materials have shown to be effective and
advantageous.®®

Materials with surface-active features, such as super-
hydrophilic or hydrophobic coating, have attracted great
attention.®'® By carefully controlling surface chemistry and
morphology, fabric,"** mesh,”?® foam,” and polymeric
membrane*** have been fabricated with special wettabilities
that enable successful separation of oil and water from oil-
water mixture. Recently, Shang and co-workers reported the
fabrication of superhydrophobic nanofibrous membranes by
electrospinning cellulose acetate nanofibers with an in situ
polymerization approach. The as-prepared membranes can
selectively and effectively separate oil from oil-water mixtures
with good stability over a wide pH range. In addition to elec-
trospinning, superwetting materials have also been fabricated
by etching,* nanoimprint lithography,* sol-gel process,**
phase separation,® and dip-coating.*®*® In particular, dip-
coating of filter paper has attracted interest due to good proc-
essability, low cost, and eco-friendly features. In 2016, Fragouli
et al. developed a superoleophobic filter paper by a two-step dip
adsorption process.” The modified filter papers are mechan-
ically reinforced, exhibiting good oil-water separation efficiency
for non-stabilized emulsions. Despite some reported studies on
coating filter papers, however a comprehensive study of sepa-
ration behaviors under harsh conditions, such as extreme
temperature, is absent, and new surface modification strategies
are still desirable.
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Herein, we propose a hydrogel-coated superoleophobic filter
paper for efficient oil-water separation in complex environ-
ments. Taking advantage of the high reactivity of crosslinker
tolylene diisocyanate (TDI) with hydroxyl group,’” we demon-
strate that poly vinyl alcohol (PVA) and filter paper can be
covalently bonded into a superoleophobic network. For the first
time, TDI-based polymer-modified filter paper (PMFP) was
proven to separate oil and water successfully, and exhibited
excellent oil-water separation efficiency up to 99.2%. Mean-
while, the PMFP also reveals good tolerance to highly acidic,
alkaline, and salty environments and a wide range of tempera-
ture, making it applicable to practical applications.

Experimental

Materials

PVA (M,, = 85000-124 000, 99% hydrolyzed), polyethylene
glycol (M,, = 20 000, 98%), toluene (99.5%), heptane (99%),
sodium hydroxide (97%) and sodium dodecyl sulfate (98%)
were purchased from Sigma-Aldrich (USA). Tolylene diisocya-
nate (98%) was obtained from TCI America (USA). Hydrochloric
acid solution (37% in water), ethyl acetate (99.5%) and hexanes
(99%) were obtained from Fisher Chemical (USA). Sodium
chloride was obtained from Avantor Performance Materials
(USA). Carbon tetrachloride (99.5%), cetyltrimethylammonium
bromide (99%) and dichloromethane (98%) were purchased
from Acros Organics (USA). Crude oil was obtained from Texas
Crude Corporation (USA). Filter papers with particle retention
size = 25 um were obtained from Fisher Scientific Corporation
(USA, 09-790-12D). All chemicals used for the experiments were
of standard commercial grade, and were used as received
without further purification.

Preparation of polymer-modified filter papers

The polymer-modified filter paper was fabricated by a cross-
linking reaction between PVA and the cellulose network of filter
papers where TDI was used as a cross-linker, as shown in Fig. 1.
In a typical procedure, the pristine filter papers were first
immersed in 4 wt% PVA aqueous solution for 0.5 h at ambient
temperature. Then, the PVA-treated filter papers were dried
thoroughly in an oven at 65 °C for 12 h to remove potential
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Fig. 1 (a) Schematic of dip-coating fabrication of polymer-modified
filter papers. (b) Illustration of the crosslinking reaction between
hydroxyl groups —OH and isocyanate groups of TDI.
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surface moisture. Next, 1 mL of TDI solution (0.1 v/v% in
anhydrous acetone) was applied on the dried PVA-treated filter
paper, allowing the crosslinking process for 24 h at room
temperature. Finally, the obtained PVA-coated filter paper was
washed with deionized water and acetone several times to
remove potential excess PVA or byproducts before use.

Contact angle measurement

Oil droplets (dichloromethane dyed with Sudan IV, approxi-
mately 5 pL) were dropped onto the polymer-modified filter
paper under water and allowed to equilibrate for 20 s before
making any measurement. To evaluate underwater contact
angles under acidic, alkaline, and saline conditions, we used
0.1 M HCI solution, 0.1 M NaOH solution, and 0.1 M NacCl
solution as the aqueous phase respectively. A digital camera was
used to record the images which were then analyzed by the
software package, ImageJ. The mean values of three measure-
ments performed on the same sample were adopted as the
contact angles.

Evaluation of oil-water separation efficiency

The separation efficiency was examined by measuring the oil
concentration in separated aqueous phase. The oil-water
mixtures were carefully poured onto polymer-modified
membranes under different conditions where the volume frac-
tion of oil in mixture was fixed at 20 v/v%. A series of oils/
organic solvents, including heptane, toluene, ethyl acetate,
and crude oil, were used in this experiment. For experiments
under different temperature, the oil, water, and separation
setup were precooled or preheated to desired temperature
before measurements. After the completion of separation, the
oil content of the collected water was measured by an infrared
spectrometer. Specifically, carbon tetrachloride (CCl,) was used
to extract oils from water, followed by a measurement of
absorbance at 2930 cm™ ', as shown in Fig. S1.T The oil content
of each sample was acquired by calculating the absorbance and
the correction coefficient (Fig. S2 ESIT).

Evaluation of flux performance

The fluxes were calculated by measuring the time for flowing
constant volume of feed solutions from the known area of the
PMFP. The height of the feed solution was fixed at 7 cm by using
a glass tube with an outlet to drain excess solution. 0.1 M HCl
solution, 0.1 M NaOH solution, 0.1 M NaCl solution, and
deionized water were used to simulate acidic, alkaline, saline,
and neutral conditions, in which we measured 20 mL of
collected solution for each condition.

Characterization

The surface chemistry of PMFP was determined by X-ray
photoelectron spectroscopy (XPS) analysis on an Omicron's
DAR 400 using Mg Ko radiation as the excitation source. The
binding energies were referenced to C 1s at 284.80 eV. Fourier
transform infrared spectroscopy (FTIR) was recorded on
a Thermo Nicolet 380 FTIR spectrometer to evaluate oil content.

This journal is © The Royal Society of Chemistry 2017
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Scanning electron microscopy (SEM) images of pristine filter
paper and PMFP were obtained using a field emission scanning
electron microscope (JEOL JSM-7500F, Japan). Samples were
coated with 5 nm palladium/platinum (20% Pd and 80% Pt)
prior to SEM imaging.

Results and discussion
Surface chemistry of PMFP

The polymer-modified filter papers were fabricated by a cross-
linking reaction between PVA and the cellulose network of filter
papers using TDI as a cross-linker. As shown in Fig. 1a, the
pristine filter paper was first treated with PVA, followed by the
addition of the TDI solution in acetone. In the first step, the
hydroxyl groups of cellulose interacted with PVA only through
physical adsorption, such as hydrogen bonding, while a chem-
ically covalent bond had yet to be formed. After adding TDI as
the crosslinker, the cellulose network was able to connect with
PVA covalently by reacting -OH with the isocyanate groups
(Fig. 1b). This procedure of fabricating polymer-modified filter
paper is straightforward and economically efficient, allowing for
scale-up production.

To investigate the surface chemistry of modified filter
papers, high resolution C 1s, O 1s and N 1s XPS spectra were
collected. As shown in Fig. 2, the characteristic peaks of binding
energy at 284.7, 288.9, 397.8, 407.5, and 531.3 eV were found,
which can be assigned to the C 1s of C-C bonds, the C 1s of
0O=C-0O bonds, the N 1s of C-N-H bonds, the N 1s of C-N-O
bonds, and the O 1s of C-O bonds in ethers and hydroxyls,
respectively. Elemental analysis of the polymer-modified filter
paper was also carried out, revealing a C : O : N atomic ratio of
90 : 26 : 1. These results indicated the solid crosslink between
PVA and filter paper by TDI.?*?°

Morphology characterization

The morphologies of pristine and polymer-modified filter
papers were examined by FE-SEM. As displayed in Fig. 3a, the
pristine filter paper shows a porous surface with average pore
size around 25 pm. The high magnification of the SEM image
(Fig. 3b) reveals a coarse surface with randomly aligned cellu-
lose fibers. Fig. 3c and d reflects the morphologies of filter
papers after the crosslinking processes with PVA and TDI. As
shown in Fig. 3c, the porous structure still remains with
a similar average pore size. After the crosslinking process,
however, the original cellulose fiber becomes completely

390 395 400 405 410 276 280 284 288 292 520 525 530 535 540 545

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 2 XPS of PMFP (a) high-resolution N 1s spectrum of PMFP. (b)
High-resolution C 1s XPS spectrum of PMFP. (c) High-resolution O 1s
XPS spectrum of PMFP.
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Fig.3 The morphologies of filter papers. (a) SEM images of the pristine
filter paper. (b) SEM images of the pristine filter paper with high
magnifications. (c) SEM images of the polymer-modified filter paper.
(d) SEM images of the polymer-modified filter paper with high
magnifications.

covered by a dense and uniform layer of polymer at the micro-
scale, as shown in Fig. 3d. The as-prepared polymer-modified
filter paper reveals a smoother structure, indicating that func-
tionalization of PVA induces a significant change in morphol-
ogies. The decrease in surface roughness of polymer-modified
filter paper further demonstrates that PVA is successfully coated
on the cellulose fiber of the filter paper.

Wettability performance

To demonstrate the oil-water separation capacity of PMFP, we
studied the wettability of as-prepared filter paper by measuring
underwater contact angles of oil droplets. Generally, the more
oleophobic a surface is, the larger a contact angle with oil we
could expect. In particular, surfaces are called superoleophobic
if showing a contact angle # greater than 150° for organic
liquids.*® As shown in Fig. 4a, nearly no loss of the oil droplet
was observed upon contacting with polymer-modified filter
paper, indicating low affinity of PMFP for oil. According to the

a) b)wso

Contact Angle (°)

60 |-

° 8

Diwater ~ 01MNaOH  0.1MHCI  0.1MNaCl

Fig. 4 Wettability and contact angles of polymer-modified filter
papers. (a) Photographic images of underwater superoleophobic
property of PMFP (inset: underwater contact angle measurement of oil
droplets). (b) Contact angles of PMFP under in acidic, alkaline, saline,
and neutral environments, exclusively showing large contact angles
(>150°).
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contact angle measurements, the PMFP presented underwater
superoleophobicity with an oil contact angle of 160.3 + 2.1°.
Acidic, alkaline, and saline conditions were also examined,
exclusively showing large contact angles, as shown in Fig. 4b.
These results suggested that the affinity of PMFP for oil droplets
is negligible. This can be explained by water molecules
becoming trapped in the porous hydrophilic structures so that
the oil droplets are repelled from the surface of hydrogel-coated
filter paper when the polymer modified filter paper is immersed
in water.®

Oil-water separation

Separation of oil and water was carried out by directly pouring
the oil-water mixture into the filter paper supported by a glass
funnel. Heptane was used as the oil phase and the volume
fraction of heptane in mixture was fixed at 20 v/v%. The
temperature effect on oil-water separation efficiency of PMFP
was first examined. At low temperature (2 °C), room tempera-
ture (20 °C), and high temperature (65 °C), water permeated
easily, while the heptane was retained above the modified filter
paper. No visible oil was observed in the separated water, sug-
gesting good oil-water separation capacity of PMFP. As shown
in Fig. 5a, the separation efficiency of all cases was measured to
be >98%, which is comparable to those reported in litera-
ture."**"” This indicates that the oil-water separation capacity
of PMFP will not be strongly influenced by the temperature in
the range of 2 °C to 65 °C.

To investigate the performance of filter paper under saline
conditions, we used brine solutions as aqueous phases to test
oil-water separation efficiency. Under different salinity,
polymer-modified filter paper show high efficiency (>98%) as
shown in Fig. 5b, indicating strong resistance of modified filter

a) b)
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A D N -
el NN I DN
B o2f % % % &

2°C 20°C 65°C 5.8g/L 58 g/L  360g/L DI water
€) 100 d)toor . >
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1 MHCI 1M NaOH DI water
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Fig. 5 Oil-water separation efficiencies of PMFP under different
conditions. (a) The separation efficiency of PMFP for separating
heptane—water mixtures (20 : 80 v/v) at different temperature. (b)
Separation efficiency of heptane—brine mixtures (20 : 80 v/v). (c) The
separation efficiency in acidic, alkaline, and neutral environment. (d)
The separation efficiency of various types of oil-in-water emulsions
containing 0.5 wt% SDS.
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paper to high-salinity environments. It is worth noting that
polymer-modified filter papers show good tolerance with a high
NaCl concentration of 360 g L™ (Fig. 5b) which is greater than
ten times higher than the salinity of seawater (~35 g L™"),"
suggesting great potential of PMFP for application in oil-
seawater separation under typical conditions of offshore loca-
tions. The oil-water separation capacity under extreme pH was
also investigated. We used 1 M HCI solution and 1 M NaOH
solution as aqueous phases while deionized water was used for
reference. As shown in Fig. 5c, the oil-water mixtures were
successfully separated with high efficiency (>98%), indicating
good tolerance of filter paper for acidic and alkaline environ-
ments. This high stability of filter paper in acid, alkali and salty
water can be attributed to the formation of multiple robust
covalent bonds among a crosslinked cellulose network.

Given that wastewater often contains a rich variety of hydro-
phobic compounds, we examined the capacity of polymer-
modified filter paper with different type of oils, including
heptane, toluene, ethyl acetate, and crude oil. Those four types of
oils are representative: heptane is a hydrophobic long-chain
alkane; toluene is aromatic; ethyl acetate is very polar with
slight solubility in water whereas crude oil is a very complex
mixture of hydrophobic molecules. Owing to the common exis-
tence of surfactants in waste water, we simulate oil-water sepa-
ration by using aqueous phases in presence of 0.5 wt% sodium
dodecyl sulfonate (SDS). To ensure the formation of stable
emulsions, the samples were emulsified by mixing 0.5 wt% SDS
solution and different types of oils using a homogenizer at
1000 rpm. As shown in Fig. 5d, the separation efficiencies of SDS/
heptane/H,0, SDS/toluene/H,0, SDS/ethyl acetate/H,0, and SDS/
crude 0il/H,O were obtained. It is worth noting that the separa-
tion efficiencies are excellent for heptane, toluene, and crude oil
emulsions but moderate separation (91%) is observed in ethyl
acetate emulsions. Although no visible oil was observed to
permeate from the upper emulsions to the collected water phase,
the separation efficiency was measured to be just above 90%.
This suggests that there is around 10% ethyl acetate remaining in
the collected water phase, probably as a solute form instead of an
immiscible droplet form. The solubility of ethyl acetate is 8.42 g
in 100 g water at 20 °C, which is quite consistent with our
observation (~9% ethyl acetate in collected water).*

To further explore the separation capacity of polymer-
modified filter paper, three types of surfactant-stabilized
heptane-in-water emulsions were employed. Those surfactants
include anionic sodium dodecyl sulfonate, cationic cetyl-
trimethylammonium bromide (CTAB), and nonionic poly-
ethylene glycol (PEG). As shown in Fig. 6a-c, the microscopic
images demonstrated the size distribution of heptane droplets
in various surfactant-stabilized aqueous solutions, showing that
the droplet diameters varied from 2 pm to 50 pm. The PMFP was
then used to separate water from surfactant-stabilized oil-in-
water emulsions, as shown in Fig. 6d. Despite the huge differ-
ence of droplet sizes among different surfactant-stabilized
emulsions, the oil-water separation efficiency are consistently
high (>98%) with no visible oil droplets remaining in the
collected water. The results indicate strong potential of PMFP
for practical application in complex environments.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Oil-water separation efficiencies of PMFP with various oils. (a—
c) The microscopic images of heptane-in-water emulsions containing
(a) SDS, (b) PEG, and (c) CTAB. (d) Separation efficiency of various types
of surfactant-stabilized heptane-in-water emulsions containing 20
vol% heptane.

Flux performance

As a very important parameter for oil-in-water emulsion sepa-
ration, the flux of various aqueous phases that permeate
through the PMFP was also measured. The fluxes were obtained
by calculating the time for flowing constant volume of feed
solutions from the valid area of the membrane while keeping
the height of the feed solution constantly at 7 cm, as shown in
Fig. 7a. We used a glass tube with an outlet to ensure the
constant height of tested solutions. In general, all permeates
exhibit high fluxes and deionized water possesses higher fluxes
than 0.1 M HCI solution, 0.1 M NaOH solution, and 0.1 M NaCl
solution. To be specific, as shown in Fig. 7b, fluxes of 4380 +
184, 3898 + 48, 3091 + 235, and 3020 + 50 L m > h™! are ob-
tained for deionized, 0.1 M HCI solution, 0.1 M NaOH solution,
and 0.1 M NacCl solution, respectively. Those fluxes of polymer-
modified filter papers are comparable to that of high flux pol-
y(vinylidene fluoride) (PVDF) membrane.** The flux difference
among various aqueous samples can be contributed to the
viscosity difference as the flux is inversely proportional to the
liquid viscosity, and potential swelling effect on the polymer

b) 4800

4000 |-

3200 -
i

2400 -
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L L L L
DI water 04MHCI  0.1MNaOH  0.1MNaCl

Fig. 7 (a) Photographic illustration of flux measurement. (b) Volu-
metric flux rates of PMFP under in acidic, alkaline, saline, and neutral
environments.
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network of PVA under different pH which induces a change in
pore size.*”** For acidic, alkaline, saline solutions, the volu-
metric flux is in the range of 3000-3900 L m~> h™". Although
these values are smaller than that of deionized water, they are
still considerably high compared to those of commercial
filtration membranes, such as an ultrafiltration membrane with
similar permeation properties, and which usually gives a flux of
less than 300 L per m” per h per bar.**>* Moreover, given that
no external pressure was employed in our experiment and the
permeation was driven solely by gravity, it is possible that
further improvement on volumetric flux of PMFP can be
achieved.

The overall results indicate that polymer-modified filter
papers not only demonstrate strong potential in oil-water
separation for a wide range of conditions, such as high salt
concentrations, extreme pH, different temperatures, and oil-
water emulsions stabilized by a variety of surfactants, but also
show high flux in acidic, alkaline, saline environments. Further
research is still desirable to design and build surface-active
filter systems to sophisticatedly control the oil-water separa-
tion process.

Conclusions

In conclusion, we demonstrated a successful modification of
the filter paper by using polyvinyl alcohol and tolylene diiso-
cyanate, leading to an underwater superoleophobic surface with
oil contact angle larger than 160°. SEM analysis revealed
morphology change after modification, while the porosity of
filter paper was not altered significantly. Owing to the good
stability and robust structure of crosslinked networks, the
modified filter paper not only separates oil-water mixture in
harsh environments, such as high salt concentrations, extreme
pH, and different temperature (2-65 °C), but it also shows good
separation efficiency for oil-water emulsions stabilized by
different surfactants. Various oils have been tested based on
their water emulsions and the superoleophobic filter paper
possesses excellent oil-water separation efficiency (up to 99.2%)
with high flux. This approach is straightforward and easy to
scale-up, opening a pathway for the fabrication of novel super-
wetting materials.
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