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ABSTRACT: It remains a great challenge for the simple and aﬀordable production of membranes for oil/water separation. We
prepare low-cost but highly eﬃcient paper-based membranes for oil/water separation through hydrophobic modiﬁcation to ﬁlter
papers. The simple modiﬁcation contains only two steps: a thin layer of aluminum oxide is ﬁrst coated on the surface of the ﬁlter
paper by atomic layer deposition, and silane molecules are subsequently coupled on the precoated aluminum oxide layer via their
reaction with hydroxyl groups on the surface. Both the alumina layer and the silanization layer are very thin with a total thickness
less than 10 nm. The modiﬁed ﬁlter paper is endowed with strong hydrophobicity and oleophilicity, therefore exhibits strongly
retarded permeation to water and enhanced permeation to nonpolar oils. The modiﬁed ﬁlter paper is demonstrated to show
excellent separation eﬃciencies greater than 90% in the separation of various types of oils and organic solvents from their
mixtures with water. The paper-based membranes prepared in this work are distinguished among others for their low-cost
substrates and simple modiﬁcation route. This modiﬁcation method is expected to be easily extended to hydrophobize a diversity
of other substrates.
substrate only wettable to oils.11 To this end, a variety of
strategies, including chemical grafting or physical deposition of
strongly hydrophobic molecules onto the substrate surface,
have been successful in turning originally hydrophilic surfaces
into highly hydrophobic and oleophilic ones.4 Many of the
above-mentioned membranes have demonstrated excellent
performances in the separation of oil/water mixtures; however,
it is still highly demanding for high-performance membranes
prepared from easily available substrate materials through
simple and aﬀordable modiﬁcation methods.
Herein, we report on highly eﬃcient membranes based on
low-cost ﬁlter papers subjected to simple hydrophobic
modiﬁcation. Filter papers are widely used as porous materials
to separate solids from liquids.14 The main composition of ﬁlter
papers is cotton ﬁbers, which show strong hydrophilicity. The
coating of hydrophobic materials onto hydrophilic ﬁlter papers
would obtain surface-modiﬁed ﬁlter papers with the capability
for oil/water separation. Filter papers with the pore size of 20−
25 μm were used as substrates and ﬁrst coated with a layer of
Al2O3 by atomic layer deposition. It has been reported that the
deposition of oxide layers could endow the substrates with
hydrophilicity, which means the Al2O3-deposited surface
contains more hydroxyl groups.7 After the coupling with silane,
the ﬁlter papers will have hydrophobicity and then could be
used as a membrane for the eﬀective separation of oil/water
mixtures.

1. INTRODUCTION
Frequent oil spill accidents may lead to severe environmental
pollution, as well as massive ﬁnancial and energy loss.1,2 Oily
wastewater emitted from petrochemical and steel industries has
also become the major pollutant worldwide.3,4 Conventional
separation methods, such as gravity separation and combustion,
have the drawbacks of low eﬃciency and generation of
secondary pollutants, which hinder their large-scale application.3 Selective absorption of oily liquids from water using
oleophilic and/or hydrophobic porous materials could be
considered as an eﬃcient and inexpensive approach. For
instance, carbon and polyurethane (PU) foams have been used
as eﬀective absorbent substrates; however, the absorption is a
discontinuous separation process, as the absorbents will be
saturated after uptaking a certain amount of oils. The oil
absorbents require regeneration before they can be reused, and
in many cases, the absorbents cannot be regenerated at all or
can only be recycled for very limited times.5,6
Membrane ﬁltration, which can be operated in the
continuous mode, has been vastly developed in the oil/water
separation system due to its energy-saving and cost-eﬃcient
features.7 A number of porous materials have been used as
substrates for oil/water separation after appropriate surface
modiﬁcations, and commonly used substrates include metal
meshes, synthetic fabrics, cottons, porous carbon, polymeric
membranes prepared by the phase inversion method, etc.5,8−13
Some of the substrates, such as porous carbon, are strongly
oleophilic and hydrophobic as their intrinsic nature; thus, they
can be directly used for oil/water separation to allow the
penetration of oil, meanwhile retaining water. For other
substrates, for example, polyester or cotton fabrics, which are
rather hydrophilic or insuﬃciently hydrophobic, additional
hydrophobization is essential to modify the surface of the
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2. EXPERIMENTAL DETAILS
2.1. Materials. The ﬁlter paper sheets with maximum pore
diameter of 20−25 μm and ash content less than 0.15% were
purchased from Hangzhou Specialized Paper Co., Ltd., and
were used as substrates for ALD of Al2O3. Trimethylaluminum
(TMA, 99.99%, Nanjing University) and deionized water
(conductivity: 8−20 μs/cm, Wahaha Co.) were used in the
ALD process as the metal precursor and oxidant source,
respectively. 3-Methacryloxypropyltrimethoxysilane (KH-570,
98%) purchased from Meryer (Shanghai) Chemical Technology Co., Ltd., was used as the silane coupling agent. Diesel oil
was obtained from local suppliers, and organic solvents
including chloroform, cyclohexane, and ethanol of AR grade
were commercially acquired and used without further treatment. Phenolphthalein and Solvent Blue 35 obtained from local
suppliers were used to indicate water and oil by coloring them
red and blue, respectively. A liquid ﬁltration cell (FB-04T, Auto
Science) was used to separate oil/water mixtures.
2.2. Atomic layer deposition on ﬁlter papers. The ﬁlter
papers were coated by Al2O3 using a commercialized ALD
reactor (Savannah S100, Cambridge NanoTech). The reactions
were performed at the temperature of 80 °C under vacuum (0.7
Torr), where the chamber was preheated to the deposition
temperature for at least 30 min. Nitrogen with ultrahigh purity
(99.99%) was used as precursor carrier gas at a mass ﬂow rate
of 20 sccm. In a typical ALD cycle, TMA and deionized water
were alternatively pulsed into the reactor for 0.015 s with the
exposure time of 10 s, and the chamber was immediately
purged with nitrogen for 30 s to sweep oﬀ the excessive
precursors. The applied numbers of cycles for ALD of Al2O3
were 10, 30, 60, 90, 150, and 200, respectively.
2.3. Silane coupling of the deposited ﬁlter papers.
KH-570 was dissolved in ethanol to produce silane coupling
solution at the concentration of 5 wt %. The Al2O3-deposited
ﬁlter papers were cut into circular pieces with the diameter of
25 mm and immersed in the coupling solution under moderate
magnetic stirring for 4 h at room temperature. The resulting
ﬁlter paper pieces were washed with ethanol for three times and
dried at 70 °C for 3 h.
2.4. Characterizations. The surface morphology of the
ﬁlter papers was performed on a Hitachi S-4800 ﬁeld emission
scanning electron microscope (FESEM) operated at 5 kV. The
ﬁlter papers were sputtering-coated with a thin layer of Au/Pd
alloy to avoid surface charging of the samples during SEM
observations. Surface elemental analysis of the ﬁlter paper was
operated at 20 kV and 10 mA using an Oxford INCA 350
energy dispersive X-ray microanalysis system (EDX) attached
to the SEM instrument. The water contact angles were
measured on a MAIST Vision Dropmeter A-100 contact
angle goniometer. For each sample, at least ﬁve diﬀerent sites
were tested, and the mean value was recorded. X-ray
photoemission spectroscopy (XPS) measurements were
recorded on a Kratos AXIS Ultra DLD XPS spectrometer. Xrays of energy hν = 1486.6 eV used a monochromatic rotating
anode Al Kα source and a charge neutralizer. The ejected
photoelectrons were analyzed by an electron energy analyzer at
a pass energy of 30 eV. The eﬀective instrumental step size is
0.05 eV.
2.5. Evaluation of the aﬃnity performances. Solvent
blue 35 was added into diesel oil while phenolphthalein was
added into water at the pH of 11.5 to identify each liquid.
Basically the pristine and modiﬁed ﬁlter papers were placed on

top of the vial, and then water (red) and diesel oil (blue) were
added continuously using a pipet to observe the aﬃnity of
modiﬁed ﬁlter paper to water and oil.
2.6. Evaluation of the permeability and separation
performances. A ﬁltration cell (FB-04T, Auto Science) was
used to measure the permeability and separation performance
of the modiﬁed ﬁlter paper at room temperature. The ﬁltration
cell contains two pieces of glass tubes, and the modiﬁed ﬁlter
paper is clamped in between. Only oils and organic solutions
were dyed blue to distinguish from the mixture of colorless
water and colored oils. For the pristine ﬁlter papers with pore
size of tens of microns, liquid could penetrate the ﬁlter paper
driven by gravity.
For the permeability test, ﬁlter paper before and after
modiﬁcation was positioned in the ﬁltration cell and 30 mL of
liquid (water, diesel oil, chloroform, and cyclohexane,
respectively) was added to measure the amount of liquid
penetrated through the ﬁlter paper within 1 min. The pristine
ﬁlter paper was tested as reference. Each sample was measured
six times, and the mean value was reported as the permeability
of the ﬁlter paper.
The ﬁltration cell was then used to test the separation
eﬃciency of the oil/water mixture. A mixture containing water
and oils such as diesel oil, chloroform, and cyclohexane was
added into the cell, respectively. Taking diesel oil as an
example, water and diesel oil were added simultaneously into
the upper tube and diesel oil would ﬂoat on top of the water
due to its relatively smaller density. The two components were
mixed scrupulously via nitrogen bubbling at a certain ﬂow rate
which ensures the suﬃcient contact of diesel oil to the surface
of the ﬁlter paper, and diesel oil was permeated through the
ﬁlter paper immediately after the commencing of bubbling. The
color of the mixture in the upper tube became lighter with the
ongoing separation process. Diesel oil was ﬁltered and
collected, and the separation process was terminated as soon
as the colored oils were ﬁltered completely from the ﬁltration
cell. The colorless water left in the ﬁltration cell weighed as m1,
while the total amount of water added in the ﬁltration cell
weighed as m0. The separation eﬃciency S (%) was calculated
as S = m1/m0. Water and organic solvents were mixed with
diﬀerent mass ratios of 1:1, 5:1, and 10:1 to test the separation
eﬃciency of the modiﬁed ﬁlter paper.

3. RESULTS AND DISCUSSIONS
3.1. The hydrophobization process of ﬁlter papers. It
is known that the absorption/separation capacity of oil for
porous hydrophobic materials was predominantly determined
by the porosity, pore size, and surface morphology. From the
practical perspective, the ideal porous materials should be costeﬃcient, easily obtained, and recyclable.15 Therefore, inexpensive ﬁlter papers with high porosity were used as substrates.
However, the as-purchased ﬁlter papers have a certain aﬃnity
for both water and oil with no selectivity.
The modiﬁcation method we utilized here takes only two
steps, Al2O3 deposition by ALD and silanization, both of which
were based on the surface reaction to acquire ultrathin layers
(Figure 1). Silane coupling agents have the advantages of great
variety and low cost. However, they could only react with the
hydroxyl groups via a bridging eﬀect and combine with the
substrates through the covalent bond to generate a hydrophobic monomolecular layer.16 A transition layer of hydroxyl
groups must be built on the surface of the ﬁlter paper before
silanization to obtain the hydrophobicity. The oxide layer can
16517
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weak, which suggests the Al2O3 layer deposited on the ﬁlter
paper is very thin. Moreover, two peaks assigned to Al 2p and Si
2p could be observed in Figure 2c and d of the ﬁlter paper.
They could subsequently be subjected to Al2O3 deposition and
silanization, which further conﬁrms the successful incorporation
of Al2O3 and KH-570 on the ﬁlter papers.
To further conﬁrm the surface elemental composition, the
ﬁlter paper with ALD deposition of Al2O3 for 90 cycles was
analyzed by energy dispersive X-ray spectroscopy (Figure 3a).

Figure 1. Hydrophobization process of ﬁlter papers including atomic
layer deposition of Al2O3 and silane coupling.

be coated on the surface of ﬁlter paper to acquire hydroxyl
groups, and ALD has been proved to deposit an oxide layer on
any possible substrate with the thickness at the angstrom
level.17 ALD technically works in a cyclic mode which produces
material that is only one atomic layer thick for each cycle.
Therefore, the thickness of the deposited layer could be
precisely controlled by increasing the ALD cycle numbers.18,19
In this work, the ALD technique will be exploited to deposit an
Al2O3 thin layer on the surface of the ﬁlter paper. After
coupling the hydroxyl groups on the Al2O3 layer with the silane
coupling agent KH-570, hydrophobized ﬁlter papers with
strong oleophilicity were achieved.
3.2. Conﬁrmation of the Al2O3 deposition and
silanization on ﬁlter papers. X-ray photoelectron spectroscopy (XPS) is a signiﬁcant technique due to its sensitivity to
surface composition. The ﬁlter paper with 90 cycles of Al2O3
ALD was analyzed by XPS, and the pristine ﬁlter paper was
used as reference. A new characteristic peak attributed to Al 2p
is discernible in the XPS spectra of the deposited sample
(Figure 2a, b), which indicates Al2O3 has eﬀectively been
deposited on the surface of ﬁlter papers. It has also been
noticed that the intensity of the characteristic peaks is relatively

Figure 3. EDS analysis of the modiﬁed ﬁlter paper with 90 ALD cycles
and silanization: (a) the selected area; (b) surface scanning spectrum;
(c) surface distribution of Si; and (d) surface distribution of Al in the
scanned area marked in (a).

Figure 2. XPS spectra of the Al2O3-deposited ﬁlter paper (a: survey and b: Al 2p) and the silanized ﬁlter paper after Al2O3 deposition (c: survey and
d: Al 2p and Si 2p).
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ﬁbers (Figure 4b). Further increase of the ALD cycle numbers
to 200 continues to seal some small gaps between the ﬁbers and
even merge the adjacent bundles to form a continuous ﬁlm in
some local areas (Figure 4c). The ﬁlter paper with ALD
deposition and silane coupling was also investigated, and no
obvious diﬀerence could be observed compared with Figure 4b.
The ﬁlter papers possessed a uniform and conformal
morphology within the deposition cycles ranging from 0 to
200. No signiﬁcant changes were observed from the macroscopic appearance or structure of the ﬁlter papers after a
deposition number up to 200; this result is in agreement with
literature reports,25,26 which could be assigned to the ultrathin
and conformal nature of both the deposition and the
silanization layer.
3.4. Hydrophobicity of the modiﬁed ﬁlter papers. The
analyses above have conﬁrmed the deposition of Al2O3 and
silane coupling on the surface of ﬁlter papers. The separation
capacity is an important factor to evaluate the performance of
the membrane. The pristine ﬁlter paper exhibits a moderate
hydrophilicity, attributed to its cellulose-based chemical nature,
and it shows aﬃnity to both water and oil. Figure 7a illustrates
the wetting behavior of water and diesel oil on the surface of
the pristine ﬁlter paper. Both water and oil droplets were
absorbed instantly and then spread away due to the moderate
hydrophilicity and large pore sizes of the ﬁlter paper. However,
the spread speed of the oil droplet was slightly slower than that
of the water droplet, implying the ﬁlter paper shows stronger
aﬃnity for water. It is clear that the pristine ﬁlter paper does
not have selectivity between water and oil. The water contact
angles on pristine ﬁlter paper and modiﬁed ﬁlter papers were
measured, and bare ﬁlter paper was highly hydrophilic, with a
contact angle of 0° before the ALD process (Figure 5).

The EDS spectrum (Figure 3b) displays new peaks of Al and Si,
which indicates once again the successful deposition of Al2O3
and the combination of silane on the surface of the ﬁlter papers.
Only trace amount of Al and Si elements could be detected due
to the ultrathin nature of the deposition and the silanization
layer. Moreover, the signals of the Al and Si elements cannot be
identiﬁed by EDS when the ALD cycle number is less than 90,
which should be attributed to the extremely low concentration
of Al and Si on the surface of ﬁlter papers, even lower than the
instrumental detection limit.
It has been reported that there is a subsurface nucleation for
ALD of oxides on polymeric substrates which typically takes
place in the initial 50 cycles in the case of deposition of Al2O3.20
In this subsurface nucleation process, the precursors penetrate
into the near-surface regions of the substrate and Al2O3 will
form in the free volumes of the polymers.20 Afterward,
continuing ALD cycles will produce an Al2O3 layer on the
surface of the substrate at a growth rate of approximately 0.15−
0.2 nm per cycle.21,22 Therefore, it can roughly be estimated
that the theoretical thickness of the Al2O3 layer on the surface
of the ﬁlter paper subjected to 90 ALD cycles is around 6−8
nm after the subtraction of the initial 50 cycles. Based on the
covalent bond formed between the silane coupling agent and
the hydroxyl-terminated substrate surface, a monomolecular
layer of silane will be coupled onto the surface of Al2O3. As the
chain length of KH-570 is around 0.99 nm,23 it can
consequently be calculated that the total thickness of the
modiﬁcation layer is less than 10 nm. Scanning of the Al and Si
element distribution on the surface of the ﬁlter paper was also
conducted, and it could be observed from Figure 3c and d that
both elements were highly dispersed, which conﬁrms the Al2O3
and silane are homogeneously distributed on the surface.
3.3. Morphology of Al2O3-deposited and -silanized
ﬁlter papers. SEM images were also taken to investigate the
morphology of the ﬁlter papers after ALD deposition and
silanization. It can be seen from Figure 4a that the ﬁlter paper

Figure 5. Average water contact angles measured on ﬁlter papers
before and after diﬀerent ALD Al2O3 cycles. The insets show the
photographs of the water droplet on the ﬁlter paper.

Therefore, it is necessary to modify the surface property of the
ﬁlter paper to enhance its selectivity. The ﬁlter paper surface
can be modiﬁed either to reduce or to increase its
hydrophilicity by using appropriate methods. We chose to
reduce the hydrophilicity of the ﬁlter paper, expecting ﬁlter
paper with much stronger aﬃnity to oil to allow the penetration
of oil yet retain water. The contact angle results showed that
the ALD followed by silanization has led to a major
enhancement of hydrophobicity (Figure 5). The ﬁlter paper
subjected to 90 cycles of Al2O3 ALD followed by silanization
with KH-570 displays the highest contact angle to water of

Figure 4. Surface SEM images of ﬁlter paper before (a) and after
Al2O3 deposition with 90 (b) and 200 (c) ALD cycles and silanization
after 90 ALD cycles (d).

consists of bundles of continuous ﬁne ﬁbers with diameters
down to a few nanometers, and gaps among the bundles serve
as pores for the ﬁltration of liquids.24 After ALD deposition for
90 cycles, the large bundles are still clearly present; however,
the constituent ﬁne ﬁbers are not easily detectable, as the
deposited Al2O3 layer might ﬁll the in-between voids of the
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125.3°, which evidently conﬁrms the signiﬁcantly enhanced
hydrophobicity, as water would be easily wetted and spread on
the surface of the pristine ﬁlter paper. As the ALD deposition
cycles further grow up to 150 and 200, the contact angles
slightly decrease compared to the 90 cycles of ALD modiﬁed
ﬁlter paper. This might be attributed to the lower surface
roughness of the ﬁlter paper after 200 ALD cycles, as it can be
identiﬁed from Figure 4c that some local areas of the ﬁlter
paper have been merged. Considering that surface roughness
plays an important role in wetting, it can be inferred that ﬁlter
papers with 90 ALD cycles should be more hydrophobic than
that with 200 cycles.27 Wettability measurements showed ﬁlter
paper with 150 and 200 ALD cycles with contact angles slightly
lower than that of 90 cycles, which is consistent with previous
report.28
As demonstrated in Figure 7c, an oil droplet is absorbed
promptly and spread away on the surface; yet the water droplet
remains unwetted and stays on the surface for more than 1 h.
Interestingly, the areas on the modiﬁed ﬁlter paper which
directly contact the water droplets remained dry, and no marks
were left after the water droplet was wiped oﬀ gently. These
observations suggested the strong hydrophobicity of the
modiﬁed ﬁlter paper. As shown in Figure 7d, with constant
addition of water and diesel oil droplets on the modiﬁed ﬁlter
paper covering the opening of the vial underneath, the diesel oil
wets and penetrates through the ﬁlter paper and drops into the
vial. In the meantime, water droplets merge with each other and
grow gradually in size on the surface of modiﬁed ﬁlter paper.
With the gravity of the water droplet itself, it does not penetrate
the ﬁlter paper and yet stays on the surface for a long period of
time. It can be concluded that such modiﬁed ﬁlter papers
exhibit selectivity strong enough to eﬀectively separate water
and oil.
3.5. Inﬂuence of ALD deposition on the permeation
performances of the modiﬁed ﬁlter papers. To maintain
the high porosity of the pristine ﬁlter paper, ALD cycle
numbers should be controlled as low as possible to obtain an
ultrathin deposition layer on the surface of the ﬁlter papers. A
continuous deposition layer will be generated covering all the
pore walls of the ﬁlter paper with the minimum thickness at
certain ALD deposition numbers. The ﬁlter paper with ALD
cycles less than 90 times, i.e., 30, could gradually be wetted by
water droplets, indicating insuﬃciently enhanced hydrophobicity even though the water contact angle increased
signiﬁcantly, as can be seen from Figure 5. In contrast, water
droplets on the modiﬁed ﬁlter paper with a cycle number more
than 90 can stay unwetted for a long enough time, implying
strong hydrophobicity is achieved. Therefore, the appropriate
ALD cycle number can be determined to be around 90, and
with a cycle number less than this threshold, the modiﬁed ﬁlter
paper is not hydrophobic enough yet to eﬀectively separate oil
from its mixture with water.
We then investigate the permeation of the surface modiﬁed
ﬁlter papers under diﬀerent conditions. Due to the relatively
large pore size of the ﬁlter papers (20−25 μm), permeation can
be obtained by the gravity of the liquid itself and no extra
pressure was required. As can be seen from Figure 6, the
pristine ﬁlter paper before surface modiﬁcation demonstrates a
very high water ﬂux of 1450 L·m−2·h−1, which signiﬁcantly
decreased to around 250 L·m−2·h−1 after Al2O3 deposition for
10 cycles followed by silanization. With further increase of the
ALD cycle numbers up to 200, the ﬂux remained almost
unchanged. It is worth mentioning that the water ﬂux

Figure 6. Flux of pure water, cyclohexane, diesel oil, and chloroform
for ﬁlter papers as a function of diﬀerent ALD cycle numbers.

minimized at 90 ALD cycles; this result conﬁrms that for
contact angle, which suggests that 90 ALD cycles of Al2O3 with
the strongest hydrophobicity could be considered as the
optimized number. The remarkable change of water ﬂux should
be attributed to the transition of the hydrophobicity of the
modiﬁed ﬁlter papers. One may argue that the reduction of
eﬀective pore sizes resulting from the formation of an Al2O3
layer may also account for the reduction of the water ﬂux.
However, the thickness of the Al2O3 layer obtained with cycle
number less than 200 is very thin, and its inﬂuence on water
ﬂux should be negligible, as evidenced by the fact that water ﬂux
barely changes when the cycle number increases from 30 to
200. Such a trend in water ﬂux as a function of the ALD cycles
indicates the enhancement of the hydrophobicity maximizes at
the cycle number of 90. This result is in good consistence with
the threshold value of ALD cycle numbers as determined
above.
On the contrary, the modiﬁed ﬁlter paper shows enhanced
permeation to various oils, including diesel oil, cyclohexane,
and chloroform, compared to the pristine one. Similarly, the oil
ﬂux initially increases with rising ALD cycle numbers and then
stabilizes, and the peak value occurs around the cycle number
of 60 or 90. The ﬂux of various oils for modiﬁed ﬁlter papers is
mainly determined by the density and viscosity of the oils.
Chloroform illustrates much larger ﬂux than other oils because
of its highest density (1.484 g/mL) and moderate viscosity
(0.563 mP·s) whereas diesel oil shows the smallest ﬂux, arising
from its highest viscosity (1.5 mP·s) and low density (0.84 g/
mL). As for cyclohexane, the viscosity (0.888 mP·s) is in
between diesel oil and chloroform; however, the driving force
for organic solvents to penetrate the ﬁlter paper is gravity.
Among the organic solvents, cyclohexane has the lowest density
(0.774 g/mL), which implies the weakest driving force to pass
through the ﬁlter papers. Therefore, it is reasonable that the
change of ﬂux for cyclohexane and diesel oil is not as obvious as
that for chloroform. The stabilized ﬂux of diesel oil and
chloroform for the modiﬁed ﬁlter paper increased by 39.2% and
15.2%, respectively, compared to the pristine ﬁlter paper.
Apparently, the improved permeation of oils is also assigned
from the enhanced aﬃnity of the modiﬁed ﬁlter paper toward
oils. Considering that the variation in water ﬂux maximizes at
the cycle number of 90 and oil ﬂux enhances at 90 as well, we
deduce that the optimized modiﬁcation condition for the ﬁlter
papers is ALD deposition for 90 cycles followed by silanization.
16520
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3.6. Oil/water separation performances of the
modiﬁed ﬁlter papers. As discussed above, the pristine ﬁlter
papers exhibit slightly diﬀerent aﬃnity to water and oil, and this
leads us to investigate the possibility of separating oil and water
for unmodiﬁed ﬁlter papers. The pristine ﬁlter paper was placed
on top of a vial (Figure 7a), and with the addition of water and

modiﬁcation protocols onto relatively expensive substrates.30−32 For instance, oleophilic conic copper-based
needles were reported with separation eﬃciencies of around
90%.33 Research on honeycomb-patterned ﬁlms by utilizing a
specialized coating instrument, which possessed less than 100
μm thickness and superhydrophobicity, was also reported.34
The methodology we utilized here includes only two steps, the
deposition of an oxide layer and silanization, and they consume
very limited amounts of materials because both the oxide layer
and the silanziation layer are extremely thin. The separation
eﬃciencies obtained here are remarkable, especially considering
the simple modiﬁcation methods of low-cost and easily
available ﬁlter papers.

4. CONCLUSIONS
A low-cost paper-based membrane for highly eﬃcient oil/water
separation via hydrophobic modiﬁcation on ﬁlter paper is
proposed in this work. The modiﬁcation process is very simple
and contains only two steps: a thin alumina layer is ﬁrst coated
by atomic layer deposition onto the surface of ﬁlter paper,
followed by silane molecules coupled on the precoated alumina
layer. The surface modiﬁcation transforms the ﬁlter papers from
hydrophilic to hydrophobic and oleophilic, and they exhibit
strongly reduced permeation to water and improved permeation to oils. The peculiar wettability is used to separate various
types of oil/water mixtures with overall eﬃciencies greater than
90%. This paper-based membrane is distinguished for its costeﬃcient substrates and the simple modiﬁcation route. This
modiﬁcation method is expected to be easily applied to convert
the surface properties of a variety of other substrates from
hydrophilic into hydrophobic.

Figure 7. Photographs showing the separation and wetting behavior of
a diesel oil (blue)/water (red) mixture using pristine ﬁlter paper (a:
overall, b: top view), modiﬁed ﬁlter paper (c: overall, d: top view), and
the diagram of the ﬁltration cell (e) showing the experimental setup of
the separation process for the mixture of water and diesel oil. The
sample used in Figure 8c and d was the modiﬁed ﬁlter paper with 90
ALD cycles followed by KH-570 coupling.

diesel oil, both penetrated through the pristine ﬁlter paper and
were collected in the vial (Figure 7a). Meanwhile, water
droplets spread rapidly on the surface of the ﬁlter paper as
indicated by the red color of the used ﬁlter paper (Figure 7b),
which further conﬁrms the previous results that the pristine
ﬁlter papers cannot be directly used to separate oil/water
mixtures.
We then tested the separation eﬃciency of the modiﬁed ﬁlter
paper, which derived from the ratio between the water left in
the ﬁltration cell and the initial feeding water in the separation
of diﬀerent oil/water mixtures.29 As shown in Figure 8, the
overall separation eﬃciency of the modiﬁed ﬁlter paper toward
all investigated oil/water mixtures is higher than 90% regardless
of the density, viscosity, or mass ratio of water and oil, ranging
from 1 to 10. Such high separation eﬃciencies are comparable
to other separation systems prepared through complex
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