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a b s t r a c t
With increasing automobiles in the past decade, more and more discarded air filters (DAFs) have 
caused severe environmental pollution due to automobile maintenance. We proposed an efficient 
and simple method for preparing superhydrophobic/superoleophilicity air filter for oil/water sepa-
ration to solve this problem. The DAFs were functionalized by polydimethylsiloxane (PDMS) and 
titanium dioxide nanoparticles to enhance its hydrophobicity and oleophilicity. The morphological 
study showed that the use of PDMS as a binder changed the surface structure of the coatings sig-
nificantly. Oil/water separation experiments revealed that DAFs could separate various oils with 
separation efficiencies exceeding 99%. Importantly, Experiments have shown that the superhydro-
phobic/oleophilic air filter cartridge maintains a high separation efficiency (>96%) after at least ten 
filter cycles under oil-water mixtures with alkaline, acidic, and saline solutions. The superoleopho-
bicity of DAFs was maintained in solutions of alkaline, acidic, and saline solutions for at least 72 h, 
indicating good durability and stability. More importantly, the DAFs not only removes oil from 
oily wastewater (such as in tanker leaks) but also realizes secondary use.

Keywords:  Superhydrophobic; Superoleophilicity; Discard air filters; Ecologically beneficial; TiO2 
nanoparticles

1. Introduction

Due to the increasing quantity of oily industrial waste-
water and the increasing frequency of oil spill incidents, 
oil/water separation has received a great deal of attention 
in recent years [1–6]. For this reason, environmental con-
cerns, stringent environmental laws, and the need for clean 
technology have improved the separation standard of oil/
water mixtures. In the past, oil/water separation technol-
ogy has solved many waste disposal problems and boosted 
the purification of water, soil, and atmosphere. Due to the 
rapid growth of cars, there are a large number of discarded 
air filters (DAFs), which resulted in environmental dam-
age. The traditional treatment methods of DAFs include 

landfilling and incineration [7–9]. However, the methods still 
existed second pollution.

The reutilization of DAFs has become a very import-
ant issue. Due to their good porosity and mechanical and 
chemical stability, the DAFs can not only filter small par-
ticles in the air, but also adsorb pollutants in water, or oil/
water mixture. For example, some porous structures includ-
ing waste nanofibers [10–12], waste paper [13–17], fabric 
[18–20], waste wood [21–24], waste cigarette filter [25–28], 
etc., have used for oil/water separation. Although some 
researches have been carried out on the superhydropho-
bicity of fabric and waste fibers, there are not still reported 
the studies on DAFs for oil/water separation. However, 
DAFs achieved high efficient oil-water separation due to 
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their surface hydrophilicity. Consequently, designing func-
tionalized DAFs with superhydrophobic and lipophilic 
properties is a key factor.

Over the last 10 y, titanium dioxide (TiO2) nanoparti-
cles have become a research hotspot for constructing rough 
surfaces due to the stable physicochemical properties, 
excellent optical properties, and photochemical activity 
[29–32]. According to the special wettability theories [33,34], 
nano-roughness structure and low surface free energy mate-
rials have been mainly used to fabricate superhydrophobic 
coatings on different substrates. Considering the environ-
mental friendliness and chemical stability, TiO2 nanoparticles 
were coated on the surface through immersion treatment 
and heat curing, which exhibited superhydrophobicity [35]. 
For instance, Khanjani et al. [36] produced superhydropho-
bic paper by spin-coating a dispersion of nanostructured 
fluorinated cellulose esters. Qiu et al. [37] developed excel-
lent superwetting stainless steel meshes by spraying silicon 
dioxide nanoparticles modified by hexadecyltrimethoxy-
silane onto the stainless steel meshes. However, due to its 
potential hazards to flora and fauna, and the environment, 
fluorides have been prohibited for use by most of the world 
[38]. Therefore, using TiO2 nanoparticles with rough surface 
and Polydimethylsiloxane (PDMS) with low surface energy 
to modify DAFs, this is an economical and environmental 
method to achieve oil-water separation.

The main objective of this research is to investigate TiO2 
nanoparticles and PDMS modified DAFs for oil-water sep-
aration. PDMS, as a good abrasion resistance material, can 
bond tightly to the surface of various DAFs without adding 
any fluorides additives [40]. Modified DAFs showed durable 
superhydrophobic in different environment and the water 
contact angle (WCA) reached 150°. In addition, Modified 
DAFs achieved high efficient oil-water separation in oil spill 
clean-up. This method will provide an effective and low-cost 
strategy for practical applications in oil-water separation.

2. Experimental section

2.1. Materials

TiO2 (average particle size of 2 to 10 nm) and the ethyl 
acetate are purchased from Tianjin Kermel Chemical Reagent 
Co., Ltd. (China). PDMS and ethyl acetate were purchased 
from Dow Corning Co., USA. Different types of DAFs were 
purchased from a local market. China National Petroleum 
Corporation provided diesel oil (CNPC) and motor oil. 
Soybean oil is purchased from local supermarkets. Kaitong 
Chemical Reagent Co. (China) supplied the Sudan Red III 
and Indigo.

2.2. Preparation of DAFs coated membranes

Firstly, the collected DAFs (Fig. 4a) were washed with 
hot water several times. Before the coating process, the as- 
received DAFs were first to cut into 30 mm2 × 50 mm2, then 
cleaned ultrasonically in ethanol for 20 min to remove any 
surface impurities, and then washed with distilled water. 
0.1 g TiO2 nanoparticles were scattered in 30 mL ethyl ace-
tate, and 0.5 g PDMS was dissolved in the above solu-
tion. Afterward, the 0.05 g curing agent was added to the 

suspension and stirred for 10 min. The addition of PDMS can 
enhance the binding force between the TiO2 nanoparticles 
and the DAFs skeleton. Four clean DAFs were immersed in 
the above solution for an optimal time of 30 min. Then, the 
obtained coatings were dried entirely at room temperature to 
remove residual ethyl acetate. Contents of TiO2 nanoparticles 
and PDMS were determined as given in Table 1. Finally, the 
procedures above were applied to four different DAFs.

2.3. Immiscible oil/water mixtures separation

The DAFs are held in place by two 2.5-cm-diameter 
glass tubes. In this test, two types of soybean oil and motor 
oil were used. Indigo and oil red were used to color the 
water and oil, respectively. The density used oils are listed 
in Table 2. A water/oil mixture (50% v/v) was poured onto 
a wetted sample surface. When light oil and water were 
separated, the modified DAFs were prewetted with water 
before separation; similarly, the modified DAFs were prewet-
ted with oil before heavy oil and water (water-oil) sepa-
ration. Eq. (1) was used to calculate separation efficiency.
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where cf denotes the oil content before separation and ce 
denotes the concentration of recovered oil after separation.

2.4. Preparation and separation of oil-in-water emulsions

Emulsion separation experiments were carried out 
under vacuum filtration using SCJ-10 vacuum pump (SUPO 
Co., China). Four types of DAFs were measured in order 
to find out which had the best separation effect. The sep-
aration experiments were carried out at room temperature 
and pressure of 15 mm Hg. Finally, the oil droplet size 
were measured filtration using the total organic analyzer 
(XU65-TOC-2000).

Table 1
PDMS and TiO2 dosage for four samples

Samples TiO2 (wt.%) SiO2 (wt.%)

Toyota Prado 0.1 0.5
Corolla 0.1 0.5
Santana 0.5 0.5
Volkswagen 0.3 0.5

Table 2
Physical properties of test oils and solvents

Miscellaneous oil Density (g/cm3)

Diesel 0.820–0.845
Soybean oil 0.915–0.938
Motor oil 0.910
Chloroform 1.47
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2.5. Characterization

Scanning electron microscopy (SEM) images and energy- 
dispersive X-ray spectroscopy (EDX) maps were taken 
using Zeiss Merlin Compact to optimize the experimen-
tal conditions. The elemental and chemical composition of 
the DAFs are characterized by an ESCALAB 250Xi X-ray 
Photoelectron Spectrometer (XPS, Thermo Scientific, USA) 
and Fourier-transform infrared spectroscopy (FTIR, Bruker 
VERTEX 33, Germany). A contact angle meter (DropMeter™ 
Element A-60) was used to evaluate the wettability, and 
each data point was produced by taking the average of 
five repeated measurements. The optical microscope was 
used to collect and examine the scattered droplets in the 
emulsions (Leica DVM6s). The oil content was measured 
by the total organic analyzer (XU65-TOC-2000).

3. Results and discussion

3.1. Composition analysis and morphologies of samples

A superhydrophobic DAFs have been successfully 
prepared by integrating TiO2 nanoparticles with PDMS 
adhesive. The detailed preparation methods are illustrated 

schematically in Fig. 1. Initially, the PDMS was dispersed 
in ethyl acetate solvent to obtain the mixture solutions. 
After that, DAFs were dipped in ethyl acetate and PDMS 
mixture. After evaporation of ethyl acetate, DAFs with 
superhydrophobic coating were prepared.

SEM was used to study the surface morphology of the 
different DAFs. Fig. 2a shows that four different DAFs exhib-
ited porous and interconnected three-dimensional (3D) net-
work with tightly cross-linked fibers with an average pore 
size of around 35 µm. From magnified SEM in Fig. 2b, it 
is not difficult to see that there are the PDMS and TiO2 on 
DAFs surface, which is crucial for forming stable superhy-
drophobic and oleophilic. In addition, the holes of fibrous 
structures have been almost covered by PDMS and TiO2 
after dipping. Fig. 2c is EDX mapping of the DAFs surface 
coated with PDMS/TiO2, which confirmed the presence of 
C, Si, O, Ti elements.

To further verify DAFs modified with PDMS and 
PDMS/TiO2 respectively, the FTIR spectra were investi-
gated in Fig. 3a. The –OH stretching vibration is responsi-
ble for developing the peak between 3,300 and 3,700 cm–1. 
Asymmetric –CH3 stretching, symmetric –CH3 deforma-
tion, and –CH3 rocking in Si–CH3 of PDMS have peaks at 

 Fig. 1. Schematic description of the preparation of DAFs coated with PDMS/TiO2 nanocomposites and the oil/water separation 
process.

 
Fig. 2. Surface morphology of (a) coated four types of air filter elements (b), the PDMS/TiO2 air filters of different magnification, 
and (c) energy-dispersive X-ray spectroscopy results of the PDMS/TiO2 air filters.
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roughly 2,964; 1,261.2, and 802.2 cm–1. The asymmetric Si–O–
Si stretching vibration absorption has a broad, multicom-
ponent peak extending from 930 to 1,200 cm–1. Compared 
to the PDMS modified DAFs, the spectra of PDMS and 
TiO2 modified DAFs showed that absorption bands was 
at about 1,180 cm–1, which is attributed to TiO2 crystal 
vibration absorption peaks.

The surface chemistries of DAFs coated with PDMS/TiO2 
were analyzed using XPS in Fig. 3b. Two peaks appeared 
at 98 and 149 eV, which were related to Si2p and Si2s, respec-
tively. However, the peaks related to the TiO2 were not 
detected, which is not unexpected due to the lack of surface 
penetration of XPS measurements.

3.2. Surface wettability of PDMS and TiO2 coated DAFs

The four types of DAFs and corresponding sample 
sizes are shown in Fig. 4a. To test the hydrophobicity of 
the modified DAFs, the contact angle were carried out. 
Water droplets can be repelled from the coating surface 
by the Cassie–Baxter state owing to the micro-nano struc-
ture formed by TiO2 nanoparticles combined with the 
low surface energy of the PDMS covering, and all testing 
water droplets on the modified DAFs are superhydropho-
bic with WCAs over 150°, as shown in Fig. 4b. Considering 
the stability of superhydrophobic coatings in various 
harsh environments, the modified DAFs were tested at dif-
ferent pH (from pH = 0 to pH = 14). Fig. 4c and d show 
the change of contact angle. The results showed that the 
superhydrophobic function of the modified DAFs did not 
decline significantly after dripping for 5 h.

As shown in Fig. 5b and d, the original and modi-
fied DAFs were immersed in water and gently pressed. 
The original air filter sample quickly sank to the bottom 
of the beaker. The modified DAFs still floats on the water 
surface after adding the weight of a key in Fig. 5e. Fig. 5f 
shows the WCA of the modified DAFs with a contact angle 
greater than 130°. It is also worth noting that proper micro- 
nanoscale porosity and coating thickness can keep 
low-surface tension liquid droplets on the surface.

3.3. Motor oil absorption test

Fig. 6a shows the oil absorption test of DAFs with a mix-
ture of motor oil and water. Motor oil (oil red-stained) forms 
a red layer on the water’s surface. It can be noticed that the 
superhydrophobic DAFs floats on top of the mixture and 
quickly collects the motor oil. After about 2 min, the supe-
rhydrophobic DAFs absorbed most of the oil. As shown in 
Fig. 6b, the modified DAFs still retained the superhydro-
phobicity after ten cycles, which indicated the effective recy-
clability of the PDMS-TiO2 DAFs. As a result, the oil/water 
mixture can only be separated on-demand by the as-prepared 
PDMS-TiO2 DAFs with excellent efficiency through a simple 
and low-cost fabrication method. In addition, taking a motor 
oil-water mixture as an example, the connection between 
oil-water separation efficiency and cycle count was investi-
gated. The separation efficiency of modified DAFs was deter-
mined to be greater than 96% after 10 cycles. Fig. 6c shows 
that the modified air filter element has excellent reusability. 
As demonstrated in Fig. 2, the PDMS coating acts as a binder 
at the nanoparticle-substrate interface, firmly cementing 

 

Fig. 3. (a) FTIR spectra of TiO2 powder, DAF/PDMS, and DAF/PDMS/TiO2 samples and (b) XPS analysis of DAF coated with PDMS/
TiO2 formulation.
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the nanoparticles and preventing them from slipping off 
the surface even after repeated compression. As illustrated 
in Fig. 6c, the aforesaid result illustrated the effective recy-
clability of DAFs. More importantly, the material appeared 

robust mechanical durability due to the strong bonding 
force between the filter skeletons and the PDMS. The mod-
ified DAFs could successfully separate immiscible oil/
water solutions (heavy oil/water and light oil/water mixes).

 
Fig. 4. Digital photograph of four common air filter elements from a car filter: (a,b) shows four types of modified air filter 
elements, respectively. The WCAs were more extensive than 154°, indicating that the modified DAFs were superhydrophobic 
below oil-water systems. Effects of (c) testing pH on WCAs of the surface of the class of DAFs with the most considerable porosity. 
(d) Shows the variation of the air filter with different pH in WCAs.

 

Fig. 5. (a) The pristine air filter sample and superhydrophobic modified air filter sample. (b) The pristine air filter sample and 
(c) superhydrophobic air filter sample float freely on the water. (d) The pristine air filter sample without loading. (e) The superhy-
drophobic air filter sample with loading of 0.645 g. (f) The WCA of modified air filter sample.
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The emulsion separation performance of the air fil-
ter was a critical aspect in the treatment of oily water. 
To evaluate the emulsion separation performance of the 
modified DAFs, the separation tests of two emulsions 
(including soybean oil and motor oil emulsions) were 
carried out. The motor oil/water emulsion was yellow, 
as shown in Fig. 7a, and the oil droplets could be readily 
detected using an optical microscope. It was discovered 
that the average size of oil droplets distributed emulsion 
feeds was less than 10 µm. At the same time, the filtrate 
was fully transparent and had no noticeable oil droplets, 
which indicated that the modified DAFs were capable 
of separating the emulsions effectively. Meanwhile, the 
soybean oil/water emulsion color was non-transparent, 
as illustrated in Fig. 7b, and the milky white phenomena 
were observed. According to the optical microscope snap-
shot, all water droplets are in the 10-micron size range. The 
filtrate obtained after separation by the modified DAFs 
was colorless and transparent, with no oil droplets visible 
in the optical microscope image of the filtrate (Fig. 7b).

The separation processes of the oil-water mixture, 
driven by gravity, are depicted in Fig. 8a–d. Various air fil-
ter (Toyota Prado, Corolla, Santana, and Volkswagen) sam-
ple was fixed between the filter cup and the conical flask 
to separate oil-water mixture. Because the captured oil 
prevented water from passing through the modified DAFs 
pouring, the water remained above the air filter, resulting in 
the complete separation of the oil and water mixtures. The 

separation capabilities of the TiO2/PDMS modified DAFs for 
both mixtures were assessed by the filtrate flux and associ-
ated separation efficiencies to define the separation capa-
bilities. The oil flux influences oil/water mixture separation 
speed and efficiency. F = V/S, where V represents the volume 
of oil flowing through the air filter, S represents the liquid’s 
contact area with the air filter. As demonstrated in Fig. 8e, 
the average oil flux of the four DAFs was measured at the 
standard vertebral atmospheric pressure. Santana-type air 
filter showed the highest oil flux of 2,3081 L/m2 h, while 
the other air filter (Volkswagen) was much lower (18,579 L/
m2 h). The permeating flux of the Remaining air filter was 
calculated as 19,562 and 21,067 L/m2 h. This implies that 
the various air filter types significantly influence the pene-
tration. Oil-water mixtures were studied using soybean oil 
and motor oil as the oil phase to measure air filter effec-
tiveness for separating two oil-water combinations fur-
ther. The separation efficiency (β) was assessed according  
to Eq. (2).
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where m2 is the mass of the oils after separation from the 
water, and m1 is the mass of the oils before mixing. The 
separation efficiency of modified DAFs was calculated to 
be greater than 93%, as illustrated in Fig. 8f.

Fig. 6. (a) Digital photographs of oil-water separation using modified DAFs. (b) The average WCA of modified air filter in each cycle 
of oil-water separation. (c) The cycling stability of the DAF for oil/water separation.
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3.4. Mechanism analysis

To understand the mechanism of the superhydropho-
bicity of the modified DAFs, Fig. 9 depicts a schematic illus-
tration of the water droplet on the coating surface. Cassie 
and Baxter addressed the phenomenon of solid-liquid con-
tact on a rough solid surface, the equation was proposed to 
calculate the contact angle of a liquid on a solid surface. In 
the Cassie–Baxter condition, water droplets remain on the 

DAF surface [41]. The surface’s apparent contact angle on 
the surface θr can be characterized as Eq. (3),

Cos Cosθ θr f f= −1 2  (3)

where θr and θ are WCAs on rough and flat DAFs modi-
fied with the same composition, respectively. f1 and f2 are 
the area proportion of water in contact with solids and air, 

 
Fig. 8. Digital photographs of separation of oil/water mixtures using various DAFs: (a) Toyota Prado, (b) Corolla, (c) Santana, 
and (d) Volkswagen, (e) average oil flux of different DAFs and (f) separation efficiencies of various DAFs.

 
Fig. 7. The size distribution of dispersed droplets, optical micrographs of the feed, and the corresponding filtrate in the separation of 
(a) the soybean oil/water emulsion and (b) motor oil/water emulsion.
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respectively (f1 + f2 = 1). In our line of employment, θr and 
θ is 162° and 94° (Fig. 9), respectively. To better understand 
the membrane separation property, we examined the cre-
ation of the wetting state of the membrane and the influence 
of the wetting state on separation performance extensively. 
Based on Eq. (3), it can be calculated that f2 is 0.946, illus-
trating that the air fraction trapped between the nanostruc-
tures is sufficient to generate superhydrophobicity. Because 
of PDMS modification, the TiO2 coated DAFs were covered 
by a significant number of hydrophobic groups, causing 
water droplets to linger on the membrane and remain supe-
rhydrophobic in Fig. 9a. At the same time, nanostructures 
can enhance oleophilicity in addition to being oleophilic in 
nature. As a result, when oil droplets come into contact with 
the air filter, the capillary action caused by the nanostruc-
tures might result in superoleophilicity (Fig. 9c). According 
to the above, the modified DAFs with superhydropho-
bic/superoleophilic properties allows oil to flow through 
the nanosized holes while retaining water droplets.

4. Conclusions

In summary, we have developed a facile and environ-
mentally friendly strategy for producing superhydrophobic 
DAFs to separate oil-water mixtures under solely gravity 
driving conditions. The DAFs modified with PDMS and 
TiO2 nanoparticles exhibited a high water contact angle of 
163° ± 0.3° and good stability in acidic, alkaline, and salt 
environments. The separation efficiency for heavy oil/water 
and light oil/water mixes is higher than 96% for ten cycles. 
This reutilization of DAFs can relieve air filter pollution in 
environments and turn DAFs into valuable, usable materi-
als. The method provides an effective strategy for effectively 
treating various oily wastewaters.
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