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Abstract: To mitigate the damage of oil spills, a filter modified with a hydrophilic and oleophobic
coating is proposed for affordable and efficient oil separation and recovery from water. The sol–gel
method was chosen to produce a colloidal suspension of titanium dioxide particles for its ease of
production and its versatility in application for many different substrates, including paper and
cloth fabric. After immersing the substrates into a titanium-containing solution, three techniques
were applied to increase the production of titanium dioxide—microwave-assisted, refrigeration, and
ultra-sonication. Contact angle tests were done to investigate the change in the filter’s oleophobicity.
The titanium dioxide present on the surface of the filter was amorphous, but all treatment methods
showed an improvement in oleophobicity. All treated filters improved oil filtration performance
by up to eighty percent. The filters isolated motor oil from a mixture while allowing water to pass
through. The coated filters also displayed photocatalytic activity by degrading methylene blue on
its surface when exposed to sunlight, demonstrating the filter’s self-cleaning ability. For real-world
applications, the filter can be supported by a stainless mesh for enhanced strength and durability.
While being dragged through the water, the filter collects the surface oil, allowing water to pass
through via gravity.

Keywords: titanium dioxide; filter; oil spills; oil/water separation; sol–gel; hydrophilic and oleophobic
coating

1. Introduction

Oil spills have severely impacted the ecological health of marine life and devastated
coastlines. A recent example is the Huntington Beach Oil Spill that was detected in October
2021. The leakage, caused by a split in an underwater pipeline, spilled over 100,000 gallons
of crude oil into coastal waters. Oil spills have become an environmentally critical issue
because of their long-lasting consequences for the marine ecosystem and human health [1].

Traditional oil cleanup methods have poor oil recovery, slow operations, and pose the
risk of introducing additional pollutants into the water [2]. In-situ burning is a technique
that entails controlled burning of crude oil on the surface of the water. This produces
harmful carbon emissions and can leave behind burnt oil residue. Burning requires optimal
weather conditions, mild winds, and calm waves to maintain the controlled burn and
minimize risk to humans and wildlife [2]. Another method, known as dispersion, involves
airplanes spraying chemical dispersants that break down oil accumulating on the ocean
surface into smaller droplets. While this method helps wildlife on the water’s surface, the
dispersants negatively impact marine wildlife. Skimming utilizes booms to enclose and
collect oil. Skimmers collect the oil–water mixture into a recovery tank where gallons of oil
and water are removed from spill location [3].

To overcome the shortcomings of these conventional methods, we propose trough-
shaped filters modified by a unique hydrophilic and oleophobic coating for affordable
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and efficient oil collection. As a result of these distinctive properties of the coating, the
filter attracts polar water molecules while repelling the nonpolar oil molecules. The filters
can be made of natural or synthetic materials (e.g., cotton, polyester, and polyamide) and
supported by stainless steel mesh for enhanced strength and durability. When being pulled
through water, the filters collect the surface oil while allowing water to pass through. The
purpose of the filter developed in this work is to provide a preliminary result, leading to
the development of a highly reproducible and easy to implement oil/seawater filter.

The development of surface materials that are both oleophobic and hydrophilic dates
back to 2000, when Nakajima et al. [4] reported that, after 48 h UV illumination, the
polycrystalline titania (TiO2) thin film surface could have a larger hexadecane contact angle
(25◦) than water contact angle (0◦). This discovery has generated immense interest in both
academia and industry [5]. In recent years, this special coating has shown great potential
for separating oil from water [6–8]. Moreover, the surface morphological structure can
amplify the surface properties [9–11]. For example, incorporating nanostructures in the
TiO2 coating can make it hydrophilic and oleophobic, thus enhancing the absorption of
water while improving the surface resistance to oil. Thereby, these TiO2-based surface
modifications can improve the efficiency of the oil/water separating filter.

Following the Huntington Beach Oil Spill, this project focused on creating a coated
filter that can be implemented into machinery used to clean up oil spills. To accomplish this,
TiO2 was used as a coating material for natural fiber filters. The coated filters can potentially
improve the speed of the cleanup efforts and oil recovery while remaining cost-effective
and environmentally safe. Particularly, the coated filter can recover the spilled oil instead of
burning the oil in the in situ burning and does not require a specific weather condition [2].
This method can be implemented to collect the spilled oil without any environmental and
human health impacts compared to dispersion or in situ burning [12,13].

The photocatalytic properties of TiO2 refer to its ability as a semiconductor to produce
a powerful oxidizing hydroxyl radical when exposed to UV irradiation, oxygen, and
water [14]. The hydroxyl can subsequently decompose organic molecules on its surface,
often referred to as self-cleaning ability [14,15]. In the application of oil/water separation,
wetted filters can be left to dry in the sun, exposing them to UV radiation oxygen and water
cleaning on the filter surface.

TiO2 will exhibit hydrophobic or hydrophilic behavior, depending on its crystal phase
composition. In the study of crystal phase composition of TiO2 and its effect on wettabil-
ity, Vrakatseli et al. concluded that hydrophilicity is achieved with a rich anatase phase
composition, while a rich rutile phase would make a filter become hydrophobic. Films
consisting of high concentration of anatase phase exhibited strong hydrophilicity [16].
They concluded that anatase films retain hydrophilicity due to the donor–acceptor in-
teraction between Ti-OH and water. In a study of the effect of TiO2 coatings on rock
surfaces, Hosseini et al. found significant anatase phase TiO2 on hydrophilic and oleo-
phobic surfaces [17]. For that reason, traditionally, the anatase phase would be favored
for application concerning TiO2 coatings. TiO2 is ideal and applicable for use as a coating
for an oil/water separating filter. The production of anatase phase TiO2 typically requires
heat treatment, as even low-temperature novel methods require a temperature of at least
75 ◦C [18]. Amorphous TiO2 can be produced with the sol–gel method without the aid of
heat treatment, and therefore requires less sophisticated equipment. This can help maintain
low cost while providing high output, therefore increasing accessibility for adoption and
in-field usage. The combination of three properties of amorphous TiO2 provide a benefit in
oil/water separation—hydrophilicity, oleophobicity, and photocatalytic activity [8,19,20].
Hydrophilicity refers to the tendency of a substance to interact with a polar solvent, in par-
ticular water. The hydrophilicity of a surface is its ability to attract water and allow wetting
on it [21]. Conversely, oleophobicity is a property that describes a surface’s repulsion to oils.
An oleophobic surface will resist the adhesion of nonpolar liquids. Crude oil, being mostly
composed of hydrocarbons, is a nonpolar liquid [22,23]. In practical use, a hydrophilic- and
oleophobic-coated filter can be wetted by water while the oil collects on the surface.
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To apply the self-cleaning coatings, the established sol–gel procedure was utilized to
produce a titania gel that was subsequently treated and applied to fabric filters. Sol–gel
treatment methods have been used to produce TiO2 coatings. In the following experi-
ments, the methods employed to enhance the sol–gel process are microwave radiation,
refrigeration, and sonication-assisted methods.

A few studies have shown the potential of this treatment method in synthesizing and
as a post-treating process [24,25]. Notably, Imoisili et al. analyzed the effect of microwave-
assisted sol–gel synthesis of TiO2. The resulting study found that microwave radiation
enhances the reaction rate of forming TiO2 nanoparticles and improves photocatalytic
performance [24]. Additionally, Falk et al. concluded that microwave-assisted synthesis
of TiO2 could be obtained energy-efficiently [25]. The microwave process has also been
studied to improve TiO2 crystallization speed [26]. However, these studies either focus
on increasing the reaction rate of TiO2 formation or the enhancement of photocatalytic
properties. Meanwhile, a study on the effectiveness of microwave-assisted treatment on
TiO2 coating filters is still lacking. In this work, the performance of this treatment method
is investigated and compared with other treatment methods.

Hosseini et al. evaluated the effects of various treatment methods to the conventional
sol–gel TiO2 preparation [17]. The refrigeration method has been stated to produce a
smaller nanoparticle size compared to microwave radiation. This method utilizes low
temperature treatment to create smaller nanoparticle sizes compared to high temperature
treatments. A smaller crystalline size would have a higher surface area to volume ratio.
Therefore, the refrigeration treatment method would result in a better adsorption of TiO2 on
the substrate surface than a non-treated sol–gel method [17]. There are only a few studies
of refrigeration treatment method for improving TiO2 properties [17], and none of these
studies had a focus on the application of TiO2 on oil/water separation. For that reason, this
paper aims to investigate the effectiveness and efficiency of this treatment method, along
with others, to create a TiO2-coated filter for oil/seawater separation.

Guo et al. demonstrated that by using the sonication method of synthesizing nanopar-
ticle TiO2 the nanoparticle size could be controlled between 4–5 nm, and that the method-
ology was “fast, simple, effective, and energy efficient” [27]. The sonication method has
physical and chemical effects on the synthesis of the TiO2 due to the cavitation phenomena
that occur, which can achieve extremely high temperatures (>5000 K), pressures (>20 MPa),
and cooling rates (>1010 K s−1) in very localized areas that assist in the reduction of
metal ions to metal or metal oxide nanoparticles [27]. Noman et al. showed that the
sonication methodology could be used to produce anatase TiO2 nanoparticles on cellulose
substrate that were highly photocatalytic and possessed self-cleaning abilities [28]. Hence,
the sonication-assisted sol–gel preparation method shows promise for its simplicity and
energy efficiency, as well as for its ability to create small nano-particle size and selectivity
towards anatase crystalline structure.

Sonication was used as a treatment method with the goal of synthesizing nanocrys-
talline TiO2 with a higher ratio of the anatase crystalline structure [28]. This simple and
energy efficient technique has been shown to have effective photocatalytic properties, as
well as improved adhesion to fabric substrates at low temperatures [29].

A contact angle measures the interaction between a droplet and a surface. This angle
quantifies the surface tension using Young’s Equation [30]. Wettability also identifies the
ability of a liquid to maintain contact with a surface due to the surface tension of the liquid
and the interface between the liquid and a surface [16,30].

A high contact angle has a low wettability, resulting in a droplet that does not spread
out across the surface. With a low contact angle, the droplet will adhere to a surface due to
a higher wettability [31,32]. A high contact angle of an oil droplet on the surface of a filter
is representative of low wettability to nonpolar liquids, meaning oil would be retained on
the surface of the coated filter. Conversely, a low contact angle of a water droplet on the
filter’s surface means high wettability, generally allowing water and other polar liquids to
pass through.
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We propose three treatment methods to enhance the oleophobic, hydrophilic, and
photocatalytic properties. Each method provides different potential benefits and provides
versatility in coating production, providing flexibility when considering production facili-
ties and material cost. Additionally, the substrates are composed of inexpensive, commonly
available materials. To evaluate the filters, both substrate materials will undergo each
treatment method to assess the combinations of substrate and filters, and their ability to
provide effective filtration, high oil contact angle, and sufficient photo-catalytic activity.
A demonstration of the oil/water separation performance of the coated filter versus an
uncoated filter is provided as Video S1 in the supplementary materials.

2. Materials and Methods
2.1. Materials and Equipment

The following materials were involved in sol–gel synthesis: acetic acid glacial 99%
ACS Grade (Lab Alley, Austin, TX, USA), titanium (IV), isopropoxide, TTIP (Sigma Aldrich,
St. Louis, MO, USA), and 1-butanol (Sigma Aldrich). The following materials were used
as substrates for titania coating: undyed cotton cloth, paper coffee filters. The following
materials were used for treatment after immersing the substrates into the sol–gel: variable-
wattage microwave (Sharp, Tokyo, Japan), ultrasonic bath (Branson, Brookfield, CT, USA),
and 58 W refrigerator (Whirlpool, Benton Harbor, MI, USA).

2.2. Coated Filter Preparation

The sol–gel method is simple and one of the most effective methods for producing
nano-sized metallic oxide materials [33]. To reduce the reactivity of the alkoxide and
stabilize the solution, TTIP was gradually dissolved in 1-butanol at room temperature with
magnetic stirring. 1-butanol was chosen because it can synthesize the smallest nanoparticle
size in sol–gel method among different alcohol solvents [34]. The acetic acid was then added
dropwise with magnetic stirring for 120 min. The reactants were introduced gradually, as
this is an exothermic reaction.

2.2.1. Refrigeration-Assisted Treatment

The filter was completely immersed in the sol–gel container. The container was stored
without covering in a refrigerator at 4 ◦C for 24 h. The coated filter was allowed to dry at
room temperature for 24 h.

2.2.2. Microwave-Assisted Treatment

The substrate was completely immersed in room temperature sol–gel and placed into
a microwave equipment. The solution, immersed in a sol–gel bath, was irradiated by
microwaves at 1500 W in two 20 s intervals to prevent the solution from boiling over, with
40 s between the intervals to cool. By calculation, the total input energy for irradiation was
60 kJ. However, this amount of input energy may not completely contribute to the sol–gel
treatment due to the volume effect and other parts being heated. After the microwave treat-
ment, the substrate was left to cool and dry in a well-ventilated area at room temperature
for 24 h.

2.2.3. Sonication-Assisted Treatment

During the sonication treatment method, the sol–gel mixture was immersed in a
sonication bath and sonicated for a total time period of 10 min, with the ultrasonicator
power level set at 100 W. The energy input was calculated for sonication to be 60 kJ. This
sonicated solution was then used to coat the substrates. After immersing the substrates in
the solution for 24 h, they were allowed to dry at room temperature for 24 h.

2.3. Porosity Ratio

The relative porosity between the cloth and coffee control was determined as a ratio.
Two sample strips from the control filters with the same dimension were prepared. Each
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strip was fully immersed in hexane for 20 s and removed afterward. The mass difference of
the hexane between prior and after the immersion was recorded. The porosity ratio could
be calculated using the following equation:

φcoffee filter
φcotton

=
Vpore,coffee

Vpore,cotton

(
Vcotton sample

Vcoffee sample

)
=

msoaked hexane,coffee

msoaked hexane,cotton

(
δcotton

δcoffee

)
≈

msoaked hexane,coffee

msoaked hexane,cotton
(1)

where φ is the porosity, m is the mass of the soaked hexane in the coffee or cloth control
sample, and δ is the thickness of the material. Since the thickness is much smaller than
the surface area of the samples, the volume ratio of the sample can be approximate to the
surface area ratio, which was controlled to be 1. Therefore, the porosity ratio between the
cloth and coffee filter material could be determined as the mass ratio of the mass difference
of the hexane.

2.4. Mass Distribution

The mass distribution of TiO2 on different coated filters was measured as mass per unit
surface area. Six square pieces of substrate samples, 3 from cloth and 3 from coffee filter,
were measured and prepared to have the same dimensions. These pre-weighed samples
were TiO2 coated with different treatment methods. After the coating and drying process,
the samples were reweighed. The mass distribution of TiO2 would be the mass difference
between prior and after the coating process over the surface area of the substrate.

Mass distribution =
Mass difference

Surface area of substrate
(2)

2.5. Performance Testing

Two tests were conducted to evaluate the performance of each type of coated filter,
including the filtration test and static contact angle test. In the filtration test, a funnel
with the tested filter was set atop a graduated cylinder. In the contact angle test, a UHD
resolution camera with Xenvo Clarus 15x Macro Lens attachment was used to capture the
images of the droplets on a flat filter surface. The contact angles were determined using
image-analyzing software.

2.5.1. Pure Oil Filtration Test

A timed gravity filtration test with pure oil was conducted to obtain quantifiable
values of the filtration capabilities between the coated against their respective control filters,
and between the various treatment methods in comparison to one another [35,36].

The test was conducted by pouring 50 mL of pure motor oil onto the filter contained
within a funnel, which was then allowed to gravity filtrate over a period of 5 min. The
funnel was set atop a 50 mL graduated cylinder. During the duration of the test, the filtrate
volume was recorded in 30 s intervals.

To analyze the increased filtration performance, the data from the filtration test are
represented as a percentage improvement of the coated filter against the control filter. This
is calculated as the additional volume of oil that the coated filter blocked from passing,
divided by the original volume of oil that passed through the control filter.

% Improvement =
Vfiltrate,control − Vfiltrate,coated

Vfiltrate,control
× 100% (3)

2.5.2. Contact Angle Test

Contact angle was used to measure the oleophobic qualities of the filter where a higher
contact angle will be seen with filter with higher oleophobicity [37]. It was predicted that
the treated filter would have a higher contact angle compared to the untreated filter.

To measure the contact angle of the filter, a video was taken of a 25 mm3 droplet of
motor oil (ProLine SAE 10W40) being dropped onto the filter. A single image was taken



Separations 2022, 9, 269 6 of 15

from the video when the droplet first made contact and was observed with the use of
software add-ons (Drop Shape Analysis and Contact Angle) to ImageJ (Version 1.53k, U.S.
National Institutes of Health, Bethesda, MD, USA) to determine the contact angle, as shown
in Figure 1. The averages of both contact angle analysis software were averaged to provide
the contact angle.

Separations 2022, 9, x FOR PEER REVIEW  6 of 15 
 

 

This is calculated as the additional volume of oil that the coated filter blocked from pass‐

ing, divided by the original volume of oil that passed through the control filter. 

% Improvement ൌ
V୤୧୪୲୰ୟ୲ୣ,ୡ୭୬୲୰୭୪ െ  V୤୧୪୲୰ୟ୲ୣ,ୡ୭ୟ୲ୣୢ

V୤୧୪୲୰ୟ୲ୣ,ୡ୭୬୲୰୭୪
 ൈ 100%  (3)

2.5.2. Contact Angle Test 

Contact angle was used  to measure  the oleophobic qualities of  the  filter where  a 

higher contact angle will be seen with filter with higher oleophobicity [37]. It was pre‐

dicted that the treated filter would have a higher contact angle compared to the untreated 

filter. 

To measure the contact angle of the filter, a video was taken of a 25 mm3 droplet of 

motor oil (ProLine SAE 10W40) being dropped onto the filter. A single image was taken 

from  the video when  the droplet  first made contact and was observed with  the use of 

software add‐ons (Drop Shape Analysis and Contact Angle) to ImageJ (Version 1.53k, U.S. 

National  Institutes  of Health, Bethesda, MD, USA)  to determine  the  contact  angle,  as 

shown in Figure 1. The averages of both contact angle analysis software were averaged to 

provide the contact angle. 

   
(a)  (b) 

   
(c)  (d) 

Figure 1. (a) Oil droplet on filter; (b) Droplet observed using ImageJ Contact Angle Plugin; (c) Im‐

ageJ Drop Shape Analysis Plugin (LB‐ADSA); (d) ImageJ Drop Shape Analysis Plugin (DropSnake). 

2.5.3. Photocatalytic Activity Assessment 

To confirm  the coated  filter’s ability  to undergo photocatalysis,  the  reagent meth‐

ylene blue (MB) was applied onto the filters and exposed to sunlight over a total period 

of 20 h of sunlight as shown  in Figure 2. Titania’s property to decompose organic sub‐

stances under sunlight UV irradiation will cause the MB to fade in color [38]. Photos were 

taken in increments of 10 h to qualitatively assess the color degradation during the dura‐

tion of their exposure. 

Figure 1. (a) Oil droplet on filter; (b) Droplet observed using ImageJ Contact Angle Plugin; (c) ImageJ
Drop Shape Analysis Plugin (LB-ADSA); (d) ImageJ Drop Shape Analysis Plugin (DropSnake).

2.5.3. Photocatalytic Activity Assessment

To confirm the coated filter’s ability to undergo photocatalysis, the reagent methylene
blue (MB) was applied onto the filters and exposed to sunlight over a total period of 20 h
of sunlight as shown in Figure 2. Titania’s property to decompose organic substances
under sunlight UV irradiation will cause the MB to fade in color [38]. Photos were taken
in increments of 10 h to qualitatively assess the color degradation during the duration of
their exposure.

A color grading software add-on (Color Histogram) for ImageJ was used to analyze
and numerically evaluate the color degradation of MB on the coated filters. A reference Red
Green Blue (RGB) value was recorded for each treatment method and substrate type. The
RGB value of the filters was also recorded immediately upon being stained with MB. As the
MB decomposed on the filter surface due to sunlight exposure, the RGB value approaches
its control value, providing a quantitative measurement of coating photocatalysis. The RGB
values were evaluated as the percentage similarity to the reference RGB value. A higher
percentage difference represents greater photocatalytic degradation ability, expressed by
the TiO2 coating.

% RGB Similarity =

(
1− RGBref. − RGB(t)

RGBref.

)
× 100% (4)
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Figure 2. (a) Filters soaked in methylene blue; (b) Color histogram using ImageJ.

2.6. Characterization

X-ray crystallography was used to identify the composition of the resulting products
of sol–gel synthesis and treatment. To prepare the samples for x-ray diffraction (XRD), the
liquid samples of treated sol–gel were allowed to dry in enclosed area with a silica gel
desiccant. The resulting dried particles were examined using a Bruker D2 PHASER.

3. Results and Discussion
3.1. Oil Filtration and Oil–Water Separation Efficiency

Figure 3 shows the data collected from the gravity filtration test. Smaller volumes of
oil filtrate represent better filtration performance, as it is more effective at separating the oil
from the water. The filtration test results demonstrated that all treatment methods showed
an improvement in filtration capabilities versus their respective uncoated control filters.
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The results in Figure 4 were presented as percentage improvements against their
control filters. The coated coffee filters have shown a greater enhancement compared to the
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cloth filters across all treatment methods. Sonication treatment proved to have the highest
improvement factor, with sonicated coffee filters having an 80% increase and cloth filters
showing a 36% improvement.
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Another gravity-timed filtration test was done for oil and simulated seawater. How-
ever, the test results provide valuable data for this work. Because of the opposite charac-
teristics in polarity, oil and seawater are not soluble in each other, causing a water barrier
layer for oil to not pass through the filter and vice versa. As a result, there would be little or
no amount of filtrate passed in a short period of testing time. The coated filters were also
confirmed to not be hydrophobic with a simulated seawater filtration test. Therefore, for the
timed filtration test of oil/simulated seawater, the results were not valid in determining the
efficiency of separation. This reinforces the purpose of the oil filtration test to investigate
the oleophobicity of the filter to evaluate filtration efficiency.

3.2. Wettability of Oil to Different Oil Filters

Figure 5 depicts a data analysis of the static contact angle. In comparison to the control
filters, all treated filters had a greater oil contact angle, which indicated that the TiO2 coating
increased the oleophobicity of the filters. However, the treatment methods did not show
any correlation with the contact angles. The microwaved filter had the highest contact
angle among cotton filters. On the other hand, it had the lowest contact angle among
coated coffee filters. The amount by which the contact angle rose varied depending on the
treatment procedure and filter type. In cloth filters, sonication and microwave treatment
methods raised the contact angle considerably more than refrigeration. The control cloth
filter had a greater oil contact angle than the control coffee filter. This was maintained
after coating, as coated cloth filters had consistently higher contact angles that coated
coffee filters. This suggests that treatment temperature has a significant effect on filter
oleophobicity and should be taken into consideration when choosing substrate material
and treatment type. In future work, the oleophobicity of the filters should be expanded
upon via testing using the Washburn method via a force tensiometer.

All filters were also tested with water to confirm that they retained the hydrophilic
properties of the control filters. Droplets were absorbed into the filter too rapidly to
determine a contact angle, suggesting extremely high hydrophilicity.

Despite their greater filtration performance, ultrasonicated filters do not have a con-
siderably larger contact angle. This could be due to the distribution of TiO2 particles on
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the filter. Ungan and Tekin (2019) [39] showed that sonication of sol–gel solution evenly
distributes TiO2 particles. This could result in filters immersed in the sonicated sol–gels
having higher average coating density per area.

Additionally, a larger substrate pore radius leaves less surface area for TiO2 to adhere
to upon sol–gel immersion. From Table 1, the pore ratio between coffee versus cloth
filters was determined to be 0.25, meaning cloth filters have a larger pore size. Therefore,
cloth was shown to have greater permeability due to its higher pore size [40]. This is also
demonstrated by control cloth filters allowing a higher volume of oil filtrate than control
coffee filters in the filtration test. As a result, porous substrates provide less effective
coated filters.

Another potential explanation for the inconsistent performance of filters between
filtration and contact angle test could include droplet volume variation and the limitations
of the imaging software. Droplet volume typically does not have a significant impact
on contact angle within the microliter scale on ideal surfaces, as Drelich (2006) describes
ideal surfaces as having a smooth surface and homogeneity [41]. The fabric filters used
in experimentation have rough and uneven surfaces. This may increase the effect of
droplet volume on the measured contact angle. Furthermore, when the droplet volume
increases, the effect of gravity also increases [42], which could result in an inaccurate contact
angle comparison.

Figure 6 presents the TiO2 mass distribution on different coated filters. On the same
type of substrate, all treatment methods deposited the same amount of TiO2 coating.
Between the two substrate types, cloth filters had a considerably higher mass of TiO2. This
could be explained by the higher porosity of cloth substrates, leaving more vacancies for
the TiO2 particles to be deposited on the surface. Moreover, a consistent distribution of
TiO2 between different treatment methods suggest that the coating is distributed evenly.
However, scanning electron microscope (SEM) imaging is required to confirm the evenness
of the coating.
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Table 1. Porosity Ratio of Coffee Filter and Cloth Substrate.

Coffee Filter Cloth

Mass of soaked hexane (g) 0.20 0.80

Porosity ratio (ϕcoffee/ϕcloth) 0.25
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3.3. Photocatalytic Decomposition of Dye by the Coated Filters

Figure 7 shows the color degradation of methylene blue dye on multiple coated
filters. After 20 h of exposure to sunlight, the filter for all treatment types and substrate
material had visibly discolored. This confirms TiO2 coated filter’s ability to degrade organic
compounds in the presence of ultraviolet light.

In Figure 8, the RGB similarity explained by Equation 2 uses the un-dyed filter as
the reference. Based on the results, the refrigerated cloth was the best at returning to its
original state. The refrigerated cloth filter returned to 55% of its original RGB value after
20 h of sun exposure. Both microwaved filters, however, performed the worst during the
test. Therefore, microwave treatment is not the ideal choice when photocatalytic ability is
of high priority.
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3.4. Structure of the Oxide Coating Determined by XRD

XRD was used on another batch of sol–gel, synthesized for the purpose of examining
the phase of TiO2. This batch of sol–gel was treated in the same manner as those used in
the previous trials. The sol–gel samples of all treatment methods were found to contain
amorphous phase TiO2. The additional compounds used in synthesizing the sol–gel, 1-
Butanol, and acetic acid are volatile liquids and were allowed to completely vaporize over
a span of 14 days. Therefore, they are not present in the samples.

The XRD results shown in Figure 9 do confirm the presence of amorphous TiO2 with
no presence of any crystalline forms of TiO2. Despite the lack of anatase phase crystals, the
amorphous coating was able to provide favorable oil/water separation properties. This
result is promising for scalable production of filters, as amorphous TiO2 can be formed
without requiring additional heat treatment or as much highly sophisticated equipment. If
the amorphous coating is able to be further optimized, it is more likely to be implemented
in oil spill cleanup efforts.

3.5. Reaction Mechanisms for Sol–Gel Coating Formation and Photocatalysis

The formation of the sol–gel coating may be divided into several steps. In the first
step, the TTIP hydrolysis generated titanium hydroxide. The reaction can be expressed by:

TTIP + H2O→ Ti(OH)4 + CH3CH2OH

After the sol–gel formation, we carried out the immersion of the filter materials, in-
cluding cloth cotton and coffee filter paper, which were soaked with the titanium hydroxide
sol and gel. The next step of drying allowed the amorphous titanium dioxide generation:

Ti(OH)4 → TiO2 + 2H2O

As a nanoparticle coating on the filter materials, the titanium oxide showed photoac-
tivity because of the electron and hole rejection:

TiO2 + hν→ TiO2 + e− + h+
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The electron ejection helps the interaction with the polar solvent water. That is why
the increased hydrophilicity was observed after the coating was applied. The positive
changed hole allowed the reaction of organics decomposition, as can be expressed by:

R + h+ → R1 + R2

where R, R1, and R2 are carbon chain compounds with different carbon chain length. R is a
long chain compound, while R1 and R2 have shorter chain lengths.

The existence of the hole caused the chain broken of dye or oil and eventually may con-
vert them into low molecular compounds by releasing carbon dioxide simultaneously [14].

For future works, we look towards other approaches to enhance oil/water separation.
Additional types of filter substrates beside natural fibers should be tested, in addition to
different surface modifications. For example, Nowak et al. used a polypropylene substrate
modified with MTMS aerogel for oil aerosol separation [43]. A polypropylene substrate
could potentially provide significant oil/water separation benefits while maintaining low
cost. Additionally, Nowak et al. described the addition of multiple layers of filters, which
could increase the overall efficiency of the filtration process. An additional study on the
potential of the service lifetime and reusability of the filter would be beneficial.
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4. Conclusions

The sol–gel method used in this study successfully created and deposited TiO2 on
both the natural fiber substrates used during experimentation. All coating treatment
methods increased the filters’ oil/water filtration capability, resisting the passage of oil.
Additionally, all coatings increase the filters’ oil contact angle, indicating an increase in
their oleophobicity. Of the tested treatment methods, sonication treatment had the most
significant increase during filtration test, with an improvement of 80%. Coffee filters had
better filtration performance, suggesting that smaller pore size may give more surface area
for TiO2 to adhere to the filters.

Testing with methylene blue showed that all the filters were imparted with photocat-
alytic properties from the TiO2 coating. XRD analysis on samples of treated sol–gel showed
the main phase of the coatings to be amorphous. Increasing the treatment durations may
lead to more anatase phase formation. Overall, our experimentation produced promising
results towards the synthesis of a highly reproducible filter for oil cleanup efforts.

Future experiments should perform further analysis on additional substrate materials,
substrate pre-treatment, sol–gel treatment duration, and better filter curing conditions
to further improve filtration capability. Additional studies on the effect of treatment
method on TiO2 phase, as well as further evaluation to provide quantitative data on the
photocatalytic properties on different substrates, could be conducted.
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