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Abstract: This paper deals with preparing a functional composite carbon fiber with a large surface
area for spilled oil cleaning. The composite fiber consisted of photosensitive oxide particles and
polymer-derived carbon. It was made by co-spinning the polymer and metallic compounds. After
heat treatment at high temperatures, an activated carbon fiber containing oxide particles was obtained.
The particles were found distributed in the fiber and at the surface of the fiber. The composite fiber
was found sensitive to sunlight. Fiber mats made of the composite fiber possessed a high surface
area for oil absorption and removal. Cobalt(II) titanate particles were obtained from the reaction of
titanium dioxide and cobalt oxide. The reaction happened in situ through the hydrolysis of metallic
compounds in the spun fiber. The titanium dioxide and cobalt(Il) titanate particle-containing fibers
demonstrated the photoactivity in the visible light spectrum. It was concluded that particle-containing
composite carbon fiber mats can be prepared successfully by co-electrospinning. Due to the oleophilic
property and the high active surface area, the composites are suitable for spilled oil cleaning through
fast absorption.

Keywords: composite carbon fiber; titanium dioxide particle; cobalt(II) titanate particle; co-electrospinning;
carbonization; spilled oil cleaning

1. Introduction

The increasing pollution by spilled oil on open water has been one of the driving
forces for investigating the oil cleaning technologies. The photocatalytic decomposition of
organics by harvesting visible-light-spectrum energy provides a unique way to control the
oil spilling pollution [1-4]. Hydrothermally synthesized iron containing titanium dioxide
was studies for the photocatalytic decomposition of fractionated crude oil [1]. Song et al. [4]
investigated the sunlight-driven self-cleaning property of BiVOy for the oil/water sep-
aration. It was found that the BiVOy coating on an underwater mesh is effective in the
separation of oil/water mixtures. Recently, Li et al. [3] coated hierarchical Bi, WO;@CuO
nanostructures onto the surface of a copper mesh through a combined chemical oxidation
and hydrothermal deposition process. The coated copper mesh was found to have a high
photocatalytic oxidation capability, so that underwater oily contaminants can be cleaned.
The mesh can be deployed with repeated usage for spilled oil cleaning.

Due to the low cost and biodegradable behavior, organic cellulose and cellulose
acetate nanofibers have been used for oil cleaning for a long time. For example, a multi-
functional deacetylated cellulose acetate nanofiber was made via electrospinning followed
by deacetylation [5]. The obtained nanofiber is oleophobic in water, which makes it suit-
able for water removal from oil/water mixtures. In order to make cellulose nanofiber
oleophilic, Chu et al. [6] used hydrophobic polydimethylsiloxane to modify the surface
of cellulose nanofibers derived from delignified porous wood. The adsorbent made from
the surface-modified-cellulose fiber has a superior oil-retention capability. Hybrid sol-gel
electrospinning silica—cellulose diacetate-based nanofibers were demonstrated in [7]. The
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superhydrophobic and high oleophilic nature of the nanofiber allows it to be useful for oil
spill cleaning. Jeddi et al. [8] prepared cellulose nanofiber aerogels from waste boxboards in
a freeze-drying process. The oil absorption efficiency of the aerogel beads is up to 279 g/g.
They are also highly selective in absorbing oil from oil /water mixtures.

Synthetic polymer fibers are also widely researched for oil spill cleaning. Polystyrene
is one of such examples. Li et al. [9] prepared a polystyrene-coated mesh by electrospinning.
Since the polystyrene polymer is superhydrophobic, a device made by using the mesh
can remove both heavy and light oils from water with a separation efficiency of up to
99.92% under harsh conditions including in hot water containing salt, strong acids, or bases.
In the work performed by Parangusan et al. [10], the electrospun polystyrene nanofiber
was reinforced by 0.5 wt % carbon nanotube. It was reported that the gamma radiation
could promote crosslinking and improve the bonding between the polymer and the carbon
nanotube filler. The selective oil absorption property has been achieved.

The development of renewable, sensitive photocatalysts with a high specific activated
surface area for the adsorption and decomposition of spilled oil in gulf, harbor, lakes, and
surface soils has been an active research field. Due to their high surface areas, nanofibers
have been proposed as effective photocatalysts for the decomposition of organics and/or
clean energy generation. Inorganic nanofibers, including spun ZnO nanofibers [11], in situ
spun TiO, /CdS hybrid nanofibers [12], hydrothermally synthesized Bi@Bi;Sn;O7/TiO,
plasmonic composite fibers [13], noble metal particle-containing carbon nanofibers [14],
and SrTiO3@Mo,C core—shell nanofibers [15], are some of good examples. In addition,
organic nanofibers [16-19] were also studied for the photocatalysis of decomposing dyes
and waste organics. Nanofiber materials have the advantages of high absorptivity and
enhanced photon sensitivity. Although some previous studies on TiO,-based nanoparti-
cles [20] and nanofibers [21] were reported as high-performance photocatalysts, there are
some problems to be resolved. First, TiO, has a wide energy bandgap. Thus, the light
absorption band of TiO; falls into the ultraviolet (UV) spectrum range. As a result, pure
TiO; nanomaterials cannot use the majority part of the energy from the sunlight properly.
Doping TiO; nanostructures with various metals have been considered to resolve this
issue [22]. However, those metals are either very expensive (such as Pt, Ni, Au, and Ag)
or poisonous (e.g., Cu, Cr, Co, and Zn), which limits the application of metal-doped TiO,.
Another issue is that TiO, has the hydrophilic property. Hydrophobic oil is hard to attach
to it, which hinders the adsorption of spilled oil onto the surface of TiO, nanostructures.
To tackle these problems, a partially carbonized nanofiber was made as the continuous
phase to hold TiO; nanoparticles using the reaction electrospinning technique, as shown
in an earlier work [23]. TiO, nanoparticles are incorporated into spun nanofibers through
in situ chemical reactions. After that, high-temperature heat treatment in a nitrogen at-
mosphere is conducted to convert the spun fibers into carbon nanofibers, and the TiO,
nanoparticles are doped with both carbon and nitrogen for visible light absorption. The
polymeric carbon nanofibers with a strong hydrophobic behavior attract drops and traces
of spilled oil and build up the contact between the absorbed oil and the incorporated TiO,
nanoparticles. Under visible light illumination, the oil drops can be removed effectively by
the TiO, nanoparticles.

2. Materials and Experimental
2.1. Materials and Instruments

Dimethylformamide (DMF) and titanium(IV) isopropoxide (95%) were purchased
from Alfa Aesar, Ward Hills, MA, USA. A stainless-steel injection needle, purchased from
McMaster-Carr, Santa Fe Springs, CA, USA, was used as the spinneret for the electro-
spinning. The needle had a gage size of 20 with an outer tube diameter of 0.9016 mm.
Polyacrylonitrile (PAN) polymer with a molecular weight of 150,000 Da was bought from
Scientific Polymer Products, Inc., Ontario, NY, USA. Other chemicals including DMF and
cobalt(II) acetate tetrahydrate (all in the ACS purity) were ordered from Alfa Aesar, Ward
Hills, MA, USA. A high-voltage direct-current power source was manufactured by Spell-
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man, Inc. Hauppauge, NY, USA. A Fusion 200 precision syringe pump made by Chemyyx,
Inc., Stafford, TX, USA was used to inject the polymer solution containing the titanium
and cobalt compounds during electrospinning. A model OTF-1200X-S-NT-LD compact
split tube furnace with a single heating zone, and a programmable controller, made by
MTI Corp in Richmond, CA, USA, was used for the oxidization and carbonization of the
polymer fiber. A model CHI-440C electrochemical workstation, made by CH Instrument in
Austin, TX, USA, was used to test the photoelectric property of the composite carbon fiber.

2.2. Compoaite Carbon Fiber Preparation

The preparation of a highly adsorptive composite material, based on titanium dioxide
particles embedded into a partially carbonized fiber from a precursor—PAN polymer—was
performed. The titanium dioxide was automatically doped with carbon, Co, and nitrogen
during the carbonization process. The adsorption and decomposition of the spilled oil
by this composite carbon fiber were characterized. Since the partially carbonized fiber
was hydrophobic or oleophilic, the fiber showed a strong oil adsorption behavior and
attracted the oil to a short distance from the titanium dioxide. The C and N-doped titanium
dioxide were highly sensitive to both UV and visible light, as also reported in [21,24].
This allowed the adsorbed oil molecules to decompose under the illumination of visible
light. The approaches and performed research tasks can be described as follows. TiO,
particle-containing carbon fibers were prepared via reaction spinning first. Doping the
particles was carried out through the high-temperature treatment in a nitrogen-containing
atmosphere. Then, the composite carbon fibers were held by a glass slide or aluminum
plate to form an oil-absorption test specimen. Structure assessment was performed using
SEM. The spilled oil absorption test was conducted by inserting it into to water—oil mixtures
with different water-to-oil ratios. The oil adsorption kinetics of the composite nanofibers
was investigated as well.

PAN with an approximate molecular weight of 150,000 Da was used as the carbon
fiber precursor. DMF was used as the solvent to dissolve PAN, so that a 10 wt % precursor
solution was made. Titanium(IV) isopropoxide (95%) was used as the titanium dioxide
source. The formula weight of titanium(IV) isopropoxide was 288.25. The concentration of
titanium(IV) isopropoxide in the DMF solution was about 0.3 wt %. For cobalt(Il) titanate
particle formation, the concentration of cobalt(Il) acetate tetrahydrate in the DMF solution
was 0.25 wt %. It is noted that the formula weight of cobalt(II) acetate tetrahydrate was
249.08. The above concentrations for titanium(IV) isopropoxide and cobalt(Il) acetate
tetrahydrate were selected with the intend to keep the atomic ratio of Ti and Co close to 1:1,
so that a stoichiometric compound cobalt may be generated through the annealing. For the
co-electrospinning, a high-voltage direct-current power source was set up. As shown by
the sketch in Figure 1a, a precision syringe pump was used for polymer fluid injection, and
a power source was applied for electrifying the fluid. The waveform of the power supply
is shown in Figure 1b.

Electrohydrodynamic casting or electrospinning was the process that was used to
fabricate the composite fiber in the experiment. The method has the advantage of easy
deposition and is versatile in the manufacture of polymeric materials, composites, and
ceramics. This process provides a sufficient electrostatic force by applying the varying
voltage between the solution and the collector, as shown in Figure 1b, to overcome the
surface tension of the solution containing PAN polymer, cobalt(Il) acetate tetrahydrate,
and titanium isopropoxide. This approach allowed the titanium oxide particle-generating
solution and the PAN solution to be co-spun or co-cast onto the collector. As a result, a
composite fiber was obtained in the reaction spinning process.

The main reaction during the electrospinning was the titanium dioxide particle forma-
tion. The moisture in the air triggered the following hydrolysis reaction [25]:

Ti-[OCH(CHj),]4 + 2 Hy,O — TiO; (s)}+ 4 (CH3),CHOH (g) 1. 1)
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Figure 1. Schematic drawings: (a) nanofiber spinning set-up; (b) output voltage vs. time.

For the cobalt-containing compound formation, the chemical reactions were shown
as following:

Co-[OO0C-CHj3]5-4H,0 — CoO (s)+ 3 H,O (g) 1+ 2 CH3COOH (g) 1, (2a)

CoO (8) + TiO, (s) — CoTiOj3 (s). (2b)

Equation (2a) represents the decomposition of cobalt acetate tetrahydrate, and
Equation (2b) stands for the cobalt(ll) titanate (CoTiO3) formation within the carbon
nanofiber during annealing. Due to the concentration variation of both titanium iso-
propoxide and cobalt acetate tetrahydrate in the co-electrospinning process, the generated
cobalt(II) titanate (CoTiO3) may not be exact in the stoichiometric equation in view of the
atomic ratio of Co to Ti. Besides that, the content of the oxygen element can be tuned,
depending on the heat treatment temperature and the atmosphere (e.g., hydrogen concen-
tration) in the furnace. Typically, with the increasing in the hydrogen concentration in the
atmosphere, the oxygen deficiency can increase the defect concentration due to the fact
that the heat treatment and the electrical conductivity of the synthesized cobalt(I) titanate
(CoTiO3) could be higher.

A compact split tube furnace, as shown in Figure 2a, was used for heat-treating the
composite nanofiber. Figure 2b shows the gas control instrument. The heat treatment
on the fabricated nanofiber caused the oxidation of PAN, and the evaporation of ethanol
gas generated from the titanium dioxide formation, as shown in Equation (1), can be
completed by setting the specimen into the quartz tube furnace (Figure 2a) and heated to
above 250 °C for 2 h. The air in the quartz furnace was replaced by nitrogen and hydrogen
(10:1, v/v), after the heating temperature reached 500 °C. A continued heating process
took an additional 2 h before cooling down. At such a high temperature in an atmosphere
containing both nitrogen and hydrogen (10:1, v/v), the PAN fiber was converted into a
partially carbonized one. In addition, the titanium dioxide was forced crystalized and
doped with N and C [26]. Chen et al. [26] showed that the data reflecting the change in the
crystal cell parameters of titanium dioxide due to the C and N co-doping at 400 and 500 °C,
respectively. During the cooling process, the specimen remained its position inside the
furnace tube, and this process could take longer or shorter time due to different ambient
temperatures. In this study, the ambient temperature was 16 °C in an air-conditioned room.
Natural cooling was used to allow the temperatures of the furnace and the heat-treated
sample to reach the room temperature together.
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(b)

Figure 2. Photos showing the set-up for the fiber heat treatment: (a) split furnace with a quartz tube
as the reaction chamber; (b) multi-channel gas-flow-controlling unit.

2.3. Characterization

A scanning electron microscope (SEM model: JEOL JSM-6010PLUS/LA) was used to
examine the microstructure of the prepared composite fiber. A SONY DSC-W100 cyber-shot
camera was used to take photos of the composite fiber before and after the heat treatment.
Representative pictures were used to show the fiber specimens for spilled oil cleaning. The
CHI440C electrochemical workstation was used to measure the open circuit voltages of the
specimens with and without the cobalt addition under visible light excitation. During the
photosensitivity test, the data requisition rate was set as 10 data per second.

3. Results and Discussion
3.1. Morphology of the Composite Carbon Fiber

The composite carbon fiber containing titanium oxide particles was examined by
SEM. From Figure 3a, it can be seen that the oxide nanoparticles were embedded into the
micro- and nanofibers. The nanoparticles were not in clusters. Instead, a pretty uniform
distribution of the nanoparticles in the fibers can be found. Increasing the particle loading
dosage was also studied. The concentration of the oxide-particle-forming precursors was
an important parameter for affecting the final morphology of the materials prepared. In
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Figure 3b, the carbon fiber showed a significant change in the size. This indicted that the
processing parameter could impact the morphology of the heat-treated fiber.

>

SEl 20kV_WD9mm SS62 x130 100pm  —

Figure 3. SEM images of oxide particles/fibers (a) and composite fibers (b) with different sizes.

3.2. Photosensitivity of the Composite Carbon Fiber

The photosensitivity tests on the titanium dioxide containing carbon fiber compos-
ites were performed. A fluorescent light tube was used to generate visible light. An
Electrochemical Workstation (the Instrument model: CHI440C) was used to record the
photon—voltage response data. The composite carbon fiber was placed on transparent
glass slides, and aluminum foil strips were used to form electrically conductive paths. The
light source was controlled as “On” for 5 s followed by “Off” for 5 s. The test results were
obtained and are shown in Figure 4. The open-circuit potential (the voltage between the
test leads), E, versus time, ¢, curve as shown in Figure 4a revealed that the fiber sample
possessed an n-type semiconducting behavior. When the visible light bulb was switched to
the “On” position, the light illumination caused the generation of electrons at the anode and
the voltage became more negative. However, when the light was “Off”, a positive surge of
the voltage was found, as shown in Figure 4a. Such an n-type behavior was associated with
the addition of cobalt-doped titanium-based oxide particles in the carbonized fiber. If there
was no cobalt addition, the photosensitivity was not so strong, as shown in Figure 4b. The
photon-induced voltage at the anode was not so stable, which is also shown in Figure 4b
by the larger drift of the baseline.

10 :
~ 5| .
> >
E E
w O w
o )
§ - §
o o
> -10 >
-15 : : : —1g e e SRTERERS
0 10 20 30 0 10 20 30
(a) Time, t (s) (b) Time, t (s)

Figure 4. Open-circuit voltages of the cobalt(Il) titanate particle-containing composite carbon
fiber (a) and the titanium dioxide particle-containing composite carbon fiber (b).

To evaluate the dye cleaning effect of the composite nanofiber, a rhodamine B (RB)
solution at a 0.1 mM concentration was prepared and used in the absorption experiment.
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The CoTiOj3 particles containing the composite carbon fiber sample was attached to a
stainless-steel mesh to make a photoanode. The nominal area of the stainless-steel mesh
was about 20 x 20 mm. The photoanode was immerged into the RB solution. A platinum
wire with a diameter of 0.5 mm was used as the cathode. The distance between the
platinum cathode and the composite nanofiber photoanode was kept at about 25 mm.
Under sunlight illumination, the RB in the solution was removed gradually. This was
checked by using a spectrometer to measure the UV-VIS light absorbance of the RB. The
intensity of the UV-VIS light varied, as shown by the results in Figure 5. Figure 5a shows
the light absorbance of the 0.1 mM RB solution without degradation. After six days, the
UV-VIS absorbance of the solution was measured again, and the results are presented
in Figure 5b. Comparing the results in Figure 5a and in Figure 5b, it was found that the
absorbance was decreased. The absorbance band became narrower as well. This indicated
the reduction in the impurity in the solution due to the adsorption and the removal of the
RB by the composite carbon fiber sample. It must be pointed out that the adsorption and
absorption of impurity by the fiber sample could remove the absorption spectrum below
500 nm. The reasons for the difference in the light absorption level at 560 nm could be from
both the adsorption/absorption and the photocatalytic effect generated by the composite
carbon fiber.

700
Wavelength (nm) Wavelength (nm)

(b)

Figure 5. Absorbances of the 0.1 mM rhodamine B (RB) solution before decomposition by the
cobalt-titanate particle-containing composite fiber (a) and after decomposition for 6 days under
sunlight (b).

As known, pure TiO, with an anatase crystalline phase structure only shows pho-
toactivity under the illumination of UV light with wavelengths A of <387 nm, because
it has an energy band gap of 3.3 eV [27]. Doped TiO, with a high sensitivity to visible
light (A > 400 nm) can harvest solar energy. Visible-light-sensitive TiO, can be made by
metal-ion doping [28] and nonmetal doping [29]. Doping TiO, changes its crystal structure,
tuning of band gap energy, as demonstrated by measurements using XRD [30], UV-VIS
photoluminescence [31], XPS [32], and other techniques for example, Raman analysis [33].
In this work, the electrospinning followed by heat treatment caused the TiO, particles
doped with N, C, and Co. This would result in the change of the structure, band gap, and
electrically conductive behavior.

To evaluate the spilled-oil cleaning performance of the nanofiber specimens, the
removal of vegetable oil was conducted. The results for the absorption of vegetable oil are
shown by Figure 6. The time-dependent wetting of oil in various samples was examined.
Oil drops were set on the six specimens including two pieces of titanium foil strips (a
pure titanium and a titanium with a nanotube surface coating), two nanofiber samples
(the nanofiber before the heat treatment and the nanofiber after the heat treatment), and
two glass slides as the control specimens. The oil absorption behaviors of the six tested
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materials varied with time. In both Figure 6a,b, the six specimens were arranged in the
same sequences as follows. From the very top, it was the pure titanium sample. The pure
titanium was followed by the heat-treated titanium dioxide nanotube specimen. Then
counterclockwise, the white-color non-heat-treated titanium dioxide nanofiber sample can
be found. The heat-treated cobalt(II) titanate nanofiber showed a pale green color. The rest
of the specimens were clean glass slides. In Figure 6a, it can be seen that the oil spread the
most across the heat-treated nanofiber specimen. Oil drops were absorbed instantly into
the nanofibers. While on a clean glass, the oil drops remained intact. In Figure 6b, it is more
apparently shown that the oil spread out the most for the heat-treated nanofiber sample,
followed by the titanium nanotube sample, non-heat-treated titanium dioxide nanofiber
sample, pure titanium, and last the clean glass.

(b)

Figure 6. Photos of oil drops on glass slides after 10 min exposure to sunlight (a) and after 20 min
exposure (b).

Based on the results shown by the above photos in Figure 6a,b, it was concluded that
the titanium dioxide-containing fiber sample had a good oil absorption and cleaning ability.
The fiber was also good at removing the oil. Out of the six test samples after each time
measurement, the oil spread out the most for the fiber sample. This behavior is beneficial
in cleaning the oil. It may also be used for biological disinfection, because titanium dioxide
has been widely used as a disinfectant [34]. The composite carbon fiber was made not only
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Glass plate

(a)

for the initially proposed spilled-oil cleaning, but also as a raw material for the wearable
technologies and micro- and nanorobots.

In Figure 7, two photographs taken using a SONY DSC-W100 digital camera are
shown. As can be seen from the photos, two pieces of titanium metal oxide particle-loaded
carbon fiber mats were placed on a piece of a blue-colored paper. The mats were made
of the same cobalt(Il) titanate particle-containing carbon fiber. The left side of the photo
illustrated a water drop with a diameter of 8 mm staying on the composite carbon fiber mat
without any wetting to the fiber. The right side of the picture shows that a spilled oil drop
was instantly absorbed into the fiber wool and was gradually removed under sunlight.
This revealed the hydrophobic and oleophilic behavior of the composite carbon fiber.

A spilled o1l drop
decomposed by
the nanofiber

\

A water drop stays
on the nanofiber

. 3

Metal oxide nanoparticle
loaded carbon nanofiber wools

Figure 7. Photographs showing the hydrophobic and oleophilic behaviors of the composite car-
bon fiber.

The quantitative analysis of oil wetting was made by measuring the wetting angles.
As shown in Figure 8a, a silicon oil for vacuum pump usage was dropped on a piece of a
glass plate, and the wetting angle, 6, was measured as 40°. When the same type of oil was
dropped on the cobalt(Il) titanate particle-containing composite carbon fiber mat, the oil
was instantly absorbed by the fiber mat, as shown in Figure 8b. The accurate oil-to-fiber
mat wetting angle, 0, in this case was difficult to measure. However, it was estimated as
0°. The oil wetting test results further validated the oleophilic behavior of the composite
carbon fiber.

Oil drop

Composite fiber mat

Oil soaked region

Glass plate

.‘D/Ietal plate Metal plate

(b)

Figure 8. Images showing the contact of oil with a glass plate (a) and with a composite fiber mat (b).
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Nanofiber mat

Similarly, the quantitative analysis of the water-to-fiber mat wetting behavior was
performed by measuring the wetting angle variation vs. time. At the beginning of the test, a
drop of water was set at the edge of the fiber mat, as shown in Figure 9a. The wetting angle,
0, was measured as 138°. When the water drop was set about 60 min at the same location,
the shape of the drop did not change much. Only the size was slightly reduced due to the
evaporation of water. The wetting angle as shown in Figure 9b was close to 135°. Obviously,
the composite carbon fiber as a highly hydrophobic material was further confirmed.

(b)
Figure 9. Images showing the contact between water and the composite carbon fiber: (a) water drop
just setting at the edge of the fiber mat; (b) contact angle measured after 60 min.

4. Conclusions

A functional composite carbon fiber with a large active surface area for spilled oil adsorp-
tion and cleaning was successfully prepared and tested. The composite carbon fiber consisted
of oxide particles, and the carbon was generated from the polymer, PAN. The polymer as the
continuous phase for holding the particle-generating substances was spun into composite
fiber mats first and then carbonized at high temperatures in a protective atmosphere.

The cobalt(Il) titanate particles-containing composite carbon fiber showed a photo-
sensitive property. Co-electrospinning the polymer and oxide-generating substances was
found to promote the uniform dispersion of the produced particles within the carbon
fiber. The fiber also showed a demanded high surface area for oil absorption and cleaning.
Specifically, titanium dioxide nanoparticles were prepared in situ through the hydrolysis of
an organometallic compound in the electrospinning process. Cobalt(Il) titanate particles
were generated in situ during the high-temperature annealing in a protective atmosphere.
The composite fiber mats showed the photosensitivity in the visible light spectrum. Due to
the hydrophobic and oleophilic behaviors, the composite carbon fiber mats were effective
in spilled oil absorption and cleaning.
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