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Abstract: The current oil spill remediation strategies are costly and may be toxic to
aquatic species and clean-up workers. There is, therefore, the need to look for
alternative oil spill remediation strategies that are less costly and non-toxic. This
paper presents the potential of TiO2 and its modified form (Fe-TiO2) to remediate
crude oil fractions under the irradiation of sunlight (UV-Vis), visible (Vis) and ultra-
violet (UV) lights. The TiO2 and Fe-TiO2 were synthesized by mild hydrothermal
method and characterized with X-ray diffraction (XRD), Ultra-violet-visible spectro-
scopy (UV-Vis), Diffusion reflectance spectroscopy (DRS), Thermogravimetric analy-
sis (TGA), Differential Scanning Calorimetry (DSC), and Scanning Electron
Microscopy-Energy Dispersive Spectroscopy (SEM-EDX). The DRS result of Fe-TiO2

showed an enhanced absorption in the visible light region. The estimated optical
band gaps were ~3.12 and ~2.9 eV for TiO2 and Fe-TiO2, respectively. The potential
application of TiO2 and Fe-TiO2 in oil spill remediation was investigated through
photocatalytic degradation of benzene soluble fraction, n-hexane soluble fraction
and 1:1 volume by volume methanol/benzene soluble fraction in crude oil. The
degraded crude oil fractions were characterized with UV-vis, Fourier Transform
Infrared (FTIR) Spectroscopy and Gas Chromatography-Mass Spectrometer (GC-MS).
The FTIR and UV-vis results showed that the Fe-TiO2 was more effective in photo-
degrading the crude oil fractions under sunlight light irradiation than TiO2. The GC-
MS results showed excellent photodegradation of the various crude oil fractions
with the formation of new intermediate products. The results from the study show
the potential application of TiO2 and Fe-TiO2 in crude oil spills remediation.

Subjects: Materials Science; Chemical Engineering; Environmental
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Oil spills have devastating effect on the environment. As a result, different strategies are used to
minimise their effect on the environment when they occur. The current remediating strategies such as
chemical dispersant application and in-situ burning are expensive and have detrimental effect on the
environment. In addition, degradation by seawater bacteria is ineffective in remediating water-soluble
components of crude oil. This paper investigates into the development of a cost-effective oil spill
remediation method using highly abundant solar energy and photocatalysts (TiO2 and Fe-TiO2). In the
presence of water, photocatalysts upon irradiation with solar energy creates reactive species (radicals)
which can attack and break down crude oil fractions into innocuous compounds. This paper reports that
Fe-TiO2 photocatalysis is more effective in degrading/remediating water-soluble components of crude
oil under sunlight irradiation when compared to crude oil fractions that are less soluble in water.
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1. Introduction
An oil spill is defined as a discrete event in which oil is discharged through neglect, by accident, or
with intent over a relatively short time (Etkin, 2001). Oil spills that mostly take place in the marine
environment have a ripple effect on the economy. When marine life is affected, there are dama-
ging consequences on the economy, nutrition, health, and many more. As an example, the
standard of living of the fisher folks is affected whenever there is an oil spill since it may result
in the reduction of household income. Again, the shorelines of the marine environment which
serve as recreation centers and tourist sites are destroyed by oil spills (Nyankson, Rodene et al.,
2016). In addition, permanent loss of marsh areas may also be observed. The effect of all these is
that the importance of the oil industry to the economy is not fully achieved.

Therefore, the need to minimize the occurrence and effects of oil spills on the environment cannot be
overemphasized. Chemical dispersants, mechanical containments and collection, in situburning of
contained oil on the seas, the use of biological agents to aid degradation and the use of sorbent
materials are some of the commonly adopted oil spill remediation techniques. Though significant
reduction of the effect of oil spills on the environment has been achieved through these remediation
techniques, there are teething problems with many of the existing remediation strategies. For instance,
chemical dispersants have been reported to be relatively expensive and toxic to the environment and
clean-up workers (Nyankson, Rodene et al., 2016). To reduce the toxicity of chemical dispersants,
Nyankson et al. formulated biodegradable, plant based and non-toxic dispersant using soybean lecithin
(Efavi et al., 2017; Nyankson, DeCuir et al., 2015; Nyankson, Demir et al., 2016). In addition, other
researchers have resorted to the use of naturally occurring halloysite nanotubes and crude oil soluble
paraffins as vehicles for dispersant formulations (Nyankson, 2015; Nyankson et al., 2014; Nyankson,
Olasehinde et al., 2015; Owoseni et al., 2014, 2016).

The application of chemical dispersant results in the reduction of the surface energy between
the oil slick and water, and when enough energy is applied to the oil-water-dispersant mixture, the
oil is broken down into smaller droplets that diffuse vertically and horizontally in the ocean
column. Bacteria in the sea then feed on the oil droplets. However, many years after the Gulf of
Mexico oil spill, researchers have reported that, the water-soluble component of the spilled oil are
still present in the Gulf of Mexico (Ziervogel et al., 2012). On the other hand, it has been reported
that paraffins are easily degraded through biodegradation. The various fractions of crude oil
therefore respond differently to biodegradation. Therefore, a remediation strategy that is effective
in degrading all the components in crude oil must be developed.

After the occurrence of oil spills, some of the spilled crude oil are lost through photooxidation. This loss
though photooxidation has been observed to be preeminent in crude oils with high water-soluble
fractions (Lehr, 2001). This photooxidationmay be enhanced through the introduction of photocatalysts
such as TiO2(Dodoo-Arhin et al., 2018). The authors of this paper have examined how the various
fractions of crude oil will respond to photocatalysis. The results from this study will be essential in
deciding whether photocatalysis can be used as a stand-alone oil spill remediation technique or be
added to existing techniques to enhance their efficiency. Photocatalysis is the acceleration of
a photoreaction in the presence of a catalyst. When a photocatalyst (e.g., TiO2) is irradiated with
a light source, photons with energy greater than or equal to the band gap of the photocatalyst is
absorbed. This results in the excitation of electrons from the valence band to the conduction band
creating an electron hole pair. The valence band is strongly oxidizing while the conduction band is
strongly reducing. The valence bandhole and the conduction band electrons can attackwatermolecules
and dissolved oxygen resulting in the creation of reactive oxygen species (ROS). ROS can attack
pollutants and degrade them into innocuous compounds. Photocatalysis has been reported to be an
effective way of degrading water-soluble pollutants such as dyes, pesticides and pharmaceuticals
(Hoffmann et al., 1995; Nyankson, Agyei-Tuffour, Adjasoo et al., 2019; Nyankson, Agyei-Tuffour, Annan
et al., 2019; Nyankson & Kumar, 2019). Since crude oil is made up of different organic components, it is
hypothesized that photocatalysis can be used to photodegrade the various organic fractions present in
crude oil resulting in an effective remediation.
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Common photocatalysts such as Ag3PO4, ZnO, SnO2, ZrO2, TiO2, and CuO are effective in the
photodegradation of different compounds (Agbe et al., 2019). Among these photocatalysts, TiO2

possesses greater potential to photodegrade organic pollutants due to its desirable characteristics
such as high chemical and thermal stability, tunable band gap and availability in greater quantities
(Ajaj, 2015; Chong et al., 2010; Fujishima et al., 2000; Fujishima & Zhang, 2006; Fujishima et al., 2007;
Gaya & Abdullah, 2008; Herrmann, 1999; Huang et al., 2016; Mills & Le Hunte, 1997; Nasiri et al.,
2018; Santos et al., 2012). Photochemical degradation of polycyclic aromatic hydrocarbon crude oil
films with TiO2 has been reported and modelled (Lee & Ryan, 1983; Plata et al., 2008). However, the
wide band gap of TiO2 (~3.2 eV) limits its application to the UV region of the electromagnetic
spectrum. The practical application of TiO2 photocatalysts is limited since only 4% of the solar
radiation that arrives on the earth’s surface is UV (Martin et al., 2015; Murphy et al., 2006). When
modified through doping or by creating a heterojunction, the optical properties of TiO2 are enhanced
and therefore able to absorb radiations in both ultraviolet and visible light regions of the electro-
magnetic spectrum. This improves the photoabsorbance and consequently the photodegradation of
pollutants (Ajaj, 2015; Huang et al., 2016). The performance of TiO2 has been enhanced by coupling it
with other semiconductors such as Ag3PO4 (Lu et al., 2015), and by decorating with either Ag (Coto
et al., 2017) or Fe (Fàbrega et al., 2010). Fe is mostly employed for modification of TiO2 due to its
unique half-filled electronic configuration (C.-y. Wang et al., 2000) and its relatively cheaper cost
when compared to Ag. The unique half-filled electronic configuration may narrow the energy band
gap and also reduce the electron-hole recombination (Meng et al., 2013).

The authors are not aware of any photocatalytic degradation of crude oils from the recently
discovered Jubilee and TEN fields in the South Western part of Ghana. The TEN and Jubilee oil fields
are shown in Figure 1. Hence, in this work, TiO2 and Fe-TiO2 were synthesized by mild hydrothermal
method and characterized. Crude oil from the Jubilee and TEN Fields in Ghana was fractionated
into benzene (B SF), n-hexane (n-H SF) and 1:1 volume by volume benzene/methanol (1: v/v M:B SF)
soluble fractions. The pristine and modified TiO2 were contacted with crude oil fractions under the
irradiation of visible light (vis), ultraviolet light (UV) and sunlight (UV-vis). The extent of the
degradation was examined by UV-vis spectrophotometry and FTIR while the photoproducts were
identified with GC/MS. The implications of the results are discussed to ascertain the potential of
TiO2 and Fe-TiO2 as reliable catalysts in crude oil photodegradation.

This article includes Introduction, Materials and Methods, Results and Discussion and Conclusion.

2. Materials and methods

2.1. Materials
Isopropanol (IPA), Titanium tetraisopropoxide (TTIP), Dichloromethane (DCM), Benzene, n-Hexane,
Acetone and the Methanol were purchased from Sigma Aldrich, USA., Ethanol was purchased from
Fisher Scientific, UK., Hydrochloric acid (HCl) from Analar, England, and Crude oil was obtained from
Tullow Oil Ghana.

A summary of the research methodology is presented in the flowchart in Figure 2.

2.2. Synthesis of TiO2, Fe-TiO2 nanoparticles
Mild hydrothermal method was used to synthesize the TiO2 and Fe-TiO2 nanoparticles. In a typical
synthesis of TiO2 nanoparticles, TTIP and isopropanol were mixed in a volume ratio of 1:10 and
named solution A. Solution B which is made up of hydrochloric acid (HCl) and water (H2O) in a 1:10
volume ratio was also prepared. Solutions A and B were mixed and subjected to rigorous stirring at
1200 rpm for 24 h to form a milky solution. The resultant mixture was then centrifuged at 1800 rpm
for 15 min and washed several times with deionised water. The solid particles collected after
centrifugation were dispersed in a solution made up of 60 mL of water and 60 mL of ethanol and
autoclaved at 115 °C for 8 h. The autoclaved particles were dried in an oven at 70 °C for 48 h. The as-
prepared powder was then crushed and sieved with 75 µm sieve to obtain the TiO2 particles.
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A similar procedure was used for the synthesis of the Fe-TiO2 particles. However, 88 mg of
FeCl3.6H2O was added to the resultant solution obtained by mixing solutions A and B.

2.3. Characterization of TiO2 and Fe-TiO2

The structure, morphology, optical and thermal properties of the as-prepared TiO2 and Fe-TiO2

particles were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), diffuse reflectance spectroscopy (DRS), thermogravi-
metric analysis (TGA), and differential scanning calorimetry (DSC).

2.3.1. Microstructural characterization of Fe-TiO2 and TiO2

The phases present and the microstructure of the TiO2 and Fe-TiO2 particles were identified using
X-ray powder diffraction (XRD) patterns. The XRD characterization was done using a Bruker D8
x-ray diffractometer in theta-theta configuration with anode material Cu K-Alpha1 (wavelength of
1.54060 Å) and generator settings (40 mA, 45 kV). The XRD patterns of all the randomly oriented

Figure 2. Flowchart of the
research methodology.

Figure 1. The jubilee and TEN
(Tweneboa Enyenra Ntomme)
oil fields (Ghana, 2018).
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powder specimens were recorded in the 2θ range of 20�- 70° with a step size of 0.017°. The Debye
Scherrer’s equation was used to compute the crystallite sizes of the TiO2 and the Fe-TiO2.

The morphology and the chemical composition of the prepared nanoparticles were examined
using a FEI Nova NanoSEM 450 scanning electron microscope fitted with an EDX acquisition
detector, operated at an acceleration voltage of 5 kV and an aperture size of 30 μm. The prepared
samples were mounted on stainless steel stubs by the help of an adhesive tape and sputter coated
with a thin layer of platinum metal.

2.3.2. Optical and thermal characterization of TiO2 and Fe-TiO2

The Vertex 70 v (Bruker) Fourier Transform Infrared (FTIR) spectrometer was used to record the FTIR
spectra in transmission mode. The spectra were measured within a wavenumber range of
4000–400cm−1with4 cm−1 resolution. The recorded spectradatawasanalysedusing theOpus software.

Diffuse reflectance spectroscopy (DRS) was carried out using a UV-vis spectrometer. The Kubelka
Munk function (Kubelka & Munk, 1931; Morales et al., 2007) was then used to compute the optical
band gap of the TiO2 and the Fe-TiO2.

The thermal stability behavior (TG-DTA) of the nanoparticles were analysed on a TA Instrument
Q500 thermal analyzer. The Analysis was performed using air at a heating rate of 10°C min−1.

2.4. Fractionating of crude oil sample
The crude oil was separated into three fractions. The fractionating was done by adding 50 mL of
crude oil to 181 g silica gel in a chromatographic column. Five hundred milliliters of n—hexane was
first added to the crude oil in the column to elute the n-hexane soluble fraction. Secondly, 500 mL
of Benzene was also added to the residual crude in the column for the elution of the benzene
soluble fraction. Lastly, a solution of 250 mL of methanol and 250 mL of Benzene was again added
to the residual crude after the second elution, to elute the 1:1 methanol-benzene soluble fraction.
The eluate samples were concentrated by evaporating the solvent-crude oil fractions mixture
using the rotary evaporator at 40°C.

2.5. Photodegradation of crude oil fractions
0.2 mL of the crude oil fraction was measured and added to 50 mL of deionised water in a 200 mL
beaker. Fifty milligrams of the photocatalyst was added to the mixture of the crude oil fraction and
the deionised water. The resultant mixture was placed in the light source (UV or visible) chamber.
In the case of using sunlight as the light source, the crude oil-water-photocatalyst mixture was
placed in the sun. Continuous stirring at 350 rpm was done to ensure that the photocatalyst mixes
well with the water and crude oil. Irradiation was done continuously for 4 h after which 7 mL of
dichloromethane was added to the resultant mixture to extract the degraded crude oil. The
dichloromethane (DCM) with the dissolved degraded crude oil (or crude oil fraction) was separated
from the photocatalyst and water using separation funnel. The dissolved oil was further centri-
fuged at 600 rpm for 15 min to ensure that all residual photocatalysts were removed. The
extracted crude oil in DCM was characterized using UV-Vis, FTIR and GC/MS.

2.6. FT-IR, UV-Vis spectrophotometry and gas chromatography-mass spectrometry (GC/MS)
analysis of degraded crude oil fractions
The Vertex 70v (Bruker) was used to obtain the transmission FTIR spectra of the photodegraded
and undegraded crude oil fractions. Genesys TM 10 UV-Vis spectrophotometry was used to examine
the extent of photodegradation.

The combined processes of Gas Chromatography and Mass Spectrometry have been used for
effective chemical analysis. The two when used together can help to make conclusive identifi-
cation of compounds (Douglas, 2004). The GC component used for the analyses was PerkinElmer
Clarus 580 and the MS was PerkinElmer Clarus SQ 8S. These were the GC/MS conditions
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employed; the oven initial temperature was 80°C for 0 min, ramped at 10°C min−1 to 240°C, and
then held for 2 min. The temperature was then ramped to 280 °C at 5°C min−1, and then held at
280 °C for 10 min. The injection temperature and volume were 250 °C and 1 µL, respectively. The
split ratio was 20:1. The carrier gas used was He while the solvent delay time was 2.50 min. The
transfer and source temperatures were 250 °C and 150 °C, respectively. Scanning was done from
50 to 500 Da and the column dimension was 27.0 m x 250 µm.

3. Result and discussion

3.1. Microstructural and optical characterization of TiO2 and Fe-TiO2

Figure 3 shows the XRD patterns of pure TiO2 and Fe-TiO2 powders. The observed XRD peaks
confirmed the formation of anatase TiO2 (JCPDS No. 21–1272). The intensity of the Fe-TiO2 peaks
is slightly weaker than that of the pure TiO2. The peaks for the Fe-TiO2 also shifted slightly to
higher 2θ values. These observations can be attributed to the presence of the Fe3+ in the structure
of the TiO2. From the XRD spectrum of TiO2 and Fe-TiO2 in Figure 2, the anatase phase of TiO2 was
the only observed phase in the XRD spectrum for TiO2 and its peaks (101), (004), (200), (105) and
(204) were quite wide and not sharp. This is indicative of incomplete crystallization due it
amorphous component (Ba-Abbad et al., 2012; Jing et al., 2001; Xu et al., 1999). The amorphous
phase present in the anatase phase of the TiO2 plays an important role in the photocatalytic
process (Yoon & Cocke, 1986). The anatase phase of TiO2 is admitted to be the best active phase
for photodegradation of organic materials. This is because it is formed at lower temperatures
which make it crystallite sizes smaller than that of the rutile which is formed at higher tempera-
tures (˃500 °C). This gives the anatase phase high surface area. A large surface area enables the
anatase phase to adsorb more of the organic materials for photocatalysis (Chong et al., 2010) due
to large number of active sites. It should however be noted that, an additional peak was observed
in the XRD spectrum for Fe-TiO2. The additional peak may be attributed to the presence of Fe2O3

which may have been formed from the oxidation of the Fe used in the synthesis.

Due to the fact that the photocatalytic activity is dependent on the active sites which is also
influenced by the crystallite size, the Debye-Scherrer equation (equation 1) was used to compute
the crystallite sizes of the Fe-TiO2 and TiO2.;

d ¼ κλ

β cos θ
(1)

Where:

20 30 40 50 60 70 80

Possible peak from Fe2O3

)u.a(seitisnetnI

2 Theta (Degrees)

TiO2

Fe-TiO2

(101)

(004) (200) (105)
(204)

Figure 3. XRD patterns of the
undoped and Fe-doped TiO2

powders.
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D is the mean size of the crystallites, κ is the shape factor and a good approximation is 0.9, λ is
the X-ray wavelength, β is the full width at half maximum (FWHM) in radians of the X-ray
diffraction peak and θ is the Braggs angle (deg.) (Ba-Abbad et al., 2012; Mardare et al., 2000).

From Table 1, it can be seen that the crystallite size of the Fe-TiO2 is smaller than that of the
TiO2. This is so because the successful addition of the Fe3+ reduced the growth rate of the TiO2

crystallite (Cheng et al., 2018; Deng et al., 2009; Kim et al., 2013). The smaller crystallite sizes of Fe-
TiO2 are expected to enhance its photocatalytic activity.

The optical properties of TiO2 and Fe-TiO2 were examined through diffused reflectance spectro-
scopy (DRS) analysis and the results presented in Figure 4. The reflectance of the TiO2 shows 100%
in the range of 400–800 nm implying TiO2 does not absorb light in the visible region of the
electromagnetic spectrum. On the other hand, Fe-TiO2 recorded a much lower reflectance in the
visible region implying that the TiO2 became active in the visible light upon the incorporation of Fe.
This therefore suggests that Fe-TiO2 photocatalyst will be more active in the visible light region
than TiO2.

The Kubelka Munk model was used to estimate the optical bandgap of the synthesized TiO2 and
Fe-TiO2 photocatalysts (Kubelka & Munk, 1931; Morales et al., 2007). The plots derived from the
Kubelka Munk model are presented in Figure 5. The optical bandgap values estimated from Figure
5 were ~3.12 and ~2.91 eV for TiO2 and Fe-TiO2, respectively. Doping of TiO2 with Fe3+ to form Fe-
TiO2 resulted in the reduction of the band gap from ~3.12 to ~2.91 eV. The enhancement in the
visible light absorption of Fe-TiO2 (in Figure 4) can be attributed to the reduction in its band gap
energy. In addition to the Fe3+ reducing the band gap energy of TiO2, the Fe3+ may act as electron-
trapping sites in the structure of the TiO2. This will help in reducing the electron-hole recombina-
tion and subsequently improve the photocatalytic process.

3.2. Morphological and surface analysis of the TiO2 and Fe-TiO2

The surface morphology of TiO2 and Fe-TiO2 was examined through Scanning Electron Microscopy
(SEM) imaging and the results presented in Figure 6(a, b), respectively. It can be deduced from the

Table 1. Crystallite sizes of the TiO
2
and the Fe-TiO

2
deduced from the crystallographic plane

(101)

Sample Peak Position 2θ(o) FWHM 2θ(o) Crystallite Size (nm)
TiO2 25.3 2.08 ± 0.01 4.10 ± 0.23

Fe-TiO2 25.3 2.09 ± 0.01 3.85 ± 0.22

300 400 500 600 700
0

20

40

60

80

100

)
%(

ecnatcelfe
R

wavelength (nm)

Fe-TiO2
TiO2

Figure 4. Diffuse Reflectance
Spectroscopy (DRS) of the as-
prepared TiO2 and Fe-TiO2.
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SEM images that the sizes of the particles are not uniform (smaller particles are dispersed on the
surface of the larger particles) and they appeared in chunks and this can be attributed to the grinding
of the samples.

The elemental composition of the TiO2 and Fe-TiO2 was analysed with EDX. Figure 5 shows the
energy-dispersive X-Rays spectroscopy (EDX) of TiO2 (Figure 6(a)) and that of Fe-TiO2 (Figure 6(b)).
Figure 6(a) shows peaks for Titanium and Oxygen suggesting the formation of pure TiO2 without
any impurities which agrees with the XRD results. The EDX detected the presence of Fe (ca. 1.13 wt.
%) in the Fe-TiO2 (Figure 6(b)). The wt.% of Fe detected is close to the experimental amount (ca.
1 wt.%). Figure 6(b) shows peaks for Fe, Ti, and O which suggest the TiO2 was successfully doped
with the Fe3+ without any impurities forming. This also agrees with the XRD results. The unidenti-
fied peaks at 2 keV can be attributed to the Pt that was used for sputter coating the samples
before the SEM-EDX analyses.

3.3. Thermal analysis of the as-prepared TiO2 and Fe-TiO2

The thermal behaviour of the TiO2 and the Fe-TiO2 were examined and the results presented in
Figures 7 (DSC) and 8 (TGA). Generally, the thermal behaviour of TiO2 depends on the chemical
composition, preparation condition, and the phases that are present (Tang et al., 2012; Yu et al.,
2000). It can be seen in Figure 7 that the DSC results for both TiO2 and Fe-TiO2 followed similar
patterns and possessed similar features. The first peak which is endothermic at 95°C for TiO2 and
110°C for the Fe-TiO2 represent the loss of adsorbed water on the surface corresponding to
a weight loss as revealed in Figure 8 (TGA). The second peak observed at a temperature of 350°
C for TiO2 and 400°C for Fe-TiO2 is exothermic and represent the oxidation and decomposition of
the organic substances present. The decomposition also resulted in a mass loss as can be seen in
Figure 8. Phase transformation from anatase to the rutile phase occurred above 400°C (Hu et al.,
2013; Tang et al., 2012).

From the TGA results presented in Figure 8, three decomposition stages were observed from the
curve in both samples. Considering the TiO2 curve, ca.14% weight loss was observed, and this is
due to the elimination of the ethanol and water present in the sample when the temperature
increased from 25 °C to 140 °C. The second stage also shows ca. 7% weight loss attributable to the
complete decomposition of the organic compounds in the sample as the temperature increased
from 140 °C to 443 °C. Taking note of the Fe-TiO2 curve, the first stage shows ca. 14% weight loss
which indicates the elimination of the presence of the ethanol and water present in the sample.
The second stage also shows a weight loss of ca. 17% representing the decomposition of all the
organic compounds as the temperature increased from 140 °C to 443 °C. In the final stage, there is
no weight loss at temperatures ˃ 443 °C. The TGA curve for both samples showed no mass loss
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after 443 °C suggesting a total decomposition of all organic components in the TiO2 (Ba-Abbad
et al., 2012; J. Wang et al., 2008).

3.4. Fourier Transform Infrared (FTIR) spectroscopy analysis
The FTIR spectra of the synthesized TiO2 and Fe-TiO2 photocatalysts are shown in Figure 9. In both
the TiO2 and the Fe-TiO2 the stretching of the hydroxyl (O-H) bonds occurred between the
wavenumbers 3000 to 3500 cm−1. This signifies the presence of moisture in the as-prepared
samples. The peaks observed between 1250 and 1750 cm−1 band can be attributed to the titanium
carboxilate stretching mode emanating from the Titanium Isopropoxide (TTIP) and ethanol as

Figure 6. Scanning Electron
Micrographs (SEM) with EDS of
(a) TiO2 and (b) Fe-TiO2,

respectively.
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precursors. The peak between ~800 to ~450 cm−1 shows the Ti-O functional group indicating the
formation of TiO2 particles (García-Serrano et al., 2009; Zhou et al., 2017).

3.5. Characterization of the degraded crude oil fractions
The degraded and undegraded crude oil fractions were characterized by FTIR, UV-vis spectro-
photometry and GC-MS.

3.5.1. FTIR characterization of the fractions of the crude oil
Different researchers have suggested FTIR as a rapid and cost-effective technique for analysing
crude oil fractions (Abdulkadir et al., 2016; Akmaz et al., 2011). For all the fractions (benzene
soluble, n-hexane soluble and methanol-benzene soluble) used in this study, the FTIR spectra
(Figure 10) showed bands at ca. 2900 cm−1, 2850 cm−1, 1500 cm−1 and 1350 cm−1 due to the
presence of CH2 and CH3 functional groups (Akmaz et al., 2011). The absorption bands identi-
fied at 1600 cm−1 and 1700 cm−1 can be attributed to C = C and C = O functional groups,
respectively. The peaks observed at 675 cm−1, 700 cm−1 and 900 cm−1 depict aromatic rings
(Abdulkadir et al., 2016). The identified absorption bands of the crude oil fractions in Figure 10
have similar features with the FTIR spectra of crude oil fractions reported by other researchers
(Akmaz et al., 2011; Ali & Bukhari, 1989; Aske et al., 2001; Buenrostro-Gonzalez et al., 2001;
Peralta-Martinez et al., 2008).
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Figure 11 shows the FTIR results of the photoproducts of the crude oil fractions after subjecting
them to sunlight, visible light and UV light irradiation. Differences can be observed among all the FTIR
spectra of the photodegraded products and the undegraded products presented in Figuress 11. That
is after the photodegradation, there was the formation and disappearance of functional groups. It
was observed from the Figures that the undegraded fractions had bands appearing at around
~2900 cm−1, ~2850 cm−1, ~1500 cm−1 and ~1350 cm−1 due to CH2 and CH3 functional groups
(Akmaz et al., 2011). Again absorption bands were identified at 1600 cm−1 due to C = C, 1700 cm−1

due to C = O and at 675 cm−1, 700 cm−1 and 900 cm−1 depicting the presence of aromatic rings
(Abdulkadir et al., 2016). The differences in the spectra between the undegraded crude oil fractions
and the degraded fractions with or without the photocatalyst can be seen in the bands that appeared
at wavenumber of ~3,250–3,500 cm−1 which is indicative of an O-H or an N-H functional group. Bands
also appeared around 1700 cm−1 and ca. 470–800 cm−1 which indicate C = O and aromatics,
respectively. The differences observed suggest that, the photodegradation of the crude oil fractions
was successful and hence new intermediate compounds have been formed. However, the presence
of the CH2 and CH3 functional groups in both the degraded and undegraded crude oil fraction depict
that most of the compounds in the degraded and undegraded fractions are paraffins.

3.5.2. UV-Vis spectrophotometry analysis of the crude fractions
UV-vis spectrophotometry can be used to examine the concentration of the fractionated crude
oil before and after photodegradation. A decrease in the absorbance after photocatalysis
depicts a decrease in concentration of the crude oil fraction. The UV-vis spectrophotometry of
the degraded and undegraded crude oil fractions are presented in Figure 12. Generally, Fe-TiO2

was more efficient in degrading the fractionated crude oil fractions under sunlight and visible
light irradiation. On the other hand, the TiO2 with a bandgap of ~3.12 eV was more efficient in
degrading the crude oil fractions under UV light irradiation than the Fe-TiO2 with a band gap of
~2.9 eV. The trend observed in the UV-vis spectrophotometry analysis is in line with the DRS
results. Where the TiO2 was redundant especially in the visible light, it was seen to be impeding
light penetration and so derailing the degradation of the crude oil fractions in the solution
(Dong et al., 2010). It also emerged that photodegradation occurred even without the presence
of a photocatalyst; however, the presence of the photocatalyst hastened the photodegradation
process. This can be seen in Figuress 12 where the crude oil fraction irradiated without
a photocatalyst (Nil+ crude oil fractions) showed lower absorbance than the undegraded
crude fractions. It has already been reported that, after oil spill occurs, some of the crude oil
is lost through photo-oxidation and evaporation. This photo-oxidation and evaporation is
dependent on the intensity of sunlight (Ali & Bukhari, 1989; Nyankson, Rodene et al., 2016).
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The extent of photodegradation varied among the crude oil fractions. For instance, under sun-
light irradiation, the photodegradation of the benzene soluble fraction (Figure 12(a)) was more
pronounced than the n-hexane and methanol-benzene soluble fractions. The variation can be seen
in the dramatic reduction in the concentration of the benzene soluble fraction after photocatalysis.
This observation can be attributed to the relatively higher aqueous solubility of the benzene soluble
fractions when compared to that of the n-hexane and methanol-benzene soluble crude oil frac-
tions. The aqueous solubility enhanced photocatalytic activity due to proximity of the dissolved
fractions to the photocatalyst (TiO2 or Fe-TiO2) and the reactive oxygen species generated.

3.5.3. Gas chromatography and mass spectrometry (GC-MS)
The FTIR and UV-vis spectrophotometry analyses confirmed the degradation of the various crude
oil fractions by the photocatalysts under visible, sunlight, and UV light irradiations. The photo-
products from the photodegradation of the crude oil fractions which were irradiated under sunlight
were analysed qualitatively and identified using the GC-MS.

3.5.3.1. GC-MS analysis of the benzene soluble crude oil fraction after photocatalysis. The GC-MS
chromatograms obtained from the photodegradation of the benzene soluble crude oil fraction are
presented in Figure 13. It can be seen in Figuress 13(b,c) that most of the peaks disappeared after
photodegradationwhen compared to the undegradedbenzene soluble fraction (Figure 13(a)). A humpof
unresolved complexmixtures (UCM)which is evident of severe photodegradation of crude oil (Abdulkadir
etal., 2016;Ali&Bukhari, 1989)werealsoobserved. ComparingFiguress12(b,c), andTables2and3, it can
be seen that Fe-TiO2 degraded most of the benzene soluble fraction of the crude oil, showing more
diminished concentration of compounds, disappearance of existing compounds and the appearance of
UCM’s peakswhich indicate severe degradation than the fractiondegradedusing TiO2. This observation is
also evident in the FTIR and the UV-Vis spectra presented. New compounds emerged from the photo-
degradation of the benzene soluble fraction as evidenced in Tables2 and3. Therewas thedisappearance

(a) (b) 

(c) (d) 

Figure 11. Photocatalytic
degradation of (a) Benzene
soluble fraction under sunlight
irradiation, (b) n-hexane solu-
ble fraction under sunlight
irradiation, (c) Methanol-
Benzene Soluble Fraction under
UV irradiation and (d)
Methanol-Benzene soluble
fraction under visible light irra-
diation by TiO2 and Fe-TiO2.
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of certain compounds from the benzene soluble fraction after photodegradation. The compounds that
disappeared are presented in Table 2. The following compounds were also identified but were eluted at
different retention times; hexadecane, nonadecane, and dodecane 2,6,10 trimethyl. These compounds
were either undegraded or more of it were formed after sunlight irradiation. It was observed that
tetradecane which was eluted at the same retention time for both the undegraded benzene soluble
fraction and the TiO2 photodegraded benzene soluble fraction had % areas of ca. 3.1 and ~1.1, respec-
tively, which confirms that tetradecane diminished in concentration (ca. 66% degradation).

3.5.3.2. GC-MS analysis of the methanol-benzene soluble crude oil fraction after photocatalysis.
Figure 14(a-c) is the GC-MS chromatogram obtained from the photodegradation of the Methanol-
benzene soluble fraction of the crude oil using TiO2 and Fe-TiO2 photocatalysts under sunlight irradia-
tion. Figuress 14(b,c) show that after the photodegradation, the UCM’s were resolved when compared
to Figure 14(a) that has a hump of UCM’s ah higher retention times. There is also the formation of new
peaks at the lower retention times in Figure 14(b,c) than in Figure 14(a). All these are evident of
photodegradation of the methanol-benzene soluble fraction (Abdulkadir et al., 2016; Ali & Bukhari,
1989). Comparing Figuress 14(b,c), it can be observed that Fe-TiO2 was very efficient in degrading the
methanol-benzene soluble fraction. Figuress 14(b) revealed the formation ofmore new peaks than the
fraction degraded by TiO2 (Figure 14(c)). This also confirms that the Fe-TiO2 is more efficient than TiO2

in degrading the methanol-benzene soluble fraction of the crude oil under sunlight irradiation. This is
evident also in the FTIR and UV-Vis spectra presented in Figures 11 and 12, respectively.

The Fe-TiO2 and TiO2 were able to resolve a lot of the UCM’s in the undegraded methanol-
benzene soluble fraction after sunlight irradiation. This also confirmed the photodegradation of the
methanol-benzene soluble fraction by the Fe-TiO2 and the TiO2. Fe-TiO2 was better at resolving the
UCM’s in the undegraded fraction than the TiO2. Fe-TiO2 photocatalyst eluted some compounds at
a lower retention time of 6.070 s as compared to that of the TiO2 at 7.745 s. Again, it can be
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Figure 12. UV-vis Spectrum for
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inferred from the above deductions that Fe-TiO2 is better at photodegrading the crude oil fraction
than TiO2.

3.5.3.3. GC/MS analysis of the N-Hexane soluble crude oil fraction after photocatalysis. Unidentified
complex mixtures (UCM’s) after sunlight irradiation of the n-hexane soluble fraction with the Fe-TiO2

and TiO2 photocatalysts were observed indicating degradation of the n-hexane soluble fraction. New
compounds were also formed when Fe-TiO2 photocatalyst was used for the photodegradation.
These new compounds were different from the ones identified in the undegraded fraction and are
presented in Table 5. The compounds that disappeared after photocatalytic degradation of the
n-hexane soluble fraction by Fe-TiO2 photocatalysts are presented in Table 4. The GC-MS chromato-
gram obtained from the photodegraded n-hexane soluble fraction using TiO2 and Fe-TiO2 are

Figure 13. GC/MS chromato-
gram for Benzene Soluble crude
oil fraction (a) undegraded, (b)
degraded using Fe-TiO2 under
sunlight irradiation and (c)
degraded using TiO2 under
sunlight irradiation.

Table 2. Compounds that disappeared with the Fe-TiO
2
photodegradation of the benzene

soluble fraction under sunlight irradiation

# Retention Time (RT) Name of Compound
1 4.819 Dodecane

2 5.710 Dodecane—4,6—dimethyl

3 6.080 Tridecane

4 6.400 Naphthalene—1- methyl

5 7.030 Dodecane—2,6,10—trimethyl

6 7.130 Decahydro—4,4,8,9,10 penta methyl
naphthalene

7 7.345 Tetradecane

8 7.745 Naphthalene 1,4 dimethyl

9 7.800 Decahydro—4,4,8,9,10 penta methyl
naphthalene

10 7.996 Naphthalene 1,3 dimethyl

11 8.091 Heptadecane 2,6,10,14 trimethyl
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presented in Figure 15(a-c). Comparing Figuress 15(a,b) revealed the disappearance of several peaks
and the appearance of a hump of unresolved complex mixtures (UCM’s) after photocatalysis. The
appearance of UCM’s is evident of severe photodegradation of the n-hexane soluble fraction by the
Fe-TiO2. Again, comparing Figure 15(c) to that of Figure 15(a), the following were observed; new
peaks were formed, some peaks were missing and some UCM’s were also formed after the photo-
catalysis. Again, the formation of UCM’s confirms that photodegradation of the crude oil fraction
occurred (Abdulkadir et al., 2016; Ali & Bukhari, 1989). Comparing Figuress 15(b,c), it can be observed
that Fe-TiO2 degraded more of the n-hexane soluble fraction, showing more diminished

Table 3. Compounds formed with Fe-TiO
2
photodegradation of the benzene soluble fraction

under sunlight irradiation

# Retention Time (RT) Name of Compound

1 8.266 1—Chloroundecane

2 10.937 Heptadecane 2,6, 10, 14 tetramethyl

3 14.028 Heptadecane 9—hexyl

4 14.973 Octadecane 3- ethyl-5-2 ethylbutyl

5 15.884 Heptacosane

6 16.819 Heptacosane

7 17.960 Tetratetracontane

8 19.260 Heptacosane

9 20.596 Tetratetracontane

10 21.936 Tetratetracontane

11 23.272 Tetrapentacontane-1,54-dibromo

12 23.457 Unidentified Complex Mixtures (UCM’s)

13 24.592 Pentatriacontane

Figure 14. GC/MS chromato-
gram for Methanol-Benzene
Soluble crude oil fraction (a)
undegraded, (b) degraded using
Fe-TiO2 under sunlight irradia-
tion and (c) degraded using
TiO2 under sunlight irradiation.
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concentration of existing compounds,missing of known compounds and UCM’s peaks which indicate
severe degradation than the TiO2. This observation is again evident in the FTIR and UV-Vis spectra
presented in Figures 11 and 12, respectively.

The results showed that indeed TiO2 and Fe-TiO2 have the potential to photodegrade benzene,
n-hexane and methanol-benzene soluble fractions in crude oil. The photodegradation resulted in the
diminishing of the concentration of existing compounds, formation of new compounds and the disap-
pearance of existing compounds. The Fe-TiO2 out-performed the TiO2 under sunlight and visible light
irradiation due to the shift in the band gap of the TiO2 from ~3.12 eV to ~2.9 eV for the Fe-TiO2 and the
enhanced absorption in the visible light region as observed from the DRS results. This shift made the Fe-
TiO2 active in the visible light region. The doping of the TiO2 was done using FeCl3. After the generation of
the electron-hole pair upon irradiating Fe-TiO2 with a light source, the Fe3+ acted as electron and hole

Table 4. Compounds that disappeared with Fe-TiO
2
photodegradation of the n-hexane soluble

fraction under sunlight irradiation

# Retention Time (RT) Name of Compound
1 3.644 Undecane

2 4.819 Dodecane

3 4.969 1-Octanol-2-butyl

4 5.710 Dodecane 4,6 dimethyl

5 6.075 Tridecane

6 6.190 Benzocycloheptatriene

7 7.030 Dodecane 2,6,10 trimethyl

8 7.125 Dodecane 2,6,10 trimethyl

9 7.345 Decahydro-4,4,8,9,10 pentamethylnaphthalene

10 7.745 Tetradecane

11 7.800 Naphthalene 1,8-dimethyl

12 8.091 Decahydro-4,4,8,9,10 pentamethylnaphthalene

13 8.271 Dodecane 2,6,10 trimethyl

14 8.856 Decahydro-4,4,8,9,10 pentamethylnaphthalene

Table 5. Compounds formed with Fe-TiO
2
photodegradation of the n-hexane soluble fraction

under sunlight irradiation

# Retention Time (RT) Name of compound
1 9.766 Nonadecane

2 10.902 Tert-Hexadecanethiol

3 10.937 Butane 2,2 dimethyl

4 13.738 Octadecanol 2-bromo

5 13.828 2-Nonadecanone 2,4
dimitrophenylhydrazine

6 14.028 Nonadecane

7 14.978 Nonadecane

8 15.899 Heneicosane

9 16.824 Hexacosane

10 17.965 Heptacosane

11 18.770 UCM’s

12 19.260 Eicosane 2-methyl

14 20.591 Octadecane 3-ethyl-5-(2-ethylbutyl-)
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trapping sites. The F3+mayeither beoxidised to Fe4+ (Fe4+ is less stable than Fe3+) or reduced to Fe2+ by the
photogenerated holes or electrons, respectively. The trapping of electrons and holes by Fe3+ may reduce
the electron-hole recombination and enhanced the photocatalysis efficiency. Also, the trapped electrons
may be released back to form stable Fe3+ ions and result in the formation of hydroxyl radicals whichmay
be utilized to degrade crude oil fractions (Sood et al., 2015). In addition, electrons trapped by the Fe3+may
be transferred to Ti4+ since the Ti3+/Ti4+ energy level lies close to the energy level of Fe2+/Fe3+ (Nyankson,
Agyei-Tuffour, Adjasoo et al., 2019; Zhu et al., 2004). The smaller crystallite size of Fe-TiO2when compared
to that of TiO2 is also responsible for the enhanced photocatalytic activity of Fe-TiO2.

The photodegradation of the crude oil fractions can be attributed to the generation of reactive
oxygen species which in turn attacked the various compounds present in each fraction degrading
them into new products. The enhanced photodegradation of the benzene soluble crude oil fraction
can be attributed to their relatively higher aqueous solubility which enhanced the proximity between
the benzene soluble fraction components, the photocatalyst and the reactive oxygen species
generated through the photocatalysis. The results from this study showed the potential role that Fe-
TiO2 can play in visible light photodegradation of crude oil. This suggests that, photo remediation can
be used as a stand-alone oil spill remediation strategy or as an add-on oil spill remediation step to
enhance the degradation of water dissolvable components in crude oil. Since the photocatalysis
degraded the benzene soluble fraction, which is less susceptible to biodegradation, an efficient oil
spill remediation technology can be developed by combining photocatalysis and chemical disper-
sant application. This will enhance the removal of water-soluble components in crude oil from
oceans/sea after oil spillage and as a result, reduce the threats posed by water-soluble components
to aquatic species after oil spillages. Since weathered crude oil is difficult to remediate, for large
scale oil spills, large amount of the photocatalysts should be readily available for application. This
will be possible if the photocatalysts are synthesized in large volumes and correctly stored so that
they can be used when the need arises. The storage should be done to avoid oxidation of the Fe since

Figure 15. GC/MS chromato-
gram for n-Hexane Soluble
crude oil fraction (a) unde-
graded, (b) degraded using Fe-
TiO2 under sunlight irradiation
and (c) degraded using TiO2

under sunlight irradiation.
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oxidation of the Fe may reduce the alter the potency of the photocatalyst. In addition, since the
ocean current and wave height, and the weather may influence the photocatalytic efficiency, the
effect of these parameters on the photoremediation should be investigated using simulated ocean
current and wave height and large-scale petroleum oil mixture. In addition, for large-scale oil spills,
large amount of the photocatalysts will be required hence toxicological studies of the Fe-TiO2

photocatalyst should be done to examine their effect on aquatic species and clean-up workers.

4. Conclusions
TiO2 and Fe-TiO2 were successfully synthesized by mild hydrothermal method and subsequently
characterized using XRD, UV-Vis, DRS, EDX, SEM, FTIR, TGA and DSC. The results from these analyses
confirmed the formation of pure anatase phase of TiO2 and Fe-TiO2. The optical bandgaps were
estimated to be ~3.12 eV and ~2.9 eV for TiO2 and Fe-TiO2, respectively. This implies that while TiO2

is active in the UV region of the electromagnetic spectrum, Fe-TiO2 is active in both the UV and
visible light region of the electromagnetic spectrum. The crystallite sizes computed using the
Debye Scherrer’s equation were respectively, ca. 4.1 ± 0.23 nm and ~ca. 3.85 ± 0.22 nm for the
synthesized TiO2 and Fe-TiO2. SEM images depicted the formation of chunky uneven particles for
both the TiO2 and Fe-TiO2 and this was attributed to the grinding of the particles after drying. The
TGA/DSC results showed that the synthesized photocatalysts were stable even above temperature
of 400°C. Crude oil was fractionated into three bulk fractions; the benzene soluble, n-hexane
soluble and methanol-benzene soluble fractions and each fraction subjected to photocatalysis
under UV, sunlight and visible light irradiation. It was revealed that the as-prepared TiO2 and the
Fe-TiO2 were able to degrade the fractions of the crude oil after irradiation from the various light
sources employed in this work. The Fe-TiO2 showed a higher efficiency in the photocatalytic
degradation of the fractionated crude oil samples than the TiO2 in the presence of sunlight and
visible light. This was due to the redshift in the Fe-TiO2 by Fe3+ dopant. However, under UV light
source, TiO2 was more efficient than the Fe-TiO2. It was again realized that TiO2 and Fe-TiO2

degraded more of the benzene soluble fraction and at a faster rate than the n-hexane and
methanol-benzene soluble fractions. GC-MS analyses revealed that for each of the fractions
investigated, new compounds were formed after photocatalysis. In addition, some of the com-
pounds present in the undegraded fraction disappeared after photodegradation. Fe-TiO2 photo-
catalysis is therefore more effective in degrading water-soluble fractions in crude oil under visible
light irradiation. Hence combining photocatalysis with chemical dispersant application (bioreme-
diation which is more effective in degrading water-insoluble fractions of crude oil but less effective
in degrading water-soluble crude oil fractions) to develop photocatalyst-dispersant oil spill reme-
diation system will result in complete remediation after oil spillages. The results, therefore, show
the potential application of Fe-TiO2 photocatalysis in oil spill remediation. The future study will
involve developing a photocatalyst-dispersant system that is capable of remediating spilled crude
oil by a combined photoremediation and bioremediation process and also examining the effect of
ocean current and wave height on the photoremediation efficiency. Toxicological studies will also
be conducted to such a system to examine its effect on aquatic species and clean-up workers.
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