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The role of UV-irradiation on oil and its derivatives is particularly important for analyzing the degradability of specific oil
compounds. Also, nanostructured-TiO

2
is one of the most promising photocatalysts so it is expected to be useful in their

degradation. However the complexity of crude oil, as well as that of the reactions involved, is such that the effect of the presence
of TiO

2
under illumination is not well understood. In this paper, the influence of UV-Vis irradiation on vanadium etioporphyrins,

extracted from crude oil fromDos Bocas, Tabasco,Mexico, is studied using UV-Vis spectrophotometry in the absence and presence
of nanostructured TiO

2
or nitrogen-doped TiO

2
modified with copper (N-TiO

2
/Cu). It is shown that the addition of water shortens

the time to start photodegradation. However, once this process has initiated, the system enters a second stage, that is very similar
for samples with or without water. It is also shown that the use of N-TiO

2
/Cu induces an important delay in the initiation of the

porphyrins’ photodegradation process. Additionally, it has been found that the presence of TiO
2
in samples extracted with water

induces a small reduction in the photodegradation duration and, hence, that TiO
2
can catalyze the degradation of petroporphyrins.

1. Introduction

The many substances forming part of crude oil can have
a limited lifetime due to various external factors. One of
the most important degrading factors affecting oil is UV
light. The photochemical transformation of a given molecule
into lower molecular weight fragments occurs usually via an
oxidation process [1]. Photodegradation of petroleum prod-
ucts both in laboratory and the field have been extensively
explored [2]. In particular, the effect of photolysis has been
studied for a variety of pure hydrocarbons under solar and
simulated solar conditions [3, 4]. It has been shown that,
depending on temperature and using light intensities in the
range from200 to 750W/m2, somewater-soluble compounds
such as naphthalenes and phenanthrenes can degrade rapidly.
In contrast, other aromatic compounds such as alkylated

benzenes did not exhibit photodegradation under these
conditions [4].

In general, it is important to know under which condi-
tions certain substances remain in the oil, stable or not, under
UV illumination. This can be helpful in the development of
efficient methods to attend the problems generated by spills,
and the vulnerability of specific components is also important
for commercial or industrial purposes [5–7]. However, a
large number of substances still remain to be explored and
understood under diverse conditions.

Porphyrins are among the most interesting substances
forming part of crude oil. In particular, the specific chemical
structure of the porphyrins provides a fingerprint of the
origin of the oil. They are mainly present as vanadyl and
nickel chelated compounds, although metal-free porphyrins
have also been isolated from immature sediments [8].
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The identification and characterization of metalloporphyrins
in crude oils and source rock are of fundamental interest
within a geochemical context, because they may provide
a better understanding of the geochemical origin of the
petroleum via diagenetic and catagenetic oil formation and
maturation of organic matter. Another interesting feature
related to metalloporphyrins is their significant presence in
heavy crude oil, which can cause problems as these metals
have a deleterious effect on the hydrogenation catalysts used
in upgrading and refining processes [9].

A common material used in cleaning the environment is
titania (TiO

2
), one of the best-known photocatalytic materi-

als due to its high photoactivity andphotostability.Thephoto-
catalytic activity of titania depends on its physical properties,
such as crystal structure, surface area, particle size, particle
shape, among others [10]. One of the main disadvantages
of TiO

2
is its large band gap of 3.2 eV (anatase), which

implies that it only absorbs UV light, corresponding to about
5% of the solar spectrum. However, nanostructured TiO

2

is expected to be useful in the degradation of crude oil as
well as some of their compounds [11]. On the other hand,
there are strong limitations in degrading crude oil; maybe the
most important limitation is related to the opacity of crude
oil to UV light, which does not allow light to successfully
degrade oil even if adequate photocatalysts are present.When
crude oil is mixed with solvents, a partial extraction of
some components occurs; however, the effects of light and
catalysts on the extracts are not well understood. Oil extracts
containing porphyrins are common, and the analysis of
their degradability using TiO

2
nanoparticles is an interesting

challenge.
In recent years, it has been shown that the photocatalytic

action of TiO
2
can be enhanced by impregnation with metals

such as copper. For example, the degradation of methylene
blue is accelerated using nitrogen-doped TiO

2
modified

with copper (N-TiO
2
/Cu) nanomaterials prepared by plasma

discharge techniques in the presence of metallic copper and
gaseous nitrogen [12]. In this paper, the effects of UV-Vis
irradiation on crude oil extracts containing petroporphyrins
are analyzed in the absence and presence of nanostructured
TiO
2
. In addition, the degradation of the metalloporphyrins

in the presence of N-TiO
2
/Cu nanomaterials is determined,

and the role of water in the degradation processes is consid-
ered.

2. Materials and Methods

For the experiments we usedMaya crude oil fromDos Bocas,
Tabasco, Mexico, which is an oil with ∘API = 21.57, 3.4 wt%
sulfur, and 0.32 wt% nitrogen. The following two extraction
methods were used.

In the first method, 1.7mL of heavy crude oil was mixed
with 60mL of acetone in a beaker, and then the following
procedure was performed.

(a) The mixture was stirred during 2 minutes, using
a Sonics ultrasonic vibrating cell (model TM
VCX130PB) operating at 10W.

(b) The obtained sample was covered with a black metal-
lic foil and a plastic bag and left for 24 hours to obtain
the extract.

(c) The supernatant, now with a yellow color, was trans-
ferred to a second beaker labeled COE (crude oil
extract).

The second extraction procedure was performed by
mixing 1.7mL of heavy crude oil in a beaker with 60mL of
acetone and 5mL of distilled water, maintaining the propor-
tion 12 : 1 of acetone to distilled water. Afterwards, the sample
was treated following the same procedure as described in
steps (a), (b), and (c). The solution obtained in the second
extraction procedure was labeled COEW (crude oil extract
with water). Additionally, a standard solution was prepared
by dissolving 0.1mg of vanadium (IV) etioporphyrin III
oxide (C

32
H
36
N
4
OVSantaCruz Biotechnology, CAS number

15709-03-2) in 60mL of acetone.
Two types of nanostructured TiO

2
powder were used,

both based on Degussa P25: pure TiO
2
and N-TiO

2
/Cu.

This last compound was obtained by a plasma treatment of
Degussa P25 in a nitrogen atmosphere in the presence of
metallic copper [12]. Figure 1 shows the XPS analysis as well
as the X-ray diffraction patterns of the N-TiO

2
/Cu material.

X-ray diffraction exhibits the well-known proportion of 80%
anatase and 20% rutile in titania Degussa P25 but it does
not have the sensitivity to detect the presence of copper in
the material. However there are small differences between
both spectra that can be observed; some peaks are slightly
displaced while others are wider or higher, but all of them
are closely related to the ones observed in untreated Degussa
P25 (see Figure 1(a)). These small changes can be related to
changes in the nanoparticles’ size due to the copper impreg-
nation process.

In contrast, XPS measurements are able to detect the
presence of copper in N-TiO

2
/Cu (see Figure 1(b)); in these

measurements two bands associated with copper, as well as
the characteristic bands of TiO

2
(Degussa P25) and a band

related to nitrogen, can be observed. Additional analyses have
shown that the plasma-treated samples contain about 4.4wt%
of nitrogen and 0.4% of copper [12].

Using the COE and COEW extracts, a set of samples was
prepared by adding 25mg of TiO

2
or N-TiO

2
/Cu, labeled

COE-TiO
2
, COE-(N-TiO

2
/Cu), COEW-TiO

2
, and COEW-

(N-TiO
2
/Cu), respectively. These samples were submitted

to an additional mixing process using a Sonics ultrasonic
vibrating mixer cell operated at 10W for 2 minutes and left
to settle for 60 minutes with the samples covered to prevent
evaporation. For all the solutions, COE, COEW, COE-TiO

2
,

COEW-TiO
2
, COE-(N-TiO

2
/Cu), and COEW-(N-TiO

2
/Cu)

aliquots of about 10mL were taken from the beakers and
labeled as “time zero” experiments.The remaining solution in
each one of the beakers was then poured into an Erlenmeyer
flask integrated with a cooling system and placed at 400 rpm
using magnetic stirring. For the photodegradation studies,
the light of a 1000W Xenon lamp (Oriel 6269), operated at
400W, was used to illuminate the Erlenmeyer reaction vessel
from above. This lamp provided 370W/m2 on the surface of
the sample, with most of the intensity in the visible region
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Figure 1: (a) X-ray diffraction spectra of TiO
2
(Degussa P25) and N-TiO

2
/Cu. (b) XPS of N-TiO

2
/Cu.
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Figure 2: Absorption of TiO
2
andN-TiO

2
/Cu obtained fromdiffuse

reflectance measurements using the Kubelka-Munk method.

of light, a good emission of UVA and UVB light, and a very
low fraction of UVC. During irradiation the samples in the
jacketed flask weremaintained at a temperature of 30∘Cusing
a circulating water system. Aliquots of 10mL were taken
from the Erlenmeyer flask every hour for five hours and
transmission optical spectra for the samples were measured
in quartz cuvettes using a fiber UV-Vis spectrophotometer in
the range from 200 nm to 1100 nm using an AvaSpec-2048
fiber optic spectrometer with a deuterium lamp as the light
source.

3. Results and Discussion

Figure 2 shows the absorption spectra, obtained from diffuse
reflectance measurements on the powder by applying the
Kubelka-Munk method, of the Degussa P25 and N-TiO

2
/Cu

powders used in the experiments, and an absorption incre-
ment for N-TiO

2
/Cu in visible light can be observed.

The COE and COEW samples were illuminated over a
period of 5 hours, and Figure 3 shows the corresponding
UV-Vis spectra obtained before illumination (time zero) and
after every hour. Before irradiation the spectra for COE and
COEW samples show a broad band from 220 nm to 450 nm
with three small peaks at 300 nm, 350 nm, and 400 nm and
also a shoulder at 250 nm. Additionally, two smaller bands
can be observed at 530 nm and 569 nm. The spectra remain
largely unchanged upon irradiation; however, as illustrated in
the insets, the peaks at 530 nm and 569 nm disappear upon
prolonged illumination indicating a degradation process.

The COE-TiO
2
and COEW-TiO

2
as well as the COE-(N-

TiO
2
/Cu) and COEW-(N-TiO

2
/Cu) samples show the same

bands as the samples without TiO
2
; however, the shoulder at

250 nm appears more clearly, as illustrated in Figures 4 and 5.
Similar to the samples without TiO

2
, the two bands at 530 nm

and 569 nm are also observed.
It is well known that crude oil contains petroporphyrins

[13] so it is possible that the small bands at 530 nm and

569 nm correspond to such type of compounds. Comparing
the experimental UV-Vis spectra from the crude oil extracts
with databases of spectra for petroporphyrins, we conclude
that the vanadiumetioporphyrins are the best fit for our crude
oil samples. In Figure 6, the UV-Vis spectrum of a standard
solution of vanadium etioporphyrin in acetone is presented.
In this spectrum, the wide band from 200 nm to 270 nm is
due to acetone [14] while a narrow band appearing at 414 nm
can be identified as the Soret band. Additionally, two smaller
bands are clearly observed at 530 nm and 569 nm. From these
results, it can be inferred that the peaks of the spectra of
our extracts appearing at 530 nm and 569 nm correspond to
vanadium etioporphyrins as previously reported for crude oil
from the same geographic location [9].

The UV-Vis spectrum of petroporphyrins show bands
that correspond to a strong electronic transition to the second
excited state (𝑆

0
→ 𝑆
2
) at about 400 nm (the Soret or B

band) and a weak transition to the first excited state (𝑆
0
→

𝑆
1
) at about 550 nm (the Q band). Internal conversion from
𝑆
2
to 𝑆
1
is rapid and, as a consequence, fluorescence is

only detected from 𝑆
1
. The B and the Q bands both arise

from 𝜋-𝜋∗ transitions and can be explained by considering
the four frontier orbitals (HOMO and LUMO orbitals) (the
Gouterman four orbital model) [15]. Gouterman’s “four-
orbital” model of the 𝜋-𝜋∗ transitions in porphyrins is firmly
established as a simple unifying theory of porphyrin spectra.
It provides parametric expressions for the frequencies and
intensities of the 𝛼-𝛽 (Q) and Soret (B) bands of the
porphyrin chromophore. Spectral shifts caused by systematic
variation of ring substituents and changes of the encapsulated
metal ion, axial ligation, or even dimer formation have
successfully been rationalized based on these grounds [16, 17].
The electronic transition to the higher energymixed state, the
𝑆
2
state, is strongly allowed, whereas the electronic transition

to the lower energy mixed state, the 𝑆
1
state, is only weakly

allowed.The band in the UV-Vis absorption spectrum due to
a transition to the 𝑆

2
state is the Soret band, and the band

due to a transition to the vibrationless 𝑆
1
state is the 𝛼 band.

The greater the degree of mixing, the less intense the 𝛼 band
relative to the Soret band. In the UV-visible spectrum of
porphyrin, there is also a vibronic band, the 𝛽 band, which
appears at slightly lower wavelengths than the 𝛼 band. The
𝛽 band is due to transitions to higher vibrational levels in
the 𝑆
1
state and serves as a normalization band in porphyrin

absorption spectra [15]. In summary, the three characteristic
bands appearing in the spectra of the nonirradiated samples
correspond to the bands of vanadium etioporphyrins: at
407 nm the Soret band and the 𝛽 and 𝛼 bands at 533 nm and
572 nm, respectively [18]. When the intensity of the 𝛼 band is
larger than that of the𝛽 band, themetal forms a stable square-
planar complex with the porphyrin [19].

In order to determine the concentration of vanadium
etioporphyrins in our samples, we prepared dilutions of the
standard solution (vanadium IV etioporphyrin III oxide)
and determined the absorbance as a function of concen-
tration. The relationship between the absorbance (𝐴) and
concentration (𝐶), according to the Lambert-Beer law, is
given by 𝐴 = 𝜀𝑑𝐶, where 𝑑 (cm) and 𝜀 (L cm−1mg−1)
are the thickness and extinction coefficient of the sample,
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Figure 3: UV-Vis absorbance spectra as a function of illumination time of the crude oil extracts: (a) COE and (b) COEW. The insets show
the bands observed at 530 nm and 569 nm with the background subtracted.
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Figure 4: UV-Vis absorbance spectra as a function of illumination time in the presence of the TiO
2
nanomaterial with the crude oil extracts:

(a) COE-TiO
2
and (b) COEW-TiO

2
. The insets show the bands observed at 530 nm and 569 nm.

respectively. In Figure 7, the absorbance maximum of the 𝛼
peak versus concentration is presented, in which the fit of the
experimental data provides a value of 0.116 L cm−1mg−1 for
the extinction coefficient.

Using these results, the concentration of the vanadium
etioporphyrin in ourCOEcan be estimated as being 3.8mg/L,
which is in agreement with generally observed concentra-
tions in crude oil from the oil from the same geographical
location [9].

Due to the UV-Vis irradiation treatment, there are
changes in intensity in various bands in the spectra; however,
we will focus our attention on the bands in the range from
500 nm to 620 nm because they are associated directly
with the vanadium etioporphyrins. In order to perform
a nonambiguous analysis of the bands appearing in all
spectra, we separated the 𝛼 and 𝛽 bands absorbance from
the main background absorbance by fitting a cubic spline
in the smooth region from 425 nm to 750 nm, excluding



6 International Journal of Photoenergy

Wavelength (nm)
0 200 400 600 800 1000 1200

0hours
1hour
2hours

3hours
4hours
5hours

2.5

2.0

1.5

1.0

0.5

0.0

0.4

0.5

0.3

0.2

0.1

0.0

Ab
so

rb
an

ce
 (a

.u
.)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)
510 540 570 600

(a)

Wavelength (nm)
0 200 400 600 800 1000 1200

0hours
1hour
2hours

3hours
4hours
5hours

2.0

1.5

1.0

0.5

0.0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)
510 540 570 600

Ab
so

rb
an

ce
 (a

.u
.)

0.15

0.10

0.05

0.00

(b)

Figure 5: UV-Vis absorbance spectra as a function of illumination time in the presence of the N-TiO
2
/Cu nanomaterial with the crude oil

extracts: (a) COE-(N-TiO
2
/Cu) and (b) COEW-(N-TiO

2
/Cu).The insets show the bands observed at 530 nm and 569 nmwith the background

subtracted.

Wavelength (nm)
0 200 400 600 800 1000 1200

0hours
1hour
2hours

3hours
4hours
5hours

1.0

0.8

0.6

0.4

0.2

0.0

0.05

0.04

0.03

0.02

0.01

0.0

Ab
so

rb
an

ce
 (a

.u
.)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)
510 540 570 600

Figure 6: UV-Vis absorbance spectra as a function of irradiation
time of the standard vanadium etioporphyrins solution in acetone.
The insets show the bands observed at 530 nm and 569 nm with the
background subtracted.

the region from 500 nm to 625 nm and then subtracting this
background from the measured absorbance. The result of
this background removal is shown in the insets of Figures
3 to 6. After one hour of UV-Vis irradiation, a noticeable
decrease in intensity of the 𝛼 and 𝛽 bands in all the samples
is observed; however, the kinetics depend on the extraction
method and the presence and type of catalyst. In order to
characterize the results obtained when irradiating with UV-
Vis light, the area under the curves of the 𝛼 and 𝛽 bands was
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Figure 7: Calibration curve for the vanadium (IV) etioporphyrin III
oxide solution in acetone using the height of the absorbance of the
𝛼 peak as a function of the concentration.

determined. Figure 8 shows the areas under the peaks versus
the irradiation time. It can be seen that in all cases the 𝛼 and 𝛽
peaks disappear after several hours of irradiation, but that the
time needed for this degradation process depends strongly
on the presence of water, TiO

2
, and N-TiO

2
/Cu. As a general

trend, it can be observed that the presence of water shortens
the degradation time of the vanadium etioporphyrins, both
for the measurements with and those without TiO

2
or N-

TiO
2
/Cu.
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The results for samples of crude oil extracts to which
N-TiO

2
/Cu was added (COE-(N-TiO

2
/Cu) and COEW-(N-

TiO
2
/Cu)) show interesting effects: the samples without

water, COE-(N-TiO
2
/Cu), show the smallest degradation

rate of all samples. In the case of the COEW-(N-TiO
2
/Cu)

samples, the degradation rate is faster than for the COE-(N-
TiO
2
/Cu) samples, but slower than for all other samples. Total

disappearance of the 𝛼 and 𝛽 peaks in this case takes more
than 5 hours of irradiation.

The experimental data of the area under both bands
corresponding to the petroporphyrins can be analyzed using
a sigmoidal fit of the following form:

Area = 𝐵
2
+
(𝐵
1
− 𝐵
2
)

1 + 𝑒(𝑡−𝑡0)/Δ𝜏
, (1)

where 𝐵
1
is the initial (maximum) value and 𝐵

2
is the final

(minimum) value. The time 𝑡
0
corresponds to the point

at which the slope of the curve changes (inflection point)
corresponding to where the maximum rate of change of the
process is reached; 𝑡

0
measures the time at which half of the

process has occurred and is useful to determine if a given
factor delays or impedes the process. In this sense it is useful
in defining the start of a given kinetic process.The parameter
Δ𝜏measures the duration of the process around 𝑡

0
, in such a

way that for an interval 4Δ𝜏, 95% of the process has occurred.
Based on this, the time for the photodegradation resulting
from a given treatment, 𝑇, can be found using the formula
𝑇 = 𝑡
0
+ 2Δ𝜏. The continuous lines in Figure 8 correspond to

the results of the fits of the experimental data to (1), and the
results for the parameters are presented in Figure 9.

Comparing the samples COE, COE-(N-TiO
2
/Cu), and

COE-TiO
2
with the corresponding samples to which water

was added, it can be observed that, in all cases, the addition of
water shortens the time 𝑡

0
, being clearly different for samples
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Figure 9: The time parameters of the logistic curve establishing the
differences induced in the crude oil extracts by UV-Vis illumination.

with N-TiO
2
/Cu and those with TiO

2
. This indicates that

water shortens the time at which the photodegradation rate
reaches its maximum. However, by analyzing the behavior
of Δ𝜏, it can be observed that the total time it takes is very
similar with or without water. Hence, for a given treatment,
water shortens the time to initiate photodegradation but once
this process is induced, the duration of this last stage for sam-
ples with or without water is very similar. As a consequence,
the time 𝑡

0
mainly corresponds to an induction time.

On the other hand, comparing all the samples with
the different treatments, 𝑡

0
is around 5 hours for COE-

(N-TiO
2
/Cu) and 2.5 hours for COE-TiO

2
, indicating that

the presence of copper induces a delay in the initiation
of the degradation. In contrast, Δ𝜏 is not very different
for both types of samples, which indicates that once the
photodegradation process starts, the duration of this last stage
is similar for samples with TiO

2
and N-TiO

2
/Cu.

This behavior can be a direct consequence of the fact
that titania impregnated with copper has a stronger optical
absorption in theUV; therefore, adding thismaterial to the oil
extract solutions could have the effect of obstructing partially
the UV radiation, slowing down photolysis. On the other
hand, the impregnation of titania with copper has shown
diverse effects on the photocatalytic activity, when degrading
methylene blue [12]. Even though the chemical processes
induced by light are completely different for methylene blue
and extracts of crude oil, our results agree with the ones
previously found.

In particular, preliminary results obtained by us and
others [20] indicate that a higher concentration of copper
does not improve the photocatalytic properties of Cu-TiO

2
;
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therefore, if the photodegradation of the porphyrinswould be
the objective, a possible solution could be to use nanoparticles
with a lower content of copper concentration. Additionally,
𝑡
0
and Δ𝜏 are smaller for COEW-TiO

2
than for COEW

samples. This implies that Degussa P-25 TiO
2
is showing

photocatalytic activity in presence of water. In contrast, this
is harder to observe in samples without water, where 𝑡

0
is

2 hours for COE-TiO
2
and 2.7 hours for COE; although

there is a slight tendency for Δ𝜏 to being shorter for COE-
TiO
2
than for COE, the spread in the values as represented

by the error bars does not allow to unequivocally state that
there is a difference between the values. Hence, it appears
that direct absorption of UV-light by the crude oil extracts
is capable of the photodegradation of petroporphyrins and
that adding a TiO

2
-based catalyst, in the absence of water,

does not significantly accelerate photodegradation. However,
the presence of water results in a faster initiation of the
photodegradation processes.

4. Conclusions

The effects of UV-Vis illumination on crude oil extracts con-
taining petroporphyrins have been monitored as a function
of time. Analysis of the UV-Vis spectra showed that the UV-
Vis illumination induces the systematic reduction of the size
of the 𝛼 and 𝛽 bands, corresponding to the degradation of
the petroporphyrins. It has been shown that this reduction
can be parameterized as a second-order kinetics process.The
analysis of the parameters of the degradation kinetics allows
inferring that the addition of water to the crude oil extracts
shortens the time to induce the photodegradation. However,
once this process has initiated, the duration of the last stage
of the photodegradation for samples with or without water is
very similar. It has also been shown that the use ofN-TiO

2
/Cu

induces an important delay in the initiation of the process of
photodegradation of the porphyrins. Additionally, it has been
shown that the presence of TiO

2
in the samples extracted

with water induces a small reduction in the duration of
the photodegradation; hence, Degussa P-25 can catalyze the
degradation of petroporphyrins.
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