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This study investigates optimization of benzothiophene (BT) and dibenzothiophene (DBT) removal via a photocatalytic process by
using central composite design (CCD) method. Temperature, pH, and p-25 to MWCNT ratio (g/g) in the composite structure are
considered as design factors. According to the results, temperature has the greatest impact on removal rate. In optimal condition,
after being exposed to UV lamps (9W) for 20min, 59.8% of the solutions’ BT was removed, while DBT was completely removed.
Although the generated structure band gap is 3.4, but due to the presence of MWCNTs in the structure, it is capable of absorbing
visible light, and this leads to complete removal of DBT and 42% removal of BT under visible light radiation (in similar
circumstances). Kinetics analysis of thiophene’s reaction showed that, in the presence of visible light, first order removal rate
constants for DBT and BT are 7.98 and 0.953 1/h, respectively.

1. Introduction

With dramatic growth of petrochemical and automotive
industries, air pollution caused by sulfur dioxide has
become one of the major global problems. Since 2006,
America Environmental Protection Agency announced that
permitted concentrations of sulfur in diesel fuels should be
below 15 ppm [1–4].

Hydrogen desulfurization is considered as a common
process for sulfur removal. The process requires large
amounts of hydrogen and huge reactors [4–6]. Unfortu-
nately, hydrogen process cannot remove thiophene and its
derivatives which exist in heavy oil compounds [1, 2, 4, 6, 7].

To save energy and reduce costs, an alternative desul-
furization process needs to be developed. In thiophenic
compound removal, advanced oxidation processes, which
begin with oxygen radicals, may take 3 forms: chemical,
bio-, and photooxidation [8–10]. The great advantage of

photocatalytic removal compared to the previous two pro-
cesses is that it occurs under ambient temperature and
pressure, so after a reasonable time, an acceptable amount
of pollutant is eliminated [6, 10].

When a semiconductor is irradiated by a light beam with
energy equal or greater than its band gap, it can act as a
photocatalyst [6, 8, 9]. In this case, an electron is transferred
from the valence band to the conduction band. This trans-
mission creates an electron in conduction band and a hole
with positive charge in the valence band [8, 9, 11, 12]. These
electrons and holes can be transferred to the catalyst surface
and begin redox reactions [8, 9, 11].

Recombination of electrons and generated holes is
considered as the most important factor limiting semicon-
ductors’ photocatalytic power [5, 9, 10]. In this case, the
stimulated electron returns to the valence band without
entering into reaction with the adsorbed component on
the surface of the semiconductor and releases its energy
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as light or heat [9, 11]. Normally, only 1% of electrons and
generated holes participate in photocatalytic reaction, and
the rest may be recombined without participating in the
reaction [13].

Due to efficiency and the feasibility of conducting pho-
tocatalytic reactions at ambient conditions, and no need
for hydrogen, research studies on the use of photocatalysts
in order to remove sulfur compounds are increasing.
Given the significance of sulfur removal from fuels and
the important role of photo catalysts in the process effi-
ciency, it seems very necessary to find a way to increase
removal process efficiency. There are various methods for
increasing photocatalytic strength and reducing recombi-
nation rate. Some methods increase photocatalytic power
by improving structural properties, such as increasing the
surface area and porosity, while some others increase the
potential to remove contaminants by chemical modifica-
tion and addition of another component to semiconductor
structure [5, 7, 9–11]. One way to increase efficiency is to
perform a photocatalytic process using carbon nanotubes
and combine it with semiconductor [5, 9, 14–19].

Vu et al. indicated that addition of nanotubes to titania
reduces the possibility of electron and hole recombination,
and combination of titania with nanotubes with a ratio of
20 : 1 has more photocatalytic power than raw titania. In this
study, after 8 h of irradiation by ultraviolet lamp (250W),
80% DBT removal was achieved [5].

Given that very few research studies are conducted on the
use of nanotubes to increase the efficiency of photocatalytic
removal of thiophenic compounds based on studies done so
far, the aim of this study is to evaluate the effect of important
factors on removal of BT and DBT, as sample compounds
with low reactivity, by using MWCNT-titania composite.

Today, with the advancement of computer science,
design and optimization have become common ways of
research development. Thus, many studies have been con-
ducted for optimization of photocatalytic construction using
different methods of experimental design. Thus, in this
research, CCD method is applied to optimize photocatalyst
construction condition.

2. Materials and Methods

2.1. Photocatalyst Synthesis for Optimization of
MWCNT :Titania Ratio in Sol. The composites are made
using sol-gel method and ratios that were optimized in
our previous research [20]. Tetraethyl orthotitanate (95%,
Merck) was dissolved in isopropanol (obtained from Chem-
ical Industry Co. of Dr. Mojalali IR) with molar ratio of
1 : 70. In order to stabilize pH level, the required amount of
nitric acid (65%, Merck) solution with pH=3 was added,
and the mixture was stirred for 1 h using a magnetic stirrer
during the sol preparation. Thereafter, MWCNT (RIPI,
D=10–20 nm) was added to the mixture and was stirred
for another 3 h. The nanotube ratio was selected in such a
way that the mass ratio of MWCNT to titania in the resultant
composite will be equal to 0.65, 1, 1.3, and 2.6. The samples
were then labeled as samples 1–4 (S1, S2, S3, and S4).

After this step, until when the gel is formed and dried, the
obtained mixture was kept at room temperature. Then, the
samples were placed in a furnace and heated at 5°C/min to
reach 450°C. The samples were calcined for 1 h at this tem-
perature. Then, they were cooled down at room temperature
with the same rate.

2.2. Photocatalyst Synthesis for CCD Optimization. In this
part of the research, MWCNT to titania ratio was constant
and equal to the best ratio based on the previous section
result, but we used different pH values (2, 2.4, 3, 3.6 and 4)
for sol preparation. Also, proper amounts of p-25 (Degussa,
BET=50m2/g, band gap= 3.4 ev) were added to the sol
exactly after MWCNT addition and stirred for 3 h. This solu-
tion was kept at room temperature. After solvent evapora-
tion, the samples were calcinated at different temperatures
(300, 361, 450, 539, and 600°C). The heating and cooling
rates were the same as in the previous section.

2.3. Test Method and Concentration Measurement. To
assess photocatalytic power of the particles, 0.5 g of the cat-
alyst was added to 100ml of n-hexane (95%, Dr. Mojalali
IR) solution with initial concentration of DBT (100%,
Merck) or BT (100%, Merck) equal to 200 ppm. Then, the
liquid was stirred in the dark until adsorption equilibrium
is established. In this case, the solution’s equilibrium con-
centration was considered as the initial concentration for
the next step.

In the next step, 1mM of hydrogen peroxide (30%,
Merck), as an oxidizing agent, was added to the mixture.
Then, it was exposed to UV lamp (UVC, Philips, 9W) in a
mirror box for 20min. In order to measure concentration,
samples were taken at each stage and photocatalyst was sep-
arated from the sample by centrifugation. Then, concentra-
tion was calculated by measuring absorption using a UV
spectrophotometer.

2.4. Experimental Design and Statistical Analysis. In order to
achieve desired results, there are various methods of experi-
mental design which reduce the number of tests, determine
the effects of the studied parameters on the target function,
and ultimately specify the optimum conditions. In the cur-
rent research, CCD, which is the most widely used RSM
(response surface method), is applied to optimize BT and
DBT removal.

There are many parameters that can affect the photo-
catalytic power of composites. But in this study, calcination
temperature, sol pH, and p-25 to nanotubes ratio were con-
sidered as important parameters in determining the photo-
catalytic power of this structure. The rest of the conditions
are assumed to be fixed in all experiments.

The photocatalytic removal rate of thiophenic com-
pounds is defined as the system response and target parame-
ter. Equation 1 is used for its calculation, where Ct is final
concentration and C0 is initial concentration (the obtained
value after absorption equilibrium).

y = 100 × C0 − Ct

C0
1
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Ranges of change for every variable are determined
based on previous studies and preliminary tests. Accordingly,
temperature between 300°C (the temperature required for
the formation of anatase phase) and 600°C (the nanotube
burns at higher temperatures) [5], pH between 2 and 4 (due
to the absence of gel formation in nonacidic pH [21]), p-25
to nanotube ratio between 0 and 5 (composite cannot be
stimulated with visible light at higher ratios.) were consid-
ered. Thus, actual and coded values of every parameter are
shown in Table 1.

Experiments are designed according to five levels of
CCD. A design with these conditions and four replicas at
center point includes 18 tests according to Table 2.

Data analysis was performed using design expert v.7
software, and the quadratic model was used to predict the
parameters’ behavior. The accuracy of a model can be
assessed in different ways. One of the parameters used in this
field was to compare the values obtained experimentally with
values predicted by the model.

Also, in order to evaluate the parameters’ effect and
model validity, R2, F value, p value, and main effects chart
are employed. Of course, to assess the model accuracy, R2

should not be considered as the only comparison criteria,

because it can be increased by adding a number of factors
(even noninfluential factors); to do so, adjusted R2 and
proximity of these two values to each other should be
employed, as well.

3. Results

3.1. Influence of MWCNT :Titania Ratio on Photooxidation
of DBT. Figure 1 indicates percentage DBT removed versus
photocatalyst with different MWCNT : titania ratio. For bet-
ter understanding, results using MWCNT alone and using
photocatalyst without MWCNT addition were also shown.
MWCNT has photocatalytic potential, and its addition to
composite increases photocatalytic power. This increment
can be explained as a result of reduction in the possibility
of electron and hole recombination. However, higher ratios
may lead to light scattering in solution; though, they may
inversely affect photocatalytic removal rate [5, 7, 16, 19].
Therefore, the optimum sample is S2 with mass ratio of
MWCNT : titania equal to 1.

3.2. ANOVA. The 18 suggested experiments were performed
under specified conditions, and BT and DBT removal results
are shown in Table 2. The results were analyzed using
ANOVA test. Equation 2 is the model that is proposed to
predict BT and DBT removal. Coefficients of this equation
are listed in Table 3. α, β, and γ are main factors (listed in
Table 1) in actual value.

%removal = A + B × α + C × β +D × γ + E × α

× β + F × α × γ +G × β × γ +H

× α2 + I × β2 + J × γ2
2

R2, F value, and p value are given in Table 4. For both
thiophenic compounds, high F value and p value< 0.05 indi-
cate that the model is significant. In both cases, nonsignifi-
cant lack of fit means the model is properly fitted to the
data [22, 23]. R2 values> 0.95 means that the model properly
predicts parameters’ changes (in the studied range) and, in
both cases, under 5% of total changes cannot be explained
by the model [24] which can also be confirmed by proximity
of R2 and adjusted R2 [22–24]. Figure 2 presents predicted
values versus obtained values from the experiments, where

Table 1: Actual and coded values of independent variables.

Factor
Level

−1.68 −1 0 1 1.68

α: Temp (°C) 300 361 450 539 600

β: pH 2 2.4 3 3.6 4

γ: p-25 :MWCNT ratio (g/g) 0 1 2.5 4 5

Table 2: Different experiment conditions and their response values.

Factor % removal
Experiment number α β γ BT DBT

1 361 2.4 1 25 88.5

2 539 2.4 1 8.4 21.6

3 361 3.6 1 29.4 82.5

4 539 3.6 1 9.5 29.1

5 361 2.4 4 26.4 90.6

6 539 2.4 4 9.4 42

7 361 3.6 4 35.8 93.2

8 539 3.6 4 15.7 55.7

9 300 3 2.5 37.3 90.4

10 600 3 2.5 8.9 21.7

11 450 2 2.5 10.9 68.3

12 450 4 2.5 11.9 66.5

13 450 3 0 13.7 41.9

14 450 3 5 23.5 62

15 450 3 2.5 11.3 60

16 450 3 2.5 10.2 55.2

17 450 3 2.5 14.8 53.6

18 450 3 2.5 10.9 55
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Figure 1: % DBT removal using composites with different
MWCNT : titania ratio.
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proximity of points to lines suggests little difference between
predicted and obtained values [23, 24].

In addition, p values for the given parameters and their
interaction are shown in Table 4. According to this table, α,
β, and γ are 3 significant factors in BT removal, while only
α and γ and their interaction are significant in DBT removal.
Among these factors, temperature is most effective in both
BT and DBT removal. According to the main effect graph,
shown in Figure 3, the same result is obtained because tem-
perature changes lead to 30% change in BT response and
80% change in DBT response.

Response surface plot, shown in Figure 4, indicates
simultaneous effects of α and γ (when the third parameter
is at the central point) on the DBTs’ response.

According to the obtained results, the structure of photo-
catalytic strength decreases with increasing temperature. It
has been demonstrated that by increasing the calcination
temperature or calcination time, crystalline particles grow
in size which results in decreased specific surface of the struc-
ture [3]. Decreased specific surface of the structure indicates
reduction of active sites for the reaction. On the other hand,
rising temperature converts anatase phase to rutile and there-
fore reduces photocatalytic power. For this reason, at high
temperatures, positive impact of more amount of p-25 on
the structure is obvious.

3.3. Optimization and Confirmation. In this process, optimi-
zation means obtaining a structure which results in the high-
est rate of BT and DBT removal. Based on the performed
analysis, a structure which is made at pH=4 with p-25 five
times more than carbon nanotube that is calcined at 300°C
can be an optimal structure. The model predicts that employ-
ing this structure may result in 100% DBT removal and
60.38% BT removal. This sample was synthesized, and within
20minutes (average of four iterations), all DBT and 59.8% of
BT were removed. Proximity of the obtained and predicted
values by the model indicates suitability of the test design
and the proposed model.

3.4. Characterization of the Optimized Sample. The result
of XRD test (tube Co, λ=1.78897Å, step size = 0.02°/s)
on the optimized sample is shown in Figure 5. Anatase

diffraction peaks was found at 25.1, 38.5, 47.8, and 70.2°

corresponding to the reflections from 101, 112, 200, and
116 crystal planes [5, 7, 14–17, 25]. The peaks at 27.6, 40,
41, 44, and 85.8° are the diffractions of rutile 110, 200, 111,
210, and 400 [14, 25]. Nanotube (002) peak appears at 25.8°

[18, 19] which is usually combined with anatase phase and
cannot be specified separately.

Nanotube 100, 004, and 110 peaks appear at 42.2, 52,
and 78° [16–19]. Brookite titania [26] or hydrate titania
[27] peaks at 59.2 and 60.6 may be due to titania and acid
presence in the sol. Accordingly, the produced titania is a
combination of anatase and rutile. However, the observed
rutile phase cannot be inferred as a result of anatase to
rutile conversion at this temperature, yet it is because of
a large amount of p-25 in the structure, so the resulting
graph is actually similar to the p-25 graph to which nano-
tube peaks are added.

Using Scherrer equation (3), the size of the crystal is cal-
culated [2, 17].

D = kλ
β cos θ , 3

whereD is crystal diameter, k is a shape factor equal to 0.94, λ
is X-ray wavelength equal to 1.79 Angstrom, θ is maximum
peak angle, and β is bandwidth at half height of the graph’s
maximum peak. Considering Figure 4 and Scherrer equation,
the particles’ size is 36nm. It is proved that adding nanotubes
to the compound reduces the size of crystals when compared
to raw titania and p-25 [14, 17].

Figure 6 shows light absorption of the optimized sample.
To better compare the graphs, p-25 light absorption is also
included in Figure 6. All attempts made to improve structural
properties of the photocatalysts are to produce a catalyst
which can be stimulated by visible light irradiation.

As shown in the figure, due to the high amount of p-25 in
the combination, the band gap of the optimized sample is
equal to p-25. However, compared with p-25, the sample
absorbs light of the visible region, as well [7, 14–17, 19].
When combined with titania, nanotube creates an energy
level under titania conducting band. Therefore, electron can
also be stimulated when irradiated with visible light and
moves between nanotubes and titania. It should be noted that
extending the absorption edge of TiO2 to the visible region is
considered as one of the main objectives to have active
photocatalyst in the visible light region [7, 10, 14, 15, 17].

3.5. Photolysis, Oxidation, and Photooxidation Comparison.
The decrease in the concentration of BT and DBT under
different conditions is presented in Table 5. According to
the results, the photolysis process does not have the power
to eliminate thiophene. The catalyst, by itself, induces a slight
decrease in concentrations by adsorption. However, when
catalyst and light are used, in addition to adsorption, oxida-
tion also occurs, and it is evident that, when ultraviolet light
is used due to more emitted energy, the electron and hole
production rate increases, and therefore, the amount of
removal is higher than the use of visible light. Hydrogen
peroxide is not capable of oxidizing BT but oxidizes DBT to

Table 3: Coefficients of (2).

Coefficient
Pollutant

BT DBT

A 160.75 437.364

B −0.55133 −0.6270
C 1.47975 −113.8877
D −8.75249 −14.9496
E −0.015085 0.05798

F −0.0005606 0.031954

G 1.42952 2.07421

H 0.0005537 0.00012

I 0.75875 14.07153

J 0.12506 −0.21661
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a small extent, and when solution is exposed to light, its
oxidation power is slightly increased and, under ultraviolet
light, it can also reduce the concentration of BT, but it is
not significant at all. When the catalyst and hydrogen
peroxide are added to the solution (chemical oxidation),

a significant change in concentrations occurs. As shown in
the table, there is a reduction of 29.3% in the concentra-
tion of BT and 86% reduction in the concentrations of
DBT after 20min. This synergistic effect shows that in this
case, the catalyst acts as an active site and increases the
contact surface of hydrogen peroxide and thiophenes. If
light is also added to this system, chemical oxidation
becomes photooxidation, and the power of thiophene
removal is increased. Based on the results obtained, the
catalyst with visible light is also excited, and its removal
ability is more than chemical oxidation (especially in the
case of BT).

3.6. Kinetics of Photooxidation.When it became obvious that
samples can absorb visible light, some tests were conducted
using visible light for BT and DBT removal. The results
showed that visible light can help in achieving total removal
of DBT and 42% removal of BT. BT and DBT removal reac-
tions can be regarded as a first-order equation [2–4, 6], in
which reaction rate constants of BT and DBT removal rate
are 0.953 and 7.98 1/h, respectively. For better comparison
of results obtained, constant values obtained for BT and
DBT removal rate in previous studies are listed in Table 6.
Comparison of data in Table 6 shows dramatic increase of
removal rate in the current research due to the addition of
nanotube to titania. There is also an important difference
between the current and previous research results; in this
study, visible light is used, while the results presented in
Table 6 were obtained with ultraviolet light.

4. Conclusion

In order to achieve maximum thiophenic compound
removal rate, construction condition of titania-nanotube
composite is optimized at 300° C, pH=4, and titania-
nanotube ratio equal to 5. The results showed that, added
to increasing photocatalytic power, addition of nanotubes
to the system stimulates the structure with visible light.
Moreover, DBT removal is far easier than BT removal,
because the optimized structure can completely remove

Table 4: ANOVA results for quadratic model of BT and DBT photooxidation.

Mean square F value p value (BT) Mean square F value p value (DBT)

Model 168.16 28.11 <0.0001 982.27 37.24 <0.0001
α (Temp) 1078.50 180.27 <0.0001 7589.22 287.72 <0.0001
β (pH) 38.34 6.41 0.0352 15.98 0.61 0.4588

γ (p-25) 72.57 12.13 0.0083 641.56 24.32 0.0011

αβ 5.12 0.86 0.3820 75.65 2.87 0.1288

αγ 0.045 0.0075 0.9330 146.21 5.54 0.0464

βγ 13 2.17 0.1786 27.38 1.04 0.3381

α2 245.43 41.02 0.0002 11.71 0.44 0.5240

β2 0.91 0.15 0.7067 313.08 11.87 0.0088

γ2 100.15 16.74 0.0035 3.00 0.11 0.7444

Lack of fit 7.05 1.68 0.356 37.53 4.81 0.1131

R2 0.9693 0.9767

Adj R2 0.9349 0.9505
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Figure 2: Predicted versus actual values for photooxidation of BT
and DBT.
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DBT within 20min (both with ultraviolet light and with
visible light); but changing ultraviolet to visible light in case
of BT reduces its removal rate from 59.8 to 42%. Reaction
rate constant of DBT and BT removal rate in a first-order

equation are 7.98 and 0.953 1/h, respectively. These values
are several times more than those obtained by previous
researchers; the increase was caused principally by adding
nanotube to the composite structure.
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Figure 3: Main effect plots for the photooxidation of BT and DBT.
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