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Abstract
Multi-walled carbon nanotubes (MWCNTs) have been successfully modi�ed with TiO2 nanoparticles via
a two-step hydrolysis technique. Firstly, the pristine MWCNTs are functionalized in nitric acid (HNO3) to
creation of oxygen containing groups. Secondly, TiO2 nanoparticles are synthesized on the surface of
functionalized MWCNTs through hydrolysis method. The synthesized samples have been used as
photocatalyst for decomposition of methyl orange (MO) as dye organic pollutant. The characterization of
samples using x-ray diffraction pattern (XRD) con�rm the presence of TiO2 nanoparticles with mixture of
anatase and rutile phases. Regarding the photocatalytic performance of TiO2 nanoparticles and modi�ed
MWCNTs with TiO2 nanoparticles, it observed that the degradation rate of MO increases by increasing
the irradiation time from 5 min to 35 min. The variation of degradation rate upon pH of suspension
reveals that the maximum and minimum degradation rate are in acidic (pH=3) and neutral condition
(pH=7). Meanwhile, the results show that the presence of MWCNTs leads to the enhancement of
degradation rate. The analysis of variance (ANOVA) results con�rm that both of main factors (irradiation
time and pH) and their interaction have a signi�cant in�uence on the degradation rate of MO. However,
the effect of irradiation time is more than that of pH and their interaction. The graphical methods verify
the quality and adequacy of the statistical models for prediction of the degradation rate.

1. Introduction
The elimination of organic contaminates from wastewater of industries is a major problem in the recent
decades. The application of semiconductor photocatalysts is a new approach for decomposition of
organic pollutants [1, 2]. In this technique, a light source with energy higher than the band gap of used
semiconductors is applied [3]. The irradiation of the semiconductors leads to the migration of electrons
that are located in the valence band to the conduction band. The transmittance of electrons causes the
formation of electrons and holes in the valence band and conduction layer, respectively [1, 4]. The formed
electrons and holes are able to react by water and oxygen. The reaction among them causes the creation
of different kinds of radical species that can act as decomposer of organic molecules [5, 6]. The
recombination of the formed electrons and holes can restrict the removal e�ciency of pollutants.
Therefore, the photocatalytic performance of the semiconductor photocatalysts depends on the
separation e�ciency of produced charges [7]. According to the previous reports, there are several
methods that can be applied for the decreasing of recombination rate of produced charges. For example,
the doping of materials that can act as electron sinks (such as Ag and Au) on the surface of
photocatalysts [8, 9]. The other technique for decreasing the recombination rate of electrons and holes is
application of a speci�c support with high surface area such as multi-walled carbon nanotubes
(MWCNTs) and graphene oxide (GO) [10]. The synthesis of photocatalysts on the surface of these
materials as template can signi�cantly enhance the photocatalytic performance. It can be attributed to
the effect of MWCNTs and GO on the migration rate of electrons from valence band [11, 12]. The coupling
of semiconductor oxides to the carbon supports can decrease the recombination of electrons and holes.
Meanwhile, it has a synergistic effect on the enhancement of energy range that stimulates electrons [13].
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Among the most widely used semiconductor photocatalysts, TiO2 has been received great attention due
to its excellent photocatalytic performance, environmental compatibility, low cost and wide band gap [14,
15]. In the recent years, several coupled photocatalysts such as GO-ZnO[16], CNT-ZnO [4, 6, 17], Fe3O4-GO-
ZnO [12], CNT-TiO2 [2] and SnO2-CNT [13] report the augmentation of photocatalytic activity for
degradation of numerous organic pollutants. Despite extensive research on the removal of numerous
organic pollutants, no statistical study of the impact of acidity on the removal of dye organic pollutants
has been performed using modi�ed MWCNTs with TiO2.

The main purpose of this research is synthesis of TiO2 nanoparticles and coupled of MWCNTs-TiO2 as
photocatalyst for degradation of methyl orange (MO). The synthesized photocatalysts are characterized
by means of X-ray diffraction pattern (XRD). The in�uence of experimental factors such as illumination
time and pH of suspension are investigated on the photocatalytic performance of the samples. The
experimental results are analyzed based on the analysis of variance (ANOVA) and response surface
methodology (RSM). The in�uence of main factors and their interaction on the degradation rate of MO
are studied. Finally, the adequacy of the presented statistical models for the prediction of degradation
rate is investigated based on the graphical method. 

2. Experimental
2.1. Chemicals  

MWCNTs with average diameter about 40-60 nm and length 5-15μm are purchased as support material.
Nitric acid (HNO3, 65%), Tetra chloride titanium (TiCl4, 99%) and Methyl orange (99.5%) with analytical
grade are applied without any puri�cation. All of aqueous suspensions are based on distilled water.
Hydrochloric acid (HCl, 99%) and sodium hydroxide (NaOH, 99%) are used to adjust the pH of the
suspensions.

2.2. Preparation of photocatalysts

Synthesis procedure of TiO2 nanoparticles as applied photocatalysts is same as method that is described
in our previous reports [14, 18]. The preparation of modi�ed MWCNTs with TiO2 nanoparticles consists of
two steps including functionalization of MWCNTs and surface decoration with TiO2 nanoparticles. The
functionalization step is performed using acid-treatment process. For this purpose, 0.1 g of as received
MWCNTs is dispersed in 50 ml of HNO3 and is agitated for 120 min using a magnetic stirrer. Then the
suspension is transferred to an ultrasonic bath and the treatment process is continues for 120 min.
Finally, the treated MWCNTs are �ltered, washed and dried at 80°C for an overnight. The second step is
based on the hydrolysis method to synthesis of TiO2 nanoparticles on the surface of the prepared
functionalized MWCNTs. 0.04 g of dried acid treated MWCNTs is dispersed in 100 ml of distilled water
and is agitated for 30 min. Then, 0.4 ml of TiCl4 is added to the mixture at room temperature and mixed
for about 5 h. Subsequently, the temperature of mixture is raised to 65°C and maintained for 12h. Finally,
the mixture is �ltered and washed. The prepared dried powder is calcined at 350°C for 3h.
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2.3. Experimental procedure for photocatalytic decomposition of MO

The photocatalytic experiments for decomposition of MO are carried out in a batch reactor in three pH
(pH=3, pH=7 and pH=11). The temperature of the suspension in the reactor is controlled using circulation
of water. The MO suspension (10 mg/ml) is located at a dark chamber for 60 min. Then, the initial
concentration of MO (C0) that is attributed to the initial adsorption intensity (A0) is recorded by means of
a Lambda EZ 201spectrophotometer (Perkin Elmer Company). The suspension is irradiated using a UV
lamp (150W). Every 5 minutes, some of suspension is discharged and �ltered. The remained
concentration of MO (Ct) in the suspension can be evaluated by recording the adsorption at each interval
(At). The degradation rate of pollutant can be expressed by. The statistical investigations based on the
analysis of variance (ANOVA) is performed using design of experiment (DOE).

3. Results And Discussion
3.1. XRD analysis

The XRD pattern of the synthesized TiO2 nanoparticles is illustrated in Fig. 1 for investigation of crystal
structure. Based on this Figure, it can be observed that the synthesized TiO2 nanoparticles have two main
phases such as anatase and rutile. The diffraction peaks that are referred to the anatase phase and rutile
phase are labeled using different symbols. So that, the observed sharp characteristic peaks that is
located at 2=25.35°, 37.96°, 48.02°, 62.89° and 75.20° are assigned to the (101), (004), (200), (204) and
(215) crystal orientations of the anatase phase of synthesized titania. The diffraction peaks at 27.33°,
36.26°, 41.36°,  54.39°, 56.66°, 62.26°, 68.98° and 70.11° belong to the (110), (101), (111), (211), (220),
(002), (301) and (112) planes of TiO2 nanoparticles with rutile crystal structure. Therefore, the both of
crystal structures (anatase and rutile) can be con�rmed in the synthesized TiO2 nanoparticles. The
fraction of each crystal structures can be approximately calculated using Equation 1 [19, 20]:

Where, A is the amount of titania with anatase crystal structure. IA and IR are corresponded to the intensity
of the main characteristic peaks of anatase (101) and rutile (211) phases, respectively. Therefore,
according to this equation the amount of anatase and rutile crystal structures are about to 63% and 37%,
respectively. 

 

The XRD pattern of functionalized MWCNTs using nitric acid is presented in Fig. 2. The main
characteristic peaks of MWCNTs that is belonged to the (002) and (100) Bragg re�ection planes of
graphite can be detected at 26.31° and 42.76°, respectively [19, 21]. Fig. 3 illustrates the XRD pattern of
the modi�ed MWCNTs with TiO2 nanoparticles. This Figure suggests the formation of the both phases of
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anatase and rutile crystallites. As can be seen, the major peaks of the synthesized MWCNTs- TiO2 are
located at about 25.33°, 27.16°, 36.14°,  37.85°, 47.95°, 54.16°, 62.35° and 68.51°. The observed
diffraction peaks at 25.33°, 37.85°, 47.95°, 54.16° and 62.35° are corresponded to the (101), (004), (200),
(105) and (204) crystal facets of anatse TiO2, respectively [15]. Meanwhile, the located peaks at 27.16°,
36.14°,  54.16°, 62.35° and 68.51° are indexed to the (110), (101), (211), (002) and (301) planes of rutile
TiO2, respectively [14]. The main characteristic peaks of MWCNTs are not detectable in the XRD pattern of
the modi�ed MWCNTS with TiO2. It can be due to the overlap of diffraction peak of (002) plane of
MWCNTs which is located at 26.11° and sharp peak of (101) plane of anatase TiO2.    

 

3.2. The study of MO degradation rate

Fig. 4 and Fig. 5 show the variation of MO concentration with respect to the irradiation time and pH using
TiO2 nanoparticles and modi�ed MWCNTs, respectively. Given the trend of concentration changes, it can
be observed that the ratio of �nal to initial concentration of MO decreases by increasing of UV irradiation
time (this behavior is the same at all of the studied pH). The main reason for the decrease in pollutant
concentration over time is the amount of created electron-hole pairs. When the photocatalysts are
exposed to the UV radiation, the electrons in the valence layer are excited. The excitation of electrons
causes the electrons to move from the valence layer to the conduction layer [18, 22]. Electron
displacement causes the formation of electrons and holes in the valence layer and conduction layer,
respectively. The formed electron- hole pairs can react with water and dissolved oxygen in the suspension
containing pollutants and produce the oxidizing radicals such as  and , respectively. These types of
oxidizing radicals can successfully degrade and decompose the organic pollutants. Therefore, the
decomposer radicals can be enhanced with increasing the irradiation time [11, 23]. The results of the
effect of PH on methyl orange concentration show that the acidic medium have the greatest effect on the
removal of pollutant. However, in neutral medium the rate of degradation of methyl orange is lower than
that of acidic and alkaline conditions. The high rate of decomposition of methyl orange in the acidic
medium is attributed to the presence of hydrogen ions (H+). The H+ ions in the suspension can react with
the produced electrons (e-) and form the hydrogen radicals (H.). Finally, the derived radicals can adsorb
the oxygen of the solution and produce the OH. [15, 24]. Therefore, it can be deduced that as the number
of hydrogen ions (in acidic medium) increases, the number of decomposing radicals also increases. The
e�ciency of MO removal using a photocatalyst is affected by the surface charge of the photocatalyst.
This is because as the surface charge of the photocatalyst increases, the dispersion of the photocatalyst
in the suspension increases. Therefore, a higher level of photocatalyst is exposed to the UV radiation.
This increases the amount of electron excitation and oxidizing radicals. Therefore, due to the reduction of
the surface charge of the photocatalyst under neutral conditions (pH=7), the removal rate of the MO
under neutral conditions is less than the acidic and alkaline conditions [25].
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Fig. 6 illustrates the comparison between variation of MO concentration with respect to the irradiation
time using TiO2 nanoparticles and modi�ed MWCNTs at different pH. The presented results show that the
concentration of methyl orange at each time point of irradiation and all three pH when using modi�ed
MWCNTs is lower than TiO2 nanoparticles. Therefore, these results can con�rm the positive effect of
carbon nanotubes on methyl orange removal. The main role of carbon nanotubes is to reduce the
agglomeration rate of TiO2 nanoparticles. Therefore, a higher level of photocatalyst can be exposed to
the UV radiation [26, 27]. This causes the increasing of excitation electrons of valence band in the
modi�ed MWCNTs with TiO2 nanoparticles photocatalyst. The enhancement of the excited electrons
leads to the increasing of transmitted electrons from valence band to the conduction band. Therefore,
more hydroxyl radicals are produced in the suspension containing modi�ed MWCNTs as photocatalyst.
Thus it can be con�rmed that the removal rate of methyl orange by modi�ed MWCNTs is substantially
higher than TiO2 nanoparticles.

 

3.3. The analysis of variance study

Table 1 and Table 2 present the results of analysis of variance for MO degradation rate using TiO2

nanoparticles and modi�ed MWCNTs with TiO2 nanoparticles, respectively. It can be seen that the degree
of freedom (Df) for factor A (irradiation time) and factor B (pH) is equal to 6 and 2, respectively. Thus, the
number of factor’s levels of A and B is 7 (5, 10, 15, 20, 25, 30 and 35 min) and 3 (pH=3, pH=7 and pH=11),
respectively. The Df value for interaction between A and B (AB) is the Df multiple of single factors. The
importance of each single factor and their interactions can be evaluated using F-value and P-value. The
signi�cant parameters have the sum of square value more than error. Therefore, it can be deducted that
the enhancement of F-value leads to the increasing of factor’s importance [28, 29]. According to the F-
values of presented factors in Table 1 and Table 2, it can be observed that all of the parameters have
reasonable F-value. It means that both of main factors and their interaction have signi�cant effect on the
degradation rate of MO. According to the results of F-value, it can be concluded that the variation of the
factors’ levels can reasonably vary the degradation rate of MO. Based on the results of these Tables, it is
clear that the F-value of factor A for degradation rate of MO using TiO2 nanoparticles and modi�ed
MWCNTs are 4981.66 and 10254.87, respectively. However, the F-value of factor B in Table 1 and Table 2
is 979.27 and 1495.84, respectively. The comparison between F-values of factor A and factor B
represents that irradiation time have F-value more than pH. Meanwhile, as can be shown, the contribution
percent of factor A on the MO degradation rate using TiO2 nanoparticles and modi�ed MWCNTs is 93.37
and 95.11, respectively. In addition, 6.12% and 4.62% of degradation rate of MO can be affected by pH of
suspension containing TiO2 nanoparticles and modi�ed MWCNTs, respectively.  It shows that the
in�uence of irradiation time on the degradation of MO is more than that of pH. It may be due to the effect
of irradiation time on the created electron hole pairs. Besides the F-value of factors, the signi�cant factors
can be distinguished based on the P-value. So that, each factor that have P-value less than the
signi�cance level () is assigned as a signi�cant factor [30]. The results of Table 1 and Table 2 con�rm
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that irradiation time, pH and their interaction have P-value less than 0.05. Therefore, all of these
parameters are assigned as signi�cant factors. Therefore, there is not any insigni�cant factor. The results
of Table 1 and Table 2 also con�rm it. As can be observed, the Df and sum of square of lack of �t is zero.
The lack of �t contain the insigni�cant parameters [31]. Therefore, it can be concluded that the proposed
models in Table 1 and Table 2 involve only the signi�cant factors. Thus the presented statistical models
can accurately predict the variation of MO degradation rate with respect to the irradiation time, pH and
their interaction.

Table 1. Analysis of variance for MO degradation rate using TiO2 nanoparticles.

Source Sum of 
Square

Df Mean
Squares

F-Value P-value %
Contribution

 

Model 2.83 20 0.14 1598.45 <0.0001 ---- signi�cant

A (Time) 2.64 6 0.44 4981.66 <0.0001 93.37 signi�cant

B (pH) 0.17 2 0.087 979.27 <0.0001 6.12 signi�cant

AB 0.011 12 8.872E-04 10.03 <0.0001 0.38 signi�cant

Lack of
�t

0 0 ---- ---- ---- 0.000 not 
signi�cant

Pure
error

3.71E-03 42 8.843E-05 ---- ---- 0.13 ----

Total 2.34 62 ---- ---- ---- ---- ----

Table 2. Analysis of variance for MO degradation rate using modi�ed MWCNTs with TiO2 nanoparticles.

Source Sum of 
Square

Df Mean
Squares

F-Value P-value %
Contribution

 

Model 3.07 20 0.15 3232.53 <0.0001 ---- signi�cant

A (Time) 2.92 6 0.49 10254.87 <0.0001 95.11 signi�cant

B (pH) 0.14 2 0.071 1495.84 <0.0001 4.62 signi�cant

AB 6.15E-03 12 5.12E-04 10.80 <0.0001 0.20 signi�cant

Lack of
�t

0 0 ---- ---- ---- 0.000 not 
signi�cant

Pure
error

1.99E-03 42 4.74E-05 ---- ---- 0.065 ----

Total 3.07 62 ---- ---- ---- ---- ----
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However, the quality of the both proposed models is justi�ed by ANOVA tables; the assumptions that are
applied for the application of ANOVA should be veri�ed. The analysis of residuals based on the graphical
technique is common for validation of degradation rate models of TiO2 nanoparticles and modi�ed
MWCNTs. The graphical approach can show the relationship between factors and response. In this
method, the residuals are converted to the studentized residuals and are plotted versus main factors, run
number or on normal probability [31, 32]. The �rst assumption of the ANOVA is the normality of error that
can be veri�ed using normal probability plot. Fig. 7 and Fig. 8 illustrate the normal plot of residuals for
degradation rate of MO using TiO2 nanoparticles and modi�ed MWCNTs, respectively. The patterned
distribution of studentized residuals around mean zero in Fig. 7 and Fig. 8 reveals the normality of errors
for TiO2 nanoparticles and modi�ed MWCNTs models. Thus, the degradation rate transformation is not
required. Therefore, it can be deducted that both of the models can accurately �t the experimental
degradation rates.

The second assumption in the ANOVA method is the independently distribution of error and constant
variance of all studied factors and their levels [31]. The veri�cation of this assumption can be carried out
using the plotting of studentized residuals versus independent factors (such as irradiation time and pH of
suspension), run number and predicted responses values that are estimated by model. The studentized
residual plot versus time of irradiation and pH of suspension containing TiO2 nanoparticles are shown in
Fig. 9 and Fig. 10, respectively. It is clear that all of the design points are located in the range of -3 and 3.
Therefore, it can be con�rmed that there is not any outlier and discrepancy in design point of TiO2

nanoparticles. The same results can be observed in Fig. 11 and Fig. 12 for studentized residual plot
versus time of irradiation and pH of suspension containing modi�ed MWCNTs with TiO2 nanoparticles.
Therefore, these results can verify the adequacy of the both statistical models for estimation of MO
degradation rate with respect to the irradiation time and pH.    

The correlation between experimental data and predicted values that are obtained by statistical model of
TiO2 nanoparticles and modi�ed MWCNTs with TiO2 nanoparticles are presented in Fig. 13 and Fig. 14,
respectively. Regarding these Figures, it can be observed that there is a good consistency among actuals
and predicted degradation rate of MO. Therefore, the adequacy of the both models for estimation of the
degradation rate can be con�rmed.

3.4. The analysis of MO degradation rate based on response surface methodology

The response surface method (RSM) is a three-dimensional approach for investigation of the response
variation upon simultaneous in�uence of two factors [28]. Fig. 15 and Fig. 16 illustrate the response
surface of MO degradation rate using TiO2 nanoparticles and modi�ed MWCNTs with TiO2 nanoparticles,
respectively. These two Figures show that the degradation rate of MO using both of photocatalysts
increases by enhancement of irradiation time up to 35 min. Regarding the in�uence of pH on MO
degradation rate using TiO2 nanoparticles and modi�ed MWCNTs, it is clear that the maximum and
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minimum degradation rate is attributed to the suspension with pH=3 and pH=7. It means that at the same
time of irradiation, the concentration of MO in the suspension with acidic condition (pH=3) is lower than
that of neutral condition (pH=7). Based on the slop of these two curves, it can be observed that the
variation of MO concentration with respect to the irradiation time is more than that of pH. Therefore, it
can be deducted that the in�uence of irradiation time is more than pH. The same results is observed in
ANOVA.       

4. Conclusions
TiO2 nanoparticles and modi�ed MWCNTs are prepared via hydrolysis method. The XRD patterns of as
prepared samples show that the structure of TiO2 nanoparticles is anatase and rutile. The comparison
between degradation rates of MO using synthesized photocatalysts reveals that the modi�ed MWCNTs
have higher photocatalytic performance rather than TiO2 nanoparticles. The investigation of degradation
rate based on the ANOVA show that the variation of level of each factor could signi�cantly change the
response. Meanwhile, at 5% level of probability, the proposed models are signi�cant. So that, the
graphical results show that there is a good consistency among actuals and predicted values of
degradation rate of MO using the models. The response surface method validates the ANOVA results.  
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Figure 1

XRD pattern of TiO2 nanoparticles.
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Figure 2

XRD pattern of functionalized MWCNTs.
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Figure 3

XRD pattern of modi�ed MWCNTs with TiO2 nanoparticles.



Page 16/28

Figure 4

The variation of MO concentration with respect to the irradiation time and pH using TiO2 nanoparticles
as photocatalyst.
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Figure 5

The variation of MO concentration with respect to the irradiation time and pH using modi�ed MWCNTs
with TiO2 as photocatalyst.
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Figure 6

The comparison between variation of MO concentration with respect to the irradiation time using TiO2
nanoparticles and modi�ed MWCNTs at different pH, a) pH=3, b) pH=7, c) pH=11.
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Figure 7

Normal plot of residuals for degradation rate of MO using TiO2 nanoparticles.
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Figure 8

Normal plot of residuals for degradation rate of MO using modi�ed MWCNTs with TiO2 nanoparticles.
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Figure 9

Plot of studentized residual versus time of irradiation in suspension containing TiO2 nanoparticles.
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Figure 10

Plot of studentized residual versus pH in suspension containing TiO2 nanoparticles.
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Figure 11

Plot of studentized residual versus time of irradiation in suspension containing modi�ed MWCNTs with
TiO2 nanoparticles.
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Figure 12

Plot of studentized residual versus pH in suspension containing modi�ed MWCNTs with TiO2
nanoparticles.
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Figure 13

Predicted versus actual value of MO degradation rate using TiO2 nanoparticles.
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Figure 14

Predicted versus actual value of MO degradation rate using modi�ed MWCNTs with TiO2 nanoparticles.
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Figure 15

Response surface of MO degradation rate using TiO2 nanoparticles.
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Figure 16

Response surface of MO degradation rate using MWCNTs with TiO2 nanoparticles.


