Research Article

Box-Behnken Design for Photocatalytic Degradation of
Sudan Black B by Catalyst-Embedded Multiwalled

Carbon Nanotubes

V. S. Angulakshmi?, S. Mageswari?’, S. Kalaiselvan3, R. Padmavathi® and K. Parvathi*
1Department of Chemistry, PSGR Krishnammal College for Women, Coimbatore, TN, India

2Department of Chemistry, Vivekanandha College of Engineering for Women, Namakkal, TN, India

3Department of Chemistry, M. Kumarasamy College of Engineering, Karur, TN, India

“Department of Chemistry, LRG Government Arts College for Women, Tirupur, TN, India

Received: 03.03.2024
*mmahes15@gmail.com

Accepted: 23.03.2024 Published: 30.03.2024

ABSTRACT

This research employs a Box Behnken design-based technique for photocatalytic use of Multiwalled Carbon
Nanotubes (MWCNTS) derived from spray pyrolysis. This procedure was used for photocatalytic degradation applications on
Sudan black dye using Citrus limonum oil as a carbon precursor and Fe/Co/Mo supported on silica as a catalyst. The influence
of initial dye concentration was compared to the effects of H,O,, catalyst concentration and solar light intensity. The Response
Surface Methodology was used to optimize growth parameters for higher yield and graphitization. The as-grown CNTs were
exemplified using scanning and transmission electron microscopy and Raman spectroscopy. This work resulted in the
identification of the optimal set of spray pyrolysis turning parameters for achieving high CNT vyield and effective
decolorization of Sudan black B dye by employing MWCNTS as catalyst. The degree of decolorization of Sudan black B dye
increases upto a certain level with an increase in initial H,O, concentration and subsequently declines as excess H2O2 hydroxyl
radicals formed serve as scavengers, resulting in less dye decolonization.
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1.INTRODUCTION

Since the 1990s, a great number of international
researchers have published extensively on this topic, and
it is obvious that the single-walled carbon nanotube is a
key component of the prospect of materials science
(Coville et al. 2011). Carbon nanotubes are circular
barrel-shaped allotropic variety of carbon that are
typically formed through chemical vapour deposition.
These incredible structures have fascinating mechanic,
electronic and magnetic properties (Agel et al. 2012).
Graphene and carbon nanotubes are given special
consideration since they play a critical part in current
breakthroughs based on nanomaterials, such as
conductive and high-strength composites (Lee et al.
2016), simulated implants (Chua et al. 2013), drug
delivery systems (Ketabi et al. 2017), sensors
(Arunachalam et al. 2018), energy conversion and
storage devices (Kumar et al. 2018) and field emission
displays (Sun et al. 2017), nanometer-sized
semiconductor devices (Xu et al. 2017), hydrogen
storage media (Zhao et al. 2017) probes (Choi et al.
2016) and interconnects (Chen et al. 2016). Carbon
nanotubes could be produced via chemical vapor
deposition (CVD) or plasma-enhanced CVD (PECVD).
(YYanase et al. 2019), plasma or arc discharge evaporation
(Journet et al. 1997), laser ablation (Gupta et al. 2019)

and thermal synthesis (Moise et al. 2019).

All of these processes entail adding energy to
the carbon supply producing components that can be
reassembled to form groups or single carbon atoms to
create CNT. Arc discharge electricity, heat from the CVD
furnace (around 900°C), or high-intensity laser light
could be used as energy sources (Donaldson et al. 2006).
Spray pyrolysis is similar to CVD in that it is a single step
process, whereas CVD is a two step process (Ghosh et al.
2008). Catalysts such as Fe, Co, or Ni were extensively
utilized in the synthesis of single-walled and multi-
walled CNTs. To enhance the catalytic activity,
synergistic impact of the metals utilized in the catalyst
was observed (Rakesh et al. 2006). Temperature is
crucial in the formation of diverse morphologies of
nanotubes (Li et al. 2002). Camphor, turpentine oil,
Oryzasativa oil, and Madhuca longifolia oil have been
employed as carbon precursors in order to produce CNTS
(Rakesh et al. 2007; Kalaiselvan et al. 2018; Mageswari
et al. 2014; Karthikeyan et al. 2014). These natural
precursors are inexpensive, renewable, and abundant.
Recently, process optimization using design of
experiments has gained popularity in allied fields of
nanotechnology. The impact of procedure parameters on
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carbon nanotube diameter were investigated using RSM
(Amirhasan et al. 2007). Statistical design of experiments
analyzes large data with the fewest number of
experiments possible (Goh et al. 2001). Wei-Wen et al.
(2012) optimized the reaction environment for the
production of single-walled carbon nanotubes by means
of response surface approach.

Box-Behnken designs were developed to reduce
sample size as the number of parameters increased. Box-
Behnken is a circular revolving design. It has been used
to optimize an extensive choice of chemical and physical
processes, and it dictates the number of tests required to
be done. The experiments in this study were planned and
carried out using a Box-Behnken type response surface
design. The Box-Behnken experimental design is used to
investigate and optimize the reaction conditions that
influence CNT yield and morphology. Carbon nanotubes
for wastewater treatment have only recently become the
focus of extensive research. Currently, the emphasis is
shifting toward multi-walled carbon nanotubes as an
alternate for these two-dimensional graphene-based
materials (Hayati et al. 2020). Moreover, they aid
nanomaterials in increasing their strength and increasing
their overall surface area, thereby improving
photodegradation capability (Shaban et al. 2018).
Because of their 3D structure, they share qualities with
graphene oxide (GO) such as photosensitizing capacity,
huge surface area, and elevated adsorption capacity.
They also assist nanomaterials in increasing their

strength  and surface area, which improves
photodegradation capability. Because of their synergy of
increasing surface area and trapping excited electrons to
minimize recombination, carbon nanotubes engage an
essential role in boosting the photocatalytic activity of
inefficient metal oxide systems (Chaudhary et al. 2016).
Carbon nanotubes (CNTSs) are potential adsorbents for
the treatment of important heavy metals such as Cd(ll),
Zn(ll), and Pb(11) (César et al. 2009; Othman et al. 2017),
dye degradation (Aarthi et al. 2007), and water splitting
to generate hydrogen at room temperature (Sankeerthana
et al. 2019).

2. EXPERIMENTAL METHODS

2.1 Preparation of Mixture of Catalysts

To prepare Fe/Co/Mo supported on silica, the
wet impregnation method was adopted. The following
steps were taken to prepare a Fe/Co catalyst supported on
silica (SiO,) particles (Fe: Co: Mo: SiO,=1:0.4:4). Metal
salts  (Merck), namely  Fe(NO3);.6H,O and
Co(NO3),.6H,0 and (NH4)sMo0,0,4, were dissolved in
methanol and thoroughly mixed with a silica methanol
suspension (Merck). The solvent was then evaporated
from the cake, which was then heated to 90-100°C for 3
hours before being removed from the furnace and ground
in an agate mortar. The fine powders were then calcined
for one hour at 450°C before being reground and loaded
into the reactor.

Feed
Pressure Gauge

Gas-Supply-Unit

HT-Tube Furnace

Bubbler S

Rotary Pump

Fig. 1: The diagrammatic arrangement shows the components of the CVD-assisted spray pyrolysis system, including the
quartz tube, tube furnace, gas cylinders, rotary pump, pressure gauge, and control panel
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Table 1. The experimental choice and stage of the selected
precursors input variables

Input Variables Level (-1) Level (+1)
A: Temperature (°C) 550 750

B: Catalyst Composition (g) 0.25 0.75

C: Precursor Feed rate (mL) 10 30

2.2 Fabrication and Purification of Nanotubes

Multi-walled carbon nanotubes were synthe-
sized using the CVD assisted spray pyrolysis process
(Uthayakumar et al. 2022). On the quartz boat, the cata-
lyst was placed. The boat was placed in the furnace for
heating. In a typical experiment, the quartz tube was
flushed with nitrogen to eliminate air and establish a ni-
trogen atmosphere before being heated to the reaction
temperature. Citrus limonum oil precursor solution was
sprayed into the quartz tube with nitrogen as a transporter
gas. Experiments were carried out by varying the temper-
ature between 550 and 750 °C for 45 minutes. The carbon
deposit was removed from the reactor and weighed after
cooling to room temperature in flowing nitrogen gas.
Willems et al. (2000) calculated the carbon deposit yield
as Carbon deposit% = 100 (Mvotal - Mcat)/Mca, Where the
initial quantity of catalyst is denoted by mca and Mrotal IS
the sample’s total mass after the reaction (Hayati et al.

2020; Willems et al. 2000). The as-grown products were
heated for 30 minutes in 1 N HCI at 60°C. Finally, the
acid was detached from the samples by washing them
with distilled water. The material was dried in air for 2
hours at 120°C. A field-emission scanning electron mi-
croscope and a high-resolution transmission electron mi-
croscope were used to analyze the surface morphology of
as-grown carbon samples. Raman spectroscopy was used
to determine the crystalline arrangement of CNT
samples.

2.3 Experimental Design

Box-Behnken experimental plan is a three-level
design based on a factorial design. To design the trial and
randomize the runs, Stat-Ease was utilized in conjunction
with Design-Expert Software version 8. Box-Behnken
designs empower for the estimation of coefficients in a
second-degree polynomial regression as well as the
modelling of a quadratic response surface. In the current
study, reaction temperature, catalyst composition (Fe-
Co-Mo), and precursor feed rate were considered as input
variables, while yield percentage was selected as the
response variable. Independent variables of highest and
lowest levels are displayed in Table 1. Table 2 shows the
experimental design matrix for Citrus limonum oil by
means of the Box-Behnken design, as well as the
accompanying experiments. The synthesis of MWNTSs
was carried out in accordance with the design matrix and
the results are listed in Table 2.

Table 2. Box-Behnken design matrix and equivalent response for methyl ester of Citrus limonum oil

Factor 1 Factor 2 Factor 3 Response 1
Run A: Reaction B: Catalyst Composition C:Feed rate of Precursor Yield (%)
Temperature(°C) (@) (mL)
1 550 0.5 10 17
2 750 0.75 20 52
3 650 0.75 30 63
4 550 0.5 30 38
5 650 0.5 20 79
6 650 0.75 10 41
7 650 0.5 20 74
8 650 0.5 20 79
9 750 0.5 10 43
10 650 0.5 20 70
A1 650 0.5 20 72
12 550 0.75 20 23
13 550 0.25 20 11
14 750 0.25 20 52
15 650 0.25 10 38
16 650 0.25 30 49
17 750 0.5 30 47
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2.4 Photocatalytic Activity Assessment

The photocatalytic experiments were carried out
in the presence of natural light. In each experiment, 50
mL of Sudan black B was measured and the absorbance
were calculated. Sudan black B had a maximum
absorbance of 600 nm. Before irradiation, the
photocatalyst suspension (Fe-Co-Mo catalyst-grown

MWNTSs) was cleaned and blended well in the dark to
ensure adsorption equilibrium. The suspension was
exposed to sunlight for photodegradation. The
suspension sample was collected at 30-minute intervals
and centrifuged for 10 minutes at 2500 rpm to remove
photocatalyst particles from the suspension. The
absorbance was determined at 600 nm. The data were
used to compute the percentage of decolorization.

Table 3. ANOVA for RSM variables fitted to a polynomial equation for methyl ester of Citrus limonum oil

Source Sum of Squares Df Mean Square F-Value p-value Prob>F
Model 7185.07 9 800.01 24.690 <0.0001
A-Temperature 1570.00 1 1570.00 49.420 0.0002
B-Catalyst composition 97.00 1 97.00 3.102 0.1300
C-Feed rate of carbon precursor 394.00 1 394.00 13.104 0.0203
AB 6.76 1 6.76 0.192 0.6803
AC 75.02 1 75.02 2.340 0.1850
BC 12.95 1 12.95 0.399 0.5790
A2 2873.64 1 2873.64 92.883 <0.0001
B2 836.19 1 836.19 25.820 0.0012
c2 776.92 1 776.92 24.960 0.0019
Residual 228.90 7 33.38
Lack of Fit 196.50 3 67.50 7.850 0.0423
Pure Error 36.20 4 8.70
Cor Total 7422.85 15
Predicted vs. Actual Perturbation
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Fig. 2: a) Predicted Vs Actual plot for methyl ester of Citrus limonum oil b) Perturbation plot for Citrus limonum oil

3. RESULTS AND DISCUSSION

3.1 Box-Behnken Design and Statistics Investi-
gation

The Box-Behnken design move towards
examination of the individual and interaction impacts of
temperature (°C), catalyst composition (g), and precursor
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feed rate (mL) on MWNT vyield % (as a response). The
quadratic model’s statistical significance was determined
using ANOVA. Table 3 displays the results of the
ANOVA for the quadratic equation. According to the
ANOVA results, the real correlation involving the
response and the significant variables symbolized by the
quadratic equations above is correct. The relevance of the
coefficient term is found out by the values of F and p; the
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greater the F value and the lower the value of p, the more
considerable the coefficient term. The model is
statistically significant because the p value is less than
0.05. The ANOVA findings for the current synthesis
process showed that the Model F value for Citrus
limonum oil was 24.69, suggesting that there was only a
0.01% chance that a "Model F value" that high might
have occurred because of noise. The equation used for
regression stated the deviation in the response and that
the model was important. Citrus limonum oil model

terms A, C, A2, BZ, and C2 are noteworthy in this study.
Other model terms with p values greater than 0.1000 in

Table 3 were not significant. The adjusted RZ(Adj—RZ)
value is more appropriate for assessing model integrity of
a system with varying number of independent variables.

The predicted R2 of 0.5860 for Citrus limonum oil
values in this model are in rational conformity with the

adjusted R2 values. The results demonstrated that the
quadratic model adopted was sufficient for considering
the data from the experiment response variables. The
perturbation plot can be used to determine which factors
have the most influence on the response. A high slope or
curvature of a component shows that the reaction is
responsive to that variable (Fig 2a).

3.2 Three-Dimensional Response Surface Plots

Three-dimensional ~ surfaces and  two-
dimensional contours were drawn to explore the
interaction of all three factors, with one variable held
constant at the middle point and varying the other two
variables within the experimental ranges. The contour
plot depicts the response across the selection standards in
two dimensions. The whole range of two factors can be
displayed concurrently. An abrupt slope or curve in a
factor in these three-dimensional graphs indicates that the
reaction is sensitive to that element. The response surface
and contour plots for Citrus limonum oil as a function of
temperature and catalyst composition are shown in Fig.
2, keeping the precursor feed rate constant at 20 mL.
Figure 3 shows that the response in this experiment is
temperature dependent. The yield percentage of MWNTSs
increases with temperature, reaching a maximum for
Citrus limonum oil at the best temperature (750°C). The
low yields reported at 550 and 750°C could be attributed
to the catalyst not being activated and accordingly, the
high rate of pyrolysis followed by catalyst encapsulation.
The FESEM images in Figs. 4a and 4b show the same
result. The remarkable yield at 750°C in this study is
ascribed to a virtually equal rate of pyrolysis of precursor
and the development of CNTs (Shaban et al. 2018;
Kumar et al. 2005).
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Fig. 3: The response surface and contour plots as the function of temperature and catalyst composition

Figure 5 depicts the combined influence of
temperature and carbon precursor feed rate on yield %.
The response surface and contour plots for Citrus
limonum oil were created by controlling the variables
(temperature and carbon precursor feed rate) while
keeping the catalyst composition (0.5 g) constant. As
shown in Fig. 5, increasing the precursor feed rate
concentration from 10 mL to 20 mL enhances the
MWNT yield %. The end result is in agreement with the
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HRTEM image (Figs. 6a and 6b). As the flow rate is
increased to 30 mL, the yield of MWNTSs falls. This is
most likely due to catalyst particle deactivation at higher
precursor feed rates leading to the production of carbon
coated particles, which further limits pyrolysis of the
precursor. (Chaudhary et al. 2016). Under these
experimental conditions, the higher yield of 20 mL per
hour acquired for the precursor feed may be due to
successful pyrolysis of the precursor.
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Fig. 4: FESEM image of MWNTSs grown at a) 550 °C and b) 750 °C
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Fig. 5: The response surface and contour plots as the function of feed rate (a) and temperature (b) of carbon precursor
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Fig. 6: HRTEM image of MWNTs grown over a) 10 mL and b) 20 mL precursor feed rate
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The interactive effect of the carbon precursor
feed rate and catalyst composition on the percentage
yield of MWNTS at a constant temperature of 750 °C is
depicted in Fig. 6. The yield of nanotubes produced over
a silica-supported Co catalyst depends on the Co
concentration (César et al. 2009; Piedigrosso et al. 2000).
A substantial link between the catalyst and the yield of
MWNTSs deposit was identified in this investigation.

Figure 7 depicts how, as the catalyst composition rises,
the MWNT vyield percentage reaches a maximum and
subsequently begins to decline. Increased yield under
optimal conditions might be attributed to the synergistic
benefits of high catalytic decomposition, CNT growth
efficiency, and the promoting characteristics of Fe, Co,
and Mo, respectively. The results correlated with the
HRTEM images (Figs. 8a and 8b).

Yield (%)

1500
C: Feed rate of carbon precursor (mL)

C: Feed rate of carbon precursor (mL)

B: Catalyst composition (g)

Fig. 7: The response surface and contour plots as an outcome of feed rate (a) and catalyst composition (b) of carbon
precursor

o i
R rIPNY
0

Fig. 8: HRTEM image of MWNTSs with catalyst composition (a) 0.25 g (b) 0.50 g

3.3 Numerical Optimization

To find the best solution, response surfaces are
engaged. Any combination of one or more goals can be
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optimized using numerical optimization. Table 4 shows
the numerical optimization solution. Figures 9a and 9b
show the HRTEM images and Raman spectrum under
optimal conditions. The consistency in the diameter of
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CNTs is dependent on the pyrolysis temperature of the
carbon precursor and hydrocarbon-catalyst interaction.
The D and G peaks can be found at 1345 cm™ and 1543
cm, respectively. The lack of radial breathing modes at

lower frequencies (RBM) showed the absence of single
walled carbon nanotubes. The l¢/lp proportion estimated
from the peak region is 1.59.

Intensity (a.u.)

T T T T T
1000 1500 2000 2500 3000

Raman Shift (cm™)

T
500

Fig. 9: a) HRTEM image and b) Raman Spectrum of MWNTs grown at optimum condition

Table 4. Most favorable values of the procedure variables
and response

Variables Citrus limonum oil
Temperature (°C) 671.31
Catalyst composition (g) 0.53
Precursor Feed rate (mL) 22.91
Yield percentage (Predicted) 79.30
Yield percentage (Actual) 79

3.4 Photocatalytic Degradation of Sudan Black B
3.4.1 Effect of initial dye concentration

A significant factor optimized was the effect of
dye concentration (Fig. 10a). With an increase in starting
H,O, concentration, the amount of decolorization of
Sudan black B dye increases to 300 mg. Decolorization
then begins to decline. As a result, we conclude that 300
mg is the ideal concentration because it has the greatest
amount of decolorization. This is due to: i) as the dye
concentration increases, there is more dye substrate in the
solution relative to a fixed number of *OH radicals, ii) the
decrease in decolorization efficiency with an increase in
the number of molecules to be oxidized under the same
operating conditions, and iii) the intermediates may have
consumed reactive free radicals, resulting in competitive
parallel reactions between these free radicals and the
intermediates and Sudan black dye.

3.4.2 Effect of H20:

The proportion of hydrogen peroxide has a
significant impact on Sudan black B degradation. By
irradiating the dye solution with various H,O, dosages,
the effect of initial H,O, concentration on dye
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decolorization was investigated (50-500 mM). The
percentage of deterioration ranges from 62.27 to 69.62.
(Fig 10 b). The use of oxidant is the most important factor
influencing the cost of any Advanced Oxidation Process
(AOP). As a result, optimizing the amount of oxidant
used in any AOP is critical for cost-effective industrial
wastewater treatment. In the study, the primary oxidant
that produced free radicals was H,O,. The graph shows
that increasing the concentration of H,O, causes Sudan
black B to decolorize to a concentration of 350 mM.
Following that, the amount of decolorization decreased.
Thus, 350 mM is the best concentration for
decolorization, which is due to production of more
hydroxyl radicals as the concentration of H,O, increases,
which can attack more dye molecules. When there is an
excess of H,O. the hydroxyl radicals act as scavengers,
resulting in less dye decolorization (Padmavathi et al.
2022).

3.4.3 Effect of catalyst concentration

Figure 10c depicts the effect of photocatalyst
concentration (50-500 mg/L) on Sudan black B 10
degradation (MWNTs grown on Fe-Co-Mo catalyst). To
improve catalyst diffusion, the photocatalyst (Fe-Co-Mo
catalyst-grown MWNTSs) was added to the dye solution
and thoroughly mixed. The previously mentioned
solution was exposed to sunlight to degrade. The figure
depicts the impact of catalyst concentration on dye
degradation. The concentration of catalyst (CNT) varies
from 50 mg/L to 300 mg/L. The decolorization decreases
as the catalyst concentration (CNT) increases. As a result,
we determined that the best catalyst concentration is 100
mg/L. Decolorization is reduced as catalyst concentration
increases, resulting in a greater catalyst total active
surface area, leading to the unavailability of dye
molecules. Light penetration into the dye solution was
reduced even after reaching the optimal level of catalyst
concentration due to increased light scattering by the
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catalyst’s surface area (Sachin et al. 2020).

3.4.4 Effect of solar light intensity

Increased solar light intensity causes dye
decolorization. It is because of the following factors:

i) the generation of photons increases as the intensity of
solar radiation increases, ii) the photocatalyst absorbs
more photons and generates more hydroxyl radicals (Fe-
Co-Mo catalyst-grown MWNTS) (Fig. 10d) and iii) the
dye molecules are attacked and degraded by a greater
number of hydroxyl radicals (Suhila et al. 2020).
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Fig. 10: a) Effect of initial dye concentration b) Effect of H.0. c) Effect of catalyst concentration d) Effect of solar light

intensity
3.4.5 Reusability of photocatalyst

In practical applications, the reusability of
photocatalysts is a critical and deciding factor. Because
they absorb high-energy photons, most photocatalytic
materials corrode when exposed to light. After the dye
degradation process, the used photocatalyst was
separated and dehydrated in an oven for 30 minutes at
70°C. Figure 11 shows that after three cycles of
reusability, only 13% of photocatalyst activity was
reduced. This indicates that the photocatalyst synthesized
has excellent stability, with minimal optical corrosion
and photocatalyst activity loss. After three cycles of re-
used photocatalyst, 70% of Sudan black B was degraded,
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indicating that the nano photocatalyst is reusable,
functional, and active in environmental applications
(Ahmad et al. 2019).

3.4.6 Mechanism

Figure 12 depicts the dye degradation
mechanism of Sudan black B. When dye molecules are
exposed to sunlight, they become activated and shift
electrons from the valence band to the conduction band.
When an electron in the conduction band reduces
molecular oxygen, a superoxide radical is generated
(Padmavathi et al. 2021).
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Fig. 11: Effect of reusability of photocatalyst
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Fig. 12: Schematic diagram for degradation mechanism of
Sudan black B dye

4. CONCLUSION

In order to maximize the production of
MWCNTSs synthesized utilizing Citrus limonum oil as the
carbon precursor, a Box-Behnken design of experiment
based on response surface approach was employed in this
study. By using the ideal conditions, the highest yield of
CNT was generated. This experiment suggests that the
ideal conditions are: a reaction temperature of 671.31°C,
a catalyst composition of 0.53 g, and precursor feed rate
of 22.91 mL. This efficient method can be employed for
maximizing CNT vyield in large-scale industries.
According to the results of the studies, the amount of
decolorization of Sudan black B dye increases up to a
certain level with an increase in starting H,0;
concentration and then decreases as excess hydroxyl
radicals produced act as scavengers, resulting in reduced
dye decolonization. It has also been found that the
optimal catalyst concentration is 100 mg/L.
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