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A factorial experimental design was combined with response surface methodology (RSM) to opti-
mize the catalyzed CO2 consumption by coke deposition and syngas production during the dry re-
forming of CHs. The CH4/CO2 feed ratio and the reaction temperature were chosen as the variables,
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1. Introduction

The increase in industrial processes has increased the de-
mand for petroleum-based fuels. However, burning fossil fuels
creates the majority of greenhouse gas (GHG) emissions. Of the
GHGs, CO2is the most important [1,2]. The increasing CO2 con-
tent in the atmosphere is directly associated with global
warming, leading to many negative effects, such as climate
change, receding glaciers, rising sea levels, and loss of biodiver-
sity [3]. As a consequence, there is growing interest in alterna-
tive energy sources, such as biofuels and hydrogen. However,
natural gas and syngas (fuel gas) may become strategically
important sustainable fuel sources in the near future because
CO and Hz-rich syngas can be converted into liquid fuels via the
Fischer-Tropsch process [1,4].

The CH4 dry reforming reaction (Eq. (1)) produces synthetic
fuel gas and provides a route for disposing of and recycling two
important greenhouse gasses: CHaand COz [5,6]. This process
has attracted attention because, theoretically, it offers a molar
ratio of H2/CO that is close to 1, and this mixture is suitable for
synthesizing hydrocarbons or oxygenated hydrocarbons. Addi-
tionally, this process has the possibility of reducing CO2 emis-
sions [6-8].

CHa + COz2 & 2CO + 2H2 (@9

Considerable attention has focused on developing efficient
Ni-based catalysts for syngas production, emphasizing the use
of CO2 during the CHs4 reforming reactions [9-13]. The ad-
vantage of these materials lies in their high metal reactivity,
low cost, good selectivity, and simple work-up procedures
[11,14,15]. Well-known Ni/SiO2 catalysts promote high con-
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version of CHs and COz [15]. Unfortunately, coke accumulates
as the reaction proceeds. The coke is produced according to
Egs. (2) and (3) and can cover the active sites and deactivate
the catalyst [6,16].
CH4—> C+ 2H2 (2)
2C0 - C+CO2 3)

To minimize coke deposition, the addition of oxygen to the
reforming mixture [17] is an effective method of supplying
heat, and it also contributes to decreasing coke deposition. The
elimination of coke by the reaction with COz (reverse of Eq. (3))
is favored at high temperatures (> 700 °C). However, as
demonstrated by Hou et al. [17] and Gao et al. [18], COz is not
able to remove all of the coke deposited by CH4 decomposition
(Eq. (2)) even at 800 °C. There are several variables that affect
the catalytic performance in the CH4 reforming process, such as
reaction temperature, space velocity, composition of the re-
forming reaction mixture, and catalyst particle size [18].

The coke formed on the surface of Ni-based catalysts during
the dry reforming of CHs may present diverse structural ar-
rangements, including amorphous carbon, graphite, and carbon
nanotubes [12,19]. Carbon nanotubes have unique mechanical
and electrical properties, making them attractive for various
applications [20,21].

Numerous studies concerning the dry reforming of CHs us-
ing Ni-containing catalysts make the Ni/SiO2z catalyst an inter-
esting material to use in a factorial design and response surface
methodology (RSM) study. Statistical design and analysis of
experiments is an effective tool for scientific and engineering
investigations. RSM is a powerful statistical technique used to
optimize the conditions for advanced processes and evaluate
the interactions of many influencing parameters using a limited
number of experiments [22,23]. Therefore, the application of a
factorial design using RSM to the dry reforming of CH4 with
Ni-based catalysts is an attractive approach. This approach can
be applied to optimize the synthesis of carbon nanotubes rela-
tive to CO2 consumption and syngas production.

In this study, we aim to obtain a better understanding of the
effects of different operating conditions and their interactions
when producing carbon nanotubes together with COz con-
sumption and syngas production. In particular, we investigate
the effects of temperature and CH4/CO2 molar ratio on CO2
reforming of CH4. To accomplish this, a face-centered central
composite design (FCCD) based on RSM was used to assess
changes in the operating conditions (reaction temperature and
CH4/CO2 molar ratio) relative to the reaction’s selectivity. The
aim of this work was not to synthesize a catalyst that has low
coke deposition, but to maximize the consumption of COz in dry
reforming of CHs with carbon nanotubes production. This study
was carried out with a Ni/SiOz catalyst synthesized using the
Pechini method.

2. Experimental
2.1. Preparation and characterization of the Ni/SiO: catalyst

The SiO2-supported Ni catalyst was prepared by the Pechini
method using a polymeric precursor. This method uses metal

cations (Ni2* and Si#*) chelated by citric acid (CA) in an aqueous
solution with subsequent polyesterification to react the re-
maining carboxylic acid groups with ethylene glycol (EG) [24].
The sample was synthesized using nickel(Il) nitrate
(Ni(NO3)2-6H20), CA (CeHsO7-H20), tetraethylorthosilicate
(TEOS, Si(0CzHs)4), and EG. CA (0.07 mol) was dissolved in 250
mL of distilled water. The Ni nitrate, TEOS, and ethanol were
then added to the aqueous CA solution (the molar CA:metal and
Ni:Si ratios were 2:1 and 1:20, respectively) and homogenized
for 60 min at 50 °C. Subsequently, EG was added in a 2:3 mass
ratio relative to the CA, promoting the polymerization reaction.
After polymerization occurred at temperatures from 90 to 120
°C for 3 h with stirring, the highly viscous resin was treated at
300 °C for 1 h in air. The resulting precursor compound was
ground and treated at 700 °C under N2 for 1 h.

The chemical composition of the catalyst was determined
using X-ray fluorescence (XRF) spectroscopy with a ZSX mini II
spectrometer. The crystal structure of the metal oxides after
the heat treatment under N2 and Hz was characterized by X-ray
diffraction (XRD) performed with a Co Ky irradiation source (A
=1.7902 A, 40 kV and 30 mA).

Hz temperature-programmed reduction (Hz-TPR) analyses
of the catalysts were carried out from 50 to 920 °C at 10 °C/min
in a quartz reactor with a flowing 8% H2/N2 gaseous mixture
(30 mL/min). The Hz consumption was monitored with a
thermal conductivity detector (TCD) connected to the reactor
outlet.

The specific surface area, average pore size, and average
pore volume distribution of the catalyst were determined using
N2 adsorption-desorption isotherms at -196 °C. Before the
measurement, the sample was outgassed at 200 °C for 12 h to
remove any moisture or other adsorbed gas from the catalyst
surface. The specific surface area was calculated using the BET
method.

After each catalytic test, the catalyst sample was subjected
to thermogravimetric analysis (TGA) with a Netzsch TG 209 F1
thermogravimetric analyzer. The analysis was carried out using
10 mg of sample, and the catalyst was heated from 25 to 900 °C
at 10 °C/min in flowing air (50 mL/min).

The micro-Raman measurements of the spent catalysts
were collected at room temperature using the 632.8 nm line
from a He-Ne laser excitation source. The power was main-
tained at 17 mW, and the spectra were recorded with a T64000
Jobin Yvon triple-monochromator. The data were referenced to
Si at 521 cm-! with 16 measurements in 120 s. The scanning
electron micrographs were obtained with a field emission
scanning electron microscope (FE-SEM, Inspect F50, FEI) oper-
ating at 20.0 kV.

2.2. Design of experiments and evaluation of catalytic activity

RSM is an established and reliable statistical tool used to
investigate chemical treatment processes and optimize their
parameters with a minimal number of experiments by analyz-
ing the interactions between the parameters [22,25,26]. FCCD
in conjunction with RSM was used to statistically design the
experiments and investigate the effects and interactions of the
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variables during the CHs reforming reaction using a Ni/SiO2
catalyst. For this study, a set of 10 experiments were carried
out: 22 factorial points, two central points, and four additional
face-centered star points (located on the centers of the cube’s
faces). Two center runs are usually sufficient to provide a good
variance across the experimental range [27].

The reaction temperature (7) and CH4/CO2 molar ratio (r)
were chosen as the two effective operating variables for ex-
perimental study, and the ranges of T and r were 600-800 °C
and 0.25-4.0, respectively. CHs4 and CO2z conversion, the Hz2/CO
ratio in the syngas, the amount of carbon deposited, and the
intensity ratio of the Raman D-band and G-band (Ip/Ic) were
used as the response during the experimental design. The ex-
periments were carried out in random order with two replica-
tions of the center point to obtain a good estimation of the er-
ror. The model equation including all of the variables was gen-
erated by the software, and RSM was used to predict the condi-
tions. Compared with the classical approach of varying one
factor at a time, this technique can assess the variables’ interac-
tions, and the time and cost of the experiments can be reduced
because the total number of trials is minimized.

The catalytic conversion was evaluated in a fixed-bed con-
tinuous flow reactor operating under atmospheric pressure.
During the experiments, 50 mg of catalyst was used each time.
First, the sample was activated with flowing Hz at 700 °C for 1
h. The total flow rate of the reaction gas was 35 mL/min, with
N2 used as a diluent and an internal standard. Then, the gase-
ous reactants and products were analyzed using a gas chro-
matograph equipped with a TCD and Porapak-Q and 5A molec-
ular sieve columns, with Ar used as the carrier gas.

3. Results and discussion
3.1. Catalyst characterization

The Ni catalyst was prepared with an aqueous nickel nitrate
solution adjusted to obtain a solid containing 5.0 wt% Ni. The
elemental composition was analyzed by XRF, revealing a 5.2
wt% Ni content that closely matches the theoretical value. The
H2-TPR analysis was carried out after a heat treatment process
at 700 °C under N2 to determine the temperature required to
achieve the complete reduction of the NiO. Different bands of
Hz2 consumption were observed with maxima at 380 and 540
°C, as shown in Fig. 1.

The first peak (380 °C) can be attributed to the reduction of
highly dispersed NiO particles with only a weak interaction
with the support, as is typical of SiO2-supported NiO. The sec-
ond broad one (540 °C) is related to the reduction of bulk NiO
particles that are more effected by the support properties, re-
sulting in the higher temperature required for the reduction
process than the highly dispersed NiO particles [6,28]. A nega-
tive band, similar to Hz desorption, was observed with a maxi-
mum at 830 °C. However, this event is related to the reaction
between the residual carbon present in the catalyst and the Hz
that forms CHa that is not captured in the cold trap. CHs for-
mation during the TPR process was confirmed by a gas chro-
matograph equipped with an FID detector.
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Fig. 1. H2-TPR curve of Ni/SiO catalyst.

Therefore, the H2-TPR profile suggests that the activation at
700 °C is sufficient to completely reduce NiO. Additionally, the
residual carbon revealed by TPR and temperature-pro-
grammed oxidation (TPO) analysis (results not shown) may act
as a physical barrier between the Ni nanoparticles, thereby
hindering the sintering process.

Figure 2 shows the XRD patterns of Ni/SiO2 nanoparticles
treated under flowing N2 and Hz at 700 °C. For the Ni/SiOz cat-
alyst treated in Nz, two crystalline cubic phases were observed.
The characteristic peaks of the NiO phase were identified at 26
=43.5°,50.7°, and 74.4° (ICDD 073-1523), corresponding to the
(111), (002), and (022) planes, respectively. Additionally, iden-
tification of the Ni phase (ICDD 001-1260) is possible using the
weak signals at 20 = 52.0° and 60.8° that are related to the
(111) and (002) planes, respectively. Furthermore, a broad
peak at 26 = 26.0° is characteristic of amorphous SiO2. There-
fore, the results indicate that both NiO and Ni phase are formed
when the catalyst is treated at 700 °C under flowing Na.

On the other hand, for the Ni/SiOzsample reduced under Hz
at 700 °C, two intense diffraction lines characteristic of the me-
tallic Ni phase (Ni, ICDD 001-1260) were detected, while bulk
NiO was not observed. Therefore, every Ni2* component was
reduced to Ni® during pre-treatment, and Ni0 is the active sites
for CHa reforming.

To investigate the sintering resistance, the average crystal-
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Fig. 2. XRD patterns of the Ni/SiO2 catalyst after heat treatment in N>
(1) and Hz (2) at 700 °C.
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lite diameter was estimated using the diffraction data with the
Scherrer equation. Additionally, the diffraction patterns were
subjected to the refinement of the crystal structure by the
Rietveld method [29,30] to estimate the percentage of the
phases detected. To obtain information regarding the textural
properties, N2 adsorption-desorption isotherms were generat-
ed. Table 1 summarizes the properties of the catalyst deter-
mined by XRD and Nz adsorption-desorption isotherms.

As shown in Table 1, the metallic Ni phase in the calcined
and reduced catalysts had an average crystallite size of 16.7
and 20.5 nm, respectively. These results suggest that no sinter-
ing occurred during the reduction of NiO to Ni® at 700 °C be-
cause the NiO crystallite size decreased from 50.9 to 20.5 nm
owing to the reduction process.

The small difference between the average crystallite sizes of
Ni% in the samples heat-treated in N2 and H: indicates highly
dispersed Ni species in the catalyst. Specifically, the synthe-
sized catalyst shows a strong resistance toward sintering, even
after the high-temperature reduction, although the SiO: is not a
support that provides high resistance to the sintering process
of the active phase. Therefore, the SiO2 phase might be acting as
a physical barrier, contributing to the high metal Ni dispersion.
However, a small decrease in the specific surface area after the
reduction process was observed in addition to the decrease in
the total pore volume at p/po= 0.99.

Table 1

The Nz adsorption-desorption isotherms and pore diameter
distributions based on the BJH method for the calcined and
reduced samples are shown in Fig. 3. Figure 3(a) shows a com-
bination of type I and IV isotherms (IUPAC classification) with
hysteresis in the p/po range 0.6-0.9, indicating that there is
capillary condensation in the mesopores. Furthermore, the
isothermal behavior up to p/po = 0.3 is associated with the
presence of micropores. The reduced sample also shows a
combination of type I and IV isotherms. However, the influence
of the type I isotherm is more significant. This profile reveals
that the mesoporous fraction in the reduced sample is smaller
than that in the calcined one. The pore size distribution plots
indicate that the calcined catalyst has pore diameters mostly
between 2 and 20 nm, which is indicative of mesoporous mate-
rials. However, pores smaller than 2 nm are still observed.

On the other hand, after the reduction process, the pore di-
ameter decreased, particularly in the mesoporous range. As
observed in the pore diameter distribution (Fig. 3(b)), the 2-4
nm range increased while the 4-20 nm range decreased.

3.2. Statistical analysis
The conventional approach for optimizing multifactor ex-

periments involves varying a single factor while all other fac-
tors are fixed during a particular set of experiments. This ap-

Properties of the Ni/SiOz catalyst observed after the heat treatment at 700 °C.

Crystallite Surface area Pore volume (cm3/g)
Flow gas -
Phase Diameter (nm) Percentage (wt%) (m?/g) p/po=0.20 p/po=0.99
N2 NiO 509 80.26 256 0.1087 0.2030
Ni 16.7 19.74
Hz Ni 20.5 100 233 0.1025 0.1748
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Fig. 3. Nitrogen adsorption-desorption isotherms (a, c) and pore diameter distributions (b, d) of the catalyst after heat treatment under N2 (a, b) and

Hz (c, d) at 700 °C.
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proach is time-consuming and unlikely to discover the true
optimum value because the possible interactions between the
variables are not taken into account. Accordingly, in this study,
an FCCD was combined with an RSM to design experiments on
a statistical basis. In addition, the effects of the interactions
between the reaction parameters, such as temperature (7) and
CH4/CO2 molar ratio (r), on the dry reforming of CH4 can be
analyzed. Ten runs were performed to study the effects of the
parameters on the responses. Two runs at the center points
with T =700 °C and r = 2.125 were performed at the midpoints
of all the operating ranges to assess the data’s reproducibility
and to obtain a good estimation of the errors. The responses
from the resulting 10 runs are listed in Table 2.

The amount of carbon deposited in the catalyst after each
catalytic test was determined by thermogravimetric analysis,
where the weight loss is attributed to the oxidation of the pro-
duced carbon.

The application of the RSM generated Eqgs. (4)-(7), which
describe the empirical relationship between the responses and
the tested variable:

CHa conversion (%) =-730.01900 + 2.0537T + 40.4855r -

0.0013172 - 4.2437r2 - 0.0512Tr “4)
COzconversion (%) =-1204.010 + 3.5628T - 2.4105r -
0.002572 - 4.578r2 + 0.0321Tr (5)

Hz/CO ratio = -22.3434 + 0.0677T - 0.0914r - 0.000049T2
-0.0401r2 + 0.00017r (6)

C content (wt%) = 3.1574 + 0.1322T - 0.978r - 0.000001 72
-2.0003r2+0.01317r 7)

To evaluate how well the suggested model fits the experi-

Table 2

mental data, an analysis of variance (ANOVA) was carried out
for each response, checking the F-value (static Fisher test), R?,
and p-value. The ANOVA method is used to interpret the results
of systems in which several factors are effective and can be
varied simultaneously. During the ANOVA, information from
every experiment is used to assess the results, making the
ANOVA a more powerful technique than varying only one fac-
tor at a time (study factors). The effects of the experimental
errors are determined by repeating the experiment at the cen-
ter of the design points.

The results of the ANOVA are shown in Table 3, revealing
the significance of the factors and interactions through statisti-
cal significance tests (F-value and p-value) and the R-squared
value for the four responses. The static Fisher test determines a
factor to be statistically significant when the calculated F-value
is greater than the tabulated F-value (F-test with 95% confi-
dence), and the p-values must be below 0.05 (probability of
error value). A variable will be more significant if the absolute
F-value is large and the p-value is small, indicating that the
terms in the model have a significant effect on the response.
For the Hz2/CO ratio in the syngas, the most significant factor
according to the statistical analysis was the reaction tempera-
ture with linear and quadratic effects (7, T2). The quadratic
term for the CHa/COz ratio is also significant, but the F-values
were less than those for the temperature. The linear term for
the CHs4/CO2 ratio and the temperature-CHs/COz ratio (Tr) in-
teractions were insignificant for the Hz/CO ratio (p-value >
0.05). Therefore, these terms do not significantly affect the
H2/CO ratio over the studied range. For the deposited carbon

Experimental design layout and experimental results of the responses including CH4 conversion, COz conversion, H2/CO molar ratio in syngas, and

carbon content deposited over catalyst.

Conditions Responses
Run T (°C) r CH4 conversion (%) COz conversion (%) Hz/CO molar ratio Carbon content (wt%)
R1 600 0.25 40.2 35.2 0.62 45.6
R2 800 0.25 86.2 48.6 0.38 434
R3 600 4.0 10.5 36.1 0.81 46.4
R4 800 4.0 26.5 70.3 0.67 53.5
R5 600 2125 49.1 55.1 0.57 49.5
R6 800 2.125 79.6 84.2 0.40 51.1
R7 700 0.25 71.8 77.2 1.06 47.7
R8 700 4.0 51.8 83.1 0.77 44.6
R9 700 2.125 58.0 82.9 1.20 52.3
R10 700 2.125 58.8 81.1 1.27 53.4
Table 3
Statistical analysis of variance for the responses. Frab 95%) = 19.35.
Model CH4 conversion (%) CO2 conversion (%) Hz/CO ratio in syngas Carbon content (wt%)
term Mean square F-value p-value Meansquare F-value p-value Meansquare F-value p-value Meansquare F-Value p-value
T 1252.37 3913 0.0101 979.28 604 0.0258 0.0516 21.0  0.1365 6.9549 139098 0.0017
r 289.35 6466 0.0079 70.18 43 0.0959 0.0008 0.3 0.6675 2.2028 44057  0.0030
T? 398.27 1244 0.0180 1486.94 917 0.0210 0.5765 235.3 0.0414 2.6239 52479  0.0027
r? 289.35 904 0.0211 336.34 207 0.0441 0.0257 10.5  0.1905 642031 1284062 0.0005
Thyr 253.25 791 0.0226 99.49 61 0.0807 0.0010 0.4 0.6337 16.5818 331636 0.0011
Error 0.320 1.620 0.0020 0.00005
R-squared 0.8198 0.9187 0.7741 0.8291

T = temperature (°C); r = CH4/COz molar ratio.
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content, only the quadratic term for the CH4/COzratio is signif-
icant. Therefore, the final regression equation can be best mod-
eled using the standard linear-quadratic terms.

The R-squared value is a statistical measure of how well a
model fits the real data points. R-squared values range from 0
to 1, where 1 represents the ideal model [31]. The R-squared
values for different correlations are shown in Table 3. The R2
values were 0.8198 and 0.9187 for the CHs4 and CO2 conver-
sions, respectively, indicating that 81.98% and 91.87% of the
total variation in the CH4 and CO2 conversions can be explained
by the quadratic model. However, Table 3 indicates that the
regression model for the H2/CO ratio and C content only gives
moderate R-squared values of 0.7741 and 0.8291, respectively.

3.3. Effects of operating variables on the CHs conversion, Hz/CO
ratio, and COz consumption

The effects of the process parameter interactions on the re-
sponses are represented by the three-dimensional response
surface curves shown in Fig. 4. The surface shown in Fig. 4(a)
reveals that the highest methane conversion values (approxi-
mately 80%) are observed at high temperatures with low
CHa/CO2 molar ratios. The effects of these factors are mutually
correlated, decreasing the CH4 conversion. The CH4 conversion
decreased to below 20% when the CH4/CO2 molar ratio was
increased to 4 at 600 °C. Therefore, both the CH4/CO2 molar
ratio and temperature affect the system’s response.

The decrease in CH4 conversion at low temperatures can be
explained by the fact that the dry reforming of CHs4 is an endo-
thermic reaction (Eq. (1)). However, increasing the CH4/CO2
molar ratio, which affects the stoichiometry of the reaction, also
decreases CH4 conversion. Furthermore, even if the CHs de-
composition reaction (Eq. (2)) occurs over Ni sites at high
CH4/CO2 molar ratios, this reaction may also be affected be-
cause of coke deposition, which is not completely eliminated by
the reaction with COz (Eq. (8)) during the second step of the
dry reforming of CH4 [18,32]. Therefore, the reaction may favor
coke formation because of the decomposition of CH4 (Eq. (2)).

Considering the reverse water-gas shift reaction (Eq. (9)),
which generates CO and Hz0, the CO produced can react with
Hz (Eq. (9)) or even undergo the disproportionation reaction
(Eq. (3)). Although both Egs. (10) and (3) are thermodynami-
cally favorable at low temperatures, Eq. (10) is more likely be-
cause COz is a component of the reactive mixture. Therefore,
coke can also be produced from CO2, although only in small

amounts.

C+CO2e 2CO (8)

H2 + CO2 & CO + H20 9
Hz +CO & C+H20 (10)
2H2 + CO2 & C + 2H20 11)

The response surface obtained for CO: conversion (Fig.
4(b)) shows that the reaction temperature has a large effect on
the response, with the best performance observed in the mid-
dle range. High CH4/COz2 ratios do not increase CO2z conversion.
Therefore, CO2 conversion at low temperatures strongly de-
pends on CHa conversion, which is expected because CO: is
consumed in Egs. (8), (9), and (11). However, maximum CO2

CO, conversion (%) CH, conversion (70)

H,/CO ratio

Fig. 4. Response surface plots as a function of temperature and CH4/CO>
molar ratio for CH4 conversion (a), CO2 conversion (b), and the H2/CO
ratio (c).

consumption is observed at about 725 °C, while the H2/CO ratio
increases to a high value near this temperature (Fig. 4(c)).

At low reaction temperatures (< 670 °C), the parallel reac-
tions (10) and (11) are thermodynamically favorable. In par-
ticular, Eq. (10) contributes to the Hz consumption and de-
creases the Hz2/CO ratio. However, when the reaction tempera-
ture exceeds 700 °C, another process (Eq. (9)) consumes Hz,
decreasing the Hz2/CO ratio. Eq. (9) has a Gibbs free energy less
than 0 only at above 800 °C. Therefore, the thermodynamically
favorable conditions necessary to reach high Hz/CO ratios are
close to 700 °C in the studied system. At this temperature, the
parallel reactions (10) and (11) promote low Hz consumption.
A high COz partial pressure would favor Egs. (8), (9), and (11).
However, the CH4/CO2 molar ratio change did not significantly
decrease the Hz/CO ratio.

The maximum CO2z conversion observed in the surface re-
sponse (Fig. 4(b)) is expressed in the significance of the quad-
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ratic term of T in Eq. (2). Additionally, as the reaction tempera-
ture increases to close to the middle range, the effect of the
CHa4/COz ratio becomes less significant. Therefore, the highest
CO2 conversion can be obtained near the middle of the range of
the corresponding variables.

Despite the high H2/CO ratio observed in the middle of the
temperature range, the Hz/CO ratio remained below 1 for both
high and low temperatures, indicating that Egs. (9) and (10)
have high H2 consumption. Thermodynamically, Eq. (10) is
more favorable than Eq. (11) at low temperatures. However,
Eq. (10) cannot decrease the H2/CO ratio, whereas Eq. (11) can.
In addition, both Egs. (9) and (11) are favorable at low CH4/CO2
ratios. Therefore, the low Hz2/CO ratios obtained at 600 and 800
°C are because of Hz consumption in the reverse water-gas shift
reaction (Eq. (9)) and Eq. (11).

An experiment was carried out at 700 °C with a CH4/CO:
molar ratio of 2.62 to evaluate the RSM and the accuracy of the
second-order equations. The experimental and predicted re-
sults are shown in Table 4. It shows that there is good agree-
ment between the theoretical and experimental values for all
the responses, which is verified by the R-squared values in Ta-
ble 3. Therefore, combining the factorial design with a RSM
reduced the number of experiments required, as described
previously.

3.4. Effects of the operating variables on carbon deposition

To assess the amount and quality of the carbon produced
under different reaction conditions, TGA and Raman spectros-
copy were carried out after the catalytic tests. The TGA profiles
for every sample after CHs reforming under different condi-
tions revealed coke elimination (burning of carbon) from 500
to 730 °C, which is typical of burning carbon nanotubes [33] or
carbon with a high molecular weight and crystalline frame-
works. A representative TGA profile for the carbon oxidation in
the spent catalyst is shown in Fig. 5(a), and the coke content
determined for every sample is shown as the response surface
plot in Fig. 5(b).

From Fig. 5(b), the effects of the reaction temperature are
less significant at lower CH4/CO2 molar ratios because minimal
changes in C content occur owing to variations in temperature.
A high CO2 partial pressure promotes C elimination from the
catalyst surface from Eq. (8). This superior C elimination can be
attributed to the shift of the equilibrium reaction toward CO
formation. However, when increasing the CH4/CO2 molar ratio,
the effect of the reaction temperature increases, especially for a
ratio of 4.0.

Although low CH4 conversions are observed at high CH4/CO2
molar ratios (Fig. 4(a)), the temperature effect is more pro-

Table 4
Predicted and experimental values of the studied responses obtained at
700 °C with a CH4/CO2 molar ratio of 2.62.

Response Experimental result Predicted value
CH4 conversion (%) 449 48.7

CO2 conversion (%) 83.1 86.0
H2/CO ratio in syngas 0.88 0.70
Carbon content (wt%) 51.4 50.4
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Fig. 5. (a) TGA profile of the carbon deposited over the Ni/SiO2 catalyst
at 700 °C with CH4/COz = 2.62 after methane reforming. (b) Response
surface plot showing the effects of the reaction temperature and
CH4/CO2 ratio on the deposited carbon content.

nounced for carbon deposition because Eq. (8) is not favorable
at low CO: partial pressures. The behavior observed at high
CH4/CO2 molar ratios may be because of the high reaction
temperature: (1) CHs conversion remains practically un-
changed, (2) CO2z conversion increases, (3) the H2/CO ratio de-
creases, and (4) the carbon content increases. Therefore, car-
bon deposition from CHs4 and CO2 occurs. Furthermore, at high
temperatures Egs. (8) and (9) are thermodynamically favora-
ble, and when the CO2 partial pressure is low the competition
between these reactions will become more apparent. There-
fore, because both reactions produce CO, the H2/CO ratio will
decrease. In addition, Eq. (8) is responsible for the carbon
elimination and decreases owing to the high CO production.

Resonant Raman scattering techniques are powerful tools
for evaluating the structural characteristic of carbon materials,
from diamond to amorphous carbon. Therefore, Raman anal-
yses were performed on the used Ni/SiOz catalyst tested under
different reaction conditions, and the results are shown in Fig.
6.

The Raman spectra for all of the samples show similar fea-
tures (Fig. 6(a)). Despite having low intensities, the G and D
peaks can be clearly observed at approximately 1601 and 1324
cm-1, respectively. These peaks are only attributed to sp? sites,
and the broad band at 1601 cm-! (G peak) is related to the tan-
gential stretching mode of all pairs of sp2 atoms in both rings
and chains. The position of the second broad band at 1324 cm-!
(D peak) depends on the applied excitation energy [34], and
this peak arises from the breathing modes of the sp2 atoms in
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Fig. 6. (a) Raman spectra of the runs, where Ri refers to the experi-
mental conditions listed in Table 2. (b) Response surface plot showing
the effects of the reaction temperature and the CH4/CO2 ratio on the
quality of the deposited carbon nanotubes.

rings that are associated with structural defects and impurities
in carbon nanotubes and/or amorphous carbon [35].

The G band has E2g symmetry and is usually observed near
1590 cm-1. Therefore, the characteristic graphitic or G band
observed at approximately 1601 cm-1 suggests that the G and D
bands overlap (1620 cm-1). This phenomenon is possibly due
to the high degree of structural disorder and/or small grain
size. Because the band at 1601 cm-1 (G-graphitic) is related to
the tangential stretching mode and the band at 1324 cm-!

(D-disorder band) is associated with the structural defects and
impurities, the intensity ratio between the D-band and G-band
(In/Ic) describes the quality of the deposited carbon. This ratio
is proportional to the reciprocal of the graphitic particle size
[36].

Figure 6(b) shows the influence of the reaction temperature
and CH4/COz2 ratio on the quality of the deposited carbon (In/Ic
ratio). The low Ip/Ic ratio (<1) indicates a good degree of
graphitization. However, the position of the G band (1601 cm-1)
suggests a high degree of structural disorder. Figure 6(a) shows
that the G bands are more intense than the D bands, indicating
that carbon nanotubes may have been formed on the catalyst
surface, in addition to amorphous carbon.

The highest Ip/Ic ratios were achieved when the reaction
temperature was high and the CH4/CO2 molar ratio was low. In
general, increasing the CH4/CO2 molar ratio and/or decreasing
the reaction temperature decreases the Ip/Ic ratio. Therefore,
because Eq. (8) is thermodynamically favorable at high tem-
peratures, when the catalytic test is carried out at a low CO:
partial pressure, deposition of carbon with a high degree of
disorder may be promoted. This result is consistent with the
low amount of carbon deposition at high reaction temperatures
(Fig. 5). Therefore, because the carbon nanotubes are mostly in
the multi-walled form and thus already have some defects, the
reaction between COz and deposited carbon can occur at any
part of the nanotube structure, increasing the disorder of the
deposited carbon.

To obtain more information about the sample after the cat-
alytic process, images were obtained by FE-SEM. As shown in
Fig. 7, copious carbon nanotubes are present although they are
entangled, randomly oriented, and vary in diameter. Despite
the low magnification and because they are known to be nano-
tubes, these images suggest the presence of multi-walled car-
bon nanotubes.

Carbon condensation on the SiOz-supported Ni crystal par-
ticles initially forms a layer surrounding the Ni particle, with
subsequent growth of carbon nanotubes. This process encap-
sulates the metallic particle and separates the nickel from the
carrier surface. However, it was not possible to observe catalyst
particles inside the nanotubes using FE-SEM. On the other
hand, some features suggest a lateral aperture, making it simi-
lar to a ribbon (the detached points in Fig. 7(b)). Therefore, the

2 n Li

Fig. 7. SEM images at different magnifications of the as-grown carbon nanotubes over the Ni/SiO: catalyst at 700 °C when CH4/CO: = 2.62.
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results validate the Raman position of the G band and the Ip/Ic
ratio, indicating highly disordered carbon deposition.

4. Conclusions
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The catalytic CH4 dry reforming reaction is a means of fixing CO2 producing syngas and carbon nanotubes. This study shows that it is pos-
sible to match a large consumption of COz with the formation of a large amount of carbon nanotubes.
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