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Abstract
Catalytic reforming of Methane (CH4) and carbon dioxide (CO2) is one of the techniques
used for the production of hydrogen and syngas. This technique has dual advantages of
mitigation of greenhouse gases and production of hydrogen and syngas which are often
used as intermediates for the synthesis of valuable chemical products and oxygenates.
This study presented an overview of the application of response surface methodology
(RSM) in the optimization of hydrogen and syngas production from catalytic reforming
of CH4 and CO2. The different catalytic system that has been employed together with
the nature of experimental design, input parameters, responses, the optimum conditions
and the maximum values of their responses were examined. The future research direction in the application of RSM to optimization of hydrogen and syngas production by
catalytic reforming of CH4 and CO2 was recommended.

Keywords: greenhouse gases, response surface methodology, catalytic reforming,
hydrogen, syngas

1. Introduction
The frequent environmental pollution often encountered from the consumption of energy
derived from fossil fuel has aroused the quest for production of alternative and cleaner source
of energy [1, 2]. One of such alternative means of energy production is catalytic methane dry
reforming whereby the two principal greenhouse gases, carbon dioxide (CO2) and methane
(CH4) are utilized for the production of hydrogen and syngas using active catalysts [3–5].
Compare to other forms of reforming processes which utilized steam and oxygen; the dry
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methane reforming has a dual advantage of mitigating greenhouse effect by utilizing the two
principal components of greenhouse gases CH4 and CO2 as feedstocks. Besides, hydrogen and
syngas are produced which can either be used directly as fuel or as a chemical intermediate for
the synthesis of value-added chemicals and synthetic fuel [6–8]. Thermodynamically, the dry
methane reforming reaction requires temperature >500 C to be feasible [9, 10]. Hence, at a
temperature >500 C, coke formation and deposition on the catalyst surface is often induced
mainly by methane cracking and Boudouard reactions [11, 12]. The deposited coke usually
lead to deactivation of the catalyst thereby reducing the activities and stability [13–15]. To
overcome these major challenges, several supported catalysts such as Ni, Co, Pt, Pd, Ru, Rh, Li
and so on have been employed to catalyze the production of hydrogen and syngas via dry
methane reforming [14, 16, 17]. The findings from these studies revealed that the individual
catalysts displayed different degrees of catalytic activities and stabilities during the dry methane reforming reaction. Hence, obtaining a consensus on the optimum conditions that can
maximize the hydrogen and the syngas yield has been a bone of contention till date. In view of
this, several authors have employed response surface methodology approach to investigate the
optimum conditions required for obtaining maximum hydrogen and syngas yield from catalytic methane dry reforming. This study, therefore, presents an overview of the different
response surface methodology (RSM) approaches that have been used to optimize hydrogen
and syngas production by methane dry reforming using different catalysts.

2. Metal-based dry reforming catalysts
An extensive review by Pakhare and Spivey [14], Budiman et al. [16] and Kathiraser et al. [18]
revealed that supported metal catalysts such as Pt, Rh, Ru, Co, and Ni had been widely
investigated for hydrogen and syngas production by dry methane reforming. According to
Pakhare and Spivey [14] noble metals such as Pt, Rh and Ru displayed high catalytic activities
and stabilities towards dry reforming of methane even with minimal metal loading. However,
the activities of these noble metals were observed to vary with the nature of support. Supports
such as SiO2, La2O3, ZrO2, TiO2, CeO2, Al2O3, and MgO have been investigated for these noble
metals [14, 19–21]. The significant physicochemical properties that influence the activities of
the noble metals-based catalyst are their high metal dispersion and the metal surface area.
Nevertheless, noble metals are pricey and not readily available. Hence, their usage might not
be economical in the eventuality of a scale-up process.
In view of this, other supported metal catalysts mostly Co, and Ni have been given full
attention as catalytic candidates for hydrogen and syngas production by dry methane
reforming [16, 18]. Although several studies have shown that Co and Ni catalysts have inferior
catalytic activities and stability compared to the noble metals, these metals are inexpensive and
readily available. Hence, Co and Ni-based catalysts have been tipped as potential candidates
for scale-up of catalytic dry methane reforming. Moreover, the catalytic properties of the Co
and Ni catalysts can be improved to be competitive with that of the noble metals by either
using suitable supports or promoters [14].
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3. RSM approach to process optimization
Chemical process optimization is an important activity performed on a system or a process to
obtain optimum conditions that can give the maximum benefit from such process. This can be
achieved statistically by using one-variable-at-a-time for optimizing a response [22]. This
method of optimization entails changing the parameters of a variable while keeping the level
of the other variables constant [23]. One major drawback of this type of optimization is that the
interaction effects of the variables are not usually considered during the optimization process
[22]. Hence, the one-variable-at-time technique does not capture the broad effects of the
parameters on the responses [24]. Besides, the technique requires a massive number of experimental runs which invariably implies an increase in time of experiment as well as high cost of
reagents and materials [22].
The challenges using the one-variable-at-time form of optimization of the chemical process can
be overcome using response surface methodology (RSM). RSM is a more robust optimization
technique that presents the statistical design of experiment (DoE) which can be employed in
achieving process with ultimate performance. RSM as a technique for chemical process optimization is made up of a set of mathematics and statistical tools which work based on
empirical model fittings to the obtained experimental data from DoE [25]. The empirical model
fittings help in developing a suitable functional relationship between a set of input variables
and the targeted response [25]. The different stages involved in the use of RSM for chemical
process optimization are depicted in Figure 1 [22]. These stages include screening of the variables that have been identified for optimization, the choice of the experimental design, the
codification of the level of the variables, mathematic-statistic treatment of data, evaluation of
fitted model and determination of the optimum conditions.

Figure 1. Stages involved in RSM applications [22].

67

68

Statistical Approaches With Emphasis on Design of Experiments Applied to Chemical Processes

Several parameters are often needed to investigate chemical processes extensively. One of the
most significant challenges is to investigate all the effects of these parameters on the process.
An attempt to do this might be rigorous, time-consuming and expensive [26]. Hence, it is
expedient to determine the parameters that significantly affect the responses from the chemical
process. To achieve this, experiment to identify parameters with most significant effects is
usually performed at the preliminary stage using factorial designs [26]. Screening of variable
before the main DoE has the advantages of preventing the mistake of chosen wrong levels that
might negatively influence overall success of the process optimization. Having ascertained the
appropriate parameters to be used for the main experiment, the next stage is to choose the
right experimental design.
Experimental design can be selected based on the intention of using a simple model which can
be employed as a linear function depicted in Eq. (1)
y ¼ βo

Xk

i¼1

(1)

βi xi þ ε

where k, βo, βi, xi and ε depicts number of variables, the constant term, coefficients of the liner
parameters, the input variables and the residual associated with the experiments, respectively.
The response obtained from the linear model cannot be used to determine curvature. Hence
the need for a second-order model represented in Eq. (2).
y ¼ βo þ

Xk

βx þ
i¼1 i i

Xk

1≤i≤j

βij xj þ ε

(2)

where the coefficient of the interaction parameter is denoted as βij. The critical point which
could either be maximum, minimum or saddle can be determined by including quadratic
terms to the polynomial terms in Eq. (2) as shown in Eq. (3).
y ¼ βo þ

Xk

βx þ
i¼1 i i

Xk

1z ≤ xj

β þ
i ≤ j ij

Xk

1¼i

βii x2i þ ε

(3)

where the coefficient of the quadratic parameter is denoted as βii.
Eq. (3) can be identified as a form two-modeling, symmetrical response surface designs which
could be three-level factorial design, Box-Behnken design (BBD), central composite design
(CCD), and Doehlert design. The main difference between these two modeling, symmetrical
response surface designs is the selection of their experimental points, number of levels for
variables, and the number of runs and block [22].
After choosing the appropriate experimental design, the next stage is the codification of the
level of the variables which entail the transformation of the process real values to a coordinate
within dimensionless value scale proportional to the localization in the experimental space
[22]. One significant advantage of codification is that it allows the variables of different orders
of magnitude to be determined without substantial influence on the lesser values.
The data obtained for each of the experimental point based on the selected experimental
design can be subjected to mathematical-statistical treatment. The mathematical-statistical
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treatment entails the fitting of an appropriate mathematical equation that can best describe the
behavior of the responses. The method of least squares which is a statistical approach can also
be employed to fit a mathematical model to a given set of experimental data [27]. The mathematic model obtained from the treatment of the data can subsequently be evaluated to determine if it appropriately explains the experimental sphere investigated. This can be achieved by
employing the analysis of variance (ANOVA). The use of ANOVA enables the comparison
between the variations that arise from the treatment of the experimental data and the variation
as a result of the random errors that accompanied the measurement of the obtained responses
[28]. Moreover, the ANOVA helps to determine the significance and the mathematical model
adequacy [28]. Besides ANOVA, other tools such as normality test, regression analysis and
lack of fit test can be employed to examine the model adequacy of the RSM optimization. The
normality of the experimental data can be performed using the normal plot of the internally
studentized residuals. The data points in a normal plot is linear when the studentized residuals
are normally distributed. Otherwise, when the data points in a normal plot is non-linear, it
implies that the studentized residuals are not normally distributed. Hence, there is a need for
the correction of the responses. Regression analysis is often performed on the fittings of the
model denoted by the equation to the experimental data. The regression analysis of the model
helps to determine to what extent the fitted model accounted for the variations in the experimental data. In order to further test the adequacy of the specified model, the lack of fits test can
be employed. A significant lack of fit implies that the specific model is not suitable to explain
the experimental data. Hence, a different form of model would adequately fit the data if
investigated. The last stage of the application of the RSM is the determination of the optimum
conditions that can maximize the response values. Numerical optimization using the RSM
techniques can be employed to obtain the desired value for each of the input variables as a
function of the target response. This is dependent on the input optimization strategies such as
the range, maximum, minimum or target set to obtain the maximum achievable desired
responses of the chemical process [29].

4. Optimization of hydrogen and syngas production using RSM
The details of the optimization studies on the catalytic reforming of CH4 and CO2 to hydrogen
and syngas is depicted in Table 1. It can be seen that there is a dearth of literature on the
optimization of hydrogen and syngas by the catalytic reforming of CH4 and CO2 despite the
volume of literature available on their catalytic activities, stabilities and kinetic studies as
reported by Budiman et al. [16], Pakhare and Spivey [14], and Kathiraser et al. [18]. The studies
show that supported Ni-based catalysts such as Ni/γ-Al2O3, and Ni/SiO2 has been employed
for investigating the optimum conditions of hydrogen and syngas production from reforming
of CH4 and CO2 using CCD. CCD as an RSM technique entails the use of a full factorial or
fractional factorial design, a star design which consist of experimental points at a distance α
from its center and the central point [30, 34]. For the Ni/γ-Al2O3 catalyst, the effect of factors
such as discharge power, total flow rate CO2/CH4 molar ratio and Ni-loading on responses
such as CO2 conversion, CH4 conversion, and CO yield, H2 yield and the fuel production
efficiency were investigated [30]. The ANOVA results show that all the factors investigated
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CCD

Factors

Ni/γ-Al2O3 Discharge power

Low-level

High-level

Responses

Optimum conditions

References

Factors

Responses

30

50

CO2 conversion

Discharge power = 60 W

CO2 conversion = 31.7% [30]

50

100

CH4 conversion

Total flow rate = 56.1 mL/
min

CH4 conversion = 48.1%

CO2/CH4 molar ratio 0.75

1.25

CO yield (%)

CO2/CH4 molar ratio = 1.03

CO yield (%) = 21.7%

Ni loading

12.5

H2 yield (%)

Ni loading = 9.5%

H2 yield (%) = 17.9%

Total flow rate

7.5

Fuel production
efficiency (%)
CCD

CCD

CCD

CCD

Li/MgO

15wt%Rh/
MgO

Ni–Co/
MSN

Ni/SiO2

Fuel production
efficiency (%) 7.9%

Reaction
temperature

650

800

% CH4 conversion

Temperature = 725 C

% CH4
conversion = 41.4

GHSV (F/W)

5140

12,000

% C2 selectivity

GHSV (F/W) = 8570 cm3
g 1h 1

% C2 selectivity = 77.2

Li loaded

0.05

0.15

% C2 yield

Li loaded = 0.1

% C2 yield = 32

Reaction
temperature

650

850

% CH4 conversion

Temperature = 918 C

% CH4
conversion = 93.91720

O2/CH4 ratio

0.1

0.2

% H2 selectivity

O2/CH4 ratio = 0.15

% H2 selectivity = 34.55

Catalyst weight

100

300

H2/CO product
ratio

Catalyst weight = 200

H2/CO product
ratio = 1.42

Temperature

700

800

% CH4 conversion

Temperature = 783 C

% CH4 conversion = 97

[33]

CO2/CH4 ratio

1

5

CO2/CH4 ratio = 3

GHSV

10,000

60,000

GHSV = 38,726 mL g

Reaction
temperature

600

800

CH4 conversion

Reaction
temperature = 800 C

CH4 conversion = 79.6

[34]

4

CO2 conversion

CH4/CO2 molar ratio = 2.125 CO2 conversion = 84.2

CH4/CO2 molar ratio 0.25

1

[31]

[32]

h 1.

The H2/CO ratio

H2/CO ratio = 0.4

Carbon content

Carbon content = 51.1
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RSM
Catalyst
approach

BBD

CCD

CCD

BBD

Fe/Mg/
Al2O3

NiCo/MgOZrO2

ZnO

Co/Sm2O3

Factors

Low-level

High-level

Responses

Optimum conditions

References

Factors

Responses

Reaction
temperature

550

750

CH4 conversion

Reaction
temperature = 650 C

CH4 conversion = 100%

Mg loading

0

10

% H2 yield

Mg loading = 5

% H2 yield = 83.7%

Synthesis method

CoSequential
impregnation impregnation

CO/CO2 molar
ratio

Synthesis
method = Sequential
impregnation

CO/CO2 molar
ratio = 16.5%

CO2/CH4 ratio

1

5

CH4 conversion

CO2/CH4 ratio = 3

CH4
conversion = 88 mol%

GHSV

8400

200,000

H2 yield (%)

GHSV = 145,190 mL g

Oxygen
concentration in the
feed

3

8

Oxygen concentration in the
feed = 7 mol%

Reaction
temperature

700

800

Reaction
temperature = 749 C

Weight of catalyst

5

8

Weight of catalyst = 8 g

CH4
conversion = 11.88%

Total pressure

30

90

Total pressure = 30 Psi

CO2
conversion = 15.69%

CO2:CH4:He (%
CO2)

10

80

CO2:CH4:He (% CO2) = 10%

UV light power

80

250

UV light power = 250 W

CH4 partial pressure

10

50

H2 yield (%)

CH4 partial
pressure = 47.9 kPa

H2 yield (%) = 79.4

CO2 partial pressure

10

50

CO yield (%)

CO2 partial
pressure = 48.9 kPa

CO yield (%) = 79.0

Reaction
temperature

650

750

Reaction
temperature = 735 C

1

h

1

[35]

[30]

H2 yield (%) = 86 mol%

[36]

[37]

An Overview of Response Surface Methodology Approach to Optimization of Hydrogen and Syngas Production by…
http://dx.doi.org/10.5772/intechopen.73001

RSM
Catalyst
approach

71

72

Factors

Low-level

High-level

Responses

Optimum conditions

Factors
BBD

Co/CeO2

References

Responses

CH4 partial pressure

10

50

CH4 conversion
(%)

CH4 partial pressure = 46.85

Reaction
temperature

650

750

CO2 conversion
(%)

Reaction
temperature = 727 C

CH4 conversion
(%) = 74.85

CO2/CH4 ratio

0.4

1

Syngas ratio

CO2/CH4 ratio = 0.6

CO2 conversion
(%) = 76.49
Syngas ratio = 0.97

Table 1. Summary of literature on optimization of hydrogen and syngas production from catalytic reforming of CH4 and CO2 using RSM.

[38]
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approach
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have significant effects on the responses since their p-values were <0.05. Optimum conditions
of 60 W, 56.1 mL/min, 1.03, and 9.5% were obtained for the power discharged, total flow rate,
CO2/CH4 molar ratio, and Ni-loading, respectively. These optimum conditions resulted in
maximum values of 31.7%, 48.1%, 21.7%, 17.9%, and 7.9% of CO2 conversion, CH4 conversion,
CO yield, H2 yield, and fuel production efficiency, respectively. Similarly, for the Ni/SiO2 catalyst, the effect of input variables such as reaction temperature and CH4/CO2 molar ratio on the
CH4 conversion, CO2 conversion, H2/CO ratio and carbon content were investigated using CCD
[34]. Based on the ANOVA results, the factors investigated were observed to have a significant
effect on the CH4 conversion, CO2 conversion, H2/CO ratio and carbon content (p < 0.05). The
optimum process conditions of 800 C and 2.125 were obtained for reaction temperature and
CH4/CO2 molar ratio, respectively yielding maximum values of 79.6%, 84.2%, 0.4 and 51.1% for
CH4 conversion, CO2 conversion, H2/CO ratio and carbon content, respectively.
In addition to supported Ni catalysts, other Ni-containing bimetallic catalysts such as Ni–Co/
MSN, and Ni-Co/MgO-ZrO2 catalyst have been employed to study the effect of different
process variables on their respective responses using CCD [30, 33]. The variables investigated
include reaction temperature, CO2/CH4 ratio, GHSV, and O2 concentration in the feed while
the responses include CH4 conversion and H2 yield. The ANOVA results of the fittings of the
experimental data obtained using both the Ni-Co/MSN, and Ni-Co/MgO-ZrO2 catalysts
showed that the input variables had significant influence on the responses. The reforming of
CH4 and CO2 over the Ni-Co/MSN gave optimum conditions of 783 C, 3, and 38,726 mL g 1 h 1
for the reaction temperature, CO2/CH4 ratio, GHSV, respectively yielding maximum value 97%
for the CH4 conversion. Similarly, the reforming of CH4 and CO2 over the Ni-Co/MgO-ZrO2
catalyst gave optimum conditions of 749 C, 3, 145,190 mL g 1 h 1, and 7 mol% for the reaction
temperature, CO2/CH4 ratio, GHSV O2 concentration in the feed, respectively. Consequently,
maximum values of 88% and 86% for CH4 conversion and H2 yield, respectively were obtained
at the optimum conditions.
The optimization of hydrogen and syngas production from catalytic reforming of CH4 and
CO2 over Sm2O3 and CeO2 supported Co catalysts have been investigated using BBD [37, 38].
The BBD is more efficient and less costly compared to the three-factor design. This is because
the BBD allows an effective estimate of the first and second-order coefficients of the mathematical model [22]. The effects of process factors such as reaction temperature, CH4 partial
pressure, CO2 partial pressure, and CO2/CH4 ratio on H2 yield, CO yield, CH4 conversion, and
CO2 conversion were investigated using both Co/Sm2O3 and Co/CeO2 catalysts. The p-value
(<0.05) obtained from the ANOVA results of the study revealed that all the factors investigated
significantly influence the responses. The reforming of CH4 and CO2 over the Co/Sm2O3
catalyst led to optimum conditions of 727 C, 47.9 kPa, 48.9 kPa for the reaction temperature,
CH4 partial pressure, and CO2 partial pressure, respectively leading to the maximum values of
79.4% and 79% for H2 yield, and CO yield respectively. Likewise, the reforming of CH4 and
CO2 over the Co/CeO2 catalyst resulted in optimum conditions of 727 C for the reaction
temperature, 46.85 kPa for the CH4 partial pressure, and 0.6 for the CO2/CH4 ratio. These
optimum conditions resulted in maximum values of 74.85% for CH4 conversion, 76.49% for
CO2 conversion and 0.97 for the syngas ratio. Besides Ni and Co-based catalysts, other catalysts such as Li/MgO, 15wt%Rh/MgO, Fe/Mg/Al2O3, and ZnO catalysts have been investigated
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for optimization of hydrogen and syngas production from reforming of CH4 and CO2 [31, 32,
35, 36]. The ANOVA results obtained from these studies indicate that the all the factors
investigated had significant effects on their responses.

5. Implications for further research
The overview of RSM approach to the optimization of hydrogen and syngas from reforming of
CH4 and CO2 over different catalysts performed in this study has revealed that every
reforming catalyst displayed a unique set of optimum conditions. This trend might be due to
the temperature dependent nature of the reforming reaction and the unique physicochemical
properties of each of the catalysts investigated. As a result, there is no consensus on unified
optimum conditions for hydrogen and syngas production by catalytic reforming of CH4 and
CO2. Moreover, the study also shows that only CCD and BBD has been employed for the
optimization of the hydrogen and syngas production over the catalysts investigated. Hence,
other forms of experimental design such as Doehlert design and Taguchi can further be
explored for the optimization study and then compare with existing one in literature. Furthermore, none of the work reported in this study perform an initial screening of the variable. A
school of thought has argued that screening of variable is only essential when using PlackettBurman design. However, it is worthwhile investigating the effect of initial screening of the
different variables that can potentially influence hydrogen and syngas production from
reforming of CH4 and CO2. Moreover, to ensure reliability and accuracy, high fractional
factorial design can be employed during the pre-screening stage. An efficient pre-screening of
all possible factors that influence the production of hydrogen and syngas by dry methane
reforming will enable the most significant factors to be obtained for subsequent optimization.
A consensus can be arrived at using these significant factors for further optimization of the
hydrogen and syngas production with different catalytic system.
Although, response surface design is usually carried out using continuous factors (factors
whose values are fixed to investigate their relationship to a response), it will be worthy of
investigation is research efforts can be geared towards response surface design using categorical factors since such factors have discrete settings with no specific order. This could help
eliminating the discrepancy in the variations in the optimum conditions obtained using different catalytic system in the optimization reforming reactions.

6. Conclusion
There is a growing interest in the application of RSM for the optimization of chemical processes due to its numerous advantages over the traditional one-variable-a-time optimization
techniques. Such advantages include the tendency to obtain a large aggregate of information
from a small set of experimental runs and propensity to determine the effect of interaction
between the variables on the process responses. In this overview, RSM as an optimization
technique has been applied for optimization of catalytic reforming of CH4 and CO2 over few
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catalytic systems mainly supported Ni and Co catalysts as well as their bi-metallic components. This study also affirms that the choice of the experimental design employed for the
optimization process was limited to CCD and BBD. Despite that all the literature considered in
this study reported the significant interactive effect of the input variables on their respective
responses, there was, however, no consensus of the optimum conditions of all the catalysts
investigated. Each of the catalysts was observed to yield a unique set of optimum conditions
primarily due to the differences in their physicochemical properties. This study has revealed
that there is dearth literature in the application of RSM to optimization of hydrogen and
syngas production from the catalytic reforming of CH4 and CO2. Hence, it is therefore
recommended that research efforts should be concentrated on investigating other RSM techniques besides BBD and CCD as well as considering using more catalytic system for the future
optimization study.

Acknowledgements
Bamidele Ayodele Victor is a grateful recipient of Universiti Malaysia Pahang Post-Doctoral
Fellowship. This work is supported by the Universiti Malaysia Pahang internal grant
(RDU15097).

Author details
Bamidele V. Ayodele1,2,3* and Sureena Abdullah1,3*
*Address all correspondence to: bamidele.ayodele@uniben.edu; sureena@ump.edu.my
1 Faculty of Chemical and Natural Resources Engineering, Universiti Malaysia Pahang,
Malaysia
2 Department of Chemical Engineering, University of Benin, Benin City, Nigeria
3 Center of Excellence for Advanced Research in Fluid Flow, Lebuhraya Tun Razak, Gambang
Kuantan, Pahang, Malaysia

References
[1] Fawole OG, Cai X-M, MacKenzie AR. Gas flaring and resultant air pollution: A review
focusing on black carbon. Environmental Pollution. 2016;216:182-197. DOI: 10.1016/j.
envpol.2016.05.075
[2] James OO, Maity S, Mesubi MA, Ogunniran KO, Siyanbola TO, Sahu S, et al. Towards
reforming technologies for production of hydrogen exclusively from renewable resources.
Green Chemistry. 2011;13:2272. DOI: 10.1039/c0gc00924e

75

76

Statistical Approaches With Emphasis on Design of Experiments Applied to Chemical Processes

[3] Ayodele BV, Khan MR, Cheng CK. Syngas production from CO2 reforming of methane
over ceria supported cobalt catalyst: Effects of reactants partial pressure. Journal of
Natural Gas Science and Engineering. 2015;27:1016-1023. DOI: 10.1016/j.jngse.2015.09.049
[4] Er H, Bouallou C, Werkoff F. Dry reforming of methane – Review of feasibility studies.
Chemical Engineering Transactions. 2012;29:163-168. DOI: 10.3303/CET1229028
[5] Tsoukalou A, Imtiaz Q, Kim SM, Abdala PM, Yoon S, Müller CR. Dry-reforming of methane over bimetallic Ni–M/La2O3 (M=co, Fe): The effect of the rate of La2O2CO3 formation
and phase stability on the catalytic activity and stability. Journal of Catalysis. 2016. DOI:
10.1016/j.jcat.2016.03.018
[6] Ayodele BV, Khan MR, Cheng CK. Greenhouse gases abatement by catalytic dry
reforming of methane to syngas over samarium oxide-supported cobalt catalyst. International Journal of Environmental Science and Technology. 2017;14(12):2769-2782. DOI:
10.1007/s13762-017-1359-2
[7] Ayodele BV, Khan MR, Cheng CK. Greenhouse gases mitigation by CO2 reforming of
methane to hydrogen-rich syngas using praseodymium oxide supported cobalt catalyst.
Clean Technologies and Environmental Policy. 2017;19(3):795-807. DOI: 10.1007/s10098016-1267-z
[8] Djinović P, Batista J, Pintar A. Efficient catalytic abatement of greenhouse gases: Methane
reforming with CO2 using a novel and thermally stable Rh-CeO2 catalyst. International
Journal of Hydrogen Energy. 2012;37:2699-2707. DOI: 10.1016/j.ijhydene.2011.10.107
[9] Yaw TC, Aishah NOR, Amin S. Analysis of carbon dioxide reforming of methane via
thermodynamic equilibrium approach. Jurnal Teknologi. 2007;43:31-49
[10] Ayodele BV, Cheng CK. Process modelling, thermodynamic analysis and optimization of
dry reforming, partial oxidation and auto-thermal methane reforming for hydrogen and
syngas production. Chemical Product and Process Modeling. 2015;10:211-220. DOI:
10.1515/cppm-2015-0027
[11] Ginsburg JM, Piña J, El Solh T, De Lasa HI. Coke formation over a nickel catalyst under
methane dry reforming conditions: Thermodynamic and kinetic models. Industrial and
Engineering Chemistry Research. 2005;44:4846-4854. DOI: 10.1021/ie0496333
[12] Arbag H, Yasyerli S, Yasyerli N, Dogu T, Dogu G. Coke minimization in dry reforming of
methane by Ni based mesoporous alumina catalysts synthesized following different
routes: Effects of W and Mg. Topics in Catalysis. 2013;56:1695-1707. DOI: 10.1007/s11244013-0105-3
[13] Bartholomew CH. Mechanisms of catalyst deactivation. Applied Catalysis A: General.
2001;212:17-60. DOI: 10.1016/S0926-860X(00)00843-7
[14] Pakhare D, Spivey J. A review of dry (CO2) reforming of methane over noble metal
catalysts. Chemical Society Reviews. 2014;43:7813-7837. DOI: 10.1039/c3cs60395d

An Overview of Response Surface Methodology Approach to Optimization of Hydrogen and Syngas Production by…
http://dx.doi.org/10.5772/intechopen.73001

[15] Argyle M, Bartholomew C. Heterogeneous catalyst deactivation and regeneration: A
review. Catalysts. 2015;5:145-269. DOI: 10.3390/catal5010145
[16] Budiman AW, Song S-H, Chang T-S, Shin C-H, Choi M-J. Dry reforming of methane over
cobalt catalysts: A literature review of catalyst development. Catalysis Surveys from
Asia. 2012;16:183-197. DOI: 10.1007/s10563-012-9143-2
[17] Zhang WD, Liu BS, Zhan YP, Tian YL. Syngas production via CO2 reforming of methane
over Sm2O3-La2O3-supported Ni catalyst. Industrial and Engineering Chemistry
Research. 2009;45:7498-7504. DOI: 10.1021/ie9001298
[18] Kathiraser Y, Oemar U, Saw ET, Li Z, Kawi S. Kinetic and mechanistic aspects for CO2
reforming of methane over Ni based catalysts. Chemical Engineering Journal. 2015;
278:62-78
[19] Xu W, Si R, Senanayake SD, Llorca J, Idriss H, Stacchiola D, et al. In situ studies of CeO2supported Pt, Ru, and Pt – Ru alloy catalysts for the water – Gas shift reaction: Active
phases and reaction intermediates. Journal of Catalysis. 2012;291:117-126. DOI: 10.1016/j.
jcat.2012.04.013
[20] Zhou H, Wu H, Shen J, Yin A, Sun L, Yan C. Thermally stable Pt/CeO2 heteronanocomposites with high catalytic activity. Journal of the American Chemical Society.
2010;132(10):4998-4999
[21] Itkulova SS, Zhunusova KS, Zakumbaeva G. CO2 reforming of methane over Co-Pd/
Al2O3 catalysts. Bulletin of the Korean Chemical Society. 2005;26:2017-2020
[22] Bezerra MA, Santelli RE, Oliveira EP, Villar LS, Escaleira LA. Response surface methodology (RSM) as a tool for optimization in analytical chemistry. Talanta. 2008;76:965-977.
DOI: 10.1016/j.talanta.2008.05.019
[23] Lundstedt T, Seifert E, Abramo L, Thelin B, Nyström Å, Pettersen J, et al. Experimental
design and optimization. Chemometrics and Intelligent Laboratory Systems. 1998;42:
3-40. DOI: 10.1016/S0169-7439(98)00065-3
[24] Elksibi I, Haddar W, Ben Ticha M, Gharbi R, Mhenni MF. Development and optimisation
of a non conventional extraction process of natural dye from olive solid waste using
response surface methodology (RSM). Food Chemistry. 2014;161:345-352. DOI: 10.1016/j.
foodchem.2014.03.108
[25] Khuri AI, Mukhopadhyay S. Response surface methodology. Wiley Interdisciplinary
Reviews: Computational Statistics. 2010;2:128-149. DOI: 10.1002/wics.73
[26] Baş D, Boyacı İH, Bas D, Boyaci IH, Baş D, Boyacı İH, et al. Modeling and optimization I:
Usability of response surface methodology. Journal of Food Engineering. 2007;78:836-845.
DOI: 10.1016/j.jfoodeng.2005.11.024
[27] Singh P, Shera SS, Banik J, Banik RM. Optimization of cultural conditions using response
surface methodology versus artificial neural network and modeling of l-glutaminase

77

78

Statistical Approaches With Emphasis on Design of Experiments Applied to Chemical Processes

production by Bacillus cereus MTCC 1305. Bioresource Technology. 2013;137:261-269.
DOI: 10.1016/j.biortech.2013.03.086
[28] Mourabet M, El Rhilassi A, El Boujaady H, Bennani-Ziatni M, Taitai A. Use of response surface
methodology for optimization of fluoride adsorption in an aqueous solution by Brushite.
Arabian Journal of Chemistry. 2017;10:S3292-S3302. DOI: 10.1016/j.arabjc.2013.12.028
[29] Ishmael UC, Shah SR, Palliah JV, Asras MFF, Ahmad SS, Ayodele Bamidele V. Statistical
modeling and optimization of enzymatic pretreatment of empty fruit bunches with
laccase enzyme. BioResources. 2016;11:5013-5032
[30] Fan M-S, Abdullah AZ, Bhatia S. Hydrogen production from carbon dioxide reforming of
methane over Ni–Co/MgO–ZrO2 catalyst: Process optimization. International Journal of
Hydrogen Energy. 2011;36:4875-4886. DOI: 10.1016/j.ijhydene.2011.01.064
[31] Aishah NOR, Amin S, Zakaria ZY. Optimization of oxidative coupling of methane using
response surface methodology. Jurnal Teknologi. 2003;39:35-51
[32] Aishah NOR, Amin S, Yusof KM, Isha R. Carbon dioxide reforming of methane to
syngas: Modeling using response surface methodology and artificial neural network.
Jurnal Teknologi. 2007;43:15-29
[33] Sidik SM, Triwahyono S, Jalil AA, Majid ZA, Salamun N, Talib NB, et al. CO2 reforming
of CH4 over Ni-Co/MSN for syngas production: Role of Co as a binder and optimization
using RSM. Chemical Engineering Journal. 2016;295:1-10. DOI: 10.1016/j.cej.2016.03.041
[34] Braga TP, Santos RC, Sales BM, da Silva BR, Pinheiro AN, Leite ER, Valentini A. CO2
mitigation by carbon nanotube formation during dry reforming of methane analyzed by
factorial design combined with response surface methodology. Chinese Journal of Catalysis. 2014;35:514-523. DOI: 10.1016/S1872-2067(14)60018-8
[35] Hafizi A, Rahimpour MR, Hassanajili S. Hydrogen production by chemical looping
steam reforming of methane over Mg promoted iron oxygen carrier: Optimization using
design of experiments. Journal of the Taiwan Institute of Chemical Engineers. 2016. DOI:
10.1016/j.jtice.2016.01.023
[36] Mahmodi G, Sharifnia S, Rahimpour F, Hosseini SN. Photocatalytic conversion of CO2
and CH4 using ZnO coated mesh: Effect of operational parameters and optimization.
Solar Energy Materials & Solar Cells. 2013;111:31-40. DOI: 10.1016/j.solmat.2012.12.017
[37] Ayodele BV, Khan MR, Nooruddin SS, Cheng CK. Modelling and optimization of syngas
production by methane dry reforming over samarium oxide supported cobalt catalyst:
Response surface methodology and artificial neural networks approach. Clean Technologies and Environmental Policy. 2016. DOI: 10.1007/s10098-016-1318-5
[38] Ayodele BV, Cheng CK. Modelling and optimization of syngas production from methane
dry reforming over ceria-supported cobalt catalyst using artificial neural networks and
Box-Behnken design. Journal of Industrial and Engineering Chemistry. 2015;32:246-258.
DOI: 10.1016/j.jiec.2015.08.021

