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Summary

Over the years, research focused has been on the development of active and sta-

ble catalysts for hydrogen (H2) production by steam methane reforming (SMR).

However, there is less attention on the individual and interaction effect of key

process parameters that influence the catalytic performance of such catalysts

and how to optimize them. The main objective of this study is to investigate

the individual and interaction effects of key parameters such as methane partial

pressure (PCH4Þ (10‐30 kPa), steam partial pressure (PH2O gð ÞÞ (10‐30 kPa), and

reaction temperature (T) (750‐850°C) onH2 yield andmethane (CH4) conversion

during SMR using Box‐Behnken experimental design (BBD) and response sur-

face methodology. The H2 production was catalyzed using Ni/LSCF prepared

by wet impregnation method. The evaluation of the Ni/LSCF using different

instrument techniques revealed that the catalyst exhibited excellent physico-

chemical properties suitable for SMR. Response surface models showing the

individual and interaction effect of each of the parameters on the H2 yield and

CH4 conversion were obtained using the set of data obtained from the BBD

matrix. The three parameters were found to have significant effects on the H2

yield and CH4 conversion. At the highest desirability of 0.8994, maximum H2

yield and CH4 conversion of 89.77% and 89.01%, respectively, were obtained at

optimum conditions of 30 kPa, 28.86 kPa, and 850°C for PCH4 , PH2O gð Þ, and tem-

perature, respectively. The predicted values of the responses from the response

surface models were found to be in good agreement with the experimental

values. At optimum conditions, the catalyst was found to be stable up to 390

minutes with time on stream. The characterization of the used catalyst using

thermogravimetric analysis, scanning electron microscopy, energy‐dispersive

X‐ray spectroscopy, and transmission electron microscopy showed some evi-

dence deposition of a small amount of carbon on the catalyst surface.
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1 | INTRODUCTION

For over a century, there has been a remarkable interest
in H2 production as an alternative and sustainable source
of energy..1 This is due to its numerous merits as a source
of energy over the conventional fossil fuel.2 Hydrogen as
a fuel has been reported to have zero‐emission when
combusted in the presence of oxygen.3 According to
Dutta,4 H2 is a good energy carrier and possesses the
highest energy density compared with other forms of
fuels. Moreover, H2 has been reported to have high
energy yield (about 122 kJ/kg) making it better than fossil
fuel.5 Hydrogen finds wide applications in fuel cell tech-
nology,6 internal combustion engines,7 as feedstock for
the production of gasoline,4 methanol,8 fertilizer,9 and
other valuable chemicals. Due to its importance and
applications in industrial processes, H2 has been
adjudged as the energy of the future.10 As a result of this,
several technological routes such as coal and biomass gas-
ification,11 hydrocarbon reforming,12 thermochemical
water splitting,13 photo‐electrolysis,14 and biomass pyrol-
ysis15 have been employed to achieve the possibility of
producing H2 in abundance and make it readily available.
According to Parthasarathy and Narayanan,16 the various
feedstock used for the production of H2 includes coal,
natural gas, liquid hydrocarbons, and other alternative
sources. Among these various feedstocks, natural gas
accounts for 49% of total H2 produced.

16

Natural gas, which is abundant in nature, has been the
main feedstock used for producing H2 by steam methane
reforming (SMR).17 SMR is a matured technology used
commercially for hydrogen production.18 The SMR pro-
cess is an endothermic reaction, which entails the oxida-
tion of methane (CH4) by steam in the presence of a
catalyst to produce H2, carbon monoxide (CO), and little
amount of carbon dioxide (CO2) as shown in the sequen-
tial reactions below.19

CH4 + H2O (steam) ↔ CO + 3H2

Ho
25oC ¼ 206:2 kJ=mol

CO + H2O (steam) ↔ CO2 + H2

Ho
25oC ¼ 41:1 kJ=mol

CH4 + 2H2O (steam) ↔ CO2 + 4H2

Ho
25oC ¼ 165 kJ=mol

where Ho
25 oC is the standard enthalpy change at 25°C.

The SMR is highly temperature‐dependent that occurs
at a temperature range of 800 to 1000°C over Nickel cata-
lysts.20 Hence, catalyst deactivation has been the major
challenges that have been confronting the SMR process.21
An comprehensive review by Iulianelli et al22 revealed that
several catalysts have been developed and utilized for SMR
to produce H2.

19 These catalysts are mainly supported Ni
catalysts, and few noble metals such as Ru, Rh, Pd, Pt,
and Ir.19,23-25 However, nickel‐based catalysts accounted
for over 60% of the total publication outputs on SMR due
to high activity towards H2 production as well as their
low cost compared with noble metals.25 Nevertheless,
nickel‐catalysts are susceptible to deactivation by sintering
and carbon deposition.19,26 To overcome these constraints,
several researchers have adopted techniques such as using
suitable supports27 and promoters28 as well as optimizing
the process parameters to reduce coke formation.29 Till
now, supports such as Al2O3, CeO2, La2O3, ZrO2, SiO2,
SBA‐15, and perovskite LaFeO3 have been used for the
synthesis of Ni catalysts employed for SMR.28,29 These sup-
ports were reported to have a varying degree of influence
on the stability and the activities of the nickel catalysts
during SMR reaction.30 Recently, Yang et al31 in their
extensive review reiterate the importance of using
perovskite‐type oxides as precursors for preparing sup-
ported metal catalyst. Lian et al30 employed perovskite
LaFeO3 as support for Ni catalyst used in SMR to H2.
The findings revealed that there was improved Ni disper-
sion on the perovskite LaFeO3. Moreover, the catalyst
displayed high thermal stability and catalytic activity for
H2 production. LSCF has been extensively used as a cata-
lyst in solid oxide fuel cells (SOFCs) but not as catalyst sup-
port. In our previous study, the catalytic performance of
LSCF and Al2O3‐supported Ni catalyst was compared in
SMR to H2. The study revealed that Ni/LSCF catalyst has
superior activity compared with Ni/Al2O3 catalyst. How-
ever, the catalyst was observed to deactivate after 300
minutes of time‐on‐stream. Studies have shown that the
combinations of appropriate parameters can improve
catalysis activity and stability.32 Raheem et al32 employed
central composite design and responsible surface method-
ology to investigate the effect of reaction temperature, cat-
alyst loading, and reaction time on H2‐rich syngas
production by catalytic gasification of algal. The H2‐rich
syngas production was reported to be significantly influ-
enced by reaction temperature and time. Maximum H2

yield of 48.98% was obtained at optimum conditions of
850°C, 16.4wt% catalyst loading, and reaction time of
28.8 minutes. In a similar study, Patcharavorachot et al33

in their optimization studies reported that reaction tem-
perature, pressure, and steam to glycerol ratio had signifi-
cant effects on H2 production by glycerol reforming. The
effects of Ce and Ni loading on the yield of H2 during cat-
alytic propane reforming have been investigated by
Azizzadeh Fard et al.34 Maximum H2 yield of 63% was
obtained at optimum conditions of 11.85 wt%Ni and 3.55
wt% Ce. Till date, there are scanty studies on experimental



AYODELE ET AL.8120
design and optimization of H2 production by SMR using
response surface approach. To the best of the authors'
knowledge, the interaction effects of key process parame-
ters such as CH4 partial pressure, steam partial pressure,
and the reaction temperature on the rate of CO‐rich H2

production by SMR over Ni/LSCF catalyst has not been
investigated. Therefore, this study aimed to investigate
the interaction of key process parameters (PCH4 , PH2O gð Þ,
and T) on the H2 production using Box‐Behken experi-
mental design and response surface technique. Moreover,
the optimum conditions of these parameters that maxi-
mize the activity and enhance the stability of the
Ni/LSCF catalyst during SMR to H2 were also investigated.
The choice of response surface approach employed in
these studies is due to its flexibility and robustnes as an
optimization tool that has been extensively used in various
process optimization.35 The interaction effects of the pro-
cess parameters on the process response can be thoroughly
explained and clarify using response surface technique.34
2 | EXPERIMENTAL

2.1 | Catalyst preparation

The steps and the detail description involved in the prep-
aration of the Ni/LSCF catalyst has been reported in
Ayodele et al36 and summarized in Figure 1.

As shown in Figure 1, the stages involve in the prepara-
tion of the Ni/LSCF catalyst include the preparation of the
aqueous Ni (NO3)2.6H2O, impregnation of the aqueous Ni
(NO3)2.6H2O into the LSCF, mixing of the aqueous Ni
(NO3)2.6H2O and LSCF slurry at room temperature for 3
hours, drying in the oven at 105°C for 2 hours, calcination
at 900°C for 6 hours at the rate of 10°C/min, and in situ
reduction at 900°C for 2 hours at the rate of 10°C/min.
Typically, the catalyst was prepared by calculating the
amount of Ni (NO3)2.6H2O equivalent to 5wt% Ni loading
and dissolved in di‐ionized water to form an aqueous solu-
tion of Ni (NO3)2.6H2O. The Ni (NO3)2.6H2O (aq) was sub-
sequently impregnated into the LSCF under continuous
stirring at 25°C for 3 hours. Thereafter, the slurry formed
was oven‐dried for at 105°C for 24 hours and afterward cal-
cined at 900°C for 6 hours at a heating rate of 10°C/min.
Prior to the commencement of the experimental runs for
the optimization study, the catalyst was reduced in situ
at 900°C for 2 hours.
2.2 | Determination of the
physicochemical properties of the catalyst

The detail description and steps involved in the determi-
nation of the physicochemical properties of the fresh
and used Ni/LSCF catalyst have been reported in Ayodele
et al36 and summarized in Figure 2. The physicochemical
properties evaluated for the fresh Ni/LSCF catalysts
include textural properties using the BET and BJH
methods, the elemental composition, the crystallinity,
surface morphology, reducibility, and microstructure,
while the amount of carbon deposited on the used cata-
lyst was quantified using thermogravimetric analysis
(TGA). The X‐ray diffraction (XRD) analysis was per-
formed on PANALYTICAL X'PERT machine. The tex-
tural properties were investigated using Micrometrics
ASAP 2020. The scanning electron microscopy (SEM)
and energy‐dispersive X‐ray spectroscopy (EDX) analysis
were carried out using Hitachi bench top (TM 3030
PLUS). TECNAL G2F20 TEM machine was employed
for the transmission electron microscopy (TEM) analysis
of the microstructure of the catalyst. The extent of reduc-
ibility was investigated using Thermo‐Scientific 1100
fitted with a thermal conductivity detector (TCD). The
amount of carbon deposited on the used Ni/LSCF cata-
lysts was quantified using STA 7000 series thermogravi-
metric analyzer.
3 | BOX BEHNKEN
EXPERIMENTAL DESIGN AND
HYDROGEN OPTIMIZATION
STUDIES

A three‐factor three‐level Box‐Behnken experimental
design (BBD) is employed in this study to perform the
experimental design for the optimization studies and to
also investigate the interaction between the parameters.
BBD is a form of response surface design with the feature
of an independent quadratic design or polynomial model
(a design that does encompass an embedded factional or
fractional factorial design) represented in the equation
below.37,38

Yi ¼ βo þ∑k
j¼1βjxj þ∑k

j¼1βjjx
2
j þ ∑∑k

j<1βijxixj,

where predicted responses, the offset term, the linear
effect, the square effect, and the interaction effects are
represented by Yi, βo, βj, βjj, and βij, respectively.

The BBD entails the placing of the treatment combina-
tions at the midpoints of process space edges as well as
the center.39 The main advantage of the BBD is the fewer
treatment combinations requirement compared with the
central composite design.40 The parameters (variable)
investigated in this study include CH4 partial pressure,
steam partial pressure, and the reaction temperature,
while the responses are CH4 conversion and H2 yield.
The parameters were studied at two levels, namely, low
level and high level (coded as −1 and +1, respectively).



FIGURE 2 Detail methods and instruments used for the determination of the physicochemical properties of the Ni/LSCF catalyst

FIGURE 1 Stages involved in the

preparation of the Ni/LSCF catalyst

AYODELE ET AL. 8121
A five replicate center point (denoted as level 0) was
incorporated into the BBD in order to check the experi-
mental variance as well to ensure check of curvature.
The data obtained from the BBD were analyzed using
Design Expert version 7.2. The parameters and the levels
(−1, 0, +1) employed in the design are summarized in
Table 1.

The BBD was employed to generate 17 experiments,
which are made up of the treatment combinations of
the parameters. Each of the treatment conditions was



TABLE 1 Parameters and level investigated using the BBD

Parameters Unit Code Symbol Level and Range

−1 0 1

PCH4 kPa A 10 20 30

PH2O gð Þ kPa B 10 20 10

T °C C 750 800 850

Abbreviation: BBD: Box‐Behnken experimental design.
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employed to obtain their corresponding responses (CH4

conversion and the H2 yield). The schematic representa-
tion of the set‐up used for obtaining the experimental
data for the optimization study is depicted in Figure 3.
The feed stream, which was regulated by a mass flow
meter (Alicat Scientific Inc, USA), consists of H2, CH4,

and N2. The H2 was employed for the in situ reduction
of Ni/LSCF catalyst before initiating the reaction. The
CH4 and steam (obtained from the steam saturator unit)
together with the N2, which serves as the carrier gas,
was fed into a tubular reactor made up of stainless steel.
The temperature in the reactor was monitored using a
K‐type thermocouple. The concentration of the gaseous
products was measured using gas chromatography with
TCD‐FID detector (Shimadzu gas chromatography
system).
FIGURE 3 Schematic representation of set‐up used to obtain experim

wileyonlinelibrary.com]
4 | RESULTS AND DISCUSSION

4.1 | Catalyst characterization

The XRD pattern of the Ni/LSCF showing the phase iden-
tification is depicted in Figure 4. The diffraction peaks,
which can be identified between 24.3° and 78.4°, are cor-
responds to 110, 131, 119, 025, 122, 113, 213, and 237
plane of hexagonal structure of LSCF perovskite (ICSD:
187793, ICDD: 98‐018‐7793), which is consistent with
previous report on phase identification for LSCF perov-
skite.41 It is noteworthy that a small amount of La2O3

can be identified from the XRD pattern at 2θ = 74.8°
(104). The diffraction peak at 2θ = 43.8° corresponds to
111 plain of NiO (ICSD: 92127, ICDD: 00‐044‐1159).
Interestingly, the formation of orthorhombic phase of
Fe0.8La1Ni0.2O3 in a small amount (ICSD: 158821, ICDD:
98‐015‐8821) is evidence at 2θ = 67.4° (216).

The morphology of the Ni/LSCF catalyst as captured
by the TEM and SEM images and the elemental composi-
tions are represented in Figures 5A to 5C, respectively.
The TEM image shows homogeneous spherical Ni nano-
particles intertwined with the LSCF. This implies that
the Ni is well dispersed on the on LSCF and there exists
a Ni‐LSCF interaction between the Ni and the LSCF sup-
port, which is consistent with that reported by
ental data for the optimization study [Colour figure can be viewed at

http://wileyonlinelibrary.com


FIGURE 4 X‐ray diffraction pattern of the LSCF and Ni/LSCF

[Colour figure can be viewed at wileyonlinelibrary.com]
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Wolfbeisser et al42 for Ni/CeO‐ZrO2 catalyst. Further-
more, the dispersion of the Ni on the LSCF is ascertained
from the SEM images. The Ni nanoparticles are well dis-
persed on the LSCF as indicated by the yellow arrows in
the SEM image. Although, weak agglomeration of the Ni
nanoparticles is evident, which can be attributed to the
high calcination temperature.43 The evidence of the ele-
mental make‐up of the Ni/LSCF catalyst is shown in
EDX micrograph depicted in Figure 5C. Interestingly,
all the elemental components, which include Ni, La, Sr,
Co, Fe, and O, are captured by the different peaks in
the EDX micrograph. This trend is consistent with the
EDX dot mapping depicted in Figure 6 where each of
the elements is coded in a unique color to indicate their
presence. The atomic percentage of the Ni, La, Sr, Co,
Fe, and O were obtained from the EDX as 5.60%, 2.37%,
20.78%, 3.43%, 2.34%, 23.56%, and 44.25%, respectively.

The wide‐scan X‐ray photoelectron spectroscopy (XPS)
spectrum of the Ni/LSCF catalyst is shown in Figure 7. It
is notable that all the chemical composition of the
Ni/LSCF catalyst is represented in the wide‐scan XPS
spectrum. The atomic percentage of the observed
FIGURE 5 Energy‐dispersive X‐ray spectroscopymicrograph of Ni/L

images (B) scanning electron microscopy images36 [Colour figure can b
elements represented as Ni2p3, La3d5, Sr3d5, Co2p,
Fe2p3, and O1s at binding energies of 854.70, 836.44,
135.08, 886.40, 710.80, and 529.32 eV were estimated as
5.5%, 24.0%, 4.2%, 4.3%, 10.0%, and 52.0%, respectively.
The Ni2p3 can be ascribed to nickel bonded to oxygen
in the form of NiO, which is consistent with the XRD
analysis. The La3d5, Sr3d4, Co2p, Fe2p3, and O1s could
be ascribed to lanthanum, strontium, cobalt, iron, and
oxygen bonded in the LSCF perovskite as indicated in
the XRD analysis. Moreover, Co2p and Fe2p3 can also
be attributed to the cobalt and iron bonded to oxygen
resulting in the formation of Co3O4 and Fe2O3, although
not detected from the XRD analysis.

The textural properties of a heterogeneous catalyst in
term of the surface area and the porosity play a signifi-
cant role in the activity of such catalyst. Typically, the
absorptivity of a catalyst is a function of the surface area,
while the penetration of the analyte molecules (the
reactants) into the catalyst pores for inner surface interac-
tion is defined by the pore distributions (pore size and
pore volume). Figures 8A and 8B depict the pore distribu-
tions of the Ni/LSCF catalyst as a function of the incre-
mental pore volume and the incremental pore area. It is
obvious that the pore size is in the range of 2 to 11 nm,
which confirms the mesoporous natural of the catalyst.44

The different peaks observed along the pore widths could
be attributed to the particle size distribution of the cata-
lyst.45 This implies that molecular adsorption varies along
the pore width. The BJH adsorption and desorption
cumulative pore volumes of the catalyst were estimated
0.0427 and 0.0429 cm3/g, respectively. While the BJH
adsorption and desorption cumulative pore area of the
catalyst was estimated as 8.246 and 8.8598 m2/g, respec-
tively. Interestingly, the Ni/LSCF catalyst can be
described as a mesoporous material (since pore diameter
> 2 nm) evident from the BJH average pore diameter of
12.08 and 15.17 nm for adsorption and desorption, respec-
tively.46 The analysis of the adsorption‐desorption
SCF catalyst with inserted (A) transmission electron microscopy

e viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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FIGURE 6 Energy‐dispersive X‐ray spectroscopy dot mapping of the Ni/LSCF catalyst [Colour figure can be viewed at wileyonlinelibrary.

com]

FIGURE 7 Wide‐scan X‐ray photoelectron spectroscopy

spectrum of the Ni/LSCF catalyst. The insert table shows the

quantification of all observed elements, atomic percentage, and

binding energy

FIGURE 8 The pore distributions of the Ni/LSCF catalyst

showing the (A) incremental pore volume and (B) incremental

pore area as a function of pore width
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isotherms of the Ni/LSCF catalyst resulted in type IV
based on the IUPAC classification of adsorption iso-
therm.47 The occurrence of type IV adsorption isotherm
for the catalyst signifies that the adsorption occurs on
mesoporous materials through multilayer adsorption
followed by capillary condensation.48 Moreover, N2

adsorption‐desorption isotherm of the Ni/LSCF catalyst
has the attributes of hysteresis loops type H3, which
implies a loose assemblage of plate‐like particles with
the formation of slit‐like pores.49 The specific surface area
of the Ni/LSCF catalyst obtained from the analysis of the
adsorption‐desorption data using the BET method was
estimated as 9.88 m2/g.

The determination of the extent of reduction of the
Ni/LSCF catalyst by H2‐TPR revealed that the NiO oxide
formed after the calcination of the catalyst can easily be
reduced to Ni° using H2 probe gas. It is obvious from
the XRD analysis that NiO and a small amount of
Co3O4 were formed. As described in Ayodele et al,36 the
small peak centered at 480°C and the sharp peak centered
at 760°C can be attributed to the reduction of NiO and
Co3O4 species in the catalyst by the H2 to Co° and Ni.
The amount of H2 utilized for the reduction of the NiO
and Co3O4 species were estimated as 1.62 and 5.2
mmol/g, respectively. The redox properties exhibited by
the Ni/LSCF in this study are consistent with that
reported for Cu/LSCF, Ag/LSCF, and Pt/LSCF employed
in SOFCs.50 The authors reported three characteristic
peaks at 220, 330, and 830°C signifying the reduction of
the Cu, Ag, and Pt oxides, respectively.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


TABLE 2 BBD matrix showing the treatment combinations of

the parameters and their response

Run
No.

A: PCH4 ,
kPa

B: PH2O gð Þ,
kPa

C: T, °
C

CH4

Conversion,
%

H2

Yield, %

1 20 20 800 83.52 81.28

2 30 20 750 76.18 75.34

3 10 30 800 82.47 80.72

4 20 20 800 82.52 80.17

5 20 20 800 82.63 80.25

6 30 30 800 84.20 82.52

7 20 30 850 88.87 86.56

8 30 20 850 89.51 86.22

9 10 10 800 81.26 79.65

10 10 20 850 87.08 88.4

11 20 20 800 83.32 81.43

12 10 20 750 75.93 72.94

13 20 10 850 88.87 87.44

14 20 30 750 85.67 73.34

15 30 10 800 82.99 81.56

16 20 10 750 73.44 72.76

17 20 20 800 83.58 81.29

Abbreviation: BBD: Box‐Behnken experimental design.
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4.2 | The BBD matrix analysis

The different treatment combinations (comprising the
three parameters) together with their respective
responses obtained from the BBD experimental runs are
summarized in Table 2. The different interaction models
were investigated by fitting them into the experimental
data to generate regression equations that explain the
data. Subsequently, the adequacy of the model to repre-
sent H2 production as well as the CH4 conversion was
analyzed using Design‐Expert software and summarized
in Tables 3 and 4. The analysis of the responses based
on the values of coefficient of determination (R2),
adjusted R2, and the predicted R2 shows that the qua-
dratic models for the two responses are statistically
TABLE 3 Model summary statistics for the H2 yield

Source Standard Deviation R2 Adju

Linear 2.718409066 0.7946343 0.74

2FI 2.903647655 0.8197635 0.71

Quadratic 1.03024581 0.9841169 0.96

Cubic 0.897151046 0.9931175 0.97

Note. + Case(s) with the leverage of 1.0000: prediction error sum of squares (PRE
significant for optimizing H2 yield and CH4 conversion.
This trend is consistent with previous work where BBD
was employed for optimization of CO‐rich H2 production
by CH4 reforming using CO2 over Co/Sm2O3 catalyst.51

Hence, it can be deduced that an empirical relationship
exists between the parameters (PCH4 ,PH2O gð Þ, and T) inves-
tigated and the responses (H2 yield and CH4 conversion),
which are represented by the quadratic equations (5) and
(6). Although, the cubic model obtained for the responses
has R2 values higher than that of the quadratic model;
however, the predictability responses using the model
cannot be ascertained as indicated in Tables 3 and 4.
Analysis of variance (ANOVA) and regression analysis
were further explored to ensure the reliability of the fit-
ness of the quadratic model as discussed in the subse-
quent section.

H2 yield (%) = 88.88 + 0.49A + 0.22B + 6.78C
– 0.027 AB ‐1.15 AC ‐0.36 BC + 0.46 A2

–0:24 B2
–0:62 C2; (5)

CH4 conversion (%) = 83.11 + 0.77 A + 1.83 B +5.39 C
+ 0.00035 AB +0.55 AC ‐0.3.06BC

–1:21 A2 þ 0:83 B2 þ 0:27 C2: (6)

4.3 | Diagnostic evaluation of the fitted
model

The ANOVA results for the quadratic model fittings of
the H2 yield and the CH4 conversion are summarized in
Tables 5 and 6, respectively. It is obvious that the
ANOVA results revealed that the quadratic model
(Equations 5 and 6) adequately portrays the actual rela-
tionship between the input parameters and the responses,
which are necessary for an industrial application. Taking
into consideration all the process conditions, the RSM
model will be suitable for engineers to predict the suitable
process parameters required to optimize H2 production
by SMR over the Ni/LSCF catalyst. Statistical parameters
such as the P‐values and the lack of fits were employed as
criteria to check the robustness of the quadratic model.
sted R2 Predicted R2 PRESS

72422 0.590677809 191.474

1621567 0.159456752 393.192

3695818 0.845236787 72.3957 Suggested

2470008 + Aliased

SS) statistic not defined.



TABLE 4 Model summary statistics for CH4 conversion

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS

Linear 0.5879 0.7575 0.7016 0.5157 8.9747

2FI 0.5619 0.8296 0.7274 0.2216 14.4267

Quadratic 0.5082 0.9625 0.9571 0.8647 25.1070 Suggested

Cubic 0.2571 0.9857 0.9430 + Aliased

TABLE 5 ANOVA analysis results for the H2 yield responses fitting to the quadratic model

Response Source
Sum of
Squares

Degree of
Freedom

Mean
Square

F
Value

P‐value, Prob >
F Decision

H2 yield Model 16.7254 9.0000 1.8584 7.1963 <.0001 Significant

A‐CH4 partial pressure 0.5725 1.0000 0.5725 2.2167 .0080

B‐Steam partial pressure 0.6903 1.0000 0.6903 2.6731 .0046

C‐Reaction temperature 12.7765 1.0000 12.7765 49.4749 .0002

AB 2.1974 1.0000 2.1974 5.6322 .0314

AC 1.1881 1.0000 1.1881 4.6007 .0491

BC 0.1482 1.0000 0.1482 0.5740 .0334

A2 0.9530 1.0000 0.9530 3.6903 .0962

B2 0.1492 1.0000 0.1492 0.5778 .4720

C2 0.2776 1.0000 0.2776 1.0748 .3343

Residual 1.8077 7.0000 0.2582

Lack of fit 1.5434 3.0000 0.5145 7.7854 .2381 Nonsignificant

Pure error 0.2643 4.0000 0.0661

Cor total 18.5331 16.0000

Abbreviation: ANOVA: analysis of variance.

TABLE 6 ANOVA analysis results for the H2 yield responses fitting to the quadratic model

Response Source
Sum of
Squares

Degree of
Freedom

Mean
Square F Value

P‐value, Prob >
F Decision

CH4 conversion, % Model 460.3538 9.0000 51.1504 48.1912 <.0001 Significant

A‐CH4 partial pressure 3.0381 1.0000 3.0381 2.8623 <.0001

B‐Steam partial pressure 0.9316 1.0000 0.9316 0.8777 .0038

C‐Reaction temperature 367.7472 1.0000 367.7472 346.4716 <.0001

AB 5.9780 1.0000 5.9780 5.6322 .0494

AC 5.2441 1.0000 5.2441 4.9407 .0416

BC 0.5329 1.0000 0.5329 0.5021 .0512

A2 5.9550 1.0000 5.9550 5.6105 .0497

B2 1.0079 1.0000 1.0079 0.9495 .0362

C2 72.4546 1.0000 72.4546 68.2629 <.0001

Residual 7.4298 7.0000 1.0614

Lack of Fit 4.2103 3.0000 1.4034 1.7437 .2961 Not significant

Pure Error 3.2195 4.0000 0.8049

Cor Total 467.7836 16.0000

Abbreviation: ANOVA: analysis of variance.
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(A)

(B)

FIGURE 9 Parity plots showing (A) the actual and the predicted

H2 yield (B) actual CH4 conversion and the predicted CH4

conversion

(A)

(B)
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Based on the P‐values <.0001 and.0002 obtained for the
H2 yield and the CH4 conversions, the two quadratic
models can be adjudged to be statistically significant
since their respective P‐values are less than.05 (95%
confidence). The F tests of values of 7.19 and 48.19
obtained for the H2 yield and CH4 conversion implies that
the influence of each of the measured factors on the
tested quadratic model is within an acceptable limit. A
nonsignificant lack of fit with P‐values of.2381 and.2961
obtained for the H2 yield and CH4 conversion,
TABLE 7 Fitting Statistics obtained from the parity plots

Response Statistical Parameters

R R2
Adj
R2

Standard
Error
of Estimate

P‐
value

H2 yield, % 0.9792 0.9588 0.9561 0.9677 <.0001

CH4

conversion, %
0.9997 0.9940 0.9926 0.5422 <.0001
respectively, is an indication that the quadratic model fits
well the experimental data.

A parity (diagnostic) plot was further employed to
ascertain the adequacy and suitability of the BBD qua-
dratic model for the optimization of CH4 conversion
and H2 yield from SMR over Ni‐LSCF catalyst. This will
enable the evaluation of the correlation between the
actual and the BBD predicted values of the responses.
Figure 10 depicts the parity plots of the actual values of
responses and their respected predicted values from the
BBD model. The positioning of the data points close to
the straight line are indications of strong correlations
between the actual (experimental) data of the responses
and the predicted values of the responses obtained from
the BBD model. This further strengthens the robustness
of the BBD quadratic model to predict treatment combi-
nations for the optimization of the CH4 conversion and
the H2 yield. The R

2 values of 0.9588 and 0.9940 obtained
from the fittings of the data in Figures 9 also confirm that
the actual and the predicted values of the responses are
FIGURE 10 Normal probability plots of internally studentized

residual for (A) H2 yield (B) CH4 conversion [Colour figure can be

viewed at wileyonlinelibrary.com]
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strongly correlated (Table 7). Besides, P‐values (<.0001)
and the standard error of estimate, which are less than
1 further, confirm the validity of the diagnostic plots.

A further analysis was also performed on the data to
examine the normality of the residual. This will enable
the assessment of how the data are normally distributed.
The normal probability plots, which consist of raw data,
residuals derived from model fits, and estimated parame-
ters, were employed to examine the normality of the
residual.52 The use of the internal studentized residuals
for the normal probability plots enables the quantifica-
tion of how large the residuals are in standard deviation
units.52 The normal probability plots obtained for the
H2 yield and CH4 conversion are presented in Figures 10A
and 10B, respectively. Interestingly, the data points are
closely aligned to the straight line with minimal scatter-
ing signifying that the data are normally distributed.
4.4 | Interaction effects of parameters on
H2 yield

The different treatment combinations of the process
parameters obtained from BBD matrix were employed
to investigate the optimum process parameters for maxi-
mizing H2 yield. Moreover, the interaction effects of two
treatment combinations of the parameters (keeping the
(A)

FIGURE 11 Response plots showing the interaction effect of (A) PCH4

temperature and PH2O gð Þ on H2 yield [Colour figure can be viewed at wi
third parameter constant) on the responses were studied
using a three‐dimensional response plot. The response
plots of the parameters' interaction effects on SMR on
H2 yield are shown in Figures 11A to 11C. The three pro-
cess parameters significantly affect the H2 yield obtained
from the SMR (P <.0001). Figure 11A shows that the
interaction effects of PCH4 and PH2O gð Þ positively influence

the H2 yield in the linear and quadratic terms. This
implies that there is a synergistic impact of increasing
the PCH4 and PH2O gð Þ on the H2 yield as indicated by the

P‐value of.0394 (P<.05). Moreover, H2 yield was also sig-
nificantly affected by the linear interaction between the
reaction temperature and PCH4 as shown in Figure 11B.
Since the effect of PH2O gð Þis constant in this scenario, it

can be deduced that CH4 cracking in primary responsible
for the H2 produced.

53 There is a corresponding increase
in H2 yield as the reaction temperature and PCH4

increases. However, a declined in H2 yield was observed
at 30 kPa and 850°C, which can be attributed to gradual
deactivation of the catalyst by carbon deposition.26 A sim-
ilar trend was observed for the interaction effect of reac-
tion temperature and PH2O gð Þ on H2 yield shown in
Figure 11C. The P‐value of.0334 (P<.05) from the
ANOVA results implies that both reaction temperature
and PH2O gð Þsignificantly affected H2 yield. However, it

can be inferred that the H2 production from the
(B)

(C)

and PH2O gð Þ, (B) reaction temperature and PCH4 , and (C) of reaction

leyonlinelibrary.com]
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interaction of reaction temperature and PH2O gð Þis mainly

by water splitting as reported by Sheu et al.54
4.5 | Interaction effect of the parameters
on CH4 conversion

The interaction effects of PCH4 , PH2O gð Þ, and reaction tem-

perature on CH4 conversion are depicted in Figures 12A
to 12C. The three parameters have significant effects on
the CH4 conversion as indicated by the P‐value
(<.0001). Besides, the individual effect of each of the
parameters is positive and significant as indicated by the
P‐values, which are less than.05. Figure 12A shows that
PCH4 and PH2O gð Þ have a synergistic and significant effect
on the CH4 conversion (P<.0001). The CH4 conversion
increases with an increase in both PCH4 and PH2O gð Þ until
it attains the maximum values. However, since the
P‐value of PCH4 (P<.0001) is less than that of PH2O gð Þ
(P =.0038), it implies that the PCH4 has a greater influence
on the CH4 conversion. Similarly, there is a significant
effect of the interaction between the reaction temperature
and PCH4 on the CH4 conversion as indicated in Figure
12B. The increase in reaction temperature and PCH4 leads
(A) (B

(C)

FIGURE 12 Response plots showing the effects (A) PCH4 and PH2O gð Þ,
and PH2O gð Þ on CH4 conversion [Colour figure can be viewed at wileyon
to a corresponding increase in the CH4 conversion. Inter-
estingly, the same P‐values (<.0001) were obtained from
the ANOVA results for the reaction temperature and
the PCH4 an indication that both parameters have an
equal impact on the CH4 conversion. The response plot
is shown in Figure 12C revealed that both reaction
temperature and PH2O gð Þhave a significant effect on the

CH4 conversion. However, the P‐value of.051 obtained
for the interaction of both parameters (reaction tempera-
ture and PH2O gð Þ) is marginally significant (since P is

approximately equal to.05).
4.6 | Determination of optimum
conditions using desirability function

One of the major challenges in industrial processes is that
product performance is often characterized by more than
one response, which usually leads to the constraint of
simultaneous optimization. For effective quality control
and process improvement, it is expedient to optimize
the process parameters being used for industrial opera-
tions of SMR to H2. The desirability approach was applied
to determine the optimum parameters that can maximize
)

(B) reaction temperature and PCH4 , and (C) of reaction temperature

linelibrary.com]
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(B)

FIGURE 13 Desirability function contour plots for the selection

of optimum process conditions for (A) H2 yield and (B) CH4

conversion [Colour figure can be viewed at wileyonlinelibrary.com]
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H2 yield and CH4 conversion.
55 The use of the desirability

approach in hinged on its popularity in the industries for
the optimization of multiple response processes.56 The
desirability function is based on the principle that for
any of the responses of an industrial process or product
to be in the desired limit, the overall desirability function
must be desirable. The use of the desirability approach
entails the search for a set of process conditions that offer
the most desirable responses. The desirability function
contour plots of the H2 yield and the CH4 conversion
showing different optimum predictions are depicted in
Figures 13A and 13B, respectively. The near‐optimum
TABLE 8 Criteria employed for the optimum desirability function

Parameter Goal Lower Limit Upper L

PCH4 , kPa is in range 10 30

PH2O gð Þ, kPa is in range 10 30

T, °C is in range 750 850

CH4 conversion, % maximize 72.76 90.00

H2 yield, % maximize 85.67 89.51
region for the H2 yield was located at the center of the
30‐kPa grid line having maximum H2 yield desirability
of 0.968. Similarly, the near‐optimum region for the
CH4 conversion was also located at the center of the
30‐kPa grip line having maximum CH4 conversion desir-
ability of 0.889. The optimum parameters for the two
responses (the H2 yield and CH4 conversion) were per-
formed by setting the criteria in Table 8 for obtaining
the optimum desirability value. The optimization of the
responses using the set criteria resulted in 36 sets of
solutions ranked according to their respective desirability
as summarized in Table 9. Six sets of solutions (Number
1‐6) have the highest values of the response desirability
of 0.8894. However, the maximum values of 89.77% and
89.01% were obtained for H2 yield and CH4 conversion,
respectively, at the optimum values of 30.00 kPa, 28.86
kPa, and 850°C for PCH4 , PH2O gð Þ, and reaction tempera-

ture, respectively.
4.7 | Validation of optimum process
parameters

The parameters obtained from the six sets of solutions
with the highest desirability in Table 9 were subsequently
used to validate the robustness of the BBD model. Exper-
imental runs were made using the values of the parame-
ters combinations in order to obtain a new set of
responses (H2 yield and CH4 conversion). Moreover, each
of the experimental runs was repeated three times to
ensure reliability and accuracy. Statistical parameters
such as mean absolute percent error (MAPE) represented
in the equation below was employed to examine the accu-
racy of the BBD predictive model.

MAPE ¼ 1
n
∑

Actual values − Predicted valuesj j
Actual valuesj j × 100;

(7)

where n is the total number of data.
The values of the responses obtained from the valida-

tion experimental runs in comparison with the BBD
imit Lower Weight Upper Weight Importance

1 1 3

1 1 3

1 1 3

1 1 5

1 1 5
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TABLE 9 Combinations of optimum process parameters based on desirability values

Input Process Parameters Predicted Response

Number PCH4 , kPa PH2O gð Þ, kPa T, °C CH4 Conversion, % H2 Yield, % Desirability Decision

1 30.00 29.10 850.00 89.77 89.00 0.8894

2 30.00 28.86 850.00 89.77 89.01 0.8894 Selected

3 30.00 29.00 850.00 88.45 89.01 0.8894

4 30.00 29.51 850.00 88.56 88.98 0.8894

5 30.00 29.65 850.00 88.59 88.98 0.8894

6 30.00 28.40 850.00 88.33 89.03 0.8894

7 30.00 28.13 850.00 88.27 89.04 0.8893

8 30.00 27.18 850.00 88.09 89.08 0.8888

9 30.00 26.81 850.00 88.02 89.10 0.8885

10 30.00 26.47 850.00 87.96 89.11 0.8882

11 29.78 29.11 850.00 88.41 89.01 0.8880

12 30.00 25.71 850.00 87.82 89.13 0.8875

13 29.73 27.84 850.00 88.14 89.06 0.8874

14 30.00 28.59 849.54 88.39 89.00 0.8871

15 30.00 25.36 850.00 87.76 89.14 0.8870

16 30.00 24.88 849.99 87.68 89.16 0.8864

17 30.00 30.00 849.38 88.70 88.93 0.8861

18 29.16 28.94 850.00 88.20 89.02 0.8838

19 30.00 24.10 849.22 87.59 89.14 0.8818

20 29.34 20.85 850.00 86.96 89.25 0.8760

21 30.00 19.18 850.00 86.88 89.26 0.8749

22 30.00 30.00 846.97 88.83 88.81 0.8732

23 30.00 18.40 850.00 86.80 89.26 0.8728

24 30.00 18.18 849.95 86.78 89.26 0.8720

25 30.00 17.21 850.00 86.68 89.26 0.8694

26 29.09 26.81 847.11 87.93 88.97 0.8691

27 30.00 22.21 846.67 87.43 89.06 0.8671

28 26.49 19.11 850.00 86.41 89.25 0.8590

29 25.77 19.97 850.00 86.40 89.23 0.8560

30 30.00 13.00 850.00 86.38 89.23 0.8557

31 29.96 12.91 850.00 86.37 89.23 0.8553

32 30.00 12.59 850.00 86.36 89.22 0.8542

33 24.74 22.68 850.00 86.52 89.15 0.8506

34 30.00 11.28 850.00 86.30 89.20 0.8494

35 24.92 10.04 850.00 86.25 89.11 0.8377

36 17.93 10.00 847.51 87.28 88.57 0.7969

The boldface is the optimum conditions that resulted in the maximum values of H2 yield and CH4 conversion.
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predicted values are summarized in Table 10. It can be
seen that there is a close agreement between the actual
values of the responses and the BBD predicted values of
the responses. The MAPE was found to lie between
0.0562% and 0.7076%, which is relatively small. Hence,
it can be inferred that the BBD model is robust for excel-
lent prediction of H2 yield and CH4 conversion from SMR
over Ni/LSCF catalyst.



TABLE 10 BBD model validation using the combinations of the optimum parameters

Responses
BBD Predictive
Values

Actual Values From the
Experimental Runs Desirability

Prediction Error
(MAPE, %)

H2 yield, % 89.00 89.15 ± 0.10 0.8894 0.1685
89.01 89.25 ± 0.14 0.8894 0.2696
89.01 88.85 ± 0.12 0.8894 0.1798
88.98 88.65 ± 0.13 0.8894 0.3709
88.98 89.03 ± 0.14 0.8894 0.0562
89.03 88.45 ± 0.12 0.8894 0.7076

CH4 conversion, % 89.77 88.45 ± 0.12 0.8894 1.4704
89.77 89.32 ± 0.14 0.8894 0.5013
88.45 89.05 ± 0.13 0.8894 0.6783
88.56 88.25 ± 0.11 0.8894 0.3500
88.59 88.45 ± 0.16 0.8894 0.1580
88.33 89.05 ± 0.11 0.8894 0.8151

Abbreviations: BBD: Box‐Behnken experimental design; MAPE: mean absolute percent error.
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4.8 | Stability test of the Ni‐LSCF catalyst
at the optimum parameters

One of the main challenges in steam reforming is catalyst
deactivation. In order to examine the potency of the
Ni‐LSCF catalyst to deactivation, the optimum values of
the process parameters (30.00 kPa, 28.86 kPa, and
850°C) were further employed to perform a stability test.
Using the set parameters, the experimental runs for the
stability test were performed for 480‐minute time‐on‐
stream. The catalyst stability was measured based on
the percentage deactivation as well as the values of H2

yield and CH4 conversion obtain with time‐on‐stream.
The activity and the deactivation of the Ni‐LSCF catalyst
with TOS are represented in Figure 14. It is noteworthy
that the catalyst was relatively stable between 120 and
360 min. However, a sharp decline in the values of the
H2 yield and CH4 conversion can be observed from 390
minutes, which is attributed to deactivation of the
FIGURE 14 Stability test of the Ni/LSCF catalyst at optimum

conduction [Colour figure can be viewed at wileyonlinelibrary.com]
catalyst site by carbon deposition. Interestingly, the per-
centage deactivation increases with TOS with the highest
values of 8.22% obtained at 480 min which further sub-
stantiate the catalyst deactivation.
4.9 | Characterization of the used Ni/LSCF
catalyst at the optimum process
parameters

The used NI/LSCF catalysts at the optimum parameters
were characterized to determine the degree of the catalyst
deactivation using TGA, TEM, SEM, and EDX. The TGA
profile showing the TG and the DTG curves obtained from
the analysis of usedNi‐LSCF catalyst is shown in Figure 15.
The weight loss denoted by peaks I and II at 110 and 170°C,
respectively, can be attributed to carbon formation on the
surface of the used catalyst. The TGA analysis shows that
0.53 mg of carbon were deposited per 5.5 mg of used
FIGURE 15 Results of thermogravimetric analysis analysis of the

used Ni/LSCF catalyst
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(C)

FIGURE 16 (A) Transmission electron microscopy image, (B) scanning electron microscopyimage, and (C) energy‐dispersive X‐ray

spectroscopy micrograph of the used Ni/LSCF catalyst [Colour figure can be viewed at wileyonlinelibrary.com]
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catalyst. Further analysis to ascertain the extent of deposi-
tion of carbon on the surface of the used catalyst was per-
formed using TEM, SEM, and EDX (Figures 16A‐16C).
Based on the TEM image, it is obvious that the Ni/LSCF
still retains its elemental composition. The Ni nanoparti-
cles were not affected by the little amount of carbon depos-
ited. Since LSCF is a form of O2 carrier, the release of
surface O2 facilitates the gasification of the deposited car-
bon. However, if the rate of gasification of the carbon is
not balanced with the rate at which the O2 is released, this
might leads to net carbon deposition. This could explain
why a small amount of whiskey‐type of carbon is seen from
the TEM image (Figure 16A). The SEM image of the used
Ni/LSCF shown in Figure 16B at the optimum conditions
further established the stability of the catalyst based on
the presence of the Ni and LSCF. The carbon deposited
and the complete elemental composition of the used
Ni/LSCF catalyst at the optimum conditions was ade-
quately captured by the EDX micrograph represented in
Figure 16C. Besides the presence of elemental carbon, all
the elemental make‐up of the Ni/LSCF was intact, evi-
dence that the catalyst structure was not affected.
5 | CONCLUSIONS

SMR is a well‐matured technological route for H2 produc-
tion over Ni‐supported catalysts. However, there is a quest
for continuous improvement on the process performance
in order to enhance process efficiency without increasing
cost and time. In order to obtain suitable process condi-
tions to optimize H2 production, RSM and BBD have been
employed to investigate the individual and interaction
effects of three parameters, namely, CH4 partial pressure,
steam partial pressure, and reaction temperature on H2

yield and CH4 conversion in SMR over Ni/LSCF catalyst.
The experimental data obtained from the BBD matrix
fitted well into the second‐order quadratic model. Statisti-
cal parameters such as normality of residuals, ANOVA,
and lack of fit were employed to test the adequacy of the
model. The normality test revealed that the data used to
develop the model were normally distributed, while the
response surface models obtained for the H2 yield and the
CH4 conversion were statistically significant (P <.0001)
with the three parameters having significant effects on
the responses. A nonsignificant lack of fit was obtained
for the response surface model, an indication that the data
appropriately fit the model. At optimum conditions (CH4

partial pressure of 30 kPa, steam partial pressure of 28.91
kPa, and reaction temperature of 850°C), maximum H2

yield and CH4 conversion of 89.77% and 89.01% were
obtained respectively. The obtained optimum conditions
in this study could serve as a guide for setting appropriate
parameters for effective H2 production by SMR over
Ni/LSCF catalyst in industrial applications. In addition,
the stability of the Ni/LSCF catalysts displayed at the opti-
mum conditions with evidence of little amount of carbon
deposition will be suitable for continuous H2 production

http://wileyonlinelibrary.com
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and minimize the cost associated with changing catalytic
system. Ascertaining the reusability of the Ni/LSCF cata-
lyst at the optimum conditions could serve as a basis for
further investigation on the development of Ni‐based cata-
lysts for SMR to H2.
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