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In this work, 31.4 wt.% Ni/SBA-15 (Ni/SBA-15) nonpromoted and alkalized with ammonia solution and by MgO promoter
catalysts were prepared and used for combined steam and CO2 reforming of CH4 (bireforming). Effect of concentration of
ammonia solution (NH3(aq)) (10–25 vol.%) and Mg content (3–12wt.%) on the properties of the Ni/SBA-15 catalysts was
investigated by low-angle and powder X-ray diffraction (XRD), N2-BET isothermal adsorption, SEM, TEM, EDS mapping, H2-
TPR, and CO2-TPD methods. The performance of the catalysts in bireforming was assessed in the temperature range of 550–
800°C. The enhancement of dispersion of NiO particles, reducibility, and basicity of alkalized Ni/SBA-15 catalysts were
responsible for improving the catalytic performance of this catalyst. The results revealed that the Ni/SBA-15 treated with 15-
25% NH3(aq) solution and promoted with 3-9% Mg exhibited high activity for CH4 conversion. Meanwhile, Ni6Mg/SBA-15
showed the highest CO2 conversion. Among tested catalysts, Ni/SBA-15-20NH3 and Ni9Mg/SBA-15 samples had an almost
equal activity with a CH4 conversion of nearly 97% and a CO2 conversion of about 84% at 700°C thanks to its moderate affinity
with both CO2 and CH4. However, the H2/CO ratio of the product mixture remained at 2.02 on the Ni/SBA-15-20NH3 catalyst
and almost 1 on the Ni9Mg/SBA-15 sample. These results might be related to the fact that the alkalization of the Ni/SBA-15
catalyst by NH3(aq) solution had an advantage over using MgO because side reactions were unlikely to occur.

1. Introduction

The rapid increase in emissions of major greenhouse gases
such as CO2 and CH4 in the last decade has seriously affected
climate change and the living environment in the world.
Besides, syngas, the variable mixture of carbon monoxide
and hydrogen, is an important intermediate for downstream
processes in the chemical industry. Including many benefits
for producing syngas from available natural gas reservoirs,
along with the consumption of two main greenhouse gases,
bireforming of CH4 using CO2 and H2O (reaction (1)) is

the most suitable method with extensive application in the
chemical industry [1]:

3CH4 + CO2 + 2H2O⟶ 4CO + 8H2, ΔH298 = +220 kJ/mol
ð1Þ

The bireforming process (BRM) (reaction (1)) consists of
two reactions: dry reforming (DRM) (reaction (2)) and steam
reforming (SRM) (reaction (3)):
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CH4 + CO2⇌2CO + 2H2, ΔH298 = +247:3 kJ/mol ð2Þ

CH4 + H2O⇌CO + 3H2, ΔH298 = +206:3 kJ/mol ð3Þ
As can be seen from reactions (1) and (2), the enthalpy at

298K of DRM is +247.3 kJ/mol, 1.122 times higher than
BRM. This means that, as an endothermic reaction, the com-
bined CO2 and steam reforming of methane (Equation (1))
consumes less energy than DRM (Equation (2)). Further-
more, this combination shows the most desirable stoichiom-
etry of H2 and CO, completely suitable for the Fischer-
Tropsch synthesis process. By feeding CO2 and steam simul-
taneously, the products’ ratio can be controlled by adjusting
the CH4/CO2/H2O ratio of the feedstock [2]. Moreover, one
of the disadvantages of steam reforming methane is the gen-
eration of large amounts of CO2 in the side reaction

CO + H2O⇌CO2 + H2, ΔHo
298K = ‐41 kJ/mol ð4Þ

In a bireforming reaction, this problem was overcome. In
addition, adding H2O to the dry reforming reaction (2), to
create a bireforming reaction (1), has limited coke deposi-
tion—the biggest disadvantage of CO2 reforming of methane,
thanks to reaction (5) [3]:

C +H2O⇌CO +H2, ΔHo
298K = +131:3 kJ/mol ð5Þ

For these reasons, presently, bireforming is receiving
great attention for converting natural gas into synthetic gas.

Metals in the VIII B group, especially Ni, Ru, Rh, Pd, Ir,
and Pt, have been reported to be highly active in CH4 reform-
ing processes. Despite higher activity and stability, the usage
of noble metals is not preferred due to their high cost and less
availability. Among other transition metals, Ni possesses
high reactivity towards conversion of hydrocarbons [4], pho-
tocatalytic water splitting [5], and the hydrogen and the oxy-
gen evolution reaction [6]. In general, supported Ni catalysts
are commercially used in steam reforming of CH4 because of
the cheap price and good performance compared to the ones
with noble metals [7, 8]. However, coke formation and metal
sintering have been making this process inapplicable com-
mercially until recently. Hence, metal dispersing and coke
resistance improvement of Ni-based catalyst has been
attracting attention.

In our previous study [9], nanosized NiO/SBA-15 cata-
lysts with NiO crystallite size in the range of 12.9 to
18.3 nm were successfully prepared. In this catalytic system,
there are 5–6nm NiO particles dispersed inside the pores
and the NiO particles of 20–50nm distributed on the surface
of SBA-15 when Ni content was 23.5–39.2wt.%. Dispersion
of metallic sites into the pores could prevent Ni from sinter-
ing and metal loss during reaction. The high dispersion of
NiO in the Ni/SBA-15 catalyst is caused by the unique prop-
erties of SBA-15 such as uniform pores with large diameters
(5.3–6.0 nm), high porosity, and high specific surface area
(613m2/g). The reduced catalysts have high activity in bire-
forming reaction, reaching 86% CH4 and 77% CO2 converted
at 700°C or 90.5% and 80%, respectively, at 800°C. The cata-
lysts work stably for hundreds of hours due to the presence of

weak and strong Lewis basic sites which limit coke formation
and increase CO2 adsorption. Similarly, Zhang et al. [10]
reported that 12.5% NiO/SBA-15 catalyst had CH4 and
CO2 conversion at 800°C of 89% and 85%, respectively, and
could remain its activity over 600 hours time-on-stream
(TOS) in CO2 methane reforming. As a result, SBA-15 is
believed to be potential support for nickel catalyst in the
methane bireforming process.

Deactivation of Ni/SBA-15 catalyst in dry reforming of
CH4 has been addressed to coke deposition rather than sin-
tering of Ni particles [10]. One of the most important factors
affecting coke deposition during the reaction is the basicity of
catalysts [11]. Coke formation could be reduced or even
inhibited when the active metal is dispersed on the metal
oxide support with Lewis basic sites. Many studies show that
the addition of alkali and alkaline earth metals could change
the nature of supports, leading to a reduction of coke forma-
tion and an increase of CO2 adsorption [12]. For example,
adding a basic Lewis promoter such as alkali metal oxides
(Na2O, K2O), alkaline earth (CaO, MgO), or weak base
(NH4OH) reduces coke deposition and metal sintering of
Ni/Al2O3, Ni/SiO2, and NiO/SBA-15 catalysts [12–14].

Danilova et al. [15] suggested that the structural similar-
ity of NiO andMgO led to the formation of a solid solution in
the form of a thin layer, surrounding the Ni particles that
increased catalyst stability and reduced carbon deposition.
Wang et al. [16] demonstrated that in the MgO-modified
Ni/SBA-15 catalyst synthesized by the coimpregnation
method, the MgO particles covered the walls of channels of
SBA-15. Besides, the catalyst basicity increased and the Ni
dispersion was improved, leading to an enhancement in
chemical adsorption of CO2. As a result, the activity and
the coke resistance of the catalyst in the dry reforming reac-
tion were improved. In addition, Alipour et al. [17] reported
that adding MgO to the nickel catalyst promoted the catalyst
reducibility that enhanced CH4 conversion and coke resis-
tance. NiO-MgO bonding was useful in preventing Ni parti-
cle sintering; carbon deposits and these facts have been
accepted in many studies [15, 18, 19].

Recently, another promoter considered to be examined
was NH4OH. Previous researches used NH4OH as a pH con-
troller for some processes [20, 21], but NH4OH could also be
used as a promoter thanks to its basicity to enhancing some
characteristics of the catalyst. This property was believed to
reduce the acidic sites which would improve catalyst activity,
limit coke formation, and stabilize catalyst. Modification of
SBA-15 by attaching the -NH2 group to its structure
improved the structural stability and increased content of
amino as well as basic sites [22]. Hao et al. [23] indicated that
alkalization increased catalytic activity and coke resistance of
the supported Co/Al2O3 catalyst.

However, to the best of our knowledge, the impact of
treatment with aqueous NH3 step in catalyst preparation or
promoting catalysts by MgO on the activity of Ni/SBA-15
catalyst in bireforming has not been carried out so far. In
our previous investigation [9], it was reported that
NiO/SBA-15 catalyst contained 31.4 mass% Ni (Ni/SBA-
15), exhibiting higher activity than other Ni/SBA-15 samples.
The conversion of CH4 and CO2 on this catalyst in
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bireforming (BRM) reached 90% and 76%, respectively, at
700°C. In this study, the effect of NH3 alkalization or promo-
tion by MgO on catalytic activity of Ni/SBA-15 catalyst in
BRM reaction was investigated and optimized.

2. Materials and Methods

SBA-15 was prepared by the method described in the work
[9]. To prepare SBA-15 alkalized with ammonia solution
(SBA-15-NH3), 2 grams of SBA-15 was put into beakers con-
taining 50ml NH3(aq) solution with various concentrations,
10%, 15%, 20%, and 25% in volume, respectively. These
mixtures were then placed in an autoclave at 160°C for
10 h. After that, they were washed with distilled water
and dried at 120°C for 2 h.

Then, NiO supported on SBA-15-NH3 catalysts were
prepared by impregnating Ni(NO3)2 solution on SBA-15-
NH3 according to the procedure described in reported work
[9]. The Ni content in the catalysts was fixed at 31.4wt.%
(or 40wt.%NiO). The obtained samples were calcined in air
at 800°C for 0.5 h and symbolized as follows, Ni/SBA-15-a
NH3, where a represents concentration of ammonia solution
used in preparation of alkalized SBA-15 support. Meanwhile,
NiO supporting SBA-15 promoted by MgO catalysts were
formed by using coimpregnation of Ni(NO3)2(aq) and
Mg(NO3)2(aq) solution on support SBA-15. The amount of
Mg(NO3)2(aq) solution used is varied to obtain samples with
different Mg contents (3–12wt.%). After that, the samples
were calcined at 800°C for 0.5 h and were denoted as Nib
Mg/SBA-15, where b performs Mg content. All the samples
were then reduced in situ in 40mol% H2/N2 gas mixture
(3 L/h) at 800°C for 2 h before reaction.

The physicochemical properties of the catalysts were
studied by several methods such as XRD (Bruker D2 Phaser
powder diffractometer), N2-BET isothermal adsorption
(Nova Station B, Quantachrome NovaWin Instrument), scan
electron microscopy (FE–SEM JEOL 7401 instrument),
transmission electron microscopy (TEM on the TEM JEM
1400 of JEOL USA instrument), EDS mapping on JEOL
JST-IT 200 instrument, hydrogen temperature-
programmed reduction (H2-TPR), and the carbon dioxide
temperature-programmed desorption (CO2-TPD). Both
H2-TPR and CO2-TPD were carried out on a microreactor
with a sample of 50mg using a Gas Chromatograph GOW-
MAC 69-350 with a thermal conductivity detector (TCD).
The activity of catalysts for bireforming was tested in a
microflow reactor under atmospheric pressure at a tempera-
ture of 550–800°C as described in detail in our previous
paper [9]. Briefly, a catalyst sample of 0.2 grams, the feed
flow rate of 6 L/h, CH4 concentration in feed of 3mol.%,
and the molar ratio of CH4 : CO2 :H2O in feed of 3 : 1.2 : 2.4
was used in the investigation.

3. Results and Discussion

3.1. Physicochemical Characteristics of Catalysts. The proper-
ties of bare SBA-15 support are showed detailed in our previ-
ous paper [9]. Briefly, three intensive main diffraction peaks
at 2θ of 0.90°, 1.60°, and 1.84°, indexed as the (100), (110),

and (200) reflections, respectively, appearing in the low-
angle XRD pattern (Figure 1(a)), prove that two-dimen-
sional, ordered hexagonal mesostructure SBA-15 was
successfully prepared [24]. The SEM image (Figure 1(b))
showed that SBA-15 was prepared in a porous cocoon diam-
eter of hundred nm. N2 adsorption-desorption profiles of the
synthesized SBA-15 are presented in Figure 1(c). According
to the IUPAC classification, the profile of the sample
belonged to the IV type isotherm curve with the H1 hystere-
sis loop in a P/P0 range of 0.45–0.7, which was a characteris-
tic of mesoporous materials. Hysteresis was observed for
reasonably large pores (d ≥ 4nm), and these pores showed
capillary condensation and evaporation at values for P/P0 >
0:45 [25]. The H1 type hysteresis of obtained SBA-15 indi-
cated the well-organized materials, associating with the pres-
ence of cylindrical pores. Moreover, the small inclination of
hysteresis indicated that the obtained pores were uniform.
This result was further confirmed by the TEM image of
synthesized SBA-15 reported in our previous paper [26].
The diameter of the channels of SBA-15, determined from
the N2 adsorption isotherms (Figure 1(d)) and TEM anal-
ysis [26], was approximately 6.08 nm. The specific surface
area and pore volume of the synthesized SBA-15, determined
from the N2 adsorption isotherm, were 639.1m2·g-1 and
0.65 cm3·g-1, respectively. Therefore, NiO were easily
dispersed into the channel system of SBA-15, as indicated
in Figure 2(a’).

The reducibility of supports was characterized by the H2-
TPR method. It was found from Figure 1(e) that there were
no reduction peaks for SBA-15 and NH3-treated SBA-15
supports in the temperature range from 100 up to 900°C.
The basicity of supports and catalysts was evaluated via
CO2-TPD characterization. It was reported that there were
three CO2-TPD peaks observed in the temperature ranges
of 100–200, 300–400, and 600–800°C, attributed to weak,
moderate, and strong basic sites, respectively [27]. The two
CO2-TPD peaks of SBA-15 and SBA-15-NH3 at 100–200

°C
and 500–700°C were attributed to weak and strong basic
sites, respectively. The same result was reported by Zhang
et al. [27]. The presence of weak basic sites (100–200°C)
and strong basic sites (600–700°C) on SBA-15 was explained
as follows. At the heating temperature of 550°C for 2 hours,
there still existed H2O and Cl- ions in the structure of SBA-
15, which were Lewis bases. The CO2-TPD pattern of the
ammonia-treated support, SBA-15-NH3, was similar, includ-
ing the characteristic peaks for weak and strong basic sites.
Heating ammonia in glass tubes at various temperatures,
Perman and Atkinson found that decomposition began
under the most favourable circumstances at 500°C [28].
Then, on the alkalized support, there existed NH3, which
almost did not dissociate to N2 and H2 at drying temperature
120°C for 2 hours, providing additional Lewis basic sites.

The wide-angle XRD patterns of the obtained catalysts
are indicated in Figure 3. The spreading peak located at about
20-25° was accredited to the silica frameworks belonging to
SBA-15 support for all catalysts [29]. The XRD patterns of
NH3-modified SBA-15 supported NiO (Figure 3(a)), and
MgO-promoted NiO/SBA-15 catalysts (Figure 3(b)) showed
that all catalysts exhibited diffraction peaks with high
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intensity at 2θ = 37:3°, 43.2°, 62.9°, 76°, and 79.3° correspond-
ing to (101), (200), (220), (311), and (222) plans of a face-
center cubic crystalline NiO structure in all catalysts [30].
Moreover, all of the peaks were highly apparent at high inten-
sity. This meant that NiO appeared as a high-crystalline state.

Besides, the peaks for the NiO phase in alkalized catalysts
were more intense than that of the bare catalyst, Ni/SBA-
15. It was proposed that NiO particles were not dispersed
homogeneously over the mesopores of SBA-15 for alkalized
samples [31]. Based on XRD patterns, the average crystallite
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Figure 1: The narrow-angle XRD pattern (a) [9] and physicochemical properties of synthesized SBA-15 support: SEM image (b), N2 isotherm
(c), pore distribution (d), H2-TPR profiles (e), and CO2-TPD pattern (f).
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size of NiO (dcry) could be calculated through the Scherrer
equation [32] at 2θ = 43:2°, which is shown in Table 1. As
seen, the size of NiO crystals increased from 18.4 nm in non-
promoted catalyst to 18.5-21 nm in the MgO-promoted ones
and to 30–40 nm in ammonia-alkalized samples (Table 1). In
particular, no characteristic peaks of MgO crystallites were
detected in all samples containing 3–12% Mg. This fact sug-
gested a high dispersion of Mg oxides on mesoporous silica
or a formation of Ni-Mg-O solid solution [33].

On the SEM image of the nonmodified sample Ni/SBA-
15 catalyst (Figure 2(a)), the SBA-15 cocoon diameter of
200-400 nm and spherical particle size of ten nm sticking
on the cocoon surface were found. The highly ordered hexag-
onal structure of the SBA-15 was clearly observed on the
TEM image of this catalyst (Figure 2(a’)). In addition, the
nanosized NiO particles in the channels of SBA-15 and some
large clusters on the outer surfaces were shown in the TEM
image of the Ni/SBA-15 sample (Figure 2(a’)). This meant
that the size of inside NiO particles was around 6nm and
of outside NiO bulk was almost ten nm.

The cocoon shape of SBA-15 was still observed on SEM
images of all alkalized samples (Figures 2(b)–2(e)). It could
be seen from Figures 2(b) and 2(c) that, for NH3-alkalized
Ni/SBA-15 samples, cocoons had smaller size and are less
porous than nonmodified Ni/SBA-15 and some particles
had been broken down. The SEM image of the MgO-

promoted samples (Figures 2(d) and 2(e)) was characterized
by many bright spherical particles with size of 10-50 nm
appearing on the surface of SBA-15 cocoons. In addition,
the ordered mesostructure was still observed on the TEM
images (Figures 2(d’) and 2(e’)) of these samples. On the
TEM image of the MgO-promoted samples, besides the dark
particles being similar to those of the Ni/SBA-15 sample
(Figure 2(a’)), the light-colored particles were also observed.
Both types of particles appeared both in the structural chan-
nel and on the outer surface of SBA-15 support. This proved
the existence of particles with different compositions on the
NiMg/SBA-15 catalyst. Specifically, dark-colored particles
could be assigned to NiO while light-colored particles were
responsible for the MgO or the NiO-MgO mixture. Mean-
while, as depicted in Figures 2(b’) and 2(c’), the ordered
mesoporous structure was not observed on TEM images of
NH3-alkalized Ni/SBA-15 samples. This was possibly due to
the damage of thin pore walls of SBA-15 support in ammonia
solution. On the TEM image of the NH3-modified samples
(Figures 2(b’) and 2(c’)), the light-colored particles, assigned
to NiO particles distributed in the porous structure of the
material and the dark color thin layer, which might be
derived from NH3, could be seen.

EDS mapping of catalysts (Figure 4) indicated an evenly
and highly dispersed form of all species on all catalysts. The
elemental composition indicated in the EDS mapping to
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Figure 2: SEM images (a–e) and TEM images (a’–e’) of the catalysts.
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some extent was matched with the loading value, proving
that the method of catalysts’ preparation was suitable. On
the Ni/SBA-15 catalyst, the elemental content of Si (28.4%)
was approximate to the loading value (28.0%) while the oxy-
gen content was slightly higher (46.8% vs. 40%) and of Ni was
slightly lower (24.8 vs. 31.4%). This might be related to the
formation of some large clusters on the outer surfaces of
the catalyst, as seen in the TEM image, reducing the Ni con-
tent. Meanwhile, the Ni content of the two alkalinized cata-
lysts was higher than the calculated value, demonstrating
the positive effect of the alkalization on Ni dispersion. The
highest Ni content was achieved on the MgO-modified cata-
lyst (Ni6Mg/SBA-15), reaching 40.6% (compared to 31.4%
calculated value). This fact showed that Mg was a highly
effective additive for improving Ni dispersion. In this sample,
the Mg content was approximate to the expected value (5.3%
vs. 6.0%) although MgO was not detected on the XRD pat-
tern (Figure 3(b)). This fact proved that highly dispersed
MgO was successfully introduced into SBA-15. Meanwhile,
the content of Si and O in this sample was lower than the cal-
culated values, respectively, 20.1 vs. 26.7% and 34.0% vs.
39.3%. This might be related to the highest density of active
metal particles on the SBA-15 surface as found on the TEM
image of sample Ni6Mg/SBA-15 (Figure 2(d)). On the
NH3(aq)-treated catalyst (Ni/SBA-15-20NH3), the elemental

composition of the EDSmapping was the most matched with
the calculated values. Specifically, the components of Si, O,
and Ni are 25.1% vs. 28%, 39.9% vs. 40.6%, and 32.3% vs.
31.4%, respectively. In particular, the content of N in this
sample was determined to be 2.7%, proving that N was
included in the Ni/SBA-15 catalyst. This was explained as fol-
lows. Although NH3 was almost completely dissociated to N2
and H2 at 650

°C on supported nickel catalysts [34], a small
residual of ammonia was found even at 700°C and 800°C in
calcination [35].

The alkalization of Ni/SBA-15 with NH3 and with MgO
promoter led to a sharp decrease in pore diameter, pore vol-
ume, and specific surface area. In particular, the specific sur-
face area value dropped from 232.6m2/g of Ni/SBA-15 to 25–
37m2/g, the pore diameter decreased from 6nm to 2nm, and
the pore volume fell from 0.29 to 0.01–0.02 cm3/g (Table 1).
A sharp decrease in pore diameter and pore volume might
be related to coverage of the channel walls of SBA-15 by
MgO particles [16] and attachment of NH3 residual to the
structural channel of support as seen on TEM images. Conse-
quently, the specific surface area of the catalysts was drasti-
cally reduced. However, the pore diameter of the alkalized
catalysts was still being favourable for the diffusion of CH4
and CO2 into the pores, as their kinetic diameter was 0.38
and 0.44 nm, respectively. Besides, as seen from SEM images,
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Figure 3: XRD patterns of NiO/SBA-15 catalysts alkalized with NH3(aq) (a) and NiO/SBA-15 catalysts promoted by MgO (b).

Table 1: The structural properties of the catalysts.

Catalysts SBET
a (m2/g) dpore

a (nm) Vpore
a (cm3/g) dcry

b (nm) Tmax
c (°C) mNio

c (a.u.) mCO2

d (a.u.)

Ni/SBA-15 232.6 6.08 0.29 18.35 369, 450, and 620 1 1

Ni/SBA-15-15NH3 — — — — 340 1.8 1.2

Ni/SBA-15-20NH3 24.89 2.50 0.02 40.8 331 1.8 1

Ni/SBA-15-25NH3 27.42 2.54 0.02 30.0 330 1.9 1.2

Ni3Mg/SBA-15 — — — — 392, 788 0.89 1

Ni6Mg/SBA-15 36.5 2.14 0.02 21.0 385, 760 0.73 2

Ni9Mg/SBA-15 27.5 1.64 0.01 18.5 360, 440, and 586 1.07 4
aBET surface (SBET), average pore diameter (dpore), and total pore volume (Vpore) were obtained from N2 adsorption isotherm analysis. bNiO crystal size (dcry)
was obtained from XRD patterns at 2θ = 43:2°. cThe maximal reduction temperature (Tmax) and the number of reduced NioðmNio Þ, based on H2 consumption,
were obtained from H2-TPR results. dThe desorbed CO2 amount (mCO2

) was obtained from the results of CO2-TPD results of activated samples.
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Ni6Mg/SBA-15 showed the smallest size. Consequently, this
sample had the highest specific surface area among the alka-
lized catalysts.

H2-TPR profiles of the Ni/SBA-15 catalysts modified by
NH3(aq) or MgO are depicted in Figure 5. The H2-TPR pat-
tern of the Ni/SBA-15 catalyst showed three reduction
peaks. The former strongest peak is at Tmax,1 = 372°C,
assigned to the reduction of free, bulky NiO [36, 37]. The
second very weak reduction peak is at Tmax,2 = 450°C, repre-
senting the reduction of the weak interacted NiO-support

species, and the third one is at Tmax,3 = 620°C, being attrib-
uted to the reduction of some forms of Ni2+ ions strongly
interacting with support [27] and/or reduction of small clus-
ters of Ni2+ in pores [38]. Compared to the Ni/SBA-15 cata-
lyst, the NH3-modified samples presented the shifting of the
first reduction peak towards lower temperature, Tmax,1 =
330‐355°C, while the other two reduction peaks almost dis-
appeared. This was consistent with the fact that only one
type of active phase particle was observed on the TEM image
(Figures 2(b’) and 2(c’)). Besides, the higher the
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Figure 4: EDS mapping of catalysts: Ni/SBA-15 (a), Ni/SBA-15-20NH3 (b), and Ni6Mg/SBA-15 (c).
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concentration of NH3 solution, the more shift of reduction
peaks towards the lower temperature was observed. More-
over, the area of the lower temperature reduction peak
increased about doubles when nonmodified and modified
catalysts were compared. That means the alkalization of
SBA-15 with NH3(aq) solution led to an enhancement of
reducibility of the Ni/SBA-15 catalyst, whereby the catalytic
activity should be improved.

The characteristics of the H2-TPR pattern of NiMg/SBA-
15 catalysts (Figure 5(b)) were dependent on the MgO load-
ing content. When the low-Mg content (3–6%) was added,
the H2-TPR profiles of NiMg/SBA-15 catalysts showed two
reduction peaks. The shifting of the first reduction peak
towards higher temperature (Tmax,1 = 392 and 385°C) com-
pared to the Ni/SBA-15 sample demonstrated an enhance-
ment on the metal-support interactions [39]. The second
peak in the H2-TPR profile, at 760–788°C, was attributed to
the reduction of some forms of Ni2+ ions deeply located in
the MgO lattice which exhibited a strong interaction [27].
The area ratio of the second reduction peak to the first reduc-
tion peak rose with the increase of MgO loading content.
This indicated that the more MgO added to the catalyst, the
more the number of interacted NiO-MgO species formed.
Meanwhile, the H2-TPR pattern of the Ni9Mg/SBA-15 sam-
ple consists of three reduction peaks centered at 360, 440, and
586°C. There was no reduction peak above 700°C while a
reduction peak at around 600°C appeared on the TPR profile
of the Ni9Mg/SBA-15 catalyst. This new reduction peak
could be assigned to the strong interaction of NiO with bare
MgO [13], which formed when the loading MgO was in
excess. The catalysts alkalized with NH3 solution showed a
higher number of reduced Nio as compared to the catalysts
modified by the MgO additive. This might be related to the
fact that the catalysts alkalized with NH3 solution had a
homogeneous dispersion of the elements throughout the cat-
alyst since the elemental composition from EDS data was
well matched with the calculated value.

The profiles of CO2-TPD of modified Ni/SBA-15 cata-
lysts are illustrated in Figure 6. Compared with the support
(Figure 1(f)), the intensity of the CO2 desorption peak

(Figure 5), corresponding to strong basic sites, was much
lower. This could be explained by the high calcination tem-
perature of the catalyst (800°C) while the heating tempera-
ture of the SBA-15 support was 550°C and the drying
temperature of the NH3-treated SBA-15 was 120°C. The
intense dehydration and Cl- ion evaporation at the calcina-
tion temperature of 800°C resulted in a decrease in the num-
ber of Lewis basic sites in the Ni/SBA-15 and NiMg/SBA-15
catalysts. As previously reported, NH3 was almost completely
dissociated from hydrogen and nitrogen at 700°C [35] or
1100°C [40]. Furthermore, the dissociation of NH3 to N2
and H2 was strongly promoted by the Ni catalyst. For exam-
ple, on the Ni/TiO2 catalyst, 30% NH3 was dissociated at
550°C, and almost 100% NH3 was decomposed at 650°C
[34]. These processes led to lowering the basicity of the
NH3-treated catalyst as compared to the corresponding
support.

There were two CO2 desorption peaks in the temperature
range of 100–350°C and 400–700°C in all Ni/SBA-15 cata-
lysts. The first peak could be assigned to weak and moderate
basic sites while the second one was addressed to strong basic
sites. It could be seen that, unlike the support, the majority of
basic sites in these catalysts were weak and moderate. Treat-
ing NiO/SBA-15 catalysts with NH3(aq) as well as promoting
with MgO favoured the presence of weak and moderate basic
sites. It followed from Table 1 that the alkalization led to an
increase in basic site density. The basicity of the NH3(aq)-
treated samples on the one hand does not change much when
the concentration of NH3(aq) solution changes on the other
hand; it is lower than that of the NiMg/SBA-15 catalyst. This
may be related to the fact that most of ammonia was dissoci-
ated into hydrogen and nitrogen at calcination temperature,
and there remained only a small amount of NH3 residue in
the catalysts, as seen in EDS mapping data.

3.2. Catalytic Performance for Bireforming. Figures 7(a) and
7(b) show the activity of Ni/SBA-15 catalysts treated with dif-
ferent NH3(aq) solutions in CH4 bireforming. It could be seen
that both CH4 and CO2 conversion increased when raising
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Figure 5: H2-TPR profiles of NiO/SBA-15 catalysts alkalized with NH3(aq) (a) and NiO/SBA-15 catalysts promoted by MgO (b).
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the reaction temperature. This was evident because bireform-
ing (1) is a strongly endothermic reaction. In general, cata-
lysts showed higher CH4 conversion than CO2 conversion.
It may be related to the occurrence of the Water Gas Shift
(WGS) reaction (4) in methane reforming conditions, pro-
ducing additional CO2 [41].

As it was followed from Figures 7 and 8, conversion of
CH4 on modified Ni/SBA-15 catalysts was higher than that
on the nonpromoted one over the range of reaction temper-
ature. This might be related to the alkalization of SBA-15
resulting in an increase in NiO dispersion, reducibility, and
density of basic sites, as seen in Table 1. Besides, it has been
found that the CH4 conversion of NH3-modified catalysts
was higher than that of the MgO-modified samples. This
result could be explained by the higher number of reduced
Ni0ðmNioÞ in the NH3-modified catalysts when two groups
of modified catalysts were compared. From the data in

Figure 8, it could be seen that by increasing the content of
MgO additive from 0 to 9%, the CH4 conversion increased,
reaching the maximum value of 96.4% at the content of 9%
Mg. However, when Mg content was continually raised to
12%, the conversion of CH4 slightly decreased.

The magnitude order of the amount of reduced Ni0,
based on H2-TPR (Table 1), was in the following order:

Ni/SBA‐15‐25NH3 > Ni/SBA‐15‐20NH3

≈Ni/SBA‐15‐15NH3 > Ni9Mg/SBA‐15
> Ni/SBA‐15 > Ni3Mg/SBA‐15 > Ni6Mg/SBA‐15

ð6Þ

From order (6), it could be seen that four catalysts with
the highest number of reduced Ni0 (Ni/SBA-15-25 NH3,
Ni/SBA-15-20 NH3, Ni/SBA-15-15 NH3, and Ni9Mg/SBA-
15) were also the samples with the highest CH4 conversion
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Figure 6: CO2-TPD pattern of NiO/SBA-15 catalysts alkalized with NH3(aq) (a) and NiO/SBA-15 catalysts promoted by MgO (b).
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(Figure 9). The catalysts treatedwith 15-25%NH3had approx-
imately the same and highest value of CH4 conversion among
the catalysts, reaching 98-99% at 700°C because the number
of reduced Nio of these three catalysts is approximate and the
highest. Similarly, in the MgO-promoted catalyst group, the
highest CH4 conversion of the Ni9Mg/SBA-15 sample was
due to its highest reducibility. This implied that CH4 was acti-
vated by reduced Nio sites, having the higher reducibility cata-
lyst; the higher activity in CH4 oxidation is reached.

From the obtained results in Table 1, it is possible to
order the catalysts based on their basicity as follows:

Ni9Mg/SBA‐15 > Ni6Mg/SBA‐15 > Ni/SBA‐15‐25NH3

> Ni/SBA‐15‐15NH3 ≈Ni/SBA‐15‐20NH3

≈Ni3Mg/SBA‐15 ≈Ni/SBA‐15
ð7Þ

Among the samples, 9% Mg-promoted catalyst showed
the highest density of basic sites, and ranked second is the
catalyst with 6% Mg, based on the peak area of the TPD pat-
tern. These samples are also the two catalysts with the highest
activity in CO2 conversion. The enhanced basicity was
advantageous as CO2 adsorption affinity could be improved,
which in turn affected the CO2 conversion and stability [42].
However, the dependence of CO2 conversion on alkalized
catalysts with different NH3(aq) solutions was complex
(Figure 7(b)). Specifically, CO2 conversion on the two cata-
lysts alkalized with 15% and 20%NH3(aq) solution was higher
than that on the nonalkalized one. In contrast, the catalysts
were alkalized with the most dilute (10%) or most concen-
trated (25%) NH3(aq) solution, exhibiting a lower CO2 con-
version compared to the nonalkalized one. In addition, it
should be noted that the catalysts alkalized with 10% and
25% NH3(aq) solution possessed the highest CH4 conversion
and the lowest CO2 conversion (Figure 7). However, at

700°C and higher, CH4 conversion was almost the same on
the three NH3-promoted catalysts, reaching over 98%.

It could be observed from Figure 9 that, in most cases, the
H2/CO molar ratio of the product mixture was higher than
the theoretical value (which was 2) because of the WGS reac-
tion (4), consuming CO and generating an additional
amount of H2. It was worth noting that when the NH3(aq)
concentration or the MgO loading content increased, the
H2/CO ratio decreased and might become less than 2. In
addition to the main reaction (1), several side reactions might
be involved in the process. The contribution of side reactions
in the composition of reaction products was dependent on
feed composition and conversion [43] as well as the using
catalyst. Some side reactions such as Reverse Water Gas Shift
(RWGS) and methane dry reforming (2) reduced the H2/CO
ratio. Alkalization of Ni/SBA-15 catalyst could be able to
increase the CO2 adsorption that would lead to an enhance-
ment of these reactions.

In particular, the Ni/SBA-15-25NH3 sample has a very
low CO2 conversion although it also has high basicity. The
highest CH4 conversion and the lowest CO2 conversion
obtained on this sample might be related to its highest reduc-
ibility, promoting the CH4 reforming by steam according to
Equation (6), with the result of CO2 additional generation:

CH4 + 2H2O⇌CO2 + 4H2, ΔH298 = +690 kJ/mol ð8Þ

Further, although possessing higher basicity than
Ni6Mg/SBA-15, the Ni9Mg/SBA-15 sample exhibits a
slightly lower CO2 conversion. Additionally, two samples
with the highest basicity of the two alkalized catalyst groups
(Ni/SBA-15-25NH3 and Ni9Mg/SBA-15) also expressed the
lowest value of mol ratio H2/CO among the studied catalysts.
This is explained as follows. When the samples are treated
with a too high loading alkalizing agent, they possess high
base properties that enhanced CO2 adsorption, promoting
dry reforming (2), generating more CO. CO in turn activates
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the WGS reaction (4), which in result reduces the H2/CO
ratio on the one hand and on the other hand reduces CO2
conversion. The value of the H2/CO ratio and the CO2 con-
version depends on the catalyst properties. On the Ni/SBA-
15-25NH3 sample, the WGS reaction (4) was stronger, so
the CO2 conversion was lower, and the H2 : CO ratio > 1.
Conversely, on the Ni9Mg/SBA-15 catalyst, the dry reform-
ing (2) is relatively stronger than WGS reaction (4), so the
CO2 conversion remains quite high, while the ratio
H2/CO~1. In general, excessive alkalization can also lead to
disadvantages for the catalysts. Besides, the previous report
[44] indicated that excessive basicity of the catalyst itself is
detrimental to catalytic activity as it will stimulate a higher
extent of the CO2 dissociation (CO2 → C +O2) and there-
upon deactivate the catalyst.

Hence, in order to obtain the highest yield of synthetic
gas, it was necessary to select a catalyst with optimal adsorp-
tion capacity for these two reactants. Comparison of the two
highly active catalysts, Ni/SBA-15-20NH3 and Ni9Mg/SBA-
15, showed that they had an equally high activity with a
CH4 conversion of nearly 97% and a CO2 conversion of
almost 84% at 700°C. However, the H2/CO ratio obtained
remained at 2.02 on the Ni/SBA-15-20NH3 catalyst and
almost 1 on the Ni9Mg/SBA-15 sample. These facts proved
that the alkalization of the Ni/SBA-15 catalyst by NH3(aq)
solution had an advantage over using MgO because side reac-
tions were unlikely to occur.

As shown in Table 2, there are three main groups of Ni-
based catalysts for the BRM reaction based on three
supports including Al2O3 [14, 49–52, 56], CeO2 [45, 50,
51], and SBA-15 [9, 42, 52]. In general, the highest value
of CH4 conversion reached on all three groups is
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Table 2: Comparison of the CH4 and CO2 conversion in CSCRM:
reaction temperature (T), CH4 conversion (XCH4

), and CO2

conversion (XCO2
).

Catalysts T
(°C)

XCH4
(%)

XCO2
(%)

Refs.

5Ni/Al2O3 900
58 —

[45]
5Ni/CeO2 73 —
6.67Ni/α-Al2O3 700 92 64 [46]
6.67Ni/(MgO-Al2O3) (1 : 2)

800
100 67

[47]6.67Ni/(BaO-Al2O3) (1 : 2) 100 78
6.67Ni/(CaO-Al2O3) (1 : 2) 100 58

Ni/MgO–Al2O3
800 93 —

[13]
700 83 71

15Ni/MgAl2O4

850
74 35

[48]15Ni/CeO2–ZrO2/MgAl2O4 80 41
15Ni–CeO2–ZrO2/MgAl2O4 81 44
Ni–Ce/θ-Al2O3

850

80 47

[49]Ni/MgAl2O4
(MgO/Al2O3 = 3/7) 85 47

Ni–Ce/MgAl2O4(3) 86 58

7.87Ni/CeO2-NR
700 89 67

[50]
800 96 72

7.87Ni0.3V/CeO2-NR 700 96 75 [51]

31.4Ni/SBA-15
700 86 77

[9]
800 90.5 80

10Ni/SBA-15
850

98 85
[42]

10Ni3MgO/SBA-15 92 85
10Ni/Ce-SBA-15 800 78 60 [52]
31.4Ni/SBA-15-20NH3 700

97 84 This
work31.4Ni9Mg/SBA-15 96 85
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approximately the same, ranging from 86 to 92% at 700°C.
Meanwhile, the CO2 conversion under the same reaction
conditions is lower (64-77%). In particular, two groups of
Ni catalysts supported on Al2O3 and CeO2 show low CO2
conversion and do not exceed 67% at 700°C [46, 50], while
this value reached 77% on the Ni/SBA-15 catalyst [9]. Fur-
thermore, the promotion of the Ni/Al2O3 catalyst by alkali
metal additives [13, 47–49] or CeO2 [48, 49] or Zr [48]
did not significantly improve the activity, and the CO2 con-
version did not exceed 78% at 700°C [47]. Meanwhile, for
the Ni/CeO2 catalyst, vanadium additive shows its promot-
ing role, since the conversion of CH4 and CO2 at 700°C
was raised from 89% to 96% and from 67% to 75%, respec-
tively [51], as 0.3%V was added to the Ni/CeO2 catalyst. The
special feature of the Ni/SBA-15 [9] compared with Ni/Al2O3
[46] and Ni/CeO2 [50] catalysts is that it has high conversion
of both CH4 and CO2. These values reach 86% and 77% at
700°C, respectively [9]. In comparison with other Ni-based
catalysts, Ni/SBA-15-20NH3 and Ni9Mg/SBA-15 catalysts
in this study showed outstanding activity in bireforming of
CH4. Typically, CH4 conversion on these two samples was
almost 97% at 700°C, and CO2 conversion was nearly 84%,
much higher than this value on others.

4. Conclusion

On the one hand, the alkalization of Ni/SBA-15 by NH3 solu-
tion and with MgO promoter led to a sharp decrease in pore
diameter, pore volume, and specific surface area, but on the
other hand, this modification significantly enhanced the
dispersion of NiO particles, reducibility, and basicity of cata-
lysts. As a result, performance of alkalized Ni/SBA-15 cata-
lysts in methane reforming was improved. MgO acted as a
highly effective additive for improving the Ni dispersion
and enhancing the metal-support parent and the basicity,
but it had slight effect on reducibility. Therefore, the
Ni/SBA-15 catalyst promoted byMgO exhibited high activity
in CO2 conversion. Meanwhile, the NH3 treatment led to a
homogeneous dispersion of the elements throughout the cat-
alyst. So, the catalyst reducibility as well as CH4 conversion
was improved strongly. However, the excessive alkalization
of the catalyst was not favourable in BRM due to strong
adsorption of CO2 and stimulation of side reactions that
reduced the H2/CO ratio. The results revealed that the
Ni/SBA-15 treated with 15-25% NH3(aq) solution and pro-
moted with 3-9% Mg exhibited high activity for CH4 conver-
sion while Ni6Mg/SBA-15 showed the highest CO2
conversion. Among tested catalysts, Ni/SBA-15-20NH3 and
Ni9Mg/SBA-15 samples showed better catalytic activity. At
700°C, conversion of CH4 and CO2 reached 97% and 84%,
respectively, on these catalysts, which were higher than the
values on the others. However, the Ni/SBA-15-20NH3 sam-
ple showed an advantage in limiting side reactions since the
H2/CO ratio was obtained at a theoretical value.
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