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Although catalytic dry reforming of methane has recently attracted considerable attention

from both environmental and economical points of view, due to the simultaneous

utilization of two greenhouses with a high environmental impact, CO2 and CH4, and to

the production of syngas (CO and H2 mixtures), a building block used for the synthesis

of valuable chemicals and synthetic fuels, it has not yet been commercialized. Low-cost

Ni-based catalysts with high activity have been developed. However, due to their major

drawbacks (such as carbon formation and Ni particles sintering at high temperatures,

which is required by the endothermic reaction), their industrial applicability is limited. What

is more, access to advanced characterization techniques is needed to monitor coke

deposition and to assess the efficiency of the dry reforming process, access which can

be challenging for small and on-site laboratories. The focus of this current study is on the

development and testing of a simple carbon deposition predictionmethod, which is easily

accessible, based on the comparison of the gas composition measured at the exit of the

reactor with the theoretical one, and calculated based on the process thermodynamics.

Trustworthy results, confirmed by SEM and TGA/DSC measurements, were obtained

when the method was applied for the monometallic, Ni/SBA-15, prepared by wet

impregnation, and bimetallic, Ni-Co/SBA-15, and Ni-La/SBA-15 samples, prepared by

both impregnation and co-impregnation, with different metal loading. The dry reforming

process was performed at four temperatures: 550, 600, 650, and 700◦C.

Keywords: dry reforming of methane, Ni-based catalysts, precursors, nickel acetate, nickel nitrate, carbon

deposition prediction, original method

INTRODUCTION

The transformation of biomass into valuable chemicals and fuels, using advanced processing
methods and cutting-edge technologies, is becoming increasingly popular and challenging. Seen
as a way to mitigate global warming and to diversify energy sources, the use of biomass for fuels,
power production, and products that would otherwise be made from fossil fuels provides many
benefits. The anaerobic digestion of biodegradable materials, such as livestock manure, food waste,
municipal wastewater solids, fats, oils, and grease, to produce mainly biogas, 24 h a day, 7 days
a week, is one of those advanced technologies. Refined processing of biogas via catalytic dry (or
CO2) reforming of methane (DRM) qualifies as a valuable route to produce syngas with a H2/CO
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ratio highly suited for the downstream conversion of biomass
into long-chain hydrocarbons via the Fischer-Tropsch reaction.

The DRM process for syngas production involves a series of
complex chemical reactions. The reactants ratio, the operational
pressure, and temperature are important factors in generating
a high yield of syngas without considerable side reactions
that lead to undesired by-products. Besides the main reaction
illustrated by Equation 1, there are several other series/parallel
side reactions, which involve reactions between the reactants and
the products of the DRM reaction. These side reactions include
RWGS (ReverseWater Gas Shift) reaction (Equation 2), methane
decomposition (Equation 3), CO disproportionation reaction or
Boudouard reaction (Equation 4), and reverse carbon gasification
reaction (Equation 5), as shown below (Tsai and Wang, 2008;
Al-Fatish et al., 2009).

CH4 + CO2 ↔ 2H2 + 2CO 1Ho
298

= 247kJ/mol(Dry reforming) (1)

H2 + CO2 ↔ H2O + CO 1Ho
298

= 41kJ/mol(Reverse water gas shift) (2)

CH4 ↔ C + 2H2 1Ho
298

= 75kJ/mol(Methane dissociation) (3)

2CO ↔ CO2 + C 1Ho
298

= −171kJ/mol(CO disproportionation) (4)

CO+H2 ↔ C + H2O 1Ho
298

= −131kJ/mol(Reverse carbon gasification)

(5)

For the strongly endothermic reaction of dry reforming, the
equilibrium conversion increases significantly with increasing
reaction temperature. The equilibrium conversion of the
moderate endothermic reactions, methane decomposition,
and the reverse water-gas shift reaction also increase with
temperature. The two carbon deposition reactions, the
disproportionation reaction, and the reverse carbon gasification
reaction are exothermic and thermodynamically unfavorable
at high temperatures. Reaction temperatures above 750◦C
are required to reach a high equilibrium conversion value of
CH4 and CO2 and to minimize the carbon formation through
methane cracking and Boudouard reactions (Edwards and
Maitra, 1995).

Group VIII B metals, like Co, Ni, Pt, Ru, Rh, and Ir,
supported on alumina, titania, silica, or zirconia, were reported
to show high catalytic activity inDRM reactions (Verykios, 2003);
conversions approaching those defined by thermodynamics can
be achieved as long as reaction temperature and contact time are
sufficiently high.

However, as seen above, the major drawback of the DRM
reaction is the coke formation which may cause catalysts’
deactivation and clogging of the reactor. Although the noble
metal-based catalysts provide lower carbon deposition in a DRM
reaction than the Ni-based catalysts, their scarcity and high
cost restrict their practicability. Therefore, recent studies on dry
reforming of methane were focused on the development of Ni-
based catalysts with high coking resistance and thermal stability

(Arbag et al., 2016; Akri et al., 2019 and References herewith).
Various methods, including the effect of supports Bradford and
Vannice, 1999, the loading of metal San José-Alonso et al., 2013,
the preparationmethod Xu et al., 2001, the use of promoters (Zhu
et al., 2011) and the doping of other metals (Nikolla et al., 2007;
Liu et al., 2009a,b), have therefore been investigated to improve
the catalytic performance of Ni-based catalysts. It has been shown
that the coke formation resistance of the Ni-based catalysts can
be increased by adding alkali, alkaline, or lanthanide oxides or
small amounts of noble metals, or by using the synergetic effect
between Ni and Co. What is more, the preparation procedure
for the bimetallic catalysts, such as co-impregnation or sequential
impregnation, has significant effects on the resistance of carbon
formation during the reaction (Erdogan et al., 2018).

Another significant factor influencing the catalytic
performance and coke formation is the surface acidity of
the supporting materials: the higher the surface acidity, the
higher the amount of coke formed during dry reforming
(Benrabaa et al., 2015). After the discovery of mesoporous
silica (i.e., SBA-15, MCM-41) materials with ordered pore
structures, studies on the synthesis of the mesoporous materials
as catalyst support increased due to the elimination of the mass
transfer limitation of reactants and/or products (Lin et al.,
2002; Hukkamäki et al., 2004), andto the prevention of coke
formation by their relative low surface acidity. (Huang et al.,
2015), reported a superior performance of the SBA-15 supported
bimetallic Ni-Co catalysts compared with that of monometallic
catalysts in the dry reforming of methane.

To the best of our knowledge, there are no commercial DRM
processes to date because of catalyst deactivation by coking and
sintering of Ni species, although, as discussed above, considerable
research effort has been put toward the developing of catalysts
able to overcome these drawbacks. What is more, a thorough
physical and chemical characterization of possible candidates,
using advanced techniques, is required in order to select the
best catalysts and to monitor their behavior during the DRM
process. However, access to these techniques is rather challenging
for small or on-site laboratories. Therefore, a simple method that
does not require sophisticated techniques to monitor the carbon
deposition over Ni-based catalysts during the dry reforming
of methane process, at lab, pilot and, more importantly, at a
commercial scale as well, when the commercialization will be
fully operational, is of great demand.

Considering all these observations, the present study proposes
an original method to predict the carbon deposition over
monometallic and bimetallic Ni-based catalysts, supported on
mesoporous silica, SBA-15, and attempts to contribute to the
understanding of the carbon deposition process during the
dry reforming of methane over these catalysts. The proposed
prediction method has been successfully tested in the case of
monometallic Ni/SBA-15 and bimetallic Ni-Co/SBA-15 and Ni-
La/SBA-15 catalysts with increased metal loadings.

The authors would like to reiterate that the main aim of this
paper was to share the original method which can be used to
predict coke formation over different Ni-based catalysts, saving
time and resources when testing a series of Ni-based catalysts
in order to choose the one which, along with having rather
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high activity, will not favor the coke deposition for the DRM
process and not to systematically study the DRM reaction on the
monometallic and bimetallic Ni-based catalysts.

Therefore, the results most significant and pertinent to
this study, obtained by Ahmed (2013) (who performed a
systematical study on Ni-based catalysts for DRM), with
additional contribution on data analysis from the co-authors,
were gathered and presented within this study, to support and
to confirm the correctness of the proposed method.

MATERIALS AND METHODS

Preparation of SBA-15
The general experimental procedure followed in the preparation
of mesoporous silica, via sol-gel method, was described in detail
by Zhao et al. (1998a,b). This procedure was modified and the
preparation conditions, such are the amount of P123, type of acid,
and aging time, were optimized through experiments (Ahmed,
2013). The optimized procedure is described below.

Therefore, 8 g of tri-block co-polymer of Poly (Ethylene
oxide)-Poly (Propylene oxide)-Poly (Ethylene oxide)
(EO20PO70EO20, Pluronic P123) (Sigma-Aldrich) were added to
240 g of de-ionized (DI) water and kept at 40◦C under stirring at
∼540 rpm for 6 h, until a clear solution was observed as a result
of the complete mixing of P123 in water.

Then, 40ml of HCl (37 wt%) (Fisher Scientific) was added
to the dissolved P123 in water to reduce the pH of the solution
and, ∼10min later, 18.5ml of Tetra Ethyl Ortho-Silicate (TEOS)
(Sigma-Aldrich) was added dropwise in 25–30 drop/min to the
solution under vigorous stirring. The solution was then kept
under stirring at ∼540 rpm for hydrolysis and condensation
reactions for 20 h. A white precipitate was formed which was
transferred to an oil bath and kept at 95◦C for 24 h to age
without stirring. The white precipitate was then filtered, washed
with ∼600ml of DI water to remove the template (P123), and
afterwards dried at 60◦C for 24 h. The white powder was then
calcined at 550◦C under steady state conditions for 6 h. The
heating rate was 10◦C/min. Afterwards, 100 g of DI water was
added to the calcined white powder in a round bottom flask
and a short condenser inserted into the round bottom flask. The

solution was then placed on a hot plate and left to boil for 2 h
at 105◦C with gentle stirring for surface hydration. After 2 h, the
mixed solution was then filtered and a pure 4 g of SBA-15 sample
was collected and dried at 120◦C for 6 h.

Preparation of Monometallic Ni/SBA-15
Samples
The wet impregnation method was chosen for the preparation
of the monometallic Ni-based samples. As precursors, nickel
(II) acetate tetra-hydrate [Ni(CH3COO) 2. 4H2O (99%), average
molecular weight 248.86] and nickel (II) nitrate hexa-hydrate
[Ni(NO3)2. 6H2O (99%) (Sigma-Aldrich) were used. DI water
was used throughout the experiments.

The impregnation was carried out at different temperatures,
for different impregnation times and different impregnation
treatments. Samples were prepared and labeled, as shown
in Table 1.

The impregnation temperature was higher for nickel acetate
than for nickel nitrate because of its lower solubility in water. For
example, at 20◦C, the solubility of nickel nitrate is 94 g/100ml in
water, while for nickel acetate the solubility is only 17 g/100ml.
The calcinations temperature was chosen as 550◦C, because at
too low a temperature (e.g., 200◦C), the nickel salt does not have
a complete decomposition to form NiO, whereas at too high a
calcination temperature (e.g., 800◦C), the sintering and /or fusing
of nickel active sites through the annealing effects can occur
(Steinhauer et al., 2009). Therefore, all samples were calcined in
air atmosphere at 550◦C, for 2 h, at a heating rate of 10◦C/min.

Preparation of Bimetallic Ni-Metal/SBA-15
Samples (Me = Co and La)
For the preparation of the bimetallic samples, both the sequential
and co-impregnation methods were employed, using lanthanum
(III) nitrate hexa-hydrate [La(NO3)3 6H2O, (99.99%), average
molecular weight 433.01], cobalt (II) nitrate hexa-hydrate
[Co (NO3)2 6H2O (98%), average molecular weight 291.03],
and cobalt (II) acetate tetra-hydrate [Co (CH3COO) 2.4H2O
(98.00%), average molecular weight 249.08] as precursors. The
following samples were prepared and labeled as shown inTable 2.

TABLE 1 | Preparation conditions and labels for the monometallic Ni/SBA-15 samples.

Precursor SBA-15:Ni-salt: DI

water (wt ratio)

IMP. Time (h) Heat treatment Label* XIMPNi

IMP. Temp

(◦C)

Drying

Ni-acetate 3:1:10 10 90–95 dried at 120◦C, 10 h 4IMPNiA-A

3:2:10 9IMPNiA-B

3:3:10 12IMPNiA-C

Ni-nitrate 3:1:10 10 50–55 dried at 120◦C, 10 h 6IMPNiN-A

3:2:10 12IMPNiN-B

3:3:10 29IMPNiN-C

*X is the wt% of nickel loaded as NiO, determined from EDX, IMP refers to impregnation, NiA, Ni-acetate; NiN, Ni-nitrate.
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TABLE 2 | Preparation conditions and labels for the bimetallic Ni-Metal/SBA-15 samples.

Precursor IMP. Time = 1–2h,

Temp = 50–60◦C

Heat-treatment Precursor IMP. Time = 1–2h,

Temp = 50–60◦C

Heat-treatment Label**

SBA-15: Co or La : DI

water (wt ratio)

Drying* Calc. Samples: Ni: DI

water (wt ratio)

Drying* Calc.

Sequential impregnation method

Co-acetate 1:0.33:10 100◦C, 1 h 400◦C, 5 h,

10◦/min

Ni-acetate 0.78:0.78:10 100◦C, 1 h 650◦C 4h,

10◦/min

9 IMPNi2CoA-A

1:0.67:10 0.85:1.5:10 15IMPNi4CoA-B

1:1:10 0.96:2:10 16IMPNi8CoA-C

La-nitrate 2:0.67:20 100◦C, 1 h 550◦C, 2 h,

5◦/min

Ni-nitrate 1.77:1.52:18 100◦C, 1 h 550◦C,

2 h,5◦/min

10IMPNi6LaN-A

2:1.33:20 1.9:2:18.9 13IMPNi18LaN-B

2:2:20 1.87:2.5:18.7 16IMPNi11LaN-C

Co-impregnation method

Precursor SBA-15: Co or La :Ni :DI

water (wt ratio)

IMP. Time & Temp Heat-treatment Label**

Drying* Calc.

Co-nitrate

Ni-nitrate

1:1.33:1.33:10 1–2 h, 40–50◦C 100◦C, 1 h 550◦C, 5 h,

5◦/min

12COIMPNi11CoN-C

La-nitrate

Ni-nitrate

1:0.67:0.67:10 1–2 h, 40–50◦C 100◦C, 1h 550◦C, 5 h,

5◦/min

4COIMPNi12LaN-B

*vacuum oven; Calc, Calcination.
**The samples were labeled as follows. For those obtained by the sequential impregnation method, XIMPNiYCoA-A, B, and C or XIMPNiYLaN-A, B, and C, where, IMP, Impregnation;

X, nickel loading; Y, Co or La loading; as determined through EDX measurements, A, Ni-acetate or Co-acetate as precursors; N, Ni- nitrate or La-nitrate as precursors; and A, B, and C

refers to the initial concentration of the precursor solution. As for those obtained by co-impregnation, the “IMP” in the label was replaced by “COIMP”.

Original Method to Predict the Carbon
Deposition
The method is based on the results obtained while measuring
the catalytic activity of the monometallic and bimetallic Ni-
based samples toward the DRM reaction, by using a CATLAB
system (Hiden Analytical, UK). The system comprises the Hiden
Analytical QIC-20 dynamic sampling mass spectrometer (MS)
and the CATLAB microreactor module with the units seamlessly
integrated to provide one of the most versatile and accurate
catalysts’ characterization system available.

The below procedure to convert the voltage signal of the MS
into partial pressure was followed.

The amplifier in the detector measures the ion flow on the
Faraday cup. This is then converted using the 1× 10e-4A/torr or
1 × 10e-4A/mbar, depending on which pressure units are used
within the RC interface.

This is a calibration factor that has been pre-determined as the
average sensitivity of Hiden Analytical products.

When an instrument is tested in production, it is tested to this
spec to ensure it measures close to this performance.

At the beginning of the measurements, the fragmentation
patterns for each of the gases were measured. Since fragments of
different products can occur on the same AMU’s, care should be
taken when ascribing an AMU to a certain product. Therefore,

the species of interest were admitted over a reactor filled with
inert particles and catalyst particles, respectively. Comparison
of both spectra gave an indication about which AMU’s can
be ascribed to reactants or products. Moreover, if different
products appear on the same AMU, the fraction of each at
that respective AMU could be determined and later subtracted
for an accurate value of the partial pressure of the species
of interest.

The fragmentation peaks can also be found online at
NIST Mass Spectrometry Data Center (http://webbook.nist.gov/
chemistry/).

When CO2 was measured at AMU 44, as the other
present species did not have a fragmentation peak
at AMU 44, we considered its partial pressure as
it was read.

When CO was measured at AMU 28, the contribution to
the signal from the CO2 fragmentation pattern (which was
about 10%, similar to that from NIST) was subtracted from
the response.

Thus, the CO2 reforming of the methane reaction
was conducted under atmospheric pressure and constant
temperature, namely 550, 600, 650, and 700◦C, respectively, in
the CATLAB system. About 25mg of each sample was firstly
reduced under a 5 vol. % H2 in Ar flow at 20 ml/min and
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then exposed to the reaction mixture of 100 ml/min flow, with
CH4/CO2 = 1.5:1, for 3 h.

The choice of reaction time of 3 h was based on the following
judgment. As mentioned in this study, there are no commercial
DRM processes to date, due to catalyst deactivation by coking
and to the sintering of Ni species. Both deactivation processes
impact significantly into the lifetime of the catalysts. It is well-
known that the determination of catalytic activity, selectivity,
and lifetime of industrial catalysts is an expensive and time-
consuming task. Therefore, accelerated testing procedures are
foreseen. As such, preliminary testing of the sample, which was
more prone to coke deposition, i.e., 29IMPNiN-C, for different
time-on-stream, up to 50 h, was performed. It was observed from
TGA/DSC that the amount of carbon deposited stays constant
after 3 h.

The analysis of the effluent was carried out using the
quadruple mass spectrometer, QIC-20. The following amus were
measured: 2 (H2), 40 (Ar), 18 (H2O), 15 (CH4), 28 (CO),
32 (O2), and 44 (CO2). As mentioned above, the integrated
software allowed the conversion of intensity of the amu into
the pressure and as such, in this work, the conversions, X,
of the limiting reactant, CO2, was calculated according to the

following equation:

XCO2 =
PoCO2

− PCO2

PoCO2

∗ 100 (6)

Moreover, assuming that only the reforming reaction occurred,
the theoretical pressure of methane leaving the reactor was
calculated according to the following equation and was compared
with the measured methane pressure. Then, the difference, 1,
between the two values was calculated.

Theoretically,

PCH4T = PoCO2

(

1.5− XCO2

)

and 1 = PCH4T − PCH4 (7)

where, PoCO2
is the initial pressure of CO2 and XCO2 is the CO2

fractional conversion, while PCH4 and PCO2 are the pressure of
CH4 and CO2, respectively, leaving the reactor.

The coke is formed only if the side reactions 3, 4, and 5 occur,
as shown above. However, from a thermodynamic point of view,
only reaction 3 is probable at the reaction temperatures (reaction
3 is endothermic, while 4 and 5 are strongly exothermic) (See
Supplementary materials for Thermodynamics calculations).

TABLE 3 | Calculated compared with measured methane pressure (leaving the microreactor) and CO2 conversion for the monometallic Ni/SBA-15 catalyst samples at

550, 600, 650, and 700◦C, respectively.

Catalysts T

(◦C)

XCO2

(%)

Calculated PCH4

(Torr)

Experimental PCH4

(Torr)

1 Value

(Torr)

4IMPNiA-A 550 65 1.04E-09 1.66E-09 −6.19E-10

600 90 3.24E-10 9.27E-10 −6.03E-10

650 97 1.15E-10 5.78E-10 −4.68E-10

700 100 5.50E-11 1.89E-10 −1.34E-10

9IMPNiA-B 550 80 3.98E-10 9.50E-10 −5.52E-10

600 88 2.59E-10 7.22E-10 −4.63E-10

650 100 1.68E-10 3.77E-10 −2.09E-10

700 100 1.10E-10 1.58E-10 −4.72E-11

12IMPNiA-C 550 79 4.71E-10 1.15E-09 −6.79E-10

600 86 1.46E-10 6.49E-10 −5.03E-10

650 98 5.65E-11 5.28E-10 −4.71E-10

700 100 1.10E-10 3.76E-10 −2.67E-10

6IMPNiN-A 550 69 3.07E-09 1.66E-09 1.41E-09

600 87 1.36E-09 4.87E-10 8.68E-10

650 96 3.01E-09 6.04E-10 2.40E-09

700 94 2.18E-09 3.67E-10 1.81E-09

12IMPNiN-B 550 77 2.53E-09 1.21E-09 1.31E-09

600 92 2.58E-09 1.03E-09 1.55E-09

650 96 1.57E-09 4.26E-10 1.15E-09

700 100 2.87E-09 7.12E-10 2.16E-09

29IMPNiN-C 550 76 2.67E-09 9.02E-10 1.77E-09

600 94 2.10E-09 6.12E-10 1.49E-09

650 98 2.83E-09 4.86E-10 2.34E-09

700 97 1.93E-09 3.67E-10 1.56E-09
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Therefore, let us consider that if coke is formed, it is formed
through reaction 3 only. But, if there is no coke formed over the
catalysts, only reaction 1 and 2 should have occurred. As reaction
1 is more endothermic than reaction 2, one can assume that
mainly only reaction 1 occurred. If this is the case, the value for
1, as defined above, should be, if not zero, a very small negative
one. Following the same reasoning, if coke is formed, 1 should
have a positive value.

Although the method was developed using the mass
spectrometry results, it can be applied to other techniques which
allow the measurement of the exit gas composition (such as gas
chromatography, Raman spectroscopy, and Fourier transform
infrared spectrometry).

RESULTS

Monometallic Ni/SBA-15 Samples
Table 3 presents the calculated and experimentally-measured
methane pressure values at the exit of the microreactor, along
with their difference, and the carbon dioxide conversion at four
temperatures, i.e., 550, 600, 650, and 700◦C, respectively, for
the monometallic Ni/SBA-15 samples. The difference between
the two pressure values is negative for the samples for which
the nickel acetate was used as precursor, while for the samples

prepared by using nickel nitrate as nickel precursor during
impregnation the difference is positive.

If the proposed procedure is correct, then there should not be
any coke formation during the DRM reaction over the catalysts
prepared with nickel acetate, while the coke formation is expected
over those catalysts prepared by using nickel nitrate as precursor.

Although nickel nitrate is the nickel precursor generally
selected to prepare oxide-supported catalysts due to its low

FIGURE 2 | (A) Geometry structure of acetic acid; (B) Geometry structure of

nitric acid (Ahmed, 2013).

FIGURE 1 | SEM images of (1A) 9IMPNiA-B and (1B) 12IMPNiN-B spent catalysts (550◦C). SEM images of (2A) 9IMPNiA-B and (2B) 12IMPNiN-B fresh catalysts.
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cost, high solubility in water, and decomposition at moderate
temperatures, there are disadvantages in using it as a precursor.
Its decomposition produces non-stoichiometric nickel oxide
(NiOx) and it is known to melt and redistribute over the
supporting material, leading to poorly dispersed metal particles
after reduction and to their partial expulsion from the porous
support system (Marceau et al., 2010). By using nickel acetate as
a precursor, all these disadvantages are avoided.

The wide-angle XRD spectra showed that, for samples
prepared with nitrate as precursor, the average NiO particle size
was 10.0 nm, while for those prepared with concentrate nickel
acetate solution (sample 12IMPNiA-C), the average NiO particle
size was 8.0 nm. When diluted nickel acetate solution was used
(sample 9IMPNiA-B), only very weak and broad reflection peaks
are observed, indicating that exclusively uniformly dispersed,
very small nickel oxide particles are formed (Ahmed, 2013).

In order to support these statements, SEM was performed
on the fresh and spent catalysts samples discussed in Table 3.
Figure 1 presents, comparatively, the SEM images obtained
over the 9IMPNiA-B and 12IMPNiN-B spent catalyst
samples Figures 1(1A,B) and fresh samples Figures 1(2A,B),
respectively. Although both samples were prepared using the
same SBA-15:Ni-salt:DI water weight ratio, increased Ni loading
was observed when nitrate was the precursor. At the same time,
it was noticed that the dispersion of the NiO species on the
surface of the support, SBA-15, decreased by increasing the
loading (Ahmed, 2013). The difference in dispersion can be
explained by taking into account the size and geometry of acetic
acid against the size and geometry of nitric acid (see Figure 2).

FIGURE 4 | TGA (A)/DSC (B) analysis of: 6IMPNiN-A spent at 550◦C,

12IMPNiN-B spent at 550◦C, 29IMPNiN-C spent at 550◦C, and 29IMPNiN-C

spent at 700◦C samples.

FIGURE 3 | SEM images of 6IMPNiN-A [(A) fresh and (B) spent, 550◦C] and 29IMPNiN-C [(C) fresh and (D) spent, 550◦C] catalysts.
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As the first one is a bigger molecule, it will favor the dispersion
of Ni species on the support; as the second one is a smaller
molecule, it will favor more Ni loading on the SBA-15 supports
with the same BET surface area. Moreover, the nature of the
precursor influenced the structure of the reduced species as
well. Wide-angle XRD taken after reduction showed the nickel
metallic species was well-dispersed for the samples prepared
with nickel acetate (their size was assumed to be <3 nm, as no
reflection peaks were detected), while in the case of the samples
prepared with nickel nitrate, nickel clusters were obtained after
reduction. Their size increased from 8 to 20 nm as the Ni loading
increased from 6 to 29 wt%, respectively (Ahmed, 2013).

As predicted, there is no coke formation observed on the
nickel acetate sample, while there is a considerable amount of

coke formed during the dry reforming of methane reaction over
the nickel nitrate catalyst sample.

Figure 3 presents, comparatively, the SEM images taken
over two ex-nitrate samples, both fresh and spent 6IMPNiN-
A and 29IMPNiN-C samples, respectively. As predicted, there
is coke formation over the spent catalyst samples. The amount
of coke seems to increase with the increasing of the Ni
loading; the particles are completely covered with carbon for the
29 wt% Ni loading.

Furthermore, to determine the amount of carbon formed on
the surface, the spent ex-nitrate catalysts were analyzed by using
TGA/DSC. Figure 4A shows only one significant weight loss in
the 550–695◦C range, which is due to the combustion of coke
deposited on the catalyst. Besides the weight loss, a slight weight

TABLE 4 | Calculated compared with measured methane pressure (leaving the microreactor) and CO2 conversion for the bimetallic Ni-M/SBA-15 catalyst samples (M =

Co and La) (prepared by sequential impregnation and co-impregnation), at 550, 600, 650, and 700◦C, respectively.

Catalysts T

(◦C)

X CO2

(%)

Theoretical, PCH4

(Torr)

Practical, PCH4

(Torr)

1-value

(Torr)

9IMPNi2CoA-A 550 74 5.82E-10 1.09E-09 −5.11E-10

600 89 4.68E-10 8.92E-10 −4.24E-10

650 95 3.51E-10 3.72E-10 −2.07E-11

700 100 5.40E-11 2.63E-10 −2.09E-10

15IMPNi4CoA-B 550 70 8.06E-10 1.10E-09 −2.91E-10

600 90 2.84E-10 8.49E-10 −5.65E-10

650 95 5.83E-11 3.63E-10 −3.04E-10

700 100 1.64E-10 3.48E-10 −1.84E-10

16IMPNi8CoA-C 550 85 3.68E-10 1.18E-09 −8.13E+10

600 94 3.44E-10 8.30E-10 −4.84E-10

650 100 2.84E-10 4.66E-09 −1.83E-10

700 100 1.10E-10 3.63E-10 −2.53E-10

10IMPNi6LaN-A 550 41 3.46E-09 2.36E-10 3.23E-09

600 89 9.50E-10 8.10E-10 1.41E-10

650 96 3.44E-10 2.64E-10 8.07E-11

700 100 5.66E-10 4.34E-10 1.32E-10

13IMPNi18LaN-B 550 80 2.64E-09 1.13E-09 1.51E-09

600 85 2.74E-09 1.10E-09 1.65E-09

650 100 9.88E-10 2.28E-10 7.59E-10

700 100 1.35E-10 3.70E-10 9.80E-10

16IMPNi11LaN-C 550 75 4.92E-09 1.14E-09 3.78E-09

600 91 2.24E-09 6.35E-10 1.60E-09

650 98 1.12E-09 2.87E-10 8.36E-10

700 96 7.93E-10 3.47E-10 4.46E-10

12COIMPNi11CoN-C 550 77 5.82E-10 4.22E-10 1.59E-10

600 83 6.43E-10 4.29E-10 2.13E-10

650 96 4.03E-10 2.17E-10 1.86E-10

700 100 6.55E-10 1.79E-10 4.76E-10

4COIMPNi12LaN-B 550 64 1.30E-09 8.16E-10 4.98E-10

600 81 1.20E-09 5.76E-10 6.36E-10

650 92 7.08E-10 2.10E-10 4.97E-10

700 100 4.90E-10 1.50E-10 3.43E-10
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gain caused by the oxidation of metallic Ni particles was also
observed. The higher the Ni loading, the higher the amount of
coke deposited for the spent samples in the DRM reaction at
550◦C. There was a 2.8% weight loss for the 6IMPNiN-A spent
sample. For the 12IMPNiN-B spent sample, the weight loss was
30.5%, while for the 29IMPNiN-C spent catalyst the weight loss
was 37.9%. But almost no weight loss was observed for the used
samples in the reaction run at 700◦C. This is an expected result
as at higher reaction temperatures the carbon gasification side
reaction can occur as well. The DSC curves (see Figure 4B) of
the samples show two exothermic peaks: (i) a small one at lower
temperatures, which can be assigned to the oxidation of metallic
nickel to Ni2+; and (ii) a strong one at higher temperatures
which is due to the gasification of carbon. As the DSC curves
present only one strong exothermic peak, one can conclude that
only one kind of carbonaceous species was deposited on the

surface of these catalysts, most likely graphite-like carbon (Guczi
et al., 2010; result supported by the XRD measurements and
by Ahmed, 2013).

In addition, to explain why almost no coke formation was
observed at 700◦C, we assumed that at a higher reaction
temperature the carbon gasification side reaction can occur as
well. Ahmed (2013) performed the Temperature Programmed
Oxidation reaction over the spent catalysts.

As the TPO results have shown, a broad but low intensity CO2

peak, centered around 650◦C, was observed for the 29IMPNiN-
C sample. This means that some strongly bonded carbon species
were deposited during the DRM reaction. As for the XRD results,
they were graphite species (Guczi et al., 2010). (Even lower
amounts of carbon were formed on the other two Ni ex-nitrate
samples, but they were not detectable by TPO). No CO2 peaks
were observed for the Ni ex-acetate catalysts. What was more, in

FIGURE 5 | SEM images of (A) 9IMPNi2CoA-A, (B) 15IMPNi4CoA-B, (C) 16IMPNi8CoA-C, (D) 10IMPNi6LaN-A, (E) 13IMPNi18LaN-B, and (F) 16IMPNi11LaN-C

spent samples at 550◦C.
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this TPO experiment, there was no signal for water, which was in
line with previous work (Liu et al., 2009b).

One can conclude that the size of the Ni particles, which
in turn depends on the nature of the nickel precursor and
nickel loading, is responsible for their resistance toward carbon
formation: the smaller the size, the higher the resistance.

Our results confirmed the importance of minimizing the Ni
particle size in minimizing the coke deposition on Ni-based
catalysts, as carbon deposition on an Ni surface is known to
necessitate Ni ensembles, and large Ni particles causemore severe
coke deposition (Han et al., 2017 and References herewith).
Theoretical studies revealed that if the Ni facets or step edges
were small enough, which was the case for nickel particles
<10 nm, nucleation of graphene could not proceed and graphite
formation was further suppressed (Bengaard et al., 2002). Olea
et al. (2014), proposed an optimized method to deposit well-
dispersed Ni particles into SBA-15 mesoporous silica, to avoid
coke deposition and sintering as well. Also, our results are in
line with published results on nickel-grafted SBA-15 by Liu
et al. (2009b), which confirmed that the highest catalytic activity
and long-term stability were obtained over a 5 wt.% Ni/SBA-15
catalyst, with Ni species well-dispersed into the high surface area
of SBA-15. This superior catalytic behavior was closely related
with the strong resistance toward carbon formation and active
metal sintering.

There is another important factor which contributes to
the stability of the Ni-based catalysts. As the dry reforming
reaction typically occurs at very high temperatures, the initially
small Ni particles become sintered and the size of the Ni
domains eventually becomes large with heavy coke deposition.
Strong metal-support interactions are often used to maintain
the small size of the Ni particles at high reaction temperatures.
A way to quantify the metal-support interactions is to study
the kinetics of the H2-reduction of the calcined samples.
Ahmed (2013), found that for the catalysts prepared using
nickel nitrate as precursor that the activation energy for
the reduction process decreased as the Ni-loading increased,
which means that the metal-support interaction is stronger at
lower Ni loading. Accordingly, less carbon deposition should
occur on the catalysts with lower Ni loading as compared
with those with higher loading. Our TGA results support
this statement.

Bimetallic Ni-Metal/SBA-15 Samples (Me =

Co and La)
Table 4 presents the calculated and the experimentally measured
methane pressure values at the exit of the microreactor along
with their difference, and carbon dioxide conversion at four
temperatures, i.e., 550, 600, 650, and 700◦C, respectively,
for the bimetallic Ni-M/SBA-15 samples, prepared by both
impregnation and co-impregnation. As stated above, if 1, the
difference between the two pressure values, was zero or a very
small negative value, then no carbon formation was expected
over that catalyst. In contrast, when 1 was positive, some
carbon formation is expected. Therefore, one can conclude that
the Ni-Co catalysts prepared by sequential impregnation would

not favor the carbon deposition during the DRM reaction,
while the sequential impregnated Ni-La samples and those
obtained by co-impregnation would favor the coke formation.
To confirm this statement, TGA/DSC and SEM measurements
were performed over the spent catalysts in order to assess the
carbon formation. Figures 5A–F shows the SEM morphologies
of spent (at 550◦C) Ni-Co and Ni-La samples, obtained by
sequential impregnation. There was no carbon deposition
observed over all the Ni-Co catalysts, not even for the highest
Ni-Co loading sample (i.e., 16IMPNi8CoA-C). By contrast, some
carbon deposited over the Ni-La catalysts was observed. The
maximum amount of carbon deposited seems to be on the
16IMPNi11LaN-C sample. This observation was confirmed by
the TGA measurements.

Figure 6A shows only one significant weight loss in the
550–695◦C temperature range, which is due to the combustion
of coke deposited on the catalyst. Besides the weight loss, a
slight weight gain caused by the oxidation of metallic particles
was also observed. There was a 7.8 wt% of weight loss for

FIGURE 6 | TGA (A)/DSC (B) analysis of 10IMPNi6LaN-A, 13IMPNi18LaN-B,

16IMPNi11LaN-C, and 16IMPNi8CoA-C spent samples.
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FIGURE 7 | SEM images of 12COIMPNi11CoN-C (A) and 4COIMPNi12LaN-B (B) samples after reaction at 550◦C.

FIGURE 8 | SEM images of fresh samples 12COIMPNi11CoN-C (A) and 4COIMPNi12LaN-B (B).

the 13IMPNi18LaN-B spent sample. For the 10IMPNi6LaN-
A spent sample, the weight loss was 19.0 wt%, while for the
16IMPNi11LaN-C spent catalyst the weight loss was 22.4 wt%.
But almost no weight loss was observed for the used samples
in the reaction run at 700◦C. This is an expected result again
as at higher reaction temperatures the carbon gasification side
reaction can also occur. On the other hand, no weight loss was
observed for all Ni-Co catalysts over 40 h time on stream (only
16IMPNi8CoA-C samples after reaction for 40 h, shown here),
indicating that the additional Co component in the catalyst had a
great beneficial effect on the catalyst performance without carbon
formation on the surface of the catalyst.

The DSC curves (see Figure 6B) of the samples show two
exothermic peaks: (i) a small one at lower temperatures which
can be assigned to oxidation of metallic nickel to Ni2+; and
(ii) a strong one at higher temperatures, which is due to the
gasification of carbon. As the DSC curves present only one
strong exothermic peak, one can conclude that only one kind of
carbon was deposited on the surface of these catalysts, most likely

graphite-like carbon (Guczi et al., 2010; result supported by the
XRD measurements as well, Ahmed, 2013).

There was some change in the intensities of the peaks for all
samples, likely due to the different size of metal particles. The
intensity of the DSC peaks gradually decreased with La content
from the 10IMPNi6LaN-A to the 13IMPNi18LaN-B samples.
This means that La actually played dual roles in preventing
the carbon formation for the CO2 reforming of CH4. On the
one hand, the basic La2O3 favored the chemisorption and
dissociation of CO2 and subsequently accelerated the carbon
elimination by CO2 + C → 2CO. On the other hand, the La
dispersed in the SBA-15 and Ni crystallites could prevent the Ni
grains from excessive growth at high temperatures.

Figure 7 presents the SEM results over the
12COIMPNi11CoN-C and 4COIMPNi12LaN-B spent samples.
If these results are compared with those obtained over the fresh
catalysts as presented in Figure 8, one can say that there is
carbon deposition over both co-impregnated spent samples,
Ni-Co and Ni-La.
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FIGURE 9 | TGA (A) and DSC (B) analysis of 12COIMPNi11CoN-C and

4COIMPNi12LaN-B spent samples.

Furthermore, to determine the amount of carbon formed
on the surface of spent co-impregnated catalysts, TGA/DSC
measurements were performed. Figure 9A shows only one
significant weight loss in the 550–695◦C range, which is due
to the combustion of the coke deposited on the catalyst.
Besides the weight loss, a slight weight gain caused by the
oxidation of metallic Ni particles was also observed. The higher
weight loss (45.9 wt%), centered at a temperature range of
584–689◦C was observed for the 12COIMPNi11CoN-C sample
after the reaction at 550◦C, while this weight loss is about
5.8 wt% for the 4COIMPNi12LaN-C sample. But almost no
weight loss was observed for the used samples in the reaction
run at 700◦C.

The DSC curves (see Figure 9B) of the samples show two
exothermic peaks: (i) a small one at lower temperatures which
can be assigned to oxidation of metallic nickel to Ni2+; and
(ii) a strong one at higher temperatures, which is due to the
gasification of carbon. As the DSC curves present only one strong

exothermic peak, one can conclude again that only one kind of
carbon species was deposited on the surface of these catalysts,
most likely graphite-like carbon.

Bimetallic Ni-Co/SBA-15 catalysts were considered as it has
been proven that the addition of Co increases the basicity of
catalysts and enhances the CO2 adsorption, which effectively
reduces the carbon deposition rate (Huang et al., 2015). As for
the bimetallic Ni-La/SBA-15 catalysts, it has been found that the
addition of a suitable amount of La as promoter increased the
dispersion of NiO along with the interaction between NiO and
silica support (Zhu et al., 2011).

CONCLUSIONS

In summary, an original method based on the analysis of the gas
composition at the exit of the reactor, to predict, and monitor
the carbon deposition during the dry reforming of the methane
process over Ni-based catalysts, was proposed and tested on
monometallic Ni/SBA-15 and bimetallic Ni-Co/SBA-15 and Ni-
La/SBA-15 catalysts. As the prediction results were accurate
when compared with the experimental ones, the method can be
successfully used not only to predict whether the formation of
coke is likely to occur but also to monitor the DRM process
at different scales. The current research confirmed that the size
of the Ni particles, which in turn depends on the nature of the
nickel precursor and loading and on the preparation methods, is
responsible for the coke formation: the smaller the size, the less
probable the carbon deposition.
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