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Abstract—Synthesis gas has a variety of applications
ranging from its transformation into Fischer-Tropsch fuels,
its processing to produce pure hydrogen, and even its direct
combustion to generate energy, among many other
applications. The objective of this work was the conversion
of a model of biogas (clean biogas) into synthesis gas, H2
/CO, through oxidative reforming of methane over
NiO/MgO/Nb2Os catalysts. The catalysts in this work were
prepared by impregnation and calcination (at 750°C) and
subsequently characterized by Energy Dispersive X-ray
spectroscopy (EDX), Scanning Electron Microscopy (SEM),
X-ray diffraction (XRD), Nitrogen Adsorption-Desorption
(BET method) and Temperature Programmed Reduction
with H2 (TPR). Finally, these catalysts were tested in the
oxidative reform of methane (molar ratio of
1.5CH4:1C02:0.2503) at 750 °C, 100mg of catalyst at a total
flow of 110 mL.min?, and 1 atm (inside the reactor).
According to the results, it was verified that the catalyst
composed of the NiO/MgO mixture is composed of the NiO-
MgO solid solution, whereas the NiO/MgO/Nb20s catalysts
are also formed by nickel niobate (NiNb2Og). All catalysts
showed catalytic activity in the oxidative form of biogas,
NiMg, Ni60ONbMg, and Ni4ONbMg catalysts showed the
highest conversion value. The efficiency of the catalysts in
the oxidative reforming of biogas improved gradually as the
%MQgO increased in the NiO/MgO/Nb20Os system. The
characterization of the catalyst after the reaction
demonstrated that the carbon formed is of the filamentous

type.

Keywords: methane, biogas, synthesis gas, catalysts, nickel,
niobium.

. INTRODUCTION

Hydrogen is considered the fuel of the future in the medium
and long term, as its use as an energy source can help reduce
the emission of greenhouse gases such as CO,, thus avoiding
global warming and thereby mitigating the climate changes that
damage the planet Earth. It is known that hydrogen is abundant
on planet Earth, as it is found forming water molecules (H20)
and organic molecules (for example in oil, natural gas, and

many any organic matter, etc.), obtaining hydrogen in pure
form requires chemical processes and demands high energy
consumption.

Although hydrogen has no color, green hydrogen (also called
renewable hydrogen) is defined as hydrogen that is produced
from a renewable resource and a renewable energy source.
Brazil is a strategic country to produce green hydrogen, given
its clean electrical matrix, based almost entirely on renewable
energies (mainly hydroelectric, wind, and solar). There are
several ways to produce green hydrogen, for example from the
alkaline electrolysis of water using electricity from renewable
sources (for example: coming from water, solar, wind, etc.).

Biogas is significant for the society of today, as it is a clean
source of energy and is considered a renewable biofuel. Biogas
is produced by anaerobic fermentation of biomass, its main
components are carbon dioxide and methane [1]. One way (but
not the only one) to produce green hydrogen from biogas, is
through reforming reactions, in which the energy needed for
this process comes from renewable sources. The process
consists of converting biogas into synthesis gas (a gaseous
mixture of H,/CO, also called Syngas) through the oxidative
reform of methane, which occurs through the following overall
reaction (reaction 1):

ORM:1.5CH, + C0O, + 0.250, — 2.5C0 +
3H, AHYygx =249.2kJ.mol™t (1)

Reaction 1 considers the main components of biogas in a
composition of 1.5CH4/1CO;, and to be carried out, it needs
clean biogas, which means free of components usually found in
raw biogas such as NHs; and H.S, which are detrimental to
reform catalysts. Biogas reforming has been studied previously
with excellent results [2]-[4].

Syngas can then go through the Water-Gas Shift reaction
(WGSR, to give a mixture of H, and COy) and subsequently
undergo an absorption process (with amines to remove CO,) to
purify hydrogen, which can be used by industry for several
applications, it can also even be used as fuel in fuel cells. [5].

The advantage of converting biogas into Syngas goes beyond
the production of hydrogen, as Syngas can be converted into
liquid fuels by the Fischer-Tropsch process (or the so-called
Gas-To-Liquid Process) [6]. Also, Syngas can be used directly
as fuel in some types of engines, among other applications.

Group VIII B metals (e.g., Pt, Pd, Rh, Ru, and Ni) have been
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used in methane reforming studies. The catalyst based on Ni
supported on alumina, is used by the industry (which produces
hydrogen from natural gas, through steam reforming of
methane), owing to its good catalytic activity and its low cost
(when compared to noble metals) [4]. However, nickel catalysts
favor the formation and deposition of coke on the catalyst, this
process is inevitable since the initial step of methane reform is
the formation of carbon. Excessive coke deposition can lead to
catalyst deactivation, reactor clogging, and even explosion. In
this sense, several strategies have been applied to reduce these
problems, among them: changing the composition of the
catalytic support, adding promoter metals, and synthesizing
catalytic metal nanoparticles, among others.

NiO-MgO solid solution has been used as a catalyst in
biomethane and biogas reforming reactions showing excellent
reagent conversion values, however, it presents high rates of
carbon deposition [7]-[10].

Brazil holds the largest niobium reserve in the world and is
the largest producer, representing 98% of world production
[[11]], which makes it attractive to find new applications and
enable its use for the benefit of science and society. Its use in
catalysis is still recent. According to the Scopus database, by
using the keywords: “niobium” and “catalysts”, until the
moment of publication of this article, there are 3,519.00 articles
produced on this topic, the first of which was in 1973, and from
2000, scientific production has been growing exponentially.
According to the same database, scientific production of
niobium is led by China, the United States, Japan, Brazil, and
India (in that descending order). Niobium application for
methane reforming reactions is still scarce.

Nb,Os is an acidic solid, with redox properties, it presents
photocatalytic activity and intermediate surface area. The
Nb2Os is not much explored in methane reforming reactions,
possibly the acidic properties that may favor high rates of
carbon formation. In this work the mixture of three oxides was
studied: NiO, MgO, and NbyOs. The NiO/MgO catalyst is
widely known as mentioned earlier, and the presence of MgO
could decrease the acidity of Nb.Os, and new catalytic
properties could be formed in this catalyst. This work explores
the catalytic behavior of Nickel catalysts supported on different
mixtures of MgO/Nb,Os (containing different Mg/Nb ratios) in
the biogas oxidative reforming reaction to produce Syngas.

Il. MATERIALS AND METHODS

2.1 Preparation of NiO/MgO/Nb,Os catalysts

Firstly, Nb2Os/MgO catalytic supports were prepared. For
this procedure, magnesium oxide (MgO, 99.9% p.a.) was
impregnated on the Nb,Os using distilled water as a solvent,
using a rotary evaporator. Nb,Os was previously obtained
according to the procedure detailed in Ferraz et al. [2018]. The
used mass ratios of Nb,Os:MgO were: 0:100, 10:90, 40:60,
60:40, and 100:0. The mixtures obtained from the impregnation
method were subsequently dried at 100°C and calcined at
750°C for 2 hours in an airflow of 30 ml.min. These catalytic

supports obtained were later impregnated with hydrated nickel
nitrate  Ni(NO3)2.6H,0 (99.99%, Alfa-Aesar), at a nickel
percentage of 10% (% total mass of catalyst) for each sample.
The final calcination was carried out for three hours in an
airflow of 30 ml.min at 750°C, for the formation of NiO
(supported on NbyOs/MgQ). The catalysts were named
according to the % of Nb in the composition: NiMg,
NilONbMg, Ni4ONbMg, Ni6ONbMg, and NiNb, all catalysts
have 10% Nickel (total mass of catalyst). NiNb and NiMg
correspond to 100% and 0% of Nb, respectively.

Characterization of the catalysts

The catalysts were characterized by X-ray diffraction
analysis (XRD) using a Rigaku Multiflex diffractometer
(30kV,10mA), in the Bragg angle (26) range of 5 - 80° (and
speed of 2°.min 1) using Cu-K « radiation (. = 1.5406A). The
XRD diffraction patterns were identified by comparison with
the International Centre for Diffraction Data (JCPDS).

Temperature programmed reduction analyses (H.-TPR) were
carried out with 100mg of catalyst, using a gas mixture of 1.96
% Ho/Ar, flowing at 30 mL.min 1, and a heating rate of 5°C
min?, up to 1000°C. The surface area measurements were
performed on Quantachrome Nova 1200 equipment, and the
results of nitrogen adsorption were treated according to the BET
method.

Scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM/EDX) was used to study the morphology of
the catalysts, and to quantify their chemical compositions. For
this analysis, a small amount of the fresh catalyst was placed in
isopropy! alcohol, forming a heterogeneous suspension. The
suspension was dropped slowly onto a sample holder (of
aluminum) aiming to disperse the powder catalyst. The
SEM/EDX consists of a LEO-440 electron microscope with an
Oxford detector, operating at a 20 kV electron beam. Before
each analysis, the samples were sputter-coated with gold. For
EDX analysis, 5 regions of the catalysts were selected, and the
results of the chemical composition presented in this paper are
the average values.

Catalytic tests of Oxidative Reform of Biogas

The catalytic tests were carried out in a fixed-bed down-flow
reactor (a quartz reactor with an internal diameter = 10 mm).
For each catalytic test, 100 mg of catalyst was used. Before each
test, the catalyst was reduced with H; (99.9%, 30 mL.mint) for
1 hour, at 800°C. After that, the catalyst was then brought to the
reaction temperature (750°C) under pure N flow.

In the Oxidative Reforming of Methane (ORM): the feed was
a mixture of gases (60% CH., and 40% CO;) and synthetic air
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(O2: 21%, N2: 79%). The inlet gases reached a molar ratio of
1.5CH4:1C0,:0.2503; giving a total flow of 107 mL.min™!,
inside the reactor. The reaction temperature was controlled and
measured by a thermocouple inserted into the top of the catalyst
bed.

The conversion % of CH. and CO., were calculated by the
following equation:

Rin - Rout

X 100

R onversion (%) = )
in

where R is the molar flow rate (mol.min%) of CH; or COs.
The selectivity was calculated as:

Ri produced

Selectivityg; = x 100

RCH4 converted + RCOZ converted

where “R;” is the molar flow rate (mol. min™) of the product
(Hz2 or CO).

Carbon deposition rate (mmol.C.h"1) was determined as the
apparent gain in mass of the catalyst after each reaction.

The unreacted reactants and gaseous products were analyzed
in line with the catalytic unit test using a gas chromatograph
(Varian, Model 3800). The chromatograph included two
thermal conductivity detectors (TCD) and two columns; a 13X
molecular sieve-packed column (that analyses H, using N as a
carrier), and a Porapak N column (that analyses CH4, CO3, and
CO, using He as a carrier).

1. RESULTS AND DISCUSSIONS

Characterization of calcined catalysts, before the reaction:
Elemental chemical analysis by EDX and Surface Area (Sger)

Table 1 presents the calculated theoretical values and the
values obtained in the EDX analysis (average values) of the
atomic composition of the catalysts, and the weight percentage
of nickel. It can be seen that the values obtained through the
EDX analysis are very close to the theoretical values, the
desired percentage of Nickel in weight was 10% of total mass,
however, the values obtained by EDX are close, and the small
variations are due to experimental errors during preparation
(example: weighing).

The surface area values (m2.g™?) are also in Table 1. The
surface area values show a continuous decrease as Nb2Os
content increased in the mixture, this is probably due to the low
surface area related to Nb,Os; the surface area value of the NiNb
catalyst, which contains NiO/Nb,Os was the lowest recorded.

Table 1. Elemental composition obtained by EDX analysis
of the catalyst oxides, and surface area values obtained by the

BET method.

wt % Atomic o ;

. - % Atomic (EDX) BET

% (Theoretical) area

Catalyst | Ni | Ni Mg | Nb Ni Mg | Nb | (m’g?)

NiMg 10| 11.89 | 88.11 0 10.56 89.44 0 40
NilONbMg | 10| 12.66 | 84.49 | 285 | 10.75 | 76.58 | 12.67 37
Ni4ONbMg | 13| 15.76 | 70.08 | 14.17 | 16.16 62.74 | 21.1 33
Ni6ONbMg | 12| 18.82 | 55.8 | 25.38 | 20.69 | 58.93 | 20.38 30
NiNb 12| 30.79 0 69.21 | 28.87 0 71.13 20
XRD analysis

Fig. 1a presents the XRD patterns of the catalysts, it can be
seen that the NiMg catalyst formed a single crystalline phase of
NiO-MgO solid solution (NiO: JCPDS 78-0643 and MgO:
JCPDS 78-0430). The formation of this solid solution is
explained by the fact that NiO and MgO have a face-centered
cubic structure (or called FCC), they have similar lattice
parameter values (4.19 A and 4.21 A for NiO and MgO,
respectively), very similar bond lengths (2.10 A and 2.11 A for
NiO and MgO, respectively) and identical ionic charges (Ni%* e
Mg?") [12]-[14].

NN Nm

Intensity (u.a.)

2 Theta

Figure 1a. XRD patterns of catalyst oxides, superposition of
patterns. Caption: NiO:NiO; NM: NiO-MgO solid solution; Nb:
Nb2Os; NN: nickel niobate NiNb,O.
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Figure 1b. Amplification between angles 61°-64° of the
XRD patterns of catalysts. Caption: NiO: NiO; NM: NiO-MgO
solid solution; Nb: Nb,Os; NN: nickel niobate NiNb2Os.
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Figure 1c. XRD pattern of pure Nb ,Os pure. Caption: T:

tetragonal phase; O: orthorhombic phase; M: monoclinic phase
of szOs

Figure 1b shows that there is a continuous displacement of
the main peak of NiO (or NiO-MgO) towards larger Bragg
angles, indicating a contraction in the lattice parameter. This
contraction would indicate that Ni%* ions entered the crystal
lattice of MgO replacing some Mg?* ions; as an effect of the
formation of the NiO-MgO solid solution, a fact that would be
reasonable since the ionic radius of Ni%* (0.55 A) is slightly
smaller than that of Mg?* (0.57A) [5], [12], [15]. Upon these
results, it is possible to affirm that this solid solution was
formed in all samples that contain the three oxides:
NiO/MgO/Nb;Os since the displacement of the main peak of
NiO is present in the XRD pattern of all these samples.

In the NiNb catalyst, a single phase of nickel niobate was

observed (NiNb,Og orthorhombic, JCPDS 15-159 and JCPDS
76-2354), indicating that the thermal condition during
calcination at 750°C in the presence of air favored the reaction
between the two solid oxides (NiO and Nb,Os) leading to the
formation of a single crystalline phase of nickel niobate. The
structure of nickel niobate was also found by Kunimori et al
[16], Guochang et al [17], and Cruz et al [18] using other
synthesis methods.

In Figure 1a, in XRD patterns of the catalysts that contain the
three oxides, it is observed that the peaks attributed to the
NiNb,Os crystalline phase become more intense as the content
of Nb,Os increases in the mixture. On the other hand, it is
observed that at higher Nb2Os content, the peaks corresponding
to solid NiO-MgO solution become less intense. These findings
indicate that when the three oxides (NiO/MgO/Nb,Os) are
mixed, NiO gives rise to the two solid solutions: NiO-MgO and
NiNb,Og; it seems that the growth of large crystallites of
NiNb,Os (represented by thinner and more intense XRD peaks)
inhibit the formation of large structures in the NiO-MgO solid
solution (expressed by less intense and wider peaks observed in
Fig. 1).

The monoclinic crystalline phase of the Nb,Os (Fig. 1a) was
found in a low proportion (low-intensity peaks) only in the
sample with 60% Nb,Os (sample Ni6ONbMg). The presence of
NiNb,Og¢ becomes important because its reduction with H;
(before the catalytic test) forms Ni° with a strong metal-support
interaction, which is essential to obtain a good catalytic activity
[16]. There are two main advantages of using double oxides as
catalysts (in this case NiNb.Og), the first is that its reduction
leads to a high dispersion of Ni° crystallites (which is beneficial
for catalysis); the second is that in the case of Ni° oxidation (for
example by deactivation), NiNb,Os can be recovered by
calcination in the presence of air.

Figure 1c shows the XRD pattern of pure niobium oxide
synthesized according to the methods explained in the previous
section. This XRD pattern shows a mixture of Nb2Os in
tetragonal (JCPDS 18-911), monoclinic (JCPDS 27-1312), and
orthorhombic crystalline phase (JCPDS 27-1313).

H>-TPR

The reduction profiles of the oxide catalysts obtained by H»-
TPR analysis are shown in Figure 2. Figure 2 shows the
reduction profiles of catalysts and Nb,Os, obtained by H.-TPR
analysis. Because the NbyOs did not show a significant
reduction peak in the temperature range studied, all reduction
peaks observed in the catalyst profiles were attributed to the
reduction of Ni?* present in the catalysts. The reduction profile
of the NiNb sample represents the reduction of Ni?* present in
the NiNb2Os structure (this crystalline structure was previously
confirmed in XRD). This reduction profile indicates that NiZ*
stabilization in NiNb,Og structure is weak, probably due to the
high electronegativity of Nb%" (=1.862) compared to Ni?*
(=1.367), which leads to high polarization of the Ni-O bond in
the crystal lattice of NiNb,Os, and which consequently leads to
a high reduction of Ni?* [19]. The H.-TPR profile of the NiNb
sample is very similar to that found by Faro et al.[20] for nickel
niobate.
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Fig. 2. Profiles obtained by H,-TPR (Temperature
Programmed Reduction with H,) of analysis of the oxide
catalysts.

On the other hand, as can be seen in the same Fig.2, NiMg,
NilONbMg, and Ni4ONbMg catalysts present a very low
reduction, this is expected because these catalysts have NiO-
MgO solid solution in their composition (as seen in XRD
analyses). The conformation of this solid solution makes it
difficult to reduce from Ni?* to Ni°; in the case of the NiO-MgO
solid solution the polarization of the Ni-O and Mg-O bonds are
very weak, possibly because both cations (Ni?* and Mg?*) have
very close electronegativity values (Ni?* =1.367 e Mg?*=1.234)
[19].

The Ni4ONbMg sample shows a small and broad reduction
peak with a maximum intensity at 750°C indicating that the
highest Nb,Os contents favor the reduction of Ni* (to form Ni).
This may be related to the formation of NiNb,Og (seen in XRD
analyses) which is of low thermal stability and is easier to
reduce (as seen in the TPR profile of NiNb catalyst). In the
Ni6ONbMg sample, the broad reduction peak attributed to Ni%*
is more noticeable than in the Ni4ONbMg sample; confirming
the previous observation.

SEM analyses

Figures 3-7 show the images obtained by SEM analyses of
the calcined catalysts, before catalytic tests. Fig. 3 shows the
SEM image of the NiNb catalyst which, according to the XRD,
is composed of nickel niobate. In this figure, a group of particles
in the form of spherical grains that are agglomerated can be
observed.

Figure 3. Image obtained by SEM analysis of the NiNb
catalyst (x 5 000).

Figure 4. Image obtained by SEM analysis of the NiMg
catalyst (x 10 000).

Fig.4 shows the image of NiMg sample, that is the NiO/MgO
solid solution, at 10.000 amplifications; this image shows the
formation of disorganized lamellar structures.

Figure 5 shows the morphology of the NilONbMg sample, it
can be noted that the addition of 10% Nb2Os in the NiO/MgO
mixture noticeably modifies the morphology of the material
compared to the NiMg sample (seen in Figure 4). This would
indicate that the nickel niobate compound (which has the form
of spherical grains as seen in Figure 3) would be covering the
surface of the NiO-MgO solid solution, which forms lamellar
structures (seen in Figure 4).
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Figure 5. Image obtained by SEM analysis of the
Ni1ONbMg catalyst (x 5 000).

Figure 6. Images obtained by SEM analysis of Ni4ONbMg
catalyst (5 000x).

Figure 7. Images obtained by SEM analysis of Ni6ONbMg
catalyst (5000x).

Figures 6 and 7 are very similar to each other (Ni4ONbMg and
Ni60NbMg samples, respectively), as the surface of the
catalysts is more populated with spherical agglomerates that
correspond to nickel niobate because this structure would be

covering the NiO-MgO solid solution (that forms lamellar
structures, as observed in the image of Ni1lONbMg).

Oxidative Reform of Biogas Reactions

The results of the catalytic test for the oxidative reform of the
biogas (ORB) for T=750°C and a gaseous feed with molar
ratios of CH4:C0O,:0, = 1.5:1:0.25 are shown in Figures 8-10.
According to these results, the highest conversion values of
reactants (CH; and CO;) were obtained using NiMg,
Ni60NbMg, and Ni4ONbMg catalysts. The CHs and CO;
conversion (%) into Syngas (H2/CO) decreased in the following
order: NiMg=Ni60NbMg>Ni40NbMg>NilONbMg>NiNb. In
other words, the conversions of reactants increased with MgO
content in the Nickel catalyst.
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Figure 8. Methane conversion profile (CH4) in the oxidative
reforming of biogas on NiO-Nb,Os-MgO catalysts.
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Figure 9. Carbon dioxide conversion (CO) in the oxidative
reforming of biogas on NiO-Nb,Os-MgO catalysts.
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Figure 10. H2/CO ratio in the products obtained during the
oxidative reforming of biogas on NiO-Nb,Os-MgO catalysts.

There is no defined mechanism for how oxidative reform of
methane (Reaction 1) occurs at a molecular level, however,
previous studies [12], [21]-[24] state that this reaction occurs
through DRM (Reaction 2) and POM (Reaction 3), each
reaction following their respective known mechanisms:

DRM: 1.5CH4+ CO; — 2CO+ 2H; + 0.5CH4
AH°=260.5 kJ.mol? (2)

POM: 0.5 CH4 + 0.250,— 0.5CO+ H,
AH°= -22.6 kd.mol? (3)

Thus POM can occur by the direct mechanism, which
involves the breakdown of the methane molecule to directly
give Hz and CO (Reaction 3); or by the indirect mechanism also
known as total methane combustion-reforming that occurs
through reactions 4-6, where the total sum of TCM + DRM +
2XSRM gives POM:

TCM: CHs +20; — CO,+2H,0 AH°= -890 kl.mol* (4)
DRM: CHs + CO;— 2CO +2H,  AH°=260.5 kJ.mol (5)
SRM: CHs+ H,0 — CO +3H, AH°=225.4 kJ.mol (6)

On the other hand, to understand which steps the oxidative
reforming of biogas goes through, we are going to consider the
direct mechanism of POM reaction in the following paragraphs.
In this case in POM reaction, the dissociation of the methane
molecules occurs at the Ni° sites (small clusters of Ni°), which
produces chemisorbed carbon atoms (C¢)) on the surface of Ni°
sites and chemisorbed hydrogen (Hs), and, on the other hand,
oxygen molecules also dissociate on the surface of the catalyst
giving chemisorbed oxygen (Os), the following reactions (7-8)
express these events:

CHs +site — C) + 4H(s) (7)
OZ(g) +site — 2 O(s) (8)
Ce + Oy — CO ©)

Cs +CO, & 2CO (10)

Hes) + He) — H (11)

Where “site” represents an active center on the surface of
the catalyst. On the other hand, it can be seen in reaction (9) that
the oxidation of coke to produce CO needs oxygen atoms, these
can come from the breakdown of the O, molecules (reaction 8)
as well as from CO2 molecules (reaction 10). Reaction (11) is
the one that gives the molecular hydrogen.

According to Kroll et al. [25], the DRM reaction involves
reactions 12-14:

CO2 + C) — 2CO + site (12)
CO; +site — CO + Og) (13)
Ce + O — CO + 2ssite (14)

Catalysts must have adequate properties to activate CO, and
O, molecules; for instance, some solid solutions based on ZrO;
have excellent properties to activate CO, and O, during
methane reforming and partial oxidation of methane reactions
[5]. In the case of NiO-MgO-Nb,Os catalysts, MgO may be
favoring the activation of CO,, as previously reported in [26],
[27] for NiO-ZrO; catalyst in Dry reforming of methane.

The coke deposition rates reported for each catalyst during
the oxidative reforming of biogas were: NiMg (0.28 mmolC.h"
1), NilONbMg (0.52 mmolC.h), Ni4ONbMg (0.33 mmolC.h-
1), Ni60ONbMg (0.35 mmolC.ht) e NiNb (0.65 mmolC.h?). In
parallel, the values for the rate of water produced during the
oxidative reforming of biogas (collected as a by-product), were:
NiMg (11 mmolH.0.h"), NilONbMg (11 mmolH,0.h),
Ni40NbMg (9 mmolH,0.h'), Ni6ONbMg (9 mmolH.0.h?) e
NiNb (19 mmolH,0.h1).

The Ni60NbMg catalyst was the best catalyst for the
oxidative reforming of biogas because, over it, the reaction
recorded high reactant conversion values (see Figures 8 and 9)
and a relatively low coke deposition rate. Despite the reactant
conversion over NiMg being very close to that obtained over
Ni60ONbMg, and its carbon deposition value being slightly
lower than that obtained by Ni6ONbMg, the NiMg catalyst was
not considered the best catalyst. This is because the
composition of the NiMg catalyst, that is the NiO/MgO solid
solution, widely studied [13], [14], [28]-[31], it presents
problems in scale-up studies, due to the low mechanical
strength of MgO and its hygroscopic character. At this point, it
is very important to consider that the objective of this work is
to find alternative catalysts to the commercial Ni/Al2Os.

Traces of water were collected at the end of each catalytic
test, this could be related to the occurrence of the reverse of
water-gas shift reaction (RWGSR), expressed in the reaction
(15). The occurrence of RWGSR may explain why the CO;
conversion is slightly higher than the CH4 conversion (see
Figures 8 and 9):

RWGSR: CO;+ H; «» CO +H,0 AH°= 343 kJ.mol? (15)

Figure 11 shows the values of the H,/CO ratio in the products
obtained during the oxidative reforming of biogas. The H,/CO
ratios were always lower than 1.2 (stoichiometric value given
in reaction 1), this can be explained due to the consumption of
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hydrogen by the RWGSR (Reaction 15). The values of the
H2/CO ratio obtained over NiMg and Ni6ONbMg catalysts were
the closest to the stoichiometric value.

Taking into account the results obtained in the catalytic tests
and the characterization of the catalysts, it is possible to affirm
that the catalysts containing the three oxides with the highest
presence of NiNb,Og favored the conversion of CH4 and COo,
as the conversion % of reactants decreased as follows:
Ni60NbMg>Ni40NbMg >NilONbMg. On the other hand, the
NiNb catalyst whose predominance is the NiNb.Os compound,
obtained a low catalytic performance in the oxidative reform of
biogas reaction, which demonstrates that the NiNb2Os
compound is only effective when MgO is present in the catalyst.
This suggests that there is a synergistic effect between NiNb,Og
and NiO-MgO in the NiO-MgO-Nb,Os catalysts.

As discussed previously, the formation of NiNb,Os becomes
interesting because its reduction with H, (during activation
before the catalytic reaction) leads to a strong metal-support
interaction (Ni°Nb,Os), which is important to obtain good
catalytic activity [32]. Also, the reduction of NiNb.Og with H;
leads to a high dispersion of Ni° that favors the decomposition
of methane by breaking the C-H bonds [16]. Wojcieszak et
al.[33] carried out a study of catalysts based on NiO/Nb,Os and
reported two important facts: there is a strong interaction of Ni
and Nb,Os in the NiO/Nb,Os catalyst, and the strong acidity of
Nb2Os is increased by the incorporation of NiO in the mixture.
In this context, the low catalytic performance of the NiNb
catalyst denoted in the present study may be related to its high
acidity, which leads to high carbon formation (according to our
experiment: 0.65 mmol.C.h1). In this sense, the NiNb catalyst
seems to have more active centers for the dissociation of the
CHa4 molecules than active centers for the activation of the O,
and CO; molecules; as seen in reaction (12), the dissociation of
CO; helps to remove the chemisorbed carbon on the catalyst
surface.

It is known that the addition of alkaline oxides to catalysts
supported on alumina or silica can favor the activation of CO;
molecules during Dry Reforming of Methane (DRM, reaction
5), due to the decrease of acid sites of the catalyst [34].
According to Bitter et al.[35], Bitter et al.[36], and Wei et al.
[37] the addition of MgO to catalytic supports of Nickel
catalysts improves the activation of CO, molecules during
DRM through the formation of carbonate species at the metal-
support interface, which is subsequently reduced by the
deposited carbon, producing formate (an intermediate product)
that is subsequently decomposed into CO.

Furthermore, taking into account that CO, is an acidic
molecule, CO, molecules can react more easily with MgO basic
centers of the NiO/Nb,Os/MgO catalyst synthesized in the
present work, an acid-base interaction would favor this reaction
[38]. These observations could reinforce the explanation of why
the trend found in the catalytic tests was:
NiMg>Ni60NbMg>Ni40NbMg>Ni1lONbMg>NiNb.
According to this, is clear that the largest presence of MgO
increased the CH, and CO; conversion % values.

The catalytic test results demonstrated that the composition
of the Ni6ONbMg catalyst is optimal to achieve good catalytic

performance in the oxidative reform of biogas; part of the
acidity of NiNb2Os would be neutralized by the addition of
MgO, which also gives rise to the NiO-MgO solid solution.
Active centers for activation of CH4 and CO» molecules would
be in optimal quantities in the Ni6ONbMg catalyst.

Characterization of catalysts after the oxidative reform of
biogas.

Although the mechanism of coke formation in methane
reforming and partial oxidation reactions is not clearly
understood, its formation over nickel catalysts is inevitable.
Some studies [39], [40] claim that the mechanism of coke
formation starts with the dissociation of the methane molecule
to produce highly reactive chemisorbed carbon atoms (C,) on
the surface. This carbon is easily gasified, but if the gasification
is slow, it polymerizes, forming Cp carbon which diffuses
through the active metal (Ni° in this case), forming filaments.

Figures 11 and 12 show the images obtained by the
scanning electron microscope (SEM) of the wasted catalysts
Ni60ONbMg and NiMg, respectively, after 6 hours of oxidative
reform of biogas. In these figures, it is observed that the
catalysts form filamentous carbon. As expected, the
morphology of these filaments changes from one catalyst to
another; the filaments are thicker and more defined in the NiMg
catalyst (Fig. 12); whereas in the Ni6ONbMg catalyst (Fig. 11),
the filaments are much thinner. The image of the coke formed
by NilONbMg and Ni4ONbMg are practically the same as
Ni60ONbMg (this is why they were not shown in this
manuscript). The results obtained in catalytic tests indicated
that this type of coke did not affect the stability of the catalyst
in the oxidative reform of biogas.

Figure 11. SEM images obtained from the Ni6ONbMg catalyst

after 6 hours of reaction.
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Figure 12. SEM images obtained from the NiMg catalyst after

6 hours of reaction.

IV. CONCLUSION

The addition of MgO in the NiO/Nb2Os catalyst improved
the performance of catalysts in the oxidative reform of biogas.
The catalyst with 60% Nb,Os presented the highest conversion
value, and presented a relatively low amount of coke deposition
rate, showing as promising for the oxidation reform of biogas.

XRD and TPR analyses confirmed the formation of NiO-
MgO solid solutions and the formation of nickel niobate
(NiNb2Og) in the catalysts. These compounds together had a
synergy that improved the performance of Ni-MgO-Nb,Os
catalysts during the oxidative reform of biogas.

Pure nickel niobate (NiNb2Og) did not show good catalytic
activity, this could be related to its high acidity which led to a
high rate of coke formation.

During the oxidative reform of biogas, these catalysts formed
filamentous carbon that did not affect the stability of the
catalyst during the reaction time.
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