Brazilian Journal of Chemical Engineering (2024) 41:851-863
https://doi.org/10.1007/543153-023-00352-9

ORIGINAL PAPER q

Check for
updates

Syngas production via methane tri-reforming on Ni/La,0;-aAl,0,
catalysts

Vivian Vazquez Thyssen' - Ananda Vallezi Paladino Lino? - José Mansur Assaf? - Elisabete Moreira Assaf®

Received: 3 November 2022 / Revised: 5 May 2023 / Accepted: 12 May 2023 / Published online: 30 May 2023
© The Author(s) under exclusive licence to Associacéo Brasileira de Engenharia Quimica 2023

Abstract

Ni/La,05;-aAl,O; catalysts were characterized and tested in the methane tri-reforming reaction. The catalysts were prepared
by the combustion method, and characterized by nitrogen physisorption, SEM, XRD, and Rietveld refinement, H,-TPR, and
CO,-TPD. The metallic dispersion of Ni in the catalysts increased with the addition and increase of La,0; amount. The
reaction tests showed that the addition of La,05, and the consequent increase in the metallic dispersion of Ni, influenced
the catalytic results, favoring the selectivity towards H, production, leading to higher resistance to carbon deposition on the
catalyst surface. However, there was a decrease in the selectivity towards H, and a higher rate of carbon deposition for cata-
lysts with a higher additive content, having its maximum even with the increase in Ni dispersion, with the catalyst N10LaA.
This result suggests that there was a limit for the La,O; content, above which there would no longer be observed beneficial
effects for the reforming process. The N2.5LaA catalyst showed the highest selectivity towards H, and the lowest carbon

deposition rate among the catalysts.
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Introduction

The reliance on fossil fuels to meet energy demand has cre-
ated serious environmental issues due to greenhouse gas
(GHG) emissions. Methane (CH,) is the most abundant
GHG and the main contributor to recent climate changes,
along with CO, (Abdullah et al. 2017).

Natural gas, the main source of CH,, can be found asso-
ciated or not with the oil. Its composition varies accord-
ing to the location of its source. The average composition
of Brazilian crude natural gas corresponds to 83% of CH,,
0.9% CO,, and other components such as ethane, propane,
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and hydrocarbons with four or more carbons (Agencia Iber-
oamericana para diffusion de la Ciencia y la Tecnologia
2020; GasNet 2020). In some Brazilian pre-salt deposits,
the natural gas may have high levels of CO, (8-12 v/v%),
which compromises the quality of the mixture and jeopard-
izes its employment in electricity generation in the power
plants facilities of the oil platforms (GasNet 2020), as CO,
diminishes the mixture average calorific power. According
to the oil engineer Anelise Quintdo Lara, CO, concentrations
up to 40 v/v% were expected in the natural gas from Libra
field production (Brasil Energia: Petr6leo e Gas 2014).

The need to control global climate change, associated
with its undesirable influence on the atmosphere, has gen-
erated great interest in converting natural gas into higher
value-added fuels and petrochemicals. This ensures continu-
ous energy sources and reduces the substantial dependence
on crude oil (Abdullah et al. 2017).

The catalytic CH,—CO, reforming combines two GHG
to generate syngas (CO + H,), which may subsequently be
converted into clean liquid fuels. The dry reforming of CH,
(DRM—Egq. 1) is, therefore, a promising reaction for the
control of global warming. However, this process requires
high energy consumption and presents the risk of carbon for-
mation, because of the CH, decomposition (Eq. 2) and the
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disproportionate CO produced throughout the Boudouard
reaction (Eq. 3). The carbon deposition during the reaction
may lead to the catalyst deactivation, which compromises
the purity and the yield of the desired products, as well as
the process stability (Song and Pan 2004).

CH, + CO, 5 H, + 2CO  AHyge¢ = +247 kJ mol ™!

(1
CH, 5 C + 2H, AHyg = +74 kJ mol™ )
2C0 5 C + 2C0, AH,g¢ = — 171 kI mol™ (3)

To overcome the problems previously discussed, a new
process, the methane tri-reforming (MTR), was proposed
by Song and Pan (Song and Pan 2004). This process com-
bines three reactions: dry reforming (Eq. 1), steam reform-
ing (SRM—Eq. 4), and partial oxidation (POM—Eq. 5) of
methane. In MTR, these reactions occur simultaneously in
a single reactor. Furthermore, the MTR is often accompa-
nied by the reverse water—gas shift reaction (RWGS—Eq. 6)
(Osat and Shojaati 2022).

CH, + H,0 5 3H, + CO AH,o¢ = +206 kJ mol™"
)

CH, + 40, 5 2H, + CO AH,g¢ = —30.6 kJ mol™
&)

H, + CO, 5 CO + H,0 AH,gq¢ = +41 kI mol™ (6)

By providing three oxidizing agents (CO,, H,0, and O,),
the MTR allows an improvement in the process stability,
because it facilitates the removal of carbon (C) deposited
on the catalytic material throughout the occurrence of C
gasification reactions (Egs. 7-9) (Chein et al. 2017).

H,0 + C5CO + H, AH,p¢ = + 131 kImol™" (7)
CO,+ C52CO AH,ge¢ = + 171 kI mol™! )

0,+ C 5 CO, AH,gg¢ = —394 kJ mol™ )

The syngas H,/CO ratio can be adjusted by manipulat-
ing the ratios of H,0, O,, and CO, relative to CH, as MTR
reagents. This extends the syngas applicability, serving as
a source of H, (directly applicable to fuel cells), as well as
raw material for the synthesis of liquid fuels alternative to
gasoline or diesel (Fischer—Tropsch synthesis—Eq. 10) (Jun
et al. 2004; Kang et al. 2007; Garcia-Vargas et al. 2014; Osat
et al. 2022).

nCO + (2n+ DH, 5 (=C,Hy,,—) + nH,0 10)
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Ni supported on several materials presents appropriate
activity and selectivity for syngas production via methane
reforming. However, studies show that Ni deactivates rap-
idly, due to the carbon formation and/or sintering of the
metal particles (Christensen et al. 2006). Researchers of the
present group suggest that the performance of the Ni-based
catalysts can be improved by using appropriate materials
as catalyst support. In addition, the use of additives in the
Ni catalysts can improve their catalytic performance in the
reforming reactions, particularly concerning the metal—sup-
port interaction. Additives incorporation also contributes to
minimizing the carbon deposition, due to the properties that
facilitate the oxygen-adsorbed carbon species interaction,
which accelerates the carbon oxidation to CO and/or CO,
by their gasification (Egs. 7-9) (Thyssen et al. 2013, 2015,
2017a, b; Thyssen and Assaf 2014).

The control of the (CO,+H,0+ 0,)/CH, ratios in the
feed stream is also important to ensure the activity and
stability of the catalyst, as reported by Swirk et al. (2020).
Moreover, high CH, concentration in the feed compromises
the stability of the catalyst, leading to C deposition, by the
occurrence of methane decomposition (Eq. 2). Kumar and
Pant (2020) reported that a balance between the catalyst
basicity properties and the Ni° particle size led to a satisfac-
tory performance along the MTR reaction, considering that
one property was enhanced in exchange for another when
studying Ni/Zn/Mg/Al hydrotalcite derived catalysts. Lino
et al. (2020a) verified that the addition of Zr-Ce promoters
with the Zr/Ce molar ratio of 0.25 on the MgAl,O, which
was used as the support for the Ni catalyst, improved the
amount of basic sites, resulting in the enhancement of the
CO, conversions along the MTR. Kumar et al. (2019) stud-
ied several materials as supports for the Ni-based catalysts
applied to the MTR, such as Al,O3, SBA-15, TiO,, ZrO,,
(CeZr)0O,, and MgO. According to these authors, the high-
est Ni dispersion, strongest nickel-support interaction, the
highest degree of reducibility, and the most adequate amount
of basic sites, ascribed to the Ni-Al,O; catalyst, made it be
selected as the most suitable material for the MTR.

The applicability of a-Al,05 (corundum) as catalyst sup-
port is mainly due to its characteristics such as high electri-
cal resistance, and thermal, chemical, and mechanical sta-
bility. Besides, it is considered a low-cost material, which
facilitates a large-scale application (Li et al. 2005; Alsaffar
et al. 2021).

Among the additives, the incorporation of La,0O; to the
support usually increases the Ni dispersion on the surface,
which may hinder carbon deposition during the reaction
and facilitate its gasification (Cui et al. 2007; Gao et al.
2008). Moreover, La,O; improves the active phase disper-
sion and leads to the formation of lanthanum oxycarbon-
ate (La,0,COs;) species, as La,0; reacts with CO,, which
further oxidizes the surface carbon (C), restoring the La,0;
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species and producing CO (Song et al. 2017). These features
are of extreme importance for methane-reforming reactions.
The presence of La,0; in the Ni/SiO, catalyst diminished
the amount of coke deposition along the reforming of ace-
tic acid with water steam, due to the enhancement of the
metal-support interaction and small particle size (Guo
et al. 2022). The increment of the amounts of basic sites,
due to the La addition in Co—-Ru/MgO-Al,0; catalyst, was
responsible for the increment of the CO, conversion and
minor carbon formation in the MTR; in addition, the bet-
ter performance of La-containing catalyst compared to the
unpromoted material was also explained by the presence of
La,0,CO; species, that facilitates the carbon gasification, as
commented previously (Kumar et al. 2021).

Taking into consideration what was discussed previ-
ously, the objective of this study was: (i) preparation of
Ni/La,0;—aAl,0; catalysts with different concentrations
of La,03; (ii) characterization of the catalysts for a better
understanding of their properties, and (iii) evaluation of the
influence of the La,O; concentration on the catalyst perfor-
mance in syngas production in MTR. Even though aAl,O; is
a support for Ni-based catalysts vastly applied to the meth-
ane reforming reactions (Pompeo et al. 2007, 2009; Cichy
et al. 2022), a study evaluating the effects relative to the lan-
thanum incorporation in the Ni/aAl,O; catalyst on methane
tri-reforming reaction were not reported yet, to the best of
the authors’ knowledge.

Experimental
Preparation

Techniques of combustion for material synthesis are inter-
esting due to their fast, economical, and energy-efficient
process (Kumar et al. 2011). Therefore, our catalysts were
prepared by the combustion method, following the procedure
detailed in Vilela et al. (2021). The materials were named:
oA, NaA, N2.5LaA, NSLaA, and N10LaA ; for commercial
a-Al, 05, 10 wt% of Ni on commercial a-Al,05, 10 wt% of
Ni and 2.5 wt% of La,O; on commercial a-Al,O5, 10 wt%
of Ni and 5.0 wt% of La,O; on commercial a-Al,O5, and 10

wt% of Ni and 10.0 wt% of La,O; on commercial a-Al,0;,
respectively.

The first step of the process was to stir a solution
with a small volume of water for homogenization of
the components: commercial a-Al,0;, La(NO;);.6H,0,
Ni(NO3),.6H,0, and urea—all in stoichiometric proportions
to obtain the final catalyst (Table 1). This was followed by
combustion at 400 °C and heat treatment at 750 °C under
synthetic airflow. Both nitrates functioned as an oxidizer of
the reaction, and urea was the fuel.

Characterization

Surface-specific areas of the samples were determined in a
Quantachrome Nova 1000e instrument, by N, physisorption
(B.E.T. method).

Scanning electron microscopic (SEM) analyses were per-
formed under an LEO-440 scanning electron microscope
equipped with an Oxford detector to visualize the morphol-
ogy of the catalysts, before, and after reactions.

The samples were characterized by X-ray diffraction
(XRD) for the identification of the crystalline phases. XRD
analyses were performed on a Bruker diffractometer (D8
Advance). The crystalline phases were identified by the
Crystallographica Search Match software, and all the diffrac-
tograms were refined by the Rietveld method using TOPAS®
(Bruker AXS) Software Version 5.

H, temperature-programmed reduction (H,-TPR) was
carried out in an Analytical Multipurpose System (SAMP3)
to assess the reducible species present in the catalysts. By
the reduction profiles, the degree of sample reduction in the
activation temperature was calculated.

CO,-TPD analyses were carried out in Micromeritcs
Autochem II equipment to estimate the basicity properties
of the materials.

Samples reduced under the activation conditions were
analyzed by XRD to estimate the average size of Ni® by
TOPAS® (Bruker AXS) Software Version 5.

Metal dispersion Dy, (%) was estimated from the aver-
age crystallite size of Ni%, dNi® (nm), by Eq. (11), consider-
ing spherical-shaped particles (Bartholomew and Farrauto
2006):

Table 1 Amount (g) of reagents

o produce 1 g of material Catalysts S_()Anlm(l)ercial Ni(NO3),-6H,0 La(NO,);-6H,0 Urea H,O
2Y3
oA 1 - - - -
NaA 0.90 0.50 - 0.17 5mL
N2.5LaA 0.88 0.50 0.03 0.18 5mL
N5SLaA 0.86 0.50 0.06 0.19 5mL
NI1OLaA 0.81 0.50 0.12 0.21 5mL
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Dy, = 101.2/dNi° (11)

Catalytic evaluation

Before the reaction, the samples were activated in situ for
30 min under H, flow at 750 °C. Tests were performed
in a tubular quartz reactor fed with CH,:CO,:H,0:0,:N,
in a molar ratio of 1:0.33:0.33:0.17:0.68 (stoichiomet-
ric ratio of MTR), maintaining a spatial velocity of
45,000 NmL(g_, h)~". For each reaction, 200 mg of sieved
catalyst (60—100 mesh) was used. The tests were performed
at 700 °C (Swirk et al. 2020) for 4 h at atmospheric pressure.
The N2.5LaA catalyst was also tested for 12 h at the same
reaction conditions.

A gas chromatograph (VARIAN GC-3800), equipped
with two Porapak-N® columns and with a Molecular Sieve
13X, and two TCDs, was used in-line for the analysis of the
gaseous products reaction.

The performances of the catalysts were evaluated in terms
of the CH, (XCHA) and CO, (XCOZ) conversions, and H, (YHz)
and CO (Y) yields, using the following expressions:

I::CH4 in l:CH4 out
Xy, = g X 100% (12)
, in
Feo.in — F
XCO _ CO, CO, out % 100% (13)
: Fco, in
F
Yy oo x 100% (14)

> 2Fcy,in + Fr,0in

Y _ FCO out
co —

x 100% 15
Fen, in + Feo, in (15

where F; ;... represents the molar flow of “i” (i=CH,, CO,,

H,0, H, or CO) that enters (in), or leaves (out) the reactor.
The turnover frequencies (TOF) were estimated consid-

ering the rates of CH, and CO, converted, per unit of Ni’:

TOFi — 1m> i, in (16)
Cni* gy Pu
where “i” represents CH, or CO,, X is the percent conver-

sion of CH, or CO,, F; ;, is the molar rate of CH, or CO, that
was fed to the reactor, Cy; is the nickel weight concentra-
tion in the catalysts (0.10), mcat is the weight of the cata-
lyst loaded inside the reactor (200 mg), MM,; is the molar
weight of nickel, and D, is the metallic dispersion (%) of the
Ni® particles in the reduced catalysts (before reaction—B)
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or after the MTR reaction (post-reaction—A), estimated
according to Eq. (11).

Similarly, the production of H, and CO (P,) per unit of
Ni® available on the catalyst surface was calculated accord-
ing to Eq. (17):

l::i, out
Cyi+ —2 . D an

MMy; M

where “7” represents H, or CO, and F; ,
H, or CO in the effluent stream.

A ThermoScientific (FlashSmart) Elemental Analyzer
equipment determined the amounts of carbon (coke) formed
during the reaction.

The spent catalysts were also characterized by XRD to
estimate the average size of Ni® crystallite and the phase
quantification by Rietveld refinement using TOPAS® (Bruker
AXS) Software Version 5. 2’ AI-NMR experiments were per-
formed in a Bruker 400 MSL instrument to verify the pres-
ence of pentacoordinate Al species in the spent catalysts,
ascribed to the formation of the LaAlO; phase.

. 1s the molar rate of

Results and discussion
Characterization

Table 2 shows small values for the surface areas of the sam-
ples, as expected for a-Al,05-based materials (Kumar et al.
2011). There was also a decrease in the value of this param-
eter, with the addition of La and Ni in the a-Al,O5 support,
that followed the increase of the additive content, which,
despite being within the intrinsic error of the measurement,
followed the tendency, found in the literature (Kumar et al.
2011; Habibi et al. 2014; Kalai et al. 2018). This decrease
may be related to the possible particle agglomeration on
the surface during sample preparation (Thyssen et al. 2013,
2015, 2017a, b; Thyssen and Assaf 2014).

Figure 1 shows the XRD patterns of the fresh catalysts.
All samples exhibited intense peaks related to the a-Al,0;
phase (a—PDF 82-1467). NiO peaks (n—PDF 47-1049)
were identified with lower intensity. With the addition of
La,0;, these peaks were less intense, suggesting an increase
in NiO dispersion in the catalyst. The most intense NiO
peak would be approximately 43°, which overlaps with the
a-Al,O5 peaks. A broad peak with low intensity, related to
the LaAlO; phase (la—PDF 82-478), could be noticed for
the N10LaA fresh catalyst. With the phase quantification
using the Rietveld refinement, the LaAlO; phase appeared
in small concentrations in the catalyst with the lowest La,05
content (N2.5LaA). La,0; peaks may be absent because
they are low in intensity and close to the a-Al,O; peaks,



Brazilian Journal of Chemical Engineering (2024) 41:851-863

855

Table2 o-Al,O; and fresh catalysts specific surface areas (S—
m? g~1); phase quantification by Rietveld refinement (wt%); Ni° crys-
tallite average size (dNi—nm)?, metallic dispersion (Dy—%)?, and

contribution (%) of the H, consumption upon the reduction of Ni(II)
species with distinct strength of interaction with the a-Al,0;*

Samples S Phases quantification dNi® Dy, Weak interaction Moderate to
; (350-500 °C) strong interaction
(X-A1203 LaAlO3 NiO (> 500 oc)
aA 10.1 100 - - - - - -
NoA 4.2 88.5 - 11.5 48.6 2 84 16
N2.5LaA 2.7 88.7 0.3 11.0 39.4 3 67 33
N5LaA 22 86.9 1.5 11.6 325 3 54 46
N10LaA 2.0 84.8 42 11.0 254 4 60 40
aDetermined after reduction with H,
R R
o o Difference
| . [ BTNV Y.
¥ ' ’ NoA -
- =
3 l & NoA
% l | J A h k I E \—__——/\—__'
2 1 —+— t N2.5LoA 2
2 N2.5LaA
: | 3
c
| ‘ )\ L, N . -
o * NSLaA NSLaA
l 2 l A J“ L L Ik .
¥ ¥ — NOLaA N10LoA

20 30 40 50 60 70 80
20 (degree)

Fig.1 XRD patterns of the fresh catalysts. a-Al,O; (a—PDF
82-1467); NiO (n—PDF 47-1049); LaAlO; (la—PDF 82-478)

which does not mean that the former phase is not present in
the mixed catalysts.

Figure 2 shows the reduction profile of the catalysts.
Peaks in the range of 200-300 °C are present in the profile
of NaA catalyst, and it was attributed to the surface oxygen
reduction (Damyanova et al. 2002). Peaks at a temperature
higher than 300 °C were ascribed to the reduction of Ni(Il)
species (Ni*™ — Ni®), which develop several types of inter-
action with the support: (i) between 300 and 500 °C, they
can be attributed to the Ni(II) species with weak support
interaction, such as free NiO species, and (ii) above 500 °C,
they refer to the activation of the Ni(II) with a moderate/
strong interaction with the support (Gao et al. 2008; Guo
et al. 2022).

It was observed that the H, consumption ends at higher
temperatures as the La content increases, reaching approxi-
mately 750 °C for the N10LaA catalyst. This fact suggests
an increase in the Ni(II) interaction with the modified mate-
rials, and an increase in the Ni dispersion on the catalyst

T
100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig.2 H,-TPR of the catalysts

surface (Thyssen et al. 2017a). The dispersion of the Ni° par-
ticles produced after the H, activation at 750 °C increased
with the La, O, content, as shown in Table 2, confirming that
the addition of La,0; resulted in smaller metallic particles.

Table 2 also shows the contribution (%) of each temper-
ature zone related to the activation of the Ni(I) species,
obtained from the deconvolution of the H, consumption
curves shown previously. In the case of the NaA catalyst,
most of the Ni(II) species interacted weakly with alumina,
considering that 84% of the H, consumption ascribed to the
reduction of Ni*? to Ni’ ranges from 350 to 500 °C, as sum-
marized in Table 2. There was also an increment of the H,
consumption contribution, which was related to the reduc-
tion of Ni(II) species which developed moderate to strong
interaction with the a-Al,O; (temperature > 500 °C), as the
amount of La,Oj; increases, according to the previously dis-
cussed. The addition of La,O; in the y-Al,O; facilitates the
reduction of Ni(I) at lower temperatures, by diminishing the
interaction of the nickel species with alumina and increas-
ing the interaction with the La additive, resulting in higher
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reducibility at lower temperatures (Anjaneyulu et al. 2013).
The results in this present work show that this did not occur
in the case of the a-Al,0;, because the amount of reduced
species at lower temperatures decreased (Table 2), which
suggests an increased interaction of the Ni(II) with the sup-
port. In the case of y-Al,O,, which has a high surface area
(~220 m?%g), NiAl,O, species are formed, being reduced at
elevated temperatures (above 800 °C) (Thyssen et al. 2015;
Tsiotsias et al. 2021). By using a-Al,O; as the support, it
was observed that the Ni(I) present in the sample did not
form an aluminate phase, being more easily reduced at lower
temperatures.

The average crystallite size of Ni’ was obtained with
TOPAS® software, using the ex-situ XRD patterns (Fig. 3)
of the catalysts, which were reduced at 750 °C (activa-
tion temperature of the material). The results are shown in
Table 2, as well as the metallic dispersion of the catalysts
estimated from the average Ni® crystallite size, according
to Eq. (11).

The values of metallic dispersion increased with the La
concentration, according to (Table 2). Ni(II) species, with a
strong interaction with the support, produced more dispersed
Ni® particles, which were formed during the activation pro-
cess before the reaction, while disadvantaging the sintering
process that could occur on the material surface along the
reaction, leading to the catalyst deactivation (Thyssen et al.
2017a). Both XRD and TPR analyses agreed with these
data, since the intensity of the NiO peaks in diffractograms
decreased with increasing the La,O5 content (XRD), and
Ni(II) reduction temperature increased (TPR), already sug-
gested a higher Ni dispersion in the material.

CO, desorption curves are represented in Fig. 4. Accord-
ing to Al-Mubaddel et al. (2021), the basic sites of both
weak and moderate strength were related to the peaks up to

3
8
2 AN
2 N2.5LoA
i}
£
N5LaA
,_,_“__J\\J
N10LaA

40 42 44 46 48 50
20 (degree)

Fig. 3 XRD—samples activated at 750 °C. Ni® (*—PDF 89-7128)
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Fig.4 CO,-TPD of the reduced catalysts

200 °C, as the strong basic sites, ascribed to the CO, adsorp-
tion on the isolated O~2 species, were related to the peaks
at the temperature range of 200-400 °C. Super strong basic
sites may be related to the CO, adsorption as unidentate
carbonate, at temperatures superior to 500 °C (Song et al.
2017; Al-Mubaddel et al. 2021). As observed in Fig. 4, these
last types of sites were not present in the samples reported in
this present work. Moreover, the main peak ascribed to the
CO, desorption (250-300 °C) shifted to a lower temperature
with the La,O; addition, and the content increased from 2.5
to 5 wt%.

The curves shown in Fig. 4 were deconvoluted to verify
the contribution of each type of basic site, to classify them
according to their strength, and to estimate the total basicity.
This information is summarized in Table 3. The total basic-
ity and the amount of strong basic sites diminished with the
La,0O; addition, and with the increase of the additive content.
The decrease of the amounts of basic sites with lanthanum
addition was also reported by Al-Mubaddel et al. (2021)
after incorporating 10 wt% of La,0; in Ni/y-Al,O; cata-
lyst, as a consequence of the disappearance of the bidentate
carbonate species (moderate strength basic sites); the basic
sites were greatly nurtured only with the addition of 15 wt%
of lanthanum in the catalyst. According to Table 2, the spe-
cific surface areas of the fresh catalysts diminished with the

Table 3 Basicity properties of the catalysts (umol g~")

Catalysts Weak-moderate ~ Strong sites Total basicity
sites

NaA 26 120 146

N2.5LaA 29 107 136

N5LaA 14 88 102

NI10LoA 25 81 106
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La addition; such a trend may be extended to the reduced
catalysts, which could lead to lower amounts of basic sites
available for CO, adsorption.

Catalytic evaluation

Table 4 shows the average conversions of CH, and CO,
(calculated according to Egs. 13 and 14), considering the
average values along the 4 h of TOS, average H,/CO ratios,
and the average H, and CO yield CO, (calculated accord-
ing to Egs. 15 and 16), as well as the carbon deposition rate
during the reaction.

O, is a highly reactive oxidant, which was completely
converted for all catalysts. Except for the NIOLaA cata-
lyst, the average reagent conversions were similar among
the samples, as shown in Table 4. Therefore, for a better
comparison among the samples evaluated under MTR con-
ditions, the turnover frequencies of both CH, and CO, are
shown along the time on stream (TOS), calculated according
to Eq. (16). The reagents were probably converted under

Table 4 MTR results: average conversions (%), average H,/CO molar
ratio, average products yields (%), and carbon deposition rate (C—
mgC (gcat h)™!) in a 4 h-reaction at 700 °C; average CH, turnover
frequencies at the beginning of the reaction (B) and after reaction

distinct rates for each material because the dispersion of the
Ni’ particles estimated after the activation process presented
different values for each catalyst, as shown in Table 2. The
conversion rates of the reagents (CH, and CO,) per unit of
Ni® available on the catalyst surface were plotted with TOS,
as shown in Fig. 5. Figure 6 shows the production of H, and
CO per unit of Ni° available on the catalyst surface plotted
with TOS, supposing that no meaningful sintering of the
metallic phase occurred.

The TOF of CH, decreased with the La,O5 addition and
with the increase of the additive concentration in the cata-
lysts; as for the CO,, it remained similar for all catalysts
(Fig. 5). The methane conversion values were similar for
all the materials (Table 4) and the dispersion of the active
phase increased as lanthanum was incorporated into the
catalysts, according to Table 2. This suggests that the CH,
conversion rate per unit of the exposed active phase in
the catalyst surface (TOF of CH) was different among the
catalysts, and it diminished with the promoter incorpora-
tion. The TOF values for the CO, were almost the same
for all the catalysts once the values ascribed to the surface

(A) (=x10* molCH, moly;~! h7!); quantification of La,0,CO; and
C phases using Rietveld refinement (wt%) and Ni® average crystal-
lite size (dNiopr—nm) and metallic dispersion (DMpr—%) of the post-
reaction catalysts

Samples Average conversions and Yields TOF CH, C Phases dNiOpr Dypr
average H,/CO
CH, Co, H,/CO H, Cco B* A? Corar LaAlO, La,0,CO4
NoA 442 22.5 1.8 59 58 11 10 30 23 - - 47.1 2
N2.5LaA 46.3 23.6 1.9 72 68 9 11 24 2.8 0.8 0.02 429 2
N5LaA 45.0 20.9 1.8 67 66 7 7 28 4.1 1.8 0.09 34.8 3
NI10LaA 56.7 40.1 1.7 69 70 7 8 41 5.6 2.9 0.05 26.4 4

%Values estimated considering the metallic dispersion of the Ni°, at the beginning of MTR, considering the dispersion of the reduced catalyst
(B), and after 4 h on stream, considering the dispersion of the spent catalyst (A)
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Fig.6 Production* of H, and CO per mol of exposed Ni’ on the surface of the catalyst during MTR at 700 °C. * calculated according to Eq. (17)

basicity diminished with La addition, despite the incre-
ment of the active phase dispersion. Increasing the La,0,
concentrations from 2.5 to 10 wt% caused the H, and CO
productions to decrease expressively, as shown in Fig. 6,
because of the decrease of CH, TOF. As the CO produc-
tion per mol of Ni® exposed on the surface diminished
with both N5LaA and N10LaA (Fig. 6), it may be inferred
that the Boudouard reaction (Eq. 3) showed greater par-
ticipation for these catalysts, compared to both NaA and
N2.5LaA samples. This could explain the fact that the
carbon deposition rate decreased with the La,0; addition
to 2.5 wt% in the catalyst, but then it increased with its
concentration, reaching 41 mC (gcat h)™!' for NI0OLaA
catalyst.

The values of TOF were greater than the values reported
in some other works. Swirk et al. (2020) reported TOF
of CH, values ranging from 13x 1072 to 75x 1072 s7!, at
700 °C, for Ni/Mg/Al derived hydrotalcite's catalyst; Izqui-
erdo et al. (2014) evaluated Ni/Ce-Al,O3, Ni/Ce-Zr—Al,O5
and Ni-Rh/Ce-Zr-Al,0O; catalysts during MTR and the
TOF of CH, values ranged from 3x 107 to 5x 107 s7".
Nonetheless, the TOF of CH, reported in this present work
ranged from 7.3 10° to 11X 10° molcy, moly, ™ h™ (2 to
3 molyy, moly; ™' s71), and they were comparable to the val-
ues observed by Ozdemir et al. (2014), for the Ni/MgAl,0,
catalyst, whose TOF of CH, values ranged from 7 to 37
molyy, moly;~! s, in the partial oxidation of methane reac-
tion. They were also comparable to the values reported by
Gupta and Deo (2023), during the methane tri-reforming
reaction, using Ni-based catalysts supported on y-Al,O;, for
which the TOF values ascribed for CH, ranged from 0.31
to 1.61 molcy, moly, ™" s™'. According to Fig. 5, the aver-
age TOF values for CO, varied from 1.2x 10 to 2 x 10°
mol g, moly; ™' h™" (0.33-0.55 molq, moly; ™' s71), which
are in the same order of magnitude as the TOF values for
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CO,, also reported by Gupta and Deo (2023), that ranged
from 0.07 to 0.23 molg, moly; ™' s

Majewski and Wood (2014) evaluated a Ni/SiO, (11
wt%) catalyst at 650 °C, using a feed ratio condition of
1CH,4:0.5C0O,:0.5H,0:0.10,, and reported that the car-
bon deposition was equivalent of 49 mC gcat™! for a TOS
of 4 h, i.e. 2.25 mgC (g, h)~', which is smaller than the
amount of the carbon deposits found on the surface of the
N2.5LaA catalyst; despite the low temperature of the reac-
tion (650 °C), the condition adopted by those authors could
be considered milder than the stoichiometric MTR condition
used in this present work, since in the former case the gasi-
fying agents CO, and H,O were in excess relative to CH,,
allowing a better carbon gasification environment.

When simulating a biogas feed composition for MTR
(1CH,4:0.67C0,:0.3H,0:0.10,) at 800 °C, Vita et al. (2014)
found that the carbon deposition rate ascribed to the Ni/
CeO, (7.7 wt%) catalyst was 110 mgC (gcat h)~!, which was
more than four times superior than the amount of carbon
deposits on the N2.5LaA catalyst. As the main reactions
responsible for the carbon deposition, represented by Eq. (3)
and by the reverse of the reaction shown in Eq. (7), are usu-
ally favored at lower temperatures, the condition adopted for
the evaluation of the catalysts reported in the present work
would be more prone to the formation of carbon deposits
than the temperature adopted by those authors.

The average H,/CO molar ratios were found to be close
to the value expected for the stoichiometric MTR condi-
tion, where H,/CO would be 1.75. The N2.5LaA catalyst
featured the highest average H,/CO molar ratio, as shown
in Table 4, and this would be ascribed to greater partici-
pation of the SRM (Eq. 4), which is responsible to gener-
ate a more H,-enriched syngas (Lino et al. 2020b). Syngas
with an H,/CO ratio ranging from 1.5 to 2.0 can be used in
the Fischer—Tropsch process, for methanol production, and
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dimethyl ether synthesis, according to the reaction repre-
sented by Eq. (10) (Farniaei et al. 2014).

The improvement of the average H, and CO yields and
the decrease in the rate of the carbon deposition (Table 4)
for the N2.5LaA catalyst could be explained by the increase
in the Ni dispersion with the La,O; addition in the material.
However, it is observed that even though this dispersion was
greater for the catalysts with higher content of additive (5
and 10 wt%) (Table 2), there was a change in the catalyst
performance, with a decrease in the H, and CO production
(Fig. 6), and an increase in the rate of carbon deposition.
As shown in Table 3, the total basicity and the amount of
strong basic sites decreased meaningfully for both NSLaA
and N10LaA catalysts. Such a fact negatively influenced
the performances of these two catalysts towards the MTR,
leading to higher carbon deposition rates, hence compro-
mising the syngas production. This showed that the active
phase dispersion is not the only parameter that influences
the carbon deposition, but also the total basicity properties
(Lino et al. 2019).

According to Swirk et al. (2020), changes in the crystal-
lite size of the metallic particles are usually related to TOF,
and this value increased with the crystallite size of the par-
ticle. They also reported that an increase in the TOF values
for methane along the reaction, i.e., TOF of CH, after reac-
tion (A) being higher than TOF of CH, at the beginning of
the reaction (B), evidenced the sintering of the catalyst and
the loss of metallic area, leading to the accumulation of the
carbon during the MTR. The present study did not follow
such a trend, as the N2.5LaA featured the highest average
TOF values, both at the beginning of the reaction (B) and
after 4 h on stream (A), but the lowest carbon deposition, as
the opposite was observed with both NSLaA and N10LaA
(Table 4). In this case, other catalytic properties, such as the
basicity features, discussed previously, instead of the metal-
lic dispersion, could explain the accumulation of the carbon
species, mainly on the surface of the catalyst containing the
highest La,O; concentration.

Literature studies (Thyssen et al. 2017b; Kumar et al.
2021; Bertoldi et al. 2022) showed that the La,O5 addition
in the catalytic materials facilitates the gasification of the
carbon species by the formation of La,O5 carbonate, through
the reactions represented by Egs. (18) and (19). Part of the
CO, in the catalytic system will react with La,0; and form
oxycarbonate species (Eq. 18), which would react with the
carbon adsorbed on Ni sites, releasing it as CO (Eq. 19).

CO, + La,0; 5 La,0,CO,4 (18)
La,0,CO; + C 5 La,05 + 2CO (19)

To be available for the reaction with the CO,, lantha-
num must be found as La,O; phase to produce the carbonate

species, according to Eq. (18), followed by the gasification
of carbon deposits, according to Eq. (19). The diffracto-
grams of the fresh catalysts showed the formation of LaAlO,
phase (Table 1) instead of the La,O5 with the increase of the
additive content. The former phase is less prone to react with
CO, compared to the La,0O5 phase, hence the carbon gasifi-
cation through the carbonate species is hindered. The una-
vailability of La species as La,0;, due to the formation of
the LaAlO; phase, may also affect the alkalinity properties
discussed earlier. That is because the former oxide would be
responsible for the uptake of CO,, producing an intermedi-
ate product (carbonate) responsible for carbon gasification.
This also explains the increase in the carbon deposits with
increasing additive content in the material (Table 4).

The LaAlO; phase was already observed with 2.5 wt%
of La,0; in the spent catalysts (Table 4), and the peaks
ascribed to this phase became more intense as the concen-
tration of the additive increased in these samples, as shown
in the XRD of the spent catalysts (Fig. 7). As for the fresh
catalyst, this phase only appeared clearly for the N10LaA
sample (Fig. 1). This suggests that the reaction conditions
modified the catalyst structure, enhancing the formation of
LaAlO; species.

The 2’Al nuclear magnetic resonance (NMR) also evi-
denced the transformation of the phases during the reac-
tion through the changes in the aluminum coordination
(Fig. 8). In the fresh catalysts, the main Al coordination in
the a-Al,0; was ascribed to the octahedral (A1) coordi-
nation, i.e., saturated Al sites. After the reaction, the band
became a little asymmetric, and at around 35 ppm, especially
for the N10LaA catalyst, a small band appeared, relative to
the presence of the pentacoordinate Al sites (AlY), ascribed
to the formation of Al-O-La links in the LaAlO; phase (Shi
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et al. 2015; Song et al. 2017). This result corroborates with
the increment of the LaAlO; phase concentration, estimated
by Rietveld refinement (Table 4), as the La,O; concentration
in the catalysts increased from 2.5 to 10 wt%.

The SEM images of N2.5LaA and N10LaA catalysts,
which had the lowest and highest rate of carbon deposition
in the reaction, respectively, are shown in Fig. 9. The micro-
graphs allowed the comparison of morphology and observa-
tion of deposited coke during the reaction.

By comparing the images of the catalysts before and after
the tests, the formation of coke deposits throughout the MTR
was observed. With the Ni-based catalysts, the formation of
filamentous carbon is expected, in which the C formed dur-
ing the reaction is deposited at the support/Ni active phase
interface, forming a filament separating the metallic Ni and
support. The formation of this filament could cause catalyst
deactivation, due to the loss of the active phase, which hap-
pens with the rupture of the particles caused by the carbon
diffusion through the crystallites (Trimm 1999; Thyssen
et al. 2019). SEM images of post-MTR catalysts confirmed
the formation of this type of carbon, as expected for the
catalysts with Ni as the active phase.

By comparing the images of the post-MTR catalysts, a
greater deposit of filaments was observed with the highest
content of additive, as discussed previously, and shown in
Table 4.

Among the catalysts studied in this present work, the
N2.5LaA was considered the best, because it diminished
the carbon formation and yielded more H, and CO as desired
products (Table 4). Thus, this catalyst was selected for a
12 h time on stream reaction. Figure 10 shows the N2.5LaA
catalyst performance along the 12 h-MTR test. According to
the elemental analysis, the amount of the carbon deposited
after this 12 h-stability test, about 51 mgC (g, h)™!, was
24% greater than the short-time stability test (TOS =4 h).
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Kumar and Pant (2020) observed a loss of activity from
100 min of TOS, along a stability test of 20 h, ascribed to
the sintering of the active phase and to the deposition of
carbon, which was reported to be 1 mgC gcat™' h™!, with
a hydrotalcite-derived Ni—-Zn—-Mg—Al catalyst (2.5% wt Ni
loading) applied to the methane tri-reforming reaction. The
relatively high amount of carbon deposits on the N2.5LaA
catalyst could also explain its deactivation, as the methane
and carbon dioxide conversions decreased (Fig. 10a), as well
as the products yields (Fig. 10b), especially noticed after
3 h of TOS.

Conclusions

It was concluded that the addition of La,O; in the NaA cata-
lyst increased the dispersion of Ni on the catalyst surface,
despite diminishing the total catalyst basicity. With the reac-
tion tests, it was observed that the addition of La,O; and the
consequent increase in the metallic dispersion of Ni affected
the catalytic results: the selectivity towards H, was favored
and the carbon deposition on the surface of the catalyst was
decreased. However, even with the increase in Ni disper-
sion, for catalysts with a higher additive content, there was a
drop in selectivity in H, and a higher rate of carbon deposit,
having its maximum with the catalyst NIOLaA, due to the
decrease of both total basicity and amounts of basic sites of
strong strength. This would be also related to the difficulty in
forming La,0,CO;, produced by the CO, adsorption on the
La,0;. The carbonate species assist in the gasification of C,
and its formation was compromised when La,0; was inac-
cessible due to the formation of the LaAlO; phase. These
results showed that there was a limit to the La,O; content in
a-Al,O5-based catalysts, above which there were no longer
beneficial effects for the catalytic process. The catalyst with
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the lowest La content, N2.5LaA, was the one with the high-
est selectivity towards H, and the lowest carbon deposition.
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