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The present work carried out an extensive and deepened study regarding the physico-
chemical characteristics of two Si-MCM-41-type supports, synthesized employing two distinct
silica precursors, tetraethyl orthosilicate (TEOS) and rice husk ash (RHS), with the dispersion of
nickel on the surface of the catalytic support. The direct influence of the active phase dispersion
was analyzed, making a relationship with the formation of coke and with its performance on
methane dry reform (DRM). The catalysts were prepared with 5, 10, and 20% (m/m) of Ni by
wet impregnation method (with excess solvent), calcined at 800 °C for 6 h, and characterized
by the techniques of scanning electron microscopy and energy dispersive spectroscopy (SEM/
EDS), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET)/Barret-Joyer-
Halenda (BJH), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
temperature-programmed ammonia desorption (TPD-NH;), and H,-temperature-programmed
reduction (TPR). The DRM experiments were carried out at 800 °C for 24 h with a 1:1 CH,:CO,
molar ratio. Analyzes of gaseous products were performed in gas chromatography (GC) and the
coke produced was estimated by temperature-programmed oxidation (TPO). The best reaction
results were obtained for catalysts with 20% nickel, which were selective and stable within 24 h
of reaction. Comparing the TEOS and RHS catalysts for 20% Ni, the DRM results were very
similar. The catalysts on RHS support demonstrated a significant low formation of coke, which
can be considered negligible in a 24 h reaction.
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Introduction

Synthesis gas is a gaseous mixture composed of
hydrogen (H,) and carbon monoxide (CO),' which serves
several industrial sectors such as an input for the production
of synthetic fuels, solvents, and chemical reagents with
high added value? by using technologies such as Fischer-
Tropsch synthesis for the production of alkanes, alkenes,
and alcohols.? On an industrial scale, it is produced from
non-renewable raw materials, rich in hydrocarbons, such
as coal and natural gas, through the methods of gasification
and catalytic reforming, respectively.! The synthesis gas can
also be produced by gasification of biomass and catalytic
reforming of biofuels, as is the case of biogas from urban
or agro-industrial waste.*> In this context, the hydrogen
produced can be considered as “green”, since it has zero
CO, emissions balance, besides being renewable.® The
purity of the synthesis gas and the H,/CO ratio found are
decisive in choosing the most promising routes for the
synthesis of the desired products. Therefore, the types of
raw materials, the selected catalysts, and the experimental
conditions employed, directly affect the results.’

Besides being a renewable alternative to replace
natural gas obtained from fossil sources, synthesis gas is
a potentially promising and versatile source for obtaining
gaseous hydrogen on a large scale.® Thus, green hydrogen is
an excellent agent in the diversification of the global energy
matrix, being able to act in the decarbonization of various
industrial sectors and collaborate in critical energy scenarios,
standing out as one of the few sustainable alternatives for
long-term energy storage.” However, according to data made
available by the International Energy Agency (IEA),'” much
of the hydrogen is still produced from fossils, accounting for
6% of the global use of natural gas.!!

Therefore, it is necessary to invest in alternatives that
enable the production of hydrogen through renewable
routes and that make it possible for its insertion in a larger
portion of the world energy scenario.'” The increasing of
the production scale, reduction of the costs of generation
technologies, development of an effective and safe storage
system, the improvement in hydrogen production and
purification technologies are some of the key challenges
on which studies and research in the field are focused.'>!

Given the importance of studying alternative raw
materials to be used in fuel generation routes, the use of
biogas as a precursor for obtaining green hydrogen merits
to be highlighted. The dry reforming of biogas has been
attracting great interest, mainly because it is a process
that helps to reduce the emission of greenhouse gases,'
since it is mainly composed of carbon dioxide (CO,)
and methane (CH,), can act directly as an input in dry
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reforming.'® On the other hand, methane dry reform (DRM)
requires energetic conditions to take place, and, because
of this, further investigations are needed regarding the
catalyst involved in the process, mainly associated with its
deactivation by coke formation and sintering."!”

The reactions observed in DRM are presented by the
equations shown in Table 1. Equations 3 (decomposition
of methane), 4 (Boudouard), and 5 (reduction of CO),
are responsible for the formation of carbon during the
reaction process, which can be deposited in and on the
catalyst surface leading to the deactivation of its active
sites.!® These reactions are catalyzed by acidic active sites
and, the greater the acidity of the catalyst and the greater
the presence of active sites with acidic characteristics, the
faster the formation of coke will be.'® From this perspective,
the selection of the catalytic support is essential, since, in
addition to providing mechanical and thermal stability to
the material, its physicochemical characteristics are directly
related to the formation of coke on the catalyst surface.?

Table 1. Main reactions of the processes involved in methane dry
reform (DRM)

. . AH,y5 /
Equation Reaction (kJ mol!)
dry reforming of
1 CH, + CO, <> 2CO + 2H, +247,0
methane
2 CO +H,0+< CO,+H, -41,0 water-gas shift
h
3 CH, <> C + 2H, +75,0 methane
decomposition
4 2CO < C +CO, -172,0 Boudouard
5 CO+H,«< C+H,0 -131,0 CO reduction
6 CO, +4H, & CH, + 2H,0 —-165,00 methanation

Adapted from Alves et al." AH,,,: enthalpy change at 298 °C.

The dispersion of the active phase on the support
is another important parameter that directly influences
catalyst performance and is related to catalyst deactivation
by sintering.?! According to studies carried out by
Carter et al.” the catalytic activity of nickel decreases as
the crystallite size increases, which, in turn, is related to
the corresponding decrease in the specific area of the metal.
Zhang et al.” performed an investigation of nickel catalysts
dispersed on different supports and reported that the weak
interaction of the support with the metal leads to a rapid
catalyst deactivation due to the coalescence of metallic
particles, while very strong metal-support interactions made
it difficult to reduce the active phase. Hence, the choice of
the support is directly related to the behavior of the active
phase in the catalyst.**

The catalytic supports of silica, SiO,, and Si-MCM-41,
can be regarded as an alternative to DRM catalysts
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because they are inert, of low acidity, and high thermal
and mechanical resistance, presenting, in similar terms,
very close levels of efficiency concerning Al,O;-based
supports.? It is also worth mentioning that obtaining
silica supports can also be associated with the processing
of waste with low added value and high environmental
impact,? for instance, on agro-industrial waste, e.g., rice
husks.”” The high content of silica in rice husk makes this
residue attractive as a substitute for commercial silica in
obtaining mesoporous silicate materials® and encouraging
results can be observed in the literature?*”* and in other
previous works of the research group.’*-3?

In this sense, Cai et al.”! evaluated the performance
of catalysts with different nickel contents (3.1 to 13.2%)
supported on mesoporous silica in the dry reforming
reaction of methane. The authors observed that those
supports, in which lower nickel contents were impregnated,
showed greater maintenance of the mesoporous structure
with small nickel particles highly dispersed on their surface.
The catalyst with 6.7% Ni content showed promising
structural properties when compared to the other catalysts
(area of 484 m* g and pore volume of 0.57 cm?® g'!) and,
therefore, presented a better performance in DRM, with
yields of 65% for H, and 70% for CO in 6 h reactions,
and less coke deposit on its surface. Cai et al.?' obtained
H,/CO molar ratios between 0.9 and 1 for the catalysts and
all of them showed good stability in 30 h reactions, with
emphasis on the 6.7% Ni/SiO, catalyst, where a loss of
only 5% conversion was observed.

Al-Fatesh et al.* evaluated the effect of Sc as a promoter
in nickel catalysts supported on Si-MCM-41 and compared
it with the catalyst without the addition of the promoter. The
catalyst with 5% Ni supported on Si-MCM-41 evaluated
by the authors showed about 63 and 71% of conversion to
CH, and CO,, respectively, and under conditions of 800 °C,
CH,/CO, = 1, and 400 min of reaction. The authors found
that the addition of low Sc contents to the catalysts (0.1
and 0.5%) resulted in the increased stability and resistance
to coke deposit, but the addition of the promoter in larger
quantities led to a decrease in the yield of the products.

In a previous work by the research group,* promising
results were reported for Si-MCM-41 supported nickel
catalysts applied to the dry reforming of methane. The
catalyst with 20% nickel content supported on sieves
synthesized from the silica source TEOS showed the best
catalytic performance, producing a molar ratio H,/CO of
1.5 and yields of H, and CO of 38 and 22.5%, respectively.
The Si-MCM-41 supported catalysts synthesized from rice
husk silica presented lower reaction performance attributed
by the author to the smaller specific area obtained for
the support. Furthermore, the catalysts showed excellent
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stabilities, with no significant loss of catalytic activity being
observed within 23 h of reaction.

In this scenario, the present work represents a
continuation of an extensive and in-depth study, presented
in detail in a previous publication,® about the reaction
variables that involve the preparation of the catalytic
support. Thus, from the previously obtained results,*? the
relationship of the physicochemical characteristics of two
different types of Si-MCM-41 supports with the nickel
dispersion, in different mass percentages, 5, 10, and 20%
on the surface of the catalytic support and its relationship
with coke formation was investigated. Furthermore, it
was possible to compare the performance of catalysts in
the DRM, aiming the generation of green hydrogen as a
gaseous product, evaluating stability in a 24 h reaction.

Experimental

The catalytic supports were synthesized following
the methodology described in detail in Cazula ef al.** and
presented summarized on Supplementary Information
(ST) section. The catalysts were prepared with 5, 10, and
20% (m/m) of Ni by the wet impregnation method (with an
excess of solvent), using as the metal precursor salt nickel
nitrate hexahydrate [Ni(NO,), ,H,0] (CAS: 13478-00-7,
Neon, Suzano, Brazil).>* After the synthesis, the materials
were oven-dried for 24 h at 60 °C and calcined in a muffle
furnace at 800 °C for 6 h. The catalysts were identified
according to Table 2, in which the Ni/TEOS captions were
used for catalysts in which the support was synthesized
with tetraethyl orthosilicate (TEOS) as a silica precursor,
and Ni/RHS for those in which the support was synthesized
with rice husk ash (RHS) as a silica precursor. The RHS
used for the synthesis of materials was the same used in
Aguiar et al.*® and its chemical composition and more
information can be found in the work in question.

Table 2. Identification of synthesized catalysts

Support

Ni content / % 5 10 20
Si-MCM-41_TEOS SNi/TEOS 1IONi/TEOS ~ 20Ni/TEOS
Si-MCM-41_RHS SNi/RHS 10Ni/RHS 20Ni/RHS

TEOS: tetraethyl orthosilicate; RHS: rice husk ash.

The catalysts were characterized by scanning electron
microscopy and energy dispersive spectroscopy (SEM/EDS)
techniques, in an FEI Quanta 440 scanning electron
microscope and Penta FET Precision OXFORD
INSTRUMENTS (Palotina, Brazil) equipment for the EDS
analysis; by transmission electron microscopy (TEM),
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using an FEI Tecnai (Sao Carlos/SP-BR) G2 F20 200
kV FEG-TEM instrument; nitrogen physisorption (BET/
BJH), in a Quantachrome (Palotina, Brazil) brand device,
model Nova 2000e, in which the specific area was obtained
using the Brunauer-Emmett-Teller (BET) method, using
data kept in P/P in the range of 0.05 to 0.3, while the pore
diameter and volume were obtained by means of Barret-
Joyer-Halenda (BJH) analyses; X-ray diffraction (XRD) in a
Bruker diffractometer (Toledo, Brazil), model D2-PHASER,
using samples in powder form, with granulometry below 106
um, in which the readings were taken in the Bragg angle
range from 0.5 to 80°, with Cu Ko radiation (A = 1.5418 A)
and nickel filter, with a voltage of 30 kV, electrical current of
10 mA and continuous scan of 0.02 min™ of the 26 and time
step of 1.0 s; Fourier transform infrared spectroscopy (FTIR),
in a PerkinElmer (Toledo, Brazil) apparatus, model spectrum
65 with ATR (attenuated total reflectance) accessory,
32 scans in a reading range from 600 to 4000 cm™ and
spectral resolution of 0.5 cm™; temperature-programmed
ammonia desorption (TPD-NH;), in a ChemBET 3000
multipurpose system (Quantachrome Instruments) (Maringa,
Brazil) equipped with a thermal conductivity detector (TCD),
in which the metallic phase was reduced by 5% H,/N, at
90 mL min™ at 700 °C and ammonia adsorption performed
at 100 °C, under a flow rate of 75 mL min™ of 5% NH; in
N,; and temperature programmed reduction (TPR), using a
home-built TPR device (Maring4, Brazil), equipped with a
quartz tube in which the samples were heated from room
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temperature to 900 °C at a flow rate of 30 mL min™' of 1.75%
H,/98.25% Ar.

The reaction tests were carried out in an experimental
unit composed of a quartz fixed bed reactor at 800 °C
for 24 h with a CH,/CO, molar ratio equal to 1 and a
flow rate of 100 mL min™'. The catalysts were activated
in situ by passing hydrogen (H,) at 30 mL min"! for 1 h,
at a temperature of 800 °C. After activation, purging
was performed by passing nitrogen (N,) through the gas
line at the same flow rate for 30 min, at a temperature of
800 °C. Analyzes of the gaseous products obtained were
performed in-line in an Agilent (Rio de Janeiro, Brazil) gas
chromatograph, model 6890A, equipped with a thermal
conductivity detector and a Carboxen 1010 column.
The coke produced was estimated by the temperature-
programmed oxidation (TPO) technique, in situ, so
that the samples were cooled to room temperature in a
flow of helium gas and, subsequently, heated to 900 °C
(10 °C min™") under a flow of 30 mL min"' of a
5% 0O,:He mixture; during heating, CO, was monitored in
a Pffeifer (Rio de Janeiro, Brazil) model, Prisma Plus mass
spectrometer coupled to the reactor.

Results and Discussion
In Figure 1, it can be seen the scanning micrographs

for the catalysts SNi/TEOS (Figure la), 10Ni/TEOS
(Figure 1b), 20Ni/TEOS (Figure 1c), SNi/RHS (Figure 1d),

Figure 1. Micrographs (SEM) for the catalysts: SNi/TEOS (a), 10Ni/TEOS (b), 20Ni/TEOS (c), SNi/RHS (d), 10Ni/RHS (e) and 20Ni/RHS (f); magnified

20.000 times.
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10Ni/RHS (Figure le), and 20Ni/RHS (Figure If). It is
possible to notice that the morphology of Ni/TEOS catalysts
presents itself as smooth spherical particles while, for
Ni/RHS catalysts, the particles appear in the form of
irregular agglomerates with a spongy appearance. The
irregularity of the Ni/RHS material may be associated
with the use of hydrothermal methodology and a source of
residual silica in the synthesis of the precursor support.?>35-3
It can be observed, in the micrographs for Ni/TEOS
catalysts (Figures 1a, 1b, 1c), the presence of small nickel oxide
particles, located on the surfaces of the spherical particles of
the support. As for the Ni/RHS catalysts (Figures 1d, le, 1f)
these types of NiO particles are not observed on the surface
of the material. The presence of segregated nickel oxide on
the support surface, for Ni/TEOS catalysts, may be related
to the migration of nickel from the inside of the pores to the
surface of the support when calcination took place, which
should not occur or occur to a lesser extent in the Ni/RHS
catalysts, as observed in previous works by the group.’
Itis possible to visually prove, through TEM micrographs
(Figures 2a, 2b, 2c, for catalysts with 5, 10, and 20% Ni,
respectively), the formation of nickel oxide particles on

Figure 2. Micrographs (TEM) for the SNi/TEOS (a), 10Ni/TEOS (b),
and 20Ni/TEOS (c) catalysts at different magnifications.
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the surface of the spherical particles of the TEOS support,
thus constituting the Ni/TEOS catalyst.

Regarding the TEM micrographs of Ni/RHS catalysts,
it is verified that, as well as in SEM micrographs, the
formation of large active phase particles on the support
surface is not observed, mainly in 5Ni and 10Ni. In this
case, it is noticed that nickel is more dispersed among the
mesopores of the support and few or no large crystalline
particles formed in the analyzed region are observed
(Figures S1, S2, S3, and S4, SI section). The 20Ni/RHS
catalyst merits to be emphasized for being the one that
most visually resembles the TEOS catalysts, since the
formation of nickel particles can be observed on the surface
of the support as well as for the TEOS catalysts, as noted
in Figure 2c, and with a little more attention, in Figures 1f
and S5 (SI section).

The TEM micrographs show that, for RHS materials, it
is possible to observe regions of greater contrast, highlighted
for SNi/RHS (Figure 3a) and 10Ni/RHS (Figure 3b)
materials, which indicate that the NiO particles are
dispersed inside the support in irregular shapes (Figures S6,
S7, S8 and S9, SI section). For TEOS materials, and also

Figure 3. Micrographs (TEM) for 5Ni/RHS (a), 10Ni/RHS (b), and
20Ni/RHS (c) catalysts at distinct magnifications.
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for 20Ni/RHS, nickel oxide crystals are well-formed on the
surface of the support in sizes ranging from small particles
of 50 nm to larger particles, with 148 nm for 20Ni/RHS and
with 316 nm for 10Ni/TEOS (in red in Figures 2a, 2b and
2c, and 3c, the particles with calculated size are indicated).
Thus, it can be inferred that, as the amount of nickel in
the catalysts increases, the behavior of the active phase on
the surface of the TEOS and RHS catalysts converges to
the formation of spots with NiO concentration, in which
there is the formation of crystalline particles of metal. In
this context, it can be expected that the 20Ni/TEOS and
20Ni/RHS catalysts present similar behavior when
compared to other structural characterization tests.

Figure 4 shows a high-resolution TEM image where
is possible to observe the interface between the support
and the metallic active phase. The MCM-41 mesoporous
pattern clearly can be observed, and is possible to notice the
change in the image when, on top, the crystalline pattern
of nickel oxide is observed.

the support and the metallic active phase in the catalyst.

The evaluation of the element’s content present in the
catalysts, carried out using EDS analysis, are shown in
Table 3. The results show that the impregnation of nickel
on the supports was efficient, since the percentages of Ni
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obtained in the catalysts were very similar to the predicted
theoretical values (5, 10, and 20%), except for the 10Ni/TEOS
and 20Ni/RHS catalysts, for which the values slightly
deviate. It is important to emphasize that the results may
vary in composition depending on the sampling points,
since the EDS technique provides semi-quantitative results.

Figure 5 shows the nitrogen adsorption and desorption
isotherms for Ni/TEOS catalysts (Figures 5a, 5b, 5c) and
Ni/RHS (Figures 5d, Se, 5f), respectively. It is possible to
note that the isotherm observed for the 20Ni/TEOS catalyst
can be classified, according to International Union of Pure
and Applied Chemistry (IUPAC)* as type II, characteristic
of non-porous or macroporous materials. This profile
may be associated with the obstruction of the entrance to
the pores by the agglomeration of nickel oxide particles,
corroborating the pattern observed in the micrographs, since
it is evident that those catalysts with 20% nickel present
more particles concentrated on the surface of the support.

The SNi/TEOS, 10Ni/TEOS, and 20Ni/RHS catalysts,
on the other hand, presented isotherms closer to type IV and
the hysteresis, evidenced for these catalysts, similar to those
of type H1,¥ as it was observed for their corresponding
supports precursors.’? The type H1 hysteresis is generally
associated with materials that exhibit uniform mesopores
and in which the pore mouth width distribution is similar
to the pore diameter distribution.*’

The 5Ni/RHS and 10Ni/RHS catalysts also have
isotherms classified as type IV, however, the identified
hysteresis for these materials can be classified as type H2(b)
for the material with 5% nickel and as H3 for the material
with 10% nickel. The type H2(b) hysteresis is generally
attributed to mesoporous materials after being subjected
to high temperatures, in which there are long pores with a
blocked surface, whereas type H3 hysteresis is associated
with non-porous materials or materials with completely
filled pores.’

Table 4 shows the results for a specific area, pore
volume, and average pore diameter values for both
catalysts. One can observe, through the presented data, that
the greatest discrepancy between the textural characteristics

Table 3. Mass composition of the elements present in the catalysts, obtained by EDS, + the standard deviation values (S)

Element mass / %

Sample - -
(6] Si Ni
SNi/TEOS 59.12 +0.66 3493 +£0.79 595+ 1.44
10Ni/TEOS 61.76 £ 0.86 30.55+0.16 7.69 £0.70
20Ni/TEOS 50.72 +4.89 31.07 £3.51 18.21 +1.38
SNi/RHS 58.83 +1.18 3537 +1.28 5.80+0.10
10Ni/RHS 56.73 +1.34 32.99 +0.47 10.29 £ 0.87
20Ni/RHS 49.42 + 498 34.94 +3.26 15.64 + 1.81
6 of 16 J. Braz. Chem. Soc. 2024, 35, 3, e-20230133



Performance Study of Ni/Si-MCM-41 Catalysts, Synthesized with Different Silica Sources

Cazula et al.

a) (b) (©)
( 50 20 40
—aA—adsorption SNVTEOS —A—adsorption 10NITEOS —aA—adsorption 20NITEOS
—=—desorption —=— desormption —=— desomption
40
154 304
5 s s
§ 1 13 5
o o o
= = 10 = 204
@ w 19
® 5 ® ®
@ @ @
£ E £
= e =
2 2 s 2 1]
10
0 T T T 0 T T o T
00 0.2 04 0.6 08 10 0.0 0.2 0.4 06 0s 1,0 0.0 02 0.4 06 08 1.0
PP PP PP
(d) (©) ®
200 . 10 120 .
—a—adsomtion 5NI/RHS —— adsorption 10Ni/RHS —a— adsomtion 20Ni/RHS
—=—desorption —w— desomtion v —r— desorption
250 4 - ]
m@ 200 §
o o
E 150 =
17 17
® ® 4
@ @
£ 100 £
= p= |
5 g
> 2
50 =
0 ; 0

T T T T T
00 0,2 04 06 03 10
PP,

Figure 5. N, adsorption and desorption isotherms for the catalysts: SNi/TEOS (a), 10Ni/TEOS (b), 20Ni/TEOS (c), SNi/RHS (d), 10Ni/RHS (e) and

20NI/RHS (f).

of both catalysts occurs in the property of a specific area, so
that it is possible to separate the behavior of the catalysts
into two groups: the Ni/TEOS catalysts and the 10Ni/RHS
catalyst, which presented similar values for the studied
properties; and the SNi/RHS and 20Ni/RHS catalysts, in
which a different profile was observed.

Table 4. Texture properties of nickel catalysts

Sample Surfacﬂe irea / Pore V(})llﬂme / ' Pore )
(m*g?) (cm’g™) diameter / A
SNi/TEOS 63 0.03 17.7
10Ni/TEOS 13 0.02 17.7
20Ni/TEOS 30 0.03 17.7
5Ni/RHS 166 0.36 17.7
10Ni/RHS 10 0.02 17.8
20Ni/RHS 272 0.15 15.7

It can be seen that there is a difference in profile
between catalysts supported on materials prepared by
the two different synthesis methodologies. For Ni/TEOS
catalysts, there is a behavior, in terms of specific area
and pore volume values, which can be explained by the
diffusion of nickel oxide particles from the interior of the
pores to the surface of the support, during the calcination of
material. This phenomenon is intensified for these catalysts
due to the well-organized porous structure of the TEOS
supports, which allows the diffusion and formation, even
with only 5% of metal, of crystalline nickel oxide particles
on the catalyst surface. Furthermore, the lower specific area

J. Braz. Chem. Soc. 2024, 35, 3, e-20230133

values when compared to RHS catalysts derive both from
an increase in the particle size of the catalyst and from the
blocking of the entrance of the mesopores by the nickel
oxide particles.*® According to Zhang et al.,” the interaction
between the silica support and the metal is weak upon
comparing with other supports, such as alumina (ALQO,),
for example, which can promote the accumulation of Ni
species on the surface of the support.

For the RHS catalysts, the behavior of the investigated
properties differs from that found for TEOS catalysts. In
the case of the SNi/RHS catalyst, it is believed that nickel
is concentrated inside the pores of the material, since the
less uniform organization of the mesoporous network of
the precursor support (characteristics of Si-MCM-41/RHS
molecular sieves and how it was verified for the supports in
question were studied in a previous work)** does not favor
the diffusion of the metal to the surface. This finding can
also be supported by the absence of visible NiO clusters
on the surface of the support, as shown in SEM and TEM
micrographs (Figures 1d and 3a). On the other hand, for
the 10Ni/RHS catalyst, the similarity in the values found
for the properties studied with the TEOS catalysts can also
be explained considering the micrographs obtained for this
material. For 10Ni/RHS, it can be noticed in Figure 3b
the formation of some particles of the active phase on the
surface of the catalyst, in the darker regions at the ends of
the catalyst support. A possible interpretation is that, as
for 5Ni/RHS, the diffusion movement of the metal from
the interior of the pore towards the surface is hampered
by the irregular porous structure of the support, however,
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in this case, as there is a higher percentage of nickel, the
pores must have been almost entirely filled with NiO,
without necessarily accumulating on the surface, which
corroborates with the lower specific area value when
compared to other Ni/RHS catalysts.

A similar phenomenon was observed by Aguiar et al.,*
in a previous work by the research group. In the case of
Aguiar er al.,* alower specific area value was observed for
the catalyst with 10% nickel when compared to 20%, as it
was observed in the work in question. It is believed that for
20Ni/RHS much of the Ni must be located on the surface
in the oxide form, and therefore, the specific area tends to
increase again, since the pore channels are more available
due to the aggregation of the metal in the surface. Also, the
diffusion of nickel to the surface of the support leads to the
formation of crystals, as seen in the micrographs (Figures 1f
and 3c), leading to a rougher surface, contributing to the
higher specific area value observed.

Figure 6 shows the diffractograms for Ni/TEOS
(Figures 6a, 6b, 6¢) and Ni/RHS (Figures 6d, 6e, 6f)
catalysts. It can be seen that all catalysts showed peaks at
37, 43, 63 and 75°, which indicate the presence of nickel
oxide in the face-centered cubic phase (JCPDS47-1049),
corresponding to the (111), (200), (220), and (311) planes,
respectively.?! The clear visualization of NiO diffraction
peaks may be related to the weak interaction between the
silica support and nickel, so that, during calcination, metal
migration and oxidation by the air atmosphere occur.”

Comparing catalysts with 5, 10, and 20 Ni on TEOS and
RHS supports, it is observed that the increase in Ni content
in the catalysts is related to the increase in the intensity

@) ., (®)

40 4

——5NVTEOS —— 10NITEOS

Intensity (c.p.s)

Intensity (c.p.s)

of Ni/Si-MCM-41 Catalysts, Synthesized with Different Silica Sources

of the peaks identified for NiO, indicating the formation
of crystals getting bigger and bigger. The intensity of the
peaks, which is always higher for catalysts supported
on TEOS, indicate that, in these materials, there is the
formation of larger and more crystalline particles of NiO
on the surface of the support,* which is in agreement with
the interpretation that, in the case of RHS catalysts, most of
the nickel is within the mesoporous network of the material,
and therefore has not fully diffused to the surface.

It is possible to observe in the diffractograms of the
catalysts the presence of part of the peak (20) close to
1.5°, but the two other peaks less than 5° of lesser intensity
are not observed, referring to the hexagonal mesoporous
organization of the supports, as observed for the support’s
precursors in a previous study.?> The broad peak in the
range of 10 to 35° observed in all catalysts, is related to the
presence of SiO, in the amorphous phase,* and was also
present in the diffractograms for the precursor supports, as
reported in a previous publication.®

The FTIR spectra of the catalysts are shown in Figure 7.
One can observe, for all materials, bands referring to the
symmetric and asymmetric Si—O-Si stretch around 800 and
1050 cm!' respectively, related to the SiO, structure of the
precursor support. No bands were observed at 1700 cm’!
and between 2900 to 3800 cm’, related to the presence
of moisture in the samples, as well as no bands related to
the presence of surfactant, between 2500 and 3000 cm’,
proving the efficiency in the calcination of the precursor
supports. In the evaluated range, no bands related to Ni-O
binding were observed.*!

The TPR profiles for the catalysts can be evaluated
(c)
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Figure 6. Diffractograms for SNi/TEOS (a), 10Ni/TEOS (b), 20Ni/TEOS (c), SNi/RHS (d), 10Ni/RHS (e) and 20Ni/RHS (f) catalysts.

8 of 16

J. Braz. Chem. Soc. 2024, 35, 3, e-20230133



Performance Study of Ni/Si-MCM-41 Catalysts, Synthesized with Different Silica Sources

100

90 H
80 H
;\? 70 <
8
c 60
2
E
@ 509 ——5NITEOS
g — 1ONITEOS
404 20NITEOS
— 5NiRHS
30 10Ni/RHS
—— 20Ni/RHS
20 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 7. Infrared (FTIR-ATR) region spectra for catalysts.

in Figure 8a, for Ni/TEOS materials and Figure 8b, for
Ni/RHS materials. It can be seen that, as the nickel
content in the catalysts increases, the consumption of H,
also increases. It was not possible to observe a significant
reduction profile for the SNi/RHS and 10Ni/RHS catalysts
since, for these catalysts, as seen through the structural
characterization analyzes and as evidenced in the SEM
micrographs (Figures 1d and le) and TEM (Figures 3a
and 3b), there is almost no presence of solid nickel oxide
on the catalyst surface.

Figure 9 shows the deconvolution of the reduction
profiles, through mathematical adjustments of Gaussian
functions, for samples that presented reducibility. The
identified reduction peaks, as well as their respective
relative areas, are shown in Table 5.

According to Figure 9, the SNi/TEOS sample showed
four peaks of reduction at 344, 385, 437, and 532 °C. The
reduction of the 10Ni/TEOS sample has some resemblance
with that of the SNi/TEOS sample, such as a peak at 346 °C,
however, this sample had five reduction events; in addition
to the aforementioned, at 413, 471, 565 and 672 °C. It is
verified, therefore, that the increase in the nickel oxide

——5NITEDS
——10NITEOS (a)
——20NITEOS

H, consumption (a.u.)

T T T T T T T
100 200 300 400 500 800 700 800 a00

Tem perature (C)
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content from 5 to 10% in the composition of the catalysts
resulted in a shift of the reductive processes to higher
temperatures, which may be due to the presence of stronger
NiO-support interactions, resulting from highly dispersed
particles on the surface of the support. Lovell ef al.** also
identified this shift towards higher reduction temperatures
for Ni/Si-MCM-41 samples when nickel content was
increased from 2.5 to 10%. According to the authors, this
shift is due to the formation of nickel hydrosilicate for
samples with higher nickel content.

Four reductive events were observed in the TPR profile
of the 20Ni/TEOS sample (396, 434, 489, and 650 °C). It
is interesting to notice that, among all the samples in which
the support was synthesized based on TEOS, this is the
one with the greatest extent of reduction at temperatures
below 500 °C (92.2%) when compared with 74.9% of the
SNi/TEOS sample and 86.2% of the 10Ni/TEOS sample
(Table 5). The fact that the 20Ni/TEOS sample can be
more easily reduced at temperatures lower than the others
may indicate the presence of larger NiO particles, which
leads to less dispersion of them and, as a consequence,
less interaction with the support. Similar results were
reported by Aguiar ef al.,*® who investigated nickel oxide
particles deposited on Si-MCM-41 supports, synthesized
from the TEOS precursor. According to the authors, lower
concentrations of NiO favor the dispersion of particles and,
consequently, their reducibility. Higher contents tend to
reduce the dispersion of particles, resulting in a decrease in
their reducibility. The existence of multiple reduction peaks
in the TPR profiles is attributed, according to the authors, to
the existence of particles with different degrees of interaction
with the support; the greater the NiO-support interaction,
the greater the difficulty for its reduction and, consequently,
higher temperatures are necessary to reduce the oxide
particles, which allows us to infer that the dispersion of NiO
over the support surface in the present work is considerably
heterogeneous. Cai et al.?' investigated the reducibility of

—5NURHS
— 10NiRHS (b)

——20NilRHS

H2 consumption (a.u.)

T T T T T T T
100 200 300 400 500 600 700 200 900
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Figure 8. Temperature-programmed reduction profiles for Ni/TEOS (a) and Ni/RHS (b) catalysts.
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Figure 9. Deconvolution of TPR profiles through Gaussian fits: in black, observed data; in pink, mathematical model; in red, green, blue, cyan, and orange,

individual reduction peaks.

Table 5. Reduction temperatures (T) and relative areas (A) of reductive events

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Sample T/°C Al % T/°C Al % T/°C Al % T/°C Al % T/°C Al %
SNi/TEOS 344 1,1 385 18,9 437 54,9 532 25,1 - -
10Ni/TEOS 346 1.0 413 37,9 471 47,3 565 10,8 672 3,0
20Ni/TEOS 396 6,3 434 25,5 489 60,4 650 7.8 - -
20Ni/RHS 371 2.4 399 10,6 450 47,9 552 30,6 637 8,5

NiO particles anchored in mesoporous silica. The authors
reported the presence of reduction peaks at relatively low
temperatures (287-308 °C), which were attributed to the
reduction of isolated NiO particles, i.e., not anchored to
silica, while the reductive processes of the anchored particles
started at temperatures in the range of 450-470 °C. As in
the present work, there was no identification of relevant
reductive processes at temperatures below 344 °C, which
allows us to infer that the presence of isolated NiO particles
is insignificant, which reveals that the nanoparticle deposition
methodology used in this work was adequate. Lovell ef al.**
also observed reduction peaks for Ni/MCM-41 samples in the
range of 500-580 °C, which the authors associated with the
reduction of very small NiO particles with high interaction
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with the support while the TPR profile of pure NiO peaks
at 420 °C.

The 20 Ni/RHS sample, in turn, presented five
reduction peaks centered at 371, 399, 450, 552, and 637 °C.
Comparing the reduction profiles of the samples with 20%
nickel, one can notice the considerable differences, which
allows us to infer that the support exerts an influence on
the reduction of NiO particles on its surface. The fact
that the TPR profile of the 20Ni/RHS sample presents
more significant reduction events at temperatures above
500 °C when compared to the 20Ni/TEOS sample reveals
the greater difficulty in reducing a portion of NiO on its
surface, which corroborates the findings based on the
other characterization analyses, in which the location of
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NiO particles inside the pores of the RHS support was
evidenced, whose access by gas molecules is difficult,
resulting in the need for higher temperatures for its
reduction in respect to NiO particles found on the external
surface of the supports originated from the use of the TEOS
precursor. According to Aguiar et al.,* the higher reduction
temperatures for samples whose support was synthesized
from RHS compared to those originated from TEOS is due
to the greater metal-support interaction.

In this context, it can be concluded that both the NiO
content and the silica source used for the support synthesis
are variables that affect the catalyst reducibility.

The graph showing the TPD-NH; profiles for the
catalysts is depicted in Figures 10a and 10b, for the
Ni/TEOS and Ni/RHS catalysts, respectively. It is observed
that the catalysts had very low acidity since the desorption
peaks are of low intensity. For RHS catalysts, it is noted
that the acidity is even lower, since, especially in the cases
of SNi/RHS and 10Ni/RHS, the presence of nickel on the
surface of the supports is almost non-existent. It is worth
mentioning that the increase or decrease in the baseline is
derived from the heating rate.

Thus, considering the results of the structural and
morphological characterization analysis of the catalysts,
it is expected that the materials, especially the RHS, since
they present low acidity, due to the nickel disposition
towards the interior of the support, directly collaborate in
the low formation of solid carbon during reaction tests,*#
when compared to works available in the literature.?!?5-30-33
At the same time, it is believed that, for TEOS catalysts,
the disposition of active phase particle agglomerates on the
catalyst surface contributes to greater efficiency of these
catalysts about reaction tests, since the surface active sites,
as they are more available, are sufficient to convert the
reagents into products, thus dispensing those that would
eventually be inside the pores.

The catalysts were applied in the methane dry reforming
reaction and the results of: CH, and CO, conversion and
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e
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Figure 10. TPD-NH, profiles for Ni/TEOS (a) and Ni/RHS (b) catalysts.
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product selectivity are shown in Figure 11; the results of
the molar fraction of the gaseous reactants and products,
in Figure 12; the H,:CO molar ratio for the reaction assays,
in Figure 13; and the molar fraction results for water, in
Figure 14.

From the results of the reaction tests, it is possible to
observe that the catalysts SNi/TEOS, SNi/RHS, and 10Ni/
RHS presented a more unstable and irregular behavior
upon being compared to other materials. For the SNi/TEOS
catalyst, it is possible to observe through the results of
conversion and selectivity and molar fraction, that, although
slightly unstable, the material is still selective since during
the 24 h of reaction, the molar fractions of H, and CO are,
on average equal to 32 and 39%, respectively.

The 5Ni/RHS and 10Ni/RHS catalysts were not
selective when applied to the DRM, since it is possible to
notice in the results of both conversion and selectivity and
for the molar fraction, that the percentages of CH, and CO
are higher than the of H, and CO,. This behavior is due
to the occurrence of parallel reactions to the methane dry
reform. These reactions should, in theory, occur in little or
no quantity, however, the combination of these two catalysts
with the reaction conditions employed led to the favoring
of other than the dry reforming reaction, the methanation
reaction (equation 6, Table 1).

For the IONiTEOS, 20Ni/TEOS, and 20Ni/RHS catalysts
a very similar behavior was observed. The 10Ni/TEOS
and 20Ni/TEOS catalysts presented very similar profiles,
showing themselves to be stable and selective in 24 h of
reaction. The 10Ni/TEOS catalyst had conversion values for
CH, and CO, equal to 76 and 86% while the 20Ni/TEOS
had conversions equal to 73 and 80% for CH, and CO,,
respectively. For the 10Ni/TEOS catalyst the selectivity
results for H, and CO were equal to 45 and 49% while for
the 20Ni/TEOS catalyst they were equal to 47 and 49%,
respectively. The 20Ni/RHS catalyst was also stable and
selective for 24 h of reaction. The conversion values for
CH, and CO, were equal to 65 and 74% and for selectivity

——5NI/RHS (b)
—— 10NVRHS
——20NVRHS

NH, concentration (a.u.)

%

T T T T T T
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Figure 12. Molar fraction for the catalysts: SNi/TEOS (a), I0Ni/TEOS (b), 20Ni/TEOS (c), 5Ni/RHS (d), 10Ni/RHS (e) and 20Ni/RHS (f).

of H, and CO equal to 43 and 50%, respectively. The values
obtained for molar fraction are also very similar for these
same highlighted catalysts. The SNi/TEOS catalyst was the
one that resulted in minimally inferior results when being
compared to I0Ni/TEOS and 20Ni/TEOS, presenting molar
fractions for CH, and CO,, equal to 12 and 9% while the molar
fractions for the products were 37% for H, and 38% for CO.
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All catalysts, except SNi/RHS and 10Ni/RHS,
presented molar ratio H,:CO ranging between 0.80 and
0.98, as can be seen in Figure 13, indicating that the dry
reforming reaction of methane (equation 1, Table 1) was
favored. The 20Ni/TEOS catalyst stands out, with a molar
ratio closer to 1 (0.98). For the SNi/RHS and 10Ni/RHS
catalysts, in which there was a higher occurrence of parallel
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Figure 14. Molar fraction of water for reaction tests.

secondary reactions, this profile may be associated with the
distribution of the active phase on the catalyst surface. In
these cases, as observed in SEM and TEM micrographs,
nickel tends to be in very little quantity on the surface of
the catalysts, making the active phase less available for the
reforming reaction.*

Note that, for all cases and highlighted for the catalysts
10NIiTEOS, 20Ni/TEOS, and 20Ni/RHS, the molar fraction
of CO is slightly higher than that of H,. This is due to
the probable occurrence of parallel reactions, already

Cazula et al.

mentioned above, such as the water-gas shift reaction
(equation 2, Table 1), CO reduction reaction (equation 5,
Table 1) and methanation reaction (equation 6, Table 1),
in which the H, product of the reforming reaction acts
as a reactant, generating secondary products such as
water.* Figure 14 shows the formation of water in the
reaction medium, derived from the possible occurrence
of the aforementioned reactions, which is greater for the
SNi/TEOS and 5Ni/RHS catalysts.

It is necessary to emphasize that, as expected, the
TEOS catalysts showed high efficiency in reactional tests,
highlighting the excellent stability in 24 h of 10Ni/TEOS
and 20Ni/TEOS reaction. The excellent performance of
these materials is related to the disposition of the active
phase on the catalyst surface. Thus, active sites widely
available across the surface of catalysts lead to the
conversion of reactants to products so that the reaction takes
place superficially. As for the RHS catalysts, the highlight
is the catalyst with higher nickel content, 20Ni/RHS, for
which the performance against DRM was very similar to
the 10Ni/TEOS and 20Ni/TEOS catalysts.

In terms of coke formation, it can be observed, through
Figure 15 obtained by the TPO analysis, peaks between 600
and 750 °C referring to the deposit of solid carbon on the
surface of the catalysts. It is possible to differentiate peaks in
different regions for both catalysts, so that, for the 10Ni/TEOS
and 20Ni/TEOS catalysts, the coke oxidation peak
appears around 700 °C and can be attributed to polymeric
carbon not structurally organized.*® For SNi/TEOS,
SNi/RHS, and 20Ni/RHS, the peak appears at a lower
temperature, around 600 °C, and is related to the formation
of carbon in the form of nanotubes.*” It is also noteworthy
that, for the SNi/RHS catalyst, as well as for the 10Ni/RHS
catalyst, in which no carbon reduction profile was observed,
the occurrence of carbon deposit on the catalyst surface
was not significant.

The morphology of the solid carbon formed may be
directly related to the region of the catalyst in which the
coke was formed and the amorphous carbon observed on
the surface of the 10Ni/TEOS and 20Ni/TEOS catalysts
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Figure 15. TPO results for the catalysts: SNi/TEOS and SNi/RHS (a), 10Ni/TEOS and 10Ni/RHS (b), and 20Ni/TEOS and 20Ni/RHS (c).
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was probably formed without access to the pores of the
precursor support, leading to a relationship with the fact
that the reaction occurs on the surface, for these catalysts,
since most of the active sites are available on the surface
of the catalyst. In the SNi/TEOS, 5Ni/RHS, and 20Ni/RHS
catalyst, the occurrence of carbon in the form of nanotubes
may be associated with its formation in pore mouth
regions, since, in these catalysts, there is less or no nickel
agglomerate on the catalyst surface, leading to active sites
for the reactions to occur, located inside the pores.

The peak intensity in the TPO curves is directly correlated
with the amount of coke deposited on the catalysts. The
values for solid carbon formed are shown in Table 6,
in which the values in milligrams of carbon per grams
of catalyst for each hour of reaction are presented, and
the values in grams of carbon in the total 24 h of reaction
testing, in the first and second column respectively.

Table 6. Quantification of solid carbon formed in reaction tests

Carbon formed/  Carbon formed in 24 h

Sample (mge gt h') of reaction / g
SNi/TEOS 5.0 0.006
10Ni/TEOS 45.9 0.055
20Ni/TEOS 47.8 0.046
5Ni/RHS 1.1 0.001
10Ni/RHS 0.12 0.000
20Ni/RHS 10.3 0.010

The coke formation is associated with the occurrence
of parallel reactions that generate solid carbon as a reaction
product: the methane decomposition reaction (equation 3,
Table 1); Boudouard reaction (equation 4, Table 1); and CO
reduction reaction (equation 5, Table 1).*® It is observed,
from the data shown in Table 6, that the 20Ni/TEOS catalyst
was for which the formation of coke was higher and greater
emphasis is given to the RHS catalysts, which presented
very similar values to each other and significantly lower.
For 5Ni/RHS and 10Ni/RHS, coke formation is lower, but it
is important to associate that the catalytic activity for these
materials was lower, since the amount of nickel available
on the surface is not enough for a good performance of the
DRM. On the other hand, the 20Ni/RHS catalyst presented,
in addition to stability and efficiency in reactional tests,
significantly lower coke formation.

Conclusions
Through the results presented, it was possible to note

that the morphology of the support is closely related to
the dispersion of nickel in the catalyst. Thus, the main
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difference noted between the TEOS and RHS catalysts
was related to the diffusion of nickel from the interior of
the pores towards the surface of the catalyst. The diffusion
phenomenon is facilitated in TEOS supports due to the
regular and uniform morphology of the mesopores network
of these materials. Therefore, it is observed the formation of
large particles of active phase on the surface of the support,
leading to better performance of these catalysts against
DRM when compared to RHS catalysts.

For the 20Ni/RHS catalyst, it is observed the formation
of Ni agglomerates on the surface of the support due to the
increase in the nickel content. It should be noted that, for
RHS catalysts, coke formation was significantly lower when
compared to TEOS catalysts. This behavior is precisely
linked to the lower acidity observed for these catalysts.

It is needed to emphasize that the 20Ni/TEOS catalyst
stands out compared to other TEOS catalysts in terms of the
results for the reaction tests. Its superior performance may
be directly associated with its greater ease of reduction at
temperatures lower than SNi/TEOS and 10Ni/TEOS, since
it presents more agglomerated active phase particles, i.e.,
forming clusters on the surface of the catalytic support.
Hence, it is likely that the active phase has been completely
or most efficiently reduced, which contributes to its better
performance against DRM.

From this perspective, the catalysts evaluated in this
work, especially the 20Ni/RHS catalyst, present very
interesting performances, being stable, selective, and active,
when compared to works available in the literature®'-334%3
and previous work by the research group.*® The differences
between the performance of catalysts prepared from
supports synthesized from two different synthesis
methodologies and silica sources proved to be subtle, in the
case of 20Ni/TEOS and 20Ni/RHS, and it may be possible
to obtain promising results from catalysts supported on
materials based on alternative sources of silica, as in this
case, rice husk ash silica, especially when it comes to the
formation of coke on the surface of the catalyst.
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Supplementary information data (experimental and
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