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The effects of vanadium promotion on y-alumina supported nickel catalysts were investigated for Methane Dry
reforming (MDR). Three samples were compared: bare Ni/AlyO3 as reference, Ni-V/Al;03, and Ni-V-Ca/Al;03 to
evaluate whether the introduction of these additional doping agents can further improve the activity and the
stability of the catalyst. The catalysts were synthetized via incipient wetness impregnation and tested in MDR at
650 °C, first with a reagents ratio CH4:CO2:He= 1:1:18 and then CH4:CO2:He= 1:1:8. Fresh and spent catalysts
were studied by different techniques, such as Ny physisorption, TPR, XRD, DRUV-VIS, SEM-EDX, Oy chemi-
sorption and TPO. In diluted gases conditions, the introduction of vanadium is crucial to hinder catalyst deac-
tivation by coke deposition. In particular, the formation of nanotubes was reduced, with an increase in hydrogen
yield. When coupled with calcium, selectivity toward hydrogen/syngas production was improved. Under
concentrated gases was highlighted how vanadium is fundamental for a higher activity, with an increase of 30%
and 15% in CH4 and CO» conversions, if compared with the non-doped catalyst.

1. Introduction

Hydrogen is an advantageous energy vector. It possesses the highest
fuel energy content among the common fuels used, such as diesel, gas-
oline or methane, and its combustion produces only water as byproduct
[1]. However, this gas shows many issues and challenges specially in its
production procedure. Nowadays, hydrogen has been mostly produced
employing fossil resources and energy intensive reactions, such as Steam
Reforming of Methane (SRM) and Autothermal Reforming (ATR) [2].
Thus, this dependance by fossil resources limited the advantage of
hydrogen utilization as zero emission fuel. A more sustainable approach
for synthesizing hydrogen could be Methane Dry Reforming (MDR) by
the following reaction (Eq. 1) [3]:

CH, + CO, 2 2CO + 2 Hy AH= 257 kl/mol (€D)]

This reaction allows to convert two powerful greenhouse gases,
methane and carbon dioxide to syngas which is a mixture of hydrogen
and carbon monoxide. For example, if the current total hydrogen pro-
duced from steam reforming (60 Mt per year) could come from MDR, it
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is estimated that nearly 0.5 Gt per year of COy emissions could be
avoided, reaching immediately the target set for 2030 from a decar-
bonization roadmap [4]. Therefore, MDR is a suitable reaction in a
sustainable optic. However, despite the advantages, many disadvan-
tages can be found for this reaction. For instance, applying this reaction
at an industrial level could be impeded by its high endothermicity,
because the reaction occurs at high temperature of around 700 °C. In
fact, CO; is a more stable oxidizing agent, compared to steam and ox-
ygen used in SRM and ATR, respectively [5]. Another challenge could be
the occurrence of side reactions in this range of temperatures, such as
[6]:

Reverse Water Gas Shift (RWGS) H, + CO, 2 CO + H,O AH’= 41 kJ/mol(2)
Bouduard reaction C + CO, 2 2 CO AH= —171 kJ/mol 3)
Methane Cracking CHy 2 C + 2 Hy AH’= 75 kJ/mol 4

Suitable catalysts for MDR can be based on noble metals, like Pd and
Pt, and non-noble like Ni or Co. The utilization of noble metals as active
phase ensures a higher activity and dispersion on the support if
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compared to non-noble ones, but the small abundance and hence the
extremely high price limit their utilization. To avoid these problems, the
use of low-cost non-noble metals should be considered and encouraged,
even if they deactivate more easily. Among the non-noble metals Ni has
attracted the most attention due to its high activity for MDR. However, it
can also catalyze side reactions such as Bouduard (Eq. 2) or the Methane
Cracking (Eq. 4) leading to the formation of different types of carbon.
The formed coke could be in four different types [7]: amorphous that is
oxidized at temperature between 300 °C and 500 °C; nanotubes that are
oxidized at around 500 °C; graphitic that is oxidized between 700 °C and
800 °C; and graphene that is oxidized over 800 °C. To prevent the coke
formation, different approaches can be followed such as the use of
dopant elements and the presence of specific species on the catalyst,
formed by the interaction between active metal and support. For
example, it is reported that the introduction of nickel as an active phase
on alumina leads to formation of spinel structure NiAl;O4 due to
incorporation of Ni?* in alumina lattice, thanks to the high calcination
temperature [8].

Vanadium element was selected as a promotor because it has been
efficiently used in the formulation of catalysts for different reactions,
such as the valorization of glycerol [9], the CO and CO; methanation
[10] and propane dehydrogenation [11]. However, in the literature,
there is lack of reports on vanadium applied for MDR, if not for some
isolated studies [12]. Hence, the potential benefits for such process are
not still well documented. Studies on vanadium supported catalysts have
determined that the supported vanadia phase is present as surface va-
nadium oxide species below monolayer coverage but also crystalline
V205 particles can be formed [13]. Also, it has been reported that va-
nadium can improve the dispersion of nickel, enhancing the activity and
preventing the sintering process [14]. Furthermore, the ability to adsorb
the CO; can be improved, forming monodentate carbonates, that are the
intermediates responsible of CO, activation [15], and inhibit the pro-
duction of the polydentate ones. All these characteristics can be suitable
for this work purposes. The vanadium percentage that gave the best
performances in cited works is 1 wt% [9,10,12].

In addition, calcium was used as a promoter in this study because it
was expected to inhibit carbon coke formation. In fact, alkali substances
have been widely used as chemical agents for activation of biochar [16].
In an activation process, activation agents normally react with carbon
and consume it. This could probably happen with carbon coke too,
leading to its consumption from catalyst surface. Calcium can promote
not only the coke removal, but also the activity of the catalyst. The
presence of calcium can lead to the formation of ionic oxides increasing
the CO, adsorption and consequently CH4 conversions [17]. The affinity
for CO, is due to the marked Lewis basicity of Ca species that are formed,
which are responsible for good activity and stability of the catalysts
[18]. Moreover, calcium addition could prevent sintering enhancing
nickel dispersion [19], and it can balance alumina acidity [20]. For these
reasons, in this work the percentage of calcium choose is the same of
nickel (10 wt%). In addition, the cost of calcium is much less than other
elements such as the lanthanides which normally are used to inhibit the
coke formation. Therefore, utilization of calcium promoter in catalyst
formulation can improve a low-cost and sustainable process. Indeed,
CaO is widely used for industrial application such as cement production,
so it can be recycled instead of being disposed in the environment [21].

Moreover, vanadium can interact with alkaline metals, forming
vanadium-metal-oxygen (V-M-O) structures, modifying the basicity
properties of alkaline oxides [22]. Therefore, by combining vanadium
with CaO as a promoter a structure like V-Ca-O can be formed.

Herein, the introduction of vanadium will be investigated to further
understand if it can enhance the properties of Ni/Al;O3 catalysts and can
work in synergy with other known promoters such as calcium oxide. In
particular, the attention will be focused on the activity, selectivity, and
carbon coke resistance ability that such promoters can improve. This
could give possible new insights on vanadium usage as a promoter for
Methane Dry Reforming since it is still not well documented.
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2. Materials and methods
2.1. Chemicals

Ni(NOg3)2-6 Hy0 (Sigma-Aldrich, >99%); NH4VO3 (Sigma-Aldrich,
>99%); Ca(CH3CO2)2-H20O (Sigma Aldrich, >99%); Commercial
y-alumina (Duralox Condea).

2.2. Catalysts preparation

The catalysts were prepared by incipient wetness impregnation
method, to obtain 10 wt% of Ni, 1 wt% of V and 10 wt% of Ca on
alumina support. The proper amounts of Ni(NO3),-6 HoO, NH4VO3, and
Ca(CH3CO2)2-H20 precursors, were dissolved in water, the three solu-
tions were mixed and added dropwise on y-alumina support. The sam-
ples were dried in the oven for 18 h at 110 °C and finally calcined in the
air, with a flow of 30 mL/min, at 650 °C with a heating ramp of 2 °C/
min, for 4 h. The labels of all prepared catalysts are reported in Table 1.

2.3. Catalyst characterization

The metals amounts were determined via ICP-OES using a MP-AES
4200. For preparation of the sample, 50 mg of each catalyst was
mineralized in a 5 mL solution of HNO3/HCI with the ratio of 1/3 under
reflux condition, for 5 h.

Specific surface areas and pore size distributions were evaluated by
N2 physisorption analyses, using the isotherms at — 196 °C obtained
with a Tristar II Plus (Micromeritics). Samples were pretreated at 200 °C
for 2 h using a vacuum degasser system. Surface areas were calculated
using B.E.T. equation [23] while pore size distributions were determined
by the B.J.H. method [24].

The Temperature Programmed Reduction (TPR) measurements were
carried out using a lab-made system. 100 mg of catalyst was placed in a
quartz reactor and heated in a reductive mixture flow (5% Hy/Ar 40 mL/
min). The heating rate was 10 °C/min from 25° to 900°C. Hy con-
sumption was monitored by a Gow-Mac TCD detector.

X-ray diffraction (XRD) analyses were operated at 40 kV and 30 mA
using a Philips PW 1829/00, equipped with a monochromator on the
diffracted bean.

Diffuse Reflectance Ultraviolet-visible spectroscopy (DRUV-VIS)
were carried out using a Cary Series UV-VIS Spectrophotometer (Agilent
Technologies), with an integrating sphere in the range of 200-800 nm
with 1 nm resolution.

SEM analyses of fresh and spent samples were performed after
metallization with Chromium (8 nm) using a Field Emission Gun Scan-
ning Electron Microscopy LEO 1525 ZEISS). The images were acquired
by Inlens detector while elemental composition and chemical mapping
were determined using Bruker Quantax EDS.

Oxygen chemisorption analyses were carried out using the same lab-
made equipment presented for TPR. 50 mg of catalyst were placed in a
quartz reactor, treated in Hy at 600 °C for 1 h with a following He purge
for 2 h at the same temperature. The system was cooled down to room
temperature and kept at 25 °C with a thermostat to do the oxygen pulses.

Temperature programmed oxidation (TPO) on spent samples was
carried out with the same equipment used for TPR, keeping the same
heating rate. This time, 30 mg of catalyst was exposed in an oxidative
mixture flow of 5% O5/He.

Table 1

labels of prepared catalysts.
Catalyst Label
Ni 10 wt% on y-Al,O3 NA
Ni 10 wt% + V 1 wt% on y-Al,05 NVA
Ni 10 wt% + V 1 wt% + Ca 10 wt% on y-Al;03 NVCA
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2.4. Catalytic test

Catalysts activity for MDR reaction was tested using a Microactivity-
Efficent MME1 (Process Integral Development Eng& Tech) with a 316-steel
gas-flow tubular reactor, which was directly connected to an Agilent
8860 GC System, with two columns in series (Porapak N and Molecular
Sieves 5 A). The volume of catalytic bed was 1 mL, composed of 150 mg
catalyst diluted with SiC. The catalyst was pre-reduced at 600 °C for 1 h,
under a pure Hy flow of 30 mL/min. The reaction was carried out at
650 °C, with a GHSV of 12000 h™! using He as diluent gas. The reagents
ratio (CH4/CO-/He) was 1:1:18, under a total flow of 200 mL/min.
Conversions and yields were calculated as follow (f = gas flow):

CHy, conversion % = (fCH4 in — fCH4 out) / f{CHy4 in e 100
CO; conversion % = (fCO, in — fCO; out) / fCO, in e 100
H, yield % = fH, out / (2 fCHy4 in) @ 100

CO yield % = fCO out / (fCO; in + fCH4 in) e 100

The error on conversions and yields data was 1%.
3. Results and discussion
3.1. Catalysts Characterizations

The ICP analyses were performed to measure the effective metal
amounts loaded on the catalysts. As for V and Ca, values obtained are
very similar to the nominal value for the three samples. As regard nickel,
it deviates more (3%) for all catalysts. This can be due to the hygroscopic
nature of the nickel nitrate salt used as precursor.(Table 2).

The Ny physisorption isotherms and pore size distribution are shown
in Fig. 1, and the textural properties of the catalysts are reported in
Table 3.

As shown in Fig. 1, the three samples display a type IV isotherm,
according to the IUPAC classification [25]. The profile of this isotherm
confirms the mesoporous texture of the catalyst, due to the presence of
alumina. The presence of mesopores is further confirmed by the pore
size distribution, that is uniform between 1 nm and 10 nm, entering in
the range of mesopores. The surface area of the latter sample is also
lower than others (71 m?/g) probably due to the presence of calcium
species that partially occluded alumina pores.

TPR analyses were carried out to detect the different metal species on
the catalyst surface and evaluate their interaction with the support
(Fig. 2). Concerning NA sample, three peaks with increasing intensity
can be observed. The first showed up very weak around 350-400 °C and
can be ascribable to NiO species reduction to Ni° that weakly interacted
with the support [26]. The peak at 550-600 °C can be assigned to
reduction of NiO which interacted more strongly with alumina [27]. The
last peak can be assigned to reduction of NiAl,04 spinel specie [28]. The
same peaks can be observed for NVA sample, even if NiO with strong
interactions is translated at lower temperatures. This could be due to a
different chemical environment of this specie because of the presence of
vanadium [29]. The presence of these intense peaks for the last two
species (NiO with stronger interactions and NiAlyO3) could be an

Table 2
Nominal and effective metals loadings in the catalysts determined by ICP
analysis.

Sample  Ni Ni v Vactual Ca Ca
nominal actual nominal loading nominal actual
loading loading loading (%) loading loading
(%) (%) (%) (%) (%)

NA 10 7 - - -

NVA 10 7 1 0.8 - -

NVCA 10 7 1 1 10 10
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advantage for stability of the catalyst, as species with a stronger inter-
action with the support could prevent sintering and coke formation [30].
Peaks attributable to vanadium should be present between 480 and
505 °C, 550-574 °C and 600-630 °C [31], but they are not detectable by
TPR. This may be due to the low amount of this metal present inside the
catalysts. We assume that vanadium reduction peaks might overlap with
those of Ni. Instead, for Ca promoted catalyst, the result is similar to the
one obtained for NVA sample. In this catalyst the introduction of Ca has
modified the interaction between Ni and Al;Os. In particular, the peak
relative to stronger interaction between Ni and Al,O3 was shifted to
lower temperature, while the one relative to weaker interactions was
translated to a higher temperature (400 °C). Therefore, the introduction
of calcium seems to influence the nature of nickel-alumina interaction.
In fact, when this element is added to these types of systems the inter-
action between Ni and Al,O3 can be weakened due to the competition
between Ca and Ni to interact with alumina [32,33]. Vanadium peaks
might overlap with the NiAl;O4 peak, which showed a very weak
shoulder due to the second peak of vanadium reduction.

By means of XRD analysis (Fig. 3) and comparison with the Powder
Diffraction File (PDF) database, it was possible to confirm the presence
of NiO as bunsenite in all three catalysts (PDF card n. 47-1049) [34]. In
all the samples a poorly crystalline alumina phase, attributed to cubic
v-Aly03, (PDF card n. 79-1558) [3], was detected. Only in NVCA this
was accompanied by abundant calcite formed by exposure to air of the
catalyst. It can be reasonably assumed that vanadium could be contained
in y-alumina phase.

From the reflectance analysis of the samples (Fig. 4), the structure
observed by XRD analyses can be further confirmed. For all the three
samples, an intense band at 280-300 nm can be assignable to nickel
species and to vanadium for the vanadium doped ones. In particular, it is
ascribable to two charge transfer transitions: 0% (2p) —» Ni?*(3d) and
0% (2p) —» V°>*(3d) [10]. In the visible range, instead, there are the d-d
transitions of Ni2* at 580 and 630 nm, due to Ni’** tetrahedrally coor-
dinated within NiAl,O4 structure [35] (Fig. 5a). This suggests that a
possible substitution of Ni in the alumina lattice has occurred. The weak
shoulders between 720 and 730 nm can be attributed to Ni** octahe-
drally coordinated in NiO bulk (Fig. 5b), as the absorbance at 380 nm
and 430 nm [36,37].

SEM images in Fig. 6 exhibit some particles of different sizes and
bigger agglomerates on the surface of the catalysts, supported on a ho-
mogeneous layer. The EDX elemental mapping (Fig. 6) shows that
metals are homogeneously distributed on the alumina support,
demonstrating a good dispersion of the active phase. For NVCA catalyst,
the surface seems to be more similar to the NVA one, with greater ag-
glomerations. EDX elemental mapping confirmed that the agglomera-
tion could be mainly composed by calcium species, which also were
homogeneously dispersed on the rest of surface. This evidence is in
agreement with what were observed by Nj physisorption and XRD an-
alyses. In fact, for the NVCA catalyst, a lower surface area was measured,
due to the presence of abundant calcium species, confirmed by the XRD
analyses.

From chemisorption analyses it was possible to determine metallic
areas and mean particle diameter for the three catalysts. What can be
observed in Table 4, is that for NVCA catalyst there is a major metallic
area and a minor mean diameter of nanoparticles. The minor size
registered for NVCA catalyst can confirm the effectiveness of calcium
introduction as promoter for a better nickel dispersion [19]. Another
important aspect is that a lowering in mean diameter value was regis-
tered for NVA if compared to NA. This can suggest that the introduction
of vanadium could help to a better nickel dispersion too.

3.2. Activity test
As for catalytic performances (Fig. 7), all the catalysts display proper

CH4 and CO, conversions, with stable values that reached more than
80% for both reagents during 100 h of reaction time. The good stability
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Fig. 1. a) N, adsorption-desorption isotherms and b) pore size distributions of NA, NVA and NVCA catalysts.

Table 3 0 200 400 600 800 1000
Surface areas, pore volumes and average pore radius of the three catalysts . T . r . I r
calculated by B.E.T. and B.J.H. methods. NA |
Sample  Surface Area Pore Volume (cm®/ Average pore radius -
(m™g) ) (nm) |
NA 142 0.45 5 .
NVA 145 0.47 5
NVCA 71 0.24 5 1

can be ascribed to the formation of NiAl,04 spinel structure as high-
lighted in DRUV-Vis spectra. This could provide more interaction be-

tween Ni and alumina hindering sintering. Despite the optimal results in 5| |
terms of stability of all the samples, the best conversions were found for

the promoted samples which the loss in activity is lower compared to - i ]
NA. This suggests the influence of vanadium and calcium in the pres- I A
ervation of catalyst from deactivation through coke deposition, and a B 7]
better nanoparticles dispersion as proved by chemisorption. Indeed, the r 1
result of this study was more promising compared to other two works = =

reported on vanadium promoted catalysts for MDR [12,39]. In fact, even =

if it is very difficult to compare data obtained in different catalytic rigs, = ]
comparing the obtained results with the one reported by Valentini et al., L .
is possible to observe that higher conversions were reached. These were | |
similar to those of Lu et al. but in this study lower reaction temperatures | ]
are used. Higher yields of Hy and CO were also obtained using promoted

catalysts compared to bare NA. In fact, looking at the yields of Hy and CO i ]
in Fig. 7(c,d) confirms that each promoter could increase the overall i )

product yield. In particular, vanadium doping seems to be fundamental

Intensity (a.u.)

to improve hydrogen yield, because an increase of about 7% can be 0 200 400 600 800 1000
observed for NVA and NVCA catalysts. Lu et al. reported that vanadium
can increase nickel electron cloud density, lowering the activation en- T (°C)

ergy of CHy cracking to CH3 and H species [39]. This value is not

affected by the presence of a co-dopant. The presence of calcium species Fig. 2. TPR profiles of the catalysts.
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Fig. 4. DRUV-VIS spectra of the catalysts.

can also improve activity and stability of the catalyst. Calcium promo-
tion seems to increase CO yield reaching to 62% after 100 h of reaction
(yield results over 100 h for Hy and CO are reported in Fig. S1 in the
supplementary information), and as it can be seen in Fig. 7d), there is an
increment in CO yield compared to NA and NVA catalysts. This incre-
ment may be ascribed to an anti-coke action of calcium. In fact, alkali
elements are well known to be active in the oxidation of carbonaceous
species. Thus, calcium was capable in freeing catalyst surface and
increasing its stability as well.
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3.3. Characterizations of spent catalysts

TPO profiles were obtained from the spent catalysts after 100 h time
on stream in diluted conditions and it is shown in Fig. 8. As it can be
seen, different types of carbon were probably formed on the catalytic
surfaces. All the three samples display a weak peak between 300 °C and
400 °C, that can be ascribed to the presence of amorphous carbon [7].
For NA and NVA samples, a convolution of peaks in the range of
500-700 °C suggests the presence of nanotubes and graphitic coke [40].
In particular, nanotubes can be oxidized at around 500 °C, while
graphitic carbon at around 700 °C. The same can be observed for NVCA,
but with different behaviors. In fact, the peaks of nanotubes and
graphitic carbon are well defined. However, the presence of three types
of carbon on the alumina supported catalysts seems to not have affected
the reactivity and stability of the catalysts. Hence, it can be stated that
the best performances in keeping active phase nanoparticles free from
carbon deposition were achieved by NVCA catalyst. This because it
showed the best activity in diluted conditions (Fig. 7), even if at TPO
carbon was detected.

From SEM images of the spent samples after 100 h time on stream in
diluted conditions, a persistent presence of nanotubes can be noted on
the sample surface for NA catalyst. Also, from EDX, a homogeneous
distribution of the carbon can be seen, demonstrating how the catalytic
surface could be poisoned by carbon deposition, during 100 h of the
reaction. The obtained result can explain a lower stability of this cata-
lyst. Fig. 9b) demonstrates that after the introduction of vanadium, some
zones of the NVA catalyst surface became free from carbon nanotubes
deposition, contrary to what were observed on NA sample. In addition,
from EDX result, the non-homogeneous distribution of carbon was
visible, demonstrating that big zones of the surface are less covered by
carbon in general. The introduction of vanadium, therefore, seems to
help on preventing nanotubes poisoning on nickel particles. This is an
extremely important aspect since the nanotubes incapsulate Ni nano-
particles [41]. Thus, they are one of the major issues hindering the
regeneration of the catalyst and the activity of the active metal phase. As
concern NVCA, the presence of calcium seems to be effective because the
surface of catalyst can be almost free from nanotubes, if compared with
the other catalysts. EDX images report carbon distribution ascribable to
nanotubes, but also to amorphous and graphitic carbon detected by
TPO.

3.4. Stress tests

To better understand the behavior and the resistance of formulated
catalysts, they were tested under a more concentrated flow of gas re-
agents. In particular, temperature and GHSV were the same to the one
used for the stability tests, previously reported in Fig. 7, but the gas ratio
was changed to CH4:CO2:He = 1:1:8.

From the trends obtained in Fig. 10, it can be seen that NVA catalyst
exhibits the best performance. This catalyst was less stable than what
was observed in diluted conditions, but even after 50 h of the reaction,
the values of conversions were still acceptable. Even if the ratio between
the reagents is 1:1, and so the same conversion is expected, the stress
tests bring in evidence the role of support. The conversions depend on
the affinity of reagents for the catalyst used, in this case it seems that the
Ni/AlyO3 systems have more affinity for CO,, converting it more than
CH,4 [42]. Unlike to stability tests over 100 h, NVCA catalyst seems to be
the worst under these conditions. This might be due to the high amount
of calcium present in this catalyst [19] affecting the activity with more
concentrated reagents. In fact, with a high amount of basic sites along-
side CO;, activation and conversion, also CH4 decomposition is favored,
leading to coke deposition [43]. Under concentrated reagents this effect
could be more emphasized, leading to major carbon deposition and so
less stability and activity. Also, looking at the results of stress tests, it can
be concluded that the introduction of vanadium on the catalyst surface
was efficient in terms of activity, if NVA and NA catalysts are compared.
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Table 4
Values of metal area and mean diameter obtained from chemisorption.

Catalyst Area Mean diameter
(m?/g of metal) (nm)

NA 8 69

NVA 11 53

NVCA 47 12

Indeed, the conversion of CH4 was increased by 30%, while CO, con-
version was increased by 15%.

3.5. Characterizations on spent sample from stress tests

Comparing spent catalysts’ TPO, (Fig. 8 and Fig. 11) it is possible to
observe that the types of carbon deposits formed on catalysts are the
same for all the three samples, independently by gases concentration.
Only for spent NA profile could be noted some differences. In fact, under
concentrated gases, there is no longer a single peak for nanotubes and
graphitic coke. Between 500 °C and 600 °C a weak nanotube-associated
peak is visible, as a shoulder of the more intense graphitic carbon’s peak
at 600-750 °C. At lower temperatures (350 °C) a slight peak is visible,
ascribable to amorphous coke. NVA spent catalyst reported a very
similar profile to NA one, with the same peaks and species detected by
TPO on spent NVA from diluted gases test. The same can be concluded
for NVCA spent catalyst. It is possible to say that the minor activity
demonstrated by this catalyst during stress test is connected to presence
of calcium species under concentrated gases (Par. 3.4).

From SEM-EDX (Fig. 12) it is possible to better understand the
different activity behavior of the catalysts. In fact, from SEM images it
could be seen that NVA catalyst’s surface presents a major area free from
carbon nanotubes deposition, if compared to NA and NVCA ones. In
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particular, NVCA is the most covered by carbon, as shown by EDX
mapping, with a homogeneous coke distribution (Fig. 12 c). This can
confirm that calcium enhances CH4 decomposition leading to a major
coke formation under concentrated gases (Par. 3.4). The EDX mapping
on NA and NVA catalyst’s grains shows a carbon distribution similar for
the two samples. From this evidence, it is possible to affirm that vana-
dium is effective in boosting catalyst’s activity. This could be due to a
major ability of vanadium in preserving nickel nanoparticles free from
carbon, that will deposit around them.
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Fig. 8. TPO profiles of spent samples.
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Fig. 7. Activity of the catalysts prepared, a) CH4 conversions; b) CO, conversions; histograms after 100 h of reaction of ¢) H, yields and d) CO yields. Reaction

conditions: 650 °C, GHSV 12000 h ™%, reagents ratio (CH4:CO3:He) 1:1:18.
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Fig. 9. SEM-EDX images of NA (a), NVA (b) NVCA (c) spent catalysts.
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Fig. 10. Stress test results of the three catalysts, a) CH4 conversions; b) CO, conversions.
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Fig. 11. TPO profiles of spent samples after stress tests.

Catalysis Today 418 (2023) 114041
4. Conclusions

In current study, the effects of vanadium as promoter of Ni/Al,O3
based catalyst for the Dry Reforming Reaction were investigated.
Introduction of vanadium by incipient wetness impregnation was
effective and a homogeneous metal dispersion was obtained, as
confirmed by EDX analyses. Activity tests confirmed that vanadium
enhanced the activity and stability of catalyst over 100 h reaction
compared to the non-doped catalyst, which suffered a faster deactiva-
tion. In fact, for the promoted sample containing vanadium, also a boost
of hydrogen yield was obtained in diluted conditions test. Furthermore,
from spent catalysts characterizations, a lower deposition of nanotubes
was detected on promoted NVA catalyst. With the introduction of Ca,
this phenomenon was further enhanced as it could be seen in SEM-EDX
images, but only as concern reaction in diluted gases. In fact, it was
proved that gases concentration directly affects both stability and ac-
tivity of this catalyst. In stress tests was further highlighted the positive
effect of vanadium introduction, that led to a higher conversion of re-
agents with a 30% increase for CH,, and 15% increase for CO». It can be
concluded that vanadium is a valuable promoter for Ni/Al;O3 based
catalysts for Methane Dry Reforming.

2557
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Fig. 12. SEM-EDX images of NA (a), NVA (b), NVCA (c) spent catalysts after stress tests.
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