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Abstract: In this study, vermiculite was explored as a support material for nickel catalysts in two
key processes in syngas production through dry reforming of methane with CO2 and steam
reforming of ethanol. The vermiculite was subjected to acid or base treatment, then, Ni catalysts
were prepared through incipient wetness impregnation and characterized using various techniques,
including X-ray, FTIR, temperature programmed reduction (H>-TPR). TG-TD analyses were
performed to assess the formation of carbon deposits on spent catalysts. The Ni based catalysts were
used in the reaction tests without a reduction pre-treatment. Initially, raw vermiculite-supported
nickel showed limited catalytic activity, however after acid (Ni/VTA) or base (Ni/VTB) treatment,
vermiculite became an effective support for nickel in dry methane reforming. The resulting catalysts
(Ni/VIB and Ni/VTA) displayed outstanding performance, with high methane conversion and
hydrogen yield. Acidic treatment improved the reduction of nickel species and reduced carbon
deposition, outperforming alkali treatment. The prepared catalysts were also explored in ethanol
steam reforming. The performance was investigated as a function of the temperature, water/ethanol
ratio, and space velocity, with acid-treated catalysts performing as the best. The study emphasized
the importance of contact time with the catalyst and addressed challenges related to carbon
formation and sintering for long-term stability. In conclusion, acidic treatment of the vermiculite
support, before Ni deposition, significantly enhanced the catalytic activity and stability of nickel
catalysts in both dry methane reforming and ethanol steam reforming processes.

Keywords: dry reforming; steam reforming; nickel catalyst; vermiculite; clay; mixed oxide

1. Introduction

In recent decades, mining activities have experienced significant growth, driven by advances in
technology. Paradoxically, these mining operations have become major generators of waste on a large
scale, necessitating efficient waste management strategies. In this context, one avenue for addressing
the pollution stemming from these activities and adding value to mining operations is the
valorization of this waste as catalysts [1].

The concept of a heterogeneous catalyst for various reactions involves the combination of an
active phase deposited on a support. This support provides the catalyst with porosity, mechanical

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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resilience, and facilitates the even dispersion of the active component [2]. Consequently, the support
must possess a high specific surface area, and in some cases, it may play a pivotal role in the reaction
mechanism, displaying catalytic activity itself, which is often referred to as bifunctional behavior.

In dry reforming of methane (DRM), the nature of the species involved, the dispersion and size
of the metal particles, and their interactions with the support significantly influence the catalystic
performances [3]. Alkaline and/or alkaline earth metals, despite lacking direct catalytic activity, often
impact the acidity and basicity of the catalyst. Additionally, rare earth oxides help minimize carbon
deposition and the sintering of active metals.

Commonly used catalysts feature transition metals (Fe, Co, Ni, Cu) supported on various
materials (silica, alumina, and MgO) and exhibit good activity. However, a notable drawback is the
deposition of carbonaceous materials, which leads to performance degradation. Catalysts based on
noble metals (Pt, Pd, Ru, etc.) demonstrate high selectivity in catalytic methane reforming and are
less prone to carbon deposits [3-6]. However, their elevated cost diminishes their economic appeal.
Unfortunately, carbon formation, known as coking, typically occurs due to methane decomposition
and CO disproportionation, leading to catalyst deactivation or destruction.

Research efforts have primarily concentrated on developing new catalysts that resist carbon
formation while maintaining cost-effectiveness and availability compared to traditional nickel
catalysts on conventional oxides like SiOz, Al20s, and MgAl204[7,8]. Previous studies by some of us
have yielded promising results in methane dry reforming using Ni-loaded hydroxyapatite,
fluorapatite, and precipitated natural phosphate [9,10].

The ongoing quest for diversifying catalytic material resources for economic and environmental
reasons has piqued considerable interest. For instance, the use of natural clay as a support or catalyst
has gained attention [11]. Furthermore, solid materials derived from mining residues are rich in
components typically employed in catalysis. Utilizing mining materials as catalysts or supports
presents a compelling alternative to traditional materials such as silica and alumina, primarily due to
their low cost, ready availability, and permeability [11]. Other advantages include ease of shaping
and the adaptability to specific application requirements. The potential for chemical modification of
clays further enhances their utility across a range of technological applications, thereby adding value
to this abundant natural resource [11-13].

In this context, we present the development of a novel catalyst derived from mining residues
with negative value. Specifically, we report on the synthesis of a Ni catalyst supported by expanded
vermiculite that has undergone acid or base treatment. Vermiculite is an aluminosilicate clay mineral
with a layered structure [12-14]. Both in its natural form and when expanded, vermiculite exhibits
exceptional characteristics such as lightweightness, durability, and eco-friendliness (it is chemically
inert and completely non-toxic). It has found extensive use in heavy metal adsorption [13,14]. While
the literature has documented a few applications of vermiculite as a catalyst [14,15] or catalyst
support [16,17], its potential remains underexplored.

The primary objective of this study is to evaluate the catalytic performance of nickel-loaded
expanded vermiculite subjected to acid or base treatment. This novel substrate is assessed in the
processes of carbon dioxide reforming of methane [16-18] and steam reforming of ethanol,
particularly under low-temperature conditions. The catalysts are synthesized and comprehensively
characterized using various techniques, including X-ray diffraction, FTIR spectroscopy, TG-DT
analyses, and temperature-programmed reduction (H>-TPR). This investigation marks the inaugural
phase of a series aimed at scrutinizing specific catalytic systems employed in the realm of hydrogen
production.

2. Experimental

2.1.1. Catalyst Preparation

All chemicals employed in this study were of analytical quality (sourced from Aldrich and
Fluka) and were employed without additional refinement. The raw expanded vermiculite (VE)
employed in this research was provided by Xinjiang Yuli Xinlong Vermiculite Co., Ltd. located in
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China. The VE chemical composition is detailed in Table 5-1, mainly composed of 39.78% SiOz, 22.84%
MgO, 20.14% Al20Os, 6.12% K20, 4.82% Fe20s, 3.14% CaO, 2.12% Na:z0, and 0.87% TiOx.

The acid-treated vermiculite substrate (VTA) was prepared by leaching the vermiculite with a 1
M hydrochloric acid solution, using a clay mineral mass/hydrochloric acid solution ratio of 1 g/10
cm3. This was carried out at 80°C for 2 hours. The second support, VIB, was obtained by treating VE
with NaOH (1 M) at 60°C for 24 hours. VT A and VTB were then washed, filtered and dried at 120°C.
They were subsequently calcined at 700°C for 12 hours in an air atmosphere.

The preparation of Ni/VE, Ni/VTA and Ni/VTB catalysts was carried out using the wetness
impregnation method, with a Ni loading of 15 wt.%. The impregnated solids were dried at 120°C for
12 hours, then calcined in air at 700°C for 24 hours.

2.1.2. Characterization Methods

The elemental composition of the catalysts was determined using microwave plasma atomic
emission spectroscopy (ICP-AES) with an Agilent 4200 spectrometer.

Specific surface area, pore volume and pore size distribution of the samples were measured at
-196 -C with a nitrogen sorption technique using the ASAP 2020 equipment (Micromeritics, Norcross,
Catalysts 2023, 13, 606 15 of 18 GA, USA). Before the measurements, the powder samples (c.a 200 mg)
were degassed at 250 °C for 2 h. The specific surface area was calculated via the Brunauer-Emmett-
Teller (BET) method in the standard pressure range 0.05 — 0.3 P/Po. The pore volume and pore size
distribution were obtained by analysis of the desorption branch, using the Barrett, Joyner and
Halenda (BJH) calculation method.

X-ray diffraction patterns were obtained using a Siemens D 5000 high-resolution diffractometer
equipped with a copper anticathode (Ka = 1.5406 A). Data were collected over a 20 range of 5-80°
with a scan step of 0.01°. The particles size was calculated using the Scherrer Equation:

1)

Fourier Transform Infrared (FTIR) spectra were recorded in the range of 400 to 4000 cm! at room
temperature on a Perkin-Elmer 1600 spectrometer using self-supporting KBr disks.

Temperature-programmed reduction (TPR) profiles were recorded at atmospheric pressure
using a microreactor containing approximately 100 mg of oxidized catalyst. This technique was
selected for studying Ni-loaded vermiculite due to its ability to provide insights into the location of
nickel and its interactions with the carrier. Reduction of the samples was carried out using a mixture
of Hz/He at a volume ratio of 2.5/60 with a total flow rate of 62.5 cm?® min and a heating rate of 10 °C
min. Hydrogen consumption was monitored using a mass spectrometer.

Thermogravimetric and differential thermal analyses (TGA/DTA) were conducted using a
TGA/DSC1 Star System from Mettler Toledo. The evolution of gaseous species was monitored online
using a mass quadrupole (Thermostar TM, Balzers).

KA
b cos0

Dy =

2.1.3. Catalytic Tests
2.1.1. Methane Reforming Reaction

The methane reforming reaction was investigated in a continuous-flow microreactor made of
quartz, maintained at atmospheric pressure. Prior to commencing the reaction, 100 mg of the catalyst
were sieved to achieve a grain size ranging from 120 to 180 pum and placed inside the reactor between
two quartz wool plugs.

The reaction temperature was ramped up from room temperature to 700°C, utilizing a heating
rate of 5°C per minute. A feed mixture consisting of CH4/CO2/Nz2 in a ratio of 2/2/56 was introduced
into the reactor, with a total flow rate of 60 ml/min. It is important to note that all catalysts were
employed without prior reduction using hydrogen.

Particular emphasis was placed on assessing the stability of the catalysts over the course of the
reaction. Hydrocarbons produced during the reaction were analyzed in real-time using an online
Delsi chromatograph equipped with a Porapak Q column and a Flame Ionization Detector (FID).



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2024 d0i:10.20944/preprints202404.0079.v1

4

Carbon dioxide and hydrogen concentrations were determined using a second gas chromatograph
(Shimadzu, 8A), equipped with a carbosphere column and molecular sieves (5A) columns, coupled
with a Thermal Conductivity (TC) detector.

The methane and carbon dioxide conversions and hydrogen yield were calculated as follows:

_ (CH4)in - (CH4)out

CH, conversion (%) = x100
* (CH4)in
CO,);, — (CO
CO,conversion (%) =( 2)in = ( 2)OutxlOO
(Coz)out
(Hz)out 100
H, yield (%) = —x——
i (CHm 2
Cco
CO yield (%) = out x100

B (CH4)in + (Coz)in

2.1.2. Ethanol Steam Reforming (ESR)

The catalyst’s performance in the ethanol steam reforming (ESR) process was assessed using a
quartz tube fixed-bed reactor. Prior to each test, the catalyst underwent in-situ treatment at 700°C in
a 1:8 (v/v) H2:Nz stream at a flow rate of 60 mL/min for one hour.

Following this pretreatment, the desired water/ethanol ratio was introduced into the evaporator
at 150°C using a syringe pump, while an N: flow at a rate of 20 ml/min facilitated the vapor transport
into the reactor.

The investigation focused on ethanol conversion and gas production. A fresh catalyst was
utilized for each test, with a fixed reaction time of 6 hours. The gaseous products obtained at the
reactor outlet were analyzed online using gas chromatography (GC) Perichrom PR2100 instrument
controlled by Winilab software.

For reactants and products analysis, two detectors were employed: a thermal conductivity
detector (TCD) equipped with a TDX-01 column to measure concentrations of Hz, COz, and CO. A
flame ionization detector (FID) equipped with a Porapak-Q column was utilized to identify potential
organic species, including CHs, C2Hs, C2Hs, CHsCHO, and CHsCOCHs. Unreacted ethanol was
examined offline via FID. The key performance parameters, including ethanol conversion (Xetom),
hydrogen yield (Yrz), and the distribution of gaseous carbon-containing products (CHs, CO, CO,
C2Hs, C2Hs, CH3CHO, and CH3sCOCH:s), were determined as follows:

¥ o _ EtOH;, — EtOH,,;
peon (%) = (EtOH,,,)x100
v o moles H, produced
pron (%) = (6x moles EtOH converted) x
mole of gaseous product i

CopY — 1
Si(%) (mole all gaseous products) x100

100

3. Results and Discussion
3.1. Characterization
3.1.1. X-ray Diffraction

The X-ray diffraction patterns of the supports and the obtained catalysts are presented in Figure
1. The initially expanded vermiculite (VE) (Figure 1A) displayed distinctive diffraction peaks at
2theta angles of 6.24°, 7.45°, and 8.85° (see Figure 1B), indicating the presence of various layers of
cations (Mg?, Ca?*, Na*) within the vermiculite structure. Specifically, the 6.24° peak is characteristic
of magnesium in hydrated forms of vermiculite [17], the 12.4 A spacing could be attributed to
partially dehydrated magnesium interlayer cations [18], and the 8.85 A spacing is related to interlayer
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potassium ions [17]. These observations highlight the diversity of cations present in different layers
of the vermiculite structure.
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Figure 1. XRD diffractograms of supports (A) and calcined catalysts (B).

Additionally, the peak observed at approximately 20 = 25.6° can be attributed to the presence of
quartz impurities in the vermiculite [19].

The XRD pattern of vermiculite treated with 1 M HCI (VTA) revealed significant changes
compared to raw vermiculite (VE). Notably, only one peak at around 8.69° (10.24 A) with low
intensity was observed in VTA. This is characteristic of the protonic form of clay. Consequently, the
substitution of interlayer Mg?* and K* cations by hydronium ions during acid treatment resulted in a
reduction of the interlayer distance in vermiculite [19]. In the high 20 range, some reflections
remained visible, indicating that a portion of the vermiculite resisted to acid attack. This observation
aligns with the chemical analysis presented in Table 1, which indicates that some of the interlayer
potassium and magnesium ions were not exchanged during this process.

Furthermore, XRD patterns of vermiculite treated with NaOH solution (VIB) displayed an
increase in the intensity of characteristic peaks across the entire 20 range compared to the starting
material. This finding supports the notion that the alkali treatment at 60°C did not significantly affect
the clay structure. Table 1 provides additional evidence in this regard.

The chemical analysis revealed that the composition of the material treated with NaOH (VTB)
remained unchanged compared to the starting material. This suggests that there was no leaching of
the oxide components but rather their in-situ deposition-precipitation [20]. In contrast, acid treatment
of vermiculite significantly modified its chemical composition with removal of almost Mg, Al Fe, K,
Ca, Na and Ti oxides, with silica being predominant, at the same time the surface area increased from
36 to 270 m?/g, together with an increased pore volume moving from Ni/VE to the Ni/VTA catalyst.
Conversely, no significant changes were noticed for the surface area and pore volume of Ni catalyst
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supported over the material treated with the NaOH solution (Table 1). Both samples, Ni/VE and
Ni/VTB showed a broad pore size distribution in the range between 5-30 nm, only the Ni/VTA
catalyst according to the increased silica oxide component showed a defined pore size distribution
centered at 15 nm.

Table 1. Specific surface area, pore volume and chemical composition of Ni over the raw and treated

vermiculite.
Pore
Catalyst SSA Chemical composition mass (%) by ICP analysis
volume
s
(m2g™) (cm? g1y [ Ni SiO2 MgO AL0s Fe203 K20 CaO Naz0 | TiO2
Ni/VE 36 0.10 15.0 |33.8 19.8 171 2.8 5.1 32 2.1 1.1
Ni/VTB |38 0.11 15.0 |364 18.6 16.6 2.6 49 2.9 2.0 1.0
Ni/VTA | 270 0.55 15.0 |784 2.8 2.6 0.3 0.5 0.2 0.1 0.1

The X-ray diffraction (XRD) patterns of Ni-supported treated and untreated vermiculite (Figure
1B) displayed characteristic peaks of cubic NiO at 20 = 37.34, 43.25, 62.82, 75.56, and 79.65°.
Additionally, a new broad peak at 26.8°, attributed to the presence of amorphous silica, was detected
in all obtained catalysts [21]. We estimated nanocrystallite sizes using the Debye-Scherrer equation.
The average crystallite size of NiO for Ni/VTB and Ni/VTA was found to be 18.3 nm and 17.1 nm,
respectively, less than to that of Ni/VE (21 nm).

3.1.2. FTIR Spectroscopy

The FTIR spectra of expanded vermiculite and the prepared catalysts are presented in Figure 2,
highlighting the following characteristic bands:

-A band located at 3450 cm™, attributed to OH stretching (vOH), which signifies hydrogen
bonding between SiO-H groups at the surface.

-Another band at 1648 cm™, associated with the dOH bending vibration of H20 molecules
retained within the silica or alumina.

-Bands at 1000 and 1080 cm™ attributed to the vSi-O asymmetric stretching vibration of SiOs and
in-plane bending. A band at 668 cm™, attributed to deformation bands of Si-O. A band at 454 cm™,
related to T-O-T bending vibrations (T=5i or Al). Finally, a band at 724.8 cm™, attributed to tetrahedral
Al-O.

—VE
— Ni/VE

—— Ni/VTB
— Ni/VTA

Transmittance

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm'l)

Figure 2. FTIR spectra of VE, Ni/VE, Ni/VTB and Ni/VTA.
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The spectra of Ni/VTA reveal a new peak at 795 cm™?, corresponding to the bending vibrations
of 5i04 tetrahedra, similar to that observed for amorphous silica in the X-ray diffraction patterns.
Notably, the addition of nickel to the supports does not appear to modify the IR spectra.

3.1.3. TPR Analyses

To investigate the reducibility of the Ni/VE, Ni/VTB, and Ni/VTA catalysts, as well as the
interaction between the metal species and the support, we conducted Temperature Programmed
Reduction (TPR) analyses (Figure 3). Notably, for all the calcined catalysts, the reduction process
initiated at relatively low temperatures, near 270°C.

/ —— NiIVE

/ — Ni/VTB
f \ Ni/VTA
/

TCDsgd (au)

200 ) 400 ) 600 ) 800 iy 1000
Temperature (C°)

Figure 3. H2-TPR curves for different catalysts Ni/VE, Ni/VTB and Ni/VTA.

Notably, for all the calcined catalysts, the reduction process initiated at relatively low
temperatures, near 270°C.

In the TPR profiles of Ni-supported expanded vermiculite and base-treated vermiculite, two
distinct peaks were observed. The primary peak, centered around 370°C, was accompanied by a
secondary, weaker hydrogen uptake at higher temperatures, approximately 720°C and 737°C,
respectively. This secondary peak can be attributed to the reduction of NiOx species that exhibit
strong interactions with the support [22]. In contrast, for Ni-supported vermiculite treated with HCl
solution, TPR profiles displayed only a single, main peak around 370°C. This peak was assigned to
the reduction of free NiO particles to NiO, which are dispersed over the support [23]. This
observation suggests that the Ni species in the acid-treated vermiculite-supported Ni catalysts are
more easily reducible. Furthermore, the TPR profiles of Ni/VTA closely resembled those observed for
Ni/SiO2, as reported by Y.H. Taufig-Yap et al. [24].

3.2. Catalytic Activity
3.2.1. Dry Reforming of Methane

It should be noted that in most published studies, nickel-based catalysts undergo a hydrogen
pretreatment to determine their activity. In our study, we assessed the catalytic properties for the CO:
reforming of methane and investigated the impact of alkali and acid activation of vermiculite on the
supports. Importantly, the catalysts were utilized without prior reduction. The active phase of the
catalysts, NiOx, was reduced “in situ” during the reaction with a mixture of CHs and CO;, a
methodology consistent with other studies [10,23,24]. This approach seeks to develop an active and
resilient catalyst that can be employed directly in dry reforming reactions without the need for pre-
reduction using Hz, promoting process efficiency on an industrial scale.
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For the dry reforming of methane by CO: at low temperatures, Ni-based catalysts were tested
using expanded vermiculite as a support, as well as vermiculite treated with HCI or NaOH solutions
(Figures 4-6). Figure 4 illustrates the evolution of methane conversion as a function of temperature
for all the catalysts. Notably, none of the catalysts displayed activity below 520°C.

The activation of methane commenced at approximately 520°C, 560°C, and 580°C for Ni/VTA,
Ni/VTB, and Ni/VE, respectively. This activation increased with the reaction temperature, achieving
93% CHa conversion at 700°C, compared to 89% and 72% for Ni/VTB and Ni/VE, respectively. This
phenomenon is intimately related to the endothermic character of the reaction [25]. Notably, the type
of activation treatment did not exert a significant influence on the catalytic activity of the catalysts
concerning temperature. However, there was a substantial difference in catalytic activity between
raw expanded vermiculite and vermiculite treated with acid or base.

100
-H-Ni/VE
-@- Ni/VTA
804 .
< -A-Ni/VTB
S
o
Q
0 601
2]
>
c
o
o
@ 401
@
<
@
=
204

480 500 520 540 560 580 600 620 640 660 680 700 720
Temperature (°C)

Figure 4. CH4 conversion over the catalysts Ni/VE, Ni/VTB and Ni/VTA vs the reaction
temperature.

The stability of the catalysts under reaction conditions is a critical parameter. Figures 5 and
depict CH4 conversion and H: yield versus time on stream, respectively, recorded at 600 °C over
Ni/VTA, Ni/VTB, and Ni/VE for 240 minutes. Ni-supported expanded raw vermiculite exhibited poor
catalytic activity, undergoing rapid deactivation in CO: reforming with methane. Specifically, over
Ni/VE, the CHs conversion and H: yield were decreased, after only 100 minutes on stream, from 60%
to 16% and from 49% to 10%, respectively.

In contrast, for Ni-supported base- or acid-treated vermiculite, the results in Figures 5 and 6
revealed that CH4 conversion only decreased from 76% to 61%, and hydrogen yield slightly decreased
from 65% to 57% over the Ni/VTB catalyst. Meanwhile, for Ni/VTA, the conversions of CHs and H:
yield slightly changed, from 72% to 67% and from 62% to 58%, respectively, after 240 hours on stream.
For all the catalysts, catalytic activity gradually decreased as the duration of the tests increased.
However, for Ni/VTA and Ni/VTB, CHs conversion decreased by only 5% and 15%, respectively,
during 240 minutes on stream. This indicates that acid treatment significantly enhanced the catalytic
activity of the catalyst, which is correlated to its easy reducibility at low temperatures.

To determine the type and quantity of carbon deposited on Ni/VTA and Ni/VTB catalysts after
240 minutes of reaction at 600°C, we conducted Thermogravimetric Analysis (TGA-TDA) under air,
ranging from room temperature to 800°C (Figure 6A,B). Carbon deposition occurs primarily due to
the reactions of CHs decomposition (Equation (2)) and CO disproportionation (Equation (3)), which
are favorable conditions in CHs/CO2 reforming. It's worth noting that the TGA profile of Ni-
supported expanded vermiculite shows no mass loss, which aligns with the catalyst’s low activity.
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Figure 5. CH4 conversion over the catalysts Ni/VE, Ni/VTB and Ni/VTA vs. time reaction.
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Figure 6. H2 yield over the catalysts Ni/VE, Ni/VTB and Ni/VTA vs. time reaction.

The TGA results (Figure 6A) revealed that the spent catalysts Ni/VTA and Ni/VTB exhibited an
average mass loss across the entire investigated temperature range (30-800°C). The initial weight loss
of 4.3% and 1.5% w/w for VTA and VTB, respectively, above 200°C can be attributed to water
removal. The weight loss occurring at temperatures below 300°C is related to thermal desorption of
water and the removal of easily oxidized carbon species, as reported in previous studies [26—28]. The
weight loss observed in the temperature range of 500-650°C is due to coke gasification through the
oxidation of coke to CO and CO..
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Figure 7. TGA profiles (A) and DTA profiles (B) of spent catalysts, Ni/VTA and Ni/VTB.

Interestingly, the amount of deposited carbon on Ni/VTA (10.5%) is lower than that on Ni/VTB
catalyst (13.1%). This trend in carbon deposition parallels the catalytic stability of the catalysts.

The DTA profiles in Figure 6B reveal the presence of a single strong exothermic peak ranging
from 450 to 700 °C for both catalysts. The maximum peak temperatures observed for the Ni/VTA and
Ni/VTB catalysts were 557°C and 548°C, respectively. This suggests the existence of a specific type of
carbon, which can be attributed to the oxidation of filamentous carbon or filament (nanotube de
carbone), as previously reported by S. Damyanova et al.[29] and W.D. Zhang [30].

3.2.2. Ethanol Steam Reforming

The Figure 8 illustrates the evolution of ethanol conversion using three nickel-based catalysts
supported on vermiculite samples. These samples were obtained by the same preparation above used
through different treatments of expanded vermiculite, namely neutral, acidic, or basic treatments. In
all cases, the supports were impregnated with Ni nitrates to create 15% Ni catalysts.

It has been observed that the ethanol conversions are significant at the start of the reaction.
However, there are notable differences in the behavior of the catalysts based on the type of
vermiculite support used.

Catalysts prepared by acid-base treatments exhibited stable activity, with only slight
deactivation compared to that prepared using the support from the basic treatment [31]. In contrast,
the catalyst produced from untreated vermiculite displayed a different pattern. It started with similar
activity of the other catalysts, furthermore, rapidly deactivated after 5 hours of functioning.
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Figure 8. Ethanol conversion vs time over VE, VEA and VEB samples.
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To further assess the stability of the prepared catalysts, some experiments were conducted in
ESR for a period of 10 hours at 600°C, using a W/F of 18 gcat. The ethanol conversion achieved using
the three catalysts is noteworthy, with conversion rates ranging from approximately 98% to 100%
after just one hour of reaction. Importantly, this high level of conversion remains relatively stable
during the initial five hours of operation. However, it is worth noting that a distinct trend is observed
with the 15%Ni/VE catalyst. Initially, it exhibited an impressive ethanol conversion rate of 96.2% at
the 5 hour of work time. Nevertheless, beyond this point, there is a gradual decline in its performance,
which indicates catalyst deactivation. As is commonly reported in reforming reactions, catalyst
deactivation typically stems from two primary factors: carbon formation and sintering on the catalyst
[32-35].

In summary, the results highlight the impressive initial performance of the catalysts in achieving
high ethanol conversion, with particular attention drawn to the 15%Ni/VE catalyst early success and
its later deactivation. However, the observed catalyst deactivation after 5 hours underscores the
importance of further investigating and mitigating issues related to carbon formation and sintering
for long-term catalyst stability and efficiency. However, one should not overlook the sintering effects
initiated by the presence of various cations that are eliminated through acid-base washing [36].

Considering the instability observed in the 15% Ni/VE sample, this study proceeds with the
samples obtained from acid-base pre-treated vermiculite. Figure 9A,B illustrate the influence of
temperature on the evolution of various reaction products.
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Figure 9. A. (a)Ethanol conversion, (b)Hydrogen Yield, (c)CO: (d)CO, (e)CHs and (f)CaoHs
selectivities, over the catalyst: Ni/VTB. B. (a)Ethanol conversion, (b)Hydrogen Yield, (c)CO2, (d)CO,
and (e)CHa selectivities over the catalyst: Ni/VTA.
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The catalytic activity of both catalysts exhibits a noteworthy correlation with the elevation of
reaction temperature. For the Ni/VTA catalyst, ethanol conversion approaches near completion at
500°C (Figure 9B), whereas the highest ethanol conversion rate for the Ni/VTB catalyst is achieved at
700°C. At lower temperatures, specifically 400°C, the formation of products such as ethane, ethylene,
and acetaldehyde (C2) is observed. This is attributed to the relatively weak C—C bond-breaking ability
in the presence of nickel [37-39]. The emergence of acetaldehyde can be attributed to the
dehydrogenation of ethanol [40]. Moreover, acetaldehyde is recognized as an intermediate product
in ethanol reforming, capable of either decomposing into CO and CH4 through C-C bond cleavage
or transforming into ethane and water through C-O cleavage [41].

Figure 10 presents the ethanol conversion data over Ni/VTB (A) and Ni/VTA (B) as a function of
the Water/Ethanol ratio. In the case of the two catalysts under examination, 15%Ni/VTB (Figure 10A)
and 15% Ni/VTA (Figure 10B), the ethane conversion rate displays an increase as the S/E molar ratio
rises, reaching a plateau at a ratio of 9.
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Figure 10. A. (a)Ethanol conversion, (b)Hydrogen Yield, (c)CO2, (d)CO, (e)CHs and (f)Cz2Hs
selectivities over the catalyst: Ni/VTB. B. (a)Ethanol conversion, (b)Hydrogen Yield, (c)CO, (d)CO,
(e)CHa selectivities over the catalyst: Ni/VTA.

Additionally, there is a simultaneous increase in H2 yield and selectivity for CO2, while
selectivity for CO and CHs experience a gradual decline. The presence of an adequate amount of
water is associated with an elevation in both ethanol conversion rate and H: yield. This outcome is
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attributed to the well-established notion that the presence of water generally promotes reforming
reactions [42].

Furthermore, upon comparing the performance of the two catalysts, it becomes evident that the
catalyst supported by vermiculite and treated with an acid solution outperforms the other. It is
essential to highlight that this treatment results in the removal of a portion of the ions situated within
the interlayer space. This variance in performance between the two catalysts may be attributed to the
differing ease of reduction between them. Notably, in terms of hydrogen production, the acidic
catalyst demonstrates a relatively superior performance.

In reactions similar to the reforming process, the study of spatial velocity assumes paramount
importance when assessing catalysts from an industrial perspective. The influence of space velocity
(W/F) on ethanol conversion rate and product distribution was investigated across a range of spatial
velocities, spanning from 12 to 36 gcat-h/mol [EtOH], at a constant temperature of 600°C, while
maintaining a molar W/E ratio of 10. As illustrated in Figure 11, the ethanol conversion rate for both
studied catalysts exhibited an upward trend with increasing space velocity.
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Figure 11. A. (a)Ethanol conversion, (b)Hydrogen Yield, (c)CO2, (d)CO, (e)CHs: and (f)C2Hs
selectivities over the catalyst: Ni/VTB. B. (a)Ethanol conversion, (b)Hydrogen Yield, (c)CO2, (d)CO,
(e)CHa selectivities over the catalyst: Ni/VTA.
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Moreover, there was a corresponding increase in hydrogen yield with the rise in space-time
velocity. This phenomenon can be elucidated by considering the contact time between the reactants
and the active sites of the catalyst. At shorter space-times, the duration of contact

between the reactants and the active sites becomes too brief, resulting in both low ethanol
conversion rates and low hydrogen yields. Conversely, with longer space-times, ethanol molecules
enjoy ample contact time with the catalyst, enabling the breaking of C-C and O-H bonds, leading to
high ethanol conversion rates and hydrogen yield. It is important to note, however, that as the space-
time was increased (ranging from 18 to 36 gcat-h/mol [EtOH]), the ethanol conversion rate and
product selectivity exhibited no significant changes.

4. Conclusions

In conclusion, this study investigated the use of vermiculite pure and modified as a support
material for nickel catalysts in the processes of hydrogen production through dry reforming of
methane with CO2 and steam reforming of ethanol. The main outcomes and conclusions of this study
can be summarized as follows:

The research investigated the impact of acid (Ni/VTA) and base (Ni/VIB) treatments on dry
methane reforming and ethanol steam reforming.

Acid-treated catalysts demonstrated superior performance in both processes, showing high
methane conversion and hydrogen yield. They also outperformed alkali-treated catalysts in reducing
nickel species and minimizing carbon deposition.

Support treatment with vermiculite significantly enhanced catalyst stability and activity. The
study highlighted the importance of contact time with the catalyst and addressed challenges related
to carbon formation and sintering for long-term stability.

The use of vermiculite as a catalyst support offers a sustainable waste valorization approach.
The supported catalysts exhibited high ethanol conversion rates, with stable activity over time. Water
presence influenced ethanol conversion rate, hydrogen yield, and selectivity.
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