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Sustainable hydrogen production can be achieved efficiently by steam reforming of bio-ethanol. The use
of low-cost and abundant minerals as catalyst supports can further improve the sustainability of the
process. In this work, a kinetic study of ethanol steam reforming is presented using a Ni catalyst supported
on natural sepiolite. Focus is placed on probing the effect of the support on the reaction mechanism,
which is found to depend on the catalyst calcination temperature and degree of hydration of the sepiolite.
Results suggest the presence of more than one adsorption sites where both oxygenates and water can
competitively adsorb, when the catalyst has not been exposed to temperatures higher than 500 °C. This
bifunctional mechanism is further found to be affected by the feed steam/carbon ratio. Thermally pre-
treating the catalyst at 550 °C leads to an irreversible removal of support silanol groups that hinders the
adsorption of reactants on sepiolite. Hydrating the non-thermally treated catalyst prior to experiments
through steam exposure enhances the density of support adsorption sites leading to kinetic performances
in line with those over inert supports such as SiO,. Steam reforming of acetaldehyde, a major product of
ethanol steam reforming, is also carried out leading to similar observations, building a consistent kinetic

rsc.li/reaction-engineering

1. Introduction

The basis of energy production systems of the world is fossil
fuels, resulting in well recognised negative environmental
impact. A promising alternative to fossil fuels is hydrogen,
which is a clean energy carrier and can be derived sustainably
from biomass.! The primary source of hydrogen production is
natural gas or coal, leading to high CO, emissions. Recent
studies have shown that biomass derived oxygenated
compounds are economically attractive and environmentally
friendly energy sources.” Bio-ethanol is an ideal candidate to
produce H, through -catalytic reforming (ethanol steam
reforming - ESR), as it can be formed from renewable
feedstocks (energy crops, forestry or agro-industry waste) via
fermentation and hydrolysis procedures.’ Further advantages
of bio-ethanol relate to its low toxicity and safe handling
(storage and transportation). Ethanol can further be regarded
as a model compound of alcohols in the aqueous fraction of
bio-oil, the liquid product of biomass pyrolysis.*
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picture of the reaction over Ni/sepiolite.

The main products of ESR are H, and CO, according to the
overall reaction (1) seen in Table 1, with hydrogen production
further influenced by the water gas shift (WGS) reaction (2). By-
products can also be formed, such as methane, carbon
monoxide, ethylene, acetaldehyde, acetic acid, and acetone,
according to reactions (3) to (10).” The reaction pathways of
ESR presented in the literature show significant differences,
depending on catalyst® and operating conditions,® further
affecting hydrogen production and product selectivities. Several
research groups presented kinetic studies of ESR,”® suggesting,
initially, dehydrogenation (3) and dehydration reactions (8) to
occur, favoured by the basic and acidic features of the catalyst,
respectively, and the overall balance and strength of such
sites.”  Acetaldehyde can form methane through
decarbonylation (5), which can further undergo steam
reforming (6) and (7). Some catalysts reported in the literature
can also promote the reaction of acetaldehyde with water to
produce acetic acid (9),'”"" which can decompose to methane
and carbon dioxide (10). Transition metals also tend to form
encapsulating coke through the polymerization of ethylene
(13), which blocks the active sites, and filamentous coke via the
Boudouard reaction (11), which does not block active sites but
can lead to metal segregation from the support.*

Many studies have suggested Ni as a suitable metal for
ethanol steam reforming due to its high activity, and low cost
in comparison to noble metals."® Carbon deposition remains a

This journal is © The Royal Society of Chemistry 2023
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Table 1 Ethanol and acetaldehyde steam reforming main reactions

View Article Online

Paper

(1) CH;CH,OH + 3H,0 = 6H, + 2CO,
(3) CH;CH,OH = CH;CHO + H,

(5) CH;CHO = CH, + CO

(7) CH, + 2H,0 = CO, + 4H,

(9) CH;CHO + H,0 = CH;COOH + H,
(11) 2CO = CO, + C

(
(

polymenzatmn

13) C Coke
15) ZCH;CHO — CH,CH(OH)CH,CHO

major challenge for Ni, although the nature of the support and
operating conditions can prove critical in overcoming this
limitation. Thus, basic supports, high operating temperature
and high steam to carbon ratio are preferred as these can
reduce coking without negatively impacting activity.

Currently, the interest in catalysts supported on minerals
such as olivine, dolomite, attapulgite and sepiolite has
increased due to their abundance, low cost, and high surface
area. Sepiolite, a phyllosilicate mineral, is an interesting
catalyst support characterised by its porous inner structure and
fibrous morphology. Sepiolite has been widely studied as a
catalyst support for a variety of hydrotreating reactions,™* ™’
where doping with potassium or lanthanum," incorporating
metal oxides' and preparing the catalyst via precipitation®>*!
have further been employed to enhance its performance.
Sepiolite has also been proven recently to be a favorable
support for steam reforming reactions with its structural
features contributing to high adsorption capacity with high
stability.”*** The steam reforming of bio-oil and its model
compounds has specifically been reported on Ni/sepiolite,
however the focus of these works was on performance analysis
and not on the elucidation of the kinetics of the reaction.>*?’
Ni supported on natural sepiolite was further shown to exhibit
better activity during furfural steam reforming when compared
to traditional supports (SiO,, MgO and Al,05).>

The present study reports on an extensive kinetic analysis of
ESR over Ni/sepiolite under a wide range of experimental
conditions in a fixed bed reactor. Particular focus is placed on
probing the effect of the support on the reaction mechanism,
which is found to depend on the catalyst calcination
temperature and degree of hydration of the sepiolite.
Acetaldehyde Kkinetic experiments are also carried out to
corroborate the findings of the work, building a consistent
kinetic picture of the ESR reaction over Ni/sepiolite.

2. Experimental

2.1. Sample preparation

The Ni/sepiolite catalyst with nominal 10 wt% Ni to the final
weight of the solid was prepared by a precipitation method
using Ni(NO3),-6H,0 (Merck, reagent grade) as precursor and
untreated/fresh sepiolite (Tolsa S.A., surface area 135 m> g™')
as support. Chemical analysis of the material indicated a
composition of Si0, (66.19%), H,O (15.95%), MgO (13.16%),
Na,O (1.71%), Al,O; (1.66%), CaO (0.56%), K,O (0.41%) and
Fe,0; (0.36%). The solution of nickel nitrate was firstly added

This journal is © The Royal Society of Chemistry 2023

(2) CO + H,0 = CO, + H,

(4) CH;CH,OH = CH, + CO + H,

(6) CH4 + H,O = CO + 3H,

(8) CH;CH,OH = C,H, + H,0

(10) CH;COOH = CH, + CO,

(12) CH, — C + 2H,

(14) CH;3CHO + 3H,0 = 5H, + 2CO,
)

(16) CH;CH(OH)CH,CHO + H,0 — CH;COCH; + CO, + 2H,

to a suspension of the support material, adjusting the pH to
3.5 by the addition of nitric acid. This solution was heated to
90 °C for 30 min before addition of an urea solution, which
resulted in the controlled precipitation of nickel hydroxide
over the support. The suspension was filtered after 48 h and
washed repeatedly with distilled water. The sample was dried
at 110 °C in air for 16 h, heat treated in a N, flow (100 cm®
min™") at 300 °C for 3 h and then reduced in a 3.5% H, in Ar
flow (100 em® min™) at 500 °C for 5.5 h,*” before cooling to
ambient temperature in a flow of N, and storing. Further
details are provided in previous studies.***°

2.2. Reactor setup

The kinetic experiments were carried out in a fully automated
reaction system by PID Eng & Tech (Micro Activity-effy unit).
The reactants (a water/ethanol or water/acetaldehyde mixture)
were fed by an HPLC pump (Gilson 307). This feed was
channelled through an evaporator, operating at 150 °C, and
further mixed with N, before entering the reactor. An
internally passivated stainless steel (SS316) fixed bed reactor
(9.1 mm i.d., total length 304.8 mm) was used, heated by a
single-zone furnace providing an isothermal region of 5 cm.
The catalyst bed was diluted with a-Al,O; granules (1.5 mm
average size) at 1/9 catalyst/alumina weight ratio and placed
within two layers of quartz wool on top of a fitted porous
plate. The a-Al,O; diluent was independently verified to be
inert at the test conditions. A Liquid/Gas separator was used
to collect the liquid reactions products, while gas products
were analysed on-line in a HP5890 GC, equipped with a TCD
detector and MS-5A and HS-T columns. Liquids were
analysed offline in a Thermo Scientific TRACE 1300 GC with
an FID detector and a WAXMS A column.

2.3. Experimental conditions and parameters

Ahead of the experiments, the catalyst was treated in situ
under a flow of N, at 500 °C for 1 h, and then reduced at 500
°C using a 5% H, in N, flow of 100 cm® min™" for 1 h.
Reaction temperature was varied from 300 to 600 °C with a
steam/carbon (S/C) ratio equal to 3 moly o mole ' (section
3.2) at total pressure of 1.7 bar and partial pressures of
ethanol and water of 0.15 and 0.90 bar, respectively, balanced
by N,. All pressure values reported herein refer to absolute
pressure, with total values measured upstream of the catalyst
bed. Volumetric flowrates were all measured at normal
conditions. The space time effect was examined by varying
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the feed flow from 97 to 330 cm® min*, with a S/C ratio of 3,
over a fixed catalyst mass (W/Fy gm/acec from 58 to 349 geae S
gEth/Acet_l) at 400 °C and steady pressure of 1.8 bar and partial
pressures of ethanol and water of 0.21 and 1.29 bar,
respectively, balanced by N, (section 3.3). The partial
pressure of water was varied from 0.26 to 1.56 bar at a total
pressure of 1.9 bar and partial pressure of ethanol of 0.13 bar
at 400 ©°C (section 3.4.1). Correspondingly, the partial
pressure of ethanol was varied from 0.06 to 0.37 bar at a total
pressure of 1.9 bar and partial pressure of water of 0.74 bar
at 400 °C (section 3.4.2). Additional partial pressure variation
experiments were carried out at the same temperature to
investigate the effect of catalyst thermal pre-treatment
carrying out the latter at 550 °C instead of 500 °C (see section
3.4.3 for details), and degree of hydration of the support
subjecting the catalyst to a flow of steam prior testing (see
section 3.4.4 for details). The behaviour of acetaldehyde
versus ethanol as a reactant was also investigated, given the
recognised role of the former as an important intermediate
in ESR. A mass of 80 mg Ni/sepiolite catalyst (sieved to a
300-500 um fraction) was used in all experiments, resulting
in a catalyst bed of apparent packing density of 0.4 g cm™.

Standard criteria by Mears®® and Weisz-Prater’" were
applied to ensure measurements were conducted under
explicit kinetic control. Atomic C, H and O mass balance
closure in all tests was in the order of 100 + 5%. The results
presented in the following sections are expressed in terms of
the following parameters, and are further compared with
thermodynamic equilibrium, calculated via Gibb's free energy
minimisation within the Aspen Plus software using the Peng-
Robinson equation of state.

Fin — FOut
Conversion (%): Xgh/acet = Eth/ Acf; Eth/Acet 100
F Eth/Acet
Carbon selectivity of compound
. 0.5nF )"
with n carbon atoms (%): Sc(y) = — %100
FIn — Fout
Eth/Acet Eth/Acet
out
. H.
Hydrogen yield (%): Yy, = — 2—x100
Eth/Acet
where F™°U is the inlet/outlet molar flow of the respective

compound (mol s*) and m the number of hydrogen moles
produced by the oxygenate's stoichiometric steam reforming,
equal to 6 and 5 for ethanol and acetaldehyde, respectively.
Turnover Frequency (TOF) was defined as the moles of ethanol
or acetaldehyde converted per mole of Ni active sites per
second and was calculated according to the below equation:

. pin
XEth/ Acet” gy /Acet

1\
TOF (S ) - Weat WNi-D-AWN;

where wc, is the catalyst weight, wy; the nominal weight

composition of nickel (10%), D the metal dispersion of
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nickel calculated via H, TPD measurements (see below), and
AWy; the atomic weight of nickel.

2.4. Characterisation of fresh catalyst samples

TPD and TPR experiments have been conducted to
characterize the metal surface of the catalyst and investigate
the optimal reduction conditions, respectively. A TPDRO
1100 instrument was used with a TCD detector, with a trap
bed placed before the detector to remove the moisture. Prior
each experiment, samples were fully oxidised under a flow of
5% O, in He with a heating rate of 10 °C min™" up to 600 °C.
For the H,-TPD analysis the samples were re-reduced in situ
by a flow of H, at 500 °C for 1 h, then the system was purged
with He for 20 min at 30 °C. The chemisorption step took
place under a flow of 10% H,/Ar for 1 h at 100 °C, before
measuring the desorbed H, while heating until 600 °C with a
10 °C min~* rate. Quantified H, desorbed was used to obtain
the active metal dispersion D defined as the ratio of the
number of exposed Ni surface atoms to the total number of
Ni atoms present in the sample. For the TPR the samples
were firstly dried at 200 °C for 30 min under N, flow, then
the system was cooled down and the temperature was
increased again until 800 °C with a 10 °C min~" temperature
ramp, using a 5% H,/N, flow. For Thermogravimetric
Analysis (TGA) experiments, a small amount of the sample
(10 to 15 mg) was placed in an Al-based sample cup of a TG
209 F3 Tarsus apparatus (NETZSGH, Germany) and heated
up to 800°C at a rate of 10°C min~" under a flow of air (50
em® min™'). XRD patterns were obtained at room
temperature on a Panalytical powder diffractometer to
identify crystalline phases apparent. The diffraction patterns
were recorded over an angular range of 10° < 26 < 90° with
a step-size of 0.013°. A BET surface area analyser
Micromeritics Tristar 3000 was used to determine the total
surface area of solid samples by using N, as adsorbate at
liquid nitrogen temperature. Prior all characterisation
analyses, fresh reduced samples were thermally treated under
a flow of N, at 500 °C (or 550 °C) to simulate the procedures
followed during catalytic testing.

3. Results and discussion
3.1. Characterization of Ni/sepiolite catalyst and sepiolite

3.1.1. Hydrogen temperature programmed reduction (H,-
TPR). The reduction behavior of Ni/sepiolite catalysts
thermally treated at 500 °C and 550 °C under N, was studied
by TPR (Fig. 1). The catalyst treated at 500 °C presents 3
peaks at 430 °C, 620 °C and 750 °C, which reflect the
interaction of nickel with different components of the
support. Specifically, the peak at 430 °C corresponds to the
reduction of NiO interacting with silica,****?* the peak at
620 °C is associated with the reduction of NiO-MgO on the
surface and the peak at 750 °C relates to the reduction of
NiO-MgO in the bulk.**** Regarding the Ni/sepiolite catalyst
treated at higher temperature (550 °C), a minor impact on
the reduction temperatures is observed with similar peaks

This journal is © The Royal Society of Chemistry 2023
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H; consumption (a.u.)

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 1 H,-TPR profiles of Ni/sepiolite thermally treated at 500 °C
and 550 °C.

appearing at 450 °C, 630 °C and 740 °C. Based on the
obtained TPR results and considering that before
experimental testing the catalyst was reduced at 500 °C, the
degree of Ni reduction was estimated to be 49% and 51% for
the sample thermally treated at 500 °C and 550 °C,
respectively. These values differ slightly to that obtained in
prior work via isothermal reduction at 400 °C (58%),*
however, given the consistent pre-treatment of the catalyst
throughout experimental testing in the present work, it is
important that all measurements were carried out at identical
initial conditions and, hence, degree of reduction. Pre-
reduction was carried out at these conditions to avoid
collapse of the sepiolite structure at higher temperatures, as
discussed in following sections. Higher reduction
temperature of 600 °C has been tested previously, leading to
a higher degree of reduction (95%),”° however, at concurrent
significant structural modifications.

3.1.2. Hydrogen temperature programmed desorption (H,-
TPD). The H,-TPD profiles of Ni/sepiolite catalysts treated at
500 °C and 550 °C under N, are shown in Fig. 2. Both
samples presented three peaks at 85 °C, 430 °C and 540 °C,
with the low-temperature peak corresponding to physical

H, desorption (a.u.)

30 80 130 180 230 280 330 380 430 480 530 580
Temperature (°C)

Fig. 2 H,-TPD profiles of Ni/sepiolite thermally treated at 500 °C and
550 °C.
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adsorption of hydrogen, and the high-temperature peaks
originating from chemisorbed hydrogen. Section S1.1 in the
ESIt presents the detailed quantification of the TPD data.
The Ni dispersion of the catalyst subjected to 500 °C was
calculated to be 9.3%, while an increase in thermal pre-
treatment temperature to 550 °C led to a slight decrease of
the dispersion (7.4%) suggesting limited sintering of the
metal particles. Considering that the reduction of the catalyst
prior the desorption step was carried out at 500 °C (same as
that applied prior experimental testing), the amount of H,
desorbed refers to the number of Ni sites exposed during the
actual experiments.

3.1.3. Thermal gravimetric analysis (TGA). The thermal
stability of sepiolite and Ni/sepiolite, both thermally treated
at 500 °C, was investigated by thermogravimetric analysis
(TGA). Section S1.2 in the ESIT presents the detailed analysis
of the thermograms of the samples, while this section
summarizes the main findings. For both samples, five
stepwise weight losses were identified assigned: i. to the loss
of adsorbed and some zeolitic water up to approximately 150
°C, ii. to the removal of the rest of the zeolitic water up to
300 °C, iii. to the removal of bound water up to 530 °C
(causing a partial, reversible, folding in the structure of
sepiolite), iv. to the dehydroxylation of sepiolite up to 670-
690 °C (causing the collapse of its structure), v. to the
removal of the remaining hydroxyl groups up to 800 °C. Ni/
sepiolite presented more loosely adsorbed water and zeolitic
water, a difference attributed to the acid media used during
catalyst preparation that could produce more silanol groups
that could act as water adsorption sites.>’

3.1.4. Brunauer-Emmett-Teller (BET) surface area
analysis. Detailed BET surface area results for the Ni/sepiolite
catalyst and sepiolite are discussed in section S1.3 in the
ESLY Increasing the thermal treatment temperature of
sepiolite and the Ni/sepiolite catalyst from 300 °C up to 550
°C, led to a decrease of the respective BET surface and
micropore areas, in line with the removal of bound water
molecules demonstrated by TGA results in this temperature
range. The gradual loss of coordinated water can even lead to
a structural folding of the internal channels of the sepiolite,
with the procedure shown to be reversible?®***® or
irreversible®”*® depending on the temperature that sepiolite
has been heated at (Fig. S2 in the ESI{).>’ Type IV
adsorption-desorption isotherms of N, (Fig. S3 in ESI{) for
Ni/sepiolite and sepiolite are obtained for all samples and
the temperature they were treated at, indicating the presence
of some meso-porosity. Isotherms for all the samples show a
type H1 hysteresis loop corresponding to a porous structure
material consisting of well-defined pore channels.*

3.1.5. X-ray diffraction. The crystalline phases in the
sepiolite were determined by X-Ray Diffraction (XRD) after its
pre-treatment at 300 °C, 500 °C and 550 °C with section S1.4
in the ESIt presenting detailed results. Diffractograms of Ni/
sepiolite samples did not show XRD patterns for Ni,
consistent with previous reports attributing this to the
formation of lamellar structures during the precipitation on

React. Chem. Eng., 2023, 8, 2984-2999 | 2987
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the Ni precursor.>”° The XRD analysis of sepiolite indicated
its structural change with increasing temperature, specifically
the higher degree of irreversible folding of the sepiolite
crystal, in agreement with BET results.

3.2. Effect of temperature

The effect of temperature for ESR over Ni/sepiolite is
presented in Fig. 3. For all results presented in this and
following sections, unless otherwise stated, the catalyst
sample used has been reduced and heat treated at 500 °C.
Ethanol conversion increases from 13 to 58% as temperature
rises, with the hydrogen yield following closely the trend,
reaching a maximum value of 46% at the highest
temperature (600 °C) studied (Fig. 3a). Thermodynamics
predict conversion to be 100% at these temperatures and
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much higher hydrogen yield values than those experimentally
observed, indicative that the results were not limited by
equilibrium. Based on the high selectivities of CH;CHO, CH,
and CO (Fig. 3c and e), it is evident that ethanol
dehydrogenation and decomposition reactions dominate
below 400 °C. The low H, yield and CO, selectivity further
indicate that ethanol reforming and water gas shift reactions
do not participate significantly at these low temperatures.
The increasing CH, selectivity up to 400 °C, combined with
the concurrent decreasing CO selectivity and overall low H,
yield, indicate the presence of the methanation reaction in
line with prior studies on ethanol steam reforming over Ni
catalysts.”> The increase in CO, selectivity and hydrogen
yield, while CH,;, CO and CH3;CHO selectivities decrease as
the temperature rises from 400 to 600 °C, suggest the
progressive promotion of WGS and reforming reactions.
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Fig. 3 Temperature effect on (top) conversion and H; yield for ESR (a) and ASR (b), (middle) carbon selectivities of CO,, CO for ESR (c) and ASR
(d), and (bottom) carbon selectivities of CH; and CHsCHO for ESR (e) and CH4 and CH3zCOCH3 for ASR (f) compared with the equilibrium (W/
Fetn/acet = 91.8 Geat S Jethyacet & P = 1.7 bar, S/C = 3) (lines connecting experimental points are visual aids).
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Trends are similar to those presented in our previous work
on ESR over Ni/SiO,,*® indicative of the overall dominant role
of the Ni metal in the reaction mechanism. To further
examine this fact, the temperature effect on the steam
reforming of ethanol over pure sepiolite was studied (Fig. S6
in ESIt). Very low conversions, below 8% were observed with
selectivity to C,H, being above 90% across the temperature
range. Clearly, sepiolite alone cannot activate the cleavage of
the C-C bond in ethanol, suggesting that operation at 450 °C
or higher at the presence of Ni is needed to ensure the
efficient activation of reactants.

Considering that acetaldehyde is an important
intermediate in the reaction pathway of ESR, acetaldehyde
steam reforming (reaction (14) in Table 1) was also studied
under equivalent conditions, ensuring partial pressures were
the same as with the ethanol runs. As with ethanol,
conversion and H, yield are observed to increase with
temperature but are again far from thermodynamic
equilibrium (Fig. 3b). At temperatures higher than 450 °C,
acetaldehyde conversion appears to follow a different trend
to that observed at lower temperatures. This could indicate
that thermal decomposition of acetaldehyde is taking place,
possibly upstream of the catalyst bed, resulting in the direct
production of CH, and CO, in the gas phase. The changing
trend in the selectivities of these two compounds at this
temperature range further support this (see below.) It is
worthy to note, though, the lower conversion of acetaldehyde
compared to ethanol at temperature below 450 °C, which
indicates that the latter's conversion does not necessarily
proceed via acetaldehyde, particularly considering that it is
the initial C-H bond scissions towards ethoxy and
acetaldehyde that are typically considered as rate-limiting.®
Indeed, in our previous work over Ni/Si0,*° it was
demonstrated that at temperatures over 450 °C the dominant
conversion pathway of ethanol most likely involves a different
surface reaction intermediate, which, in an independent
microkinetic modelling study from our group, was suggested
to be 1-hydroxyethyl.*’ The H, yield achieved is
approximately equal to the case of ethanol, however, given
the metric's definition in acetaldehyde steam reforming
reaction, this actually indicates a lower hydrogen production,
as ethanol has a higher hydrogen content of 3 moles of H,
per carbon atom compared to 2.5 for acetaldehyde.

The products of acetaldehyde steam reforming are CO,
CO,, CH,, CH3COCH; and H, (Fig. 3d and f). The carbon
selectivities of CO, CO, and CH, indicate that the reaction
network shares similarities to that of ESR. Decomposition
and methanation reactions are clearly favoured at the lower
temperatures with WGS having low activity, as indicated by
the high and opposing trends of CH, and CO selectivities as
the temperature rises to 450 °C. Reforming reactions towards
hydrogen production dominate above that point, further
enhanced by the WGS, clearly evident by the rising CO,
selectivity and increasing H, yield. As commented above,
under these conditions, where the S/C ratio is kept constant,
results suggest a prominent role of the active metal in the

This journal is © The Royal Society of Chemistry 2023
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reaction mechanism, with Ni being a well-known
methanation and steam reforming catalyst.

An important difference between ASR and ESR is the
detection of acetone at measurable quantities in the liquid
products of ASR. Acetone may be a product of aldol
condensation of acetaldehyde to 3-hydroxybutanal (reaction
(15) in Table 1), the Ilatter undergoing further
dehydrogenation and decarboxylation to CH;COCHj;, CO,
and H, (reaction (16) in Table 1). The aldol condensation of
acetaldehyde over MgO has been particularly well-
examined,**® while the use of sepiolite as a catalyst for
condensation reactions due to its structure, consisting of
octahedral sheets mainly of MgO, has also been a matter of
investigation.*” In the current work, larger amounts of
acetone were observed at lower temperatures, potentially
explaining also the relatively higher CO, selectivity in this
temperature range in comparison to ESR. Nonetheless, this
enhanced CO, productivity at low temperatures, where WGS
has been demonstrated to be low in activity, could also
originate from the presence of surface acetate species
generated from adsorbed acetaldehyde.*®

3.3. Effect of space time

The effect of contact time on the catalytic performance of
ethanol and acetaldehyde steam reforming over Ni/sepiolite
at 400 °C and S/C = 3 is presented in Fig. 4. Conversion and
H, yield, plotted as a function of W/F (gcac S gEth'l and geac S
gAce[l) in panel a, are seen in both cases to rise with contact
time. For ethanol, the conversion follows a linear trend
spanning from 16 to 67% across the W/F range studied.
Acetaldehyde conversion spans from 18 to 55% across the
same range, however appears to follow different slopes
depending on W/F value. Considering the selectivity trends
discussed below, namely the very high acetone production,
the varying conversion trend of acetaldehyde can be
attributed to a pronounced presence of condensation
reactions at the higher W/F values.

Fig. 4b shows the evolution of product selectivities with
varying ethanol conversion. The selectivity of CH;CHO is
seen to increase as conversion (and W/F) decreases and
would clearly reach a finite value if conversion approached
zero, evidence that acetaldehyde is a primary product of ESR.
Opposite trends are observed for CO, CO, and CH,4, which
decrease with conversion's decrease, suggesting these are
secondary products. The dehydrogenation of ethanol to
acetaldehyde is responsible for its primary formation, while
decomposition of the later or ethanol itself to CO and CH,
and their subsequent reforming and shift reactions to CO,
give rise to their secondary production. The effect of space
time over Ni/sepiolite is analogous to that observed over Ni/
Si0,*° indicative of the active metal driving the overall
reaction pathways under these conditions.

To examine the impact of the support, similar W/F variation
experiments at 400 °C were carried out over natural sepiolite
under steam reforming (Fig. S7 in ESIf) and decomposition
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(Fig. S8 in ESIf) conditions. During decomposition, very low
conversions were observed (0.5-4% depending on W/F tested),
well below those achieved over Ni/sepiolite, and indicative of
limited support activity in activating ethanol. The only product
identified was C,H, suggesting that sepiolite enables the
dehydration of ethanol. When steam reforming was tested over
natural sepiolite slightly higher conversions were observed (1-
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6% for same W/F range), but still much lower than with Ni/
sepiolite. Selectivity to C,H, again was very high, above 90%
across all W/F values tested. Nonetheless, traces of CO, were
also detected in the gas products, most likely originating from
the gasification of carbon deposits by steam, as C,H, is a well-
known coke precursor. In all cases, the very high selectivity to
ethylene is indicative of sepiolite not being able to activate the
cleavage of the C-C bond in ethanol. In the following sections
these findings and the role of the sepiolite support in
explaining observed catalytic trends will be further elaborated.
Finally, Fig. 4c presents the effect of space time on
product selectivities for ASR, where significant differences
can be observed in relation to ESR. At lower conversion (and
W/F) the selectivities of CO and CH, are high and
approximately equal at 40%. The CO/CH, ratio in the product
stream remains almost one for all space times tested,
indicative of the dominant role of the acetaldehyde
decomposition reaction (reaction (5) in Table 1). As contact
time and conversion decrease, the selectivities of CO and
CH, increase tending to non-zero values, linked to their
primary formation from acetaldehyde decomposition. In
contrast, CH;COCH; is clearly a secondary reaction product
of ASR as its selectivity is reduced with a decrease in
conversion, reaching an almost zero value at the lowest
conversion studied. As discussed, its formation most likely
originates from an acetaldehyde aldol condensation reaction
network proceeding in parallel to ASR. Finally, the selectivity
of CO, is influenced by the multiple pathways that involve

the species, with its creation affected by acetate
decomposition, acetone formation, WGS reaction and
methane steam reforming reactions. Nonetheless, the

decreasing trend of its selectivity as conversion decreases and
the nature of the above reactions suggests CO, to be a
secondary reaction product of ASR.

3.4. Effect of partial pressure of reactants

3.4.1. Variation of water partial pressure at 400 °C. The
effect of the partial pressure of water on ESR and ASR is
shown in Fig. 5. For these experiments, total pressure was
kept constant at 1.9 bar, while the partial pressure of ethanol
or acetaldehyde and total inlet flow were maintained at 0.13
bar and 213 cm® min™", respectively. Water partial pressure
was varied between 0.26 and 1.56 bar, using N, as balance,
resulting in a S/C variation from 1 to 6 moly o molg . The
conversion of both ethanol and acetaldehyde are positively
affected by increasing water partial pressure, with H, yield
following the conversion trend. Overall, similar conversion
and H, yield are achieved for both reactants, although at the
higher S/C ratios studied conversion of ethanol reaches
greater values than the acetaldehyde. Interestingly, plotting
the turnover frequency (Fig. 5b) versus water partial pressure
shows that both ESR and ASR exhibit positive, and
approximately first order kinetics with respect to water. These
findings are in contrast to the commonly reported steam-
independent kinetic behaviour of ESR over Ni*® and other

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3re00181d

Open Access Article. Published on 12 July 2023. Downloaded on 7/31/2025 2:37:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

50
_ - - X 1.56 4
Rao | ~*- Ve 130 L7
E} ..... O XAcet ’ .” It
e
;~30 Fo o Y acet 1.04 7O
=
&
g 20
[
2
S 10
08
1 2 3 4 5 6
(a) S/C (moly o mol.?)
80
__ 70
X
E 60
2 50
g
< 40
(%]
S 30
K-
s 20
o
10
0 % %
1 2 3 4 5 6
(c) S/C (mol, o mol?)

View Article Online

Paper
4.0
—_ ® Acetaldehyde
%235 F m Ethanol e
g 30 | m
o y=132x+1.73
%25 T R2=1.00
<
E 20 y=1.08x+1.61
15 | = Ré=0.95
.g- .-'.
8 1.0 ]
Y
€05 |
0.0 L . : : !
1.0 -0.5 0.0 0.5 1.0 1.5 2.0
(b) -In[P,,,; (bar)]
60
,,,,,,,,,,,,, R
................. A+ LR I
g 50 F &l
> | e o CO e S - C02
£40
2 & CHy <X CH3COCH3
2 30 ®
&7 [ e L 2
s
] 20
]
10
0 X X X
1 2 3 4 5 6
(d) S/C (mol, o mol?)

Fig. 5 Partial pressure effect of water on (top) ethanol and acetaldehyde conversion and H, yield (a) and logarithm of reaction rate of ESR and
ASR with respect to logarithm of water partial pressure (b), and (bottom) carbon selectivities of ESR products (c) and ASR products (d) at 400 °C (P
= 1.9 bar, Vit = 213 cm® min™Y). For panels (a), (c) and (d) the partial pressure effect is presented as a S/C variation with numbers on plots
annotating the equivalent partial pressures of water in bar (panels a, ¢, and d: lines are visual aids).

metals.’® Also in our previous work on ESR over Ni/SiO,,*’
and Ni or Rh supported on mixed oxides of CeO,~ZrO,-La,03 51
a slightly negative order with respect to water was observed
in agreement with steam-derived intermediates not
participating in the kinetically determining step. However,
current results on the Ni/sepiolite catalyst suggest a critical
role of the support in the kinetic mechanism, which
appears to be consistent for both ethanol and acetaldehyde
reactions.

Further evidence of support participation in the kinetic
mechanism is provided by the carbon selectivities of ESR
plotted against S/C variation in Fig. 5c. Apart from S/C = 1,
where the supply of water is sub-stoichiometric for ESR,
increasing the partial pressure of water and the equivalent S/
C ratio is seen to lead to a decrease in the selectivity of CO,
and conversely a rise in those of CO and CH,. The much
selectivity towards acetaldehyde in Fig. 5c in
comparison to that in Fig. 3e or 4b can be attributed to the
comparatively much lower partial pressure of ethanol used in
these experiments. In all cases, the observed selectivity
profiles contrast with the conventionally expected behaviour
from an increase in the S/C ratio and the associated
promotion of reforming and WGS reaction pathways.’® The
carbon selectivities observed during ASR, presented in
Fig. 5d, display milder trends, although still in line with the
findings on ESR, with CH, and CO selectivities showing a

lower

This journal is © The Royal Society of Chemistry 2023

slight increase at the higher S/C ratios. A complex interplay
between the metal and the support is evident, where the
availability of water appears to have a rate controlling
influence on ethanol or acetaldehyde conversion but at the
same time does not lead to a promotion of secondary
reaction pathways.

These findings are tentatively attributed to the structure of
sepiolite (Fig. 6), consisting of six SiO, tetrahedra linked
together to form a polymeric silica layer.”> Between the silica
layers there are MgOg octahedra arranged to give threefold
strips leaving channels parallel to the fibre axis containing
water molecules. The external surface contains OH groups
originating from the exposed sides of the tetrahedral and the
octahedral sheets, in the form of Si-OH and Mg-OH.
Additionally, Si-OH groups are produced when the Si-O-Si
bridges linking the silicate layers are broken, leaving
terminal OH groups. It is known that acid media, which was
used for the catalyst preparation, may attack the sepiolite
structure, and is expected to increase the number of Si-OH
groups.”® These OH groups are crucial as precipitation-
deposition of the nickel precursor appears to consume such
hydroxyls. This preferential reaction indicates that most, if
not all, of the precursor nucleation occurs at these locations
and, hence, that Ni is placed on the top part of the
tetrahedral sheets and inside the open channels.*® Indeed,
the nature of the exposed metal faces was determined by

React. Chem. Eng., 2023, 8, 2984-2999 | 2991
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infrared (IR) CO adsorption in previous work revealing the
formation of layered Ni silicate precursors following
precipitation and indicating the production of mostly 2D Ni
(100) crystal planes on the catalyst upon reduction.>

Furthermore, sepiolite's hydrophilic surface is recognized
as responsible for increased adsorbent behavior towards
polar molecules such as water, ethanol and acetaldehyde.”
The hydrophilicity of sepiolite depends on the high density
of the silanol groups (Si-OH) that can form hydrogen bonds
with the hydroxyl groups of ethanol and water.>*> It has
indeed been suggested during phenol steam reforming on a
Ni catalyst supported over mixed Ti and Zn oxides of
perovskite structure that the high concentration of surface
OH of the support was accountable for dual site adsorption.>®
Phenol's functional group (OH) was found to interact not
only with the metal active sites but also with the surface
hydroxyl groups leading to the adsorption of phenol on the
support. Additionally, experimental studies on ethanol®” and
acetic acid®® reforming on Ni/biochar indicated that
O-containing functional groups of the support could affect
the catalytic performance. The ethanol decomposition and
steam reforming experiments over natural sepiolite discussed
in the previous section and in Fig. S6 to S8 in the ESI}
further demonstrate the adsorption and even dehydration of
ethanol on the support.

Considering the above and combined TOF and selectivity
trends observed in the present work, a bifunctional
mechanism is proposed that is summarized below, over two
types of sites; the sepiolite surface sites (silanol groups),
designated with S, and the Ni metal sites, designated with *.
In the simplified network below most reactions should be
considered multi-step pathways.

CH;CH,OH/CH;CHO + S — CH;CH,OH---S/CH;CHO---S (1)
H,O + S — H,0-S (2)

CH;CH,OH:-S + 2* — CH,CHO---S + H, + 2* (3)

2992 | React. Chem. Eng., 2023, 8, 2984-2999

CH;CH,OH-'S + w* — CH, + CO + H, + w* + S [4]
CH,CHO""-S + x* — CH, + CO + x* + S (5)
CH;CH,OH: S + H,O-+*S + y* — 2CO + 4H, + y* + 28 (6)
CH;CHO--*S + H,O"*-S + z* — 2CO + 3H, + z* + 28 (7)
CO* + HyO-'S+* - CO, + H, + 2% + S (8)

Ethanol/acetaldehyde and water can both adsorb and activate
or dissociate onto the sepiolite surface to generate C, and
steam intermediates, respectively (steps (1) to (2)). As seen in
Fig. S6 to S8 in the ESL} sepiolite alone is not able to activate
the C-C bond. The C, and steam derivatives need to then
migrate along the support surface to reach the metal, where
a range of reactions can occur. Ethanol can further
dehydrogenate to acetaldehyde with participation of metal
sites (3). C-C cleavage can further occur either with ethanol
and acetaldehyde dissociating to CH, and CO ((4) and (5),
respectively), or wvia steam reforming ((6) and (7),
respectively). Finally, CO from the metal sites can further
react to CO, via the water gas shift reaction with participation
from water from the support (8). Given the growth of Ni in
2D planes, it is specifically suggested that C-C cleavage and
secondary reactions take place primarily at the metal-support
interface, where sites of lower coordination would primarily
exist. This surface diffusion of C, derivatives is likely driven
by local concentration gradients at the periphery of the metal
particles, given that C, consumption occurs primarily there.
The proposed mechanism aligns with that for oxidative
steam reforming of ethanol on Ir/CeO,, where, similarly,
surface migration of C, derivatives along the ceria support
towards dissociation at the metal-support and interface was
revealed as rate-controlling.”® Main difference to that work is
that the adsorption of ethanol/acetaldehyde and water over
sepiolite is regulated by its degree of hydration and the
abundance of silanol surface groups.

This journal is © The Royal Society of Chemistry 2023
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As the partial pressure of water increases, more water
adsorbs on sepiolite's adsorption sites, eventually activating
and forming steam intermediates (such as OH). The addition
of water could also hydrate sepiolite's surface possibly
forming new silanol groups, through the conversion of
siloxane groups (Si-0-Si).®° Therefore, this could enhance
the surface diffusion of ethanol/acetaldehyde towards the
metal-support interface, indicating that the migration
process of the oxygenates proceeds by binding to
neighbouring silanols. As a result, a higher coverage of the
oxygenates occurs on the metal-support interface, leading to
higher conversion but lacking the secondary reactions like
the WGS. This competitive process on the support and the
interface could be responsible for the enhancement of the
TOF with increasing partial pressure of water. In the case of
acetaldehyde, the parallel aldol condensation pathway
leading to the independent formation of CO, potentially
further affects the observed trends.

3.4.2. Variation of ethanol/acetaldehyde partial pressure at
400 °C. Fig. 7a presents the effect of ethanol and
acetaldehyde partial pressure on their respective conversion
and H, yield. These experiments were conducted while
keeping constant the total pressure at 1.9 bar, partial
pressure of water at 0.74 bar and total inlet flow at 160 cm?®
min~", varying ethanol or acetaldehyde from 0.06 bar (S/C = 6
moly o mol¢ ) to 0.37 (S/C = 1 moly o molg ') bar, using N,
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as balance. Given this experimental protocol, it is noted that
the below experiments were carried out at varying W/Fgen/acet
with focus placed on manipulating partial pressures in a
methodological manner. A decrease in the partial pressure of
ethanol or acetaldehyde (or a respective S/C increase) was
achieved by reducing the oxygenate flow, justifying the
increasing trend of conversion and H, yield with S/C. In our
previous work,*®*" following the exact same experimental
protocol and using a range of metals (Ni and Rh) and
supports (SiO,, ZrO,-La,0; and CeO,-ZrO,-La,03), we
consistently measured a positive reaction order with ethanol
partial pressure. In line with several literature studies,*®®"
this trend was linked with the participation of an ethanol
derived surface intermediate in the rate determining step. A
similar behaviour would be expected from acetaldehyde,
considering that most oxygenates, e.g., ethylene glycol,** and
hydrocarbons, e.g., methane,” have been found to show
similar kinetic trends during steam reforming, with
acetaldehyde specifically being a major intermediate in ESR.
Nonetheless, the TOF achieved (Fig. 7b), shows a slightly
negative order for both ethanol and acetaldehyde.

The observed trend is consistent with the observations
made in the previous section, further supporting the
presence of a bifunctional mechanism. In these experiments
the partial pressure of water was kept constant, but the
increasing partial pressure of each oxygenate could promote
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Fig. 7 Partial pressure effect of ethanol and acetaldehyde on (top) the respective conversion and H, yield (a) and logarithm of reaction rate of ESR
and ASR with respect to logarithm of ethanol and acetaldehyde partial pressure (b), and (bottom) carbon selectivities of ESR products (c) and ASR
products (d) at 400 °C (P = 1.9 bar, Vi, = 160 cm® min™). For panels (a), (c) and (d) the partial pressure effect is presented as a S/C variation with
numbers on plots annotating the equivalent partial pressures of ethanol or acetaldehyde in bar (panels a, ¢, and d: lines are visual aids).

This journal is © The Royal Society of Chemistry 2023

React. Chem. Eng., 2023, 8, 2984-2999 | 2993


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3re00181d

Open Access Article. Published on 12 July 2023. Downloaded on 7/31/2025 2:37:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

water's substitution by the ethanol/acetaldehyde on
sepiolite’s surface (through hydrogen bonds formed between
the oxygenates and the silanol groups). At high oxygenate to
water ratio, a low surface diffusion rate of the oxygenates
towards the metal-support interface would be observed, due
to the discontinuous support active sites (silanols).
Subsequently, a decreased coverage of the oxygenates on the
metal-support interface would be expected, explaining the
drop in the TOF. The latter can possibly also be further
negatively affected by the rising availability of water to adsorb
on and saturate the metal active surface, as shown
previously.”” However, as the oxygenate to water ratio
decreases, more silanol groups are expected eventually
leading to an increased coverage of the metal-support
interface by ethanol or acetaldehyde.

Fig. 7c presents the carbon selectivities of ESR in terms of
S/C ratio for these experiments. Similar behaviour, as that
discussed in section 3.4.1, is observed, with the selectivity to
CO, decreasing and the selectivities of CH, and CO
increasing with higher S/C. Along the lines of the previous
discussion, the rise of the oxygenate to water ratio leads to a
lower ethanol/acetaldehyde concentration, accompanied also
with a high water concentration, at the metal-support
interface explaining the attained selectivities. In these
experiments, even the sub-stoichiometric S/C = 1 point
follows the discussed trend, which can possibly be related to
the much higher partial pressure of water compared to the
previous experiments (0.74 bar versus 0.26 bar). For ASR
carbon selectivities (Fig. 7d), the trends with S/C are less
significant, possibly due to lower adsorption of acetaldehyde
on the silanol groups. However, they can still be considered
to be in line with the discussed support effects, as the
carbonyl-containing group of acetaldehyde could also interact
with the silanol groups.®* Specifically, the proposed higher
active metal coverage with water as the partial pressure of the
oxygenates increases agrees with the rising selectivity to
acetone and decreasing selectivity to CO, both linked with
the rise in water-derived surface intermediates.

3.4.3. Influence of catalyst thermal pre-treatment. The
temperature is recognised as having a key effect on the
dehydration of sepiolite as already discussed on the TG
analysis presented on section 3.1.3. Heating the catalysts at a
temperature range between 530 °C and 570 °C is claimed to
cause the irreversible/permanent removal of the surface
silanol groups.®® DRIFT spectra of dried unreduced sepiolite
and Ni/sepiolite collected at 100 °C intervals up to 500 °C
have demonstrated the progressive removal of free and
adjacent hydroxyls on silicon atoms.*®?° The highest
temperature that the catalyst is routinely exposed to during
the previous runs is the reduction temperature and thermal
treatment with N,, both taking place at 500 °C. In order to
investigate the effect of the support on the reaction
mechanism the catalyst sample was subjected to an in situ
thermal treatment with N, at a temperature of 550 °C for one
hour instead of 500 °C, effectively eliminating the surface
silanol groups of the support. Following reduction at 500 °C,
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partial pressure variation kinetic measurements at 400 °C
identical to sections 3.4.1 and 3.4.2 were carried out. The
impact of this thermal treatment on active nickel surface was
quantified via TPD (section 3.1.2) showing a small decrease
in Ni dispersion from 9.3 to 7.4%. The latter was considered
when determining TOF values presented in the following.

Fig. 8a presents the ethanol conversion and the H, yield
achieved by varying the ethanol and water partial pressure
plotted versus the S/C ratio. Decreasing the partial pressure of
ethanol (increasing S/C), the ethanol conversion and H, yield
are seen to increase steadily, whereas increasing the partial
pressure of water (and S/C) resulted in a mild decrease of
conversion with H, yield still displaying a slight rise. The
results are very much in line with those using Ni/SiO,,*
which, given the inert support used, can be considered
characteristic of metal-dominated pathways. Ethanol
conversion in experiments where partial pressures were
varied is overall lower than that achieved with the untreated
catalyst (Fig. 7a), however this can be justified by the reduced
dispersion of the thermally pre-treated catalyst. The
conversion achieved during experiments where the water
partial pressure was varied is actually higher than that with
the untreated catalyst (Fig. 5a), despite the reduced active
metal area, and is largely constant, evidencing the kinetic
independence of the reaction to steam and its
intermediates® once support effects have been eliminated.
This is further demonstrated by the TOF values achieved for
these runs, (Fig. 8b), where a positive reaction order for
ethanol and a mildly negative order for water are seen,
evidence of ethanol dissociation/dehydrogenation being rate
limiting and catalyst surface saturation by water having a
negative effect on the rate.

The TOF values obtained for all partial pressure variation
experiments are further compared between each other and
against those over Ni/SiO, (taken from Zhurka et al’’) in
Table 2 and in graphical form in Fig. S9 in the ESL{ As has
been shown, the thermal treatment above 540 °C results in
the destruction of the structure of sepiolite and the
irreversible removal of surface silanol groups,®® which should
lead to reduced adsorption of reactants on sepiolite. Given
the 2D growth of Ni during precipitation for the untreated
catalyst, the thermal pretreatment possibly also revealed
more sites of lower coordination, restructuring Ni towards 3D
particles. It is important to note that the TOF obtained in
these experiments, where water partial pressure was varied, is
always higher than that with the untreated catalyst and only
at the highest S/C is the untreated catalyst able to achieve
TOF values close to those of the thermally treated sample.
This is strong evidence that Ni is indeed primarily deposited
on the external surface of the sepiolite, in line with the
discussion in section 3.4.1 and the observations of Anderson
et al.”” Hence, even though the thermally treated catalyst has
less Ni sites due to the sintering of the metal (based on the
slightly decreased Ni dispersion value), these sites are
potentially of higher activity. The very similar trends and
values achieved for the thermally treated catalyst in

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Partial pressure effect (top) of ethanol and water on the respective conversion and H, yield (a) and logarithm of reaction rate of ESR with
respect to logarithm of water and ethanol partial pressure (b), and (bottom) partial pressure effect of ethanol (c) and water (d) on carbon
selectivities of ESR products at 400 °C, on thermally pre-treated Ni/sepiolite catalyst at 550 °C (P = 1.9 bar, VE{a°! = 160 cm® min?, Vi¥gter = 213
cm® min™). For panels (a), (c) and (d) the partial pressure effect is presented as a S/C variation with numbers on plots annotating the equivalent
partial pressures of ethanol or water in bar (panels a, ¢, and d: lines are visual aids).

Table 2 TOF values obtained during ethanol and water partial pressure variation experiments using the base case Ni/sepiolite catalyst sample treated at
500 °C, the thermally pre-treated sample at 550 °C, and the hydrated sample at 400 °C. TOF values over Ni/SiO, from Zhurka et al.*° are provided for
comparison. Py, variation experiments carried out at constant Pey, of 0.13 bar, while Pgy, variation experiments carried out at constant Py, of 0.74 bar

Base Base

Py S/C case Treated at 550 °C  Hydrated at 400 °C  Ni/Si0,*° Pgq, S/C case Treated at 550 °C Hydrated at 400 °C  Ni/SiO, *°
(bar) (molgg, s moly; ) (bar) (molgg, s moly; ")

0.26 1 0.056 0.314 0.263 0.321 0.06 6 0.188 0.113 0.176 0.172
0.52 2 0.087 0.306 0.285 0.297 0.07 5 0.170 0.118 0.177 0.172
0.78 3 0.127 0.303 0.295 0.280 0.09 4 0.167 0.119 0.180 0.191
1.04 4 0.185 0.299 0.331 0.271 0.12 3 0.148 0.118 0.198 0.221
1.30 5 0.288 0.289 0.338 0.264 0.18 2 0.134 0.139 0.229 0.256
1.56 6 0.386 0.284 0.337 0.255 037 1 0.123 0.211 0.258 0.357

comparison to Ni/SiO, further support this claim.®® Other
studies where sepiolite was used as catalyst support,>*>® have
involved much higher calcination temperatures (=600 °C)
resulting in permanent removal of surface OH.

The carbon selectivities obtained in these experiments are
finally presented in Fig. 8c and d, respectively. In both cases,
CO, selectivity increased with S/C ratio while the selectivities of
CH,, CO and CH;CHO all decreased, in very good agreement
with previous works all evidencing that an excess of water
favours the secondary reactions. Results are indicative of the
water gas shift reaction and the oxidation of CH, surface
species being accelerated by the abundance of steam derived
intermediates, namely O and OH surface species.

This journal is © The Royal Society of Chemistry 2023

3.4.4. Influence of catalyst degree of hydration. To further
probe the interaction of the sepiolite support with ethanol
and water under reactive conditions, a hydration pre-
treatment was applied, and its impact was investigated via
partial pressure variation experiments. The untreated
catalyst, as used in sections 3.4.1 and 3.4.2, following its
reduction at 500 °C, and prior experiments at 400 °C, was
exposed to a flow of 0.2 ml min™" water and 50 cm® min™" N,
at 400 °C for 1 h. At reaction conditions this feed amounted
to a mixture of 83% concentration of steam in N,. Between
testing each experimental condition, the catalyst was exposed
again to a similar flow of steam, with all other aspects of the
experiments carried out in an identical way. The conversion

React. Chem. Eng., 2023, 8, 2984-2999 | 2995


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3re00181d

Open Access Article. Published on 12 July 2023. Downloaded on 7/31/2025 2:37:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and H, yield for these experiments are shown in Fig. 9a,
where the higher values obtained by varying the ethanol
partial pressure in comparison to the case of the thermally
treated catalyst (section 3.4.3) are clear.

More importantly, a positive order for ethanol is again
obtained (Fig. 9b) in contrast to the results over the untreated
catalyst sample (section 3.4.2), further supporting the proposal
that in the experiments over the untreated catalyst the
decreased silanol group concentration on sepiolite's surface is
determining the performance. The pre-treatment procedure led
to a high degree of hydration of sepiolite's surface, increasing
the concentration of silanol groups, enhancing surface
diffusion of the oxygenates towards the metal-support
interface, where C-C bond scission and reforming reactions
occur. For the case of the water partial pressure variation
experiments, a positive order is still obtained over the hydrated
catalyst (Fig. 9b), but with a much milder slope in comparison
to the untreated catalyst. Potentially, the hydration process led
to increased adsorption and activation of steam, or the high
partial pressure of ethanol used in these runs was still able to
displace a small fraction of the water. Nonetheless, as also seen
in Table 2 the TOF values obtained are in the range of the
thermally treated catalyst and even closer to those over Ni/SiO,,
hence again strongly indicate that ethanol activation is
proceeding largely unhindered.
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Selectivities obtained further support these observations,
(Fig. 9c¢ and d), since in both experiments where partial
pressure is varied CO, selectivity is found to increase,
whereas CH, and CO selectivities are seen to decrease, again
in agreement with a mechanism where secondary reactions
are promoted by steam derived intermediates. It can be
concluded that the hydration procedure resulted in the
enhancement of the surface diffusion of the oxygenates onto
sepiolite's surface towards the metal-support interface, at the
same time preventing catalyst particle sintering, achieving as
such optimal catalytic performance both in terms of
selectivity and TOF.

4. Conclusions

Kinetic measurements of the ethanol and acetaldehyde steam
reforming reactions over a Ni/sepiolite catalyst were carried out
at a wide variety of operating conditions. Results obtained over
catalyst samples supported on natural sepiolite and exposed to
temperatures up to 500 °C suggested a critical role of the
support. A positive reaction order for water and a negative
reaction order for both ethanol and acetaldehyde were
obtained, in contrast to conventional observations on other
hydrocarbons and oxygenates reforming. A bifunctional
mechanism was proposed with both steam and oxygenates

2.5
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Fig. 9 Partial pressure effect (top) of ethanol and water on the respective conversion and H, yield (a) and logarithm of reaction rate of ESR with
respect to logarithm of water and ethanol partial pressure (b), and (bottom) partial pressure effect of ethanol (c) and water (d) on carbon
selectivities of ESR products at 400 °C, on Ni/sepiolite hydrated in situ at 400 °C (P = 1.9 bar, VE{@°! = 160 cm® min™?, V2" = 213 cm® min™). For
panels (a), (c) and (d) the partial pressure effect is presented as a S/C variation with numbers on plots annotating the equivalent partial pressures of
ethanol or water in bar (panels a, ¢, and d: lines are visual aids).
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being able to adsorb on the support, namely on sepiolite
silanol groups. The abundance of the latter was further
suggested to influence surface diffusion of the oxygenates
towards the active metal. Results over catalyst samples
subjected to thermal, or hydration pre-treatment processes
corroborated this conclusion. In both cases, a positive reaction
order for the oxygenate and an almost zero reaction order for
water were obtained in line with metal dominated pathways
over inert supports. Thermal pre-treatment at 550 °C or above
leads to the removal of surface silanol groups, preventing the
adsorption of the reactants on the support. Through the full
hydration of sepiolite before each experiment the increase of
surface silanol groups was suggested to enhance the surface
diffusion of the oxygenates towards the metal-support
interface. TOF values obtained with pre-treated -catalyst
samples are higher than the untreated cases and similar to
those obtained with inert SiO, supported Ni, further
concluding that the majority of Ni is deposited on the external
surface of sepiolite and not in its channels. Finally, ethanol
and acetaldehyde were found to follow similar reforming
pathways, consisting of primary decomposition or
dehydrogenation followed by secondary water gas shift and
reforming, with a parallel aldol condensation pathway for
acetaldehyde leading further to acetone formation.
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