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In glycerol steam reforming reaction a 5wt% Ni/Lag g3Sis.sFe1.5026:5
catalyst was found active and up to 3.2 times more selective to H;
than a 5wt% Ni/Al,O; catalyst, especially at low temperatures
(<500°C). A H/CO molar ratio: 5 was achieved under a space
velocity of 50000 h1.

Introduction

By 2020, the EU aims to have 10% of the transport fuel of every
EU country coming from renewable sources such as biofuels.
However, trans-esterification of fatty acids into biodiesel
generates 10%w/w of glycerol as a by-product. As the biodiesel
industry is blooming, the disposal of the crude glycerol
produced in high amounts has become an emerging issue.
Among various methods of crude glycerol disposal and
utilization, glycerol steam reforming reaction (GSR) including
loop steam reforming appears as a potential

alternative for renewable hydrogen production, with significant

chemical

impact in the viability of numerous bio-refining processes and
contribution to the rising need for renewable hydrogen. 1> The
GSR has been investigated over various catalysts with
supported Ru, Rh, Pt, Ni, Co and Fe proven to be active. Under
similar conditions H, production yield reduced from Ru ~ Rh >
Ni > Ir > Co > Pt > Pd > Fe. 5 Ni appears as the most promising
active metal, due to its low cost, its ability towards O—H, C—H
and C—C dissociation even more effectively than noble metals.
67 However Ni supported catalysts i.e. Ni/Al,03, are found also
to be susceptible to coke formation and active towards
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methanation reaction. > In steam reforming reactions catalytic
performance is strongly affected by the nature of the
supporting material. > The basicity, acidity, redox properties
including oxygen mobility of the support and the dispersion of
the active metal are crucial. 57 Mainly oxide and mixed oxide
supports have been studied over GSR 56810 gnd recently
perovskites too. 1112 Ni/Al,Os is still considered as a viable state
of the art catalyst for GSR.

Due to their physical-chemical and structural properties
apatite-type lanthanum silicates (ATLS) have attracted research
interest as promising intermediate temperature i.e. 600°C solid
oxide fuel cell electrolytes. 1322 They have interesting redox
properties, oxygen tuneable chemical
composition, but their catalytic application studies appeared

mobility and a

only recently either as supports for Pt in de-NOx reaction 1819 or
as sole oxides in oxidative coupling of methane. 21 By changing
the composition of ATLS i.e. Si with Al and/or Fe, an excess of
interstitial oxygen ions in the lattice is generated or in the case
of Fe, it can be stabilized in higher oxidation states just like in
perovskite type oxides, with direct impact in catalytic
properties. 2225 |n this work, we report for the first time ATLS as
Ni support in GSR showing superior performance and selectivity
than Ni/AlO3 indicating a different reaction path possibly
affected by ATLS very interesting oxygen solid state chemistry.

Results and Discussion

Lag 83SiasFe1.5026:5 (LFSO) apatite was prepared in single phased
hexagonal apatite structure (Fig.1S-“S” refers to Electronic
Supplementary Information) and used as support material for a
5wt% Ni catalyst (Ni-LFSO), which was systematically studied for
its catalytic performance for the GSR in a fixed bed reactor
(Fig.4S). Comparative experiments with a 5wt% Ni supported on
commercial y-Al;03 (Akzo) (Ni-ALO) and Ni-LFSO, as well as pure
LFSO were performed under the same conditions. By XRD the
LFSO and Ni-LFSO materials proved stable, showing apatite and
NiO or Ni phases reduced form,
respectively. However, for the Ni-ALO nickel aluminate crystal

in their oxidative or
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Figure 1. a) Total glycerol conversion (Xiota; solid symbols)
and glycerol conversion into gaseous products (Xg: open
symbols) versus temperature. b) H; selectivity (solid symbols)
and H, yield (open symbols) versus temperature for all
samples tested. [Reaction conditions: C3HgO3 (20 v/v %)/H,0
(total liquid flow rate = 0.12 ml/min)/ He=38 ml/min,
Weatalyst=200 mg, T=400-750 °C].

phase (NiAl,O4) was detected as expected. After reduction
decreased intensities of Al,03 and NiAl,O4 peaks and detection
of the Ni® peaks was observed in Ni-ALO catalyst (Fig.1S). 26

However in Ni-ALO, NiAl,04 species and Ni® coexist in contrast

to Ni-LFSO. Main properties of materials (Table 18S),
experimental conditions and all equations used for the
calculations (Eq.1S-6S) can be found in Electronic

Supplementary Information.

For Ni-ALO catalyst glycerol total conversion values increase from
79% at 400°C to 90% at 750°C. For LFSO conversion goes from
80% at 400°C to 93% at 750°C. When Ni is introduced to LFSO
these values are improved to 86% - 94% respectively (Fig.1a).
Glycerol conversion is high for the whole temperature range. On
the other hand, its conversion to gaseous products increased with
increasing temperature, ranging from 7.8%, 8% and 14% (400°C)
to 90%, 93% and 94% (750°C) for Ni-ALO, LFSO and Ni-LFSO,
respectively. Apatite shows significant activity towards gaseous
products, but its performance is remarkably enhanced with Ni
deposition, as Ni-LFSO.

Ni-LFSO catalyst shows a superior hydrogen selectivity (SH;) that
slightly increases with temperature (Fig.1b). Values range from
53.6% (400°C) to 69%% (750°C). Up to 500°C are found to be 3.2
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Figure 2. a) H»/CO molar ratio, b) CO;, CO and CH4
selectivities versus temperature. [Reaction conditions:
C3HgO03 (20 v/v %)/H,0 (total liquid flow rate = 0.12 ml/min)/
He=38 ml/min, Wcatalyst=200 mg, T=400-750 °C].

to 1.7 times higher than Ni-ALO. In the whole reaction
temperature range, the apatite supported catalytic sample
revealed significantly higher hydrogen production comparing to
the alumina one. Specifically, Ni-LFSO has reached a SH; value
over 67% at reaction temperature as low as 500°C that remains
almost stable until 750°C. Up to 500°C LFSO is found also more
selective than Ni-ALO. At higher temperatures the LFSO selectivity
to H; is suppressed. As for the yield towards Hs, it increases with
temperature to the value of 4.5 for the Ni-LFSO, and 3.7 for the
Ni-ALO, respectively. The superior performance of the apatite
supported sample in comparison with the alumina one, at the low
temperature range 450-550°C can be attributed to an enhanced
contribution of the water gas shift (WGS) reaction that produces
H; and CO; consuming CO and H;0.

By performing the reaction with Water to Glycerol Feed Ratio
(WGFR) equal to 9 the greatest quantity of hydrogen (6mol) is
expected to be produced at 652°C. 102728 |n this study Ni-LFSO
exhibits a H,/CO molar ratio ranged from 3 to 5, with its highest
value remaining almost stable for temperatures between 450-
550°C. On the contrary, for the Ni-ALO sample the H,/CO molar
ratio takes values from 1 to 2 for the same temperature range.
The high H; : CO ratio indicates that the WGS reaction (CO + H,0
- Hy + COy ) is significantly favored in the case of the Ni-LFSO
catalyst. By increasing the reaction temperature, H, fraction

This journal is © The Royal Society of Chemistry 20xx
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improves more slowly than at lower temperature generating
larger amounts of CO; and CO (Fig.2). 2°

We believe that the impressive performance of Ni-LFSO is related
to its very interesting oxygen solid state chemistry. Interstitial
and/or regular oxygen vacancies and the respective oxygen
mobility is expected in ATLS materials. 131617 As water is relatively
difficult to be activated on the Ni sites >7 it may be activated in
oxygen vacancies of the ATLS support, thus facilitating reforming
reaction. On the counter back Ni-LFSO has limited surface areaii.e.
<2 m?/g and consequently a very low metal dispersion is
expected. Therefore a small interfacial area is expected between
Ni and LFSO. Despite such features Ni-LFSO shows a glycerol
conversion rate at 650°C of 2.55x102 mmol-g1-s1 or 1.27x102
mmol-m-2-s-1, while for Ni-ALO is 2.46x102 mmol-g'l-s? or
1.26x10-* mmol-m-2:s'1 respectively. The above facts indicate Ni-
LFSO active sites of impressive turnover reactivity. At lower
reaction temperatures or if H yield is considered, then values
indicate further the superiority of Ni-LFSO catalytic surface. When
LFSO was used without any Ni loading, reaction follows a different
path which is clear above 500°C. No Ni sites are available to form
adsorbed carbonyl groups and/or surface-bound proton, carbon,
and oxygen species via dehydrogenation or cleavage of C-C
bonds. Such intermediate species would eventually form CO;, and
H, through WGS reaction. On contrary for LFSO hydrogen
selectivity is decreased in favor of CO and CH4 production.
Similarly, a very different behavior can be observed between our
catalysts towards the liquid products selectivities. For the Ni-ALO
catalyst (Fig 3b) the main liquid products were: (i) acetol for T<
600°C with a maximum value of 45% at 500°C, (ii) acetone with
selectivity values ranging from 20 (400°C) to 70% (650°C) and (iii)
allyl alcohol, acetaldehyde and acetic acid with quite constant
values at 10-15% for temperatures lower than 650°C. The most
interesting observation is that no condensates were detected for
reaction temperatures higher than 650°C.

A quite different liquid products’ profile is observed for the Ni-
LFSO catalyst (Fig 3a) as follows: (i) acetol with a rather constant
selectivity value of 30% up to 600°C and a decreasing trend in
higher temperatures, (ii) acetone with selectivity values ranging
from 14% (400°C) to 24% (750°C), (iii) allyl alcohol with selectivity
values ranging between 24-34% for the whole temperature range
and (iv) acetaldehyde and acetic acid with selectivity values
ranging from 15 and 9% (400°C) to 22 and 20% (750°C),
respectively. It should be also emphasized that in contrast to the
Ni-ALO sample, all of the main liquid products were detected at
reaction temperature as high as 750°C. LFSO catalyst shows
similar to Ni-LFSO liquid products mainly up to 600°C. Above
600°C acetol production is drastically decreased in favor of
acetone. Allyl alcohol production is rather stable (Fig.3c). These
findings are in accordance with the literature, as Araque et al. 2°
have also found that condensable products such as acetol,
acetaldehyde, and propenal (allyl precursor) were
produced during the steam reforming of glycerol, but they were
considered as precursors of coke formation. 1 30 At the low
temperature range (<600°C) for which the production of liquids
seems to be significant for the Ni-ALO catalyst the reaction
proceeds through the path of acetol intermediate to acetone
(Fig.5S). On the contrary, for the Ni-LFSO and LFSO catalyst the

alcohol

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Liquid products’ selectivities versus temperature:
(a) Ni-LFSO, (b) Ni-ALO and (c) LFSO samples. [Reaction
conditions: C3HgOs (20 v/v %)/H,0 (total liquid flow rate =
0.12 ml/min)/ He=38 ml/min, Wcatalyst=200 mg, T=400-750
°oC].

reaction rather proceeds in parallel pathways via acetol
intermediate producing acetone and via propenal producing allyl
alcohol. These results clearly indicate a different mechanism of
glycerol activation in such reforming reaction conditions. This
variation is in agreement with the different behavior observed
towards H, production. Also a different carbon accumulation
route to the catalytic surface is expected.

According to the TGA technique, applied on spent catalysts,
approximately 25wt% of carbon accumulation (Fig.2S) was found
for both Ni catalytic samples. However, a very different thermal
decomposition profile is found. This is an indication of the varying
condensate species formed as reaction intermediates for the Ni-
ALO and Ni-LFSO catalysts. This carbon is extensively accumulated
on the surface of the catalytic samples (see SEM images in Fig.3S).
According to the literature 3133, the cleavage of the C—C or C-0O
bonds in the molecule of glycerol can be achieved only through a
dehydrogenation step taking place on the metal active sites and
the production of intermediates on the catalytic surface.
Moreover, the formation of CO and H; is mainly due to the strong
capacity of Ni catalysts in the breaking of the C—C bond. From the
thermodynamic point of view, the steam reforming reaction is
limited at low temperatures, while the water-gas shift (WGS) and
methanation reactions are favored. Thus, a higher contribution of

J. Name., 2013, 00, 1-3 | 3
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the steam reforming reaction, compared with the glycerol
decomposition when the temperature increases, is suggested by
our results, too.

About Ni-Al,03 catalysts, Valliyappan et al. 3* suggested that
glycerol steam reforming goes though the dissociative adsorption
of the glycerol and water molecules to Ni and Al,Os sites,
respectively. Consequently, H, produced via dehydrogenation of
the chemisorbed glycerol, as well as through reactions between
the adsorbed organic fragments and Al,0s; surface hydroxyl
groups. On the other side, a reaction scheme composed of two
parallel pathways; one containing glycerol dehydration and
dehydrogenation at the outset, while the other initiates with
solely dehydrogenation was proposed by the Nichio’s group. 3536
They also suggested total conversion of the intermediates, such
as acetol and acetaldehyde through the dehydrogenation,
hydrogenolysis and WGS reactions,
depends on high molecular weight compounds (e.g., phenol)
condensation. Adapting the idea of reactant’s dissociative
adsorption on the Ni-based catalysts surface and correlating the
mechanistic studies with Langmuir-Hinshelwood kinetics led
Cheng et al. to the conclusion that this must be considered as the
whole process’ rate-limiting step. 37 In the case of Ni-ATLS a redox
mechanism over the available oxygen vacancies may be assumed.
33 Water may adsorb and be activated as surface hydroxyls over
such vacancies reducing ATLS surface. Thus, reduced ATLS may
interact with the dehydrogenation intermediate species from Ni
to form CO; and H;, closing the redox cycle of ATLS in WGS.
However another coexisting mechanism cannot be excluded
explaining the dual path of glycerol reaction via acetol and
propenal. An operando approach can shed light on the underlying
mechanism but is outside the scope of the present
communication.

while coke formation

Conclusions

ATLS show impressive performance as a support boosting the
performance of Ni-based catalysts in the GSR. Despite the much
lower specific surface area of ATLS compared to Al,O3 support
and their eventually larger Ni crystallites they exhibit excellent
low temperature conversion rates and selectivity towards H;
production. Ni-ATLS superior performance can be attributed to
the existence of a redox GSR mechanism. Such a redox catalyst
enables mobility and storage of lattice oxygen, by which water
dissociation and WGS can be enhanced, to high H; yield. Further
work is ongoing in order to shed light upon the role of the
interesting ATLS group of materials as Ni supports as well as
their compositional effect in GSR.
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