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The present work studied the influence of the calcination temperature on the aqueous phase
hydrogenolysis of glycerol with in situ generated hydrogen over a Ni/AlsFe; catalyst. The Ni/AlzFe;
catalyst was synthesized by the co-precipitation method at 28 mol% of Ni (Ni/(Ni + Al + Fe)) and a molar

ratio of Al/Fe of 3/1. The prepared catalyst was calcined at different temperatures (500-750 °C). The

obtained samples were tested for the aqueous phase hydrogenolysis (APH) of glycerol and characterized
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by several analytical techniques (ICP-OES, H,-TPR, XRD, N,-physisorption, NHs-TPD, STEM, FESEM, and

TGA). The catalyst calcined at 625 °C was selected as the best sample due to its high acidity, metal
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Introduction

In recent decades, the consumption of fossil fuels has risen
rapidly, resulting in an environmental crisis. The transport
sector accounts for around 60% of global oil consumption and
generates one-fifth of global CO, emissions." The global atmo-
spheric CO, concentration has increased in the last two decades
from 369.38 ppm (2000) to 417.53 ppm (2022).> Therefore,
developing sustainable and clean sources of combustibles is
essential. In this context, biodiesel has become one of the most
common worldwide biofuels.”* Global biodiesel production
soared from 36 billion liters in 2017 to 46.5 billion liters in
2020.® Biodiesel is mainly produced by the transesterification of
triglycerides (animal fats, vegetable oils, and waste oils) using
ethanol or methanol in the presence of a catalyst. However, for
every 10 tons of biodiesel produced, around 1 ton of glycerol is
generated as a by-product which can negatively affect its
production costs.*®* Many works have been published on con-
verting glycerol into value-added products, such as H, or 1,2-
propanediol (1,2-PDO), to valorize the glycerol and improve the
economics of biodiesel production.”®

Among the various methods for glycerol conversion into
valuable products, hydrogenolysis deserves special attention.
Hydrogenolysis is a kind of reduction with hydrogen partici-
pation that allows obtaining products of industrial interest,
such as 1,3-propanediol, 1,2-PDO, 1-propanol, 2-propanol, and
ethylene glycol. In the work of Nakagawa and Tomishige,"
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dispersion, and catalytic activity; 1,2-propanediol was the highest carbon selectivity product. In addition,
it experienced lower metal leaching than the catalyst calcined at 500 °C.

heterogeneous catalysts (noble and non-noble metal) for glyc-
erol hydrogenolysis were reviewed, and mainly 1,2-PDO was
produced.

The conversion of glycerol to 1,2-PDO emerges as an attrac-
tive alternative because the 1,2-PDO market can absorb large
quantities of glycerol."* In this case, the aqueous phase hydro-
genolysis (APH) of glycerol to 1,2-PDO can be carried out
without external hydrogen addition. In this process, hydrogen is
generated in situ from glycerol reforming, making it safer and
less expensive than conventional glycerol hydrogenolysis.
Traditional hydrogenolysis of glycerol in the liquid phase
requires H, feeding. APH without external hydrogen addition is
a catalytic process carried out at moderate pressures of around
34 bar and relatively low temperatures of around 227 °C,
obtaining gas and liquid products from a renewable feedstock.™

Nickel-based catalysts are attractive materials for use in the
APH of glycerol because of their accessibility, high reactivity,
low price, and high activity for producing H,, which is an
advantage for the hydrogenation reaction. They can break the
C-C bond efficiently towards ethylene glycol production. The
use of hydrogen generated in situ from glycerol reforming
makes hydrogenolysis a more “green” process since hydrogen is
usually derived from fossil fuels.***

Most of the works published in the literature related to
glycerol hydrogenolysis without external hydrogen use batch
reactors (discontinuous feeding).’*2° Few studies have reported
continuous operations that could be useful due to their more
significant production potential on an industrial scale.*?

Some works, such as those of Cai et al.>* and Freitas et al.,*
studied the APH of glycerol with and without the addition of
external hydrogen in a fixed-bed reactor using bimetallic Ni/Cu
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catalysts. Freitas et al.™ found that the bimetallic Ni-Cu cata-
lysts (CuNi/Al,05; and CuNi/ZSM-5) showed the highest glycerol
conversion with a 1,2-PDO yield of around 25% without external
hydrogen addition. They also concluded that the presence of Ni
is significant for glycerol reforming, obtaining in situ H, that is
used to generate 1,2-PDO from acetol hydrogenation. Cai et al.*
proposed the same reaction pathway for glycerol hydrogenolysis
with and without external hydrogen addition on Ni/Cu/TiO,
catalysts which included the dehydration of glycerol to produce
acetol and the hydrogenation of acetol to achieve 1,2-PDO.

More recently, Mendonca et al.>* studied the effect of MgO
addition to Cu-Ni/Al,Oj; catalysts on glycerol hydrogenolysis in
a continuous reactor without external hydrogen addition. They
observed the highest selectivity to 1,2-PDO of about 50% with
the Cu-Ni/30 wt% MgO-Al,O; catalyst after 6 h of reaction.

Our previous study'> demonstrated that mixed-oxide cata-
lysts (Ni/Al,Fe,) showed a better catalyst performance than Ni/Al
and Ni/Fe catalysts, the Ni/Al;Fe, catalyst being the best for the
APH of glycerol in a continuous system without external
hydrogen addition. A liquid carbon product selectivity to 1,2-
PDO of around 71% was obtained. Besides this, the Ni/Al;Fe,
catalyst presented excellent activity for at least 9 h of reaction.*

The stability of the catalysts in aqueous processes under
pressure, such as aqueous phase reforming (APR) and APH, is
relevant for industrial use. The Ni/Al;Fe; catalyst calcined at
500 °C and tested at 227 °C, and 34 absolute bar in the APH of
glycerol showed boehmite formation and metal leaching.'**
The novelty of the present work is investigating the effects of the
calcination temperature on the properties and catalytic activity
of the Ni/Al;Fe, catalyst for the APH of glycerol without external
hydrogen addition. For this purpose, the coprecipitated Ni/
Al;Fe, catalyst was calcined at different temperatures (500-750 ©
C). The Ni/Al;Fe; catalyst has the benefits of low cost, being
a non-noble metal with high selectivity to 1,2-PDO, and stability
for the APH of glycerol.*>**

Calcination is a relevant step in the preparation of the
catalysts. The final calcination temperature influences their
physicochemical properties, such as the surface area and crys-
tallinity, affecting the catalytic performance. Moreover, the
activation temperature of the catalysts determines their active
metal phase, which is a key factor in catalytic activity.

As some examples, Bian et al** studied the effect of the
calcination temperature on the dry reforming of CH, over Ni-
based catalysts. They found the highest activity at an interme-
diate calcination temperature. They concluded that the forma-
tion of NiAl, O, spinel was beneficial to the activity and stability.
Similar tendencies were obtained by Barzegari et al.*® in the dry
reforming of propane. They found that the calcined sample at
600 °C displayed the best catalytic performance with the highest
Ni dispersion and surface area combined with sufficient
basicity.

Ozdemir et al.”® showed that for catalyst systems where there
is no interaction between metal oxide components and the
support, calcination at high temperatures is beneficial for
obtaining catalysts with an excellent dispersion if spinel or solid
solution formation occurs during the catalyst preparation. In
addition, calcination at low temperatures is helpful to prevent
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NiO sintering. Thus, lower Ni particles and better dispersion are
obtained after reduction. But these phenomena are unclear for
catalyst systems in which there is an interaction between their
components.

To the best of our knowledge, there are few studies about the
influence of the calcination temperature on the catalyst
employed, such as ZnPd/ZnO-3Al, Os/bentonite, and Cu-Fe in
glycerol hydrogenolysis to 1,2-PDO,>** and the effect on the Ni/
Al;Fe, catalyst has not been previously studied.

The Ni/Al;Fe, catalyst is a promising catalyst for the APH of
glycerol. Studying its calcination temperature is relevant to
optimizing the catalyst preparation conditions that could
improve its catalytic performance. For these purposes, APH of
glycerol without external hydrogen addition experiments were
carried out in a continuous installation, and the catalysts were
characterized before and after the reaction.

Experimental
Catalyst preparation and characterization

Ni/Al;Fe, catalyst was prepared by the co-precipitation method
ata 28 mol% of Ni (Ni/(Ni + Al + Fe)) and a molar ratio of Al/Fe of
3/1. The catalyst was calcined at different temperatures (500-
750 °C, denoted as Ni/AlzFe;-X, X being the calcination
temperature in °C) for 3 h in order to study the influence of the
calcination temperature on the APH of glycerol. Moreover, it
was characterized by many techniques: inductively coupled
plasma optical emission spectrometry (ICP-OES), hydrogen
temperature-programmed reduction (H,-TPR), X-ray diffraction
(XRD), temperature-programmed desorption of ammonia (NH;-
TPD), thermogravimetric analysis (TGA), N,-physisorption,
scanning transmission electron microscopy (STEM), and field
emission scanning electron microscopy (FESEM). The detailed
procedures for the catalyst preparation and characterization are
described in our previous work.*?

Catalyst performance

Catalytic performance was examined in a continuous system
(Process Integral Development Eng & Tech, Spain) which mainly
consisted of a stainless-steel fixed bed reactor with an inner
diameter of 9 mm, and a micrometric valve that regulated the
pressure system. The fixed bed was composed of a mixture of
catalyst (2 g) and sand (5 g), and their mesh sizes were 160-315
um. It was placed on a tubular reactor and covered with quartz
wool supports. Before the catalytic test, the catalysts were
reduced, according to the H,-TPR results.

A solution of 10 wt% glycerol (Sigma-Aldrich, purity: 99.5%)
in deionized water was pumped into the reactor at 1 mL min .
The reaction occurred at 227 °C and 34 absolute bar for 3 h. Gas
and liquid products were obtained during the APH of glycerol
under these operating conditions. The products leaving the
reactor were depressurized using the micrometric valve and
arrived at the condensation system, where the liquid products
were collected. The exit gas mixture: N,, C,Hs CH,4 H,, CO, CO,,
and C;Hg, where N, was used as an internal standard, was
analyzed online using an Agilent 490 Micro-GC equipped with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Thermal Conductivity Detectors (TCD). The liquid products
consisted mainly of methanol (MeOH), acetol, ethanol (EtOH),
acetic acid, ethylene glycol (EG), 1,2-propanediol (1,2-PDO), and
non-reacted glycerol. They were examined offline using an
Agilent 7820A GC equipped with a Flame Ionization Detector
(FID) and an HP-FFAP Agilent 19091F-105 capillary column. 1-
Butanol (PanReac, purity: 99.5%) was used as an internal
standard. Besides, the liquid products were submitted to an
inductively coupled plasma optical emission spectrometry (ICP-
OES) analysis to examine the possibility of metal leaching. More
details of the experimental system were described in our earlier
studies."* The catalytic performance (glycerol conversion,
carbon yield to gases and liquids) was calculated as follows,
according to the expressions cited in our previous studies:*>*

Mgiycerol — ”gl"lylccrol

in

n glycerol

Glycerol conversion (%) = x 100

where nig'fyceml are the total moles of glycerol fed and ngl‘;tceml are
the total moles of unreacted glycerol in the exit liquid.

Carbon yield to gases (%)

_ Mco + nco, + My + 2nemg + 3neims o0
- in
3x nglycerol

Carbon yield to liquids (%) =

NMeoH + 21E0H + 2Macetic acid + 3Macetol + 311 2-pDO + 2NEG
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Fig.1 Glycerol conversion, carbon yield to gases, and carbon yield to
liquids.

625 catalysts, calcined at 500 °C and 625 °C, respectively.
However, the Ni/Al;Fe, catalyst calcined at 750 °C showed the
worst catalytic activity. For example, the carbon yield to liquids
was around 38% for the Ni/Al;Fe;-625 catalyst, while for the
catalysts calcined at 750 °C (Ni/Al;Fe;-750 (1) and Ni/Al;Fe;-750
(2)), it was about 10%.

x 100

where n; are the total moles of the i product (i = liquid or gas).

The carbon selectivity to products (gases and liquids) was
defined as the percentage ratio of carbon in a product ‘’ to the
total carbon in all the analyzed products (gases and liquids),
excluding the unreacted glycerol.

Due to errors in analyzing and collecting the samples, there
was no complete coincidence between the glycerol conversion
and the addition of the carbon yield to products (gas and
liquid). As reported by other authors,'"”*° an experiment with
a value of carbon deficit below 15% was considered a reliable
test. The carbon deficit was defined as follows:

Carbon deficit = glycerol conversion
— (carbon yield to gases + carbon yield to liquids)

Results and discussion
Catalytic performance experiments

Glycerol conversion, carbon yield to gases, and carbon yield to
liquids are shown in Fig. 1. More carbon yield to liquid than
carbon yield to gas was obtained for all samples; therefore, the
operating conditions favored liquid production.*>*® There were
slight differences between the Ni/Al;Fe;-500 and the Ni/Al;Fe;-

© 2023 The Author(s). Published by the Royal Society of Chemistry

in
3xn glycerol

Prior to the catalytic test, the Ni/Al;Fe;-500 and Ni/Al;Fe;-625
catalysts were reduced at 500 °C, but the Ni/Al;Fe;-750 was
activated at 650 °C (Ni/Al;Fe;-750 (1)), according to the H,-TPR
results. Due to the low catalytic performance of the catalyst
calcined at 750 °C and reduced at 650 °C, this catalyst was also
reduced at 725 °C (Ni/AlzFe;-750 (2)) in order to improve its
performance. However, there was no improvement obtained in
their catalytic performance.

Fig. 2(A) displays the gas compositions (vol%, N,, and H,0O
free). The exit gas was composed mainly of CO, and H, and low
amounts of CH,, C,He, and Cz;Hg. The low content of CO is
expected due to the water-gas shift (WGS) reaction being
carried out at a low temperature.

The content of H, in the gas stream was boosted by
increasing the calcination temperature, while the CO, was
almost unchanged. In addition, the alkanes (CH,, C,H¢, and
C3Hg) were diminished, and CO was practically not found.

For the Ni/Al;Fe; catalyst calcined at 750 °C, boosting the
reduction temperature from 650 (Ni/Al;Fe;-750 (1)) to 725 °C
(Ni/Al;Fe;-750 (2)) favored the decrease in the content of CO,
and alkanes but increased that of H,.

Fig. 2(B) shows the carbon selectivity to products for the
catalysts tested, including gas and liquid products. All catalysts
presented around 20% and 80% of converted carbon in gas and
liquid products, respectively. The gas product with the highest
carbon selectivity was CO,. This was about 16% and almost

RSC Adv, 2023, 13, 5483-5495 | 5485
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selectivity to products (B).

unchanged with the calcination temperature. Meanwhile, the
alkanes (CH,4, C,Hs, and CH3Hg) decreased, and CO was prac-
tically not found.

The major liquid products were 1,2-PDO, acetol, and
ethylene glycol. 1,2-PDO was the product with the highest
carbon selectivity among liquid and gas products, with values
up to 53%. Garcia et al.*® observed that when, for example, the
APR of glycerol over Ni/Al catalyst occurred under the same
operating conditions (34 bar, 10 wt% glycerol, and 227 °C), 1,2-
PDO was the product with the highest carbon selectivity to
liquid and gas products, with values around 37%. Roy et al."”
also reported that 1,2-PDO was the product with the highest
carbon selectivity, with values up to 53% obtained from the APH
of glycerol over an admixture of 5% wt. Ru/Al,O; and 5 wt% Pt/
Al,O; catalysts.

The carbon selectivity to 1,2-PDO, acetol and ethylene glycol
did not change from Ni/Al;Fe;-500 to Ni/Al;Fe;-625. However, at
a calcination temperature of 750 °C (Ni/AlzFe;-750 (1)), the
carbon selectivity to acetol and ethylene glycol increased, while
the 1,2-PDO decreased. Meanwhile, increasing the reduction
temperature for the Ni/Al;Fe; catalyst calcined at 750 °C from
650 (Ni/Al;Fe;-750 (1)) to 725 °C (Ni/AlzFe;-750 (2)) boosted
ethylene glycol production, whereas the acetol was reduced, and
the 1,2-PDO was unaffected.

Considering the products obtained from the APH of glycerol
without external H, addition and some references from the
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literature,>**** a proposed reaction mechanism is suggested in
this work. The reaction network includes gas and liquid
products.

In the gas phase, H, and CO are mainly obtained by the
reforming reactions of glycerol and liquid intermediates (eqn
(1)) as well as by decarbonylation reactions that release CO.
Then CO is converted into CO, and H, by the WGS reaction (eqn
(2)). CH, is produced by the methanation reactions of CO and
CO, (eqn (3)-(5)). In addition, Fischer-Tropsch reactions can
explain the presence of C,Hg and C;Hg.***"

C,H,, 0, + (n — kH,O < nCO + (n + m/2 — k)H, (1)
WGS reaction:
CO + H,O < CO, + H, (2)

Methanation reactions:

COZ + 4H2 «> CH4 + 2H20 (3)
CO + 3H2 « CH4 + H20 [4)
2CO + 2H, < CH4 + CO, (5)

There are two main paths in the liquid phase:

In path I, glycerol is dehydrated into acetol, which is
assumed to occur preferentially in acid sites. Subsequently, the
hydrogenation of acetol produces 1,2-PDO using the H, gener-
ated in situ, which is expected to occur in metal sites (eqn
(6)).13’31’32’34

In path II, glycerol is dehydrogenated to glyceraldehyde,
whose further decarbonylation generates ethylene glycol (eqn
(7). Then, the dehydration and hydrogenation of ethylene
glycol can produce ethanol. Besides, methanol is obtained by
decarbonylation and dehydrogenation of ethylene glycol.
Ethylene glycol can be dehydrated to form acetaldehyde. Acet-
aldehyde can be transformed into acetic acid. In addition,
acetaldehyde can be hydrogenated to create also ethanol, which
can be converted into this intermediate again by
dehydrogenation.'”***3%% It is worth noting that the reaction
path to the formation of methanol can make glycerol produce
more H,.3"32

The experimental results indicated that using these catalysts
and operating conditions, the main route is path I due to the
high carbon selectivity to 1,2-PDO and acetol.

It is well known that the Ni active sites favor C-C bond
cleavage and the WGS reaction. Furthermore, Ni exhibits
activity for hydrogenation/dehydrogenation reactions.*

on ° OH
J chydrat c ydrogenation
A Dehydrat )\w H Hydrogenati /J\/.,,, (6)
Glycerol -1L0 Acctol H 1.2-Propancdiol
\)‘i/‘ Dehydrogenation on Decarbonylation oH
o, oit ]m\*/, - K/ou (7)
-H, -co

Glyeerol Glyceraldehyde Ethylene glycol
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The catalysts calcined at low temperatures of 500 and 625 °
C (Ni/Al3Fe;-500 and Ni/Al;Fe;-625, respectively) favored the
dehydration reactions, which are assumed to occur in acid
sites, and the hydrogenation reactions that take place in metal
sites (path I). Thus, the carbon selectivity to 1,2-PDO and
acetol together was around 60%, while the carbon selectivity to
ethylene glycol was 12% for the Ni/Al;Fe;-625. In the APH of
glycerol without external hydrogen addition, the catalyst must
promote the dehydration of glycerol in acid sites to form acetol
and simultaneously the reforming reaction for hydrogen
production, which is required to generate 1,2-PDO by hydro-
genation of acetol in metal sites."® Moreover, path II also takes
place and explains ethylene glycol production. A clear trend
could be observed by which an increase in the calcination
temperature to 750 °C enhanced the dehydrogenation/
decarbonylation reactions, promoting the formation of H,,
which requires metal sites (path II). In addition, the increase
in the reduction temperature from 650 (Ni/Al;Fe;-750 (1)) to
725 °C (Ni/Al;Fe;-750 (2)) for the Ni/Al;Fe, catalyst calcined at
750 °C encouraged the conversion of glycerol into dehydro-
genation and decarbonylation products, increasing the selec-
tivity to ethylene glycol and H,. Thus, the carbon selectivity to
1,2-PDO and acetol together was 58% and 52% for the Ni/
Al3Fe;-750 (1) and Ni/Al;Fe;-750 (2) catalysts, respectively,
while the carbon selectivity to ethylene glycol was 17% and
24%, respectively.

Furthermore, the liquid products were submitted to ICP-OES
analysis to examine the possibility of metal leaching. The Al, Ni,
and Fe amounts detected in the liquid product are shown in

25 B A
A i

204 7 i Fe
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Fig. 3 Metal leached after the APH of glycerol.
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Fig. 3. The metal leaching could be due to the dissolved CO,
and/or soluble oxygenated compounds generated in the APH
reaction of glycerol, such as acetic acid, which produces an acid
medium.**’

The metal leached to a lesser extent with an increase in the
calcination temperature from 500 to 750 °C. Fe was the most
leached and Al the least. The metal leaching was reduced by
almost half from the Ni/Al;Fe;-500 to the Ni/Al;Feq-625.
Increasing the calcination temperature from 500 °C to 750 °C
favored the excellent stability of the catalyst resulting in
a smaller loss of its metals. The pH values of the collected liquid
products were 4.0 and 4.4 for the catalysts calcined at 500 °C
and 625 °C, respectively, and 5.6 and 5.5 for the catalysts
calcined at 750 °C: Ni/Al;Fe;-750 (1) and Ni/AlzFe;-750 (2),
respectively. The results corroborate that the highest acidity of
liquid products increased the metal leaching. Moreover, the
acetic acid generated in the reaction was calculated, and the
values were 4.1 mmol acetic acid/mol glycerol fed using the
catalyst calcined at 500 °C; 3.6, 0.6, and 0.5 mmol acetic acid/
mol glycerol fed using the catalysts Ni/Al;Fe;-625, Ni/Al;Fe;-
750 (1) and Ni/Al;Fe;-750 (2), respectively. These data were in
accordance with the pH values of the collected liquid products
and demonstrated the effect of acetic acid in the acid medium.

Wu et al.*” stated that acidic conditions boost the solubility
of active metals in water, in agreement with the metal leaching
results. The amount of metal leaching did not affect the cata-
Iytic activity of the samples under the operating conditions, as
also reported by Raso et al.*® However, a very high time-on-
stream could influence the catalytic activity. It is better to
develop a catalyst with low metal leaching.

It is well known that Ni catalysts supported on Al,O; are
often unstable and suffer changes in their structure during the
APR of glycerol, causing deactivation by metal leaching, metal
particles sintering, and so on.***¢ Cai et al.>* showed that the Ni/
Cu catalyst suffered more deactivation by metal particles sin-
tering and metal leaching when the glycerol hydrogenolysis was
performed using water than 2-propanol as a solvent. However,
the presence of Fe in catalysts helps to improve their stability
and delays the deactivation of the Ni-based catalyst.***¢

In conclusion, the Ni/Al;Fe;-625 catalyst presented the best
performance for the APH of glycerol due to its high catalytic
activity towards dehydration/hydrogenation products and its
lower degree of metal leaching than the Ni/Al;Fe;-500 catalyst
under the same operating conditions.

Table 1 Textural properties of the calcined and spent catalysts. Boehmite and FeNisz crystallite sizes of the used catalysts

Calcined samples

Spent samples

Sample Sper’ M* g™ VP(em’g™) 4,0 (nm)  Sem® (Mg VP(em’g™)  d,° (nm)  Dpoehmice” (MM)  Deeni” (n)
Ni/Al;Fe;-500 233 0.158 3.31 197 0.150 3.71 13 8
Ni/Al;Fe;-625 199 0.174 3.93 185 0.145 4.44 19 7
Ni/Al;Fe;-750 (1) 827 0.1457 7.417 56 0.126 13.10 15 11
Ni/Al;Fe;-750 (2) 42 0.136 18.70 20

“ The Brunauer, Emmett, and Teller (BET) method. ? Barrett-Joyner-Halenda (BJH) adsorption method. ° Boehmite and FeNij crystallite sizes
calculated from the Scherrer equation. ¢ Value corresponding to the Ni/Al;Fe; catalysts calcined at 750 °C: reduced at 650 (1) and 725 °C (2).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Catalyst characterization

Chemical composition and textural properties. Almost no
differences were found between the ICP-OES analysis and the

nominal metal values in the Ni/Al;Fe; catalyst. The
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spent (B) samples. Pore size distribution of the calcined (C) and spent
(D) samples.
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experimentally measured Ni, Al, and Fe loading were
26.8 mol.% (nom.: 28.0 mol.%), 55.5 mol.% (nom.: 54.0 mol.%),
and 17.7 mol.% (nom.: 18.0 mol.%), respectively.

The textural properties of the Ni/Al;Fe, catalyst calcined at
different temperatures are shown in Table 1. Fig. 4(A) and (B)
show the N, adsorption-desorption of the calcined and used
samples, respectively, and Fig. 4(C) and (D) display the pore size
distribution of the calcined and used samples, respectively.
According to the IUPAC classification, the fresh and spent
catalysts exhibited a type IV isotherm with a hysteresis loop
(type H,) which occurred after P/P, = 0.4. This is characteristic
of mesoporous materials with interconnected pores of different
sizes and shapes.*® Boosting the calcination temperature
decreased the surface area (Sggr) from 233 m” g~ at 500 °C to 82
m? g " at 750 °C. It was 199 m* g~ at 625 °C. The average pore
diameter (dp) increased, but the pore volume (V) had
a maximum of 625 °C. In addition, it is observed that while the
surface area and pore volume decreased after using the cata-
lysts, the pore diameter increased. This trend could be because
the samples suffered from pore plugging, which would have
reduced their pore volume.**

A decrease in the Sgrr was observed after using the samples.
The catalysts calcined at 500 °C (Ni/Al;Fe;-500) and 625 °C (Ni/
Al3Fe;-625) showed a slight decline in the Sggr and high cata-
Iytic activity. However, the Ni/Al;Fe, catalysts calcined at 750 °C
(Ni/Al3Fe;-750 (1) and Ni/AlzFe;-750 (2)) demonstrated the
highest decrease in the Sggr and the worst -catalytic
performance.

X-ray diffraction characterization. Fig. 5(A) shows the XRD
patterns of the fresh samples. Peaks for spinel-structured
FeAl,0, (JCPDS, 00-034-0192) and NiAl,0, (JCPDS, 00-010-
0339) were observed in all samples. The interaction between
NiO and Al,O; forms the NiAl,O, phase during the calcination,
and its presence depends on the Ni/Al molar ratio and the
calcination temperature.® The FeAl,O, is obtained from the
reaction of FeO with Al,03.* Nonetheless, there were no peaks
for FeO (JCPDS, 00-074-1886) and NiO (JCPDS, 00-047-1049),
which means that the Ni and Fe components were very well
dispersed over the surface of Al,O;, causing them to have
a perfect spinel structure, as reported by Kim et al.** In addition,
v-Al,0; (JCPDS 00-050-0741), Fe,0; (JCPDS, 00-033-0664), and
Fe;0, (JCPDS, 00-019-0629) were identified in the samples.

It can be observed that increasing the calcination tempera-
ture, especially from 625 to 750 °C, leads to the Ni/Al;Fe; cata-
lyst having a more crystalline structure. A similar trend was
found in the case of the ZnO-3Al catalyst, reported by Li et al.*”
The intensity peaks of the NiAl,O, and FeAl,0, increased as the
calcination temperature rose in the Ni/Al;Fe, catalyst. Bian
et al.** reported that a high calcination temperature favored the
crystal size growth.

Fig. 5(B) displays the XRD patterns of the spent samples. Our
previous works'?* found that the phases presented in the
reduced and spent catalysts were very similar except for the
boehmite (AIO(OH), JCPDS 01-074-18795). For this reason, the
XRD of the reduced samples is not shown in the present work.
Raso et al.* found that the AIO(OH) was formed before the APH

reaction and that its formation occurred during the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stabilization of the system with water for the reaction. The
AIO(OH) phase is formed due to the reaction between Al,O; and
H20.13‘14’23

The principal diffraction peaks of both the FeNi; (JCPDS 03-
065-3244) and AlNi; (JCPDS 00-050-1265) could be observed in
all the samples due to their similar patterns.’” Besides, the
NiAL,O,, and FeAl,0, phases were still observed due to their
partial reducibility. These require a high temperature to achieve
complete reduction.**> However, Fe;0, and Fe,O; disappeared
due to their total reducibility after the reduction treatment.

Increasing the reduction temperature for the Ni/Al;Fe;-750
catalyst from 650 °C (Ni/Al;Fe;-750 (1)) to 725 °C (Ni/Al;Fe1-750

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(2)) favored the reduction of the spinels (NiAl,O, and FeAl,0,),
obtaining small peaks. This means the Ni and Fe components
are well combined with the Al,O; support ingredient during the
calcination step.** In addition, the intensity of the characteristic
peaks of FeNi; and AlNi; was boosted with a rise in the reduc-
tion temperature. The estimated mean FeNi; crystallite sizes are
shown in Table 1. Increasing the calcination temperature from
500 to 625 °C decreased the FeNi; crystallite size slightly from 8
to 7 nm, enhancing the dispersion from 12.1 to 13.9%. The
dispersion was calculated using the equation D = 97.1/d (nm).**
However, a further increase in calcination temperature to 750 °©
C caused a decrease in the FeNi; dispersion to 8.8% due to
active metal sintering during the activation process.”® In addi-
tion, the FeNi; crystallite size increased from 11 to 20 nm when
the Ni/Al;Fe;-750 catalyst was reduced at high temperature (725
°C), and consequently, FeNi; dispersion diminished from 8.8 to
4.9%.

Additionally, raising the calcination and reduction temper-
ature favored decreasing the AIO(OH) phases. The approximate
AlO(OH) crystallite size was 13 to 19 nm (Table 1). The presence
of metal particles retards the transformation of y-Al,O; into
AlO(OH) under hydrothermal conditions.”* The FeNi; and
AlO(OH) crystallite sizes were calculated using the Scherrer
equation* for the characteristic diffraction peaks of FeNi; at 26
= 44.3°,51.6°, and 75.9° and the main peak of AIO(OH) at 26 =
14.5°.

According to a report by Doukkali et al.,** calcination treat-
ments at high temperatures strengthen the Al-O bonds of y-
Al,O; to minimize its interaction with the H,O in the reaction
medium, maintain the stability of the mesoporous structure
and texture of the y-Al,O; support, and control the aggregation
of Ni particles, providing higher hydrothermal stability of the
catalyst in its subsequent use.

In addition, the spent samples were studied using the TGA
technique in the N, atmosphere to quantify the boehmite
formation. Fig. 5(C) shows the TGA curves of the used samples.
The catalysts calcined at 500 °C and 625 °C presented higher
values of total weight loss than the catalysts calcined at 750 °C.
The TGA results were in good agreement with the XRD results.
The weight loss is directly related to the release of adsorbed
water and the transformation of boehmite (AIO(OH)) into
Al,03.* Furthermore, the boehmite formation was estimated
considering the weight loss in the temperature range of 140 °C
to 515 °C, which corresponded to the chemisorbed water and
boehmite transformation step in the catalyst (step II). The %
weight loss in step II for each sample was 10.4% for the Ni/
Al;Fe;-500 catalyst, 12.78% for the Ni/Al;Fe;-625 catalyst, 5.29%
for the Ni/Al;Fe;-750 (1) catalyst, and 3.89% for the Ni/Al;Fe;-
750 (2) catalyst.

Looking at the catalytic results, the Ni/Al;Fe;-625 catalyst
showed the highest catalytic activity and the smallest FeNij
crystallite size, around 7 nm, indicating a high dispersion.
Increasing the calcination and reduction temperature leads to
the Ni/Al;Fe, catalyst having a more crystalline structure and an
increased FeNi; crystallite size of around 20 nm (Ni/Al;Fe;-750
(2)), indicating a low dispersion.

RSC Adv, 2023, 13, 5483-5495 | 5489
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Fig. 6 H,-TPR profiles of the calcined samples.

The higher amount of boehmite in the catalysts calcined at
500 and 625 °C than in the catalysts calcined at 750 °C does not
appear to cause a negative effect on the catalytic activity.
Furthermore, Wu et al.*® used the boehmite as a support for
a Cu-based catalyst in the hydrogenolysis of glycerol to 1,2-PDO.

Hydrogen temperature-programmed reduction. The H,-TPR
profiles of the calcined samples are depicted in Fig. 6. All the
samples showed 4 peaks corresponding to the reduction of the
phases present in them, obtained by the Gaussian-fitting anal-
ysis. The assignation of phases was carried out considering the
XRD results.

The assignation of the peaks is in accordance with the work
of Meng et al.*” The peaks at low temperatures (200-440 °C) are
ascribed to the reduction peak of Fe,O; to Fe;0, and a-NiO, the
peaks at the moderate ranges (440-600 °C) are attributed to the

Table 2 H,-TPR results of the calcined samples
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Paper

reduction peak of Fe;O, to Fe and B-NiO, and the peaks in the
range of 550-750 °C are assigned to the reduction peak of
NiAl,O, spinel (y-NiO). In addition, the FeAl,0O, is reduced at
high temperatures.’**

For the Ni/Al;Fe;-500 and Ni/Al;Fe;-625 catalysts, the first
peaks at 307 °C and 275 °C, respectively, might be ascribed to
the reduction of «-NiO species to Ni, corresponding with the
easily reducible surface free nickel oxide.*® The second peaks at
401 °C and 472 °C for the Ni/Al;Fe{-500 and Ni/Al;Fe;-625,
respectively, could be attributed to the reduction of Fe,O; to
Fe;0,. The next peaks at 497 °C and 498 °C for the Ni/Al;Fe;-500
and Ni/Al;Fe;-625, respectively, can be related to the reduction
of B-NiO, which had a strong interaction with the support or
referred to non-stoichiometric nickel aluminate (NiO-Al,O3)
with weaker stability,***” and Fe;O, to Fe. Finally, the last peaks
at 568 °C and 652 °C for the Ni/Al;Fe;-500 and Ni/Al;Fe;-625,
respectively, could be assigned to the reduction of y-NiO, which
corresponded to the reduction of the NiAl,O, phase or Ni pha-
ses with strong interaction with the support, and of the FeAl,O,
phase.

For the Ni/Al;Fe;-750, the first peak at 392 °C could be
related to the reduction of a-NiO species. The next peak at 579 °©
C might be assigned to the reduction of 8-NiO. The third peak at
658 °C could be attributed to the reduction of Fe;0,4, and the
last peak at 802 °C might be ascribed to the reduction of y-NiO
and FeAl,0,.

In addition, the ratio of the different phases was calculated
and shown in Table 2. Increasing the calcination temperature
decreased the proportion of «-NiO phases and B-NiO phases,
whereas the ratio of y-NiO phases was boosted. This indicated
that the -NiO and B-NiO could be converted into NiAl,O,, as
reported by Bian et al.>* They stated that increasing the calci-
nation temperature favored the NiAl,O, formation, which was
beneficial for the dry reforming of methane in terms of activity
and stability.

Moreover, the reduction temperature peaks moved towards
higher values with the increase in the calcination temperature.
For example, the reduction temperature peaks of the y-NiO/
FeAl,0, species were boosted from 568 °C to 802 °C with the rise
of the calcination temperature from 500 °C to 750 °C.

Temperature-programmed  desorption of ammonia.
Temperature-programmed desorption of ammonia (NH;-TPD)
was carried out to study the acidity of the reduced catalysts. A
Gaussian-fitting analysis was conducted to clarify the kinds of
desorption regions in the catalysts. The results of NH;-TPD are
gathered in Table 3.

Reduction temperature (°C)/relative content” (%)

Total H, consumption

Sample a-NiO Fe,0; B-NiO Fe;0, v-NiO/FeAl,O, (mmol Hy/gear)
Ni/Al;Fe{-500 307/5.5 401/7.3 497/41.4% 568/45.8 9.25
Ni/Al;Fe;-625 275/4.1 472/25.0 498/27.3° 652/43.6 9.21
Ni/Al;Fe;-750 392/3.8 579/16.8 658/5.4 802/74.0 9.45

“ Value corresponding to a total reduction of B-NiO and Fe;0,. b Calculated from Gaussian deconvolution of H,-TPR.
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Table 3 NH3-TPD results of the reduced samples and crystallite size of used samples calculated from STEM results

Temperature (°C)/relative amount® (%)

Total NH; desorption

Sample T1/F1 T2/F2 T3/F3 (wmol NHy/gear) STEM” (nm)
Ni/Al;Fe;-500 194/21.4 289/36.9 536/41.8 777.34 11
Ni/Al;Fe,;-625 189/10.3 275/39.5 516/50.2 881.54 10
Ni/Al;Fe,-750 (1) 180/13.9 266/42.0 498/44.1 433.24 20
Ni/Al;Fe;-750 (2) 177/10.6 261/43.7 411/45.7 337.43 41

“ Calculated from Gaussian deconvolution of NH,;-TPD profiles. > Mean particle size calculated from STEM results.

The NH;-TPD profiles of the reduced catalyst are shown in
Fig. 7. Previous to the NH,-TPD analysis, the samples were
reduced at the same temperature as that used to activate them
before the APH reaction: 500 °C for the Ni/Al;Fe;-500 and Ni/
AlsFe;-625, 650 °C for the Ni/AlzFe;-750 (1) and 725 °C for the
Ni/Al3Fe;-750 (2). All catalysts presented three regions charac-
teristic of the strength of the acid sites with maxima at the
ranges 177-194 °C, 261-289 °C, and 411-536 °C, corresponding
to weak (T1), low-moderate (T2), and strong (T3), respectively.

The proportion of the low-moderate (F2) and strong (F3) acid
sites rose when the calcination temperature increased from 500
to 625 °C. Then, raising the calcination temperature to 750 °C
favored increasing the proportion of the low-moderate acid sites
and decreasing the strong acid sites. In addition, boosting the
activation temperature of the Ni/Al;Fe;-750 from 650 (Ni/Al;Fe;-
750 (1)) to 725 °C (Ni/AlzFe;-750 (2)) slightly increased the
proportion of the low-moderate and strong acid sites, but
diminished the temperature of these acid sites, especially the
strong acid sites.
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Fig. 7 NHs-TPD profiles of the reduced samples.
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The total amount of acid sites increased slightly from 777.34
to 881.54 pmol NH;/g .. Wwhen the calcination temperature was
raised from 500 to 625 °C, respectively. However, raising it to
750 °C decreased half of the total amount of acid sites. In
addition, increasing the reduction temperature from 650 to
725 °C reduced the amount of acid sites from 433.24 to 337.43
umol NH;/g .., respectively.
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Fig. 8 The nickel-rich particle size distribution and STEM images of
the used catalysts.
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Calcined catalysts Used catalysts

Fig. 9 FESEM images of the calcined and used catalysts from left to
right.

Scanning transmission electron microscopy. Scanning
transmission electron microscopy (STEM) was applied to
determine the metal crystallite sizes of the samples. Fig. 8
shows the nickel-rich particle size distribution of the catalysts,
calculated by image processing software. More than 90 particles
were measured per sample. The estimated nickel-rich particle
size was 10 to 41 nm (Table 3).

The same trend of the particle sizes obtained by the XRD
technique was observed with the STEM technique. Increasing
the calcination temperature from 500 to 625 °C decreased the
nickel-rich crystallite size slightly from 11 to 10 nm, improving
the dispersion. The Ni/Al;Fe;-500 and Ni/Al;Fe;-625 catalysts
showed around 34% and 63% of nickel-rich particle sizes below
10 nm, respectively. This corroborates the XRD results and the
higher dispersion of the nickel-rich phase on the Ni/Al;Fe;-625
catalyst compared to the Ni/Al;Fe;-500 catalyst. A further

Table 4 Elemental analysis results of the used catalysts

Ratio
(mg C/ (gcatalyst'
C (wt%) H (wt%) Zelycerol Teacted))
Ni/Al;Fe;-500 1.77 0.88 1.99
Ni/Al;Fe;-625 2.72 0.90 3.01
Ni/Al;Fe;-750 (l) 1.74 0.41 4.29
Ni/Al;Fe;-750 (2) 1.52 0.31 3.92
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increase in calcination temperature to 750 °C caused a dimi-
nution in the nickel-rich phase dispersion. In addition, the
nickel-rich crystallite size increased from 20 to 41 nm when the
Ni/Al;Fe;-750 was reduced at high temperatures, and its
dispersion subsequently decreased.

Field emission scanning electron microscopy. Field emis-
sion scanning electron microscopy (FESEM) images of the
samples are displayed in Fig. 9. The morphology of the catalysts
changed after their use due to the presence of the boehmite, as
identified by the XRD technique.

The variations in the morphology depended on the operating
conditions, such as hydrothermal temperature, treatment time,
and reactant concentrations. The morphologies included cubes,
elongated shapes, thick plates, and platelet-like or flower-like
particles.*®*

Additionally, elemental analysis of the spent catalysts was
performed in order to determine coke formation. Increasing the
calcination temperature favored the coke formation expressed
using the ratio mg C/(Zcacalyst’ Eglycerol reacted) iN the Ni/Al;Fe,
catalyst (1.99 to 4.29 mg C/(Zcatalyst* Selycerol reacted))- Meanwhile,
boosting the reduction temperature from 650 to 725 °C slightly
decreased the coke formation, 4.29 to 3.92 mg C/(Zcatalyst
“Zalycerol reacted) (Table 4). The H content in the used catalysts
follows a similar trend to the TGA results (% total weight loss)
and could be related to boehmite formation.

Discussion

This study aimed to optimize the calcination temperature of the
Ni/Al;Fe; catalyst in the APH of glycerol without external
hydrogen addition. In this context, Ni/Al;Fe, catalysts calcined
at different temperatures (500, 625, and 750 °C) were prepared
by the co-precipitation method and tested in the APH of glycerol
under the same operating conditions.

The results showed that the Ni/Al;Fe; catalyst calcined at
625 °C presented the best catalytic activity, obtaining a glycerol
conversion of around 53%. The proportion of the carbon
selectivity to liquid (80%) and gas (20%) products is the same
for all catalysts. This could mean the calcination or reduction
temperatures did not affect this distribution. Then, the total
carbon selectivity to liquid and gas products is determined by
the operating conditions, and the catalyst is also influenced.
Thus, Garcia et al.*® obtained about 25% and 75% of total
carbon selectivity to gas and liquid products, respectively,
during the APR of glycerol over Ni/Al coprecipitated catalyst
under the same operating conditions (34 bar, 10 wt% glycerol,
and 227 °C). The higher carbon selectivity to liquids with the Ni/
Al;Fe,; catalyst than with the Ni/Al catalyst could indicate the
positive effect of Fe.

The yield to 1,2-PDO, the main liquid product, was 209 mg
¢ " glycerol and 192 mg g~ glycerol for the catalysts calcined at
625 and 500 °C, respectively. The H, yield, expressed as mg H,/
mol C fed, was 47 and 34 for these catalysts, respectively. These
results indicate a slight improvement using the catalyst
calcined at 625 °C. On the other hand, the catalyst calcined at
750 °C and reduced at two different temperatures (650 and
725 °C) showed low catalytic activity with a 1,2-PDO yield of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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around 35 mg g~ * glycerol for both catalysts and an H, yield of
13 and 19 mg H,/mol C fed for the catalysts reduced at 650 and
725 °C, respectively.

The conversion of glycerol is due to reforming reactions that
produce gases and liquid phase reactions, mainly by path I (eqn
(6)) and path II (eqn (7)).***> The acid sites of the catalysts
participate in path I by dehydrating glycerol to acetol. In
contrast, metal sites of the catalysts are involved in reforming
reactions that generate hydrogen and path II by the
dehydrogenation/decarbonylation of glycerol.™

The catalysts calcined at low temperatures, 500 °C and 625 °
C, presented a high value of acidity and a small size of Ni-rich
phase, both favoring the glycerol conversion. The simulta-
neous reforming reaction of glycerol that produces hydrogen
and its participation in the hydrogenation of acetol explained
the high 1,2-PDO yield obtained with these catalysts.

In addition, the H,/CO, ratio in the product gas with the
catalysts calcined at 500 and 625 °C was 0.25 and 0.30, respec-
tively, which was significantly lower than 7/3 of the stoichio-
metric ratio of glycerol reforming, corroborating the
participation of hydrogen in liquid phase reactions.?®

With the purpose of increasing the knowledge of the influ-
ence of the calcination temperature on reaction routes in
a liquid phase, Table 5 shows the total carbon selectivity to the
main products of path I, acetol and 1,2-PDO, and the total
carbon selectivity to the main products of path II, ethylene
glycol and ethanol. It is observed that the main reaction route
was path I for all the catalysts tested. Moreover, the total carbon
selectivity to path I decreased with the increase in the calcina-
tion temperature and the reduction temperature using the
catalyst calcined at 750 °C. On the other hand, the total carbon
selectivity to the products of path II increased with the calci-
nation and reduction temperatures. The tendency observed
with the reduction temperature was found previously by
Morales-Marin et al.*® in their study of the effect of the reduc-
tion temperature on the APR of glycerol over NiAl,0,-derived
catalysts. They concluded that the reduction at 700 °C or above
enhanced the dehydrogenation mechanism, while the catalysts
reduced at below 600 °C favored dehydration/hydrogenation
products.

Table 5 also shows the ratio of total carbon selectivity to 1,2-
PDO/acetol for the catalysts tested. This ratio is directly related
to the hydrogenation activity and was significantly higher for
the catalysts calcined at 500 °C and 625 °C. The small size of the
Ni-rich phase of these catalysts produced more hydrogen and
favored the hydrogenation of acetol to 1,2-PDO.

Table 5 Total carbon selectivity to path | and path Il, ratio Sy -ppo/

Sa<:etol

Path I (acetol ~ Path II (ethylene

+1,2-PDO) glycol + ethanol) i 5.ppo/Sacetol
Ni/Al;Fe;-500 61.3 17.5 6.8
Ni/Al,Fe;-625 60.2 17.8 7.2
Ni/Al;Fe;-750 (1) 57.7 22.5 1.8
Ni/Al;Fe;-750 (2) 51.7 27.7 2.4

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Freitas et al.™ found that bimetallic CuNi/Al,O; and CuNi/
ZSM-5 catalysts displayed the highest glycerol conversion,
80% and 85%, respectively, with 25% of 1,2-PDO yield at 250 °C
and 40 bar, without external hydrogen. They attributed this
result to Cu-Ni alloy interaction, high acidity, and good metal
dispersion on the catalyst.

Barzegari et al.>® reported that the active surface area and Ni
dispersion were gradually diminished by boosting the calcina-
tion temperature from 600 to 700 °C. In addition, the catalyst
calcined at 600 °C showed the highest catalytic activity. This
tendency is in accordance with the results obtained with the Ni/
Al;Fe, catalysts.

Overall, the high catalytic activity for the APH of glycerol
without external hydrogen addition was favored with high
acidity and good metal dispersion on the catalyst. In this case,
the Ni/Al;Fe;-625 catalyst was selected as the best due to its high
acidity, high metal dispersion, and lower metal leaching than
the Ni/Al;Fe;-500 catalyst. Thus, the Ni/Al;Fe;-625 catalyst
demonstrated the best catalytic activity, obtaining the most
significant results of H, and 1,2-PDO yields. Path I was favored
at a low calcination temperature (below 625 °C) because the Ni/
Al;Fe;-625 catalyst showed the highest acidity and metal
dispersion. Besides, increasing the calcination temperature to
750 °C enhanced the selectivity of dehydrogenation products
(EG + ethanol) and decreased the H, yield. At the same calci-
nation temperature (750 °C), boosting the reduction tempera-
ture from 650 to 725 °C favored both the selectivity of
dehydrogenation products (EG + ethanol) and the H, yield. This
could mean path II was enhanced at high calcination and
reduction temperatures (above 725 °C).

Conclusions

An increase in the calcination temperature from 500 to 750 °C
produced a significant change in the physicochemical proper-
ties of the Ni/Al;Fe, catalyst and its catalytic activity during the
APH of glycerol.

The calcined catalyst's surface area was decreased from 233
to 82 m”> g~ ! with an increase in the calcination temperature;
meanwhile, the pore diameter was increased from 3.3 to 7.4 nm.
After its use, acceptable stability in the surface area and pore
diameter were observed for the Ni/Al;Fe; catalysts calcined at
500 °C and 625 °C, while a significant decrease in surface area
and increase in pore diameter were determined for the catalyst
calcined at 750 °C.

The Ni/Al;Fe;-625 catalyst was selected as the best due to its
high acidity, metal dispersion, and catalytic activity, the highest
carbon selectivity product being 1,2-PDO. In addition, it expe-
rienced less metal leaching than the Ni/Al;Fe;-500 catalyst.
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