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Abstract: A group of CuAl catalysts were synthesized with a Cu/Al molar ratio of 1:1
using different preparation methods: coprecipitation, surfactant assisted coprecipitation,
polymeric precursor, and self-combustion and then screened for the selective dehydration
of glycerol to acetol. The catalysts were employed in glycerol conversion at the same
temperature (227 °C) in two different laboratory-scale systems, the first one at atmospheric
pressure (gas phase) and the second one in a pressurized system at 34 absolute bar (liquid
phase). The preparation method of the CuAl catalysts influenced the carbon yield to
liquids and acetol selectivity. However, the reaction phase had a greater influence than the
preparation method of the catalyst. In the gas phase, the carbon yield to liquids reached
values above 40% and the carbon selectivity to acetol was higher than 90%. The highest
acetol yield, 462.6 mgacetol / §glycerol, Was obtained with the CuAl catalyst prepared by the
surfactant-assisted coprecipitation method. This study provides a new perspective on
catalyst design by highlighting the crucial role of preparation techniques in determining
CuAl catalyst performance in the liquid and gas phases.

Keywords: CuAl catalysts; catalyst preparation; liquid phase; gas phase; glycerol; acetol

1. Introduction

Fossil fuels, the primary energy source for decades, are highly polluting and contribute
to climate change. Their limited availability [1] further underscores the need for renewable
alternatives. OPEC predicts the global fuel demand will rise to 109.4 million barrels per
day by 2040, with diesel demand reaching 5.7 million barrels daily [2]. To reduce reliance
on petroleum, researchers are exploring renewable options like biomass valorization [3],
hydrogen production [4], and biofuels [5].

Biodiesel, a promising biofuel, is produced via the transesterification of triglycerides
from sources like vegetable oils and animal fats. It offers advantages such as lower emis-
sions, non-toxicity, and high lubricity [2,6]. However, its high production costs hinder its
industry growth. There are several paths to decrease the production costs of biodiesel [7,8],
among them being the development of new technologies capable of valorizing biodiesel
production’s by-products. The most important byproduct in terms of volume is glycerol,
which is produced at 100 kg per ton of biodiesel [9]. With the biodiesel industry expanding,
glycerol production is expected to grow significantly [10].

Glycerol, or 1,2,3-propanetriol, has diverse applications in industries like food, cos-
metics, and pharmaceuticals [11]. It is also used in concrete additives and aviation fuel
production [5]. The surplus of glycerol from biodiesel production has spurred research
into its valorization through processes like reforming [4,11], hydrogenolysis [12,13], and
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dehydration [9]. The catalytic dehydration of glycerol, for instance, produces valuable
compounds like acetol and acetone, which can be used to synthesize aviation fuels. The
aldol condensation of biomass-derived furan compounds with ketones, such as acetone
or acetol, produces liquid intermediates for jet fuels [5]. This technology offers a route
to produce sustainable aviation fuels (SAFs), which could be relevant for CO, emissions’
mitigation [14]. The production of SAFs by aldol condensation with acetol increases the
utilization of this molecule [15].

Recent efforts focus on converting glycerol to acetol and acetone via catalytic dehy-
dration and hydrodeoxygenation (HDO). However, producing acetone from glycerol is
complex, requiring three steps: dehydration to acetol, hydrogenation to 1,2-propanediol
(1,2-PDO), and further dehydration to acetone. This process demands multifunctional
catalysts and yields low acetone selectivity (under 6%) [16].

The production of acetol and/or 1,2-PDO involves dehydration and dehydration—
hydrogenation, conducted in either the gas (at atmospheric pressure) or liquid (at high
pressure) phase. While most studies have focused on gas-phase glycerol dehydra-
tion/hydrogenolysis [17-21], the liquid-phase process requires less energy due to the
absence of water vaporization and operates at moderate pressures (~34 bar) and low
temperatures (227 °C) [13].

Catalysts play a critical role in both phases. Noble metals, although effective, are
costly and exhibit low selectivity toward acetol [22,23]. Non-noble metals like Ni catalyze
C-C bond cleavage, generating H,, which lowers acetol selectivity due to hydrogenation
to 1,2-PDO [24]. Co-based catalysts suffer from severe sintering and deactivation by
coking [25,26]. In contrast, Cu-based catalysts preferentially cleave C-O bonds without
breaking C-C bonds and with minimal hydrogen generation, making them suitable for
acetol production [18,19,27].

The role of the catalyst support is relevant to increase the specific surface area, metallic
dispersion, prevention of sintering, and control of product selectivity. Basic supports, such
as MgO, CaO or ZnO, show low acetol selectivity [17]. Phosphate supports are negatively
affected by the presence of water in the feed and promote the formation of acrolein due
to the appearance of Bronsted-type acid centers [28]. Acidic supports with a high specific
surface area, such as zeolite, achieve high glycerol conversion and selectivity to acetol [29].
However, in an aqueous-phase medium hydrolyze zeolite structure, neutral supports, such
as SiO;y, are also hydrolyzed under hydrothermal conditions [30]. Al,O3 as a catalyst
support of Cu catalysts in glycerol dehydration shows favorable properties due to metallic
dispersion promoting [12,31,32] and glycerol activation [33] via hydrogen bridge formation
with the hydroxyl groups of this molecule.

It has been reported that the effectiveness of Cu-based catalysts in glycerol dehy-
dration/hydrogenolysis is greatly influenced by their structure and crystallinity [19]. In
other words, the preparation method used for Cu-based catalysts, as well as the synthesis
conditions, such as calcination, can significantly influence the performance of the cata-
lysts. Severe calcination conditions, such as high temperatures, can negatively affect the
properties of Cu-based catalysts. Additionally, the preparation method and calcination tem-
perature have a strong impact on metal and support interaction. A strong copper—support
interaction allows for the formation of crystalline phases capable of stabilizing the active
phase, as previously was established by Zihui et al. [27].

The preparation method of the catalysts strongly influences the structural and catalytic
properties of the obtained materials [34,35]. Dos Santos et al. [35] studied the effect of
the preparation method for glycerol dehydration in the gas phase. They prepared the
catalysts by two different methods: wet impregnation and a polymeric precursor. However,
there is a lack of information on the effect of the CuAl catalyst preparation method on
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important factors such as product selectivity, reaction mechanisms, and catalytic activity in
glycerol dehydration.

Coprecipitation (CP) is a widely used preparation method that allows the obtention of
highly-dispersed materials [15,34,36]. The catalysts obtained via this method tend to show
low crystalline structures with a deficient metal-support interaction. However, the works
of some researchers, such as Wolosiak-Hnat et al. [31], exhibit a remarkable metal-support
interaction. This fact may be due to an aging step during the preparation that favored the
metal diffusion. It is important to highlight the effect of the calcination temperature. Thus,
a high calcination temperature leads to higher metal-support interaction, promoting the
formation of spinel structure [37]. Basag et al. [37] concluded that calcination temperatures
between 700-800 °C are required for promoting the metal-support interaction in CP CuAl
catalysts. The higher Cu dispersion exhibited by these materials should have a positive
effect on their catalytic activity. Furthermore, it could also be affected by the increased
selectivity to 1,2-PDO due to an increase in acetol hydrogenation reactions [38].

The surfactant-assisted coprecipitation method (SACP) involves a coprecipitation
method together with the use of a surfactant as a structure-directing agent. Several studies
have investigated the effect of different surfactants, such as cetyltrimethylammonium
bromide (CTAB), tetramethylammonium hydroxide, polyethylene glycol, and Pluronic
P123, on several reactions, such as methanol synthesis, methanol steam reforming, and
CO, reforming [39-42]. The use of a structure-directing agent should result in materials
with controlled porosity. This should improve conversion and selectivity compared to the
traditional CP method. However, there are few studies where the catalytic dehydration of
glycerol in the aqueous phase is studied.

Charisiou et al. [43] previously investigated the catalytic steam reforming of glycerol
employing SACP catalysts. Using Al-based catalysts and temperature ranges between
400-750 °C, researchers were able to achieve maximum values of carbon selectivity to acetol
and acetone of 30% and 35%, respectively. This demonstrates the potential of catalytic
dehydration of glycerol in the gas phase using SACP catalysts, making it an area of great
interest for further study [43]. This also opens up an area of great interest for liquid
phase research.

Polymeric precursor (PP) and auto-combustion (AC) preparation methods involve a
combustion step that strongly affects metal dispersion and intermetallic interaction. PP is a
widely studied method [34,35,44-46] that involves the chelation of metallic cations by citric
acid in a water solution. Then, the remaining carboxylic acid function is polyesterified with
ethylene glycol. This chelation step allows obtaining a homogeneous resin that promotes
metal interaction. Moreover, the increment of temperature during the chelation step also
favors metallic interactions.

The AC preparation method is a straightforward technique that can produce solid
materials without the drying step. This approach yields homogeneous materials with a
robust intermetallic interaction. Additionally, due to its simplicity and low consumption
of raw materials, AC synthesis is highly cost-effective, making it ideal for scaling and
industrial use in the preparation of catalysts. This method consists of the spontaneous
combustion of an aqueous mixture containing the combustion agent (citric acid, urea,
glucose, or glycine) and the metal nitrate precursors [47-50]. This combustion step is
responsible for the intense metal-support interaction. These two preparation methods,
PP and AC, are characterized by increased metal-support interaction. This increased
interaction is expected to decrease metal dispersion, which in turn reduces the activity of
these materials. However, this phenomenon could also increase acetol selectivity.

CuAl catalysts are promising materials for glycerol conversion to value-added prod-
ucts such as acetol/1,2-PDO. These products can be used as intermediates for the produc-
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tion of sustainable aviation fuel (SAF). To the best of our knowledge, there is a lack of
information about the influence of the preparation methods of CuAl catalysts on glycerol
dehydration/hydrogenolysis, especially in the liquid phase. We aim to study the effect
of the preparation method of CuAl catalysts on these processes. For this purpose, CuAl
catalysts have been prepared by four different preparation methods: AC, CP, SACP, and PP.
In addition, experiments have been carried out in the liquid and gas phases. Characteriza-
tion of the calcined and the used catalysts determined relevant information to explain the
catalytic performance and catalyst stability in the reaction medium.

2. Results and Discussion

2.1. Catalyst Characterization
2.1.1. Metal Content and Textural Properties

Table 1 shows the metal content in the calcined catalysts determined by ICP-OES.
The metal content is expressed as the molar ratio Cu/(Cu + Al) x 100. An adequate
agreement is observed between the experimental metal content and the theoretical value
of 50%. However, the catalysts prepared by coprecipitation methods, CP and SACP,
showed a metal content slightly lower than the theoretical value, which could be due to
the formation of copper ammonium complexes, such as [Cu (NH3)4]**, preventing the
complete precipitation of copper [51].

Table 1. Metal content, textural properties, and crystallite sizes of calcined /reduced CuAl catalysts.

Catalyst Composition (%)  Sggr ? (m?/g) Vp © (ecm®/g) dp ¢ (nm) XRD D 4 (nm)
CuAIl-AC1 50.5 43/31 0.06/0.09 3.2/9.9 21.0/21.6/27.7

CuAl-PP 52.2 63/100 0.17/0.24 4.7/6.2 28.4/23.1/35.4

CuAIl-CP 474 144/153 0.32/0.39 8.0/8.0 149/-/22.3
CuAI-SACP 48.2 69/78 0.24/0.27 3.7/3.3 24.7/-/32.8

2 Calculated as Cu/(Cu + Al) (mol/mol). ® BET method. ¢ BJH adsorption branch. d CuO/CuAl,0,/Cu® crystal
size calculated from Scherrer’s equation of calcined and reduced (Cu®) catalysts.

The results of N, adsorption measurements are also shown in Table 1. The Spgt
(m?/g) of the calcined catalysts followed the order CuAl-CP (144) > CuAI-SACP (69) >
CuAl-PP (63) > CuAl-ACl1 (43). The Vj, (cm3/g) values presented the same sequence order:
0.32 > 0.24 > 0.17 > 0.06. The highest pore diameter (dp, nm) was reached by CuAl-CP
(8.0), followed by CuAl-PP (4.7), CuAl-SACP (3.7), and CuAl-ACl1 (3.2). The N; adsorption—
desorption isotherms of the calcined are shown in Figure 1a, while Figure 1b shows the pore
distribution. All the calcined CuAl catalysts exhibit a Type IV isotherm, which is associated
with mesoporous materials due to hysteresis. The CuAl-PP and CuAl-CP catalysts show
a pore size distribution centered at 4.7 and 8 nm, respectively, while the CuAl-SACP and
CuAI-ACl1 catalysts show a broader pore size distribution.

The results of Table 1 show the influence of the preparation method on the textural
properties of calcined catalysts. The catalysts prepared by PP and AC methods, which
include a combustion stage, showed lower values of Sggr and Vp than those prepared by
coprecipitation, CP and SACP. Thus, the methods that imply a combustion step, PP and
AC, tend to obtain less porous materials due to sintering and agglomeration phenomena.
Often, materials prepared by a coprecipitation method exhibit a higher pore diameter value
than those prepared by other methods such as PP [34]. This is clearly observed when
comparing CuAl-PP and CuAl-CP catalysts. The use of CTAB as a structure-directing
agent in the literature has shown opposite tendencies in Sggr and pore size compared to
preparations without CTAB [40,42]. This has exposed the relevance of the CTAB/metal ratio.
Kang et al. [42] concluded that SACP materials with a CTAB/metal ratio higher than the
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optimized value tend to show a lower specific surface area due to CTAB’s decomposition.
CTAB'’s decomposition produces gases and heat which can destroy the pore walls of the
catalysts and increase the pore diameter. In this work, the CuAl-SACP catalyst (Figure 1b)
shows large-diameter pores.
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Figure 1. N, adsorption—desorption isotherms (a). Pore size distribution of adsorption branch (b) of
the calcined CuAl catalysts. Calcination temperature: 650 °C.

The effect of the reduction step on the textural properties of the catalysts is mainly
centered on an increase of the specific surface area, with the exception of the catalyst with
the lowest BET surface area of all, the CuAl-AC1, in which instead of increasing it decreases;
the other feature to highlight is that the rise for the rest of the catalysts is more noticeable
in the polymeric precursor, CuAl-PP. The pore volume increases regularly in all catalysts
once they are reduced, while the pore diameter depends on the preparation method.

Table 2 shows the textural properties of the used CuAl catalysts in the liquid and gas
phases. Figure 2a,b presents the N, adsorption—-desorption isotherms for the used catalysts
in the liquid phase and gas phase, respectively.

Table 2. Textural properties, crystallite sizes, and carbon content of CuAl catalysts used in lig-
uid/gas phase.

Carbon
a 2 b 3 C
Catalyst SpEeT ? (M?/g) Vp ? (em®/g) dp (nm) XRD D € (nm) Content (Gas Phase) 4
CuAl-AC1 51/45 0.13/0.11 3.2/6.0 38.8/31.2 15.46
CuAl-PP 37/87 0.10/0.20 3.5/74 31.3/36.2 27.17
CuAl-CP 53/141 0.15/0.33 3.7/89 24.7/25.8 31.75
CuAl-SACP 65/69 0.23/0.28 3.1/5.0 20.0/33.6 15.54

2 BET method. ® BJH adsorption branch. ¢ Cu;O/Cu? crystallite size calculated from Scherrer’s equation of the
used samples in liquid / gas phase. d Calculated as mg C/(geatSReacted glycerol)-

After the use of CuAl catalysts in the liquid phase (PRL), most of the catalysts changed
their textural properties. Although all catalysts presented a Type IV isotherm (Figure 2a),
most of the catalysts changed their hysteresis loop compared to the calcined catalysts. The
modification of the textural properties after being in the liquid phase is influenced by the
catalyst preparation method. Thus, the CuAl-SACP catalyst showed a high stability, with
similar values of Sgrr and Vp compared to the calcined catalyst. The CuAl-PP and CuAl-
CP catalysts decreased the Sgpr significantly, with values of 41% and 63%, respectively,
compared to the calcined catalyst. The Vp and dj, values of these catalysts also decreased,
while the Sggr and Vp values of the CuAl-AC1 catalyst showed a slight increase. The
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Sger (M2/ g) of the catalysts used in the liquid phase followed the order CuAI-SACP (65) >
CuAI-CP (53) > CuAl-AC1 (51) > CuAl-PP (37).
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Figure 2. N, adsorption—desorption isotherms of used CuAl catalyst (a) in liquid phase and (b) in
gas phase. Liquid-phase reaction conditions: 227 °C, 34 bar, 10 wt% glycerol, and 10 g cat min/g gly.
Gas-phase reaction conditions: 227 °C, 1 bar, 10 wt% glycerol, and 30 g cat min/g gly.

After the use of CuAl catalysts in the gas phase, the N, adsorption—-desorption
isotherms (Figure 2b) were almost unmodified compared to the calcined catalysts. The
Sper, Vp, and d;, values were similar to those of the reduced catalysts, showing a small
decrease in Sgpt and Vp in most of the catalysts.

The Spgr value (m?/g) of the catalysts used in the gas phase (PRG) showed the
following tendency: CuAl-CP (141) > CuAl-PP (87) > CuAl-SACP (69) > CuAl-AC1 (45).

These results indicate that the operating conditions in the liquid phase with pressur-
ized liquid water significantly decreased the textural properties of most of the catalysts,
while the operating conditions in the gas phase barely had any influence. This fact was also
reported by Lete et al. [24].

2.1.2. XRD Results

Figure 3a shows the XRD patterns of calcined CuAl catalysts synthesized by different
preparation methods: CuAl-AC1, CuAl-PP, CuAl CP, and CuAl-SACP. The diffraction
peaks at 32.6°, 35.6°, 38.8°, and 48.9° reveal the presence of a CuO phase (JCPDS file n°.
00-048-1548) [52], while peaks located at 31.1°, 37.0°, and 44.7° correspond to the CuAl,O4
spinel phase (JCPDS file n°. 01-078-1605) [53]. The presence of a CuO phase can be observed
in all CuAl catalysts. However, the presence of the CuAl,Oy4 spinel phase is just elucidated
in the CuAl-AC1 and CuAl-PP catalysts. The CuAl materials obtained through preparation
methods which include a gelation—combustion step, CuAl-AC1 and CuAl-PP, have shown
spinel-type phases (CuAl,O4) which implies a higher level of metal-support interaction, as
can be seen in previous reports [47].

The crystallite sizes of the CuO and CuAl,O4 phases are shown in Table 1. The
crystallite sizes (nm) of the CuO phase follow the tendency of CuAl-PP (28.4) > CuAI-SACP
(24.7) > CuAl-AC1 (21.0) > CuAl-CP (14.9). On the other hand, the crystallite size of the
CuAl,O4 phase (nm) is as follows: CuA-PP (23.1) > CuAl-AC1 (21.6).

These results evidence that the CuAIl-CP catalyst displayed the lowest average crys-
tallite size of the CuO phase, demonstrating the highest dispersion of this oxide. On the
other hand, the CuAl-PP catalyst showed the highest value, which could be due to the
combustion step in this synthesis that could promote particle sintering, reducing its dis-
persion. The preparation of the CuAI-AC1 catalyst showed a combustion stage of higher
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intensity than the CuAl-PP catalyst. Despite this fact, the CuAl-AC1 catalyst showed a
lower average crystallite size of CuO than the CuAl-PP catalyst. This may be due the higher
metal-support interaction caused by the greater amount of Cu found in the spinel-like
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Figure 3. XRD patterns of CuAl catalysts, calcined (a) and reduced (b).

Figure 3b shows the XRD patterns of the reduced catalysts. It is observed that the
reduction treatment completely reduces the CuO phases in all the catalysts to Cu”. The Cu’
phase can be elucidated by diffraction peaks at 26 = 43.3°, 50.4°, 74.1°, and 89.9° (JCPDS
°. 01-085-1326) [24]. Al 46704 phases can be also elucidated by diffraction peaks at
20 =36.9°,45.6°, and 66.4° (JCPDS n°. 01-080-1385) [24]. The Al; ¢6704 phase has an Al/O
ratio of 0.6675, which is higher than that obtained for the Al,O3 phase. This may be due to

n

the presence of bridging oxygen in our catalysts’ structure.

The crystallite size of the Cu® phase was also calculated using Scherrrer’s equation.
As Table 1 shows, the highest Cu® crystallite size of the activated catalysts was observed in
CuAl-PP (35.4 nm), followed by CuAI-SACP (32.8 nm), CuAl-AC1 (27.7 nm), and CuAl-
CP (22.3 nm). This is the same order as that of CuO in the calcined catalysts. However,
there appears to be no correlation when comparing preparation methods involving a
combustion stage (AC1 and PP) with those involving a precipitation stage (CP and SACP).
It is important to highlight that the lowest value of the crystallite size was reached by
the CuAl-CP catalyst, showing the beneficial effect of the coprecipitation step referred to

metal dispersion.

Figure 4a shows the XRD patterns of the used catalysts in the liquid phase. The signals
at 29.8°, 36.4°, 42.3°, 61.4°, and 73.6° reveal the presence of a CuyO phase (JCPDS n°.
00-005-0667) [54]. The presence of AIO(OH) can be also elucidated by peaks at 28.1°, 49.0°,
and 55.2° (JCPDS n°. 00-021-1307) [55]. The Cu® phase can be also appreciated by peaks
at 43.3°, 50.4°, 74.1°, and 89.9° (JCPDS n°. 01-085-1326). The presence of a Cud phase,
detected in all used catalysts, is a consequence of the catalyst activation treatment with a

Hj; stream previous to the reaction.

The crystallite size of CuyO of the catalysts used in the liquid phase at 36.6° was
calculated by Scherrer’s equation and is shown in Table 2. The highest value was reached
by CuAl-AC1 (38.8 nm), followed by CuAl-PP (31.3 nm), CuAl-CP (24.7 nm), and CuAl-

SACP (20.0 nm).

The presence of CuyO phases in the used Cu catalysts is a common issue [27,56,57].
The presence of this phase may be due to a reversible reduction of the spinel phase or to
the partial oxidation of Cu® to Cu* during the reaction. Khasin et al. [27,58,59] proposed
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that Cu species conforming spinel phases showed a reversible reduction property, which
could justify the existence of CuyO phases in our used catalysts prepared by AC1 and
PP. Velasquez et al. [50] also showed the reversible reduction to Cu* from their CuLap;O4
catalysts under experimental conditions. Other works, such as Xiao et al. [27], have
suggested the possible electron transfer from Cu’ to chemisorbed acetol during glycerol
hydrogenolysis, promoting its oxidation.
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Figure 4. XRD patterns of used CuAl catalysts in the liquid phase (a) and in the gas phase (b).
Liquid-phase reaction conditions: 227 °C, 34 bar, 10 wt% glycerol, and 10 g cat min/g gly. Gas-phase
reaction conditions: 227 °C, 1 bar, 10 wt% glycerol, 30 g cat min/g gly.

Boehmite, AIO(OH), is another phase present in the used catalysts in liquid-phase
reactions. The presence of this phase is due to the hydration of Al;O3 phases under reaction
conditions and it may decrease the activity of the catalysts [60].

Figure 4b shows the XRD patterns of the CuAl catalysts used in the gas-phase reactions.
The Cu' phase (JCPDS n°. 01-085-1326) [24] can be clearly identified in all used catalysts.
The Al 46704 phase (JCPDS n°. 01-080-1385) [24] is slightly identified. The tendency
of the Cu® average crystallite size of the reduced catalysts (nm), shown in Table 1, is as
follows: CuAl-PP (35.4) > CuAl-SACP (32.8) > CuAl-AC1 (27.7) > CuAl-CP (22.3). A similar
tendency of the Cu® average crystallite size (nm) of the used catalysts in the gas phase can
be shown in Table 2, followed the order: CuAl-PP (36.2) > CuAl-SACP (33.6) > CuAl-AC1
(31.2) > CuAl-CP (25.8). A slight sintering effect can be elucidated in the gas phase, as
previously reported [24].

In order to study the possible electronic transfer from Cu® to the substrate in the
liquid phase, as proposed above, the CuAl-PP catalyst was analyzed by XRD after being
subjected to an aqueous medium without glycerol. Figure 5 shows the XRD patterns after
four stages: calcination, activation with Hy, aqueous medium at 227 °C and 34 bar, and
use in glycerol conversion. It is clearly observed that the hydrothermal conditions strongly
promote boehmite formation and the Cu® phase is almost unaffected. On the other hand,
the used CuAl-PP catalyst clearly shows oxidation from Cu® to CupO. The Cu’ phase
strongly decreases while Cu,O phases sharply appear. These results are in concordance
with those of other authors [27]. They suggested the electron transference from Cu® to
chemisorbed acetol during glycerol hydrogenolysis. In this way, Cu may act as an electron
transfer agent for acetol hydrogenation to 1,2-PDO in the liquid phase. In the gas phase
(Figure 4b), this phenomenon cannot be elucidated, i.e., Cu' is not oxidized to Cup,O during
the reaction, as previous works established [24]. This fact can suggest the role of pressure
in promoting the electron transference phenomenon.
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Figure 5. XRD patterns of different stages of CuAl-PP catalyst: calcined, reduced, stabilized in liquid
H,O, and used in liquid-phase reaction. Liquid-phase reaction conditions: 227 °C, 34 bar, 10 wt%
glycerol, and 10 g cat min/g gly.

2.1.3. Hp Temperature Programmed Reduction

The H,-TPR profiles are displayed in Figure 6. All CuAl catalysts have reduction
peaks between 185-257 °C, which can be roughly divided into two reductive phenomena:
low-temperature peaks and high-temperature peaks, as was elucidated previously [61,62].
The low-temperature reduction peaks are attributed to the reduction of Cu?* phases to Cu’
in highly dispersed CuO with a small particle size, while the high-temperature reduction
peaks are related to the reduction of CuO to Cu® with a larger particle size, as has been
previously studied in other works [63-65].

The CuAl catalysts that exhibit spinel phases in XRD analysis (Figure 3a), such as
CuAI-PP and CuAl-AC1, show additional reduction peaks that correspond to the reduction
of the CuAl,Oy4 spinel phase between 326-359 °C, as previously reported [66]. The ratio of
the different phases is displayed in Table 3.

Table 3. H,-TPR results of the calcined CuAl catalysts.

Temperature (°C)/Relative Amount (%) 2

Catalyst T1/F1 T2/F2 T3/F3

CuAl-CP 231/75.8 257/24.2 -
CuAl-SACP 235/41.8 252/58.2 -
CuAl-AC1 185/11.9 228/76.0 355/12.1

CuAl-PP 228/77.5 250/20.5 359/2.0

2 Calculated from Gaussian deconvolution from H,-TPR profiles.

These results are consistent with those obtained using X-ray diffraction (XRD) and
justify the presence of CuAl,O4 phases. The PP synthesis also has a characteristic spinel
reduction peak but with a lower relative amount. This may be a consequence of the lower
temperatures reached during the combustion step, characteristic for AC1 and PP synthesis,
since spinel phases need high temperatures to be formed, as previously studied [67].
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Figure 6. Hy-TPR profiles of calcined CuAl catalysts.

2.1.4. SEM-EDS Analysis and Textural Features

With the aim of studying the surface morphology of the calcined and used catalysts,
field emission scanning electron microscopy (FESEM) was used. Figure 7 shows the FESEM

images of the CuAl calcined catalysts.

Figure 7. FESEM images of the calcined catalysts: CuAl-PP (a), CuAl-SACP (b), CuAl-CP (c), and
CuAl-ACl1 (d). Calcination temperature: 650 °C.
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As can be seen in Figure 7, the CuAl catalysts prepared via a coprecipitation method,
SACP and CP (Figure 7b and c respectively), tend to show higher surface roughness as
well as a more noticeable dispersion of Cu across the catalyst’s surface. This may explain
their highest Sggr values of 144 and 69 m? /g, respectively. On the other hand, CuAl-PP
(Figure 7a) exhibits a lower surface roughness and Cu dispersion, and small spherical Cu
domains on the surface can be slightly distinguished. The CuAl-AC1 catalyst (Figure 7d)
shows a relatively smooth surface; this may explain its low Sggr of 43 m? /g (Table 1). These
results clarify the notable influence that the preparation method has on the properties of
CuAl catalysts.

Figure 8 shows the effect of the severe liquid-phase reaction conditions on the catalysts.
The appearance of Cu® structures can be observed on the surface of the catalyst due to the
reduction treatment. Flower-like particles, elongated shapes, and thick plate structures can
be also elucidated in all the used catalysts in the liquid phase. These structures are related
to the formation of boehmite phases due to the hydrothermal reaction conditions [68,69].
These results are in concordance with the XRD measurements (Figure 4a).
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%

Figure 8. FESEM images of used catalysts in liquid phase: CuAl-PP (a), CuAl-SACP (b), CuAl-CP
(c), and CuAIl-ACl1 (d). Liquid-phase reaction conditions: 227 °C, 34 bar, 10 wt% glycerol, and
10 g cat min/g gly.

Figure 8 clearly shows the impact of the preparation method in the properties of the
used catalysts in the liquid phase. The CuAl-PP and CuAl-AC1 catalysts (Figure 8a and
d, respectively) showed higher particle sizes than the CuAI-SACP and CuAl-CP catalysts
(Figure 8b and c respectively), especially the brighter structures, which may correspond
to Cu’. These results are in concordance with the calculated average crystallite size of the
used catalysts in the liquid phase (Table 2).
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2.1.5. Leaching Studies and Carbon Content in Used Catalysts

The liquid products were analyzed by ICP-OES with the objective of determining the
leaching of metals from the catalysts during the liquid-phase reaction. Figure 9 shows the
metal mass percentage leaching from the content in fresh catalysts determined by ICP-OES.
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Figure 9. Mass percentage of Cu and Al leaching of the used catalysts in liquid phase. Liquid-phase
reaction conditions: 227 °C, 34 bar, 10 wt% glycerol, and 10 g cat min/g gly.

It is observed that Al leaching is greater than Cu leaching in all catalysts. The CuAl-
AC1 catalysts show the highest Al leaching (0.193%), significantly higher than the rest of
the catalysts, with Al leaching less than 0.08%. Cu leaching is smaller than 0.03% for all
catalysts. The CuAl-CP catalyst shows leaching values similar to those obtained with the
coprecipitated CuAl catalyst of Lete et al. [24]. Cu leaching was very similar in both the
present study and Lete’s article. However, Lete’s catalyst showed greater Al leaching than
this study, which could be due to the higher Al content.

The carbon content of the used catalysts was studied by elemental analysis. The carbon
content on the catalysts used in the liquid phase was undetectable or below the detection
limit, while the catalysts used in the gas phase showed detectable carbon deposition values
(Table 2). The carbon content, expressed as mg C/(g catalyst g reacted glycerol), followed
the order CuAl-CP (31.75) > CuAl-PP (27.17) > CuAl-SACP (15.54) = CuAl-ACl1 (15.46).

There could be some reasons to explain the low carbon formation after the reaction in
the gas phase, such as the Cu°-Al,O3 assembly in the CuAI-SACP catalyst or the presence
of CuAl,Oy spinel in the CuAl-AC1 catalyst. It was clearly observed that these catalysts,
CuAI-AC1 and CuAl-SACP, with low carbon formation showed low 1,2-PDO selectivity.
Then, in the reaction mechanism, acetol could be desorbed easily from the active site, which
hindered acetol conversion to 1,2-PDO and carbon formation. Chiu et al. proposed that
in the dehydration of glycerol to acetol the scavenging of hydrogen from the glycerol
generates 1,2-PDO and undesired products, including a solid residue [38]. This residue
could be the formation of carbon.

2.1.6. TGA Measurements

Figure 10 shows the TGA results obtained from the CuAl catalyst used in the liquid
phase. Step I, between 25-140 °C, is associated with the loss of physisorbed water, while
Step 1I, between 140-700 °C, is associated with the dehydration of boehmite to Al,Os.
Thus, a greater weight loss is due to a greater formation of boehmite during the reaction
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conditions. The % weight loss in Step II follows the following trend: CuA-SACP (8.78%) >
CuAl-CP (6.07%) > CuAl-AC1 (4.89%) > CuAl-PP (4.36%). These results indicate that CuAl
catalysts obtained by precipitation methods (CP and SACP) tend to form larger amounts of
boehmite under the selected reaction conditions.
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Figure 10. TGA /DTG curves of the used CuAl catalysts in liquid phase: CuAl-AC1 (a), CuAl-CP (b),
CuAl-SACP (c), and CuAl-PP (d). Liquid-phase reaction conditions: 227 °C, 34 bar, 10 wt% glycerol,
and 10 g cat min/g gly.

There could be a relationship between the formation of the spinel phase, present
in CuAl catalysts prepared by AC1 and PP, and the lower formation of boehmite. The
existence of the boehmite phase in the CuAl catalyst is not related to the increase in Al
leaching. The CuAl-AC1 and CuAl-PP catalysts showed a slightly lower Al content than
the rest of catalysts (Table 1), as well as a slightly higher level of Al leaching, and are
catalysts with low boehmite formation. This may suggest that the formation of boehmite
could prevent the leaching of Al

2.1.7. XPS Analysis

XPS was used to assess the composition and oxidation state of Cu on the surface of
the catalysts used in liquid-phase reactions. XPS data from Cu 2p, Al 2p, and Cu LMM are
presented in Figure 11a, b and ¢, respectively.

The deconvolution of the Cu 2p signal into five contributions is shown in Figure 11a.
The contribution of the satellite peaks, intermediate signals, was subtracted. The decon-
volution of Cu 2p %2 and 3/2 into two signals confirms the presence of different oxidation
states of Cu. The Cu 2pj3,; signal can be deconvoluted into two contributions: at 934.0 eV
(referred to Cu?*) and 933.0 eV (referred to Cu®/Cu*) [70,71]. Furthermore, an intermediate
signal (satellite peak) at 943.5 eV also confirms the presence of Cu?* phases on the surface
of the catalysts used, as can be seen in previous reports [27,72]. However, in the Cu 2p
signal it is not possible to distinguish between Cu” and Cu*. Figure 11b shows that the Al
2p peak can be assigned to the oxidation state of AI**, which corresponds to the oxidized
phases of Al on the surface [73], also clarified by the XRD data (Figure 4a). The Al 2p peak
is subtracted from the deconvoluted signal by removing the Cu 3p contribution.
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Figure 11. X-ray photoelectric high-resolution spectra for the catalysts used in liquid phase: (a) Cu
2p; (b) Al 2p; (c¢) Cu LMM. Liquid-phase reaction conditions: 227 °C, 34 bar, 10 wt% glycerol, and
10 g cat min/g gly.

The Cu LMM signal allows to distinguish the three oxidation states of Cu. The
patterns obtained from the samples used are shown in Figure 11c. The XAES spectra
obtained corroborate the presence of the three oxidation states of Cu.

The results in Table 4 show that the highest Cu/Al ratio was achieved with CuAl-PP
(1.18), followed by CuAl-SACP (0.15) > CuAl-AC1 (0.13) > CuAl-CP (0.11). These results
show the notable influence of the preparation method on the properties of the catalysts, as
well as on the catalysts used. It is clear that the Cu content of CuAl-PP is much higher than
that of the other catalysts used. In this case, the sintering and gelation phenomena, derived
from the preparation method, seem to contribute to maintaining a higher Cu content on
the surface. The other three catalysts have a very similar value, indicating that the gelation
step of the PP preparation method is key to fixing a higher Cu content on the surface.

Table 4. XPS surface analysis of the used catalysts in liquid phase.

Used Catalysts Cu® (%) 2 Cu* (%) 2 Cu?* (%) 2 Cu/Al Ratio ?
CuAl-SACP 424 28.0 29.5 0.15
CuAl-PP 23.8 46.1 30.2 1.18
CuAl-AC1 12.6 21.9 65.5 0.13
CuAI-CP 24.3 36.5 39.2 0.11

2 Data obtained from Cu LMM analysis. ® Data obtained from Cu 2p and Al 2p analysis.

The percentages of the Cu oxidation state of the catalysts used are also shown in
Table 4. The Cu® (%) follows the following trend: CuAl-SACP (42.4) > CuAl-CP (24.3)
> CuAl-PP (23.8) > CuAl-AC1 (12.6). Cu™ follows a different trend: CuAl-PP (46.1) >
CuAl-CP (36.5) > CuAl-SACP (28.0) > CuAl-AC1 (21.9). The highest value of Cu®* (%) on
the surface is achieved by CuAl-AC1 (65.5), followed by CuAl-CP (39.2) > CuAl-PP (30.2) >
CuAlI-SACP (29.5).

It is clear that the two methods that involve a precipitation step (CP and SACP) prevent
the oxidation of Cu® during the liquid-phase reactions. This agrees with our XRD and TPR
results. In this way, the presence of spinel phases seems to promote the reoxidation of Cu’
in the liquid phase, as mentioned above. On the other hand, CuAl-PP seems to have a
strong tendency to stabilize the Cu* phases. Thus, the greater metal-support interaction
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may act to stabilize the Cu*. However, the highest value of Cu®* (%) is achieved by CuAl-
AC1. This oxidation state appears to be extremely stable using this preparation method.
As mentioned above, the CuAl,Oy4 spinel phases exhibit the tendency to promote the
reverse oxidation of Cu’. This is consistent with our XPS results. It is clear that the CuAl
catalysts with the most intense spinel signal (Figure 3a) are those with the highest Cu?*
content after the reaction. Thus, it is important to choose the correct preparation method
to control the presence of relative amounts of spinel phases. These relative amounts of
spinel phases in the calcined catalysts can influence the reverse oxidation of Cu during the
liquid-phase reaction, affecting the catalyst performance and the selectivity towards the
liquid products obtained.

The above results clearly show the oxidation of CuAl catalysts during the liquid-phase
experiments. Some modifications can be made to prevent or control Cu oxidation during
liquid-phase reactions. Yao et al. [74] demonstrated that Ni can act to prevent Cu from
being oxidized through a spillover effect. In this way, Ni can act by dissociating the H,
produced and reducing the oxidized Cu during the liquid-phase reaction.

2.2. Catalytic Activity in the Liquid Phase
2.2.1. Influence of the Preparation Method

Figure 12a,b shows the experimental results using the CuAl catalysts in the liquid
phase with a W/m ratio of 10 gcatalyst-min- gglycerolil (g cat min gly’l). The carbon yield
to liquids was higher than the carbon yield to gases for all catalysts. The carbon yields to
products were very low, with the carbon yield to liquids being less than 4%. The CuAl-
AC1 and CuAl-CP catalysts showed carbon yield to liquids values around 3.9%. The
carbon yield to liquids obtained with the CuAI-SACP catalysts was around 2.4%, while
that generated with CuAl-PP was 2.1%, the lowest value (Figure 12a). The carbon yield to
gases was around 0.14% for the CuAl-AC1, CuAl-CP, and CuAl-SACP catalysts, while the
CuAl-PP catalyst showed the lowest carbon yield to gases at 0.06%.
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Figure 12. Catalytic performance of CuAl catalysts in the liquid phase. Carbon yield to products
(a). Carbon selectivity to liquid products (b). Conditions: 227 °C, 34 bar, 10 wt% glycerol, and g cat
min gly 1.

Figure 12b shows the carbon selectivity to liquid products. Acetol and 1,2-PDO were
the main products, showing in all cases a carbon selectivity for both products greater
than 85%. The CuAl-AC1, CuA-CP, and CuAl-SACP catalysts showed similar values of
carbon selectivities to acetol and 1,2-PDO, with values around 51% and 39% respectively.
The CuAl-PP catalyst showed the highest values of carbon selectivity to acetol, with a
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value around 63%, while the carbon selectivity to 1,2-PDO was around 24%. Other liquid
products were ethylene glycol, and methanol. Minor amounts of acetaldehyde, acetone,
methanol, isopropanol, ethanol, and acetic acid were also detected. To measure the real
activity of the catalysts, experiments were carried out with inert sand. The results revealed
carbon yield values of less than 0.5% in the products. The carbon selectivity to acetol and
1,2-PDO was 10.79% and 65.08%, respectively.

The carbon yield to liquids and gases, the effective activity, followed the order CuAl-
CP ~ CuAl-AC1 > CuAl-SACP > CuAl-PP. These results could be due to the size of the Cu
crystallites’ size after reduction (Table 1). The CuAl-CP catalyst had a Cu crystallite size,
determined by Scherrer’s equation, of 22.3 nm, a consequence of the high Sggr value in
the calcined catalyst, 144 m?/g. However, the Sggr of this catalyst decreased significantly
to 53 m?/g after being used in the liquid phase. The CuAl-AC1 catalyst showed a Cu
crystallite size after reduction of 27.7 nm. The Sgpr of this calcined catalyst and after its use
in the liquid phase presented similar values, 43 and 51 m? /g, respectively. The CuAIl-SACP
catalyst presented a Cu crystallite size after reduction of 32.8 nm. Furthermore, this catalyst
showed significant stability in Sggt after its use in the liquid phase, with values of 69 and
65 m? /g for the calcined and spent catalyst, respectively. The CuAl-PP catalyst showed the
largest Cu crystallite size after reduction with a value of 35.4 nm. The Sggr of this catalyst
was not stable after use in the liquid phase, 63 and 37 m?/g were the Sgpr values after
calcination and use, respectively.

All these catalysts were modified after being used in the liquid phase, which was
observed in XRD patterns with the presence of CuyO and boehmite phases. As can be
observed in Figure 5 for the CuAl-PP catalyst, boehmite is generated from contact with
liquid water at a temperature and pressure of 227 °C and 34 bar, respectively, during
stabilization to reach the operating conditions prior to the glycerol reaction. On the other
hand, the Cu,O phase appeared after glycerol reaction.

Boehmite formation was estimated from TGA analysis (Figure 10). There appeared to
be a relationship between boehmite formation and catalyst activity. Thus, the CuAl-PP and
CuAl-ACl1 catalysts showed low boehmite formation and their activity is very different.

The analysis of Sggr and V, of the catalysts after use in the liquid phase did not show
a clear trend with the catalyst activity. The CuAl-PP catalyst showed the lowest activity and
this catalyst presented the lowest Sggr (37 m?/ g) and the lowest V,, (0.11 cm?/ g). However,
the CuAI-SACP catalyst showed the highest Spgt (65 m?2/ g) and the highest V;, (0.24 cm3/ g)
and its activity was not the highest.

To explain the activity of the catalyst, two hypotheses have been found in the literature.
The first hypothesis supports that these materials only have Cu’ as the active phase, where
Hj is activated and glycerol is adsorbed through the hydroxyl group and cleaved [17].
Rasika et al. [15] elucidated the importance of the Cu’ phase for the activation of glycerol,
showing a drop in the conversion of glycerol using their catalysts without a prior activation
treatment with H,. The second hypothesis suggests that Cu catalysts have two different
active sites: Cu’, where H, is activated, and Cu*, where the adsorption and cleavage of
hydroxyl groups take place [38]. Furthermore, the influence of the Cu’/Cu* ratio on the
selectivity of the Cu catalysts has been suggested [15].

From the XPS results, Figure 13a has been prepared, which shows a relationship
between the carbon yield to products and the Cu’/Cu* ratio. The Cu’/Cu* ratio around
0.6-0.7 showed the best catalytic activity. Xiao et al. [27] previously tested the synergetic
effect of an optimal Cu’/Cu* ratio, for which they obtained a maximum glycerol conversion
value. Unlike our case, instead of modifying the preparation methods used, they modified
the calcination and reduction temperature used. Their results show an optimal value of
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Figure 13. Correlation between surface Cu®/Cu* ratio (a) or surface Cu/Al ratio (b) and carbon yield
to products.

On the other hand, the Cu/ Al surface ratio, also obtained from the XPS analysis, is
shown in Figure 13b. These results clearly indicate that high concentrations of Cu on the
surface of the catalysts negatively affect their activity. Therefore, we tentatively propose
that there may be an optimal Cu/ Al surface ratio that promotes Cu activity.

The CuAl-PP catalyst showed the lowest carbon yield to gases and the lowest carbon
selectivity to EG. This may indicate that the acetol hydrogenation reaction is not favored,
resulting in the highest acetol selectivity among all CuAl catalysts tested. On the other hand,
EG production is commonly associated with H, production, as proposed in Figure 14 [75].
This lower Hj production could also reduce the hydrogenation of acetol to 1,2-PDO.

H,0 H,
OH : o \\ OH
—_—
HO OH  Dehydration  HO. Hydrogenation HO

Glycerol Acetol 1,2-PDO

CO+ H2 OH
\)\/OH Dehydmgenalmn
Decarbony]allon OH
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Figure 14. Reaction pathways of production of acetol, 1,2-PDO, and EG from glycerol.

2.2.2. Influence of the Catalyst Amount

Due to the low catalyst activity in the liquid phase using a W/m ratio of 10 g cat min gly—?,
a larger amount of catlayst was used, resulting in a W/m ratio of 30 g cat min gly~!. For
this, two preparation methods were selected: CuAl-PP, due to its high carbon selectivity
to acetol, and CuAl-CP, due to its high carbon yield to liquids. CuAl-AC1 is also an
interesting catalyst, but its low density was not appropriate. Figure 15a,b shows the
experimental results.
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Figure 15. Catalytic performance of CuAl-CP and CuAl-PP catalysts in the liquid phase. Carbon
yield to products (a). Carbon selectivity to liquid products (b). Conditions: 227 °C, 34 bar, 10 wt%
glycerol, 30 g cat min gly 1.

The increase in the amount of catalyst, as a consequence of the W/m ratio, caused an
increase in the carbon yields to liquids and gases. For example, the carbon yield to liquids
with the CuAl-CP catalyst was 3.9 and 7.7% for W/m ratios of 10 and 30 g cat min gly *,
respectively. The trend observed using a W/m ratio of 10 gcatalyst~min-gg1ycer01’1, which
indicated higher activity of the CuAl-CP catalyst than the CuAl-PP catalyst, is also followed
using the ratio of 30 g cat min gly —!. The carbon selectivity to liquid products (Figure 15b)
was significantly modified with the increase of the W/m ratio of 30 gcatalyst-min-gglycerol’l.
The main liquid product obtained using the CuAl-CP catalyst was 1,2-PDO. When the
CuAlI-PP catalyst was used, the main liquid product obtained was acetol, but the carbon
selectivity to acetol was 56.1%, significantly lower than the value of 62.8% obtained with
the W/m ratio af 10 g cat min gly .

It is clear that an increase in the amount of catalyst leads to a lower carbon selectivity
to acetol while increasing the carbon selectivity to 1,2-PDO. Based on our results, it can be
seen that, regardless of the amount of catalyst, an increase in effective activity, quantified
as total carbon yield, leads to higher carbon selectivity to 1,2-PDO and lower carbon
selectivity to acetol. This trend was also observed in previous studies [76]. This suggests
that the selectivity to these products is not only influenced by the catalyst used and
its microstructure but also by the kinetic and thermodynamic influence inherent to the
process itself. Studies, such as that of Yfanti et al. [77], have concluded that the kinetics
of the combined reaction cycle followed a Langmuir-Hinshelwood reaction model with
competitive adsorption processes between the reactant (glycerol) and reaction products
(acetol). In this way, acetol can act by blocking the active centers, inhibiting the adsorption of
glycerol. The hydrogenation of acetol to 1,2-PDO should promote its desorption, allowing
greater glycerol activation processes.

2.3. Catalytic Activity in the Gas Phase

All CuAl catalysts were also studied in the gas phase at 227 °C and atmospheric
pressure. As can be seen in Figure 16a, the highest carbon yield to liquid products is
achieved by CuAl-SACP (59.38%), followed by CuAl-AC1 (49.00%), CuAl-CP (46.21%),
and CuAl-PP (42.13%). The carbon yield to gaseous products is still very low and is very
similar for three of the catalysts: CuAI-CP (0.68%), CuAl-AC1 (0.68%), and CuAl-SACP
(0.65%). The lowest value is obtained from CuAl-PP (0.27%).
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Figure 16. Catalytic performance of CuAl catalysts in the gas phase. Carbon yield to products
(a). Carbon selectivity to liquid products (b). Conditions: 227 °C, 1 bar, 10 wt% glycerol, and
30 g cat min gly L.

The carbon selectivity to liquid products can be seen in Figure 16b. The main product
obtained in all cases is acetol. The highest acetol selectivity is obtained from CuAl-SACP
(96.86%) and CuAl-AC1 (96.51%), followed by CuAl-CP (92.94%), and CuAl-PP (90.49%).
As can be seen, all catalysts are very selective to acetol. The second major product obtained
is 1,2-PDO. CuAl-PP showed the highest carbon selectivity to 1,2-PDO (6.47%) followed
by CuAl-CP (3.72%) > CuAl-SACP (1.35%) > CuAl-AC1 (1.21%). The carbon selectivity to
ethylene glycol is also very low, with values between 0.6-0.7%. To measure the real activity
of the catalysts, experiments were carried out with inert sand. The results revealed values
of less than 1% of carbon yield to products. The carbon selectivity to acetol and 1,2-PDO
were 22.49% and 75.43%, respectively.

The CuAl-SACP catalyst showed the highest acetol yield, with a value of
462.6 MZacetol/ Gglycerol, Which resulted from an acceptable carbon yield to liquid and
a high carbon selectivity to acetol. This result could be related to the low carbon formation
(Table 2) 15.5 mg C/gcatgReacted glycerol: 1he CuAl-AC1 catalyst with an acetol yield of
380.4 Mgacetol / Gglycerol Showed low carbon formation (15.5 mg C/gcat*g §Reacted glycerol) and
liquid product selectivity similar to that obtained with the CuAl-SACP catalyst. How-
ever, the CuAl-CP and CuAl-PP catalysts showed higher carbon formation with values of
31.8 and 27.2 mg C/gcat'g Reacted glycerol and similar liquid product selectivity with lower
selectivity to acetol, around 92%, and higher selectivity to 1,2-PDO, around 4%. The CuAl-
PP catalyst showed the lowest acetol yield, 306.6 mg,ceto1/ 8glycerol, Which is a consequence
of the lower carbon yield to liquids and low carbon selectivity to acetol.

A comparison of CuAl-CP and CuAl-SACP catalysts with similar Cu content and
different crystallite sizes of spent catalysts, determined by XRD (Scherrer’s equation),
25.8 nm and 33.6 nm for CuAl-CP and CuAl-SACP, respectively, indicated that the larger
crystallite size of the CuAl-SACP catalyst than the CuAl-CP catalyst did not adversely
affect the acetol yield. Furthermore, the higher Sggr of the CuAl-CP catalyst than the
CuAI-SACP catalyst, with values of 141 and 69 m? /g, respectively, did not favor the acetol
yield. Considering the H-TPR results (Figure 6), the CuAl-CP catalyst showed a higher
proportion of the easily reduced CuO phase around 231 °C, while the CuAI-SACP catalyst
presented a higher proportion of the reduced CuO phase at 252 °C. After activation of the
catalyst with Hy, the Cu®-Al,03 assembly should be appropriate for the dehydration of
glycerol to acetol in the gas phase, generating low carbon formation.

The CuAl-PP catalyst showed in the H,-TPR analysis the greatest relative amount
of reduced CuO phase at 228 °C, being the catalyst with the highest Cu crystallite size,
determined by XRD, 36.2 nm, and the highest Cu content (52.2%).
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The low carbon formation of CuAl-AC1 catalyst, 15.5 mg C/gcat*gglycerol reacted cOUld
be related to the presence of CuAl,Oy4 spinel phase in the calcined catalyst and, as a
consequence, a relative amount of 12.1% of reduced oxidized phase at 355 °C in the
H,-TPR analysis.

Comparing these results with those obtained in the liquid phase (Figures 12 and 15),
it is clear that in the gas phase the carbon selectivity to acetol is much greater than in
the liquid phase. In this way, the dehydration pathway seems to be promoted instead of
the sequential dehydration-hydrogenation of glycerol. This problem has been previously
reported by other authors [24,27] in the liquid and gas phases. Since this phenomenon is
observed in all catalysts, regardless of the preparation method, we believe that the reaction
mechanism may be similar for both liquid-phase and gas-phase reactions. The differences
in glycerol conversion and acetol selectivity favoring gas-phase catalysts are not primarily
due to the reaction steps themselves, but rather the lower diffusivity of glycerol in the
liquid phase. This reduces access to the catalyst’s active sites, decreasing conversion on
one hand, and on the other hand increases the contact time of adsorbed products on the
catalyst surface, facilitating subsequent hydrogenation reactions of acetol and lowering
its selectivity. In the gas phase, the greater diffusivity of glycerol enhances conversion to
acetol, and the higher space velocity, along with shorter contact times, prevents subsequent
reactions towards 1,2-PDO, thus explaining the observed increase in acetol selectivity.

However, other phenomena may also influence the catalytic results. The XRD results
(Figure 4a,b) indicate that in the liquid phase, Cu’ is oxidized, while this does not occur in
the gas phase. We propose that this oxidation during the reaction facilitates electron transfer
from the Cu catalyst to acetol, enhancing its hydrogenation to 1,2-PDO, as proposed by
previous researchers [27].

On the other hand, textural properties also seem to influence the catalytic behavior
of our catalysts. The high Sgpr values for the catalysts after their use in the gas phase
of glycerol dehydration appeared to negatively affect the performance of the catalysts.
Therefore, the CuAIl-CP and CuAI-PP catalysts exhibited the highest Sgpr values but
demonstrated low glycerol conversion, low acetol selectivity, and high carbon formation.

Textural properties did not appear to be significant in the dehydration of glycerol in
the liquid phase. The CuAl-SACP and CuAIl-PP catalysts used in the liquid phase showed
the highest and lowest Sggt values after use, respectively, and both catalysts displayed poor
catalytic performance with low glycerol conversion. In this way, diffusion problems as well
as the appearance of a Cu®/Cu* ratio during the reaction, influenced by the microstructure
of the catalysts, seem to have a greater influence in the liquid phase.

2.4. Comparison with Other Works of Literature

Although the comparison of the performance of the catalysts shown in this work with
other published works is not simple, since the operating conditions, flow rates, catalyst
amounts, and other conditions are not identical from one work to another, beyond the
values of conversions, selectivities, and yields, one can try to obtain an estimated reaction
rate for the disappearance of glycerol by dividing the glycerol conversions of each work
by the W/m ratios used and, despite all the limitations of such a simple analysis, obtain
a number that allows us to compare the performance of the catalysts in a more objective
way than simple conversion values. Thus, if we perform this calculation for the different
published catalysts shown in Table 5 and compare them with the results of the catalysts
in this work, it can be seen that while the conversion is very low in our catalysts in the
liquid phase, and logically increases as the W/m increases, the kinetics of the glycerol
disappearance reaction, calculated as mentioned above, is of the same order of magnitude
as the catalysts in other works (from 0.169 to 0.399 g gly min~! g cat™!), and if what we
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compare is the rate of acetol formation, this is higher for all the catalysts in this work than
practically all the catalysts published in other references. The acetol rate, expressed as g
glycerol reacted min~! g cat~!, was calculated by multiplying the glycerol rate by the acetol
selectivity. The analysis of these results shows that the behavior of the catalysts in the gas
phase notably improves not only the rates but also the selectivity towards the formation
of acetol.

Table 5. Comparison of glycerol and acetol rates with other works in the literature.

Glycerol Glycerol Rate  Acetol Rate

Catalysts O}:;re})tnvnvg/nfondltl()ms Conversion YiAefstg’} ) (gglymin—1 (g gly min—1 Ref.
Y glycerol (%) ° gcat™1) g cat™1)
20%CuNi/ALO; 20 ri’if(;ﬁ,a—rig cat 80.0 12.0 0.262 0.039 [78]
20%Cu/Al,O3 “ 50.0 45 0.164 0.015 [78]
220 °C, 20 bar,
Cu/CuAl O, 2 138.9-416.7 g cat min 90.0 19.8 0.216 0.048 [79]
gly !
230 °C, 20 bar,
Cu/CuAl,O4 2 138.9-416.7 g cat min 91.0 19.1 0.218 0.046 [79]
gly !
Ni/Cu/ AbO; 70 S Iﬁfagrly 228 257 44 0.099 0.017 [80]
Ni/Cu/ Al,O5 b “ 77.9 10.7 0.301 0.041 [80]
Ni-Cu/AlL,Oy 20 < 40bar 3049g 90.0 10.0 0.295 0.033 [81]
MeO cat min gly
CuNiw Mg - "
ALOS 65.0 235 0.213 0.077 [81]
CuNizo /MgO— “
A0, 60.0 235 0.197 0.077 [81]
CuNigO / MgO— u
ALO, 75.0 25.0 0.246 0.082 [81]
CuAll (050) 220 C/20barn 170.7g 91.0 473 0.533 0.277 [82]
cat min gly
Cu0/ALOsac 240 Cr’nlif;;,lio g cat 78.0 35.0 0.520 0.182 [83]
Cu-Mg/Al-1 2¢ “ 61.5 53.0 0.410 0.217 [83]
Cu-Mg/Al-2 ¢ “ 58.0 465 0.387 0.180 [83]
Cu-Mg/Al-3 < “ 68.0 46.8 0.453 0.212 [83]
Cu-Mg/Al-4 2< “ 68.0 55.0 0.453 0.249 [83]
Cu-Mg/Al-5 ¢ “ 64.0 46.0 0.427 0.196 83]
Cu-Mg/Al-62< “ 62.5 32,0 0417 0.133 [83]
CuAL-ACI 227°C, 34 bar, 10 g cat 40 20 039 0.205 ™W
min gly
CuAl-PP “ 22 14 0.220 0.138 ™W
CuAl-CP “ 40 20 0.399 0.199 ™W
CuAI-SACP “ 25 13 0.247 0.128 W
CuAlL-PP 227 °C, 34 bar, 30 g cat 5.1 28 0.169 0.095 W
min gly
CuAl-CP “ 7.9 29 0.262 0.096 W
CuAl-AC1 227°C, 1 bar, 30 g cat 49.7 47.9 1.656 1.598 ™
min gly
CuAl-PP? “ 424 384 1.413 1.279 W
CuAl-CP 2 " 46.9 436 1.563 1.453 ™W
CuAl-SACP 2 “ 60.0 58.1 2.001 1.938 ™W

TW: this work @ Gas phase, ® 2-propanol as feed solvent, ¢ Methanol as feed solvent. “ same value as the
previous one.
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3. Materials and Methods
3.1. Materials

The materials employed were Cu(NO3),-3H,0 (Sigma-Aldrich, St. Louis, MO, USA,
purity: 99.99%), AI(NOs3)3-9H,0O (Thermo Scientific, Waltham, MA, USA, purity: >98%),
citric acid (Labkem, Dublin, Ireland, purity: 99.7-100.3%), ethylene glycol (Labkem, purity:
>99%), ethanol (Panreac AppliChem, Darmstadt, Germany, purity: 96%), milliQ water,
NH4OH (Carlo Erba, Cornaredo, Italy, purity: 30%), CTAB (Sigma Aldrich, purity: >98%),
and citric acid (Labkem, purity: 99.7-100.3%).

3.2. Catalysts Preparation

The CuAl catalysts with a Cu:Al molar ratio of 1:1 were prepared following four
different methods: CP, SACP, AC, and PP.

CuAI-AC1 was prepared by AC according to previous reports [47-50], using citric
acid as a combustion agent. This preparation method consists of preparing an aqueous
solution containing metallic nitrates (Cu(NOj3),-3H,O and Al(NO3)3-9H,0) and citric
acid. The amount of citric acid used was previously determined from the work of Jain
et al. [84] using a value of the parameter ¢ equal to 1. Then, a proportion of 0.24 mol of
Cu(NO3),-3H,0, 0.24 mol AI(NO3)3-9H,0, and 0.33 mol of citric acid in 200 mL of mili-Q
water was employed. The solution was heated up to 150 °C until it became a viscous gel.
At this point, the gel was heated up to 300 °C until the ignition point was reached. After
the ignition point, a solid material was generated.

The CuAl-CP catalyst was prepared via a coprecipitation method employing an
NH4OH aqueous solution as a precipitant agent, as described in previous reports [13].
During this preparation 0.5 mol of Cu(NOj3),-3H,0 and 0.5 mol AI(NO3);3-9H,O were
dissolved in mili-Q water, heated up to 40 °C, and maintained under stirring at this
temperature. The precipitant agent was added dropwise until a pH of 6.2 was reached.
This pH value was selected to achieve the total incorporation of Cu, as had been studied in
previous works [85]. Finally, the precipitate was filtered.

The procedure followed for the synthesis of CuAl-SACP catalyst was similar to that
described in CuAl-CP. Previous to the addition of the precipitant, a desired amount of
CTAB was added to the mixture. The molar CTAB/metal ratio, 1:4, was selected from the
work of Hu et al. [86].

The CuAl-PP catalyst was prepared following the procedure described in several
previous works, such as [44,45]. This synthesis started from two different solutions: one was
an aqueous solution containing 0.5 mol of Cu(NO3),-3H,O and 0.5 mol of AI(NO3)3-9H,0,
while the other solution was composed of ethanol and a desired amount of citric acid (CA),
maintaining a 2:1 CA/metal molar ratio. In a second step, both solutions were mixed and
maintained at 60 °C under vigorous stirring for 60 min. After this time under stirring, a
desired amount of ethylene glycol (EG) was added to the mixture, setting a 2:3 CA/EG
mass ratio, and the mixture was heated up to 100 °C for 12 h until it became a viscous resin.

All prepared materials were dried overnight at 105 °C (except CuAl-AC1, which
does not need a drying step), calcined at 650 °C for 3 h, and sieved to a particle size of
160-315 um.

A descriptive scheme with the key points of each preparation method can be seen in
Figure 17.
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Figure 17. Scheme of the different preparation methods: auto-combustion (a), polymeric precursor
(b), coprecipitation (c), and surfactant-assisted coprecipitation (d).

3.3. Catalysts Characterization

The calcined, reduced, and used catalysts were analyzed by X-ray diffraction (XRD)
in a RIGAKU D/max 2500 diffractometer (Tokyo, Japan) which was equipped with a Cu
Ko radiation (A = 0.15418 nm) and a graphite monochromator operated at atmospheric
temperature, 40 kV, and 80 mA. Samples were scanned from 5° to 90° (26) at a rate of
0.03°/s. Phase identification was conducted employing JCPDS cards.

N, adsorption—desorption isotherms analyses were conducted in order to study the
textural properties of the prepared materials. Analyses were carried out employing a
Quantachrome Autosorb iQ3 TPX instrument (Boothwyn, PA, USA). Previous to the anal-
yses, samples were outgassed at 350 °C and 10~3 mmHg for 15 h in order to remove
physically adsorbed impurities. The specific surface area (Spgr) was determined by the
BET method, while the pore size distribution was calculated using the BJH method at the
adsorption branch.

H,-TPR profiles were obtained on a Micromeritic Autochem II 2920 instrument (Nor-
cross, GA, USA) equipped with a thermal conductivity detector (TCD). Around 150 mg
of each sample was firstly pretreated in an Ar stream at 150 °C for 30 min (heating rate
10 °C/min, total flow 50 mL/min) with the aim of completely eliminating moisture. Then,
the catalyst was reduced by passing a 10%H,-Ar 50 mL/min total flow while the tempera-
ture was increased up to 950 °C with a heating rate of 10 °C/min.

The metal loadings in each catalyst were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES). Previous to the analysis, calcined samples were
subjected to microwave digestion employing a mixture of HNO3z and HCl. ICP-OES
was also employed to study the metal leaching during the reaction. For this analysis, a
representative sample of the product aqueous solution from each experiment was used.
With the aim of determining the carbon deposition on the catalysts, the elemental analysis
with a LECO CHN 628 instrument (St. Joseph, MI, USA) of the used catalysts was carried
out. Samples of around 30 mg were employed in each assessment.
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The surface morphology of the catalysts was studied by field emission scanning
electron microscopy (FESEM). These measurements were carried out using a Carl Zeiss
MERLIN™ (Oberkochen, Germany) equipped with secondary and backscattered electron
detectors in the chamber and column (in-lens). In addition, it was equipped with an EDS
detector (INCA 350 from Oxford Instruments (Bucks, UK) with an energy resolution of
127 eV at 5.9 keV) for qualitative chemical analysis.

In order to study and quantify the transformation of Al,O3 (or non-stoichiometric
alumina Al ¢6704) into boehmite, TGA analyses were performed. Weight loss is directly
related to boehmite formation [87]. These analyses were carried out using a heating ramp
of 5 °C/min under a N atmosphere.

X-ray photoelectron spectroscopy (XPS) and X-ray excited Auger electron spectroscopy
(XAES) were conducted with the aim of studying the Cu/Al surface ratio, as well as the
chemical states of the Cu and Al, respectively. The measurements were done using an
ESCAPlus Omicron (Taunusstein, Germany) with a monochromatic Al K« (1486.7 eV)
radiation source. The obtained signals were deconvoluted after Tougaard background
subtraction, employing a mixed Gaussian-Lorentzian function. The binding energies
(BEs) were calibrated setting C 1s of adventitious carbon as a reference at 284.8 eV. The
concentration of the surface elements was determined by adjusting the values with relative
atomic sensitivity factors of previous studies [88].

3.4. Catalyst Tests

The selective dehydration of glycerol in the liquid phase was evaluated using a
laboratory-scale continuous feeding unit designed and developed by PID (Process Integral
Development Eng & Tech, Alcobendas, Spain). The schematic diagram of the pressurized
experimental system is shown in Figure 18a. This experimental system has a stainless steel
tubular reactor (Autoclave Engineers, Erie, PA, USA) with an inner diameter of 9 mm. The
bed, inside the reactor, is placed between quartz wool supports and consists of a mixture
of inert sand (with a particle size higher than 315 um) and catalyst (with a particle size
between 315-160 pm). An up-flow liquid feed, consisting of a 10%wt glycerol mixture with
deionized water, is fed by means of a high-performance liquid chromatography (HPLC)
pump. In order to pressurize the system and control the system'’s pressure, an Equilibar LF
Series Precision Back Pressure Regulator (Fletcher, NC, USA) was employed.

The outlet stream from the top of the reactor, consisting of a mixture of gas and liquid
products, was depressurized by the backpressure regulator and passed to the condensation
system, which consisted of a set of four condensers placed in an ice bath. The first one was
used to collect the water during the stabilization of the reaction conditions. The next two
condensers were used to collect the liquid products obtained during the first and second
hour of the experiment (each experiment had a length of two hours). The fourth condenser
was used to collect the remaining products.

The gas flow exiting from the condensation system was analyzed with an Agilent
490 Micro GC (Santa Clara, CA, USA) equipped with a molecular sieve column, a Plot U,
and Thermal Conductivity Detectors (TCDs), where Ny, Hy, CHy, CO,, CO, CoHg, and
C3Hg were quantified. A N; gas flow of 75 cm3 (STP)/min was fed by means of a mass
flow controller (Hi-Tec Bronkhorst, Ruurlo, The Netherlands) during the reaction after the
backpressure regulator, and this was used as an internal standard.
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Figure 18. Schematic diagram of the pressurized (liquid phase) experimental system (a) and the
atmospheric (gas phase) experimental system (b).

The liquid products collected in the condensation system were analyzed off-line with
an Agilent 7820A GC, equipped with a Flame Ionization Detector (FID) and a HP-FFAP
Agilent 19091F-105 capillary column, where acetaldehyde, acetone, acrolein, methanol
(MeOH), isopropanol, ethanol (EtOH), acetol, acetic acid (AA), 1,2-propanediol (1,2-PDO),
ethylene glycol (EG), and unreacted glycerol were quantified. Additionally, 1-butanol was
used as internal standard with the aim of reducing the error derived from sample injection
variations. The injector and detector temperatures were 275 °C and 300 °C, respectively.

The selective dehydration of glycerol in the gas phase was studied using another
laboratory-scale continuous feeding unit designed and developed by PID (Process Integral
Development Eng & Tech, Spain). The schematic diagram of the atmospheric experimental
system is shown in Figure 18b. This experimental system has a quartz tubular reactor
with an inner diameter of 10.0 mm. The reaction bed is placed at a height of 150 mm in
the center of the reactor. This bed is composed of 0.6 g of catalysts supported on quartz
wool. A 10%wt glycerol aqueous solution was continuously pumped into the reactor
with a HPLC pump. Before entering the reactor, the liquid stream was mixed with a gas
flow of 40 mL/min of Ny, with the aim of using it as an internal standard for the gaseous
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Carbon yield to gas(%) =

products and as carrier gas for the liquid mixture. The stream from the lower part of the
reactor, composed of a mixture of gas and liquid products, passed through a condensation
system where liquid products were collected. This condensation system consisted of a
condenser immersed in an ice bath. The outlet gas flow was analyzed on-line employing
the same system as described above. The collected liquid products from the two hours
experiment were collected in one condenser and analyzed following the same procedure
described above.

Catalytic tests in the pressurized system were performed using the same operating
conditions, 227 °C and 34 absolute bar, in order to study the effect of the catalyst prepa-
ration method. The amounts of catalyst used were 1 and 3 g, which correspond to the
catalyst/glycerol mass flow rate (W/m) ratios of 10 and 30 gcatalyst-min~gg1ycer01_1, respec-
tively. The reaction bed, comprised of catalyst mixed with sand, maintained a constant bed
volume of 5.5 cm®. A solution of 10%wt glycerol in mili-Q water with a liquid flow rate of
1 mL/min was used as liquid feed.

Catalytic tests in the atmospheric system were also conducted at 227 °C. These ex-
periments were performed using 0.6 g of catalyst and a liquid flow rate of 0.2 mL/min
of a solution of 10wt% glycerol in mili-Q water, which corresponds to a W/m ratio of
30 Gcatalyst min- gglyceml_l. In both systems, each catalyst was tested three times in order to
check their repeatability.

Prior to the reaction, each catalyst was reduced. The activation was carried out in
situ, using a Hy stream of 100 cm?® (STP)/min during 1 h at temperatures of 300 °C for
the CuAl-CP, CuAl-SACP, and CuAl-PP catalysts and 350 °C for the CuAl-ACl1 catalyst.
The reduction temperatures were selected according to the H-TPR results. The catalysts
were reduced to obtain the active phase, which increases significantly the conversion of
glycerol [15].

The catalytic performance was evaluated using the parameters calculated according
to Equations (1)-(4).

The carbon yield to gases and carbon yield to liquids were calculated following
Equations (1) and (2), respectively:

n(CO2) + n(CO) + n(CH4) + 2-n(C2H6) + 3-n(C3H8)
3-n(gly)in

x 100; (1)

Carbon yield to liquid(%) =
2-n(Acetaldehyde) + 3-n(Acetone) + 3-n(Acrolein) + n(MeOH) + 3-n(Isopropanol )+ )
2-n(EtOH) + 3-n(Acetol) + 2-n(AA) + 3-n(1,2 — PDO) + 2-n(EG)

3-n(gly)in x 100;
where n; refers to the mol of every gaseous or liquid obtained product and n(gly)in refers
to the mol of glycerol fed into the reactor.

In this work, we assume that the glycerol conversion, named effective activity
(Equation (3)), is the addition of the carbon yield to gas and carbon yield to liquid. We
use “effective activity” due to some difficulties during glycerol analysis. These difficulties
originated from glycerol polymerization, obstruction, or retention over catalysts’ surfaces,
as were also observed in other studies [83].

Ef fective activity (%) = Carbon yield to gas + Carbon yield to liquid,; (3)

Selectivity to each liquid product is determined by Equation (4):

it (%) — nf(i)
Selectivity(%) = nF(total products) x 100 4)
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where n(f)i is the total molar amount of carbon detected from a product i, while nf(total
products) refers to the total amount of carbon calculated from all the quantified products,
both determined by GC-FID.

The carbon recovery in each experiment was calculated as the addition of carbon
present in the gas and in liquid products together with the carbon retained in the used
catalysts, related to the carbon fed in the glycerol. The carbon in liquid products was
determined by a Total Organic Carbon Analyzer (TOC-L, Shimadzu Instrument, Kyoto,
Japan), while the retained carbon of the used catalysts was obtained by elemental analysis.

4. Conclusions

CuAl catalysts were prepared by four methods, CP, PP, AC1, and SACP, and tested in
the catalytic dehydration of glycerol to acetol. The catalyst preparation method influenced
the textural properties, crystalline phases, and reducibility. The catalysts with a combus-
tion stage in the preparation method, the CuAl-AC1 and CuAIl-PP catalysts, presented a
CuAl,Oy spinel phase in the calcined catalyst and a higher reduction temperature.

The catalytic conversion of glycerol showed higher yields to products and higher
selectivity to acetol in the gas phase than in the liquid phase. In the liquid phase with a
W /m ratio of 10 g cat min gly !, the carbon yield to products was less than 5% for all
prepared CuAl catalysts. All catalysts used in the liquid phase showed boehmite and
CupO phases. The catalytic activity could be related to the size of the Cu crystallites and
a Cu’/Cu* ratio on the catalyst surface of around 0.6. The highest carbon selectivity to
acetol in the liquid phase was obtained with the CuAl-PP catalyst. Increasing the W/m
ratio to 30 g catalyst min g glycerol ! slightly increased the total yield to products, while
the carbon selectivity to acetol decreased.

In the gas phase, the total carbon yield was greater than 40% and the carbon selectivity
to acetol was greater than 90%. The catalyst with the best performance in the gas phase
was CuAl-SACP, 462.6 mgacetol / §glycerol, Which could be due to the low carbon formation
and its reducible properties.

As our results indicate, acetol production appears to be more favorable in the gas phase.
This suggests that a gas-phase system may be more suitable for the catalytic dehydration of
glycerol. However, it is important to consider the significant energy costs associated with
water vaporization in this process, which could substantially increase overall production
costs. Furthermore, the formation of carbon deposits must be taken into account, as they
can deactivate the catalyst and negatively affect the efficiency of the process.

On the other hand, the liquid-phase process offers energy savings by eliminating
water vaporization. Nevertheless, it results in lower yields of liquid products and reduced
selectivity toward acetol, which may lead to additional costs due to the need for subsequent
separation steps.

Therefore, further research is necessary to determine which process configuration (gas
or liquid phase) offers the best balance between yield, selectivity, and economic viability
for the selective dehydration of glycerol to acetol.
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