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ARTICLE INFO ABSTRACT

Keywords: Acetol is a key intermediate in the aldol condensation of biomass-derived furans, enabling the production of
Glycerol carbon chains within the aviation fuel range. This work proposes glycerol, a biomass-derived by-product from
Ace_mI biodiesel production, as a renewable feedstock for acetol production. The catalytic performance of a CuAl
lézg;‘: crude glycerol catalyst was evaluated in the gas phase dehydration of glycerol, focusing on1 the influence of temperature
Dehydration (200-300 °C), catgalyst wei§111t to glycerol mass flow ratio (10-50 gcatalyst Min ggiycerol), and carrier gas to liquid
Deactivation ratio (200-600 mg,sSTP mfjquid). Both pure and biodiesel-derived refined crude glycerol were used as feedstock.

Long-term stability experiments assessed the evolution of catalytic activity and physicochemical properties over
time. A great activity was obtained under conditions of 250 °C, 30 gcatalyst min g&fycerob and 400 mgasSTP m%&luid
with pure glycerol after a time-on-stream (TOS) of 2 h (95.1 % glycerol conversion and 564 mgacetol gallyceml).
Stability studies provided good catalytic results after a TOS of 52 h using pure glycerol (72 % glycerol conversion
and 266 mgacetol g(;llyceml) and demonstrated that coke deposition was responsible for catalyst deactivation. The
use of refined crude glycerol proved to be highly effective in the first hours of the reaction (98.7 % glycerol
conversion and 570 mgacetol géllycerol for a TOS of 2 h), however, rapid deactivation was observed due to solids
deposition. This catalytic route highlights the feasibility of valorization of biomass residues for producing

renewable acetol, a promising precursor for sustainable aviation fuel (SAF).

1. Introduction

The negative consequences of climate change and the depletion of oil
reserves have accelerated the process of decarbonization in many sec-
tors, stimulating the exploration of novel alternative energy sources to
fossil fuels, particularly in aviation. Several aviation organizations,
including the International Civil Aviation Organization (ICAO) and the
International Air Transport Association (IATA), have set the goal of
producing zero net carbon emissions by 2050, which will require the
development of sustainable aviation biofuels (SAF) [1,2].

Different methods have been proposed for the production of SAF,
these include the Alcohol to Jet Fuels (ATJ), Oil to Jet Fuels (OTJ), or
Gas to Jet Fuels (GTJ). However, the high cost of the raw material and
the impossibility of producing all the necessary types of hydrocarbons
for full use in aviation makes it imperative to explore new pathways for
SAF generation [3-6]. In recent years, the Sugar to Jet Fuels (STJ) route
has emerged as one of the most promising, allowing the efficient

generation of all the necessary types of hydrocarbons in today’s aviation
fuels [7,8]. The STJ route uses biomass with high sugar content as
feedstock for producing furans, generally furfural. These furans then
undergo a consecutive two-step process of aldol condensation with ke-
tones (acetol or acetone), followed by hydrogenation, yielding carbon
chains suitable for utilization as aviation biofuel [9,10]. However, ke-
tones used in the aldol condensation step are usually derived from fossil
resources, so it is necessary to develop new pathways to produce them
sustainably and efficiently.

The use of glycerol as a bio-based feedstock has been proposed as a
solution for the generation of renewable acetol due to its high avail-
ability and reactivity [11-13]. In addition to its role as an intermediate
in SAF production, acetol is a versatile compound with various industrial
applications. It is used in the chemical industry for synthesizing fine
chemicals and polyols, in the food industry as a flavoring agent, and in
the textile sector as a safer reducing agent in vat dyeing processes [11,
14]. Glycerol is a commodity chemical that can be used for the
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production of a large number of sustainable products, including
hydrogen, 1,2-propanediol, acrolein, or acetol [15-23]. Glycerol is the
main by-product of biodiesel fabrication through the transesterification
of vegetable oils or animal fats. Up to 10 tons of crude glycerol are
generated for every 100 tons of biodiesel [24]. The valorization of
glycerol would encourage the production of renewable chemicals from
biomass in the context of a carbon-neutral circular economy.

The mechanism of glycerol dehydration has been extensively studied
[25], and there are two possible reaction routes depending on the
catalyst acidity. Catalysts with strong acid sites (Brgnsted acids) favor
the dehydration of glycerol to acrolein [26,27]. This reaction happens in
two consecutive steps. In the first one, the secondary alcohol of glycerol
is protonated in a strong acid site to form 3-hydroxypropanal, which is
then dehydrated to form acrolein [28]. Various catalysts based on W
[29,30], Nb [31], or zeolites [32,33] have been used to generate acro-
lein from glycerol.

On the other hand, catalysts with weak to moderate acid sites
(Lewis’s acids) promote the coordination with a primary hydroxyl
group, producing the dehydration to 2,3-dihydroxypropene which is
then tautomerized leading to the formation of acetol [34,35]. The main
catalysts for acetol production from glycerol studied in the literature are
based on transition metals (Cu, Ni, Cr, or Co) supported on various ox-
ides, including Aly0s, SiOy, ZrO2, POy, and zeolites [35-41]. This pro-
cess has been investigated in different catalytic systems. Chiu et al. [42]
performed the semi-batch reactive distillation of glycerol at 240 °C with
Cr-Cu catalysts, obtaining high conversions (>80 %) and acetol selec-
tivity of over 90 %. Basu et al. [43] reported the selective dehydration of
glycerol at 220 °C in a batch reactor with a CupCry05/SiO; catalyst for 3
h, resulting in a conversion of 100 % and acetol selectivity of 69 %.
However, these systems are not attractive for industrial scaling and a
continuous process using an efficient heterogeneous catalyst would
allow for higher production volumes and shorter processing times.

Ni and Cu are the main active metals employed in heterogeneous
catalysts for acetol production, due to their abundance, cost-
effectiveness, and favorable catalytic activity. Ni tends to cleave C-C
bonds, increasing the formation of undesirable by-products and
reducing selectivity towards acetol [44,45]. Conversely, Cu is more
effective in dehydration and hydrogenation reactions, as it efficiently
breaks C-O bonds while minimizing the breakage of C-C bonds [46,47].
This fact was proved by a study conducted by Miranda et al. [48] on
bimetallic Ni-Cu/y-AlyO3 catalysts at 400 °C with a W/m (catalyst
weight to glycerol mass flow) of 45.5 gcatalyst min gallyceml, which
concluded that the addition of Ni reduced the selectivity to acetol due to
the formation of gaseous products such as CH4 and less degraded alco-
hols like acetaldehyde or ethylene glycol. Similarly, in a previous study
[49], we compared the catalytic activity of NiAl and CuAl catalysts
under similar operating conditions of 227 °C and a W/m of 10 gcatalyst
min g(;llyceml, demonstrating that Cu is more selective towards acetol due
to the reduced generation of secondary products. In spite of this, the
primary limitation of Cu catalysts is their low stability, attributed to
coke deposition and particle sintering.

Although significant progress has been made in continuous glycerol
dehydration to acetol using Cu-based catalysts, there is limited research
on the influence of reaction parameters. Prior research on Cu catalysts
examined the effect of calcination temperature and atmosphere,
demonstrating that calcination under an inert N, atmosphere at 675 °C
enhanced the selectivity of glycerol to acetol [50]. Moreover, most
previous studies focused on reaction times under 5 h, with minimal
deactivation, highlighting the need for longer runs to better understand
deactivation.

In light of the above, this study investigates the influence of tem-
perature (200-300 °C), catalyst weight to glycerol mass flow ratio
(10-50 gcatalyst min gallycem]), and carrier gas to liquid ratio (200-600
mé,, STP mﬁ}luid) on the production of acetol from glycerol over an
efficient CuAl catalyst previously reported [50]. Special attention has
been paid to the evaluation of catalyst performance during the reaction,
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including stability studies lasting up to 52 h to uncover deactivation
mechanisms. To achieve this, a CuAl catalyst was synthesized through
the coprecipitation method and used in a fixed-bed reactor using com-
mercial pure glycerol and refined crude glycerol obtained from the
biodiesel production process, specifically from the transesterification of
sunflower oil. This research seeks to demonstrate the feasibility of using
refined crude glycerol for selective acetol production. The physico-
chemical properties of both fresh and spent catalysts were evaluated
using  various characterization techniques  (ICP-OES, N
adsorption-desorption, Ho-TPR, NH3-TPD, XRD, XRF, XPS, FESEM, EDS,
TGA, and elemental analysis).

2. Material and methods
2.1. Catalyst synthesis

A catalyst denoted as CuAl was synthesized by the coprecipitation
method with 28 mol% Cu expressed as Cu/(Cu + Al). The preparation
method consisted of dissolving 50.7 g of copper (II) nitrate trihydrate
(Merck, >99.5 %, CAS: 10031-43-3) and 202.5 g of aluminum nitrate
nonahydrate (Fluka Analytical, >98.0 %, CAS: 7784-27-2) in 600 mL of
mili-Q water at 40 °C under constant stirring. When nitrates were dis-
solved, an ammonium hydroxide solution of 30 % (Carlo Erba, CAS:
1336-21-6) was added slowly until a pH of 6 was reached. The final pH
was established to precipitate copper hydroxides and to avoid copper
resolution by ammonium complexes. The resulting mixture was dried at
105 °C overnight and calcined at 500 °C in a muffle for 3 h in an air
atmosphere. The resulting catalyst was sieved to a mesh size of 160-315
pm. This catalyst was also used in a previous study [50].

2.2. Refined crude glycerol preparation

The refined crude glycerol was obtained as a by-product of biodiesel
produced in the laboratory. Biodiesel was synthesized by catalytic
transesterification of sunflower oil with potassium hydroxide (KOH)
(VWR Chemicals, 99.2 %, CAS: 1310-73-2) as a homogeneous catalyst
and methanol (Carlo Erba, >99.0 %, CAS: 67-56-1) as aliphatic alcohol.
For the preparation, a molar ratio of 1/6 of oil/methanol and a catalyst
weight of 1 % of the oil mass were used, following the experimental
procedure described by Garcia et al. [51]. The liquid product was
separated by decantation into two phases: upper biodiesel-rich and
lower glycerol-rich, known as crude glycerol. For purification, crude
glycerol was neutralized with acetic acid (Sigma-Aldrich, >99.0 %,
CAS:64-19-7) to a final pH of 6 followed by a vacuum distillation to
remove methanol and acetic acid residues [52]. Finally, the mixture was
decanted, and the purified refined crude glycerol was obtained. The
main properties of crude and refined crude glycerol are shown in
Table 1.

Table 1
Properties of crude and refined crude glycerol.

Crude glycerol Refined crude glycerol

Chemical composition

Glycerol (wt%) 67.61 + 2.19 79.94 + 2.43
Methanol (wt%) 23.20 £ 2.01 4.55 + 0.32
Acetic acid (wt%) 0 3.99 + 0.24
Ashes (wt%) 7.68 £ 0.14 9.06 £ 0.21
Water (wt%) 1.51 + 0.08 2.46 + 0.14
Elemental analysis

C (%) 43.90 + 0.54 35.14 £ 0.91
H (%) 9.63 + 0.55 8.06 + 0.32
0 (%)" 38.79 £ 0.78 47.74 £ 0.99
Physical characteristics

pH 13.37 + 0.05 5.83 £ 0.07
Density (g/mL) 1.0683 + 0.0009 1.2461 + 0.0008

HHV (MJ/kg) 22.328 £+ 0.107 16.105 + 0.769

 Calculated by difference: O (%) = 100 — C (%) — H (%) — Ashes (%).
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The glycerol, methanol, and acetic acid content was quantified using
an Agilent 7890 gas chromatograph equipped with a Flame Ionization
Detector (FID) and a HP-FFAP Agilent 19091F- 105 capillary column.
High purity glycerol (Sigma-Aldrich, >99.5 %, CAS: 56-81-5) was
employed to prepare calibrate solutions.

Water composition was determined by Karl Fischer titration with a
Mettler Toledo V20 KF Titrator and the ash content was quantified
following the ISO 21656:2021. Density and pH were measured with a
Mettler Toledo Densito 30PX and a Thermo Scientific Orion Star A215
pH/Conductivity Meter respectively. The High Heating Value (HHV) of
crude and refined crude glycerol was determined in an IKA©-WERKE
C2000 Basic Calorimeter, while the elemental analysis was performed in
a Leco CHN 628 analyzer equipped with NDIR infrared cells.

The purification of crude glycerol increased the purity of refined
crude glycerol up to 79.94 + 2.43 % and significantly reduced the
methanol content. The physical properties were modified after purifi-
cation, and the density increased, while the high heating value (HHV)
decreased. These properties are consistent with others reported in the
literature [53,54]. The main impurities of refined crude glycerol were
methanol, acetic acid, KOH, and residual free-fatty acids.

2.3. Catalyst characterization techniques

The properties of the fresh and spent catalysts were analyzed using
several characterization techniques. The bulk chemical composition of
the fresh catalyst was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES). The fresh and spent catalysts surface
area (Sggr), pore volume (Vp), and pore size distribution were measured
by N adsorption-desorption using the BET and BJH methods, respec-
tively. The crystalline phases of both fresh and spent catalysts were
examined by X-ray diffraction (XRD), using the JCPDS database for
identification. The crystallite size of some phases was calculated by the
Scherrer’s equation in the corresponding most intense peaks. The
reducibility of the catalyst was assessed through hydrogen temperature-
programmed reduction (Hp-TPR). The surface acidity of the reduced
catalyst was quantified using temperature-programmed desorption of
ammonia (TPD-NHj3). The surface morphology of the catalysts was
analyzed using field emission scanning electron microscopy (FESEM)
and the element dispersion by energy dispersive spectroscopy (EDS).
The spent catalysts were subjected to elemental and thermogravimetric
(TGA) analysis to determine the content and nature of the carbonaceous
deposits formed during the reactions. The presence of potassium (K) on
the catalyst surface was quantified by X-Ray Fluorescence (XRF) analysis
performed on a sequential spectrometer (Thermo Fisher Scientific)
equipped with a Rh X-ray tube. The Cu valence was analyzed by X-Ray
Photoelectron Spectroscopy (XPS) by means of a Kratos Axis Supra
equipment. Further details regarding the characterization techniques of
the catalyst can be found in previous works [20,49].

2.4. Experimental setup and catalytic tests

Glycerol conversion was studied in a small laboratory-scale plant
(PID Eng&Tech, Spain) operating at atmospheric pressure with a tubular
quartz reactor (250 mm long and 9 mm internal diameter). In a typical
experiment, the specified amount of catalyst was arranged between two
layers of quartz wool on which 1 mL of inert sand (1.6 + 0.2 g) was
placed to preheat and vaporize the feed. Prior to the reaction, the
catalyst was reduced at 300 °C under a 100 cm® STP min ™~ flow of Hy, for
1 h. An electric furnace then heated the reactor to the specified reaction
temperature using a PID controller that kept the temperature constant. A
high-performance liquid chromatography (HPLC) pump introduces a 10
wt% aqueous solution of pure glycerol or refined crude glycerol through
the top of the reactor with a flow rate of 0.1 mL min~! accompanied by
the corresponding flow of Ny, which serves as a carrier gas and as an
internal standard for the online quantification of the gases produced in a
gas chromatograph (Agilent 490) with thermal conductivity detectors
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(TCD). The liquid product stream was cooled and collected in an ice-
bath condenser located at the outlet of the reactor and analyzed offline
with a GC-FID (Agilent 7890 with an HP-FFAP Agilent 19091F-105
column) using 1-butanol (PanReac, >99.5 %, CAS: 71-36-3) as the in-
ternal standard and glycerol (Sigma-Aldrich, >99.5 %, CAS: 56-81-5),
methanol (Carlo Erba, >99.0 %, CAS: 67-56-1), acetic acid (Sigma-
Aldrich, >99.0 %, CAS:64-19-7), 1,2-propanediol (Sigma-Aldrich,
>99.0 %, CAS: 57-55-6), acetol (Sigma-Aldrich, >90 %, CAS: 116-09-6),
acetaldehyde (Sigma-Aldrich, >99.5 %, CAS: 75-07-0), ethylene glycol
(Labkem, >99.0 %, CAS: 107-21-1) and acetone (Carlo Erba, >99.9 %,
CAS: 67-64-1) for quantification.

The total carbon of the liquid products was analyzed using a Shi-
madzu Total Organic Carbon Analyzer (TOC-L), and for all experiments,
the carbon balance was greater than 94 %. More information about the
experimental system can be found elsewhere [49].

2.5. Statistical analysis and evaluation

The influence of different operating conditions on the gas phase
glycerol dehydration to acetol was studied for 2 h over a CuAl catalyst.
The operational parameters analyzed were temperature (200-300 °C),
W/m ratio (10-50 gcatalyst min gallyceml), and carrier gas to liquid ratio
(Ra1) (200-600 meas STP mfiguia)-

Firstly, the effects of two factors (temperature and W/m) were
analyzed using a full factorial experimental design 2 with three repli-
cates at the center point to evaluate the experimental error and check
whether the effects were linear. For that purpose, 7 experiments were
performed (Table 2). The results were subjected to an analysis of vari-
ance (ANOVA) with 95 % confidence. The response variables were
acetol yield and glycerol conversion. The statistical analysis results are
shown as p-values and values below 0.05 indicate significant differences
between the factors.

The best-performing conditions of the full factorial experimental
design were used for the subsequent study of the effect of remaining
operating conditions and for an extensive study of the catalyst stability
during 52 h of time-on-stream. Moreover, these conditions were tested
using refined crude glycerol to assess the impact of this feed on catalytic
results for 2 and 29 h of time-on-stream.

Glycerol conversion (Xgly) was calculated as:

moles of glycerol fed — moles of glycerolin the liquid products 1

moles of glycerol fed 00

KXoy (%)=

Carbon yield to gases (CYgas) was determined as:

moles of C in the gaseous products

%) =
C¥ous(%) moles of C fed

100

Carbon selectivity to liquid products (Spiquia) was calculated as:

Suiqucy (%) = moles of C in a liquid compound i
Liguid (72 =S~ "moles of C in the liquid products

Table 2

Operating conditions of the experiments in actual values and codec factors.
Exp Temperature Codec W/m (gcatalyst min Codec
No. ©Q) factor Glycerol) factor
1 300 1 50 1
2 250 0 30 0
3 200 -1 10 -1
4 200 -1 50 1
5 250 0 30 0
6 300 1 10 -1
7 250 0 30 0
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3. Results and Discussion
3.1. Fresh catalyst characterization

3.1.1. Catalyst composition and textural properties

The chemical composition of the fresh calcined catalyst was deter-
mined by ICP-OES. The target copper content, expressed as Cu/(Cu + Al)
(28.0 mol%), was satisfactorily achieved (28.4 mol%). The adsorption-
desorption isotherms of N3 and the pore size distribution of the fresh
and reduced catalyst are shown in Fig. 1A and B, respectively.

The BET surface area (Sggr) of the calcined fresh CuAl catalyst was
225 m? g1, and decreased marginally to 216 m? g~ ! after the catalyst
reduction with Hy. The pore volume (Vp) slightly increased from 0.40 to
0.43 cm® g 7! from the fresh to the reduced catalyst, while the mean pore
size (dp) remained constant at 6.73 nm in both samples. Fig. 1A shows
very similar Ny adsorption-desorption isotherms in the fresh and
reduced catalyst. The catalysts show type IV(a) isotherms and H2(b)
hysteresis cycles according to the IUPAC classification. This kind of
isotherm are related to mesoporous materials with multilayer adsorp-
tion in a diverse range of neck sizes and shapes like inkbottle [55]. The
pore size distribution is similar in both samples and pores are typically in
the range of 2-20 nm, demonstrating that they are mesoporous mate-
rials. The textural properties of the calcined catalyst are consistent with
those reported in the literature. A previous study [49] with a copreci-
pitated CuAl catalyst of 20 mol% of Cu and calcined at 675 °C generated
a Sggr of 186 m> g’l, Vp of 0.40 cm® g’l, and dp of 8.0 nm.

3.1.2. XRD analysis

Fig. 2 shows the XRD patterns of the fresh and reduced CuAl catalyst.
The fresh catalyst is poorly crystalline, and the only discernible peaks
can be associated with the tenorite phase (CuO) (JCPDS 01-072-0629) at
20 = 32.5, 35.6, 38.7, 48.8, 53.5, 58.1, 61.4, 66.5, 68.2, and 72.5°. The
possible presence of alumina (Al;O3) was considered, but its charac-
teristic peaks could not be recognized. This fact was also observed in
other studies, like the one conducted by Mane et al. [57], where a Cu-Al
catalyst was synthesized by coprecipitation with a 50 mol% of Cu, but no
aluminum phase could be detected in the XRD patterns of the fresh
catalyst.

During the reduction step, CuO is reduced to its metallic state (cuY,
generating more crystalline diffractograms with defined peaks. The
metallic copper phase (JCPDS 01-085-1326) was identified at the peaks
20 = 43.3, 50.5, and 74.2° in the reduced catalyst XRD pattern. In
addition, the presence of non-stoichiometric alumina Aljpg66016
(JCPDS 01-080-0956) was detected in the reduced catalyst at the
diffraction peaks 20 = 37.6, 46.9, and 67.2°. The disappearance of the
copper oxide phase in the reduced catalyst states that the activation has
been complete and satisfactory. The crystallite size of metallic Cu in the

300
Fresh catalyst

250 4 —*—Reduced catalyst
200 A

150

100 A

Quantity absorbed (cm® STP/g)

50 1

0 T T T
0 0.2 0.4 0.6 0.8

Relative pressure (P/P,)
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Fig. 2. XRD patterns of fresh and reduced CuAl catalyst.

reduced catalyst was calculated using Scherrer’s equation at the most
intense characteristic peak at 20 = 43.3°, showing a crystallite size of
15.1 nm.

3.1.3. Catalyst reducibility and acidity

The CuAl catalyst was analyzed using Ho-TPR to evaluate its reduc-
ibility (Fig. 3A). Two reduction peaks were observed at 219 °C () and
261 °C (), corresponding to highly dispersed and bulk CuO, respec-
tively. The larger a-peak area (62 %) suggests high CuO dispersion
[56-58]. The reduction temperature selected was 300 °C.

The catalyst acidity plays a critical role in the dehydration of glyc-
erol. Depending on the amount and strength of the acid sites, the glyc-
erol molecule will be kinetically favored to produce acetol or acrolein.
Weak acid sites (Lewis) favor the coordination of the primary hydroxyl
group, polarizing the primary C-O bonds and resulting in acetol [59]. In
addition, several studies have demonstrated that the presence of mod-
erate acid sites also catalyzes glycerol dehydration [35]. Therefore, the
presence of a large number of weak to moderate acid sites on the catalyst
is necessary to promote acetol selectively. TPD-NHj3 analysis was per-
formed for the study and quantification of the acid sites. The resulting

Fresh catalyst B
1.2 —&—Reduced catalyst

0.8
0.6

0.4 4

dV/(logd) (cm*/g)

0.2

0.0 T T T
0 10 20 30 40

Pore diameter (nm)

Fig. 1. N adsorption-desorption isotherms of the fresh and reduced CuAl catalyst (A) and pore size distribution of the fresh and reduced CuAl catalyst (B). Reduction

temperature: 300 °C.
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Fig. 3. H,-TPR of the fresh (A) and NH3-TPD of the reduced (B) CuAl catalyst.

desorption profile is displayed in Fig. 3B. The CuAl catalyst exhibited an
acid site concentration of 1476.4 pmol NH; g~'. The TPD profile was
deconvoluted by Gaussian fitting in three different strength regions (a, f,
and y) according to the literature [60]. The a-peak represents the weak
acid sites and is located at 195 °C, the p-peak characterizes the moderate
acid sites at 316 °C, and the y-peak denotes the strong acid sites at
493 °C. The weak and moderate acid sites are predominant, accounting
for 24.4 and 46.6 % of the area respectively, while strong acid sites
account for 27.0 % of the area. These results are consistent with those
found in the literature on copper-aluminum coprecipitated catalysts [49,
61], where acidity determined by NHs-TPD varied from 1400 to 1600
pmol NH3 g~ 1. In these studies, CO,-TPD analyses were carried out, and
the presence of basic sites was minimal. Cu-based catalysts are known to
exhibit Lewis acidity, with metallic copper acting as the active Lewis
acid site [59]. In contrast, Brgnsted acid sites (typically introduced by
metals like W or Nb, or highly acidic supports such as zeolites) promote
acrolein formation [38]. Since CuAl catalysts lack Brgnsted acidity,
glycerol dehydration is expected to proceed selectively via the Lewis
acid pathway, favoring acetol over acrolein.

40 pm

40 pm

3.1.4. FESEM and EDS

The morphology and element dispersion of the fresh CuAl catalyst
were analyzed by field emission scanning electron microscopy (FESEM)
and energy dispersive spectroscopy (EDS). Fig. 4A shows a FESEM image
and Fig. 4B-D the EDS mappings of Cu, Al, and O respectively.

The fresh catalyst has a rough surface with different morphologies
and pores of diverse shapes heterogeneously distributed. The EDS
mapping of copper (Fig. 4B) shows that the copper has distributed ho-
mogeneously over the entire surface, generating a high dispersion of
copper oxide throughout the aluminum support (Fig. 4C). The active
metal dispersion over the catalyst surface is crucial for good catalytic
efficiency. Some authors reported that the synthesis of supported metal
catalysts by the coprecipitation method favors the generation of uniform
metal nanoparticles on the catalyst surface and enhances the interaction
between metal oxides, generating catalysts with high catalytic activity
[62,63].

Fig. 5 shows a closer FESEM image of the fresh catalyst. It can be
observed that the surface is irregular and consists of a wide range of
differently shaped pores. CuO was distributed throughout the surface
and two types of particles could be distinguished: highly dispersed and
bulk. The highly-dispersed copper was deposited on the support forming

Fig. 4. FESEM image of fresh CuAl catalyst (A) and EDS mapping of copper (B), aluminum (C), and oxygen (D).
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Fig. 5. FESEM images of the fresh CuAl catalyst surface.

small homogeneous particles (Fig. 5B), and bulk copper could be
observed in the larger irregularly shaped particles due to the agglom-
eration of copper (Fig. 5A). These results confirm the TPR analysis
conclusions, which proposed the presence of two types of copper par-
ticles that would be reduced at different temperatures due to their
nature.

3.2. Catalytic studies

3.2.1. Influence of temperature and catalyst weight to glycerol mass flow
ratio

The effect of reaction temperature (T) and W/m ratio was investi-
gated through a full factorial experimental design where the tempera-
ture was varied from 200 to 300 °C and the W/m ratio from 10 to 50
€Catalyst Min gallyceml. The W/m ratio was adjusted by varying the catalyst
loading from 0.1 to 0.5 g. The experiments were performed using a 10 wt
% pure glycerol feed, a liquid feeding rate of 0.1 mL min !, and 20 em®
STP min~! Ny flow (Rgy, of 200 mg,s STP m%i}]uid) at atmospheric pres-
sure. The influence of the operating conditions in the response variables

600
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is shown in Fig. 6 and the relative effects in terms of codec factors ac-
cording to the ANOVA analysis are displayed in Table 3.

The results obtained from the statistical analysis of acetol yield
(Fig. 6A) revealed a significant effect of temperature (p-value 0.007), W/
m ratio (p-value 0.008), and the interaction between both factors (p-
value 0.013). The interaction could be observed at high temperatures
(300 °C), where the effect of W/m ratio was no longer significant, as the
error bars of both points (10 and 50 gcatalyst min gallyceml) overlapped.
This phenomenon could be ascribed to the kinetics of reactions at
elevated temperatures, as thermal energy allowed them to happen more
easily regardless of the catalyst loading employed. In addition, the re-
sults showed a non-linear trend (p-value 0.003) in the studied area, and
the factors created a maximum acetol yield at the central point. The
temperature and W/m values that maximized acetol yield were 250 °C

and 30 gCatalyst Min gallyceroly generating 464.7 £ 11.3 mgacetol gallycerol

(59.6 % acetol selectivity) with a 95 % confidence level.

Similarly, the analysis of variance performed on the glycerol con-
version response variable (Fig. 6B) has revealed a significant effect of
temperature (p-value 0.016), W/m ratio (p-value 0.019), and interac-
tion between the two factors (p-value 0.030). In the region located at
higher temperatures, the effect of W/m ratio was not significant, while
at lower temperatures (200 °C) it was. This interaction could again be
associated with the thermodynamics of the reactions favored at higher
temperatures. As with the acetol yield, the results show a non-linear
trend (p-value 0.008) in the glycerol conversion, obtaining the highest
conversion at 300 °C and 50 gcatalyst min gallyceml of the catalyst with
97.1 + 2.0 %.

The operating conditions that maximized acetol yield were chosen
for further investigation of the effects of other variables (250 °C and a
W/m ratio of 30 gCatalyst Min géllycerol)-

The dehydration reaction of glycerol to acetol has been studied in
temperatures from 200 to 300 °C. The study of the effect of temperature
is essential because a few degrees can significantly change product
distribution and glycerol conversion. This fact has been reported in

Table 3
Relative effects of operating conditions on the response variables according to
the ANOVA analysis.

Response variable R? Constant T W/ T-W/ Central
m m point
Acetol yield (mgacetor  0.99  318.1 66.9 61.9 —48.6 146.6
alycerol)
Glycerol conversion 1 73.5 219 114 -9.7 21.9

(%)

Response = Constant + Coefficient T - T + Coefficient W/m - W/m + Coefficient
T-W/m - T-W/m + Coefficient central point - Central point.
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Fig. 6. Interaction plots between temperature and W/m ratio for acetol yield (A) and glycerol conversion (B). Reaction conditions: 1 bar, 10 wt% aqueous solution of
pure glycerol, liquid feeding rate of 0.1 mL min~?, and 20 cm® STP min~! N, flow (Rgy, of 200 mZ,s STP m{ihuia).
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several studies in the literature, such as the one carried out by Sato et al.
[37]. They used an impregnated Cu/Al,O3 catalyst with a 30 wt%
glycerol aqueous solution and a W/m of 55.55 gcatalyst min gaﬂycerol and
demonstrated that an increase in reaction temperature from 260 to
300 °C decreased acetol selectivity from 80 to 45 % and glycerol con-
version from 100 to 55 %, mainly due to catalyst deactivation at higher
temperatures. Correspondingly, Mazario et al. [64] used coprecipitated
Cu-Mg-Al mixed oxides for the selective dehydration of glycerol to
acetol in the range of 220-280 °C. In that study, they used a 10 wt%
glycerol solution in methanol and a W/m ratio of 150 gcatalyst min
gallycerol and concluded that 240 °C was the best temperature.

The W/m ratio is an important parameter as the greater the catalyst
amount, the larger the number of active sites, however, acetol selectivity
can be modified. Basu et al. [28] studied the influence of varying the
catalyst weight from 0.5 to 1.5 g in a batch reactor at 200 °C with a 20
vol% aqueous glycerol solution. The study revealed that increasing the
catalyst loading positively influenced glycerol conversion, reaching 100
% conversion at 1.5 g. Conversely, if the catalyst loading was increased
from 1 to 1.5 g, acetol selectivity decreased from 60 to 35 % due to the
formation of several by-products.

From the full factorial design, it can be concluded that the best
temperature and W/m conditions for the production of acetol were
250 °C and 30 gcatalyst min gallyceml, with results of 464.7 + 11.3 mgacetol
g(;llyceml and a glycerol conversion of 95.4 + 2.0 % with 95 % confidence.
Under these operating conditions, the only gases produced were Hy and
CO3, due to the high activity of copper towards the Water Gas Shift re-
action. The volumetric composition (free of Ny and H,0) was 87.2 and
12.8 % of Hy and CO;, respectively. The carbon yield to gases was 1.02 +
0.15 %, and 262.4 + 49.3 mmolys mol(;llyceml was produced. The main
liquid by-products were ethylene glycol, acetic acid, and 1,2-PDO. In
terms of coke deposition during the reaction, the elemental analysis
detected 6.90 + 0.55 wt% of C on the catalyst.

3.2.2. Influence of carrier gas flow rate

The influence of the Rg, defined as the ratio between the carrier gas
to liquid flow, was studied. For that purpose, the N5 flow rate was set at
20, 40, or 60 cm® STP min~’, to obtain a Rgy, of 200, 400, or 600 Mm@,
STP mﬁ}luid, respectively. The experiments were performed at 250 °C
using a W/m ratio of 30 gcatalyst min gallyceml, a 10 wt% glycerol feed
solution, and a liquid feeding rate of 0.1 mL min~' at atmospheric
pressure. Fig. 7A shows the acetol yield and glycerol conversion results
and Fig. 7B presents the carbon selectivity of the quantified reaction by-
products.

The glycerol conversion remained unaffected by the variation of the
Rgr and showed values around 95.4 %. On the contrary, a non-linear
trend could be observed in acetol yield. There was a minimum pro-
duction using a Rgy, of 200 m%as STP mﬁ}luid, which increased with higher
Rgy ratios. The acetol yield with a Rgy, of 400 m,s STP mf?jéuid was 563.6
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+ 17.0 mgacetol gall cerol (73.1 % acetol selectivity), while with a Rg, of
600 m3as STP Miiquig, it was 531.5 + 42.3 mgacetol EGlycerol (68.4 %
acetol selectivity). Since the error bars overlapped with Rg, of 400 and
600 m3,; STP mfi}luid, the effect between these two values could not be
considered significant. The use of higher Ny flow rates would imply
larger installations, which entails higher costs in both equipment and
supplies as well as more energy to heat the Ny for the reaction. To
improve the economy and efficiency of the process, 40 cm3 STP min~! of
N5 (RgL, of 400 m%as STP mfi}]uid) was selected as the most appropriate
ratio.

Product selectivity to secondary products such as acetic acid, 1,2-
PDO, or ethylene glycol decreased slightly by increasing the Ny flow
rate but remained at residual concentrations. Additionally, several un-
identified products have been detected and were the lowest for a Rg, of
400 m3,, STP mﬁ}luid. Table 4 presents the overall results corresponding
to the gas product distribution and carbon deposits generated during the
reactions. The increase in N5 flow rate slightly increased the volumetric
composition of Hy, thus decreasing the proportion of CO,. Regarding the
carbon yield to gas, it has slightly decreased from 1.02 £ 0.15 % to 0.87
+ 0.13 % from a Rgy, of 200-600 m2,s STP mfﬁluid, generating a mini-
mum with a 400 mg,s STP m%}mid, where the carbon yield to gas was
0.77 £ 0.01 %. In the same way, the H; yield decreased as the Ny flow
rate increased. The coke deposition during the reaction decreased
slightly at higher Rgy, ratios.

There is scarce information regarding the effect of carrier gas flow
rate on the glycerol dehydration to acetol reaction. However, in the
present work, it was shown to have a significant effect on acetol pro-
duction. The same conversion was observed for the three Rg, ratios,
however, acetol selectivity increased from 200 to 600 m%as STP mﬁéuid.
Additionally, the secondary product distribution slightly changed, and
at higher Rgy, ratios 1,2-PDO production decreased, which is generated
from acetol hydrogenation. One possible explanation is that at higher Ny
flow rates, the produced H; is removed more rapidly from the catalyst

Table 4

Catalytic results of gases and solids from the N flow rate experiments. Reaction
conditions: 250 °C, 1 bar, 30 gcatalyst MiN gaiycerol, and a 0.1 mL min~" flow rate
of a 10 wt% aqueous solution of pure glycerol for 2 h.

Rar, (MZas STP m{ihuia) 200 400 600
Gas composition (%vol, N, and
H,O0 free)
H, 87.2+1.8 89.4 £ 0.5 89.8 £ 0.1
CO, 12.8 + 1.8 10.6 = 0.5 10.2 + 0.1
Gas yields
Carbon to gas (%) 1.02 +0.15 0.77 £ 0.01 0.87 £ 0.13
H, yield (mmoly, molgiycerol 1) 262.4 £49.3 1953 £ 7.7 203.8 + 21.5
Solid yields
C in catalyst (wt%) 6.90 £+ 0.55 6.09 £+ 0.09 6.10 £ 0.13
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Fig. 7. Influence of Rgy, on acetol yield and glycerol conversion (A) and product selectivity (B). Reaction conditions: 250 °C, 1 bar, 10 wt% aqueous solution of pure

glycerol, and a W/m ratio of 30 gcatatyst min gallyceml.
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surface, thereby minimizing the acetol hydrogenation reaction to 1,2-
PDO. Similarly, the produced acetol may also desorb from the surface
more quickly as N dilutes its concentration in the gas phase, reducing
its likelihood of being re-adsorbed onto active sites and undergoing
further transformation into secondary products or coke. Neira D’ Angelo
et al. [65] investigated the effect of Rgy, ratios on the aqueous phase
reforming of sorbitol. Their study demonstrated that the amount of Ny
played a crucial role in both sorbitol conversion and Hj selectivity. At
higher Rgy, ratios, the removal of Hy from the catalyst surface was
enhanced, thereby minimizing secondary reactions and increasing
selectivity. This effect was attributed to the reduction in Hy partial
pressure in the gas phase at higher Rgy, which, in turn, improved the
overall mass transfer coefficient of H, in the gas phase from the solid
surface.

From this study, it can be concluded that increasing the Rgy, from 200
to 600 m%as STP mfi}]uid influenced the dehydration of glycerol to acetol.
The effect of increasing the N5 flow rate was positive as the amount of
acetol generated improved substantially and the carbon yield to gas and
coke deposition decreased. The most suitable N5 flow rate was found at
40 cm® STP min~? (RgL, of 400 m%as STP mﬁ}luid) where there was a
glycerol conversion of 95.1 + 1.1 % and an acetol production of 563.6
+ 17.0 mgacetol gallycerol-

3.2.3. Refined crude glycerol tests

The best operating conditions for acetol production deduced in the
previous sections were further used for the study of the dehydration
reaction of refined crude glycerol (RCG). The reaction conditions were
250 °C, 30 gcatalyst Min gré, 40 cm® STP min ! of Ny (Rgy, of 400 M3
STP m%i%;uid), and a 0.1 mL min " flow rate of a 10 wt% aqueous solution
of refined crude glycerol for 2 h. Table 5 displays the effect of using pure
glycerol or refined crude glycerol as feeding over the CuAl catalyst under
the same operating conditions and Fig. 8 shows the carbon selectivity to
liquid products. It should be noted that, as refined crude glycerol has a
glycerol purity of almost 80 %, the W/m ratio increased slightly
compared to the experiments carried out with pure glycerol up to 37.5
8catalyst Tin gallycerol-

The catalytic performance of refined crude glycerol was very similar
to that obtained with pure glycerol. Glycerol conversion improved
slightly from 95.1 to 98.7 % with refined crude glycerol, while acetol
generation remained constant in both cases, demonstrating that the
presence of impurities did not affect the catalytic performance during 2
h of experiment. The generation of liquid by-products increased in re-
actions with refined crude glycerol, but the products were found in re-
sidual concentrations. In addition, the presence of several unidentified
products was detected.

Table 5

Catalytic results of refined crude glycerol experiments compared to those with
pure glycerol for 2 h. Reaction conditions: 250 °C, 1 bar, R, of 400 mg,s STP
mfi}luid, and a 0.1 mL min~! flow rate of a 10 wt% aqueous solution of pure or
refined crude glycerol for 2 h.

Experiment# Refined crude Pure glycerol
glycerol

W/m 30 8catalyst min 30 &catalyst min
8réc 8alycerol

Liquid yields

Acetol yield (mgacetol gallyceml) 570.4 + 13.4 563.6 + 17.0

Glycerol conversion (%) 98.7 £ 0.9 95.1 + 1.1

Gas composition (%vol, N, and H,O

free)

H, 86.3 + 0.8 89.4 +£ 0.5

CO, 13.7 £ 0.8 10.6 + 0.5

Gas yields

Carbon to gas (%) 1.28 + 0.14 0.77 + 0.01

H, yield (mmolyz molgiycerol ) 241.5 +10.3 195.3 £ 7.7

Solid yields

C in catalyst (wt%) 5.75 + 0.55 6.09 + 0.09
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Fig. 8. Product selectivity of pure and refined crude glycerol for a TOS of 2 h.
Reaction conditions: 250 °C, 1 bar, 10 wt% aqueous solution of pure or refined
crude glycerol, 0.3 gcatalyst, and 40 em® STP min~! of Ny (Rgr, of 400 mgas
STP mfiquia)-

The gas composition was similar using both feeds, but the carbon
yield to gas increased slightly with the use of refined crude glycerol.
Correspondingly, the Hy yield was favored by refined crude glycerol and
increased by 24 % up to 241.5 + 10.3 mmolyo moléllyceml. In terms of
solids formation, a similar generation of carbonaceous deposits was
observed. The increase in Hy production with refined crude glycerol in
comparison to pure glycerol has been reported by other authors in crude
glycerol reforming reactions [52,66,67]. These works suggest that the
impurities present in crude glycerol, such as methanol or free-fatty
acids, are responsible for the slight increase in the initial catalytic ac-
tivity and Hp yield under similar conditions, while the presence of KOH
could favor the formation of carbonaceous deposits. Remoén et al. [68]
studied the effect of impurities in the steam reforming of biodiesel crude
glycerol. They concluded that the presence of KOH increased the initial
solid formation but had a catalytic impact on the gasification reactions
of the carbon deposits, causing a decrease in the catalyst carbon content
over time. This fact corroborates the trend observed in Table 5, where
the carbon in the catalyst using refined crude glycerol was similar to that
of pure glycerol but slightly increased carbon yield to gas.

These results are promising, as they demonstrate that under the same
operating conditions, it was possible to produce renewable acetol and Hy
with slightly better catalytic results using refined crude glycerol similar
to that generated as a by-product in the biodiesel industry.

3.3. Stability study

3.3.1. Pure glycerol

The catalytic activity of the CuAl catalyst was studied in a continuous
reaction for 52 h. The operating conditions selected were 250 °C, 30
Catalyst Min gallycem], 0.1 mL min~! of 10 wt% pure glycerol feed with
two different N, flow rates: 20 or 40 cm?® STP min’l, Rgt, of 200 or 400
mg,s STP mﬁéuid, respectively. Fig. 9 shows the acetol yield (A) and the
glycerol conversion (B) as a function of time-on-stream (TOS).

During the first few hours, both reactions followed the same trend
and the yield to acetol reached a maximum of 547 and 526 mgacetol
8611ycer01 for 200 and 400 méas STP mfi}]uid, respectively for a TOS of 2.5 h.
After that, there was a loss in catalytic activity and both the acetol yield
and the glycerol conversion decreased, which was more pronounced at
an Ny flow rate of 20 cm® STP min~! (200 rn(3;as STP mfi}luid) due to
catalytic deactivation. As an example, from 2.5 to 23.5 h of TOS, yield to
acetol decreased by 46 and 35 % for 20 and 40 cm® STP min !,
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Fig. 9. Acetol yield (A) and glycerol conversion (B) as a function of time-on-stream (TOS) for pure glycerol stability study. Reaction conditions: 250 °C, 1 bar, 10 wt

% aqueous solution of pure glycerol, and a W/m ratio of 30 gcatalyst min gallyceml.

respectively, while glycerol conversion was reduced by 23 and 16 %,
respectively. At longer TOS, both variables decreased to a lesser extent
and tended to be balanced, with the reaction of 20 cm® STP min~' of N,
(200 m%as STP m%iéuid) stabilizing at 235 mgacetol gallycerol with a glycerol
conversion of 61.6 % and the reaction of 40 cm> STP min ! of N, (400
mé,, STP mf’i}]uid) at 266 mgacetol gallyceml with a glycerol conversion of
72.0 % for a TOS of 52 h.

After the reactions, the spent catalysts were subjected to an
elemental analysis that revealed a carbon content of 11.8 and 10.5 wt%
for the reactions under 20 and 40 cm® STP min~! respectively. These
results are of great interest, since in the experiments carried out for 2 h,
carbon deposition was 6.90 and 6.09 wt% for 200 and 400 mg,s STP
m%}luid respectively. The reaction by-products followed a similar trend to
the performance of acetol and their selectivity decreased to a greater
extent in the first hours of reaction, stabilizing at the end. It should be
noted that the selectivity to unidentified products increased over time.

The results obtained in this work for the CuAl catalyst for 52 h of
continuous operation demonstrate better catalytic performance
compared to the literature studies for copper-aluminum catalysts using a
lower W/m ratio (Table 6). Morales et al. [21] studied the glycerol
dehydration to acetol at 280 °C and reported that after only 5 h of re-
action, their Cu/y-AlyO3 catalyst rapidly deactivated and the glycerol
conversion decreased from 90 to 10 %, as well as the acetol product
selectivity, which also decreased from 60 to 35 %. The catalyst deacti-
vation was attributed to the deposition of carbon on the catalyst surface.
Braga et al. [57] reported a drop in glycerol conversion from 85 to 35 %
in 5 h of reaction, while acetol selectivity remained at 90 % in their
7CuAl catalyst. Similarly, Mazario et al. [64] reported that the activity of
their 5.0 %Cu-HT-4 catalyst decreased sharply after 9 h. Glycerol con-
version reached a maximum of 80 % at a TOS of 2 h and decreased to 50
% after 9 h while the selectivity to acetol remained constant at
approximately 50 mol% during the last 6 h.

The drop in the catalytic activity of Cu-based catalysts is a wide-
spread problem and several authors have reported the catalyst

deactivation due to different factors. In the case of glycerol dehydration,
the main reason is carbon deposition, because the dehydration route
favors the generation of carbonaceous deposits in the acidic sites, which
block pores and reduce the number of available active sites [69,70].
Another reason for the deactivation of copper catalysts is the thermal
sintering of Cu particles, forming inactive phases that drastically reduce
catalytic activity [71,72]. Velasquez et al. [22] proposed using LaO3 as
a basic support for Cu to enhance catalytic activity and prevent deacti-
vation due to carbon deposition in acidic sites. A stable catalyst was
achieved for a 20-h reaction with a 20 vol % aqueous glycerol feed at
260 °C with an acetol yield of 75 % (around 600 mgacetol gallyceml).
However, the use of lanthanum in catalysts drastically increases their
cost.

3.3.2. Refined crude glycerol

The stability study was carried out with the refined crude glycerol
under operating conditions of 250 °C, 30 gcatalyst min g§ég, Rg, of 400
me,s STP mﬁ}luid, and 0.1 mL min~"! of an aqueous solution of 10 wt%
refined crude glycerol. The acetol yield and glycerol conversion were
studied as a function of time-on-stream (TOS) for 29 h.

As displayed in Fig. 10, the catalytic activity of the CuAl catalyst for
refined crude glycerol followed the same trend as that performed with
pure glycerol in the first 5 h and a maximum peak of acetol yield, 561
MgAcetol gallyceml was achieved with more than 91 % glycerol conversion
for a TOS of 2.5 h. After that, the glycerol conversion and the acetol yield
decreased extremely, demonstrating that there was a huge catalyst
deactivation during the next few hours of the reaction. However, after
the first 20 h of reaction, the system stabilized with a glycerol conver-
sion of 9.9 % and an acetol yield of 50 mgacetol gallycem]. AtaTOS of 29 h,
the reaction had to be stopped due to the overpressure generated by the
plugging of the catalyst caused by the formation of solids.

Konaka et al. [73] reported that crude glycerol with impurities
similar to those in the present study led to the deactivation of their Zr-Fe
catalyst due to K deposition on the catalyst surface. They concluded that

Table 6
Comparison of long-term reaction results with other Cu-based catalysts from literature.
Catalyst Reaction conditions and catalyst properties Catalytic results Ref.
Temperature (°C)  W/m (catalyst Min galycero) Feed (Wt%)"  Cu loading TOS (h)  Xaiyeerol (%) Sacetol (%) TOS (h)  Xaiyeerol (%)  Sacetol (%)
Cu/Al;03 280 38 6.2 10 wt% 1 90 60 5 10 35 [20]
7CuAl 250 67 10 6.75wt% 1 85 90 5 35 90 [58]
5.0%Cu-HT-4 240 150 10° 4.9 wt% 2 80 45 9 50 50 [65]
CuAl 250 30 10 28 mol% 2 95 73 52 72 46 Present work

@ wt% of glycerol in aqueous solution, unless other indicated.

b wt% of glycerol in methanol solution.
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Fig. 10. Acetol yield and glycerol conversion as a function of time-on-stream
(TOS) for refined crude glycerol stability study. Reaction condition: 250 °C,
1 bar, 10 wt% aqueous solution of refined crude glycerol, 400 méas STP mf’iamd,
and a W/m ratio of 30 gcatalyst Min gﬁéc.

the adhesion of K inhibited glycerol dehydration reactions by reducing
the acidity of the catalyst over time. Similarly, Rajkhowa et al. [74]
conducted a study with model impurities of crude glycerol derived from
biodiesel production to assess the leading factors of Cu catalyst deacti-
vation in glycerol hydrogenolysis. They evaluated the effect of glycer-
ides (residual mono-, di- or triglyceride molecules from the
transesterification), and KOH. They found that the glyceride molecules
physically blocked the active sites, leading to a decrease in catalytic
activity over time.

Sereshki et al. [75] evaluated the effect of salts present in crude
glycerol (5 wt% NaCl) on catalysts in a fluidized bed reactor. In the
study, it was shown that more than 99.8 % of the salts of crude glycerol
were deposited on the catalyst surface forming crystals. As a conse-
quence, the size of the particles increased markedly and bridges between
particles were formed, blocking the active sites and deactivating the
catalyst. However, the fluidized bed could be used as a preliminary step
to remove salts and preserve the catalyst performance in the catalytic
reactor.

3.4. Spent catalyst characterization

The spent catalysts were analyzed to evaluate the changes produced
during the reactions. The catalysts selected for characterization were
those used with the conditions that maximized acetol production
(250 °C, 30 gcatalyst min 8611ycerol, 0.1 mL min~" of 10 wt% glycerol, and a
RgL, of 400 mgas STP m%iéuid with pure and refined crude glycerol for a
TOS of 2 h, as well as the one used in the stability study with pure
glycerol and a Rgy, of 400 m%as STP mﬁauid for a TOS of 52 h. The catalyst
employed in the stability study with refined crude glycerol could not be
characterized due to agglomeration produced during the reaction.

3.4.1. Textural properties

The textural properties of the spent catalysts are shown in Table 7,
and the N5 adsorption-desorption isotherms and pore size distribution
are exhibited in Fig. 11. The Sggr of the catalyst after 2 h of reaction
using pure glycerol increased slightly with respect to the reduced cata-
lyst, while it decreased with the use of refined crude glycerol. After 52 h
of reaction, the Sggr of the catalyst decreased by 12 % compared to the
reduced catalyst, indicating a little variation. Vp decreased in all cases,
more significantly in the long-term reaction, where it decreased by 41 %
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Table 7

Textural and structural parameters of the spent CuAl catalysts.
Feed Reaction time  Sgpr (m? Vp (cm® dp Dcu

() g g (m)  (nm)
Pure glycerol 2 220 0.36 5.79 14.6
Refined crude 2 205 0.32 6.22 14.2
glycerol

Pure glycerol 52 190 0.25 5.79 15.4

compared to the reduced catalyst. However, the dp was similar for the
two reactions with pure glycerol, which could indicate that after 52 h of
reaction, the carbonaceous deposits did not form uniformly within the
pores and only some were completely plugged, reducing the Vp. The
isotherms of the spent catalysts showed no significant deviations
compared to the fresh catalysts and manifested characteristics of mes-
oporous materials, displaying a hysteresis loop indicative of irregular
pore structures of varying sizes.

3.4.2. XRD analysis

XRD patterns of the spent catalysts are displayed in Fig. 12. It can be
observed that the XRD profiles did not change with respect to the
reduced catalyst in any of the reactions, and the same phases were
detected. The only Cu phase was metallic copper, indicating that no bulk
oxidation occurred during the reaction, even after a TOS of 52 h. In
addition, the presence of silica (SiO2) (JCPDS 01-085-0335) was
detected in the reaction with refined crude glycerol due to cross-
contamination of the catalyst with the silica bed.

The average crystallite sizes of metallic copper were calculated using
the Scherrer equation for the most intense peaks located at 26 = 43.3°,
and are shown in Table 7. The Cu crystallite size showed a small increase
from 14.6 nm after 2 h of reaction to 15.4 nm after 52 h of reaction with
pure glycerol. These results could indicate that the sintering of copper is
not a relevant cause of catalyst deactivation.

3.4.3. XPS analysis

To investigate the oxidation state of copper in the spent catalysts’
surface, XPS analysis was performed to complement the XRD results.
The Cu LMM Auger spectra of the spent catalysts after a TOS of 2 and 52
h were deconvoluted and are presented in Fig. 13, while the relative
contributions of Cu species are summarized in Table 8.

The XPS spectra revealed the presence of Cu®, Cu*, and Cu®" species,
consistent with previously reported assignments [76,77], confirming
partial surface oxidation. Notably, the relative area corresponding to
Cu® remained constant at approximately 55 % for both TOS, indicating
that the active phase is preserved over time and that no significant
surface deactivation due to Cu® loss occurred. This stability is likely
maintained by the reducing environment created by in situ hydrogen
generation during the reaction, which could continuously shift the
copper redox equilibrium. However, a slight increase in Cu™ content was
observed from 2 to 52 h of reaction, suggesting a progressive reduction
of Cu** to Cu™.

3.4.4. FESEM images

The spent catalysts were analyzed using FESEM to assess the
morphological changes undergone during the reactions. The FESEM
images of the reduced and spent catalysts are shown in Fig. 14. The
metallic copper particles of the reduced catalyst (Fig. 14A) were ho-
mogeneously distributed over the surface and showed different sizes.
After the reactions, larger particles could be observed, especially in the
reaction with pure glycerol for a TOS of 52 h (Fig. 14D). This phe-
nomenon is usually attributed to the thermal sintering of copper during
reactions [71,72]. Increasing the size of the copper particles reduces the
number of active sites and the dispersion of copper on the catalyst sur-
faces, which decreases their catalytic activity. However, the XRD anal-
ysis revealed that the crystallite copper size in the 52-h reaction did not
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increase extensively with respect to the 2-h experiments, demonstrating
that copper sintering was not a determining factor in the catalyst
deactivation.

3.4.5. Catalyst deactivation by carbon and solid deposits

The carbonaceous deposits of the spent catalysts used with pure
glycerol at a TOS of 2 and 52 h were characterized using thermogravi-
metric analysis (TGA) in an oxidizing atmosphere. As a preliminary step,
the samples underwent a degasification to remove water and possible
reaction products adsorbed on the catalyst surface under an inert at-
mosphere of Ny at 270 °C for 1 h. The oxidation of the carbonaceous
deposits was carried out with 5 % O in N at a heating rate of 10 °C
min~! from 100 to 900 °C. Variations in sample weight during the
analysis indicate the oxidation and volatilization of carbon species. The
weight loss obtained from the derivation of the sample’s TGA curves is
presented in Fig. 15.

The graphs showed an increase in the amount of coke in the reaction
ata TOS of 52 h. The values of weight loss determined by TGA were 5.40
and 9.01 wt% for a TOS of 2 and 52 h, respectively. This fact is consistent
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Table 8

Surface distribution of Cu species determined by XPS Cu LMM Auger spectra in
the spent catalysts.

Catalyst Cu® (%) cut (%) cu®t (%)
Pure glycerol - 2 h 54.5 12.0 33.5
Pure glycerol - 52 h 54.6 26.3 19.1

with the elemental analysis, which revealed that the carbon content
increased from 6.09 to 10.5 wt% from a TOS of 2-52 h, respectively.
This trend was reported by Park et al. [78] using a mesoporous zeolite
catalyst for the glycerol dehydration to acrolein. For a TOS of 2 h, the
carbon content was 5.37 wt% and increased to 9.18 wt% for a TOS of 45
h, showing a reduced coke formation rate.

To assess the nature of coke, the graphs were deconvoluted by
Gaussian fitting into three different curves (a, p, and y). The « curve,
observed in the 200 to 400 °C range, indicates the presence of coke
precursors that oxidize at low temperatures and are linked to polymeric
compounds derived from glycerol polymerization or acetylation, which
adhere to the mesopores of the catalysts [79,80]. The f curve, with its
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Fig. 14. FESEM images of reduced (A), spent with pure glycerol at TOS of 2 h (B), spent with refined crude glycerol at TOS of 2 h (C), and spent with pure glycerol at

TOS of 52 h (D) CuAl catalysts.
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Fig. 15. Weight loss of the spent catalyst used with pure glycerol for a TOS of 2
and 52 h.

peak centered around 375 °C, is associated with the development of
aromatization reactions that produce aromatic compounds that are
oxidized at higher temperatures [78]. The y curve appears at tempera-
tures above 500 °C and corresponds to coke species that are difficult to
oxidize, such as carbon nanotubes (CNTs), carbon nanofibers (CNFs),
fullerenes, or graphitic carbon [81,82].

There was a transformation in the nature of carbon deposits during
the reaction. For a TOS of 2 h, the a and f curves exhibited similar areas
and corresponded to the oxidation of polymeric and aromatic com-
pounds respectively. The y curve, associated with coke species, exhibited
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the largest integrated area (37 %) and displayed a broad distribution
from 400 to 800 °C. When the TOS increased to 52 h, the « curve shifted
to higher temperatures and merged with the p curve, which indicated a
reduction in polymeric compounds and an increase in aromatization
reactions, resulting in a larger § curve. Meanwhile, the y curve remained
unchanged from a TOS of 2 and 52 h. This stability suggests that the
formation of coke compounds that are difficult to oxidize does not in-
crease with reaction time and is not favored under the studied reaction
conditions.

According to Catuzo et al. [83], carbonaceous deposits impact
glycerol dehydration by blocking active sites and limiting mass transfer.
Polyglycol-type species, formed via polymerization or acetylation,
mainly cover the external surface, causing initial deactivation. Aromatic
compounds can penetrate the pore network, gradually clogging internal
sites. Lastly, condensed coke forms deep within the pores and is highly
resistant to oxidation, leading to more permanent deactivation by
obstructing diffusion and access to active sites. In our study, a similar
trend may have occurred. At a TOS of 2 h, polymeric species began to
form on the external surface, as shown by the TGA under oxidizing
conditions. After 52 h of TOS, these diminished, giving way to more
stable aromatic compounds. These species may accumulate within the
pore network, blocking internal active sites and contributing to the
gradual catalyst deactivation. This hypothesis is further supported by
BET analysis, which showed a decrease in both surface area and pore
volume from 2 to 52 h, suggesting progressive pore blockage by
carbonaceous residues.

Lauriol-Garbay et al. [84] conducted a deactivation study on the
glycerol dehydration to acrolein over zeolites, showing that strong acid
sites favor the formation of carbonaceous deposits, whereas Lewis acids
are less prone to carbon deposition. This could explain why coke for-
mation was not constant and was greater for shorter TOS. At the
beginning of the reaction, the strong acid sites of the catalyst may
quickly generate carbonaceous deposits, and as the reaction progresses,
coke may start to deposit on the Lewis acid sites, but at a slower rate.

To evaluate solid deposition on the catalyst surface when using
refined crude glycerol as feedstock, XRF analysis was carried out,
revealing the presence of 1.5 wt% K on the surface of the spent catalyst
after a TOS of 2 h. This suggests the incorporation of K as an impurity
from the feed. According to the literature, K is known to negatively
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impact catalytic performance by depositing on the surface of the cata-
lyst, potentially blocking active sites and obstructing the pore structure
[73]. However, in the long-term experiment (TOS = 29 h), the spent
catalyst could not be recovered due to severe blockage from solid de-
posits, preventing further analysis. Although the K content at long re-
action time could not be determined, it is plausible that K accumulation
increased over time and may have contributed to catalyst deactivation
and pore obstruction, together with the carbon deposition.

One potential method to recover catalyst performance is oxidative
regeneration to remove carbon deposits, which were identified as the
main cause of deactivation. Previous research on Cu-based catalysts has
shown that O treatment at 400-500 °C can effectively eliminate coke
without compromising Cu dispersion or textural properties, as evi-
denced by consistent surface area and pore volume values before and
after regeneration [85,86]. In our case, TGA under oxidizing conditions
(Fig. 15) revealed that most carbon species were oxidized at 450 °C,
suggesting this temperature as suitable for regeneration. Nevertheless,
more experimental work is required to confirm the structural and cat-
alytic stability of the material after treatment.

4. Conclusions

A copper-aluminum catalyst was synthesized by the coprecipitation
method to study the effect of three operating conditions (temperature,
catalyst weight to glycerol mass flow ratio, and carrier gas to liquid flow
ratio) for the catalytic conversion of pure and refined crude glycerol to
acetol. The physicochemical characterization showed a large dispersion
of metallic copper with small crystallites (<15 nm) homogeneously
distributed on the mesoporous surface of the reduced catalyst.

The results revealed that the operating parameters followed non-
linear trends. The better conditions were 250 °C, a W/m ratio of 30
Catalyst Min gallyceml, and a Rgy, ratio of 400 m%as STP mﬁ%luid. Under the
best conditions and at a TOS of 2 h, the pure and refined crude glycerol
reactions showed similar catalytic results (=567 mgacetol gallycerol and a
glycerol conversion >95 %). However, stability studies revealed that the
use of refined crude glycerol completely deactivated the catalyst over
time due to the formation of solids on the surface. On the other hand,
pure glycerol had a better performance, and after 52 h of reaction, good
stability was observed with a glycerol conversion of 72 % and 266
mgAcetol géllycerol'

XRD and XPS analysis of the spent catalysts identified only the
presence of metallic copper phase in the bulk and a stable surface
composition, demonstrating high catalytic stability even after a TOS of
52 h. The TGA results in oxidizing atmosphere demonstrated that the
nature of the coke changed during the reaction. In the initial hours, the
carbon deposition was greater, possibly due to the blockage of strong
acidic active sites. Over time, carbon species transformed into less
reactive carbonaceous compounds.

In this study, we generated outstanding catalytic results compared to
those documented in existing literature, despite employing a signifi-
cantly lower W/m ratio (30 gcatalyst min gallycerol). Furthermore, the use
of refined crude glycerol proved to be effective in the dehydration of
glycerol to acetol. However, more studies are needed to minimize
catalyst deactivation, particularly when using refined crude glycerol, in
order to scale up the process.
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