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ARTICLE INFO ABSTRACT

Keywords: Waste glycerol obtained as by-product of biodiesel production has been submitted to a sequential physico-
APR chemical treatment in order to make it suitable for continuous Aqueous-Phase Reforming (APR) in a tubular

Cobalt aluminate reactor. Special focus was given to the impact of impurities. APR was performed using 0.3%Pt/CoAl,04 catalyst,

(;ilz_c;rr;lm en at 260 °C and 50 bar within WHSV range 6-55 h™! to cover whole conversion ranges. Glycerol conversion and
Methz,nol 8 yield to hydrogen reached 99.7% and 45.4%, respectively at WHSV = 6 h™!. The liquid product distribution

strongly varied with glycerol conversion, maximum C-yield to 1,2-propylene glycol was attained in the 60-90%
glycerol conversion range. APR of methanol and acetic acid aqueous feedstreams were investigated indepen-
dently. It was concluded that acetic acid exerts a negative influence on catalyst stability since glycerol conversion
decreased by 41% after 5 h TOS. Extensive characterization of fresh and exhausted catalysts revealed strong Co
leaching, especially for acetic acid APR, oxidation of metals, and carbonaceous deposits. The basis for the
regeneration of the spent catalyst, consisting of a reductive treatment at 500 °C, has been established. This work
is expected to have significant implications for the development of APR technology for crude glycerol from

Acetic acid

biodiesel industry.

1. Introduction

The environmental concern of using fossil fuels makes imperative to
develop clean and energy-efficient technologies for producing sustain-
able energy and chemicals. The use of biofuels such as biodiesel can
reduce the short-term greenhouse gas emissions, reason for which its use
has been driven by public policies [1]. Industrial biodiesel
manufacturing consists on basic or acid catalyzed transesterification of
free fatty acids (FFA) which produces glycerol as co-product, ca. 1 kg
glycerol per 10 kg biodiesel [2]. The recent rapid growth of the biodiesel
production has generated glycerol surplus that exceeds the current
market demand. This crude glycerol is usually handled as waste, and
causes an environment concern. Crude glycerol usually contains impu-
rities such as methanol, ethanol, soaps, salts, FFAs, fatty acid methyl
esters (FAMEs), glycerides and ash. Since purification to higher grade
glycerol is economically unfeasible [3,4], valorization by producing
energy and value-added chemicals is an economically promising alter-
native with a positive environmental impact [5,6]. For this reason, there
exists an increased interest in seeking sustainable processes that allow
the valorization of crude glycerol [7,8].
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Aqueous-Phase Reforming (APR) is one of the most straightforward
methods for glycerol valorization as it can deal with diluted aqueous
feed streams. APR converts oxygenated hydrocarbons dissolved in water
into hydrogen at relatively mild operation conditions. The obtained
gaseous product is characterized by a low CO content, feasible to be
directly used in PEM fuel cells [9-11]. Ideally, APR of polyols (C:O ratio
= 1:1) comprises a first reforming step followed by the WGS reaction,
the overall reaction being energy demanding.

Within the reaction mixture, side reactions such as CO hydrogena-
tion (to form methane), C—O cleavage and hydrogenation, among
others, can occur, which produce a wide range of gas and high value-
added liquid products [12].

Much work has been carried out using synthetic glycerol as a model
compound in APR [13-16], typically for Hy production. To improve Hy
selectivity strategies such as in-situ adsorption of CO in CaO are studied
[17]. In a previous work [13], we suggested a plausible reaction
pathway for the glycerol APR on the bifunctional dehydrogenation and
dehydration/hydrogenation routes over the metal and the acid sites of
the catalyst (Scheme 1, Supporting Information). In the “biomass-to-
bioenergy” application, C—O bond hydrogenolysis gives rise to high
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value-added liquids, such as propylene glycol. Methanol APR has
attracted particular interest in the last years as it contains the highest H:
C ratio (4:1) among alcohols [18-20]. Using atomically dispersed Pt
anchored on porous nanorods of ceria, H; can be generated at such a low
temperature as 120°C [21]. Methanol is also found in most crude
glycerol streams from the transesterification process and can affect the
glycerol APR [22].

Acetic acid is present in most of the aqueous streams derived from
biomass and can represent up to 10-20 wt% of the aqueous fraction of
pyrolysis oil [23]. Ideally, one mole of acetic acid can yield a maximum
of four moles of Hy (Eq. (1)).

CH;COOH + 2H,0—4H, +2CO, (€D)

Acetic acid APR has been less investigated than the other two alco-
hols. The presence of a methyl group not activated by an hydroxyl one
makes it more resistant to reforming reactions [24-27]. Consequently,
higher temperatures are required for APR, and very low hydrogen yields
are obtained. An additional operational difficulty is the catalyst deac-
tivation by metal leaching promoted by the substrate acidity [26].

The catalyst stability in liquid-phase biomass treatments is chal-
lenging [28]. Among the different deactivation causes, the presence of
organic acids in the reaction medium should be considered since it
would hasten the metal leaching [29]. Catalyst poisoning and reactor
clogging associated to inorganic salts and the inhibition of catalytic
activity by competitive adsorption of organic impurities can also deac-
tivate the catalyst [30,31]. There are limited works dealing with crude
glycerol APR in a continuous reactor. Hydrogen production by feeding
synthetic glycerol versus feeding crude glycerol on Pt-based catalyst was
compared [32,33]. They found that production of hydrogen from crude
glycerol was significantly lower than from the synthetic feedstock.
Moreover, the yield to hydrogen rapidly decreased with time on stream,
which was attributed to the presence of inorganic salts. Remon et al.
[34,35] studied the effect of impurities (methanol, acetic acid, KOH,
NaOH, acetic acid, sulfuric acid and phosphoric acid) in the APR of a 30
wt% synthetic glycerol/water feedstock over Ni-based catalyst. They
found that Ni-leaching increased under acidic conditions, while KOH
promoted hydrogen production. Similarly, other works carried out in
batch reactor confirmed the negative effect of acetic acid and methanol
impurities in the APR of glycerol over non-noble metal-based catalytic
systems, which caused a significant decrease on the conversion to gas
[29].

Most studies with crude glycerol are conducted in a batch reactor
[29,31] being scarce the studies carried out in continuous fix bed re-
actors. Most of them evaluate the effect of the impurities under fixed
operational conditions [33,35]. However, the product distribution
greatly varies with the glycerol conversion, so it is crucial to ascertain
the product distribution over a wide range of crude glycerol conversion
values. The studies that deal with the effect of impurities in tubular
reactors use synthetic mixtures, leaving aside the effect of other minor
impurities (i.e. fatty acids, salts, etc.).

Given this background, this work fills the above-mentioned gaps
regarding the APR of purified crude glycerol in continuous fix bed re-
actors. The main objective of the work is to gain knowledge on the
continuous APR processing of glycerol streams. The product distribution
for a wide range of conversion values and the effect of impurities
(methanol and acetic acid) on the catalyst durability are studied.
Moreover, an appropriate purification protocol for obtaining a glycerol
feedstock suitable for continuous processing is established. In addition, a
thorough characterization of the exhausted catalyst is conducted in
order to establish the basis for its regeneration. For the APR runs, Pt
supported on cobalt aluminate catalyst was chosen based in our previous
work [36], where it showed high activity and stability in the APR of
synthetic glycerol.
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2. Experimental section
2.1. Crude glycerol analysis and purification process

The physicochemical characteristics of the biodiesel-derived waste
crude glycerol depend on the raw material and the used synthesis route
(i.e. use of base or acid catalysts; purification methods) [37]. An aqueous
solution of waste glycerol (in advance referred “as received”) was ob-
tained from a local biodiesel plant (Bionor Berantevilla S.L., Spain). The
presence of free fatty acids in the crude glycerol, made unfeasible the
continuous processing in our experimental set-up due to pipe and bed
clogging. Therefore, crude glycerol solution was submitted to a physico-
chemical pretreatment before being treated in reactor.

The first stage of purification consisted on a saponification reaction
in order to convert the free fatty acids into soaps. The saponification was
carried out by addition of NaOH 2 M to the “as received” glycerol. The
mixture was maintained under constant stirring at 60 °C for 30 min until
pH 12.0 was reached. Then, the solution was settled overnight until
complete separation of the two phases, and finally filtered. The soaps
were discarded and the filtered fraction (in advance called “treated
glycerol”) neutralized with concentrated acetic acid. As a reference, a
10 wt% glycerol (PanReac 99.5% purity) aqueous solution (called
“synthetic”) was prepared.

Several physico-chemical properties were measured for the “as
received”, “treated” and “synthetic” glycerol samples. Density of each
solution was determined with a pycnometer at room temperature by
measuring the volume and weight of the sample. Viscosity of solutions at
room temperature was measured by a RM180 Rheomat (Mettler Toledo)
viscosimeter. The ash content was determined according to ISO
2098:1972 method [38]. The chemical composition of the obtained ash
was determined by Wavelength Dispersive X-ray Fluorescence (WDXRF)
technique (AXIOS, Analytical) employing the fusion method.

The content of glycerol and methanol was analyzed by HPLC using
refraction index detector (Waters 616, Hi-Plex H column). The organic
fraction of each sample was analyzed by GC-MS using a derivatization
method. First, 170 pg of sample were saponified by addition of 2 mL
KOH (2 M) and then acidified with HCI (2 M). The organic fraction was
extracted with petroleum ether. Thereafter, the solvent was removed in
a rotary evaporator, and the obtained organic fraction was derivatized
with BSTFA (N,O-bis-(trimethylsilyDtrifluoroacetamide) and analyzed
by GC-MS (HP-5MS column, He as carrier).

Attenuated total reflectance (ATR) infrared absorbance spectra of the
liquid solutions were recorded at room temperature with a Fourier
transform infrared (FTIR) spectrometer (Cary 600 Series, Agilent)
equipped with a Linearized high-sensitivity MCT detector cooled with
liquid-nitrogen and ATR accessory (Specac; SCF Diamond ATR Top Plate
with a ZnSe crystal; incident angle, 45°). A drop of the solution was put
on the crystal and an average of 52 scans were recorded at 4 cm™!
resolution in the 4000-350 cm ™' range.

2.2. Synthesis and characterization of the catalyst

Details on the synthesis of bimetallic 0.3Pt/CoAl catalyst can be
found elsewhere [36]. Briefly, the support cobalt aluminate (nominal
Co/Al mole ratio of 0.625) was synthesized by coprecipitation and then
calcined at 500 °C. Pt was added by wet impregnation, to finally be
calcined at 350 °C for 5 h. The bulk composition of the catalyst was
assessed by ICP-AES after acid digestion. Metal leaching was determined
from the ICP-MS analysis of the collected liquid product. The specific
surface area and the main pore size were estimated by the BET and BJH
methods, respectively, from the Ny physisorption at 77 K in a Micro-
meritics TRISTAR II 3020 equipment. Previous to analysis, the sample
was outgassed at 300 °C for 10 h in order to desorb impurities. XRD
diffraction patterns of the catalysts were obtained on a PANalytical
X'pert PRO diffractometer (CuKa radiation, A = 1.5406 A, graphite
monochromator), with a step size of 0.026° (20) and a counting time of
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2 s. The identification of the crystal phases was carried by comparison
with International Centre of Diffraction Data (ICDD) database. The
average crystallite size was calculated by Scherrer equation from the
most intense peak X-line broadening.

The catalyst reducibility and cobalt speciation in the solids were
studied by Temperature-Programmed Reduction (Hy-TPR) technique.
The surface carbon deposits in exhausted catalyst was characterized and
quantified by Temperature-Programmed Hydrogenation (TPH). The
titration of Pt and Co metallic atoms at the catalyst surface was carried
out by sequential pulse H, chemisorption at 40 °C. The surface acid/base
characteristics of the catalyst were evaluated by means of NH3 and CO5
temperature programmed desorption, respectively. The skeletal isom-
erization of 3,3-dimethyl-but-1-ene (33DM1B) was used to characterize
the Brgnsted acid sites. Details of the employed protocols can be found
elsewhere [13,36]. To further characterize the metallic function cyclo-
hexane dehydrogenation was performed over reduced catalysts, in a
fixed-bed reactor at 250 °C at atmospheric pressure, feeding mixture of
anhydrous cyclohexane and hydrogen (1:3000 mol ratio). The gaseous
products (benzene and cyclohexane) were online analyzed by GC-FID
(column Al;03-KCl, HP).

STEM Micrographs were taken with a FEI Titan Cubed G2 60-300
electron microscope equipped with a high-brightness and a Super-X EDX
system under HAADF detector for Z contrast imaging (camera length of
185 mm). The sample was dispersed in ethanol and the suspension was
kept for 15 min in an ultrasonic bath. Then, a drop of suspension was
placed on a TEM copper grille (300 mesh) topped by a holey carbon film
followed by vacuum drying. Particle size distribution was determined by
measuring the diameter (d;) of at least 300 particles (n;) using ImageJ
software. The average size of the nanoparticles was calculated from
volume-to-surface ratio:

_ ZInd}

T Ind? @

<d>

The Pt particles size uniformity is given as dispersity index (DI),
calculated as follows [39]:

EnEnd}

pr = e
Snid Znid?

3

FTIR experiments were conducted on a Cary 600 Series FTIR appa-
ratus with the catalyst powder diluted in a KBr pellet in the 500-4000
cm ! region with a resolution of 4 cm™L.

XPS measurements were carried out on a SPECS spectrometer with
Phoibos 150 1DDLD analyzer. The spectrometer was previously cali-
brated using Ag 3ds,2 photoelectron line (BE = 368.26 eV), and Shirley
background subtraction was employed. The catalyst was in-situ reduced
at 600 °C in 20% Hy/Ar flow, for 1 h.

Raman spectra were taken on a Renishaw InVia Raman spectrometer
coupled to a Leica DMLM microscope using a 514 nm laser. The Raman
signal was acquired using 1800 lines/mm grating centered between 150
and 2000 cm ™. For each spectrum, the acquisition time was 40 s, and 10
scans were accumulated at 10% of the maximum power of the laser.

2.3. Catalytic tests

The activity tests were conducted in a fixed-bed up-flow reactor
(Microactivity Effi, PID Eng&Tech) according to the procedure
described in a previous work [13]. All the tests were conducted at 260 °C
and 50 bar. The catalyst mass (around 0.5 g) was kept constant while the
feed stream flow was varied from 0.05 to 0.45 ¢cm3/min (WHSV = 6-55
h~! range) in experiments with the “treated glycerol”. This allowed
investigation of the effect of the contact time on the catalytic perfor-
mance. The APR runs using methanol and acetic acid were carried out at
fixed WHSV of 24 h™! (0.5 g of catalyst, 0.2 cm®/min liquid flow). The
absence of mass diffusion controls was assessed by the Weisz-Prater and
Mears criteria (Table S1, Supporting Information).
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The reaction products were separated by a Peltier device at 5 °C
connected to a G/L separator. The gas phase products were on-line
analyzed by an Agilent pGC using MS5A, PPQ, Al;03-KCl columns.
The liquid product was sampled hourly in 2 mL glass vials and off-line
analyzed by an Agilent 6890 N GC-FID (HP-Wax bonded PEG col-
umn). External calibration method was used for the quantification of
chromatographic analysis. Carbon concentration in the feed stream and
the liquid effluent was determined by a Shimadzu TOC-L apparatus. The
carbon balance was above 93% for all the experiments.

The conversion of reactants (Xreact) and conversion of carbon to gas
(Xgas) were calculated as follows:

Fin _ F(?ut‘
Xoeaa(%) = 100 x 28 ——ssos @
react
F8
Xeas(%) = 100 x Ff (5)
C

where, P‘}Zaaand FeUL . are the molar flow of reactant in the reactor inlet
and outlet, respectively; F§*and F¥ are the molar flow of carbon atoms in
gas stream and the carbon molar flow in the reactor inlet, respectively.

The gas phase was characterized by means of the selectivity (Sy2)
and yield (Yyo) to hydrogen, and selectivity to alkanes (S,x) defined as
follows:

out

2.F
Sua(%) =100 x =12 (6)
FH

out

Y (%) =100 x -2 )
I

Sux(%) = 100 x ®)

where, Ff, F${ and F{*are the molar flow of H,, H and C in gas-phase
products at the reactor outlet, respectively; Fgﬁ“lis the expected molar
flow of H, in the absence of Hy-consumming reactions; Fjjis the molar
flow of carbon atoms in alkanes at the reactor outlet.

Selectivity (S;) and yield to liquid products (Y;) were calculated by

the following equations:

out

i =100 _t
54%) " Fite — Fo, ©
F{]/AI
Yi(%) =100 x - (10)

react

whereF?"is the molar flow of liquid product i at the reactor outlet.

Hydrogen production rate (rH2) was defined as the hydrogen flow at
the reactor outlet per mass of catalyst. The specific reaction rate of
glycerol (Rgly) was calculated per gram of catalyst.

3. Results and discussion
3.1. Purification of waste glycerol

The most relevant physico-chemical properties of the “as received”,
“treated” and “synthetic” glycerol solutions are shown in Table 1. The
“as received” glycerol solution was extremely acid (pH 1.1), whereas the
“treated” and “synthetic” glycerol solutions were near neutral (pH
6.6-7.2). Both density and viscosity of “as received” and “treated” so-
lutions were similar, and slightly higher than the “synthetic” solution
(about 8% denser). The total carbon (TC) content decreased as follows:
“as received” > “treated” > “synthetic”. It could be explained by the
fatty acids content, which decreased from 700 ppm in the “as received”
glycerol solution to 20 and 15 ppm in the “treated” and “synthetic”
solutions, respectively. In the “as-received” solution, stearic, oleic and
linoleic species were the most abundant, accounting for 87% of the total
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Table 1
Physico-chemical properties of “as received”, “treated” and “synthetic” glycerol
solutions.

“As received” “Treated” “Synthetic”
Physical properties
pH 1.1 7.2 6.6
Density (g/cm?) 1.1112 1.1025 1.0234
Viscosity (mPa-s) 1.17 1.15 1.05
TC “ (g/L) 84.0 55.5 39.9
Chemical composition
Glycerol (wt%) 13.0 9.7 10.0
Methanol (wt%) 4.8 1.8 0
Acetic acid (wt%) 0 0.6 0
C8:0 (ppm) 6.4 3.6 3.4
C10:0 (ppm) 4.3 0.8 0.9
C12:0 (ppm) 6.9 0.7 0.7
C14:0 (ppm) 8.7 0.5 0.4
C16:0 (ppm) 49.5 0.7 1.0
C18:0 (ppm) 75.6 5.7 6.1
C18:1 (ppm) 259.8 0.9 n.d.
C18:2 (ppm) 271.0 4.1 n.d.
C18:3 (ppm) 16.0 2.9 1.6
Ash (wt%) 8.84 8.60 0.05

n.d.: not detected (Detection limit 0.2 ppm). Caprylic acid (C8:0); Capric acid
(C10:0); Lauric acid (C12:0); Myristic acid (C14:0); Palmitic acid (C16:0);
Stearic acid (C18:0); Oleic acid (C18:1); Linoleic acid (C18:2); Linolenic acid
(C18:3).

2 TC: Total Carbon.

fatty acid content. It is remarkable the high removal efficiency of most
fatty acid species during the saponification step (removal efficiency
from 81.4% to 99.6% for capric to oleic species, respectively). From
results in Table 1, it seemed that short chain species were removed to a
lesser extent. For instance, only 44% of the caprylic acid was readily
removed. Its relative contribution to the total fatty acid content in the
“treated” solution increased by around 20-fold. It is noteworthy that the
removal of stearic acid was somewhat lower than that attained for
similar chain species. Consequently, its relative contribution in the
treated sample also increased, by around 3-fold.

The ash content (around 9 wt%) indicated the presence of inorganic
materials from transesterification process. The ash content was similar
in the “as received” and “treated” glycerol solutions (i.e. 8.6-8.8 wt%),
and significantly lower in the “synthetic” solution (0.05 wt%). XRD
pattern of crude bioglycerol ash (Fig. S1, Supporting Information)
exhibited peaks attributable to carbonate, sulfate and phosphate salts
which matched with the following: NayCO3-HO (PDF 08-0448),
Ko.67Naj 33504 (PDF 20-0926), Na;SO4 (PDF 24-1132) and NayHPO4
(PDF 35-0735). The WDXRF chemical analysis of ash (Table S2, Sup-
porting Information) revealed a high content of Na and S (above 20 wt
%) and a considerable content in K (4-7 wt%). The presence of Na was
attributed to the Na-based alkali used during the biodiesel processing,
while S was likely due to acidification of crude bioglycerol during its
purification stage at the industry, and consistent with its low pH level
[40]. Excess SO3~ reacted with potassium ion from soap to form insol-
uble K3SO4. The content of other minor constituents further decreased
upon saponification.

Fig. 1 shows the ATR-FTIR spectra of the “as received”, “treated” and
“synthetic” glycerol solutions, in addition to those from the methanol
and acetic acid solutions (both at 10 wt%). All solutions presented a
broad band in the 3700-2800 cm™! range (not shown), typical of the
stretching vibrations of the O—H bonds in hydroxyl group and water
molecules [41]. This large band is very pronounced due to the high
water content and therefore masks the typical peaks corresponding to
asymmetric and symmetric CHj stretching mode, which can be observed
in the spectra of pure compounds (Fig. S2, Supporting Information). In
addition, a band centered at 1640 cm ™! emerged, which was due to
stretching vibrations of the H-O-H bond.

Several peaks could be perceived in the 1300-950 cm™! range, for
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Transmittance (a.u.)

1300-950

1 1 1 1 1
2000 1750 1500 1250 1000 750 500
wavenumber (cm™)

Fig. 1. ATR-FTIR absorption spectra for: (a) “synthetic” glycerol solution (10
wt%); (b) “as received” crude glycerol; (c) “treated” glycerol; (d) 10 wt%
methanol aqueous solution; and (e) 10 wt% acetic acid solution.

the different glycerol solutions. The band at 1214 cm™! observed in
crude “as received” glycerol, characteristic of the hydrocarbon chain
structures present in FAMEs [42], notably decreased after treatment.
Likewise, the peak at around 1015 cm ™! showed a similar behavior. The
latter peak is characteristic of methanol [43], therefore a marked
reduction in methanol content in the “treated” solution could be
deduced. Regarding the acetic acid solution, the most distinct band
appeared at 1705 cm™!, attributable to C=0 stretching mode of
carbonyl group, together with other bands at 1415, 1386 and 1273
em™!, corresponding to O—H and C—H bending and strong C—O
stretching, respectively [44]. The increased intensity at around 1415
cm ! in the treated assay reflected the presence of acetic acid in this
sample, likely remaining after the neutralization process. Finally, a
doublet at 1111 and 1050 cm ™! was observed for the “as received” and
“treated” solutions, which could be assigned to the O — CHy, — C
asymmetric axial stretching [45].

3.2. Effect of WHSV on the APR of “Treated” bioglycerol

Preliminary APR runs with “as received” glycerol clogged the reactor
after few minutes of operation, making necessary its pre-treatment
before being processed. APR runs with “treated” bioglycerol were per-
formed at 260 °C and 50 bar, by duplicate. Experimental data were
collected at 1 h TOS. In all cases, the experimental error associated to the
glycerol conversion was below 4%. WHSV variation in the 6-55 h™!
range gave glycerol conversions in the 99.7-14.3% range. As could be
expected, the glycerol conversion decreased with spatial velocity. In the
same line, carbon conversion to gas decreased with WHSV, as a conse-
quence of insufficient contact time for the intermediate liquid products
to undergo consecutive reforming reactions [46,47]. The analysis of the
gas and liquid products indicated that the carbon contained in the
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glycerol was converted into both gaseous and liquid products. Fig. 2
shows the selectivity of carbon atoms in the liquid products and in the
gas phase products in the whole range of glycerol conversion. The spe-
cific reaction rate of glycerol conversion (Rgly) was also calculated
(Table S3, Supporting Information), which showed a volcano-type shape
with maximum rate at c.a. 60% glycerol conversion.

Considering the mole ratio between the gas and liquid products
(Gas/Liquid), obtained data revealed three characteristic regions. The
first one, up to approximately 50% glycerol conversion, where the
production of intermediate liquid compounds doubled that of the
gaseous compounds (Gas/Liquid ratio varied in the 0.38-0.49 range).
The high percentage of intermediate liquid products was clearly related
to the established high feed rate, since at low contact times, the dehy-
dration/dehydrogenation reactions prevailed [13].

In the Xg1y = 50-90% range, the gas production steadily increased,
with Gas/Liquid values in the 0.6-0.8 range. At almost complete glyc-
erol conversion, Gas/Liquid reached up to 1.71, and Xg, achieved 63%.
The observed behavior suggested that the reaction pathway might be
tuned, by the WHSV, to approach the desired catalyst performance.

Fig. 3a depicts the most representative parameters of gas-phase
products. Yyo increased with glycerol conversion, reaching 45.4% at
99.7% glycerol conversion. Note that high conversion favored reforming
reactions of the liquid intermediates, which produced hydrogen. Selec-
tivity to hydrogen was high for the investigated 0.3Pt/CoAl catalyst (i.e.
Suz2 > 60%) in the whole glycerol conversion range, what is comparable
to other Co- and Pt-containing catalysts used with synthetic glycerol-
water feed streams [48]. Selectivity to methane (Scys), another valu-
able product in the gas phase, varied between 10 and 20% (not shown).
However, methane was not the most abundant alkane in the Xz, range
45-60%. Under such operational regime, selectivity to alkanes (Sjx),
which accounted for the sum of methane, ethane, and propane, showed
a volcano-type dependence with its highest values (Sajx = 42-51%) at
intermediate glycerol conversion values (i.e. Xgly = 40-60%). In the
APR process, small alkanes could be formed from the scission of C—C
bonds and subsequent hydrogenation reactions [49]. For instance,
ethanol can undergo dehydration and subsequent hydrogenation to form
ethane. Therefore, the high availability of liquid products might increase
production of Cy, gases. Interestingly, at the highest glycerol conver-
sion, methane was, by far, the main alkane species, accounting for above
80% of all alkanes).

Fig. 3b depicts the product distribution in the gas phase. As observed,
hydrogen was the main gaseous product in the whole glycerol

100 2.0
Gaseous products )
__ 80- t1e
X n /
= . /
S ! =
S 60 ' F12 .8
Ee] LI p
= ! (7]
R X 8
2 Liquid products |
S 40 RIS -4 Yo08.8
2 REET ! 8
@ Az o
) 2
20 - A RS L 0.4
Glycerol
0 T T T T 0.0
0 20 40 60 80 100

Glycerol conversion (%)

Fig. 2. Carbon selectivity (continuous lines) and Gas/Liquid products mole
ratio (dashed line) as a function of glycerol conversion. Feedstream: “treated”
bioglycerol. Reaction conditions: 260 °C/50 bar. Maximum error in glycerol
conversion below 4%.
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conversion range, followed by carbon dioxide, alkanes and, in much
lesser extent, carbon monoxide (in all cases below 0.01%). The lowest
H, molar concentrations (i.e. ~43-50%) were obtained at low glycerol
conversions (Xgly < 20%. Hy/CO; ratio was around 1 at such low con-
version values, and smoothly increased with glycerol conversion, up to
around 2 at 50% Xgly. Above this conversion, Hy/CO ratio smoothly
decreased to below 1.7. The existence of a maximum in Hy/CO, ratio
coincided with a maximum of Sk Taking into account that, for the
ideal APR of glycerol, the Hy/CO5 molar ratio is 2.3, in-situ consumption
of a fraction of the produced H; could be anticipated, in reactions such
as production of alkanes or hydrogenolysis. Indeed, the lowest Hy/CO4
ratio coincided with the lowest Gas/Liquid product ratio.

Regarding the liquid products, hydroxyacetone, 1,2-propylene gly-
col, propanoic acid, ethanol and ethylene glycol were the main species.
Others, like acetone and 1-propanol, showed much lower yields. Inter-
estingly, the yield of the liquid species strongly depended on the glycerol
conversion, as illustrated in Fig. 4.

According to reaction paths in Scheme 1 (Supporting Information),
hydroxyacetone is the primary product of glycerol dehydration and
precursor of both 1,2-propylene glycol and propanoic acid. All these C3
compounds presented an increasing trend with the conversion of glyc-
erol. In the low Xy region, the highest yield corresponded to propanoic
acid (Ypropanoic acid = 5%). However, at above 50% glycerol conversion,
the highest yield corresponded to 1,2-propylene glycol (12.5%). This
fact could be ascribed to the enhanced capacity of our catalyst for hy-
drogenation of liquid intermediates which would be favored due to an
increased partial pressure of hydrogen in the reactor accompanied by an
increased production of liquid intermediates [50]. Interestingly, the
yields of the above mentioned three products drastically decreased at
almost complete glycerol conversion, with the concomitant increase of
1-propanol. Similar trend was observed for the yields to ethanol and
ethylene glycol. These latter species were, however, formed at much
lesser concentrations (i.e. 3.5 times lower, maximum yield 4.7% and 3%,
respectively). Other products were only detected at high glycerol con-
versions; acetone (at Xg1y > 60%), propanal and 1-propanol (at Xgiy ~
100%). It must be noted that these were produced from successive
dehydration and hydrogenation reactions [13]. Their formation was
therefore consistent with the high catalytic activity.

Noteworthy, the yields to methanol and acetic acid, impurities pre-
sent in “treated” glycerol feed stream, decreased with glycerol conver-
sion, what suggested that both compounds were reformed to some
extent, and could contribute to produce additional hydrogen. Moreover,
the yield to methanol decreased more sharply than the yield to acetic
acid, likely due to the easy activation of C—H bonds of methanol by
adjacent OH, what does not occur for acetic acid. Our results were
consistent with the low reactivity of acetic acid in liquid phase [51].
Several authors have reported the impact of these compounds on the
APR performance [18,25,52,53]. In general, it is agreed that full
reforming of acetic acid to Hy and CO; is difficult to attain and that a
mixture of CO5 and CHy is obtained [25]. The sharp drop in the Hy/CO,
ratio at around 60% glycerol conversion could be explained by the
accumulation of ethanol in the reaction mixture, which selectivity to-
wards Hj is hindered by the presence of the non-activated methyl group,
thus being transformed to CH4 [52]. This behavior is in line with the
increasing trend of SCHy4 at above 60% glycerol conversion.

The carbon selectivity of the main liquid products was calculated.
The evolution of the carbon selectivity throughout the APR of glycerol is
shown in the Supporting Information (Table S3). At the lowest conver-
sion, the highest values corresponded to hydroxyacetone and propanoic
acid (9.35% and 10.2%, respectively), followed by 1,2-propylene glycol
(5.9%), ethylene glycol (2.6%) and ethanol (1.1%). As a general trend,
carbon selectivity among the aqueous products increased as the APR
reaction proceeded, except for hydroxyacetone (which slightly
decreased to 8.2%) and propanoic acid, which not varied. The highest
increase was noted for 1,2-propylene glycol (up to 16.3%) and ethanol
(4.8%).
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3.3. Effect of impurities in the feedstock methanol and acetic acid (separately) as feedstock, and compared to
results obtained in the APR of “treated” glycerol. Some of the obtained
Additional APR runs were carried out using aqueous solutions of reaction indices are shown in Fig. 5.
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260 °C, 50 bar and WHSV of 24.5 h™1.

During the APR of “treated” glycerol the conversion remained quite
stable during the first 3 h TOS (i.e. Xgy ~ 82%, ry2 = 242.4 ymolyy/
min-gea). Afterwards, after 5 h TOS, the activity abruptly declined (i.e.
Xgly ~ 55%), with around five-fold decrease in H, production rate (rgz =
51.7 pmolyy/min-ge,). Consequently, carbon conversion to gas, and
yield and selectivity to hydrogen also decreased, whereas, selectivity to
alkanes increased.

These results were consistent with previous results, i.e., selectivity
towards alkanes spiked at intermediate (40-65%) glycerol conversions.
This behavior diverged with respect to that obtained with synthetic
glycerol, where very high stability was noticed [36].

In the APR of methanol, the activity of 0.3Pt/CoAl catalyst remained
stable throughout 5 h TOS with a moderate methanol conversion (Xpe-
thanol =~ 25%). The considerably lower APR activity for methanol as
compared to glycerol, could be attributed to the higher activation en-
ergy barrier for methanol reforming [54] in comparison to the high
functionalized glycerol molecule. Interestingly, methanol was fully
converted into gaseous products (i.e. Xgas = Xmethanol), in line with other
authors [18,55]. All reaction indices were stable, with Hy yield (5%), Spa
(93%) and Sajk (10%, CH4 only). The Hy production rate stabilized at
230 pmolyy/min-gear. These results were encouraging compared to
others reported in the literature (24.5 h™!vs < 4h™1) taken into account
the high WHSV used in our experiments [56].

Results of the APR of acetic acid indicated that it showed the lowest
conversion among all the feed streams, pointing its high stability in
aqueous phase. Conversion at 1 h TOS was 16.3%, and monotonically
decreased with TOS (10% at 5 h TOS). Accordingly, Xg,s decreased
steeply in the first 3 h TOS (75% decay) and then more gently. No liquid
products were detected in the whole reaction period. Regarding rHp, it
was the lowest among all the freestreams, and passed from 2.2 to 0.8
pmolyo/min-ge,e from 3 h TOS to 5 h TOS. Clearly, APR reactivity of
acetic acid was much lower than those observed in the APR of “treated”
glycerol and methanol. Selectivity to Hy dropped by 66% over the first 5
h TOS, while production of methane (the only alkane detected)

increased by 50.6%. The high values of Syjx were in line with literature
[30,52,57].

Several authors have reported low APR reactivity of acetic acid
[25-27,52,58], and attributed to the presence of a methyl group not
activated by a hydroxyl one. Methane and carbon dioxide were reported
as the main species among the gaseous products.

Although methanol and acetic acid possess great potential for cata-
lytic reforming, when present as impurities, they can lead to fast catalyst
deactivation. Especially the latter, which can exert a negative effect on
the catalytic behavior [25]. Alternatively, acidification could be done
with mineral acids (sulfuric, hydrochloric, phosphoric acid). Neverthe-
less, the corrosive nature of these acids and the non-biodegradability of
the salts generated could be a real operational problem [59].

Our results revealed that both impurities influenced negatively the
glycerol conversion and the specific reaction rate (Table S4, Supporting
Information), as for similar WHSV values, the obtained X}y and specific
reaction rate (Rgly) were significantly lowered as compared to APR of
synthetic glycerol. The fact that no liquid products were produced
during the APR of methanol and acetic acid suggests that APR of the
treated glycerol could proceed through a similar reaction path to that of
synthetic glycerol.

3.4. Characterization of fresh and exhausted catalysts

Table 2 summarizes the main physico-chemical characteristics of
fresh 0.3Pt/CoAl catalyst (on its reduced form). The measured Pt con-
tent and the Co/Al mole ratio of the support were close to the nominal
values. The available metallic cobalt area was 4-fold larger than that of
platinum (2.01 vs 0.44 szet;ﬂ/ gcat), due to the much higher Co content.
However, in terms of bulk composition, the difference was much higher
(bulk Co/Pt mole ratio 8.2-10%), what suggested the existence of much
larger metallic cobalt particles than those of platinum. The Pt dispersion
calculated from Hj-chemisorption was 58%, which gave an average Pt
particle size of 2.4 nm.
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Table 2
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Bulk composition, metallic area and surface chemistry of the reduced 0.3Pt/CoAl catalyst.

Pt loading” Co/Al” Spe” S0 Dp¢ Basic sites density® Acid sites density® TOF dehydration® 33DM1B isomerization activity
(wit%) (at./at.) mpe/g)  (mE:/®) (%) (smolgop/m?) (molyrs/m?) (] (hmolsspvin/m*h)

0.29 0.634 0.44 2.01 58 1.16 0.56 2.29 85.6

2 ICP-AES.

b H, chemisorption.

¢ CO,-TPD.

4 NH;-TPD.

¢ Cyclohexane dehydrogenation.
f 33DM1B isomerization.

According to HAADF-STEM (Fig. S3, Supporting Information) the
reduced catalyst consisted on very small and homogeneously distributed
Pt nanoparticles and bigger nanoparticles of cobalt. Moreover, it was
confirmed that Pt was mainly deposited onto Co-rich and Al-rich phases.
The EDX mapping for Co suggested segregation of cobalt, while Al atoms
presented a homogeneous chemical distribution. The mean particle size
of Pt was 1.62 nm, with very narrow size distribution (DI = 1.02). This
size was slightly lower than that calculated from Hy chemisorption (2.4
nm) probably due to the lowering of hydrogen chemisorption as due to
strong Pt—Co interactions. The average size of cobalt particles was 20.3
nm.

The activity (in terms of TOF) of 0.3Pt/CoAl catalyst in the cyclo-
hexane dehydrogenation (model reaction) was 2.29 s, indicating
metallic sites with high intrinsic activity [60]. These metallic sites are
known to be involved in the activation of the Hy molecule for the
hydrogenolysis reactions [61].

The density of acid and basic centres revealed the amphoteric nature
of our 0.3Pt/CoAl catalyst, with a dominant basic character (twofold
basic to acid sites density). The Brgnsted sites were evaluated by the well
known 33DMB1 isomerization reaction, which takes place through a
pure protonic mechanism [62]. The measured isomerization activity
(85.6 pmolggleg/mZh) was well below 200 um0133DM13/m2h, indi-
cating a low contribution of Brgnsted acid sites to the total acidity. Our
results were in line with literature for cobalt aluminate spinels [63].

XPS was used to investigate the surface chemical composition and
oxidation state of the atoms in the reduced form of the catalyst. Table S5
and Fig. S4 (Supporting Information) show the most relevant XPS pa-
rameters together with XPS survey spectra and high-resolution spectra
of Co 2p, Al 2p and Pt 4ds /5. Survey spectrum essentially showed peaks
from Co, Al, and O, while Pt was not observed due to its low content.
Characteristic spin-orbit splitting of Co 2ps,» and Co 2p; /2 levels could
be observed, with the corresponding shake-up satellite peaks. The ex-
istence of such satellite peaks indicated the presence of Co?". Decon-
volution of Co 2ps/, and Co 2p; /; peaks indicated the absence of Co>*
contributions. The peaks at 778.2 and 793.9 eV were attributed to
metallic Co, while the peaks at 781.6 and 797.7 eV could be ascribed to
Co%* species. In addition, the satellite peaks at 786.0 and 803.4 eV
corresponded to Co?* [64]. The relative contribution of metallic Co
atoms accounted for 46.9% of all cobalt. The very weak intensity peak of
Pt° (at 314.0 eV) makes unfeasible its quantitative analysis.

Al 2p level binding energy was measured at 74.2 eV, which is

Table 3
Physico-chemical properties of the reduced and spent 0.3Pt/CoAl catalyst.

typically ascribed to Al,O3 species [65]. In spite of the low platinum
content, binding energies of the Pt 4ds/» level could be observed at
314.0 eV, which corresponded to Pt’. No other peaks for Pt were
observed.

The Co/Al ratio at the surface of the catalyst (in its reduced form)
was 0.184 what was notably lower than that (0.634) measured at bulk
level, what indicated a surface enrichment in Al, as a consequence of the
lower surface free energy of Al as compared to Co [66].

The specific surface area (Sggt), pore volume (dpore) and the average
pore size (Vpore) of the reduced and exhausted catalysts are displayed in
Table 3, while the N isotherms are plotted in Fig. S5, Supporting In-
formation. All the catalysts (fresh reduced and spent in the APR of
different substrates) showed type IV isotherms characteristic of meso-
porous solids with H2 type hysteresis loop at high relative pressures,
characteristic of disordered porous materials. Substantial textural
changes, regardless of the substrate used, could be inferred. After
methanol APR, dyore and Vpore decreased by 42% and 29%, respectively.
The decreasing trend in pore volume was similar for all the spent sam-
ples. However, Spgr showed a different behavior depending on the used
feedstock. It increased after acetic acid APR; it decreased for the
“treated” glycerol APR while it did not vary during APR of methanol.
The increase in the specific surface area (in the case of acetic acid sub-
strate) could be ascribed to the re-deposition of aluminium hydroxide on
the catalyst surface. It is known that alumina hydroxylation can occur in
hot water, it can be then leached and re-deposited onto the catalyst
surface [67]. Such re-deposition phenomena could explain the fast ac-
tivity decay of the catalyst during acetic acid APR, decorating the active
metal sites.

The product liquid stream was analyzed and no Pt was detected
whereas the measured Al concentration reflected an insignificant
leaching (Al leaching <0.38%). Nonetheless, reforming under acid
medium caused a considerable loss of cobalt (i.e. 19.7% acetic acid APR;
8.1% “treated” solution APR). Indeed, leaching remains as one of the
main disadvantages of using transition metals for APR in acid media
[26,30] which causes non-reversible deactivation.

XRD patterns of the reduced and used catalysts in the APR of
different feedstocks (Fig. S6a, Supporting Information) presented typical
diffraction peaks from spinel. Characteristic peaks of metallic cobalt
were also detected. These were of much lower intensity in the spent
catalysts what is consistent with the previously noted metal decoration
during APR. No diffraction peaks from platinum species were detected,

Catalyst form Sger” (m%/g) dpore * (nm) Vpore' (em®/g) dspinel b (nm) Leaching (wt%) H, uptake (mmoly2/gcar)
Al Co TPReoo TPRe00-950

Fresh Reduced 131 14.8 0.52 6.3 - - 5.1¢ 2.2¢

After Methanol APR 131 8.6 0.37 6.1 < 0.01 0.1 2.0 2.8

After Acetic acid APR 166 8.4 0.38 5.9 0.38 19.7 0.2 3.0

After “Treated” glycerol APR 93 13.2 0.39 5.7 0.06 8.1 3.1 1.4

@ Nitrogen physisorption.
° XRD.
¢ Calcined form of solid.
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as due to its high dispersion. The catalyst used in the APR of the so-called
“treated” glycerol showed an additional peak at 34°, ascribed to sodium
sulfate (PDF 24-1132), which could affect catalyst life time. This finding
agreed with the XRD analysis of ashes (Fig. S1, Supporting Information).
Finally, the diffraction peak at about 26° was indicative of graphitic
carbon (PDF 00-056-0159), being more intense in the acetic acid APR-
used catalyst.

The presence of carbonaceous material in spent catalysts was further
investigated by Raman (Fig. S6b, Supporting Information). D-band
(1340-1400 cm ™, from defect structure like amorphous and defective
carbon) was only visible for the catalyst after acetic acid APR. It was of
much less intensity than G-band (1550-1600 cm™?, from sp? hybridi-
zation, like graphite-like carbon), indicating the existence of poorly
organized carbonaceous material. The low intensity of both bands sug-
gested low amounts of deposits, in line with the XRD data of spent
catalysts. Indeed, the established pressure, temperature and high WHSV
values hinder the formation of carbonaceous material [13,68,69].

The FTIR spectra of the spent catalysts are also shown in Fig. Séc,
Supporting Information. All the solids showed transmittance bands at
around 575 and 660 cm ™!, attributed to the Co—O vibration modes in
spinel structure [70]. For the spent catalysts, a strong band emerged at
1400 cm™?, ascribable to O—H bending modes of organic compounds
and water. Furthermore, two new bands arised for catalyst used in the
APR of the “treated” glycerol; first, at around 1122 em ™), ascribed to the
asymmetric stretching vibration of the SO~ group [71] (in line with
XRD results) and, second, at around 1012 cm’l, ascribed to C=C
bending modes of coke precursors [72]. The latter was visible for all the
spent catalysts.

Reducibility of the solids was evaluated by Hp-TPR in two consecu-
tive TPR runs. First, the solid was heated in Hy/Ar flow up to 600 °C and
hold for 1 h, which simulated the in-situ reduction stage before the
catalytic tests. The Hy uptake in this step was named TPRggg. Then, the
solid was cooled down to room temperature, and a second Hp-TPR
analysis was carried out heating up to 950 °C. The H, uptake in this
second run was named TPRggo/950. Both TPR profiles are displayed in
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Fig. 6, and the corresponding H, uptake values are given in Table 3. The
peak assignment for the fresh catalyst in TPRggo was as follows: the low
temperature peak (below 200 °C) was assigned to the reduction of PtOx
and Co>* to Co?* cations with weak interaction with support and pro-
moted by Pt; the peak at 331 °C was ascribed to the reduction of Co®*
species in close interaction with the support. The prominent peak at
563 °C was assigned to the simultaneous reduction of Co?* species from
cobalt oxide spinel and a fraction of the Co?* ions in the cobalt alumi-
nate [36]. In the subsequent TPRggo,950 a single peak was detected at
766 °C, which corresponded to the reduction of cobalt species in the
cobalt aluminate phase. The TPRgoo Ha uptake of fresh catalyst was 5.1
mmolyz/geat, While the Hy uptake in the TPRgggr950 run was 2.2
mmolyy/geat- That is, around 30% of the Co species remained oxidized
after the TPRgoo run. According to XPS data, these unreduced species
were Co?*, which required an extremely high reduction temperature
(TPRgp0,950) to be fully reduced.

Regarding the spent catalysts, the TPRgq profile varied depending
on the feedstream employed. Since the catalyst was pre-reduced at
600 °C any hydrogen uptake band in the TPRggo run should be linked to
metal oxidation or hydrogenation of carbonaceous compounds. Hy up-
take values varied in the 0.2-3.1 mmolys/gc,: range (Fig. 6a, Table 3).
As could be expected, the TPReoo,950 profiles of all the spent catalysts
were qualitatively very similar to that from the fresh solid, with a unique
main consumption band.

According to Table 3, the TPRg0,950 Ho uptake for catalysts used in
methanol and acetic acid APR was higher than that of fresh catalyst,
suggesting the existence of newly formed cobalt aluminate at the
interface of the metallic cobalt crystallite and alumina-rich support [73].
However, H,-TPR data should be taken with caution since several phe-
nomena can affect samples. The loss of metallic surface by re-deposition
of aluminium hydroxide could attenuate the hydrogen spillover, and
thus decrease the amount of cobalt ions as cobalt aluminate that have
been reduced in the TPRgoo run. Moreover, the extremely low TPRggp Ha
uptake of catalyst used in acetic acid APR could be a consequence of a
lower re-oxidation but instead, it could be also associated with the high
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Fig. 6. Profiles of (a) TPRgoo and (b) TPRego,950; AcOH: acetic acid, MeOH: methanol.
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percentage of leached cobalt. Indeed, re-oxidation is the first step of
leaching mechanism [74].

In order to discern between the hydrogen uptake for the reduction of
oxidized species and for the hydrogenation of carbonaceous deposits,
TPH experiments were conducted by coupling a mass spectrometer to
the reduction reactor exhaust, following the evolution of methane (m/z
= 15 signal) upon heating up to 600 °C followed by an isothermal stage
for 60 min (Fig. S7, Supporting Information). As expected, no methane
was detected in the TPH of fresh catalyst. Contrarily, for the catalyst
used in methanol APR, methane release began at 200 °C and finished at
500 °C, with a maximum at 375 °C. For the other spent catalysts, it
started at around 280 °C and extended up to 600 °C. TPH signal showed
several shoulders, suggesting methane formation from either hydroge-
nation of different substrates or at different active sites. According to the
previously discussed FTIR data, the peak at the lowest temperature for
the methanol APR-spent catalysts was due to hydrogenation of small
molecules adsorbed into the catalysts pores. In quantitative terms, the
released amount of methane (i.e. 0.13-0.24 pmolc/gcar) Was signifi-
cantly lower than that reported by others under similar conditions
(>1.75 pmolc/gcar) [13], what is in agreement with our XRD and Raman
results. Accordingly, the measured H; uptake in TRPgoo could be
attributed to the reduction of cobalt oxide nanoparticles (formed by re-
oxidation in the aqueous-phase environment) which ranged between 4%
(after acetic acid APR) and 60% (after “treated” glycerol APR). Taken
into account that oxidation promotes metal leaching [75], some means
of preventing the oxidation of the metallic phases would contribute to
the development of cobalt catalysts with extended lifetime for aqueous-
phase reaction. According to the above observations, the reduction of Co
and the removal of coke could be achieved by treatment with Hy at
500 °C, which could be done in-situ. Indeed, the reduction treatment
could only partially regenerate the catalyst due to the irreversible
catalyst deactivation caused by metal leaching and/or salt deposition.
Alternative strategies aimed to stabilize the metal nanoparticles against
leaching and more in-deep pre-treatments for removing salt precursors
could hinder catalyst deactivation.

4. Conclusions

Waste glycerol from biodiesel plants has proven to be a potential
feedstock for the production of energy and other valuable chemicals by
means of Aqueous-Phase Reforming (APR). Firstly, the physico-chemical
characteristics of crude bioglycerol (by-product waste from a local
biodiesel plant) were thoroughly analyzed in order to ascertain an
appropriate purification protocol. A multi-step procedure, comprising
alkalization, neutralization, and filtration of the feedstock was con-
ducted and the so-called “treated” glycerol solution was obtained. Such
treatment aimed to effectively reduce the content of fatty acids, but
failed to reduce the percentage of ash.

“Treated” glycerol aqueous solution was subjected to APR over
0.3Pt/CoAl catalyst covering a very wide glycerol conversion range
(14.3-99.7%). It was found that the Gas to Liquid ratio of C-containing
products, and the yield and selectivity to hydrogen increased with
glycerol conversion, especially at conversion values above 60%. A
volcano-type dependence was observed in the selectivity to alkanes,
with maximum values in the Xgjy 30-65% range. Regarding the liquid
products, hydroxyacetone, 1,2-propylene glycol and propanoic acid
were the identified main products, which distribution strongly varied
with Xgly. Carbon selectivity to 1,2-propylene glycol (the most valuable
liquid product) was maximized in the 60-90% glycerol conversion range
(c.a. 16% carbon selectivity). The effect of impurities was assessed by
conducting additional APR tests with methanol and acetic acid aqueous
solutions. It was concluded that catalyst stability was compromised
when acetic acid was present in the feedstock, where the acidity of the
reaction solution might promote cobalt leaching issues. In addition,
oxidation of the metallic phase and carbon deposition was observed
after APR tests. The basis for the regeneration of the spent catalyst,
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consisting of a reductive treatment at 500 °C, has been established.
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