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ARTICLE INFO ABSTRACT

Editor: Dr. Zhang Xiwang This study examined the influence of process variables (glycerol concentration in feed, coupled temperature/

pressure and space velocity) in the catalytic performance in the APR of glycerol over 0.3Pt/CoAl catalyst in a

Keywords: continuous fixed-bed reactor in order to maximize the production of Hs. The effect of glycerol concentration in
Aqueous-phase reforming the feed was studied from 5 to 20 wt%, the coupled temperature/pressure varied from 225 °C/25 bar to 260 °C/
gg];iﬁioclatal o 50 bar and the spatial velocity was changed from 0.68 to 17 h™\. Our results reflected that Hy production was
Platinum 4 favored at higher reaction temperature/pressure (3.62 vs. 2.49 moly2/molgiy.converteds at the most severe and
Hydrogen mild conditions, respectively), lower WHSV (3.89 vs. 1.27 molyz/molgiy-converted> at the lowest and highest space

velocity, respectively) and more diluted feedstocks (3.95 vs. 1.44 moly2/molgiy-converted> at the most diluted and
concentrated freestreams, respectively). A threshold value at 10 wt% glycerol was found for the ratio of dehy-
drogenation to dehydration liquid products. The post-reaction catalyst was also characterized by several tech-
niques, showing that Co leaching was the major drawback, especially at the mildest operation conditions, while

carbonaceous deposits are negligible.

1. Introduction

The fossil-based energy system and the dependence on fossil fuels
have exacerbated climate change, resulting in an environmental crisis
[1]. A change in the fuel production and consumption strategies become
necessary in order to reduce the greenhouse gases and other emissions
responsible for the global warming. Any alternative to reduce the
dependence on petroleum should address the production of energy and
chemicals from renewable feedstocks, such as biomass [2]. Biomass has
the potential to decrease net emissions of carbon since the used raw
materials grow removing carbon dioxide from the atmosphere by
photosynthesis [3].

Hydrogen production from biomass, in addition to reducing green-
house gas emissions, would contribute to the expansion and economic
viability of the biorefinery [3]. Hydrogen has been globally accepted as
an environmentally friendly fuel, since huge energy is contained in the
H-H bond and its combustion only releases water to the environment
[4]. Moreover, hydrogen can be used in several technologies such as fuel
cells and internal combustion engines or turbines [5,6]. Hydrogen can
be produced effectively from biomass through a sort of processes [7-101,
among which is the aqueous-phase reforming [11].
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Aqueous-phase reforming (APR), which can be driven at relatively
mild conditions, is able to manage diluted aqueous wastes of different
oxygenated hydrocarbons to obtain valuable products (either hydrogen
or other value-added chemicals) [12]. APR process was first introduced
in 2002 by Dumesic and co-workers [13], and since then, had attracted a
considerable R&D activities. In APR, reactants remain in liquid phase,
unlike steam reforming (SR), what avoids an energetically demanding
vaporization-step. Furthermore, low reaction temperatures shift the
Water-Gas Shift (WGS) equilibrium towards further formation of
hydrogen with the consequent reduction of carbon monoxide content
[14].

Glycerol, a major by-product of the biodiesel production process, is
one of the 12 platform molecules for biorefineries proposed by the US
Department of Energy [15]. A huge surplus of glycerol has been
generated in the last years, thus, its valorisation represents a challenge
for the biodiesel plants profitability [16]. Aqueous-phase reforming of
glycerol comprises the decomposition (Eq. 1) and the Water-Gas Shift
(WGS) (Eq. 2) steps:

C3HyO3—4H, +3CO (€]
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The overall reaction stoichiometry for the ideal APR of glycerol is
given by reaction 3:

C3H303 + 3H20—>7H2 + 3C02 (3)

As an immature technology, this process requires constant investi-
gation for active and stable catalytic materials and optimization of
operating conditions to improve current results to the point of being
profitable for the industry [17].

Numerous works have focused on noble metal based catalysts for
APR, especially Pt and Re, due to their high efficiency for C-C, O-H and
C-H bonds cleavage and WGS reaction [17-24]. Thanks to its higher
availability and economy, Ni-based systems have also been widely
studied as an alternative to those upscale metals [25-29]. Cobalt is
another transition metal that has attracted attention for this type of
process [30-32]. Nevertheless, leaching is a large drawback for transi-
tion metals. Both catalytic systems, based on precious and transition
metals, present a certain deactivation, mainly due to hydrothermal in-
stabilities [33]. Among the strategies considered, bimetallic catalysts
upgrade glycerol conversion and gaseous products and improve stability
[30,34-37]. For instance, bimetallic Pt-Co supported on multi-walled
carbon nanotubes increases the glycerol reforming activity of the
monometallic catalyst by 4, and the WGS activity by 32 [30].

APR process is clearly impacted by operating variables as a substrate
concentration, temperature and system pressure, and contact time,
among others [38,39]. Several authors have optimized temperature and
pressure conditions to enhance gaseous products [19,40-43], a few
others have conducted research that address other parameters such as
feed concentration, mass of catalyst/ reagent mass flow rate ratio, re-
action time and feed flow rate [38,39,44]. The reported results, how-
ever, become contradictory since they depend on the interrelation with
other variables and the reaction system [39]. Moreover, most of the
literature is focused on catalyst performance with respect to either gas o
liquid phase product distribution.

The present work aims to investigate the effect that operating con-
ditions exert on the product distribution during the APR of glycerol over
a 0.3PtCoAl catalyst, in order to maximize the hydrogen production by
APR. This catalyst, synthesized by impregnating Pt on cobalt aluminate
support, has been previously tested in long-term reactions (100 h TOS),
proving to be efficient for Hy production and stable [45]. Due to its
promising performance, in this work this optimized catalyst formulation
was used as a benchmark to search the suitable reaction conditions for
hydrogen production. For this purpose, the most handled process vari-
ables, such as glycerol concentration in the feedstream, coupled tem-
perature/pressure and contact time, were investigated. The catalytic
performance was evaluated based on the most commonly applied re-
action indices, and a comprehensive analysis of both gaseous and liquid
products is presented. In addition, exhausted catalyst was also charac-
terized to gain knowledge in the main deactivation causes.

2. Experimental section
2.1. Catalyst synthesis

Bimetallic 0.3Pt/CoAl catalyst was synthetized in two steps. First,
cobalt aluminate with a nominal Co/Al mole ratio of 0.625, was syn-
thesized by coprecipitation. An aqueous solution containing appropriate
amounts of Co and Al precursors (10.3 g of Co(NO3)2-6H20 and 21.2 g of
Al(NO3)3-9H,0) was added dropwise to a vigorously stirred solution
containing sodium carbonate while pH was adjusted to 10 with NaOH
solution (2 M). The resulting slurry was aged for 24 h at room temper-
ature, filtered, washed several times with de-ionized water and dried in
an oven at 110 °C overnight. The cobalt aluminate spinel was formed by
calcination at 500 °C (heating rate 5 °C/min) for 5 h in a static air at-
mosphere. Thereafter, Pt was impregnated (nominal loading 0.3 wt%)
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using aqueous solution of tetraammineplatinum(II) nitrate as precursor,
in the solution/support proportion of 1.5/1 (vol./vol.). After impreg-
nation, the sodden solid was dried in an oven at 110 °C for 17 h and
finally, calcined at 350 °C (heating rate 5 °C/min) for 5 h.

2.2. Characterization of the catalyst

The bulk composition of the catalyst was evaluated by ICP-AES. The
specific surface area and the main pore size were estimated by the BET
and BJH methods, respectively. The measurement was performed using
nitrogen at 77 K as an adsorbent gas (Tristar II 3020). Prior to the
physisorption measurement, the sample was outgassed at 300 °C for
10 h in order to clean the solid surface.

XRD diffraction patterns of the calcined, reduced and spent catalyst
were obtained on a PANalytical Xpert PRO diffractometer (Cug, radia-
tion, A = 1.5406 A, graphite monochromator)), with a step size of
0.026° (260) and a counting time of 2 s. The crystallite average size was
calculated by Scherrer equation from the peak broadening and the
identification of the crystal phases was carried out on the basis of ICDD
database.

27Al1 Solid State NMR measurements at 104.26 MHz for 2’Al were
performed (9.4 T Bruker AVANCE III 400 spectrometer). Chemical shifts
were referenced externally to the AICl3 aqueous solution at 0 ppm. The
spectra were acquired at a spinning frequency of 60 kHz employing a PH
MASDVT400W BL 1.3 mm ultrafast probe head.

The XPS analyses were performed on a SPECS spectrometer with
Phoibos 150 1DDLD analyzer and a monochromatic X-ray beam Al K
target (1486.7 eV). The electron energy analyzer was operated at pass
energy of 30 eV and step size of 0.08 eV. The C 1 s photoelectron line
(BE = 284.8 eV) was used to calibrate the binding energies of the
photoelectron. The catalyst was analyzed either in calcined and reduced
form. The reduction of the catalyst was carried out in-situ at 600 °C with
20% Hy/Ar flow, for 1 h.

Temperature programmed reduction of the fresh calcined (Hy-TPR)
catalysts was carried out in a Micromeritics AutoChem 2920 apparatus,
equipped with a thermal conductivity detector (TCD). About 50 mg of
sample was initially heated in He stream at 550 °C for 1 h (heating rate
10 °C/min). Then, sample was cooled down to room temperature into Ar
flow, and switched to 5% Ha/Ar flow while temperature was ramped to
950 °C at 10 °C/min, and hold for 1 h.

Temperature programmed hydrogenation (TPH) was conducted on
the spent catalyst is order to analyse carbonaceous deposits. Sample was
first heated at 550 °C for 1 h, under a He flow, and cooled down to
ambient temperature. Then, a flow of 5% Hy/Ar was passed through the
sample heated at 10 °C/min up to 950 °C and m/z = 15 (CH,) signal was
recorded with mass spectrometer (Pffeifer Vacuum OmniStar).

The amount of surface Pt and Co sites were evaluated by Hy pulse
chemisorptions (5% Hs/Ar, loop volume 0.5312 mL) at 40 °C (Micro-
meritics AutoChem 2920 equipment). Initially, catalyst surface was
cleaned by passing a He flow at 500 °C. First, Hy pulse was applied on
sample reduced at 250 °C (to titrate the metallic Pt). Thereafter, sample
was further reduced at 600 °C, and subsequent pulse chemisorption was
completed (to titrate the total metallic sites). H/Me (Me=Pt, Co) stoi-
chiometry of 1/1 was assumed. The exposed metallic area of Pt and Co
(Sp¢° and Sc,°) was calculated assuming 0.084 nm? and 0.0662 nm?> per
Pt and Co sites, respectively. The average Pt size was calculated by
formula dp° (nm) = 6000/(p-Sp°) [46].

The surface acid and base properties of the reduced solid were
evaluated by temperature programmed desorption (TPD) of NH3 and
CO9, respectively, conducted in a Micromeritics AutoChem 2920
equipment coupled to Mass Spectrometer (MKS Cirrus). Previously,
sample was cleaned by passing a He flow at 550 °C for 1 h and cooled
down to room temperature. Then, the solid was reduced at 600 °C in 5%
Ha/Ar flow (heating rate 10 °C/min), hold for 2 h and cooled down in He
flow to 90 °C. Then, a series of 10% NH3/He or 5% COy/He pulses were
introduced at 90 °C. Subsequently, the reversibly adsorbed NH3 or CO4
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was evacuated by flowing He for 60 min. Finally, the temperature was
ramped to 950 °C at a heating rate of 5 °C/min, and the signals m/z = 17
(NH3) and 44 (CO,) were monitorized (MS Pffeifer Vacuum OmniStar).
The total amount of acid and basic sites was calculated from the inte-
gration of pulse areas, whereas the strength was evaluated from the
corresponding TPD curve. The model reaction of skeletal isomerization
of 33DM1B (3,3-dimethyl-1-butene) was used to characterize the
Brgnsted acid sites. The catalyst (ca. 100 mg) was in-situ reduced, and
cooled down to the reaction temperature (300 °C) under inert gas-flow.
The 33DM1B partial pressure and flow rate were set at 20 kPa and
15.2 mmol/h, respectively. The obtained products were online analysed
by GC (column RTx-1, Restek) coupled to a flame ionization detector.
The percentage of leached metal was measured by means of ICP-MS
analysis of the resulting liquid aliquot.

2.3. Catalytic tests

The APR activity tests were carried out in a fixed-bed up-flow reactor
(Microactivity Effi, PID Eng&Tech). The catalyst (particle size between
40 and 160 um) was placed on a stainless steel frit, covered with a quartz
wool plug, and in-situ reduced under 10% Hy/He flow at 600 °C for 2 h
(heating rate 5 °C/min) at atmospheric pressure. The reactor pressure
was regulated by He flow. When the desired pressure was reached, the
He flow was switched to bypass and the liquid feedstream pumped into
the reactor (Eldex optos 5985-1LMP pump) while the temperature was
raised at 5 °C/min up to the reaction temperature. From the Weisz-
Prater and Mears criteria it was confirmed that both external and
intraparticle mass transfer effects were negligible in our experiments
(Table S1, Supporting Information).

The product stream was cooled down to 5 °C in a Peltier device
around gas-liquid separator. The gas stream was on-line analysed by GC
(uGC Agilent, 4 parallel columns MS5A, PPQ, Al;03-KCl). The gaseous
products were quantified by external calibration. The liquid phase
product stream was periodically sampled and analysed by either off-line
GC-FID (Agilent 6890 N, HP-Wax bonded PEG column) or HPLC-RI
(Waters 616, Hi-Plex H column). The liquid products identified were
acetaldehyde (MeCHO), acetic acid (AcOH), acetone (ACTN), ethanol
(EtOH), methanol (MeOH), ethylene glycol (EG), 1,2-propylene glycol
(PG), hydroxyacetone (HA), propanal (EtCHO), propanoic acid (PA), 1-
propanol (1-PrOH) and 2-propanol (2-PrOH). Pure reference compounds
were used for quantification. The total organic carbon (TOC) was
measured off-line on a Shimadzu TOC-L apparatus. The carbon balance
was above 90% for all the experiments.

The catalytic performance was evaluated based on parameters
summarized in Table 1.

3. Results and discussion
3.1. Catalyst characterization

The main physico-chemical properties of the 0.3Pt/CoAl catalyst are
given in Table 2. Both the actual platinum loading and the Co/Al atom
ratio were close to the nominal values. Regarding textural characteris-
tics, both the calcined and reduced forms of the solid showed meso-
porous nature (Fig. S1, Supporting Information) with isotherms of type
IV and H1 hysteresis, both having unimodal pore size distribution. The
textural properties of the catalyst barely varied upon reduction (i.e. Sggr:
10.3% decrease; dpore: 13.5% increase). The former feature was due to
the inherently lower surface area of the metallic Co and Pt, while the
latter feature suggested that Pt was mostly deposited into the smallest
pores.

The Al NMR analysis (Fig. S2, Supporting Information) of the
support Co/Al exhibited only two peaks at 6.9 and 71.8 ppm, corre-
sponding to aluminium ions in octahedral and tetrahedral symmetry,
respectively [47]. In the bare support, strongly prevails the octahedral
symmetry (Aloctahedral/Altetrahedral=96/4). After Pt impregnation, a
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Table 1
Reaction indices for catalytic performance evaluation.

Reaction index Calculation Analytical Eqn.
method
Xaly Glycerol in _ pout HPLC 1)

Xgy(%) =100 x Fg’y—gly
gy

F;’;yand P;l“y‘ are the molar flow of

glycerol in the reactor inlet and

outlet, respectively
Xgas Conversion to X (%) — 100 x F‘é“i TOC (2)

gas 3

F§* is the carbon molar flow in
the gas stream

conversion

Sh2 Hydrogen o 2.Fol uGC 3)
selectivity Sn2(%) =100 x gas
F¥ andF"° are the molar flow of
H, and H atoms in gas products,
respectively
SRy,  Hydrogen v F uGC ()]
. Hy = —
seléctlvlty Fgl'y —_ pggj
ratio
Y, Hyd ut GC 5
n2 yerogen Vi (%) = 100 x A2 ¥ ©)
yield .Fin
gy
Salk Selectivity to on) Fo nGC (6)
alkanes Sa (%) =100 x e

C
Fiit andFE" are the carbon atoms
in alkanes and carbon atoms in
gas products, respectively
Y; Yield of liquid Fout HPLC 7
: i Yi%) =100 x & @
product i Fg;y
F"is the molar flow of liquid

product i

resonance peak around 33 ppm emerged, indicating the presence of
penta-coordinated aluminium. This peaks represented about 8% of the
total area. Concomitantly, the relative amount of octahedral aluminium
decreased to 84%. These findings suggested that Pt ensembles anchored
on octahedral sites.

The oxidation state and concentration of surface elements of the
sample were surveyed by XPS. The Co 2p spectrum of the calcined
catalyst (Fig. 1a) presented the characteristic pattern of cobalt oxide,
with the Co 2ps/; peak at 781.1 eV and a strong shake up feature at
785.1 eV. The 2p3/2-2p1/2 line separation is 15.6 eV. These remarks
virtually exclude the presence of Co>* ions. It is worth pointing out that
during XPS analysis the beam emitted may partially reduce the cobalt
oxide species. Reduction of the sample by hydrogen at 600 °C gives rise
to additional Co 2p3/, feature at 778.2 eV (Fig. 1b) that could be
unambiguously assigned to metallic cobalt [48]. Detailed XPS spectra
from Pt 4d and Al 2p levels for calcined and reduced samples are shown
in Fig. 1c—d. The Pt 4ds /5 spectra exhibited binding energy (BE) values of
316.8 + 0.3 eV for the calcined solid and shifted to 314.0 & 0.3 eV for
the reduced solid. According to literature, the latter denotes the pres-
ence of fully reduced metallic Pt at the catalyst surface [49]. The Al 2p
peak was measured at 74.2 eV for both forms of the solid, either calcined
and reduced, indicating that octahedral sites of AI* cations were
dominant [50].

XRD patterns of fresh and reduced solids are displayed in Fig. 2a. The
calcined form of the solid showed diffraction peaks consistent with both
the standard cobalt oxide (PDF 00-042-1467) and cobalt aluminate (PDF
00-044-0160) spinel structure, in agreement with the support compo-
sition. In the reduced form of the solid, additional peaks, characteristic
of Co® in both hcp and fcc phases could be observed. The measured mean
crystallite size of the spinel and metallic cobalt were 6.3 and 6.9 nm,
respectively (Table 2). The absence of reflections attributable to plat-
inum phases (neither in the calcined nor the reduced forms) suggested
that the size domains were below conventional XRD detection limit, and
could be ascribed to the low loading and high dispersion of Pt.

The H,-TPR profile of the fresh calcined solid (TPRa) is shown in



A.J. Reynoso et al.

Journal of Environmental Chemical Engineering 10 (2022) 107402

Table 2
Physico-chemical properties of the reduced 0.3Pt/CoAl catalyst.
Actual  ActualCo/  Sper”  dpore”  Vpore”  dspine®  dae®  Sp Sco’ Dp  Basicity® Acidity’ Activity in H, uptake
P AP (at./at)  (m%g) (nm) (cm®/  (nm) m) %/ ‘m’ce/ (%) (umoleoy/ (umolyys/  33DMBI® (mmoly/
(Wt%) ) 2) 2) m?) m?) (umol/m?h) Seat)
0.29 0.634 131 14.8 0.52 6.3 6.9 0.44 2.01 58 1.16 0.56 85 7.285
(146) 12.7) (0.56) (5.088)*

Values in parenthesis correspond to calcined form of the solid.

2 ICP-AES; ® Nitrogen isotherms; ¢ XRD; ¢ H, chemisorption; ¢ CO,-TPD; f NH3-TPD; & at 300 °C. * uptake up to 600 °C in Hy-TPR.

a
) Co2p Co 2p;, Co? o) Pt4d Pt 4ds,,
781.1eV Pt
—_ Co 2py S1%08v Reduced
= -
s 7967V =
2> Satellite . g
g 804.0 eV Satellite ‘u;;
L 785.1 eV c
€ k3]
- SN £ Calcined
"—.\\\\ Pt2+
Calcined NS 316.8 eV
810 805 800 795 790 785 780 775 340 330 320 310
Binding energy (eV) Binding energy (eV)
b)| co2p 7782ev| 9| AI2p
2+ 0
Co 2py, Co® Co . 74.2 eV
793.9eV  7816eV
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2 | 8034e ) —~
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= 786.0 eV ) &
c ¢ >
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£ - S
C02+ E
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Binding energy (eV)
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Binding energy (eV)

Fig. 1. Detailed XPS spectra of 0.3Pt/CoAl solid: Co 2p region for (a) calcined and (b) reduced solids; (c) Pt 4d region; (d) Al 2p region.

Fig. 2b, and exhibits four reduction peaks. The peak assignation was
done according to [45]. The low temperature peak (at 192 °C) was
ascribed to the concomitant reduction of PtOx species and free surface
Co®* to Co®" species promoted by hydrogen spillover over Pt°. The peak
at 331 °C was ascribed to the reduction of Co®" species in close inter-
action with the support. The intense reduction peak centered at 563 °C
was assigned to Co?* reduction to Co. Finally, the peak at 763 °C was
assigned to the reduction of cobalt ions in the cobalt aluminate
(CoAl304) phase. In order to further investigate the temperature
required for full reduction of both Pt ensembles and Co>* species not in
the aluminate spinel phase, two additional TPR experiments were done
consecutively. First, TPRb, where the calcined solid was reduced up to
600 °C and hold for 1 h; subsequently, after cooling down to room
temperature, sample was again reduced up to 950 °C (TPRc). The TPRb
reduction profile from room temperature to 600 °C was identical to
TPRa, and represented around 70% of its hydrogen uptake. The TPRc
profile showed a single, broad reduction peak at 780 °C, ascribed to the
reduction of the cobalt aluminate spinel. No peaks at below 625 °C were
detected. Therefore, it was confirmed that both platinum species and the
cobalt as segregated Co304 were completely reduced at 600 °C. Based on
the Hy-TPR results, the catalyst was reduced at 600 °C for 2 h prior to the

catalytic runs.

Hjy pulse chemisorption (Fig. S3, Supporting Information) was car-
ried out to titrate the metallic surfaces. As expected, the catalyst reduced
at 600 °C for 1 h showed about 5 times more metallic Co surface than
metallic Pt surface (2.01 m%/g vs 0.44 m?/g). These values indicated
that only 1.84% of the total surface was due to metals. For platinum, the
calculated dispersion was 58% with an average diameter of 2.4 nm, in
agreement with the absence of XRD peaks.

Ammonia and carbon dioxide TPD experiments revealed the
amphoteric character of our spinel based catalyst (Table 2). Its surface
was predominantly basic, as basic sites density was two-fold larger than
acid sites density. In addition, the basic sites were primarily weak (88%
contribution) while the acid sites were medium strength sites (86%
contribution) (Fig. S4, Supporting Information). The very low activity in
the 33DMB1 isomerization (Table 2) in comparison with other Lewis
solids [51] indicated they are predominantly of Lewis-type.

3.2. Catalytic activity

3.2.1. Reforming pathways
Based on the obtained liquid and gaseous products, Reynoso et al.
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Fig. 2. (a) XRD of calcined and reduced 0.3PtCoAl catalyst; (b) Ho-TPR profile of 0.3PtCoAl: TPRa (calcined up to 950 °C), TPRb (calcined up to 600 °C), TPRc (pre-

reduced up to 950 °C).

[45] suggested a plausible reaction pathway for the glycerol APR on
cobalt aluminate derived catalysts. Reaction pathway consisted on two
main routes, which needed both acid and metallic sites (Scheme 1). In
outline, dehydrogenation to glyceraldehyde, preferably on metal sites,
which undergoes decarbonylation to produce ethylene glycol, methanol
and finally hydrogen. On the other hand, dehydration route, mainly on
acid sites, first produces hydroxyacetone and, by subsequent dehy-

transformation of the liquid products due to C-O bond cleavage leads to
the formation of alkanes, which decreases the evolution of hydrogen. In
addition, CO can be converted by WGS, increasing Hy yield, or can be
hydrogenated (together with CO3) to produce methane and alkanes by
Fischer-Tropsch reaction, constituting a hydrogen selectivity challenge.

3.2.2. Influence of the glycerol concentration in the feed

dration/hydrogenation, yields C3 liquid products. Further The influence of feedstock concentration on the catalytic reaction
&
&0"\
o
%60"‘* OH
&
i _____ oH ' CO+H,05H,+CO, A (;"":
1 1
io§/\\/0Hi CO +3H, 5 CH, + H,0 | HO !
1 1 1
i | CO,+4H, 5 CHy+2H,0 | :
: : 2, :
: 1CO i i
! | Dehydration : i
1
| i Hydrogenation ! - :
1
' HO OH % Dehydrogenation | :
! /! ; i HO '
| ' Decarbonylation ! !
! 1
! : Rearrangement : |
| eee 1 .ee !
| = i E
- | Lo -
H, + CO, Liquid intermediates alkanes

Scheme 1. Reaction pathways of aqueous-phase reforming of glycerol [45].
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was explored at 260 °C and 50 bar, at WHSV of 6.8 h! (flowrate:
0.1 mL/min, catalyst mass: 0.9 g) and varying the glycerol concentra-
tion (5, 10 and 20 wt%). Fig. 3 shows the effect of glycerol concentration
in the feedstock on APR global results after 3 h TOS. The global glycerol
conversion was very high (>99%) for all the glycerol concentrations,
pointing to very active catalyst for glycerol reforming. Others also re-
ported about the promotional effect of Pt-Co catalysts in the APR re-
actions and attributed to the PtCo alloying [30,52].

Larger differences were obtained in the carbon conversion to gas,
which slightly decreased as the concentration of glycerol fed increased
(e.g. 41% for lower concentration and 33% for the most concentrate
feedstream). This decrease was more pronounced by increasing the
glycerol content from 5% to 10%, since by increasing up to 20% the
decrease was practically negligible (1.2%). This trend indicated that
increasing glycerol concentration, increased the carbon content in the
liquid products. Similar results were reported by others [41,53]. For
more diluted feedstocks, the availability of the active sites (either
metallic and acid/base) increases, thus reactions involved in the APR
proceed more extensively to obtain more volatile (gas phase) com-
pounds. Consequently, it can be deduced that feedstocks with low
glycerol concentration were more advantageous for gas production
(deeper degree of reforming), while more concentrated ones would be
preferred for liquid production (i.e. for hydrogenolysis of glycerol by
in-situ produced Hj) [54,55]. It could also be observed that for the
WHSYV values used in this study, at glycerol concentrations of 10 wt% or
above, there were not enough available active sites to further decom-
pose intermediate molecules, thus reaching almost constant Xg,s. This
behavior implies that reaction order with respect to glycerol concen-
tration decreased with glycerol concentration.

100 - [~ N —
80
] — Xy

- —.— xgas
= 604 A- Sy
o Scha
-.g ] + YH2
©
o
> 404

20 4

0

5% 10% 20%

Glycerol concentration (wt.%)

Fig. 3. Effect of glycerol concentration in the feedstock on glycerol APR.
Operating conditions: P = 50 bar; T = 260 °C, WHSV= 6.8 h}, TOS= 3 h.
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The most important effect of glycerol concentration was on the
hydrogen yield, which showed a significant drop from 50.6% to 26.7%
when glycerol concentration increased from 5% to 20%. This tendency is
in line with the results reported by others [38,41] and was consistent
with the above idea, that is, the surface coverage increased with glycerol
concentration (i.e. less free sites being available). Moreover, the increase
of liquid products yield with glycerol concentration was at the expense
of hydrogen consumption, since the yield of products of hydrogenation
increased (e.g. 1,2-propylene glycol).

Both selectivity to hydrogen and to alkanes showed slight decreasing
trend with glycerol concentration, which was also reflected in the almost
constant Hy/CHy ratio (Table 3). High values of hydrogen selectivity
(above 85%) were obtained for the three feedstream compositions.
Selectivity to alkanes, above 10%, was considerably high in comparison
to values reported in the literature for Pt supported on alumina (around
8%) [38], and could be due to cobalt, which is active for CO/CO3 hy-
drogenation reactions [56].

Concerning the gas product distribution (Table 3), an increase in
glycerol concentration affected both CO, and Hj concentration in the
opposite way, increasing the former and decreasing the latter. For
example, passing from 5% to 20% glycerol concentration, Hy concen-
tration decreased by 11% while CO; concentration increased by 33%. A
decreasing trend for Hy was reported by others [41], and was attributed
to the slight increase in the yield of liquid products, being most of them
formed though hydrogen consuming reactions. CO content increased
with the glycerol concentration, especially at the highest glycerol con-
centration, due to the lower availability of free metallic centers for WGS.
At the reactor outlet, Hy/CO3 ratio decreased with glycerol concentra-
tion, from 3.7 to 2.5. In all cases, this ratio was above the theoretical
(7/3). These results agreed with the decreasing trend of Scy4. The lowest
hydrogen concentration in the gas product was 67%, when feeding
20 wt% glycerol/water mixture. CH4 content decreased slightly with the
increase of glycerol content. Indeed, Hy/CH4 ratio was not almost varied
with glycerol concentration, which agree with the almost constant Syp.

The Hj production rate (Fy) did not increase in proportion to the
increase in glycerol concentration (see Table 3). For instance, when
glycerol concentration varied from 5% to 20%, two-fold increase on Fy
was obtained (218 vs 460 pmol/(gcar-min)) when, by stoichiometry, a 4-
fold increase would be expected. Opposite trend was shown by the molar
flow of hydrogen per mole of converted glycerol (i.e. hydrogen selec-
tivity ratio SRya, which was limited to 7) which decreased from 3.95 to
1.44 passing from 5% to 20% glycerol feed. These features suggested
that Hy lost in hydrogenation/hydrogenolysis reactions increased in
higher proportion by increasing the glycerol concentration.

Higher concentration of liquid products (Table 4) was obtained by
increasing the glycerol content in the feed stream, in agreement with the
decreasing trend of Xg,s. An increase in glycerol concentration produced
an increment in both hydroxyacetone (HA, primary product from glyc-
erol dehydration) and 1,2-propylene glycol (PG, product from hydrox-
yacetone hydrogenation) yields. As previously reported for cobalt
aluminates catalysts [57], hydrogenation reaction seems to occur more

Table 3
Overall results of the gas phase in the glycerol APR. Influence of the glycerol
content in the feed.

Gaseous product Glycerol concentration (wt%)

(vol%) 5 o 2

Hy 75.1 70.8 67.1
CO; 20.5 24.5 27.3
CH4 3.7 3.6 3.4
co 0.06 0.07 0.69
(O 0.62 1.02 1.54
H,/CO4 3.7 2.9 2.5
Hy/CHy 20.2 19.6 19.9
Fi2, umolya/(gear-min) 218 355 460
SRi2 3.95 3.62 1.44
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Table 4
Liquid products distribution varying the glycerol concentration in the feed.

Liquid products yield, % Glycerol wt%

5 10 20

Products from hydroxyacetone 4.0 9.1 9.1
dehydration route 1,2-propylene 4.3 10.8 14.7
glycol
acetone 3.5 4.9 3.8
1-propanol 2.0 3.4 2.1
2-propanol 0.23 0.46 0.18
propanoic acid 29.0 26.1 13.3
propanal 0.21 0.31 0.53
Products from dehydrogenation methanol 0.30 0.46 0.42
route ethanol 4.6 9.2 6.3
acetic acid 4.4 3.6 1.6
acetaldehyde 0.57 1.24 0.58

rapidly than dehydration. PG dehydration on acid sites can lead to the
formation of acetone or propanal, depending of the primary or sec-
ondary hydroxyl elimination by dehydration [58]. Further hydrogena-
tion of both intermediates produce 2-propanol and 1-propanol,
respectively. This same route can also form propanoic acid, the main
liquid product. Other authors also reported this product in the liquid
stream of glycerol APR [39,59]. Among the liquid products, those whose
yield was most affected corresponded to propanoic acid, which
decreased at expense of the increase of hydroxyacetone and 1,2-propyl-
ene glycol, production of the later consuming hydrogen. The ratio of
products from dehydrogenation route to products from dehydration
route (Fig. 4) presented a maximum at 10 wt% glycerol. Therefore, it
could be concluded that this glycerol concentration provides a balance
between this two reaction routes. However, the yield of
dehydration-route products had a more pronounced rise with glycerol
concentration than those obtained via dehydrogenation-route.

3.2.3. Effect of coupled temperature/pressure

Experiments to determine the effect of coupled temperature and
pressure variables on the catalyst APR performance were performed
varying temperature in the 220-260 °C range, while pressure was

1.0

—l- Dehydrogenation

—@— Dehydration

094 -® Dehydrogenation/
Dehydration ratio

0.8

0.7

0.6 4

0.5

0.4 4

Molar concentration (mol/L)

0.3+

0.2 4

0.1+

T T T
5% 10% 20%
Glycerol concentration (wt.%)

Fig. 4. General tendency of dehydrogenation and dehydration products in the
liquid phase.
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established to ensure a liquid-phase reaction mixture (1.8-4.2 bar above
the bubble point of the feedstock). This means that isolated effect of
pressure was not analysed, but that of the coupled temperature and
pressure. The following coupled temperature and pressure pairs were
used (°C/bar): 220/25; 235/35; 245/40 and 260/50. The reaction
conditions were 10 wt% glycerol concentration and WHSV= 6.8 h!
(0.1 mL/min of glycerol, 0.9 g of catalyst). The obtained results are
shown in Fig. 5.

Conversion of glycerol reached almost 100% except for the mildest
conditions (Xg1y=89%), the later indicating the endothermic character-
istics of the reforming reaction [60]. The lowest carbon conversion to
gas (21%) was achieved at the mildest operation condition. More severe
conditions enhanced carbon conversion to gas and, consequently,
decreased the yield of liquid products. Despite same Xg, trend, carbon
conversion to gas exhibited a continuous increase with
temperature-pressure, reaching a maximum of 43.2% at the most severe
conditions (260 °C/50 bar). High temperatures promoted the reforming
of glycerol and the intermediate liquids, by promotion of C-C and C-O
bonds cleavage to obtain C-containing more volatile compounds [38].

The effect of couple temperature and pressure variables strongly
affected hydrogen yield, which increased with temperature, in parallel
with Xgas. For instance, from 220 °C/25 bar to 260 °C/50 bar an overall
increment of 126% was attained by Yy, as due to the endothermic
nature of glycerol reforming [60], which favored the glycerol decom-
position. The gas products include hydrogen and C-containing com-
pounds (see Table 5). Produced hydrogen could be further reacted
giving alkanes in the gas phase and intermediate liquid compounds.
Hydrogen lost in alkane formation (Sy2) was computed for each run, and
the obtained trend is depicted in Fig. 5. For the mildest operation con-
ditions, where 11% of glycerol was unreacted, selectivity to hydrogen
was 88%. For the rest of conditions, where glycerol conversion was
almost complete, Sy increased with temperature reaching a maximum
of 90% at the most severe conditions. At full glycerol conversion (higher
T/P conditions), APR proceeded more extensively, through the
reforming of intermediate liquid products, what allowed to obtain more
hydrogen. The observed decreasing yield of methane (limited by ther-
modynamics) indicated less hydrogen consumption, what explained the
increasing hydrogen selectivity trend. Similar features for Syo were
obtained by others [19]. Regarding alkane selectivity, it moderately
increased with the operation temperature, being methane the most
representative of them.

Regarding the C-atom amount of the produced alkanes, the majority
corresponded to methane, which accounted for 63% at the lowest

100
220 °C/ 25 bar
1 - ] 235 °C/ 35 bar
80 4 | 245 °C/ 40 bar
260 °C/ 50 bar
S
o 60
D
5
c
2] —
5 40 4
o
20
0 T I I
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Fig. 5. Influence of the reaction temperature on glycerol APR performance. The
following conditions were used: 10 wt% glycerol/water; WHSV = 6.8 h'l;
TOS =3 h.
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Table 5
Gas phase composition over 0.3Pt/CoAl at different temperature/pressure
reaction.

Gas products (vol 220 °C/ 235°C/ 245°C/ 260 °C/
%) 25 bar 35 bar 40 bar 50 bar
Hy 70.4 68.9 69.5 70.8
CO, 25.1 24.8 24.4 24.5
CH4 3.5 5.2 4.9 3.6
co 0.16 0.10 0.04 0.07
Cot+ 0.87 0.98 1.17 1.02
Hy/CO, 2.8 2.8 2.9 2.9
H,/CHy4 20.3 13.2 14.2 16.9
Fhg, umolyo/ 157.5 249.1 277.5 355.2
(8carmin)
SRu2 2.49 2.82 2.99 3.62

temperature and 71% at the highest, once again suggesting that C-C
scission reaction were promoted by temperature [61].

Table 5 summarizes the gas product composition. Hydrogen was, by
far, the most abundant product, with around 70% mole percentage,
independent of the reaction conditions. Thanks to the increasing trend in
conversion to gas, Hy production rate increased with temperature/
pressure. CO, was the main carbon-containing product, followed by
methane (3.5-5.2% range), which was the most abundant alkane. Traces
of ethane, ethylene, propane, and butane were also detected (compiled
as Cy +). Alkanes were formed by either the subsequent reaction hy-
drogenation of CO/CO5 and Fischer-Tropsch reactions [62]. The for-
mation of C4 + compounds suggested that Pt-Co catalysts had some
activity in C-C coupling reaction, in addition to their recognized great
activity in WGS reaction. The latter could be confirmed from the very
low CO content in the gaseous product (< 0.2%) for all the temperatures
studied.

The Hy/CO, ratio was 2.8 and 2.9 in the mildest and the most severe
conditions, respectively. These values slightly exceed the theoretical
value of 7/3 for glycerol APR, which indicated that glycerol was
partially reformed to intermediate species that can readily undergo
dehydrogenation reactions while keeping carbon atoms. The large yield
of propanoic acid agreed these results.

Depending on the applied T/P conditions, around 57-79% of the
carbon contained in glycerol came out in the liquid product. As the
glycerol conversion reached almost 100% (except at 220 °C/25 bar,
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with 89%), the production of intermediate oxygenated liquids was
considerable. Indeed, the spatial velocity (6.8 h") was insufficient for a
deep reforming of glycerol molecules. The identified liquid products
(Fig. 6) comprised acids (acetic acid, propanoic acid), ketones (acetone,
hydroxyacetone), aldehydes (acetaldehyde, propanal), C3 alcohols (1,2-
propylene glycol, 1-propanol, 2-propanol) and C;-C; alcohols (ethylene
glycol, ethanol, methanol). Other peaks detected by chromatography,
which accounted less than 5% of all area) could not be identified. The
wide variety in the liquid fraction pointed out the complexity of the
glycerol APR reaction network and the strong influence of coupled
temperature/pressure variable. It must be said that 1,3-propanediol was
not obtained in the liquid. Formation of 1,2-propylene glycol and 1,3-
propylene glycol is competitive, their selectivity depends on which in-
termediate, hydroxyacetone or 3-hydroxypropanal, is preferentially
produced. The former intermediate is produced by Lewis acid sites [63]
while the later requires Brgnsted acid sites [64]. The dominant Lewis
characteristics of the catalyst (Table 2) explained the absence of 1,3-pro-
pylene glycol.

Most of the liquid products contained a three-carbon chain. On the
other hand, the (C; + C2)/C3 compounds yields ratio in the liquid stream
indicated monotonous increase with the operation temperature (insert
in Fig. 6) confirming that temperature promoted C-C cleavage. Most of
the liquid products incremented its yield with reaction temperature,
being 1,2-propylene glycol, hydroxyacetone and ethylene glycol the
exceptions. The former two products resulted from the direct dehydra-
tion of glycerol (hydroxyacetone) and its subsequent hydrogenation
(1,2-propylene glycol). These results indicated that an increase in re-
action temperature favored the dehydrogenation pathway and
explained the improvement in hydrogen yield at higher temperatures.

3.2.4. Effect of contact time

The effect of contact time was studied in terms of WHSV (higher
WHSYV, shorter contact time), varying the flowrate of the feedstream
from 0.02 to 0.5 mL/min over 1.8 g of 0.3Pt/CoAl catalyst. The exper-
iments were performed at 260 °C/50 bar with a 10 wt% glycerol in the
feedstream. Fig. 7 shows glycerol conversion, carbon conversion to gas,
hydrogen yield and selectivity to hydrogen and methane.

The effect of WHSV was very noticeable in all the parameters rep-
resented, except in Xg)y, which remained close to 100% for a wide range
of WHSV, only declining to 97% for the highest WHSV studied (17 h™)).
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Fig. 6. Liquid-product yields as a function of reaction temperature of APR.
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Fig. 7. Influence of the contact time on glycerol APR performance. Operating
conditions: 50 bar, 260 °C, 10 wt% glycerol; TOS = 3 h.

These results indicated again the pronounced activity of this catalyst to
glycerol decomposition, even working at very high WHSV. Nevertheless,
carbon conversion to gas was highly sensitive to contact time: as WHSV
increased, carbon conversion to gas decreased. Augmenting feed flow-
rate from 0.02 to 0.1 mL/min (WHSV = 0.68 and 3.4 h'l, respectively)
resulted in a 50% drop in the carbon conversion to gas. Further increase
in WHSV resulted in a less severe decay in Xgas. Operation at high WHSV
values (i.e. short contact time) hindered consecutive reforming reactions
of the intermediate liquid products, thus resulting in less gaseous com-
pounds. Similar trend was reported in the literature [19,41,59]. Inter-
estingly, selectivity to hydrogen increased with WHSV, i.e., the shorter
the contact time, less hydrogen was lost in gas phase products. Similar
trend was reported by others [30] and was ascribed to a lowered rate of
alkanes production. Though the space velocity employed was calculated
on the liquid flowrate basis, the gases (Hy, CO, CO3) flowed with the
liquid stream. Therefore, the Sy, trend suggested that CO/CO; hydro-
genation (producing hydrogen loss in the gas phase) were lessened by
the short contact times [65]. Analogous to Xg,s, a decrease in hydrogen
yield and selectivity to methane could be observed with WHSV, with a
concomitant increase on CO and CO,. This was consistent with the in-
crease on hydrogen selectivity. At lower WHSV, the contact time be-
tween the intermediate liquids, gases and catalyst was higher, thus
enhancing the hydrogen consumption reactions (such as hydrogenation
CO/CO; and hydrogenolysis of the substrate and liquid intermediates)
which decreased the hydrogen yield. Regarding SRy, it decreased with
WHSYV, passing from 3.89 to 1.27 moly2/molgiyc-converted Wwhen WHSV
increased from 0.68 to 17 h'l.

The CO/H; molar ratio in the gas stream increased with WHSV
(Fig. 8), i.e. long contact time favored WGS reaction, thus this reaction
occurs to a lesser extent at high WHSV. The Hy/CO; ratio indicates the
competition between C-C and C-O scission [66]. This value was slightly
higher than the theoretical one (7/3) and practically remained above 2.7
regardless of the WHSV used, which indicated that 0.3Pt/CoAl catalyst
had a high capacity for C-C bonds breakage prior to C-O bond breakage.

The liquid products yields at different WHSV are provided in Fig. 9.
As seen before, low WHSV presented an exceptionally high carbon
conversion to gas, and therefore, the yield to liquid products was
insignificant. Largely, the yield of the liquid products increased with
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Fig. 9. Liquid phase composition obtained for glycerol APR at various con-
tact time.

WHSYV, in accordance with Xg,s decrease. At higher WHSV, a wide va-
riety of liquid products could be distinguished. Among the products
obtained, a noticeably high yield of hydroxyacetone and 1,2-propylene
glycol could be noted at the shortest contact time (yields of 37.6% and
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41.5%, respectively). The yields of both compounds increased in similar
way with WHSV, which suggests that at such short contact times,
dehydration and hydrogenation reactions predominate at the same rate
to the detriment of C-C cleavage. This lower activity for C-C bond scis-
sion caused a drop in the yield of C, products from 13.4% at 6.8 h™! to
5%at 17 h'l. Yields of propanoic acid, ethanol, acetone and both 1-prop-
anol and 2-propanol reached their maxima at 3.4 and 6.8 h'!, respec-
tively, then decreasing dramatically as WHSV achieved 17.0 h'l. It is
evident that at short contact times less fragmentation of the initial
molecule takes place. Contrariwise, for the longest contact time (0.68 h”
1y, it is only possible to detect compounds resulting from several reaction
stages such as propanols and acetone.

3.2.5. Characterization of spent catalysts

After each reaction at different T/P conditions, the spent catalysts
were analysed by analysed by Ny adsorption-desorption isotherms, XRD,
ICP-MS and TPH analyses. The nitrogen isotherms and BHJ pore size
distribution are shown in Fig. S5, Supporting Information. They still
showed type IV isotherms with H1 hysteresis. The most notable differ-
ences with respect to the reduced form is that hysteresis loops were
narrower in the spent catalysts, though they retained mesoporosity. In
the spent catalysts, new generated small pores of around 4 nm
contributed to the total pore volume, suggesting the presence of new
phases not observed in the fresh reduced form (e.g. gibbsite). As can be
seen in Table 6, the specific surface area of the spent catalyst increased
when the reaction was performed at the mildest condition (18% increase
at 220 °C/25 bar) while decreased for the other conditions tested (14%
decrease at the most severe conditions). At lower temperatures, a greater
decrease in the average pore diameter was also observed (decreased by
36% at the mildest conditions), which had a tendency to increase with
the reaction temperature without reaching the value of its reduced state.
XRD diffractograms of the spent catalysts (Fig. S6, Supporting Infor-
mation) showed peaks from cobalt spinel (either cobalt oxide and cobalt
aluminate) and metallic Co, which remained in the spent catalysts. The
later suggested that bulk cobalt remained in metallic form. As in the
fresh catalysts, no peaks from Pt were visible, indicating that Pt
remained highly dispersed. New, sharp peak emerged for the spent
catalysts at about 18° (20), which could be ascribed to the gibbsite phase
(PDF 033-0018). The intensity of the gibbsite peak decreased with the
operation temperature/pressure. The same trend observed in the
textural properties indicated that gibbsite is surely related to this
textural trend.

Metal leaching in the liquid product was also investigated by ICP-MS.
The results showed that the reaction conditions influenced cobalt
leaching. Although the overall results confirmed low metal leaching,
cobalt was found to be more leachable at low reaction temperatures
(cobalt leaching was 2.30% after reaction at 220 °C vs 0.74% at 235 °C).
These apparently inconsistent results agreed with results obtained with
catalyst 0.625CoAl after 30 h TOS at 235°C and 260°C [57]. A

Table 6
Physicochemical properties of spent catalyst.
Operation SBET Viore dpore Leaching metal (wt%) Carbon
T/P (m%/ (em®/ (nm) deposits
conditions g) g) (pmolc/
8eat)
Pt Co Al
Fresh 131 0.52 14.8 n.a. n.a. n.a. n.a.
reduced
220 °C/ 155 0.42 9.5 - 2.30 0.02 1.62
25 bar
235°C/ 119 0.40 10.7 1.77-10° 0.74 0.01 4.39
35 bar 3
245 °C/ 116 0.38 11.1 1.77-10° 0.67 0.01 5.25
40 bar 3
260 °C/ 113 0.40 12.1 4.13-10° 0.37 0.01 1.75
50 bar 3
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comprehensible explanation could be found in the re-deposition of hy-
droxylated alumina. At higher temperatures, pH of the reaction medium
increased, thus greater leaching was expected. However, in hot water
the solubility of the inorganic oxide materials is low, which facilitates
the re-deposition of leached alumina, decorating the cobalt and there-
fore protecting it from leaching [67]. This was in agreement with the
gibbsite phase detected by XRD. As for the other metals, both platinum
and aluminium had a low percentage of leaching (below 4-102% and
0.02%, respectively), understanding that the platinum conferred the
stability of the catalyst during reaction. The production of stable cata-
lysts against leaching is a challenge in biomass transformation processes.
The most researched strategies to stabilize the supported metal nano-
particles focus on overcoat using techniques such as Atomic Layer
Deposition (ALD) [68] or the embedment into support structure via
strong metal-support interaction (SMSI) [69-71].

The quantification of the carbonaceous deposits was measured by
TPH (Temperature-Programmed Hydrogenation). The results obtained
by TPH did not show any relation to the reaction condition. The samples
with the highest amount of carbonaceous deposits correspond to those
for the reactions at 235 and 245 °C. Surprisingly, the catalysts after the
reaction at 260 °C had a content of carbonaceous material very similar
to that used in the reaction at 220 °C (about 3 times less than at the other
conditions). It is worth highlighting the much lower (three to four orders
of magnitude) coke deposits in glycerol APR as compared to glycerol
steam reforming [72,73]. This was due to the ability of hot compressed
water to dissolve carbonaceous deposits [67].

4. Conclusions

0.3Pt/CoAl catalyst, synthesized by impregnation of Pt over cobalt
aluminate (nominal Co/Al = 0.625) support, was characterized and
tested for glycerol aqueous-phase reforming under various reaction
conditions. Specifically, the glycerol concentration in the feedstream,
the coupled temperature/pressure variable and the space velocity (in
terms of WHSV) process variables were studied. At the conditions
studied (260 °C/50 bar), the glycerol conversion did not show signifi-
cant variation when glycerol concentration was increased from 5 to
20 wt% nor when the space velocity was increased from 0.68 to 6.8 hl.
Only at 220 °G/25 bar (WHSV = 6.8 h'l, 10 wt% glycerol /water) did the
glycerol conversion drop below 90%. The highest carbon conversion to
gas was achieved at a lower glycerol concentration, at highest temper-
ature/pressure, and at lengthy contact time. As expected, the conditions
where the highest conversion to gas was achieved were the ideal ones to
obtain higher hydrogen yield.

Increasing the glycerol concentration in the feedstream from 5% to
20% (260 °C/50 bar, 10 wt% glycerol/water, WHSV = 6.8 h'l) also
showed an increase in the yield of the liquid products formed through
the dehydration/hydrogenation of glycerol such as hydroxyacetone and
propylene glycol. Conversely, by increasing temperature/pressure from
220 °C/25 bar to 260 °C/50 bar (10 wt% glycerol/water, WHSV =
6.8 h) 1,2-propylene glycol yield decreased while ethanol yield
increased. As well, higher hydrogen yield was achieved at a higher re-
action temperature. On the topic of post-reaction characterization,
temperature/pressure conditions undoubtedly affected cobalt leaching.
However, further investigation is needed to clearly establish leaching
mechanism, which will help to overcome this challenge.

Increasing the feed flowrate, and consequently the WHSV, did not
change the composition of the outflow gases. Nonetheless, due to the
shorter contact time, the production of liquids increased, especially the
liquids obtained by the direct reaction of glycerol (hydroxyacetone and
1,2-propylene glycol).
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