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Catalysts with active phase Ni, Co or Cu supported on γ-alumina were synthesized at constant loading (8 wt.%)
and tested for the glycerol steam reforming reaction (GSR). The synthesized samples, at their calcined and/or
their reduced form, were characterized by BET, ICP, XRD, DRS, NH3-TPD, CO2-TPD, TPR and SEM. The carbon de-
posited on their surface under reaction conditionswas characterized by TEM, TPO, TGA and Raman. Catalytic per-
formance for the glycerol steam reforming reaction was studied in order to investigate the effects of reaction
temperature on: (i) glycerol total conversion, (ii) glycerol conversion to gaseous products, (iii) hydrogen selec-
tivity and yield, (iv) selectivity of carbonaceous gaseous products, (v) selectivity of liquid products and (vi)
molar ratios of H2/CO and CO/CO2 in the gaseous products' mixture. The stability of all catalysts was also inves-
tigated through time on stream experiments. It was concluded that catalytic performance, including liquid prod-
ucts' distribution, depends on the acid-base properties of the materials. Specifically, a drastic drop in the activity
of the Ni/Al catalyst was observed, while Co/Al and Cu/Al catalysts deactivate in a slower rate, confirming that
coke deposition, associatedwith dehydration, cracking and polymerization reactions, takes place on the catalyst's
surface strong acid sites.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The issues emanating from the use of fossil fuels are widely known.
They relate to the finite nature of these resources (which in turn raises
questions regarding affordability, accessibility, security of supply and
competition among state sponsored actors), and the effects that ‘green-
house gases’ are having on the planet's climate [1–5]. In the transport
sector, where the fuels currently used are almost entirely based on
non-renewable sources, a possible solution may be provided by
biofuels, i.e., fuels that are ultimately derived from biomass sources
and can thus be considered carbon neutral [6–10]. Due to, a large part,
the policies adopted by the European Union, biodiesel production in-
creased by 3000% between 2000 and 2012 [11–13].

Biodiesel is currently produced from the transesterification reaction
between vegetable oils or animal fats and principally methanol in the
mental and Pollution Control
ucation Institution of Western
presence of an acidic or alkaline catalyst to form the biodiesel; fatty
acid methyl esters (FAME) or fatty acid ethyl esters (FAEE), as shown
in Eq. (1):

C3H5 OOCð Þ3
Glycerides

Rnð Þ3 þ 3R0OH
Alcohols

↔3RnCOOR
Esters

0 þ C3H5 OHð Þ3
Glycerol

ð1Þ

The principal byproduct of the biodiesel industry is glycerol, as every
100 g of oil undergoing the transesterification process produces 10 g of
glycerol as byproduct [14–17]. Glycerol can be used for the production
of hydrogen, a cleanenergy sourcewhose demand is expected to greatly
increase in the future, mainly due to technological advancements in the
fuel cell industry [18–20]. Hydrogen can be produced from glycerol by
catalytic reactions such as, steam reforming (GSR) [e.g. 21–24], oxida-
tive steam reforming (OSR) [25–28], auto-thermal reforming (ATR)
[29–32], aqueous phase reforming (APR) [33–36], and supercritical
water (SCW) reforming [37–39].

GSR is attractive because, as can be deduced fromEq. (2), everymole
of glycerol fed to the reactor can theoretically produce seven moles of
hydrogen. In essence, Eq. (2) may be viewed as the combination of
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glycerol decomposition (Eq. (3)) andwater-gas shift reactions (Eq. (4)).
However, these reactions may also be accompanied by methanation
(Eq. (5)), methane dry reforming (Eq. (6)), methane steam reforming
(Eq. (7)) and a series of reactions for carbon formation (Eqs. (8)–(11))
that depend on the operating conditions; thus, it is justifiable to say
that the GSR is a fairly complex process [40–43].

C3H8O3 gð Þþ3H2O gð Þ→3CO2 gð Þþ7H2 gð Þ ΔHo ¼ 123 kJ=mole
� � ð2Þ

C3H8O3 gð Þ→3CO gð Þþ4H2 gð Þ ΔHo ¼ 245 kJ=mole
� � ð3Þ

CO gð ÞþH2O gð Þ↔CO2 gð Þ þH2 gð Þ ΔHo ¼ −41 kJ=mole
� � ð4Þ

CO2 gð Þ þ 4H2 gð Þ↔CH4 gð Þ þ 2H2O gð Þ ΔHo ¼ −165 kJ=mole
� �

ð5Þ

CH4 gð Þ þ CO2 gð Þ→2H2 gð Þ þ 2CO gð Þ ΔHo ¼ 247 kJ=mole
� � ð6Þ

CH4 gð Þ þH2O gð Þ↔3H2 gð Þ þ CO gð Þ ΔHo ¼ −206 kJ=mole
� � ð7Þ

2CO gð Þ↔CO2 gð Þ þ C sð Þ ΔHo ¼ 172 kJ=mole
� � ð8Þ

CH4 gð Þ→2H2 gð Þ þ C sð Þ ΔHo ¼ 75:6 kJ=mole
� � ð9Þ

CO gð Þ þ H2 sð Þ→H2O gð Þ þ C sð Þ ΔHo ¼ 131 kJ=mole
� � ð10Þ

C3H8O3 gð Þ→H2 gð Þ þ 3H2O gð Þ þ 3C sð Þ ð11Þ

Thermodynamic studies have mainly explored the non-
stochiometric approach, which is based on the minimization of Gibbs
free energy as a function of temperature, pressure and species molar
numbers [44–47]. Its advantage over the stochiometric approach lies
with the fact that it does not require a selection of the possible set of re-
actions, no divergence occurs during the computation and it is not nec-
essary to provide an accurate estimation of the initial equilibrium
composition [48]. In brief, thermodynamics predict that the production
of H2 is strongly influenced by the reaction temperature and the water
to glycerol feed ratio (WGFR). Given that the GSR is a strongly endother-
mic process (ΔΗ0 N 0), higher temperatures result in the production of
higher amounts of hydrogen, while at lower temperatures, the produc-
tion of CO2 and CH4 is favored. The latter is usually attributed to the
water gas shift and methanation reactions, as both are exothermic and
are thus more likely to occur at low temperatures. The production of
CO, which is also favored at high temperatures, is usually attributed to
the reverse water gas shift (RWGS) reaction. Regarding the effects of
WGFR, it is generally accepted that excess water results in the produc-
tion of more hydrogen following the Le Chatelier principle. However,
it has been reported that when theWGFR exceeds 12 the H2 production
increases at slow rates. In summary, it has been suggested that the ideal
condition to obtain H2 is at temperatures between 600 and 700 °C and
molar ratio of water to glycerol from 9:1 to 12:1. Under these condi-
tions, methane production is minimized and carbon formation is ther-
modynamically inhibited [19,44–48].

For the glycerol steam reforming reaction, the catalyst influences the
steps involved in the cleavage of C\\C, O\\H and C\\H bonds of the
glycerol molecule, and themaintenance of the C\\O ones [49,50]. Stud-
ies reporting the performance of different catalytic systems for the GSR
have investigated monometallic or bimetallic systems based on un-
modified and/or modified supports. Considerable attention has been
devoted to systems that are based on noble metals, namely Platinum
(Pt) [20,23,49,51–55], Ruthenium (Ru) [20,56–58], Rhodium (Rh) [20,
59], Iridium (Ir) [20,60] and Palladium (Pd) [20] or bimetallic systems
that combine noble and transition metals [23,51,56,61–64]. Although
noble metal based catalysts are usually more active and more stable
during GSR, their high cost virtually prohibits their use on an industrial
scale [19,40,41]. Thus, considerable efforts have been devoted at
developing catalysts based on transition metals, with Nickel (Ni)
attracting the lion's share of researchers attention [20–23,43,51,59–61,
65–93]. A few researchers have also tested catalysts with Cobalt (Co)
as the active phase, in bothmonometalic [60,64,82,89,94] and bimetallic
systems, usually in combination with Ni [74], Rh [63,64,82] or Ru [62].
Copper (Cu), to the best of our knowledge, has only been used in bime-
tallic systems, and only in combination with Ni [24,77,83].

The reasons that Ni-based systems have attracted so much of re-
searchers' interest are twofold; on one hand, such catalysts have lower
cost and higher availability than noble metal catalysts, and on the
other hand, Ni-based catalysts have good intrinsic activity, especially if
the Ni is highly dispersed over the support [71,76]. An additional factor
that enhances the appeal of Ni catalysts is that they are already widely
used in the petroleum and natural gas processing industries [95,96].
However, there are two main issues associated with such catalysts.
Firstly, it has been reported that Ni-based systems suffer from deactiva-
tion due to carbon formation, as the carbon tends to deposit and cover
the active sites of the catalyst's surface. Secondly, they suffer from
metal particles sintering, due to a lack of adequate thermal stability
[24,51,77,78].

The effort to improve catalyst's stability and activity has also led re-
searchers to investigate a variety of metal oxides as supports and/or
promoters, e.g. MgO, CaO, Al2O3, SiO2, ZrO2, CeO2, La2O3, TiO2 and
Y2O3; with alumina attracting considerable interest due to its high spe-
cific surface area (which is responsible for improved metal dispersion)
and mechanical and chemical resistance under reaction conditions
[77,97,98]. However, it is also known that carbon deposition and cata-
lyst sintering, both factors that result in the de-activation of the catalyst,
are also promoted when alumina is used as support. The reactions that
are responsible for carbon formation are those associatedwith dehydra-
tion, cracking and polymerization. Catalyst sintering is thought to occur
during the transition of alumina to crystalline phase during reaction [23,
79,99,100].

As in the present study we compare alumina supported Ni, Co and
Cu catalysts, we deemed it necessary to provide a short overview of se-
lected works that have investigated similar systems, i.e., monometallic
Ni, and Co systems based solely on alumina (Table 1). Cheng et al.
[22], investigated a Ni/Al (15 wt.% Ni) catalyst at temperatures in the
range 450–550 °C using a glycerol–water mixture containing 30–
60 wt.% glycerol, only analyzing the gaseous products of the reaction.
They reported production of 2.6–4.8 mol of hydrogen/mol of glycerol
(i.e. significantly lower than that predicted by thermodynamics) and
concluded that carbon deposition was significant at 550 °C, even
under excess steam conditions. Interestingly, the authors reported an
overall glycerol conversion value of ≈80% at high temperatures. In a
separate work, Cheng et al., investigated a Co/Al (15 wt.% Co), at 550–
650 °C under the same reaction conditions briefly mentioned above,
and reported relatively low overall glycerol conversion values, with
maxima of 52% at 550 °C [95]. Sanchez and Comelli used a Ni/Al
(5.1 wt.% Ni) catalyst at 700 °C and at water/glycerol ratio of 3:1
(molar). They too did not analyze the liquid reaction products. They re-
ported high H2 production values, which they attributed to the high re-
action temperature and related the deactivation of the catalysts to the
formation of carbonaceous deposits [73]. Sanchez and Comelli [74]
have also investigated the performance of Ni/Al (4 wt.% Ni), Co–Ni/Al
(4 wt.% for each of Co and Ni) and a Co–Ni/Al (12 and 4 wt.% for Co
and Ni respectively) catalysts at temperatures of 300, 500 and 700 °C
at water/glycerol ratio of 6:1 (molar) and only reported on gaseous
products. The authors concluded that the addition of Co promoted H2

production, with the increase in Co loading improving performance
only at low temperatures. Dou et al. [77] investigated the activity of a
Ni–Cu/Al catalyst between 500 and 600 °C and at water/glycerol ratio
of 9:1 (molar); they too only reported activity in terms of gaseous prod-
ucts. The authors reportedmoderate conversion values (also lower than
those predicted thermodynamically) that ranged from 45% at 500 °C to
72% at 600 °C.



Table 1
Summary of the operating conditions used for the testing of different Ni, Co and Cu catalysts based on alumina for the GSR.

A/A Active phase/Support
Reaction T (°
C)

WGFRa (molar,
unless otherwise
stated)

GHSVb

(unless
otherwise
stated)

Gas products (% mol/mol, dry basis,
unless otherwise stated) Liquid products Ref

1 Ni (2%)/α-Al2O3 450–600 6:1 3.9 × 104 cm3

h−1 gcat−1

H2 = 69.9, CH4 = 1.6, CO = 8.9, CO2

= 19.7 (T = 600 °C)
1-Hydroxy-2-propanone, acetic acid,
1–2 propane diol, propanol,
2-methyl-2-cyclopentenone

[21]

2 Ni (4%)/Al2O3 300, 500, 700
(stability
tests)

6:1 10 h−1

(WHSVc)
H2 ≈ 60, CH4 ≈ 1.4, CO ≈ 14, CO2 ≈
22 (T = 700 °C, t b 5 h)

Not analyzed [74]

3 Ni (5.1%)/Al2O3 700
(deactivation
cycles)

3:1 5 h−1

(WHSV)
H2 ≈ 78, CH4 ≈ 6, CO ≈ 30, CO2 =
n/ad (T = 700 °C, t b 5 h)

Not analyzed [73]

4 Ni (10%)/Al2O3 600 9:1 3.09 gcat
h/molglycerol

H2 ≈ 4, CH4 ≈ 0, CO ≈ 0.5, CO2 ≈
1.2 (mol)

Not analyzed [68]

5 Ni (10%)/Al2O3 (xerogel
pretreated at 700, 800,
900, 1000 °C)

600 6:1 n/sd H2 ≈ 45, CH4 = n/a, CO = n/a, CO2

= n/a (xerogel pretreated at 800 °C)
Not analyzed [69]

6 Ni (13%)/Al2O3 500–600 10 wt.% glycerol 7.7 h−1

(WHSV)
H2 ≈ 5, CH4 = n/a, CO = n/a, CO2 =
n/a (mol)

Acetaldehyde, acrolein, propanal,
acetone, acetic acid, methanol, ethanol,
1,2-propylene glycol

[71,80]

7 Ni (Ni = 15%)/Al2O3

(calcined at 750, 850, 950 °
C)

600, 800 36 wt.% glycerol 10,000 h−1 H2 ≈ 65, CH4 = 5.5, CO = n/a, CO2

= n/a
Not analyzed [88]

8 Ni (15%)/Al2O3 450–550 60–30 wt.% 5.0 × 104 mL
gcat−1 h−1

H2 ≈ 92, CH4 = 18, CO = 22, CO2 =
60 (T = 550 °C)

Not analyzed [22]

9 Ni (30% Ni)/Al2O3 550–800 3:1 5000–30,000
mLC3H8O3

h−1

mLcat−1

H2, CH4, CO, CO2 (H2 yield ≈1 mol of
H2/mol C3H8O3 converted, T = 800 °
C, t b 5 h)

Acetone, acetaldehyde, ethanol,
propanol, acetic acid,
2,3-dyhydroxylpropanal

[59]

10 Co (15%)/Al2O3 550–650 60–30 wt.% 5.0 × 104 mL
gcat−1 h−1

H2 ≈ 25, CH4 ≈ 20, CO ≈ 14, CO2 ≈
10 (T = 550 °C, t b 4 h)

Not analyzed [95]

11 Co–Ni (5% Co, 10%
Ni)/Al2O3

600–650 30–60 wt.%
glycerol

5.0 × 104 mL
gcat−1 h−1

Carbon deposition studies Not analyzed [91]

12 Co–Ni (4% Co, 4% Ni)/Al2O3 300, 500, 700 6:1 10 h−1

(WHSV)
H2 ≈ 60, CH4 ≈ 8, CO ≈ 8, CO2 ≈ 22
(T = 700 °C, t b 5 h)

Not analyzed [74]

13 Co–Ni (12% Co, 4%
Ni)/Al2O3

300, 500, 700 6:1 10 h−1

(WHSV)
H2 ≈ 50, CH4 ≈ 8, CO ≈ 25, CO2 ≈
15 (T = 700 °C, t b 5 h)

Not analyzed [74]

14 Ni–Cu (not specifying
%)/Al2O3

500–600 9:1 n/s H2 ≈ 70, CH4 = n/a, CO = n/a, CO2

= n/a (T = 800 °C)
Not analyzed [77]

15 Ni–Cu (29%NiO, 31% CuO,
40% Al2O3)/Al2O3

450–650 n/s n/s H2 ≈ 10, CH4 = 0, CO = 1, CO2 = 2
(T = 650 °C)

Not analyzed [24]

a WGFR = Water to Glycerol Feed Ratio.
b GHSV = Gas Hour Space Velocity.
c WHSV = Weight Hour Space Velocity.
d n/sa = not specified.
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Based on this background, in the present studywe report on the cat-
alytic performance of nickel, cobalt and copper catalysts deposited on a
commercial γ-Al2O3 support. The catalysts were synthesized via the in-
cipient wetness impregnation method and had the same metal loading
(8 wt.%). The synthesized samples, at their calcined and/or reduced
form, were characterized by BET, ICP, XRD, DRS, NH3-TPD, CO2-TPD,
TPR and SEM. The carbon deposited on their surface under reaction con-
ditions was characterized by TEM, TPO, TGA and Raman. Catalytic per-
formance for the glycerol steam reforming reaction was studied in
order to investigate the effects of reaction temperature on: (i) glycerol
total conversion, (ii) glycerol conversion to gaseous products, (iii) hy-
drogen selectivity and yield, (iv) selectivity to carbonaceous gaseous
products, (v) selectivity to liquid products and (vi) molar ratios of H2/
CO and CO/CO2 in the gaseous products' mixture. The stability of all cat-
alytic samples was also investigated through time on stream
experiments.

2. Materials and methods

2.1. Catalysts preparation

A commercialγ-Al2O3 (Akzo)was used as the supportingmaterial of
the nickel (Ni), cobalt (Co) and copper (Cu) based catalysts (SSA =
281 m2 g−1 and Vp = 0.65 mL g−1). As the support was in pellet
form, it was first crashed and then sieved to 350–500 μm, before being
calcined at 800 °C for 4 h. The sampleswere preparedusing the incipient
wetness impregnation technique (alternatively known as dry impreg-
nation technique), by impregnating the γ-alumina with Ni(NO3)2
6H2O, CO(NO3)2 6H2O and Cu(NO3)2 6H2O, aqueous solutions (Sigma
Aldrich) having the appropriate concentration (C = 0.17 M), in order
to obtain a nominal loading of 8 wt.% Ni, Co or Cu in the final catalysts.
Care was taken so as the total volume of the impregnation solutions
was equal with the total pore volume of the alumina used. The impreg-
nation solutionwas added dropwise to the support andwasmixedwith
it. After addition of the solution was complete the support became
slightly wet. The impregnated samples were dried overnight and then
calcined at 800 °C for 5 h. All solutions for the catalysts preparation uti-
lized distilled and deionised pure water generated by NANOpure Dia-
mond UV unit (Barnstead International). The catalysts have been
labelled herein as Ni/Al, Co/Al and Cu/Al.

2.2. Catalysts characterization

The Specific Surface Areas (SSA) of the catalysts was determinerd by
N2 adsorption–desorption isotherms at −196 °C, following the
Brunauer-Emmett-Teller (BET) technique at relative pressures in the
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range of 0.05–0.30. The apparatus used was the Nova 2200e
(Quantachrome). SSA was measured for calcined samples.

The total pore volume (Vp) calculation was based on nitrogen vol-
ume at the highest relative pressure, whereas the average pore size di-
ameter was determined by the Barrett-Joyner-Halenda (BJH) method.
Prior to each measurement the sample was degassed at 350 °C for 5 h
under vacuum. Vp was measured for calcined samples.

The total metal loading (wt.%) of the final catalysts was determined
by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES) on a Perkin-Elmer Optima 4300DV apparatus. The methodology
used has been described previously [96]. ICP measurements were per-
formed for calcined samples.

X-ray diffraction (XRD) was used for the determination of the cata-
lysts' crystalline structure. The equipment usedwas a ThermoAl diffrac-
tometer, operating at 40 kV and 30 mA, with Cu Kα radiation (λ =
0.154178 nm). Diffractograms were recorded in the 2θ = 10–70°
range at a scanning rate of 0.04° over 1.2 min−1. The diffraction pattern
was identified by comparison with those of known structure in the In-
ternational Centre for Diffraction Data database. The XRD technique
was used for both calcined and reduced samples.

The diffuse reflectance spectra (DRS) of the calcined samples were
recorded in the range 200–800 nm at room temperature. The apparatus
and procedure used has been described previously [101]. Briefly, a UV–
Vis spectrophotometer (Varian Cary 3) equipped with an integration
sphere has been used. Polytetrafluoroethylene (PTFE)was used as refer-
ence. The samples were mounted in a quartz cell. This provided a sam-
ple thickness N3 mm to guarantee the “infinite” sample thickness.

The surface acidity of the catalytic materials was investigated
employing temperature programmed desorption of ammonia (NH3-
TPD) and carbon dioxide (CO2-TPD) using the apparatus and following
the procedure described in detail elsewhere [102]. In a typical experi-
ment, a pre-weighed amount (100 mg) of the catalyst sample was
placed in a quartz microreactor and reduced in situ with H2 at 400 °C
for 30 min. The sample was then cooled down to room temperature
(RT) under flowing He and the flow was switched to a NH3/He (or
10 v/v % CO2/He) mixture for 60 min (or 30 min) for the NH3-TPD (or
CO2-TPD) experiments. Finally, the system was purged with flowing
He and the temperature was increased linearly from RT to 750 °C with
a heating rate of 10 °C min−1. Desorbed molecules were analyzed
with the use of a mass spectrometer connected on line at the reactor
effluent.

Temperature Programmed Reduction (H2-TPR) experiments were
performed by loading 100 mg of the catalyst in a U-type quartz tube
adapted to a continuous flow TPR/TPD apparatus coupled with mass
spectrometry, using the apparatus and following the procedures de-
scribed in detail elsewhere [103]. Briefly, a total flow of 16 mL min−1

was employed as feed, with a H2 content of 1 v/v % in He. Reactor tem-
peraturewas programmed to start fromambient temperature and ramp
up to 950 °C, at a rate of 10 °C min−1. The influent and effluent gases
were analyzed by MS. The main m/z fragment registered was H2 = 2.
Samples were pre-treated at 200 °C for 1 h under He flow and then
cooled down to room temperature under the same atmosphere before
the TPR spectra acquisition.

Transmission electron microscopy (TEM) micrographs of spend
samples were obtained on a JEOL JEM-2100 system. Scanning electron
microscopy (SEM) images of reduced catalysts were obtained using a
JEOL 6300 microscope equipped with an energy dispersive spectrome-
ter (EDS) for the determination of the chemical composition and ele-
ment distribution of the samples [104].

The carbonaceous deposits on the spent catalysts weremeasured by
Temperature Programmed Oxidation (TPO), as described elsewhere
[104]. Briefly, the catalyst sample was heated linearly (10 °C min−1)
from RT to 750 °C under 20 v/v % O2/He flow. The signals of O2, CO
and CO2 were continuously monitored by an MS detector (FL-9496
Balzers). Calibration of MS signals was performed with the use of self-
prepared gas mixtures of known concentration.
The amount of carbon deposited on the catalysts was additionally
measured with a thermogravimetric analyzer (TGA), on a Leco
TGA701 instrument. In the procedure, 50 mg of the used sample were
subjected to a flow of dry air (3.5 L min−1), from RT to 1000 °C, at a
heating rate of 10 °C min−1.

Raman spectroscopywas used to characterize the coke deposited on
spent catalyst samples. The equipment and methodology employed
have been described in a previous publication [105]. In short, Raman
spectra (each sample of spent catalyst was approximately 50 mg)
were collected using a WITEC alpha300R micro-Raman system
(RAMAN Imaging System WITEC alpha300R). Spectra were acquired
with a 20× long distance objective (0.35 numerical aperture) in the
back-scattering geometry with an excitation wavelength of 532 nm
from an Ar+ ion laser (laser power set at 2 mW calibrated against a sil-
icon standard). For each sample, at least three Raman spectra were col-
lected in different areas to assess the homogeneity of the investigated
material. All spectra collected from same samples showed similar fea-
tures confirming the homogeneity of the carbon deposits.
2.3. Catalysts testing

The glycerol steam reforming (GSR) reaction was carried out at at-
mospheric pressure, in a continuous flow, fixed-bed, single pass, tubular
stainless steel reactor, with an inner diameter of 14mm, at temperature
ranging from 400 to 750 °C. The experimental set up used allowed the
feeding of both liquid and gaseous streams, having two vaporizers and
a pre-heater before the reactor and a condenser after it. The vaporizers,
pre-heater and reactor were placed into electrical ovens and regulated
with programmed-temperature controllers.

Prior to catalytic testing, 200 mg of undiluted catalyst (the catalyst
bed was supported by quartz wool) was reduced in situ under a flow
of 100 v/v % hydrogen (100 mL min−1) at 800 °C for 1 h. The catalyst
was then purgedwith helium for 45min, the temperature was lowered
to 750 °C and the reaction feed was introduced into the catalyst bed. In
order to ensure operation at steady state conditions, the catalystwas left
for approximately 50min at each step. Liquid productswere obtained at
the end of this 50min period. The same procedure described above was
also followed for the time on stream experiments. The difference was
that temperature was reduced to 600 °C, catalytic stability was tested
for 20 h, andmeasurements were taken every 1 h for the gaseous prod-
ucts and every 4 h for the liquid products.

The reaction feed consisted of the liquid stream - an aqueous solu-
tion of 20:80 wt.% C3H8O3 and H2O (20:1 steam/glycerol molar ratio),
with a total liquid flow rate of 0.12 mL min−1, which was kept under
continuous stirring at room temperature - and the gas stream (Helium
5.0, 38mLmin−1). The glycerol used had 99.5% purity andwas obtained
from Sigma Aldrich. The water/glycerol mixture was fed with a HPLC
pump (Series I) into the evaporator andwasfirst vaporized at 350 °Cbe-
fore it was mixed with helium. To prevent overpressure phenomena,
pressure controllers were placed before and after the inlet and outlet
gas, respectively. The gas feed at the reactor's inlet consisted of a gas
mixture of 73% H2O, 4% glycerol and 23% helium, corresponding to a
Weight Hour Space Velocity (WHSV) of 50,000 mL g−1 h−1. The
reactor's outlet gases passed through a cold trap for liquid products
capture.

The gaseous products were analyzed on-line by a gas chromato-
graph (Agilent 7890A), with two columns in parallel, HP-Plot-Q
(19095-Q04, 30 m length, 0.530 mm I.D.) and HP-Molesieve
(19095P-MSO, 30 m length, 0.530 mm I.D.), equipped with TCD
and FID detectors. Liquid products were analyzed via a combined
system of a Gas Chromatograph (Agilent 7890 A, with a 5MS column,
equipped with an FID detector) and a Mass Spectrometer (Agilent
5975C). The schematic flow chart of the experimental setup is
shown in Fig. 1S, along with detailed information regarding liquid
product analysis.
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2.4. Reaction metrics

Catalytic performance is reported in terms of H2 yield, H2, CO, CH4

and CO2 selectivity, glycerol conversion into gaseous products, and
total glycerol conversion. Moreover, the performance of the catalysts
for the liquid phase products is reported in terms of acetol (C3H6O2), ac-
etone [(CH3)2CO], allyl alcohol (CH2_CHCH2OH), acetaldehyde
(C2H4O), acetic acid (C2H4O) and acrolein (C3H4O) selectivity. Perfor-
mance parameters were calculated based on Eqs. (12)–(17):

% Glycerol conversion global conversionð Þ ¼
Glycerolin−Glycerolout

Glycerolin

� �
� 100

ð12Þ

% Glycerol conversion gaseous productsð Þ ¼
C atoms in the gas products
total C atoms in the feedstock

� �
� 100

ð13Þ

H2 yield ¼ H2 moles produced
moles of glycerol in the feedstock

ð14Þ

% H2 selectivity ¼ H2 moles produced
C atoms produced in the gas phase

� �
� 1
RR

� 100 ð15Þ

where, RR is the reforming ratio (7/3), defined as the ratio ofmoles ofΗ2

to CO2 formed.

% selectivity of i ¼ C atoms in species i
C atoms produced in the gas phase

� �
� 100 ð16Þ

where, species i refers to CO, CO2, and CH4.

% selectivity of i0 ¼ C atoms in species i0

C atoms produced in the liquid phase

� �
� 100 ð17Þ

where, species i′ refers to acetol, acetone, allyl alcohol, acetaldehyde,
acetic acid and acrolein.

The absence of significant external (intraparticle) mass and heat
transfer limitations and internal (interparticle) mass transfer limita-
tions for the GSR under the experimental conditions used herein was
confirmed using the Mears and Weisz-Prater criterion values (relevant
information are presented in the supplementary materials file).

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Physicochemical properties of catalytic samples
The physicochemical properties of the calcined samples are listed in

Table 2. It is observed that calcination at 800 °C resulted in a significant
decrease of the specific surface area (SSA) of the Al2O3 support from
281 m2 g−1 to 195 m2 g−1, whereas the pore volume remained unaf-
fected. Further reduction of the SSA occurred with the addition of Ni,
Co or Cu on the supportingmaterial; the pore volumewas reducedmar-
ginally. The sample that suffered the greatest SSA reductionwas the Cu/
Al catalyst, i.e., from 195 m2 g−1 to 142 m2 g−1, whilst the reduction
was slightly less marked for the Ni/Al (158 m2 g−1) and Co/Al
(154 m2 g−1) catalysts. The catalysts' lower surface area can be
Table 2
Characterization techniques results of the samples Al, Νi/Al, Co/Al, Cu/Al after calcination.

Catalyst/Support SSA (m2 g−1) Vp (ml g−1) Metal loading (wt.%)

Al 195 0.65 –
Ni/Al 158 0.57 7.88
Co/Al 154 0.58 7.42
Cu/Al 142 0.58 7.35
attributed to the fact that the internal surface area of the support pore
system is progressively covered by nickel, cobalt or copper species
forming a layer [96,106,107]. Regarding the metal loading (wt.%), the
ICP results indicate that the desired level was achieved in all samples.

3.1.2. X-ray diffraction analysis
Fig. 1(a), (b), and (c) depicts the XRD patterns of the Ni/Al, Co/Al,

and Cu/Al catalysts, respectively. In regards to the Ni/Al sample (Fig.
1a), γ-Al2O3 has been observed at 2θ = 37.2°, 47.2° and 67.6°. The ab-
sence of peaks corresponding to transition aluminas (2θ = 25.6° and
43.3° for θ-alumina, and 2θ = 31.2° and 36.6° for alpha-alumina) indi-
cates that the calcination temperature used for this sample, i.e., 800 °C,
was not high enough to bring about a transformation of the alumina.
The formation of the spinel nickel aluminate phase (NiAl2O4), due to
the reaction of NiO and Al2O3 at high calcination temperatures [108,
109], was confirmed by peaks at 2θ = 19.0°, 32.0°, 37.0°, 45.0° and
60.2°. The absence of the nickel oxide (NiO) structure (expected at
2θ=43.5° and 63.1°) can be either related to the size of these structures
(i.e., they are smaller than 2–5 nm which is the typical XRD detection
limit) [110] or to its nearly amorphous structure [94]. Two major differ-
ences can be observed between the calcined and reduced samples; the
first, is the decreasing intensities of Al2O3 and NiAl2O4, and the second
difference, is the appearance of small peaks due to the presence ofmetal-
lic nickel (Ni0) at 2θ= 44.0° and 51.2° (the low intensity of these peaks
can be ascribed to the size of the metallic nickel species) [111,112]. Fig.
1(b) shows theXRDpatterns of the Co/Al catalyst. The presence of the co-
balt aluminate spinel phase (CoAl2O4) is verified by the appearance of
diffraction lines at 2θ = 19.0°, 31.3°, 37.0°, 45.4°, and 59.5°. However,
the cobalt oxide phase (Co3O4), was not detected, probably because its
diffraction lines coincide with those of CoAl2O4; it is therefore difficult
to distinguish between the two phases with this technique [113,114].
Llorca et al., suggested that at operating reforming reaction temperatures
exceeding 400 °C, the Co3O4 phase transforms to cobalt oxide (CoO) and
then to metallic cobalt (Co0) [115,116]. The differences between the cal-
cined and reducedCo/Al samples are similar to those of theNi/Al catalyst;
that is decreasing intensities of Al2O3 and CoAl2O4, and the appearance of
two small peaks (at 2θ=44.3° and 51.6°) due to the presence ofmetallic
Co0, in the reduced samples. Fig. 1(c) shows the XRD patterns of the cal-
cined and reduced Cu/Al catalystwhich are characterized by peaks corre-
sponding to the copper aluminate spinel phase (CuAl2O4), located at
2θ=19.0°, 32.0°, 36.7° and 60.2°. The peaks of γ-Al2O3 and CuAl2O4 de-
crease in intensity upon reduction. However, this is not accompanied by
the detection of peaks attributable to metallic copper (Cu0).

3.1.3. UV–Vis DRS analysis
Fig. 2 illustrates the diffuse reflectance (DR) spectra of the prepared

catalysts recorded in the range 200–800 nm. An intense doublet with
maxima at 595 and 630 nm appears in the spectrum of the Ni/Al cata-
lyst. This doublet is assigned to Ni2+ ions in tetrahedral symmetry and
is thus associated to the formation of the NiAl2O4 phase detected by
XRD. Two shoulders appearing at 560 and 715 nm are assigned to
Ni2+ ions in octahedral symmetry associated with the NiO phase
[108]. For the Co/Al catalyst, three well-defined absorption bands are
observed at 550, 580, and 625 nm (4A2(F)→ 4T1(P) transitions) indicat-
ing the presence of Co2+ ions in tetrahedral coordination. The weak
shoulder peak observed at 480 nm (4T1g(F) → 4T1g(P) transition) can
be attributed to octahedral Co2+ ions [117]. Herein, it is suggested
that the dispersed Co2+ ions mainly enter the tetrahedral vacancies of
γ-Al2O3, which is supported by results of previous publications [118].
Regarding the Cu/Al catalyst, the environment in the neighborhood of
Cu2+ ions can be identified by the charge-transfer bands shown in the
spectrum. The main band with a maximum intensity around 260–
330 nm can be attributed to the ligand-to-metal charge-transfer
(LMCT) transition between Cu2+ and O2− ions located on the catalyst's
surface [119], whereas the less intense broad band ranging from 600 to



Fig. 1. XRD patterns of calcined and reduced catalysts inluding the calcined alumina
support (a) Ni/Al, (b) Co/Al, and (c) Cu/Al.

Fig. 2. UV–Vis DR spectra of calcined catalysts.
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800 nm indicates the presence of copper species in the octahedral coor-
dination [120].

3.1.4. Surface acidity estimation
The NH3-TPD patterns obtained for the studied catalysts are shown

in Fig. 3(a), where the MS signal of desorbed ammonia is plotted as a
function of temperature. The absence of other desorption products,
such as H2 or N2, indicates that adsorption/desorption of NH3 takes
placemolecularly over thesematerials. It is observed that all TPD curves
are characterized by the presence of an intense desorption peak, located
at ca. 85 °C, and a broad asymmetric decaying “tail” which extends to
temperatures higher than 500 °C. The relative intensity of the low-tem-
perature peak is considerably higher for the Cu/Al catalyst, compared to
the other samples. Regarding the Ni/Al catalyst, desorption of ammonia
is observed to continue at higher temperatures, with a relatively high
amount desorbing at 350 °C. As shown in Fig. 3a (inset), the highest
amount of NH3 desorbs from the Cu/Al catalyst, indicating the presence
of a higher number of acidic sites among the samples investigated.
However, it is evident from the NH3-TPD curves that the high acidity
of the Cu/Al catalyst is mainly related to weaker sites, compared to the
other samples.

In Fig. 3(b) the CO2-TPD profiles obtained for the four samples inves-
tigated are shown. It is observed that all desorption curves are charac-
terized by the presence of a low temperature peak located at 65 ±
10 °C,which is significantlymore intense for the Cu catalyst. TheNi-con-
taining sample exhibits two additional high temperature peaks located
at 225 °C and 495 °C, indicating the presence of stronger acidic sites on
the catalyst surface. As shown in Fig. 3b (inset), the total amount of
desorbed CO2 is significantly higher for Cu/Al and Ni/Al catalysts, com-
pared to Co/Al catalyst and bare Al2O3. These results show that the Cu/
Al catalyst contains a higher amount of acidic sites, whereas the Ni/Al
catalyst is characterized by the presence of stronger acidic sites, in
agreement with results of the NH3-TPD experiments (Fig. 3a).

3.1.5. Temperature programmed reduction
The oxidation state of the alumina-supported transition metals,

as well as the catalysts' reducibility was investigated using Temper-
ature Programmed Reduction (TPR). In order to characterize the type
of reducible species present on the various catalysts, a Gaussian-type
deconvolution was also applied (Fig. 4). From this fitting procedure
several reduction peaks could be resolved for each catalyst. Regard-
ing the Ni/Al sample, the small peak observed at low temperatures
can be attributed to the reduction of bulk nickel oxide phase (α-
peak), whereas the broad reduction band at T N 450 °C, which corre-
sponds to the nickel aluminate structures (β-peak at 652 °C and γ-
peak at 747 °C), indicate the existence of strong interaction between

Image of Fig. 1
Image of Fig. 2


Fig. 3. (a) NH3-TPD profiles and relative amount of NH3 desorbed (inset), and (b) CO2-TPD
profiles and relative amount of CO2 desorbed over (inset).
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the dispersed nickel species and the alumina support. It can be also
noticed that the characteristic reduction peak attributed to bulk
NiO is almost negligible. The contribution of the β- and γ-peaks to
Fig. 4. TPR profiles of catalytic samples.
the observed reduction peaks, as well as their position, can be related
to the different Ni2+ coordination in the spinel framework. The esti-
mated (from the deconvolution curves) contribution of the β-peak in
the total Ni species present in the spinel structure of the Ni/Al cata-
lyst was 53%, indicating that the surface nickel aluminate phase
with a high degree of nickel-saturation was almost equal with the
one with the low degree of nickel-saturation [121].

The TPR profile of the Co/Al catalyst exhibits two reduction peaks at
high temperatures with their maxima located at 664 and 742 °C. The
first peak can be attributed to the reduction of CoO particles to metallic
cobalt and to cobalt species interacting strongly with the support, while
the second peak could be attributed to the reduction of cobalt alumi-
nates [122]. The cobalt aluminates are due to the strong interaction be-
tween Co3O4 and the support and can be formed by the introduction of
Co(II) in the tetrahedral vacancies of the defect spinel structure of alu-
mina. According to the literature [122,123] the dispersion of Co3+ and
Co2+ ions on the catalyst surface and the migration of Co2+ ions into
the lattice of Al2O3, occupying tetrahedral positions of the spinel,
could be related to the higher temperature reduction peaks. This
would depend on the amount of Al3+ ions present in the vicinity of co-
balt ions, which in turn depends on the calcination temperature. In the
present case, the estimated (from the deconvolution curves) contribu-
tion of the β-peak in the total Co species present in the spinel structure
of the Co/Al catalystwas 51%. The absence of reduction peaks at low and
medium temperatures can be attributed to the reduction of Co3O4 to
CoO and of CoO to Co0, respectively [123].

The Cu/Al catalyst is characterized by a broad reduction profile
with peaks in both the low and high temperature zones. Dow et al.
[124] have classified the reduction peaks on γ-alumina in terms of
copper interaction with the surrounding atoms. The first reduction
peak at 363 °C can be ascribed to first step reduction of accessible
Cu2+ due to intra crystalline oxygen transfer from CuO. It can be
also suggested that the sample has multiple reduction sites due to
the presence of numerous small speaks of Cu-aluminate together
with CuO. Thus, as the cell temperature rises, additional sites are ac-
tivated resulting in secondary hydrogen consumption peaks by vir-
tue of partial reduction of Cu-Al2O4 species to CuAlO2. With further
increase in temperature, the peak observed above 500 °C shows a
second step reduction of Cu1+ which can be attributed to the reduc-
tion of isolated CuAlO2 species to Cu0 [125]. It is thus apparent that
the considerable interaction of Cu with the support results in multi-
ple reduction peaks and higher overall potential for reduction. As the
γ-alumina has a defect spinel structure with Al3+ coordination in oc-
tahedral as well as tetrahedral position, whichmakes it highly active,
copper loaded on γ-alumina has a higher tendency to form a spinel
structure in the form of Cu-aluminate. It is known that the copper
cation in “bulk” Cu-aluminate structure occupies both tetrahedral
as well as octahedral position with the surrounding oxygen atoms
[126,127]. Therefore, the estimated (from the deconvolution curves)
contribution of the α-, β-, and γ-peak in the total copper species
present in the Cu/Al catalyst was 51%, 39% and 9%.
3.1.6. Electron microscopy analysis
Fig. 5(a–d) shows the TEMmicrographs obtained for the studied cat-

alysts and the bare Al2O3 support after the catalytic stability tests. In all
cases, it is observed that exposure to reaction conditions results in the
deposition of large amounts of carbon, which covers practically the en-
tire catalyst surface. As indicated in Fig. 5(c), two different types of car-
bon can be distinguished, namely filamentous carbon (whisker type)
and graphene-like carbon. Filamentous carbon is well formed and has
a narrow whisker diameter on the nickel catalyst (Fig. 5d) whereas all
the other catalysts show signs of both wide and narrow whiskers. SEM
images of the freshly reduced Ni/Al, Co/Al and Cu/Al catalysts can be
found in Fig. 2S. EDSmapping shows that the latter elements are distrib-
uted homogeneously on the Al2O3 surface.

Image of Fig. 3
Image of Fig. 4


Fig. 5. TEMmicrographs of used catalysts obtained after exposure to time on stream experiments (a) Alunina, (b) Co/Al, (c) Cu/Al, and (d) Ni/Al.
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3.1.7. Temperature programmed oxidation
Results of TPO experiments obtained for the spent catalysts and the

Al2O3 support after the stability tests are summarized in Fig. 6, where
the CO2 concentration at the reactor effluent is plotted as a function of
temperature. It is observed that the TPO profile of Al2O3 is characterized
by the presence of two features, a relatively intense doublet at 560/580 °C
and aweaker peak at 645 °C. A qualitatively similar profile is observed for
the Co/Al catalyst, although the peaks appear at lower temperatures
(525/540 and 630 °C). The profile of the Ni/Al catalyst is characterized
by the presence of only the double peak, which is shifted to lower tem-
peratures (500/525 °C), compared to the Co/Al catalyst. Finally the TPO
profile of the Cu/Al catalyst exhibits a completely different curve, com-
pared to other samples and is characterized by an intense peak located
at 470 °C and two much smaller peaks at 320 °C and 610/650 °C. The
Fig. 6. TPO profiles and total amount of deposited carbon (inset) obtained for all samples
after exposure to time on stream experiments.
total amount of carbonaceous deposits formed on the studied samples
following exposure to reaction conditions was estimated by integration
of the respective TPO curves (inset of Fig. 6). It is observed that the
highest amount of carbon is deposited on the bare Al2O3 support, follow-
ed by the Co/Al catalyst. These findings are corroborated by TGA results
with the carbon deposited being measured at 22.5, 26.9, 23.1 and
35.7 wt.% for the Ni/Al, Co/Al, Cu/Al and Al samples, respectively.

3.1.8. Raman spectroscopy
The Raman spectra of all used catalytic samples after stability tests

are shown in Fig. 7. In all cases, two characteristic peaks located at
around 1344 and 1580 cm−1 can be observed. These peaks are attribut-
ed to the D-band (1344 cm−1), associatedwith the disordered structur-
al form of crystalline carbon species, and G-band (1580 cm−1),
corresponding to the graphitic carbon with high degree of crystallinity,
order and symmetry [105]. The relative intensity of the D and G bands
(ID/IG) gives valuable information about the degree of crystallinity of
the carbon formed during the GSR reaction. Namely, smaller ID/IG
value indicates higher crystallinity due to higher contribution of the
graphitized carbon formed. Results of Fig. 7 show that the ID/IG ratio de-
creases in the following order: Ni/Al N Cu/Al N Co/Al N Al, indicating bare
alumina exhibited the highest degree of carbon crystallinity (ID/IG =
0.82), while Ni/Al exhibited the highest degree of graphitization (ID/
IG = 1.53) of the carbon species deposited. Raman spectroscopy of
spent catalyst samples clearly confirms the formation of different car-
bon structures on the catalyst samples during GSR and indicates that
the fraction of different carbon types formed depends on the type of ac-
tive phase used.

3.2. Catalytic performance

3.2.1. Glycerol conversion
As mentioned above, the principal drawback of the GSR is its

endothermicity, meaning that energy needs to be provided for the
cleavage of the C\\C, C\\O and H\\C bonds in the chain of the reactant.
On the other hand, its main advantages in comparison to other

Image of Fig. 5
Image of Fig. 6


Fig. 7. Raman spectra of used samples after exposure to time on stream experiments.

Fig. 8. Total glycerol conversion and glycerol conversion into gaseous products for all
samples [Reaction conditions: C3H8O3 (20 wt. %)/H2O (total liquid flow rate = 0.12 mL/
min)/He = 38 mL/min, wcatalyst = 200 mg, T = 400–750 °C].
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reforming processes are that high concentration of hydrogen mixtures
can be produced, accompanied by high conversion values of the reac-
tants [128,129]. Previous studies of the GSR reaction have examined
the performance of different catalytic systems at temperatures between
400 and 900 °C and GWFR of 3–12:1 (molar) [20–24,41–44,46,49–95].
In the present work the performance of the synthesized catalysts was
investigated at temperatures in the range 400–750 °C and GWFR of
20:1 (molar).

Fig. 8 shows the dependence of the total glycerol conversion and
the glycerol conversion to gaseous products on reaction tempera-
ture. As can be observed, both values increase with temperature (a
consequence of the strongly endothermic nature of the GSR reac-
tion). Specifically, glycerol's total conversion values range from 80%
to 95% for the Ni/Al and Cu/Al catalysts, while the Co/Al catalyst
seems to be less active (by about 5–10%), at least for the low reaction
temperatures (400–550 °C). Above 600 °C, all samples exhibit similar
conversion curves. As for the calcined alumina sample (Al), the same
trend can be observed, with the only difference being that its conver-
sion values are approximately 10% lower for the whole temperature
range, in comparison to the metal loaded samples. The almost com-
plete conversion of glycerol, which is suggested by the experimental
results presented herein, is consistent with thermodynamic predic-
tions [44–48,130,131].

As for the conversion of glycerol to gaseous products, it drastically
increases with temperature; at 400 °C, X ≈ 7% for all samples whereas
at 650 °C it takes values of ca. 86% for the Ni/Al and Cu/Al samples and
ca. 77% for the Co/Al catalyst. A maximum conversion of gaseous prod-
ucts of ca. 92%) is achieved at 750 °C for all catalytic samples. In general,
results presented in Fig. 8 show only small differences in the activity of
Ni/Al, Co/Al and Cu/Al catalysts towards gaseous products,which is con-
siderably higher than that of the calcined alumina (Al) sample.
The above mentioned findings are consistent with results of similar
studies reported in the literature [33,60,66] which showed that the
cleavage of the C\\C or C\\O bonds in the molecule of glycerol can be
achieved only through a dehydrogenation step that can take place on
the metal active sites. The higher contribution of the steam reforming
reaction, compared with to glycerol decomposition when the tempera-
ture increases is also predicted by thermodynamics, as the steam
reforming reaction is limited at low temperatures, where the water-
gas shift and methanation reactions are favored.

Image of Fig. 7
Image of Fig. 8
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The slightly improved selectivity of the Ni/Al catalyst towards gas-
eous products can bemainly attributed to the stronger capacity of nickel
in the cleavage of the C\\C bond. According to the literature, Ni/Al cat-
alysts show high glycerol conversion and hydrogen selectivity, before
they gradually deactivate due to the formation of carbon over their sur-
face [132]. Nevertheless, it has also been reported that catalysts calcined
at high temperatures, as in the present case, could inhibit the formation
of carbonwithout affecting the glycerol conversion and hydrogen selec-
tivity [88].

Regarding the cobalt catalysts, these have shown good performance
in ethanol reforming for hydrogen production and are proposed as ap-
propriate catalytic systems. However these catalysts have shown signif-
icant deactivation through sintering and surface cobalt deactivation
[133–135]. Even so, some authors have investigated the catalytic behav-
ior of Co-based materials for GSR [62,95,136], while Co supported on
alumina has been reported in a single work by Cheng et al. [95]. These
researchers observed the existence of both strong and weak acid sites
on the catalyst surface (with an acidic/basic ratio of about 6.0), while
solid acidity increasedwith the addition of the Co species, as the calcina-
tion procedure probably enhanced weak acid site transformation to its
strong acid counterpart [95].

As for Cu-based catalysts, it has also been proven that they are active
for the ethanol steam reforming reaction,where it is believed thatwater
promotes part of the copper species in an oxidized state and CO is rap-
idly oxidized to CO2 before desorption [137–142]. In contrast to nickel,
Cu is effective at breaking C\\O bonds and avoids C\\C bonds cleavages
[143,144]. As a matter of fact, Sato et al. have used copper catalysts to
produce 1,2-PDO with high yield, while they also observed that the ad-
dition of acidic oxide support such as Al2O3, ZrO2, Fe2O3 and SiO2 en-
hanced the selectivity to hydroxyacetone [145]. Despite our best
efforts, we could not find any research works that reported on the per-
formance of Cu based on alumina systems (in monometallic systems)
for the GSR reaction.

Concluding, it can be stated that the Ni/Al catalyst reveals a slightly
improved ability to convert glycerol into gaseous products, in compari-
sonwith the Co/Al and Cu/Al, most probably due to its superior capacity
to promote the necessary C\\C rupture. This is consistent with the liter-
ature, as it has been reported that Ni/Al2O3 catalysts with moderate Ni
reduction degree, high Ni dispersion, and small nickel particle size
could provide high H2 yield for the glycerol steam reforming reaction.
Studies have also shown that the GSR for hydrogen production occurs
through glycerol dehydrogenation to leave CO bonded onto the catalyst
surface, which could then undergo desorption, followed by the water
gas shift or the methanation reaction [132]. As a matter of fact, by oper-
ating at high temperatures, it has been demonstrated that glycerol eas-
ily decomposes into CO, CO2, olefins, water, hydrogen and oxygenates
before reaching the catalytic surface. Therefore, catalytic considerations
should take into account the ability of the active metal to activate C\\O
(typical of oxygenated compounds), C\\C and C_C bonds [146–148].

3.2.2. Gaseous products selectivity
As mentioned above, thermodynamics suggest that the equilibrium

composition of the gaseous products mixture depends on the steam to
glycerol molar ratio in the feed, as well as the reaction temperature. In
regards to the WGFR, the Le Chatelier principle is prevalent, meaning
that H2 production is favored when water is in excess. However, it has
been reported that for very high WGFR (i.e. N12) the H2 production in-
creases at slow rates. Furthermore, by raising temperature hydrogen
yield increases due to the boosting of the reverse methanation reaction
(Eq. (5)). The production of CO, which is also favored at high tempera-
tures, is usually attributed to the reverse water gas shift (RWGS) reac-
tion. In contrast, at low temperatures, the production of CO2 and CH4

is prevalent because of the exothermic water gas shift andmethanation
reactions [44–48].

In the present work, GC analysis revealed that the main gaseous
products were H2, CO2, CO and CH4; ethylene (C2H4) was also detected
but only in trace amounts. The influence of reaction temperature on hy-
drogen yield (YH2) and selectivity (SH2) is shown in Fig. 9(a). As it can be
observed, both values increase with increasing temperature following
the thermodynamic analysis predictions. Specifically, SH2 ranges from
8 to 16% to 63%, 42% and 40% for the Ni/Al, Co/Al and Cu/Al catalysts, re-
spectively. Concerning alumina, its capacity for hydrogen production
was quite low, in comparison to catalytic samples, for the whole tem-
perature range, especially for temperatures ranging between 450 and
650 °C. As for the YH2 its maximum value was 4 mol for the Ni/Al,
3 mol for the Co/Al and Cu/Al and 2 mol per mole of glycerol for the Al
sample at reaction temperatures ranging from 650 to 750 °C. This find-
ing is in accordance with the thermodynamic analysis' predictions from
Wang et al. [45] reporting that for WGFR equal to or higher than 9, the
maximum theoretical value of hydrogen (6 mol) can be achieved at
652 °C. It can be also concluded that in the presence of the Ni/Al, Co/Al
or Cu/Al catalyst the methane steam reforming reaction (Eq. (7)) is, in
a different degree, accelerated with increasing temperature and vari-
ously contributes to the formation of hydrogen. Furthermore, the supe-
rior ability of the Ni/Al for H2 production in comparison with the Co/Al
and Cu/Al for the whole temperature range should be stated.

In Fig. 9 the influence of reaction temperature to the carbonaceous
gaseous products' selectivity values, namely SCO2

, SCO (Fig. 9b) and SCH4

(Fig. 9c) is presented. It can be observed that, for all catalysts, the reac-
tion products' mixture was almost equimolar to the carbon oxides at
low temperatures (400–450 °C), as their selectivity's values (SCO2

and
SCO) were almost equal. By raising temperature, the CO selectivity in-
creases reaching a maxima at 600 °C with the values of 79, 74 and 69%
for the catalysts Ni/Al, Co/Al and Cu/Al, respectively. The opposite
trend can be observed for the CO2 selectivity; it decreases with increas-
ing temperature for the low temperature range (T b 600 °C) and re-
mains almost unaffected up to 750 °C to about 20% for all catalysts. As
for the Al sample, a rather peculiar dependence can be observed, as
SCO starts from about 75% (400–450 °C) and then it reaches a minima
to 60% at 500 °C, remaining rather stable with temperature for
T N 650 °C. On the contrary, the SCO2

values remain unaffected with in-
creasing temperature for T = 400–500 °C; it drastically decreases
from 30 to 10% for T = 500–650 °C and remains constant for T =
650–750 °C.

In Fig. 9(c) the influence of temperature on CH4 selectivity is pre-
sented. As it can be observed for the Al sample, CH4 selectivity is mini-
mal for low reaction temperatures (400–550 °C), while it increases
with increasing temperature (for T N 550 °C) reaching a plateau at 28%
for temperature values higher than650 °C. On the other hand, for all cat-
alytic samples, methane selectivity decreases with increasing tempera-
ture; it takes its minimum value at 600 °C and reaches a plateau
between 650 and 750 °C having values equal to 6, 10 and 18% for the
Ni/Al, Co/Al and Cu/Al, respectively. The above findings are in good
agreement with literature results, as it has been reported that for high
water to glycerol feed ratios, as in our case, and at high temperatures
(N650 °C), the formation of CH4 should be inhibited, due to themethane
steam reaction.

In Fig. 9(d) the influence of reaction temperature on the H2/CO and
the CO/CO2 molar ratios in the gaseous products' mixture is shown.
For the calcined alumina sample, it can be depicted that the H2/CO
molar ratio increases with increasing temperature, taking values rang-
ing from 0.58 (400 °C) to 1.43 (750 °C). As for the CO/CO2 molar ratio,
it presents a rather peculiar trend, as it seems to be almost stable up to
450 °C, decreases for temperatures ranging between 450 and 500 °C,
increases between 500 and 650 °C and has a descending trend for
T=650–750 °C; itsmaximum value equals to 5.34 for reaction temper-
ature T = 650 °C. From Fig. 9(d) it can also be depicted that the H2/CO
molar ratio increases with increasing temperature for all catalysts,
reaching a plateau at 500 °C and remaining unaffected up to 750 °C, tak-
ing the values of 2.03 for the Ni/Al sample and 1.5 for the Co/Al and Cu/
Al catalysts. As for the CO/CO2 molar ratio, the trend seems to be quite
similar between the catalytic samples; it reaches a peak at 600 °C taking



Fig. 9. (a) H2 selectivity and H2 yield, (b) CO2 and CO selectivity, (c) CH4 selectivity, and (d) H2/CO and CO/CO2 molar ratio [Reaction conditions: C3H8O3 (20 wt. %)/H2O (total liquid flow
rate = 0.12 mL/min)/ He = 38 mL/min, wcatalyst = 200 mg, T = 400–750 °C].
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a value of 4.0 and descends to 3.0 (750 °C). This may indicate the pres-
ence of carbondeposits thatmay also reactwith the CO2 formed accord-
ing to the Boudouard reaction, thus altering the CO/CO2 molar ratio as
the reaction proceeds and the catalysts deactivate.

From the above findings, it has to be emphasized that for the case of
the Ni/Al catalyst, the formation of CH4 is almost inhibited for tempera-
tures higher than 600 °C,whichmay be attributed to themethane steam
reforming reaction. On the other hand, the production of CO at high
temperatures for all catalysts can be attributed to the reverse water
gas shift (RWGS) reaction. The ratio of CO/CO2, increasing between
500 and 600 °C, points to the water gas shift reaction, caused by an in-
crease in CO formation with increasing temperature [77].

Concluding, it has to be noticed that in accordance with the litera-
ture [95], in excess of steam, H2, CO2 and CO are themain gaseous prod-
ucts, with a lesser extent of CH4 being produced. It should be also
pointed out that the main difference between the Ni/Al and the Co/Al,
Cu/Al catalysts was the larger H2 amount and the lower CH4 generation
of the former, suggesting that the methane steam reforming reaction
(Eq. (7)) is more pronounced for this case, especially at temperatures
higher than 550 °C [149].

3.2.3. Liquid products selectivity
In Table 3 the liquid products' distribution for all samples (Ni/Al, Co/

Al, Cu/Al, Al and empty reactor) at various reaction temperatures is
shown. In agreement with previous works [23,80,146], the major prod-
ucts identified were acetaldehyde, acrolein, acetone, allyl alcohol, acetic
acid and acetol, whichwere subsequently quantified. Other compounds
were also identified, i.e., 2-Cyclopenten-1-one; 2-Cyclopenten-1-one, 2-
methyl; Phenol; 2,3-Butanedione; Propylene glycol; 1,2-Ethanediol;
Propanoic Acid; 2-Cyclohexen-1-one; 1,3-Dioxan-5-ol; and Phenol,2-
methyl, but they were not quantified as they were in trace amounts.

The production of acetaldehyde, acetone, allyl alcohol, acetic acid
and acetol can be observed for all of our experiments at temperatures
lower than 650 °C; only acrolein was detected for T b 500 °C. An inter-
esting observation is that some of the aforementioned compounds
seem to be produced even at high temperatures for the Co/Al and Cu/
Al catalysts (acetone at 750 °C, acetaldehyde, acetic acid and phenol at
700 °C). Compounds such as 2-cyclopenten-1-one and 2-cyclopenten-
1-one, 2-methyl were detected for all samples at reaction temperatures
between 500 and 600 °C. As for alumina, compounds such as acetone,
acetic acid, acetol, phenol and 1,3-Dioxan-5-ol were produced for the
whole temperature range.Moreover, 2,3-butanedione, propylene glycol
and 1,2-ethanediol were identified as reaction products only for low re-
action temperatures (T b 550 °C).

The liquid products' distribution observed confirms the complexity
of the process, where the reactions of glycerol dehydration, dehydroge-
nation and hydrogenolysis are taking place [150,151]. Additionally, it
could be evidenced that the produced intermediates can also be re-
formed, with the methane steam and dry reforming being considered
as themain ones for temperatures above 700 °C, contributing to the car-
bon deposition on the catalysts' surface. Other reactions that can also be
considered as thermodynamically feasible under reforming conditions
are the deposited carbon steam gasification and hydrogenation, as
well as the Boudouard reaction.
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Table 3
Liquid products' distribution for all samples (Ni/Al, Co/Al, Cu/Al, Al) and the empty reactor at various reaction temperatures.

A/A Compounds

Reaction temperature (°C)

400 450 500 550 600 650 700 750

1 Acetaldehyde 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 2,3,5 5
2 Acrolein 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5
3 Acetone 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 2,3,4,5
4 Allyl Alcohol 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,5 1,2,3,5 5 5
5 Acetic Acid 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 4,5
6 Acetol 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 4,5 4,5
7 2-Cyclopenten-1-one 2,4 1,2,3,4 1,2,3,4 2,3,4
8 2-Cyclopenten-1-one, 2-methyl 1,3,4 1,2,3,4 3,4
9 Phenol 1,4 1,4 1,2,4 1,2,3,4 1,2,3,4 2,3,4,5 2,3,4,5 4,5
10 Glycerol 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5
11 2,3-Butanedione 2,3,4,5 1,2,3,4,5 1,2,3,4,5 1,3,4,5
12 Propylene glycol 1,2,3,4,5 1,2,3,4,5 2,3,4,5 5 5
13 1,2-Ethanediol 1,2,3,4,5 1,2,3,4,5 2,3,4,5 5 5 5 5 5
14 Propanoic Acid 1 1 3 3,4 2,3,4
15 2-Cyclohexen-1-one 3
16 1,3-Dioxan-5-ol 2,3,4,5 2,3,4,5 3,4,5 3,4,5 4,5 4,5 4,5 4,5
17 Phenol,2-methyl 3 3 3,4

Note: 1 = Ni/Al, 2 = Co/Al, 3 = Cu/Al, 4 = Al, 5 = Empty reactor.

Table 4
Concentration values (v/v %) of liquid products for the Ni/Al, Co/Al, Cu/Al, Al samples and
the empty reactor at various reaction temperatures (400–750 °C) as determinedbyGC/MS
analysis.

Product

Reaction temperature (°C)

400 450 500 550 600 650 700 750

Ni/Al
Acetol 6.29 5.83 5.75 4.40 4.09 0.33 0.00 0.00
Acetone 4.28 3.82 3.21 2.66 1.81 1.67 1.23 0.00
Allyl alcohol 3.74 3.50 3.49 3.14 2.05 1.45 0.00 0.00
Acetaldehyde 6.21 5.07 3.64 3.11 2.02 1.39 0.00 0.00
Acetic acid 2.09 1.75 1.71 1.50 1.37 1.22 0.56 0.00
Acrolein 1.85 1.11 0.86 0.00 0.00 0.00 0.00 0.00

Co/Al
Acetol 5.69 5.06 5.00 4.58 4.24 0.06 0.00 0.00
Acetone 3.42 2.64 2.54 2.20 2.06 1.63 1.29 1.13
Allyl alcohol 8.11 5.00 1.75 1.43 1.33 1.29 0.00 0.00
Acetaldehyde 3.92 2.90 1.82 1.57 1.35 1.31 0.91 0.00
Acetic acid 2.23 1.94 1.94 1.63 1.46 1.37 1.15 0.00
Acrolein 1.79 1.37 1.03 0.00 0.00 0.00 0.00 0.00

Cu/Al
Acetol 5.89 5.67 5.16 3.92 2.53 0.45 0.00 0.00
Acetone 3.33 2.70 2.26 2.20 1.59 1.23 1.16 0.34
Allyl alcohol 4.27 2.28 1.89 1.72 1.40 0.33 0.00 0.00
Acetaldehyde 5.26 2.15 2.09 1.66 1.48 1.29 0.43 0.00
Acetic acid 2.08 2.07 1.65 1.65 1.43 1.38 0.45 0.00
Acrolein 4.16 2.58 2.11 0.00 0.00 0.00 0.00 0.00

Alumina
Acetol 8.09 7.95 7.15 5.39 1.43 1.38 1.35 1.31
Acetone 5.95 5.87 4.85 4.43 3.50 3.11 2.48 1.00
Allyl alcohol 4.11 3.72 3.63 2.80 0.00 0.00 0.00 0.00
Acetaldehyde 6.57 5.97 5.56 5.49 3.19 2.51 0.00 0.00
Acetic acid 3.28 3.28 3.04 2.80 2.79 2.55 2.37 2.21
Acrolein 4.38 3.96 2.63 0.00 0.00 0.00 0.00 0.00

Empty reactor
Acetol 8.82 8.55 7.49 7.42 7.35 4.07 1.42 1.22
Acetone 3.54 3.07 2.74 2.56 2.53 2.52 2.48 2.20
Allyl alcohol 6.27 5.60 4.45 4.06 3.72 2.93 2.23 1.00
Acetaldehyde 5.85 4.77 4.59 4.47 4.23 3.84 2.71 2.16
Acetic acid 3.77 3.64 3.20 3.12 2.97 2.92 2.82 2.40
Acrolein 3.11 2.47 1.22 0.00 0.00 0.00 0.00 0.00
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In Table 4 the concentration values (v/v %) of the main liquid prod-
ucts for the Ni/Al, Co/Al, Cu/Al, Al samples and empty reactor, at various
reaction temperatures (400–750 °C), are presented. Acrolein is pro-
duced via glycerol dehydration [152–155] on acid sites. Allyl alcohol is
formed from glycerol via hydride or hydrogen transfer mechanism. On
the other hand, acetaldehyde can be formed from glycerol or acrolein
[154,156]. A schematic representation of the different reaction path-
ways in the GSR is provided in Fig. 10.

In order to clarify thedistribution of the reaction'smain condensated
products, the dependence of their selectivity values, namely acetol
(Sacetol), acetone (Sacetone), allyl alcohol (Sallyl alcohol), acetaldehyde
(Sacetaldehyde) acetic acid (Sacetic acid) and acrolein (Sacrolein) of the tem-
perature, for all samples is shown in Fig. 11. Condensable products as
acetol, acetaldehyde, acrolein have also found that were produced dur-
ing the GSR by Araque et al. [64] and they have been considered as the
main carbon precursors [152,157].

For the Ni/Al catalyst (Fig. 11a) it can be depicted that acetol, acetal-
dehyde, acetone, acetic acid and allyl alcoholwere themain liquid prod-
ucts for T b 650 °C with their selectivity values ranging between 28 and
39%, 15–22%, 16–29%, 7–18% and 17–27%, respectively. For reaction
temperature 700 °C, acetone (72%) and acetic acid (28%) were the
only detectable compounds, while at 750 °C all glycerol in the feed has
been converted to gaseous products. Indicatively, the values of liquid
products' selectivities at 650 °C were: Sacetol = 6%, Sacetone = 29%,
Sallylalcohol = 27%, Sacetaldehyde = 21% and Sacetic acid = 18%.

For the Co/Al catalyst, it can be observed (Fig. 11b) that acetol ap-
peared to be the main liquid product for T b 600 °C, with its selectivity
having values from 24 to 43%, while allyl alcohol decreases with tem-
perature (up to T=600 °C) from34 to 13.5%. On the other hand, the se-
lectivities of acetone, acetaldehyde and acetic acid increase with
temperature (up to T=650 °C); acetonewas the only product detected
at T = 750 °C. For this catalyst, the liquid products' selectivity values at
650 °C were as follows: Sacetol = 1.2%, Sacetone = 30%, Sallylalcohol = 26%,
Sacetaldehyde = 21% and Sacetic acid = 22%.

For the Cu/Al catalyst (Fig. 11c), acetol was the main product for re-
action temperatures lower than 600 °C, with selectivity values ranging
from 11 to 38%. Other products as acetone, allyl alcohol, acetaldehyde
and acetic acid selectivities and for the same temperature range,
seems to be rather constant at values of 18%, 17%, 15% and 12%, respec-
tively. Acetone (60.5%), acetaldehyde (20%) and acetic acid (20%) were
detected at 700 °C, whereas acetonewas the only liquid product at tem-
perature as high as 750 °C. Indicative selectivity values at 650 °C were
the following: Sacetol = 11%, Sacetone = 28%, Sallylalcohol = 8%,
Sacetaldehyde = 26% and Sacetic acid = 27%.
As for the calcined alumina (Al) sample, from Fig. 11(d) it can ob-
served that almost all of the main liquid products were detected even
at T = 750 °C; with the exception of allyl alcohol and acetaldehyde
that were not produced at temperatures higher than 600 and 700 °C, re-
spectively. A decrease in the Sacetol and Sallyl alcohol and an increase in the



Fig. 10. Reaction pathway for the glycerol steam reforming reaction.
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Sacetone, Sacetaldehyde and Sacetic acid can be also observed for temperatures
lower than 650 °C. Some indicative selectivity values for 650 °C were as
follows Sacetol = 16.5%, Sacetone = 35%, Sallylalcohol = 0%, Sacetaldehyde =
24% and Sacetic acid = 24%. For the homogeneous reaction (empty reac-
tor) all of the main liquid products were detected even at temperatures
as high as 750 °C.

A more detailed approach to the explanation of liquid products' dis-
tribution can be obtained by the reaction scheme shown in Fig. 10,
where the conversion of glycerol to hydrogen takes place through the
formation of a variety of chemical intermediates, such as alcohols and
ketones. It can be suggested that since glycerol is not a thermally stable
molecule the extent of pyrolysis phenomena plays an important role in
the steam reforming conditions and likely the intermediates formed in
the glycerol cracking are reformed in the catalysts surface. Having acid
sites (mainly of Lewis type) alumina is not chemically inert, presenting
catalytic properties for acid-base catalyzed reactions such as dehydra-
tion, isomerization and polymerization, that can also take place during
glycerol steam reforming. In accordance with Bobadilla et al. [42] the
presence of strong acid centers decreases the C\\C bond breaking ca-
pacity favoring the coke deposition. Hydrogen is produced via the dehy-
drogenation of the adsorbed glycerol molecules and reaction of
adsorbed organic fragments with hydroxyl groups, which migrate
from the support to active phase crystallites/alumina interfaces. At
low temperatures the formation of condensable products are favored,
that being activated at higher ones they form intermediates leading to
carbon oxides and hydrogen.

Concerning the acid-base properties, it is accepted that besides the
quantity and strength of the acid sites, a balanced distribution of basic
strength is also desirable; otherwise the selectivity and stability may
be strongly affected [158]. Hernandez et al. [159] suggested that active
sites for the glycerol conversion are not necessarily based on Νi0, but
it is the basicity of the catalysts (oxygen anion sites)which is the key pa-
rameter to form acetol and even break C\\C bonds to a certain extent.
Auroux et al., [160] have also observed that basic sites are important
for acetol formation. Nevertheless, it has been demonstrated that the
use of basic materials does not solely assure the stability of the catalyst
for glycerol's steam reforming reaction [52]. Regarding acetaldehyde, it
may be produced via partial decomposition of 3-hydroxypropanal [161]
or through acetol formation [51,162]; the later appears amore probable
path from the experimental results presented herein.

3.2.4. Catalyst's stability and carbon deposition
It is well known that catalyst deactivation in reforming reactions is

mainly caused by carbon deposited on their surface. Thus, a great num-
ber of researchworks have been devoted in investigating its nature and
its removal kinetics [78,163–167]. It has been suggested that atomic car-
bon or CyH1 − y species (Cα species) is produced by dissociative chemi-
sorption of the hydrocarbon on the catalytic surface. An amorphous film
(Cβ) may be produced by dehydropolymerization, which by further
aging could lead to graphitic carbon. These carbon atoms, in some
cases, could be also dissolved and diffused through the metal to active
growth areas, in a way that amorphous vermicular (or whisker) carbon
(Cγ) could be precipitated. Nickel and cobalt can be considered as
metals that can dissolve the carbon atoms to form carbides, though
this diffusion/precipitation step. Furthermore, the amorphous carbon
can be converted into graphitic (Cδ), under severe and prolonged reac-
tion conditions.

In Fig. 12 the stability results for the twenty (20) hours time on
stream experiments for all catalysts are presented. A drastic drop in
the activity of the Ni/Al catalyst can be observed for the first seven (7)
hours, as values for glycerol total conversion and its conversion into gas-
eous products (Fig. 12a) decrease from 90% to 50% and from 80% to 10%,
respectively. On the contrary, the Co/Al and Cu/Al catalysts seem to de-
activate at a rather slower rate, as their values for glycerol total conver-
sion and its conversion into gaseous products drop from 90% to 70% and
from about 60% to 20%, respectively. From Fig. 12(b) it can be observed
the dependence of H2 yield and selectivity with time on stream. As can
be seen, values of H2 yield decrease with time for all catalysts, following
a sharp decline curve for the Ni/Al (from 3.4 to 0.8) for the first five (5)
hours. The decline was smoother for the Co/Al and Cu/Al catalyst
starting from the value of 2.0 and reaching the value of 1.0 after 20 h.
The opposite trend can be seen for the H2 selectivity as it seems to be
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Fig. 11. Liquid products selectivity for: (a) Ni/Al, (b) Co/Al, (c) Cu/Al, (d) Alumina sample, and (e) Empty reactor [Reaction conditions: C3H8O3 (20 wt. %)/H2O (total liquid flow rate =
0.12 mL/min)/ He = 38 mL/min, wcatalyst = 200 mg, T = 400–750 °C].
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increasing with time for all catalysts. From Fig. 12(c) it can be seen that
the CO and CO2 selectivity values were quite constant after about 1 h in
the reaction stream for the Co/Al and Cu/Al catalysts being equal to 80%
and 20%, respectively. On the contrary, for theNi/Al catalyst the SCO2

and
SCO reveal a rather strange variation through reaction time as after a de-
cline (rise) for the first two (2) hours these gradually increase (de-
crease) taking the values of 45% and 55%, respectively. As for the
liquid products their concentration (selectivity) values seem to be
quite constant for the whole reaction time.
In Table 5 the catalytic performance of the Ni/Al, Co/Al and Cu/Al
samples described by the reaction metrics at 600 °C, at the beginning
(1st measurement) and the end (after 20 h) of the time on stream ex-
periments is shown. It should be stated that the study of carbon deposi-
tion on the catalytic surface during the GSR reaction is considered to be
a major challenge by all researchers, e.g., [86,91,136]. As has been men-
tioned above, reactions that are though as responsible for coke accumu-
lation are glycerol's thermal decomposition [131] and dehydration, as
well as the dehydrogenation, and the condensation of its by-products
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Fig. 12. Time on streamexperiments (a) Total glycerol conversion and glycerol conversion
into gaseous products, (b) H2 selectivity and H2 yield, and (c) CO2 and CO selectivity
[Reaction conditions: C3H8O3 (20 wt. %)/H2O (total liquid flow rate = 0.12 mL/min)/
He = 38 mL/min, wcatalyst = 200 mg, T = 600 °C, t = 20 h].

Table 5
Catalytic performance of the Ni/Al, Co/Al and Cu/Al samples at 600 °C (first and last mea-
surement of time on stream experiments.

Reaction metric Ni/Al Co/Al Cu/Al

X(C3H8O3), % 90.70 → 53.30 92.05 → 73.50 89.05 → 76.15
X(C3H8O3) into gaseous products, % 78.48 → 10.94 63.14 → 23.85 54.38 → 21.23
Y(H2), % 3.35 → 0.65 2.43 → 1.04 2.08 → 1.07
S(H2), % 61.04 → 85.31 55.05 → 68.66 54.58 → 71.75
S(CO2), % 34.25 → 44.10 30.88 → 16.90 23.54 → 22.21
S(CO), % 57.54 → 55.90 64.80 → 83.10 73.92 → 77.79
S(CH4), % 8.21 → 0.00 4.32 → 0.00 2.53 → 0.00
S(Acetol), % 33.98 → 39.03 30.26 → 29.65 36.62 → 33.85
S(Acetone), % 14.57 → 13.46 21.95 → 23.46 21.39 → 20.37
S(Allyl alcohol), % 18.90 → 16.98 21.23 → 20.42 16.27 → 18.57
S(Acetaldehyde), % 17.59 → 15.89 12.91 → 13.94 14.71 → 15.62
S(Acetic acid), % 14.97 → 14.63 13.65 → 12.52 11.01 → 11.59
H2/CO 2.48 → 3.56 1.98 → 1.96 1.72 → 2.15
CO/CO2 1.68 → 1.27 2.10 → 5.10 3.14 → 3.50
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[168]. According to previously reported experimental and theoretical
studies, a suppression of the coke formation could be accomplished
with high values in reaction temperatures and steam to carbon (S/C)
molar ratios, as well as, by adding oxygen in the feed [20,169–173].

From Table 5, it is clear that the Ni/Al catalyst had the highest values
in terms of glycerol conversion to gaseous products values (78.5%), H2

yield (3.4), H2 (61.0%), CO2 (34.2%), CH4 (8.1%), acetaldehyde (17.6%)
and acetic acide (15.0)selectivity, and H2/CO molar ratio (2.5) values,
at the beginning of the reaction. Moreover, it exhibits the lowest selec-
tivity values for CO (57.5%), acetone (14.6%) and CO/CO2 molar ratio
(1.7) values, among all samples. It can be observed that these values
changewith time on stream, making it theworst catalyst, after a drastic
deactivation occurred during the first 7 h. For nickel based on alumina,
Raman results showed the presence of graphitic carbonaceous deposits
on its surface [73,79,92,174]., In accordancewith NH3-TPD and CO2-TPD
results, it has been proposed [97] that coke deposition, associated with
the dehydration, cracking and polymerization reactions, takes place on
the catalyst's surface strong acid sites. As reported by Pant et al. [79], be-
sides carbon deposition, sintering could be another reason for the Ni/
Al2O3 catalysts deactivation. It has also been suggested that the transi-
tion of alumina's crystalline phase during the reaction could be associat-
ed with the Ni active phase's sintering [98].

Regarding the Co/Al catalyst, it exhibited the highest values at the
end of the time on stream experiments for conversion to gaseous prod-
ucts (23.8%), CO (83.1%), acetone (23.5%) and allyl alcohol (20.4%) se-
lectivity, as well as CO/CO2 molar ratio (5.1) and the lowest for H2

(68.7%), CO2 (16.9%), acetol (29.6%) and acetaldehyde (13.9%). General-
ly, for cobalt-based catalysts, the mechanisms that have been reported
in the literature, attribute deactivation to threemain reasons: (i) the ox-
idation and sintering of themetallic phase, (ii) the transformation of the
solid state that involves the diffusion of cobalt into the support forming
irreducible cobalt support compounds (e.g. aluminates and silicates),
and (iii) the formation of inert carbon phases (also confirmed by TPO
and Raman results presented herein) that block the cobalt active sites
[175,176]. Moreover, a relationship between the catalytic performance
of catalyst and the molar ratio of Co2+/Co0 was established for the eth-
anol steam reforming reaction; deactivation of catalysts mainly oc-
curred by carbon deposition. However, the control of Co2+/Co0 ratio
helped to equilibrate the steps of ethanol activation and carbon oxida-
tion, resulting in stable catalysts [177].

As for the Cu/Al sample, it can be seen that it exhibits the highest
value for total glycerol conversion (76.1%) and H2 yield (1.07), but the
lowest values for acetic acid selectivity (11.6%) at the end of the time
on stream experiments. On the other side at the beginning of the reac-
tion, it exhibits the lowest values for glycerol's conversion to gaseous
products (54.4%), for H2 production (YH2

= 2.1, SH2
= 54.6%), for CO2

(23.5%), allyl alcohol (16.3%) and acetic acid selectivity, as well as for
H2/CO (1.72) molar ratio, among all catalysts. In addition, it reveals
the highest values for CO (73.9%) and acetol (36.6%) selectivity and
CO/CO2 molar ratio (3.14) between all samples. It is noted that the Cu/
Al catalyst had the higher amount ofweaker acid sites (Fig. 3) amedium
ratio of ID/IG (Fig. 7), while the total amount of carbonaceous deposits
(Fig. 6) was comparable with the other two samples. This finding is in
accordance with the literature [143] as it is well known that glycerol's
dehydration route becomes more pronounced when Cu is the active
phase for the steam reforming reaction. The dehydration route
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markedly contributes to the carbon deposition on the catalysts as noted
by previous works leading to the observed deactivation [178]. The for-
mation of carbon deposits during dehydration reaction of glycerol
may result from consecutive reactions of glycerol, like oligomerization
on acidic catalyst surface sites and/or side reactions between
dehydrated products like hydroxyacetone [156].

It should be emphasized the crucial role of the catalyst's specific
characteristics on the reaction product's distribution, as the pathways
resulting in coke formation, such as thermolysis, oligomerization, olefin
formation, via e.g. dehydration and decarbonylation should be carefully
tailored, having in mind that carbon gasification reaction may be rather
kinetically slow. Strategies that have been used for the active phase's
sintering alleviation, aim to strengthen the interactions between the
catalytically active site and the support's surface (strong metal-support
interaction, SMSI) by using other supporting materials as CeO2 [86],
TiO2, or ZrO2 [72] or by incorporating promoters like alkaline ions [179].

4. Conclusions

In this contribution a study of supported on γ-alumina transition
metals', catalytic performance for the GSR reaction is reported. Catalysts
with active phase nickel (Ni), cobalt (Co) or copper (Cu) were synthe-
sized, via the incipient wetness impregnationmethod at a series of con-
stant loading (8wt.%). From the NH3-TPD and CO2-TPD results it can be
suggested that the Cu catalyst contains a higher amount of acidic sites,
whereas the Ni catalyst is characterized by the presence of stronger
acidic sites. The presence of nickel and cobalt aluminate structures in
the calcined Ni/Al and Co/Al samples was confirmed by XRD, DRS and
TPR with an almost equal contribution of the β- and γ-peak. As for the
Cu/Al sample, it has multiple reduction sites due to the presence of nu-
merous small speaks of Cu-aluminate together with CuO, as it was
found to have a broad reduction profile with peaks in both low and
high temperature zones.

Two different types of carbon can be distinguished, namely filamen-
tous carbon (whisker type) and graphene-like carbon from the TEMmi-
crographs obtained for the spent samples after time on stream
experiments. The total amount of carbon was measured by TPO and
TGA and followed the order Ni/Al b Co/Al b Cu/Al. Raman spectroscopy
of spent catalysts clearly confirms the formation of different carbon
structures on the catalyst samples during GSR and indicates that the
fraction of different carbon types depends on the type of active phase
used.

The Ni/Al catalyst reveals an improved ability to convert glycerol
into gaseous products, in comparison with the Co/Al and Cu/Al, most
probably due to its superior capacity to promote the necessary C\\C
rupture. It also has a superior ability for H2 production while the forma-
tion of CH4 is almost inhibited for temperatures higher than 600 °C,
which may be attributed to the methane steam reforming reaction.
The production of CO at high temperatures for all catalysts can be attrib-
uted to the reverse water gas shift (RWGS) reaction.

As for the liquid products, the production of acetaldehyde, acetone,
allyl alcohol, acetic acid, acrolein and acetol can be observed for all ex-
periments at temperatures lower than 650 °C, while their distribution
confirms the complexity of the process, where reactions of glycerol de-
hydration, dehydrogenation and hydrogenolysis are taking place. Spe-
cifically, for the Ni/Al catalyst, acetol, acetaldehyde, acetone acetic acid
and allyl alcohol were the main liquid products, while for the Co/Al
and Cu/Al catalysts the main product appeared to be. Regarding acetal-
dehyde, it may be produced via partial decomposition of 3-
hydroxypropanal or through acetol formation; the later appears a
more probable path from the experimental results presented herein. A
drastic drop in the activity of the Ni/Al catalyst can be observed for the
first seven (7) hours, while the Co/Al and Cu/Al catalysts seem to deac-
tivate at a rather slower rate. This confirms that coke deposition is asso-
ciatedwith the dehydration, cracking and polymerization reactions that
take place on the catalyst's surface strong acid sites.
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