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The influence of the synthesis method parameters used to prepare nickel-based catalysts on the
catalytic performance for the glycerol steam reforming reaction was studied. A series of
Al>03-supported Ni catalysts were synthesized, with nickel loading of 8 wt%, using the incipient
wetness, wet impregnation, and modified equilibrium deposition filtration methods. The catalysts’
surface and bulk properties were determined by inductively coupled plasma (ICP), N2 adsorp-
tion-desorption isotherms (BET), X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and temperature-programmed reduction (TPR). Used
catalysts were characterized by techniques such as elemental analysis and SEM in order to deter-
mine the level of carbon that was deposited and catalyst morphology. The results indicated that the
synthesis method affected the textural, structural and surface properties of the catalysts, differenti-
ating the dispersion and the kind of nickel species on alumina’s surface. The formation of nickel
aluminate phases was confirmed by the XRD and TPR analysis and the -peak of the Ni/Al-edf cata-
lyst was higher than in the other two catalysts, indicating that the nickel aluminate species of this
catalyst were more reducible. Both Ni/Al-wet and Ni/Al-edf catalysts showed increasing CO2 selec-
tivities and approximately constant CO selectivities for temperatures above 550 °C, indicating that
these catalysts successfully catalyze the water gas shift reaction. It was also confirmed that the
Ni/Al-edf catalyst had the highest values for glycerol to gaseous products conversion, hydrogen
yield, allyl alcohol, acetaldehyde, and acetic acid selectivities at 650 °C and the lowest carbon depo-
sition of the catalysts tested. The correlation of the catalysts’ structural properties, dispersion and
reducibility with catalytic performance reveals that the EDF method can provide catalysts with
higher specific surface area and active phase’s dispersion, that are easier to reduce, more active and
selective to hydrogen production, and more resistant to carbon deposition.
© 2016, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

glycerol as a by-product. Among various methods of crude
glycerol disposal and utilization, the glycerol steam reforming

The increase in biodiesel development means that the dis- reaction (GSR) provides the potential to produce renewable
posal of crude glycerol is an emerging issue because the trans- hydrogen gas. This process could substantially improve the
esterification reactions to produce biodiesel yield 10 wt% viability of numerous bio-refining processes [1-4].
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The GSR can be represented by Eq. (1) and can be consid-
ered as combination of glycerol decomposition (Eq. (2)) and a
water-gas shift (WGS) reaction (Eq. (3)).

C3HsO3 + 3H20 — 3COz + 7H2 (1)
CsHsO3 — 3CO + 4H: (2)
CO + H20 < CO2 + Hz 3)

These pathways maybe accompanied by other reactions as
shown in Egs. (4)-(12) [5-7].

CO + 3Hz < CHs + H20 “4)
2C0 « COz + C (5)

CHs + 2H20 < CHz + 4H: (6)
CHs + COz < 2Hz + 2CO (7)
CHs & 2H2 + C (8)

C + 2H20 < 2H:2 + CO2 9)
H20 + C & CO + Hz (10)
C3Hg03 + 5H2 <» 3CH4 + 3H20 (11)
C3Hg03 — H2 + 3H20 + 3C (12)

The fundamental steps involve the cleavage of C-C, O-H and
C-H bonds of the glycerol molecule, while maintaining the C-0
bonds. The reaction pathways and product distribution are
determined to a large extent by the catalyst. A number of stud-
ies reporting the performance of different catalytic systems for
the GSR have steadily been published in the last few years, with
Ni-based systems attracting the most attention [7-12].

Ni-based catalysts have attracted researchers’ interest due
to their lower cost and higher availability than noble metal
catalysts, and they have considerable intrinsic activity, espe-
cially when the Ni is highly dispersed over a support. Alumi-
na-based supports have been investigated because of their
mechanical and chemical resistance under the reaction condi-
tions, and because of alumina’s high specific surface area (SSA),
which improves metal dispersion. However, Ni on alumina
catalysts suffers from deactivation by carbon formation (with
carbon tending to deposit and cover the active sites of the cata-
lyst surface), and metal particle sinterization, caused by a lack
of adequate thermal stability [13-22].

Maximization of the active phase dispersion, optimization of
the active species, and decreasing the rate of coke deposition
on the catalysts’ surfaces are major challenges for Ni-based
catalysts used in reforming reactions. These problems may be
mitigated by developing an appropriate methodology for the
preparation of catalysts. Different techniques have been em-
ployed for the preparation of GSR catalysts including
self-combustion, ionic exchange, sol gel, microemulsion and
precipitation [6,8,14,16]. However, the most popular synthetic
methods by far have been the incipient wetness and wet im-
pregnation techniques [3-5,10,12,13].

The equilibrium deposition filtration technique (EDF), oth-
erwise called equilibrium adsorption [23,24], to the best of our
knowledge, has not been used to prepare GSR catalysts. Using
EDF, active species are deposited not only by adsorption but by
reaction with the receptor sites developed on the support sur-
face (surface oxygens and surface hydroxyls) during the long
equilibration time of the quite dilute, impregnating suspen-
sions, giving catalysts with promising textural, structural, and
expected catalytic properties.

The aim of our work was to comparatively investigate the

influence of the catalysts’ synthesis method on surface charac-
teristics and catalytic performance for the GSR. A series of
Al203-supported Ni catalysts were prepared, with nickel load-
ings of 8 wt%, using the incipient wetness, wet impregnation
and a slightly modified EDF techniques. The catalysts’ surface
and bulk properties, at their calcined, reduced and used forms,
were determined by applying several characterization tech-
niques including inductively coupled plasma (ICP), N2 adsorp-
tion-desorption, X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
temperature-programmed reduction (TPR) and carbon analy-
sis. The catalysts’ performance was studied to investigate the
effect of reaction temperature on (1) glycerol total conversion,
(2) glycerol conversion to gaseous products, (3) hydrogen se-
lectivity and yield, (4) selectivity of gaseous products, (5) selec-
tivity of liquid products, and (6) molar ratios of Hz/CO and
CO/COz in the gaseous products mixture. Investigating the in-
fluence of the catalysts’ synthesis method on their surface
characteristics and catalytic performance also provided addi-
tional information on the correlation between the physico-
chemical and catalytic properties of the reforming catalysts.

2. Experimental
2.1. Preparation of catalysts

A commercial y-Al203 (Akzo) was used as the support for all
the Ni-based catalysts with its physicochemical properties pub-
lished elsewhere [25]. The support was purchased in pellet
form and crashed and sieved to 350-500 pum before use. The
powder was air-dried overnight and calcined at 800 °C for 5 h
under an atmosphere of air.

The catalysts were prepared via the EDF (slightly modified),
wet impregnation and incipient wetness impregnation tech-
niques using nickel nitrate aqueous solutions (0.17 mol/L), in
order to obtain catalysts with Ni content of about 8 wt%. The
Ni(NO3)2:6H20 used for the catalyst preparation was obtained
from Sigma Aldrich. All solutions for catalyst preparation uti-
lized distilled and de-ionized pure water generated by a NA-
NOpure Diamond UV unit (Barnstead International).

The modified EDF sample (labeled herein as Ni/Al-edf) was
prepared at constant impregnating solution temperature and a
pH value of 25.0 + 0.1 °C and 7.0, respectively. The point of zero
charge of the y-alumina was determined to be close to a pH
value of 7.0, i.e,, at this pH the positive and negative charge sites
on the alumina surface are equal. The catalyst was prepared in
a temperature controlled vessel (250 mL) equipped with a pH
adjusting and controlling device, involving a glass/saturated
calomel electrode (Metro 703 Ti Stand). The pH control system
allowed the automatic adjustment of the pH during the im-
pregnation by addition of 0.1 mol/L NH4+OH aqueous solution.
Nitrogen gas was bubbled into the vessel during the prepara-
tion process to prevent dilution of the atmospheric CO2 and
subsequent change in the pH. A 100-mL nickel nitrate solution
was used. The ionic strength of the solution was adjusted to 0.1
mol/L throughout the impregnation with NH4NOs. The y-alu-
mina (10 g) was added to the solution and kept under stirring.
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The pH was kept at 7.0 for about 2.5 h, and then the water was
evaporated using a rotary evaporator at 60 °C for 4 h.

The catalyst synthesized by the wet impregnation method
(labeled herein as Ni/Al-wet) used an impregnation solution
volume that was about 10 times higher than the alumina’s pore
volume (Vp), and the water was evaporated using a rotary
evaporator at 60 °C for 4 h. The pH (initial pH value 5.5) was
not adjusted or controlled during the catalyst’s preparation.

The incipient wetness impregnation sample (labeled herein
as Ni/Al-iwi) was prepared using simple pore volume (V}) im-
pregnation. The volume of nickel nitrate aqueous solution used
was equal to the total V}, of the impregnated alumina. The im-
pregnation solution was added dropwise to the support and
mixed. The support became slightly wet after the addition was
complete. The catalyst samples were air-dried overnight and
then calcined at 800 °C for 5 h under an atmosphere of air.

2.2. Characterization

The SSA of the catalysts were measured using N2 adsorp-
tion-desorption isotherms at -196 °C, following the Brunau-
er-Emmett-Teller (BET) equation at relative pressures in the
range of 0.05-0.30, with a Nova 2200e (Quantachrome). The
SSAs were measured on the calcined and reduced samples.

The V, calculation of both calcined and reduced catalysts
was based on the nitrogen volume adsorbed at the highest rel-
ative pressure, whereas the adsorption average pore size di-
ameter was calculated using the equation 4V/A by BET. The
adsorption and desorption average pore width (Da) was deter-
mined by the Barrett-Joyner-Halenda (BJH) method. The sam-
ples were degassed at 350 °C for 5 h under vacuum prior to the
measurements.

The total metal loading (wt%) of each of the final catalysts
was determined by ICP atomic emission spectroscopy on a
Perkin-Elmer Optima 4300DV apparatus using a previously
described method [23]. Metal loading was measured for the
calcined samples.

The catalyst crystalline structure was determined by XRD
using a Siemens D500 diffractometer at 40 kV and 30 mA with
Cu K radiation (A = 0.154 nm). Diffractograms were recorded
in the 26 = 2°-70° range at a scanning rate of 0.02° over 2 s.
The diffraction patterns were identified by comparison with
those of known structures in the Joint Committee of Powder
Diffraction Standards database. The XRD technique was used
for both calcined and reduced samples.

Hz2-TPR experiments were carried out in a conventional
quartz bed reactor with a feed of Hz (5%)/He flowing at 50
mL/min. Calcined samples (100 mg) were heated at a rate of 10
°C/min from 25 to 900 °C. The catalysts were subjected to an
initial pretreatment step using He (50 mL/min) before the re-
duction procedure. This treatment included preheating up to
600 °C at a heating rate of 3 °C/min and then holding at this
temperature for 1 h. The outlet gas was analyzed by mass
spectrometry (MS). The main m/z fragment registered was that
of Hz = 2.

Conventional TEM and high resolution TEM experiments
were carried out in a JEOL JEM-2011 electron microscope, op-

erating at 200 kV with a point resolution of 0.23 nm. The in-
strument was fitted with an energy-dispersive X-ray spectros-
copy (EDS) detector for the elemental analysis of the samples.
Qualitative and semi-quantitative analysis of EDS data was
accomplished using the INCA microanalysis software package.
Samples were prepared according to a previously described
procedure [23].

Morphological examination of both fresh and used catalysts
was undertaken using SEM in a JEOL 6610LV. The EDS ele-
mental analysis was carried out using a large area (80 mmz2)
silicon drift detector (X-Max 80 Oxford Instruments). Images,
element maps and spectra were acquired and analyzed with
the AZtech Nanoanalysis software (Oxford Instruments).

The percentile concentration of carbon in the used catalyst
was measured by quantitative infrared spectroscopy per-
formed with a Leco CHN-200 analyzer. Sample (0.1 g) and ac-
celerator material (0.1 g of Lecocel), which was used to ensure
complete coupling of the sample and RF field, were weighted
into a ceramic crucible and the crucible placed on the loading
pedestal for analysis. Furnace closure was performed automat-
ically and the combustion chamber purged with oxygen
(99.9%) to drive off residual atmospheric gases. Oxygen flow
through the system was restored after purging and the induc-
tion furnace turned on. The inductive elements of the sample
and accelerator couple with the high frequency field of the fur-
nace. The pure oxygen atmosphere and the heat generated by
this coupling cause the sample to combust. During combustion,
carbon bearing elements are reduced, releasing the carbon,
which immediately binds with the oxygen atmosphere to form
CO and CO2. Sample gases are swept into the carrier stream (N,
99.9%). A small amount of COz is converted to COz in the cata-
lytic heater assembly and carbon is measured as CO: in the
infrared (IR) cell as gases flow through the IR cells.

2.3. Catalytic tests

The GSR was carried out at atmospheric pressure in a con-
tinuous flow, fixed-bed, single pass, tubular stainless steel re-
actor with an inner diameter of 14 mm at temperatures ranging
from 400 to 750 °C. The experimental set up had two vaporiz-
ers, a pre-heater before the reactor and a condenser after it,
allowing the feeding of both liquid and gaseous streams. The
vaporizers, pre-heater and reactor were placed into electrical
ovens and regulated with programmed-temperature control-
lers (Fig. 1).

Catalyst (200 mg) was reduced in situ under a flow of 100%
Hz (100 mL/min) at 800 °C for 1 h prior to catalytic testing. The
catalyst was purged with He for 45 min, the temperature low-
ered to 750 °C and the reaction feed was introduced into the
catalyst bed. Each step lasted for approximately 50 min in or-
der to ensure operation at steady state conditions. This
timeframe allowed three measurements of the gas products at
each temperature, helping to ensure the reliability of the re-
sults. Liquid products were obtained at the end of each 50-min
period.

The reaction feed consisted of the gas stream (He 5.0, 38
mL/min) and the liquid stream (an aqueous solution of 20:80
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Fig. 1. Schematic flow chart of experimental setup for activity test of catalysts towards glycerol steam reforming.

(wt%) C3HsOs and H20, 20:1 steam/glycerol molar ratio, with a
total liquid flow rate of 0.12 mL/min, which was kept under
continuous stirring at room temperature). The glycerol (99.5%
purity) was obtained from Sigma Aldrich. The glycerol/water
mixture was fed with a high-performance liquid chromatog-
raphy pump (Series I) into the evaporator and was vaporized at
350 °C before it was mixed with He. Pressure controllers were
placed before and after the inlet and outlet gas ports to prevent
over pressurization. The gas feed to the reactor was a gaseous
mixture of 73% H20, 4% glycerol and 23% He, corresponding
to a weight hourly space velocity (WHSV) of 50000 mL g-1 h-1.
The reactor’s outlet gases passed through a cold trap for liquid
product capture.

The gaseous products were analyzed on-line by gas chro-
matography (Agilent 7890A), with two columns in parallel, an
HP-Plot-Q (19095-Q04, 30 m length, 0.530 mm I.D.) and HP-
Molesieve (19095P-MSO, 30 m length, 0.530 mm LD.),
equipped with thermal conductivity and flame ionization de-
tectors.

Liquid products were analyzed via a combination of GC and
MS. The instrument used was a 7890A/5975C triple-axis de-
tector diffusion pump based GC-MS equipped with split/split-
less inlet (Agilent Technologies, Santa Clara, CA, USA). Chro-
matographic separation was achieved by a 30 m x 250 um
HP-5MS (5% phenyl, 95% methylpolysiloxane) capillary col-
umn with film thickness of 0.25 pm. He 5.0 (99.999%) was
used as carrier gas in a constant flow rate mode (1 mL/min).
The oven temperature program was set at 35 °C for 5 min, in-
creased by 10 °C/min to 250 °C and held at 250 °C for 10 min.
The temperature of the split/splitless injector was 280 °C and

the volume of the samples injected was 1 uL with a split ratio of
100:1 using an ultra-inert liner with glass wool (Agilent Tech-
nologies). The temperatures of the ion source, the quadrupole
and the MS interface for both instruments were 230, 150 and
250 °C, respectively. Both full scan (40-160 m/z) and selective
ion monitoring modes were performed under electron impact
ionization mode at 70 eV. The quantification of compounds
carried out by an internal standard method using 2-butanol to
monitor batch reproducibility and to correct for variations that
occurred during sample preparation and analysis. Mass selec-
tive detector ChemStation software (Agilent Technologies) was
used to acquire mass spectrometric data. The mass spectra of
all detected compounds were compared with spectra in the
National Institute of Standards and Technology library. The
following ions were chosen for quantification: glycerol (61),
acetol (74), acetone (58), acrolein (56), allyl alcohol (57), acet-
aldehyde (44) and acetic acid (60).

2.4. Reaction metrics

The catalysts’ performance in the gas phase is reported in
terms of Hz yield, Hz, CO, CHs4 and CO2 selectivities, glycerol
conversion into gaseous products, and total glycerol conver-
sion. The liquid phase performance is reported in terms of ace-
tol (C3He02), acetone ((CHs)2CO0), allyl alcohol (CH2=CHCH20H),
acetaldehyde (C2H40), acrolein (C3sH40) and acetic acid (C2H40)
selectivities. Performance parameters were calculated based on

the following equations:
Glycerol;, — Glycerol,,,

Total glycerol conversion = x 100% (13)

Glycerol;,
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Glycerol conversion into gaseous products =

C atoms in the gasproducts 100% (14)
Total C atoms in the feedstock
H, moles produced
H, yield = 2 P x100%  (15)

moles of glycerol in the feedstock

H 1 1
» moles Produced X x100% (16)
C atoms produced in the gas products  RR

H, selectivity=

where RR is the reforming ratio (7/3), defined as the ratio of
moles of Hz to COz formed.
C atoms in species i

Selectivity of i = x100% (17)

C atoms produced in the gas phase

where species i refers to CO, COz or CHa.
C atoms in species i’

Selectivity of i’ = x100% (18)

C atoms produced in the liquid phase
where species i’ refers to acetol, acetone, allyl alcohol, acetal-
dehyde or acetic acid.

3. Results and discussion
3.1. Characterization results

3.1.1. Physicochemical properties of catalysts

Chemical and structural properties of the calcined and re-
duced Ni/Al samples, including nickel content and the nickel
species particle size, have been presented previously [23]. The
N2 adsorption-desorption isotherms and the pore size distribu-
tion curves of the calcined and reduced samples are shown in
Fig. 2(a) and (b), respectively. The BJH adsorption data were
used to establish the pore size distribution curves. The iso-
therms for all samples are type IVa with a hysteresis loop, in-
dicating the presence of mesopores. The adsorption behavior in
mesopores is determined by the adsorbent-adsorptive interac-
tions and by the interactions between the molecules in the
condensed state. The initial monolayer-multilayer adsorption
on the mesopore walls, which takes the same path as the cor-
responding part of a Type II isotherm, is followed by pore con-
densation. Pore condensation is the phenomenon whereby a
gas condenses to a liquid-like phase in a pore at a pressure less
than the saturation pressure of the bulk liquid. A typical feature
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of type IV isotherms is a final saturation plateau of variable
length (sometimes present as a mere inflexion point). Capillary
condensation is accompanied by hysteresis, especially for Type
[Va isotherms [26]. This occurs when the pore width exceeds a
certain critical width, which is dependent on the adsorption
system and temperature (e.g, for nitrogen and argon adsorp-
tion in cylindrical pores at -196 and -186 °C, respectively, hys-
teresis starts to occur for pores wider than ~4 nm). The hyste-
resis loop is H2 type, indicating pore connectivity with
ink-bottle or channel-like pores.

The pore size distribution curves depict that all samples
were single modal type with the mesopore range centered
around 10-20 nm. The pore distribution curve of the calcined
sample of Ni/Al-iwi is relatively broad, while the Al, Ni/Al-wet
and Ni/Al-edf calcined samples curves are sharper. For the
reduced samples, Ni/Al-iwi has a quite broad curve, Ni/Al-edf
has a sharp curve, with the Ni/Al-wet curve somewhere in be-
tween. No micropore volume was measured by the t-plot
method, indicating that only mesopores developed for all of the
samples.

These results provide an indication of the different mecha-
nisms by which nickel species are deposited on the alumina
surface, depending on the catalyst preparation process. After
calcination the Ni/Al-wet and Ni/Al-edf samples seem to have
quite similar textural properties, while this is not true for the
same catalysts after their reduction. The Ni/Al-iwi exhibits a
quite different texture, with wider pores with a narrower size
distribution after reduction. It seems that for the former cata-
lysts, the deposition occurred as a more uniform covering of
the mesopores’ internal surface with small nickel particles.

Textural properties of calcined and reduced samples, in-
cluding the SSA, V}, and D,, are presented in Table 1. The SSA of
the calcined support decreased considerably, the Da doubled
and the V, remained approximately the same (commercial
alumina has a SSA of 281 m?/g, Da of 7.8 nm and V; of 0.65
mL/g). These occurrences can probably be attributed to ther-
mal sintering. A partial change in the crystalline structure of the
alumina from vy to a tetragonally distorted defective spinel alu-
mina similar to 8-Al203 or y’-Al203 cannot be discounted
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Fig. 2. N2 adsorption-desorption isotherms (inset) and the pore size distribution of the calcined catalysts and alumina (a), and reduced catalysts (b).
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[27,28]. However, this partial transformation was not detected
by XRD analysis. The nickel species deposition resulted in a
further decrease in the BET surface area values for the calcined
catalyst samples (the smallest drop was recorded for the
Ni/Al-edf), while V, dropped almost equally for all samples
(Table 1). The Da decreased for the Ni/Al-edf and increased for
the Ni/Al-wet and Ni/Al-iwi samples. A decrease in the Da fol-
lowing nickel loading shows that most of the pores are still
available (ie., little pore blockage), which is an indication of
good dispersion of nickel species on the alumina’s surface.

A different trend can be seen between the reduced Ni/Al-edf
and the other two reduced samples (Table 1). Specifically, the
reduction resulted in an increase to the SSA for Ni/Al-edf and a
decrease to the V} values, while the Da value slightly increased
(from 10.90 to 12.52 nm). Opposite effects were observed for
the Ni/Al-wet and Ni/Al-iwi samples; for these catalysts, SSA
values decreased, and V;, and D. values increased. The differ-
ences in the edf sample indicate stability to the reduction
treatment, possibly because the pH and ionic strength were
kept constant during the preparation of this catalyst. The in-
crease in the pore size can be explained by a combination of the
reduction degree of the Ni oxide species on the catalytic sur-
faces, structural shrinkage and blockage of pores at higher
temperatures during the reduction process.

3.1.2. XRD

The degree of crystallinity and the phases of the prepared
catalysts were identified for their calcined and reduced forms
by XRD analysis (Fig. 3). The characteristic peaks of y-Al203
were detected for all samples at 26 = 37.7°, 45.9° and 67.0°.
There is a small increase in y-Al203 in the calcined samples with
a characteristic peak intensity at 20 = 45.9°. This can be at-
tributed to an overlapping with the nickel aluminate (NiAl204)
phase’s characteristic peak at 20 = 46°. The formation of the
spinel NiAl204 phase, observed at the diffraction lines 26 =
19.0°, 32.0°, 37.0° and 59.6°, is caused by the reaction between
nickel oxide (NiO) and Al203 at high calcination temperature
[14,25]. NiAl204 crystallizes in the cubic system, while the
framework of the spinel structures consists of an ensemble of
tetrahedral and octahedral coordination occupied by bivalent
(Ni2+) and trivalent (Al3+) cations, respectively. This distribu-
tion can change in the cases where an octahedral site is partial-
ly adopted by the Ni2+ ions and the tetrahedral site hosts both
Al3+ and the Ni2+* ions. Thus, a family of compounds with inverse
spinel structure, described as Nii-x[NixAlz-x]O4 (0 < x < 1), can
be generated by this structural flexibility [18,20].

Table 1
Textural properties of calcined and reduced samples.
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Fig. 3. XRD patterns of calcined and reduced Ni/Al samples.

The absence of the NiO structure can be either related to the
size of these structures (ie., they are smaller than 2-7 nm,
which is the typical XRD detection limit [29]), or that the struc-
tures are nearly amorphous [23]. Note that NiO was indicated
by the TEM results for the calcined samples (see below). Two
major differences can be observed between the calcined and
reduced samples: the first is the decreasing intensities of Al203
and NiAl204; the second difference is the appearance of small
peaks because of the presence of metallic nickel (Ni?), indicated
by peaks at 260 = 44° and 51.2°. The low intensity of the Ni®
peaks is correlated to the small size of the metallic nickel spe-
cies [30,31].

3.1.3. TPR

TPR measurements were carried out to examine the inter-
action between nickel species and the support in the Ni/Al-edf,
Ni/Al-wet and Ni/Al-iwi catalysts. A Gaussian-type deconvolu-
tion was applied in order to characterize the type of reducible

BET surface area Pore volume V,

Adsorption average pore

BJH adsorption average pore BJH desorption average

Sample * . . .
(m?/g) (cm3/g) width Da (nm) width (nm) pore width (nm)

ALLOs3 (c) 197.4 £ 0.27 0.6565 13.30 11.07 9.09
Ni/Al-edf (c) 172.5+0.14 0.6010 10.90 9.30 7.32
Ni/Al-edf (r) 177.1+0.11 0.5889 12.52 9.28 8.39
Ni/Al-wet (c) 162.9 £ 0.06 0.5827 14.10 11.33 9.29
Ni/Al-wet (1) 158.6 + 0.14 0.7236 15.77 12.43 11.20
Ni/Al-iwi (c) 157.9+£0.30 0.5907 14.07 11.81 9.26
Ni/Al-iwi (1) 156.3£0.13 0.6664 17.06 12.63 11.67

* ¢ = calcined, r = reduced.
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nickel species present on the various catalysts (Fig. 4). All cata-
lysts exhibited a small peak at low temperature, attributed to
the reduction of bulk NiO phase (a-peak) and a broad reduction
band corresponding to the nickel aluminate structures (8- and
y-peaks), indicated strong interaction between nickel species
and the alumina support. These results are consistent with the
XRD results (Fig. 3), showing the existence of the nickel alumi-
nate phase for all catalysts were free of a-NiO species.

In the case of the Ni/Al-iwi catalyst, the characteristic re-
duction peak attributed to bulk NiO is negligible, while the de-
convolution curves’ peaks were located at 652 °C (3-peak) and
747 °C (y-peak). Both the - and y-peaks were located at quite
lower temperatures for the Ni/Al-wet and Ni/Al-edf catalysts,
615 and 712 °C, respectively. The contribution of B- and
y-peaks to the observed reduction peaks, as well as their posi-
tion, could relate to the different Ni2+ coordination in the spinel
framework. The contributions of the p-peaks, estimated from
the deconvolution curves, in the total Ni species present in the
spinel structure of the Ni/Al-iwi, Ni/Al-wet and Ni/Al-edf cata-
lysts were 53.5%, 67.8% and 76.4%, respectively.

The contribution of the B-peak in the Ni/Al-edf catalyst was
higher than in the other two catalysts, indicating that the nickel
aluminate species in Ni/Al-edf were more reducible. The sur-
face nickel aluminate phase has a high degree of nickel-satura-
tion, which is more reducible than that with a low degree of
nickel-saturation [32,33]. This is because reduction of nickel
species is favored when nickel species are surrounded by less
aluminum species, which act as electron deficient sites. The
retention of more nickel-saturated surface nickel aluminate
phase by the Ni/Al-edf catalyst, in comparison with the other
two samples, is another indication that the edf preparation
method was more effective in the formation of finely dispersed
nickel species in the alumina support.

3.1.4. Electron microscopy
TEM identified Ni/Al20s+ and NiO phases for the calcined
samples. Metallic nickel was identified in the reduced catalysts,
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Fig. 4. TPR profiles deconvolution of Ni/Al samples.

while NiO was absent. TEM experiments confirmed that the
particle size of the Ni/Al-edf catalyst was slightly lower than
the other catalysts. TEM images of the catalysts, as well as a
more detailed discussion regarding these results, can be found
in a previous publication by our group [23].

The SEM technique was also used to examine the catalysts’
surface texture and morphology. The SEM images of the cal-
cined Ni/Al-wet catalyst are shown in Fig. 5(a), while Fig. 5(b)
shows the same catalyst after reaction (used sample). The cal-
cined catalyst is of nonuniform morphology and includes large
ensembles and micro- and nanoparticles.

3.2. Catalytic activity and selectivity

3.2.1. Glycerol conversion

Fig. 6 shows the dependence of reaction temperature on the
total glycerol conversion (Fig. 6(a)) and glycerol conversion
into gaseous products (Fig. 6(b)). Total glycerol conversion
values range from 80% (400-500 °C) to 90% (550-750 °C) for
all the catalysts. The conversion of glycerol into gaseous prod-
ucts drastically increases at 400-600 °C, reaching maxima of
90% at 600 °C and remaining stable up to 750 °C for the
Ni/Al-edf and Ni/Al-iwi catalysts. The Ni/Al-edf and Ni/Al-wet
catalysts had an almost identical and superior activity in the
low temperature range (400-550 °C) compared with Ni/Al-iwi.
The Ni/Al-edf and Ni/Al-iwi samples seem to have an improved
ability to convert glycerol into gaseous products at higher
temperatures.

Blank tests using the same reaction feed and either an emp-
ty reactor tube or calcined Alz203 particles have also been con-
ducted (Fig. 6(a) and (b)). The trend observed for the blank
reactions is similar to that observed for the catalytic samples,
with lower conversion values—about 10% for the calcined
Al203 and 20% for the homogenous (empty tube) reaction—for
the whole temperature range, compared with the Ni catalysts.
The only exception to this is observed at very low temperature
values of 400-450 °C, where conversions in the empty reactor
are about half those seen in the catalytic reactions. Previous
work indicated that at reaction temperatures above 600 °C,
considerable homogenous conversion values could be
achieved, while Hz, CO2, CO and CH4 were the main products of
the GSR [3,11].

The cleavage of the C-C or C-0 bonds of glycerol can only be
achieved through a dehydrogenation step taking place on the
metal active sites and the production of intermediates on the

SEI 20V WDiimm SS40 SEl 20V WDiimm $S30

x10000 1pm
TEI WM 0002 01Dec2014 | TEIWM 0002 27 Mar 2015

X2700  Spm  —

Fig. 5. SEM images with different magnifications of Ni/Al-wet catalyst.
(a) Calcined sample; (b) Used sample.
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Fig. 6. Total conversion (a) and glycerol conversion into gaseous products (b). Reaction conditions: C3HsO3 (20 wt%)/H20 (total liquid flow rate =

0.12 mL/min)/He (38 mL/min), Weatayst= 200 mg, T = 400-750 °C.

catalytic surface [6,12]. The formation of CO and Hz is mainly
because of the strong C-C bond breaking capacity of nickel
catalysts. The steam reforming (SR) reaction is limited at low
temperatures from a thermodynamic point of view, while the
WGS and methanation reactions are favored. A higher contri-
bution of the GSR, compared with glycerol decomposition at
higher temperatures, is also suggested by our results.

The improved catalytic activity for gaseous products of
Ni/Al-edf can be attributed to the surface NiAl:0s4 [32-36].
Most likely, the active sites of the Ni/Al-edf catalyst are dynam-
ically evolved as the reaction progresses. At the beginning of
the reaction nickel particles exist on the catalyst surface as a
mixture of small, free particles and encapsulated by a porous
NiO/NiAl204 layer [21]. This could explain the higher glycerol
conversion into gaseous products and confirm that the type of
active sites can affect catalyst’s activity and selectivity for the
GSR by favoring different reaction pathways.

3.2.2. Hydrogen yield and selectivity

The influence of reaction temperature on hydrogen yield
(Yuz) and selectivity (Suz) is shown in Fig. 7. Both values in-
crease with increasing temperature and it is well known that

100
Ni/Al-edf -m- (a)
1 NilAl-wet -A-
Ni/Al-iwi -9-
80 |

| Empty reactor - ¥%-

—n—
60 - /./0-—‘“'

H, Selectivity, %
.\}
] .\-

o] A
| ;é--/&.?i T
201 Ly .

H2 Yield, moles

temperature significantly affects the hydrogen equilibrium
concentrations [37]. The molar fraction and molar flow of hy-
drogen produced increase when the operating reaction tem-
peratures are raised [38]. A similar trend has also been ob-
served when other fuels are utilized for hydrogen production,
9]. According to
Wang et al. [1], the reaction with a water to glycerol feed ratio
(WGFR) equal to 9 is expected to give the greatest quantity of
hydrogen (6 mol) at 652 °C. Increasing the WGFR in the feed
over this ratio in our system steadily increased the production

such as methane, methanol and ethanol [3

of hydrogen. The enhancement of hydrogen production has
been observed for all cases of SR reactions when excess steam
has been used to overcome equilibrium limitations [40].
Comparison between our catalysts’ experimental results
(Fig. 7(b)) reveals that their Hz yield values are quite different
for low reaction temperatures (400-600 °C), with the trend Yu2
(Ni/Al-wet) > Yu2 (Ni/Al-edf) > Yuz2 (Ni/Al-iwi). The Yn2 values
are almost identical for all the catalysts at higher temperatures
(600-750 °C), reaching a value of 4.4 hydrogen moles. The Hz
selectivity (Fig. 7(a)) of the catalysts also seems to follow the
aforementioned trend for the whole temperature range, reach-
ing the values of 71%, 65% and 63% for NiAl-wet, NiAl-edf and
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Fig. 7. Hydrogen selectivity (a) and yield (b). Reaction conditions: C3HsO3 (20 vol%)/Hz0 (total liquid flow rate = 0.12 mL/min)/He (38 mL/min),

Weatalyst = 200 mg, T =400-750 °C.
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NiAl-iwi, respectively. The Ynz and Suz for the empty reactor
and with calcined Al203 are almost identical for the whole reac-
tion temperature range, reaching the values of 35% and 2
moles at 650-750 °C, respectively.

As already mentioned, the GSR should be considered as a
combination of the glycerol pyrolysis as the primary reaction
and the WGS as the secondary reaction. The water in the reac-
tor’s inlet mixture provides the proper dilution to produce
syngas, resulting in higher conversions [9]. The enhanced glyc-
erol conversion and hydrogen selectivity evident in our ex-
perimental results is expected based on previous literature
[2,41], with the values increasing with increased steam to car-
bon (S/C) molar ratio in the feed.

3.2.3. Gaseous product selectivity

The influence of reaction temperature on the gaseous prod-
uct selectivities of COz (Scoz), CO (Sco) and methane (Scu4) is
presented in Fig. 8. A different trend can be observed for Sch4
with increasing temperature for the homogenous and calcined
Al203 experiments versus the catalytic reactions (Fig. 8(a)). The
Scus is almost zero for the homogeneous experiments at low
reaction temperatures (400-550 °C), increases with tempera-
ture (T > 550 °C) and reaches a plateau of 28% for higher tem-
peratures (650-750 °C). Scus decreases with increasing tem-
perature in the catalytic reactions and approaches zero at 600
°C. Methane SR is accelerated in the presence of the catalysts
with increasing temperature and contributes to the formation
of Hz. The formation of CH4 is almost nil with high WGFRs, as in
our case, and at higher temperatures (>650 °C). According to
the thermodynamic analysis of Adhikari et al. [41], the produc-
tion of water and methane decreases as the reaction tempera-
ture increases, while the amounts of CO, COz and H: increase;
this can be attributed to methane SR.

The Sco seems to be quite constant (70%) with temperature
for the homogenous and calcined Al203 experiments (Fig. 8(b)).
The Scoz remains unaffected with increasing temperature be-
tween 400-500 °C, drastically decreases from 30% to 10%
between 500-650 °C and remains constant between 650-750
°C (Fig. 8(c)).

The Sco increases with increasing temperature for all cata-
lysts, reaching a plateau at 600-750 °C, with values of 79%,
67% and 56% for the Ni/A-iwi, Ni/Al-edf and Ni/Al-wet cata-
lysts, respectively (Fig. 8(b)). The opposite trend was observed

100 100
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for the Scoz (Fig. 8(c)), which decreases with temperature over
the low temperature range (< 600 °C) and then remains almost
unaffected until 750 °C, with values of 47%, 34% and 22% for
Ni/Al-wet, Ni/Al-edf and Ni/A-iwi, respectively. These observa-
tions can be explained by the varying degree of the reverse
WGS participating in the whole process reaction pathway for
each one of our catalysts, which are strongly dependent on the
synthesis method of the catalysts and their individual charac-
teristics.

High production of CO and CH4 can be associated with the
decomposition of acetaldehyde (CH3CHO — CHa4 + CO), which
has formed as an intermediate product through the glycerol
dehydrogenation reaction by a radical decomposition mecha-
nism. Low CO2z production could be attributed to the fact that
the WGS reaction does not occur and there is not enough Hz to
allow the dehydrogenation reaction [10].

The comparison between catalysts shows that the synthesis
method influences their Sco and Scoz, as their values are quite
different for reaction temperatures higher than 500 °C. Specifi-
cally, the Sco and Scoz seem to be rather stable for the tempera-
ture range 600-750 °C, with values of 79% and 22% for
Ni/Al-iwi, 67% and 34% for Ni/Al-edf and 56% and 47% for
Ni/Al-wet, respectively.

The influence of reaction temperature on the H2/CO and the
CO/CO2 molar ratios is presented in Fig. 9. The Hz/CO molar
ratio is almost identical for the homogenous and calcined Al203
experiments and slightly increases with temperature from 0.58
(400 °C) to 1.43 (750 °C). The CO/CO2 molar ratio increases
with increasing temperature for T < 650 °C and decreases be-
tween 650-750 °C. Maximum values were obtained at 650 °C
and were about 5.34 (Hz/CO) and 10.46 (CO/CO2) for both
calcined Al203 and empty reactor experiments.

The H2/CO molar ratio increases with increasing tempera-
ture for all catalysts reaching values of 3.35, 2.73 and 2.03 for
Ni/Al-wet, Ni/Al-edf and Ni/Al-iwi, respectively, at 750 °C (Fig.
9(a) and (b)). The CO/CO2 molar ratio trend is quite different
for the catalysts; the ratio remains almost stable for the whole
temperature range at 1.45 for Ni/Al-wet and reaches a peak at
650 °C for Ni/Al-edf and Ni/Al-iwi with values of 2.21 and 3.66,
respectively. This may indicate the presence of carbon deposits
that may also react with the CO2z formed according to the Bou-
douard reaction, altering the CO/CO2 molar ratio as the reac-
tion proceeds and the catalyst deactivates. It must be concluded
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that the morphology of the solids is responsible for the differ-
ent behavior of the catalyst during the reaction because the
synthesis method is only difference between the three cata-
lysts.

The methane concentration greatly decreased with increas-
ing temperature for all the catalysts, meaning that methane SR
has occurred to a major extent and most of the methane pro-
duced was converted into Hz. The increasing Scoz values and
the rather constant Sco above 550 °C indicate that both
Ni/Al-wet and Ni/Al-edf catalysts successfully catalyze the WGS
reaction. This can be also deduced from the trend observed in
the Hz2/CO and CO2/CO molar ratios (Fig. 9). Catalyst active in
the WGS (an overall exothermic system) normally exhibits
characteristics that include available oxygen vacancies, activity
in the dissociation of water, and low CO adsorption strength
[42]. The intimated interaction between Ni particles and the
alumina surface enhanced both glycerol reforming and WGS to
improve Hz yield. The Ni particles activate chemisorbed glycer-

Table 2

ol and its derivatives while alumina assists water dissociation
to form surface hydroxyl, which is key for the WGS reaction
[43]. The WGS activity of the catalysts was dependent on their
reduction degree, which can be ascribed to the different con-
tribution of the nickel aluminate species (8- and y-peaks) and
also to the different contents of free NiO present on the cata-
lysts [44].

3.2.4. Liquid product selectivity

The similarity in the product distribution for the noncata-
lytic (homogeneous) processes of the GSR with different
steam-to-carbon molar ratios has been reported by Valliyappan
et al. [45]. Glycerol was completely converted to gas and char
during the steam gasification reaction at 700 °C. Stein et al. [46]
reported that the main liquid products detected for lower reac-
tion temperatures and higher space velocities were acrolein
and acetaldehyde for the noncatalytic GSR. Chiodo et al. [10]
also reported that performing the homogenous GSR at 800 °C

Liquid products’ distribution for all catalysts (Ni/Al-edf, Ni/Al-wet, Ni/Al-iwi), for calcined alumina (Al) and for the homogenous reaction at various

reaction temperatures.

Liquid product distribution *

Compound 400°C 450 °C 500 °C 550 °C 600 °C 650 °C 700°C__ 750°C
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 3,5 5
Acrolein 1,2,3,4,5 2,3,4,5 3,4,5 — — — — —
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 34,5 4,5
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 2,3,5 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 3,4,5 4,5 4,5
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 3,4,5 4,5 4,5
2-Cyclopenten-1-one 2 1,2,4 1,2,3,4 1,2,3,4 4 — — —
2-Cyclopenten-1-one, 2-methyl — — 2,3,4 1,2,3,4 4 — — —
Phenol 1,2,3,4 1,2,3,4 1,2,3,4 1,2,3,4 3,4 4,5 4,5 4,5
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 1,2,3,45 1,2,3,4,5
2,3-Butanedione 4,5 3,4,5 2,3,4,5 3,4,5 — — — —
Propylene glycol 1,2,3,4,5 2,3,4,5 4,5 5 5 — — —
1,2-Ethanediol 3,4,5 3,4,5 4,5 5 5 5 5 5
Propanoic acid — 3 1,3 1 4 — — —
2-Cyclohexen-1-one — — 2 — — — — —
1,3-Dioxan-5-ol 4,5 4,5 4,5 4,5 4,5 4,5 4,5 4,5
Phenol, 2-methyl — — — — 4 — — —

*1 = Ni/Al-edf, 2 = Ni/Al-wet, 3 = Ni/Al-iwi, 4 = Al, 5 = Empty reactor.
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decomposes glycerol to a mixture of gaseous (65 mol% conver-
sion), and liquid products (30 mol% conversion), resulting in a
mixture of CO (50 mol%), COz (1 mol%), olefins (ethylene and
propylene, ~25 mol%), CH4 (~13 mol%), and Hz (~10 mol%).

The liquid product distributions for the GSR using all of our
catalysts, calcined alumina and for the homogenous reaction in
an empty reactor at various reaction temperatures are pre-
sented in Table 2. Acetaldehyde, acrolein, acetone, allyl alcohol,
acetic acid, acetol and phenol were present for all experiments
using reaction temperatures lower than 600 °C (except for
acrolein that is only detected for T < 500 °C). The aforemen-
tioned liquid products were detected at higher temperatures
only for the Ni/Al-iwi, calcined alumina and homogeneous re-
action experiments. Other substances were detected in trace
amounts, such as 2-cyclopenten-1-one and 2-methyl-2-cyclo-
penten-1-one, were detected at 550-600 °C, while 1,3-dioxan-
5-ol was produced during the noncatalytic experiments for the
whole temperature range. Substances such as 2,3-butanedione,
propylene glycol and 1,2-ethanediol were identified as reaction
products only at low temperatures (T < 550 °C) for the hetero-
geneous processes.

Table 3 presents the concentration values of the main liquid
products at different reaction temperatures. These values are
relatively low, never exceeding 10% for any particular sub-
stance, even at low temperatures. Acrolein was mainly pro-
duced at low reaction temperatures, namely lower than 500 °C
for the blank reactor and with alumina or Ni/Al-iwi catalyst.

Table 3
Concentrations of liquid products at various reaction temperatures.

1959

Acrolein was only detected for low temperature reactions for
the Ni/Al-wet and Ni/Al-edf catalysts, up to 450 and 400 °C,
respectively, at quite low concentration ranging from 0.8 to 4.0
vol%. Acetone was formed in much higher concentrations for
all cases and for a broader reaction temperature range. Acetone
was detected for temperatures as high as 750 °C for the blank
reactor and alumina experiments, 700 °C for Ni/Al-iwi and 650
°C for Ni/Al-wet and Ni/Al-edf. Acetol, acetone, allyl alcohol
and acetaldehyde appear at higher concentrations and more
frequently for the catalytic samples compared with acetic acid
and acrolein.

The influence of reaction temperature on the main liquid
product selectivities, namely acetol (Sacetol), acetone (Sacetone),
allyl alcohol (Sanyi alcohol), acetaldehyde (Sacetaldehyde), acetic acid
(Sacetic acid) and acrolein (Sacrolein) is shown in Fig. 10. The main
liquid products of the homogenous reaction were detected
even at temperatures as high as 750 °C (Fig. 10(a)). A decrease
in the Sacetol, Sallyl alcohol and Sacrolein Values and an increase in the
Sacetone, Sacetaldehyde and Sacetic acid were observed, with an almost
equimolar liquid product mixture at 700 °C (acrolein was not
detected for T > 550 °C). A similar trend was seen for the cal-
cined Al203 experiments (Fig. 10(b)), with the only difference
being the disappearance of allyl alcohol and acetaldehyde at
reaction temperatures higher than 600 and 700 °C, respective-
ly.

The main liquid products vary with reaction temperature
for the Ni/Al catalysts (Fig. 10(c)-(e)). No liquid products were

Concentration (vol%)

Catalyst Product

400 °C 450°C 500°C 550°C 600 °C 650 °C 700 °C 750°C
Blank experiment 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 5.60 445 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 311 2.47 1.22 0.00 0.00 0.00 0.00 0.00
Alumina Acetol 8.09 7.95 7.15 5.39 1.43 1.38 1.35 131
Acetone 5.95 5.87 4.85 4.43 3.50 3.11 2.48 1.00
Allyl alcohol 411 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 2.55 237 2.21
Acrolein 4.38 3.96 2.63 0.00 0.00 0.00 0.00 0.00
Ni/Al-edf Acetol 6.55 6.06 5.57 4.03 0.26 0.00 0.00 0.00
Acetone 5.08 4.18 3.63 2.61 1.29 0.53 0.00 0.00
Allyl alcohol 3.16 2.90 2.07 1.33 1.26 0.00 0.00 0.00
Acetaldehyde 6.48 5.72 311 1.67 1.34 0.50 0.00 0.00
Acetic acid 2.18 1.99 1.47 1.31 111 0.00 0.00 0.00
Acrolein 1.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni/Al-wet Acetol 6.46 6.39 5.75 4.06 0.11 0.00 0.00 0.00
Acetone 4.26 3.90 2.85 2.79 2.37 1.96 0.00 0.00
Allyl alcohol 2.70 2.20 1.58 1.46 1.21 0.28 0.00 0.00
Acetaldehyde 5.08 2.72 1.93 1.73 1.17 0.61 0.00 0.00
Acetic acid 2.34 1.69 1.55 1.36 0.94 0.00 0.00 0.00
Acrolein 2.07 1.03 0.00 0.00 0.00 0.00 0.00 0.00
Ni/Al-iwi 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
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Fig. 10. Liquid product selectivity. (a) Blank reactor; (b) Alumina; (c) Ni/Al-edf; (d) Ni/Al-wet; (e) Ni/Al-iwi. Reaction conditions: C3HgOs (20
vol%)/H:0 (total liquid flow rate = 0.12 mL/min)/He (38 mL/min), Weatayst= 200 mg, T = 400-750 °C.

detected for the Ni/Al-edf catalyst at temperatures higher than
650 °C, suggesting that glycerol has been fully converted to
gaseous products (Fig. 10(c)). The most interesting finding is
that an almost equimolar mixture of acetone and acetaldehyde
was produced at 650 °C. The distribution of liquid products is
quite different for the Ni/Al-wet catalyst at T < 650 °C, and no
liquid products were detected at higher reaction temperatures
(Fig. 10(d)). The values of Sacetone, Sacetaldehyde and Saliyl alcohol at
650 °C were 70%, 19% and 11%, respectively. It can be con-
cluded that, as expected, the liquid product selectivities de-
crease with increasing temperature for all the catalysts. An
equimolar amount of acetone and acetaldehyde was produced
for the Ni/Al-edf catalyst at 650 °C (Fig. 10(c)), while the
amounts of acetone, allyl alcohol and acetaldehyde were 70%,
11% and 19%, respectively for Ni/Al-wet (Fig. 10(d)). Acetol
(6%), acetone (28.5%), allyl alcohol (26.5%), acetaldehyde
(21%) and acetic acid (18%) were detected for the Ni/Al-iwi
catalyst at 650 °C, with only acetone (72%), acetic acid (28%)
at 700 °C. Different liquid product distributions can be obtained
by varying the synthesis method of the catalysts for the GSR.
The complexity of the reaction product mixture composi-
tions (Table 2 and Fig. 10) and the dependence on glycerol’s
decomposition have been reported in the literature [47-51]. It
has been confirmed that glycerol decomposes to CO, CO, ole-
fins, water, hydrogen and oxygenates at high reaction temper-
atures in the gas phase. Therefore, the catalyst’s ability to acti-
vate C-O (typical of oxygenated compounds), C-C and C=C
bonds should be taken into consideration. Olefins (C2H4, C3Hs)
and CO are thought to be the main substances that reach the
catalyst’s surface; thus, it could be said that catalytic perfor-
mance is dependent upon the tendency towards: (1) C=C
cleavage; and (2) coke formation inhibition by polymerization

of CHx species and/or CO dissociation (Boudouard reaction).

The liquid product distribution can be explained according
to the reaction scheme proposed by Dumesic et al. [52], where
the conversion of glycerol to hydrogen takes place through the
formation of a variety of chemical intermediates, such as alco-
hols and ketones. A scheme of reactions involved in the GSR is
presented in Scheme 1.

The dehydrogenation reactions of glycerol to acetol and
glyceraldehyde, as well as its successive transformation to
propanediol, are favored because of their small AG® and AH°
values, resulting in the possible presence of these species dur-
ing catalytic processes. Conversion to propanediol may take
place first by dehydration of glycerol to 2-hydroxy-2-propenol
and to acetol. In a following step, the C=C or C=0 double bonds
are hydrogenated to produce propanediol. This path can be
performed over bi-functional catalysts, containing acid and
base sites to achieve dehydration, as well as metal sites to facil-
itate hydrogenation reactions. The formation of synthesis gas
(syngas) is highly endothermic and favorable at high tempera-
tures. Syngas conversion is increased by decreasing in the
number of Lewis acid sites on the catalyst, indicating that the
basic sites favor the route to syngas conversion [53].

The Ni/Al-edf and Ni/Al-wet catalysts promote the for-
mation of acetaldehyde and acetone, respectively (Table 3 and
Fig. 10). The Ni/Al-iwi catalyst favors the production of allyl
alcohol and acetic acid, as these can be detected even at high
temperatures. Presumably these differences can be attributed
to the varying abilities of the catalysts to promote the cleavage
of C-C, O-H and C-H bonds in the oxygenated hydrocarbon
reactant (leading to Hz and CO) and facilitate the WGS reaction
in order to remove adsorbed CO from the surface as CO2, as
opposed to the cleavage of C-0 bonds that leads to alkanes.
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Scheme 1. Reaction pathway for the glycerol steam reforming reaction.

3.2.5. Coke deposition

The catalytic performances of the Ni/Al catalysts described
by the reaction metrics at 650 °C, including the measured car-
bon deposition, are shown in Table 4, as well as the results
from experiments with calcined alumina and an empty reactor
(homogenous reaction). The Ni/Al-edf catalyst gave the highest
values of (1) glycerol to gaseous products conversion
(88.74%), (2) Hz yield (4.07 moles), (3) acetaldehyde selectivi-
ty (45.11%), and lowest carbon deposition (12.3%). The
Ni/Al-wet has the highest values of (1) glycerol conversion
(93.75%), (2) Hz (69.33%) and CO2 (38.31%) selectivities, (3)
acetone selectivity (70.16%), (4) Hz/CO molar ratio (2.87) and
the lowest values of (1) glycerol conversion to gaseous prod-

tion may be rather kinetically slow. The pathways resulting in
coke formation, such as thermolysis, oligomerization, and olefin
formation via dehydration and decarbonylation should be
carefully tailored. Dramatic Ni/Al203 catalyst deactivation
caused by carbonaceous deposits over the catalyst surface
during reforming reactions has been previously verified
[16,58]. It has been proposed that the coke deposition, associ-
ated with the dehydration, cracking and polymerization reac-
tions, takes place on the alumina’s surface acid sites [15]. Pant
et al. [16] compared Ni/Al203 with Ni-ceria catalysts and re-
ported sintering could be an alternative reason to carbon depo-

Table 4

Catalytic performance of the Ni/Al catalysts at 650 °C and carbon
measurements.

ucts (79.56%), (2) CO (56.43%) selectivity, and CO/CO2 molar ] ] ] ] o Empty
ratio (1.45). The Ni/Al-iwi catalyst resulted in the highest val- Reaction metric  Ni/Al-edf Ni/Al-wet Ni/Aliwi y-Al:0s o000
ues for (1) CO (76.39%) and allyl alcohol (26.79%), acetalde- Xesugos (%) 9275 9375 9255 8245 7445
hyde (20.72%), acetic acid (17.85%) and acetol (6.06%) selec- XC3“B°3“E‘0"/g;“"°“5 88.74 7956  86.60 7361  69.78
s . products (%0
tivities, (2) CO/CO2 molar ratio (3.67) and the lowest for (1) Yaz (%) 407 386 372 176 1.50
glycerol conversion (92.55%), (2) Hz yield (3.72 moles) and Selectivity (%)
selectivity (61.31%), (3) CO2 selectivity (20.84%), (4) acetone H: 65.57 69.33 61.31 3421  30.74
(28.58%), selectivity, and H2/CO molar ratio (1.87). €02 29.11 3881 2084 1205 6.50
The importance of studying carbon deposition during the co 64.50 56.43 76.39 6434 67.88
(oxygenated) hydrocarbon reforming reaction is derived from CHs 639 476 277 2361 2562
e y § Acetol 0.00 000 606 1652 2747
the catalyst’s deactivation, which is the main consequence of Acetone 54.89 70.16 2858 34.72 15.86
the undesirable carbon formation [54-56]. Previously reported Allyl alcohol 0.00 10.82 26.79 0.00 19.91
experimental and theoretical studies have shown suppression Acetaldehyde 45.11 19.02 2072 2441  21.05
of coke formation could be accomplished with high reaction Aceticacid 0.00 0.00 1785 2434 1571
temperatures and steam to carbon (S/C) molar ratios, and b Acrolein 0.00 0.00 0.00 0.00 0.00
p ’ Y Hy/COratio 237 287 187 124 106
adding oxygen in the feed [3,57]. The crucial role of the cata- €0/CO ratio 2.22 1.45 3.67 534 10.43
lyst’s specific characteristics on the reaction product distribu- Carbon (wt%) 12.3 18.0 15.8 n/a
tion should be considered because the carbon gasification reac- Note: n/a = not available, — = not applicable.
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sition for deactivation. The transition of alumina’s crystalline
phase during the reaction could be associated with sintering of
the active Ni phase [17].

Studying the carbon deposition on the catalytic surface
during the GSR is considered to be a major challenge [59,60].
The reactions that are responsible for coke accumulation are
glycerol thermal decomposition [61] and the dehydration, de-
hydrogenation, and condensation of byproducts [62]. Coke
formation has a strong dependence on glycerol concentration
[59], and it is expected that sintering would accompany coke
accumulation on a catalytic surface [63]. The phenomena of
both sintering and coke formation during the GSR have also
been reported in studies concerning the catalytic performance
of supported Ru [10], Pt [64], and Ni [65] catalysts. Strategies to
alleviate active phase sintering aim to strengthen the interac-
tions between the catalytically active sites and the support’s
surface (strong metal-support interaction) by using other sup-
porting materials, such as CeOz [66], TiOz, or ZrOz [13] or by
incorporating promoters like alkaline ions (e.g., K and Li) [67].

3.3.  Correlation of structure, dispersion and reducibility with
catalytic performance

The SSA for the reduced catalysts were approximately 177,
159 and 156 m2/g for Ni/Al-edf, Ni/Al-wet and Ni/Al-iwi, re-
spectively (Table 1). The adsorption Da had values of 12.5, 15.8
and 17.0 nm for Ni/Al-edf, Ni/Al-wet and Ni/Al-iwi, respec-
tively. The pore size distribution curves are single modal type
in the mesopore range (10-20 nm) for all samples, being nar-
rower and shifted to lower values for Ni/Al-edf (Fig. 2). The
Ni/Al-edf catalyst, which had the highest values of glycerol to
gaseous products conversion and Hz yield, as well as the lowest
carbon deposition, also had the highest SSA and the lowest D..
This finding is quite reasonable as the Ni/Al-edf catalyst exhib-
ited higher active phase dispersion and smaller Ni° crystalline
size compared with the other samples (as confirmed by TEM
experimental results presented in [23]). The Ni/Al-iwi, having
the lowest SSA and largest Ni° crystalline size, had the highest
Sco and the lowest glycerol conversion, Hz yield and selectivity,
and Hz/CO molar ratio.

According to Ewbank et al. [22] the nickel aluminate for-
mation preparation method can affect the type of nickel species
present on the alumina supported nickel catalyst. The for-
mation of nickel aluminate is decreased by using mild condi-
tions. This is the case for samples prepared by controlled ad-
sorption, where the preparation method induces strong metal-
support interactions. The thermal energy of the system is great
enough to overcome the 5-15 kJ/mol energy of metal-support
bond once the reaction temperature exceeds 600 °C, and the
free NiO particles are found to be covered by nickel aluminate
surface layers. Surface NiAlz04 is the primary nickel species in
the case of nickel samples prepared by dry impregnation. This
has been confirmed by our TPR results (Fig. 4), which identified
the different nickel species and showed their abundance de-
pends on the preparation method.

The comparison between catalysts reveals that the catalyst
synthesis method influenced their performance, mainly con-

cerning gaseous and liquid product selectivities. The increases
in Scoz and approximately constant Sco for temperatures higher
than 550 °C indicate that both the Ni/Al-wet and Ni/Al-edf
successfully catalyze the WGS reaction. This can be also de-
duced from the observed trends in the H2/CO and CO2z/CO mo-
lar ratios for both catalysts (Fig. 9).

As reported by Dou et al. [68], the reaction pathway for hy-
drogen production via the GSR may be considered to have three
steps. During the first step, glycerol dehydrogenation results in
CO species bonded onto the catalytic surface. At the second
step, the CO species undergo desorption, and finally, WGS and
methanation reactions occur in the third step. Adhikari et al. [3]
evaluated an alumina-supported metal catalyst and found that
at high reaction temperatures Hz production and selectivity
values were enhanced up to 70%. In a similar work by Czernik
et al. [69], catalytic SR of biomass-derived liquids using a com-
mercial nickel catalyst resulted in Hz yields approaching or
exceeding 80% of those theoretically possible for stoichio-
metric conversion. A NiO/Alz03 catalyst that is typically used
for steam methane reforming was tested for the GSR by Cheng
et al. [5]; according to their results the steam-to-carbon molar
ratios ranged from 1.1 to 4.0 for reaction temperatures be-
tween 450 and 550 °C. These authors concluded that the main
gaseous products were Hz, COz and CO, with a Hz/COz ratio of
approximately 2.15, while the H2/CO ratio varied between 6.0
and 16.0 depending on the reactant feed composition. Other
studies concerning the GSR with Ni/Al203 catalysts have also
shown, in accordance with our results, that higher Hz yield val-
ues could be attributed to the moderate reduction degree and
higher dispersion of the active phase on the catalyst or, in other
words, to the smaller particle size of nickel crystallites [70].

Chiodo et al. [10] reviewed the GSR using Ni and Rh catalyst
and proposed, as main GSR reactions, glycerol decomposition,
WGS and methane SR. Pompeo et al. [8] rationalized data of low
temperature GSR experiments on Pt-based catalysts and con-
cluded that apart from GSR, glycerol decomposition and WGS,
the other major reaction to be considered is the methanation
reaction and not methane SR. Dieuzeide et al. [51] performed a
thermodynamic analysis of hydrogen production from the GSR
using the stoichiometric method. Their main findings can be
summarized as follows: glycerol conversion is complete in the
equilibrium, product distribution is determined by WGS and
methanation reactions, and at low temperature the methana-
tion reaction is predominant over the WGS reaction, while at
high temperatures the WGS predominates. The above reported
mechanisms are in keeping with the increase of hydrogen yield
and Scoz with temperature, which are a result of the endother-
mic nature of the GSR. The CO/CO: ratio, which we found to be
maximized at 600 °C, could be related to a balance between the
exothermic nature of glycerol hydrogenolysis and the endo-
thermic nature of the GSR.

We found that the Ni/Al-edf and Ni/Al-wet catalysts pro-
moted the formation of acetaldehyde and acetone, respectively.
The Ni/Al-iwi catalyst seems to promote the production of allyl
alcohol and acetic acid, as these products were detected even at
high temperatures. The clarification of the GSR sequential reac-
tion scheme, consisting of primary conversion into liquid
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products that are subsequently reformed to hydrogen and car-
bon oxides, could be modified by the glycerol’s residence time.
Liquid product can be categorized as follows (Fig. 10): (1) main
liquid products that seem to be independent of the residence
time, including dehydration products like hydroxyl-acetone
(~40%) and dehydrogenation by-products like glyceralde-
hydes (~20%), which are both connected with the presence of
catalyst’s acid and basic sites; and (2) reaction sequence liquid
products such as 1,2- and 1,3-propanediol, acrolein, acetone,
propanal, methanol, ethanol, 2-propanol, formic, acetic and
lactic acids, whose concentration depends on the residence
time [53]. The aforementioned sequential reaction scheme for
glycerol decomposition is in fair agreement with our experi-
mental results and in accordance with the literature [70-72].
Coke can be produced from various sources, such as glycerol’'s
oligomers, ethylene, acrolein or acetaldehyde [72-74].

4. Conclusions

In the present study, a series of Al203-supported Ni catalysts
were synthesized, with nickel loading of 8 wt%, using the in-
cipient wetness, wet impregnation, and a modified EDF prepa-
ration methods. The formation of nickel aluminate phase for all
catalysts was confirmed by the XRD and TPR results. The de-
convolution of the reduction peaks revealed that the contribu-
tion of the B-peak in the Ni/Al-edf catalyst was higher than in
the other two catalysts, indicating that these nickel aluminate
species were more reducible.

The improved catalytic activity for gaseous products of
Ni/Al-edf can be attributed to the surface nickel aluminate spe-
cies that existing on the catalyst’s surface under reaction condi-
tions. The Hz yields of the catalysts were quite different at low
temperatures (400-600 °C), following the trend Ni/Al-wet >
Ni/Al-edf > Ni/Al-iwi, while they are almost identical at high
temperatures (600-750 °C), reaching the value of 4 hydrogen
moles. The catalysts’ Sco and Scoz can be explained by the vary-
ing degree of the reverse WGS reaction participation in the
whole process reaction pathway, as the selectivities are quite
different for reaction temperatures higher than 500 °C. The
CO/CO2 molar ratio trend is quite different between the cata-
lysts; it remains almost stable for the whole temperature range
at 1.5 for Ni/Al-wet, and it reaches a peak at 650 °C for the
Ni/Al-edf and Ni/Al-iwi catalysts with values of 2.3 and 4.2,
respectively.

Acetaldehyde, acrolein, acetone, allyl alcohol, acetic acid,
acetol and phenol were liquid products for all experiments at
reaction temperatures lower than 650 °C. The Ni/Al-edf cata-
lyst had the highest values of (1) glycerol to gaseous products
conversion (87.0%), (2) Hz yield (4.4 moles), (3) allyl alcohol
(27.0%), acetaldehyde (23.1%), and acetic acid (18.8%) selec-
tivities at a reaction temperature of 650 °C and with the lowest
carbon deposition of all of the catalysts.

The Ni/Al-edf and Ni/Al-wet catalysts promote the for-
mation of acetaldehyde and acetone, respectively. On the con-
trary, Ni/Al-iwi produces allyl alcohol and acetic acid. Presum-
ably these differences can be attributed to the varying ability to
promote cleavage of C-C, O-H and C-H bonds in the oxygenat-

ed hydrocarbon reactant (leading to Hz and CO) and to facilitate
the WGS in order to remove adsorbed CO from the surface as
COz, as opposed to the cleavage of C-O bonds (leading to al-
kanes).

The preparation method influenced the physicochemical
properties of the Ni/Al203 catalysts and thus the selectivity to
gaseous and liquid products, as well as their resistance to car-
bon deposition.
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