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A B S T R A C T

CO2 reforming of glycerol to syngas was studied on Al2O3-ZrO2-TiO2 (AZT) supported Rh, Ni and Co catalysts
within 600–750 °C and a molar inlet CO2/glycerol ratio (CO2/G) of 1–4. Glycerol and CO2 conversions decreased
in the following order: Rh/AZT > Ni/AZT > Co/AZT. Reactant conversions on Rh/AZT exceeded 90% of their
thermodynamic counterparts at 750 °C and CO2/G=2–4 at which the activity of Ni/AZT was boosted to ˜95% of
the thermodynamic CO2 conversion upon increasing the residence time. The loss in CO2 conversions was below
13% during the 72 h longevity tests confirming the exceptional stability of Rh/AZT and Ni/AZT. However, Co/
AZT suffered from sintering, carbon deposition and oxidation of Co sites, demonstrated via TEM-EDX, XPS,
XANES and in-situ FTIR experiments. Characterization of Rh/AZT revealed no significant signs of deactivation.
Ni/AZT preserved most of its original metallic pattern and gasified carbonaceous deposits during earlier stages of
the reaction.

1. Introduction

The present global energy consumption depends primarily on the
utilization of fossil fuels, namely crude oil, coal and natural gas [1].
However, increasing complexity and cost of production and supply of
the fossil fuels together with the environmental problems related with
their consumption have drawn attention to renewable energy conver-
sion technologies and renewable fuels. In this context, the use of bio-
diesel as a renewable fuel received notable interest as it can be blended
with the refinery diesel and may be used in existing diesel engines
without requiring any modifications. These benefits increased the scale
of the global biodiesel market from ˜8.3×104 tons in 2000s [2] to
˜3.4×107 tons in 2016 [3]. Noticeably, biodiesel production in the US
have also increased by> ˜15% from 2016 to 2018 [4].

Biodiesel is conventionally synthesized by the trans-esterification of
animal-based or vegetable oils in the presence of methanol or ethanol,
yielding glycerol as a side product which typically accounts ˜10% by
mass of the resulting mixture [5,6]. This fraction, however, causes a
notable surplus of glycerol when the scale of biodiesel production is

considered. By the year 2020, cumulative global glycerol supply is
forecasted to be about 6 times greater than the global glycerol demand
(i.e. 3×106 ton vs. 5×105 ton, respectively) [5]. Unless valorized into
useful products, surplus glycerol will elevate the cost of biodiesel
synthesis. Among several options of valorization, catalytic transforma-
tion of glycerol to synthesis gas (i.e. syngas) receives increasing interest
as it contributes to the sustainability of commercially important pro-
cesses such as Fischer-Tropsch (FT), methanol and dimethyl ether
syntheses, all of which start from syngas [7].

Glycerol-to syngas conversion is carried out typically by catalytic
steam reforming whose catalysis and reaction engineering aspects are
studied extensively and compiled in a number of extensive reviews in
the literature [5,8–10]. Steam reforming of hydrocarbons such as nat-
ural gas favors syngas with H2/CO > 2, which is suitable for hydrogen
production, but is not aligned with the preferred composition (H2/
CO˜1) needed for long-chain hydrocarbon production via FT synthesis
[11]. The required specification, however, can be obtained by re-
forming glycerol with CO2 which can give a theoretical syngas com-
position of 0.75 [12]. Moreover, glycerol dry reforming (GDR) has a
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characteristic benefit of making syngas, a valuable product, through a
carbon-negative path, i.e. by consuming CO2 (i.e. a greenhouse gas) and
glycerol (i.e. waste of biodiesel synthesis) according to the following
overall reaction:

C3H8O3 + CO2 → 4CO + 3H2 + H2O, ΔH°=292 kJ/mol (1)

Reaction 1 can be considered as a combination of glycerol decom-
position (2) and reverse water gas shift (RWGS, 3), where the latter
reaction affects the syngas composition [13]:

C3H8O3 → 3CO + 4H2, ΔH°=251 kJ/mol (2)

CO2 + H2 → CO + H2O, ΔH°=41 kJ/mol (3)

Due to its endothermic nature, GDR is thermodynamically favored
at high (> 500 °C) temperatures [13–15] where glycerol can thermally
decompose via a series of dehydration and dehydrogenation steps
yielding hydrocarbons or oxygenates such as methane, ethane, ethy-
lene, acetaldehyde, acrolein, acetone, methanol, ethanol and acetic acid
[16]. These molecules may also transform into surface carbon species
(Cs) or coke with varying extents depending on the nature of the gen-
erated hydrocarbon or oxygenate as well as the catalytic conditions
utilized. As presented in Table 1, reforming of the hydrocarbons and
gasification of Cs by CO2 and H2O (where the last species is produced in-
situ via RWGS), are other side-reactions that may take place under GDR
conditions. It was reported that the extent of coke formation could be
reduced with increasing temperatures and become thermodynamically
insignificant above 677 °C with CO2/G=1 [15].

A limited number of theoretical and experimental studies [13–15]
exist in the literature focusing on the thermodynamic and catalytic
aspects of GDR. Siew et al. [17–20] investigated the effect of La pro-
motion on Ni/Al2O3 catalysts under GDR conditions of 650–850 °C and
CO2/G=0–5. It was reported that La promotion improved metal dis-
persion, decreased carbon deposition and suppressed deactivation. It
was also pointed out that CO2 in the feed stream favored coke gasifi-
cation. Authors did not quantify the breakdown of CO2 in GDR, but
reported an average glycerol conversion of 90% at 750 °C on the La-
promoted catalyst. In another study, Ag-promoted Ni/SiO2 catalysts
were used for GDR [21]. Increasing Ag loading from 0 to 5 wt.% ele-
vated H2 yield and glycerol conversion (at 700 °C and CO2/G=1) to
˜27% and ˜33%, respectively. Nevertheless, the promoted catalyst was
unable to prevent formation of carbonaceous species during the reac-
tion. The impact of Ag promotion (1, 3 and 5wt.%) on Al2O3 supported
Ni catalysts was also studied by the same group at CO2/G=0.5 and
within 600–900 °C and 14.4–72 L/gcat.h [22]. The highest glycerol
conversion (40.7%) and H2 yield (32%) were obtained at 800 °C and
36 L/gcat.h on 3% Ag-Ni/Al2O3. Although BET specific surface area
(SSA) of the catalyst decreased with Ag promotion, high activity of the
3% Ag-Ni/Al2O3 was attributed to the small metal crystallite size. De-
spite its high activity, the catalyst was unstable due to the formation of

whisker-type carbonaceous species. Ni-catalyzed GDR was also studied
by Lee et al. [23,24] who focused on the use of cement clinker (CC: a
material composed mainly of CaO and MgO), as the catalyst support. It
was reported that carbon formation was reduced upon using CC. Ac-
tivity tests carried out on the 20% Ni/CC at 750 °C and CO2/G=1.67
gave glycerol conversions up to ˜80% and H2/CO < 2 [23,24]. Use of
CaO supported Ni for GDR was also investigated by Arif et al. [25,26]
who comparatively studied 15wt.% Ni loaded CaO, ZrO2 and La2O3

supported catalysts. At 700 °C and CO2/G=1, the authors reported
glycerol conversions of 30%, 20% and 13% on Ni/CaO, Ni/La2O3 and
Ni/ZrO2, respectively. Superiority of Ni/CaO was attributed to the
improved metal dispersion and smaller NiO crystallite size on CaO
[25,26]. Tavanarad et al. [27] studied GDR within 600–750 °C and
CO2/G=0–3, on catalysts supported by mesoporous γ-Al2O3 loaded
with different amounts of (5, 10, 15 and 20%) Ni. While 15% Ni loading
delivered the best activity, 20 h stability testing showed significant
deactivation accompanied by whisker-type carbon formation. In-
creasing temperature and CO2/G was found to improve glycerol con-
version and decrease H2/CO which remained always above 1. In an
another study, noble metals (Rh, Ru, Ir, Pd and Pt) were impregnated
on Al2O3 stabilized MgO and the resulting catalysts were tested under
GDR conditions of 600–750 °C and CO2/G=0–3 [28]. BET analysis
showed higher SSAs for Rh, Ru and Pd based catalysts, and TEM ima-
ging revealed well-dispersed metal particles with sizes below 5 nm.
Activity of noble metals was reported in the decreasing order of
Rh > Ru > Ir > Pd > Pt. While up to ˜90% glycerol conversion
could be obtained on Rh/MgO-Al2O3, the catalyst suffered from
whisker-type carbon formation and severely deactivated during the
20 h stability test [28].

While the literature provides some information on the catalysis of
GDR, a comprehensive molecular-level understanding of the activation
and deactivation mechanisms is missing. In addition, there is a lack of
data regarding the conversion of CO2 and comparison of the catalytic
performances with the thermodynamic limits. For the first time in the
literature, such information was recently provided in detail by
Bulutoglu et al. [29] for Rh/ZrO2 and Rh/CeO2 catalysts. While Rh/
ZrO2 was more active than Rh/CeO2, the latter turned out to be more
stable as verified by the 72 h stability tests and detailed molecular-level
in-situ/ex-situ spectroscopic/imaging investigations. Activity tests car-
ried out at 600–750 °C and CO2/G=1–4 showed increasing glycerol
and CO2 conversions. CO2 conversion was significant only above
700 °C, where increasing temperature led to decreasing coke formation.
Even though Rh/ZrO2 and Rh/CeO2 gave CO2 conversions up to ˜23%
and ˜16% and glycerol conversions up to ˜77% and ˜72%, respectively,
these values remained below their thermodynamic counterparts under
all conditions. Therefore, in the current study, we synthesized Rh, Ni
and Co-based catalysts supported on a ternary oxide, Al2O3-ZrO2-TiO2

(AZT) with the aim of developing stable and active catalysts that can
run near the thermodynamic limits of GDR. We also carried out activity
tests at 600–750 °C and CO2/G=1–4 together with 72 h time-on-
stream (TOS) stability experiments. AZT presents itself as a promising
support material suitable to cope with the harsh operational environ-
ment of GDR, particularly due to its high SSA (> 100 m2 g−1) [30]
favoring fine metal dispersion, high activity and high coking resistance.
Furthermore, superior activity and stability of Rh in dry reforming of
hydrocarbons [31–35] inspired us to use it as a benchmark precious
metal catalyst for the cheaper, yet promising alternatives, such as Ni
and Co. For the first time in the literature, we report superior Rh/AZT
and Ni/AZT catalysts both of which can deliver> 90% of the thermo-
dynamic CO2 and glycerol conversions with negligible activity loss.
These catalysts clearly outperform the existing Rh- and Ni-based cata-
lysts previously reported in the literature [17–29]. In the current work,
in addition to activity and stability tests, AZT supported Rh, Ni and Co
catalysts were also characterized before and after GDR reaction by
means of in-situ/ex-situ spectroscopic/imaging techniques to provide
valuable insights regarding the molecular-level origins of catalytic

Table 1
Reactions of steam and dry (CO2) reforming of methane, ethane and ethylene
(representative hydrocarbons) and coke gasification.

Reaction ΔH° (kJ/mol) Reaction number

Steam reforming reactions
CH4 + H2O → CO + 3H2 206 (4)
C2H6 + 2H2O → 2CO + 5H2 346 (5)
C2H4 + 2H2O → 2CO + 4H2 210 (6)
Dry reforming reactions
CH4 + CO2 → 2CO + 2H2 247 (7)
C2H6 + 2CO2 → 4CO + 3H2 430 (8)
C2H4 + 2CO2 → 4CO + 2H2 292 (9)
Surface carbon gasification reactions
Cs + H2O → CO + H2 131 (10)
Cs + 2H2O → CO2 + 2H2 90 (11)
Cs + CO2 → 2CO 172 (12)
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activity and stability.

2. Experimental

2.1. Catalyst synthesis

The ternary oxide AZT support with the mass composition of
Al2O3:ZrO2:TiO2=50:35:15 was prepared by the conventional sol-gel
technique which involved dissolving zirconium isopropoxide (Sigma
Aldrich, ACS Reagent, 70 wt.% in 1-propanol), titanium (IV) isoprop-
oxide (Sigma Aldrich, ACS Reagent, 97%) and aluminum sec-butoxide
(Sigma Aldrich, ACS Reagent, 97%) in 100ml of 2-propanol (Sigma
Aldrich, ACS Reagent> 99.5%) [30]. The slurry was then stirred for
60min under ambient conditions, followed by drop-wise addition of
9ml of 0.5M nitric acid solution (Sigma Aldrich, ACS Reagent, 65%) in
order to obtain a gel which was dried under ambient conditions for 2
days and calcined at 750 °C under air. Catalysts used in this study,
namely, 1 wt.% Rh/AZT, 5 wt.% Ni/AZT and 5wt.% Co/AZT, were
prepared by conventional incipient wetness impregnation method. Rh
loading is kept at 1 wt.% as it is a widely used value for the Rh-based
catalysts utilized in hydrocarbon reforming reactions [28,36] carried
out under conditions similar to those employed in the present study and
allows direct comparison with the GDR performance of Rh/ZrO2 and
Rh/CeO2 catalysts tested previously [29]. Ni loading was chosen to be
5 wt.%, as this was the optimum loading among 1, 5 and 10wt.% Ni/
AZT catalysts in terms of catalytic performance (data not shown). Ni
loadings greater than 5wt.% was found to have adverse effects on metal
dispersion [37]. Being a non-noble metal like Ni, Co was loaded on AZT
with an identical loading (i.e. 5wt.%) simply for the ease of compar-
ison.

In order to obtain 1.0 g of active Rh/AZT catalyst, 7.1× 10−2 ml of
liquid Rh-precursor (Rh(NO3)3, purity: 10% (w/w) Rh in> 5wt.%
HNO3 solution, Sigma-Aldrich) was dissolved in deionized water. The
aqueous precursor solution was drop-wise added onto the ternary oxide
support by means of a peristaltic pump under vacuum. The resulting
slurry was dried overnight in an oven at 110 °C and then calcined in a
muffle furnace at 800 °C for 4 h. An identical protocol was used for the
syntheses of Ni/AZT and Co/AZT. A necessary amount of (2.5× 10-1 g/
g catalyst) Ni(NO3)2.6H2O (Sigma Aldrich,≥97.0%) or Co(NO3)2.6H2O
(Sigma Aldrich, ACS Reagent, ≥99.0%) was dissolved in deionized
water and impregnated onto the AZT support. Resulting slurries were
dried overnight at 110 °C followed by calcination at 800 °C for 4 h. Prior
to the reaction tests, the catalysts were in-situ reduced at 800 °C for 2 h
under 40 Nml/min H2 (purity> 99.99%, Linde GmbH) flow
[20,23,36].

2.2. Catalyst characterization

2.2.1. N2 physisorption
BET isotherms were obtained by using a Quantachrome Nova 2200e

automated gas adsorption system with liquid nitrogen at a temperature
of −196 °C. SSAs of the fresh (i.e. reduced) and spent Rh/AZT, Ni/AZT
and Co/AZT catalysts (after 5 h reactions at 750 °C, CO2/G=4, re-
sidence time= 3.75 mgcat.min/Nml), and of the pure support material
(AZT) were measured by means of multi-point BET analysis.

2.2.2. Transmission electron microscopy (TEM) and energy dispersive X-
Ray spectroscopy (EDX)

TEM imaging and EDX analysis of the fresh (i.e. reduced) and spent
catalysts (after 5 h and 72 h reactions at 750 °C, CO2/G=4, residence
time=3.75 mgcat.min/Nml) were performed via a FEI, Tecnai G2 F30
microscope using an electron beam voltage of 300 kV. Before TEM-EDX
analysis, each sample was dispersed in ethanol and sonicated for 5min.
Then, the sample suspension was transferred on a copper TEM grid by
using a micropipette. The excess solution was removed, and the copper
grid was dried in the fume hood at room temperature overnight. While

bright-field imaging mode was used for the high resolution TEM (HR-
TEM) measurements, high angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM) was utilized for the EDX
analysis.

2.2.3. X-ray photoelectron spectroscopy (XPS)
XPS characterization studies were performed on fresh (i.e. reduced)

and spent catalysts (after 5 h and 72 h reactions at 750 °C, CO2/G=4,
residence time= 3.75 mgcat.min/Nml) by using a SPECS PHOIBOS
hemispherical energy analyzer. A monochromatic Al-Kα X-ray excita-
tion source (15 kV, 400W) and an electron flood gun were employed
during the XPS data acquisition.

2.2.4. In-situ FTIR spectroscopy
In-situ FTIR spectroscopic experiments were carried out in trans-

mission mode using a custom-design batch type stainless steel reactor
attached to Bruker Tensor 27 spectrometer whose details have been
described elsewhere [38,39]. FTIR spectra were collected at 323 K by
averaging 32 scans with a spectral resolution of 4 cm−1. Each catalyst
was finely ground prior to pressing onto a lithographically etched W-
grid sample holder. Corresponding in-situ CO(g) adsorption analyses
were performed by exposing the fresh and spent catalyst surfaces to
10.0 Torr of CO(g) for 10min at 50 °C. Prior to analysis of materials,
reactor chamber was evacuated to ˜10-2 Torr at 127 °C for 60min to
acquire a background spectrum for each catalyst in the vacuum.

2.2.5. X-ray absorption near-edge spectroscopy (XANES)
Ex-situ XANES data were collected at the XAFS/XRF beamline of

SESAME (Synchrotron-Light for Experimental Science and Applications
in the Middle East, Allan, Jordan). XANES experiments were performed
in transmission mode for Co and Ni metallic foils and for CoO, Co(acac)
and Ni(NO3)2 refence samples. Due to the relatively low concentration
of Ni and Co in the Ni/AZT and Co/AZT catalysts, these samples were
analyzed in fluorescence mode. Rh edges of the Rh/AZT samples cannot
be analyzed due to the energy range limitations of the
Si< 111> crystal of the monochromator utilized at this beamline. For
Co and Ni K-edges, 3 successive (repeated) spectra was acquired for
each sample in order to enhance the signal to noise ratio (S/N). Edge
energy (E0) values in the XANES data were chosen as the energies
where the second derivatives of the corresponding spectra vanishes (i.e.
inflection points). Analysis (normalization, merging, etc.) of the XANES
data was carried out using Athena part of the Demeter software package
[40].

2.3. Catalytic performance experiments

The experiments were conducted in a down-flow quartz tubular
packed bed reactor placed inside a three-zone furnace (Protherm PZF
12/50/500). The catalyst bed, whose position at the center of the
quartz tube overlapped with the center of the second zone of the fur-
nace, was consisted of physical mixture of 20mg active catalyst (Rh/
AZT, Ni/AZT or Co/AZT) with 700mg diluent α-Al2O3. The catalyst-
diluent mixture was supported by a quartz wool plug. Flow of liquid
glycerol (Sigma-Aldrich, purity: 99.5%) was controlled by a Shimadzu
LC-20AD HPLC pump and set to deliver 4 Nml/min of glycerol upon its
evaporation in all experiments. Inlet flow of CO2 (purity> 99.99%,
Linde GmbH) was determined according to the assigned CO2/G ratio
and the balance gas N2 (purity> 99.99%, Linde GmbH) flow rate was
adjusted to obtain a constant total flow rate of 40 Nml/min. Precise
dosing of CO2, N2 and H2 (purity> 99.999%, Linde GmbH), the re-
duction gas, was carried out via Brooks 5850E Series Mass Flow
Controllers. Geometric and operational details regarding mixing, eva-
poration and injection of the glycerol-CO2-N2 mixture can be found
elsewhere [29]. Condensable species (i.e. water, unconverted glycerol
and any other possible side products in liquid phase) in the product
mixture were knocked out inside two serially-connected cold traps
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before transferring the reactor effluent to multiple on-line gas chro-
matograph (GC) units. The first GC, Shimadzu GC-2014, was consisted
of a 60–80 mesh size Molecular Sieve 5A packed column and was used
to detect and quantify H2, N2, CH4 and CO via a thermal conductivity
detector (TCD) in the presence of Ar (purity> 99.99%, Linde GmbH) as
the carrier gas. The second GC, Agilent 6850 N, consisting of TCD and
80–100 mesh size Porapak Q packed column run with He carrier gas
(purity> 99.99%, Linde GmbH) was used to analyze N2, CO2, CH4,
C2H4 and C2H6. GC units were connected in parallel configuration and
each of them was equipped with six-way sampling valves that involved
sample loops of 1ml volume. Further details regarding the product
analysis units and the schematic presentation of the experimental set-up
can be found in [29].

Catalytic experiments involved investigation of the effects of reac-
tion temperature (T= 600–750 °C), CO2/G ratio (1–4) and residence
time (0.5–3.75 mgcat.min/Nml) on CO2 and glycerol conversions, pro-
duct distribution and syngas composition. Residence time was defined
as the ratio of the mass of catalyst to the total inlet volumetric flow rate,
which was kept constant at 40 Nml/min in all experiments. While
studying the impact of a particular parameter, other parameters were
kept constant at their default values, namely 750 °C, CO2/G=4 and 0.5
mgcat.min/Nml which corresponded to packing of 20mg of catalyst.
Duration of the catalytic activity tests was fixed at 5 h. The first data
was taken 0.5 h after the onset of the experiment, while the rest were
collected every following 45min. The reaction system typically reached
steady-state conditions in the second hour of the experiments. Thus, the
first two data points collected at 30th and 75th min were discarded while
reporting reactant conversions and product yields. The 72 h TOS sta-
bility runs as well as experiments for producing catalyst samples for
characterization studies were carried out at a longer residence time of
3.75 mgcat.min/Nml (i.e. on 150mg of catalysts without dilution) in an
attempt to augment the extent of possible deactivation phenomena such
as sintering and coke deposition. CO2 conversion (XCO2), glycerol con-
version to gaseous products (XG) and product yields (Yi) were used as
the metrics to monitor catalytic activity [29]:
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In Eqs. (13–15) Fi in, (mol/min) refer to the molar flow rate of species
i in the feed stream (i.e. CO2 and gaseous glycerol) and Fi (mol/min)
represents the outlet molar flow rate of the gaseous products (i.e. CO,
H2, CH4, C2H4 and C2H6). Glycerol conversion (Eq. 14) was formulated
by elemental hydrogen balance that included all detectable hydrogen-
containing species in the gas phase. H2O, which is the product of RWGS
and reverse of possible side reactions 4–6, 10 and 11 (Table 1), was not
detected and quantified. Thus, it was not included in Eq. (14). As dis-
cussed in detail by Bulutoglu et al. [29] the impact of the lack of H2O in
hydrogen balance on glycerol conversions remained negligible. More-
over, the common use of Eq. (14) in the existing GDR studies [17–26]
allowed direct comparison of the present results with the glycerol
conversions reported in the literature. The results reported in the pre-
sent study were found to be reproducible in all cases, as the difference
between the performance metrics (XCO2, XG and Yi) of successive ex-
periments remained below 1%.

In order to quantify possible involvement of the AZT support, di-
luent and quartz wool, a series of blank experiments were conducted. In
the first group of blank experiments, the packed zone of the reactor tube
involved only α-Al2O3 and quartz wool, and tested in all parametric
combinations. None of those materials showed activity. While no CO2

conversion was noted, thermally induced conversion of glycerol was

observed. The second group of blank experiments aimed to capture any
possible contribution of AZT on CO2 conversion, and involved addition
of 20mg of AZT to the diluent and testing at 700–750 °C and CO2/
G=1–4. As CO2 conversion is thermodynamically favored only above
700 °C [29], no blank tests were conducted in the 600–700 °C range.
The blank tests were continued by means of packing 150mg AZT to
provide further insight into the possible role of AZT on CO2 conversion.
Outcomes of the blank tests involving AZT are reported in Section 3.2.

3. Results and discussion

3.1. Structural and functional characterization studies

3.1.1. Surface area and porosity measurements
SSA data obtained by N2 physisorption on the fresh (i.e. reduced)

and 5 h-spent catalysts (after reaction at 750 °C, CO2/G=4, residence
time=3.75 mgcat.min/Nml) are presented in Table 2. As expected,
impregnation of the metals on the AZT support decreased SSA due to
the blockage of the pores. The same effect was also observed in the total
pore volumes of the AZT support and of the fresh Rh/AZT, Ni/AZT and
Co/AZT catalysts which were measured as 2.53×10−1, 2.17×10−1,
1.6× 10−1 and 1.57×10−1 ml/g, respectively. The results also show
that SSA of the fresh Co/AZT sample was notably smaller than those of
the fresh Rh/AZT and Ni/AZT samples. This finding was well aligned
with (i) the comparative TEM-EDX analyses of the fresh samples (Sec-
tion 3.1.2) that pointed out Co/AZT as the catalyst with the biggest
average metal cluster size of ca. 40–50 nm covering the biggest portion
of the AZT surface and (ii) the catalytic activity experiments in which
Co/AZT delivered the lowest conversions of glycerol and CO2 (Sections
3.2.1 and 3.2.2). It is worth mentioning that all of the catalysts had
limited (i.e.<5%) loss in their SSA upon their 5 h exposure to reaction
conditions that involved the highest temperature (750 °C) and CO2/G
(4). This finding was correlated with the improved thermal stability of
AZT reported in the literature [30]. Average pore diameter of the AZT
support was measured as 5.06×10-9 m.

3.1.2. TEM and EDX measurements
Structural properties of the Rh/AZT (Fig. 1), Ni/AZT (Fig. 2) and

Co/AZT (Figs. 3 and 4) catalysts were investigated in their fresh forms
before the GDR reaction, as well as after 5 h and 72 h GDR reaction tests
using TEM and EDX techniques. It can be seen in Fig. 1 that the average
Rh particle size of the fresh Rh/AZT sample was ca. 3–4 nm (Fig. 1a and
b) which did not change significantly neither after 5 h (Fig. 1d and e)
nor after 72 h (Fig. 1f) GDR reaction tests. It is also important to note
that Rh particle size distribution was quite narrow without large var-
iations or heterogeneity in particle sizes. Presence of Al, Zr, Ti and Rh in
the fresh Rh/AZT catalyst composition was also verified via EDX as
shown in Fig. 1c.

Fig. 2 shows similar studies on the Ni/AZT catalyst. Fig. 2a and b
reveal the nature of the fresh Ni/AZT catalyst exhibiting an average Ni
particle size of ca. 10–15 nm. However, in contrast to the relatively
monodisperse Rh particles on Rh/AZT (Fig. 1), Ni particles on the Ni/
AZT surface showed a larger variation in their particle sizes. EDX data
in Fig. 2c confirms the presence of Ni, Al, Zr and Ti in the fresh Ni/AZT
catalyst composition. Fig. 2d and e show the surface of the Ni/AZT

Table 2
SSAs of the AZT support material and the catalysts.

Catalyst SSA (m2/g)

Fresh Spent (5h)

AZT 182 –
Rh/AZT 134.7 128.4
Ni/AZT 142.9 139.8
Co/AZT 113.1 112.6
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Fig. 1. (a) HR-TEM and (b) HAADF images of fresh Rh/AZT catalyst. (c) A representative EDX spectrum for the fresh Rh/AZT catalyst. (d) HR-TEM and (e) HAADF
images of Rh/AZT catalyst after a 5 h GDR reaction test. (f) HAADF images of Rh/AZT catalyst after a 72 h GDR stability test (conditions for spent catalyst:
T= 750 °C, CO2/G=4, residence time=3.75 mgcat.min/Nml).

Fig. 2. (a) HR-TEM and (b) HAADF images of fresh Ni/AZT catalyst. (c) A representative EDX spectrum for the fresh Ni/AZT catalyst. (d) HAADF image of Ni/AZT
catalyst after a 5 h GDR reaction test. (e) HAADF image of Ni/AZT catalyst after a 72 h GDR stability test. (f) EDX spectrum obtained from the point labeled as “O1” in
(e) (conditions for spent catalyst: T=750 °C, CO2/G=4, residence time= 3.75 mgcat.min/Nml).

S. Bac, et al. Applied Catalysis B: Environmental 256 (2019) 117808

5



catalyst after 5 h and 72 h GDR reaction tests, respectively. Points la-
beled as O1-O4 in Fig. 2d (corresponding to 5 h-spent Ni/AZT catalyst)
were investigated with EDX (data not shown). Fig. 2f illustrates the EDX

data corresponding to a Ni particle (labeled as O1) on the Ni/AZT
system after 72 h GDR test, where Ni particles can be readily identified
via TEM-EDX. Due to the heterogeneity of the Ni particle sizes on Ni/
AZT, it is difficult to conclusively distinguish the changes in average Ni
particle size before and after 5 h and 72 h GDR reaction tests via TEM.
Nevertheless, it can be argued that the changes in Ni particle size after
GDR reaction are minor.

Co/AZT sample was also analyzed via TEM-EDX as presented in
Fig. 3. Average Co particle size on fresh Co/AZT catalyst was ca.
40–50 nm (Fig. 3a and b) which was much greater than the corre-
sponding average particle size values for Rh/AZT and Ni/AZT. Fur-
thermore, Fig. 3b indicates that some of the Co particles may be em-
bedded/covered/encapsulated by the AZT support. This is particularly
evident for the Co particles labeled as O1 and O3 in Fig. 3b, where the
presence of Co at these locations were further verified via EDX as shown
in Fig. 3c. TEM images obtained after 5 h and 72 h GDR reaction tests
(Fig. 3d and e, respectively) indicate that Co particles further grew in
size after the GDR reaction. In certain cases, Co crystals (e.g. Co particle
labeled as O1 in Fig. 3e, whose Co content was confirmed in Fig. 3f via
EDX), adopted even elongated ordered shapes such as rod-like features.

A detailed analysis of the Co/AZT catalyst after 72 h GDR reaction
yielded further valuable information regarding the catalytic poisoning
phenomena (Fig. 4). As can be seen in Fig. 4a and b, when the Co/AZT
system was exposed to GDR reaction conditions for an extended dura-
tion of time (i.e. 72 h), a readily visible overlayer film covered the
truncated cubooctahedral-shaped Co active sites. Nature of this passi-
vation film can be understood by examining the interlayer distances
inside the film. Interlayer spacing of the passivation film was measured
to be 0.36 nm (Fig. 3c), which is consistent with the typical interlayer
distance in graphite/graphite oxide structures [41]. Thus, it is clear that
the Co active sites on the Co/AZT catalyst surface suffered from severe
coke formation after 72 h GDR reaction. Note that, such a clearly dis-
cernible coke formation was not detectable in the TEM analysis of the
Rh/AZT and Ni/AZT samples after 5 h and 72 h GDR reaction tests
(Figs. 1 and 2). As will be discussed in later sections, these observations
are also in good accordance with the current XPS measurements which
indicated the presence of significantly larger amounts of coke deposi-
tion on the Co/AZT catalyst after the GDR reaction tests, while surface

Fig. 3. (a–b) HAADF images of fresh Co/AZT catalyst, (c) EDX spectra obtained from the points labeled as “O1, O2, O3” in (b). (d) TEM image of Co/AZT catalyst after
a 5 h GDR reaction test. (e) HAADF image of Co/AZT catalyst after a 72 h GDR stability test. (f) EDX spectra obtained from the points labeled as “O1, O2, O3, O4” in (d)
(conditions for spent catalyst: T= 750 °C, CO2/G=4, residence time= 3.75 mgcat.min/Nml).

Fig. 4. (a) HR-TEM and (b) TEM images of Co/AZT catalyst after a 72 h GDR
stability test. (c) Distance between lattice across the surface coke overlayer
(emphasized with the white dashed line) shown in (a) (conditions for spent
catalyst: T= 750 °C, CO2/G=4, residence time= 3.75 mgcat.min/Nml).
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carbon (Cs) level for the spent Rh/AZT catalyst was almost identical to
its fresh counterpart and Ni/AZT catalyst increased its Cs content only
in a slight manner.

3.1.3. XPS measurements
XPS measurements were carried out in order to obtain information

about the surface chemistry and surface composition of the fresh Rh/
AZT, Ni/AZT and Co/AZT catalysts and after 5 h and 72 h GDR reaction
tests. Table 3 presents the surface atomic composition data for these
catalysts obtained via XPS. In terms of the relative surface concentra-
tions of the active sites, it is apparent that Co/AZT has a significantly
higher active site (Co) surface concentration as compared to that of Rh
and Ni, both of which have comparable surface active site concentra-
tions. This is rather interesting because, as will be shown in the forth-
coming sections, Co/AZT is significantly less active in GDR reaction
than Rh/AZT and Ni/AZT. Discrepancy between the activity and sur-
face site concentration can be explained in the light of the current TEM
data suggesting that average particle size of Co on Co/AZT is 40–50 nm
in contrast to Rh (3–4 nm) on Rh/AZT and Ni (10–15 nm) on Ni/AZT. In
other words, due to the smaller surface-to-volume ratio of Co nano-
particles, most of the Co atoms in the large Co clusters are not acces-
sible by the reactants during the GDR reaction.

Additional valuable information can also be acquired by following
the Cs content of the Rh/AZT, Ni/AZT and Co/AZT catalysts before and
after GDR reaction as shown in Table 3. Firstly, it is seen that Cs con-
tents of the fresh Rh/AZT and Co/AZT catalysts are comparable, while
fresh Ni/AZT reveals a much greater Cs content. During the synthesis of
the catalysts, nitrate salts of Rh, Co and Ni were used. Hence, it is
unlikely that the source of the observed Cs on fresh catalysts are asso-
ciated with Rh, Ni or Co precursors. On the other hand, the sol-gel
synthetic protocol used in the synthesis of AZT support (Section 2.1)
contained significant amounts of carbonaceous species. Owing to the
fact that Rh and Co are relatively more efficient combustion/oxidation
catalysts than Ni, greater extents of carbonaceous species could be re-
moved during the calcination of Rh/AZT and Co/AZT catalysts in air via
combustion in atmospheric oxygen, leading to the detection of sig-
nificantly lower initial Cs contents on the fresh Rh/AZT and Co/AZT
samples as compared to Ni/AZT.

Evolutions of the Cs content on the 5 h and 72 h spent catalyst
samples are also presented in Table 3. It is clear that the Cs content of

the Rh catalyst was identical before and after 5 h and 72 h GDR reac-
tions. This striking finding implies that Rh/AZT had excellent resistance
against coking during GDR. For the Ni/AZT catalyst, Cs content no-
ticeably increased in the first 5 h of the GDR reaction. However, upon
extending exposure to GDR for 72 h, Cs content on Ni/AZT is found to
diminish and approach to that of its fresh counterpart. In other words,
significant amount of coking present over Ni/AZT surface in the first 5 h
of the GDR reaction could be removed by probably gasification reac-
tions on Ni sites, providing a long-term stability for Ni/AZT catalyst and
long-term tolerance against coking. Note that Cs content of Ni/AZT
after 72 h GDR test was still somewhat greater than that of the fresh Ni/
AZT. In stark contrast to Rh/AZT and Ni/AZT, Cs content of Co/AZT
increased by more than 100% in the first 5 h of the GDR reaction and
this value remained invariant after 72 h of GDR reaction. Hence, it is
apparent that extent of coking of Co/AZT under GDR reaction condi-
tions was drastically more severe and also irreversible as compared to
that of Rh/AZT and Ni/AZT. This observation is in very good agreement
with the current TEM data for Co/AZT revealing the presence of a thick
graphite/graphite oxide (coke) passivation film on the surface of the Co
nanoparticles of the Co/AZT catalyst after 72 h GDR reaction (Fig. 4).

Fig. 5a shows the Rh3d region of the XPS data for fresh Rh/AZT
catalysts as well as its spent counterparts used in 5 h and 72 h GDR
experiments. For all of these catalysts, three different Rh3d5/2 features
are detectable located at 307.4, 308.8 and 310.5 eV, which can be as-
cribed to Rh0, Rh+ and Rh3+ species, respectively [42]. These ob-
servations are also consistent with the presence of unique surface acid
sites observed on the Rh/AZT catalyst that are different than that of the
AZT support material which were detected via in-situ FTIR spectroscopic
investigation of pyridine adsorption (Fig. S1), as well as the presence of
additional low-temperature H2-consumption (i.e. reduction) features
observed in the temperature programmed reduction (TPR) analysis of
the Rh/AZT sample (Fig. S2). However, Rh3+ species seem to be no-
tably attenuated after 72 h GDR reaction, suggesting partial reduction
of the Rh sites. These results are also in very good agreement with the
in-situ FTIR findings which will be discussed in the following sections.

It is well known that Ni2p XPS region is rather complex, revealing
multiplet-splits and satellites [43,44]. Metallic (Ni0) species typically
yield Ni2p3/2 and Ni2p1/2 features at 852.7 and 869.9 eV, respectively,
in addition to two more satellites at 858.4 and 874.6 eV. NiO (i.e. Ni2+)
species display multiplet-split for Ni2p3/2 and Ni2p1/2 signals, leading to
four different binding energy (B.E.) values, namely 853.6 and 855.5 eV
for Ni2p3/2 and 871.9 and 874.0 eV for Ni2p1/2. Also, an additional
satellite at 879.3 eV also exists for NiO. In contrast, Ni2p3/2 and Ni2p1/2
signals are located at 855.5 and 874.2 eV for Ni(OH)2, respectively. Ni
(OH)2 also exhibits two satellite features at 861.0 eV and 879.3 eV.
Based on this knowledge, fresh Ni/AZT catalyst (Fig. 5b) seems to
contain predominantly metallic Ni (i.e. Ni0) species with additional
contribution from NiO and Ni(OH)2 (i.e. Ni2+) species. After 5 h GDR
reaction, relative extent of Ni(OH)2 decreases (along with increasing
carbon accumulation on the Ni/AZT surface, Table 3). However, after
72 h GDR reaction, Ni(OH)2 species are regenerated due to removal of
surface carbon (Table 3) probably through the action of adsorbed H2O
that is produced during GDR reaction.

Table 3
Surface atomic composition (% by weight) values of the fresh, 5 h and 72 h
spent catalysts obtained via XPS (conditions for spent catalysts: T= 750 °C,
CO2/G=4, residence time= 3.75 mgcat.min/Nml).

Fresh Spent (5h) Spent (72h)

Rh/AZT C1s 19.1 19.5 18.2
Rh3d 0.3 0.4 0.3

Ni/AZT C1s 30.4 44.3 31.8
Ni2p 0.4 0.5 0.4

Co/AZT C1s 16.7 34.1 33.3
Co2p 1.5 1.5 1.1

Fig. 5. XPS data for the active sites of fresh (a) Rh/AZT, (b) Ni/AZT, (c) Co/AZT catalysts as well as their spent counterparts used in 5 h and 72 h GDR reaction tests
(conditions for spent catalysts: T=750 °C, CO2/G=4, residence time= 3.75 mgcat.min/Nml).
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Fig. 5c shows the Co2p region of the XPS data for Co/AZT. Typi-
cally, metallic Co0 species yield a Co2p3/2 B.E. of 778.0 eV, while this
value shifts to ca. 779.8–780.0 eV for CoO (i.e. Co2+), Co3O4 (i.e. Co2+

and Co3+) and Co2O3 (i.e. Co3+) and 781.0 eV for Co(OH)2 species
[44–48]. Furthermore, Co2p1/2 B.E. appears at 795.0 and 795.6 eV for
Co3O4 and CoO species, respectively. In addition, CoO species reveal
two satellites at 785.7 and 802.5 eV, while these satellites are located at
slightly higher B.E. values for Co3O4 (789.6 and 805.0 eV). In the light
of this information, it can be argued that convoluted Co2p region of the
XPS data for the fresh Co/AZT catalyst contains predominantly CoO (i.e.
Co2+) species with a smaller contribution from Co3O4, Co2O3 and Co
(OH)2. In addition, a miniscule amount of Co0 species may also be
present on the fresh Co/AZT. After 5 h and 72 h GDR reaction tests,
changes in the Co2p region of the XPS data is relatively insignificant.
On the other hand, a blueshift in the Co2p3/2 (B.E.) after 72 h GDR
reaction suggest the formation of Co3O4 (i.e. Co2+ and Co3+) species
and partial oxidation of Co sites.

3.1.4. Ex-situ XANES experiments
Fig. 6 shows XANES data obtained for various reference samples

such as metallic Co (i.e. Co0) and Ni (i.e. Ni0) foils, CoO (Co2+), Co
(C5H7O2)3 (i.e. Co3+, Co(acac)3), and Ni(NO3)2 (i.e. Ni2+). Further-
more, corresponding XANES data for the fresh and 5 h-spent Co/AZT
and Ni/AZT catalysts are also given in Fig. 6. Fig. 6a indicates that the
fresh Co/AZT sample is comprised of metallic Co0 as well as oxidic
Co2+ and Co3+ species [49–51], where relative contributions from
these different states can be quantified using a Linear Combination
Fitting (LCF) analysis. LCF fit of the fresh Co/AZT sample indicates that
relative contributions of different Co oxidation states to the overall Co
oxidation state are 70% Co0, 24% Co2+ and 6% Co3+ (Table 4). In

contrast to the fresh Co/AZT sample, for the 5 h-spent Co/AZT sample
(Fig. 6b and Table 4), Co species seem to be further oxidized as a result
of the GDR reaction, leading to a decrease in the contribution from
metallic Co species along with an increase in the contributions from
Co2+ and Co3+ oxidic species, revealing contributions of 58% Co0, 28%
Co2+ and 14% Co3+. Increase in the oxidic nature of the 5 h-spent Co/
AZT catalyst is also evident by the increase in the shoulder feature
depicted with a star in Fig. 6b.

It is worth mentioning that although LCF analysis clearly indicates
the oxidation state differences between the fresh and 5 h-spent Co/AZT
samples, it is not easy to see significant E0 variations in the Co K-edge
spectra of these samples, due to two opposing spectral factors which
tend to cancel each other (Fig. 6c). Namely, increase in the contribution
of the oxidic species tends to increase E0 values (Fig. 6a and b), while
decreasing amount of metallic Co0 species shifts the E0 values to lower
values due to the unique shoulder feature of the metallic Co0 species
located at 7715–7725 eV (Fig. 6a and b). Oxidation of the Co species
during the GDR reaction is also in good agreement with the corre-
sponding XPS data given in Fig. 5c revealing catalytic aging and de-
activation of Co/AZT systems under GDR reaction conditions.

Ni K-edge XANES data for the fresh and 5 h-spent Ni/AZT systems
reveal the presence of mostly Ni0 species with a smaller contribution
from Ni2+ species (Fig. 6d) [52,53]. Furthermore, XANES data for the
fresh and 5 h-spent Ni/AZT catalysts are quite similar suggesting that Ni
active sites can mostly maintain their electronic structures and stability
during the 5 h GDR reaction tests. Note that slight decrease in Ni2+ (i.e.
Ni(OH)2) species observed in the current XPS experiments (Fig. 5b) for
the 5 h-spent Ni/AZT catalyst can be due to the higher surface sensi-
tivity of the XPS technique, which differs from XANES experiments,
where the latter technique has a lower surface sensitivity.

3.1.5. In-situ FTIR spectroscopic experiments
Fig. 7 shows the in-situ FTIR spectroscopic characterization of the

fresh (i.e. reduced) and 72 h-spent (after reaction at 750 °C, CO2/G=4,
residence time= 3.75 mgcat.min/Nml) Rh/AZT, Ni/AZT and Co/AZT
catalysts. In these experiments, CO(g) was used as a probe molecule in
order to shed light on the electronic and morphological properties of
the active sites (i.e. Rh, Ni and Co) on the catalyst surfaces as well as
their interaction with the AZT.

In-situ FTIR spectrum at the bottom of Fig. 7a, corresponds to the

Fig. 6. (a) Co K-edge XANES data for fresh Co/AZT, weighed
(70%) Co metal foil, weighed (24%) CoO, weighed (6%) Co(acac)3
and LCF simulation comprised of 70% Co foil, 24% CoO and 6%
Co(acac)3, (b) Co K-edge XANES data for 5 h-spent Co/AZT,
weighed (58%) Co metal foil, weighed (28%) CoO, weighed (14%)
Co(acac)3 and LCF simulation comprised of 58% Co foil, 28% CoO
and 14% Co(acac)3, (c) 1st derivative of the Co K-edge XANES
spectra for fresh and 5 h-spent Co/AZT (inset shows the corre-
sponding XANES spectra), (d) Ni K-edge XANES data for Ni metal
foil, Ni(NO3)2, fresh and 5 h-spent Ni/AZT catalysts (conditions
for spent catalysts: T=750 °C, CO2/G=4, residence time=3.75
mgcat.min/Nml).

Table 4
Corresponding contributions of Co0, Co2+, and Co3+ species (given in % by
weight) in fresh and 5 h-spent Co/AZT samples obtained from current XANES
data (conditions for spent catalyst: T=750 °C, CO2/G=4, residence
time= 3.75 mgcat min/Nml).

Co0 Co2+ Co3+

Co/AZT (fresh) 70 24 6
Co/AZT (5 h-spent) 58 28 14
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fresh Rh/AZT catalyst revealing several strong vibrational features as-
sociated with different CO(ads) species. It is well known that CO can
adsorb on Rh+ sites via the formation of gem-dicarbonyl species (i.e.
OC-Rh+−CO or Rh+(CO)2) which are characterized by vibrational
features at 2083 and 2019 cm−1 corresponding to the symmetric and
anti-symmetric stretchings [29,42,54–58]. Note that multi-carbonyls
adsorbed on higher oxidation states of Rh such as tri-carbonyls on Rh3+

(Rh3+(CO)3) or tetra carbonyls were not detectable, most likely due to
the lower stability of such species at room temperature [57].

Furthermore, IR feature appearing as a shoulder at 2041 cm−1 can
be associated with linear (atop) CO(ads) on metallic Rh sites. In addi-
tion to these, vibrational features located at lower frequencies are
spectroscopic finger prints of adsorbed CO species on high-coordination
metallic Rh sites. Namely, 1904 and 1838 cm−1 signals can be assigned
to CO adsorbed on two-fold (bridging) and three-fold (hollow) metallic
Rh0 sites, respectively [59–61]. Moreover, vibrational feature at
2151 cm−1 can be ascribed to CO adsorbed on Rh3+ sites in a linear
(atop) fashion [62] or CO adsorbed on the AZT support or H-bonded
adsorbed CO species [63]. These findings suggest that the electronic
structure of the exposed Rh sites on the fresh Rh/AZT surface is com-
plicated, revealing co-existence of Rh, Rh+ and Rh3+ electronic states.

Exposing the Rh/AZT catalyst to GDR reaction conditions for 72 h
led to substantial changes in the spectral line shape illustrated in the
topmost in-situ FTIR spectrum in Fig. 7a. It is clear that the gem-di-
carbonyl species on Rh+ (Rh+(CO)2) located at 2083 and 2019 cm−1

clearly diminished along with the species located at 2151 cm−1. These
observations are in line with the reduction of the Rh3+ species to form
mainly Rh0 species and, to a lesser extent, Rh+ species.

As can be seen in Fig. 7b and c, analogous CO(g) adsorption ex-
periments were also carried out via in-situ FTIR spectroscopy on fresh,
5 h and 72 h-spent Ni/AZT and Co/AZT catalyst surfaces. However, no
significant IR features were detectable for these surfaces. In the case of
fresh Ni/AZT and Co/AZT samples, this could be due to the burial/
encapsulation of the Ni and Co nanoparticles with the AZT support,
preventing CO adsorption at room temperature. It is worth mentioning
that very weak CO adsorption features are discernible for the fresh Ni/
AZT sample. It is apparent that the initial (fresh) forms of the Ni/AZT

and Co/AZT catalysts experience drastic changes under GDR reaction
conditions in order to unveil Ni and Co sites and expose them to re-
actants. As for the 72 h-spent Ni/AZT and Co/AZT samples, both of
these samples seem to be incapable of CO(g) adsorption due to coking.
As demonstrated in Section 3.1.3 via XPS analysis, even if the coking of
72 h-spent Ni/AZT was significantly lower than that of 72 h-spent Co/
AZT, Cs content of 72 h-spent Ni/AZT catalyst was higher than that of
its fresh counterpart and this seems to be sufficient to prevent CO(g)
adsorption on 72 h-spent Ni/AZT at room temperature.

3.2. Catalytic activity and stability studies

3.2.1. Effect of reaction temperature
Reaction temperature is a key parameter influencing the catalytic

activity due to endothermic nature of GDR. Thermal instability of gly-
cerol causes its decomposition under the whole span of the GDR con-
ditions (Section 2.3) in the absence and presence of a catalyst. There-
fore, in addition to catalytic experiments, blank tests were performed in
an attempt to investigate the extent of homogeneous glycerol conver-
sions to gaseous products. Moreover, a thermodynamic study via Gibbs
free energy minimization method in CHEMCAD 7.1.4 software was
carried out to determine the limits of the reactant conversions at the
specified operational conditions. Details of the methodology of ther-
modynamic analysis can be found elsewhere [29].

Effect of reaction temperature on glycerol conversion to gaseous
products over Rh/AZT, Ni/AZT, Co/AZT and blank tests is presented in
Fig. 8. It is evident that reaction temperature had a positive effect on
catalytic and non-catalytic glycerol conversions, and the difference
between thermodynamic limit [29] and the experimental results de-
creased with increasing temperature. Furthermore, temperature in-
crease promoted catalytic activity and therefore widened the gap be-
tween catalytic and non-catalytic glycerol conversions. At 600 °C, there
was no significant difference between catalytic and homogeneous gly-
cerol conversions, which were found to range within 7–9% (Fig. 8a). On
the other hand, at 750 °C, the highest temperature investigated in the
present study, glycerol conversions reached>80% of the thermo-
dynamic limit in the catalytic experiments. The difference between

Fig. 7. In-situ FTIR spectra corresponding to
10 Torr CO(g) adsorption at 25 °C for 10min in
the form of fresh and 72 h-spent (a) Rh/AZT,
(b) Ni/AZT and (c) Co/AZT catalysts. Before
the acquisition of the 72 h-spent catalyst
spectra, catalysts were treated with 10 Torr
H2(g) at 300 °C for 10min followed by eva-
cuation at 25 °C (conditions for spent catalysts:
T=750 °C, CO2/G=4, residence time=3.75
mgcat.min/Nml).

Fig. 8. Effect of reaction temperature on (a) glycerol conversion, (b) CO2 conversion (CO2/G=4, residence time= 0.5 mgcat.min/Nml).
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glycerol conversions obtained on Rh/AZT and in blank tests was ˜12%
which ramped up to ˜58% at 750 °C. There was a significant jump of
more than 30% in glycerol conversions when temperature was in-
creased from 650 °C to 700 °C for Rh/AZT and Ni/AZT, whereas this
jump remained at 26.5% for Co/AZT. Among the three catalysts, Rh/
AZT showed the highest activity at all temperatures.

CO2 conversions with respect to temperature together with the
thermodynamic equilibrium limit are given in Fig. 8b. Unlike glycerol,
CO2 remained unconverted in the blank tests carried out within the
entire operating range. As in the case of glycerol, conversion of CO2

increased significantly with increasing temperature. A discernible in-
crease in thermodynamic CO2 conversion from 7.7% to 23.9% was
observed in the 600–650 °C range. A similar change in CO2 conversion
(from 3.4% to 25%) was obtained by increasing temperature on Rh/
AZT from 650 to 700 °C and the catalyst delivered 86% of the equili-
brium conversion at the latter temperature. On the other hand, Ni/AZT
and Co/AZT started to demonstrate notable activities at 700 °C and
750 °C, respectively. These findings clearly showed that Rh/AZT out-
performed Ni- and Co-based catalysts, and was able to reach up to ˜95%
of the theoretical limit at 750 °C. Nevertheless, the performance of Ni/
AZT at 750 °C should not be overlooked, as it gave 26.3% CO2 con-
version, which corresponded to ˜80% of its thermodynamic equivalent.
At 750 °C, however, Co/AZT remained considerably less active than the
Rh- and Ni- based ones, and was able to convert only< 10% of the CO2

fed. Relative activities of the catalysts were in excellent alignment with
the differences in the dispersion characteristics and the average size
range of the active nanoparticles which were quantified by the detailed
TEM-EDX studies explained in the earlier sections. Additional control
experiments with the same packing and testing protocols were also
carried out by using only the AZT support material to elucidate its in-
trinsic activity within the studied range of operating conditions. AZT
remained inactive between 600–700 °C but gave a very small CO2

conversion of 0.8% at 750 °C (not shown in Fig. 8b). This finding
confirmed that the conversions reported in Fig. 8b were dictated by the
type of active metal. At 750 °C and CO2/G=4, glycerol conversion on
AZT to gaseous products was found to be 32.3%, which was below the
value of 37.6% observed in the blank tests (Fig. 8a). This difference was
most likely associated with AZT’s catalytic effect which slightly favored
RWGS to consume H2 and the reforming routes (Table 1) to convert
gaseous C1–C2 hydrocarbons, all of which eventually reduced glycerol
conversion via Eq. (14).

Product distributions obtained over Rh/AZT, Ni/AZT and Co/AZT
are presented in Figs. 9a–c, respectively. Yields of H2 and CO increased
with increasing reaction temperature due to elevated conversion of

glycerol (Fig. 8a) into H2 and CO (via Reaction 2) and C1–C2 hydro-
carbons, the latter which were then catalytically reformed by H2O,
produced by means of endothermic RGWS promoted at elevated tem-
peratures, and by CO2 into H2 and CO via Reactions 4–6 and 7–9, re-
spectively. Yields of CH4, C2H4 and C2H6 increased simultaneously on
all catalysts upon increasing the temperature from 600 to 650 °C. This
trend was most likely associated with the slight increase in the break-
down of glycerol in the 600–650 °C range and with the reversal of the
reforming routes (Table 1) which are exothermic and thermo-
dynamically favored below ˜650 °C. The latter argument was in perfect
alignment with the fact that steam and dry reforming of methane were
not promoted thermodynamically below 620 and 650 °C, respectively
[64]. The notable decrease in the C1–C2 yields with temperature>
650 °C confirmed the theoretical predictions of Gao et al. [64] and was
associated with the increased extents of hydrocarbon reforming reac-
tions (Table 1). This explanation holds for Rh and Ni, both of which are
well known premium catalysts for hydrocarbon reforming to syngas
[65]. However, Co/AZT, which was considerably less active than Rh–
and Ni–based counterparts, promoted CH4 yield and existence of C2

species with increasing temperature (Fig. 9c). Relative abundance of
C1–C2 species on Co/AZT also boosted its glycerol conversion perfor-
mance (via Eq. (14)) and made it closer to those of other catalysts
(Fig. 8a). This trend, however, was not observed in case of CO2 con-
versions (Fig. 8b). Fig. 9d shows the product yields obtained in blank
tests. As expected, H2 and CO yields were less than the ones obtained on
the catalysts, with the differences becoming significant above 700 °C.
Yields of C1–C2 species, however, were at their highest values in the
blank experiments. These findings clearly showed that the products of
homogeneous glycerol conversion, which increased with temperature
(Fig. 9d), stayed in the reaction environment without being post-con-
verted due to the absence of catalytic RWGS and reforming routes.

Syngas compositions (molar H2/CO ratio in the product stream)
produced by the catalysts and the blank tests are presented in Fig. 9e.
The catalysts followed a common trend that involved maximization of
the H2/CO ratio at 700 °C. Increased extents of glycerol breakdown
(Reaction 2) and the hydrocarbon steam reforming routes (Reactions
4–6), all of which stoichiometrically deliver more H2 than CO, were the
possible drivers of the increase in H2/CO between 650 and 700 °C. This
argument agreed well with the decreasing C1–C2 yields on Rh/AZT and
Ni/AZT and the reduced rate of increase in the yields of CH4 and C2H6

on Co/AZT in the specified temperature range. The dominance of cat-
alytic RWGS explained the common decrease in H2/CO between 700
and 750 °C over the three catalysts. This explanation was validated by
the different H2/CO ratios observed in the non-catalytic experiments

Fig. 9. Effect of reaction temperature on product yields obtained in catalytic (a–c) and blank experiments (d), and on syngas composition (e). (CO2/G=4, residence
time= 0.5 mgcat.min/Nml).
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(Fig. 9e).
The lowest syngas yields and the highest H2/CO ratios were ob-

tained at 600 °C (Fig. 9e), pointing out faster consumption of CO which
was already generated by conversion of glycerol (Fig. 8a). Owing to the
facts that formation of Cs species increased progressively with de-
creasing temperature and was thermodynamically favored below 700 °C
under GDR conditions [29], CO consumption at 600 °C could be asso-
ciated with a series of exothermic coke formation routes, namely the
Boudouard reaction (reverse of Reaction 12, Table 1) and with the re-
verse of Reaction 10 (Table 1) due to relatively limited in-situ H2O
production. Thus, it could be revealed that existence of Cs was mini-
mized at 750 °C which was selected as the default temperature in the
rest of the experiments. As revealed by the outcomes of current TEM-
EDX and XPS analyses, however, Cs species still existed at 750 °C on Co/
AZT and - to some extent - Ni/AZT, and affected their stability with
magnitudes depending on the catalyst type.

3.2.2. Effect of CO2/G ratio
Effect of inlet molar CO2/G ratio is investigated by varying it be-

tween 1 and 4, while keeping the temperature and residence time
constant at 750 °C and at 0.5 mgcat.min/Nml, respectively. Influence of
CO2/G ratio on glycerol conversion for the catalysts, AZT support and
in the blank tests is reported in Fig. 10a together with the corre-
sponding thermodynamic limits. For all catalysts, increasing CO2/G
ratio led to progressive decline in glycerol conversion mainly due to the
RWGS (Reaction 3), which was favored by enriching the feed with CO2.
This argument was supported by the lack of a distinct trend in the blank
experiments that commonly gave ˜38% glycerol conversion at all ratios.
Steam, the product of RWGS, is not considered in the definition of
glycerol conversion to gaseous products (Eq. (14)). Impact of the lack of
H2O in Eq. (14) was analyzed and reported to be negligible in [29].
Fig. 10a also showed that Rh/AZT was the most active catalyst that
gave the highest conversion of 82.3% at CO2/G=1. Glycerol conver-
sions above 90% of the pertinent theoretical limits were achieved on
Rh/AZT at all of the currently used CO2/G ratios. Ni/AZT and Co/AZT,
on the other hand, only delivered ˜80% and ˜75% of the equilibrium
limit, respectively.

The effect of CO2/G ratio on CO2 conversions and on product dis-
tributions are shown in Figs. 10b and 11 a–f, respectively. The catalysts
showed increase in activity upon increasing CO2/G from 1 to 2, above
which CO2 conversions decreased (Fig. 10b). Similarly, Siew et al.
[17,19] reported that the activity of their Ni–based catalysts first in-
creased upon changing CO2/G ratio from 0 to 1.68 and then decreased.
Improved GDR activity of Ni and noble metal catalysts by increasing
CO2/G ratio from 0 to 3 was also reported [27,28]. Among the currently
investigated catalysts, Rh/AZT clearly gave the highest CO2 conversions
in the complete span of the feed composition and remained highly ac-
tive to deliver near equilibrium conversions. On the other hand, Ni/AZT
was found to give CO2 conversions that were much less sensitive to the
feed ratio than the ones obtained on Rh/AZT. Decrease in CO2 con-
version upon increasing CO2/G from 2 to 4 was calculated as 9.9%,
21.1% and 35.6% for Ni, Rh and Co, respectively (Fig. 10b). This order
was correlated with the H2/CO ratios that were found to be the highest
on Ni and lowest on Co at all feed ratios (Fig. 11f). In other words,

maximum promotion of H2–rich production was detected on Ni/AZT.
Considering the fact that Ni is well–known for its high WGS activity
under reforming conditions [65], it can be claimed that Reaction 3 was
suppressed by its reverse to produce H2 and CO2, where the latter re-
duced the dependence of CO2 conversion on CO2/G on Ni/AZT.

Product distributions obtained on all catalysts (Fig. 11a–c) followed
a common and distinct pattern that involved monotonic decrease and
increase in H2 and CO yields, respectively, by increasing CO2/G. These
findings clearly indicated the impact of RWGS on catalytic responses.
Catalytic nature of this reaction was also evident in Fig. 11d which
showed that the yields responded to changes in CO2/G in a notably
different pattern in the absence of a catalyst. Furthermore, detection of
Co(OH)2 and Ni(OH)2 in the current XPS experiments (Fig. 5) also
supported the direct modification of the catalyst surface chemistry due
to the production of H2O, a product of RWGS, under GDR conditions. As
a result of in-situ H2O generation, CH4, C2H4 and C2H6 were consumed
mainly by the catalytic steam reforming routes (Reactions 4–6, Table 1)
which were kinetically and thermodynamically favored at the pertinent
operating conditions. This argument was supported by the almost
negligible/non-existing yields of C1–C2 species, whose extents of con-
sumption followed the order of activity, namely Rh > Ni > Co.

Current TEM-EDX imaging together with XPS analyses indicated
existence of Cs species at 750 °C. Considering that the characterization
studies were carried out at CO2/G=4, increase in the amount of Cs

could be expected at lower CO2/G ratios due to reverse of Reaction
10–12 (Table 1) that were favored at reduced amounts of CO2 in the
feed and H2O in the reaction medium, the latter being caused by sup-
pression of RWGS. The opposite of this argument can be used to explain
the increase in CO2 conversion upon changing CO2/G from 1 to 2 on all
catalysts (Fig. 10b). In other words, promotion of Reactions 10–12
(Table 1) could gasify Cs species and increase the activity of the cata-
lysts. This statement was supported by the per cent change in the yield
of CO (the primary product of gasification reactions) which reached to
its maximum value (12%, 9.1% and 15% on Rh, Ni and Co, respec-
tively) between CO2/G of 1 and 2 (Fig. 11a–c). Decreasing CO2 con-
versions at CO2/G > 2 could be attributed to Reaction 11 which was
favored to convert Cs into CO2 among other gasification routes (Reac-
tions 10 and 12) due to its lower enthalpy and presence of H2O in the
reaction medium.

Fig. 10b presents the role of AZT on CO2 conversion. Interestingly,
AZT showed some activity towards CO2, which decreased by increasing
CO2/G ratio and almost faded out at CO2/G=4. Comparison of
Fig. 11d and e showed that yields of H2 and CO were higher than their
counterparts measured in the blank experiments, and the contribution
of AZT to CO formation was more notable than its impact on H2 pro-
duction. These trends pointed out possible roles of AZT in converting Cs

species via Reactions 10–12 (Table 1) and promoting Reaction 3. As
explained in detail in one of our former reports [66], AZT is a complex
mixed oxide. It lacks a well-defined XRD pattern, exhibits a quite dis-
ordered surface structure, and hosts a large number of various crystal
defects such as oxygen vacancies, heterojunctions and interfacial sites,
between various oxide domains. Hence, it is likely that owing to its
heterogeneous composition and complex surface chemistry, AZT may
be able to convert Cs into CO. In addition to these routes, AZT seemed to

Fig. 10. Effect of CO2/G on (a) glycerol conversion, (b) CO2 conversion (T=750 °C, residence time=0.5 mgcat.min/Nml).
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contribute to Reactions 7–9, which, compared to those obtained in
blank tests, led to reduced yields of CH4, C2H4 and C2H6 and increased
yields of H2 and CO.

3.2.3. Effect of residence time
The effect of residence time on CO2 conversions of the investigated

catalysts, AZT support and the blank tests are presented in Fig. 12. Rh/
AZT gave the lowest response (i.e.<1% increase in CO2 conversion) to
the increase in residence time from 0.5 to 3.75 mgcat.min/Nml. In other
words, Rh/AZT was capable of delivering more than 95% of the equi-
librium CO2 conversion of 32.7% even at the shortest residence time
that corresponded to a catalyst amount of 20mg. This finding was a
clear indication of superior activity of Rh/AZT which was fundamen-
tally based on its resistance against carbon formation, fine dispersion of
Rh nanoparticles and the small average Rh particle size range of
3–4 nm. The number of available active sites in 20mg of Rh/AZT were
sufficient to deliver near–equilibrium CO2 conversion. Therefore, fur-
ther increase in the amount of Rh/AZT led to negligible improvement in
the activity. Fig. 12 also showed that the gap between CO2 conversions
obtained at different residence times increased with decreasing cata-
lytic activity and reached to a maximum of 13.6% on Co/AZT on which
Co nanoparticles are poorly dispersed with average size range of
40–50 nm on the AZT surface.

Interestingly, when run at 3.75 mgcat.min/Nml Ni/AZT catalyzed
GDR almost at the thermodynamic limit (Fig. 12). Therefore, a more
detailed investigation on residence time effect over Ni/AZT was carried
out. For this purpose, 50 and 100mg of Ni/AZT that corresponded to

residence times of 1.25 and 2.5 mgcat.min/Nml, respectively were
tested additionally at default operating conditions of 750 °C and CO2/
G=4 (data shown in Fig. 12 only for 0.5 and 3.75 mgcat.min/Nml).
Increasing the amount of Ni/AZT from 20 to 50mg elevated CO2 con-
version from 26.3% to 31.2%, whereas further increase to 150mg
changed conversion from 31.2% only to 32.3%, which was very close to
the equilibrium value of 32.7%. Therefore, in addition to Rh/AZT, Ni/
AZT can also be classified as a highly active catalyst as only 50mg of it
was sufficient to deliver 95% of the equilibrium conversion. Besides
being highly active, Rh/AZT and Ni/AZT were also shown to be stable
as discussed in the following section. Finally, testing of the AZT support
material at longer residence times gave CO2 conversions up to 4.1%.
Possible reactive routes on AZT were discussed in Section 3.2.2.

3.2.4. Catalyst stability
Stability of the Rh/AZT, Ni/AZT and Co/AZT catalysts are in-

vestigated in the context of 72 h TOS experiments carried out at 750 °C
and CO2/G=4. Residence time is kept at its highest value (3.75
mgcat.min/Nml) to magnify the impacts of possible deactivation sce-
narios on the catalysts via their increased interaction with the reactive
mixture. The results, expressed in terms of CO2 conversions with re-
spect to time, are presented in Fig. 13. In the course of their 72 h TOS
tests, both Rh/AZT and Ni/AZT demonstrated CO2 conversions
above> 91% of the thermodynamic limit and remained in their active
states with only less than 13% and 8% decrease in CO2 conversions,
respectively. In order to interpret these findings which are thought to be
related with the support material, CO2 conversions obtained on ZrO2

and CeO2 supported 1% Rh loaded catalysts previously [29] by their
72 h TOS testing under the same operating conditions are shown in
Fig. 13. The results clearly showed that Rh/AZT was more active and
stable than Rh/ZrO2 and Rh/CeO2, which showed 40% and 23%

Fig. 11. Effect of CO2/G ratio on product yields obtained in catalytic (a–c) and blank experiments (d–e), and on syngas composition (f). (T= 750 °C, residence
time= 0.5 mgcat.min/Nml).

Fig. 12. CO2 conversions obtained as a function of residence time (T= 750 °C,
CO2/G=4).

Fig. 13. CO2 conversions obtained in the stability tests carried out for 72 h
(T=750 °C, CO2/G=4, residence time=3.75 mgcat.min/Nml). Time-on-
stream data for the Rh/ZrO2 (RhZr) and Rh/CeO2 (RhCe) catalysts are adapted
from [29].
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decrease in CO2 conversions, respectively at the end of 72 h. Spectro-
scopic evidence reported in [29] showed that deactivation of Rh/ZrO2

was driven by hydrothermal sintering and formation of Cs species, both
of which were reduced on CeO2 by strong metal-support interaction
effects. These comparisons pointed out that AZT possibly aided in re-
ducing the extents of surface migration of Rh nanoparticles and for-
mation of surface carbon species, both of which were in accordance
with the findings of the current structural and function characterization
studies explained in Section 3.1. Ni, a much cheaper alternative of Rh,
was shown to be a very active and stable catalyst that almost preserved
its original metallic nature and dispersion pattern, and gasified the
carbonaceous species deposited within the first few hours of the ex-
periments (Table 3). Fig. 13 also illustrated severe deactivation of Co/
AZT, which was obvious by>50% decrease in CO2 conversion from
25.2% to 11.0%. As explained earlier, activity loss of Co/AZT was
driven by notable sintering, monotonic accumulation of carbonaceous
deposits and oxidation of the Co sites. Despite its relatively fast deac-
tivation, however, Co/AZT delivered conversions comparable to those
obtained on Rh/CeO2 until 47th h of the TOS test. This finding could be
another indication of the impact of support material that can make Co,
a relatively inactive metal for reforming reactions, comparable with Rh.

As formulated in Eq. (13), CO2 conversion could be calculated di-
rectly from its inlet and exit flow rates, both of which were known
precisely by means of accurate dosing and product analysis equipment.
It was also obvious that breakdown of CO2 occurred only in the pre-
sence of a catalyst (Fig. 10b). Therefore, the use of CO2 conversion
provided correct insight into understanding the lifetime of the pertinent
catalyst used under GDR conditions. Interestingly, the limited number
of GDR studies involving 72 h longevity tests in the literature [17,23]
involved glycerol conversion as the only metric to describe catalyst
deactivation. In other words, the literature lacks benchmarks for the
results reported in Fig. 13. However, its notable consumption in
homogeneous reactions make the conversion of glycerol an improper
indicator of the catalytic activity. Despite the ambiguities in its use to
quantify catalyst stability, glycerol conversion changed only by< 2%
on the AZT supported catalysts at the end of 72 h TOS experiments
(data not presented). On the other hand, at the end of 72 h TOS testing
of 3% La-20% Ni/Al2O3 and 20% Ni/CC catalysts, glycerol conversion
decreased by ˜25% and more than 50%, respectively [17,23]. In this
respect, AZT supported catalysts clearly outperform their counterparts
reported in the literature.

4. Conclusions

Glycerol dry reforming (GDR) to syngas was studied on Al2O3-ZrO2-
TiO2 (AZT) supported Rh, Ni and Co–based catalysts in a series of ac-
tivity tests carried out at 600–750 °C, CO2/G=1–4 and residence
time=0.5–3.75 mgcat.min/Nml. In order to provide fundamental in-
sight into their characteristic roles in GDR, catalysts used for 5 h and
72 h under reactive environment are characterized comparatively with
their fresh (i.e. reduced) counterparts by means of detailed molecular-
level in-situ/ex-situ spectroscopic/imaging techniques such as TEM-
EDX, XPS, XANES and in-situ FTIR. The key findings can be summarized
as follows:

• Glycerol and CO2 conversions decreased in the following order: 1%
Rh/AZT > 5% Ni/AZT > 5% Co/AZT, which was well correlated
with the average particle sizes of corresponding active metal na-
noparticles (3–4, 10–15 and 40–50 nm for Rh, Ni and Co, respec-
tively). Due to their exceptional activity and stability, Rh/AZT and
its cheaper alternative, Ni/AZT significantly outperformed their
counterparts in the literature and delivered stable production of
syngas at H2/CO=0.75–0.9 (close to the ideal value of ˜1) with CO2

and glycerol conversions above 30% and 60%, i.e. > ˜90% of their
theoretical limits, respectively.

• Rh/AZT gave CO2 and glycerol conversions above 90% of their

thermodynamic equivalents even at the shortest residence time of
0.5 mgcat.min/Nml, and remained stable due to the lack of sintering
and deposition of surface carbon species.

• While its activity was below that of Rh/AZT at the residence time of
0.5 mgcat.min/Nml, Ni/AZT became capable of delivering ˜95% of
the thermodynamic CO2 conversion upon its elongated contact
(> 1.25 mgcat.min/Nml) with the reactive stream. Remarkable ac-
tivity and stability of Ni/AZT were attributed to its ability of post-
gasifying surface carbon species deposited initially (i.e. in the first
few hours) of reaction tests and to its metallic nature together with
dispersion pattern both of which remained almost unchanged.

• Activity and stability of Co/AZT, however, were significantly below
those of Rh and Ni due to superposition of clustering and oxidation
of Co sites, and severe carbon formation that was irreversible.
Nevertheless, similar performances of Co/AZT and Rh/CeO2, tested
previously in [29], highlighted the impact of AZT support which
seemed to contribute to mechanisms of RGWS, surface carbon ga-
sification and C1-C2 steam/CO2 reforming.
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