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ARTICLE INFO ABSTRACT

Keywords: The influence of the support nature (Aly03, TiO5, SiO2) on the activity and stability of supported Ga,03 (10 wt%)
CO2-assisted oxidative dehydrogenation of catalysts was investigated for the production of propylene through the CO,-assisted oxidative dehydrogenation of
propane

propane (CO,-ODP). Catalytic activity was found to be higher when gallium oxide was dispersed on alumina
support which was characterized by the highest acid site density and moderate surface basicity. Below 650 °C
propylene yield increased in the order GaO3-TiO2<Gax03-Si02<Gag03-Al203, which was modified as GaO3-
Aly03<Gag03-TiO02<Gaz03-Si0, for higher reaction temperatures. Propylene selectivity decreased with
increasing reaction temperature followed by an increase of ethylene and methane selectivity implying that the
side reactions of propane hydrogenolysis and propane/propylene decomposition were facilitated at higher
temperatures hindering the CO,-ODP reaction. Gallium oxide catalysts supported on TiO, and SiO; exhibited
sufficient stability for 30-35 hours on stream at 660 and 710 °C, contrary to Gaz03-Al;03 which although was
stable at 710 °C it was gradually deactivated when the reaction was taking place at 600 °C. Temperature pro-
grammed oxidation experiments showed that carbon deposition was favored over Gay03-AloO3 catalyst when the
reaction was conducted at low temperature, which may be related to the higher surface acidity of this sample and
be responsible for its deactivation with time. SEM images and elemental mapping obtained from both the freshly
prepared and used Ga203-M,Oy samples showed that Ga and M (M: Si, Ti, Al) were uniformly present even after
prolonged catalyst interaction with the reaction mixture. EDS analysis indicated that carbon formation was
accelerated with increasing reaction temperature.

Propylene production
Surface basicity/acidity
Ga203-Ti02
Ga203-5i02
Ga203-Al203

1. Introduction C3Hg < C3Hg + H, AHYge, = 124.3 kJ /mol (€))
The production of propylene (C3Hg), which ranks among the most

critical building blocks for the industrial production of numerous

CsHs +1/20;  CiHe + H,0  AHSg = —117.6 kJ / mol @

chemical compounds (propylene glycol, propylene oxide, acrolein,
polypropylene, acetone etc), can be achieved by employing various
processes like Fischer-Tropsch synthesis to olefins, methanol conversion
to olefins, steam cracking of naphta, fluid catalytic cracking, thermal
dehydrogenation of propane (DP) (1) and oxidative dehydrogenation of
propane (C3Hg) (ODP) (2) [1-3]. The latter two approaches are
considered to be attractive due to (a) the abundant availability of pro-
pane contained in shale gas condensates which can be easily extracted in
large scale and (b) the relatively high propylene selectivity that they can
achieve addressing the continuously rising demands for its production
[3,4].
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The ODP process outperforms the thermal DP which suffers from
high requirements of thermal energy due to its high endothermicity as
well as from thermodynamic restrictions by the operating reaction
conditions including feed composition, reaction temperature and pres-
sure [2,5]. However, the use of molecular Oy as oxidant in the ODP
reaction may result in deep oxidation of the produced propylene
decreasing its selectivity. Alternatively, the use of a milder oxidant like
CO2 (3) has been proposed as an effective and innovative technology
able (a) to address the equilibrium limitations by removing the produced
Hs from the gas stream via the reverse water-gas shift (RWGS) reaction
(4) while simultaneously maintaining high propylene selectivity, and (b)
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to reduce CO5 emissions, contributing to its utilization and therefore, the
mitigation of global warming and climate change [2].

CO, + C3Hg < C3Hg + CO + H,0 AHYoec = 165.4 kJ/mol 3

CO, +H, < CO +H,0 AHYoe = 41.1kJ/mol @)

Raising of reaction temperature favors the cleavage of both the C-H
bond leading to propane dehydrogenation and the C-C bond which en-
hances side reactions, such as propane cracking towards methane and
ethylene or carbon, and propane hydrogenolysis yielding ethane and
methane, decreasing propylene selectivity and, in certain cases, pro-
moting carbon deposition [4]. However, CO, may also act as decarbu-
rization compound removing the so formed coke from the catalyst
surface through the reverse Boudouard reaction, thus contributing to the
increase of catalyst lifetime. [1,3,6]. It is worth mentioned that
depending on the catalyst used the interaction of C3Hg with CO; may
result in syngas (CO/Hj) production via the dry propane reforming
reducing propylene yield [1,3]. Therefore, the development of
coke-resistance catalysts with tunable properties able to activate both
CsHg and CO; by promoting the strong scission of C-H bond and the
weak cracking of C—C bond leading to high C3Hg yields is of great
challenge [3,5,6]. Moreover, ODP catalysts should be characterized by
high hydrothermal stability in order to inhibit deactivation by the pro-
duced H,O molecules [3].

Several catalyst formulations have been investigated so far for the
CO2-ODP reaction including SiOj-, Aly03-, TiO2- and ZrOs-supported
metal oxide catalysts such as Cry03-SiOy [7,8], V205-SiO3 [9], GagOs--
SIOZ [8,10], Cr203-A1203 [7,11], VOX-A1203 [12] G3203-A1203 [8,
13-16], Cry03-ZrOy [11], Gay03-TiOy [1,8] and Gag03-ZrO, [8,17].
Platinum based catalysts were also found to exhibit high propane
dehydrogenation activity due to Pt affinity for paraffinic C-H bonds
enabling the superior activation of C-H bond and the weak scission of
C-C bond [3,4]. Zeolites were also explored as catalyst supports for the
CO2-ODP reaction and found to be effective materials to disperse metal
(e.g. Pt) or metal oxide (e.g. CrOx, GapOs3) particles due to their high
specific surface area, uniform and well-ordered micro- or
mesoporous-channels with control pore sizes and excellent hydrother-
mal stability [3,5,18-20].

Among the investigated catalysts those containing gallium oxide
either as the active phase or as a support component were found to
exhibit exceptional activity for the oxidative dehydrogenation of pro-
pane due to GayOg ability to control the physicochemical properties of
catalyst, especially surface acidity and basicity, as well as to facilitate
the activation of C-H bond by a non-redox pathway [4,21,22]. According
to this scheme CO3 participates in Hy consumption via the RWGS (4) and
contributes to equilibrium position shift leading to higher C3Hg yields
[14]. It should be noted, however, that some researchers suggested that
the Mars-van Krevelen mechanism may also be applicable over gallium
containing catalysts according to which the lattice oxygen ions act as the
selective oxygen species and the oxygen vacancies as the adsorption sites
with CO, participating in the re-oxidation of the partially reduced Ga®*
(6 < 2) [15]. Moreover, some research groups were focused on the
development of metal oxide-supported GayOs catalysts employing
alternative methods such as the atomic layer deposition method which
was found to be beneficial compared to the wet impregnation method, at
least over Gay03-Al,O3 catalysts, due to the induced increase of GayO3
dispersion and enhancement of GayO3-Al,O3 interaction leading to the
formation of Ga-O-Al linkages and improved surface acidity [14]. The
hydrothermal synthesis method was also proposed as an effective
method for the preparation of GagO3-Al;O3 catalysts leading to high
specific surface area, high number of tetrahedral Ga ions and
medium-strong Lewis acid sites and thus, to superior activity for the
CO2-ODP reaction [15].

In our recent study, the CO2-ODP reaction was investigated over
various metal oxides supported on TiOz (MxOy-TiO2, M: Zr, Ce, Ca, Cr,
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Ga). A significant increase of both propane conversion and propylene
yield was demonstrated with the Cr,O3 and GayO3 containing catalysts
exhibiting superior performance. A synergistic effect between MOy and
TiO4 was found to occur leading to modification of the physicochemical
properties of catalysts including the surface acidity and basicity, the
reducibility, the anatase/rutile content and the primary crystallite size
of TiO, support which affect catalytic activity and propylene yield.
Among these characteristics a moderate surface basicity and small
titania crystallite size were found to be desirable in order to achieve high
propane conversion and propylene yield. In situ FTIR spectroscopy ex-
periments conducted under reaction conditions indicated that the
adsorption/activation of CO, was facilitated with the addition of metal
oxides on TiO; surface due to the improved surface basicity leading to
higher C3Hg yields.

In the present study, the influence of the support nature (Al,O3, TiOo,
SiO2) on the activity and stability of supported GazO3 (10 wt%) catalysts
was investigated for the CO,-assisted oxidative dehydrogenation of
propane. The correlation of physicochemical properties with catalysts’
ability to convert propane towards propylene was explored and dis-
cussed in detail. The time on stream (TOS) stability of the synthesized
catalysts was investigated at various reaction temperatures, whereas
advanced surface characterization of both the freshly prepared and used
samples (denoted in the following as “fresh” and “spent”) was carried
out in order to understand the catalysts’ tendency to coke formation and
possible deactivation phenomena. The new findings of the present study
lie in the following key points: (a) Identification of the support role and
the key physicochemical characteristics that determine catalytic activity
and stability; (b) the development of active catalysts with sufficient
stability for 30-35 hours on stream contrary to previous studies where a
rapid catalyst deactivation was observed and (c) the determination of
catalyst properties following prolonged interaction of catalyst with the
CO4/C3Hg mixture and their correlation with the promotion of unde-
sired reactions.

2. Materials and methods
2.1. Catalysts synthesis and characterization

Gallium based composite metal oxides (10 %Ga203-M;Oy) were
synthesized employing the incipient wetness impregnation method
using commercial SiO5 (Alfa Aesar), TiO5 (Evonik) or Al;O3 (Alfa Aesar)
as supports and Ga(NOs)s-6 HoO (Sigma Aldrigh) as the precursor of
gallium oxide. The procedure involved dissolution of the appropriate
amount of Ga(NO3)3-6 H20O in water followed by the addition of the
suitable support amount. The volume of the precursor solution per mass
of support used was in all cases equal to 11. The resulting slurry was
progressively heated at 80 °C under continuous stirring and maintained
at that temperature until water evaporation. The remained solid was
dried at 120 °C overnight and calcined in air at 600 °C for 3 hours.

Brunauer-Emmett-Teller (BET) method following N2 physisorption
at liquid nitrogen temperature conducted on a Gemini III 2375 instru-
ment (Micromeritics) was used to estimate the specific surface area
(SSA) of the supported gallium oxide catalysts following the procedure
described in the Supplementary Material. The phase identification
analysis of the synthesized catalysts was carried out by X-Ray Diffraction
(XRD) technique using a Bruker D8 Advance instrument operated at
40 kV and 40 mA with a Cu-Ka radiation (A= 0.15496 nm) source and a
scan rate of 0.05 °/s. Comparison of the diffraction peaks with those
supplied by the JCPDS data base enabled their identification. The cat-
alysts’ surface basicity was investigated by temperature-programmed
desorption of COy (CO2-TPD) experiments in a fixed bed reactor using
an Omnistar (Pfeiffer Vacuum, Asslar, Germany) mass spectrometer
(MS) directly connected with the reactor outlet and following the pro-
cedure described in detail in our recent study [1]. The same reactor/-
instrumentation was utilized for the investigation of catalysts’
reducibility by temperature-programmed reduction with Hy (Hy-TPR) as
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well as the possible carbon deposition on the catalyst surface under
reaction conditions by means of temperature-programmed oxidation
(TPO) experiments [1,23]. The surface basicity was also studied by in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) performed on a FTIR (Nicolet iS20, Thermo Fischer Scientific)
spectrometer (operating with a MCT detector and a KBr beam splitter),
which was directly connected with a flow measuring system enabling
the desired gas mixture composition to be provided to the diffuse
reflectance cell where the catalyst was placed [1].

Thermogravimetric analysis (TGA) experiments were conducted
under Ny atmosphere on a TA Q50, Thermal Analysis instrument (TA
instruments/WATERS) to determine the surface acidity of the gallium
oxide based catalysts after ammonia adsorption following the procedure
described in detail elsewhere [1]. In an attempt to identify the nature of
acid sites, pyridine adsorption experiments combined with FTIR spec-
troscopy were carried out using the FTIR spectrometer described above.
The experimental procedure involved overnight drying of catalyst
powder at 110 °C prior to its saturation with pyridine for 2 h at 25 °C
using a 5 %Pyridine/H0 solution (Sigma Aldrich). The suspension was
then filtered and the solid residue was evacuated at 60 °C for 1 h to
remove water and physisorbed or weakly chemisorbed pyridine. The
catalyst was then placed in the DRIFT cell and the spectrum was
collected at 25 °C by subtracting the background spectrum of the cor-
responding sample that had been previously dried at 110 °C overnight.

A Transmission Electron Microscope (TEM) (JEOL JEM-2100)
operated at 200 kV (point resolution 0.23 nm) using an Erlangshen
CCD Camera (Gatan Model 782 ES500W) was used to explore the
morphology of both “fresh” and “spent” composite metal oxides. The
formed crystallographic structures as recorded in TEM images were
furtherly analyzed employing selected area electron diffraction (SAED)
technique [23]. Scanning Electron Microscopy (SEM) images were also
collected on a JEOL JSM 6300 microscope which was equipped with an
energy dispersive spectrometer (EDS) for elemental analysis [24].

2.2. Catalytic performance tests

The CO,-ODP reaction was performed in a fixed bed cylindrical
reactor (length of 45 cm, I.D.: 4 mm) made of quartz in the temperature
range of 500-750 °C under ambient pressure. In a typical experiment,
the catalyst (0.5 g) was sieved to obtain a uniform particle size of
0.15-0.25 mm and placed in an expanded section of 5 cm length (I.D.:
10 mm) in the middle of the reactor where a small amount of quartz
wool was placed to immobilize the catalyst powder. Prior to the reaction
onset the catalyst was treated in He at 450 °C for 1 hour. Subsequently,
the temperature was increased at 500 °C and a gas stream of 5%
C3Hg+25 %CO4y/He was introduced into the reactor with a total flow
rate of 50 cm® min~! regulated by using mass-flow controllers. Re-
actants and products were analyzed after 30 minutes of catalyst on
stream on a gas chromatograph (GC Shimadzu 2014) online connected
with the reactor outlet. The gaseous products CO, CO, and CH4 were
separated using a packed Carboxen column and detected by a thermal
conductivity (TCD) detector, whereas CsHg, C3Hg, CoHg and CoH4 were
separated by a packed Porapak-Q column and detected by a flame
ionization detector (FID). A stepwise increase of temperature up to
750 °C was then followed and a similar analysis was carried out at the
desired reaction temperatures. A K-type thermocouple was used to
measure the temperature in the middle of the catalyst bed.

The C3Hg conversion (X¢,u,), CsHe yield (Y¢,n,) and the selectivity
towards each product (Sc,) were estimated as follows:

Hg|, 'Fin - H, 'Fou
Xy = (Cs S]M[C?’Hs][.c,; 8] our Four %10 ®)
Yo, = (Xcyn, ® Scung)/100 ©)
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S, — [Ca]:n
™ [CO] + [CHa] + 2 o ([C2Ha] + [C2He) ) + 3 o ([CsH])

x 100 ()

F;, and F,,; referred to the inlet and outlet mole flow rate, [C3Hglin
and [C3Hg]oy represent the v/v concentrations of C3Hg in the inlet and
outlet of the reactor, respectively, [CO], [CH4] [CoHsl, [C2He] and
[C3Hg] are the v/v concentrations of the generated CO, CHy4, CoHy, CoHg
and C3Hg, respectively and n is the number of carbon atoms in each
molecule (e.g. 1 for CO and CHy, 2 for CoH4 and CaHg, 3 for C3He).

The reaction rate was calculated using the following expression:

r [C5Hs iy *Fin—[C3Hs oy *Fout (€))
CyHg— W

where r¢, g, is the molar rate of CsHg conversion (mol st gc’alt) and W is
the mass of catalyst (gcat)-

3. Results and discussion
3.1. Catalyst characterization

Results of BET measurements showed that the SSA of Gay03-TiOs,
Gay03-Al,03 and Gay03-SiO; catalysts was 47.9, 73.1 and 183.3 m> g’l,
respectively. The XRD patterns obtained from these catalysts are pre-
sented in Fig. 1 where only crystallographic peaks assigned to TiO2, SiO2
or Al,O3 support were identified indicating that in all cases GayOs
particles were well dispersed on the support surface [10,25-27]. Spe-
cifically, in the case of GayO3-TiOy sample crystallographic peaks at
25.36°, 36.95°, 37.81°, 38.51°, 48.09°, 53.93°, 55.14°, 62.75°, 70.36°,
75.15° and 76.16° were detected which can be attributed to (1 0 1), (1
03),(004),(112),(200),(105),(211),(204),(220),(215)and (3
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Fig. 1. X-ray diffraction patterns obtained over 10 %Ga03-TiO2, 10 %GaO3-
SiO, and 10 %Gay03-Al,03 catalysts.
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0 1) planes, respectively, of tetragonal anatase TiO5 (JCPDS Card No.
4-477), as well as peaks located at 27.42°, 36.09°, 39.21°, 41.28°,
44.15°,54.38°,56.70°, 62.80°, 64.11°, 69.0° and 69.86° assigned to (1 1
0),(101),(200),(111),(210)(211),(220),(002),(310),(301)
and (1 1 2) planes, respectively, of tetragonal rutile TiOy (JCPDS Card
No. 21-1276). The anatase content was found equal to 78 % with a
primary crystallite size calculated by the Scherrer’s equation of 18.3 nm.
The crystallite size of rutile phase was found to be lower and equal to
14.9 nm.

The X-ray diffractogram obtained from Ga03-SiO, was character-
ized by a broad peak located at 23.59° attributed to (2 0 1) reflection of
tetragonal SiOy (JCPDS Card No. 32-993), while that of GazO3-Al;03
was characterized by crystallographic peaks detected at 260=31.93°,
37.57°,39.45°, 45.86°, 60.49° and 66.97° corresponding to (22 0), (31
1),(222),(400), (51 1) and (4 4 0) planes of cubic Al,03 (JCPDS Card
No. 29.63). The primary crystallize size of Al,O3 was estimated equal to
6.3 nm, whereas that of SiO, couldn’t be accurately measured due to the
broadness of the single peak detected and its development initiation
below 20 ° where no scans were collected.

Supported gallium oxide catalysts were also characterized with
respect to their surface basicity employing CO2-TPD experiments. In
these experiments, the as prepared catalysts were treated at 450 °C in He
for 15 min. Pretreatment conditions were selected based on our previous
tests which showed that any adsorbed surface species can be easily
removed from the catalyst surface by heating it at 450 °C. The catalyst
was then cooled followed by 1 % CO2/He adsorption at 25 °C for 30 min
and subsequently, 30 minutes purging with He. The TPD was then
initiated using a heating rate of 10 °C/min and a total flow rate of
30 cm® min~!. The CO,-TPD profiles are presented in Fig. 2 where it is
observed that in the case of Gay03-SiO, catalyst two COy desorption
regions were detected; a low-temperature (LT) region where a weak
peak centered at 77 °C can be discerned and a high-temperature (HT)
region above 500 °C where more than one peaks of significantly higher
intensity were evolved which were present up to 750 °C, at which point
the TPD was stopped. The LT peak was previously assigned to COy
desorption from weak basic sites while the HT features were attributed
to CO2 desorption from medium and/or strong basic sites [28-32].

Qualitatively similar results were obtained over GayO3-AlyO3 and

1100 ppm

10%Ga,0,-TiO,

10%Ga,0,-Al,0,

/\_——/’\_,-
10%Ga,0,-Si0,

100 200 300 400 500 600 700
Temperature (°C)

CO, Concentration (ppm)

Fig. 2. CO,-TPD profiles obtained from 10 %Ga03-SiO2, 10 %Ga03-Al,03
and 10 %Gay03-TiO, catalysts. Experimental conditions: Mass of catalyst:
0.15 g; particle diameter: 0.15 <d, < 0.25 mm; heating rate =10 °C/min;

total flow = 30 cm® min .
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Gay03-TiO, catalysts (Fig. 2) which, however, exhibited the following
differences: both the HT and, especially, the LT desorption peak
increased in intensity, with the former started evolving at lower tem-
peratures (above 410 °C for Gap03-Al,03 and above 350 °C for GapOs-
TiO3). The amount of COy desorbed (in pmol g_l) from the weak and
medium/strong basic sites was calculated by integrating the area below
the LT and HT peak, respectively (Table S1). To eliminate the factor
attributed to the SSA which was significantly varied (from 47.9 to
183.3 m? g’l), the estimated values of desorbed CO, were normalized
with respect to the SSA and results obtained (in pmol m2) are presented
in Table 1. It was found that the amount of CO5 desorbed in the LT re-
gion increased from 0.002 to 0.313 pmol m ™2 in the order Ga;03-Si05 <
Gay03-TiOy < Gap03-Aly03. Although the amount of COy desorbed in
the HT region was also lower for Ga03-SiO4 catalyst (0.022 pmol m_z),
it was found to be higher for Gay03-TiO, (0.305 pmol m~2) than for
Gay03-Alx03 (0.233 pmol m~2). Results provide evidence that the
number of weak basic sites was higher over Gap03-Al;,03 catalyst
compared to GayO3-TiOy while the opposite occurred for medium/
strong basic sites. The lowest number of both weak and medium/strong
basic sites was observed for Gap03-SiO5 catalyst. The total amount of
desorbed CO and therefore, the total surface basicity, was estimated by
integrating the total area below the CO5 response curve and was found
to increase in the order GayO3-SiO2 (0.024 pmol m2) < Gay03-Al,03
(0.546 pmol m~2) < Gay03-TiO; (0.582 pmol m~32).

Qualitatively, similar results were obtained over bare TiO (36.9 m?/
g), AloO3 (95.7 mz/g) and SiO, (222.1 mz/g) supports (Fig.S2, Table 1
and S1). Comparison with the corresponding results obtained over the
Gay03 containing samples (Fig. 2, Table 1) showed that the intensity of
both peaks and thereby, the total amount of desorbed CO, were signif-
icantly lower for bare supports, indicating that the surface basicity was
improved with the addition of GayO3, which, however, followed the
same trend with respect to the nature of the support.

The surface basicity of GayO3 based catalysts was also examined by
Xu et al. [8], who found that the number of basic sites on the catalyst
surface increased following the order Gay03-SiOy << Gag03-TiOp <
Gag03-Alp03. Similarly, Petre et al. [33] demonstrated that the CO,
uptake was higher over Gay03-Al;0O3 followed by GayOs-TiO and
Gay03-SiO; catalysts which both exhibited very weak basicity. The in-
crease of surface basicity by gallium oxide deposition on alumina surface
was also reported by Michorczyk et al. [34]. According to these authors,
an increase of GapOs3 loading resulted in an increase of the selectivity of
products formed on basic sites for two tests reactions (conversion of
isopropanol and conversion of 2-methyl-3-butyn-2-ol), suggesting an
increase of the overall surface basicity. The small differences observed
between the catalysts’ ranking with respect to their basicity reported in
literature and the results of the present study can be attributed to the
different commercial metal oxide powders used as supports and/or the
different method applied for catalysts synthesis.

Similar experiments were conducted by in situ DRIFTS over the
synthesized catalysts where the following procedure was employed:
heating in He flow at 450 °C for 15 min — cooling at 25 °C in He flow —
switch of the flow to 5 %COz/He for 30 min— purging with He for
30 min — DRIFT spectrum collection at 25 °C — stepwise increase of

Table 1
Total amount of desorbed CO, during CO»-TPD experiments.

Catalyst LT peak HT peak Total amount of desorbed
(pmol-m~2) (pmol-m~2) CO,,
(pmol»m*Z)

10 %Gay03-Si0, 0.002 0.022 0.024

10 %Gay05-TiO,  0.278 0.305 0.582

10 %Gay03- 0.313 0.233 0.546

AlLO,

SiO, 0.001 0.007 0.008

TiOy 0.111 0.055 0.166

Al,03 0.126 0.034 0.160




A. Florou et al.

temperature up to 450 °C during which DRIFT spectra were collected at
selected temperatures after an equilibration time of 3 min. It should be
clarified that, besides the times of CO, adsorption and purging with He,
which were the same, the reaction conditions used in CO2-TPD experi-
ments were different than those used in DRIFTS studies (e.g. reactor
type/operation, mass of catalyst, CO, concentration etc.). Results of
DRIFTS experiments can only be used to extract information related to
the nature and relative variation of adsorbed surface species with tem-
perature, and can only be qualitatively compared with those obtained by
Mass Spectrometry studies (Fig. 2), which are able to quantitively
identify the number and strength of basic sites on the catalyst surface.

Results obtained over GagO3-SiO; catalyst are presented in Fig. 3A.
The spectrum recorded at 25 °C (trace a) was characterized by a single
weak band located at 1629 cm™! previously assigned to bicarbonate
(HCO3) species associated with GayOg surface [35-37]. The intensity of
this band decreased with increasing temperature and disappeared above
150-200 °C implying that CO, was weakly adsorbed on the surface of
Gay03-SiO catalyst most possibly due to the acidic character of SiO,
support in agreement with previous studies [38,39].

Fig. 3B shows the corresponding DRIFT spectra obtained from
Gay03-TiO; catalyst following CO5 adsorption. As it can be seen, the
spectrum recorded at 25 °C (trace a) consisted of two bands at 1649 and
1416 cm ™! previously attributed to bicarbonate species and two bands
at 1580 and 1320 cm ™! due to bidentate carbonates adsorbed on TiO5
[40-44] and/or GapOs [35-37] surface. Increase of temperature at
150 °Cresulted in the development of a band at 1538 cm ! which can be
attributed to monodentate carbonate species associated with TiOs
[40-42,44,45] and may be pre-existed at lower temperatures but
couldn’t be distinct due to overlapping with the broad band at
1649 cm L. Although the intensity of all bands decreased with further
increase of temperature, they did not disappear even at 450 °C (trace i)
indicating that the corresponding surface species were strongly adsor-
bed on the catalyst surface.

The adsorption of CO; on Gay03-Aly03 surface led to the formation
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of similar surface species with those discussed above over Gap03-TiO4
(Fig. 3C). Particularly, bands due to bicarbonates (1642 and
1402 cm’l), monodentate and bidentate carbonates (1521, 1557 and
1361 cm ™) were detected on the spectrum obtained at 25 °C [35,37,
46-50]. The relative population of surface species decreased upon
heating the catalyst under He flow and was eliminated above 300 °C
(trace f) indicating their desorption from the catalyst surface. Results of
Fig. 3 imply that the adsorption strength of CO, was enhanced following
the order Gay03-SiO2 < Gag03-Al,03 < Gag03-TiO4 in excellent agree-
ment with CO,-TPD results of Fig. 2.

Regarding the structure of basic sites, two general types of basic sites
have been suggested to be present on metal oxides, namely surface hy-
droxyl groups (weak Brgnsted basic sites) and low-coordination oxygen
anions (strong basic sites) [51,52]. Previous studies demonstrated that
CO4, is preferentially adsorbed on these sites leading to the formation of
bicarbonate species (via its interaction with OH groups) and bidentate,
monodentate and/or bridged carbonate species (via its interaction with
oxygen anions) [46,49-51,53,54] in accordance to the results of Fig. 3.
Aziz et al. [52] stated that the former species are desorbed from the
catalyst surface at low temperatures contributing to the low temperature
CO; evolution in the CO,-TPD profiles, while the latter species are
responsible for the CO, peaks evolved at high temperatures. Basic sites
of medium strength may be also present on the catalyst surface
contributing to CO; desorption at medium temperatures during
CO9-TPD experiments [52]. Therefore, concerning the results of Figs. 2
and 3, it can be suggested that, in the case of titania and alumina sup-
ported catalysts, the LT peak in the COo-TPD profile was due to
desorption of bicarbonate species formed via interaction of COy with
basic hydroxyl groups and the HT peak to desorption of bidentate and
monodentate carbonate species generated by interaction of COy with
basic surface oxygen species. However, in the case of silica supported
catalyst, the interaction of which with CO; led to the development of a
single weak peak due to bicarbonates, the CO; release both in the low
and high temperature region seems to be due to decomposition of these
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Fig. 3. DRIFT spectra obtained from (A) 10 %Ga503-SiO,, (B) 10 %Ga03-TiO, and (C) 10 %Ga»03-Al,03 catalysts following adsorption of CO, at 25 °C for 30 min

and subsequent stepwise heating at the indicated temperatures under He flow.
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species.

The acidity of the investigated catalysts was probed by TGA exper-
iments following NH3 adsorption at 25°C [1]. The corresponding
weight loss (%) and TGA derivative curves as a function of temperature
are depicted in Fig. 4 and S2. It was observed that all catalysts exhibited
three weight loss regions centered at ~200-280 °C, 350-420 °C and
480-530 °C assigned to weak, moderate and strong acid sites, respec-
tively [27,55-60]. Any weight loss observed at temperatures lower than
120 °C was possibly due to removal of residual physisorbed water [61].
The weight loss was found to be higher for the Gay03-SiO; catalyst
followed by Gay03-Al;03 and then GaOs3-TiO; (Fig. 4). The acid sites
density was calculated following the procedure described in the Sup-
plementary Material [1] and results are presented in Table S2. As it can
be seen the total surface acidity was found to be 673.5 pmol-g~! for
Gay03-TiOy, 1082.1 pmol-g ™! for Gay03-Al,03 and 1548.3 pmol-g~* for
Gay03-SiO9 implying that the silica supported catalyst was character-
ized by the highest number of acid sites per gram of catalyst while the
titania supported catalyst was the least acidic one. Comparison of these
values with the SSA of the investigated catalysts showed that the acid
site density per gram of catalyst increases monotonically with increasing
the SSA. Therefore, if the aforementioned values are expressed per unit
surface area, the catalysts ranking with respect to the density of surface
acid sites is modified as follows: Gay03-SiO5 (8.45 pmol-m’z) <
Gay03-TiOy (14.07 pmolm 2 < Gay03-Al,03 (14.80 pmol-m~2)
(Table 2). Results are in agreement with those reported by Shao et al.
[60], who found that Gaz03-Al;O3 catalyst exhibited higher total acid-
ity, estimated by NHj3-TPD experiments, compared to GapQ3-SiOs.
Similar experiments were conducted by Xu et al. [8] who found that the
number of medium to strong acid sites increased in the sequence
Gay03-Si02 < Gag03-Ti0y < Gay03-Aly0Os. Similarly, Petre et al. [33]
demonstrated that the number of acid sites measured by pyridine
adsorption increased in the order Gas03-Si0Oy < Gag03-TiOp <
Gay03-Al;03, which was correlated with the degree of Ga;03 dispersion
as well as the GapO3-support interactions. In addition, Shen at al. [56]
reported that the acidity of GapO3/HZSM-5 catalyst decreased with
increasing the Si/Al ratio of the support.

Similar TGA experiments following NH3 adsorption were carried out
over bare TiO,, Al;03 and SiO, supports and results obtained showed
that, in all cases, the surface acidity was lower compared to that
measured for Ga203-M;Oy catalysts (Fig.S3). The total acid site density
was found to increase following the order SiOy (4.42 pmol-m™~2) < TiOy
(8.44 pmol-m’z) < Al,03 (11.97 pmol-m’z) which was the same with
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Fig. 4. TGA curves following NH3 adsorption at 25 °C obtained from the 10 %
Gay03-Si05, 10 %Ga03-Al,03 and 10 %Gay03-TiO, catalysts.
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Table 2
Acid site density estimated from TGA experiments over 10 %Ga»03-SiO», 10 %
Ga203-Ti02 and 10 %Ga203-A1203.

Catalyst Acid Site Density (pmol-mfz)

Weak Moderate Strong Total
10 % Gay03-SiO, 3.76 3.41 1.28 8.45
10 % Gap03-TiO2 5.48 5.35 3.24 14.07
10 %Gay03-Al,03 7.32 4.69 2.78 14.80
SiOy - 2.78 1.64 4.42
TiO2 3.82 4.62 - 8.44
Aly03 7.61 3.07 1.29 11.97

that found in the presence of GayO3 (Table 2). Results imply that surface
acidity was enhanced by Ga03 addition in agreement with our previous
study [1].

The nature of acid sites on the catalyst surface was determined by
adsorption of pyridine coupled with FTIR spectroscopy and results ob-
tained over Ga»;03-MyOy are presented in Fig. 5. The spectrum recorded
for Gap03-SiO, catalyst was characterized by four characteristic peaks
located at 1622, 1492, 1458 and 1598 cm ! assigned to pyridine
adsorption on Lewis acid sites as well as by two bands detected at 1640
and 1549 cm ™! due to pyridine protonated by strong Brgnsted acid sites
[62-65]. The band at 1492 cm ™! may also contain contribution from
pyridine adsorption on Brgnsted acid sites [62,65]. A weak peak at
1578 cm™! and a shoulder at 1446 cm ™! were also observed which can
be attributed to physisorbed pyridine [62-64]. It should be noted that
the bands at 1622 and 1458 cm™! were previously associated with
strong Lewis acid sites, while that at 1598 cm™! with moderate and
weak Lewis acid sites indicating the presence of different strength of
acid sites on the catalyst surface in agreement with the results of Fig. 4
and S2 [64,66,67].

The spectra collected for Gap03-AlpO3 catalyst (Fig. 5) consisted of
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Fig. 5. DRIFT spectra obtained following pyridine adsorption at 25 °C over
10 %Gay03-Si0,, 10 %Ga,03-Al,03 and 10 %Ga,03-TiO, catalysts.
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two broad bands related to the interaction of adsorbed pyridine species
with Lewis acid sites (1622 and 1452 cm_l) [13,67-69] and a broad
band at 1660 cm ™! which, although was appeared at higher wave-
numbers, may contain contribution from pyridine species adsorbed on
Brgnsted acid sites. However, no band was observed in the
1540-1550 cm ™! region assigned to pyridinium anions, implying that
the number/strength of Brgnsted acid sites was low in order to protonate
the adsorbed pyridine in agreement with previous studies over
Gay03-Al03 catalysts [13,68]. It should be also mentioned that more
than one overlapping peaks may coexist in the three detected regions,
which cannot be clearly distinguished in the obtained spectra due to the
broadness of the detected bands. This was also the case for Gay03-TiOy
catalyst, the interaction of which with pyridine gave rise to the devel-
opment of two broad bands at 1650 and 1558 cm™! attributed to pro-
tonated pyridine on Brensted acid sites and a weak peak at 1455 cm ™!
most possibly due pyridine coordinated with Lewis acid sites in agree-
ment with previous studies over titania based catalysts [70-72].

Temperature programmed reduction experiments using Hy as the
reducing agent were also carried out using the following procedure:
heating in He flow at 450 °C for 15 min — oxidation at 300 °C under
20.5 % O,/He flow (30 cm?® min’l) — heating in He flow at 450 °C for
15 min — cooling at 25 °C in He flow — switch of the flow to 3 %H,/He
— increase of temperature up to 750 °C using a rate of 10 °C min~1.
Results (Fig.S4) showed that no reduction peaks were observed in the
Ho-TPR profiles of Gaz03-SiO» and Gay03-Al;03 catalysts implying that
reduction of these catalysts by hydrogen was limited (at least below
750 °C) in agreement with previous studies [8,60]. In contrast, the
Ho-TPR profile obtained from the Gap03-TiO3 catalyst was characterized
by two hydrogen consumption peaks located at 338 °C and 598 °C. The
former peak can be attributed to the reduction of well dispersed Ga
species and/or GaO" species interacting with the support, while the
latter peak can be assigned to reduction of bulk or larger Ga;O3 particles
[1,60,73,74]. It should be noted that the high temperature peak may
also contain contributions from the reduction of the TiO5 surface [1,75,
76]. The total amount of Hy consumed estimated by the area below the
H, response curve of Ga;03-TiO; catalyst was found equal to 106.5 pmol
g~ L. Based on our recent study, the reducibility of TiO, was significantly
enhanced with the addition of Ga;03 on TiO, surface with the amount of
consumed hydrogen being increased by a factor of 3.5 [1]. The inability
of hydrogen consumption by Ga;03-SiO and Gay03-Al;0O3 catalysts may
be related to the well-known “irreducible” character of SiO; and AlyO3
supports which prevents stabilization of small gallium oxide particles or
GaO* [60].
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3.2. Effect of the support nature on catalytic performance

The effect of the nature of the oxide carrier (SiO5, TiO5, Al;03) on the
catalytic performance of supported 10 wt% GaOj3 catalysts for the CO-
ODP reaction was investigated and results obtained are presented in
Fig. 6. The selection of GayOs content was based on preliminary ex-
periments conducted over x%Gay03-Al03 catalysts which showed that
both Xcsyg and Scsye were progressively increased with increasing
Gay03 loading while side products formation was suppressed as the
Gay03 content increased up to 10 wt% (Fig.S5). Although higher pro-
pane conversions can be achieved with further increase of GapO3 loading
to 20 wt%, selectivities towards all reaction products remained constant
providing evidence that 10 wt% of Ga;O3 was a suitable content, which
may also ensure a better dispersion of gallium oxide particles compared
to that of 20 wt%. It was found that Ga;03-SiO5 and Gay03-TiO, cata-
lysts were both activated above 570 °C and reached X¢,n,=80 % at
745 °C (Fig. 6A). Alumina supported GayOs catalyst exhibited higher
catalytic activity below 700 °C giving measurable propane conversions
at temperatures higher than 510 °C. However, X¢, 5, at 745 °C was found
to be equal (80 %) to that measured for Gay03-SiO; and Ga03-TiO;
catalysts. The effect of the support nature on propylene yield was more
pronounced and be dependent on the reaction temperature (Fig. 6B).
Specifically, below 650 °C the Y¢,y, increased in the order GapOs-TiO;
(5.4 % at 600 °C) < Gay03-SiO2 (7.8 % at 600 °C) < Gay03-Aly03
(18.7 % at 600 °C), whereas higher reaction temperatures had a nega-
tive effect on propylene yield of Gax03-Al;O3 catalyst. In particular, the
Y¢,n, for this sample presented a maximum value around 600 °C and
then decreased with further increase of temperature contrary to the
Ye,u, measured for GazOs-TiO and Gap03-SiO2 catalysts which was
gradually increased with increasing temperature.

In addition to propylene, the products detected under reaction con-
ditions were CO, CH4, CoH4 and traces of CoHg. The effect of reaction
temperature on products selectivity for the investigated catalysts is
presented in Fig. 7. As it can be seen, propylene selectivity (Sc,m,)
measured for Gap03-SiO; catalyst decreased from 69 % to 23 % with
increasing temperature from 590 to 745 °C, whereas CO selectivity (Sco)
remained almost stable in the entire temperature range examined fluc-
tuating between 13 % and 19 % (Fig. 7A). The selectivity towards CoHy
(Sc,n,) and CHy (Scn,) progressively increased from 8 % to 36 % and
from 4.5 % to 22 %, respectively, with increasing temperature in the
range of 590-745 °C, whereas that of CoHg (Sc,n,) Was not exceeded
1.2 % in the entire temperature range examined. The production of both
CsHg and CO provides evidence that the desired COz-assisted ODP re-
action was taking place. However, the decrease of Sc,y,with
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Fig. 6. Effect of reaction temperature on the (A) conversion of C3Hg and (B) C3Hg yield obtained over 10 %Gay03-TiO5, 10 %Ga03-SiO» and 10 %Gay03-Al;03
catalysts. Experimental conditions: Mass of catalyst: 0.5 g; particle diameter: 0.15 <d;, < 0.25 mm; Feed composition: 5 % C3Hg, 25 % CO- (balance He); Total flow

rate: 50 cm® min~?.
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Fig. 7. Selectivities towards reaction products as a function of temperature
obtained over (A) 10 %Gay03-SiO,, (B) 10 %Gay053-TiO, and (C) 10 %Gay0s-
Al,03 catalysts. Experimental conditions: same as in Fig. 6.

temperature in combination with the progressive increase of both Sc,y,
and Scy, indicates that propane or propylene decomposition (9—12) as
well as propane hydrogenolysis (13, 14) may run in parallel hindering
further production of propylene. The occurrence of reaction (9) may also
be responsible for the almost stable selectivity towards CO which was
expected to be decreased under conditions where CO,-ODP (3) reaction
was suppressed. In addition, production of CO may also take place via
the reverse Boudouard reaction (15).

2CO, + 2C3Hg < 3C,H4 + 2CO + 2H,0 AH)oq = 447.2 kJ/mol
9

C3Hg © C,H, +CH, AHYgq = 81.7 kJ /mol (10)

Journal of Environmental Chemical Engineering 12 (2024) 114603

2C3Hs < 2CH,4 + CyH, + 2C(s) AHYge = —137.6kJ/mol  (11)

C3Hg < CHy + 2H, + 2C(s) AHYge, = 29.2kJ/mol (12)
Cs3Hg + Hy < CyHg +CHy AHYge, = —55.4 kJ /mol 13
C3Hg + 2H, < 3CH,4 AHYge = —120.0 kJ /mol 14
CO, +C < 2CO AHYg = 172.4 kJ /mol @s)

The same products were detected over GapO3-TiOy (Fig. 7B) and
Gay03-Alp03 (Fig. 7C) catalysts. Comparison of the results obtained with
those discussed above over Gay03-SiO (Fig. 7A) showed the following
differences: (a) Sc,n, was lower in the whole temperature range exam-
ined over Ga03-TiO; (e.8. Sc,n, =50 % at 600 °C) contrary to GazOs-
Al;03 and Gag03-SiO, which exhibited comparable selectivities towards
propylene (e.g. Sc,n, =68 % at 600 °C); (b) S¢o was significantly higher
at low reaction temperatures and progressively decreased (from 52 % to
3 %) with temperature for GapOs3-TiOg, indicating that the reactions
leading to CO production were favored at low temperatures and sup-
pressed above 670 °C. On the other hand, S¢o measured over GapOs-
AlO3 decreased slightly with temperature below 580 °C and then
increased again exhibiting a maximum value of 36 % at ~660 °C; (c)
Silica- and alumina-supported catalysts exhibited similar values of Sc,x,
and Sy, at a given temperature which were found to be lower compared
to those measured for titania-supported sample, implying that the side
reactions of propane or propylene decomposition (9—12) and propane
hydrogenolysis (13, 14) were facilitated over GazO3-TiO4

catalyst. Interestingly, the production of undesired CoH4 and CHy
over the most active GayO3-AlpO3 catalyst was limited below 600 °C
where propylene yield presented its maximum values, indicating that
C3Hg was mainly converted to C3Hg and CO via CO2-ODP reaction at
temperatures of practical interest.

Concerning the physicochemical properties of catalysts discussed
above a general trend was observed according to which catalytic per-
formance is strongly correlated with the amount of CO, desorbed during
CO,-TPD experiments (Fig. 2, Table 1). As it can be seen in Fig. 8A,
propane conversion, propylene yield and reaction rate normalized with
respect to the SSA (rc3us, in pmol m~2) measured at 600 °C were opti-
mized for the Gay03-AlO3 catalyst characterized by a moderate surface
basicity. This is in agreement with results of our previous study over
titania based composite metal oxides (MxOy-TiO2, M: Ce, Zr, Ca, Cr, Ga)
where a moderate surface basicity was found to be crucial for the acti-
vation of COy and thus, the efficient conversion of propane towards
propylene via CO-ODP reaction [1].

Regarding surface acidity, a similar diagram of X¢,,, Y., and resus
measured at 600 °C as a function of the acid site density estimated by
TGA experiments (Fig. 4) was plotted (Fig. 8B). No monotonous trend of
Xc,u, and Y¢,n, was observed with respect to surface acidity expressed in
pmol m~2. The most acidic Gay03-Al;053 catalyst was found to be su-
perior in activity for the CO,-ODP reaction whereas the least acidic
Gay03-SiO, catalyst exhibited intermediate performance which was
slightly improved compared to Ga;03-TiOy characterized by moderate
acidity. However, a clearer trend was observed by correlating the
normalized reaction rate with the acid site density, according to which
rcspg increased by one order of magnitude with increasing the surface
acidity, following the order Gap03-SiO5 < Gag03-TiOy < Gag03-Aly0s.

Based on the above, it is evident that the observed catalyst ranking
with respect to ODP activity is strongly related to the catalysts’ acid/
base properties. A high surface acidity and a moderate surface basicity
seem to be desirable in order to achieve high rates of propane conversion
towards propylene at temperatures of practical interest (<650 °C).

The effect of the support nature for the CO5-assisted propane dehy-
drogenation over supported Ga;Os catalysts was also investigated by Xu
et al. [8], who found that propane conversion decreased in the order
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Gay03/TiOy > Gay03/ZrO, > Gag03/Al,03 > Gay03/Si0, >
Gay03/MgO. According to the authors the interactions between the
gallium oxide and the support caused variations in Hy adsorption ca-
pacities and acid-base properties which were found to be responsible for
the observed differences in catalytic activity as well as for the observed
different support effects on the promoting or not role of CO3 on pro-
pylene production. The higher catalytic activity of alumina- compared
to silica-supported gallium oxide was also demonstrated by Zhou et al.
[20]. Similarly, Xiao et al. [15] found that when the GayOs-Al;03
catalyst was prepared by the hydrothermal synthesis method it was able
to achieve propane conversion of 35.2 % and propylene selectivity of
95 % at temperatures as low as 550 °C. This was attributed to the high
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surface area (234 m? g’l) of this catalyst and the higher amount of
tetrahedral Ga ions correlated with the medium-strong Lewis acid sites.
Moreover, Shao et al. [60] reported that when gallium oxide was
dispersed on alumina support, a higher initial propane conversion of
46 % was achieved at 620 °C compared to the case that it was dispersed
on silica which resulted in a low propane conversion of 5.5 % for the
propane dehydrogenation reaction. According to these authors the weak
interactions between Ga species and SiO5 support in combination with
the limited reducibility and the low amount of well-dispersed Ga species
observed for Gay03-SiO; catalyst were responsible for its lower catalytic
activity.

Regarding results of the present study, a synergistic interaction be-
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Fig. 9. TOS stability test of the 10 %Ga03-SiO, catalyst conducted at (A, B) 660 °C and (C, D) 710 °C under conditions of oxidative dehydrogenation of C3Hg with
CO,. Alterations of (A, C) X¢,n, and Y¢,u,, and (B, D) products selectivity with time-on-stream. Experimental conditions: Same as in Fig. 5. Dashed vertical black lines
indicate shutting down of the system overnight where the catalyst remained under He flow.
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tween gallium oxide particles and the support employed seems to be
occurred in all cases examined as evidenced by the improved catalytic
performance of the supported GayOs3 catalysts compared to that of the
bare GapOs and the corresponding bare support (Fig.S6). This synergy
was found to be enhanced when alumina was used as support as Xc,y, at
600 °C increased from ~3-4 % for bare Al,O3 and Ga;O3 to 29 % for
GapOs3-Aly03 (Fig.S6E). This was also the case for Y, 5, which was found
to be 19-fold higher for Ga;03-Al;O3 than that measured for the corre-
sponding bare metal oxides (Fig.S6F).

3.3. Time-on-stream (TOS) stability tests

The time on stream stability of Gap03-SiO catalyst for the CO,-ODP
reaction was investigated at 660 and 710 °C and results obtained are
presented in Fig. 9. It was observed that X¢,n, and Yc,n, measured at
660 °C were varied in the ranges of 30-34 % and 16.6-19.4 %, respec-
tively, during the first five hours on stream (Fig. 9A). The measurements
obtained following shutting down of the system overnight and remain-
ing in He flow showed that both X¢,5, and Yc,n, were slightly lower.
However, they both increased with time regaining their initial values
and then were slightly decreased again until the next shutting down of
the system. This indicates that Gay03-SiO5 catalyst loose part of its
initial activity during shutting down of the system which can be, how-
ever, retrieved with subsequent catalyst exposure to the reaction
mixture. The same trend was observed with further increase of time
which was, however, smoothed out after 17 hours on stream leading to
stabilization of both X¢,, and Y¢,n, at 26 and 14.5 %, respectively.
Results of products distribution (Fig. 9B) showed that S¢,n, was almost
stable (54.5-57 %) during the entire stability test contrary to Sco which
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exhibited a small decrease after each shutting down of the system during
the night. On the other hand, Sc,n, and Scy, were gradually increased
from 17 % to 24.5 % and from 9.6 % to 13.4 %, respectively, after
30 hours on stream, while S¢,g, was always lower than 0.5 %.

Qualitatively similar results were obtained at 710 °C with Xc,p;,
Ye¢,n, and Scy exhibiting the same trends with those observed at 660 °C.
As it was expected, propane conversion (60-72 %) and propylene yield
(21-23 %) were higher at 710 °C (Fig. 9C). This was also the case for
Sc,n, (35-38 %), Scy, (19.7-23.6 %) and S, s, (1-1.8 %), whereas S, .
(29-35 %) and Sco (4.3-10 %) exhibited lower values compared to
those obtained at 660 °C (Fig. 9D). Results imply that prolonged catalyst
exposure to the gas stream and/or increase of reaction temperature led
to a slight inhibition of the CO,-ODP reaction favoring the undesired
reactions of propane or propylene decomposition (8—11) and propane
hydrogenolysis (12, 13).

The TOS stability for the CO-assisted oxidative dehydrogenation of
propane was also investigated over GayOs-TiOy catalyst and results
obtained are presented in Fig. 10. As it can be seen, X¢,n, and Y¢,n,
measured at 660 °C remained constant with time on stream taking
values of 22-26 % and 9-11 %, respectively (Fig. 10A). This was also the
case for all products selectivities (Sc,n,=40-41 %, Sc,n,=34-36 %,
Scr,=17-19 %, Sc,n,=0.7-0.8 %) with the exception of Sgo which was
decreasing from ~7.9-4 % by the end of the day where the flow was
switched and remained in He overnight. However, the initial values of
Sco were regained upon subsequent catalyst exposure to the reaction
mixture (Fig. 10B).

A similar stability test was conducted at 710 °C and, as it was dis-
cussed in our previous study, GapOs-TiO; catalyst exhibited excellent
stability for 25 hours on stream with X¢,n, varied in the range of
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52-57 % (Fig. 10C) [1]. However, increase of reaction time to 32 hours
led to a gradual increase of propane conversion to 66.5 %. The observed
increase of X¢,g, influenced the variation of products selectivities with
time, which although were found to be stable during the first 25 hours
on stream (Sc,p,=32.5-36 %, Sco =0.5-2%, Sc,u,=40-43 %
Scr,=20-22.5 %, Sc,n,~1 %) a slight increase of Sc,n, (45.5 %) and
Scr, (24 %) was observed with further increase of reaction time which
was accompanied by a simultaneous Sc,n, reduction to 28.5 %
(Fig. 10D). Results indicate that the side reactions (9—14) promoting
further production of CoH4 and CH4 were facilitated after extended
Gay03-TiO, interaction with the 5 %C3gHg+25 %C0Oy/He mixture. It
should be noted however, that Y¢,n, remained unaffected by the
observed increase of propane conversion, taking values of 17-19 %
during the whole stability test duration (Fig. 10C). As it was also
observed for Ga;03-SiO; catalyst (Fig. 9), higher reaction temperature
hindered C3Hg formation and enhanced the production of the undesired
CoHy4 and CHy4 over GagOs3-TiO; catalyst (Fig. 10).

Contrary to what observed over GayOs3-SiO» and Gap03-TiO9 cata-
lysts, the interaction of Gap03-Al,03 with the gas stream at 600 °C
resulted in a progressive catalyst deactivation with the X¢,p, and Y, g,
decreasing from 29 % to 7.3 % and from 21 % to 3.3 % after 18 hours on
stream (Fig. 11A). It should be noted that the selection of a lower re-
action temperature (600 °C) for the stability test conduction compared
to that used (660 °C) for Gap03-SiO and Gay03-TiO- catalysts was made
in order to achieve comparable propane conversions since GayO3-Al;03
exhibited significantly higher activity (Fig. 6). The gradual loss of cat-
alytic activity was accompanied by a decrease of S¢,y, from 72 % to 45 %
and an increase of Scy, and Sc,q, from 5 % to 10.5 %, and from 4.4 % to
20 %, respectively (Fig. 11B). This provides evidence that catalyst
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deactivation was possibly induced by carbon deposition taking place via
propylene and propane decomposition (11, 12) reactions, which both
favor methane and ethylene generation. The observed increase of Sco
(17.9-31.6 %) with time on stream was maybe due to the reverse Bou-
douard reaction (15) which converted part of the coke formed to CO
(Fig. 11B). Selectivity towards ethane also exhibited an increase (from
0.18 % to 0.37 %) most possibly due to the parallel occurrence of pro-
pane hydrogenolysis (13). Interestingly, Ga;O3-AloO3 catalyst exhibited
excellent stability at 710 °C for 30 hours on stream with Xc¢,5, and
Ye,n,stabilizing at 57-60 % and 18-19 %, respectively, during the first
5 hours of reaction (Fig. 11C). Propylene selectivity was found to be
constant (32-33 %) whereas those of ethylene, methane and ethane
were progressively increased from 28 % to 45 %, from 18 % to 22 %,
and from 0.9 % to 1.3 %, respectively, with time on stream. On the other
hand, Sco was significantly decreased from 30.7 % to 0.4 % after
~30 hours on stream. This may indicate that propylene was mainly
produced via propane dehydrogenation rather than COj-assisted
oxidative dehydrogenation as evidenced by the observed stable Xc3pe
and Yg,y, in combination with an observed progressive decrease of Xco2
(not shown here) from 10 % to 1 %.

This implies that CO, participation in propane conversion was sup-
pressed with time on stream when the reaction was taking place at
710 °C over Gay0Os3-Al,0O3 catalyst. This may be due to competitive
adsorption of CO, on the same basic sites with one or more reaction
products. According to the results reported by Davydov et al. [53],
strong basic sites participate in methane activation for the reaction of
oxidative coupling of methane. Similarly, the increased surface basicity
was found to be responsible for the improved and selective conversion of
methane towards Cy, hydrocarbons [77]. Thus, it can be suggested that
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Fig. 11. TOS stability test of the 10 %Ga,03-Al,05 catalyst conducted at (A, B) 600 °C and (C, D) 710 °C under conditions of oxidative dehydrogenation of C3Hg with
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part of the produced CH4 was accumulated on the catalyst surface hin-
dering the activation of CO5 and its participation in propane conversion
to propylene.

Therefore, if the DP reaction dominates the CO5-ODP at 710 °C, H,0
generation through reaction (3) was expected to be suppressed. This
may explain the contradictory stable performance of GayO3-AloO3
catalyst at 710 °C compared to its rapid deactivation at 600 °C, since the
presence of water molecules has been suggested to be among the reasons
of catalyst deactivation under CO,-ODP conditions [3].

It should be noted that, with the exception of GayO3-Al,O3 catalyst
which was found to be gradually deactivated with time when the reac-
tion was taking place at 600 °C, the investigated catalysts exhibited
sufficient stability for about 30-35 hours on stream contrary to previous
studies where a rapid catalyst deactivation was observed. For example
Xu et al. [8] found that the initial propane conversion measured for
Gay03-Aly03, Gag03-TiO, and Gay0s3-SiOy catalysts was significantly
decreased with time on stream due to coke formation with all catalysts
being practically inactive after 160 min. A drastic catalyst deactivation
during the first 45 minutes on stream at 600 °C was also observed by
Gashoul Daresibi et al. [14] over GayOs-AloO3 catalyst prepared
employing the atomic layer deposition method. This deactivation was
attributed either to the higher number of acidic sites which promotes
coke formation or to migration of incorporated Ga to the surface under
reaction conditions, leading to surface reconstruction through the for-
mation of GayO3 particles characterized by lower activity and weak
interaction with the alumina support. A rapid decrease of propane
conversion from 50 to ~21 % after 16 hours of reaction was also re-
ported by Chen et al. [16] over Gaz0O3-Al,03 catalyst with Ga/Al ratio of
4:1 at 500 °C. The rate of catalyst deactivation was increased with
increasing the reaction temperature and time and was assigned to ac-
celeration of carbon deposition. Although the deactivation effects were
eliminated for Ga/Al ratios of 1:4 and 1:1, propane conversion and
propylene yield were found to be lower. Similarly, Xiao et al. [15] found
that Gay03-Al,03 catalysts synthesized by three different methods (hy-
drothermal, grind-mixture and coprecipitation) were deactivated after
9 hours on stream at 550 °C due to coke deposition.

3.4. X-ray diffraction measurements obtained over “spent” catalysts

In an attempt to clarify the effect of support on variations of products
selectivity and/or catalyst deactivation with time on stream all “spent”
catalysts following the stability tests were characterized by XRD tech-
nique and results obtained are presented in Fig.S7. It was observed that,
in all cases, the XRD patterns obtained from the “spent” catalysts are
qualitatively similar with those obtained from the corresponding “fresh”
samples with respect of the detected crystallographic peaks. The pri-
mary crystallite size of Gap03-Al;03 was not altered after the stability
tests conducted at 600 and 710 °C, taking values of 6.9 and 6.3 nm,
respectively. Contrary, prolonged interaction of GapOs-TiOy catalyst
with the reaction mixture at 660 and 710 °C led to an increase of the
TiOg crystallite size from 18.3 nm to 21.4 and 22.3 nm, respectively, for
the anatase phase, and from 14.9 nm to 28.7 and 32.3 nm, respectively,
for the rutile phase. The anatase content remained stable (78-79 %)
after 30 hours on stream at both reaction temperatures investigated.
Results imply that titania particles were sintered under reaction condi-
tions without, however, affecting significantly the catalytic performance
which remained almost constant with time on stream. In our previous
study it was demonstrated that propylene production via ODP with CO,
reaction was favored over small TiO; crystallites [1]. Therefore, it can be
suggested that the increase of titania particles size may be related, at
least in part, to the observed small decrease of Sc,y, after 25 hours on
stream at 710 °C. It is of interest to note that no crystallographic peaks
assigned to carbon was detected for any of the “spent” catalysts exam-
ined indicating that either the amount of coke was small and/or the
deposited coke was in an amorphous phase [78].
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3.5. Transmission electron microscopy measurements

The morphology of the “fresh” and “spent” supported gallium oxide
catalysts was studied by Transmission Electron Microscopy. TEM images
obtained from Gay03-SiO4 catalysts are presented in Fig.S8 where it is
observed that the “fresh” sample (Fig.S8A) was characterized by irreg-
ular spherical particles. Prolonged catalyst exposure to the reaction
mixture at 660 and 710 °C did not induce any significant variation in its
structural characteristics (Fig.S8B and C). Selected area electron
diffraction (SAED) pattern recorded from the area shown with dashed
lines in the corresponding TEM image is presented only for the “spent”
sample after the TOS stability test at 710 °C (Gaz03-SiO2_Spent 710 °C,
Fig.S8D) due to inability to receive diffraction rings in the case of the
“fresh” (Gay03-SiOy_Fresh) and the “spent” sample after the TOS sta-
bility test at 660 °C (Gay03-SiO2_Spent 660 °C). The ring denoted by
spot 1 (Fig. S8D) corresponds to (201) plane of tetragonal SiOy (JCPDS
Card No. 32-993) in agreement with the XRD results (Fig. 1).

A representative TEM image obtained from the “fresh” Gay03-TiO»
catalyst (GayO3-TiOg Fresh) is shown in Fig.S9A where irregular
spherical TiO, particles of approximately 18-20 nm diameter can be
observed. Regarding the corresponding SAED analysis (Fig.S9B), the
observed diffraction rings mentioned by spot 1, 2, 3, 4, 5, 6 and 7
correspond to d-spacing 3.51, 2.43, 2.33, 1.89, 1.7, 1.49 and 1.36 A
attributed to (101), (103), (112), (200), (105), (213) and (116) Miller
indices of anatase phase (JCPDS Card No. 4-477), respectively. Catalyst
interaction with the reaction mixture at 660 and 710 °C for ~35 hours
resulted in the development of larger titania nanoparticles with a mean
size of 23 nm and 24 nm, respectively as evidenced by the TEM images
presented in Figs.S9C and E in excellent agreement with XRD results
(Fig.S7). Regarding the analysis of the electron diffractogram of the
“spent” sample following the TOS stability experiment at 660 °C (GaxOs-
TiO4_Spent 660 °C, Fig. S9D), the spots 1, 2, 3, 4, 5, 6, 7, 8 and 9
correspond to (101), (103), (112), (200), (105), (213), (116), (215) and
(303) facets of anatase titania (JCPDS Card No. 4-477), respectively,
whereas the spots 1, 2, 3, 4, 5 and 6 recorded for the GapO3-TiO3 sample
following the TOS stability experiment at 710 °C (Gay03-TiOy_Spent
710 °C, Fig. SOF) are due to (101), (112), (105), (213), (116) and (215)
planes of anatase titania (JCPDS Card No. 4-477), respectively. Crys-
tallographic rings attributed to the rutile phase of TiO, were not
detected via SAED analysis for both the “fresh” (Fig. S9B) and “spent”
(Figs. S9D and F) samples, contrary to XRD measurements where the
characteristic crystallographic peaks assigned to the rutile phase were
identified. This may be due to the smaller rutile content (~21-22 %)
compared to that of anatase (78-79 %) for both “fresh” and “spent”
titania-supported catalysts.

The TEM images and the selected area electron diffractograms ob-
tained for the “fresh” (GayO3-AlpO3_Fresh) and “spent” GayOs-AloO3
(Gay03-Al,03 Spent 600 °C, GayO3- Al,O3.Spent 710 °C) samples
showed that all catalysts are composed of Al,O3 spherical nanoparticles
with an approximate diameter of 6-8 nm (Fig. 12). Concerning the
SAED spectrum of the “fresh” sample (Fig. 12B) each spot corresponds to
a specific facet of the Al;O3 structure (JCPDS Card No. 2-1422). Spe-
cifically, spots 1, 2, 3, 4, 5 and 6 are attributed to reflections of the
planes with a d-spacing value equal to 3, 2.4, 1.98,1.63, 1.43 and 1.39 A
of an unknown Al;Os3 structure. This was also the case for both the
Gay03-Al,03_Spent 600 °C (Fig. 12D) and Gay03-Al;03_Spent 710 °C
(Fig. 12F) samples. Contrary to SAED analysis, XRD results demon-
strated a cubic Al;O3 structure for both the “fresh” and “spent” GayOs-
Al,O3 catalysts. These findings may imply that the structure of alumina
used as support was polycrystalline.

It should be noted that for all gallium oxide-support combinations
employed no reflections attributed to GapOs structure or carbon for-
mations (for the “spent” samples) were detected, corroborating the XRD
measurements and further supporting our previous suggestion that
gallium oxide particles are well dispersed [10] and that the carbon
deposited on the catalytic surface during reaction was amorphous [79].
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Fig. 12. TEM micrographs of the (A) “fresh” and (C and E) “spent” 10 % Ga303-Al,03 catalysts following TOS test at 600 °C and 710 °C. Corresponding selected area
electron diffractograms for the (B) “fresh” and (D and F) “spent” samples at 600 °C and 710 °C acquired from the area denoted by the dashed lines in (A), (C) and (E),

respectively.

3.6. Scanning electron microscopy measurements

The morphology and the distribution of the elements contained in
the synthesized catalysts were examined with SEM, and representative
images obtained from the “fresh” Gay03-SiO3, GagO3-TiO2 and GayOs-
AlyO3 catalysts are shown in Fig. 13A, B and C. The corresponding
energy-dispersive X-ray spectra (EDS) of these SEM images (Fig. 13G, H
and I) confirmed the presence of Ga, O and Si or Ti or Al elements,
whereas elements quantification demonstrated that the Ga content (wt
%) was practically the same (5-6 wt%) for the three catalysts examined
(Table S3). Elemental mapping illustrates that Ga was homogeneously
distributed on the surface of Al;03, TiO2 or SiO9 (Fig. 13D, E and F).

Similar SEM/EDS analysis was conducted over all “spent” catalysts
investigated. Results obtained from “spent” Gap03-SiOy catalysts are
presented in Fig.S10. The element mapping for Si (Fig.S10C and F), Ga
(Fig.S10D and G) and C (Fig.S10E and H) indicated that the Si and Ga are
uniformly present on both “spent” samples whereas carbon was uni-
formly deposited on their surface. The weight percentage of Si, Ga, O
and C estimated by the EDS analysis (Fig. S10I and J) for the GayOs-
SiO2_Spent 660 °C catalyst was found to be equal to ca. 40 wt%, 7 wt%,
43 wt% and 10 wt%, respectively, while that for the Ga;03-SiO5_Spent
710 °C was equal to 14 wt%, 2 wt%, 29 wt% and 55 wt%, respectively
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(Table S3). Results clearly show that the amount of carbon formed on
the catalyst surface after prolonged catalyst exposure to the gas stream
was significantly higher when the reaction was taking place at 710 °C
compared to 660 °C, implying that the undesired reactions leading to
coke formation were facilitated at higher reaction temperatures in
agreement with results of Figs. 7 and 9.

SEM/EDS results obtained from the “spent” Gap03-TiO- catalysts are
presented in Fig.S11 where it can be observed that the uniform presence
of Ti and Ga was retained following the TOS stability tests at 660 °C (Fig.
S11C and D) and 710 °C (Fig.S11F and G). The coke formed under re-
action conditions was homogeneously distributed on the catalysts’ sur-
face (Fig.S11E and H) and found to be significantly higher (26 wt%) for
the Gay03-TiOo Spent 710 °C than that measured (8 wt%) for the
Gay03-TiOy_Spent 660 °C sample in accordance to the results discussed
above for Gag03-SiO; (Table S3). Qualitatively similar results were ob-
tained over the “spent” Gap03-Aly0O3 catalysts with Ga and Al being
uniformly present and the deposited carbon being homogeneously
distributed on the surface of both samples and higher over the GayOs-
Al;03_Spent 710 °C (15 wt%) compared to GaO3- Al,O3_Spent 600 °C
(9 wt%) (Fig. 14, Table S3).

It should be noted that in all cases the variations observed in the
content of Ga and Si or Ti or Al between the “fresh” and the “spent”
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Fig. 13. SEM images with element mapping of Ga and EDS profiles obtained from the “fresh” (A, D, G) 10 % Ga,03-SiO- (B, E, H) 10 % Ga;03-TiO, and (C, F, 1) 10 %

Gay03-Al,03 catalysts.

samples could be attributed to the carbon deposition becoming more
pronounced as the reaction temperature increased (Table S3).

3.7. Temperature programmed oxidation measurements

Comparison between results of TOS stability experiments and SEM
analysis shows that GayO3-Al,Og3 catalyst lost rapidly its initial activity,
when the reaction occurred at 600 °C, despite the comparable values of
carbon content (8-10 wt%) found based on EDS analysis of the three
catalysts investigated. In order to accurately estimate the amount of
carbon deposited on the catalyst surface under reaction conditions, TPO
experiments were performed over the GayOs-AloO3 Spent 600 °C,
Gay03-TiO,_Spent 660 °C and Gap03-SiOy_Spent 660 °C catalysts and
results obtained are illustrated in Fig. 15A. The profile of CO, produced
during a linear increase of temperature (10 °C/min) under a 3 % O,/He
stream exhibited, for all catalysts, a single peak with its maximum being
varied with respect to the support nature following the order Al,O3
(Tmax=549 °C) < TiO2 (Tmax=574 °C) < SiO2 (Tmax=685 °C). Similar
peaks were previously attributed to oxidation of amorphous carbona-
ceous deposits [80,81]. In all cases the production of CO was negligible.

The opposite trend with that of Tp,,x was observed concerning the
amounts (umol g~1) of CO, produced during TPO experiments (esti-
mated by the area below the CO; response curve) which was estimated
to be 4000 pmol g’1 for Gay03-SiO2, 6000 pmol g’1 for Gay03-TiO, and
7000 pmol g’l for Gaz03-Al;03. Results indicate that carbon deposition
was significantly enhanced over Gap03-Al,03 which may be responsible
for the deactivation observed in Fig. 11A and B. This may be due to the
higher surface acidity of this catalyst, which according to previous
studies promotes coke formation, leading to gradually loss of activity
with time on stream [14,15,60,82]. It should be mentioned that, the
evolution of CO, at higher temperatures over Ga;03-TiO5 and, espe-
cially, Gap03-SiOy provides evidence that carbon formation on the
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surface of these catalysts was more stable compared to GazO3-Aly03,
leading to lower carbon oxidation rate during the TPO experiment. This
may imply that besides the higher amount of coke formation when Al,O3
was used as support, the gasification of carbon (e.g. via the reverse
Boudouard reaction) may be facilitated over this sample under reaction
conditions in accordance to the observed increase of Sco (Fig. 11B) with
time on stream, which however, was not sufficient to avoid catalyst
deactivation.

It should be noted that Gay03-Al,03 deactivation due to recon-
struction of the catalytic surface under reaction conditions proposed by
Gashoul Daresibi et al. [14] and/or by water molecules generated during
CO,-ODP reaction [3] cannot not be excluded although cannot be
confirmed based on the results of the present study. As discussed above,
the latter approach could explain the stable performance of Gaz03-Al;,03
catalyst at 710 °C where propylene was mainly produced via DP reac-
tion rather than CO2-ODP reaction (Fig. 11C and D), suppressing water
generation through reaction (3). Furthermore, propane aromatization
which is promoted by the presence of both strong acid sites and Ga
species may be responsible for the short life time of Gay03-Al,03 catalyst
[60,82,83]. In any case, results of the present study clearly show that an
appropriate balance between the acid and basic sites is essential in order
propane conversion to propylene to be enhanced and simultaneously
catalyst stability to be ensured hindering any deactivation phenomena.

Similar TPO experiments were conducted for the samples obtained
following the TOS stability tests at 710 °C. Results showed that, in all
cases, COy production initiated above 550 °C after exposure of spent
catalysts to 3 %0o/He stream indicating that carbon was strongly
adsorbed on the catalyst surface (Fig. 15B). All catalysts had to remain at
800 °C for a long time (20-50 min) until the whole amount of carbon to
be oxidized to CO,. Comparison with the results presented in Fig. 15A
showed that the amount of carbon deposited on the catalyst surface was
higher when the stability test was conducted at 710 °C, which was rather
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Fig. 14. SEM images of the “spent” 10 % Ga»03-Al,03 catalyst obtained following the TOS stability tests at (A) 600 °C and (B) 710 °C. EDS mapping results showing
the distribution of (C) Al, (D) Ga and (E) carbon elements and (I) the corresponding EDS spectrum for the “spent” sample tested at 600 °C. EDS mapping results
showing the distribution of (F) Al, (G) Ga and (H) carbon elements and (J) the corresponding EDS spectrum for the “spent” sample tested at 710 °C.

expected since the selectivity towards side products accompanied by
carbon formation was enhanced with increasing temperature (Fig. 7).
Silica supported catalyst exhibited the highest tendency to coke for-
mation (18476 pmol g_l), in agreement with EDS analysis (Table S3),
followed by Ga03-Alo03 (16812 pmol g’l) and subsequently GayOs-
TiO, (11084 pmol g~1). Results indicated that the catalyst ranking with
respect to their resistance to carbon deposition was different at 710 °C
compared to 600 (or 660) °C. In any case, carbon formation at 710 °C
was not able to deactivate any of the investigated catalysts even after
30-35 hours on stream which is of significant importance for the prac-
tical application of the CO2-ODP process.

In an attempt to determine the selectivity of catalysts towards carbon
deposition, we estimated the ratio of the amount of carbon formed at the
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end of each TOS stability test to the mean C3Hg converted per unit time,
Sc/xc,u, (in pmol g 1 h™1). It was found that the S¢ /Xe,n, depended on the
reaction temperature and increased in the order (a) SiO3 (516.1 pmol
g h™1) < TiO, (586.1 pmol g =1 h™1) < Al,05 (2397.6 pmol gL h~1) for
the low temperature TOS stability test and (b) TiO2 (626.1 pmol g’1 )
< 8i0 (807.5 pmol g "1 h™1) < Al,03 (1001.7 pmol g~ h™1) for the high
temperature TOS test, indicating that the alumina supported catalyst
exhibited the lowest anti-coke ability under CO2-ODP conditions.

4. Conclusions

The production of propylene via the CO,-ODP reaction over gallium
oxide dispersed on SiOj, TiO2 and Al,O3 supports was reported herein
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Fig. 15. Responses of CO, produced during temperature programmed oxida-
tion with 3 %O, (in He) occurred after the TOS stability tests presented in
Figs. 8-10 conducted at (A) 600 °C over 10 % Gaz03-Al,03 catalyst and 660 °C
over 10 % Gay03-SiO, and 10 % Ga,03-TiO, catalysts and (B) 710 °C over 10 %
Gay03-Al,03, 10 % Ga,03-Si0, and 10 % Gap03-TiO, catalysts. In (B), CO»
responses above 800 °C were recorded as a function of time since catalysts
needed to remain at 800 °C for 20-50 min until complete oxidation of carbon.

attempting to identify the effect of the support on both catalytic activity
and stability. SEM/EDS analysis performed over the “fresh” samples
illustrated that Ga was homogeneously distributed on the surface of
Al,03, TiO; or SiO support. No reflections attributed to GayOs structure
was detected by TEM/SAED and XRD measurements indicating that
gallium oxide particles were well dispersed. Both propane conversion
and propylene yield were found to be higher when gallium oxide was
dispersed on alumina support which was characterized by the highest
acid site density and moderate number of basic sites. Low reaction
temperatures favored the conversion of C3Hg towards C3Hg which was
hindered above 650 °C where the undesired reactions of C3Hg or C3Hg
decomposition and C3Hg hydrogenolysis were facilitated yielding CoHy
and CH4 and promoting coke formation on the catalyst surface. The TOS
stability tests demonstrated that all catalysts exhibited sufficient sta-
bility for ~30-35 hours with the exception of Gay03-Al,03 at 600 °C
which became practically inactive after 18 hours on stream due to
enhanced coke formation, as measured by TPO experiments, induced by
the increased surface acidity of this catalyst. EDS analysis also confirmed
the formation of carbon which was found to increase with increasing
temperature in agreement with TPO results. The tendency of catalysts
towards carbon deposition with respect to the support nature was
altered when the TOS stability test was conducted at 710 °C, which
however was not able to deactivate any of the investigated samples. No
carbon formation was detected by conducting TEM and XRD experi-
ments over all the “spent” catalysts investigated providing evidences
that the so formed carbon was amorphous. Results of the present study
demonstrated that the role of the support in the CO,-ODP process is to
provide the appropriate number of active acid/base sites, which can be
significantly modified via its interaction with gallium oxide particles,
thus affecting catalytic activity, selectivity and stability.
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