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Glycerol dry reforming (GDR) was studied on Ru/LayOs, Ru/ZrO,, and Ru/Lay03-ZrO3 catalysts. Impacts of the
support on morphological, electronic and surface chemical properties of the catalysts were comprehensively
characterized by TEM, in-situ DRIFTS, XPS, ATR-IR and XRD. Initial (5 h) CO; conversion at 750 °C and
CO,-to-glycerol ratio of 1-4 was ordered as Ru/La;O3 < Ru/ZrO5 < Ru/Lay03-ZrO». During 72 h stability tests,
Ru/ZrO deactivated by ~33% due to Ru sintering, structural deformation of the monoclinic zirconia support,

and strong metal-support interaction. Under identical conditions, CO, conversion on Ru/LasO3 decreased by
27% mainly due to dehydroxylation/carbonation of lanthana and severe coking. Lanthana-stabilized tetragonal
zirconia phase of Ru/Lay03-ZrO- led to finely dispersed small oxidic Ru clusters which deactivated by 15% after
72 h and demonstrated unusually high catalytic performance that was on par with the significantly more
expensive Rh-based catalysts, which are known with their exceptional activity and stability in GDR.

1. Introduction

Issues related with production and consumption of fossil fuels have
accelerated efforts towards development of renewable fuels and their
conversion processes. Biodiesel received notable interest as a renewable
fuel as it can be blended with the refinery-based diesel without losing its
compatibility with the current engines [1,2]. In biodiesel synthesis via
transesterification of animal-based or vegetable oils, 1 mol of glycerol is
obtained as a by-product for every 3 moles of biodiesel produced. This
stoichiometry, however, causes an undesired build-up of glycerol as
supply of glycerol is three times higher than its demand [3]. It is obvious
that the method of handling excess glycerol dictates the cost of biodiesel
production [4]. In this respect, its valorization into value-added prod-
ucts has become an active field of research [5]. Among several alter-
native routes, glycerol has been considered as a platform for producing
hydrogen (Hz) and synthesis gas (syngas) at scales suitable for

decentralized use.

Glycerol can be converted into syngas by steam reforming (SR),
whose catalysis and reactor design aspects have been studied and
reviewed extensively in the literature [6-8]. The resulting mixture is
characterized by molar ratios of Hp/CO > 2, rendering SR suitable for Hy
production. However, syngas conversion processes, such as Fischer—
Tropsch synthesis, require molar ratios of Hy/CO ~ 1 [9], which can be
met conventionally by partial oxidation (POX) or autothermal reforming
(ATR). Tuning the syngas composition in POX or ATR depends on the
availability of pure oxygen or Os-enriched air, both of which require
expensive air separation units. Alternatively, syngas with molar ratios of

Hy/CO < 1 can be produced by reforming of glycerol with COx:
C3HgO; + CO,=4CO + 3H, + H,0 AH° = 292kJ/mol @

Provided that the heat demand of reaction (1) can be met without
relying on fossil fuel utilization (e.g, via solar thermal reforming
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techniques [10]) GDR may offer a carbon-negative pathway. Reaction
(1) can be envisioned as the combination of glycerol decomposition (2)
and the reverse water—gas shift (RWGS, (3)) reactions [11]:

C;Hs0;—>3CO +4H, AH° =251kJ/mol 2)

CO, + H,=CO+H,0 AH° = 41kI/mol 3)

Overall endothermicity of GDR necessitates temperatures in excess
of 500 °C leading to thermal breakdown of glycerol to various species,
such as methane, ethane, ethylene, acetaldehyde, acrolein, acetone,
methanol, ethanol, and acetic acid [12]. These hydrocarbons and oxy-
genates can then be converted into surface carbon (Cs) species or coke as
a function of catalyst and process parameters. Typical mechanisms of
coke formation or gasification under the conditions of hydrocarbon
reforming are presented in Table 1 [13]. It is also reported that carbon
can form as pyrolytic, whisker-like or encapsulating type coke species
depending on the operating conditions and the catalyst type [14]. While
whisker and encapsulating carbon formation are observed on Ni-based
catalysts, noble metal catalysts (e.g. Ru, Rh) do not dissolve carbon, i.e.
do not favor whisker mechanism, and therefore are resistant against
coking [15]. Under GDR conditions, it is possible to combat with coking
by increasing the amount of inlet CO, to drive reverse Boudouard re-
action (12). The same strategy also favors RWGS to produce steam that
will gasify carbon via reactions (10) and (11). Coke formation is sup-
pressed thermodynamically above 600 °C for inlet molar ratios of CO2/G
> 1 [12]. High temperatures also favor syngas production and increase
CO production selectivity. For instance, increasing temperature from
600 to 750 °C also decreases the H,/CO ratio from 1.17 to 0.86 [11].
Other possible side reactions that can occur at GDR conditions are
shown in Table 1.

While the GDR literature is still scarce, the number of studies follows
an increasing trend in the recent years as reviewed by Bac et al. [16].
Majority of these studies involved investigation of Ni-based catalysts
primarily due to their inherently high activity in dry and steam
reforming of hydrocarbons [9,16-18]. Monometallic (Ni/y-Al,O3 [19],
Ni/ZrO, [20], Ni/CaO [20], Ni/SBA-15 [21], Ni/CaO-SiOy [22,23],
mesoporous Ni/MgO.Al,03 [24] and bimetallic (La-Ni/Aly03 [25-27],
Ag-Ni/Al,05 [28], Ag-Ni/SiO [29], Re-Ni/CaO [20], Re-Ni/SBA-15
[21] catalysts were studied within 600-900 °C, with molar ratios of
CO2/G = 0.5-5 under atmospheric pressure, and at residence times
between 1.4 and 7.2 x10* ml/gear.h yielding glycerol conversion and
H2/CO molar ratios ranging between 3% and 100% and 0.5-2, respec-
tively. Some of these former studies [22,25] also reported 72 h time-
—on-stream catalytic stability results which commonly indicated partial
(i.e., >25%) loss in glycerol conversion to gaseous products or complete
deactivation of the Ni-based catalysts. In many of these studies, catalytic
activity was reported only in terms of glycerol conversion to gaseous

Table 1
Examples of various side reactions that can occur during GDR process.”

Reaction AH° (kJ/mol) Reaction Number

Dry reforming reactions

CH4 + CO2,=2CO + 2H, 247 (©))
CyHg + 2C02,=4CO + 3H; 430 (5)
CaHy + 2C02=4CO + 2H; 292 (6)
Steam reforming reactions

CH4 + H,0=CO + 3H; 206 (7)a
CaHg + 2H,0=2CO + 5H; 346 ®a
CyH4 + 2H,0=2C0 + 4H 210 9)a
Surface carbon formation/gasification reactions

C, + H,0=CO + Hy 131 (10)a
C, + 2H;0=CO0; + 2H; 90 (1Da
C,+ CO,=2CO 172 (12)
nCq + (n+ 1)Ha=C,Hap2 <0 13)
nCs + nHy=C,Hy, <0 (14)

@ Steam is not present in the feed mixture, but generated via RWGS reaction

3).
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products (namely, Hy, CHy4, CoHy, and CoHg) calculated by means of a
mole balance on H. However, CO, conversion, which is a much more
reliable metric for catalytic activity and stability due to its direct
calculation from the measurement of consumed CO,, was not mentioned
in many of these former studies.

For the first time in the literature, both CO5 and glycerol conversions
were reported by Bulutoglu et al. [30] for two precious metal catalysts,
namely 1 wt% Rh/ZrO, and 1 wt% Rh/CeO,. Extensive structural
characterization of these catalysts before and after the reaction within
600-750 °C, and CO2/G = 1-4 clearly reveled the impact of the support
on the activity and stability. It was shown that the average Rh nano-
particle size dispersed on ZrO; (~2 nm) was smaller than that of CeO,
(~3.5nm) rendering Rh/ZrO, catalyst more active than Rh/CeOs,
where the former catalyst revealed CO2 and glycerol conversions up to
30% and 85%, respectively [30]. Nevertheless, stronger interaction of
Rh with CeO2 made the Rh/CeO, catalyst more stable (23% loss in CO»
conversion) than Rh/ZrO,, since Rh/ZrO, showed 40% loss in CO,
conversion after 72 h stability tests due to combined effects of surface
migration of Rh species and coke formation. Despite their deactivation,
Rh-based catalysts remained more active and stable than their Ni-based
counterparts. In a follow—up study by Bac et al. [31] significant im-
provements in the activity and stability of both Rh and Ni-based cata-
lysts were demonstrated upon the use of Aly03-ZrO,-TiOy (AZT), a
ternary oxide, as the support. After 72 h stability tests at 750 °C and by
using a molar ratio of CO/G = 4, it was demonstrated that CO5 con-
versions measured on ZrO,— and CeOz—supported Rh catalysts decreased
by up to 40% [30], while only < 13% loss in COy conversion was
detected on 1 wt% Rh/AZT, and 5 wt% Ni/AZT catalysts [31]. At
750 °C, CO2/G = 2-4, and 0.5 mgc,..min/Nml, (i.e., the shortest resi-
dence time investigated), Rh/AZT was capable of delivering COy con-
version up to 39%, which corresponded to > 90% of the pertinent
thermodynamic limit [31]. A similar performance was observed on
Ni/AZT at a residence time above 1.25 mg.,r.min/Nml. Stable nature of
the AZT supported catalysts was also confirmed by comparative trans-
mission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and X-ray absorption near edge spectroscopy (XANES) analyses of
the samples before and after the GDR reaction [31]. GDR performances
of noble metal catalysts were also studied by Tavanarad et al. [32] who
prepared Rh, Ru, Ir, Pd, and Pt catalysts supported on MgAl,04, and
tested them within 600-750 °C, and CO2/G = 0-3. Activity of these
noble metals was reported to decrease in the following order: Rh > Ru
>1Ir >Pd > Pt. GDR catalytic performance tests of the noble metal
catalysts commonly pointed out Rh as the most active metal yielding the
highest activity and stability [30-32]. High performance of Rh, how-
ever, is often masked by its elevated cost that hinders its use. Ru is
significantly cheaper than Rh (i.e., current Rh price is >20 times higher
than that of Ru [33]), while revealing only slightly lower or sometimes
comparable hydrocarbon reforming activities to that of Rh [32,34].
Hence, Ru can be considered as a promising alternative for GDR. While
Ru/MgAl,04 catalyst has been investigated in a former report [32],
detailed understanding of the influence of the support material on the
catalytic performance is still mostly unknown. Thus, in the current work,
we carried out extensive GDR activity/stability experiments accompa-
nied by in-situ/ex-situ spectroscopic/imaging investigations on Ru
active sites supported on ZrO,, Lay03, and La03-ZrOs in an attempt to
shed light on the structure-reactivity relationships. ZrO, supported
catalysts are known to remain active in dry reforming reactions due to
the presence of oxygen vacancies in ZrO, that promote dissociation of
CO; into CO and O, where the latter species lead to the oxidation of
surface carbon species [35-37]. Moreover, ZrO, promotes fine disper-
sion of Rh [30] and Ru [38] nanoparticles. Similar functional benefits
that promoted catalytic activity and stability in biogas dry reforming set
the basis for the consideration of LayO3-ZrO, as a promising mixed
oxide support in the current work [39]. The notable impacts of the
support material on metal dispersion, activity and stability were re-
ported also for dry reforming of methane [40-44]. Along these lines, in
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the current study, La;O3 was also investigated in benchmarking exper-
iments to obtain insight regarding to its function in LapO3-ZrO support
material.

2. Experimental
2.1. Catalyst synthesis

1 wt% Ru/Lay0O3 (Rula), 1 wt% Ru/ZrO, (RuZr), and 1 wt% Ru/
Lay03-ZrO2 (RuLZ) catalysts were synthesized by the incipi-
ent-to-wetness impregnation technique. Prior to impregnation, ZrO,
(Alfa Aesar, >99% purity), LapO3 (Sigma Aldrich, 99.99% purity) and
Lap03-ZrOy (Daiichi Kigenso Kagaku Kogyo, DKKK, Japan, 9 wt%
Lap03) support materials were calcined at 800 °C in a muffle furnace
under air for 4 h in an attempt to structurally stabilize these materials.
Required amount (0.6 mL/g catalyst) of Ru precursor (ruthenium (III)
nitrosyl nitrate solution, 1.5 wt% Ru, Sigma Aldrich) was dissolved in
deionized water. The resulting solution was impregnated onto the
thermally treated support materials by means of a peristaltic pump
under vacuum for 90 min. This procedure yielded a slurry that was first
dried overnight at 110 °C in air and then calcined at 800 °C in a muffle
furnace in air for 4 h. Prior to the reaction tests, catalysts were pre—-
treated in-situ at 800 °C for 2 h under 40 Nml/min pure Hj (purity >
99.99%, Linde GmbH) flow which was regulated by a Brooks 5850E
Series mass flow controller (MFC). The fresh catalyst term used in the
following sections refers to the state of the catalyst after the pre-
treatment protocol described above, which is followed by in-situ cool-
ing under 30 Nml/min pure Ny (purity > 99.99%, Linde GmbH) flow to
room temperature, and transfer of the samples to airtight containers for
post—characterization studies.

2.2. Catalytic activity and stability experiments

Catalytic performance tests were conducted in a down-flow, quartz,
tubular packed bed reactor inserted in a three-zone furnace (Protherm
PZF 12/50/500), whose geometric details were provided elsewhere
[30]. Catalyst bed, which overlapped with the second zone of the
furnace, consisted of a physical mixture of 10 mg of the calcined catalyst
and 700 mg of inert diluent (a~Al;O3, Alfa Aesar). Catalyst bed was
mechanically supported by a quartz wool plug. The resulting bed height
(~1 x1072 m)-to-particle diameter (~2.8 %x10~* m) and tube diameter
(1 x1072 m)-to-particle diameter ratios of ~35 ensured minimization of
diffusive transport effects and validity of plug flow profile, respectively
without any pressure drop [45]. Research grade liquid glycerol (Sigma
Aldrich, purity: 99.5%) was precisely dosed by a Shimadzu LC-20AD
High Performance liquid chromatography (HPLC) pump to the quartz
reactor tube via an externally heated 1/16 in. OD stainless steel line to
give 4 Nml/min of glycerol vapor flow that was fixed in all experiments.
Inlet flow of CO; (Linde GmbH, >99.99% purity) was adjusted accord-
ing to the assigned COy/G ratio and inert Ny (Linde GmbH, >99.99%
purity) was used to make-up total inlet flow rate to 40 Nml/min. Flow
rates of CO2 and Ny were controlled by Bronkhorst EL-FLOW Select
MFCs.

Upon separation of the condensable species (i.e., HyO, unreacted
glycerol) by two serially connected cold traps, effluent gas stream was
analyzed in two on-line gas chromatographs (GCs). The first GC, Shi-
madzu GC-2014, equipped with a 60-80 mesh size MS 5A packed col-
umn and a thermal conductivity detector (TCD) was used to quantify Hy,
Ng, CH4, and CO in Ar (Linde GmbH, > 99.99% purity, carrier gas) flow.
The second GC, Shimadzu 8A was used to analyze CO, and C;-Cy hy-
drocarbons via a Porapak Q column-TCD configuration under He (Linde
GmbH, > 99.99% purity) carrier gas flow. Sample injection was done via
sampling valves integrated to each of the GC units. The GC analyzers
ensured reproducible quantification of the CO, CO2, N3, Hp, CH4, CoHy,
and CyHg species at ppm levels. Further details regarding evaporation,
mixing, and injection of the feed mixture to the catalyst bed and
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parameters of GC analysis were described elsewhere [30].

In the catalytic performance experiments run at atmospheric pres-
sure, effects of CO5/G ratio (1-4) and the residence time (0.25, 0.5 and
3.75 mgcar.min/Nml, set by changing the mass of the catalyst) on reac-
tant conversions and product yields were investigated. As justified
comprehensively in our previous studies [30,31], temperature was fixed
to 750 °C in all experiments. While studying the effect of a particular
parameter, all other parameters were kept constant at their default
values of CO2/G = 3 and 0.25 mgc,r.min/Nml. Duration of the typical
catalytic activity experiments was 5 h. After the onset of the reaction (i.
e., “tp”") data were collected at every successive 45 min (except the very
first data collected at ty + 30 min). Since the reaction reached a steady
state after ~2 h of the initiation of the reaction, data acquired at to + 30
and tp + 75 min were disregarded. In addition to the typical 5 h activity
tests, 72 h stability experiments were also performed to follow the sta-
bility of the catalysts. These long—term stability tests were carried out at
3.75 mgc,.min/Nml (corresponding to 150 mg of active catalyst
without the diluent) for better monitoring of any deactivation phe-
nomena due to the elongated contact of the reactive mixture with the
catalyst. CO2 conversion (xco,) and product yield (Y;), defined in Egs.
(15) and (16), respectively, were used as figures of merit to examine
catalyst performance:

Fco, in — Fco, exit

Xco, (%) =~ — x 100 (15)
Fi exit
Y, = bt 1
"= Fon (16)

CO-, conversion could be obtained from direct measurements of the
inlet and exit CO, molar flow rates. However, this was not the case for
the calculation of glycerol conversion using the difference between the
glycerol contents in the inlet and the exit due to the complexities in the
collection and quantification of the unreacted glycerol and H2O from the
cold traps. Therefore, in alignment with the GDR literature [16,46],
glycerol conversion to gaseous products (xg) was estimated from a mole
balance on atomic H:

_ 2Fu, exit + AF ey exit + AF eyt exit + OF ot et

x(%) = S, % 100 17)

In Egs. (15)-(17), F;;, and F; .y, (mol/min) are the molar flow rates of
species i at the inlet and effluent, respectively. Eq. (17) accounts for the
conversion of glycerol, the only inlet source of H, to detectable gaseous
products, namely Hy, CH4, CoHy, and CoHg. While it is commonly used in
the GDR literature [16,46], x; calculation using Eq. (17) does not pro-
vide useful insight regarding catalyst activity and stability due to the
co—existence of significant non—catalytic glycerol breakdown [30,31]
and the lack of H,O in its formulation. Moreover, Eq. (17) includes both
Hj and C;—Cy hydrocarbons, indicators of high and low catalytic activity
(Section 3.1), respectively. As a result, under the specified set of oper-
ating conditions, x; values turn out to be almost equal for all catalysts
and prevent differentiation of the catalyst performance [31]. Due to
these concerns, in the current work, x; is not used as a metric for
quantifying catalytic response but still reported in Section 3.1 in order to
draw comparison with the findings reported in the GDR literature. We
also carried out mole balance calculations on atomic C, H and O (see
Supporting Information (SI) for details) that allowed more realistic
prediction of glycerol conversion and the molar amount of H2O in the
effluent stream. Outcomes of these calculations and their comparison
with Eq. (17) were discussed in Section 3.1.

In order to quantify glycerol and possible CO, conversions in the
absence of the catalyst, blank control experiments were conducted in a
reactor packed only with inert o—Al;O3. Additional blank experiments
involving calcined LayOs, ZrO, and LapO3-ZrO, support materials were
carried out at 0.25 mggsypport-min/Nml to examine the possible roles of
individual supports on reactant conversions and product distribution.
Fresh (pre-treated) and spent catalysts (after 72 h GDR reaction at



M. Ozden et al.

750 °C, CO5/G = 3, residence time = 3.75 mgc,r.min/Nml) were char-
acterized by transmission electron microscopy (TEM), X-ray photo-
electron spectroscopy (XPS), in-situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), attenuated total reflection infrared
(ATR-IR) spectroscopy, X-ray diffraction (XRD) and Bru-
nauer-Emmett-Teller (BET) specific surface area analysis. Methodology
used in these techniques are given in SL

3. Results and discussion
3.1. Catalytic activity and stability measurements

3.1.1. Effect of feed composition

Conversion of CO3 as a function of feed composition (i.e., molar inlet
CO,/G ratio) for the investigated catalysts is presented in Fig. 1 which
also includes equilibrium CO; conversions (i.e., theoretical upper limits)
computed using Gibbs Free Energy minimization technique via the
ChemCad™ suite (v. 7.1.4). Methodology used in the thermodynamic
calculations is given in SL

Fig. 1a shows that xco, was improved by increasing the relative inlet
CO;, concentration, and followed the order of RuLa < RuZr < RuLZ. The
measured CO; conversions were intentionally kept at < 20% in all cases
and remained well below the corresponding thermodynamic limits.
These findings ensured that the observed responses under the currently
used experimental conditions reflected the characteristics of the
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pertinent catalyst without any equilibrium restrictions. Additional ex-
periments were run at CO2/G = 0 (i.e., only in the presence of glycerol)
to quantify CO; production due to glycerol breakdown on the currently
investigated catalysts. These results showed that catalytic glycerol
decomposition to CO; was < ~7% by volume. Under typical reaction
conditions utilized in the current work (i.e., CO3/G = 1-4), extensive
amount of COy present in the reaction feed is expected to thermody-
namically suppress CO, formation via glycerol breakdown. Thus, we
believe that Eq. (15) reflects actual consumption of CO, during GDR
with reasonable accuracy.

The results in Fig. 1a can be further interpreted by analyzing the
product yields presented in Fig. 1b—e. Enrichment of CO; in the feed led
to a monotonic increase in CO yield along with a monotonic decrease in
H; yield (Fig. 1b-e). These trends pointed out the impact of RWGS on
product distribution and were coherent with the corresponding litera-
ture results on Rh, Ni and Co-based catalysts [30,31]. CO, was also
consumed due to its reforming with CHy4, C2H4 and CyHg via reactions
(4-6), respectively, and reaction with Cs species via the reverse Bou-
douard reaction (12). In-situ generation of steam also contributed to the
transformation of C;—Cy hydrocarbons to syngas via reactions (7-9), and
to the gasification of Cs species via reaction (10). Extents of dry and
steam reforming routes increased with the catalytic activity which also
led to the suppression of the presence of C;—Cy hydrocarbons in the
product mixture. While CHy yield on Rula ranged between 5.3 and
5.7 x 107! mol/mol glycerol fed, it was lower (4.4-5.6 x10' mol/mol

(@) so 43.0 = Equilibrium = RulZ
= ' 39.3 Ruzr Rula
< .
S 40 35.7
- 327
S .l
® - »13.5 [ 155 [ - 3162
8 OW Hrsti]  Hhgis
A il [ REXY iR Lo
8 I 29 i o B
o~ 10 11 !
Q P
o 1
0
1 2 3 4
CO./G

Product yield
(mol/mol glycerol fed)x10

1 2 3 4
CO./G

Product yield
(mol/mol glycerol fed)x10

1 2 3 4
CO2/G

Fig. 1. Effect of CO,/G ratio on (a) CO, conversion for RuLZ, RuZr, and Rula catalysts; product yields for (b) RuLZ, (c) RuZr, (d) RuLa catalysts, and (e) syngas
composition in 5 h GDR reaction (T = 750 °C, residence time = 0.25 mg.,, min/Nml).
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glycerol fed) on RulLZ (ie., the most active catalyst). Accordingly,
average GoHp yields were 3 x 1072 and 2 x 1072 mol/mol glycerol fed
on Rula and RulZ, respectively. Moreover, CoHy was not detected on
RuLZ, whereas up to 3 x 1072 mol CyH,4 was produced per moles of
glycerol fed on Rula (Fig. 1b-d). In the absence of any catalysts, at
750 °C and CO2/G = 1-4 (i.e., for the entire range of currently investi-
gated feed compositions), Hy and CO yields were found to be
~5.8 x 107! and 12 x 10" mol/mol glycerol fed, respectively (not
shown in Fig. 1b-d). These values were considerably lower than their
catalytic counterparts reported in Fig. 1b-d and confirmed the pre-
dominantly catalytic nature of the syngas production pathways.

Experimental results given in Fig. 1 clearly illustrate the importance
of the support in GDR. Fig. la shows that COy conversion on RuLZ
increased notably until CO5/G = 3, above which the change in x¢o, was
limited to ~4%. In contrast, RuZr exhibited a monotonic increase in x¢o,
within CO2/G = 1-4. For CO3/G = 3-4, Rula revealed a significant
increase of ~65% in xco, (Fig. 1a). As discussed in Section 3.2, the
dissimilar catalytic behavior of RuLa can be attributed to the relative
inefficiency of the surface carbon removal routes on this surface evident
by the formation of relatively higher amounts of methane, ethane, and
ethylene on RuLa as compared to RuLZ and RuZr (Fig. 1b-d) suggesting
the hindrance of the catalytic steam/dry reforming of hydrocarbons to
syngas on RulLa via reactions (4-9). In other words, increasing CO5/G on
Rula facilities surface carbon removal and enhances xcp,. Activity
measurements are in good alignment with current characterization re-
sults (Section 3.2) revealing typically higher concentrations of Cs species
upon use of LagOj3 as the support. It should be emphasized that presence
of ZrO; in the support had a significant positive impact on xco, and
suppression of carbon deposition due to enhancement of Ru dispersion
by ZrO, as validated by the current characterization studies (Section
3.2).

In contrast to CO; conversion, xg values (estimated via Eq. (17)) were
almost the same for all catalysts for a given feed composition. For
example, at CO2/G =1, x; ranged between 84% and 87%. Upon
enriching the feed with CO; (i.e., at CO2/G = 2, 3, and 4), xg progres-
sively decreased to 71%, 66% and 62% on RuLZ; 79%, 66% and 67% on
RuZr; and 80%, 66% and 67% on RuLa, respectively. These values were
comparable with our previous findings on Rh, Ni and Co-based catalysts
[30,31] and indicated that glycerol breakdown was somewhat inde-
pendent from the support material. A reason of the similar glycerol
conversion values under a given feed condition was the significant
contribution of the non-catalytic breakdown of glycerol, which was
quantified by blank experiments performed under identical operating
conditions in a reactor containing only a—Al;O3. These results showed
that ~39% of glycerol was converted to detectable gaseous species (i.e.,
Hoy, CH4, CoHy, and CoHg) regardless of CO5/G. These findings were also
observed for blank experiments involving the support materials, all of
which remained inert under current reaction conditions. Due to homo-
geneous conversion of glycerol, x; was not used as a metric for catalytic
activity in the current study. The xs values based on Eq. (17), however,
underestimated glycerol conversion due to the absence of HoO that
existed in the product stream. For this purpose, C, H and O mole bal-
ances were carried out in the context of the methodology explained in
the SI. Outcomes of these calculations pointed out that, depending on
the inlet CO/G ratio, glycerol conversions varied within 90-100% for
RuLZ catalyst, and 88-100% for RuZr and Rula catalysts. Glycerol
conversions showed a decreasing trend upon CO3 enrichment in the feed
(SI, Table S3). These values were overestimated up to a maximum of 6%
mainly due to the deviations in glycerol dosing to the reaction system
(SI, Table S2). Note that the glycerol conversion values estimated by the
equation (S.2) given in SI are typically greater than x calculated by Eq.
(17) due to the lack of a HyO-related term in the latter equation. Cal-
culations showed that HyO yield (mol/mol glycerol fed) was 0.6-1.2,
0.5-1.0 and 0.6-1.0 (with a maximum of 3% overestimation) on RuLZ,
RuZr and Rula catalysts, respectively. These values corresponded to
molar Hy0 fraction of ~7-13% in the GDR product stream (SI, Table S4)
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and justified the underestimation of x¢ predicted by Eq. (17). Positive
correlation of the HyO yields with CO2/G (SI, Table S3) and the lack of
H,0 formation in the experiments run without CO; in the feed suggested
that RWGS reaction together with possible pathways of glycerol and/or
intermediate species transformation in a COy-driven oxidative envi-
ronment to HyO-containing products were the possible reasons of HyO
formation under the current GDR conditions.

3.1.2. Effect of residence time

The effect of residence time on CO; conversion was investigated by
adjusting the mass of the catalyst packed inside the reactor while
keeping the total inlet flow rate constant. In this respect, 10, 20 and
150 mg of active catalyst, corresponding to residence times of 0.25, 0.5,
and 3.75 mgc,.min/Nml, respectively, were packed and tested at
750 °C, and CO5/G = 3.

Effect of residence time on the CO, conversion values of the inves-
tigated catalysts is presented in Fig. 2. As expected, higher CO, con-
versions were observed when the residence time of the reactive mixture
on the catalyst surfaces was increased. It can be seen in Fig. 2 that while
RuLZ and RuZr converged to within 90% of the thermodynamic CO5
conversion limit at 0.5 mg.,r.min/Nml (corresponding to a catalyst mass
of 20 mg), Rula was significantly far away from this equilibrium limit
under these conditions. As will be further discussed in Section 3.2, this
observation is consistent with the availability of a greater number of Ru
active sites and the presence of a higher Ru dispersion on RuLZ and RuZr
catalysts as compared to those of the RuLa catalyst. Due to the relatively
smaller number of available Ru active sites on RuLa, this particular
catalyst could approach equilibrium only at much higher residence
times such as 3.75 mgcar.min/Nml (i.e., corresponding to a catalyst mass
of 150 mg).

3.1.3. Stability of the catalysts

Stability of the catalysts under GDR reaction conditions was evalu-
ated through 72 h stability experiments carried out at 750 °C and CO5/G
= 3 (Fig. 3). In these experiments, the residence time was set to the
highest value used in the current work (i.e., 3.75 mgc,.min/Nml) in
order to magnify the impacts of deactivation by increasing the interac-
tion between the reactant mixture and the catalyst surface. Relative
long-term activities of the catalysts, quantified in terms of x¢o,, yields of
Hj and CO, of C;+C; hydrocarbons are depicted in Fig. 3a—c. As can be
clearly seen in Fig. 3a, all catalysts delivered initial CO2 conversions
close to the equilibrium value of 35.7% revealing only minor variations
in activity. On the other hand, catalytic activity trends changed over
extended durations of the GDR reaction. While RuLZ catalyst was able to
preserve most of its initial catalytic activity at the end of the stability
test, RuZr and Rula catalysts lost significant extents of their initial ac-
tivities after 72 h. Numerically, RuLZ catalyst could deliver 29.3% CO,
conversion at the end of the stability test corresponding to 82% of the
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Fig. 2. CO; conversions obtained as a function of residence time (T = 750 °C,
CO,/G = 3).
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pertinent equilibrium CO conversion value under these reaction con-
ditions. Note that the performance of RuLZ at the end of the 72 h cat-
alytic stability test was close to that of a much more expensive Rh-based
catalyst (1% Rh/Aly03-ZrO,-TiO3) revealing 27.7% of CO; conversion
at the end of a 72 h GDR test (carried out at T = 750 °C, CO,/G = 4,
residence time = 3.75 mgcar.min/Nml) [31]. It is important to mention
that while the ultimate CO; conversion values of RuLa and RuZr cata-
lysts were similar (i.e., xco, = ~24%) at the end of the 72 h catalytic
stability test, deactivation profiles of these two catalyst were quite dis-
similar. Accordingly, RuLa catalyst was able to retain a large extent of its
initial catalytic activity within the first 30 h of the stability test followed
by a marked decrease in activity, whereas RuZr indicated a significant
loss in activity even after the first 18 h of the stability test. Instability
induced by the use of ZrO; as the support for GDR catalysis was also
observed in a former study on 1% Rh/ZrO; catalyst, which was reported
to lose 40% of its initial activity after 72 h stability test conducted at
750 °C and CO2/G= 4 due to the combined effects of hydrothermal
sintering and formation of C species [30].

Changes in the product yields as a function of time are presented in
Fig. 3b and c. It is observed that the yields of Hy and CO followed the
order of RuLZ > RulLa > RuZr (Fig. 3b), whereas the opposite of this
order dictated the C;+C; yield trends (Fig. 3c) along the entire span of
72 h. These findings were well aligned with the CO, conversion data
provided in Fig. 3a. In accordance with the previous reports [16,30,31],
existence of CHy, Co2H4 and CoHg in the product mixture is an indicator
for lower catalytic activity. RuLZ seems to transform C;—C; species into
syngas primarily via catalytic steam and dry reforming routes, as evident
from the limited yield of ~5 x 1072 mol (C1+C2)/mol glycerol fed at the
end of 72 h. However, under the same conditions, both RuZr and RuLa
yield up to ~6 times more hydrocarbons (Fig. 3c). While the increase in
the amount of C;-Cy species with time was almost linear on Rula, a
much sharper ramp was noted on RuZr. These findings can be attributed
to the differences in the deactivation mechanisms of the catalysts
comprehensively discussed in Section 3.2. Decrease in the syngas
(H2+CO) yield at the end of 72 h was not as significant as observed in

CO4 conversion (Fig. 3a, b). Moreover, Hy and CO yields on RulLZ
remained almost unchanged with time. Reduced dependence of syngas
formation on the type of support material can be attributed to glycerol
conversion which remains clustered between ~72-74% for all catalysts
in the entire range of stability tests (Fig. 3d) and confirms the contri-
bution of non—catalytic glycerol breakdown discussed in Section 3.1.1.
In this respect, homogeneous glycerol decomposition (Reaction 2) [16,
47] could be considered as a route that supplies Hy and CO and dampens
catalyst deactivation-driven effects causing decrease in syngas
formation.

3.2. Structural and functional characterization studies

3.2.1. Analysis of specific surface area, Ru particle size, and coking of Ru
active sites

BET analyses revealed specific surface area (SSA) values of 6, 33, and
58 mz/g for Lay0Os, ZrOy, and LapyO3-ZrO, support materials, and 7, 27,
and 46 m%/g for the 1 wt% Ru loaded versions of these materials
respectively. As will be demonstrated via current TEM data, higher SSA
values of the currently investigated support materials typically led to
smaller Ru particle sizes and enhanced distribution of Ru particles on the
support surface.

Variation of Ru particle size and the distribution of Ru active sites on
the LapO3-ZrO,, ZrO,, and LayO3 support materials were investigated
via TEM imaging (Figs. 4-6) before and after 72 h catalytic stability
tests. TEM images of the fresh RuLZ catalyst given in Fig. 4a, b (as well as
numerous additionally acquired images not shown here) did not yield
any clearly visible Ru nanoparticles suggesting the presence of
extremely small Ru particles/clusters with diameters of < 1 nm which
were finely dispersed on the LZ support surface and thus not detectable
by the currently used TEM. This was also mostly the case for the spent
RulZ catalyst investigated after 72 h catalytic stability test (Fig. 4c, d)
indicating the overall resilience of RuLZ catalyst against aging and
particle size growth. Apparently, relatively higher SSA of the
LapO3-ZrO, support material as compared to that of ZrO,, and LagO3
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Fig. 4. TEM images of fresh (a and b) and spent (c and d) RuLZ catalyst after 72 h stability test carried out at T = 750 °C, CO,/G = 3, residence time = 3.75 mgca¢

min/Nml.

Fig. 5. TEM images of fresh (a and b) and spent (c and d) RuZr catalyst after 72 h stability test carried out at T = 750 °C, CO,/G = 3, residence time = 3.75 mgca¢

min/Nml.

enhanced the Ru distribution by offering a smaller average Ru particle
size. However, a very small number of Ru particles exhibiting diameters
within 1-2 nm was also present on the spent RuLZ catalyst (Fig. 4c, d)
indicating a limited but detectable extent of sintering, probably due to
an Ostwald ripening type of thermal aging mechanisms [48,49]. It is also

worth mentioning that TEM images of the spent RuLZ surface (Fig. 4c, d)
revealed only minor signatures of coke overlayer formation.

Similar to the RuLZ catalyst, TEM analysis of the fresh (Fig. 5a, b)
and spent (Fig. 5c, d) RuZr catalysts indicated the predominant presence
of small Ru clusters with particle diameters of less than 1 nm that are
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Fig. 6. TEM images of fresh (a—c) and spent (d—f) RuLa catalyst after 72 h stability test carried out at T = 750 °C, CO5/G = 3, residence time = 3.75 mgc, min/Nml.

below the spatial resolution of the currently used TEM. In addition,
scarcely existing bigger Ru nanoparticles with diameters ranging within
2-3 nm were visible both on the fresh and spent RuZr catalyst. This
latter observation presumably suggests the presence of typically larger
Ru particles on the RuZr catalyst as compared to that of RuLZ in line
with the lower SSA of the former catalyst. Furthermore, spent RuZr
catalyst also showed similar characteristics of carbon deposition to that
of the RuLZ catalyst. Since the coking on the spent RuLZ and spent RuZr
catalysts was rather minor (which is also justified by the current XPS
surface elemental composition results presented in Section 3.2.2),
significantly faster and severe deactivation of the RuZr catalyst as
compared to that of RuLZ (Fig. 3) can be associated with the bigger Ru
particle size for the RuZr catalyst and variations in the nature of the
strong metal support interactions (SMSI) between Ru sites and the cor-
responding support surfaces [50-52].

In stark contrast to RuLZ and RuZr catalysts, TEM images of the fresh
(Fig. 6a—c) and spent (Fig. 6d—f) RuLa catalysts revealed readily visible
and significantly larger Ru nanoparticles with diameters ranging be-
tween 5 and 8 nm. Note that, as in the case of RuLZ and RuZr catalysts,
the presence of smaller Ru clusters with diameters of less than 1 nm on
the fresh and spent RuLa catalysts cannot be ruled out. This argument is
particularly supported by the current XRD data for fresh/spent RulZ,
RuZr, and Rula catalysts given in Section 3.2.3 which lacked any
detectable diffraction signals associated with metallic or oxidic Ru
phases, despite relatively high nominal Ru loading (i.e., 1 wt%) used in
the catalyst synthesis. Another striking aspect of the spent RuLa catalyst
is the drastic accumulation of the coke overlayer on the Ru nanoparticles
after 72 h stability tests (Fig. 6d-f). Thus, significant deactivation of the
Rula catalyst after the first 30 h of the stability test (Fig. 3) can be
ascribed to the increasing levels of coke deposition on Ru.

Average Ru-nanoparticle diameter as a function of the support ma-
terial was also investigated via CO chemisorption studies presented in
the SI section D. In alignment with the current TEM data and the SSA of
the support materials, average diameter of the Ru-nanoparticles were
found to increase in the following order: RuLZ (1.9 nm) < RuZr (4.1 nm)
< RuLa (13.3 nm). Improved Ru-dispersions (Table S1, SI section D) on
the Zr-containing support materials (i.e., LZ and Zr) were found to be

coherent with the corresponding GDR activities of RuLZ and RuZr cat-
alysts, which surpassed that of the RuLa catalyst (Figs. 1-2).

3.2.2. Surface elemental composition determination via XPS

Fig. 7 presents the corresponding C, Zr, and La surface atomic
composition data for fresh and spent RuLZ, RuZr, and Rula catalysts.
The results show that both of the fresh RuLZ and RuZr catalysts
exhibited relatively similar surface Zr atomic concentrations. This is not
surprising since, as mentioned in the experimental section, the nominal
LayO3 content of the LaZr support material was only 9 wt%. Another
valuable information obtained from the XPS analysis given in Fig. 7 was
the relative increase in the surface carbon content of the RuLZ, RuZr,
and Rula catalysts before and after the 72 h stability tests. Although
initial surface carbon contents of the fresh RuLZ, RuZr, and RuLa cata-
lysts were comparable, coking on RuLa was found to increase by a factor
of 3.2 after the 72 h test. In contrast, corresponding increase in the
coking on RuLZ and RuZr catalysts after the 72 h stability tests were
comparably lower (i.e., a factor of 2.3 and 1.5, respectively). Thus, it is
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Fig. 7. Percent surface atomic concentration values obtained via XPS analysis
of the fresh and spent (i.e., after 72 h stability test carried out at 750 °C, CO,/G
= 3, residence time = 3.75 mg.,; min/Nml) RuLZ, RuZr, and Rula catalysts.
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evident that the extent of coking on RuLa under GDR conditions was
much more drastic than those of RuLZ and RuZr. This finding is also in
very good agreement with coke overlayers observed on the Ru particles
in TEM images of the spent RuLa (Fig. 6d-f) catalysts as well as the
corresponding ATR-IR spectroscopic results which will be presented in
the forthcoming sections. Note that due to the well-known strong
overlap between Cls and Ru3d XPS signals, analogous data for the
determination of the surface atomic percentage of Ru atoms existing
with much lower relative content (i.e., 1 wt%) than C was not reported
in the text. Likewise, determination of the accurate oxidation states of
Ru species via XPS could not be accomplished. For additional informa-
tion and the corresponding Ru3d and C1s XPS spectra, reader is referred
to the SI (Fig. S1). Thus, in order to obtain information on the Ru
oxidation states, we utilized CO as a probe molecule in the in-situ
DRIFTS spectroscopic experiments.

3.2.3. Crystal structure analysis via XRD

XRD data given in Fig. 8 for fresh and spent forms of RuLZ, RuZr, and
RuLla catalysts revealed no significant indications of crystalline Ru
(ICDD card no: 00-006-0663) or RuO, (ICDD card no: 00-040-1290)
phases, in line with the TEM data presented in Figs. 4-6) suggesting
the lack of significant extents of Ru nanoparticles with diameters greater
than 1 nm. In other words, XRD data shown in Fig. 8 is consistent with
the fact that Ru sites were dispersed finely on the LayO3-ZrO,, ZrO, and
Lay0O3 support materials leading to predominantly small Ru clusters.

Furthermore, Fig. 8a indicates that fresh/spent RuLZ catalysts
revealed strong diffraction signals associated with only tetragonal zir-
conia (ICDD card no: 00-042-1164) and lacked any XRD signals for any
La-containing phases. In contrast, fresh and spent RuZr catalysts
exhibited intense XRD signals that can be ascribed to a monoclinic zir-
conia phase (ICDD card no: 00-007-0343). Note that while current
ATR-IR spectroscopic data (Figs. 9 and 10) indicates weak and convo-
luted signals for the possible existence of both tetragonal and monoclinic
zirconia on RuLZ and RuZr, based on the strong XRD features given in
Fig. 8a and b, it is likely that tetragonal zirconia is the dominant phase
on RuLZ and the monoclinic zirconia is the prominent phase on RuZr.
Considering the higher catalytic activity (Figs. 1 and 2) and the superior
stability (Fig. 3) of the RuLZ catalyst as compared to that of RuZr and
Rula, it can be argued that lanthana-promoted tetragonal zirconia
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phase present in the LZ support yielded a unique and a favorable SMSI
with Ru active sites.

Fig. 8c shows that the fresh RuLa catalyst exhibited diffraction fea-
tures corresponding to La;O3 (ICDD card no: 00-005-0602) and La(OH)3
(ICDD card no: 01-075-1900) phases. After 72 h stability test, these
phases transformed into lanthanum dioxycarbonate (i.e., Lap02(COs3),
ICDD card no: 04-009-3944) on the spent Rula catalyst indicating
dehydroxylation and carbonation of the RuLa support material. Thus, it
is apparent that the deactivation route of the RuLa catalyst (Fig. 3) not
only included severe coking as evident by the current TEM (Fig. 6) and
XPS (Fig. 7) data but also involved a crystallographic modification of the
RuLa support material. These findings were in very good agreement with
the current ATR-IR results (Fig. 9), revealing significantly higher and
different nature of carbon—content on RuLa catalyst after 72 h stability
testing as compared to those of RuLZ and RuZr catalysts.

3.2.4. Identification of different types of carbonaceous species present in the
catalyst coke deposits after GDR reaction via ATR-IR measurements

As illustrated in Fig. 9a, carbon-based deposits on RuLa yielded
intense vibrational features at 1504, 1455, 1085, 854, and 744 cm ™.
Note that ATR-IR intensities of the vibrational features for RuLa were
almost two orders of magnitude greater than that of RuLZ and RuZr
catalysts (Fig. 9b) indicating stronger coking on RulLa, as evident from
the higher degree of deactivation on this catalyst. Characteristic spectral
line shapes of the 1504, 1455, 1085, and 854 cm™! features observed for
Rula (Fig. 9a) were in accordance with the existence of amorphous
carbonate nano-particulates [53-55]. Furthermore, ATR-IR signal
located at 744 cm™* could be assigned to crystalline carbonate phases
formed on LayO3 [56-58] which is consistent with the observation of an
ordered lanthanum dioxycarbonate (i.e., LagO2(COs3)) phase in the cur-
rent XRD data (Fig. 8c). Presence of such species was also reported in
former studies using in-situ time-resolved Energy Dispersive X-ray
Diffraction (ED-XRD) and high-resolution electron microscopy [53,59].

Spectral line shapes and ATR-IR intensities of carbonaceous species
on RuZr and RulZ (Fig. 9b) were noticeably different than that of RuLa
(Fig. 9a), suggesting significant differences in the nature and quantity of
the carbonaceous deposits formed during the 72 h stability test. Fig. 9b
showed that five major vibrational bands at 1567, 1428, 1224, 1125,
and 1052 cm™! were observed on RuZr and RuLZ. Among these features,
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Fig. 8. XRD patterns corresponding to (a) RuLZ, (b) RuZr, and (c) RuLa catalysts before (fresh) and after (spent) 72 h stability tests carried out at 750 °C, CO»/G = 3,
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Fig. 9. Carbon deposit analysis of spent (a) RuLa, (b) RuLZ and RuZr catalysts after 72 h stability tests (T = 750 °C, COo/G = 3, residence time = 3.75 mgc,c min/
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Fig. 10. ATR-IR spectra for the spent RuLZ and RuZr catalysts after 72 h sta-
bility tests (T = 750 °C, CO»/G = 3, residence time = 3.75 mg,, min/Nml)
where fresh forms of the corresponding catalysts were used in the background
spectra acquisition.

bands at 1567 and 1428 cm™ can be ascribed to asymmetric and

10

symmetric O—C-O stretching vibrations of adsorbed formate species in
accordance with a former CO, hydrogenation study on Rh/Al;O3 [60].
Similar vibrational features were also observed on Ru/Al;Os3 via in-situ
FTIR analysis during WGS reaction, and was further confirmed by room
temperature HCOOH (formic acid) adsorption [61]. Additional support
for the presence of formate species on RuLZ and RuZr catalysts also
comes from the characteristic high-frequency vibrational features
located at 2962 and 2884 cm™ corresponding to combination bands
(0-C-0 and C-H deformation) and —C-H stretching modes, respectively
[61,62]. Remaining IR bands in Fig. 9b at 1224, 1125, and 1052 cm™?
can be assigned to adsorbed carbonates (presumably bidentate carbon-
ates) [63-65]. While RuLa catalyst revealed significantly larger bulk—
like carbonate domains, RuLZ and RuZr catalysts showed adsorbed
carbonates with a considerably smaller surface coverage. Therefore,
relatively higher GDR activity of RuLZ and RuZr catalyst as opposed to
that of RuLa can be attributed to smaller extent of coking and differences
in the nature of carbonaceous species formed during GDR (ie., bulk
carbonates vs. adsorbed carbonates/formates). These findings are in
very good agreement with the current TEM and XPS results (Sections
3.2.1 and 3.2.2) and the Thermogravimetric Analysis (TGA) studies
(presented in SI section E) revealing significantly larger surface atomic
carbon content of the Rula catalyst after 72 h stability testing as
compared to that of RuLZ and RuZr catalysts.

Additional ATR-IR spectroscopic experiments were performed to
explain how La®" substitution enhanced the structural integrity and
catalytic stability of the RuLZ catalyst as compared to RuZr. Fig. 10 il-
lustrates the ATR-IR spectra of spent RuZr and RuLZ catalysts where the
corresponding fresh catalysts were utilized in the acquisition of the
relevant background spectra. Vibrational frequency window within
900-400 cm™! revealed the optical phonon vibrations (Zr-O-Zr
stretching) of ZrO, for monoclinic and tetragonal phases. Spent RuZr
catalyst exhibited four distinct negative features located at 765, 680,
562, and 474 cm™'. While the former two frequencies could be ascribed
to the Zr-O-Zr phonon vibrations of the monoclinic ZrO phase, the
latter two features were associated to the tetragonal zirconia phase
[66-69]. Occurrence of the negative features for the RuZr catalyst
implied a notable loss in the structural integrity of the zirconia support
after 72 h stability test. However, the lack of strong negative vibrational
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features for the RuLZ catalyst clearly illustrated its relative stability and
enhancement of the catalyst robustness upon stabilization of the zirco-
nia matrix with lantana. This finding is also in alignment with former
temperature programmed reduction (TPR) studies reporting that
compared to its yttria and lantana stabilized counterparts, pure ZrO,
was more prone to reducing conditions at elevated temperatures [70,
711.

3.2.5. Elucidation of the electronic and geometric properties of the Ru active
sites via CO adsorption and in-situ DRIFTS measurements

Utilization of CO(g) as a probe molecule and its adsorption on RulLZ,
RuZr, and Rula catalyst surfaces revealed several informative vibra-
tional features within 2300 and 1750 cm™ in the in-situ DRIFTS exper-
iments which were associated with the formation of various carbonyl
species on catalytically active Ru sites. CO adsorption on the fresh RuLZ
exhibited two strong vibrational features located at 2061 and
1980 cm™, as well as relatively weaker signals at 2188, 2117, and
1859 ecm™! (Fig. 11a). Based on the experimental findings in literature
and the results of DFT calculations on RuOy dispersed on monoclinic and
tetragonal ZrO, support materials [72], the major vibrational features at
2061 and 1980 cm™! can be assigned to anti-symmetric and symmetric
vibrations of gem—dicarbonyl species adsorbed on Ru?" sites (i.e. Ru(ll)
(CO)y), respectively. Alternatively, the bands at 2117 and 2061 cm™
can be attributed to multicarbonyls adsorbed on partially oxidized Ru
sites (Ru*"(CO),), and the band at 1980 cm ! can be assigned to mon-
ocarbonyls on partially oxidized Ru (Ru*"CO). Furthermore, relatively
narrow full width at half maximum (FWHM) of the sharp 2061 cm™?
feature is also consistent with the homogeneity of the corresponding
Ru*" adsorption sites and possible existence of finely dispersed small Ru
clusters on lanthana-stabilized tetragonal zirconia containing support
material (Fig. 8a) of the RuLZ catalyst. Mihaylov et al. [73] also
extensively studied CO adsorption on Ru/ZrO,. Presence of the feature
located at 2117 em™ in addition to 2061 and 1980 cm™! features indi-
cated the possible formation of tricarbonyl species on Ru" (i.e. Ru(lll)
(CO)3) [73]. Note that former studies [74,75] showed that CO can
adsorb both in a molecular and a dissociative manner on metallic Ru
sites leading to the formation of partially oxidized Ru species. Thus, it is
also likely that Ru sites with lower oxidation states (e.g., Ru® and Ru®")
may also be present on the RuLZ catalyst before CO adsorption and these
species can be converted to Ru species with higher oxidation states upon
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CO adsorption and dissociation. Assignments regarding the oxidation
state of Ru nanoparticles or Ru clusters with small number of Ru atoms is
an ongoing debate in the literature. For instance, it was reported that Ru
nanoparticles or Ru clusters with fewer atoms on reducible metal oxide
support materials such as ZrO; could be found in oxidic states under
reducing environments [76]. Even after complete reduction to metallic
state, Ru nanoparticles/clusters can be readily oxidized when exposed to
air [77]. Furthermore, former DFT calculations suggested that the most
stable oxidation state of single atom Ru species on MgO was Ru**, while
associated in-situ FTIR spectroscopic analysis also verified the presence
of oxidic Ru®* single atom Ru species [78].

The last feature located at 2188 cm™ in Fig. 11a can be assigned to
CO adsorption on Zr** and/or on other highly oxidic Ru sites [73,79].
Although it is spectroscopically difficult to identify the exact Ru oxida-
tion state and the coordination nature of the multi—carbonyls [72,73,80,
81], it can be argued that Ru exists mostly in the form of Ru and RuOy on
the fresh RuLZ catalyst. Lastly, the weak feature appearing at 1859 cm ™!
in Fig. 11a corresponds to CO adsorbed on metallic Ru species with a
bridging configuration via two—fold symmetry.

Exposing the RuLZ catalyst to 72 h stability testing caused visible
modifications of the catalyst surface and altered the in-situ DRIFTS
spectral line shapes as shown in the upper spectrum in Fig. 11a. It was
obvious that three features (2117, 2061, and 1980 em™) corresponding
to multi-carbonyls on oxidized Ru were significantly diminished after
72 h along with the emergence of the strong IR vibration at 2029 cm ™.
This new feature was thoroughly discussed in the literature and was
attributed to atop (i.e., linear) mono—carbonyl adsorption on reduced (e.
g., metallic and/or Ru*", x < 2) Ru sites [73,80-83]. Observed spec-
troscopic frequency shifts as well as the decrease in the relative ratio of
multi-carbonyls to mono-carbonyls were important spectroscopic im-
plications suggesting the reduction of Ru/RuOy clusters with Hj, CO,
and surface carbon species acting as reducing agents at elevated tem-
peratures during the 72 h GDR reaction. Thus, catalytic deactivation can
also be linked to alterations in the oxidation state of the Ru active sites.
Increase in in—situ DRIFTS signal intensities of the spent RuLZ catalyst as
compared to that of the fresh catalyst (Fig. 11a) can be associated to the
variations in IR absorption cross-sections of Ru/RuOy clusters due to
reduction RuOx clusters and alterations in Ru/RuOy dispersion under
reaction conditions.

In-situ DRIFTS analysis was also carried out for the RuZr catalyst
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Fig. 11. In-situ DRIFTS spectra corresponding to CO adsorption on (a) RuLZ, (b) RuZr and (c) RuLa catalysts in their fresh and spent forms (i.e., after 72 h stability
tests at T = 750 °C, CO,/G = 3, residence time = 3.75 mg.,; min/Nml). Spectra were collected under 1.0% CO(g) in Ar(g) at 50 Nml/min flow.
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under identical conditions (Fig. 11b) revealing spectroscopic features in
close resemblance to that of RuLZ (Fig. 11a). These findings pointed out
that the electronic properties of the Ru/RuOy species on the RuZr
catalyst were rather similar to that of the RuLZ. This can be linked to the
Zr enriched surfaces of both Lay03/ZrO4 and ZrO, supports as evidenced
by the current XPS results given in Fig. 7. On the other hand, slightly
lower GDR activity of RuZr compared to that of RuLZ can be explained
by considering the significantly weaker DRIFTS signal intensities
observed for the RuZr catalyst (Fig. 8b) implying that the relative
number of exposed Ru active sites on RuZr were smaller due to the lower
dispersion of Ru on monoclinic zirconia (note that an identical mass of
catalyst, ca. 20 mg, was used for all of the measurements given in
Fig. 11). This is also consistent with the lower SSA of the RuZr catalyst as
compared to that of RuLZ. This result can be due to larger Ru/RuOy
particle size for RuZr catalyst (as predicted by the current TEM data
given in Fig. 5a, b) and more likely due to the strong metal support
interaction (SMSI) phenomena [50-52], where the reducible zirconia
support was spread over the Ru/RuOx actives sites and covered/blocked
these sites rendering them unavailable for the GDR reaction [52,84-87].
This argument can be supported with the fact that ZrO, is a relatively
more reducible metal oxide as compared to the stabilized LapO3-ZrO,
mixed oxide [88] and the current ATR-IR spectroscopic data (Fig. 10) for
the spent RuZr catalyst clearly revealed structural deformation of the
zirconia support structure after 72h GDR catalytic stability test.
Furthermore, slight decrease in the in-situ DRIFTS intensities of the
spent RuZr catalyst as compared to that of its fresh counterpart
(Fig. 11b) is also consistent with the aging and sintering of the Ru species
on the RuZr catalyst after the 72 h stability test or partial covering of Ru
species with ZrO, support via SMSI. Current in-situ DRIFTS data given in
Fig. 11a, b are also in line with the performance results presented in
Fig. 1a suggesting that RuLZ has a better GDR activity than that of RuZr
due to the larger number of exposed Ru species both before and after
72 h stability tests.

Fig. 11c shows that the structure of Ru sites on the RuLa catalyst
differs significantly from those of RuLZ and RuZr revealing noticeably
different DRIFTS line shapes obtained upon CO adsorption. Vibrational
features at 2183 and 2167 cm™! in Fig. 11c suggested the presence of
highly oxidic Ru™™ species (x > 4) [73] on RuLa as well as CO adsorption
on lanthana support, where the oxidation states of Ru species on RuLa
were different than those of RuLZ and RuZr. This result pointed out the
relationship between the Ru oxidation state and the corresponding GDR
activity. As commonly agreed in the literature [16,30,31,47], RWGS
shaped up the product distribution in GDR. Existing literature on the
mechanism for the CO, reduction by Hy through RWGS typically
included two alternative mechanistic routes. These are namely, redox
and associative mechanisms, where in both of these mechanistic routes,
H, dissociation was considered to be one of the key steps [89-91].
Dissociative adsorption of Hy on Ru takes places via electron transfer
from the precious metal active site to the antibonding molecular orbital
of Hy and the activation barrier for this electron transfer is dictated by
the oxidation state of a noble metal active site [92,93]. Along these lines,
it is apparent that highly oxidic and electron deficient Ru species on
LayO3 as well as the severe coking on Rula can be considered as the
other root causes of its lower catalytic performance. On the other hand,
Fig. 11c indicates that Ru oxidation states do not change very signifi-
cantly after the 72 h stability test, suggesting that RuOyx reduction may
not be a prominent cause of deactivation for the RuLa catalyst. Finally,
Fig. 11c shows that RuLa reveals the weakest DRIFTS intensities among
all other studied catalysts, due to its smallest SSA value, largest average
Ru particle size, and the poorest Ru dispersion.

4. Conclusions
Valorization of glycerol, side product of biodiesel synthesis, to syn-

gas via its reforming with COy was studied on LapOs3, ZrO, and
Lay03-ZrO, supported Ru catalysts. Effects of molar inlet CO2/G ratio
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(1-4) and residence time (0.25-3.75 mgc,e.min/Nml) on CO5 conver-
sion, glycerol conversion to gaseous products, and product distribution
were studied at 750 °C. Spent catalysts tested under reactive GDR
environment were thoroughly characterized to obtain fundamental in-
sights regarding structure/activity/deactivation relationships. Our
findings are summarized as follows:

e Catalytic GDR activities of the currently investigated catalysts in 5 h
GDR tests carried out at 750 °C, CO3/G = 1-4, and 0.25 mgc,: min/
Nml increased in the following order: Ru/LasO3 < Ru/ZrO; < Ru/
L3203—ZI'02.

e Ru/Lay03-ZrO; was found to be the best performing and the most
stable catalyst among currently investigated catalysts. Strikingly,
under similar conditions, performance of Ru/LayO3-ZrO; was on par
with the more expensive Rh/Al,03-Zr0,-TiOo, the best GDR catalyst
reported so far in the literature. Stabilization of ZrO, with lantana
enabled Ru/Lay03-ZrOs to deliver 82% of the pertinent equilibrium
CO5 conversion after the 72 h stability tests. Remarkable perfor-
mance and stability of Ru/LapO3-ZrO, were attributed to the
enhanced structural integrity of the tetragonal zirconia—containing
Lap03-ZrO, support material, and its ability to a) gasify most of the
surface carbon species during the GDR reaction and prevent coking,
b) offer unique Ru oxidation states, c) provide relatively small (<
1 nm) Ru average particle size, d) maintain high Ru dispersion, and
e) enable high Ru sintering resistance.
On both Lay03-ZrO5 and ZrO,, Ru active sites existed as predomi-
nantly small clusters with diameters < 1 nm and mostly in Ru?* form
with a slight contribution from Ru®>* and Ru® species. These oxidic
Ru species were found to be reduced to metallic and/or Ru™ (x < 2)
states under reactive GDR conditions, along with minor sintering of
Ru particles, particularly in case of RuZr.
Despite its high initial activity, Ru/ZrO, deactivated significantly (by
~33%) at the end of 72 h stability tests due to combined effects of: a)
Ru sintering, b) alterations in the monoclinic and tetragonal ZrO,
crystallographic phases of the support material, c) SMSI between Ru
and ZrO, resulting in the migration of zirconia over Ru nano-
particles, and d) (to a lesser extent) coking.
In contrast with its poor 5 h GDR performance, Ru/Lay03 was found
to be more stable than Ru/ZrO- in the first half of the 72 h stability
tests. Ru was found to be in a highly oxidic form (i.e., Ru** species,
X > 4) on RuLa and the oxidation state of Ru nanoparticles on LayO3
remained relatively unchanged during stability tests. Significant loss
in catalytic activity of Ru/LaO3 catalysts at the end of stability test
was attributed predominantly to a) severe coking, and b) crystallo-
graphic deformation of support material involving dehydroxylation
and carbonation of lanthana.
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