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ABSTRACT: Reforming of acetic acid was investigated on Rh
supported on CeO,—ZrO, modified with 3 wt % La. The
active catalyst converted acetic acid to H,-rich gas and hardly
formed coke. The low rate of coke formation is concluded to
be related to the presence of redox-active oxygen limiting the
concentration of coke precursors. Temperature-programmed
180, isotope exchange measurements showed that the La,O;
and Rh enhanced the mobility of lattice oxygen compared with
that of the parent CeO,—ZrO,. Ketonization and decarbox-
ylation of acetic acid are the dominating reactions over the
latter up to 600 °C, whereas above 600 °C, steam reforming
and water gas shift also contribute. Over 0.5 wt % Rh on
La,0;/Ce0,—Zr0,, reforming and water gas shift reactions
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dominate, even below 300 °C, producing mostly H, and CO,. Using isotope labeling, it is shown that acetic acid adsorbs
dissociatively on Rh, forming acetates, which sequentially decarboxylate and form surface methyl groups. The latter are in turn

converted to CO, CO,, and H,.
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1. INTRODUCTION

The need for H, production in biorefineries is expected to be
high, as large quantities need to be available for the
hydrogenations of intermediates and final products." H, can
be produced from biomass, mainly via two thermochemical
processes: gasification and flash pyrolysis followed by steam
reforming of the pyrolysis oil.'~* This pyrolysis oil (bio-oil) is a
complex mixture consisting of acids, alcohols, aldehydes, esters,
ketones, sugars, phenols, and multifunctional compounds.s’6
Steam reforming can be used to convert the entire bio-oil or
mostly the hydrophilic light fraction to a H,-rich stream.” The
latter option seems to have higher potential for industrial
development because in such a case, H, produced from the
hydrophilic part of the bio-oil can be directly used for the
selective HDO of the heavier hydrophobic part, thus improving
the economics of the bio-oil upgrading.

Our previous studies on the thermodynamic equilibrium of
steam and autothermal reforming of model compounds of bio-
oil, acetic acid, ethylene glycol, and acetone demonstrated that
the oxygenates in the presence of steam are converted to H,-
rich mixtures achieving maximum H, yields of over 80% at 650
°C without carbon deposition under atmospheric pressure and
steam/carbon ratios above 1.%°

Acetic acid is one of the major components of bio-oil and is,
therefore, considered a representative model compound. Steam
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reforming of acetic acid has been the subject of many studies
exploring the role of the metal and the support on the activity
and H, selectivity.'” ** The high tendency of the thermally
unstable oxygenates to decompose forming carbonaceous
deposits, however, has been recognized to be the main obstacle
for scaling up."”'*** As a consequence, the resistance of
Ce0,—ZrO, to coking in reforming reactions has attracted
attention in recent years. Partial oxidation, CO, reforming, and
steam reforming of methane using Ni and Pt over CeO,—ZrO,,
Ce0,, and ZrO, have been widely examined.”*~*° Ce0,~ZrO,
has also been investigated in phenol and ethanol reform-
ing,31_35 but it has received less attention for steam reforming
of bio-oil and its components.'®*%*

Our recent results®” with Ni and Rh supported on CeO,—
ZrO, suggest that these catalysts are active and selective to
reform acetic acid with yields approaching thermodynamic
equilibrium above 650 °C. The concentration of coke was very
low, especially in the presence of the Rh/CeO,—ZrO,.
However, a moderate (20%) loss of activity was observed
after 15 h on stream, attributed to catalyst sintering.
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In an attempt to overcome the problem of catalyst sintering,
we modified the support by adding small amounts of La,Os,
which has been reported to increase the support stability.”®>’
We report here activity, selectivity, and stability of such Rh/
La,0;/Ce0,—ZrO, catalyst for acetic acid steam reforming.
Temperature-programmed surface reaction and isotope labeling
is used to investigate the reaction paths on this catalyst in
comparison with the parent, not stabilized, material.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The wet impregnation method
was applied for the preparation of catalyst. Cerium-doped
zirconium hydroxide provided by Mel Chemicals (XZ0802)
was calcined at 800 °C for 4 h. The calcined material with a
composition CeO0,/ZrO, = 15/85 (wt) was used as the
support. The latter was impregnated with an aqueous solution
of La(NO;);:6H,0 followed by the removal of water in
vacuum. The material was dried overnight at 120 °C and then
calcined in air at 400 °C for 2 h. The La,O;-modified support
was impregnated with RhCl;-3H,0O following the procedure
described for La(NO,);-6H,0. The final material contained
3wt % La and 0.5 wt % Rh. Before the reforming experiments,
the catalyst was reduced at 750 °C for 1 hour in 25 vol % H,/
He flow.

2.2. Catalyst Characterization. The surface area of the
materials was measured by N, adsorption at 77 K using the
multipoint BET analysis method with an Autosorb-1
Quantachrome flow apparatus. X-ray diffraction (XRD)
patterns were obtained using a Siemens D500 diffractometer,
with Cu Ka radiation.

NHj; temperature-programmed desorption (TPD-NH,) was
used to determine the acidic properties of the catalyst. The
experiments were performed in a gas flow system using a U-
tube reactor connected online with a quadrupole mass analyzer
(Omnistar, Balzers). The samples (200 mg) were pretreated at
650 °C for 0.5 h and then cooled to 100 °C under He flow. The
pretreated samples were saturated with 5% NH;/He for 1 h at
100 °C, with subsequent flushing with He at 100 °C for 1 h to
remove the physisorbed ammonia. TPD analysis was carried
out from 100 to 700 °C at a heating rate of 10 °C/min.
Quantitative analysis of the desorbed ammonia was based on
(m/z) 15.

The metal dispersion was measured by temperature-
programmed desorption of H, (TPD-H,). Catalyst (300 mg)
was treated at 600 °C for 1 h under 20% O,/He flow, then
cooled to 300 °C, and then reduced with 20% H,/He for 1 h at
250 °C to reduce RhO, to metal Rh. The reduced sample was
heated to 500 °C in He flow to desorb reversibly adsorbed H,
and then cooled to room temperature. A flow of 5% H,/He was
applied for 30 min at room temperature, followed by He flow
for another 30 min. The TPD analysis was carried out from
room temperature to 700 °C at a heating rate 10 °C/min.

The oxygen mobility was examined with O, isotopic
exchange experiments. The material (300 mg) was first reduced
at 300 °C. Under these conditions, Rh is reduced while CeO,
remains fully oxidized. After reduction, the sample was cooled
in He flow to room temperature. The exchange with '*0, (2%
'80,/He) was explored by increasing the temperature linearly
from 50 to 750 °C at 15 °C/min. The signals at m/z 32, 34,
and 36 were monitored for the '°0,, 900, and 0,
respectively.

The amount of solid carbon deposited on the catalyst after a
fixed time of reforming tests was measured in a CHN
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stoichiometric analyzer LECO 800. The oxidation profile of
the solid carbonaceous deposits was determined in a
thermogravimetric unit (STD2960 TA Instruments). The
used catalyst was heated to 1000 °C at a rate of 10 °C/min
in air flow.

2.3. Catalytic Testing. 2.3.1. Steady State Tests. The
experiments were performed at atmospheric pressure in a
laboratory unit equipped with a mass flow controlled system for
gas admission, a fixed bed quartz reactor, and an online gas
chromatograph. An HPLC pump (Gilson 350) was used for
feeding the liquid reactants (mixture of acetic acid and water)
via a preheater. The inlet flow of the liquid mixture was 0.1
cm?®/min. He was used as diluent at a flow of 100 cm®/min. The
fixed bed reactor was heated electrically by a tubular furnace,
with three independently controlled temperature zones. The
temperature in the middle of the catalytic bed was measured
with a coaxial thermocouple. The hot gases exiting the reactor
were cooled to condense the liquid products and the
unconverted reactants. The gas phase products were analyzed
with an online gas chromatograph (Varian 3700) equipped with
TCD. To separate the gaseous products, two columns were
used: Porapak Q for CO,, C,H,, C,Hg and higher hydro-
carbons and MS SA for H,, O,, CO, and CH,. The liquid
products were analyzed offline in a gas chromatograph (Varian
3300) equipped with FID using an HP-FFAP column.

The performance of the catalyst was investigated under
variable operating conditions such as temperature (550—750
°C) steam/carbon ratio (1.5—6) and the presence or absence of
oxygen. In these tests, the gas hourly space velocity remained
constant at 34 500 h™". This corresponds to a residence time of
5.5 ms. Time on-stream activity of the catalyst was examined at
650 °C, S/C = 3 and GHSV = 28000 h™L. In all tests, catalyst
particles were diluted with quartz particles at a 1/2 (wt) ratio.

The terms conversion and product yield used to describe the
catalytic results in reforming of the bio-oil components are
presented in detail in our previous publication."> The
selectivities of carbon-containing products CO, CO, CH,,
and CH;COCH; were calculated on a C basis; that of H,, on a
H basis.

2.3.2. Dynamic Transient Tests. Dynamic transient tests
were conducted in a fast response flow unit.** Admission of
water and acetic acid to the reactor was attained with Ar flow
passing through a saturator containing water and acetic acid.
The reactant gas molar composition was ~0.75—1% acetic acid;
4.5—6% steam (S/C = 3); and the rest, argon. Temperature
varied from 50 to 800 °C at a ramp rate of 15 °C/min. In the
tests with deuterated acetic acid (CH;COOD and
CD,COOD), the same conditions were applied. The gas
phase composition at the reactor outlet was calculated on the
basis of the mass spectrometer signals at various m/e ratios.
The responses of mass spectrometer were calibrated with
mixtures of known concentrations of reactants and products.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Catalysts. The main
chemical and physicochemical properties of the catalyst and
the support are compiled in Table 1. The catalyst shows a
slightly lower surface area than that of bare support before the
depositions and calcinations (compare 38.6 and 41.8 m*/g).
The only crystal phase present in the diffractograms (not
shown) was that of the support, the mixed crystalline tetragonal
phase of Zryg,Cey 40, Indications for a La-containing
crystalline phase were not observed, implying that the additive
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Table 1. Physicochemical Characteristics of the Support and

the Catalyst

sample
Ce0,-Zr0O,

(support) Rh/La,0,/Ce0,—-Zr0O,
metal/dopant, wt % 0.5(Rh), 3(La)
surface area, mz/g 41.8 38.6
crystal phase Zrg34Ce0160, Zr44Ce160,
metal dispersion 0.24
acidity, mmol NH;/g 0.09 0.10
reglgction temperature onset,
metal 150
support >450 >350

is finely dispersed. Diffraction peaks of Rh were also not
detected, as its concentration (0.5 wt %) is far below the
detection limit.

The profiles of the NH; desorbing from the catalyst and the
bare support as a function of temperature are shown in Figure
1. Both profiles are characterized by one broad peak centered

Rh/La,04/Ce0,-Zr0,

MS Signal

Ce0,-Zr0,

300 400 500

Temperature, C

100 200 600

Figure 1. Temperature-programmed desorption of ammonia of
Ce0,—Zr0O, and Rh/La,0,;/Ce0,—Zr0,.

around 200 °C, indicative of the presence of acid sites of weak
to medium strength. The presence of Rh and La,O; does not
seem to affect the acidic properties (Figure 1 and Table 1).
However, La,O; has an effect on metal distribution: it increases
the dispersion of Rh (0.24) compared with that of the
nonmodified Rh/CeO,—ZrO, (0.12).*

The characteristic high mobility of lattice oxygen of CeO,—
ZrO, under reforming conditions is very important because O
from the CeO, lattice oxidizes surface carbonaceous species.
This mobility of lattice oxygen was investigated by O, isotope
exchange, that is, temperature-programmed 'O, isotope
exchange (TPIE) measurements. The profiles of '°O, and
800 evolving from the surface of the support and the
catalyst as a function of temperature are presented in Figure 2.
CeO,—ZrO, starts to exchange lattice oxygen with the gaseous
180, at 360 °C. At the initial steps of the exchange, the signal of
160, dominates (Figure 2a). The release of 160, indicates that
the multiple heteroexchange mechanism prevails. The evolution
of the cross-labeled oxygen '°0'™O proceeds with lower rates
and becomes significant at higher temperatures as the material
is depleted in '®O, suggesting also the participation of the
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Figure 2. Temperature programmed treatment in 'O, flow of (a)
Ce0,—ZrO, and (b) Rh/La,0;/Ce0,—ZrO,. Profiles of oxygen
exchanged (1°0,, 1*0'°0).

simple heteroexchange mechanism. The exchange of labeled
gas-phase oxygen with the lattice oxygen is referred to as
heterolytic exchange and can occur via a simple (R1
mechanism, the exchange of only one surface oxygen species)
and/or a multiple (R2 mechanism, the simultaneous exchange
of two surface oxygen szpecies) heteromolecular '*O isotope
exchange mechanism.*"*

The evolution of °O, in the gas phase over Rh/La,O,/
Ce0,—ZrO, starts at considerably lower temperature, around
260 °C (Figure 2b), suggesting that the joint presence of Rh
and La,0; facilitates the exchange of lattice oxygen, whereas
Rh/CeO,—Zr0O, started to exchange at 330 °C.”" As with the
support, at low temperatures, the multiple heteroexchange
mechanism prevails, but the simple mechanism dominates at
high temperatures.

The exchange of O, is not limited to the outermost oxygen
layer for both materials but extends significantly to the bulk.
The concentration of total lattice oxygen '®O exchanged for the
support is 4.5 mmol/g, which corresponds to ~9 monolayers.
For Rh/La,0;/CeO,—ZrO,, this concentration is significantly
higher, 6.8 mmol/g, corresponding to 1S5 monolayers. The
changes of the overall exchange rate of gaseous '*O, with
varying temperatures (not shown) were used to calculate the
apparent activation energy of the exchange process, leading to
115.4 kJ/mol for CeO,—ZrO, and 72 kJ/mol for Rh/La,0;/
Ce0,-Zr0O,. The respective activation energy of the
unmodified Rh/CeO,~ZrO, was 106 kJ/mol.>” These values
indicate that both Rh and La,O; facilitate the exchange. The
lower apparent energy of activation also shows not only that the
better exchange is related to a higher dispersion of Rh, but also
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that the presence of La,O; changes the reducibility of the
support. In this context, it is interesting to note that La,O; has
been reported to increase the metal/support interaction in Pd/
CeO, catalysts,*’ generating additional anion vacancies and
favoring in this way bulk oxygen diffusion.**** The increase in
the metal support interaction of Rh/La,0;/CeO,—ZrO, is
shown here by the promotion of the O, exchange. The increase
in the oxygen mobility facilitates the reduction of the support
and, on the other hand, inhibits the reduction of the metal,
stabilizing Rh in a positively charged state. Indeed, we observed
a shift in the Rh reduction temperature from 100 °C in the
unmodified catalyst®” to 150 °C in Rh/La,0;/CeQ,~ZrO,
(Table 1). The opposite trend was observed for the reduction
of ceria, which was facilitated by the presence of La,O;
indicating the onset of the reduction temperature at 350 °C.
3.2. Catalyst Performance under Steady State
Conditions. 3.2.1. Activity As a Function of Reaction
Parameters. Previous studies on the equilibrium compositions
of an acetic acid—steam system under steam reforming
conditions showed that acetic acid is fully converted, even at
room temperature, to a mixture of H,, CO,, CO, and CH, at a
steam/carbon ratio over 1 and atmospheric pressure.®
Thermodynamically, the formation of solid carbon is not
possible in the presence of excess steam (S/C > 1). The
equilibrium molar composition of the gaseous products formed
at 500—800 °C, of interest to the present experimental work, is
presented by the dotted lines in Figure 3. The mixture is rich in
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Figure 3. Steam reforming of acetic acid over Rh/La,0;/Ce0,—ZrO,
catalyst(S/C = 3, GHSV = 34500 h™"). Effect of temperature on
reactor exit steam composition. Equilibrium, dotted lines; exper-
imental, symbols.

H,, showing a maximum at 650 °C. At higher temperatures, the
H, concentration starts decreasing. On the other hand, CH,
appears at low concentrations and almost vanishes at
temperatures over 650 °C. The prevailing carbon oxide is the
CO, under all temperatures, but the share of CO increases
steadily with temperature as a result of the WGS equilibrium.

The activity of the catalyst was explored as a function of
temperature at 550, 650, and 750 °C using a steam-to-carbon
ratio of 3 and a space velocity based on carbon of 34 500 h™".
Acetic acid conversion increased with temperature approaching
100% at 750 °C. At 550 °C, the rate of acetic acid consumed
per gram of catalyst is 0.12 mmol-g~'-s™', which corresponds to
an intrinsic rate per metal site (TOF) of almost 10 s™. It is
interesting to note that these TOFs are significantly higher than
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the TOFs of various Ni-, Rh-, and Ru-based catalysts at 550 °C,
which do not surpass 2 s71.'%

The main products observed were H,, CO,, and CO. The
catalyst is very selective to H,, reaching values over 98% in the
whole temperature range. This implies that the reforming
activity of the catalyst is not limited to acetic acid, but also
extends to the intermediate products. Methane and acetone
formed via decarboxylation and ketonization, respectively, are
almost fully reformed to hydrogen and carbon oxides under the
reaction conditions used. The composition of the reactor
effluent as a temperature function is presented in Figure 3
(symbols). At 550 and 650 °C, the composition slightly differs
from the equilibrium values because there is still unconverted
acetic acid, whereas under thermodynamic equilibrium
conditions, all acetic acid should be converted. H, and CO
follow the equilibrium under all temperatures, but the partial
pressure of CO, is lower than expected from the thermody-
namic equilibrium. The performance of the catalyst is similar to
that of equilibrium at the highest temperature used, 750 °C.
Measurable quantities to acetone and methane were observed
only at the lowest reaction temperature.

The effect of the steam/carbon ratio was investigated by
conducting tests at H,O/C ratios 1.5, 3, and 6. The
composition of the exit stream is presented in Figure 4,
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Figure 4. Steam reforming of acetic acid over Rh/La,O;/CeO,—
ZrO,catalyst (temp = 750 °C, GHSV = 34 500 h™"). Effect of steam-
to-carbon ratio on reactor effluent composition. Equilibrium, dotted
lines; experimental, symbols.

together with the respective equilibrium values. The equili-
brium mixture is slightly enriched in H, (10% gain) with a S/C
increase from 1.5 to 6. The increasing partial pressure of steam
increases the ratio of CO,/CO, indicating the importance of
the water gas shift reaction. The experimental data under the
three S/C ratios are similar to that of equilibrium, confirming
that at 750 °C, the catalyst enables the gaseous product stream
to be in equilibrium at moderate and high S/C ratios. The most
pronounced effect of steam is related, however, to coke
deposition, discussed in the next section.

According to thermodynamics, the amount of oxygen needed
to attain autothermal conditions in the reformer in the 550—
750 °C range, is around 0.3 mol O,/mol acetic acid.” The effect
of oxygen was also explored. In the tests conducted, apart from
steam, oxygen was added to the feed stream in quantities
sufficient to attain autothermicity. The presence of O, leads to
higher activity because the conversion of acetic acid was
complete, even at 550 °C. This is due to direct oxidation of
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acetic acid to CO, and H,O. The consumption of part of the
acetic acid to other than reforming reactions negatively affects
the hydrogen yield, which did not exceed 70%.

3.2.2. Catalyst Stability. The stability of the catalyst was
tested at 650 °C for 15 h TOS with a space velocity of 28 000
h™". The results are depicted in Figure S. The loss in acetic acid
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Figure S. Steam reforming of acetic acid over Rh/La,0;/CeO,—
ZrO,catalyst. Effect of reaction time on the catalyst performance
(temp = 650 °C, S/C = 3, GHSV = 28000 h™).

conversion is limited to 8%. The selectivity to the products
formed remains unchanged during time on stream, confirming
that the slight deactivation is solely related to the number of
accessible sites. Time on-stream stability under similar
operating conditions over Rh catalyst on undoped ceria—
zirconia support resulted in 20% activity loss.”” Coking and
sintering, the main factors contributing to the loss of active
sites, have been shown to be very limited. The presence of La®"
stabilizes the support by inhibiting agglomeration, in agreement
with the literature.******~* Coke deposited was also very low
and will hardly affect the catalyst performance, as described
below.

3.2.3. Coke Deposition. Coke deposition was investigated as
a function of the steam-to-carbon ratio, presence of O, in the
feed stream (oxidative autothermal reforming), and time on-
stream. Except for the latter test, all others experiments were
conducted at 750 °C for 3 h. Table 2 presents the results of
coke produced in acetic acid reforming as the percentage of the
C mol in the feedstock that are converted to coke. The carbon
deposition rate of the Rh/La,0;/CeO,—ZrO, catalyst is

Table 2. Coke Deposition over Rh/La,0;/Ce0,—Zr0O, after
Acetic Acid Steam Reforming under Various Conditions

mole C( ) per mole C in

conditions acetic acid, %

steam reforming T = 750 °C

S/C =15 0.025

S/C =3.0 0.009

S/C =60 0.006

autothermal steam reforming (T = 750 °C, O,/ 0.007
steam/carbon = 0.15/3/1)

steam reforming, time on stream (T = 650 °C, 15 0.010

h, S/C = 3.0)
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extremely low. For a steam-to-carbon ratio of 3/1, the amount
of coke measured after 3 h of TOS corresponds to an average
0.009% mol of solid carbon formed per mole of converted
carbon (from acetic acid). The reduction of the H,0/C ratio
from 6 to 1.5 results in a 4-fold increase in coke deposited,
pointing to the importance of steam excess to limit coking.
After 15 h of time on-stream, coke deposited on the catalyst
amounted to 2.95 wt %, which corresponds to an average
percentage rate of coking of 0.010 mol of solid carbon per mole
of carbon reacted.

The presence of O, reduces coke formation by over 20%, but
does not fully suppress it. The reason might be related to the
fact that the concentration of coke deposited is extremely low
and that it limits the beneficial effects of O,. Alternatively, one
might hypothesize that the rate of O, consumption in acetic
acid oxidation is much higher than that of the oxidation of any
formed carbonaceous deposits. Given that O, is a limiting
reactant (100% conversion), its effect in coking is of minor
importance; however, the potential adoption of O, as a
coreactant is a matter of further studies related with the overall
energy efficiency and economy of the process.

The above results demonstrate the very low affinity of the
catalyst to reactions leading to coke precursor formation or the
efficient removal of them from the catalyst surface. The coke
deposition rate over Rh/La,0;/CeO,—ZrO, is 1 order of
magnitude lower than the values reported for other
catalysts.>**® It is well-known that noble metals, especially
Rh, form carbon at a substantially lower rate other base metals
used in reforming.'>*

Both Rh and the support La,0;/CeO,—ZrO, contribute to
the lowering of the carbon deposition rate. The O, exchange
experiments suggest that the presence of CeO, and the oxygen
vacancies that are formed facilitate the diffusion of oxygen
atoms through the support. Under steam reforming conditions,
the catalyst is in the reduced state, which means that oxygen
vacancies are present on the surface of ceria. Even in the
absence of gas phase O,, water and CO, provide oxygen
atoms* > by dissociation on the partially reduced oxide
surface. The higher the number of oxygen defects, the higher
the observed mobility of this atomic oxygen. TPIE experiments
with %0, (see section 3.1) demonstrate the high mobility of
lattice oxygen, which is concluded to facilitate the oxidation of
coke maintaining the support surface almost clean.

3.2.4. Characteristics of the Carbonaceous Deposits. The
chemical reactivity of coke deposited on Rh/La,0;/CeO,—
ZrO, has been explored by oxidation of the spent catalysts in a
thermo balance. The profiles of CO, produced from the
oxidation of coke on the used catalyst after 3 and 15 h TOS are
compiled in Figure 6. The deposits were readily oxidized
starting at 200 °C (completion at 350 °C). The duration of the
catalytic conversions does not affect the nature of coke because
the same oxidation profile was observed after 3 and 15 h time
on-stream. The low temperature of oxidation implies that their
nature differs from that of aromatic coke, which needs over 500
°C to be oxidized.>® Takanabe et al. argue that acetone, which is
one of the intermediates, is the main source of carbon
formation in the acetic acid steam reforming over the Pt/ZrO,
catalyst.'” Deposited carbon is concluded to exist in the form of
oligomers and can be removed by oxygen at temperatures less
than 450 °C, in line with the findings of Basagiannis and
Verykios for acetic acid reforming on Ru/MgO-ALO;.'® The
same quality of carbonaceous deposits (low temperature of
removal) was also observed in experiments with the CeO,—
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Figure 6. Thermogravimetric analysis of used catalyst Rh/La,0;/
Ce0,—ZrO,in air flow.

ZrO, support.”” The similarity between the oxidation profiles
of coke from the support alone and from the catalyst containing
Rh suggests that the nature of the coke formed was identical in
the presence and absence of Rh and that Rh is hardly involved
in the oxidation process, indicating that coke is located on the
oxide surface.

3.3. Reaction Scheme. 3.3.1. Reforming Tests in
Transient Mode. Experiments in transient mode were
conducted over the CeO,—ZrO, and Rh/La,05/Ce0,—Zr0,.
The variations in the concentrations of the products formed
together with that of unconverted acetic acid in the gaseous
phase are illustrated in Figure 7a,b as a function of temperature.
The adsorption of acetic acid on the support starts soon after its
admission as its concentration starts decreasing without
indication of product formation (Figure 7a). Adsorption
continues until the surface is saturated, whereas product
formation starts at 220 °C. At the same time, no indication of
consumption of mobile acetic acid is provided at least up to 240
°C, implying that the primary products formed derive from
adsorbed acetic acid or that a steady state has been reached.
The activity starts with the evolution of products, acetone and
CO, originating initially from the adsorbed acetic acid, which
undergoes ketonization (eq 1). The ratio of acetone to CO,
being slightly lower than 1 is tentatively attributed to
readsorption of a part of acetone on the support, reacting
further to CH,, CO, and H,.

2CH,COOH — CH,COCH, + CO, + H,0 1)

The extent of this reaction is quite large, consuming almost
all of the acetic acid up to 450 °C. Acetone declines slowly after
this temperature, while the rate of CO, formation increases.
Beyond this temperature, decarboxylation becomes important,
leading to CO, and CH, (eq 2).

CH,COOH — CH, + CO, @)

In parallel, H, and CO are formed with steadily increasing
rates. The almost 4-fold higher concentration of H, compared
with that of CO indirectly points to the participation of
reforming reactions of acetic acid (eqs 3, 4) and other possible
intermediates and water gas shift reaction (eq ).

CH,COOH — 2H, + 2CO 3)

CH,COOH + 2H,0 — 4H, + 2CO, )
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Figure 7. Distribution of reactants and products in temperature-
programmed reforming reaction of acetic acid over (a) CeO,—ZrO,
and (b) Rh/La,0,/Ce0,—ZrOcatalyst.

CO + H,0 = H, + CO, (5)

The decreasing concentration of methane after 600 °C,
which is associated with the abrupt increase of H,, points to the
promotion of reforming reactions at high temperatures. Note
that even at the maximum temperature used, 700 °C, the
concentrations of H,, CO, and CO, differed from those at
equilibrium under similar conditions (see Figure 3). The ratio
of CO/CO, experimentally observed was around 1, whereas
that in equilibrium is 0.5. The deviation from equilibrium is
attributed to the low activity of the support to WGS or the
transient character of the tests (increase in the reaction
temperature with a ramp of 15 °C/min).

With Rh/La,0,/Ce0,—ZrO, (Figure 7b), acetic acid is
adsorbed onto the catalyst surface at low temperatures, as also
observed with the support. Product formation starts at 250 °C,
but the striking difference between the results with the bare
support and the catalyst is that H, production started at 250
°C. The distribution of products in the range from 250 to 370
°C was quite interesting. The evolution of H,, CO,, and CH,
followed the same trend, indicating that all three molecules
result from the same intermediate. Their concentration
increased drastically up to 370 °C. In the same temperature
region, a totally different profile of CO and CH,COCH,
appeared. Note the sharp peaks of CO and acetone, which
maximized at the same temperature of 330 °C. The profiles of
CO and acetone showed a maximum at 330 °C and then
dropped to almost zero at 370 °C. The similarity of the
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evolution profiles suggests that these two products originated
from the acetic acid that was adsorbed at low temperature (T <
200 °C). Further evidence for the origin of the two products is
provided by the carbon balance in this temperature region. The
carbon balance at around 330 °C approaches nearly 200%,
which means that in this regime, additional carbon is converted
(in the form of adsorbed acetic acid), leading to products such
as CO and CH;COCH,.

Thus, steam reforming reactions and water gas shift reactions
dominated in the presence of Rh, even at low temperatures,
with H, and CO, being the main products at temperatures over
350 °C. Further increase in the temperature also favored the
formation of CO via the reverse water gas shift. At
temperatures over 500 °C, the selectivity to H, reached almost
100%, demonstrating that reforming reactions of acetic acid and
intermediate products (CH,, acetone) dominate. Acetic acid
was fully converted at around 400 °C, producing H, with very
high selectivity, in agreement with steady state tests (see Figure
3). In contrast to what was observed with the support, the ratio
of CO/CO, was much lower than that of the equilibrium in the
temperature range over 400 °C. The concentration of CO
increased steadily with temperature, but remained lower than
equilibrium by 60%. The difference might be ascribed to the
main role of the metal in driving the reforming and, to a lower
degree, of the WGS. In addition, the difference with the steady
state tests presented before, in which the CO/CO, ratio
followed the equilibrium composition at 750 °C, is attributed to
the transient character of these tests. The fast increase in the
reactor temperature (15 °C/min) does not allow the system to
equilibrate, as is the case with the steady state tests in which the
temperature in the reactor remains constant for over 60 min.

3.3.2. Mechanistic Considerations. The differences in the
profiles of the products formed over the bare support and the
Rh catalyst demonstrate the decisive role of the metal in the
reaction pathways. Ketonization dominates only below 250 °C
and is especially well catalyzed by redox oxides, such as ZrO,
and CeQ,.°**° The mechanism as proposed in the
literature®”>® involves the adsorption of the Lewis acid sites
of acetic acid on oxygen defect sites of the metal oxides to form
the carboxylate. Ketene is formed through abstraction of one of
the a-H’s and formation of H,O. A carboxylate in the proximity
reacts further with ketene to form a ketone by eliminating CO,.
This is also speculated to occur on CeO,—ZrO,. The absence
of ketene in the gas phase products implies that ketene is a
surface intermediate readily reacting further. Increasing the
temperature above 450 °C shifts the reactions toward
decarboxylation, leading to CH; and CO, (Figure 7a). The
former is rapidly hydrogenated to CH, on the surface of the
support.

In the presence of Rh, the product profiles changed (Figure
7b). H,, CO,, and only traces of CH, appeared from 250 °C
onward, with the rates increasing very fast with temperature. It
is speculated that the acetates formed via the dissociative
adsorption of acetic acid on Rh form the methyl species that
rapidly cleave off further H atoms. The remaining carbon reacts
with hydroxy groups of the dissociated H,O, forming H, and
CO as well as CO, (Scheme 1). Only a small fraction of methyl
species is hydrogenated to CH,.

In parallel to this route leading to reforming products,
adsorbed acetic acid reacts along a different reaction pathway
(Scheme 1). CO and acetone appeared from 250 to 370 °C.
The formation of acetone implies that ketonization proceeds,
but in this case, the formation of acetone is followed by the
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Scheme 1. Reaction Pathways of Acetic Acid Reforming over
Rh/La,0;/Ce0,—ZrO, Catalyst
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release of CO instead of CO,. This may indicate that the
formation of acetone involves the condensation of two ketene
molecules rather than of one ketene and one acetate, as
suggested for the bare support. This difference may indirectly
point to the fact that the active sites of Rh and the support are
not identical or that the metal induces a larger concentration of
defects, which facilitate the formation of ketenes. The
hypothesis is further supported by the much larger concen-
tration of CO compared with that of acetone formed. Note in
this context that intermediately formed ketenes not only
undergo condensation to acetone, but also decompose to CO
and CH, species, the latter contributing to the pathway of
reforming.

Depending on the surface, different adsorbed species are
derived from the acids. CH;COO* has been reported to be the
main species after adsorption of acetic acid on the Pt(111)
surface, whereas CH;COO* and CH;CO* have been observed
on Pt(111).*%° The distinctively different adsorption
structures are likely to determine the pathway leading to CO
and CO, elimination. The formation at low temperatures of
CO and CO, on the Rh catalyst implies the different nature of
the sites in which acetic acid has been sorbed, forming
CH;CO* and CH;COO¥, respectively. Even though direct
evidence of the nature of the two sites is not available, we argue
that acetate is formed on Rh crystallites, and acetyl is formed on
the periphery of the metal particles .

In the previous analysis, we assumed that acetic acid
dissociates on the catalyst surface, forming mostly acetates.
To verify this, temperature programming reforming of
isotopically labeled acetic acid (CH;COOD) was studied on
Rh/La,05/Ce0,—Zr0,. Apart from H, and CH,, other
differences were not observed among the products, and this
is the reason for not including them in Figure 8a, in which the
evolution of masses 2 (H,), 3 (HD), and 4 (D,) is illustrated as
a function of temperature. As in the case of nonlabeled acetic
acid, hydrogen approaches high concentration at temperatures
over 350 °C. The appearance of HD indicates that acetic acid
dissociated on the surface by the cleaving of O—D bond,
forming acetate species and D* (eq 6). The latter combined
with H*, deriving either from water dissociation or a methyl
group, forms cross-labeled hydrogen molecules HD (eq 7). The
direct recombination of D* is negligible, as evidenced from the
very weak intensity of the D, signal.

CH,COOD + 2* — CH,COO* + D* (6)
H* + D¥ — UD (7)
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Labeling of methane (Figure 8b) showed apart from mass 16,
which corresponds to CH,, mass 17, CH;D. The presence of
scrambled methane further supports the evidence of the
formation of acetate species and their sequential reaction.
These adsorbed species undergo further decomposition at
temperature as low as 300 °C to form adsorbed methyl species
and CO, 8.

CH,COO* — CH,* + CO, (8)

Methyl species CH;* are a key intermediate in reforming
reactions of hydrocarbons and especially of methane.®’ The rate
constant of C—H bond scission is considered as the slowest one
in the whole reaction sequence. In the case of acetic acid, the
fragmentation of the C—C bond, which is more energetically
favored than the C—H bond cleavage, leads to the direct
formation of the reactive methyl species, in line with
conclusions by Guell et al.®* Once formed, methyl species
undergo a series of reactions that are much faster. A methyl
group could combine with one OH* and then dehydrogenate
to H, and CO or undergo further dehydrogenations. In
addition to the successive dehydrogenations, a small part of the
active methyl species could combine with hydrogen species (H
or D) to form methane. The presence of CH;D in the product
mixture confirms this pathway (Figure 8b).

The tests with fully deuterium-exchanged acetic acid
CD;COOD provided further information on the participation
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of water in the formation of products. It is clear from Figure 9a
that H,, formed from water decomposition to H* and OH*
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Figure 9. Temperature-programmed reforming reaction of isotopically
labeled CD;COOD over Rh/La,0;/CeO,—ZrO, catalyst. Evolution
of (a) hydrogen and (b) methane.

and further recombination of two H¥, is the major constituent.
The presence of HD indicates that deuterium D* from acetic
acid combines with H* from water. The presence of D, in small
proportion in the products further indicates that the formation
of H, can proceed also either via combination of two deuterium
atoms derived from dissociative adsorption of acetic acid or
from further dehydrogenation of deuterated methyl radicals to
methylene radicals and methylidene radicals. Figure 9b provides
further evidence for the degree of dehydrogenation of methyl
radicals. The presence of unlabeled CH, and CH3D in
comparable quantities, as with the typical tests, implies that
dehydrogenation of methyl species down to atomic C* is
possible. Active carbon formed reacts with H* or OH* from
water dissociation, forming methane with various isotopic
scrambling; however, it cannot be excluded that CH, and
CH;D can also be formed from partially dehydrogenated
deuterated methyl species via exchange of D atoms with H
from the surface pool. The presence of CD, and CHD; in the
products was well-recognized; however, the exact quantification
of the signals was not possible because of superposition from
other fragments.
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4. CONCLUSIONS

Acetic acid reforming proceeded with high rates (TOF 10 s at
550 °C) over 0.5 wt % Rh catalyst supported on CeO,—ZrO,
modified with 3 wt % La,O;, producing H, with over 98%
selectivity. CeO, enhances lattice oxygen exchange with the gas
phase O,. The oxygen vacancies formed in CeO, during
reforming facilitated the diffusion of atomic O provided via
decomposition of steam or CO,. This active oxygen acts as an
oxidant for the carbonaceous deposits, contributing thus to the
extremely low concentration of coke observed after reforming
reactions. The low temperature of carbonaceous deposits
oxidation, up to 350 °C, implies that the measured as coke
deposits on the surface of Rh/La,05/CeO,—ZrO, catalyst are
oligomers. The La,O; modifier stabilizes the catalyst under
reaction conditions, as evidenced from the limited loss in the
activity in long-term tests (8% after 15 h of TOS). The
conversion of acetic acid over the support alone proceeds at
>250 °C via a ketonization reaction, whereas at higher
temperature, decarboxylation prevails. The overall reaction
network is quite complex, with the reforming reactions,
however, dominating, even as low as 250 °C, over the catalyst.
With the use of deuterated acetic acid, it was proved that on the
catalyst surface, acetic acid adsorbs dissociatively at low
temperature to acetate and hydrogen. The former carboxylates
form methyl species, which undergo further dehydrogenation
with intermediate formation of an active carbon reacting with
water-derived H and OH. The ketonization reaction is limited
to acetic acid molecules adsorbed in the periphery of the Rh
crystallites.
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