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The catalytic performance of a Pt/CeZrO, catalyst was tested for ethanol decomposition, steam reforming,
partial oxidation, and oxidative steam reforming. At low temperature, the catalyst underwent significant
deactivation during ethanol decomposition and steam reforming reactions. Co-feeding oxygen decreased
the deactivation rate of the catalyst but adversely affected the selectivity to hydrogen. Increasing the
reaction temperature greatly improved the stability of the catalyst. A reaction mechanism was proposed
based on results obtained from in situ diffuse reflectance infrared spectroscopy analyses carried out
under reaction conditions. Ethanol adsorbs as ethoxy species, which may follow one of two distinct
pathways: (i) decomposition and production of CO, CHg, and H; or (ii) dehydrogenation to acetaldehyde
and acetyl species. The dehydrogenated species may undergo oxidation to acetate species. The addition
of water to the feed promoted the formation of acetate species. Water also facilitated the decomposition
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of acetaldehyde and acetate reactions, resulting in the formation of methane, CO, and carbonate.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The electrochemical conversion of hydrogen to power via poly-
mer electrolyte membrane (PEM) fuel cell technology may alleviate
global dependence on fossil fuels, as well as decrease emissions of
greenhouse gases and other atmospheric pollutants [1]. Recently,
ethanol has been claimed to be an alternative source of hydro-
gen production for fuel cells, because it can be manufactured from
biomass and does not contribute to net CO, emissions. The United
States, Brazil, and other countries have established an ethanol pro-
duction and distribution infrastructure.

Hydrogen may be generated from ethanol by different tech-
nologies, including steam reforming (SR) (reaction (1)), partial ox-
idation (POX) (reaction (2)), and oxidative steam reforming (OSR)
(reaction (3)) [2]:

C;H50H + 3H0 — 2C0; + 6H;, AHj93 = 347.4 kJ/mol, (1)
C;H50H + 1.50; — 2C0; + 3H;, AHj9s = —554.0 kJ/mol, (2)

CoH50H + 2H;0 + 0.50, — 2C0Oy + 5Hy,
AHj9g = —50 kJ/mol. 3)

All of these reactions have one major drawback, however. Various
reaction pathways may operate depending on the conditions se-
lected and the choice of the catalyst. The reaction network may
include (i) ethanol decomposition to methane, CO and hydrogen;
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(ii) ethanol dehydrogenation to acetaldehyde; (iii) ethanol dehydra-
tion to ethylene; (iv) methane steam reforming; (v) the water-gas
shift reaction; (vi) methane decomposition to carbon and hydro-
gen; and (vii) the Boudouard carbon deposition reaction [3-5].
A wide range of undesirable byproducts, such as oxygenated com-
pounds (acetaldehyde, acetone) and hydrocarbons like methane
and ethane, are formed at low reaction temperatures. Some of
these reactions lead to the formation of coke, which can in turn in-
duce catalyst deactivation. At high reaction temperatures, CO pro-
duction is thermodynamically favored, which, if left unconverted,
will poison the electrodes of the PEM fuel cell. Therefore, further
purification steps are required, which increases not only the final
cost of the hydrogen produced, but also the size and the weight of
the fuel processor.

The nature of the metal and support strongly affects the sta-
bility and product distribution [3,4]. CeZrO, has been proposed
as a support for the ethanol conversion reactions due to its high
oxygen storage capacity (OSC), which improves catalyst stability. In
addition, the strong metal-support interaction prevents metal par-
ticle sintering, which also contributes to catalyst deactivation [6,7].
Romero-Sarria et al. [7] reported that the use of a catalytic system
based on Ce-Zr mixed oxides doped with Co, Ni, Rh, Rh-Co, or
Rh-Ni reduced the formation of carbonaceous deposits during SR.
In addition, other authors [8,9] have observed that ceria/zirconia-
supported metal catalysts exhibit higher H, yield than other sup-
ports during SR. Recently, we investigated the performance of sup-
ported Pt catalysts for POX [10] and SR [11]. The Pt/CeZrO, catalyst
exhibited good activity and stability for POX, which was attributed
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to the material’s high OSC [10]. It also exhibited good selectivity to
H, during SR [11]. Furthermore, a comparison between the results
obtained for the Pt/CeZrO, and Pt/CeO, catalysts in SR showed that
adding Zr to ceria improved the stability and decreased the CO se-
lectivity of the Pt/CeO, catalyst.

Designing an optimum catalyst for hydrogen production from
ethanol requires additional insight into the reaction mechanism.
The literature contains some studies of the reaction mechanism of
ethanol over different catalysts. Most of the ethanol reaction mech-
anisms proposed in the literature relied on infrared spectroscopy
(IR) results that were not measured under steady state conditions.
Alternatively, temperature-programmed desorption (TPD) of ad-
sorbed ethanol or ethanol + water mixture was employed. At each
temperature of interest, the system was evacuated to determine
the adsorbed species present on the catalyst surface [5,12-19].

In a previous investigation by some of us [20], a transient dif-
fuse reflectance infrared spectroscopy (DRIFTS) technique was used
to study the activation/turnover of probe molecules of ROH type
to gain insight into the low-temperature water-gas shift mecha-
nism under H; cofeeding conditions. In that context, CO (from the
low-temperature shift) was replaced by ethanol, which was used
as a probe molecule to demonstrate two important points: (i) Un-
der conditions of Hy cofeeding, the activation of ROH molecules
is dissociative and common in the water-gas shift, methanol SR,
and ethanol SR reactions, and (ii) at least under conditions of H»
cofeeding and a high H,O/reactant ratio (reactant = CO, CH3O0H,
or C;Hs0H), formate or acetate plays an important role as an in-
termediate in these three reactions. Formate, produced from the
reaction of CO with —-OH during a low-temperature shift or from
the conversion of methoxy during methanol SR, is dehydrogenated,
and, in an analogous manner, acetate produced from conversion
of ethoxy species is demethanated during ethanol SR. In fact,
methanol and ethanol were used as probe molecules to shed light
on the water-gas shift mechanism, which requires a H, cofeed.

These studies were not carried out under reaction conditions by
flowing the reaction mixture at different temperatures, however.
The nature of intermediate species formed on the surface may be
strongly affected by the reaction conditions.

The present study was conducted to investigate the reaction
mechanisms for SR, POX, and OSR under realistic stoichiomet-
ric feed ratios over the Pt/CeZrO, catalyst system. The reaction
mechanisms were investigated using DRIFTS carried out under
steady-state reaction conditions using appropriate feed conditions
to mimic ED, SR, and POX. In particular, the effect of oxygen and
water on the nature and populations of surface species were as-
sessed.

2. Experimental
2.1. Catalyst preparation

The CeZrO, support (Ce/Zr ratio = 3) was obtained by the pre-
cipitation method as described by Hori et al. [19]. The choice of
Ce/Zr ratio was based on findings of our previous study [11] show-
ing that the Pt/CeZrO, catalyst containing the Ce/Zr ratio of 3.0
exhibited good performance during SR. An aqueous solution of
cerium(IV) ammonium nitrate and zirconyl nitrate (Aldrich). Then
the ceria and zirconium hydroxides were coprecipitated by the ad-
dition of an excess of ammonium hydroxide. Finally, the precipitate
was washed with distilled water and calcined at 1073 K for 1 h in
a muffle furnace. Platinum was added to CeZrO; support by the in-
cipient wetness impregnation technique using an aqueous solution
of HyPtClg-6H,0. After impregnation of 1.5 wt% of platinum, the
samples were dried at 393 K and calcined under air (50 mL/min)
at 673 K for 2 h.

2.2. BET surface area

The BET surface areas of the samples were measured using a
Micromeritics ASAP 2000 analyzer by nitrogen adsorption at the
boiling temperature of liquid nitrogen.

2.3. 0SC

0OSC measurements were carried out in a microreactor coupled
to a Balzers Omnistar quadrupole mass spectrometer. Before OSC
analysis, the samples were reduced under flowing H, at 773 K for
1 h, then cooled to 723 K, and kept at this temperature during the
analysis. The mass spectrometer was used to measure the compo-
sition of the reactor effluent as a function of time while a 5% O2/He
mixture was passed through the catalyst. Oxygen consumption was
calculated from the curve corresponding to m/e = 32.

2.4. Cyclohexane (CH) dehydrogenation

Platinum dispersion was estimated by running a reaction to
probe the metallic function. CH dehydrogenation was selected, be-
cause it is considered a rather structurally insensitive reaction [21].
Because Hy and CO spillover occurs from the metal to the CeO,,
metal dispersion could not be determined from chemisorption of
either gas [22]. Therefore, to provide an estimate of the disper-
sion of the Pt/CeZrO, catalyst, a correlation between the rate of
CH dehydrogenation and the metal dispersion measured by hydro-
gen chemisorption was established. The reference catalysts for this
procedure were Pt/Al,03 catalysts of varying metal particle size.

CH dehydrogenation was performed in a fixed-bed reactor at
atmospheric pressure. The catalyst was reduced at 773 K for 1 h,
and the reaction was carried out at 543 K and WHSV = 170 h—1.
The reactants were fed to the reactor by bubbling H, through a
saturator containing cyclohexane to obtain the desired H,/CH ra-
tio (13:1). The exit gases were analyzed using a Varian 300 gas
chromatograph equipped with a HP-INNOWAX column.

2.5. TPD of ethanol

TPD experiments of adsorbed ethanol were carried out in the
same equipment described previously for OSC measurements. Be-
fore TPD analyses, the samples were reduced under flowing H;
(30 mL/min) by ramping to 773 K (10 K/min), and holding at this
temperature for 1 h. After reduction, the system was purged with
helium at 773 K for 30 min and cooled to room temperature. The
adsorption of ethanol was carried out at room temperature using
an ethanol/He mixture, which was obtained by flowing He through
a saturator containing ethanol at 298 K. After adsorption, the cat-
alyst was heated at 20 K/min to 773 K under flowing helium
(60 mL/min). The products were monitored using a quadrupole
mass spectrometer.

2.6. DRIFTS

DRIFTS spectra were recorded using a Nicolet Nexus 870 spec-
trometer equipped with a DTGS-TEC detector. A Thermo Spectra-
Tech cell capable of high-pressure/high-temperature operation and
fitted with ZnSe windows served as the reaction chamber for in-
situ adsorption and reaction measurements. Scans were obtained
at a resolution of 4 to give a data spacing of 1.928 cm~'. Depend-
ing on the signal-to-noise ratio, the number of scans ranged from
256 to 1024. The amount of catalyst was ~40 mg.

Samples were first reduced by ramping in 200 mL/min Hy:He
(1:1) at ~10 K/min and holding at 773 K for 1 h. The catalyst was
purged in flowing He at 773 K before being cooled in flowing He
to 313 K.
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For ethanol adsorption, TPD, and temperature-programmed sur-
face reaction (TPSR) (i.e., ethanol decomposition (ED) or SR) tests,
He was bubbled through a saturator filled with ethanol and held
at 273 K at ~15 mL/min. For ethanol SR tests, a second helium
stream (~15 mL/min) was bubbled through a saturator filled with
water and held at 298 K. The two streams were joined at a T-
junction, before which 1-psig check valves were placed on the
lines to prevent a backflow condition. The saturator gas flows and
temperatures were set to provide a H»0:CH3CH;OH ratio of 2:1,
which is nominal for SR. Adsorption/reaction measurements were
started at 313 K, and then the temperature was increased at a rate
of 10 K/min; measurements were recorded at 373, 473, 573, 673,
and 773 K.

2.7. Temperature-programmed oxidation (TPO)

TPO was carried out after 6 h TOS of reaction over Pt/CeZrO,
catalyst to study the nature of the catalyst deactivation. The analy-
sis was performed in the same apparatus described previously for
0SC and TPD measurements. After reaction, the catalyst was cooled
to room temperature under He, then heated at a rate of 10 K/min
to 1273 K under a mixture containing 8% O in He. The products
were monitored using a quadrupole mass spectrometer.

2.8. Reaction conditions

ED (i.e., HyO/ethanol molar ratio = 0.0), SR, POX, and OSR were
performed in a fixed-bed reactor at atmospheric pressure. Before
the reactions, the catalysts were reduced at 773 K for 1 h and then
purged under N, at the same temperature for 30 min. All reac-
tions were carried out at 773 K. In addition, SR was performed at
1073 K. POX was conducted using an O /ethanol molar ratio of 0.5.
The choice of Oy/ethanol ratio was based on the work of Caval-
laro et al. [23], who found an ethanol conversion of ca. 100% and
H, production near maximum when using an O,/ethanol ratio of
0.4-0.5. For SR, HyO/ethanol molar ratios of 2.0, 3.0, or 5.0 were
used. OSR was performed using a HpO/ethanol molar ratio of 2.0
and an O;/ethanol molar ratio of 0.5. SR, POX, and OSR also were
carried out without catalyst (homogeneous reaction) at 773 K. The
reactant mixtures were obtained using two saturators containing
water and ethanol, which were maintained at the temperature nec-
essary to obtain the desired H,O/ethanol and O/ethanol molar
ratios. For ED and POX, N; (30 mL/min) and a 5.6% O;/N; mix-
ture (30 mL/min), respectively, were passed through the saturator
with ethanol, and the resulting reactant mixtures were diluted
with Nz (30 mL/min). For SR, the reactant mixture was obtained
by flowing two N; streams (30 mL/min) through each saturator
containing ethanol and water separately. For OSR, a flow of 5.6%
02/N3 (30 mL/min) and a flow of N» (30 mL/min) were passed
through the saturators containing ethanol and water, respectively.
The partial pressure of ethanol was kept constant for all experi-
ments. The variation of partial pressure of water was compensated
by the decrease of partial pressure of Nj.

To evaluate the catalyst deactivation within a short time pe-
riod, a small amount of catalyst was used (20 mg). The samples
were diluted with inert SiC (SiC mass/catalyst mass = 3.0). The re-
action products were analyzed by gas chromatography (Micro GC
Agilent 3000 A) containing two channels for dual thermal conduc-
tivity detectors (TCDs) and two columns: a molecular sieve and a
Poraplot U column. The ethanol conversion and the selectivity to
the products were determined from

n - i
Xethanol = (Nethanol)fed — (Methanol)exit « 100 (4)

(Nethanol)fed

and

n
S, — (x)produced x 100, (5)

X =
(Ntotal) produced

where (nx)produced = Mol of x produced (x = hydrogen, CO, CO,,
methane, acetaldehyde, or ethene) and (niotal)produced = Mol of
H, + mol of CO+ mol of CO; +mol of acetaldehyde + mol of ethene
(the moles of water produced are not included).

3. Results and discussion
3.1. Catalyst characterization

The BET surface area of CeZrO, support was very low (34 m?/g)
and was not measurably affected by the addition of platinum.
Pt/CeZrO, catalyst exhibited high oxygen consumption during OSC
analysis (626 pmol/gca). The high OSC of Pt/CeZrO; can be at-
tributed to the high oxygen mobility of the Ceq75Zrg2502 solid
solution formed. XRD data revealed the formation of a CeO,-ZrO,
solid solution with a cubic symmetry [24]. Fally et al. [25] obtained
similar findings for OSC analysis over CeZrO, systems. Indeed,
160-180 switching investigations [26] determined that whereas
low-temperature oxygen mobility is confined to the surface shell
in pure ceria, considerable oxygen transport between the bulk and
surface shell regions occurs over the ceria-zirconia mixed-oxide
system. The higher oxygen mobility of the mixed oxide also has
been linked to higher extents of reduction over ceria alone [27].

The platinum dispersion of Pt/CeZrO, catalyst calculated by the
CH dehydrogenation probe reaction was relatively low (~22%). This
is likely attributed to the inability of the CeZrO, support, which
exhibited a low BET surface area, to stabilize Pt of small particle
size.

3.2. Reactions

A series of hydrogen production test reactions was carried out
over the Pt/CeZrO; catalyst to evaluate the response of the catalyst
to different environments, as well as to assess catalyst performance
parameters such as conversion, selectivity, and stability. The reac-
tions were investigated at 773 K, including ED, SR, POX, and OSR
of ethanol; the main results are summarized in Fig. 1. Comparing
the values of initial ethanol conversion obtained for the ED and SR
reactions indicate that adding water to the feed increased the ini-
tial conversion level. The initial ethanol conversions were similar
during the POX and OSR reactions (Figs. 1c and 1d, respectively)
and higher than the conversion levels observed for the ED and SR
reactions (Figs. 1a and 1b). Kugai et al. [28] also observed that the
addition of water and oxygen over Ni-Rh/CeO, catalyst increased
the ethanol conversion for ED, SR, POX, and OSR.

Ethanol conversion decreased significantly at the beginning of
the ED and SR reaction tests, but in both cases, the catalyst became
practically stable after 4 h time on stream (TOS). Some authors
[29] also observed a strong deactivation for the Rh/Ce0O,-ZrO, cat-
alysts during SR, which they attributed to carbon deposition on the
catalyst surface. Recently, we studied the performance of Pt/CeO,
and Pt/Ceg75Zrg2502 during the SR of ethanol [11]. The addition of
Zr to ceria improved the stability and decreased the CO selectivity
of the Pt/CeO; catalyst. Despite the slight deactivation observed for
both the POX and OSR reactions, from the standpoint of ethanol
conversion, adding O, to the feed improved catalyst stability. In
line with these results, Fierro et al. [30] reported that the introduc-
tion of more oxygen increased the stability of Ni-Cu/SiO, catalysts
during OSR.

The selectivity to hydrogen decreased during the first 3 h TOS
for both the ED and SR reactions. After that interval, hydrogen was
no longer detected during ED, whereas its selectivity remained rel-
atively stable during SR. For POX, hydrogen formation was very
low and was no longer observed after 1 h TOS. The catalyst pro-
duced large quantities of Hy for the first 3 h TOS during OSR,
but hydrogen selectivity decreased significantly after this period.
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Fig. 1. Ethanol conversion (Xethanot) and product distributions versus time on stream obtained during (a) ED, (b) SR, (c) POX and (d) OSR for Pt/CeZrO, catalyst
(Treaction = 773 K; Hp0/ethanol = 0.0 (for ED); H,O/ethanol = 2.0 (for SR and OSR); O, /ethanol = 0.5 (for POX and OSR) and residence time = 0.02 gs/mL).

For each reaction tested, the decrease in hydrogen selectivity was
accompanied by an increase in acetaldehyde selectivity; in fact, ac-
etaldehyde was the main product observed during ED. Significant
amounts of ethene were detected only during ED, and its selectiv-
ity remained virtually constant during 6 h TOS.

The selectivity of CO; increased slightly during the ED, SR, POX,
and OSR reactions. Moreover, CO production was detected only for
the SR and POX reactions and was much more significant in the
reaction that contained oxygen in the feed. For SR, CO selectivity
decreased significantly at the beginning of the reaction test; in fact,
CO was no longer detected after 1 h TOS. In contrast, CO formation
remained relatively constant during POX. Methane selectivity was
low and constant for ED, SR, and POX; higher methane formation
was observed for OSR.

Table 1 displays the product distribution results obtained on a
dry basis at the same level of conversion (~60%, 773 K) for all
of the reactions studied. Hydrogen was observed only during ED
and SR, and its selectivity was higher during SR, in which the
selectivity to acetaldehyde was lower. CO, selectivity was higher
in both OSR and POX, whereas CO selectivity was greater in POX.
These results indicate that adding water to the feed increased the
production of Hy, CO, and CO, and decreased the selectivity to
acetaldehyde; moreover, no significant amount of ethene was de-

Table 1
Product distributions obtained on a dry basis at the same conversion (~60%) for ED,
SR, POX and OSR for Pt/CeZrO; catalyst®

Reaction Product distribution (%)

Hy CHy Cco CO, Acetaldehyde Ethene
ED 45 3 2 2 36 12
SR 65 7 9 14 5 1]
POX 0 4 16 39 40 1
OSR 0 15 0 40 44 1

3 Treaction = 773 K; HyO/ethanol = 2.0 (for SR and OSR); O/ethanol = 0.5 (for
POX and OSR) and residence time = 0.02 gs/mL.

tected in the product. The increases in Hy, CO, and CO, selectivity
likely can be ascribed to the reaction between water and ethanol.

Similar results were obtained by Kugai et al. [28] for ED, SR,
POX, and OSR over a Ni-Rh/CeO; catalyst. These authors found
the highest H, production rates for ED and SR. They also re-
ported that POX and OSR exhibited the highest CO, selectivity,
whereas CO production was greatest during POX. It should be
pointed out that the product distributions presented by these au-
thors for the different reactions were not obtained at the same
conversion level. Ethene is produced by the dehydration of ethanol
(CoH50H — CyH4 + Hy0) [4], which is not favored in the presence
of water.
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The product distributions also indicate that the addition of O,
did not have a positive effect on H, selectivity, likely due to oxida-
tion to water. On the other hand, the presence of O, favored the
production of CO, and acetaldehyde.

SR, POX, and OSR also were carried out without catalyst (ho-
mogeneous reactions) at 773 K (not shown). The results differed
significantly from those obtained for the Pt/CeZrO, catalyst. In the
absence of this catalyst, the ethanol conversion was lower for all
reactions (~25% for SR and POX and ~60% for OSR). For SR and
POX, the main product was acetaldehyde, whereas for OSR, large
amounts of acetaldehyde, methane, and CO, were observed. SR
was studied in greater detail, because the highest stable Hy pro-
duction and the lowest byproduct formation were obtained for this
reaction.

3.2.1. Effect of HyO/ethanol molar ratio during SR over Pt/CeZrO,

The foregoing results indicate that the highest H, production
rates after 6 h TOS were obtained for SR, but the catalysts under-
went significant deactivation. To explore the impact of H,O on the
stability of the Pt/CeZrO, catalyst, the effect of the H,O/ethanol
molar ratio during SR at 773 K was evaluated.

Fig. 2 presents ethanol conversion and product distributions as
functions of TOS obtained for the Pt/CeZrO, catalyst during SR with
H,0/ethanol molar ratios of 3.0 and 5.0. Comparing the results in
Figs. 1b, 2a, and 2b shows that increasing the H,O/ethanol molar
ratio from 2.0 to 3.0 increased the initial ethanol conversion, but
that increasing the H,O/ethanol molar ratio further from 3.0 to 5.0
produced no additional benefit. This finding strongly suggests that
adding more water to the feed favored the SR pathway. Despite
the increase in initial conversion, increasing the H,O/ethanol mo-
lar ratio did not promote long-term catalyst stability. Although a
short-term improvement in the catalyst deactivation rate was ob-
served initially with higher H,O/ethanol molar ratios, a high rate
of deactivation was found at all HyO/ethanol molar ratios studied.
Nevertheless, for HyO/ethanol molar ratios of 2.0 (Fig. 1b) and 3.0
(Fig. 2a), the catalyst became stable after an initial deactivation pe-
riod, but deactivated continuously (albeit more slowly initially) at
a HyO/ethanol molar ratio of 5.0 (Fig. 2b). A strong deactivation of
the Rh/Ce0,-Zr0, catalyst also was observed for SR even at a high
steam-to-ethanol molar ratio (H,O/ethanol = 8.0) [29].

Vaidya and Rodrigues [3] reviewed the kinetic studies of the SR
of ethanol and found that many authors have reported a first or-
der for the reaction with respect to ethanol. In our work, the initial
rate of reaction and the turnover frequency (TOF) were calculated
considering a first-order reaction and the Pt dispersion determined
by CH dehydrogenation. For a first-order reaction, the rate con-
stant k at 773 K was 7.6 x 10° cm?/(g.,; h), and the activation
energy obtained was 50.3 kJ/gmol. In the literature, the values of
activation energy vary significantly, from 1.87 to 149 kJ/gmol. The
initial rate and TOF calculated at 773 K were 0.6 gmol/(gcac h) and
9.8 s~1, respectively.

H, production decreased at the beginning of the reaction test
for HyO/ethanol molar ratios of 2.0 and 3.0, but then remained
relatively stable thereafter. With a H,O/ethanol molar ratio of 5.0,
the selectivity to H, remained quite stable for the first 4 h TOS,
followed by a decrease thereafter. This decrease in H, selectiv-
ity was accompanied by an increase in acetaldehyde selectivity.
Small quantities of CHg4, CO, and CO, and trace amounts of ethene
were seen at all HyO/ethanol molar ratios evaluated. D6mdk et al.
[18] also detected a decrease in Hy selectivity and an increase in
acetaldehyde selectivity during SR over an alumina-supported Pt
catalyst, using H,O/ethanol molar ratios of 3.0 and 9.0.

Table 2 presents the product distributions obtained on a
dry basis at the same level of conversion (~55%) for different
H,0/ethanol molar ratios. Increasing this ratio resulted in a ben-
eficial effect on the H, and CO, production rates. Furthermore,
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Fig. 2. Ethanol conversion (Xethanot) and product distributions versus time on
stream obtained during on SR at (a) HpO/ethanol molar ratio = 3.0 and (b) H,0/
ethanol molar ratio = 5.0 for Pt/CeZrO; catalyst (Tyeaction = 773 K and residence
time = 0.02 gs/mL).

Table 2
Product distributions obtained on a dry basis at the same level of conversion (~55%)
during SR at H,O/ethanol molar ratios of 2.0, 3.0 and 5.0 over Pt/CeZrO; catalyst?

H;O/ethanol molar ratio Product distribution (%)

Hy CHy Cco CO, Acetaldehyde Ethene
2.0 63 4 10 11 10 2
3.0 66 2 5 9 15 3
5.0 69 8 4 16 3 0

? Treaction = 773 K and residence time = 0.02 gs/mL.

increasing the H,O/ethanol molar ratio from 2.0 to 5.0 resulted
in a decrease in CO production. These results are in agreement
with those reported by several authors [31-34] for SR over Ni-
based catalysts. According to these authors, adding water favored
the water-gas shift reaction, leading to an increase in H, and CO,
production along with a decrease in CO formation.

Increasing the H,O/ethanol molar ratio from 3.0 to 5.0 was
found to lead to a decrease in acetaldehyde and ethene forma-
tion. These results are consistent with the findings of Domok et
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al. [18], who reported that increasing the H,O/ethanol molar ratio
from 3.0 to 9.0 led to a decrease in ethene production during SR
over alumina-supported Pt catalysts. As described earlier, water in-
hibits the dehydration of ethanol, thereby limiting the amount of
ethene produced. It is noteworthy that acetaldehyde selectivity in-
creases with catalyst deactivation. In fact, accompanying the initial
improvement in deactivation rate with increasing H,O/ethanol ra-
tio, the onset time of the rise in acetaldehyde selectivity increases
significantly. Further discussion of the effect of H,O/ethanol molar
ratio on deactivation rate and product selectivity changes is pre-
sented in terms of the proposed mechanism following the DRIFTS
analysis.

3.2.2. Effect of the reaction temperature on SR over Pt/CeZrO;

According to the literature, SR proceeds through different path-
ways, depending on the reaction temperature. At low reaction tem-
peratures, byproducts formed include oxygenated compounds (e.g.,
acetaldehyde, acetone) and hydrocarbons (e.g., methane, ethane).
Ethene is considered a precursor to coke formation, which in
turn contributes to catalyst deactivation. On the other hand, high-
temperature SR favors the thermodynamic equilibrium composi-
tion, including the production of CO at levels >10 ppm, which will
poison the electrodes of PEM fuel cells if not converted. There-
fore, additional CO conversion and cleanup steps are required in
the fuel processor. Interestingly, metal-doped, ceria-containing cat-
alysts also exhibit good activity for the water-gas shift and prefer-
ential oxidation reactions [35], features that may allow the future
design of an integrated processor based on one main catalyst sys-
tem.

In the present work, SR was carried out at two temperatures:
773 K (low reaction temperature) and 1073 K (high reaction tem-
perature). Figs. 2a and 3 present ethanol conversion (Xethano) and
product distributions during SR over the Pt/CeZrO, catalyst at
773 K and 1073 K, respectively. The catalyst exhibited the same
initial ethanol conversion level at both temperatures; however,
increasing the reaction temperature from 773 to 1073 K greatly
improved the catalyst stability, such that it remained quite stable
at the higher temperature. Some authors [31,34,36] have reported
that a decrease in reaction temperature leads to carbon accumu-
lation on the surface of supported metal catalysts, resulting in
loss of catalytic activity during SR. When the reaction tempera-
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Fig. 4. TPO profile of Pt/CeZrO, catalyst obtained after SR at 773 K (H,O/ethanol
molar ratio of 3.0 and residence time = 0.02 gs/mL).

ture is increased, the carbon deposition rate decreases. This phe-
nomenon has been attributed to both thermodynamic and kinetic
factors [34]. Whereas lower temperatures (<823 K) thermody-
namically favor the production of coke, from a kinetic standpoint,
higher temperatures facilitate carbon removal (e.g., the reactions of
carbon with steam or CO;) [34]. In addition, Roh et al. [29] linked
the rapid deactivation of a Rh/Ce0,-ZrO, catalyst during SR to car-
bon deposition on the catalyst surface. According to these authors,
catalyst deactivation was closely correlated with ethene formation,
which is considered a carbon precursor.

Concerning product distributions, Hp, CO, CO,, acetaldehyde,
and ethene were observed at low temperatures, whereas Hy, CO,
and CO, were the only products detected at high temperatures.
Several authors [31-34,36,37] have reported that increasing the re-
action temperature decreases acetaldehyde and ethene formation
in favor of Hp, CO, and CO; production during SR over Ni- and
Rh-based catalysts. These results have been attributed to acetalde-
hyde and ethene reforming reactions at high temperatures, which
increase the production of Hy, CO, and CO,.

Comparing the product distributions obtained with the ther-
modynamic equilibrium composition [38-40] clearly shows that
the product composition is far from thermodynamic equilibrium
at 773 K but is closer to thermodynamic equilibrium at 1073 K.
These results agree with those reported by Roh et al. [6] for SR
over Rh/Al;03 and Rh/CeO,-ZrO, catalysts, who found a H; yield
close to the equilibrium value for both catalysts only at tempera-
tures above 773 K.

Because the activity of Pt/CeZrO, decreased significantly during
the reaction at low temperature (773 K), TPO experiments were
carried out after 6 h TOS to study the nature of the carbonaceous
species formed that can contribute to catalyst deactivation. The
TPO profile, shown in Fig. 4, exhibited two peaks around 597 and
1030 K, corresponding to CO, formation, with the low-temperature
peak much more prominent than the high-temperature peak. Roh
et al. [29] detected a CO, peak at around 480 K for Rh/Ce0,-Zr0;
catalysts during TPO experiments performed after SR at 623 K;
the CO, evolved was assigned to the oxidation of carbonaceous
deposits. Erdohelyi et al. [17] reported that hydrogen selectivity
decreased while acetaldehyde formation increased during the reac-
tion, in agreement with our findings in the present work. Accord-
ing to these authors, the decrease of hydrogen selectivity during SR
was due to an inhibiting effect of surface acetate species. They pro-
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Fig. 5. TPD profile of Pt/CeZrO, catalyst obtained after ethanol adsorption at room
temperature.

posed that the highly stable acetate species adsorbed on the sup-
port hindered the migration of the ethoxy species from the support
to the metal particles and, consequently, its decomposition. Re-
cently, Platon et al. [41] studied the deactivation of Rh/CeqgZrp20,
catalysts in low-temperature SR. Transmission electron microscopy
(TEM) analysis detected no significant metal particle sintering or
carbon deposition, whereas thermogravimetric analysis (TGA) and
TPO analysis revealed a significant buildup of carbonaceous inter-
mediates, causing catalyst deactivation. These carbonaceous inter-
mediates were less stable at higher reaction temperatures. Among
the reaction intermediates, acetone and ethene were mainly re-
sponsible for the catalyst deactivation.

In the present work, the peaks at 597 and 1030 K likely can be
attributed to the oxidation of two different carbonaceous deposits:
carbon-containing surface species and carbon deposits over the
CeZrO, support, respectively. This suggests that the deactivation
of Pt/CeZrO, catalyst at 773 K likely was related to the presence
of acetate-like surface species, as discussed in more detail in the
next section. On the other hand, at high temperatures (>823 K),
the formation of coke during SR is not thermodynamically favored
[34] or the acetate species are not stable, likely contributing to the
stability of Pt/CeZrO, at 1073 K.

3.3. Reaction mechanism

3.3.1. TPD of ethanol

Fig. 5 presents the TPD profiles of adsorbed ethanol for the
Pt/CeZrO, catalyst. Ethanol desorption was detected only at 390 K.
Similar results have been reported previously for the TPD of
ethanol over supported metal catalysts [13,17]. In addition, small
amounts of acetaldehyde and ethene were detected between 351
and 703 K, reaching a maximum at around 520 K. Erdohelyi et al.
[17] also reported the production of acetaldehyde and ethene at
around 500 K over CeO,- and Al,0s-supported noble metal cata-
lysts and suggested that this was due to the dehydrogenation and
dehydration of ethanol, respectively.

At low temperatures, the Pt/CeZrO, catalyst exhibited a signif-
icant peak for Hp production (at 400 and 450 K) and a smaller
peak for CH4 formation (at 400 K). The formation of Hy, CHg4, and
CO in the low-temperature region during the TPD of ethanol over

Al;03- and CeO;-supported metals has been reported previously
[13,14,42-44]; those studies suggested that ethanol adsorbs on the
catalyst surface as ethoxy species that can be decomposed to Hj,
CHy4, and CO on metal particles. The absence of CO desorption in
the present study suggests that CO remained adsorbed at low tem-
peratures.

At high temperatures, two broad peaks (at 490-730 K) related
to both H, and CH4 formation were detected for the Pt/CeZrO,
catalyst, whereas CO desorption was observed at 548 and 673 K.
No significant production of CO,, crotonaldehyde, acetone, or ben-
zene was detected by TPD analysis. Several previous studies [13,
42,43] detected the formation of CO and CH4 at high tempera-
tures (above 500 K) during TPD of ethanol over CeO, and Al,03
supports, and assigned their formation to the products of decom-
position of carbon species (i.e., acetaldehyde and acetate species)
formed previously. According to these studies, a fraction of acetate
species can be oxidized to carbonate species that are decomposed
to CO,. It also was reported that a greater amount of CO, was
desorbed from alumina than over ceria support [13]. According to
the literature [45], CO, can replenish the oxygen vacancies of the
CeO, support, releasing CO as a product. Because alumina does not
have a significant population of oxygen vacancies, the CO, forma-
tion rate is likely higher on this support. In the present work, the
0SC analysis demonstrated a high density of oxygen vacancies in
the Pt/CeZrO; catalyst, which can explain the absence of CO, and
the large desorption peak assigned to CO at high temperatures dur-
ing the TPD experiments. Finally, the high H, production detected
at high temperature in the TPD profiles of the Pt/CeZrO, catalyst
can be assigned to the desorption of Hy previously formed during
the steps of ethanol dehydrogenation.

Comparing the TPD results obtained for Pt/CeZrO, catalyst with
those reported in the literature for the Pt/CeO, catalyst [13] shows
greater formation of CH4 and CO at high temperatures for the
CeZrO,-supported catalyst. This finding suggests that adding Zr to
ceria promoted the decomposition of carbon species formed pre-
viously (acetaldehyde and acetate species). In addition, CO, forma-
tion was detected only for the Pt/CeO, catalyst. As reported pre-
viously [24], the Pt/CeZrO, catalyst had a much greater OSC than
the Pt/CeO, catalyst; therefore, the dissociation of CO, on oxygen
vacancies of the support was favored on Pt/CeZrO,, which is con-
sistent with the higher formation of CO during TPD of ethanol on
the CeZrO;-supported catalyst.

3.3.2. DRIFTS

3.3.2.1. DRIFTS analysis of ethanol desorption Fig. 6 shows the IR
spectra of adsorbed ethanol on the Pt/CeZrO, catalyst at differ-
ent temperatures. At room temperature, the bands at 1045, 1081,
1407, 1452, 1473, 2880, 2906, 2935, and 2977 cm~! correspond to
different vibrational modes of ethoxy species, which were formed
by dissociative adsorption of ethanol [13,14,46-48]. According to
the literature [46], the ethoxy species adsorb over Ce cations in
bidentate and monodentate modes. The ethoxy bands are shifted
to lower wavenumbers when ethoxy species are adsorbed on a Ce
cation close to an oxygen vacancy. In our work, the low wavenum-
ber band positions ascribed to v(CO) of adsorbed ethoxy sug-
gest that the adsorbed ethoxy species are type II, analogous to
the type II methoxy species observed over partially reduced ce-
ria [49,50]; that is, the ethoxy species are associated with Ce3+
atoms on the surface of ceria, consistent with surface shell reduc-
tion [20]. Actually, TPR profiles of Pt/CeZrO, catalyst revealed that
ceria surface shell is completely reduced below 700 K, confirm-
ing that ethoxy species are adsorbed over Ce3t cations. Further-
more, the formation of ethoxy species from adsorption of ethanol
over Ce3* cations (i.e., oxygen vacancy defects) occurs simultane-
ously with the formation of hydroxyl groups by dissociation of the
ethanol molecule. During ethanol adsorption, a decrease in a band
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Fig. 6. DRIFTS spectra of adsorbed ethanol on Pt/CeZrO, catalyst at different temperatures.
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at ~3650 cm~! indicates that ethanol adsorption displaces H,0
that was dissociated at O vacancies, according to Scheme 1.

In addition to the bands of ethoxy species, there are also bands
at 1342 and 1562 cm~!, which are assigned to the v(OCO) sym-
metric and asymmetric vibrational modes of acetate species that
develop on the catalyst surface [13,14,46-48]. The appearance of
these bands indicates that ethoxy species were somehow oxidized
to acetate species. One widely held view is that the transforma-
tion from ethoxy species to acetate species over ceria-containing
catalysts is attributed to the redox properties of the support [13].
This reaction involves the dehydrogenation of ethoxy species to
acetaldehyde, which may be further dehydrogenated to acetyl
species. This intermediate may react with oxygen from the sup-
port to produce the acetate species [51], as shown in Scheme 2.

Other possible routes to acetate formation also should be con-
sidered. Erdohelyi et al. [17] suggested that acetate species are

formed via two reaction pathways: (i) the reaction between the
acetyl species and the oxygen from the support and/or (ii) ac-
etaldehyde reaction with the surface OH groups. A route from
ethoxy to acetate involving OH groups (i.e., promoted by adsorbed
H,0) at moderate temperatures over Pt/ceria during SR containing
a Hy cofeed also has been postulated [20].

In our work, however, the surface was completely reduced by
the H, treatment and then covered by type II bridging OH groups
[49]. Therefore, because the density of O* atoms available for reac-
tion should be low in this case, a route from ethoxy to acetate
involving type II bridging OH groups appears more likely; such
a mechanism was postulated over Pt/ceria after ethoxy species
were observed to completely convert to acetate species in DRIFTS
after steaming at 433 K [20], as described in Scheme 3. Thus,
Scheme 2 may be favored when O, is included in the feed,
whereas Scheme 3 may be favored when H,0 or another source
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of —OH is present, unless it is proven that H,O reoxidizes the ce-
ria.

The bands at 2056 and 2098 cm~! have been attributed to the
v(CO) vibrational modes of linearly adsorbed CO on metal parti-
cles [52-54]. The band at 2056 cm~' has been assigned to the
v(CO) mode of CO adsorbed on small Pt particles, whereas the
band at 2098 cm™! corresponds to the v(CO) mode of linear CO
bound to large Pt particles. TPD of adsorbed ethanol (Fig. 5) re-
vealed the formation of methane and hydrogen between 300 and
480 K. This result has been attributed to the ED reaction [13,14,17,
18,46,47]. The CO produced remained adsorbed on the Pt surface.
DOmok et al. [18] monitored the gas-phase composition during IR
experiments by mass spectrometry and observed the formation of
hydrogen and methane, confirming that ED occurred. According to
these authors, the decomposition of both ethoxy and acetaldehyde
species contribute to the formation of methane, hydrogen, and CO.

When the catalyst was heated to 373 K, the intensity of the
bands corresponding to ethoxy species strongly decreased, whereas
the intensity of the bands assigned to CO adsorbed on metal par-
ticles increased. This result confirms that ethanol decomposes into
CO, methane, and hydrogen. The spectrum also exhibited a weak
band around 1703 cm~!, which was attributed to the v(CO) mode
of adsorbed acetaldehyde [16,18,55].

At 473 K, the bands associated with ethoxy species completely
disappeared, whereas the bands assigned to acetate species (1545
and 1425 cm~!) remained unchanged. The intensity of the bands
corresponding to acetaldehyde (1691 cm~!) and CO (2058 cm™!)
increased strongly.

Increasing the temperature to 573 K led to an increase in the
intensity of the bands related to acetate species, while the in-
tensity of the CO bands decreased and the acetaldehyde band
disappeared. At temperatures above 573 K, the intensities of the
bands of acetate species and adsorbed CO strongly decreased, and
at 773 K, bands were no longer detected. Comparing the results
with the TPD data clearly shows two CO and CH4 peaks at 500-
750 K, consistent with the acetaldehyde and acetate decomposi-
tion observed in DRIFTS. During TPD and DRIFTS experiments, the
amount of H,O present may be low, in which case, H;O may not
assist in CO; desorption from the surface by dissociation at the
vacancies. One result may be that CO, reoxidizes the vacancy, lib-
erating CO in the process, which is consistent with the TPD data

and similar to a mechanism proposed during CO, reforming in the
CH4 reaction [45]. This may explain the absence of CO; in both
experiments. Both HyO-assisted and -unassisted acetaldehyde and
acetate demethanation reactions are described in Scheme 4.

It is useful to consider that the foregoing H,0-assisted acetate
decomposition reaction to methane and carbonate is the analog
of forward formate decomposition [56], where in the presence of
H,0, both the formate turnover rate (as low as ~403 K required)
and the decomposition selectivity are promoted, such that H, and
CO, (product of carbonate decomposition) are produced.

Another possible route for CO formation may be explained by
examining the analog of formate decomposition. In that case, ther-
mal formate decomposition [56] favors the reverse pathway, back
to CO and -OH*, and requires higher temperature (~573 K). The
analog of reverse acetate decomposition would be CO and -OCH3.
In the presence of -OH*, the methoxy group would undergo trans-
formation to formate, which can subsequently decompose either in
the forward direction (i.e., to Hy and CO) or the reverse direction
(ie, to -OH and CO), depending on whether or not coadsorbed
H,0 is present. The forward/reverse decomposition reactions of
formate, along with the proposed acetate analog, are provided in
Scheme 5.

3.3.2.2. DRIFTS analysis of ED Fig. 7 shows the DRIFTS spectra at
different temperatures and under ethanol flow. At room temper-
ature, the spectrum is approximately identical to that shown in
Fig. 6, as expected. The bands corresponding to ethoxy species (at
1045, 1081, 1408, 1452, 2811, 2898, 2935, and 2978 cm™!), acetate
species (at 1336 and 1562 cm~!), and CO adsorbed linearly (at
2048 and 2098 cm~!) are observed.

Increasing the temperature to 373 K strongly increased the in-
tensity of the bands assigned to acetate species. In the case of
the DRIFTS analysis of adsorbed ethanol (Fig. 6), the intensity
of the acetate bands remained practically unchanged, indicating
that the oxidation of ethoxy species to acetate species is more sig-
nificant as ethanol flows continuously through the catalyst. The
intensity of the band related to CO linearly adsorbed increased
slightly, while the bands assigned to ethoxy species decreased.

In contrast, the spectrum exhibited significant differences when
the catalyst was heated to 473 K under ethanol flow. The inten-
sity of the bands corresponding to linearly adsorbed CO increased,
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whereas that of the bands attributed to acetate species strongly
increased. Furthermore, the appearance of the bands at 2330 and
2360 cm~! indicates that CO, was formed at this temperature.
Comparing these results with those obtained during DRIFTS anal-
ysis of adsorbed ethanol at 473 K (Fig. 6) suggests that the sur-
face concentration of acetate species formed was higher and that
CO, formation could be detected only when ethanol was flowing
through the catalyst.

Actually, ethanol adsorption and dissociation to ethoxy species
occurred continuously as ethanol flowed through the catalyst. The
oxidation reaction of ethoxy species to acetate occurred instan-

taneously on the catalyst surface, because the bands of ethoxy
species were hardly detected, as shown in Fig. 7. It has been re-
ported that acetate species formed previously can be decomposed
to CO, via carbonate species [14,20,46,47]. As discussed previously,
Jacobs et al. [20] postulated that the presence of type Il OH groups
associated with Ce3*t defect sites aids in the transformation from
acetate to methane and carbonate, the latter of which decomposes
further to CO,, as described in Scheme 4.

At 573 K, the intensity of the bands assigned to CO and CO,
increased, whereas the acetate bands decreased slightly. Further
heating to 673 K decreased the intensity of the acetate species
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Fig. 8. DRIFTS spectra obtained on Pt/CeZrO; catalyst at different temperatures and

as well as the adsorbed CO band; however, both bands practi-
cally disappeared at high temperatures during DRIFTS analysis of
the TPD of adsorbed ethanol (Fig. 6). At high temperatures (i.e.,
773 K), there remained bands attributed to CO, CO,, and ac-
etate species, whereas no bands were detected in the previous
DRIFTS spectrum for the TPD of adsorbed ethanol at high tem-
peratures.

The formation of acetate species merits additional comments.
As described in Schemes 2 and 3, acetate species may be formed
either by the reaction of acetyl species with oxygen from the sup-
port or via hydroxyl groups. The presence of acetate species even
at 773 K indicates that the reaction with hydroxyl groups is the
most likely reaction route. The support will not likely have avail-
able oxygen to supply after the analysis of the same sample at
different temperatures, unless the ethanol feed itself can replen-
ish the vacancies of the support with O*. The hydroxyl groups are
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under the reaction mixture containing ethanol and oxygen (ethanol/oxygen ratio = 0.5).

formed during different dehydrogenation steps of ethanol, as de-
scribed in Scheme 2.

3.3.2.3. DRIFTS analysis under an ethanol-oxygen mixture Fig. 8
shows the DRIFTS spectra obtained for the reaction mixture con-
taining ethanol and oxygen (ethanol/oxygen ratio = 0.5). Basically,
the spectrum at room temperature exhibited the same bands ob-
served during the DRIFTS analysis after ethanol adsorption (Figs. 6
and 7): ethoxy species (1053, 1080, 1403, and 1450 cm™!), ac-
etate species (1542 cm~!), and linearly adsorbed CO (2044 cm™1).
In this case, a new band was detected at around 1643 cm~!, at-
tributed to the v(CO) vibrational mode of acetyl species [16,55].
This intermediate stems from hydrogen elimination of the ad-
sorbed acetaldehyde. The main difference between the spectra at
room temperature in Figs. 6 and 8 is that the acetate/ethoxy ratio
was higher when O; was co-fed. This result can be explained in
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Fig. 9. DRIFTS spectra obtained on Pt/CeZrO, catalyst at different temperatures and under the reaction mixture containing ethanol and water (water/ethanol ratio = 2.0).

terms of the redox properties of the support. Oxygen of the feed
partially replenishes the vacancies of the support, making more
oxygen available to oxidize the ethoxy species to acetate species,
as described in Scheme 2. In addition, the intensity of the v(CO)
band characteristic of CO linearly adsorbed on Pt is lower in the
presence of oxygen, likely as a direct consequence of the higher
fraction of ethoxy species converted to acetate species under the
reaction conditions.

Increasing the temperature to 373 K strongly increased the in-
tensity of the band associated with acetate species and also de-
creased the intensity of the bands of ethoxy and acetyl species.

At 473 K, the intensity of the bands of acetate species still in-
creased. In addition, the branches of the band corresponding to
CO, formation (2357 and 2341 cm~!) became visible. This result
is very similar to that observed during DRIFTS under ethanol flow,
but with the appearance of the band at 1724 cm~!, which is at-
tributed to acetaldehyde [16,18,55]. It is important to note that
the formation of acetaldehyde was significantly higher under the
ethanol/O; reaction mixture.

Increasing the temperature to 573 K led to the disappearance
of bands characteristic of the ethoxy species and linearly adsorbed
CO. In this case, the spectrum exhibited only bands corresponding
to acetate species, acetaldehyde, and CO,.

Heating the catalyst to 673 K did not result in significant
changes to the spectrum; only the intensity of the acetate species
bands decreased slightly. At 773 K, the bands attributed to acetate
species were no longer detected, whereas the bands characteristic
of carbonate species (1523 and 1411 cm~!) were now present.

Comparing the DRIFT spectra in the high-temperature range
(573-773 K) revealed marked differences between the set of spec-
tra recorded using ethanol alone and that recorded during the co-
feeding of ethanol and oxygen. The presence of the CO band in the
spectrum under ethanol flow suggests that adding oxygen to the
feed inhibited the reaction of ethanol decomposition or promoted
the oxidation of CO to CO,. Acetaldehyde was detected mainly un-
der an ethanol/oxygen mixture. Oxidative ethanol dehydrogenation
is a commercial technology for acetaldehyde production. The bands
corresponding to carbonate species were more intense when the
ethanol-oxygen mixture was used. In this case, the oxidation of
ethoxy species to acetate, followed by decomposition to CO, via
carbonates species, may use oxygen from the support, because the
vacancies are continuously replenished by oxygen from the feed;

however, the participation by hydroxyl groups cannot be ruled out
entirely. Actually, both reaction pathways may explain the greater
formation of acetate and carbonate species during the experiment
with co-fed oxygen.

3.3.2.4. DRIFTS analysis under the ethanol-water mixture Fig. 9
shows the DRIFTS spectra at different temperatures under the
ethanol-water mixture. The assignments of the IR bands observed
under the ethanol-water feed were similar to those obtained un-
der the ethanol feed. Comparing the results with the spectrum
obtained during the feeding of ethanol alone (Fig. 7) reveals signif-
icant differences in the relative band intensities. The ratio between
the intensities of acetate species/ethoxy species and adsorbed
CO/ethoxy species strongly increased in the presence of co-fed wa-
ter. This finding suggests that water was somehow involved in
the reaction scheme during the formation of acetate species; the
mechanistic Scheme 3 is consistent with this.

When the sample was heated to 373 K, the intensities of the
bands assigned to acetate species and to linearly adsorbed CO
on Pt particles increased, whereas those of the bands of ethoxy
species decreased. Adding water to the feed also promoted the for-
mation of acetate species at this temperature, in agreement with
an earlier study [20].

The spectrum at 473 K reveals the very strong intensities of
the bands of acetate species and adsorbed CO. Gas-phase CO, was
clearly detected at 573 K. At this temperature and above, it is ob-
vious that the CO, production was in agreement with that shown
in Scheme 4.

Above 673 K, the intensities of the bands characteristic of ac-
etate species and adsorbed CO decreased significantly. Comparing
the spectra of Figs. 7 and 9 shows that water likely promoted
the acetate decomposition reaction (Scheme 5). The simultaneous
formation of CO, and CH4 is consistent with forward acetate de-
composition to CO, and CHg, as described in Schemes 4 and 5. This
pathway would be favored when co-adsorbed H;O is prevalent, as
in the case of SR.

In light of this finding, and returning to the catalytic test-
ing data, the initial deactivation rate of the catalyst was slower
at higher HyO/ethanol ratios. It is suggested that H»O promotes
the ethoxy — acetate — methane pathway, because higher ini-
tial methane selectivity occurs at higher H,O/ethanol ratios. It was
pointed out before that the deactivation of the catalyst to be asso-
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ciated with a change in selectivity toward acetaldehyde production.
This suggests that the turnover of ethoxy to acetate, which pre-
ceded demethanation, was increasingly hindered as a function of
time on stream in favor of ethoxy dehydrogenation to acetalde-
hyde. Consistent with the slower initial deactivation rates observed
at higher HyO/ethanol ratios, the onset of the rise in acetalde-
hyde selectivity occurred at a later time on stream with increasing
H,O/ethanol ratio as well.

The literature contains many IR studies of adsorbed ethanol on
different catalysts [5,13,14,16,18,46-48]. In general, ethanol or an
ethanol-water mixture was adsorbed at room temperature, and
then the evolution of species adsorbed on the surface during heat-
ing under vacuum was evaluated by IR analysis. Our results show
that IR experiments under reaction conditions are fundamental to
obtain reliable information that more closely reflects the reaction
conditions of the true catalytic test.

4. Conclusions

In this work, catalytic performance parameters were explored
to evaluate the ability of the Pt/CeZrO, catalyst to convert ethanol
during several important hydrogen production reactions. At a lower
operating temperature (773 K), the catalyst was found to deac-
tivate significantly during ED and SR. Adding oxygen to the feed
improved the catalyst stability from the standpoint of conversion;
however, it also adversely affected hydrogen selectivity, as a signif-
icant fraction of the hydrogen product formed was in turn oxidized
to water. For SR, increasing the water/ethanol ratio tended to favor
the SR reaction route at the expense of catalyst stability. Increas-
ing the reaction temperature from 773 to 1073 K greatly improved
the catalyst stability. Thermodynamic calculations revealed that the
product composition was closer to equilibrium.

DRIFTS was used to investigate the working reaction mech-
anisms under typical reaction conditions. Ethanol dissociatively
adsorbs to generate ethoxy species and adsorbed H (as an -OH
group). The catalytic decomposition of ethoxy species may fol-
low different pathways: (i) decomposition to CO, CHg, and H; or
(ii) dehydrogenation to acetaldehyde and acetyl species. The dehy-
drogenated species may in turn undergo support-induced oxida-
tion to acetate species, with either surface O* or ~-OH* supplying
the O required. As a result, adding co-fed water promoted acetate
species formation. As an added benefit, water also aided the ac-
etaldehyde and acetate decomposition reactions to methane, CO,
and carbonate (i.e., forward decomposition). The formation rates of
acetaldehyde and the oxidation of ethoxy species to acetate species
were more significant during POX, in which the support may sup-
ply O* directly (e.g., redox). Our IR experiments performed under
actual reaction conditions provided critical information more rele-
vant to the true catalytic test.
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