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Abstract

The catalytic partial oxidation of ethanol and ethanol-water was investigated over noble metal and metal plus ceria-coated alum
at catalyst contact times<10 ms. The effects of catalyst, flow rate, and water addition on selectivity and conversion were examined
catalysts were the most active and stable. Without water addition, ethanol was converted directly to H2 with >80% selectivity and>95%
conversion with Rh–Ce catalysts. Rh, Pt, Pd, and Rh–Ru produced less H2, with Pt and Pd producing<50% H2. Pt, Pd, and Rh also produce
more CH4 and C2H4 than Rh–Ce. There was a smaller dependence on flow rate for Rh–Ce catalysts than other catalysts. Variation
of 2 produced small changes in H2, and lower flow rates produced less CH4 and C2H4. Autothermal operation was achieved at as low
10 mol% ethanol in water. Adding water to the Rh–Ce catalyzed reactor increased H2 selectivity and reduced selectivity to CO to<50% due
to increased water–gas shift and steam reforming activity. With added water, the selectivity to H2 exceeds 100%, because both ethanol
water contribute H2. Also, the total selectivity of all unwanted products, mostly CH4, is <3% at the H2 production maximum with wate
addition.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Research in our laboratory over the past decade ha
cused on understanding partial oxidation reactions over
ble metal catalysts at millisecond contact times. These
tial oxidation systems can be run autothermally, thus e
inating the need for external heat. They can also be ea
scaled up or down for different applications, enabling
use of a compact reactor suitable for stationary and port
applications. These autothermal reactor systems are als
vantageous because they can be rapidly started up an
respond to process fluctuations at response times<5 s[1].

There have been numerous studies on hydrogen pro
tion by steam reforming of ethanol[2–6]. However, a major
drawback to this approach is the fact that steam reformin
strongly endothermic,

C2H5OH + H2O → 2CO+ 4H2, �H 0 = +256 kJ/mol.
(1)
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Therefore, heat must be added to heat the reactor to
800◦C needed to achieve high conversions, and this requ
residence times of∼1 s. Because external heat is requir
reactor designs are typically limited by heat transfer ra
than by reaction kinetics. There are ways to increase
transfer while steam reforming fuels, such as in microch
nel reactor systems[7] or catalytic wall reactors, where bo
endothermic and exothermic reactions take place on h
surface area catalysts[2]. However, the use of multiple fue
and expensive materials makes steam reforming unsui
for transportation applications.

There has been discussion of the desirability of autot
mal reforming of ethanol[8], and the catalytic partial oxida
tion and autothermal reforming of ethanol have been ac
areas of research[9–12]. Verykios et al. carried out their re
actions by preheating ethanol to∼500◦C over lanthanates
Ru, and Ni[10,11]. They accomplished their reactions at re
idence times∼10 times longer than needed with milliseco
contact time reactors. Cavallaro et al. carried out their
actions by preheating ethanol to∼650◦C over Rh/Al2O3

powder[12]. Metal sintering was an issue in these expe

http://www.elsevier.com/locate/jcat
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ments, which were carried out in a furnace and focused
diluted ethanol solutions.

We recently reported that ethanol can be converted
rectly to H2 with >80% selectivity and>95% conversion in
an autothermal reformer using Rh–Ce catalysts[9]. Here we
extend this research to examine the effects of catalyst
flow rate on the autothermal reforming of ethanol at cata
contact times<10 ms. Noble metals (Rh, Pt, and Pd), no
metal alloys (Rh–Ru), and the addition of ceria (Rh–Ce)
examined. The effect of flow rate is also investigated.

Unlike hydrocarbons, the partial oxidation of ethano
slightly endothermic, so it alone will not produce the h
necessary for autothermal operation:

C2H5OH+ (1/2)O2 → 2CO+ 3H2, �H 0 = +14 kJ/mol.
(2)

Thus some total oxidation is needed to generate the hea
operation at the 700–1200◦C necessary for sustained fa
reaction:

C2H5OH + 3O2 → 2CO2 + 3H2O,
�H 0 = −1277 kJ/mol. (3)

Although the combustion reaction is highly exothermic
can also produce flames. Flames are intolerable because
lead to unsteady operation and form coke and soot, w
deactivate the catalyst. Homogeneous reactions also
unwanted products, such as acetaldehyde and ethylene[13].

To generate more hydrogen, the steam reforming and
tial oxidation reactions can be combined with the water–
shift (WGS) reaction:

CO+ H2O → CO2 + H2, �H 0 = −41 kJ/mol. (4)

Along with generating more H2, the WGS reaction is im
portant because it reduces the CO concentration, and
is a poison to PEM fuel cells. The exothermic WGS re
tion generally goes to equilibrium at the high temperatu
required for the reforming reactions, but it requires low te
peratures for favorable H2 equilibrium, at which point it
becomes kinetically limited[14].

By combining oxidation with steam reforming and WG
one can take advantage of the heat generated by tota
dation and the extra H2 produced by steam reforming an
WGS. Stoichiometrically, these three reactions can be w
ten as

C2H5OH + 2H2O + (1/2)O2 → 2CO2 + 5H2,
�H 0 = −68 kJ/mol. (5)

Thus adding water with air should maximize hydrog
production and minimize CO in an exothermic proce
Ethanol–water mixtures are also beneficial because the
to remove all the water is a significant cost in producing f
grade ethanol. Fermentation produces 10–20 moles of w
per moles of ethanol. Distillation and water separation fr
the azeotrope using zeolite adsorption are then necessa
produce fuel-grade ethanol.
r

y

-
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r
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2. Experimental

2.1. Reactor

Ethanol–air mixtures are flammable over a wide com
sition range[15]. To avoid the formation of flames and
help limit other homogeneous reactions before the cata
we used an automotive fuel injector[16], which can deliver
and vaporize fuel rapidly by creating small droplets. Beca
vaporization and mixing of the fuel with air occur almo
simultaneously, upstream regions containing a combus
mixture are reduced or avoided.

The reactor was identical to that described previously
consists of a quartz tube, 50-cm long with an 18-mm i.d.[9].
The fuel (ethanol or ethanol–water mixture), which is liqu
at room temperature, was introduced at the top of the rea
using a fuel injector. Pressurized fuel at 20 psig fed the in
tor, controlled using LabVIEW at frequencies of 10–20
and at duty cycles (i.e., the percentage of time that the in
tor remains open) of 3–15%. The liquid flow rate delive
by the injector was accurately controlled by the pressur
the fuel supply tank and by the duty cycle. The fuel deliv
rate was calibrated at different frequencies and duty cy
and was accurate to within±2%. In all experiments, the re
actor ran at atmospheric pressure.

The fuel injector accurately dispersed the fuel into
25-cm-long preheated section of the reactor. Preheatin
140± 10◦C was maintained above the catalyst using h
ing tape wrapped around this preheat section. Oxygen
nitrogen were mixed at air stoichiometry (N2/O2 = 3.76)
and then introduced at the beginning of the preheat sec
The flow rates of high purity oxygen and nitrogen enter
the system from high-pressure cylinders were adjusted u
mass flow controllers via LabVIEW; these controllers are
curate to within±5% of their setpoint. Mixing of the air an
fuel was improved by adding a blank ceramic foam at
end of the preheat section, about 4 cm above the cataly

The catalyst-coated foam had uncoated foams placed
stream and downstream to prevent axial heat loss by
ation. The upstream heat shield also promoted additi
radial mixing of the reactants. The foams were sealed in
quartz tube using an alumina-silicate cloth gasket that
vents bypassing of gases. A hole was bored along the ax
the downstream heat shield so that a chromel–alumel k-
thermocouple could touch the back face of the catalyst in
same location for each experiment. Alumina–silica insu
tion was placed around the outside of the reactor to minim
radial heat losses. A sample of the products was obtaine
analysis at the reactor outlet using a gas-tight syringe.

2.2. Catalyst preparation

Ceramic foams (92% Al2O3, 8% SiO2) were used as cata
lyst supports. They were supplied at 80 pores per linear
(ppi) in cylindrical segments 10 mm long and 17 mm in
ameter. The foams have a nominal surface area∼1.0 m2/g,
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an average channel diameter of∼200 µm, and a void fractio
of ∼80%. These foams were coated by the wet impregna
method as described previously[17].

For single metal catalysts (Rh, Pt, and Pd), the m
als were coated on the supports by soaking them in
aqueous solution of the corresponding metal precursor
(Rh(NO3)3, H2PtCl6, or PdCl3). The foams were dried an
calcined at 600◦C for 6 h. A calculated amount of metal sa
was used to ensure∼5 wt% metal loading based on the ma
of the foam.

A γ -Al2O3 washcoat was added to select Rh catalyst
decrease channel size and increase surface area[17]. The
supports were washcoated using a 3 wt%γ -Al2O3 slurry in
water, followed by drying and heating at 600◦C for 6 h in
a closed furnace. Typical washcoats were∼5% by weight
of the foam, for which an average alumina film thickne
of 10 µm was measured by scanning electron microsc
analysis. After the washcoat was applied, the foam
coated with Rh as described previously.

The Rh–Ru catalysts were prepared by dipping
foams in an aqueous mixture of Rh(NO3)3 and 0.1 mol
K2RuCl5(H2O) in 1.0 mol H2SO4. A calculated amount o
solution was used to ensure a metal loading of∼2.5 wt%
each of Rh and Ru. The catalysts were dried and calcine
600◦C for 6 h.

For the catalysts combining Rh with ceria, a calcula
amount of Rh(NO3)3 and Ce(NO3)3·6H2O that when de-
posited on the support would lead to∼2.5 wt% each of Rh
and ceria were mixed together in an aqueous solution.
foam was soaked in this solution, dried, and then calcine
600◦C for 6 h.

All experiments were run for up to 30 h on a given c
alyst, and most experiments were repeated on several
inally identical catalyst samples with no systematic diff
ences or deactivation noted.

2.3. Product analysis

Once the back-face temperature of the catalyst had
bilized (�10 min), a sample of the product gases was
tained through a septum at the exit of the reactor. A gas-t
syringe was used to withdraw product samples and in
them into a dual-column gas chromatograph equipped
thermal conductivity and flame ionization detectors. Colu
retention times and response factors were determined b
jecting known species. Because nitrogen is an inert spe
it was used as the calibration gas for mass balances. M
balances on carbon and hydrogen typically closed to wi
±5%.

Product selectivities were calculated on an atomic ba
Both C and H atom selectivities were calculated as the
tio of the moles of a specific product to the total moles of
products, accounting for stoichiometry. The three H2 mole-
cules from C2H5OH represent 100% H2 selectivity. Thus, if
pure ethanol is fed to the system, then maximum H2 selectiv-
ity is 100%; however, if an ethanol–water mixture is injec
t

-

,
s

into the system, then H2 selectivity can exceed 100%. This
possible if water is consumed in the process, because t
atoms from the H2O can also be converted into H2. Accord-
ing to the reaction of interest (Eq.(5)), complete conversion
of the ethanol and water could generate 5 H2 per C2H5OH,
which gives a maximum H2 selectivity of 5/3, or 167%. The
consumption of added water results in negative selectivit
H2O, but total H atom selectivity still sums to unity.

3. Results

In these experiments the C/O ratio was varied at a con
stant total flow rate. The C/O ratio for ethanol and ethano
water mixtures is defined as the amount of C atoms ente
the reactor with ethanol divided by the number of O ato
entering with oxygen and ethanol. Therefore, a C/O ratio of
2.0 corresponds to pure ethanol, a ratio of 1.0 correspo
to syngas (H2 and CO) stoichiometry according to Eq.(2),
and a ratio of 0.29 corresponds to combustion accordin
Eq. (3). The lowest C/O ratios shown represent the po
at which experiments were halted because of pulsing in
catalyst, where compositions were within the flammabi
regime of ethanol–air mixtures. The maximum C/O ratios
shown are the highest ratios that could be maintained in
tothermal operation without the catalyst extinguishing d
to a fuel-rich mixture.

3.1. Effect of catalyst

We investigated several noble metal and metal plus ce
coated alumina foams. The single metal catalysts (Rh
and Pd) were∼5 wt% of the metal based on the total mass
the foam. Aγ -Al2O3 washcoat was added to select Rh c
alysts (denoted as Rh wc inFig. 1) to decrease the chann
size and increase the surface area of the catalyst, which
been found to increase syngas selectivity and reduce ol
[17]. The addition of ceria to noble metal catalysts has b
shown to increase WGS activity[18] and is also commonly
used as an oxygen donor for automotive catalytic conv
ers[19]. Therefore, foams were loaded with∼2.5 wt% each
of Rh and Ce. The catalytic partial oxidation of ethan
over structured Ru catalysts has been shown to produce
selectivity to syngas, although these experiments were
ducted in a furnace and at longer contact times[10]. Here
Rh and Ru were combined with∼2.5 wt% each based o
the mass of the foam.

The effect of the catalyst on reactor temperature, con
sion, and selectivity for the reforming of ethanol is sho
in Fig. 1. The total flow rate for these experiments w
6 slpm, resulting in a calculated catalyst contact time
∼7 ms at 700◦C. The corresponding gas hourly space
locity (GHSV) was∼1.5×105 h−1. Ethanol conversion wa
>85% and oxygen conversion (not shown) was>99% for all
ratios and catalysts considered. Pt and Pd had a higher b
face temperature, while the other catalysts operated with



72 J.R. Salge et al. / Journal of Catalysis 235 (2005) 69–78

rsion (
Fig. 1. Comparison of the reforming of ethanol over Rh, Rh–Ce, Rh–Ru, Pt, and Pd coated foams at a total flow rate of 6 SLPM. Ethanol conveX),
catalyst back-face temperature (T ), and product selectivities are shown as a function of C/O ratio.
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similar temperature range, about 200◦C cooler. As the feed
becomes more fuel-rich, the back-face temperature of a
the catalysts decreases, as expected. As shown inFig. 1, the
order of effectiveness in syngas production is Rh–Ce>Rh–
wc >Rh–Ru>Rh>Pd>Pt. Rh–Ce is more stable and giv
greater WGS activity than noble metals alone. The sele
ity to H2 peaks at∼80% at a C/O ∼0.7 for Rh–Ce. Rh, Pt
Pd, and Rh–Ru produced less H2, with Pt and Pd producing
<50% H2. The range of operation of Pt and Pd was also l
ited. Pt was difficult to ignite and was unstable at low C/O
ratios, and Pd showed immediate coke formation, eventu
causing extinction in the reactor. Rh–Ru showed∼65% se-
lectivity to H2; however, it was difficult to maintain stead
state at lower C/O ratios.

The minor products observed consisted of CH4, C2H4,
CH3CHO, and C2H6. At low C/O ratios, the production o
minor products was<3% for Rh–Ce. Meanwhile, Pt an
Pd produced∼15% each of CH4 and C2H4. Only small
amounts of CH3CHO and C2H6 (not shown) were produce
on any of the catalysts at low C/O ratios. CH3CHO was
produced by ethanol dehydrogenation and was comple
reformed at high temperatures (low C/O ratios). As the fue
in the feed increased, more CH3CHO was produced.

For the experimental conditions investigated, the ma
products predicted by thermodynamic equilibrium are2,
H2O, CO, CO2, and CH4. The selectivity to CH4 is high
at low temperatures (>50%), but decreases rapidly abo
500◦C and becomes negligible above 800◦C. This decrease
in CH4 is accompanied by a corresponding increase in2
selectivity. At low C/O ratios, product selectivities from
reforming ethanol over Rh–Ce coated foams were wi
±3% of those predicted by thermodynamic equilibrium.
a C/O∼ 0.7, the Rh–Ce catalyst back-face temperature
∼810◦C. At this temperature, equilibrium predicts a H2 se-
lectivity of 82.9% and a H2O selectivity of 16.9%. Selec
tivities to CO, CO2, and CH4 are 82.0, 17.9, and<0.2%,
respectively. Only negligible amounts of CH3CHO, C2H4,
and C2H6 are predicted.

3.2. Effect of flow rate

The effect of flow rate on the reforming of ethanol w
studied over Rh and Rh–Ce catalysts. For these experim
the total flow rate was varied from 8, 6, and 4 slpm (GH
∼ 2, 1.5, and 1× 105 h−1). These correspond to cataly
contact times of 5–10 ms at 700◦C. Oxygen conversion wa
>99% for all ratios and flow rates considered.

Fig. 2 shows the effect of flow rate on the reformati
of ethanol over Rh catalysts. Ethanol conversion was>95%
for all flow rates, whereas the back-face temperature of
catalyst increased slightly with increasing flow rate. T
increase in temperature was more apparent at lower/O
ratios. Reducing the total flow rate increased the synga
lectivity and decreased higher products. Selectivity to2
reached a maximum of∼75% at a flow rate of 4 slpm, bu
was reduced to<50% at 8 slpm. More minor products we
,

-

produced at higher flow rates. Selectivity to CH4 and C2H4
both increased sharply with higher flow rates, and their
lectivity peaked at C/O ∼ 1.1 for all flow rates. Meanwhile
selectivity to C2H6 and CH3CHO (not shown) were indepen
dent of flow rate, but increased with increasing C/O ratio.

The Rh–Ce catalysts had a less pronounced depend
on flow rate.Fig. 3 shows the dependence of temperatu
conversion and product selectivities on flow rate for Rh–
catalysts. Ethanol conversion was>95% for all flow rates.
The catalyst back-face temperature increased with incr
ing flow rate because at higher flow rates the rate of h
generation increases, causing the reactor to operate clo
adiabatic.

Selectivities to syngas (H2 and CO) and combustion prod
ucts (CO2 and H2O) depended only slightly on flow rate
Over this range of flow, selectivity to H2 varied by∼10%
at a given C/O ratio, whereas selectivity to CO and com
bustion products exhibited a smaller variation. As was
case with Rh catalysts, more CH4 and C2H4 were produced
at higher flow rates, whereas CH3CHO and C2H6 produc-
tion (not shown) remained relatively constant. Production
all the minor products increased as the feed became m
fuel-rich for all flow rates.

3.3. Water addition

Because Rh–Ce is more stable and gives greater W
activity, it was used as the catalyst for water addition
periments. Typical results for the reforming of ethanol o
Rh–Ce with added water are shown inFig. 4. These exper
iments were done at a constant total flow rate of 6 sl
resulting in a calculated catalyst contact time of∼7 ms
at 700◦C. Curves are shown for pure ethanol (100%) a
ethanol–water mixtures of 75, 50, 25, 20, and 10% etha
by mole. On a weight basis, 10 mol% ethanol correspo
to 22 wt% ethanol, or 53 “proof.” This is close to the upp
limit of ethanol from fermentation.

For pure ethanol and ethanol–water mixtures, etha
conversion remained>95% for all C/O compositions.
Adding water increased the selectivity to H2. For pure
ethanol, the selectivity to H2 peaked at∼80% at C/O ∼ 0.7,
whereas for 10% ethanol, the selectivity to H2 exceeded
100%, because both ethanol and water contribute H2. Mean-
while, the selectivity to CO decreased with added water,
to increased WGS and steam reforming activity. For p
ethanol, selectivity to CO peaked at∼80% at C/O ∼ 0.7,
whereas for 10% ethanol, the selectivity to CO was<50%.
Thus, the H2/CO ratio rose to 6.3/1 and the CO/CO2 ratio
fell to 1/2.3 for 10% ethanol.

As expected, the minor products were CH4, C2H4, C2H6,
and CH3CHO, and the total of these products was<3% at
the H2 maximum of C/O ∼ 0.7, rising as C/O increased
CH4 is the major byproduct of pure ethanol and ethan
water mixtures. Selectivity to CH4 rose quickly with in-
creasing C/O ratio. Adding up to 50% water changed t
selectivity to CH4 only slightly. However, at ethanol com
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s. Ethanol
Fig. 2. The effect of flow rate on the reforming of ethanol over Rh at 8, 6, and 4 SLPM, which corresponds to catalyst contact times of 5 to 10 m
conversion (X), catalyst back-face temperature (T ), and product selectivities are shown as a function of C/O ratio.
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positions<25% ethanol, more CH4 is produced due to de
creased catalyst temperature. Methane is undesirable in
process because it competes with H2 for hydrogen atoms
but is inert in PEM fuel cells.

Unlike CH4, selectivity to C2H4 and C2H6 (results not
shown) decreased when water was added. For pure et
and ethanol–water mixtures, C2H4 formation peaked at
C/O ∼ 1.1 and then quickly declined. A negligible amou
of C2H6 was formed for ethanol–water mixtures with<50%
ethanol. The selectivity to CH3CHO (results not shown) ha
no clear dependence on water addition.

3.4. Blank experiment

To further study the effectiveness of producing syngas
these catalysts, experiments were carried out in which
uncoated alumina foam was inserted into a quartz tube
placed in a furnace. The fuel was vaporized and mixed w
air at a C/O ∼ 1.0, then introduced to the furnace, whi
s

l

was heated between 250 and 900◦C. Ethanol and air were
introduced at a total flow rate of 6 slpm, which correspo
to residence times of the gases in the furnace of 200–400
Ethanol conversion remained>90% and oxygen conversio
was>99%, which are feasible because ethanol can dec
pose completely at high temperatures even in the absen
a catalyst[3]. However, the selectivity to H2 fell to ∼25%,
and carbon formation on the blank foam was observed.
lectivity to CH4 and C2H4 rose with temperature to∼25 and
∼20% at 900◦C, respectively. Production of CH3CHO fell
as the temperature increased, but was still∼5% at 900◦C.

3.5. Homogeneous modeling

An elementary reaction mechanism to describe h
temperature ethanol oxidation has been proposed by M
nov[13]. This comprehensive model incorporates 57 spe
and more than 370 elementary reactions. Note that
model has not been validated within our operating ran
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s. Ethanol
Fig. 3. The effect of flow rate on reforming of ethanol over Rh–Ce at 8, 6, and 4 SLPM, which corresponds to catalyst contact times of 5 to 10 m
conversion (X), catalyst back-face temperature (T ), and product selectivities are shown as a function of C/O ratio.
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Using ChemKin, the Marinov model was solved assum
a plug flow reactor with an isothermal temperature profi
A similar approach was used by Hudgins et al., who co
pared the Marinov model to empty tube experiments i
temperature range of 600–800◦C, a residence time of 4 s
and a C/O of 1.0 [20]. These authors found that the Ma
nov model predicts trends, but does not reproduce the
perimental data accurately. They attributed this differenc
experimental error in recording temperatures. Our resul
the present work show better agreement between the m
and our blank tube experiments.

The Marinov model was used to predict conversions
product selectivities at our experimental conditions. Res
obtained over Rh–Ce are compared with those predi
from homogeneous chemistry using the Marinov mode
Fig. 5. A total flow rate of 6 slpm was used for both. T
model assumes a constant temperature of 900◦C and a res-
idence time of 200 ms, which is greater than the cata
contact time of<10 ms in these experiments. Complete c
l

version of ethanol and oxygen (data not shown) at th
conditions was predicted. The presence of the Rh–Ce c
lyst dramatically increased syngas selectivity. Productio
H2 increased by a factor of 4 at C/O ∼ 0.7, whereas selectiv
ity to CO increased by∼20%. The model predicts that CH4

selectivity will be fairly constant at∼20%, whereas ove
Rh–Ce,<3% was observed at a C/O ∼ 0.7, but it increased
with C/O to ∼20%. Selectivity of C2H4 over Rh–Ce was
<1% at C/O ∼ 0.7 and increased to only∼10% at higher
C/O. However, the model predicts∼10% at the low C/O
and>35% at the higher C/O. Analysis of this mechanism
identifies the primary oxidation pathway proceeding throu
CH3CHO. However, the model predicts that CH3CHO will
be completely reformed to CO and CH4 at the conditions
chosen here.

The predicted selectivities from the homogeneous mo
at C/O ∼ 1.0 are comparable to those from the blank exp
iment at 900◦C, shown to the right inFig. 5. The residence
time of the gases for both was∼200 ms. The model pre
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ures of 75,
of
Fig. 4. The effect of water on the reforming of ethanol over Rh–Ce at 6 SLPM. Curves are shown for pure ethanol (100%) and ethanol–water mixt
50, 25, 20, and 10% ethanol on a mole basis. Ethanol conversion (X), catalyst back-face temperature (T ), and product selectivities are shown as a function
C/O ratio.
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Fig. 5. Product selectivities observed experimentally over Rh–Ce and
predicted using a homogeneous model are shown on the left as a fun
of C/O ratio. On the right are product selectivities observed in the b
experiment at C/O ∼ 1.0 and 900◦C. The total flow rate was 6 SLPM an
the model assumes a constant temperature of 900◦C and a residence tim
of 200 ms.

dicts H2, H2O, CO, CO2, and CH4 selectivities to within 2%.
However, the model overpredicts C2H4 selectivity and un-
derpredicts CH3CHO selectivity by∼5%.

4. Discussion

4.1. Surface reactions

Ethanol adsorption and decomposition have been c
fully examined on well-defined single crystal surfac
Ethanol adsorbs dissociately via scission of the O–H bon
an ethoxide species[21–23]. Over Pt and Pd, ethoxides a
subsequently dehydrogenated to acetaldehyde[23]. How-
ever, over Rh, ethoxides do not yield acetaldehyde[21], but
rather dehydrogenate viaβ-CH scission to form an oxame
allacycle, which decomposes to adsorbed carbon, hydro
and oxygen species. These species then recombine to
the syngas products observed in the present study. Su
reactions forming products more complex than C1 carbon
species do not exist[18]. Most other species are probab
formed by homogeneous reactions.

Ethanol and acetaldehyde do not decarbonylate v
common pathway on Rh. Once acetaldehyde is formed, i
sorbs asη2-acetaldehyde, with theα-carbon and the oxyge
bonded to the metal. This is followed by C–C bond sciss
to form CO and methyl, then methane[21]. This could ex-
plain the high methane selectivity observed at high C/O.

4.2. Gas phase reactions

Under the conditions used here, all reactions appea
occur on the surface, except for the formation of min
products such as acetaldehyde and ethylene. Analys
the Marinov mechanism identifies the primary ethanol
idation pathway proceeding through acetaldehyde[13]. The
α-CH bonds are the weakest in ethanol, and the model
dicts that abstraction of one of these produces acetalde
and H atoms. This explains why acetaldehyde was obse
with ethanol, when previous work on the partial oxidati
of alkanes over noble metal coated foams produced no
genates[24].

Selectivities were predicted using the homogeneous
phase mechanism. As shown inFig. 5, much more CH4
and C2H4 would have been formed had gas phase chem
dominated. It has been observed in this laboratory that
alkanes, syngas is seen at low C/O and olefins are seen
higher C/O. However, with ethanol, olefin production nev
increased above∼10%, even at the highest C/O before au-
tothermal operation extinguished.

4.3. Effect of catalyst

The choice of catalyst is a crucial factor in determin
syngas yield. Rh–Ce was the most stable and gave gr
syngas selectivity than noble metals alone. This is perh
because Ce was able to store oxygen and make it avai
for reaction via a redox reaction[18]. Ru cannot undergo thi
redox reaction, so the addition of Ru to Rh did not incre
syngas yield as did the addition of Ce. Pt and Pd prod
less syngas than the Rh-containing catalysts. They ru
a higher back-face temperature, which can in turn ge
ate more products of homogeneous chemistry. The incr
in higher products on these catalysts led to coking, wh
caused the Pd catalyst to extinguish.

4.4. Effect of washcoat

Application of aγ -Al2O3 washcoat to Rh catalysts h
been found to decrease channel size and increase su
area of the catalyst[17]. Because Rh promotes syngas p
duction, the increased surface area of Rh due to washco
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was found to improve syngas yields for the partial oxidat
of alkanes. This work shows that adding a washcoat to
catalyst increases syngas selectivity∼10%. However, Rh–
Ce is still a superior producer of syngas.

4.5. Rh stability

After 4–6 h of operation, the Rh catalyst was no lon
stable, and it began to deteriorate and crumble. There
no noticeable change in the operation of the reactor o
product yields, but when the reactor was dismantled, it
found that the Rh-coated foam had turned to powder.
addition of a washcoat to the Rh catalyst produced the s
result. However, this behavior was not observed for Rh–
Rh–Ru, Pt, or Pd.

Deterioration of a Rh/Al2O3 catalyst is not unique to thi
system. Cavallaro et al. noticed that when oxygen is ad
during the steam reforming of ethanol, Rh crystallites s
ter [12]. They hypothesized that this was due to strong lo
temperature increases (hot spots) produced by the tota
dation of ethanol. Their experiments were done using p
der catalyst, so they did not observe the destruction of
foam. The reason for the deterioration of Rh/Al2O3 catalysts
during the autothermal reforming of ethanol is currently
der investigation.

5. Conclusions

High selectivities to H2 were achieved from the catalyt
partial oxidation of ethanol and ethanol–water. Short-con
time reactors can be tuned by changing catalyst, flow,
feed conditions. Rh–Ce catalysts gave the highest selec
to syngas and were the most stable, perhaps due to the
capabilities of Ce. Less H2 and more minor products wer
produced over Rh, Rh–Ru, Pt, and Pd catalysts. The add
of washcoat to Rh increased syngas selectivity, but ha
effect on stability. Flow variation by a factor of 2 produc
only small changes in H2 production for Rh–Ce compare
with other catalysts.

Autothermal operation was achieved down to 10 mo
ethanol in water. The addition of water to the Rh–Ce
talyzed reactor increased H2 selectivity to>100%, because
both ethanol and water contribute H2. Due to increased WGS
and steam reforming activity, CO selectivity decreased
<50% with added water. At the H2 production maximum
total selectivity to unwanted products was<3% with water
addition.

Under the conditions used in these experiments, sur
reactions dominated. Ethanol adsorbed dissociately a
-

x

ethoxide species and then decomposed to carbon, oxy
and hydrogen species. These then reacted rapidly on the
face to form H2 and CO; no reaction pathways on the surfa
to form greater than C1 products were found to exist. If ho
mogeneous reactions had dominated, then less synga
much more CH4 and C2H4 would have been observed.
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