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Abstract

The reaction of steam reforming of ethanol over nickel catalysts supported onγ -Al2O3, La2O3, and La2O3/γ -Al2O3 is investigated em
ploying transient and steady-state techniques. It is found that ethanol interacts strongly with alumina on the surface of which it is d
at low temperatures, and less strongly with lanthana on the surface of which it is both dehydrogenated and dehydrated. Crackin
are also observed on the carriers at intermediate temperatures. In the presence of Ni, catalytic activity is shifted toward lower temperatu
In addition to the above reactions, reforming, water–gas shift, and methanation contribute significantly to product distribution. Carbon dep
sition is also a significant route. It is found thatthe rate of carbon deposition is a strong function of the carrier, the steam-to-ethanol ratio, and
reaction temperature. The presence of lanthana on the catalyst, high steam-to-ethanol ratio, and high temperature offer enhance
toward carbon deposition.
 2004 Elsevier Inc. All rights reserved.

Keywords: Ethanol reforming; Hydrogen production; Nickel catalyst; Lanthana carrier; Transient kinetics
hich
eric
n o
b-
are

d on
cks.
rna-
sity
on-

rib-
els

use

ive
s, it
nd

ol as

ten-
-

and

m-
as

dy-
en
be

this
t. As

ich
tion
ions

the

sti-
well

e
t to
ce on
1. Introduction

In recent years, hydrogen—incombination with fuel
cells—has been proposed as a major energy source w
could contribute toward two goals: reduction of atmosph
pollution and greenhouse gas emissions, and reductio
global dependency on fossil fuels. Until all technical pro
lems related to storage and transportation of hydrogen
resolved, its generation is expected to be accomplishe
site by reformation of various gaseous or liquid feedsto
Biomass-derived materials, or bio-fuels, are viable alte
tives for this purpose since they offer high-energy den
and ease of handling, so that they can be used for
demand production of hydrogen for automotive and dist
uted power generation. An important advantage of bio-fu
for hydrogen production is related to the fact that their
is neutral or nearly neutral with respect to CO2 emissions.
Among the various liquid bio-fuels, ethanol is very attract
as it is produced renewably from many biomass source
has relatively high hydrogen content, and it is nontoxic a
easy to store and transport. Thus, the use of bio-ethan
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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hydrogen carrier for fuel cell applications has a great po
tial for contributing significantly toward short-to-medium
term targets of energy supply, environmental protection,
regional development.

Hydrogen production from ethanol via steam refor
ing, catalytic partial oxidation, or autothermal reforming h
been the subject of several recent studies[1–8]. The process
has been shown to be entirely feasible from a thermo
namic point of view[9–11] and several catalysts have be
proposed which show sufficient activity and stability to
further considered for practical applications[12–19]. Al-
though many metals have been shown to be active in
process, Ni seems to be the preferred active ingredien
we have shown in previous work[1,6], Ni dispersed on
La2O3 offers a catalyst for steam reforming of ethanol wh
is not only active and selective toward hydrogen produc
but also stable with time on stream, even under condit
which favor carbon formation and deposition.

In the present study, the interaction of ethanol with
surface of catalyst carriers (γ -Al2O3, La2O3, and La2O3/γ -
Al2O3) and Ni catalysts employing these carriers is inve
gated using transient techniques. From these studies as
as from steady-state experiments, the reaction network of th
steam reforming of ethanol is investigated with respec
homogeneous gas-phase reactions, reactions taking pla

http://www.elsevier.com/locate/jcat
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the carriers, and reactions taking place on the metal, at di
ferent temperatures.

2. Experimental

2.1. Catalyst preparation and characterization

The Ni catalysts employed in the present study w
prepared by the wet impregnation method of the carr
(La2O3, γ -Al2O3, La2O3/γ -Al2O3) using Ni(NO3)2 (Alfa
Products) as the metal precursor. Commercialγ -Al2O3
(Engelhard) and La2O3 (Alfa Products) were used, whil
La2O3/Al2O3 was prepared by wet impregnation ofγ -
Al2O3 (Engelhard) with lanthanum nitrate (Alfa Product
The solid residue was calcined in air at 900◦C for 30 h. The
La2O3 content of the carrier was 10% by mass. Further
tails of the preparation methods are described elsewher[1].
The BET surface areas of the fresh materials and after
cination at 900◦C for 30 h appear inTable 1. The apparatu
used was a Micromeritics Gemini III 2375 surface analy
Metal dispersion of fresh catalysts was also determine
hydrogen chemisorption employing a modified Fisons
struments (Sorptomatic 1900) apparatus. Uptake of H2 at
monolayer coverage of the Ni particles was obtained by
trapolation of the linear portion of the adsorption isothe
to zero pressure. Metal dispersion deriving from these m
surements is also shown inTable 1.

2.2. Apparatus

Both transient and steady-state experiments were ca
out in an apparatus which consists of a flow switching s
tem, a heated reactor, and an analysis system. The flow
ratus has been described in detail elsewhere[20]. The reactor
consists of two 6.0-mm o.d. sections of quartz tube, wh
serve as inlet and outlet to and from a quartz cell of 8.0-
o.d. (6-mm i.d.). The total length of the reactor is 15.0 c
The catalyst sample, approximately 100 mg, of particle
between 0.18 and 0.25 mm, was placed in the cell and
in place by means of quartz wool. This configuration
sulted in a catalytic bed of approximately 8–9 mm in leng

Table 1
BET surface areas of fresh and calcined materials and Ni dispersion of
catalysts

Material BET surface area (m2 g−1) Metal dispersion
of fresh catalyst (%)

Fresh After calcination
at 900◦C/30 h

Al2O3 180 62.9
La2O3 3.9 – –
La2O3/Al2O3 97.1 – –
Ni/Al 2O3 117.9 62.9 3.1
Ni/La2O3 12.3 2.0 1.1
Ni/(La2O3/Al2O3) 68.2 44.8 3.6
-

t

The temperature of the catalyst was measured along the
alyst bed by means of a K-type thermocouple placed wi
a quartz capillary well, which ran through the bed. Heatin
of the reactor was provided by an electric furnace controlled
by a programmable controller. The gas composition at
reactor outlet was continuously monitored by an on-
quadrupole mass spectrometer (Fisons, SXP Elite 30
connected to the reactor via a heated silicon capillary
of 2 m length. The pressure in the main chamber was U
level (≈ 10−7 mbar). Calibration of the mass spectrome
signal was performed based on prepared mixtures of
cisely known composition. For all experiments—transi
or steady state—gas-phase composition was calculated
the mass spectrometer signal atm/e ratios of 44, 43, 40, 32
31, 28, 26, 15, 2 for CO2, CH3CHO, Ar, O2, CH3CH2OH,
CO, C2H4, CH4, and H2, respectively. Fragmentation of th
different species was calibrated and contributions from othe
than the indicated ones were subtracted, as well as the bac
ground level.

2.3. Experimental procedure

2.3.1. Adsorption/desorption of ethanol (TPD)
Prior to any experiment, all samples were reduced in

using H2 flow (40 cc min−1) at 700◦C for approximately 1 h
After purging with He for 15 min, the sample was coo
under He flow to room temperature (22◦C). At this point,
40 cc min−1 of a mixture consisting of 1% CH3CH2OH in
He was directed into the reactor chamber for 20 min in
der to saturate the catalyst surface with ethanol. Adsorp
was followed by purging with He for 15 min so as to cle
all lines. After this treatment, temperature programmed
orption (TPD) was initiated, in which temperature was
creased with a linear rate ofβ = 15 K min−1, while the
sample was maintained under He flow (ca. 50 cc min−1).

2.3.2. Temperature-programmed surface reaction (TPSR)
The TPSR experiment is basically a TPD experiment

ried out under reactive conditions. The pretreatment proce
dure was identical with that of the TPD experiment. Af
pretreatment of the material, adsorption of one of the re
tants at room temperature for20 min took place, the surfac
was then purged with He for 15 min, and then the other
actant (1% in He) was passed over the saturated surfa
a temperature-programmed manner, using the same l
heating rate (β = 15 K min−1).

2.3.3. Temperature-programmed reaction
After in situ reduction of the catalyst at 700◦C, He purg-

ing and cooling to room temperature, a mixture contain
1% EtOH and 2% H2O in He was directed through the ca
alyst bed at a rate of 44 cc min−1 while temperature wa
ramped from 25 to 750◦C with a linear rate of 15 K min−1.
The reactor effluent was continuously monitored by the m
spectrometer, as described above. Mass spectrometer s
of reactants and products were converted to concentration b
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calibration with similar mixtures of precisely known comp
sition.

2.3.4. Titration of deposited carbon
Temperature-programmed oxidation (TPO) experime

were conducted in order to estimate the amount of car
deposited on the catalytic surface. TPOs were condu
in a similar manner as described above, following stea
state reactions for a period of 2 h under various experime
conditions. During reaction, the catalyst was exposed to
ethanol–water (1% EtOH/1% or 1.5% or 2% water, bala
He) mixture at a total flow of 44 cc min−1, at temperature
of 600, 700, or 750◦C. After purging with He at 700◦C
for 15 min and cooling to room temperature, TPO with 1
O2/He was initiated with a heating rate of 15 K min−1.

The reproducibility of transient experiments was checke
by performing identical experiments on the same as we
on different catalyst batches. In all cases identical res
were observed.

3. Results and discussion

3.1. TPD of adsorbed ethanol

The interaction of ethanol with the surface of the c
riers (γ -Al2O3, La2O3, and La2O3/Al2O3) and the cata
lyst (Ni dispersed on the above carriers) was investiga
by adsorption of ethanol on these materials, followed
temperature-programmed desorption. Adsorption took p
at atmospheric temperature by a flow of 1% ethanol in
over the solids for approximately 20 min. The lines we
cleaned by a flow of pure He for 5 min, prior to initiation
a linear temperature ramp, at a rate of 15 K min−1. The tem-
perature ramp was stopped at 750◦C and this temperatur
was maintained for approximately an additional 15 min.

The TPD spectrum obtained over the La2O3 carrier, fol-
lowing the procedure described above, is shown inFig. 1a.
It is apparent that very weak signals are observed, w
is due to the fact that the surface of La2O3 absorbs only
small quantities of ethanol, probably due to the low s
cific surface area of the carrier. Ethanol desorbs molecul
at very low rate, at temperatures up to 450◦C. Within the
same temperature range, small quantities of acetaldeh
hydrogen, and CO are discernible, while ethylene peak
about 320◦C. These species originate from dehydroge
tion, dehydration, and cracking reactions. Above 500◦C,
CO2 seems to be the main species desorbing. CO2 probably
originates from decomposition of carbonates formed durin
the adsorption/decomposition of ethanol[21], or from other
species and fragments adsorbedon the surface of the carrie
[22–24].

Addition of 20% Ni on the La2O3 carrier results in an
entirely different TPD spectrum (Fig. 1b). Nickel leads to
fast decomposition of absorbed ethanol, as witnessed b
appearance of H2, CH4, and, to a smaller extent, CO pea
,

at temperatures below 100◦C, according to

(1)C2H5OH� CH4 + CO+ H2.

Hydrogen peaks at about 150◦C, while, a new reaction rout
emerges at about 200◦C. The only detectable product is h
drogen, pointing toward dehydrogenation of ethanol w
concomitant adsorption or fast decomposition of aceta
hyde according to

(2)C2H5OH� C2H4O+ H2,

(3)C2H4O� CH4 + CO.

CO and CO2 emerge at about 300◦C and peak at abou
450◦C. The lack of significant hydrogen evolution at t
CO/CO2 peak temperature may imply that CO and CO2 are
formed from carbonaceous deposits on the Ni surface
oxygen species originating either from the carrier or fr
adsorbed species. It is interesting to note that no decom
sition of carbonates (T > 600◦C) is observed, which ma
be attributed to competition between the Ni and the La2O3
surfaces for different reaction routes. Such competition m
prevent significant formation of lanthanum carbonates.

The TPD spectrum obtained over the Al2O3 carrier, fol-
lowing the adsorption procedure described earlier, is sh
in Fig. 1c. A very large ethanol desorption peak at ab
100◦C dominates the spectrum. This is due to the la
adsorption capacity of Al2O3. In competition with ethano
desorption, ethanol dehydration,

(4)C2H5OH� C2H4 + H2O,

and cracking [reaction(1)] take place at low temperature
Dehydration of adsorbed ethanol is significantly more
parent at higher temperatures, peaking at about 250◦C. The
origin of CO in the 200–300◦C temperature range, the spe
trum of which follows that of ethylene, is not clear. A po
sible route may be the partial decomposition of adsor
fragments via the action of lattice oxygen.

The identical TPD experiment conducted over the 2
Ni/Al 2O3 catalyst produces a very different spectru
(Fig. 1d). This spectrum is also significantly different th
that produced over the 20% Ni/La2O3 catalyst (Fig. 1b),
noting that the scale differs by approximately one orde
magnitude. At low temperatures (< 100◦C), three processe
seem to compete, namely desorption of adsorbed eth
its cracking producing CH4, CO, and H2 [reaction(1)], and,
to a very small extent, dehydrogenation producing aceta
hyde [reaction(2)]. CO is not eluting into the gas phase
this temperature probably because it interacts strongly wit
the metal, as observed earlier with TPD experiments o
the same catalysts[22]. Based onFig. 1c, C2H4 [originating
from ethanol dehydration on Al2O3, reaction(4)] would also
be expected in this temperature range. Its absence indi
that ethylene is reacting fast on the metal surface or it is
posited in the form of polymeric species on to the car
surface. Similar but more intense activity is taking place
the temperature range between 200 and 300◦C. In this tem-
perature range the desorption of ethanol is weakened w
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;

Fig. 1. TPD spectra obtained followingroom temperature ethanol adsorption from an 1% EtOH in He mixture on: (a) La2O3; (b) 20% Ni/La2O3; (c) γ -Al2O3;
(d) 20%Ni/γ -Al2O3; (e) 20%Ni/(La2O3/γ -Al2O3). Experimental conditions: flow rate of adsorption mixture,FT = 40 cc min−1; mass of catalyst, 100 mg
β = 15 K min−1; P = 1 atm.
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Table 2
Carbon balance of transient experiments

Catalyst TPD of adsorbed
EtOH

TPSR TP reaction

Preadsorbed ethanol Preadsorbed water

None – – – 4
La2O3 10 – – 27
Al2O3 16 – – 36.5
La2O3/Al2O3 – – – 40
Ni/La2O3 48.5 – – 6
Ni/Al 2O3 40.7 – – –
Ni/(La2O3/Al2O3) 24.1 14.4 18.8 11.4
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dehydrogenation and cracking reactions [reactions(1) and
(3)] dominate. The CO peak is very large because it c
tains CO produced at lower temperatures, which had bee
retained on the catalyst surface and it is desorbing at elev
temperatures. The water–gas shift (WGS) reaction beco
important at temperatures above 250◦C, producing CO2:

(5)CO+ H2O � CO2 + H2.

The Boudouard reaction,

(6)2CO� CO2 + C,

may be adding to the observed CO2 in this temperature
range, while the methanation reactions,

(7)CO+ 3H2 � CH4 + H2O,

(8)CO2 + 4H2 � CH4 + 2H2O,

are adding to the observed CH4 signal. Most activity seem
to cease above 500◦C. Residual H2 and CO desorb from
the surface, or they may be produced from decompositio
strongly adsorbed surface species.

The TPD spectrum over the 20% Ni/(La2O3/Al2O3) cat-
alyst is shown inFig. 1e. It is observed that, at low tem
peratures, the presence of lanthana on the carrier hin
dehydration of ethanol while promoting the route of de
drogenation which produces large quantities of hydrogen
and CO, the latter being produced from fast decompos
of acetaldehyde on Ni. This is probably due to the fact tha
La2O3, a basic molecule, has been adsorbed on the a
sites of Al2O3, which are primarily responsible for dehydr
tion. Apart from that, the two spectra are very similar.
will be discussed in a subsequent section, a significant
of lanthana is to enhance the stability of the catalyst w
time on stream.

The overall carbon balance of the TPD experiment
shown inTable 2. The carbon balance is poor, indicati
that significant quantities of carbon deposit onto the c
lysts during the TPD experiment. This is expected, prim
ily at the low temperature range, which thermodynamic
and kinetically favors carbon deposition. Over the carr
(Al2O3 and La2O3) the carbon deficit is better, probably d
to the low overall activity of these materials.
s

3.2. Temperature-programmed surface reactions over the
Ni/(La2O3/Al2O3) catalyst

The reaction of steam reforming of ethanol was inv
tigated by TPSR of preadsorbed ethanol or water, over
Ni/(La2O3/Al2O3) catalyst. In the first set of experimen
ethanol was preadsorbed on the catalyst surface at r
temperature by flow of an 1% EtOH in He mixture, fo
lowed by purging with He for 3 min and subsequent fl
of an 1% H2O/He mixture, while a temperature ramp
15 K min−1 was applied. The resulting TPSR spectrum
shown inFig. 2a. This spectrum is qualitatively similar t
the TPD spectrum (Fig. 1e) but it also has significant dif
ferences. At low temperatures, the presence of steam in
gas phase seems to promote desorption of adsorbed et
and thus prevention of its decomposition on the surface.
is probably due to displacement of ethanol from the s
face by competitive adsorption of water, indicating that b
molecules compete for the same adsorption sites on the
rier. The spectrum is characterized by two large hydro
peaks at 180 and 300◦C, the first one is accompanied b
CO evolution while the second one by CO2 evolution. In ad-
dition, CH4 also appears in the gas phase at about 25◦C
while small quantities of acetaldehyde evolve over a w
temperature range. The first H2 peak is due to dehydro
genation of ethanol. Apparently, most of the acetaldehyd
produced remains in the adsorbed state, while a fraction de
composes according to reaction(3), producing CO and CH4
which appear between 120 and 220◦C. Decomposition of
adsorbed ethanol and/or acetaldehyde at higher temperatur
(> 220◦C) results in the appearance of H2 and CH4. CO2
probably originates from CO, produced by ethanol dec
position [reaction(1)], and/or acetaldehyde decompositi
[reaction(3)] or acetaldehyde steam reforming,

(9)C2H4O+ H2O � 2CO+ 3H2,

followed by the WGS reaction [reaction(5)].
Reactions leading toward carbon deposition on the c

lyst surface [reaction(6)] and

(10)C2H4 → polymeric deposits(coke)

may be also operable under the present experimental c
tions.
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Fig. 2. Temperature-programmed surface reactions over the 20%
(La2O3/Al2O3) catalyst. (a) Ethanol is preadsorbed onto the catalyst. S
(1% H2O/He) flows over the bed while temperature is ramped with a lin
rate of 15 K min−1. (b) Steam is preadsorbed on the catalyst. Ethanol
EtOH/He) flows over the bed while temperature is ramped at the same

The reverse TPSR procedure was performed in orde
examine the behavior of the system when H2O is pread-
sorbed on the catalytic surface, followed by flow of 1
EtOH/He mixture and linear temperature ramp. The resul
ing spectrum is presented inFig. 2b. The presence of pread
sorbed steam on the catalyst surface seems to enhan
chemistry of the system (note that the scale inFig. 2b is
about five times larger than that ofFig. 2a). Ethanol adsorb
on the surface at temperatures below 70◦C, while simulta-
neously decomposing to H2, CO, and CH4 [reaction(1)].
Above this temperature, ethanol desorbs to the gas p
while it continues to decompose and to dehydrogenate
ducing acetaldehyde. The increased concentration of
relative to CO2 over the entire temperature range is pr
.

e

e

ably due to the reverse WGS reaction [reaction(5)], which
is driven by the low water concentration, especially at e
vated temperatures. At temperatures higher than 300◦C, all
ethanol which enters the reactor decomposes. Methane al
decomposes according to

(11)CH4 → 2H2 + C.

It is interesting to note that some of these reactions cont
to occur for a period of over 15 min isothermally at 750◦C.

The overall carbon balance of the TPSR experimen
also shown inTable 2. In this case, the carbon balance
satisfactory, indicating that small quantities of carbon
deposited on the catalyst under the present experim
conditions. In the case of preadsorbed ethanol, the
partial pressure of steam over the catalyst at all temp
tures prevents carbon deposition or even assists in gasi
deposited carbon at elevated temperatures. In the ca
preadsorbed steam, the presence of steam on the su
especially at low temperatures, weakens the interaction
ethanol with the surface which, in turn, leads to reduced r
of carbon deposition.

3.3. Reaction pathway under transient conditions

The reaction pathway over various materials was inv
tigated as a function of temperature, employing trans
experiments in which temperature was ramped linearly f
25 to 750◦C at a rate ofβ = 15 K min−1 while an ethanol–
water mixture of molar ratio EtOH:H2O = 1:2 (1% EtOH,
2% H2O, He balance) was flowing at a steady rate (FT =
44 cc min−1) over the catalyst. Homogeneous reactions w
investigated in the same manner employing an empty r
tor tube, and the results are shown inFig. 3a. It is apparen
that consumption of ethanol is initiated at about 400◦C and
becomes important above 500◦C. The main products ar
CO, H2, CH4, and CH3CHO, while traces of C2H4 are also
detected in the gas phase. The signals of CO and CH4 fol-
low the same trend, indicating that they originate from
C–C bond rupture of CH3CHO, which is produced by homo
geneous dehydrogenation of ethanol. Ethylene is prod
at elevated temperatures by homogeneous dehydratio
ethanol.

Similar reactions take place in the presence of La2O3 in
the reactor (Fig. 3b), but they occur at significantly lowe
temperatures. It seems that ethanol is partially adsorbe
to 300–350◦C, at which temperature dehydration and
hydrogenation reactions take place simultaneously, as
idenced by the signals of acetaldehyde and ethylene. Ac
etaldehyde decomposes at a high rate while ethylene is
nificantly more resistant to reactions on the La2O3 surface.
Reforming reactions dominate at temperatures higher
600◦C, producing primarily H2 and CO2.

Similar spectra obtained overγ -Al2O3 are shown on
Fig. 3c. Ethanol is totally adsorbed onto the alumina s
face at temperatures up to 70◦C. At 200◦C dehydration of
adsorbed ethanol [reaction(4)] is initiated, giving rise to
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Fig. 3. Temperature-programmed reactions over: (a) empty reactor tube; (b) La2O3; (c) γ -Al2O3; (d) 10% La2O3/Al2O3. A mixture containing 1% EtOH and
2% H2O in He is flown (FT = 44 cc min−1) in the reactor while temperature is ramped at a linear rate of 15 K min−1; mass of catalyst, 100 mg;P = 1 atm.
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gas-phase ethylene. Ethylene peaks at around 300◦C and a
further increase of temperature leads to a decrease of
phase ethylene. The sharp decrease of ethylene at 30◦C
and the decrease at 600◦C may be attributed to the forma
tion of coke[25] according to reaction(10). It is interesting
to note that ethylene is present in the gas phase ove
entire duration of the experiment, indicating the difficu
of cracking or reforming of ethylene over alumina. Hyd
gen appears in the gas phase at about 500◦C, indicating the
initiation of dehydrogenation reaction at this temperatur
over the acidic sites of alumina, which is probably acco
panied by the formation of surface ethoxy species[26,27],
which lead to acetaldehyde formation. Acetaldehyde is no
detected in the gas phase, as in the case of La2O3, as it re-
mains in the adsorbed state. CO, CO2, and CH4 appear at
-
temperatures higher than 600◦C, produced from cracking
and reforming reactions ofethanol and acetaldehyde. T
formation of CO2 could also be attributed to reaction(5).
Methane may also be produced from the hydrogenatio
excess carbon at the surface, according to the reverse
action(11).

A similar experiment over the La2O3/Al2O3 carrier pro-
duced a spectrum (Fig. 3d), which combines features o
the spectra observed over the La2O3 (Fig. 3b) and Al2O3

(Fig. 3c) carriers. The appearance of acetaldehyde in the
phase in the temperature range of 400 to 600◦C, in contrast
to the case of Al2O3 (Fig. 3b), may indicate that La2O3 sta-
bilizes acetaldehyde and doesnot promote decompositio
or reforming reactions at intermediate temperatures. C
parison of the two spectra also shows that La2O3 promotes
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Fig. 4. Temperature-programmed reactions over: (a) 20% Ni/(La2O3/Al2O3); (b) 20% Ni/La2O3 (conditions identical to those ofFig. 3); (c) equilibrium
concentrations for a reaction mixture of 1% EtOH and 2% H2O in He;P = 1 atm.
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hydrogen formation via dehydrogenation reactions at m
lower temperatures, compared to Al2O3.

When Ni is deposited on the La2O3/Al2O3 carrier, the
reaction spectrum, under the same experimental condition
which is shown onFig. 4a, is drastically different, as com
pared to that of the carriers. A general characteristic is
there is significantly more catalytic activity, which is no
shifted toward lower temperatures. Ethanol decompose
low temperatures (50–100◦C) to form the C1 molecules
CH4 and CO as well as H2 [reaction(1)]. Obviously, nickel
favors the C–C bond scission of ethanol and a methyl gr
is liberated to form methane gas by addition of a hydroge
atom from the surface[26,28]. Ni is also inducing rapid de
t

hydrogenation of ethanol and subsequently rapid decom
sition of acetaldehyde to CH4 and CO [reaction(3)]. As tem-
perature increases, the adsorption of ethanol is comp
and, for temperatures between 150 and 200◦C, the domi-
nant reaction is the decomposition of ethanol accordin
reaction(1).

In the temperature range of 200 to 300◦C, a rapid de-
crease in the concentrations of CO and H2 is observed, in
addition to the rise of a sharp peak of CH4 (T = 280◦C).
This behavior reveals the formation of CH4 via the metha-
nation reaction [reaction(7)]. Within the same temperatu
range (215 to 330◦C), a large CO2 peak appears. It could b
attributed to the WGS reaction, but the fact that H2 does not
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increase within the same range suggests that CO2 formation
is related to the Boudouard reaction [reaction(6)]. This re-
action may be responsible for significant carbon deposi
on the catalyst surface.

At temperatures between 330 and 470◦C, CO2 produc-
tion continues at a steady rate, while H2 production is grad-
ually increased. Methane continues to decrease while
begins to rise at about 360◦C. The increase of H2 concen-
tration, in association with the decreasing CH4 and constan
CO2 formation rates, indicate that the WGS reaction a
CH4 decomposition are the main reactions taking place.

Above 500◦C, H2 and CO concentrations continue to i
crease before they become nearly steady at around 60◦C,
where CH4 steam reforming is completed. The CO2 for-
mation rate is considerably decreased, which is probab
due to the reverse WGS reaction. At temperatures ab
600–700◦C, steam reforming of ethanol dominates, le
ing to high CO and H2 concentrations. It should be note
that CO2 concentration is significantly less than CO co
centration due to the relatively high ethanol-to-steam r
employed in these experiments (EtOH/H2O = 1/2), which
thermodynamically favors the reverse WGS reaction.

The same experiment was also performed over
Ni/La2O3 catalyst. The spectrum obtained is shown
Fig. 4b. Some important differences are observed comp
to the Ni/(La2O3/Al2O3) case. First of all, the amount o
ethanol adsorbed is very small, due to the reduced spe
surface area of La2O3, as previously noted. Another di
ference is the absence of low temperature bond scissio
ethanol, which was noted in the case of Ni/(La2O3/Al2O3)
at about 80◦C. On the contrary, a small peak at this te
perature in the spectrum of H2 shows that dehydrogenatio
of adsorbed ethanol takes place at low temperatures. Th
verified by desorption of acetaldehyde, which is initiated
about 100◦C. The behavior of the two catalysts is appro
imately the same at temperatures between 100 and 20◦C,
where ethanol decomposes according to reaction(1). The
most significant differences are observed within the tempe
ature range of 200–400◦C: a large peak of H2 (T = 380◦C)
accompanied by a smaller one of CO2 centered at 360◦C,
and drastic reduction of CO, can be attributed to the W
reaction. This hydrogen peak was not observed inFig. 4a,
but, instead, one of CH4 at about 300◦C, probably due to
the methanation reaction.

In order to compare the results of the TP reaction ex
iments with thermodynamic predictions, equilibrium con-
centrations were estimated in the temperature range of
to 750◦C, under conditions resembling those of the exp
ments. Results are shown inFig. 4c. At low temperatures, th
equilibrium H2 concentration is very low, while the metha
concentration is appreciable, in direct contrast to the ex
perimental observations. This implies that the methana
reaction is far from equilibrium, as would be expected
cause of the slow rates induced by low temperatures. At
temperatures, the experimental H2 and CH4 concentrations
approach those predicted by equilibrium. However, the
f

and CO2 concentrations do not approach equilibrium, wh
even their tendency is opposite that predicted by ther
dynamics, implying that the water–gas shift reaction is
removed from equilibrium under the present experiment
conditions.

3.4. Reaction pathway under steady-state conditions

The reaction pathway with respect to temperature
also investigated under steady-state conditions, in a differ
ent apparatus, by allowing the reaction to attain steady s
before moving to a different temperature. Results obta
with an empty reactor tube (homogeneous reactions) are pr
sented inFig. 5a. It is apparent that under the present con
tions (FT = 160 cc min−1, EtOH:H2O = 1:3) homogeneou
activity is initiated at about 600◦C and becomes significan
at temperatures higher than 700◦C. Homogeneous activit
at low temperatures is primarily toward dehydrogenat
while at higher temperatures dehydration and cracking
dissociation also take place.

Steady-state experiments were also performed in
presence of Ni/La2O3 and Ni/Al2O3 catalysts. Results o
ethanol conversion and product distribution with respec
temperature appear inFig. 5b and 5c, respectively. When th
reactor is loaded with the Ni/La2O3 catalyst, activity is ini-
tiated at significantly low temperatures. In this case etha
conversion is observed at temperatures as low as 300◦C and
increases drastically with temperature. Essentially comp
conversion of ethanol is observed at about 650◦C. As in the
case of homogeneous reactions, dehydrogenation is the
ferred reaction route at low temperatures. AtT > 550◦C
the only reaction products which are observed are H2, CO,
CO2, and CH4, indicating that at higher temperatures pro
uct distribution may be dictated by the equilibrium of t
water–gas shift and the methanation reactions.

The Ni/Al2O3 catalyst presents high activity and sele
tivity toward hydrogen production at elevated temperatu
As temperature is reduced, significant quantities of et
ene appear in the gas phase. This results in rapid ca
accumulation on the catalyst, loss of its reforming activity,
and eventually, at significantly lower temperatures, disin
gration of the structural rigidity of the catalyst. Significa
pressure drop in the reactor prevents operation at low
peratures (< 550◦C). This is one of the most significan
differences between the Ni/La2O3 and the Ni/Al2O3 cata-
lysts, i.e., their stability with time on stream which ste
from different carbon accumulation rates under reaction c
ditions, especially at lower temperatures.

3.5. Titration of carbon deposited under reaction
conditions

One of the major issues of catalytic reforming of hyd
carbons is carbon deposition on the surface and subse
gradual deactivation of the catalyst. This phenomenon
investigated in the present study by conducting the reac
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Fig. 5. Ethanol conversion and product distribution under steady-state conditions (40 cc min−1 EtOH and 120 cc min−1 H2O) in: (a) empty reactor; (b) 20%
Ni/La2O3; (c) 20% Ni/Al2O3 catalyst; mass of catalyst, 100 mg;P = 1 atm.
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under steady-state conditions for a period of 2 h, followed
by cooling in the presence of He and subsequent expo
of the catalyst to a 1% O2 in He mixture while the tempera
ture was ramped at a linear rate of 15 K min−1 up to 750◦C
(TPO). Product evolution during reaction and CO2 as well as
O2 evolution during the TPO were recorded by mass sp
trometry. No CO was detected during the TPO experime

Typical reaction and TPO spectra, obtained over
Ni/Al 2O3 and the Ni/(La2O3/Al2O3) catalysts, for reaction
conducted at 600◦C with a 1% EtOH and 1% H2O in He
mixture, are shown inFig. 6a and 6b, respectively. In both
cases, the main reaction products are H2 and CO, while
smaller quantities of CO2, CH4, and CH3CHO are also ob
served. In the TPO spectra, there is no direct correlation
tween the quantity of O2 consumed and the quantity of CO2
formed. Oxygen is consumed at low temperatures, be
evolution of CO2 is detected. Apparently, oxygen is used
oxidize the Ni particles, which are in the reduced state un
reaction conditions. The surface of the carrier may also b
a somewhat reduced state, thus consuming part of the
gen. In the case of the Ni/(La2O3/Al2O3) catalyst (Fig. 6b),
part of the oxygen consumed may be attributed to the for
tion of lanthanum oxalate species[22–24]. At higher tem-
peratures, the evolution of CO2 corresponds well with th
consumption of O2. In all spectra recorded, two peaks
CO2 were observed, indicating that there may be two
tinct carbon species on the catalyst surface. One of these
be attributed to polymeric carbon originating from ethyle
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Fig. 6. Product distribution of steady-state experiment conducted for a period of 2 h (1% EtOH and 1% H2O in He,T = 600◦C, FT = 44 cc min−1) and
oxygen and CO2 responses of TPO with mixture 1% O2/He of carbon deposits on the catalyst during steady-state experiment. Catalyst: (a) 20% Ni/Al2O3;
(b) 20% Ni/(La2O3/Al2O3); mass of catalyst, 100 mg;P = 1 atm,β = 15 K min−1.
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polymerization while the other one may be attributed to Cx
(0 < x < 3) species originating from partial or complete de
hydrogenation of C1 molecules. The existence of two pe
in CO2 production during the temperature-programmed
idation of coked catalysts samples has been previousl
ported in the literature[29, and references therein]. It is
generally assumed that the lower temperature peak is
to coke deposited on the metal surface while the higher t
perature peak (generally the most significant) is attribu
to coke deposited on the carrier. The presence of lant
on the carrier, as, for example, in the Ni/(La2O3–Al2O3)
catalyst, affects both types of accumulated carbon. Its influ
ence on the carrier arises from its adsorption and blockin
acidic sites of Al2O3 which promote dehydration and crac
ing of ethanol with concomitant carbon accumulation.
influence on the metal can be attributed to the forma
of lanthanum oxalate species, as noted before, as well
the possible partial structure modification to the stable sp
structure of La2NiO4 and NiAl2O4 [30].
Results obtained over different catalysts, under dif
ent reaction conditions are summarized inFig. 7. It must
be pointed out that the reaction conditions employed in
present study are rather severe in the sense that they a
ductive of carbon formation. This was done so as to acce
ate the rate of carbon formation and to be able to estimat
rate of deposition over realistic reaction times. It is sho
in Fig. 7athat carbon deposition is strongly influenced
the substrate upon which the Ni active phase is disper
This is reasonable since, as it was shown earlier, the
strate itself participates directly in the reaction network. T
highest rate of carbon deposition is observed over Al2O3.
This is due to the fact that Al2O3 catalyzes the ethanol deh
dration reaction which leads to ethylene formation. Ethyl
is further polymerized, leading to significant carbonaceou
deposits. When La2O3 is dispersed over the Al2O3 carrier,
the rate of carbon deposition is reduced significantly
to adsorption of basic lanthana species on the acidic
of Al2O3 and subsequent deactivation of these sites w
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1
e
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Fig. 7. Quantity of carbon accumulated over a reaction period of 2 h (steady state) at different temperatures: (a) over different catalysts (mixture% EtOH
and 1% H2O; FT = 44 cc min−1) and (b) for various EtOH–H2O ratios over the 20% Ni/(La2O3/Al2O3) catalyst following 2-h reaction with mixtur
EtOH/H2O = X, (X = 1/1, 1/1.5, 1/2); FT = 40 cc min−1; in all the experiments concentration of ethanol was 1%. Amount of deposited carbo
estimated by TPO with 1% O2/He; FT = 44 cc min−1; with temperature ramped from 25 to 750◦C; β = 15 K min−1.
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are responsible for the dehydration reaction. The rate of
bon deposition over the Ni/(La2O3/Al2O3) catalyst is almos
identical to that over the Ni/La2O3 catalyst, indicating tha
lanthana is covering a large portion of the alumina, or tha
acidic sites of Al2O3 are deactivated by adsorption of ba
La2O3.

As is shown inFig. 7a, the rate of carbon deposition
also a strong function of reaction temperature, decrea
significantly with temperature. This is due to both therm
dynamic as well as kinetic reasons. Thermodynamically
reactions which lead to carbon formation are not favo
at high temperatures. Kinetically, the reactions respons
for carbon removal, such as the reactions of carbon
steam or with CO2, are favored at higher temperatures.
expected, the rate of carbon deposition is also a strong f
tion of the ethanol-to-steam molar ratio, as shown inFig. 7b.
The amount of carbon deposited over the 2-h reaction
riod decreases rapidly with increasing the steam conte
the reaction mixture since the reaction between depo
carbon and steam is favored. The ethanol-to-steam mola
tios used in the present study are unrealistically high.
stoichiometric ratio of EtOH:H2O is 1:3. Frequently, lowe
ratios are employed in practice so as to reduce the ra
carbon deposition.

4. Overall discussion

It is apparent from the results presented in previous
tions that the interaction of ethanol with the catalytic m
terials employed in the present study, both in the prese
and absence of steam, leads to ahighly complicated reactio
network. Certain reactions occur in the gas phase, espe
-

-

f

at elevated temperatures, others on the carrier surface
still others on the Ni surface. The possibility of interact
between these three domains, in the sense that reactio
termediates produced in one domain react further on o
domains, cannot be excluded.

γ -Al2O3 seems to promote primarily the dehydration
action of ethanol, probably via ethoxy or acetate speci
[31], producing ethylene which leads to polymeric carbon
species, at relatively low temperatures. On the other han
La2O3 seems to promote primarily the dehydrogenation
action and, to a smaller extent, the dehydration reac
Dehydrogenation leads to acetaldehyde which decomp
rapidly to CH4 and CO. When both materials (γ -Al2O3 and
La2O3) are used as catalyst carriers in the form of mixed
ide, a combination of catalytic properties is observed. Th
dehydration and dehydrogenation reactions compete o
large temperature range. It should also be noted that La2O3,
a basic material, may be adsorbing on the acidic site
γ -Al2O3, thus reducing the dehydration activity of the l
ter. Thus, in the La2O3–Al2O3 carrier, the dehydrogenatio
reaction competes favorablywith the dehydration reaction
although the surface area of Al2O3 is significantly higher
than that of La2O3 (Table 1).

In the presence of nickel, the catalysts become sig
cantly more active, as indicated by the shift of convers
to lower temperatures. Pure nickel, as Yates and co-wor
[26,28]have shown, causes bond breaking of ethanol in
following order: O–H, –CH2–, C–C, and –CH3. Therefore,
it should be assumed that the key reaction for all catal
tested at temperatures up to 300◦C is the dehydrogenatio
of ethanol to surface adsorbed CH3CHOads. The follow-
ing scheme seems to describe best the transformatio
CH3CHOadsat this temperature range:
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In the presence of Ni, because of its high dehydrogena
activity, the contribution of the carrier is primarily in th
dehydration route. In general, dehydration leads to car
deposits on the catalyst surface. Significant carbon depos
have been observed on the catalysts containing Al2O3, in-
directly from the carbon balances (Table 2) and directly in
steady-state experiments (Fig. 7). Carbon may be deposite
through either a surface route which can lead to polym
species, as predicted by Guisnet and Magnoux[29] in a re-
cent investigation of the chemistry of coke formation,
through decomposition of ethylene[32].

Titration of carbon deposits under reaction conditions
veals their dual nature and the ability of lanthana to inh
formation of graphitic carbon on the catalytic surface. T
low temperature coke can be assumed to be formed by p
meric species originating from ethylene. The second form o
coke is attributed to dehydrogenated methyl groups form
onto the carrier, in addition to carbon originating from t
Boudouard reaction. It is generally believed[32,33]that due
to the dissociation of CO on Ni, carbon diffuses into the b
between the metal particles and the carrier, where it cre
carbon islands consisting of graphitic carbon. Due to the
that this kind of coke is rather inactive, its accumulation re
sults in deactivation and even disintegration of the cata
The beneficial effect of lanthana is that it constrains the
sorbed C, and, via lanthanum oxycarbonates, it combus
to CO[22,23], thus hindering the creation of the above-no
carbon islands.

5. Conclusions

The following conclusions can be drawn from the resu
of the present study:

(1) Catalyst carriers such as Al2O3 and La2O3 interact
strongly with ethanol at relatively low temperature
Al2O3 promotes dehydration and cracking while La2O3

primarily promotes dehydrogenation and cracking.
(2) The presence of Ni active phase on the catalyst s

activity toward lower temperatures. Ni promotes refor
ing of ethanol and acetaldehyde as well as the water
shift and methanation reactions.

(3) The overall reaction network of ethanol steam refo
ing is highly complicated and,at elevated temperature
results in the formation of H2, CO, CO2, and traces o
CH4. Carbon also deposits and accumulates on the
alyst surface.

(4) In presence of alumina, carbon deposition occurs
very high rate, resulting from ethylene polymerizatio
Impregnation of Al2O3 with La2O3 results in a signifi-
cantly reduced rate of carbon deposition.

(5) The rate of carbon deposition is favored at low reac
temperatures and under high ethanol-to-steam ratio
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