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Abstract

Ethanol can be prepared from agricultural residues and hence is a renewable resource. Its production is simple and cheap and hence ¢
reforming of ethanol to produce hydrogen for fuel cells is attractive. Process engineering aspects of ethanol steam reforming are discussed |
High temperatures, low pressures and high water-to-ethanol ratios in the feed favor hydrogen production. Ni, Co, Ni/Cu and noble metal (Pd,
Rh)-supported catalysts are promising. Major concerns are fast catalyst coking and formation of by-products such as methane, diethyl ether
acetaldehyde. To overcome these problems, the process should be carried out in a two-layer fixed bed catalytic reactor: at first, ethanol st
be dehydrogenated to acetaldehyde in presence of Cu-based catalyst at 573—-673 K and then this stream should be passed over a bed conte
mixture of Ni-based catalyst and a chemisorbent at low temperatures around 723 K. The entire process of ethanol steam reforming coupled
selective CQ removal by chemisorption will enable production of high-puritydhd hence is very promising.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction ity and heat on a continuous basis. A fuel cell consists of an
electrolyte and two electrodes. A fuel such as hydrogen is con-
Hydrogen is produced commercially on a large scaletinuously oxidized at the negative anode while an oxidant such
mainly by steam reforming, partial oxidation, coal gasificationas oxygen is continuously reduced at the positive cathode. The
and electrolysis. Its current worldwide production is aroundelectrochemical reactions take place at the electrodes to pro-
5 x 101N m3 per yearf1]. Itis primarily used as a feedstock in duce a direct electric current. FCs use hydrogen as a fuel which
the chemical industry, for instance, in the manufacture of ammoresults in the formation of water vapor only and thus they provide
nia and methanol, and in refinery reprocessing and conversiatiean energy. FCs offer high conversion efficiency and hence are
processes. However, with the environmental regulations beconpromising. The current status of fuel cell technology for mobile
ing more stringent, there is now growing interest in the use ofind stationary applications has recently been discyged
hydrogen as an alternative fuel. Its combustion does not result Among the various types of fuel cells, the proton exchange
in any emission other than water vapor (although under certaimembrane fuel cells (PEMFCs), the solid oxide fuel cells
air/hydrogen ratios, N@can also be produced) and hence it is(SOFCs) and the molten carbonate fuel cells (MCFCs) have
the least polluting fuel that could be used in an internal combusattracted considerable interest. SOFCs and MCFCs operate at
tion engine. It can also be used in a fuel cell for the production ohigh temperatures (around 973 K) and are used for stationary
electricity for stationary applications and mobile electric vehiclepower generation. PEMFCs are primarily used for automotive
operations. applications. They have a low operating temperature (353 K),
Fuel cells (FCs) are electrochemical devices that convert thkigh current density and low CO tolerance (10 ppm). They use
chemical energy of a fuel and an oxidant directly into electric-hydrogen as the fuel and this can be supplied as pure hydro-
gen. Thus, fuel cell vehicles can be equipped with pressurized
hydrogen tanks, thereby ensuring a continuous supply of fuel.

* Corresponding author. Tel.: +351 22 5081671; fax: +351 22 5081674.  Alternately, hydrogen can b? storedas aliquidin cryogel_"nictanks
E-mail address: arodrig@fe.up.pt (A.E. Rodrigues). at 20 K. These ways of storing hydrogen are however inconve-
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free from metals as well. Bio-ethanol, which is a dilute aqueous

Nomenclature solution containing around 12% (wt.) ethanol, could be directly
subjected to steam reforming thereby eliminating one unit oper-
A ethanol ation of distillation required to produce pure ethanol. The entire
B water process could therefore be economically attractive. Above all,
c CQ ethanol is CQ neutral since the Cothat is produced in this
Ca crude ethanol concentration (kmot) process is consumed by biomass growth and a closed carbon
Ci concentration of speciggkmol m™3) cycle is operated while the use of methanol and gasoline adds
D H> to CO, emissions. Thus, the use of ethanol will not contribute
E energy of activation (kJ mof) to global warming.
ko constant in Eqg(21) and (22) The first step in the conversion of ethanol to hydrogen is
Ka adsorption constant of A (fkmol~?) reforming. This reaction is carried out in the range of temper-
Kp overall equilibrium constant (kmol rf)* atures 673-1273 K. Reforming can be either by steam (steam
n order with respect to ethanol reforming), or by humidified air (partial oxidation reforming),
Peron  partial pressure of ethanol (atm) or by a mixture of air and steam (auto-thermal reforming). Here,
Pu,0  partial pressure of water (atm) attention is focussed on the steam reforming reaction. This yields

—retoH rate of disappearance of ethanol in HQO)
(kmol kg s71)

—ra rate of disappearance of crude ethanol in [E2(k)
and (22)(kmol kggs™1)

R moles of water per mole of ethanol in feed

T absolute temperature (K)

a Hp-rich gas containing CO, which is a poison for PEMFCs.
Except for use in high temperature cells, the CO concentration
must be reduced to a very low level (around 10 ppm). A water
gas shift reactor is therefore used to reduce the CO content
of this gas stream. After high temperature and low tempera-
ture water gas shift (HTS and LTS), the residual CO is then
reduced further to ppm level in a CO preferential oxidation
(PROX) reactof7]. This product gas is then suitable for feeding
nient. Moreover, the use of compressed hydrogen involves safeBEMFCs.
aspects. Also, there is no proper infrastructure for hydrogen In view of the continuing importance of ethanol as a source
transport and distribution. Therefore, in practice, other hydrogeof hydrogen for fuel cells, there is a need for a comprehen-
containing fuels are used. sive review on this topic. Recently, Haryanto et [&] have

A number of hydrogen generation routes have been exploregtviewed steam reforming of ethanol, examined the various cat-
[3]. Methanol, ethanol, ammonia, gasoline and natural gas araysts reported till date and presented a comparative analysis.
some possible sources of hydrogen for fuel cells. In additionThey concluded that the ethanol conversion angkbduction
petroleum distillates, liquid propane, oil, gasified coal and evewaries greatly with the reaction conditions, the type of cata-
gas from landfills and wastewater treatment plants can alslyst and the method of catalyst preparation. The importance of
be processed to supply hydroggt]. For stationary applica- process engineering related aspects is evident and these need
tions, natural gas is the fuel of choice due to its availabilityto be discussed at length. This article is aimed at fulfilling
and ease in distribution. For automotive applications, gasolinéhis need. It reviews the available literature on catalytic steam
is the most convenient fuel since it can be easily transportedeforming of ethanol. All published information on this topic is
However, PEMFCs are very sensitive to impurities in fuel andanalyzed and presented in a coherent manner. The role of the
have a sulphur specification less than 1 pjain Gasoline has catalyst composition and the process conditions in determining
a 30 ppm sulphur standard in USA while hydrogen from coalproduct distribution is elucidated. The possible reaction path-
gasifiers may contain 100-200 ppm sulphur. Catalytic crackways and the kinetic and thermodynamic considerations have
ing of ammonia generates a @@ee mixture containing 75% also been discussed. The coupling of ethanol steam reforming
hydrogen. However, ammonia is toxic and poses a problem aofith selective removal of C®by chemisorption to produce
generating nitrogen oxides during catalytic combustion of thenigh-purity H at low temperatures has been discussed. It is
cell effluent6]. Methanol, which is mainly prepared by syn-gas expected that this will provide an insight into steam reforming of
conversion, has a favorable H:C ratio of 4, is largely distributecethanol.
and is available in abundance. Moreover, it can be transported
and reformed more easily than natural gas. However, its maiA- Thermodynamic considerations
drawback is its high toxicity. Ethanol is more promising since
itis less toxic. It can also be more easily stored and safely han- Thermodynamic aspects of ethanol steam reforming have
dled. Most importantly, it can be produced in large amountgeceived a fair amount of attention in the published literature.
from biomass such as agricultural wastes and forestry residudd1e reaction is strongly endothermic and produces onlgit
and hence is arenewable resource, as against methanol and gdsé¥ if ethanol reacts in the most desirable way. The basic reac-
line. This could prove advantageous in tropical countries wittfion scheme is as follows:
a warm climate where there are large plantations of corn an o 1
sugarcane. The bio-ethanol thus produced is free from sulphug:,ZHSOH +3H0 — 2C0, + 6Hy  (AHz9e=174kImol™)
which otherwise may poison the fuel cell catalyst. Similarly, itis ()
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However, other undesirable products such as CO angl CHat temperatures around 773-873 K with water-to-ethanol molar

are also usually formed during reaction. Aupretre eflhave

ratios of above 20. They suggested that carbon formation occurs

discussed the main reactions in ethanol steam reforming thainly at low water-to-ethanol ratios (<2) and low temperatures

account for the formation of these by-products:
CoHsOH + H20 — 2CO+4Hy (A Hygg = 256 kJ mot 1)
2

CoH5OH + 2Hp — 2CHy + H20 (A HSgg = —157 kdmol )
©)

Other reactions that can also occur are: ethanol dehydrogen
tion to acetaldehydé), ethanol dehydration to ethylergs),
ethanol decomposition to G@nd CH, (6) or CO, CH; and H

(7).

CoHsOH — CH3CHO+ Hy  (AHjeg = 68kdmoll)  (4)
(5)
(6)

(7)

CoHsOH — CoHg 4 H2O (A Hjgg = 45kJImol )
CoHsOH — 1CO, + 3CHs  (AHSgg = —74kImot )

CoHsOH — CO+ CHy + Hz (A H3gg = 49kImolt)

Acetaldehyde and ethylene are importantintermediates that mfﬁfgh temperatures and high water-

(883K).

Aupretre et al[13] have also performed a thermodynamic
analysis of the system. They have further shown that an increase
in the total pressure leads to a decrease in thand CO yields
while the equilibrium composition in CHncrease§l4]. How-
ever, the entire system ofoHbroduction and its purification has
to be operated under pressure when the CO level is reduced
to traces from the btrich gas by using a metallic membrane,
fag_r instance, Pd-based membrane. The theoretical production of
CH4 however decreases with a decrease in the water-to-ethanol
ratio [6].

Fishtik et al.[15] found that for temperatures at or above
700-800K and for high water-to-ethanol ratios, the desired
reaction of ethanol steam reforming is predominant and the
formation of CO and CHl is minimized. At high tempera-
tures (>1073 K), the equilibrium Hselectivity is nearly 100%
[16]. However, the use of a water-to-ethanol ratio higher than
stoichiometry results in increased enthalpy needs for water evap-
oration.

In a more recent study, Mas et §l.7] suggested that while
to-ethanol ratios fayqra-

be formed during reaction even at relatively low temperatureauction’ low temperatures and high water-to-ethanol ratios are

well before the formation of bland CQ by reactiongl) and(2).
In addition, the formation of coke on the surface of the catalys

suitable to minimize CO formation. At a water-to-ethanol molar
fatio of 3, temperatures higher than 500K are required to avoid

is also not uncommon. Coke formation may occur as per th%oke formation

following Boudouard reaction:

2CO— CO; 4+ C  (AHS59g= —1715kImol?) (8)

Freni et al[18] carried out a thermodynamic analysis of the
ethanol-water system as applied to an MCFC and suggested that
a high water-to-ethanol ratio in the feed reduced the yield of

Another possible route for the formation of carbon is throughyndesirable products such as CO, £4hd carbon. In another

ethylene:

CoH4 — polymers— coke

9)

From the thermodynamic standpoint, since reactibnis
endothermic and results in increase in number of moles, increa
ing the temperature and lowering the pressure is in favor o

study, Thoephilug19] reported a H yield of nearly 100% at
1000 K, atmospheric pressure and a water-to-ethanol molar ratio
of 5.

3: Catalysts for steam reforming of ethanol

f

ethanol reforming. At 500 K, steam reforming of ethanol does The steam reforming of ethanol over Ni, Co, Ni/Cu and noble

not occur AG > 0). However, ethanol decomposition can easily
occur at this temperature since the valueAds is sufficiently
negative[10]. In fact, reaction(6) is strongly favored at low
temperatures (<473 K).

Garcia and Labordfl1] and Vasudeva et aJ12] have ear-

metals (Pd, Pt, Rh) has been extensively studied. The greatest
concern lies in developing an active catalyst that inhibits coke
formation and CO production. We now take an overview of the
published literature.

lier shown that an increase in temperature leads to an increasel. Supported cobalt catalysts

in the Hb and CO concentration and a decrease i, €bhcen-
tration at equilibrium. Garcia and Labor{lEl] also found that

Earlier, Co-based catalysts were deemed as appropriate sys-

when compared to methanol steam reforming, higher temperaems for steam reforming of ethanol. Llorca et[2D,21] pro-
tures and higher water-to-ethanol ratios are needed to obtain tip@sed the use of ZnO-supported Co catalysts in steam reforming

best B production from ethanol. They examined the thermo-

of ethanol. The use of Co(C@as precursor produced a highly

dynamic equilibrium of this system and suggested operation atable catalyst that enabled the production of CO-freeaH
T> 650K, atmospheric pressure and a water-to-ethanol moldow temperatures (623 K). They concluded that the method of

ratio of up to 10 in the feed to maximizeohbroduction, mini-
mize the formation of CO and C+and avoid carbon deposition
on the catalyst.

Vasudeva et al[12] found that B vyields as high as

catalyst preparation affected its performance and structural char-
acteristics.

Haga et al.[22] studied the catalytic properties of Co
among other metals and found that selectivity tp \as in

5.5 mol/mol of ethanol in the feed can be obtained at equilibriunthe order Co>Ni>Rh>Pt, Ru, Cu. In another study, they
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found that the supports vastly influenced the properties o o _ 1

Co catalysts[10]. The formation of H decreased in the &O+ H2O = COx +Ha  (AH05 = —412kImol™)
order: Co/AbO3>Co/Zr&, > Co/MgO > Co/SiQ > Co/C. The (13)
Co/Al;,O3 catalyst exhibited the highest selectivity te 67%

at 673 K) by suppressing methanation of CO and decomposition In addition, the following reactions occur when {3 present:

of ethanol. Similarly, Cavallaro et R3] found that Co/MgO o 4+ %02 - COy (14)
is more resistant to coke formation than Ce/®@4 at 923 K.

Kaddouri and Mazzocchi@4] reported high catalytic activ- Cy,H50H + %Oz — CH3CHO+ H>0 (15)
ity of Co/Si0, and Co/ApOs for steam reforming of ethanol
and concluded that the product distribution was dependent ofHa +20 — CO2+2H0 (16)
bo@h the nature of the sgpport and the method of c_atalyst Prepg 4 0, Co, 17)
ration, thereby suggesting metal-support interaction. Batista et
al. [25] studied ethanol steam reforming over Ce@4 and Fierro et al.[4] reported high activity and selectivity too,H

Co/SiQ. The catalysts showed average conversion higher thaproduction of Rh/A$O3 catalyst in bio-ethanol oxidative steam
70% at 673 K. The metal loading influenced ethanol conversiomeforming. In addition, the catalyst was highly stable. Caval-

and product distribution. laro [28] also studied this reaction over Rhj&l; and found
that coke formation could be prevented at high temperatures by
3.2. Noble metal catalysts sufficiently large amounts of Rh and strong excess of water. At

973K, only G products were present in the exit stream. Aupre-

Steam reforming of ethanol over Rh-based catalysts has edfe et al.[14] studied ethanol steam reforming over Rh/B}
lier been studied. Frusteri et {26] investigated the performance under pressure (1.1 MPa). They reported that the nature of the
of MgO-supported metal catalysts and reported thatdlild be ~ metal precursor salt, metal loading and the reaction conditions
efficiently produced from ethanol over Rh/MgO at 923 K. Theinfluenced the performance of the catalyst.
activity of the catalysts reduced in the order Rh>Co>Ni>Pd. Breen et al[29] studied a range of oxide-supported metal
Rh/MgO was most resistant to coke formation. They proposegatalysts for reforming of ethanol-water mixtures. They found
a reaction mechanism for ethanol steam reformfig.(1). As  that ALbOz-supported catalysts promote dehydration of ethanol
per this scheme, ethanol is first dehydrogenated to acetaldehytfizethylene and the order of activity of metals for such catalysts
which subsequently decomposes to £&hd CO. These lead is Rh>Pd>Ni=Pt. However, with CeflZrO,-supported cata-
to the formation of H and CQ by steam reforming and water lysts, ethylene is not formed and the order of activity at higher
gas shift (WGS) reactions. Thus, the exit stream composition itemperatures is Pt Rh > Pd. They showed that by using a com-
governed by Cl steam reforming and WGS reactions. bination of Ce®/ZrO»-supported metal catalysts with alumina
Cavallaro etal[27] studied ethanol reforming over Rh#&b;  support, ethylene formation does not inhibit steam reforming
at923 K and found that less coke was formed and the catalystw& high temperatures. Diagne et §0] showed that up to
more stable in presence oprhey suggested the occurrence of 5.7 mol H can be produced per mol ethanol at 623-723K on
several reactions: acetaldehyde formed by dehydrogenation &n/CeQ—ZrO; in presence of excess of water. Other studies
ethanol is decomposed to Gldnd CO(10) or undergoes steam also suggest that Rh-based catalysts are promjSing2]

reforming(11). There is scarce information in the literature on Pt-based cata-
lysts. Navarro et al.33] studied oxidative reforming of ethanol
CH3CHO — CHs+CO (10)  over a Pt/AbO;3 catalyst modified by Ce and La. The presence

of Ce as an additive was found to be beneficial for hydrogen pro-
duction. The presence of La however did not promote ethanol
Water reforms the Cproducts to hydrogen. conversion. When both Ce and La were present on the support,
poorer catalyst behavior was observed due to lower Pt—Ce inter-
CHs+ HO — CO+3Hy  (AH593=205kImol")  (12)  action with respect to La-free ceria—alumina support.
Few studies on Pd catalyzed steam reforming of ethanol have
also beenreported earlier. Goula ef34] studied steam reform-
-H . ing of bio-ethanol over a commercial Pd#8l; catalyst and
SHRCHD > [cn + o] reported 95% selectivity to hydrogen at 923 K. Ethanol con-
version was 100% even at low temperatures (573—623K). In
another such study on Pd/&Ds, these researchers reported that
C,H:OH * + H,0 4 CO concentration was minimum at 723 K and the amount of coke
formed was negligible even at stoichiometric water-to-ethanol
ratios[35].
Galvita et al.[36] studied ethanol decomposition over a Pd
i A catalyst supported on a porous carbonaceous material in pres-
ence of steam in the range of temperatures 603-633K. The
Fig. 1. Reaction mechanism for steam reforming of ethanol. catalyst was found to have high activity and stability. Frusteri

CH3CHO + H,0 — 2CO + 3H, (11)

- HO
CoHy
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et al.[26] however observed that a Pd/MgO catalyst drasticallyconditions (923 K). The performance of alkali-doped Ni/MgO
deactivated during reaction due to metal sintering at 923 K. Cokeatalysts on bio-ethanol steam reforming was also stg@ld
formation on Pd/MgO occurred at a higher rate than on MgO-The addition of Li and K enhanced the catalyst stability mainly
supported Rh, Ni and Co catalysts. by depressing Ni sintering. Freni et f0] found that Ni/MgO
Liguras et al[37] studied Ru-catalyzed steam reforming of exhibited high activity and selectivity tod4than Co/MgO due
ethanol in the range of temperatures 873-1123 K. There wasta the lower tendency of Ni to oxidize during reaction and to
marked increase in conversion of ethanol and selectivity£o H promote methanation of CO and decomposition of ethanol.
over Ru/AbO3 with an increase in the Ru content. Ata high Ru  Fatsikostas et al41,42] showed that Ni/LgO3 exhibited
loading (5 wt.%), the performance of Ru was comparable to Rhhigh activity and stability in steam reforming of ethanol to
The catalyst was stable and had activity and selectivity highehydrogen. This was attributed to the formation of lanthanum
than Ru/MgO and Ru/Ti@ Fierro et al.[4] showed that the oxycarbonate species (£@,COs), which reacts with the sur-
order of performance of alumina-supported noble metal catalysface carbon deposited during reaction and prevents deactiva-
(5% metal loading) for bio-ethanol oxidative steam reformingtion. In another study, Fatsikostas and Verykjd8] studied

at 973K was Pt<Peék Ru<Rh. ethanol reforming over Ni catalysts supported 9f\l203,
LapyO3 and LaOs/y-Al203. The impregnation of AlO3 with
3.3. Ni-supported catalysts LapO3 reduced carbon deposition. The presence @fQzaon

the catalyst, high water-to-ethanol ratios and high temperatures
The performance of various Ni-supported catalysts is sumeffered high resistance to carbon deposition.

marized inTable 1 Comas et a[38] studied steam reforming of Sun et al[44] studied steam reforming of ethanol over Ni-
ethanol over Ni/A}Os in the range of temperatures 573-773 K supported catalysts at lower temperatures (523—623 K). The cat-
and did not find any evidence of the water gas shift reactioralytic activity, stability and selectivity of piformation reduced
occurring over Ni. They proposed a reaction scheme for ethanah the order Ni/LaO3z > Ni/Y 203> Ni/Al203. A kinetic study
reforming on Ni-based catalyst at 773 K. As per this schemetevealed that the reaction was first order with respect to ethanol.
acetaldehyde and ethylene formed as intermediates during redo-another kinetic study over Ni/AD3, Therdthianwong et al.
tion produce CO, CQ CHg and K as the final products by steam [45] proposed the following rate expression for ethanol steam
reforming while the effluent gas composition is determined byreforming at 673 K and atmospheric pressure:
methane steam reforming:

CH3CHO 4 Hp0 — CO, + CHy + H
(AH5gg = —55.8kJmorl?) (18)

—reton = 77.8(Peton)*°4(Ph,0)’ (20)

where 0.0003 PgioH<0.0508 atm, (Y094 < Py,0 < 0.9371

atm, —rgion has the units kmol Iggﬁs—1 and the reaction rate

constant is expressed as kmoffg * atm 252, The various

kinetic studies over Ni-based catalysts are liste@iahle 2

(AH59g = —36.9kJ mol1) (19) The catalytic steam reforming of ethanol is a heterogeneous

gas-solid catalyzed reaction and involves the following transfer

Frusteri et al[26] reported high H selectivity (>95%) at a processes: diffusion of the reactants from the bulk gas phase to

space velocity 4« 10* h—1 over Ni/MgO at MCFC operating the catalyst surface, intraparticle diffusion followed by chemi-

CoHg + 2H0 — COp + CHg + 2H»

Table 1
The performance of Ni-supported catalysts in steam reforming of ethanol
Catalyst Temperature  Feed R (mol/mol)  Initial EtOH H> selectivity Space time Reference
; 3

(K) EIOH %)  Inerts (%) Conversion (%) (%) (gscnT?®)
Ni/Al 03 773 1.7 80 1-6 100 $1 0.06 [38]
Ni/MgO 923 8 24 8.4 100 >d5 [26]
Ni/MgO and Li, Na, K 923 8 24 8.4 100 >85 [39]
Ni/MgO 923 8 24 8.4 100 0 [40]
Ni/Laz03 >873 9 63 3 100 >do 0.0375 [41]
Ni/Lay03 1023 9 63 3 100 >d0 0.0375 [42]
Ni/Al 203 >90
NilYSzZ 92
Ni/MgO 80
Ni/Y 203 593 3 93.1 532 5.4 [44]
Ni/LapO3 99.5 48.5
Ni/Al 03 90.1 44
Ni/ZnO 923 8 100 95 [50]

a e mol/h of Hy produced
H2 selectivity = 3morh of EtoH), ~(molli o EtOHRy] + (Mol/h of FpOJy —(mol of FpOJogd *

b Selectivity is defined as the ratio of the moles oftd the consumed moles of ethanol, as per stoichiometry.
¢ Selectivity is expressed as mol% of gaseous products.
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Table 2
Kinetics of steam reforming of ethanol over Ni-based catalysts
Catalyst Temperature  Rate constant Order w.r.t. Order w.r.t. E (kJmol1)  Investigators
(K) ethanol steam
Ni/Al ;03 673 77.8kmolkgis tatm 952 252 7 Therdthianwong et g¥5]
Ni/Y 203 403 2.95¢ 103 mikgis! 1 7.04 Sun et af44]
Ni/Al ;05 2.32x 103 m3kgsst 1 16.88
NilLapO3 19.1x 103 m3kg;st 1 1.87
Ni/Al 2,03 593-793 0.43 4.41 Akandé8]
Cu-plated Raney nickel  523-573 1 149 Morgenstern and Fornahgo

cal reaction at the active centres and diffusion of the productgprevented coke formation and provided hydrogen yields close
Any of these mass transfer processes (external or internal) cda equilibrium.

influence the rates of reaction. The high discrepancy and low

values of the energy of activation presentedable 2confirm 5 , Modified Ni catalysts

this fact. Marino et al[46] have observed the presence of dif-

fusional resistances even at temperatures as low as 573K and gjarrg et al.[4] found that a Ni—-Cu/Si@ catalyst is more

using catalyst particles in the size range 125+ thereby 5ty and selective towardsiroduction in bio-ethanol oxida-

suggesting the high rates of ethanol dehydrogenationin presengea <team reforming than Ni/SiOwhich rapidly deactivates
of Cu. Further, the diminution of these diffusional resistancey ;e to coke formation. In previous studies, these researchers
decreased the selectivity of intermediary compounds such 85esented optimization of oxidative reforming of ethanol over
acetaldehyde. . _ Ni—Cu/Si0 [52,53]

Akande et al.[47] studied reforming of crude ethanol Marino et al [46,54-56]reported that Cu/Ni/Ky-Al ,03 cat-
over Ni/Al,03 catalysts. Akand@48] suggested a power law 5ot exhibited acceptable activity, stability and selectivity to
model for crude ethanol reforming in the range of temperatureﬁydrogen at 573 K. A reaction network that accounted for the
593-793K. Thus the rate could be expressed as formation of acetic acid and diethyl ether during reaction was

—ra = ko e—E/RTCZ (21) proposed55]:
where ‘—ra’ is in kmolkgess !, ‘ko’ is in kmol®57  C2HsOH + H20 — CaH402 + 2H; (23)
(m3)%43kg sl ‘Ca’ is crude ethanol concentration in

kmolm~3, ‘»’ denotes order with respect to ethanol a@his

temperature in K. The order with respect to ethanol was foungh, 1his system, Cu is the active agent and promotes fast ethanol
to be 0.43 v¥h|le the energy of activatios’‘was found to be dehydrogenation to acetaldehyde, Ni promotes C—C bond rup-
4.41kJ moT.. ) .. ture of acetaldehyde to produce gldnd CO and increases
Aboudheir etalf49] also reported an Eley Rideal type kinetic 1,y qrqgen selectivity while K neutralizes acidic sitesefl 203,
model for catalytic reforming of crude ethanol over Nyl 56ids formation of products such as ethylene and diethy! ether
for temperatures in the range 593-793 K, assuming dissociatiof,j improves the general performance of the catalyst. Marino
of adsorbed crude ethanol as the rate-determining step: et al.[56] have reported the formation of CuNiAl hydrotalcite
koe E/RT(Cp — C%CB/KPCS) type compounds dL_Jring catalyst preparation. The addition of Ni
—IA = 2 (22)  favored the formation of these compounds thereby suggesting
(1+ KaCa) metal-support interaction.
where —ra’ is the rate of disappearance of crude ethanol in Velu et al.[57,58] have used Cu—Ni-Zn—Al mixed metal
kmol kgea s 1, “ko’isinm3 kgg 51, ‘A = ethanol, ‘B'=water,  oxide catalysts in oxidative steam reforming of bio-ethanol.
‘C'=CO0,, ‘D'=H>, ‘C;’ denotes concentration of specigs * They found that the dehydrogenation of ethanol to acetaldehyde
in kmolm=3, ‘Kp’ denotes the overall equilibrium constant is favored by Cu-rich catalysts while the introduction of Nileads
in (kmolm—3)* Ka denotes the adsorption constant of A in to C—C bond rupture producing CO, G@nd CH,.
m3 kmol—. Luengo et al. [59] reported ethanol reforming over
Yang et al.[50] studied steam reforming of ethanol over a Ni/Cu/Cr/Al,O3 catalyst at 573-823 K and suggested that the
Ni/ZnO catalyst and found that the catalyst was more selectiveatalytic effect was more pronounced at lower temperatures.
to Hy than Ni/L&O3, Ni/MgO and Ni/AlLOs. Ethanol was com- Morgenstern and Fornand®] showed that Cu-plated Raney
pletely converted at temperatures above 603 K and the selectivityickel is an active and stable catalyst for low temperature
to Hp was around 95% at 923 K at a space velocity of &.h steam reforming of ethanol (523-573 K). Methanation was not
Freni et al.[51] studied reforming of ethanol in a two-layer observed but WGS activity was very poor. The kinetics were
fixed bed reactor wherein ethanol was first converted to acetalderodeled by a sequence of two first order reactions: dehydro-
hyde over Cu/Si@ at 643K and this was later converted to a genation of ethanol to acetaldehyded=149 kJmot?!) and
H>-rich mixture over Ni/MgO at 923 K. This type of reactor decarbonylation of acetaldehyde.

2CHs0OH — (C3Hs5)20 + H2O (24)
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Kugai et al [60] studied oxidative steam reforming of ethanol ((a): adsorbed):
over a bimetallic Rh—Ni/Ce® catalyst at low temperatures
(<723 K) to produce a ptrich gas. The presence ob@nabled CHsCHOH — CHsCH;0(a) + H(a) (26)

complete conversion of ethanol even atlow temperatures (648 '@HgCHZO(a) — (a)CH—CH,0(a) + H(a) (27)
and reduced the selectivity to CO.

(a)CH—CH20(a) — CHa(g) + CO(g) (28)

3.5. Cu-based catalysts CHa(g) + Ho0(a) — 3H(g) + CO(g) (29)
Cu-based catalysts have received particular attention. TheCO + 2H,0 — 2CO, +2H; (30)
methanol reforming system for industriabkbroduction uses 2H(a) — Ha(g) (31)

Cu/ZnO/ALO3 catalyst. Cavallaro and Fref61] investigated
steam reforming of ethanol over CuO/ZnG#8% and found  Rh abstracts H from the Gi-group leading to the stable oxam-
that the catalyst exhibited good activity with CO, €&nd b etallacycle intermediate ((a) GH-CH,O(a)). Thus, Rh has

as the main products above 630 K. a unique effect in the decomposition pathway of the ethoxy
The steam reforming of ethanol over CuO/GeO produce  species.
acetone and hydrogen has also been st6#id The formation Idriss[67] also has presented the various reactions occurring
of acetone could be described by following reaction: with ethanol on metal surfaces and suggested that Rh is the most
suitable compound to break the C—C bond to produgé&ém
2CH50H 4 H20 — CH3COCHs + CO, + 4H; (25)  ethanol. Rh is known to activate the C—H bonds as Vi@l

. It is significantly more active and selective compared to Pt, Pd
Amphlett et al.[63] suggested that CuO/ZnO, CuO/Si0 and Ru catalysts of similar metal loadif. However, it is rare

CuO/CrO; or CuO/NIO/SIQ might prove promising for and prohibitively expensive. Additionally, it has limited water

reforming of ethanol-water mixtures at 623-723 K. Machado ; o ; ;
as shift (WGS) activityf68]. In comparison, Pt has relativel
et al. [64] studied the performance of Cu/pbs and J ( ) 468] P y

. ; . higher WGS activity. Pt also has good thermal stability. Ru is
Cu/Nb,Os/Al 205 catalysts in ethanol steam reforming. The dis- 5 yiher versatile catalyst having high activity in steam reforming
persion of NbOs on Al,O3 improved catalyst action.

of hydrocarbons. Among Ru, Pd, Pt and Rh, Ru is the cheap-
est and hence a catalyst based on Ru is expected to be far less
4. Discussion and overview expensive. We have in our laboratory found that Ru is active
in the ethanol dehydration reaction leading to the formation of
From the fore goings, it is clear that the catalyst activity andethylene. It is however possible to enhance the activity and sta-
product distribution over supported metal catalysts depend ohility of Ru-based catalysts and suppress carbon deposition by
the type of metal precursor used, metal content, presence of addire addition of suitable promoters.
tives, type of support and method of catalyst preparation. With Ni is the catalyst of choice in hydrogenation and dehydro-
this realization, the role of nature of the catalyst in governinggenation reactions due to its high activity and low cost. Ni-based
product distribution is discussed. catalysts have high steam reforming activity. Pure Ni causes
bond breaking of ethanol in the following order: O—H, —&H
C—C and —CH [69,70] Additives such as Cu, Cr or K further
enhance the performance of Ni6,54-56,59] The electronic
prichment of Ni due to presence of an alkali may possibly mod-
the interaction between the adsorbed reaction intermediates
nd the metal phag$d9]. However, Ni has limited WGS activity
38,71] Ni possesses hydrogenation activity and hence it may
ielp in combining adsorbed H atoms on the catalyst surface to

4.1. Active metal components

Several possible reactions can occur when an ethanol-wat
mixture is in contact with a catalyst at high temperature. Thé
behavior of each metal can be explained considering its activit
towards specific reactions involved in the reaction mechanis
Haryanto et al[8] have discussed the various reaction pathway
over metal catalysts and suggested that different catalysts indu am molecular hydrpge (60. . L
different ways to produce hydrogen. Knowledge of the type of Although Cl_J has limited steam reform!ng activity, |t_|s_ ago_od
ethanol-metal interaction is therefore of prime importance for éieherogenatlor_l cataly§t2, 73} Cu has high WGS aCt'V'ty.' .N'
thorough understanding of the process. Studies on the reactioﬁgd't.'on to Cu/NI/Ksy 'A|2.03 catalyst favored ethanol gasifica- .
of ethanol over various metal surfaces indicate that ethanol iLo"" increased the gas yield and reduced acetaldehyde and acetic

adsorbed as an ethoxide sped&%,66} On Rh and Ni metals, acid pio'ductioriSS]. The presence ofNifgvored the segregation
the adsorbed ethoxide species forms an oxametallacycle inte(?I Cu?* ions to the catalyst surface. Marino et[d] proposed

mediate, which favors the C—C bond cleavage effectively. In? probable reaction mechanism over Cu-Ni catalysts and iden-

addition, the reaction also proceeds through the formation otf'f'etd thi_ror:e_ of Tacdh gwetal(.j‘ll'\lhe_rtnechanlsmflrpl the .absence of

acetaldehyde intermediate which undergoes C—C bond ruptu%a erwhich involved u and NI sites was as foflows:

[60]. CH3CH20H + ocy— CH3CHOH* (32
Diagne et al[30] have presented the following elementary

steps of ethanol decomposition to describe the complete proce€$13CH,OH* — CH3CHO + Hz+ocy (33)
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CH3CH,0H + onj — CH3CH,OH™ (34)  coke deposition. It also promotes the action of precious metals.
» . For instance, the addition of Ce@o Pt prevents sintering of
CH3CHOH™ — CH3CHO™ +Hp (35) Pt metal particles and ensures high dispersion of Pt overCeO

[33]. CeGis also active inthe WGS reactiprd]. ZrO, has both
acidic and basic properties and is thermally stable. Addition of
CH3CHO™ — CH3CHO+ oy (87)  ZrO; to CeQ significantly increases its oxygen storage action,
redox properties and thermal resistance. Srinivas e[3al.
The dissociative adsorption of water through a redox mechastudied steam reforming of bio-ethanol over NiO/G&DO,
nism, which occurred only over Cu sites, was also proposed tgatalysts and found that the catalyst was stable for more than
explain the effect of presence of water on product distribution.500 h without deactivation. Bergamaschi ef&l] showed that
Co-based catalysts have exhibited good performance for HNi—Cu/zrO, catalyst exhibits high activity for ethanol steam
production in steam reforming of ethan@0-22] However,  reforming with 100% conversion of ethanol and 60% selectivity
supported Co catalysts are adversely affected by metal sintering H, at 823 K.
and surface Co oxidation and hence are not suitable for use at

high temperaturegt0]. 4.3. Catalyst stability

CH3CHO** — CH4+CO+oni (36)

4.2. Catalyst supports The two factors that largely govern the stability of the cata-
lyst are coke formation and metal sintering. The high temper-
Metals alone may not assist hydrogen production signifi-atures used during reaction, the high reactivity of ethanol and
cantly [74-76] So performance of metal catalysts could beits low thermal stability mainly lead to coke formation. Coke
improved using supports. The nature of the support also plays@an be formed due to polymerization of ethylene formed during
key role in determining the selectivity to,HChoice of the sup- ethanol dehydration, or from the Boudouard reaction, or from
port is hence crucial. Duprez et §.7] have earlier proposed the decomposition of methane. It destroys the catalyst structure
a bi-functional mechanism for the alkylated aromatics selectivand deteriorates its activity. The rate of carbon formation can be
reforming reaction where the hydrocarbon to be reformed wouldubstantially suppressed using noble metals, which is ascribed
be activated on the metal particle while the water would be actito a smaller dissolution of carbon in to these mefiglg. While
vated on the support as hydroxyl groups. In agreement with thiacidic supports such agAl,03 favor dehydration, coke for-
mechanism, Aupretre et gl71] have shown that oxide sup- mation occurs to a less extent on basic supports such as MgO.
ports with high OH group surface mobility promote the steamThe presence of suitable promoters such as K can neutralize
reforming reaction of ethanol. Aupretre etf@] have discussed the acidic sites ofy-Al,O3, thereby reducing coke formation
the role of supports in steam reforming. Supports may promotgs5]. The impregnation of AlO3 with La,O3 reduces carbon
the migration of OH groups towards the metal particles, catdeposition[43]. The presence of oxygen reduces coke forma-
alyze the reforming reaction or stabilize the metal particles ation drastically possibly due to combustion of carbonaceous
high temperature under steam. Llorca e{#8] have discussed species formed during reactifi/,53] However, this may lead
performance of various oxides in ethanol reforming. to the formation of hot-spots, thereby resulting in an increase
Al,03 is commonly used as a support in the steam reformin the metal particle size. This in turn leads to a decrease in the
ing reaction. However, it is acidic and promotes dehydration ofnetal active surface and hence the catalyst activity. Higher the
ethanol to ethylene, which in turn polymerizes to form coke onmetal sintering, higher is the catalyst deactivation. Metal sinter-
the catalyst surface. In contrast, MgO is basic. The highly activéng in Ni and Co catalysts is mainly due to presence of excess of
Rh catalysts act independently of the supporb@ or MgO)  water in the reaction system. Aupretre et[f].studied Rh cat-
as far as coke formation is concerned. However, the less activayzed ethanol reforming using MgAl-based spinels deposited
Co catalystis more selective and stable when supported on Mg@n alumina. When compared with the alumina based catalysts,
than on AbO3 [23]. Freni et al[40] reported modest amounts of the spinel-supported catalysts exhibited slightly higher basicity
coke formation over Ni/MgO and attributed it to the inhibition of while the surface acidity was strongly reduced. The spinel layer
ethanol dehydration to ethylene and to the electronic enrichmertiso improved the stability of Rh particles upon reaction.
of supported Ni, which in turn promotes a stronger interaction
of Ni atoms with electron-acceptor intermediates. 5. Process considerations
ZnO also has basic characteristics. In addition, unijke
Al,0O3 and MgO, it also has redox properties. Like MgO, it  The following issues need to be addressed from process engi-
promotes dehydrogenation to acetaldehyde. The redox promeering pointof view: (1) reforming should preferably be carried
erties of ZnO then aid steam reformifg8]. The catalytic  out at low temperatures and atmospheric pressures to reduce the
performance and stability of Ni is enhanced when supported onperating costs; (2) the catalyst should provide high selectivity
LapO3, compared to AO3, YSZ and MgO[42]. LapO3 does  to Hz and inhibit CO formation, the formation of by-products
not possess any acidic sites and promotes dehydrogenationgach as methane, acetaldehyde and diethyl ether should be min-
acetaldehyde. imum; (3) the catalyst must resist coke formation which reduces
Ce( is also basic and has redox properties. It has oxygethe number of active sites and hence the reaction rates; (4)
storage capacity and hence its presence improves resistancetiie catalyst should not be poisoned by impurities found in the
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ethanol-water mixtures formed during biomass fermentationj-he following other reactions may also occur:
(5) the H-rich mixture should be purified further to remove CO
formed during reaction for meeting PEMFC specifications. = CoHsOH + 3H,O — 2CG; + 6Hp
Catalyst coking strongly depends on the reaction conditions
and the properties of the catalyst. Ethylene is a known cok€,H50H + H,O — 2CO + 4H,
precursor and carbon formation is primarily attributed to its . i i
presence in the product stream. However, coke formation caffWeVer it is expected that ethanol dehydrogenation reaction
be prevented if ethanol is instead dehydrogenated to acetald\éf-'” be much faster than the ethanol steam reforming reaction.

hyde, which has a very low coking activity. Acetaldehyde thus! Nus, this mixture primarily consisting of acetaldehyde and H

formed can then be subjected to steam reforming. The effectivéXcess of water and small amounts of£80, and CO should

ness of Cu in dehydrogenation reactions is no novelty. Freni et ai1€" Pe fed to the second layer made of a mixture of Ni-based

[51] studied steam reforming of ethanol over Cu/sédd found catalyst and a phemisorbent. In presence of Ni, the residual

that at temperatures in the range 573-723 K, ethanol conversidfetaldehyde will undergo steam reforming even at low temper-

was 100% and acetaldehyde angd Were the major reaction at_ures (around 723 K). The m_ethane steam reforming reaction

products. Traces of methane and CO were also detected. Thiéll however be thermodynamically controlled:

they concluded that at these temperatures, the ethanol dehydioH, + H,0 — CO + 3H,

genation reaction is predominant. These results are in agreement

with other previous studief72,73] At higher temperatures The chemisorbent selectively removes3armed during reac-

(>773K), ethylene formation was observed and the selectiviion. The WGS reaction is reversible and hence the equilibrium

ity to ethylene increased with increasing temperatures thereb§ifts to the right and favors the formation o ldnd CQ as

suggesting that the dehydration reaction also takes place at suBFPducts at lower temperatures.

high temperatures_. Nishiguchi et f82] reported almost selec- CO+ HyO = CO, + Ho

tive dehydrogenation of ethanol to acetaldehyde apdvér

CuO and CuO/Si@in the range of temperatures 473-673 K. The selective removal of COfrom the product stream by

Steam reforming of ethanol over CuO/Ce@t 533K also led chemisorption further enables production of high-purity ad

to the formation of acetaldehyde and hydrogen. From the foréow temperatures along with methane and traces of CO. Further

goings, itis clear that ethanol can be almost selectively convertegurification by methanation or preferential oxidation should not

to acetaldehyde over Cu-based catalysts at low temperatures. B necessary. The chemisorbent can then be periodically regen-

which has high activity in steam reforming will then promote erated by pressure swing adsorption. It should however be noted

C—C bond rupture in acetaldehyde. that the presence of an adsorbent implies a transient operation.
The steam reforming process should therefore be carried out The entire process of ethanol steam reforming coupled with

in a two-layer fixed bed catalytic reactor. A schematic diagranselective CQ@ removal by chemisorption is very promising. In

of this proposed process is shownFig. 2. An ethanol-water comparison, high temperatures are needed for obtaining high

mixture should be passed at 573-673 K over the first layer madethanol conversions in conventional steam reforming in a fixed

of Cu-based catalyst thereby converting ethanol to acetaldehydeed reactor packed with the catalyst alone and further purifica-

tion is necessary. Hufton et 4B3] have earlier demonstrated

the use of such a sorption enhanced reaction process to produce

H> from methane steam reforming.

Ethylene formation can be prevented by working at such low
temperatures thereby reducing catalyst coking. Acetaldehyd® Conclusions
thus formed may decompose to £lnd CO or may undergo

CoHsOH — CH3CHO + Ha

steam reforming as per the following reactions: In the present review, catalytic steam reforming of ethanol
for H» production is discussed in-depth. The effects of process
CH3CHO — CHs+CO variables such as temperature, pressure and the water-to-ethanol
molar ratio in the feed on the Hyield at equilibrium are dis-
CH3CHO+ H20 — 2CO + 3H cussed. An overview of previous studies using Ni, Co, Ni/Cu
and noble metals (Pt, Pd, Rh) is given. The catalyst perfor-
CH3CHO + HO — CO; + CH4+Ho mance characteristics suggest strong metal-support interaction.
The reaction pathway is complex and a number of undesirable
Layer 1 Layer 2 side reactions occur thereby affecting the selectivitytoGhta-
7/ 7 lyst coking is mainly due to the formation of ethylene by ethanol
Ethanol + H:Q / CH,CHO, / H,0, H,,CH 4, dehydratio_n_. The use of a two-layer fixed bed reactor is_ there-
H,0, H; CHy, Traces of COx fore promising: At low temperatures, ethanol should first be
CO0, CO, . . .
% % converted by dehydrogenation over Cu into acetaldehyde which
Cu catalyst Ni catalyst + Chemisorbent has a lower coking activity. The resulting mixture can then be
(573 - 673 K) (723 K)

passed at low temperatures around 723 K over a bed containing
Fig. 2. Proposed two-layer fixed bed reactor for ethanol steam reforming. & mixture of Ni catalyst and a chemisorbent. While Ni will be
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active in steam reforming of acetaldehyde thus formed, the sele36] V.v. Galvita, V.D. Belyaev, V.A. Semikolenov, P. Tsiakaras, A. Frumin,
tive removal of CQ from the product mixture by chemisorption V.A. Sobyanin, React. Kinet. Catal. Lett. 76 (2) (2002) 343.

will enable production of bHrich streams that can be fed to a [37] D.K. Liguras, D.I. Kondarides, X.E. Verykios, Appl. Catal. B: Environ.
43 (2003) 345.

PEMFC. [38] J. Comas, F. Marino, M. Laborde, N. Amadeo, Chem. Eng. J. 98 (2004)
61.
Acknowledgement [39] F. Frusteri, S. Freni, V. Chiodo, L. Spadaro, O. Di Blasi, G. Bonura, S.

Cavallaro, Appl. Catal. A: Gen. 270 (2004) 1.
[40] S. Freni, S. Cavallaro, N. Mondello, L. Spadaro, F. Frusteri, Catal. Com-

PDV is grateful to Fundgm para a @nca e a Bcnolo- mun. 4 (2003) 259.
gia (FCT), Portugal for the post-doctoral grant (SFRH/BPD/41] AN. Fatsikostas, D.l. Kondarides, X.E. Verykios, Chem. Commun.
19359/2004) offered during the course of this investigation. (2001) 851.
[42] A.N. Fatsikostas, D.l. Kondarides, X.E. Verykios, Catal. Today 75 (2002)
145.
References [43] A.N. Fatsikostas, X.E. Verykios, J. Catal. 225 (2004) 439.
[44] J. Sun, X.-P. Qiu, F. Wu, W.-T. Zhu, Int. J. Hydrogen Energy 30 (2005)
[1] M. Momirlan, T.N. Veziroglu, Int. J. Hydrogen Energy 30 (2005) 795. 437.
[2] F. de Bruijn, Green Chem. 7 (2005) 132. [45] A. Therdthianwong, T. Sakulkoakiet, S. Therdthianwong, ScienceAsia
[3] D.S. Cameron, Platinum Met. Rev. 47 (1) (2003) 28. 27 (2001) 193. _
[4] V. Fierro, O. Akdim, C. Mirodatos, Green Chem. 5 (2003) 20. [46] F. Marino, M. Boveri, G. Baronetti, M. Laborde, Int. J. Hydrogen Energy
[5] D.A. Morgenstern, J.P. Fornango, Energy Fuels 19 (2005) 1708. 29 (2004) 67. _
[6] M. Prigent, Revue De LInstitut Francais DU Petrole 52 (3) (1997) 349. [47] A.J. Akande, R.O. Idem, A.K. Dalai, Appl. Catal. A: Gen. 287 (2005)
[7] J.M. Zalc, D.G. Loffler, J. Power Sources 111 (2002) 58. 159. _ _
[8] A. Haryanto, S. Fernando, N. Murali, S. Adhikari, Energy Fuels 19 [48] A.J. Akande, Production of hydrogen by reforming of crude ethanol,
(2005) 2098. M.Sc. Thesis, University of Saskatchewan, 2005.
[9] F. Aupretre, C. Descorme, D. Duprez, D. Casanave, D. Uzio, J. Catall49] A. Aboudheir, A. Akande, R. Idem, A. Dalai, Int. J. Hydrogen Energy,
233 (2005) 464. in press.

[10] F. Haga, T. Nakajima, H. Miya, S. Mishima, Catal. Lett. 48 (1997) 223.[50] Y. Yang, J. Ma, F. Wu, Int. J. Hydrogen Energy, in press.
[11] E.Y. Garcia, M.A. Laborde, Int. J. Hydrogen Energy 16 (5) (1991) 307.[51] S. Fren_l, N. Mondgllo, S. Cavallaro, G. Cacciola, V.N. Parmon, V.A.
[12] K. Vasudeva, N. Mitra, P. Umasankar, S.C. Dhingra, Int. J. Hydrogen ~ Sobyanin, React. Kinet. Catal. Lett. 71 (1) (2000) 143.

Energy 21 (1) (1996) 13. [52] V. Fierro, V. Klouz, O. Akdim, C. Mirodatos, Catal. Today 75 (2002)
[13] F. Aupretre, C. Descorme, D. Duprez, Ann. Chim. Sci. Mater. 26 (4) 141.

(2001) 93. [53] V. Klouz, V. Fierro, P. Denton, H. Katz, J.P. Lisse, S. Bouvot-Mauduit,
[14] F. Aupretre, C. Descorme, D. Duprez, Top. Catal. 30/31 (2004) 487. C. Mirodatos, J. Power Sources 105 (2002) 26.
[15] I. Fishtik, A. Alexander, R. Datta, D. Geana, Int. J. Hydrogen Energy[54] F. Marino, E.G. Cerrella, S. Duhalde, M. Jobbagy, M.A. Laborde, Int.

25 (2000) 31. J. Hydrogen Energy 23 (12) (1998) 1095.
[16] T. loannides, J. Power Sources 92 (2001) 17. [55] F. Marino, M. Boveri, G. Baronetti, M. Laborde, Int. J. Hydrogen Energy
[17] V. Mas, R. Kiproes, N. Amadeo, M. Laborde, Int. J. Hydrogen Energy 26 (2001) 665.

31 (1) (2006) 21. [56] F. Marino, G. Baronetti, M. Jobbagy, M. Laborde, Appl. Catal. A: Gen.
[18] S. Freni, G. Maggio, S. Cavallaro, J. Power Sources 62 (1996) 67. 238 (2003) 41.
[19] . Thoeph”us, J. Power Sources 92 (2001) 17. [57] S. Velu, N. Satoh, C.S. Goplnath, K. SUZUki, Catal. Lett. 82 (1—2) (2002)
[20] J. Llorca, N. Homs, J. Sales, P. Ramirez de la Piscina, J. Catal. 209  145.

(2002) 306. [58] S. Velu, K. Suzuki, M. Vijayaraj, S. Barman, C.S. Gopinath, Appl. Catal.
[21] J. Llorca, P. Ramirez de la Piscina, J.-A. Dalmon, J. Sales, N. Homs,  B: Environ. 55 (2005) 287.

Appl. Catal. B: Environ. 43 (2003) 355. [59] C.A. Luengo, G. Ciampi, M.O. Cencig, C. Steckelberg, M.A. Laborde,
[22] F. Haga, T. Nakajima, K. Yamashita, S. Mishima, React. Kinet. Catal. ~ Int. J. Hydrogen Energy 17 (9) (1992) 677.

Lett. 63 (1998) 253. [60] J. Kugai, S. Velu, C. Song, Catal. Lett. 101 (3—4) (2005) 255.
[23] S. Cavallaro, N. Mondello, S. Freni, J. Power Sources 102 (2001) 19861] S. Cavallaro, S. Freni, Int. J. Hydrogen Energy 21 (6) (1996) 465.
[24] A. Kaddouri, C. Mazzocchia, Catal. Commun. 5 (2004) 339. [62] T. Nishiguchi, T. Matsumoto, H. Kanai, K. Utani, Y. Matsumura, W.-J.
[25] M.C. Batista, R.K.S. Santos, E.M. Assaf, J.M. Assaf, E.A. Ticianelli, J. Shen, S. Imamura, Appl. Catal. A: Gen. 279 (2005) 273.

Power Sources 134 (2004) 27. [63] J.C. Amphlett, S. Leclerc, R.F. Mann, B.A. Peppley, P.R. Roberge, Proc.
[26] E. Frusteri, S. Freni, L. Spadaro, V. Chiodo, G. Bonura, S. Donato, S.  33rd Intersoc. Energy Conserv. Eng. Conf. (cf CA), vol. 129, 1998, p.

Cavallaro, Catal. Commun. 5 (2004) 611. 205166. _ _ .
[27] S. Cavallaro, V. Chiodo, S. Freni, N. Mondello, F. Frusteri, Appl. Catal. [64] N.R.C.F. Machado, R.C.P. Rizzo, R.P.S. Peguin, Maringa 24 (6) (2002)

A: Gen. 249 (2003) 119. 1637.
[28] S. Cavallaro, Energy Fuels 14 (2000) 1195. [65] P.-Y. Sheng, A. Yee, G.A. Bowmaker, H. Idriss, J. Catal. 208 (2002)
[29] J.P. Breen, R. Burch, H.M. Coleman, Appl. Catal. B: Environ. 39 (2002)  393.

65. [66] M. Mavrikakis, M.A. Barteau, J. Mol. Catal. A 131 (1998) 135.
[30] C. Diagne, H. Idriss, A. Kiennemann, Catal. Commun. 3 (2002) 565. [67] H. Idriss, Platinum Met. Rev. 48 (3) (2004) 105.
[31] S. Freni, J. Power Sources 94 (2001) 14. [68] C. Descorme, Y. Madier, D. Duprez, T. Birchem, Stud. Surf. Sci. Catal.
[32] E.C. Wanat, K. Venkatraman, L.D. Schmidt, Appl. Catal. A: Gen. 276 130 (2000) 347.

(2004) 155. [69] J. Xu, X. Zhang, R. Zenobi, J. Yoshinobu, Z. Xu, J.T. Yates Jr., Surf.
[33] R.M. Navarro, M.C. Alvarez-Galvan, M. Cruz Sanchez-Sanchez, F.  Sci. 256 (1991) 288.

Rosa, J.L.G. Fierro, Appl. Catal. B: Environ. 55 (2005) 229. [70] S.M. Gates, J.N. Russel Jr., J.T. Yates Jr., Surf. Sci. 171 (1986) 111.
[34] M.A. Goula, S.K. Kontau, P.E. Tsiakaras, Appl. Catal. B: Environ. 49 [71] F. Aupretre, C. Descorme, D. Duprez, Catal. Commun. 3 (2002)

(2004) 135. 263.

[35] M.A. Goula, S.K. Kontau, W. Zhou, X. Qin, P.E. Tsiakaras, lonics 9 [72] B.A. Raich, H.C. Foley, Ind. Eng. Chem. Res. 37 (1998) 3888.
(2003) 248. [73] Y.-J. Tu, V.-W. Chen, Ind. Eng. Chem. Res. 37 (1998) 2618.



P.D. Vaidya, A.E. Rodrigues / Chemical Engineering Journal 117 (2006) 3949 49

[74] G.A. Deluga, J.R. Salge, L.D. Schmidt, X.E. Verykios, Science 303[79] F. Sadi, D. Duprez, F. Gerard, A. Miloudi, J. Catal. 213 (2003) 226.

(5660) (2004) 993. [80] D. Srinivas, C.V.V. Satyanarayana, H.S. Potdar, P. Ratnasamy, Appl.
[75] D. Morton, D.J. Cole-Hamilton, 1.D. Utuk, M. Paneque-Sosa, L. Manuel, Catal. A: Gen. 246 (2) (2003) 323.

J. Chem. Soc., Dalton Trans. 3 (1989) 489. [81] V.S. Bergamaschi, F.M.S. Carvalho, C. Rodrigues, D.B. Fernandes,
[76] C. Wheeler, A. Jhalani, E.J. Klein, S. Tummala, L.D. Schmidt, J. Catal. Chem. Eng. J. 112 (2005) 153.

223 (2004) 191. [82] L.S. Lobo, D.L. Trimm, J.L. Figueiredo, Proceedings of the Fifth Inter-
[77] D. Duprez, P. Peireira, A. Miloudi, R. Maurel, J. Catal. 75 (1982) 151. national Congress on Catalysis, 1972, Palm Beach, vol. 2, North Hol-

[78] J. Llorca, P. Ramirez de la Piscina, J. Sales, N. Homs, Chem. Commun. land/American Elsevier, Amsterdam/New York, 1973, p. 1125.
(2001) 641. [83] J.R. Hufton, S. Mayorga, S. Sircar, AIChE J. 45 (2) (1999) 248.



	Insight into steam reforming of ethanol to produce hydrogen for fuel cells
	Introduction
	Thermodynamic considerations
	Catalysts for steam reforming of ethanol
	Supported cobalt catalysts
	Noble metal catalysts
	Ni-supported catalysts
	Modified Ni catalysts
	Cu-based catalysts

	Discussion and overview
	Active metal components
	Catalyst supports
	Catalyst stability

	Process considerations
	Conclusions
	Acknowledgement
	References


