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Abstract

Oxidative steam reforming of ethanol for hydrogen production in order to feed a solid polymer fuel cell (SPFC) has been studied over several
catalysts at on board conditions (a molar ratio g&¥EtOH and of Q/EtOH equal to 1.6 and 0.68 respectively) and a reforming temperature
between 923 and 1073 K. Two Ni (11 and 20 wt.%}{®{ catalysts and five bimetallic catalysts, all of them supported g@Alvere tested.

The bimetallic catalysts were Ni (approximately 20 wt.%) based catalysts doped with Cr (0.65 wt.%), Fe (0.6 wt.%), Zn (0.7 wt.%) or Cu (0.6
and 3.1wt.%). The results in terms of Hroduction and C@CQO ratio obtained over Ni-based catalysts supported g@Abre compared

with those obtained over Ni—-Cu/Sj@nd Rh/A}Os catalysts reported in our previous works. Tendencies of the product selectivities are
analyzed in the light of the reaction network proposed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction feedstock and already largely distributed. However, the main
drawback of methanol, beside its relatively high toxicity, is
Fuel cells (FC) have the potential to replace the internal that its production is essentially based on reforming of non-
combustion engine in vehicles and provide power in sta- renewable fossil fuels (mostly natural gas), and therefore its
tionary and portable power applications because they areuse as a feedstock for electrical vehicle will release fossil car-
energy-efficient, clean, and fuel-flexible. A significant bar- bon into the atmosphere. Ethanol appears as an attractive al-
rier to using these FC in vehicles is hydrogen storage. ternative to methanol since it is much less toxic, offers a high
Chemical storage of hydrogen in liquid fuels is considered octane number, a high heat of vaporization and a low photo-
to be one of the most advantageous options for supplying chemical reactivity. Moreover, bio-ethanol can be produced
hydrogen to the fuel cells. A variety of liquid fuels, such as in large quantities from biomass fermentation, therefore as a
alcohols and hydrocarbons are suitable for this purpose. Fuelgenewable energy source. This alcohol has also a significant
containing hydrogen generally require a “fuel reformer” that advantage over fossil-fuel based systems: it i @8utral,
extracts the hydrogen from any hydrocarbon fuel. Hydrogen since the carbon dioxide that is produced in the process is
sources include fossil fuels as methanol, ethanol, natural gasconsumed by biomass growth and a closed carbon cycle is
petroleum distillates, liquid propane and gasified coal and operated.
even gas from landfills and wastewater treatment plants. Polymer electrolyte membrane fuel cells (PEMFC) are
Methanol steam reforming (SR) has been thoroughly stud- particularly suitable for use in passenger vehicles, such as
ied in recent years, since methanol is available as an abundantars and buses due to their fast startup time, low sensi-
tivity to orientation, and favorable power-to-weight ratio.
* Corresponding author. Fax: +34 977558546. However, PEMFC use a solid polymer as an electrolyte and
E-mail addressvfierro@etseq.urv.es (V. Fierro). porous carbon electrodes containing a platinum catalyst that
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is extremely sensitive to CO poisoning, limited to 100 ppm stead of nitrogen at atmospheric pressure in afixed bed reactor
[1]. Ifthe hydrogen is derived from an alcohol or hydrocarbon (ID =4 mm andHpeg= 7 mm) where 50 mg of the catalyst are
fuel the working catalyst is required to be both very efficient introduced. Catalyst was dispersed with SiC to minimize hot
for abstracting hydrogen atoms from the carbon-containing spot effects.
reactant and oxidize the carbon atoms to,@®much as pos- Two parallel reactors and a system of valves allow pre-
sible. However, the CO content at the reactor outlet makestreating a catalyst while a second one is being tested.
necessary other processes to reduce the CO concentratioithere are two lines of gases to the reactors providing
within the tolerance limit of the Pt anode catalyst. These pro- an ethanol/water/air-like (79% He and 21%)Qmixture
cesses are high temperature water gas shift (HTS-WGS), lowfrom a gaseous HefOmixture and a liquid water/ethanol
temperature water gas shift (LTS-WGS) reactions, and/or se-(H>O/EtOH) blend or a gas flow to pre-treat the catalyst with
lective oxidation (SELOX). Consequently, the ratio £00y H>. The HhO/EtOH blend is regulated by an HPLC pump,
atthe reformer outlet, CQlefined as C@+ CO, mustbe high  the liquid is vaporized at 403 K and then mixed with the gas
enough to limit the importance (weight and volume) of the flow before being fed to the fixed bed reactor or being sent to
WGS and SELOX steps downstream. analysis before reaction. Gases are analyzed on line by mass
Supported group VIl metals are good catalysts for ethanol spectrometry and by gas chromatography. Wet gases are an-
SR[2-5]. One serious problem, though, is the catalyst deacti- alyzed by means of a Hewlett Packard gas chromatograph
vation due to carbon deposition, especially for Ni-based cata- model 6890, equipped with a TCD detector and an HP-PlotQ
lysts. Although noble metals suffer less coking than nickel the column that analyses GOCO, CH,; and other hydrocarbons
high cost of noble metals renders their application. Therefore, as GHg, CoHa, C2H40 as well as ethanol and,®. Helium
development of Ni catalysts with little or no coking deacti- was used as internal standard and the variation of its concen-
vation and with a high C&JCO ratio at the reformer outlet, tration measured by gas spectrometry allows the evaluation
is of great interest to automotive application. of the volume correction factor and of the ethanol conversion
This paper presents the oxidative steam reforming of and selectivities to the reaction products.
ethanol for hydrogen production in order to feed an SPFC at  Based in our previous workg,6], the experimental con-
on-board conditions. The objective of this study was to screenditions involve a molar ratio of LD/EtOH equal to 1.6, a
a wide range of commercial and prepared Ni-based catalystsmolar ratio of Q/EtOH equal to 0.68 and a contact time
in order to find those that simultaneously offer an increase in close to 0.2minkgmoi' and temperatures from 923 to
the selectivity to hydrogen and in the ratio 00 at the 1073 K.
reactor outlet.

2.3. Parameter formulae

2. Experimental Since this work was carried out at on-board conditions
a volume correction factor (CF) that takes into account the
2.1. Catalyst volume change as a result of reactions was considered to

. ) calculate conversions and selectivities.
The active materials selected for ethanol SR were two

commercial Ni-based catalysts (11 and 20wt.%) and five cp — Hein — Vout (1)
bimetallic catalysts all of them supported om®k. These Heout  Vin

bimetallic catalysts were also Ni-based (approximately \ here Heg, and Hey are the helium concentration at the in-
20 wt.%) and doped with Cr (0.65wt.%), Fe (0.6Wt.%), Zn ot and at the outlet of the reactor respectively. The reactants
_(0.7vvt.%)_0r Cu (0.6 and 3.1M.%). Metals were added bY conversion (ethanol, water or oxygen), deno¥ghciantis
impregnation of the support with an aqueous solution con- .., jated according to E2) whereF; in andFi ot repre-
taining the corresponding nitrates as precursors under Stimngsents the molar flow rate of thepecies ’measure’d atthe inlet

at room temperature followed by drying (393 K), calcination and at the outlet of the reactor respectively.
at 923K for 15h and sieving to 0.2-0.3 mm. BET surface

area was determined by,Ndsorption at 77 K using a Mi- ¥ _ [Freactanlin — [ Freactanlout CF @)
cromeritics ASAP2010 apparatus. reactant= [ Freactantin
2.2. Catalytic tests and selectivities to carbon-containing productg)(&e cal-

culated by the following equation:

Prior to catalytic testing, the catalyst was placed in [Fc,]ouCF
a fixed bed reactor and reduced under flowing hydro- Sc, = [ Ferond; _ [ FerorlouCF]
gen (30 miminY) at 923K for 8 h with a heating rate of "L EOHlin EtOHout
2Kmin~1. After reduction the catalyst was cooled down wheren is the number of atoms of carbon in the product
to reaction temperature under helium atmosphere. The rungn=1 for CO, CQ and CH, andn=2 for GHg, CoH4 and
were performed under on-board conditions with helium in- CHzCHO).

©)
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Selectivity towards hydrogen is calculated taking into ac- centrations of the products. Ethanol and &e converted
count the variation of ethanol and water concentrations. completely over the whole temperature range. As the reac-

_ [FHz]outCF 4)
3[[FEIOH]in - [FEIOH]outCF] - [[ FHzo]in - [FHZO]outCF]

The contact timet{) is defined as the ratio between the mass
of catalyst and the molar flow of the inlet ethanol. Though tion temperature increases the selectivity tatreases and
contact time is usually defined as the ratio between the masseaches a maximum equal to 1 from 1023 K on, which coin-
of catalyst and the total inlet flow rate, the present definition cides with the total disappearance of methane, €&ectiv-
focuses on the ethanol contact time for a direct evaluation of ity is almost constant up to 573 K, has a maximum at around
the link between the active sites concentration and the number773 K and decreases steadily at higher temperatures. Methane

SH,

of ethanol moles to convert.

_ mcata(KQg)
~ EtOH (mol mirr1)

Ic

(®)

2.4. Calculations at thermodynamic equilibrium

Product selectivities were calculated at thermodynamic
equilibrium. The results vary in practical situations, never-
theless these calculations provide a valuable indication of
the starting point for experimental research.

Despite the apparent simplicity of the stoichiometry of the
reaction for maximum hydrogen production,

CH3CH2OH + 3H,0 — 6Hy +2CO; (6)

no exact knowledge of the reactions involved in the oxida-
tive steam reforming of ethanol exists. We have solved this
system by minimization of the Gibbs free energy. The op-
erating parameters used were the following: (a) temperature
(298-1073 K), (b) HO/ethanol (1.6), and &ethanol (0.68)
molar feed ratios and (c) pressure (1 atm).

3. Results and discussion

3.1. Product selectivities and conversions at
thermodynamic equilibrium

Fig. 1 shows the product selectivities calculated at equi-
librium for comparison with the experimental ones. The
temperature has a significant effect on the equilibrium con-
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Fig. 1. Effect of reactor temperature on equilibrium selectivities to the reac-
tion products for the oxidative steam reforming of ethangl/EOH = 0.68
and HO/EtOH = 1.6; pressure, 1 atm).

selectivity decreases with temperature while CO increases.
There is no selectivity towards C2 products since they are
not stable thermodynamically.

3.2. Homogeneous reactions

Homogeneous reactions are very important when studying
the oxidative steam reforming of ethanol and special attention
must be paid to reduce the dead volume to avoid th&g.2
shows the selectivity of ethanol conversion in absence of cat-
alyst at temperatures from 723 to 1073 K, with aitCHEtOH
molar ratio of 1.6 and a &@EtOH molar ratio of 0.68. Ethanol
decomposes at temperatures higher than 723K reaching a
conversion of 95% at 973 K with a total oxygen conversion
from 823 K. The selectivity to the reaction products is nearly
constant at temperatures higher than 773 K. There is a high
selectivity to CO £50%) and the selectivity to hydrogen re-
mains very low £30%) due to the high reaction selectivities
to hydrogenated products as methane, ethane and ethylene
and the production of water by the combustion of ethanol.
The selectivity to GH4 (=18%) is also rather important,
ethylene acts as a very strong promoter of carbon formation
and an important quantity of ethanol is converted to coke.

3.3. Product selectivities and conversions at
heterogeneous conditions

A wide range of catalysts were tested, changing the Ni
content (11 and 20%), the metal added (0.6% Cu, 0.65%
Cr, 0.7% Zn and 0.6% Fe) and the percentage of Cu (0.6
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Fig. 2. Conversion of ethanol and oxygen and product selectivity of ethanol
reforming reaction vs. temperature at homogenous conditions: ¢+) O
(x) EtOH, @) Hz, (O) CO, () COy, (0) CHa, (W) CoH4, (#) C2Hs
(O2/EtOH =0.68, BO/EtOH = 1.6 and flow rate = 80 chmin—1).
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and 3.1%). The results obtained in this work, in terms of or the dehydrogenation of ethanol with concomitant adsorp-
H, selectivity and C@/COy, are compared with those ob- tion to give acetaldehyde and hydrogen

tained over Ni—Cu/Si@and 5%Rh/A}Os in previous works

BET surface area of the 11 and 20% Ni commercial catalysts CHsCH20H < C2H40 + H> (8)

were 85 and 77 fg ™, respectively. BET surface areas of s we worked in presence of oxygen it could be also possible
bimetallic catalyst were found equalto 179, 200, 162, 188 and

223 g~ for Ni1g.4Cup 6Al, Ni 20 4Cus 1Al, Ni1g 5Cro 65Al, CH3CH0H + 1/20; — CoH40 + H20 9)
Niz0.1Zn0.7Al, Ni1g den 6Al, respectively. and fast decomposition of acetaldehyde according to
3.3.1. Ni/Al catalysts C2H40 < CH4+CO (10)

Ethanol reforming over two Ni-based catalysts, 11 and
20 wt.%, supported on AD3 was studied on-board condi-
tions optimised in previous word—6]. Ethanol was com-
pletely converted over the whole studied temperature rangeCHs + H,0 < CO + 3H; (12)
for the two catalysts while the water conversion increased
with temperature. Results in terms of product selectivities
for the two catalysts are shown Fig. 3. Fig. 3@) shows
the effect of temperature on selectivities to, HCO, CQ
and CH, andFig. 3(b) shows selectivities to C2 compounds:
CoH4, CoHg and GH40. The product selectivities shown by
the catalysts are very different depending on the Ni content.

For 20% Ni catalyst, selectivities toHnd CO increased
while selectivities to Cljand CQ decreased with increasing
temperature. No production of C2 compounds was detected
over the studied temperature range.

The high production of CO, CiHand H at 923 K suggests
the ethanol decomposition by

and the higher selectivity to CO compared to methane at
923K is explained by the SR of methane

The decrease observed in the £&ihd CQ selectivity trends
when temperature increases is explained by the thermody-
namic equilibria of the SR of methane and by the reverse
WGS respectively.

The evolution of the product selectivities with temperature
is within experimental errors close to those correspondents
to the thermodynamic equilibrium. The lower selectivities to
H> and CQ and higher selectivities to GHand CO indicate
that methane SR and WGS have not reached the equilibrium.

Opposite to 20% Ni catalyst, ethanol decomposition over
11% Ni catalysts proceeds also with the formation of ethy-
lene, ethane and acetaldehyde. The 11% Ni catalyst showed
avery low selectivity to K, about 50%, due to the selectivity
CH3CH,0H — CO + CHg+H» (7) to C2 products. CO selectivity followed a parallel evolution
to Ho selectivity with a constant decrease from 923 to 1023 K
and aslightincrease at 1073 Kwhile @Was almost constant
over the whole temperature range. Formation of C2 products
are then responsible for the decrease in the selectivity of CO
and H at temperatures from 923 to 1023 K. Ethylene is one
of the most troublesome byproducts of ethanol SR and par-
tial oxidation since it can deactivate the catalyst by carbon
deposition. Itis well known that ethanol is dehydrated by the
acid sites of the alumina producing ethylene (EiR)), [7]
that decomposes to form carbon depofsis

Selectivity
o
-

- 900 950 'Il'o?]lz) 1050 1100 CH3CH20H N CzH4 + HZO (12)
Ethane is most probably, the product of ethylene hydrogena-
tion, which is confirmed by the lowerg$electivity compared

0.08 to CO selectivity,

0.1

0.06 CoHz+Ho— CoHg (13)

Selectivity

0.04 1 while acetaldehyde is the product of ethanol dehydrogenation
(Eq.(8)) or reaction with Q (Eq. (9)).
Nickel would favor the ethanol adsorption as acetalde-

04 8 hyde and afterwards the acetaldehyde SR. The selectivity to

e =28 0 e e acetaldehyde is always smaller than 0.025 and a maximum

(b) T(K) . .
can be observed that could be explained by the existence of

Fig. 3. Product selectivities of oxidative ethanol reforming over 11% Ni (full two Compe.t'.t've reactions: adsorption or reaction witre@d
symbols) and 20% Ni (open symbols) to the reaction products vs. tempera- decomposition (Eq¢8)—(10) and SR of acetaldehyde,
ture: (a) @) Hz, (@) CO, (a) COy, () CHy; (b) (W) CoHa, (@) CoHg, (4)
C,H40 (experimental conditions as Fig. 2). C2H40 + H20 — 2CO + 3H; (14)

0.02 4
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The change in the tendency obHand CO selectivity at [17,18] in order to increase the GLC Oy ratio at the reactor
1073 K is probably originated from acetaldehyde decompo- outlet.
sition (Eqg.(10)) and acetaldehyde, ethane and ethylene SR.  Fig. 4 shows conversion to ethanoFi§. 4(a)) and

selectivities to H, CO, CQ, CHy, ethylene, ethane, and ac-
CaHs +2H0 — 2CO + 4H; (15) etaldehydeKig. 4(b)—(h) respectively) for the four bimetal-
CoHg + 2H,0 — 2CO + 5Hs (16) lic catalyst tested in_ this_, work. As it is shown Fig. 4(a),

the ethanol conversion is complete over all the whole tem-
Although the selectivity to C2 products decreased with tem- perature range for catalysts with Cu and Fe additions while
perature, we found an almost constant selectivity to methaneover Ni-Zn and Cr—Ni catalysts the ethanol conversion is not
that can be explained by the existence of methanation reac-complete up to 1023 and 1073 K respectivélig. 4(b)—(h)
tions, according to shows two tendencies of the product selectivities over the

temperature range. On the one hand, ethanol reforming over
CO + 3Hz < CHs +H20 (17) catalyst containing Cu resulted in high and parallel selectiv-
COy + 4Hy <> CHj + 2H,0 (18) ities to H, and CO, low selectivities to CH that decreased

as temperature increased up to 1023 K, and no selectivity to
Ni/Al 203 is an effective catalyst for the methanation of CO. C2 compounds. On the other hand, Ni—Cr, Ni-Fe and Ni-Zn
Otsuka and coworkerf9] studied the removal of CO by  showed low selectivities to Hat 923K, of 0.40, 0.44 and
methanation in Hrich gas stream over different metal cata- .55 for Cr, Fe and Zn respectively, that increased almost
lysts. The conversion of CO over a NiDz was of 7.9% at  linearly with temperature up to 0.98 at 1073 K for the three
523K and increased up to 46.2% at 573 K. catalysts.

CO; increased with temperature from 923 to 1073K,  The Ni—Cu catalyst showed higher selectivities tothain
which could be explained by WGS. Some controversy ex- the 20% Ni catalyst over the whole temperature range but
ists on the viability of WGS on Ni catalysts during SR of especially at 923K, 0.82 and 0.93 for 20% Ni and Ni—Cu
ethanol. Duprez and coworkef$0,11] and more recently  catalyst respectively. The loweryHselectivity was due to
Laborde and coworkef42] affirmed that WGS does nottake the lower SR of CH because C2 products were not pro-
place on Ni catalyst. Although the production of €18 less duced over 20% Ni catalyst as seen above. Therefore, the
favorable when increasing temperature the high amount of alloy Ni—-Cu seems to favor the SR of methane produced
CO produced by C2 SR at 1073 Kwould resultin anincrease by ethanol decomposition. At present there is a number
of the selectivity to CQ. In fact, the CO and C&concentra-  of works devoted to the studies of Ni-Cu alloy catalysts
tions are closer to those correspondents to the thermodynamigor several reactionfl9] and more specifically for SR of

equilibrium. methane[20] and ethanol[4]. In those works, Cu plays a
Similar results to those reported in this work were found significant role in decreasing the rate of carbon formation.

with increasing metal content in Co based cataly$&. Based on this study, Cu seems also to promote the SR of

Ethylene formation occurred only on the Cof@k catalyst methane.

with small Co contents<8%) and no with higher contents The low selectivities to bl exhibited by Ni—-Cr, Ni—Fe

(18%). Likewise, pure nickel causes bond breaking of ethanol and Ni-Zn catalysts at 923K are a consequence of the very
in the order G-H >—-CH;>C-C>—CHgs [14,15] increasing  high selectivities to C2 products but also to methane, if they
quantities of Ni in the catalyst would privilege the dehy- are compared with Ni—-Cu selectivities. At 923K, the SR
dration route to acetaldehyde and the WGS reactions. Wereactions (Egs(10), (13)—(15) and the decomposition of
think that the less Ni charged catalyst has stronger acidic acetaldehyde (Eq9)) are slow, and so acetaldehyde, ethy-
sites available, from AlO3, and so the contribution of the |ene and ethane, produced by E), (11) and (12)espec-
carrier would be predominant and would privilege the dehy- tively, are present at the reactor outlet. The Ni—Cr, Ni-Fe
dration route. These conclusions agree well with the reaction and Ni—Zn catalysts exhibited lower selectivities to methane
network of ethanol SR over Ni-based catalysts recently pro- and C2 products and higher selectivities to CO andals
posed by Fatsikostas and Verykid$] who concluded that  reforming temperature increased. This tendency was due to
Al203 promotes dehydration and cracking and the presencethe increase in the reaction rates of the acetaldehyde de-
of Ni promotes SR of ethanol and acetaldehyde as well as thecomposition and the SR of methane and C2 products: CO

WGS and methanation reactions. increased with temperature from 923 to 1073K. As seen
above, the high amount of CO produced by hydrocarbon
3.3.2. Bimetallic Ni-based catalysts SR increases the selectivity to @y WGS even if this

Once observed that ethanol reforming over a 20% reaction is less favorable when increasing temperature. At
Ni-based catalyst produced high selectivities tp With 1073 K, the selectivities to Hand CQ the reaction prod-
no production of C2 compounds, we tested four Ni-based ucts over Ni—Cr, Ni—Fe and Ni-Zn catalysts are higher than
catalysts doped with approximately 0.7% of Cr, Fe, Zn or those over Ni—Cu catalyst. No C2 production was detected
Cu and supported on AD3. Our aim was to add little  and the selectivity to methane was lower than over the Ni—-Cu
quantities on metals, that are well known to promote WGS catalyst.
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Fig. 4. Ethanol conversion (a) and product selectivities of oxidative ethanol reforming ©@® CQ, CHs, CoH4, CoHg, CoH40 ((b)—(h) respectively) over
the bimetallic Ni-based catalystdlf Nijg 4Cup 6Al, (A) Ni1g.2Cro.65Al, (@) Nizg.1Zng.7Al, (O) Nirg.6Fep.sAl; experimental conditions as iRig. 2.

There are some references in the literature about the ef-3.3.3. Increase of Cu content in Ni-Cu@®k catalysts
fect of the addition of Cr, Fe and Co to Ni-based catalyst = Rostrup-Nielsen and co-workef85] stated that small
supported on AlO3 for the SR of hydrocarbongR1-24] amounts of Cu alloying in Ni—Cu/SiDcatalysts promotes
The addition of the second metal to Ni seems to have a ben-while larger amounts (Cu:Nt 10%) inhibits carbon forma-
eficial effect in the stability of the catalysis, inhibits the en- tion and changes the morphology of the filaments. Above, we
capsulation of Ni catalyst or reduces coking. For example, have shown that the addition of 0.6% increasedsElectiv-
Ni—Cr/Al,O3 catalysts were used in the SR of naphthalene ity by encouraging SR of methane and, based on literature,
at 1073 K[21]. It appears that nickel was active in aromatic probably with a concomitant reduction of coke depaosition.
ring opening, while chromium inhibited the encapsulation of ~ In order to study the effect of adding larger amounts
the nickel crystallites by inactive carbon filaments. We have of Cu to Ni/Al,O3 catalysts, we prepared a catalyst with
not studied the beneficial effect of the addition of Cr, Fe and a higher Cu content (3%) and an approximate Ni content
Co to Ni inhibiting coke formation. However, we can con- (20%). Results in terms of product selectivities for the two
clude that these three catalysts were only interesting for thecatalysts are shown iRig. 5. Fig. 5a) shows the effect of
oxidative steam reforming of ethanol at 1073 K. temperature on selectivities to,HCO, CQ and CH, and
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Table 1

H, production (I kg ! catalyst mirr1) by oxidative steam reforming of ethanol over Ni and noble metals based cataly&EQ8 = 0.68, HO/EtOH =1.6 and
flow rate =80 crAmin~1)

T(K) NizAl Ni 19.4Cup 6Al Ni 19.2Cro.65Al Ni 20.1Zno.7Al Ni 19.6Fen.6Al Ni 20.4Cug 1Al Ni16.7Clp.1Si RhsAl
923 0.81 0.86 0.35 0.49 0.37 0.30 0.78 0.90
973 0.95 0.90 0.45 0.61 0.49 0.27 0.88 0.97

1023 0.99 0.91 0.74 0.89 0.76 0.43 0.97 1.03

1073 0.99 0.87 1.00 1.00 1.00 0.87 1.00 1.04

Similar results were found for SR of etharj@6] or more
recently during C@reforming of methang7]. The 1wt.%
Cu addition to the Ni/AdJO3 catalyst enhanced the stability
and the activity of the Ni/AlO3 catalyst, but CuNi/AlO3
catalysts added over 5% Cu were deactivated more rapidly.
A detailed characterization of these catalysts are necessary
to give fundamentals that explain this behavior but it could
be due to a lower copper dispersion when increasing copper
900 050 1000 1050 1100 loading[26] on Ni/Al,O3 catalysts.
(a) T(K) Increasing copper content has a very different effect in
Ni/Al 203 or Ni/SiO,, Cu:Ni< 10% in Ni—Cu/SiQ catalysts
promotes while in Ni-Cu/AlO3 inhibits coke formation.

Therefore, the interaction of the alloy Ni—Cu and the sup-
port seems to play an important role in the complex reaction
network taking place during the SR of ethanol. The inter-
action of the metal with the support has been studied dur-
ing ethanol reforming over Co catalysts on different supports
[13,28] There is no accord on the role played by the catalysts
but, as in our work, it is shown that there is a difference on

900 950 1000 1050 1100 the product selectivity.
(b) T(K)

Selectivity
(=]
F-N

Selectivity

Fig. 5. Ethanol conversion and product selectivities of oxidative ethanol 3.3.4. Comparison of the performances obtained by Ni

reforming over NigCWwAl: (a) (x) EtOH, () Hz, (O) CO, (&) COz, (0) and the noble metal based catalysts
CHyg; (b) (O) CaHg4, (0) CoHg, (A) C2H40 (experimental conditions as in Tables 1 and 8how the H production and the C§COy
Fig. 2.

ratio by oxidative steam reforming of ethanol over different
catalysts as a function of temperature. The catalysts selected
were the seven Ni/AlD3 catalysts tested in this work, the
Fig. 5(b) shows selectivities to C2 productgHy, CoHg and Ni—Cu/SiG and the 5% Rh/AIO3, chosen between the noble

CoH40. metals studied in a previous wgrK because it presented the
The increase of Cu content up to 3% in the catalyst re- best performances.
duces considerably the good performances 4sélectivity The objective of this study was to screen a wide range

of Ni19.4CUp Al catalyst and has a similar effect to the addi- of Ni-based catalysts in order to find those that offer sim-
tion of 0.6% of Cr (sed-ig. 4). The ethanol conversion was ilar performances to noble metal catalysts: high selectiv-
not complete up to 1073 K and showed low selectivities to ities to hydrogen and high COCOy ratio at the reac-
H, at 973 K, of approximately 0.35%, that increased almost tor outlet. The data presented ifables 1 and 2show
linearly with temperature up to 0.91 at 1073 K. The selectiv- that RhysAl is still the best catalyst over the while
ity to Ho at 1073 K was the lowest of the bimetallic catalysts temperature range. It offers a highy Hbroduction from
tested due to the selectivity to methane. 0.91kgtmin~1 at 923K to 1.041kg!min—! at 1073K

Table 2
CO,/CO ratio at the reactor outlet in oxidative steam reforming of ethanol over Ni, noble metals based catalysts and at the equiliEi@H (3.68,
H,O/EtOH = 1.6 and flow rate = 80 chmin—1)

T (K) Ni 20A| Ni 19.4CLbA6A| Ni 19.2CI'0.55A| Ni 20,1Zn0,7AI Ni 19A5FQ)A6A| Ni 20.4CU3A1A| Ni 15_7CUZ.;|_Si Rh_;Al Equilibrium|

923 0.36 0.30 0.32 0.34 0.30 0.30 0.44 0.42 0.43
973 0.27 0.27 0.26 0.29 0.26 0.23 0.35 0.32 0.37
1023 0.24 0.23 0.26 0.27 0.26 0.21 0.28 0.27 0.34

1073 0.22 0.21 0.23 0.23 0.25 0.25 0.24 0.25 0.31
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and CQJ/COy ratios high and close to those found at Acknowledgements

the thermodynamic equilibrium. B§AI, Ni1g.4Cup Al and
Ni1g.7CU2.1Si also offer high production of #Hover the
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of the catalyst for the oxidative steam reforming of ethanol
at on-board conditions. Furthermore, copper allows to-

tal conversion of ethanol and constant selectivity towards

hydrogen.

The rest of the bimetallic catalysts showed a linear ten-
dency in the production of hydrogen with increasing temper-
ature (Ni—Zn > Ni—Fe > Ni—Cr > Niy 4Cugz.1) and much lower
hydrogen production than the 20% Nif&; catalyst up
to 1073 K. At 1073 K, Ni—Zn, Ni-Fe and Ni—Cr catalysts
showed a hydrogen production of 1.0 Hgmin—! close to
that produced over 5% Rh catalyst (1.04 tgnin—1). How-
ever, the CQ/COy ratio was somewhat lower except for the
Ni—Fe catalyst that reached the sameXfI® ratio than 5%

Rh catalyst.
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