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Abstract

The ethanol steam-reforming reaction was studied by in situ diffuse reflectance infrared Fourier transform spectroscopy and on-line mas
spectrometry over ZnO and a Co/Zn0O catalyst prepared from impregnationp(CO}. Acetaldehyde is the primary product. The presence
of cobalt favors the reforming of acetaldehyde, via the C—C scission of bidentate acetate species. Dimethyl ketone is produced as a by-produ
on ZnO. The roles of ZnO support and cobalt are discussed on the basis of surface species and their subsequent evolution.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ferences in the behavior of catalysts were shown, depending
on the support used. This in turn determined the evolution of
The ethanol steam reforming, cobalt species under reaction conditions. The study showed

ZnO-supported catalyst to yield the best catalytic perfor-
C2H50H + 3H,0 — 6Hz + 2C0y, @) mance[7,8]. To afford better insight into the different path-
is a process which is gaining consideration in hydrogen pro- ways concerning the ethanol steam reforming, the present
duction for fuel cell applicationfd,2]. Several active phases contribution reports on an in situ diffuse reflectance infrared
have been proposed to serve as catalyst for this reactionFourier transform spectroscopy (DRIFT) study under reac-
[3-5]. However, no attention has been paid to determining tion conditions with on-line analysis of evolved products by
the surface species under reaction conditions, and this carmass spectrometry (MS) carried out over the ZnO-supported
yield insight into the pathway of the process. catalyst. Results were compared with those corresponding to

In light of mainly catalytic results, over ZnO-supported ZnO used as support.

cobalt catalysts prepared by a coprecipitation method, a first
step of ethanol dehydrogenatido acetaldehyde and then
the steam reforming of acetaldehyde through surface ac-2. Methods
etate species has been propofgdOn the other hand, we

have previously reported a Comparative st'udy of supported  The ZnO-supported cobalt catalyst (Co/zZnO) with ca.
cobalt catalysts prepared from impregnation of@D)s 1.0% by weight metal loading was prepared by impregna-

over several oxides which were used in the steam reform-io from an-hexane Ce(CO)g solution on ZnO support
ing of ethanol without ulterior calcination or reduction steps. (100 n? g~1) as previously describdd].

Only 1% wt/wt cobalt loading was used, and significant dif- Infrared study was performed with a Nicolet Magna-IR
750 FTIR spectrometer equipped with a liquid-nitrogen-

* Corresponding author. Fax: 34-934907725. cooled MCT detector using a Spectra Tech Inc. catalytic
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connected on-line through a capillary tube held at 423 K n2-Acetaldehyde species has been found to be formed af-
to a Balzers instrument equipped with a quadrupole masster acetaldehyde adsorption over metallic surfaces such
spectrometer. Several mass values were selected and preas Rh(111), Pd(111), or Ru(00[)3-15] as well as over
viously calibrated in the apparatus in order to monitor the metal-supported catalysts such as Co/g€ef® Pd/CeQ
evolution of different products (hydrogen, carbon oxides, [16]. These species decompose at low temperature to car-
C1-C4 hydrocarbons, ethanaicetaldehyde, dimethyl ke- bon, hydrogen, and CO. In some cases the evolution of
tone, acetic acid, and crotonaldehyde). A feed of gaseousn?-acetaldehyde species to acyl species before the decom-
CoHs0OH + H2O (HPLC grade) was introduced into the position pathway has been determirigd].
DRIFT chamber by bubbling helium (20 ml mif) through During the adsorption of the reaction mixture onto Co/
a thermostated saturator maintained at 308 K. The partialZnO, negative bands in the(OH) region located at 3620,
pressure of gHs0OH was 0.4 kPa and the J8/C,HsOH 3640, 3670, and 3685 cm were also generated. The
molar ratio was ca. 13. The samples were transferred intofirst three bands are related to surface hydroxyl groups of
the DRIFT chamber under inert atmosphere. ZnO [17], whereas that appearing at higher wavenumbers
Catalytic tests were performed in a U-shaped quartz (3685 cntl) can be tentatively assigned to OH groups on
continuous-flow reactor with on-line analysis of products by Co(ll) species like the CoO pha§&8]. In agreement with
gas chromatography as described elsew[@]te this assignation, the interaction of the reaction mixture with
the ZnO sample, which was used as support, produced bands
due to surface ethoxy species and negative bands at 3620,

3. Resultsand discussion 3640, and 3670 cm'. A similar behavior in the absence of
water has been reported for the interaction of ethanol with
3.1. Adsorption of CoH50H + H20 hydroxyl groups of Zn19]. It can be concluded that the

adsorption of the reactant niiwe onto the Co/ZnO sample
The initial spectrum of the Co/ZnO sample recorded at produced the disappearance of the initial carbonylic surface
298 K under He flow showed bands in théCO) (carbonyl) species and the formation of ethoxy species via the ethanol
region at 2067, 1999, 1950, and 1933 ¢mwhich canbe as-  interaction with the OH surface groups of ZnO and CoO.
signed to [Co(CQy] ~ species with a & symmetry[9,10]. The evolution of surface ethoxy speciesjtoacetaldehyde
The introduction of the reaction mixture at 298 K produced a can be related to the presence of cobalt.
displacement of the carbonylic bands to lower wavenumbers
and a progressive diminution of their intensities. Moreover, 3.2. The ethanol steam-reforming reaction
an absorption centered at 1886 thappeared, which may
be assigned to tetrahedral [Co(GD) deposited on the sur- The catalytic performance of Co/ZnO and ZnO samples
face[9]. However, all bands due to cobalt carbonylic species in the ethanol steam-reforming reaction at 723 K, under total
disappeared after prolonged exposure to the reaction mixtureethanol conversion, has already been repdite2zD]. When
at 298 K. the reaction mixture comes into contact with Co/ZnO sam-
Simultaneously, the interaction of the reaction mix- ple at increasing temperatures (573-723 K) the generation
ture with the surface of Co/ZnO progressively produced of small cobalt particles progressively takes place and the
bands characteristic of ethoxy species at 2973(CHz)), extension of the ethanol steam-reforming reaction increas-
2928 as(CHy)), 2900 @s(CH3)), 2874 @s(CHyp)), 1381 es[8]. For a better comparison of both sampl&aple 1
(8s(CHs)), 1100 ©(COmong), and 1057 ¢(COy)) cm~* shows their catalytic performances at ethanol conversion val-
[11,12] Moreover, a well-defined band at 1275 thand ues lower than 100%. The presence of cobalt faverpid-
smaller absorptions at 2755, 1348, 1148, and 972che- duction. If the dehydrogenatioof ethanol to acetaldehyde
came progressively visible. These bands can be assigneds assumed as the first step of the process, the reforming of
to an?-acetaldehyde species(CH), 2755;5(CHzg), 1348; acetaldehyde will be favored over Co/ZnO with respect to
v(CO), 1275; v(CC), 1148; andp(CHz), 972 cnrl. ZnO.

Table 1
Catalytic performance after 2 h of reaction under giHgEOH + H,O + Ar stream (GH50H:H,O=1:13, Ar/(CoHs50H + H>0) = 5, molar ratios) at
atmospheric pressure and GHSH000 1, 0.1 g of catalyst

Catalyst T Conv. Product distributiof (%)

(K) (%) Hy co, CHy CoHy C3Hs CH3CHO Me,CO
ZnO 623 103 623 128 - 24 - 225 -

673 879 610 218 01 19 01 59 9.2
Co/ZnO 623 1P 66.3 151 - 24 - 152 10

673 811 703 198 02 16 - 0.6 75

@ Molar percentage, water not included.
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Fig. 1. DRIFT spectra in the(CH) andv(C-0) regions under steam re-
forming of ethanol at 573 K: (a) over Co/ZnO, (b) over ZnO.
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Fig. 2. DRIFT spectra corresponding to Co/ZnO (A) and ZnO (B): (a) after
reaction at 673 K and quenching und¢e down to 298 K; (b) subsequent
temperature-programmed destiop under He at 473 K; (c) subsequent
temperature-programmed desorption under He at 673 K.

species were observed for Co/ZnO sampieg (1, spec-
trum a). Over ZnO, mainly bidentate ethoxy surface species
was identified,u(CO) = 1050 cnt! (Fig. 1, spectrum b).

In both cases, besides the bands corresponding to ethoxy
species, other weak bands in the zone 1600-1400 @p-
peared. However, their unambiguous assignation was not
possible. Furthermore, a band at 1713¢rin the spectrum
corresponding to Co/ZnO sample could indicate the pres-
ence of physisorbed acetaldehyde.

An increase of the reaction temperature up to 673 K and
subsequent quenching under He down to room tempera-
ture yielded relevant IR information. The spectrum corre-
sponding to Co/ZnOKig. 2A, spectrum a) clearly showed
v(C-0) bands due to mono- and bidentate ethoxy species
and bands at 1660, 1591, 1555, 1450-1380, and 1343.cm
The presence of two different surface acetate species can
be proposedpassyn{fCOO) at 1591 and 1555 cm, re-
spectively, vsym(COO) at 1450-1380 crt, and §(CHa)
at 1343 cml. The separation betweeryssyn{COO) and
vsym(COO) bands indicated that the configuration of these
surface acetate species was probably bidentate or bridge
[21,22] The band at 1660 cnt was ascribed to an acetyl
species. An acetyl species characterized by an IR band at
1685 cnt! has been reported on cobalt-doped Gefier
acetaldehyde adsorption and heating at 3326.

For ZnO, broad bands with maxima at 1574 and
1453 cnt! were also assigned to surface acetate species,
probably bidentate or bridge, tobig. 2B, spectrum a).

After reaction at 673 K and quenching under He at 298 K,
a temperature-programmed desorption experiment (TPD)
was carried outFig. 3 shows the evolution of mass pro-
files as a function of temperature for both catalysts Co/ZnO
(Fig. 3A) and ZnO Fig. 3B). In both cases, hydrogen, car-
bon dioxide, acetaldgyde, methane, digthyl ketone, and
ethanol showed a maximum at ca. 473 K. This indicates that
ZnO could be responsible for the generation of these prod-
ucts at this temperature.

Simultaneously, a comparison of the IR spectrum of
Co/ZnO recorded after heating at 473 Rid. 2A, spec-
trum b) and that obtained after quenchirkg( 2A, spec-
trum a) showed a decrease in the intensity of the bands cor-
responding to the ethoxy species, in accordance with the re-
sults of MS measurements. At ca. 473 K, some of the ethoxy
species could desorb as ethanol. However, these species can
easily evolve to acetaldehyde througtH elimination over

In separate experiments, the ethanol steam-reforming re-ZnO[23].

action was carried out over Co/ZnO and ZnO in the catalytic

Different studies of acetdéhyde decomposition over

DRIFT chamber between 573 and 673 K. The samples wereZnO have indicated the reaction of aldehyde with lattice oxy-

heated under He from 298 up to 573 K, and then the re-

action mixture of GHsOH + H>,O was added to the He
flow. In both cases, the evolution of)HCO,, methane,
acetaldehyde, and miethyl ketone was detected by mass

genvia a nucleophilic attack of lattice oxygen at the carbonyl
carbon of the aldehyde, followed either by hydride elimi-

nation to produce the corresponding surface carboxylate or
by alkyl elimination to produce formate and stable surface

spectrometry. Under these conditions, DRIFT experiments alkyl species. At lower tempernates, alkyl elimination is fa-

enabled identification of surface ethoxy species. Charac-

teristic v(C-0) bands corresponding to mon@+(CO) =
1096 cmtl) and bidentate ((CO) = 1055 cntl) ethoxy

vored (260 K), while at higher temperatures (600-750 K)
the decomposition of carboxykd to atomic adsorbed car-
bon, water, and C®was observe{l4].
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373K 473K 573K 673K A CHg4, and H. Hz did not show a maximum at this tempera-
: i : i ture, probably due to its consumption in the hydrogenation

Coi

e S N of acetate species to giaeetaldehyde under the TPD ex-
@ Gl s e perimental conditions. On the other hand, dimethyl ketone
£ ';'=qu ; i and CQ may be formed from the coupling of two acetate
2| co,i species.
o S Contrasting with the behavior of Co/ZnO, the TPD ex-
£ — periment corresponding to ZnO did not show a second
= A i maximum for the evolution of different products at ca.
CHSCHO ! }ﬂmﬁ e 573 K, and the IR spectrum indicated a lower diminution
CHCOCH# | | CH,COOH of the intensity of bands due to surface acetate species over
et el o 5 ZnO when the sample was heated from 473 to 673 K (see
: ' ' ' Fig. 2B). Over ZnO the decomposition of surface acetate
373K 473K 573K 673K B species via C—C scission was not favored, and probably only
some of these species evolved to dimethyl ketone angl CO
co via an aldolization reactiorAccording to this proposition,

S S

S for Co/ZnO catalyst, after the TPD experiment at 673 K

: (Fig. 2A, spectrum c) only residual bands in the region
1600-1400 cm! remained, and these corresponded to ac-
etate species over ZnO (compare spectrumkigf2A with
spectra irFig. 2B).

Taking into account all these results, it is possible to pro-
pose an initial interaction of ethanol with the —OH groups of
ZnO and CoO to form ethoxy species, which could evolve to
acetaldehyde. This proposition accords with catalytic stud-
ies carried out with ZnO-supported cobalt catalysts, which
have pointed out that acetaldehyde is an intermediate prod-
Fig. 3_. Products evolved as d_etermined by mass spectrometry du!'ing TPDct in the steam reforming of ethanol over these sys{éins
experiments of surface species obt after ethanol steam reforming at In a second step acetaldehyde may either evolve over ZnO
673 K and subsequent quenching underdi 298 K: (A) Co/ZnO catalyst, R . .
(B) ZnO. through alkyl elimination or fan a bidentate acetate species,
which in the presence of cobalt may favor the C-C scission,

producing CQ, CHy, and H in the presence of water. Al-
though it was not possible to evidence by IR the presence of
nsurface formate species, their presence cannot be ruled out
because their characteristic bands may be masked by the in-
tense bands of acetate and ethoxy species.

Quantitative analysis of products under reaction condi-
tions (seeTable J) indicated that the main process under
these conditions was the ethanol steam reforming,
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Regarding the formation of dimethyl ketone, it can be ob-
tained from acetaldehyde by two different routes. The first
pathway is via the acetaldehyde oxidation to acetate and the
the coupling of two carboxylates to form dimethyl ketone
and CQ. The second pathway is through the reaction of an
adsorbed acetyl group with an adsorbed (sC#toup[16].

As stated above, the decomposition of acetaldehyde by
alkyl elimination is favored at low temperatures over ZnO,
and this process could be the main one responsible for the
COy, CHy, and B maxima in the TPD experiment at 473 K.
Dimethyl ketone can also be formed over ZnO at this tem-
perature from acetaldehyde lmxidation and aldolization
reactions.

Significant differences between TPD profiles correspond- c,H;0H — CO + CHy + H,
ing to Co/ZnO and ZnO are evidenced at higher tempera-
tures. Co/ZnO exhibited a second maximum at ca. 563 K for CO + H,O — CO» + Ho.
the evolution of CQ@, methane, acetaldgde, and dimethyl
ketone. The comparison of IR spectra after TPD experiment  In both cases, and before the C-C scission, the dehydro-
at 473 and 673 K for this catalyst showed the almost total genation of ethanol to acetaldehyde takes place. Resulting
disappearance of bands due to acetate speciefie2A). surface species would be reformed to £énd H [25].
Thus, it can be proposed that the products evolved comeHowever, carbon deposition on catalysts after reaction in-
from surface bidentate acetagpecies, which easily decom- dicated that some (CH species did not evolve to GHor
pose over Co/ZnO by C—C scission. The presence of surfaceCO,, but remained on the surface and generated carbona-
—OH may favor this pathway, giving the final products£O ceous residugs].

CoH50H + 3H20 — 2CO, + 6Ho,

and not the decomposition of ethanol and ulterior water gas
shift reaction:
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