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Abstract

The effect of sodium promoter on cobalt—zinc oxide catalysts was studied. Catalysts with different sodium contents (up to 1% (w/w))
were prepared by a coprecipitation method. They were studied in the steam reforming of ethanol between 523 and 723 K and characterize
by transmission electron microscopy, X-ray diffraction, Raman and infrared spectroscopies, X-ray photoelectron spectroscopy, and in sitt
diffuse reflectance infrared spectroscopy. A high segregation of sodium on the surface of catalysts took place. The sodium addition had :
positive effect on the steam-reforming reaction of ethanol. Under total conversion and in the 623-723 K temperature range, the productior
of hydrogen from an ethanol-water {850H:H,0 = 1:13 molar) mixture (bioethanol) increased (5-8%) with sodium content. In addition,
the incorporation of sodium resulted in the stabilization of the catalysts toward deactivation. In particular, the sodium-promoter effect was
related to a decrease in carbon deposition, as evidenced by transmission electron microscopy, Raman spectroscopy, and X-ray photoelectt
spectroscopy.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction long-term catalytic studies or the characterization of cata-
lysts after catalytic tests. Carbon deposition has been shown

H, is nowadays considered as an alternative fuel, and itsto cause deactivation of nickel-, nickel-copper-, and cobalt-
production for use in fuel cells is a subject of current inter- based catalysts [6,7,9,15]. For cobalt-based catalysts, this
est [1,2]. To this end, the use of renewable resources deriveddeactivation depended on the support, and increased with re-
from biomass is attractive in order to develop sustainable action temperature [15]. We recently studied ZnO-supported

energy systems [3,4]. Ethanol is considered to be an appro-cobalt catalysts which were very effective in the steam-
priate H reservoir because it can be easily produced from reforming reaction, but showed abundant carbon deposition
biomass and can be transported safely. Moreover, ethanoRfter reaction [17]. In this paper we describe the prepara-
has a relatively high hydrogen content, and its reaction with tion of new cobalt-ZnO-based catalysts by a coprecipita-
water under steam-reforming conditions is able to produce tion method from nitrate salts and sodium carbonate. The

6 mol of H, per mole of ethanol reacted: promoter effect of sodium in the enhancement of catalytic
performance, mainly the stability and extent of carbon depo-
CH3CH,0H + 3H,0 — 6H, + 2COp. sition, is analyzed.

Different catalysts have been studied for the above-noted
reaction including oxides [5], nickel- [6,7], nickel-copper-
[8,9], noble metals- [10-13], and cobalt-based catalysts
[14-17]. However, only a few of these studies included 2.1. Preparation of catalysts

2. Experimental methods

* Corresponding author. Catalysts were prepared by the coprecipitation method
E-mail address: pilar.piscina@gi.ub.es (P. Ramirez de la Piscina). from Zn(NQ;3)2 and Co(NQ@)2 aqueous solutions. Precipita-
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tion was accomplished by the addition of aJg&3 solution of resolution by collecting 100 scans. For these experiments
at 313 K. After aging at 313 K for 1.5 h, the resulting sus- special greaseless vacuum cells with €afndows which
pension was filtered and divided into several fractions. Each allowed thermal treatments were used.

fraction was washed with distilled water to a different extent For in situ infrared experiments, about 20 mg of cat-
in order to obtain materials with different sodium contents. alyst was placed in a Spectra Tech catalytic chamber
The resulting solids were then dried at 363 K overnight and gn a Nicolet Magna 750 infrared spectrometer, operating
calcined in air at 673 K for 12 h. Samples were reduced un- jn diffuse reflectance mode (DRIFT). A reactant mixture
der hydrogen at 673 K for 12 h and labeleda@¥aCoZn  ethanofwater (/13 mol/mol) was admitted in the cham-

(a = % wt/iwt Na). Chemical analyses performed by opti- per at atmospheric pressure by saturating a helium stream
cal emission spectroscopy with inductively coupled plasma (o4 flow = 20 mimin~2, 0.4 kPa ethanol). Analogously,
(ICP-OES) revealed that the cobalt content for all samples 4, ycetaldehyde-saturated stream was obtained by bubbling
was ca. 10% by weight, whereas the sodium content was inyye ot room temperature through pure acetaldehyde (99.5%).
the range 0-1% by weight. The reactor outlet was connected on-line to a QMS200

N Baltzers quadrupole mass spectrometer (MS).
2.2. Catalyst characterization q P P (MS)

Samples for high-resolution transmission electron mi- 2.3, Catalytic test
croscopy (HRTEM) were deposited on copper grids with a
holey-carbon-film support from methanol suspensions. The
instrument used was a Philips CM-30 electron microscope  Catalytic studies of ethanol steam reforming were per-
equipped with a LaBsource and operated at 300 kV, with formed at atmospheric pressure in a U-shaped quartz re-
a 0.19-nm point resolution. Magnification and camera con- actor (5-mm internal diameter). The amount of 100 mg of
stants were calibrated using appropriate standards undecatalyst was charged and diluted with inactive SiC, giving
the same electron-optical conditions. For data treatment,a catalyst bed volume of 0.6 ml. A constant mixture of
Fourier-transformed images were obtained by using local EtOH:H,O = 20:80 by volume (EtOH:pO ~ 1:13 molar
software on digitalized parts of the negatives. basis, HPLC purity grade) was supplied by a Gilson 307
X-ray diffraction profiles (XRD) were collected in the piston pump, the mixture being vaporized at 453 K and di-
20 angle between I0and 70, at a step width of 0.02  |uted with Ar (purity 99.9995%) before entering the reaction
and by counting 10 s at each step with a Siemens D-500chamber ((GHsOH + H,0):Ar = 1:5 molar basis). GHSV
instrument equipped with a Cu target and a graphite mono-was 5000 h?.
chromator. The temperature of the catalyst was first raised to 523 K
Raman spectra were obtained with a Jobin Yvon T64000 ynder Ar, and then the EtOH H,O mixture was added.
spectrometer using an Ar ion laser as an illumination source catalysts were tested under the following sequence of
(514.5 nm) and a CCD detector cooled at 140 K. The Rama”temperature and time: 523 K (2 h} 573 K (20 h)—
instrument was coupled to a standard Olympus microscopegog g (2 h)— 673 K (2 h)— 723 K (20 h)— 573 K
(x 50 magnification) and the collection optics system was (2 h)— 523 K (2 h). At the end of the catalytic test the
used in the backscattering configuration. The laser power atgow of EtOH + H,0 was stopped and the catalyst was

lthe sarr]n plf wasﬁllmtltedsto Ietss than 3 mwcliné)r.detrhto avoid cooled under an Ar stream and stored for HRTEM, Raman,

aser heating etlects. Spectra were recorded in the ranges, ,y xps studies. Over the 0.98NaCozn catalyst, an addi-

280-830 and 1170-1720 cth tional long-term catalytic test was carried out at 673 K for
Photoelectron spectra (XPS) were acquired with a VG 9 y

. . 10 days.
ESCALAB 200R spectrometer equipped with a Mg-K . . ]
(hv = 12536 eV, 1 eV= 1.6022x 10-19 J) X-ray excit- Experiments of acetaldehyde steam reforming4CHO:

ing source, a hemispherical electron analyzer, and a pre-HzOZ 1:13_' (CH3_C|T|O+ HZO)_:ArZ 1:5 molar basu_s) were
treatment chamber. The residual pressure in the ion-pumpedfonducted in a similar way with the same catalytic test de-
analysis chamber was maintained belo® # 10-° mbar ~ ViC€ in & temperature range 523-723 K, and 20-30 mg of
(1 mbar= 10133 Pa) during data acquisition. The binding Ccatalyst diluted with SiC was used (GHS¥5000 'Tl)_-
energies (BE) were referred to the C 1s peak of adsorbed The analysis of the reactants and all the reaction prod-
paraffinic hydrocarbons at 284.9 eV or the Zmggppeak ~ Ucts was carried out on-line by gas chromatography as de-
of ZnO at 1022.0 eV, which gave BE values with an accu- scribed prEViOUSIy [15] The detection limit of CO was ca.
racy of+0.1 eV. Peak intensity was calculated as the integral 20 ppm. Response factors for all products were obtained
of each peak after smoothing and subtraction of a Shirley with appropriate standards before and after each catalytic
background [18] and fitting of the experimental curve to test.
Gaussian/Lorentzian lines. Selectivity of products was calculated on the basis of mo-
Infrared spectra (FTIR) were obtained at room tempera- lar percentage of each product evolved (water excluded) with
ture on a Nicolet 520 Fourier transform instrumentat 2ém  respect to the total moles of products formed.
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3. Resultsand discussion Table 2
Binding energies (eV) and surface atomic ratios of NaCoZn catalysts before
3.1. Characterization of catalysts catalytic test
Catalyst Zn 2p) Na 1s Co 29/2"" Co/Zn Na/Zn
The Co-ZnO catalysts with different sodium contents 0.06NaCozn 1022.0 1072.4 778.3(40)  0.336 0.076
prepared in this study are compiled in Table 1. 780.5 (60)

0.23NaCozn  1021.9 10723 778.3(37) 0.309  0.150
780.4 (63)
778.3(53) 0323  0.416

X-ray diffraction patterns of samples after the calcina-
tion treatment at 673 K contained peaks due to ZnO and ; sgnacozn 10219 10724

Co304 phases. After reduction, XRD profiles showed, in all 780.2 (47)

cases, the presence of crystalline ZnO and metallic cobalto.98NaCozn 1022.0 10725 778.3(45)  0.216 0.314
phases (Fig. 1A). However, an analysis of the zone in which 780.1 (55)

the most intense peak of CoO is locatedd € 42.6°, a Values in parentheses are peak area percentages.

Co0(200)), indicates that the presence of CoO cannot be

ruled out (Fig. 1B). weak bands appearing at 696 and 477 ¢émay indicate the

The characterization of 0.98NaCoZn by Raman spec- simultaneous presence of £y [20].
troscopy also pointed to the presence of oxidized cobalt.  The 0.98NaCoZn catalyst was also studied after reduction
A strong, broad band at 521 crh and a shoulder at by TEM-derived techniques (Fig. 2). High-resolution trans-
555 cnt ! were related to the presence of CoO [19], whereas mission electron microscopy showed lattice spacings in di-
rect space corresponding to ZnO andgOg phases. Numer-

Table 1 ous Moiré fringes were visible in this sample which deserved
Sodium and cobalt content and BET surface areas of catalysts further study. As a representative example, Fig. 2 shows the
Catalyst Wit% Co Wi% Na BET (g~ 1) Fourier-transformed image of the Moiré pattern delimited by
0.06NaCozn 111 0.06 161 the mset along with reconstructed images cprrespondlng t'o
0.23NaCozZn 10.8 0.23 16.1 the different spots. From the analysis in reciprocal space it
0.78NaCozn 10.8 0.78 15.2 is deduced that the inset contains a superposition of ZnO,
0.98NaCozZn 10.5 0.98 15.5 C0304, and Co phases_

The characterization of 0.06NaCoZn after reduction by
TEM-derived techniques showed the presence of metallic
cobalt and CoO particles, as well as ZnO (Fig. 3), which
agrees with XRD. Insets in Fig. 3 display the Fourier-
transformed image of zones A and B in the micrograph,
which correspond to Co, CoO, and ZnO phases.

The Zn 2p/, Co 22, and Na 1s core level spectra
were recorded for all samples. The binding energy values
are compiled in Table 2. Two components and a satellite line
in the Co 2p,> region were observed for all catalysts. The
component at 778.3 eV is assigned to fully reduced cobalt
species and the second component at higher binding en-
ergies, 780.1-780.5 eV, is associated with high-spiAtCo
ions, in accordance with the intense satellite line at higher
binding energies [21]. From the integrated peak areas and
atomic sensitivity factors [22], the atomic ratios Zm and
Na/Zn were calculated (see Table 2). A high segregation of
sodium on the surface of the catalysts took place. Th&ZNa
atomic ratios determined by XPS are much higher than those
determined by ICP-OES and they increased with the sodium
content up to 0.78% Na. Fig. 4 depicts the/la surface
ratio determined by XPS with respect to the /& ratio
corresponding to the bulk composition of the catalysts. An
. . . . . . . increase of the N&Co ratio determined by XPS with respect

40 41 42 43 44 45 46 47 to the bulk N&Co ratio is evident. This increase was linear
201/° up to 0.78NaCoZn catalyst.
Fig. 1. X-ray diffraction patterns of reduced catalysts before the catalytic Chemisorption of CO at room temperature over reduced
test. (A) 2 range 25-65, (B) 29 range 40-46 (a) 0.06NaCozn; (b)0.23  catalysts was followed by FTIR. The 0.06NaCoZn catalyst
NaCozn; (c) 0.78NaCozn; (d) 0.98NaCoZm, Co phasef], CoO phase; showed bands at 2103 and 2056 drwhich were assigned
®, ZnO phase. to v(CO) of Co(CO), species [23]. None of the other cat-
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Fig. 2. High-resolution transmission electron microscopy images of 0.98NaCoZn before catalytic test. Fourier-transformed image of thetwetantted
images corresponding to the different spots are included.

alysts showed (CO) bands; this fact may be related to the the insets of zone (a) and (b) contain spots corresponding to
higher segregation of sodium on the surface determined byCoO(200) planes at 2.13 A and Co(111) planes at 2.06 A,
XPS, which may be deposited on the surface of cobalt parti- respectively.

cles. In order to obtain more information about carbon deposi-

Catalysts were characterized after the catalytic tests.tion, Raman spectra in the zone 1200-1700 tmnd XPS
HRTEM analysis of the 0.98NaCoZn catalyst again showed of C 1s level were recorded for samples after catalytic tests.
numerous Moiré fringes due to the superposition of ZnO  Raman spectra are given in Fig. 7. Samples 0.06NaCoZn
and cobalt-containing phases, such as metallic cobalt andand 0.23NaCozZn showed two bands centered at 1340 and
Co0. Fig. 5 depicts a lattice fringe image along with Fourier- 1590 cnt?, which are characteristic of poorly ordered car-
transformed images of selected areas showing spacings corbon deposits [24]. Catalysts with higher contents of sodium,
responding to ZnO and metallic cobalt, as well as CoO. No 0.78NaCozn and 0.98NaCozZn, showed no bands in this
carbonaceous deposits were found on this catalyst by thiszone, indicating that carbon quantities are below the Raman
technique after the catalytic test. microspectrometer detection limit.

However, a TEM study of 0.06NaCoZn after the catalytic The binding energy region of C 1s core-level of two
test showed Co and CoO particles surrounded by poorly or-representative samples (0.06NaCozZn and 0.98NaCoZn) is
dered phases (Fig. 6). Fig. 6 also shows a high-resolutionim-shown in Fig. 8. For the 0.98NaCoZn sample, four photoe-
age of one of these particles (labeled as A). A 3.8 A spacing mission peaks appear at binding energies of 284.3, 284.9,
for C(002) characteristic of poorly graphitized carbon is vis- 286.3, and 290.0 eV. These peaks are due to graphitic car-
ible. Analysis of zone (a) indicates the segregation of CoO bon, adsorbed hydrocarbons, species containing C—O bonds,
exhibiting (200) planes. The Fourier-transformed images in and surface carbonate species [25,26]. 0.06NaCoZn sam-
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Fig. 3. High-resolution transmission electron microscopy images of 0.06NaCoZn before catalytic test. The insets correspond to Fourieretiarejesrof
marked areas.

ple exhibits a very intense peak centered a 284.5 eV due To evaluate the catalytic stability of 0.98NaCoZn mater-
to graphitic carbon and a peak toward 289.3 eV due to car- jal, a long-term catalytic test was carried out (240 h at 673 K)
boxylate species. Surface carbon determined by XPS is veryand a Raman spectrum was then taken. In neither case did
much higher for 0.06NaCoZn than for 0.98NaCoZn, which - 4¢ appear in the 1700-1200chzone, indicating again

is consistent with Raman res_l_JIts. . . that carbonaceous residues, if present, are below the detec-
As regards carbon deposition during the reaction, the be- .~ " . .

havior of 0.78NaCozZn and 0.98NaCoZn catalysts contraststIon limit of the techrque (see spectr.um e, Fig. 7).

with that of other reported ZnO-supported cobalt catalysts These characterization results point to a promoter effect

which, after similar catalytic tests, have shown carbonaceousOf sodium on catalyst stability. The absence of carbon de-

deposits; these catalysts contained no sodium and were preposits on the catalysts can be related to the sodium presence

pared by impregnation of different precursors [15,17]. on the surface.
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3.2. Catalytic performance between 623 and 723 K. For all of them, in this tempera-

ture range, total ethanol conversion was attained and high
Tables 3-6 show the catalytic behavior of each sample yje|ds to H, and CQ were obtained. In all cases the main re-

over time between 523 and 723 K. All catalysts showed a 5¢tion which took place, under the experimental conditions

good performance in the ethanol steam-reforming reaction se \vas ethanol steam reforming. When catalysts operated

at low conversion values{10%), at 523 K and initial re-

1.5 | action times, only Kl and acetaldehyde (ca. 1:1 molar basis)

were produced due to the dehydrogenation of ethanol. For

[

= 7 these catalytic systems this is the first step in the ethanol
8 steam-reforming reaction. The initial activity at 523 K for
E the dehydrogenation of ethanol decreased with the sodium
< 0.5

content of the catalyst, this probably being related to the high
sodium segregation on the surface, as determined by XPS.

0 . . . . . Sodium species may block surface cobalt active sites ac-
0 0.05 0.1 0.15 0.2 0.25 cording with results of CO chemisorption followed by FTIR.
However, for higher conversion values at 573 K, when the re-
(Na/Co)yy

forming of acetaldehyde takes place, an increase of sodium
Fig. 4. Ng Co atomic ratio determined by XPS versus the'Ga bulk ratio content in the catalyst produces a decrease in the residual
determined by ICP-OES for different NaCoZn catalysts. acetaldehyde (see Tables 3-6).

a Co(100)

2.60A

|
H 0(1110);Zn0(001)
O
3otkE

Fig. 5. High-resolution transmission electron microscopy images of 0.98NaCozZn after steam reforming of ethanol at 723 K. The insets correspond to
Fourier-transformed images of marked areas.
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Fig. 6. High-resolution transmission electron microscopy images of 0.06NaCoZn after steam reforming of ethanol at 723 K, and derived Flouriegetrans
patterns.
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Fig. 7. Raman spectra of catalysts after catalytic tests: (a) 0.06NaCoZn; Fig. 8. XP spectra corresponding to C 1s zone: (a) 0.98NaCozZn; (b) 0.06
(b) 0.23NaCozn; (c) 0.78NaCozZn; (d) 0.98NaCozn; (e) 0.98NaCozZn cata- NaCozZn.
lyst after the long-term catalytic test.

of CO and CH in addition to CQ and H, but the selectiv-

To better understand the overall process, we have car-ity depended on the sodium content of the catalyst. The 0.78
ried out the reforming of acetaldehyde under similar experi- NaCoZn catalyst showed higher selectivity to CO and lower
mental conditions. Catalytic tests were performed over 0.06 selectivity to CH, with respect to catalyst 0.06NaCoZn, thus
NaCozZn and 0.78NaCoZn catalysts (Table 7). At low con- indicating a lower ability for hydrogenation of 0.78NaCoZn.
version values, both catalysts produced moderate amount®ver 0.78NaCozZn and under high conversion values, high
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Table 3
Catalytic behavior of 0.06NaCoZn in the ethanol steam reforming

T t Activity CoHs0H Selectivity?* (%) mol Hy/ mol COy/
(K) (h) (mol C;H50H/ conversion H CcOo CO CHgy CH3CHO mol GH50H mol GH50H

mol Co h) (%)

523 2 0.38 7 49.8 - - - 5D 0.07 -
573 4 4.18 83 70.8 - 22.3 1.4 3 3.12 0.98
573 24 4.20 7% 69.6 - 21.0 14 8 2.79 0.84
623 26 n.a. 100 72.3 - 25.0 2.7 - 5.22 1.81
673 28 n.a. 100 72.1 0.2 24.9 2.8 - 5.17 1.78
723 30 n.a. 100 72.8 0.3 24.8 2.2 - 5.35 1.82
723 50 n.a. 100 73.1 0.7 245 1.6 - 5.44 1.83
573 52 3.31 605 64.9 1.4 16.3 2.2 13 1.56 0.39
523 54 0.09 irg 46.2 - - 4.0 48 0.02 -

Reaction conditions: total pressure, 1 atm; EtOpCHAr = 1:13:70 (molar ratio); GHSW= 5000 b1,
@ Molar percentage of products (water excluded).

Table 4
Catalytic behavior of 0.23NaCoZn in the ethanol steam reforming

T t Activity CoHs0H Selectivity?* (%) mol Hy/ mol COy/
(K) (h) (mol C;H50H/ conversion H CcOo CO CHgy CH3CHO mol GH50H mol GH50H

mol Co h) (%)

523 2 0.16 y.e) 50.5 — — - 4% 0.03 —
573 4 4.03 % 72.5 — 23.7 1.2 B 3.45 1.13
573 24 4.15 73 72.6 — 23.8 1.0 B 3.58 1.17
623 26 n.a. 100 73.9 - 25.0 1.1 - 5.66 191
673 28 n.a. 100 73.4 - 25.0 1.6 - 5.51 1.88
723 30 n.a. 100 73.6 0.6 24.6 1.2 - 5.58 1.86
723 50 n.a. 100 73.7 0.1 24.9 1.2 - 5.61 1.90
573 52 3.75 66 71.0 — 22.3 1.3 3 2.76 0.87
523 54 0.37 (3} 50.4 - - - 4% 0.07 -

Reaction conditions: total pressure, 1 atm; EtOpCHAr = 1:13:70 (molar ratio); GHSW= 5000 b1,
@ Molar percentage of products (water excluded).

Table 5
Catalytic behavior of 0.78NaCoZn in the ethanol steam reforming

T t Activity CoHs0H Selectivity?* (%) mol Hy/ mol COy/
(K) (h) (mol C;H50H/ conversion H CcOo CO CHgy CH3CHO mol GH50H mol GH50H

mol Co h) (%)

523 2 0.08 “ 50.4 - - - 4% 0.01 -
573 4 3.73 663 73.0 - 24.4 12 ) 3.39 1.13
573 24 3.74 66 73.1 - 24.2 11 B 3.41 1.13
623 26 n.a. 100 73.8 - 25.0 1.2 - 5.63 191
673 28 n.a. 100 74.2 - 25.0 0.9 - 5.75 1.93
723 30 n.a. 100 73.9 0.5 24.6 1.0 - 5.65 1.89
723 50 n.a. 100 74.0 - 25.0 1.0 - 5.69 1.92
573 52 3.66 63 73.3 - 243 0.9 a 3.39 1.13
523 54 0.37 5} 54.3 - 45 0.1 41 0.08 0.01

Reaction conditions: total pressure, 1 atm; EtOpCHAr = 1:13:70 (molar ratio); GHSW= 5000 b1,
a Molar percentage of products (water excluded).

selectivity to CQ and H were achieved (near the stoichio- 1430 cnt! (Fig. 9A, spectrum a). The band at 1620 th

metric values for the steam-reforming reaction), and only is assigned to the bending mode of molecular water. The

minor amounts of CO and CHwere obtained, as was the other two bands can be reasonably assigneghtg,nOCO

case for the ethanol steam reforming (see Table 5). and vsymOCO of bridged or bidentate acetate species [27,
In situ DRIFT experiments under reaction conditions 28]. These bands increased when the reaction was quenched

were carried out, and the products evolved were analyzed byunder helium (Fig. 9A, spectra b and c). Given that acetalde-

MS. At 573 K, 0.06NaCozZn shows bands at 1620, 1585, and hyde is an intermediate species in the reforming reaction,
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Table 6

Catalytic behavior of 0.98NaCoZn in the ethanol steam reforming

T t Activity CoHs0H Selectivity? (%) mol Hy/ mol COy/
(K) (h) (mol CH50H/ conversion H CcOo CO CHgy CH3CHO mol GHs50H mol GH50H

mol Co h) (%)

523 2 0.06 n 49.4 - —— - 506 0.01 -
573 4 3.59 62 73.3 - 24 1.7 D 3.48 1.14
573 24 3.68 63 73.4 - 245 1.0 11 3.23 1.08
623 26 n.a. 100 73.3 0.4 P 1.7 — 5.48 1.84
673 28 n.a. 100 73.3 - 25 1.6 - 5.50 1.88
723 30 n.a. 100 74.4 — 2! 0.7 — 5.80 1.94
723 50 n.a. 100 74.2 - 21 0.9 - 5.76 1.93
573 52 3.60 62 73.8 - 245 0.7 11 3.37 1.12
523 54 0.36 B8 52.8 - 33 0.6 433 0.07 0.01

Reaction conditions: total pressure, 1 atm; EtOpCHAr = 1:13:70 (molar ratio); GHSW 5000 b1,
@ Molar percentage of products (water excluded).

Table 7

Catalytic behavior of catalysts in the acetaldehyde steam reforming

Catalyst T t Activity CH3CHO Selectivit{? (%) mol Hy/ mol COy/
(K) (h) (mol CHzCHO/ conversion H CO CO CHgy mol CH3CHO mol CH;CHO

mol Co h) (%)

0.06NaCozn 573 4 38 14.3 68.1 2.9 26.4 2.6 0.61 0.24

0.78NaCoZn 573 4 B84 135 68.6 5.4 25.1 0.9 0.59 0.22
723 30 217 96.4 70.8 0.1 28.4 0.7 4.69 1.88

Reaction conditions: total pressure, 1 atm;4CHO:HyO:Ar = 1:13:70 (molar ratio); GHSW 5000 b1,
a Molar percentage of products (water excluded).
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Fig. 9. Diffuse reflectance infrared spectra recorded in situ for (A) 0.06NaCozZn and (B) 0.98NaCoZn. (a) Under reaction conditions at 573 K;, (b) after a
reaction mixture was cut off and helium was introduced at 573 K; (c) after b, temperature was decreased till 298 K.

its chemisorption was followed by DRIFT in separate ex- etate species. However, under reaction conditions, the spec-
periments. Analogous bands at 1589 and 1428%cralated  trum of this catalyst differs from that of 0.06NaCozn. Small
to acetate species appeared after interaction of acetaldehydgnd broad bands centered at 1605 and 1402'cappeared.

with 0.06NaCoZn (Fig. 10, spectrum a), which remained af- These bands may be assigned to formate species [29], al-

ter flushing V‘_"th helium to at Igast 473 K Fig. 9B shows the though the simultaneous presence of acetate species cannot
spectra obtained under reaction conditions at 573 K for the

0.98NaCoZn catalyst (spectrum a). A negative broad absorp-be ruled out. The O.98Na(?oZn c'atalyst exposed to acetalgle-
tion (1450—1550 cm?) due to the disappearance of carbon- hyde. and then flushed with helium at 473 K shows again
ate species present in the initial catalyst is visible. Carbonatet€ disappearance of carbonate species (Fig. 10, spectrum b).
species were recovered when the catalyst was flushed withT he spectrum is rather complex, and the observed bands can-
helium (Fig. 9B, spectra b and c). Spectra b and c in Fig. 9B not be unambiguously ascribed to individual species. Ethoxy
show bands which could be assigned to the presence of acand acetate species seems to be present, but the presence
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1589 4408 catalytic test was carried out at 673 K. No significant

W changes in the catalytic performance of the catalyst over
time (240 h) were found. Under total ethanol conversion,
only CHs and CO were obtained as by-products; the selec-

b tivity to CH4 was always ca. 1% and that to CO was less
than 0.6%.

4. Conclusions

1700 1500 1300 1100 Over CqZnO catalysts and under the experimental con-
Wavenumbers / cm- ditions tested, the steam reforming of ethanol proceeds via
Fig. 10. Diffuse reflectance infrared spectr_a after acetaldehyde chemisorp-?oirr%igogfe 232; rll d(éfhfltczg?h?’lofgi\lcsel;[?ff:ehZ\ccigtzpedsf;ertcr:gg re-
tion on catalysts. Acetaldehyde was chemisorbed on catalysts at room tem- . . )
perature and then they were flushed with helium at 473 K. (a) 0.06NaCozn A promoter effect of sodium addition to cobalt-based cat-
and (b) 0.98NaCoZzn. alysts has been demonstrated. A significant enhancement of
catalytic performance in terms of;Hsield and stability is
of formate and other surface species cannot be discardedound when catalysts are compared to unpromoted materi-
[28,30]. als. The suppression of catalyst deactivation is related to the
These experiments show that the interaction of acetalde-inhibition of carbon deposition.
hyde with catalysts depends on their sodium content. Their
catalytic behavior could be affected by this different interac-
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