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Abstract

Steam reforming of methanol (SRM) was investigated over CWEe@0, (CZC) catalysts prepared via a novel synthetic method based
on coprecipitation and polymer templating. Structural characterization of the samples was performgaddsohption—desorption, D
decomposition, and X-ray diffraction. The variation of the Cu loading resulted in an increased Cu crystallite size and a decreased specific
surface area of the active particles. Catalytic investigations were carried out in a fixed-bed reactoPat\dith a CHOH:H,O ratio of
1:1. The samples with Cu contents higher than 5% exhibited good long-term stabilities and low CO levels during continuous operation. The
kinetic model suggested for the transformation involved the reverse water—gas shift (RWGS) and methanol decomposition (MD), in addition
to the SRM reaction. Kinetic measurements were made in the temperature range of 503-573 K, and the experimental results could be we
simulated. The highest methanol conversions and the lowest CO levels were observed in the temperature range of 523-543 K. The appare
activation energies for the individual reactions were found to depend on the Cu content of the catalyst. Since the influence of mass transpo
limitations on the kinetic data could be excluded, it was established that the variation of the Cu concentration in the precursor material
altered the microstructure of the Cu particles and, accordingly, the active Cu surface, which resulted in the formation of significantly different
catalysts.
0 2005 Published by Elsevier Inc.
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1. Introduction venient operation, the absence of moving parts, and the low
emission of hazardous compourjdss]. The combustion of
In the past decade, considerable attention has been fo-hydrogen in a fuel cell is regarded as a clean process, releas-
cused on the reduction of the significant emissions originat- ing energy and providing only water as an exhaust material
ing from mobile sources, such as internal combustion en- [4,7,8]. However, hydrogen is not a natural energy source;
gines[1-4]. For environmental reasons, the development of its generation consumes a large amount of energy, either
proton-exchange membrane fuel cells (PEMFCs) has gainedirom natural gas or via the electrolysis of wal}. Further-
inimportancg5,6]. As compared with conventional heaten- more, for a fuel-cell vehicle, the storage and the supply of
gines, several advantages of fuel cell application have beenhydrogen, a volatile and explosive gas, impose mechanical
established, including a higher efficiency and a more con- problems and safety hazards on a commercial [vé|8].
Several liquid fuel candidates have been discussed for
~* Corresponding author. Fax: +49 30 8413 4405, on-board reforming, including methanol, ethanol, gasoline,
E-mail addressressler@fhi-berlin.mpg.d@. Ressler). and diesel[1], of which methanol is considered the most
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favorable alternativ§l,9]. Although mostly produced from
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Several studies have been reported in the literature on

natural gas, methanol can also be obtained from renewablethe applications of Cu- and Pd-based catalysts for SRM

sources, thus lowering the amount of carbon dioxide pro-

duced[5,9]. Moreover, via methanol synthesis from hydro-

[1-6,8-18] of which Cu-containing catalysts are clearly
preferred because of their high activity and selectivity at

gen and carbon dioxide, methanol can be employed as aower temperatured,12,19] Although Cu catalysts are also
storage and transport medium for hydrogen. In addition to regarded as susceptible to thermal deactivation, their sin-

its good availability and low boiling point, methanol pos-
sesses a high hydroggarbon ratio (41) and contains no

tering abilities may be considerably reduced by the addi-
tion of one or more oxide species, such as ZnO;(Al

carbon—carbon bond, which considerably reduces the risk of or cr,04 [20]. The most efficient catalysts for SRM, in-

coke formation during its reactiors,5,6].
The most important processes for the production of hy-
drogen from methanol:

k
CH3OH(g) fD 2H, +CO, AH®=91kJmorl; 1)
-D
k
CH3OH(g) 4 H20(g) k:R CO; + 3Ha,
-R
AH® =50 kJmol?; 2)
k
CHsOH(g) + 0.502](\:‘0 2H; + COy,
e}
AH® =—-192 kJmot™ (3)

are decomposition (MD), steam reforming (SRM), and par-
tial oxidation (POM)1]. The combined or oxidative reform-
ing of methanol (CRM or OSRM), a combination @) and

(3), has also been investigatf2{6,10,11] The decomposi-
tion of methanol is a strongly endothermic reaction produc-
ing a high CO yield, which makes it rather unsuitable for
fuel-cell applicationd1]. The steam reforming reaction is
also endothermic; however, it typically affords a substantial
H> yield of 75%, while maintaining high carbon dioxide se-
lectivity (~ 25%)[1,4,8]. The partial oxidation of methanol

cluding the traditional Cu/ZnO and Cu/ZnOM&3 sys-
tems, have been investigated in def4jB,6,9,15,16,21-25]
The in situ characterization of Cu/ZnO under SRM acti-
vation and operating conditions revealed that the interac-
tion of the Cu and ZnO phases has a pronounced effect
on the catalytic activity[22,23] For Cu/ZnO/AbO3 cat-
alysts, high methanol conversions and low CO selectivi-
ties have been obtain€d,5,8,9,16]and kinetic analysis
has provided important information on the overall reac-
tion mechanisn}5,6,16,21,25,26]Compared with the con-
ventional ZnO- or A}Os-supported Cu catalysts, ZpO
containing samples have shown increased activities and re-
duced CO levels for the SRM reacti¢®,5,12,27-29] The
promoting effect of ZrQ has been attributed to an im-
proved reducibility of CuO, which tends to increase the
Cu dispersion[29]. ZrO, has also been reported to pre-
vent the sintering of Cu crystallites under reaction condi-
tions [5,12,29] and thus may be regarded as a structural
stabilizer. Likewise, the application of CeQas either a
support material or a promoter, has been found to improve
the efficiency of Cu-based catalyqtsl,30,31] CeQ has
been found to increase the thermal stability and the activ-
ity of Al,O3-supported Cu catalysts through a synergetic

is an exothermic reaction with a rapid start-up and a dynamic ottt and to favor the conversion of CO via the water—

responség4]. Nevertheless, the formation of hot spots in the
reactor may result in sintering of the Cu particles, which
tends to decrease the catalytic performaj@cél]. Further-

more, this reaction produces a considerably lower amount of

hydrogen than SRNL,8,9].

As the highest hydrogen yield may be achieved by the

steam reforming of methanl], the latter reaction was in-

vestigated within the framework of the present study. The
major drawback of SRM is the formation of CO as a by-
product, which, even at a low concentration of 100 ppm,

decreases the fuel-cell performance by poisoning the Pt elec-
trode[2,6,12] Currently, second-stage catalytic reactors are
being used to remove CO by the water—gas shift reaction,

oxidation, or methane formatioj,10]. However, this CO

gas shift reactiofi30]. Moreover, Ce® has a high oxygen
storage capacity32,33], and the partially reduced CeO
sites formed under reductive conditions produce mobile oxy-
gen, which tends to have a beneficial effect on the cat-
alytic performancg31,32] For ZrO,—CeQ-supported cat-
alysts, the interaction between the oxide phases, leading
to the formation of a thermally stable solid solution, has
been reported to increase the mobility of oxygen in both
phase$32].

The aim of the current work was the structural and cat-
alytic investigation of novel Cu/ZredCeQ, catalysts pre-
pared by coprecipitation. To increase the specific surface
area, highly porous polymer beads were employed as a tem-

clean-up unit is rather inconvenient, as it occupies a large Plate for the preparation of the solid catalyié]. Samples
volume and decreases the efficiency of the fuel cell through With different Cu loadings were examined for the steam

hydrogen consumptioj@]. To eliminate the need for gas pu-

rification, high-performance catalysts are required that pro-

vide substantial methanol conversion angldélectivity, to-
gether with the lowest possible amount of ¢ID,12] The

reforming of methanol; their catalytic properties, includ-
ing long-term stability and CO production, are discussed
here. Furthermore, the reaction mechanism was studied and
a kinetic analysis was undertaken to determine the rate

complete absence of CO in the product gas may be difficult constants and the activation energies for the model reac-

to achieve under SRM conditions.

tions.
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2. Experimental
2.1. Catalyst preparation

The Cu/zrQ/Cey (CZC) catalysts were synthesized
from metal sols, prepared from the appropriate amounts of
the mixed precursors (NhhCe(NGs)s, ZrO(NGz3)2 - H20,
and Cu(NQ)2 - 2.5H,0 (all Aldrich products of> 99% pu-
rity) dissolved in 40 ml of distilled water. The total metal
content of the resulting sol was510~-2 mol. We coprecip-
itated the metal sols as metal hydroxides by increasing the
pH above 10 through the addition of a NaOH solution. The
resulting precipitate was repeatedly washed with distilled
water until a pH of 7 was obtained, and then suspended in
a mixture of 5 ml of distilled water and a calculated amount
of 90% HNG;. Depending on the sample composition, the
HNO3z/metal molar ratio was varied betweesiland 15/1.
Ultrasonic treatment of the suspension for 45—-60 min re-
sulted in the formation of a transparent §2#].

Templating was carried out with XAD-16 nonfunction-
alized polystyrene beads (a Sigma product), with a specific
surface area of 800fy~! and an average pore diameter of
10 nm. The wet beads (1.5 ml) and the metal sol (0.005 mol)
were mixed together and then heated in an oven at 333 K for Fig. 1. Scanning electron micrograph of a Cu/fCe(; catalyst (CZC5)
2 days to ensure solvent evaporation. The beads were sub2fte" calcination.
sequently dried at 373 K for another day and then washed
with distilled water to remove any excess deposit from their Tapje 1
surface. After drying at 333 K for 1 day, the samples were Characteristic data of the CZC catalysts

calcined in an oven at 773 K in aghstream of 100 mimin Sample Cu 2zr Ce BETaready, CWlarea Clarea
for 2.5 h and then for an additional 8 h in air. Upon cal- %) %) (%) (PghH (m) (Poed) (mogh
cination gray—green materials were obtained (Bee 1). CZC5 44 446 510 9 94 09 514
Because of the mean particle diameter (500 um) and theczcis 121 443 436 102 99 18 258
regular character of the polymer beads, the resulting CZCczc2s 239 376 385 94 98 18 122
samples could be conveniently applied as catalysts in fixed-CZC35 310 327 363 83 100 15 76

bed reactors.

Four representative CZC samples were synthesized by
the above method, with Cu contents of 5, 15, 25, and 35% 2375 BET apparatus equipped with a Vacprep 061 degasser.
(denoted CZC5, CZC15, CZC25 and CZC35, respectively), To remove traces of water and impurities from the surface,
to be characterized and tested for the steam reforming ofall samples were degassed before measurement at 13 Pa
methanol. A ZrQ/CeQ molar ratio of ¥1 for the support  and 393 K for 12 h. The specific surface areas were calcu-

materials was maintained in each case. lated from the BET equation, and the average pore diameters
(dp) were obtained by the BJH method from the desorption

2.2. Characterization branches of the adsorption isotherms.

2.2.1. X-ray fluorescence analysis 2.2.3. NO decomposition

The results of the elementary analysis of the CZC sam-  The specific C@ surface areas of the samples were
ples, performed with a Seiko (SEA 2010) instrument, are measured by pD decomposition, with the reactive frontal

was found to be only slightly lower than that expected from 5. [36].

the preparation conditions, and the ratio 2/0eQ; = 1/1 The method is based on the oxidation of the exposet Cu

proved to be well adjusted. surface atoms of a reduced sample when the feed is switched
) ) from an inert gas stream to a mixture containingCNas an

2.2.2. N adsorption—desorption oxidizing species. The Cuwsurface area can then be deter-

The specific surface areas of the CZC samples were deter{nined from the amount of O consumed in the reaction
mined from N adsorption—desorption data obtained at the

temperature of liquid N (77 K), by using a Micromeritics  2Cu+ N2O — CwpO + Na. 4)
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Before measurements, the CZC samples were activatedreactor by a stainless-steel grid. For flow conditioning, in-
in a stream of MeOKWH,O (2/1) with a flow rate of ert Pyrex bead&/ = 500 pm were placed below and on top
36 c? min— ! at 523 K. To diminish the amount of adsorbed of the catalyst bed. The reactant mixture of MeOH (HPLC
molecules on the Cu surface, the samples were subsequentlgrade, 99.9% purity) and distilled water, with a MeH}pO
purged in pure He (50 ctimin—1) at 523 K for 1 h and then  molar ratio of %1, was introduced into the reactor with a
cooled to 313 K, where the measurements were performedDionex HPLC P 580 pump. Both reactants were degassed
in a 0.5% NO/He stream of 15 cAmin—!. The catalysts before use at 20 kPa. For time-on-stream measurements, the
were diluted with boron nitride to provide a sample bed with flow rate for a single channel was 0.07 tmin—1, whereas
a height of ca. 25 mm, with a thermocouple positioned di- for kinetic investigations, it was varied betwee83x 103
rectly inside the powder bed. The material was placed on aand 0.67 crAmin—1. Kinetic measurements were made with
quartz frit in a tubular quartz reactor. fresh catalysts to eliminate aging effects, and experimen-

For the RFC method described by Chinchen et al., the tal data were collected after 5 days on stream. To achieve
area under the ion current trace: fe = 28 for Np) has steady-state conditions, experimental data at low flow rates
been used directly to determine the®surface area. For  were collected 60 min after the flow rate had been adjusted.
the current experiments, however, the same MS signal ob-Before measurement, the catalysts were activated in situ in a
tained from the amount of Noroduced for the CZC samples MeOH/H,0 = 1/1 stream of 0.07 cAmin—! at 523 K for
was found to be insufficient for evaluation. Therefore, the 16 h[15,16,25]
amount of N formed during decomposition was indirectly The reaction products, consisting of effluent gases (H
estimated from the retarded evolution o (m /e = 44), and CQ as main products and a minor amount of CO),
as compared with blank experiments performed with boron together with unreacted methanol and water, were passed
nitride. Earlier investigations for Cu/ZnO samples revealed through a condenser at 268 K, which removed most of the
a good agreement between thé’Gurface areas determined liquid from the product gas stream. Complete removal of
by NoO RFC and those obtained from the Cu crystallite size the condensed reactant mixture was achieved with an addi-
[23,37] We calculated the Clsurface area, assuming a sto-  tional condenser at 253 K. The liquid composition was ana-
ichiometry of NO/Cu= 0.5 and a value of.47 x 10'° Cu lyzed with an Intersmat gas chromatograph (GC), equipped

atomgm? for the surface densityp,29,36] with a thermal conductivity detector (TCD), operated with
a 50 mx 0.53 mm CP-Wax column at 363 K. The com-
2.2.4. X-ray diffraction position of the dry product gas mixture was determined

Ex situ X-ray diffraction (XRD) measurements were per- on-line, with a Varian 3800 GC with a TCD. Helium was
formed with a STOE STADI P transmission diffractome- applied as a carrier gas, and separation was achieved with
ter (Cu-K, radiation, Ge monochromator) equipped with a a 25 mx 0.53 mm CarboPLOT P7 column at 304 K. For
position-sensitive detector (PSD) (internal resolutigh 2 guantitative analysis of the product gas stream, a calibra-
0.01°). The CuO crystallite diameters were calculated from tion gas mixture, containing 0.5% CO, 4.5%,X5% CQ,
the Scherrer equatidB8]. The full width at half-maximum and 70% H (a Messer Griesheim product), was used. Un-
(FWHM) was determined by fitting a Lorentzian profile der the present experimental conditions, no evidence for the
function to the CuO (111) and (200) diffraction peaks at formation of the by-products methane, methyl formate, or
20 =38.371° and 38.923, respectively. dimethyl ether was founf27,39]

2.3. Catalytic test reaction
3. Resultsand discussion

The steam reforming of methanol was studied in a fixed-
bed tubular reactor (stainless steel, 5010 mm) with the 3.1. Catalyst characterization and long-term stability
use of a three-channel set-up, which ensured that three cat-
alysts could be investigated at the same time, under exactly The results obtained for the CZC samples from N
the same conditions. To achieve an efficient heat transfer,adsorption—desorption ancb® decomposition are summa-
the reactors were placed in an aluminum heating block. Therized inTable 1
temperature of the reactor was regulated by PID control of The BET surface areas obtained for the CZC samples
the cartridge heaters situated inside the aluminum block. were higher than those reported for ZnO-supported Cu cat-
Time-on-stream investigations were performed at 523 K, and alysts[39] and of an order similar to those published for
the mass of catalyst was varied between 0.100 and 0.770 gCu/Al,O3 samples by Cheng et 4lL9]. A decreasing BET
depending on the Cu content, to keep the amount of CuO surface area with increasing Cu loadifi®] was observed
constant for all samples (0.0225 g). For kinetic measure- only for the samples with Cu contents exceeding 5%. As
ments, the mass of catalyst was increased by a factor of 2.6 seen inTable 1 the values for the average pore diameter
corresponding to a CuO content of 0.0584 g for each sample,were very close for each sample (9.35-10.0 nm). Although
to achieve full conversion in the temperature range investi- the C\¥-specific surface areas for the CZC materials proved
gated (503-573 K). The catalyst was supported inside theto be lower than expected from the internal surface areas and
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Fig. 3. Methanol conversions during SRM of four CZC catalysts as a
function of time-on-streamn{cyo = 0.0225 9, T = 523 K, p = 10° Pa,

w = 0.07 cnP min~1, MeOH/H,0 = 1/1).

Fig. 2. X-ray diffraction patterns of four CZC catalysts with a nominal cop-
per concentration of 5% (CZC5), 15% (CZC15), 25% (CZC25), and 35%
(CZC35) with a constant Zrgy Ce(;, ratio of about 1. Arrows indicate CuO
phase. ) )
ples is determined not only by the Cu surface area, but also

by the particular microstructure of the Cu particles, which
may be similar to the microstrain in Cu/ZnO catalyj&8].
The catalytic activities of all of the samples were found to di-
minish considerably for a period of 5 days, although to a dif-
- ’ i ) : ferent extent, which displayed no systematic variation with
agreement with an increasing Cu particle size. The net de-e ¢y content. The conversions determined after 5 days ap-
crease in the Clspecific surface area with increasing Cu  proached a constant value, except for that of CZC5, which
content, observed for CZC15, CZC25, and CZC35, is in expibited a further decrease. After an initial period of deac-
correlation with earlier results reported in the literature for yation, the CZC samples with Cu contents exceeding 5%
supported Cu catalyss, 19] _ . displayed good long-term stabilities, and, hence, these sam-
The XRD patterns of the CZC samples displaye8iln 2 ples may be suitable for extended operation. The relatively
revealed that the characteristic CuO peaks could be distin-poor thermal stability of CZC5 may be related to the small
guished only for the samples with the highest Cu contents. ¢y particle size, in light of the fact that small particles tend
The absence of CuO signals for CZC5 and CZC15 may be g he more susceptible to thermal sintering under reaction
attributed in part to their lower Cu loading. Furthermore, conditions[40], even at temperatures lower than 5284].
the Cu crystallite size for the above samples may be t00 | addition to the CZC samples, a copper-free G0,
small to be detected by XRD, as related to a pronounced line sample was prepared with the same procedure as described
broadenind5]. The broadening of the peaks also renders it apove. This material did not exhibit any detectable activity
difficult to establish whether the Zr, Ce, and O atoms are jn the steam reforming of methanol under the reaction con-
arranged in a single mixed phase or in separate phases. Fogitions employed. Hence, the differences observed for the
the same reason, the corresponding crystal structures (CUCZC catalysts in the steam reforming of methanol can be at-
bic and/or tetragonal) cannot be reliably determined. The tributed mainly to the bulk and surface properties of the Cu
Cu crystallite sizes obtained from the diffraction peaks for phase in these materials.
CZC25 and CZC35 were 12.4 and 15.3 nm, respectively.  The CO partial pressures determined during the above
The slight increase in the particle size observed for the latter measurements are depictedFig. 4 As mentioned above,
sample is in line with the decrease in the%pecific sur-  the sample masses were adjusted to provide the same Cu
face area obtained fromJ® decomposition. Further struc-  content. For this reason, the mass of CZC5 considerably ex-
tural data on the Cu/Cef¥rO;, catalysts obtained under ceeded those of the other samples, and this may account for
reaction conditions and corresponding structure-activity re- the substantially higher amount of CO detected for CZC5
lationships will be presented elsewhere. than for the samples with higher Cu contents. Moreover,
To make a comparison between the long-term stabilities following a pronounced decrease for about 5 days, the CO
of the CZC catalysts, the methanol conversions obtained dur-levels were stabilized and did not exhibit any significant dif-
ing a continuous operation of 16 days under standard condi-ference. This finding is consistent with the results ofON
tions were plotted as a function of time on stredfig( 3). decomposition, indicating that the active Cu contents of
It can be seen that no linear correlation exists between thethese samples were very similar. It may be concluded from
catalytic activity depicted ifrig. 3and the Cu surface area Figs. 3 and 4hat an increase in the Cu content from 5 to
(Table J). Evidently, the catalytic activity of the CZC sam- 15% has a beneficial effect on the catalytic performance of

the Cu contentf9], the values exhibited a trend similar to
that of the BET results. The highest €surface area per
gram of copper was obtained for CZC5. An increasing Cu
content resulted in a decreasing®Guirface area roughly in
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Fig. 4. CO formation during SRM of four CZC catalysts as a func- Fig. 5. Methanol conversions during SRM as a function of the reactant

tion of time-on-streamrcyo = 0.0225 g, T = 523K, p = 10° Pa,w = flow rate, determined for various sieve fractions of CZCit5< 0.5500 g,
0.07 c min~1, MeOH/H,0 = 1/1). T =523 K, p=10° Pa, MeOHH,0 = 1/1).

600
CZC through improvement of the long-term stability and E 500: *100-300 um .
suppression of the CO production. Although the effect of 5 J [ g
a further increase in the Cu loading proved to be less im- & 40 4 (A% 710k .

portant for the stability of the catalyst, it resulted in lower
CO levels. Nevertheless, the CO production is also depen- 300 +
dent on the conversion of methar@9], as the activity order ]

of the CZC samplesHg. 3) is in correlation with the order 200
of the CO levels throughout the entire time-on-stream in-
. . . 100 -
terval (Fig. 4). Accordingly, under the present experimental i
conditions, the samples with increased Cu contents may be 0 — —
regarded as more efficient catalysts for SRM, with respect to 0.25 05 0.75 |
the formation of CO in particular.
Inasmuch as the CZC catalysts are porous materials and Conversion

the methanol conversions Fig. 3 displayed no systematic i . . . . ,

o . . _ ig. 6. CO partial pressures determined for various sieve fractions of
variation with either the Cu loading or the €surface area,  czc1s during SRM under standard conditions=£ 0.5500 g,7 = 523 K,
the effect of mass transport limitations on the catalytic per- p =10° Pa, MeOHH,0 = 1/1).
formance was also investigated. It was previously observed
that the CZC samples were not uniform in size. Thus, for partial pressure on the methanol conversion, as depicted in
each material, three fractions with different particle diam- Fig. 6.
eters could be obtained by sieving. Moreover, a Cu/£eO  According toFig. 6, the CO levels for the three fractions
sample containing 25% Cu, prepared by the same methodat the same conversions were very similar, and thus all values
was found to deteriorate slightly during SRM, as a small could be fitted with the same exponential function. It may
amount of the original catalyst beads (3.3%) were trans- therefore be concluded that intraparticle transport phenom-
formed into a fine powder after reaction. On the other hand, ena exerted no considerable influence on the CO formation.
the Zr-containing beads of the CZC samples remained essenHence, because mass transport limitations can be excluded,
tially unchanged after catalytic investigations, which con- a reliable kinetic model was suggested for the steam reform-
firms that ZrQ is an important structural stabilizgr2,29] ing of methanol. We determined the kinetic parameters by
The methanol conversions obtained for the different sieve fitting the model to the experimental results obtained for the
fractions of CZC15 under the same conditions are plotted in CZC catalysts.
Fig. 5as a function of the reactant flow rate.

When the flow rate was increased, the conversions for 3.2. Kinetic model
the various sieve fractions declined to the same extent. At a
given flow rate, the values obtained decreased slightly with  The individual reactions to be included in the kinetic
an increasing particle diameter; however, the differences de-model of the methanol steam reforming process are still
tected were not significant with respect to mass transportunder debate. Earlier studies have suggested that the kinet-
limitation. This is corroborated by the dependence of the CO ics could be sufficiently described with the use of only one
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or two of the possible overall reactions, under the assump-reactants and products can be expressed as follows:
tion that the others were at equilibrium or their rates were

negligible. Initially, SRM was supposed to proceed by the pco= XXw D, (6)
formation of CO and K, followed by the water—gas shift 2+2X
(WGS) reactiorj15,42] The formation of CQ by the direct X1 - Xw) 7)
reaction of methanol and steam has also been progd38gd peo =5 +2X b
Methanol decomposition was involved in the reaction mech- X2+ Xw)
anism in certain studield4,42,44] whereas in other cases, PH, =~ 5P (8)
. Lo +2X
it was regarded as insignificajit6,21].

An adequate kinetic model for the steam reforming of PMeOH = 1-X p’ (9)
methanol on a commercial Cu/ZnOM8;3 catalyst, which 242X
includes methanol decomposition [Kd)] and the WGS re- 1—1—XwX
action [Eq.(5)], in addition to the SRM process [E(R)], PHO=""5"5% P (10)

has recently been suggested by Peppley ¢28]. The partial pressures can be obtained from EG¥-

(10), given thatp = 10° Pa, andX,, can be calculated from

kw °o_ _ 1
CO+ H0(g) o CO2+Hz2, AH®=-41kJmol". (5) Raoult’s law as

Further investigations of SRM revealed that the above model Xy = $co ’ (11)

may also apply for other catalysts, including Zr- or Ce- ¢co+ ¢co,

containing system{28-30] For the present study, it was  heregco and¢co, are the volume fractions for CO and

found that a kinetic evaluation that included MD in the reac- cQ,, respectively, which can be determined from the corre-

tion scheme afforded a better fit to the experimental data. Ac- sponding GC peak areas after the calibration gas mixture has

cordingly, evaluation of the experimental data obtained for peen analyzed.

the CZC samples was based on Peppley’s model. The kinetic  The rate equations for the model reactions [Ed. (2),

model suggested by Takahashi et al., involving a methyl for- 44 (5) can be described as follows:

mate intermediatft5], may be regarded as less suitable for

evaluation, given that no methyl formate production was ob- rsrm= krppisonPiio — k-RPGg, Po" (12)

served under the present experimental conditions. In fact,r b = kpp™ (13)

methyl formate is more likely to be formed when the reac- MeoH — e m

tion is conducted in an excess of methaj#)l rRWGS = k-WPcd, PHy — kW PCoPh 0 (14)
CO formation has generally been observed at high  accordingly, the differential equations for the single

methanol conversions and long contact times, indicating that components (obtained with the Maple V software, release
CO is a secondary product, formed by the reverse water-gasy ooc) are given below:

shift (RWGS) reactiori3,6,28] For the CZC samples, ki-
netic analysis suggested that the amount of CO produced byaPMeOH _

: —(rsrM+ rmMD) , 15
MD was considerably lower than that formed by the RWGS ot ( 1+X (19)
reaction, and therefore we simplified the reaction scheme 9pH,0 PH0
by regarding MD as an irreversible reaction. Furthermore, 9r (rsRm +rRwes) — (7sRM +rMD)pMBOHyo’ (16)
because of the low Huttig temperature of @i6], as re- dpco PCo
flected in its relatively low melting point (1356 K},6], 5, = UMD +rRwGS) — (rsrm+ rmp) . (@7)
S PMeOH,0
Cu-based catalysts tend to undergo thermal deactivation at
temperatures exceeding 573-623[%6,47] To eliminate PCo _ (rsem — rrwGs) — (Fsrm + rvp) PCo ., (18)
aging effects, kinetic measurements for the CZC samples PMeOH,0
were carried out in the temperature range of 503-573 K. OPH, _ .
. i . . ——= = (3rsrRM+ 2rmp — "RWGS)
According to the above considerations, the reaction 0t
scheme utilized for methanol steam reforming on CZC cata- — (rskRM + 7MD) PHa (19)
lysts included the MD, SRM, and RWGS reactions [Ed3, PMeOH,0
(2), and (5). Because SRM is the sum of the other two re-  The increased mole numbers during SRM (4 mol of prod-
actions, the above processes are not indeperidéitWe  ycts formed from 2 mol of reactants) were taken into account

ucts with the assumption that the contribution of MD t0 of methanol as

the conversion was negligible. If the SRM reaction for an

equimolar mixture of methanol and water takes place with x = ZMeOH0 — PMeOH: (20)
a conversion ofX, then the total mole number after SRM is PMeOH.0 + PMeOH.
n =no(l+ X). If we assume that the RWGS reaction pro- Likewise, the contact time was determined by con-

ceeds with a conversion dfy,, the partial pressures of the sidering the increase in volume in the catalyst bed during
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Table 2
Reaction orders for the components involved in the kinetic model

SRM RWGS MD
Component Reaction order Component Reaction order Component Reaction order

MeOH 06 co, 1.0 MeOH 13
H,0 04 Hp 1.0
co, 1.0 co 10
H, 10 Ho0 10

400

. . . . 80
conversion. We calculated this by integrating the progress of 4 T L
conversionX (¢) as a function of the reactor lengthnside B r

B OH20 -
the catalyst bed 60 - | xmeon . L 300

ACO

¢ ¢ L

1 A 1 . L

== OHde=— | ——de, 21 .

T Jz/t() w0/1+X(Z) (21) 40 1\ o 200
0 0 {2 L

where A is the cross section of the reactor awg is the 20 4 -

initial flow rate of the reactants. Furthermoré(£) may be 1 3

sufficiently well approximated by an exponential function,

p [kPa]
peo [Pa]

100

0 H~~——F—r+—+— 171+ 1+ 1 0

0 1 2 3 4 5 6

T[s]

X(0)=1—e“t, (22)

and the parametes can be obtained from the values of the
final conversionXs and the final length of the catalyst béd

In(1— X¢) Fig. 7. Partial pressures of the components in the reaction mixture dur-
_7& . (23) ing SRM on CZC15; experimental data and fitting resulis= 0.6726 g,

T =503 K, p = 10° Pa, MeOHH,0 = 1/1.

The kinetic evaluation was performed with the Berke-
ley Madonna 8.0.1 software. A Runge-Kutta method was 20 600
used to solve the differential equations [E¢$5)—(19], _ 11 o8, . -
and the experimental data were fitted by a least-squares & 4| om0 -

method. We determined the rate constants for the model re-== 60 1| A& ¢ 450
actions by fitting the simulation to the experimental data = 3 I
by varying the reaction orders until a good agreement was 1 I
. . ; . 404\ * - 300
obtained, and this procedure was repeated until an optimal _ i
fit was achieved. According to the previous results of Pur- 18 i
nama et al., the total reaction order for SRM1 + m>) 20 A L 150
was 1, whereas the individual reaction orders determined 1/ = -
experimentally for methanol and water were 0.6 and 0.4, re- .
spectively[21]. The application of the above reaction orders 0+ 0
ensured an optimal fit for the current experimental data. For 0 0.5 1 1.5 2 2.5
the components involved in the RWGS reaction, the reaction 7 [s]
orders were set to [R1], in correlation with those published
by Choi and Stenger in their detailed study on the kinetics of Fig. 8. Partial pressures of the components_in the reaction mixture dur-
the WGS reactiorf48], including rate expressions derived ing SRM on CZC15; experimental data and fitting resulis= 0.6726 g,
X . . T =523 K, p =10° Pa, MeOHH,0 = 1/1.

from various reaction mechanisrf#9]. The rate constants
for both the RWGS and the MD reactions were considerably
smaller than that of SRM, as revealed by the low CO produc- It can be seen fronfrigs. 7—10that the partial pressures
tion, and thus the reaction orders of the components implied of the reactants methanol and water decreased to the same
in RWGS and MD had no appreciable effect on the fitting extent with increasing contact times at all temperatures. The
results. The reaction orders are summarizetaibnle 2 most pronounced decrease can be observed at 573 K, where

The partial pressures for the components of the productcomplete transformation occurred at< 1 s. Meanwhile,
stream were determined as a function of the contact time atthe partial pressures of the main reaction productsahd
temperatures of 503, 523, 543, and 573 K for all catalysts. CO, increased steadily during reaction and could be fitted
The results obtained for CZC15 are displayefigs. 7-10 with saturation curves, for which the limits forbtand CQ
No significant differences were observed between the re- production proved to be 70-75 and 24 kPa, respectively. This
spective data for the other CZC samples. implies that the amount of #hained in the reaction at 573 K

Pco [Pa]
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80 400 1
—_ 1 S H2 L -
< HCO2 Py — )
~ OH20 i =
2 o] . I =3 2 0.8 1
o 604 | xeo . 300 o S
J . F s 5
i A I O 0.6 1
40 . - 200
] ® I 0.4 .
1 o%a | 4503 K
A523K
20 . ] r 100 02 543K
a ' 0573K
0 0 0 $————————F+————————1———
0 0.2 0.4 0.6 0.8 1 0 2 4 6 8 10
T [s] T [S]
Fig. 9. Partial pressures of the components in the reaction mixture dur- Fig- 11. Methanol conversions during SRM of CZC15 as a function of con-
ing SRM on CZC15, experimental data and fitting results= 0.6726 g, tact time at different reaction temperatures £ 0.6726 g, p = 10° Pa,
T =543 K, p = 10° Pa, MeOHH,0 = 1/1. MeOH/H20 = 1/1).
80 7 [ 1600 gated, the amount of CO typically varied between 0.06%
- . —_ and 0.4%, only exceeding that at 573 K, at contact times
s ] I S y eding
& ] L = longer than 0.4 s. Unlike the main reaction products, the for-
2 60 { 1200 = . . . p
o 1 - S mation of CO can be described with S-shaped curves at each
| L temperature, which may be regarded as further evidence that
401} /o [ 800 CO is a secondary product in the react[6r21]. As shown
in Figs. 7-10the partial pressures of CO could be fitted at
1 i all temperatures and contact times when MD was included
20 4 - 400 ; ) .
. L in the reaction scheme. Nevertheless, it should be noted that
1 o i the significance of MD can be observed only at low con-
0 o () tact times, and therefore CO production is suggested to oc-
0 0.2 0.4 0.6 0.8 1 cur predominantly by the RWGS reaction. The conversions

obtained for CZC15 at different temperatures, plotted as a
tls function of the contact time, are displayedriy. 11
Fig. 10. Partial pressures of the components in the reaction mixture dur- The complete transformation of methanol could be achie-
ing SRM on CZC15; experimental data and fitting resulis= 0.6726 g, ved at all reaction temperatures, except for 503 K, where
T =573K, p=10° Pa, MeOHH,0 = 1/1. the contact time corresponding to full conversion was de-
termined by extrapolatiorit ~ 10 9. It can be seen that
attains the theoretical maximum of 75%, corresponding to an increase in the reaction temperature resulted in a marked
the thermodynamic equilibrium sta4], and approaches it  decrease in the contact time corresponding to the same con-
reasonably well at lower temperatures. The differences in theversion level. Accordingly, the full conversion of methanol
partial pressures of Hand CQ at various contact times con-  at 573 K was observed at a contact time of 0.92 s. Although
firm that the amount of biformed in the reaction was 3times an increase in the reaction temperature proved to be benefi-
higher than that of Cg) irrespective of the reaction temper- cial in terms of the catalytic activity, as suggestediy. 11,
ature and the conversion level. With increasing contact time, it also resulted in the formation of an increased amount of
CO;, formation was less affected than Hroduction, andthe  CO in the product mixture (sé€g. 12). Furthermore, a pro-
contact time required to reach the saturation value decreasedonged exposure of the catalyst to 573 K was found to result
with the reaction temperature to an appreciable extent. in a moderate deactivation, which may be due to sintering
Compared with a commercial Cu/ZnOM8; cata- of the active Cu particlef6,47]. For the other CZC samples,
lyst[21], the H, partial pressures obtained for the CZC sam- similar observations have been made. Likewise, Lindstrém
ples were somewhat lower (74—85% of those reported for and Pettersson reported that sintering of Cu particles of a
the commercial sample between 503 and 573 K, respec-Cu/ZnO/AbO;3 catalyst subjected to 613 K resulted in a loss
tively) at short contact times. Nevertheless, the saturation of Cu surface areb0]. Hence, the optimal reaction tem-
values observed for the CZC catalysts at long contact timesperature range for the steam reforming of methanol on CZC
approached 75 kPa at all temperatures. catalysts is 523-543 K, at which high methanol conversions
The minor amount of CO detected in the reaction mix- can be achieved while a low CO level is maintained.
ture was found to increase with both the contact time and  For the CO partial pressures, we fitted the experimental
the reaction temperature. In the temperature range investi-data by setting the final values, calculated at long contact
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Table 3
Reaction rate constants determined for the SRM, RWGS and MD reactions on the CZC catalysts at different reaction temperatures
Sample  kg2d(s1g~1) k_wPd (barls g1y kp®d (bar03s-1g-1)

503 K 523 K 543 K 573K 503 K 523 K 543 K 573 K 503 K 523 K 543 K 573 K
CzC5 292 1071 3440 6844 004 011 030 112 004 013 066 212
CzC15 2258 5067 11733 26802 027 060 128 355 009 036 102 289
CzC25 2025 5517 7995 14637 022 095 135 306 014 038 113 450
CzZC35 2667 6133 8900 16569 031 058 154 231 036 096 154 344

@ Reaction rate constant of SRM.

b Reaction rate constant of RWGS.

¢ Reaction rate constant of MD.

d Al values were referred to a CuO content of 1.0 g.

6 5.9 kPa 7
— 4 [s5x o - *SRM
= ,
Sd_-', T 4.8kPa £ 54 ::4\:)65
O 4.2 kPa 1
£ 47 3
| 3.5kPa 1
l .
*503K
2 ASBK 1
m53K 1
057K
-3 T T T T T T T T T T T
0 T T T T T T T T T T T T T T T T T T T T T T 1.72 1.82 1.92 2.02
0 30 60 90 120 150 I R
107 T [K]
T [s]

Fig. 13. Arrhenius plots for the SRM, RWGS and MD reactions determined
Fig. 12. CO partial pressures during SRM of CZC15 as a function of con- for CZC15.
tact time at different reaction temperatures £ 0.6726 g, p = 10° Pa,
MeOH/H>0 = 1/1). . . . . .
/Re /1) tion of the reaction orders indicated Trable 2 are listed in

Table 3 For a better comparison, all values were referred to
times from the thermodynamical equilibrium constant of the 3 CuO content of 1.0 g.

RWGS reaction, as displayedfiig. 12 For comparison, we For the most active catalyst (CZC35) investigated at the
also determined these values experimentally by investigatinghighest reaction temperature (573 K), the Thiele modulus
a large amount of catalyst: = 3.55 g at a low flow rate of  [51] was calculated to be 0.594, from which the mass trans-
0.01 cn? min~* to ensure an extended contact time for the fer factor (the actual reaction rate as referred to the ideal
reaction. The CO partial pressures obtained from repeatedreaction rate without transport limitation) was 0.977, indicat-

runs at different temperatures were in good agreement withijng that the mass transport limitation was indeed negligible
the theoretical values. It can be observedrig. 12thatthe  and thus the reaction was kinetically controlled. Given that
experimental CO levels are located at the low end of the the-the reaction rates for the other CZC samples were found
oretical curves and, hence, are far below those predicted byto be typically lower, in particular at temperatures below

equilibrium calculations at all temperatures. It follows that 573 K, the effect of intraparticle transport phenomena on the
the limiting CO partial pressures could be attained only at kinetic parameters can be safely excluded.

contact times considerably longer than those obtained under The apparent activation energies were determined from

the present experimental conditions (see a&ggs. 7—10. the slopes of the Arrhenius plots

Accordingly, it is reasonable to assume that the kinetics

of the CO formation is more complex than that described |n(x) = In(kg) — ﬂ. (24)
within the framework of this studj21]. Nevertheless, the RT

kinetic model employed provides a good approximation for A typical illustration of the Arrhenius parameters for the
the experimental data obtained for all components in the model reactions on CZC15 is displayedfig. 13 It may
contact time region where complete methanol conversion readily be observed from the slopes that the activation ener-
occurs, which may be of major interest for industrial appli- gies of SRM and RWGS are comparable and considerably
cations. lower than that of MD. The values of the activation energies

The reaction rate constants) for the individual reac- for the SRM, RWGS, and MD reactions, determined for all
tions, obtained from the simulations performed by applica- of the CZC samples, are listed Table 4
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Table 4 |
Apparent activation energies for the SRM, RWGS and MD reactions on the =
CZC catalysts Tg |
Reaction Ea (kJmotr1) Ea (kdmor1) Ea (kImorl) Ea (kJmotr1) = 120 -

CzC5 CzC15 CzC25 CzC35 < J

m

SRM 1092 854 661 607
RWGS 1155 882 857 693 1
MD 142.6 1187 1049 755 80 A

6

®CZ/CS5
és— Dezels 40 +————r—+—++1+—+r1"
: ACZC25
i 5 Pl 0 10 20 30 40
4 Cu content [%]
3 Fig. 15. Apparent activation energies of the model reactions (SRM, RWGS,
and MD) as a function of the Cu content of four CZC catalysts.
2 -
y served in the activation energy of MD, indicating that at
1 lower Cu loading the contribution of MD to CO formation
0 diminishes. Takeguchi et al. have reported a similar trend for

the SRM reaction on two Cu/ZnO cataly$&3], although
a potential mass transport limitation was not taken into ac-
10°T K] count, and thus their studies cannot be directly compared
with the results presented here. Conversely, in the current
Fig. 14. Arrhen_ius representation of the reaction rate constants obtained forstudy' the well-known effect of mass transport limitation on
the SRM reaction on the CZC catalysts. the kinetic studies, resulting in a reduced apparent activa-
tion energy, can be excluded. Therefore, it is concluded that
According toTable 4 no significant differences between  the variation of the Cu concentration in the GO, pre-
the activation energies of the SRM and RWGS reactions cancursor material gave rise to the formation of CZC samples
be observed, except for CZC25. For the latter sample, thewith significantly different catalytic behavior. Whereas the
activation energy of the RWGS reaction was considerably chemical complexity in the various CZC catalysts remains
higher than that for SRM, which may account for the partic- the same, the chemical composition adjusted in the prepa-
ularly low CO level observed for this catalyst (SEig. 4). ration procedure results in a significantly altered structural
On the other hand, the activation energies for MD proved to complexity of the materials. These catalysts with vastly dif-
be considerably higher than those for SRM and RWGS, andferent active surfaces exhibit a catalytic behavior that is not
therefore MD may be regarded as the rate-limiting step for simply correlated with the accessible surface area. Disper-
CO formation at short contact times. As mentioned above, sion, Cu particle size, and Cu support interactions have a
the significance of MD in the overall reaction mechanism pronounced influence on the microstructure of the Cu par-
decreases dramatically at contact times exceeding 0.3-1 sticles and the effect of the microstructure on the active Cu
depending on the reaction temperature. Accordingly, the en-surface. Eventually, researchers must elucidate both the Cu
hanced CO levels obtained at longer contact times can besurface area and the microstructural properties of the Cu par-
attributed to the predominance of the RWGS reaction, which ticles to fully understand the significantly different catalytic
requires a considerably lower activation energy. activities and the kinetics described above.
For the main reaction (SRM), the apparent activation en-
ergies proved to be relatively close for all samples, apart
from CZCS5, for which the highest value was obtained. For 4. Conclusions
comparison, the Arrhenius plots for all of the CZC samples
are depicted irFig. 14 For CZC5 and CZC15, the appar- Novel Cu/ZrQ/CeQ, materials prepared by coprecipi-
ent activation energies are in good agreement with those re-tation and polymer templating were investigated as cata-
ported in the literature for Cu/ZnO/AD3 catalysts, whereas lysts in the steam reforming of methanol. Catalytic mea-
the values for CZC25 and CZC35 are lovj@y16,21,52] surements were performed under continuous operation in a
For all of the model reactions (SRM, RWGS, and MD), fixed-bed reactor at atmospheric pressure. Time-on-stream
the activation energies determined exhibit a linear corre- experiments indicated that after an initial period of deac-
lation with the Cu content, as shown Fig. 15 With an tivation, the conversions for the samples with Cu contents
increasing amount of Cu, a systematic decrease was foundexceeding 5% were stabilized, and thus these samples could
for each reaction. The most pronounced decrease can be obbe suitable for prolonged catalytic applications. An increase

1.72 1.82 1.92 2.02
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in the Cu content from 5 to 15% was found to improve the [18] C. Cao, G. Xia, J. Holladay, E. Jones, Y. Wang, Appl. Catal. A 262

long-term stability and suppress the CO production consid-
erably, whereas the effect of a further enhancement was les

significant. With respect to a reduced formation of CO dur-

ing SRM, the samples with increased Cu loading proved to

be more efficient catalysts.
Since the effect of mass transport limitations on the cat-
alytic reaction was found to be insignificant, a kinetic analy-

sis was undertaken. The reaction scheme suggested for th%4]

overall transformation included the SRM, MD, and RWGS

(2004) 19.
19] W.H. Cheng, I. Chen, J. Liou, S.S. Lin, Top. Catal. 22 (2003) 225.
20] M.V. Twigg, M.S. Spencer, Top. Catal. 22 (2003) 191.

[21] H. Purnama, T. Ressler, R.E. Jentoft, H. Soerijanto, R. Schlogl, R.

Schomacker, Appl. Catal. A 259 (2004) 83.

[22] M.M. Giinter, T. Ressler, R.E. Jentoft, B. Bems, J. Catal. 203 (2001)

133.

[23] B.L. Kniep, T. Ressler, A. Rabis, F. Girgsdies, M. Baenitz, F. Steglich,

R. Schlégl, Angew. Chem. Int. Ed. 43 (2004) 112.
T. Shishido, Y. Yamamoto, H. Morioka, K. Takaki, K. Takehira, Appl.
Catal. A 263 (2004) 249.

reactions. The experimental data obtained in the range of[25] B.A. Peppley, J.C. Amphlett, L.M. Kearns, R.F. Mann, Appl. Catal.

503-573 K could be well fitted by the kinetic model em-
ployed. The optimal temperature range for SRM on the CZC
catalysts was 523-543 K, for which high methanol conver-

sions and low CO levels were obtained. For the SRM and

A 179 (1999) 21.

[26] S.P. Asprey, B.W. Wojciechowski, B.A. Peppley, Appl. Catal. A 179
(1999) 51.

[27] H. Purnama, F. Girgsdies, T. Ressler, J.H. Schattka, R.A. Caruso, R.
Schomacker, R. Schldgl, Catal. Lett. 94 (2004) 61.

RWGS reactions, the values of the activation energies were[28] J.P. Breen, F.C. Meunier, R.H. Ross, Chem. Commun. (1999) 2247.

comparable and considerably lower than that of MD. The

activation energy of each reaction exhibited a systematic de-
crease with increasing Cu content of the catalyst. Evidently,
the variation in the Cu concentration of the precursor mate-

rial during preparation altered the microstructure of the Cu

[29] P.H. Matter, D.J. Braden, U.S. Ozkan, J. Catal. 223 (340) (2004).

[30] X. Zhang, P. Shi, J. Mol. Catal. A 194 (2003) 99.

[31] V. Liu, T. Hayakawa, K. Suzuki, S. Hamakawa, T. Tsunoda, T. Ishii,
M. Kumagai, Appl. Catal. A 223 (2002) 137.

[32] H.S. Roh, K.W. Jun, W.S. Dong, S.E. Park, Y.S. Baek, Catal. Lett. 74
(2001) 31.

particles and, thus, the active Cu surface, which considerably[33] M.F. Luo, J. Chen, L.S. Chen, J.Q. Lu, Z. Feng, C. Li, Chem. Mater. 13

affected the catalytic behavior of the CZC catalysts.
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