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Abstract

Production of K from methanol by steam reforming, partial oxidation, or a combination thereof was studied g@@@based catalysts.
The catalysts were characterized by a variety of techniques, inclugi@gdNemisorption, X-ray photoelectron spectroscopy, X-ray diffrac-
tion, and temperature-programmed reduct@mrdation. The influence of feed composition, reaction temperature, and catalyst formulation
on Hy production rate, product distribution, and catalyst lifetime was investigated. Distinct differences between the processes were observed
with respect to catalyst behavior. Zs@ontaining catalysts, especially &ZnO/ZrO,/Al>03, exhibit the best performance in the steam
reforming reaction. During partial oxidation, however, a binaryZhO catalyst exhibits the lowest light-off temperature and the lowest
level of CO by-product. The redox properties of the catalyst appear to play a key role in determining the pathwaprodudtion. In
particular, the extent of methanol gfwat H, combustion at differential ©conversion is strongly dependent on the ease of copper oxidation
in the catalyst.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction e.g., as gas compressed, as liquid, or jpdtbrage materials,
such as metal hydrides and carbon nanotubes. However, all
Vehicles powered by proton-exchange membrane (PEM) these options require a dedicated filling station infrastructure
fuel cells are approaching commercialization. Unlike inter- and raise issues concerning safety and cost.
nal combustion engines (ICEs), fuel cells are not limited by ~ Current trends indicate that PEM fuel cell vehicles will
the thermal efficiency of the Carnot cycle. Hence, the fuel use liquid fuels, at least in the early stages of commercial-
utilization is much more efficient than in conventional heat ization. Methanol is a fuel, which is readily available and
engines. Furthermore, fuel cells are silent during operation can be catalytically converted into a#ich gas at mod-
and have no moving parts, and the emissions of hazardougrate temperature (200-300). Methanol has a high }C
compounds to the atmosphere are low or even nonexist-ratio and no C-C bonds, hence minimizing the risk for coke

ing [1,2]. formation. Moreover, as methanol can be produced from re-
The PEM fuel cell generally requiresitds fuel. Thereare ~ newable sources, its reforming does not contribute to a net
various strategies for on-board storage ofikithe vehicle, ~ addition of CQ to the atmosphere.

A process for production of #on board a vehicle must
meet several criteria. For instance, it must be compact and
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In essence, there are three processes available for producstudied the SRM reaction with addition of,Ofound that
tion of Hy from methanol with low CO levels on board the ZrO,-containing CyZnO/Al,O3 catalysts are best suited
vehicle [4]: steam reforming of methanol (SRM), partial ox- for production of b with ultralow CO levels. In the present
idation of methanol (POM), and a combination of these two study, the catalyst compositions were chosen in accordance
reactions, termed combined reforming of methanol (CRM). with the findings in Refs. [18,27,31,36].

SRM is an efficient process that yields high Ebncen- Fisher and Bell studied the reaction mechanism for
trations: methanol synthesis and decomposition over Z0,-based

0o_ catalysts. They suggested that a synergy exists between cop-
CHOH() + H20() — COz + 3Hz, - AHT =131 kJ’m((:)LI). per and Zr@, in which all the major reaction intermediates

. . . are found on Zr@, while copper dissociates moleculag,H
Being an endothermic reaction, surplus energy can be re-

) - which is provided by a spillover mechanism [39-41].
cycled, promoting the overall system efficiency. However,

h ic sl d ires | id i lead In the present work, a series of &nO materials con-
the process is slow and requires long residence times, lea taining 2r0, and AbOs were prepared by decomposi-
ing to slow start-up and poor transient response. Moreove

. . M'tion of hydroxycarbonate precursors formed by carbon-
it requires external heaF exchapge. - ate coprecipitation of metal nitrates in aqueous solution.
.POM.'S an exothermic reaction, resultln.g in a fast process Microscale activity measurements were carried out, pay-
with rapid start-up and dynamic response: ing attention to the influence of catalyst formulation, feed

CH3OH(l) + 0.50, — CO» + 2Hy, AH®= —155kJmol. composition, and reaction temperature op ptoduction
(2) rate, product distribution, and catalyst stability. Catalyst

The reactor can be made small and lightweight due to the characterization included 2D chemisorption, X-ray pho-

absence of heat-exchanger parts. However, thgield is toelectron spectroscopy (XPS), X-ray diffraction (XRD),
low and further decreases due to the loss ptftfough com- ~ temperature-programmed reduction (TPR), and oxidation
bustion. Hence, combining the best features of both process{TPO), No adsorption—desorption (BET), and inductively
ing methods appears attractive: coupled plasma atomic emission spectroscopy (ICP-AES).

CH30H+ (1 — 2a)H20+ a0y — COo + (3 — 2a)H>»
(0<a<05). 3) 2. Experimental methods

By feeding a mixture of methanol, water, and air, close to .
autothermal conditions can be maintained in the fuel proces-2-1. Catalyst preparation
sor. The feed composition can also be varied to meet the fuel
cell's requirements at any given time. Thus, the endothermic A series of copper-based catalysts were derived from hy-
SRM process provides a highpHbroduction capacity and ~ droxycarbonate precursors prepared by coprecipitation of
promotes overall efficiency, while POM enables fast start-up metal nitrates in aqueous solution. The method is based on

and dynamic response, as well as compactness. the one described by Alejo et al. [22]. The catalysts are sum-
In the literature, copper-based catalysts have receivedmarized in Table 1.
considerable attention for production of Hy SRM [5-21]. In short, nitrate salts of the metals were dissolved in the

Recent papers have discussed the POM reaction [22—24], aslesired ratios in distilled water. Cu(N§3, Zn(NGs)2, and
well as the combined process for production of[R5—38]. AI(NO3)3 were all obtained from J.T. Baker. ZrO(NR
The CyZnO/Al 03 catalyst, which is traditionally used for ~ was obtained from Alfa Aesar. The total metal concentration
low-temperature gas-shift and methanol synthesis, has beern the aqueous solution was 1.25 M. #&03 (J.T. Baker)
widely used in these reactions. in a 0.25 M aqueous solution was then added under vig-
SRM is the reverse of methanol synthesis fromy@@d orous stirring under Natmosphere, while maintaining the
H,. Therefore, it is reasonable to assume that the methanolpH constant at around 9 and the temperature &350 he
synthesis catalyst shows high activity also in the reverse re-precipitates were aged for 2 h and then recovered by fil-
action. In the presence ofs0Ohowever, another type of cata-  tration, followed by thorough washing with distilled water at
lyst may be even more efficient. Velu et al. [27,31,36], who ambient temperature to remove all traces of sodium. Drying

Table 1

A summary of the catalysts and their physicochemical properties

Catalyst Formula Composition (Wt%) BET area Yarea Cu dispersion
Cu Zn zr Al (m?/g) (m?/g) (%)

cz Cu/ZnO 43.8 56.2 - - 48 20.8 96

CZA Cu/ZnO/Al»03 39.4 51.1 - 9.5 99 22.2 113

Cczz Cu/ZnO/ZrO, 323 395 28.2 - 88 155 132

czzA Cu/Zn0O/Zr0, /Al ;05 30.9 50.2 14.1 48 118 23.3 232
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was carried out in air at 11 for 12 h and the final calci- chamber where measurements were carried out under vac-

nation was performed in air at 35C for 12 h. The obtained  uum.

powders were then milled and sieved and the fraction con- The C1s, Cu2p, Zn2p, Al2p, and Zr3d core-level spec-

taining particles of 0.12—0.25 mm was used in the activity tra were recorded and the corresponding binding energies

measurements. were referenced to the C1s line at 284.9 eV (accuracy within
The prepared catalysts are summarized in Table 1, where+0.1 eV). The Cymm and Znum Auger peaks were also

they are named according to their composition. For instance,recorded and the modified Auger parameteys)(calculated

catalyst CZZA contains CuO, ZnO, Zgoand AbOs3. according to the equation below, where the expression in
parentheses represents the difference between the kinetic en-
2.2. Catalyst characterization ergy of the Auger electron and theg@pphotoelectron:
. . . ap =hv + (KE(MLvm) — KE(M2p3/2)) (M =Cu, Zn).
The catalysts were characterized using a variety of tech- (4)

nigues, which are briefly outlined below.
2.2.5. Temperature-programmed reduction/oxidation

2.2.1. N, adsorption—desorption Temperature-programmed reduction and oxidation exper-
The specific surface areas of the calcined samples werdMents were carried out to study the copper dispersion and

calculated from N adsorption—desorption data acquired at éducibility. Cycled TPRTPO redox experiments gave ad-

liquid N, temperature on a Micromeritics ASAP 2010 in- ditional information about the catalysts’ resistance to sinter-

strument. The powders were first outgassed at°25@0 Ing. . . .
ensure a clean surface prior to acquisition of the adsorp- A TPD/TPR 2900 instrument from Micromeritics was
tion isotherm. A cross-sectional area of 0.164rwfithe Ny used for the analyses. Approx 50 mg of a freshly calcined

molecule was assumed in the calculations of the specific sur-Catalyst was placed on top of glass wool in a quartz reactor.
face areas using the method of Brunauer, Emmet, and Teller'n Order to remove contaminants, the powder was pretreated
(BET). in He royvmg at 50 mfmin by glev.at'lng the temperaturg at
10°C/min to 300°C and keeping it isothermal for 30 min.
After cooling to room temperature, TPR experiments were
carried out in 10% kK/Ar flowing at 90 my'min, increasing
the temperature at P&C/min. The temperature ramp was in-
terrupted at 500C, after which the sample was cooled ia N
to ambient temperature. The TCD current was maintained at
50 mA and the detector temperature at 130A cryogenic
trap consisting of a gel formed by adding liqui@ kb iso-
propanol in a thermos flask was used to prevent water from
entering the detector.
: . Subsequent temperature-programmed reoxidation of the
2.2.3. X-ray diffraction o reduced samples was carried out in 3%/Be flowing at
Powder X-ray diffraction measurements provided infor- 119 ml/min, again ramping the temperature at°Cymin.
mation about crystalline phases and crystallite size in the 1, temperature was increased to 26Qwhich was main-
catalysts. A Siemens DS000 instrument using monochro- tained for 1 h to ensure complete oxidation. The TCD current
matic Cu-K, radiation was employed, scanning #20m 20 \yas maintained at 75 mA and the detector temperature at

2.2.2. Atomic emission spectroscopy

The chemical composition of the calcined catalysts was
measured by inductively coupled plasma atomic emission
spectroscopy, using a Perkin-Elmer Optima 3300DV in-
strument. The powders were first dissolved in acidic so-
lutions (mixtures of HNQ@, HCI, and HF, as appropriate),
microwaved for 15 min, and then diluted to concentrations
within the detection range of the instrument.

to 80°. 100°C.
Finally, the samples were rereduced according to the TPR
2.2.4. X-ray photoelectron spectroscopy procedure described above.

X-ray photoelectron spectroscopy was used to study the
chemical composition and oxidation state of catalyst sur- 2.2.6. N>O chemisorption
faces. The XPS instrument, a VG Escalab 200 R spectrom-  The specific Cli surface areas of the catalysts were mea-
eter with a Mg-K, X-ray source kv = 12536 eV; 1 eV= sured by nitrous oxide (pD) chemisorption, using a method
1.602<10719 J), was equipped with a pretreatment cham- similar to the one described by Chinchen et al. [42]. The
ber with controlled atmosphere and temperature in which the method is termed reactive frontal chromatography (RFC). It
catalyst samples could be exposed to different conditions. consists of carefully oxidizing the exposedQurface of a
The catalyst was mounted on a sample rod, placed in theprereduced C(ZnO catalyst by switching the feed from an
pretreatment chamber, and outgassed under vacuum prior tanert Np stream to a reactive #40/N2 mixture:
transferring to the analysis chamber. Subsequently, it was re-
duced in 400 mbar plat 250°C and again analyzed. Finally, 2CUs) + N20 — CtOs) + N2- )
the catalyst was exposed to a 1:2 mixture efadd methanol By quantifying the amount of consumed®, a measure-
at 250°C and 60 mbar, and again inserted into the analysis ment of the Cfl surface area can be obtained. The equip-
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ment consisted of a custom-built reactor setup and sampleconditions (POM2), but on a similar reactor setup. It is in-
amounts of 100-200 mg were used in the experiments. Af- dicated in the text when these conditions were used.
ter prereducing the catalyst at 280 for 1 h in 10% H /N> Prior to each experiment, the catalyst was reduced in situ
(50 ml/min), it was exposed to a stream of K 99.995%, at 250-300C in a stream of 10% pJYN»,. The catalysts
N45, Air Liquide) at the same temperature for 1 h and then containing AbOs and/or ZrO, were reduced at the higher
cooled to the chemisorption temperature {6). The N temperature. The dwell time was at least 1 h in all cases.
flow (30 ml/min) was then exchanged for a 3% ®/N> Some catalysts were calcined again after reaction in or-
mixture (30 mymin) by switching a four-way valve. The der to study the effect of sintering on activity. This was also
delayed NO front, which is caused by the decomposition done in situ by flowing 6% @/N2 at 50 ml/min and heating
of N2O on the exposed Cwsurface, was monitored using a at 10°C/min to 425°C. These catalysts were then reduced
gas chromatograph (GC) equipped with a thermal conduc-again and their activity measured.
tivity detector (TCD). The product gas composition was analyzed on-line by a
The typical line shape, the so-called reactive frontal chro- Varian gas chromatograph. The GC was equipped with a
matogram, is not an ideal step. Because of this, a blankthermal conductivity detector and two packed columns in
switch over the oxidized catalyst is necessary to use as ref-series (one for separation of polar components, i.e.;,CO
erence for the calculation. Subtracting the curves and inte-water, methanol, formaldehyde, methyl formate, and DME,
grating over time gives the total amount 0® consumed  and a molecular sieve for separation of @2, N2, and CO).
by surface copper atoms. The Csurface area was calcu- He was used as the carrier gas.
lated assuming a molar stoichiometry of®J/Cuys) = 0.5, In the following text, the product gas composition refers
where Cys) denotes a superficial copper atom, and an aver- to the composition of the gas stream leaving the reactor,
age value of 46 x 10 copper atomgm? for the surface  including unconverted methanol ang,@ut excluding N
density of copper metal [43]. used for dilution.

2.3. Catalytic activity measurements
3. Resultsand discussion

Catalytic experiments were performed at atmospheric o )
pressure in a packed-bed microreactor consisting of a quartz, The results f'rom catalyst. characterization are summarized
tube with an internal diameter of 6 mm and a coaxially " Table 1 and in the following text.
centered thermocouple with its tip located in the middle of
the bed. The catalyst was diluted to avoid adverse thermal®
effects. Both catalyst and diluent were sieved to in order
minimize the pressure drop over the bed, which rested on
a porous quartz disc. The methanol or methawater mix-
ture was fed to the evaporator by means of a liquid syringe
pump. For the oxidation reactions, air was added by means
of a Brooks 5850 mass flow controller.

.1. BET surface area

The binary CZ catalyst possesses the lowest BET surface
area of all (49 rd/qg), as expected. By addition of either ZrO
or Al,0s, both structural promoters, the surface area in-
creases to 82 and 92%ty, respectively. The quaternary ca-
talyst, CZZA, displays the highest surface area (1¥¢agh

The reaction conditions are described in Table 2. One 't should be noted that the amount of additive varies in the
set of experiments was carried out under slightly different Catalysts. While CZA contains only 10 wt% aluminum, CZZ
contains almost 30 wt% zirconium (as metal). The compo-
sitions were chosen in agreement with the recommendations

Table 2 by Velu et al. [27,31,36], who found that these formulations

Experimental conditions for catalytic activity measurements (gas flow rates gave the best enhancement of catalyst activity.
given at 20°C and 1 atm) '

SRM CRM POM1 POM/2 3.2. Copper dispersion
Catalyst load (mg) 50 502 502 100P
Particle size (mm) ~ 0.12-0.25 0.12-025 0.12-025 0.25-05 N»O chemisorption experiments enabled measurements
Pressure Atmospheric Atmospheric Atmospheric Atmospheric h | "oy .
H,0/CHzOH (M) 13 13 a N of the catalysts surface areas. Thesg yaned from 15.5
0,/CH3OH (M) _ 0.2 0.2 0.25 to 23.3 nf/g (Table 1), catalyst CZZA exhibiting the highest
Methanol (mh) 1.3 1.3 1.3 1.1 value. As the catalysts contain different amounts of copper,
pp
Water (myh) 0.7 0.7 - - 30 to 45 wt%, and the chemical compositions of the cata-
Alr (ml/min) - 14 14 14 lysts were known from ICP-AES measurements, the copper
Total flow (ml/min) 23¢ 23¢F 23¢F 25

: - I _ dispersions were calculated. They range from 9.6 to 23.2%,
POM/1 reacthn condlthns were used for the partial oxidation experiments, Catalyst CZZA again exhibiting the highest value. ltis clear
unless otherwise noted in the text. L .

a Diluted with S0, (quartz, nonporous) to 500 mg. that addition of A}O3 or ZrOy, both high-surface-area metal

b Diluted 2:1 (vol) with SiC (nonporous). oxides, provides a larger surface on which copper can be

¢ Diluted with N, as required. dispersed. Clearly a combination of the two constitutes the
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most favorable option. This is consistent with the findings calcination temperature (38C), or that the crystallite size

of Velu et al. [31,36], who demonstrated that substitution of is too small to be detected due to line-broadening. Moreover,
aluminum for zirconium improves copper dispersion, as well these elements are present in small quantities, their contents
as reducibility. CZ exhibits the lowest copper dispersion, as ranging from 5 to 30 wt% (as metals).

expected in absence of a structural stabilizer. In CZA, on the other hand, the characteristic CuO lines
exhibit high intensities, indicating relatively large crystal-
3.3. Crystalline structure lites. The ZnO crystals, however, appear to be small (line-

broadening).

The X-ray diffractograms of all four catalysts after calci-
nation are shown in Fig. 1. The pattern of CZ after exposure 3.4. Temperature-programmed reduction
to POM/1 reaction conditions is also inserted. This catalyst
was diluted with SiQ to 10 wt% prior to reaction. That is The TPR profiles of the freshly calcined and reoxidized
why the intensity has been multiplied by a factor 10, also catalysts are shown in Fig. 2. The profiles correspond to re-
explaining the noise in the signal. The characteristic peaksduction of CuO
of CuO and ZnO have been indicated in the diffractogram
of CZ after calcination. No other features are observed, ex- CUO+Hz — Cu’ + H0. (6)

cept in CZ after exposure to reaction conditions, in which  the TPR profile of the CZ sample consists of at least
the characteristic line of @gappears at@~ 4. Inthis  ree overlapping peaks. The onset of reduction is appar-
catalyst, the features associated with CuO are no longer 0b-gnt at 135C. At around 180C H, consumption increases
Ser",ed- . . . ] ) rapidly, reaching a maximum at 19GQ. There is a shoulder
Signals from crystalline zirconium and aluminum oxide at 200°C and reduction is complete at about 225 Sub-
phases would be expected in the ternary and quaternary mageq ent oxidation and rereduction increases the particle size
terials, in addition to CuO and ZnO. However, in CZZ and 4.4 the temperature needed for complete reduction to ap-

CZZA, only features associated with ZnO are detected. This y4yimately 290C. The redox treatment homogenizes the
indicates that CuQO is highly dispersed, which is in full agree-

ment with the NO chemisorption experiments. This is due
to the fact that zirconium and aluminum are presentin highly
disordered or amorphous states because of the relatively low

cz

CZ + SiO,
(post reaction)

H, consumption (a.u.)
g

CZA o7z
/\/'/\,\ CczZ
CZZA
20 40 60 80
29 (O) 100 ' 1;0 ' 2(I)0 ' 2;0 ' 3(I)0 ' 3;0 ' 400

Temperature (°C)
Fig. 1. X-ray diffractograms of the calcined catalysts and of catalyst CZ (di-
luted to 10 wt% with SiQ) after exposure to reaction condition®j§(CuO; Fig. 2. Temperature-programmed reduction profiles of the freshly calcined
(V) ZnO). (thin lines) and reoxidized (thick lines) catalysts.
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s

200 250 300 350
Temperature (°C)

material by sintering the most reactive small copper parti-
cles, decreasing the peak width at the base and making the
profile more symmetrical.

The freshly calcined CZA catalyst requires a surprisingly
high temperature for complete reduction. The main peak is
located at 238C, with a long tail extending to tempera-
tures as high as 37€. This indicates large CuO crystallites
and/or possibly a strong interaction between copper and
support. In the XRD measurements, high intensities were
observed for the peaks associated with CuO, indicating large
crystallites. After reoxidation, the peak maximum is unex-
pectedly shifted toward lower temperatures (1@%and the
tail is diminished. In other words, the redox treatment ap-
pears to improve the dispersion of copper in the catalyst.
A possible restructuring of the aluminum component could
be the explanation for this observation.

The reduction profile of the fresh CZZ catalyst is similar
to that of CZ, with three overlapping peaks distinguishable.
The onset of reduction is observed at 285 and the slope
increases rapidly at about 170, reaching a maximum at
182°C. A shoulder is visible at 198 and reduction is com-
plete at about 230C. After reoxidation, the profile is more
symmetrical, displaying a peak at 208, and reduction is
complete at around 27%.

CZZA displays the lowest reduction temperature, both
before and after reoxidation, the main peak appearing at ap-
proximately 190 C. This indicates small CuO particles and
hence, a high dispersion. These results correlate well with
the CL? surface area measurements, where the highest disFig. 3. Temperature-programmed oxidation profiles of the reduced cata-
persion was found in this catalyst. Likewise, there is good sts:
correlation with the XRD measurements, which evidenced a
small CuO particle size in this material. The reduction pro- 35, Temperature-programmed oxidation
file is narrow and almost symmetrical, both before and after

reoxidation, indicating a narrow particle size distribution and Fig. 3 shows the results from temperature-programmed
amateria[ of homogeneous composition. The tempera-ture ofoxidation of the four samples, which were previously re-
the peak is comparable to that of catalyst Gore reoxi- duced by TPR. CU— Cu?+ transformation takes place in
dation. In the case of CZZA, however, small particles and a || catalysts within the 75-45G temperature range. The
narrow size distribution is retained after reoxidation. profiles are complex and contain up to three peaks.

It should be noted that the TPR measurement cannot be Catalysts CZ, CZA, and CZZ all display a shoulder or
explained only in terms of copper dispersion. When the re- peak at about 150C and the main peak appears between
sults are compared to the XRD and®ichemisorptionmea- 200 and 220C. CZ exhibits a second peak at 335, while
surements, it is clear that factors other than dispersion, €.9.,CZA and CZZ have long tails extending to higher tempera-
CuO crystallinity and interactions between the copper and tures. Catalyst CZZA displays just one peak at about’T70
the oxide support, influence the reducibility of the catalytic and a shoulder around 236, oxidation being complete at
materials. 295°C. The other catalysts require significantly higher tem-

As large crystallites tend to be reduced more slowly than peratures for complete oxidation, upto410°C for catalyst
small ones due to their relatively lower surface area ex- CZ.

0O, consumption (a.u.)

50 100 150 400 450 500

posed to H, sintering of copper may have been expected
in catalysts CZZ and CZZA due to the presence of small,
hence reactive, particles. However, it appears as if,Z2n@
ZrOy/Al,03 effectively stabilize copper and prevent crys-
tallite growth. As shown in Fig. 2, it is clear that all three
stabilized catalysts (CZA, CZZ, and CZZA) exhibit bet-
ter resistance to GCuO particle growth upon successive
TPR/TPO than the binary CZ catalyst.

Li and Inui [44] studied the TPO profiles of reduced
Cu/Zn0O/Al 03 catalysts prepared by carbonate coprecipi-
tation of metal nitrates. These authors observed two or three
oxidation peaks, which were ascribed to the stepwise ox-
idation of C\. The low-temperature peak, located in the
150-200C region, was assigned to oxidation of Cto
Cut and the high-temperature peak (250-30) to oxi-
dation of Cuf to Cl?*. An intermediate peak, which was
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100

. 100
observed for some of the catalysts, was believed to span the Steam reforming, CZ
transformation of Cliin a hard oxidized state to Guand

Cut in an easily oxidized state to &t. Preceding work

by Okamoto et al. [45] suggests that the hard oxidized state
consists of crystalline copper, while the easily oxidized state
corresponds to amorphous copper.

In agreement with these previous studies [44,45], we as-
sign the two main peaks of catalyst CZ to the stepwise oxi-
dation of CQ@ (C/’ — Cu™ — CU?1). In the present work,
these peaks are shifted approx°&Dtoward higher tem-
peratures, indicating a larger copper particle size, which is
expected in the absence of a structural promoter. The inter-& 20 4
mediate peakshoulder distinguishable at 270°C may be
ascribed to the transition via amorphous copper. However,
the peak preceding the peak-at200°C is not readily as- 0 ; 0
signed_ 150 175 200 225 250 275 300 325 350 375

When all the catalysts are compared, it is clear that the Temperature (°C)
structurally stabilized catalysts, especially those containing _. o _ _

ZrO,. are more easilv oxidized at low temperatures. indi- Fig. 4. Produ_ct gas composmorj and methanol conversion vs reaction tem-

,2' . y, - p o1 perature during steam reforming of methanol over catalyst CZO(H
cating a high copper dispersion. In CZZA, copper oxidation ch,oH=1.3Mm).
appears to occur almost in a single step. This feature is im-

portant to bear in mind when investigating the catalysts’ .4 S-shaped temperature dependeneearitl CQ are pro-
activity for methanol conversion in the presence ef O duced approx in a 3:1 ratio and CO formation is initiated at
around 300C, when methanol conversion approaches com-
3.6. Catalyst activity pleteness.
The temperature at which complete conversion is ob-
The activity measurements were conducted in the sametajned can be significantly lowered by decreasing the space
sequence for all catalysts, gradually increasing the heat ofyelocity, as demonstrated in a previous paper from our lab-
reaction. Hence, the SRM reaction was tested ﬁrst, basedoratory [5] However, an Optimization with respect to this
on its endothermic nature. Secondly, CRM was carried out parameter was not the objective of the present Study.
under close to autothermal conditions. Fina”y, the hlghly The behavior of all four Cata|yst5 is similar, the major
exothermic POM reaction was evaluated. By following this  differences being the temperature at which complete conver-
procedure, the catalysts were exposed to the same conditionsijon is reached and the level of CO in the reformed gas. The
and the comparison of results is relevant. The catalysts weretemperatures required to reach 10, 50, and 90% methanol
reduced in H/N; prior to every set of experiments. conversion {10, Ts0, and Tgo) over all four catalysts are
The SRM experiments were conducted with steam in ex- given in Fig. 5. As shown, the temperatures are consistently
cess of stoichiometry (#0/CH3OH = 1.3), ensuring com-  |ower for the materials containing ZgCand AbOs. This
plete methanol conversion and suppressing CO formation byis due to the higher copper dispersion in these materials.
the reverse water—gas shift (RWGS) reaction: Especially catalyst CZZA is very efficient in the SRM re-

action. The corresponding CO levels , Ts0, and T
COs + Ha — Hz0+ CO. (7) ponding b, Tso. andTso)

are shown in Fig. 6.
The & pressure was maintained substoichiometrig/(O _ o
CH3OH = 0.2), as it has been shown that the loss of 3:6.2. Partial oxidation of methanol

- 80

H,

60 - 60

40 - 40

duct gas composition (mol%)
Methanol conversion (%)

co,
L 20

methanol andor H, by combustion during POM is sub- POM results obtained over catalyst CZ are exemplified
stantial under stoichiometric conditions {GHsOH = in Fig. 7. Being an exothermilc reac_tion, ignition is rapid
0.5) [22,24]: and thermal runaway is unavoidable in the low-temperature

regime, although the reaction mixture is diluted with &hd
CH30H + 1.50; — CO; + 2H20, (8) the space velocity is maintained high. The methanol conver-
H, + 0.50, — H50. 9) sion only reaches about 40% at 3Z5as the Q pressure is

maintained below stoichiometry. The situation is very simi-
The CRM reaction was studied under the same conditionslar over catalysts CZA, CZZ, and CZZA.

as SRM and POM. As shown, H and CQ are produced approxin a 2:1 ratio
in this reaction. Water is formed at low methanol conver-
3.6.1. Steamreforming of methanol sions, but the water content decreases with increasing tem-

Fig. 4 shows a typical set of results for SRM over the CZ perature as it is consumed by SRM. The vertical arrow in
catalyst. As shown, the methanol conversion exhibits a typi- Fig. 7 indicates the temperature at which all bas been
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Fig. 7. Product gas composition and methanol conversion vs reaction
temperature during partial oxidation of methanol over catalyst CZ/ (O
CH3OH = 0.2 M). The vertical arrow indicates the point at which ajj O

Fig. 5. The temperature required for 10, 50, and 90% conversion of
methanol {10, T50, and Tgg) during steam reforming over catalysts CZ,

CZA, CZZ, and CZZA (HO/CHzOH = 1.3 M).
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temperature during combined reforming of methanol over catalyst CZ
Fig. 6. The CO level in the product gas at 10, 50, and 90% methanol con- (H,0/CHzOH = 1.3; O;/CH30H = 0.2 M). The vertical arrow indicates
version during steam reforming of methanol over catalysts CZ, CZA, CZZ, the point at which all @ has been converted.
and CZZA (HO/CHzOH=1.3 M).

consumed. At this point, water formation levels out and CO maintained at 0.2 and 1.3, respectively. Fig. 8 shows a se-

o S ries of results over catalyst CZ.
production is initiated. CO levels become more significant at Y

: LS . In contrast to SRM and POM, water is both a reactant
higher temperatures as methanol decomposition increases in S . . :

2 : . i and a product in this process. At differentigl @nversions,
significance, producing CO as a primary product:

water is produced by combustion of methanol. When all O
CH30H — CO+ 2H,. has been converted (indicated by the vertical arrow in Fig. 8),
water production levels off anddHormation is initiated.
3.6.3. Combined reforming of methanol During SRM, the Zr@-containing materials were con-
The combination of SRM and POM was also investi- sistently more active than the other catalysts. This is not the
gated, termed combined reforming of methanol. The molar case during CRMT10, T50, and Tgo for all four catalysts
ratios of @/CH3OH and BHO/CH3OH in the feed were  during CRM are given in Fig. 9. The Zg2xontaining cata-

(10)
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Fig. 9. The temperature required for 10, 50, and 90% conversion of meth- Fig. 11. The CO level in the product gas at 10, 50, and 90% conversion of
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CZA, CZZ, and CZZA (HO/CH30H = 1.3; O;/CH30H = 0.2 M).
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Fig. 10. CO level in the product gas vs methanol conversion dulig (
steam reforming andd) combined reforming of methanol over catalyst
CZ (Hy0/CH30H = 1.3; 0;/CH30H = 0.2 M).

methanol during combined reforming over catalysts CZ, CZA, CZZ, and
CZZA (H,0/CH30H = 1.3; O/CHzOH = 0.2 M).

The CO levels aff1g, Tso0, and Ty for all the catalysts
during CRM are shown in Fig. 11. Clearly, ZsGuppresses
CO formation, as during SRM. Some contribution from di-
rect oxidation of CO can be expected in the presenceof O

CO+0.50, — CO. (11)

Additionally, as water is produced by combustion of
methanol andor Hp, the increased water content in the gas
mixture can be expected to promote water—gas shift:

H20 + CO— CO, + Ha. (12)

3.6.4. Catalyst stability

Copper has a low Hiittig temperature [46], reflected by
its relatively low melting point (1083C). It is well known
that CyZnO/Al 03 catalysts suffer thermal deactivation at
temperatures exceeding 300-380[47]. Therefore, some
measures were taken in order to prevent deactivation of the
catalysts in the present study. For instance, the catalysts were
diluted with SiQ, the feed was diluted with § the space
velocity was maintained high, and the reaction temperature
was kept below 350C. However, hot spots may still appear
in the bed and care must be taken when operating the cata-

lysts still perform well at high methanol conversion, but the lysts under exothermic conditions.

binary CZ catalyst is more efficient at low conversions.

The performance of catalysts CZ and CZZA during ex-

CO production begins at high methanol conversions dur- tended on-stream operation was investigated in the CRM

ing CRM (cf. SRM). In Fig. 10, the CO level over catalyst

reaction at 260C. The temperature was chosen such that

CZ has been plotted vs methanol conversion during CRM the conversion of methanol was in the range where the heat
and SRM. It is clear that CO formation over this catalyst of reaction reaches its highest value. The results are shown
is less pronounced during CRM than in the SRM reaction. in Fig. 12. Clearly, Zr@ doping greatly improves the life-
The difference is not as pronounced over the other catalyststime of the catalyst. However, it should be noted that the

which exhibit low CO levels throughout.

reproduction of these results was not attempted.
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bined reforming of methanol at 26@ over catalysts®) CZ and @)
CZZA (H,0/CH30OH = 1.3; O;/CH30H = 0.2 M).

60 -

50

w »
o o
L 1

Methanol conversion (%)
N
o

10

0 T T T T 1
180 190 200 210 220 230

Temperature (°C)

Fig. 13. Methanol conversion vs temperature in the POM reactiary (O
CH30OH = 0.25 M) over catalysts CZ and CZZA®) before and ©) after

a second calcination at 42&. POM/2 reaction conditions were used (cf.
Table 2).

3.6.5. Catalyst activity after reduction—oxidation cycles
The POM activity of catalysts CZ and CZZA after a sec-
ond calcination at 425C was also investigated. The results

J. Agrell et al. / Journal of Catalysis 219 (2003) 389-403

Table 3
Partial oxidation activity measurementsy(@H3OH = 0.25 M) over cata-
lysts CZ and CZZA before and after reoxidation at 425(6% O,/N>)

Catalyst Temperature Methanol conversion (%) Ratio
(°C) Fresh catalyst  Reoxidized catalyst

Ccz 190 292 259 0.89
200 404 348 0.86
210 490 433 0.88
220 570 521 0.91

CZZA 190 44 46 1.05
200 7 88 1.14
210 142 154 1.09
220 332 344 1.04

POM/2 reaction conditions were used (cf. Table 2).

Catalyst CZZA, on the other hand, does not lose activity
upon reoxidation. On the contrary, the methanol conversion
slightly increases over this material. This can be ascribed to
the presence of AD3 and ZrQ (both structural promoters)
and possibly a favorable restructuring of the catalyst after
reoxidation.

Over both catalysts, the product distribution at a given
methanol conversion is almost identical before and after
reoxidation. Both catalysts start producing It the ex-
pense of water with increasing temperature.,CG® the
main carbon-containing product and CO levels are negligi-
ble. Over CZZA, formaldehyde and DME, which are present
at low levels in the lower temperature range, diminish with
increasing temperature.

3.7. The oxidation state of copper

Total hydrocarbon oxidation reactions are thermodynam-
ically favored, water and C©being the final products.
Hence, partial oxidation reactions are enabled only by strict
kinetic control. As these processes are strongly exothermic,
heat removal and temperature control must be efficientin or-
der to prevent the appearance of hot spots and overoxidation
of the catalyst.

It is well-known that copper performs more than one cat-
alytic function depending on its oxidation state. Copper was
in the metallic state in catalyst CZ after exposure to PQM
reaction conditions, as determined by powder X-ray diffrac-
tion measurements performed on a spent catalyst after cool-
ing in N2. However, being an ex situ technique, XRD only
provides information about the bulk of the catalyst outside
the reactor.

In order to gain information about the chemical state of
copper on the catalyst surface, X-ray photoelectron spectra
were collected for catalyst CZZA after exposure to various
conditions, viz. (i) fresh after calcination in air, (ii) after re-

are shown in Fig. 13 and Table 3. Itis clear that the perfor- duction in 400 mbar K at 250°C for 1 h, and (iii) after
mance of CZ deteriorates as a result of the oxidative treat- exposure to a ¢/ CH3OH mixture (1/2 M) at 60 mbar and

ment. This is in full agreement with the TPR-TPO results,
where this material exhibited significant copper crystallite

250°C for 1 h. Hence, by utilizing the pretreatment cham-
ber of the XPS instrument, pseudo in situ measurements on

growth upon redox cycles (as described in the experimentalthe catalyst's surface state after exposure to reaction condi-

section).

tions were possible. Nonetheless, it should be remembered
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Table 4

Auger parametersag, and «zn) and binding energies of the core elec-
trons for catalyst CZZA determined by X-ray photoelectron spectroscopy
after exposure to various conditions, i.e., (i) calcined catalyst, (ii) reduced
in 400 mbar kb at 250°C, and (iii) after exposure to 60 mbabCH30H

(2:2 M) at 250°C

Auger parameters (eV)

Cu2p,,

cu®

satel

CZZA, vac

Binding energies (eV)

Cu Zn Al Zr

232 2p32  2p  3d
2008.4 934.3 1020.9 745 182.1

2008.7 932.4 1020.6 74.4 182.1 L
2008.4 932.8 10209 74.4 1822

®Cu azn

1851.0
1850.8
1848.8

Calcined
Reduced
Post reaction

Cu

that being a vacuum technique, the surface state is inevitably
affected by degassing of the sample.

The binding energies of the core electrons and the modi-
fied Auger parametersf) of copper and zinc are reported
in Table 4. The Cu2g, photoelectron spectra are shown in
Fig. 14. In the calcined catalyst, CuO displays the charac-
teristic peak at 934.3 eV [22,37,45,48-54]. After exposure
to Hp, the peak shifts to 932.4 eV, indicative of Ttor- L
mation [22,37,48,50,52-55]. The reduced sample was then
exposed to @/ CHzOH. As the binding energies of €and
Cut are not distinguishable on the basis of Cy3pthe \
modified Auger parameters&¢,) were calculated in order '\
to differentiate between these two species [22,48,50]. The s
Auger parameter of coppet€,) shifted from 1850.8 to
1848.8 eV upon exposure top@CH30H, which is charac-
teristic of Cu* [22,50,56)].

ng g,
-'“.-
L
ll“-'-.

C2ZA, CH,0HIO,

Counts per second (a.u.)

\

There are no significant variations in the binding energies
(or Auger parameters) of zinc, zirconium, and aluminum
upon exposure to the various conditions. The characteris-

eneee®

'%0e.

CZZA, H,

925

930

935

940

945

950

tic features of ZnO, Zr@, and ALO3 are observed in all BE (eV)
cases. Some authors have proposed CuZzn alloy formation
under strongly reducing conditions [57], while others have g, 14, Cu2g,, photoelectron spectra of catalyst CZZA after calcination
suggested the existence of Cyfl, [37]. However, in the (top), after exposure to reaction conditions (middle), and aferdduction
present investigation, none of these species were observedbottom).
unless in small quantities below detectable limits.

The surface atomic ratios of @dn, Cu/Zr, and Cu/Al in Table 5
CZZA are listed in Table 5. As shown, the surface composi- Surface atomic ratios of catalyst CZZA determined by X-ray photoelectron
tion is strongly affected by the environment. By ¢duction s_pectroscopy after exposure to various corjfjitions, i.e., (i) calcined catalyst,
and Subsequent exposure tg/GH3OH, the surface content (ii) reduced |n.400 mbar plat 250°C, and (iii) after exposure to 60 mbar

. ; . . Oy/CH30H (1:2 M) at 25C°C

of copper decreases quite drastically on behalf of zinc, zir-

conium, and aluminum. ' Cuzn Cyzr CuAl
It is difficult to draw firm conclusions based on the ap- ga'dc'”e‘; %96%3; ?éllfg %-96227

- - . eaduce! . . .
pearance of Cl, as the catalyst surface may oxidize during Pt reaction 0.374 1.302 0.438

cooling after reaction and be further affected by degassing
in the XPS pretreatment chamber. Reitz et al. [33] noted that
upon cooling of the catalyst in the presence of a feed con- on the surface. It is reasonable to assume that copper in a
sisting of methanol, water, ancb(there was reoxidation of  well-dispersed state is more easily oxidized than large cop-
copper to Cu(l), but no further oxidation to Cu(ll). Never- per crystallites.

theless, we believe that the surface of the working catalyst  In recent studies, Reitz et al. [33] and Ginter et al. [58]
contains mildly oxidized copper species, possibly coexisting used time-resolved XANES and in situ XAFS measure-
with metallic copper, when producingyHby partial oxida- ments, respectively, to demonstrate that Cu(l) oxide is a
tion of methanol with @. Hence, the catalyst's POM activity  transient species in the reduction of GEnO. Hence, CuO
may be related to its ability to form oxidized copper species reduction is thought to be a two-step process, in which
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Cu(l) oxide forms as an intermediate prior toCThe lat- 3.8. Reaction pathways
ter authors further investigated the oxidation state of cop-
per during SRM in the presence o, OThey studied the As noted in the preceding section, it is possible that the

bulk structure of CyiZnO catalysts and showed that com- metallic copper surface becomes partially or completely ox-
pletely reduced CUclusters on ZnO constitute the active idized in the presence of QOn the feed gas. Clioxidation
bulk phase for SRM. However, they also noted that addi- reactions are thermodynamically favored:
tional microstructural parameters must be considered in or- 0
der to explain the catalyst’s activity. By adding © the feed C’+050, > CuQ  AH®=-1552kymol, (13)
gas, a mixture of Cu(ll) and Cu(l) oxides was formed accom- 2CP +0.50, > ClO, AH®=-1667kJmol. (14)
'T’ﬁgligrzyazocnor:fplgg ézzsvsg{aeitli\/r::jﬁgtretgio?;hzl))gzz(t:ité?]n. As copper performs more than one catalytic function de-
. o pending on its oxidation state, metallic copper being active
of methanol. It is well known that complete oxidation of

. ) for SRM while Cu(ll) shows negligible activity for ifor-
copper to Cu(ll) renders the catalyst inactive forptoduc- mation, instead producing water and £[22,28,30,32,33]
tion, instead promoting methanol combustion. The so-called ’ P

o onina” h letel o there is a risk of catalyst deactivation when operating under
oxidative poisoning,” however, was completely reversible. incomplete Q conversions. At high methanol conversions

Although accompanied by an increase in copper crystallite during POM and CRM, however, allChas been converted

size, switching back to SRM reaction conditions even lead 5 the reaction mixture is reductive. Thereby, copper may
to an increase in conversion, selectivity, angoduction  404in pe transformed into its metallic state, which is active
rate. The enhanced activity upon repeated redox cycles wagq, 4 » production.

ascribed to an increasing disorder of copper particles and  Reitz et al. [33] studied the CRM reaction over &ZnO
segregation of zinc out of the copper bulk. The increasing catalysts by time-resolved XANES and found that under
structural disorder (strain) was explained by the increasing |gw-conversion conditions, cu(ll) was the dominant copper
Cu-ZnQ interface. species and combustion forming water anc,@@ primary

In a similar study, Knop-Gericke and co-workers [59,60] reaction occurring. After complete conversion of @u(ll)
characterized the active copper phase of an unsupported eleyas reduced to form Guaccompanied by the initiation of
mental copper catalyst under methanol oxidation conditions H, production through SRM. Cu(l) was observed as a tran-
using in situ X-ray absorption spectroscopy (XAS). These sjent species in the reduction of Cu(ll) to Gbut no activity
authors report on the existence of surface oxygen speciesyas attributed to it.
on copper, which are distinctly different from oxygen in  Some useful information about the catalysts’ surface state
well-defined copper oxide phases. They demonstrated thatcan be obtained by studying the activity data more closely. In
the oxidic and metastable suboxide species, respectively, afFig. 15, the methanol conversion over catalyst CZA has been
fect the action mode of copper in the catalyst in different plotted against the reaction temperature. As shown, the light-
ways, hence being selective or unselective in the produc-off temperature is similar in all three reactions. Over catalyst
tion of formaldehyde, which was used as the model reaction.
The conversion of methanol was studied as a function of the 100
0O,/CH3O0H ratio in the feed and an activity enhancement
was observed with decreasing raties @.5 M), coinciding
with the transition from well-defined oxide phase to subox- 80 1
ide (Cu,>100) and metallic phases. It was further shown that
the suboxide phase was connected with partial oxidation ac-

CZA

tivity to produce formaldehyde, rather than total oxidation. 60 -
Bulk oxygen, as found in Cu(l) oxide, and surface oxygen
showed negligible activity for formaldehyde production. It

40

was further pointed out by these researchers that the subox-
ide phase cannot be observed under UHV conditions, as it
forms only under reaction conditions.

Although partial oxidation of methanol to produce for- 201
maldehyde has many similarities with the POM process and
much can be learned by studying this reaction, it should
be remembered that formaldehyde production requires rapid 0 ' ' ' ' ' ' '
quenching of the product gas mixture in order to avoid fur- 150 175 200 225 250 275 300 325 350 375
ther decomposition of formaldehyde. As such, it is a process Temperature (°C)
different from POM to produce # in which consecutive Fig. 15. Methanol conversion vs reaction temperature dudigsteam re-
total oxidation and steam reforming may occur, as will be forming, (©) combined reforming, andl)) partial oxidation of methanol
discussed in the following section. over catalyst CZA (HO/CH3zOH = 1.3; O,/CHzOH = 0.2 M).

Methanol conversion (%)
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100 »
Table 6
Turnover frequencies (TOFs) for methanol conversion normalized to the
number of surface copper atoms during steam reforming and combined re-
80 forming of methanol
3 T CatalysfTOF (s 1)
£ ©°C) cz CzA czz czzA
B 001 SRM 200 0.03 ®1 0.03 003
2 225 0.05 004 0.10 008
3 250 0.10 011 0.21 018
S 40 275 0.23 20 0.34 027
£ 300 0.29 ®8 0.43 031
2 325 0.34 ®3 0.46 031
CRM 200 0.02 o4 0.01 0003
20 1 225 - 02 0.06 -
250 0.16 - 0.19 -
275 0.25 018 0.33 023
04 : . . . . . 300 0.31 °8 0.43 030
150 175 200 225 250 275 300 325 350 375 325 0.34 00 0.47 031
Temperature (°C)
100 - 250
Fig. 16. Methanol conversion vs reaction temperature dudjgsfeam re- czA
forming, (O) combined reforming, andl) partial oxidation of methanol
over catalyst CZZA (IHO/CH30H = 1.3; G/CH30H = 0.2 M). 80 L 200 E
- 8
CZZA, however, this is not observed (Fig. 16). While the & I
SRM reaction exhibits the typical S-shaped temperature de- § 60 | 150 3
pendence of conversion, the light-off is delayed and more £ E
abrupt for the CRM and POM reactions. When all four cata- CE, 1
lysts are compared in the three processes, it is clear that theyS E
can be divided into two groups. Catalysts CZZ and CZZA § 401 100 2
exhibit a shift toward higher temperatures with respect to g _§
the initiation of H production during CRM and POM. This g
is not the case for catalysts CZ and CZA. In other words, 207 r50 o
the presence of Dover ZrQ-containing catalysts appears
to have an inhibiting effect on methanol conversion at tem-
peratures up to about 226. 0 ' ' : ' 0
When the catalysts’ properties are compared, it is evi- 0 10 20 30 40 50
dent that catalysts CZZ and CZZA are easily oxidized at low Methanol conversion (%)

temperaturfes in the pres?,”ce of, @s demonstrated I_n the Fig. 17. & conversion and b production rate vs methanol conver-
TPO experiments. In addition, these catalysts contairbZrO  sjon during steam reforming@) Ox; (0) Hy) and combined reforming
which is thought to exhibit synergies with copper [39—41]. ((®) O; (W) H,) of methanol over catalyst CZA (¢0/CH3OH = 1.3;
They also display high stability during repeated reduction— O2/CHzOH=10.2 M).

oxidation, as shown by TPRPO redox cycles.

In order to investigate whether structural parameters the catalytic activity of the samples. Clearly, thaality of
other than the copper metal surface area exert influencethe copper surface is also a parameter of importance for the
on the methanol conversion activity, the turnover frequen- catalytic performance.
cies (TOFs) were calculated. The TOF values for methanol  Catalyst CZZ has the highest /&u ratio of the sam-
conversion during SRM and CRM are reported in Table 6, ples studied. This feature should favor possible copper—
normalized to the number of surface copper atoms by as-support interactions, which may explain its higher activity
suming 146 x 10'° copper atomam? [43]. for methanol conversion. In methanol synthesis and decom-

Possible mass transport limitations, especially in the position studies over GiZrO, [39—-41], Fisher and Bell as-
high-temperature regime (cf. Ref. [5]), makes it difficult cribed different roles to copper and ZrOThese authors
to draw firm conclusions based on the comparison of cal- suggested that while all major reaction intermediates are lo-
culated TOFs. For instance, differences in catalyst porosity cated on ZrQ, the role of copper is to promote hydrogen
must also be considered. Nevertheless, the TOF values arepillover.
similar for all catalysts except CZZ. As the values are not  In Fig. 17, the Q conversion and the Hproduction rate
independent of catalyst composition at a given temperature,over catalyst CZA have been plotted against the methanol
it seems that properties other than copper surface area affectonversion during both POM and CRM. It is clear that no
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H» is produced in the low-conversion region, while @ tion sequence where methanol combustion, producing water
quickly converted. H production initiates when the xon- and CQ, is followed by SRM to produce H

version approaches completeness. The formation of water at During SRM and CRM, CO formation initiates over all
differential & conversions constitutes evidence of the oc- four catalysts when the methanol conversion approaches
currence of methanol arfidr H, combustion. completeness. CO appears to be a secondary product,

Integrally, the CRM process can be seen as a combina-formed by RWGS at high temperatures [18,19]. However,
tion of SRM and POM, converting methanol, water, and as discussed in a previous paper from our group, it iS possi-
Oz in parallel under close to autothermal conditions. How- ble to conduct both SRM and CRM under conditions where
ever, when studying the process differentially, it is clear that CO concentrations are much lower than those predicted by
O, and water are converted consecutively=tBrough to- thermodynamics [5]. The contribution from the RWGS reac-
tal oxidation and water by steam reforming. This pathway, tion is insignificant as long as the temperature is low enough
a consecutive reaction scheme consisting of methanol com-and the contact time short enough to prevent complete con-
bustion followed by SRM, was proposed in a previous paper version of methanol. In the POM reaction, CO formation
from our laboratory [5] and also gains support in the lit- by methanol decomposition is unavoidable when allh@s
erature [30,32,33,37]. An interesting feature is that water been converted, considering the substoichiometpacan-
formation by combustion reactions in the low-conversion tent.
regime consumesHhence increasing the)®/CH30H ra-
tio and suppressing CO formation by RWGS.

To further investigate the reaction pathways for the three 4. Conclusions
processes, the difference in temperature between the cata-
lyst bed and the furnace wall\(") was plotted against the Production of H from methanol by steam reforming, par-
methanol conversion for all three cases over catalyst CZ tial oxidation, and a combination thereof was studied over
(Fig. 18). As shownAT decreases almost monotonically a series of CyZznO-based catalysts. The catalysts were de-
during the endothermic SRM reaction. During both POM rived from hydroxycarbonate precursors prepared in aque-
and CRM, there is initially a sharp increase AT with ous solution by carbonate coprecipitation of metal nitrates.
methanol conversion, corresponding to the region in which Numerous activity tests were carried out in order to investi-
methanol is combusted. The sharpest increase is observedate the influence of various parameters, such as feed com-
for the POM reaction. The maxima occurring in the 20— position, reaction temperature, and catalyst formulation on
30% methanol conversion range agree well with the points catalytic behavior. Special attention was paid to the effect of
at which @ conversion reaches 100% in both reactions (see structural and catalytic promoters (83 and ZrQ).

Figs. 7 and 8). The increase &' due to combustion is fol- Some clear differences between the processes were ob-
lowed by a decline as water starts to react with methanol in served with respect to catalyst functionality. For instance,
the SRM reaction. This provides further evidence of a reac- a catalyst that performs well during methanol steam reform-
ing is not always suitable in the presence of corpora-
40 R oz tion of ZrO, in the catalyst enhances catalytic performance
° in the steam reforming reaction, whereas the binaryZD®
catalyst performs well during partial oxidation with early
light-off and low CO levels.

The catalysts’ resistance to repeated reduction—oxidation
was investigated by performing TPRPO redox cycles. It
was found that while binary GZnO exhibits poor stabil-
ity, catalysts containing Zr@Qand ZrQ/Al,03 are highly
resistant to redox cycles and exhibit high stability during ex-
tended experiments on stream.

0 The copper dispersion in the catalyst appears to play a key
ol SRM role in determining the pathway foraHproduction. If cop-
10 - per is well dispersed, the metallic surface is easily oxidized
in the presence of £ rendering the catalyst inactive forH
production. However, the addition ob@ the steam reform-
-20 ' ' : ' ! ing reaction appears to be an effective way of decreasing the
0 20 40 60 80 100 CO content in the product. In this way, combined steam re-
Methanol conversion (%) forming and partial oxidation of methanol can be carried out
Fig. 18. The temperature difference between the catalyst bed and the fur-u,nqer close to aUtOthe,rmal conditions. However, when com-
nace wall A\ T) during (M) steam reforming,®) combined reforming, and ~ PiNiNg water and @ with methanol, steam reforming and
(O) partial oxidation of methanol over catalyst CZA8)/CH3OH = 1.3; partial oxidation do not occur in parallel. On the contrary,
02/CHzOH=0.2 M). Oy is completely converted at low methanol conversions,
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N
o
L

-
o
1
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producing water. Hence, a consecutive reaction scheme ig24] J. Agrell, K. Hasselbo, K. Jansson, S.G. Jar&s, M. Boutonnet, Appl.

suggested, where combustion and steam reforming occur in

sequence.
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