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A new series of CuZnAl(Zr)-oxide catalysts were prepared by the
decomposition of CuZnAl(Zr)-hydroxycarbonate precursors con-
taining hydrotalcite (HT)-like layered double hydroxide (LDH)/
aurichalcite phases around 450°C. The physicochemical proper-
ties of the catalysts were investigated by X-ray diffraction (XRD),
UV-vis diffuse reflectance spectroscopy (DRS), temperature-
programmed reduction (TPR), electron paramagnetic resonance
(EPR) spectroscopy, and surface area measurements. XRD of the
catalysts indicated the presence of a mixture of poorly crystallized
CuO and ZnO phases whose crystallinity increased with decreas-
ing Al content. TPR results demonstrated that substitution of Zr
for Al improved the copper reducibility and dispersion. UV-vis
DRS and EPR results revealed that isolated Cu* ions interacting
with Al were formed in the Al-rich samples, while mostly bulk-
like or cluster-like Cu?* species were present in the Zr-rich sam-
ples. The oxidative steam reforming of methanol reaction was per-
formed over these catalysts in the temperature range 180° to 290°C
at atmospheric pressure using H,O/CH3OH, molar ratio=3. Ini-
tially, the Cu:Zn: Al metallic composition was optimized and it
was found that catalytic performance in terms of methanol conver-
sion and H; production rate increased with decreasing Al content.
Among CuzZnAl-oxide catalysts the one with Cu:Zn:Al=37.6:
50.7:11.7 (wt%) was found to be the most active. Replacement of Al
either partially or completely by Zr further improved the catalytic
performance. The higher catalytic performance of Zr-containing
catalysts was attributed to the improved Cu reducibility, higher Cu
metal surface area, and dispersion. Studies of the effect of MeOH
contact time on the catalytic performance over a Zr-containing cata-
lyst revealed that both CO and CO, were produced as primary prod-
ucts, and CO was subsequently transformed into CO, + H, by the
water—gas shift reaction/and CO oxidation.  © 2000 Academic Press
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INTRODUCTION

Scientific evidence strongly suggests that the rapid build-
up of greenhouse gases in the atmosphere is raising
the Earth’s temperature (global warming) and changing
the Earth’s climate with many potential consequences
(1). Carbon dioxide (CO;) emissions from anthropogenic
sources are the largest contributor (63.5%) to global warm-
ing. Among various anthropogenic sources, transportation
now accounts for 23% of global CO, emissions; indus-
try, 25%; electric power generation, 34%; and residential/
commercial use, 18%. Efforts are currently under way to
reduce CO, emissions from the transportation sector by
the use of hydrogen (H,) fueled fuel cells such as the poly-
mer electrolyte membrane fuel cell (PEMFC) for power-
ing vehicles (2). Ideally, vehicles would store hydrogen fuel
onboard in high-pressure tanks. However, because current
technology does not permit storage of enough H, to de-
liver the driving range to which motorists are accustomed,
hydrogen may initially be supplied from liquid fuels such
as methanol.

For the purpose of fuel-cell applications, H, can be ex-
tracted from methanol through two different processes
(3-6): (i) steam reforming of methanol (SRM) and (ii) Par-
tial oxidation of methanol (POM). Unfortunately, both of
these reactions produce a considerable amount of CO as a
byproduct. For the application of PEMFC, even traces of
CO (>20 ppm) in the reformed gas deteriorate a Pt elec-
trode and the cell performance is lowered dramatically (7).
Second stage or multistage catalytic reactors are being used
to remove the CO by the water—gas shift (WGS) reaction,
CO oxidation, or the methanation reaction. However, the
use of additional steps for fuel gas refinement would lower
the total efficiency of the propulsion system (8). Hence,
in order to utilize hydrogen fuel for fuel cells, it is highly
desirable to develop a process that can produce hydro-
gen without CO in the reformed gas. The reactions are as
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follows:

(SRM) CH30H + H,0 < 3H, + COy;

AH = +49.4 kJ mol™* [1]
(POM) CH30H + 1/20; < 2H; + COy;
AH = —192.2 kI mol? [2]
(WGS) CO + H;0 < Hj + COy;
AH = —39.4 kJ mol 2. [3]

We have recently demonstrated that a combined steam
reforming—partial oxidation of methanol, termed an “ox-
idative steam reforming of methanol” (OSRM) reaction
over a series of CuzZnAl(Zr)-oxide catalysts derived from
CuzZnAl(Zr)-hydroxycarbonates containing hydrotalcite
(HT)/aurichalcite phases offered CO-free hydrogen with
methanol conversion above 90% at around 230°C (9). In
this paper, we present our detailed investigation of the
OSRM reaction over these CuZn-based catalysts together
with their physicochemical properties as determined by
XRD, UV-vis DRS, TPR, and EPR spectroscopic mea-
surements.

EXPERIMENTAL METHODS

Characterization of Catalysts

Details concerning the catalyst preparation, chemical
analyses, XRD, TPR, and N; adsorption—-desorption stud-
ieswere reported recently (9-12). The copper surface areas,
dispersions, and crystallite sizes were determined by the
TPR N,O passivation method as described in the literature
(13, 14). The UV-vis DR spectra of the catalysts as well as
of the catalyst precursors were recorded using a Perkin-
Elmer UV-vis Spectrometer coupled with a Labsphere
RSA-PE-18 reflectance spectroscopy accessory. The sam-
ples were diluted (20 wt%) in MgCQOs3, which was used as a
reference in the present study. The spectra were recorded in
air at room temperature and data were automatically trans-
ferred according to the Kubelka—Munk equation: f(R) =
(1 — Ry)?/2R... EPR spectra of all the samples were ob-
tained using a JEOL EPR spectrometer (JES-RE1XM) op-
erating in the X-band region. The amplitude of 100-kHz
magnetic field modulation was 0.5 mT, and the microwave
power was 1.0 mW throughout the experiment. Observa-
tion was made either at room temperature (=298 K) or at
77 K. In both cases the sample (around 40 mg) in a 4-mm
0.d. quartz tube was set in a quartz Dewar vessel which was
set in the EPR cavity. All the data were digitized and stored
in a computer as a 1.0-Kword file.

Activity Measurements

The oxidative steam reforming of methanol reaction
was performed in a conventional fixed-bed flow reactor
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(4 mm i.d.) using 100 mg of the catalyst (particle size 0.30-
0.355 mm) in the temperature range from 180 to 290°C
at atmospheric pressure. The catalyst was first reduced in
a stream of H; (10-20 cc/min) from room temperature to
300°C with a heating rate of 5°C/min and dwelled at this
temperature for 3 h before cooling to the reaction tem-
perature. Subsequently, premixed water and methanol with
H,O/CH3OH molar ratio 1.3 were fed into the preheater
by means of a microfeeder (liquid flow rate 2.5 cc/h). Syn-
thetic air (20.2 vol.% of O in N;) at a rate of 10 to 20 cc/min
and Ar (carrier gas, 43 cc/min) were adjusted by means of a
mass flow controller. The reaction products were analyzed
on-line using two gas chromatographs (Shimadzu GC-8A
and GL Sciences, Japan GC-320) equipped with thermal
conductivity detectors. The GC-8A, equipped with a 2-m
long Porapak-Q column, was able to detect the liquid prod-
ucts such as water, methanol, formaldehyde, methyl for-
mate, and dimethyl ether. The gaseous products such as
H,, air, CO, CO,, and CH,4 were detected by the GC-320
equipped with an activated carbon column. GC peak ar-
eas for CO were calibrated using 100 and 10,000 ppm CO
in N, gas available commercially (Takachiho Trading Co.,
Ltd., Japan). Under the experimental conditions the CO
detection limit of the GC-320 was ca. 700 ppm with £2%
accuracy. In order to determine the level of CO accurately
in ppm, the effluent of the GC-320 was also passed through
amethanizerand athird GC (GL Sciences, Japan) equipped
with a flame ionization detector (FID). The CO detection
limit of the methanizer and FID-GC assembly was well be-
low 10 ppm. The catalytic activity was evaluated from the
data collected between hours 5 and 6 of the reaction. The
stability of the catalyst was examined during 25h of on-
stream operation at 230°C.

RESULTS AND DISCUSSION

Catalyst Characterization

XRD and chemical analyses. The chemical composi-
tions and XRD phases of the CuZnAl(Zr)-oxide catalyst
precursors are gathered in Table 1, while the XRD patterns
of a few representative samples are illustrated in Fig. 1.
A Cu content of 35-40 wt% has been maintained in all
the samples while the (Cu + Zn)/(Al + Zr) ratio has been
varied. This is because earlier studies (3, 15) have demon-
strated that a Cu-Zn catalyst containing 30-40 wt% Cu
was the most active for the POM/SRM reactions. Al was
partially replaced by Zr in the sample CZAZP-6, while in
CZAZP-7 it was completely replaced by Zr. The XRD pat-
terns of the uncalcined samples (See Fig. 1, top) exhibit hy-
droxy carbonates containing hydrotalcite (HT)-like layered
double hydroxide (LDH; JCPDS file No. 38-487) as a pri-
mary phase (10). The purity of the phase, however, depends
on the (Cu + Zn)/(Al + Zr) atomic ratio. As the Al content
in the sample decreases other phases such as aurichalcite
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TABLE 1

Chemical Compositions and XRD Phases of CuZnAl(Zr)-Oxide Catalyst Precursors

Metal composition (wt%)?

(Cu+Zn)/(Al+ Zr)

Precursor Cu Zn Al Zr atomic ratio? XRD phase obtained
CZAZP-1 35.3 44.1 20.6 0.0 1.61 LDH

CZAZP-2 36.7 48.0 15.3 0.0 2.32 LDH + AH + AC
CZAZP-3 39.3 48.9 11.8 0.0 3.17 LDH + AH + AC
CZAZP-4 37.6 50.7 11.7 0.0 331 LDH + AH + AC
CZAZP-5 37.9 53.0 9.1 0.0 418 LDH + AH + AC
CZAZP-6 35.9 44.7 5.1 14.3 3.59 AC + LDH + AH
CZAZP-7 323 40.5 0.0 27.2 3.79 AC
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Note. LDH, layered double hydroxide [(Cuzn)sAl,(OH);6CO3-4H,0], JCPDS file 38-487; AH, Al(OH);
(bayerite), JCPDS file 20-11; AC, aurichalcite [(Zn,Cu)s(CO3),(OH)g], JCPDS file 7-743.
2Chemical analyses results obtained from XRF spectroscopy.

((Cu,Zn)5(CO3), (OH)6; ICPDS file N0.7-743) and bayerite
(AI(OH)3; JCPDS file N0.20-11) are also noticed, besides
the LDH phase. The sample CZAZP-7 without Al exhib-
ited aurichalcite as a single phase. Thermal decomposition
of these hydroxycarbonate precursors at 450°C/5 h results
in the formation of a mixture of poorly crystallized CuO
and ZnO phases (see Fig. 1, bottom). Other phases contain-
ing Cu/Zn/Al are more likely to be present, but because of
their poor and highly disordered crystallization they could
not be detected by the XRD. The crystallinity of the phase
increases with increasing (Cu + Zn)/(Al + Zr) atomic ratio
(see Table 1). It is interesting to note that the presence of
a mixture of CuO and ZnO can be clearly discerned in the
Zr-containing samples. These calcined samples have been
employed as catalysts for the SRM and OSRM reactions
in the present study. The CuO phase is reduced to metallic
copper upon H; reduction up to 300°C.

Table 2 summarizes the physicochemical properties of
the CuzZnAl(Zr)-oxide catalysts. The BET surface areas,
the specific pore volumes and pore radii of unreduced sam-
ples, and the copper surface areas, dispersions, and parti-
cle sizes of reduced samples depend on the Cu:Zn: Al: Zr
chemical composition in the precursor. It can be seen that
catalysts containing Zr exhibit higher copper surface ar-
eas and copper dispersions than those without Zr (Al-
containing analogues).

UV-vis diffuse reflectance (DR) spectroscopy. The UV-
vis DR spectra of both uncalcined and calcined samples
were recorded because the blue color of the uncalcined
samples transformed into dark green or black upon calcina-
tion depending on the (Cu + Zn)/(Al + Zr) ratio. For com-
parison, the DR spectra of pure ZrO, and CuO reference
samples were also recorded. Pure ZrO, exhibits (Fig. 2) a
characteristic band around 220 nm due to the O3~ — Zr*"
charge transfer transition (16). The standard sample of CuO
shows a strong band around 800 nm which is due to the
2Eg — 2T,g transition of Cu?* in the octahedral symmetry
(17). The CuzZnAl(Zr)-hydroxycarbonate precursors also

Uncalcined

Phase obtained

LDH

Intensity (arb.units)

LDH + AC+AH

AC + LDH+ AH ©

30 40 50 60 70
2 Theta (degrees)

Calcined at 450° C/5h
(¢)

Intensity (arb.units)

10 20 30 40 50 60 70
2 Theta (degrees)
FIG.1. XRD patterns of CuZnAl(Zr)-oxide catalyst precursors

(top) and those of catalysts (bottom): (a) CZAZP-1, (b) CZAZP-4,
(©) CZAZP-6, (d) CZAZP-7, () CZAZOC-1, (f)j CZAZOC-4,
(g) CZAZOC-6, (h) CZAZOC-7, (i) CZAZOC-4 reduced in the reactor
using H; stream. C = CuO and Z = ZnO phases.
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TABLE 2
Physicochemical Properties of CuZnAl(Zr)-Oxide Catalysts

Physicochemical properties?

Pore Pore

SBET volume  radius Scu Dcu tcu

Catalyst — (m?g™) (ccg™ (A (Mg (W A
CZAZOC-1 56 0.181 98 203 38.6 26
CZAZOC-2 71 0.263 93 181 34.3 29
CZAZOC-3 84 0.406 60 176 334 30
CZAZOC-4 108 0.428 80 227 43.1 23
CZAZOC-5 54 0.130 20 190 40.0 25
CZAZOC-6 65 0.172 40 232 44.0 23
CZAZOC-7 59 0.099 20 279 52.9 19

2Cu surface area (S), Cu dispersion (D), and Cu particle sizes (tcy)
were determined by TPR-N,O passivation method.

show a band around 800 nm. However, this band is very
broad and weak compared to that of the pure CuQ, prob-
ably because of the distortion of the octahedral symmetry.
Hence, this broad band can be assigned to the envelope
of the dz — dyo_y2, Oxzyz — Oyz—y2, and dxy — dyz_y2 transi-
tions that occur when Cu?* ions are in a distorted octa-
hedral symmetry (18). The strong band around 240 nm in
both CZAZP-3 and CZAZP-7 samples can be attributed to

Uncalcined
—CZAZP-3

— -CzAZP-7
e ZtOo(Reference)
= = -CuO (Reference)

Kubelka-Munk

. “"“'""M.,,

—
-
-

500 600 700 800 900
‘Wavelength (nm)

12+ Calcined at 450 ° C/5h

104

Kubelka-Munk

T T T T T T T
200 300 400 500 600 700 800 900
Wavelength (nm)

FIG. 2. UV-vis diffuse reflectance spectra of (top) CuZnAlZr-oxide
catalyst precursors and (bottom) those of catalysts.
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the O — Cu?' ligand to metal charge transfer (LMCT)
transition.

The DR spectra of calcined samples show two main
bands; one between 240 and 400 nm and the other around
700 nm together with several shoulders. The band around
800 nm corresponding to the Cu?* in the octahedral coor-
dination is very broad in the calcined samples suggesting a
further distortion in the symmetry of the copper environ-
ment. According to an earlier report (19), a band around
700 nm and a stronger absorption band between 250 and
290 nm characterized copper-alumina samples. The former
has been attributed to the 2Eg — 2T.g spin-allowed tran-
sition of Cu?* ions in the distorted octahedral environment
of the surface alumina sites with a spinel-type structure.
The characteristic band around 400 nm for ZnO, which
is absent in the uncalcined samples appears as a shoulder
in the calcined samples, indicating the formation of ZnO
phase along with CuO phase as evidenced by the XRD
data (see Fig. 1, bottom). A closer observation reveals sig-
nificant differences between Al-containing samples and the
Zr-containing samples in the DR spectra. For example,
the Kubelka—Munk function increases with increasing Zr
content (decreasing Al content) in the Zr-containing sam-
ple. These samples exhibit a broad band between 300 and
350 nm together with a shoulder superimposed on the band
between 600 and 800 nm. These bands are attributed to the
charge transfer involving Cu?*-0?—Cu?* species, possibly
a cluster-like or bulk-like species. It should, however, be
noted that a band around 450 nm in the degassed Cu/Al,O3
system has been assigned to the formation of Cu™ three-
dimensional clusters in the CuO matrix (20). Although
the DR spectra in the present study has been recorded
in air atmosphere, the formation of such Cu* species in
the Zr-containing samples cannot be discarded. In the Al-
containing samples, on the other hand, bands around 300—
350 nm and a shoulder around 450 nm are very weak. Also,
the LMCT transition band is shifted toward a lower wave-
length (250-300 nm). It can be concluded from the DRS
results that bulk-like or cluster-like Cu?* species or Cu™
three-dimensional clusters are formed upon calcination of
Zr-containing catalyst precursors. In contrast, relatively iso-
lated Cu?* ions are present in the Al-containing samples.

Temperature programmed reduction (TPR). The re-
ducibility of copper speciesinthe CuZnAl(Zr)-mixed oxide
catalysts was investigated by TPR experiments and the pro-
files are displayed in Fig. 3. All the samples exhibit a broad
reduction profile together with shoulders in the tempera-
ture range 200-300°C. In order to get more insight into the
TPR results the profiles are deconvoluted using a computer
program (12). The peak positions and their contributions
derived from deconvolution are summarized in Table 3. The
original TPR profile can be deconvoluted into at least three
peaks in all cases. It is interesting to note that the copper
reducibility depends on the Al and/or Zr content in the
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FIG.3. TPR profiles of CuZnAl(Zr)-oxide catalysts. Solid lines are
experimental curves and dotted/broken lines are deconvoluted curves.

sample despite the fact that the Cu content in all the sam-
ples was kept almost constant (35-40 wt% = 30-35 mol%)
by varying the Zn, Al, and Zr content (see Table 1). For in-
stance, the TPR reduction peak is very broad and the extent
of reduction (H»/Cu®* molar ratio) is the lowest (0.68) for
CZAZOC-I catalyst. The reduction peak is shifted toward
low temperatures and peaks become relatively sharp with
decreasing Al content. This may be because of the lower
crystallinity of CuO in those samples with higher Al con-
tent, as evidenced from XRD results (Fig. 1). Itis also possi-
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ble that the surface spinel specie, i.e., CuAl,O4, can be eas-
ily formed in samples with higher Al content, which would
get reduced at relatively high temperatures compared with
CuO. This would result in the appearance of a broad TPR
profile, which upon deconvolution produces peaks at higher
temperatures (peak 3in CZAZOC-1to CZAZOC-3). The
sample CZAZOC-7 without Al exhibits the lowest onset
temperature of around 160°C. The first peak is centered at
around 184°C and the reduction is completed around 240°C
itself. These results reveal that a decrease in Al content im-
proves the copper reducibility. Alternatively, substitution
of Zr for Al enhances the copper reducibility.

TPR reoxidation experiments. As discussed above, the
TPR profiles of CuZnAl(Zr)-oxide catalysts are very broad.
In order to confirm that there is a saturated phenomenon
for certain copper species, we performed reoxidation exper-
iments on a few representative samples, namely the cata-
lyst containing higher amounts of Al (CZAZOC-1), the
catalyst containing both Al and Zr (CZAZOC-6), and the
catalyst containing only Zr without Al (CZAZOC-7). This
experiment is similar to that of N,O passivation used in
the determination of copper metallic surface areas (10, 13).
Briefly, a normal TPR of the fresh (calcined) catalyst was
recorded first. The reduced catalyst was reoxidized for
about 2 h at various temperatures, viz. 75, 150, and 300°C,
using molecular oxygen (O, gas, flow rate ~20 cc/min), and
then brought down to room temperature. The oxidized cata-
lyst was again subjected to the second TPR. Fresh samples
were employed for reoxidation at each temperature. He gas
(flow rate ~30 cc/min) was used to flush out the residual H,
or O, in each step of the experiment. The H,/Cu?* molar
ratio represents the extent of reoxidation at each temper-
ature. The reoxidation causes the supported copper oxide
species to be redispersed on the support depending upon
the extent of the interaction between copper metal and the
support (ZnAl-oxide or ZnAlZr-oxide).

TABLE 3

TPR Peak Positions and Concentrations of Reducible Species in
the CuzZnAl(Zr)-Oxide Catalysts as Determined by the Deconvo-
lution of TPR Profiles

TPR peak position [temperature (°C)]
and concentration (%)?

Catalyst Peak 1 Peak 2 Peak 3
CZAZOC-1 244 (26.4) 277 (68.0) 307 (5.6)
CZAZOC-2 232 (47.4) 256 (47.0) 288 (5.6)
CZAZOC-3 223 (21.5) 247 (63.4) 266 (15.1)
CZAZOC-4 233 (77.2) 253 (19.6) 265 (3.2)
CZAZOC-5 220 (9.7) 240 (56.1) 252 (34.2)
CZAZOC-6 207 (14.4) 227 (85.6) —
CZAZOC-7 184 (22.5) 207 (51.5) 223 (26)

2Values in parentheses are the contribution (%) of each species.
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CZAZOC-1
H,/Cu™
mol/mol
Fresh
N,0 60°C 0.14
0.15
U

Detector response (arb.units)

0 100 200 300 400

Temperature (OC)

FIG. 4. TPRprofilesof CZAZOC-1 obtained in the reoxidation treat-
ment at the indicated temperatures. Solid lines are experimental curves
and dotted/broken lines are deconvoluted curves.

The TPR patterns of the reoxidized catalysts CZAZOC-
1,CZAZOC-6,and CZAZOC-7 are shown in Figs. 4,5, and
6, respectively. For comparison, the TPR profiles recorded
in the N,O passivation experiments are also included. The
profiles are deconvoluted and the peak positions and quan-
titative data are collected in Table 4. It can be seen from
the figures and table that the TPR patterns and the ex-
tent of reoxidation of each sample at each temperature are
markedly different, demonstrating that the redispersion of
copper species depends on the chemical composition of the
support. Reoxidation of CZAZOC-1 and CZAZOC-7 at
75°C produces more or less similar TPR profiles. On the
other hand, the reoxidation of CZAZOC-6 produces a rel-
atively broad peak, which could be deconvoluted into at
least four peaks. It has been assumed that the reoxidation
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of these Cu-based catalysts using N,O resulted in the oxida-
tion of only surface copper atoms to Cu*t (13, 14). Hence,
it may be reasonable to state that mainly surface copper
atoms are being oxidized during reoxidation of CZAZOC-
1 and CZAZOC-7 at 75°C while in addition to the surface
copper atoms a part of bulk copper atoms are also oxidized
in CZAZOC-6. Reoxidation at 150°C produces a relatively
sharp peak, with much less extent of reoxidation of 0.26 for
the sample CZAZOC-1. In contrast, a doublet with a larger
extent of reoxidation above 0.60 is obtained for samples
CZAZOC-6 and CZAZOC-7. These results imply that the
higher the Al content, the lower the reoxidability of cop-
per catalysts that can be observed. In all cases, although
the original TPR profiles of fresh catalysts exhibit a sin-
gle broad reduction peak, the reoxidation at 300°C results

CZAZOC-6
H,/cu®
mol/mol
Fresh 0.92
N,0 60°C 0.23

Detector response (arb.units)

150 °c

300 °c

T T
0 100 200 300
Temperature ( C)

400

FIG.5. TPRprofilesof CZAZOC-6 obtained in the reoxidation treat-
ment at the indicated temperatures. Solid lines are experimental curves
and dotted/broken lines are deconvoluted curves.
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CZAZOC-7

H,/cu”’

mol/mol

Detector response (arb.units)

N,O oxidized
60°C 0.22
0.17
0.63

T T T T

0 100 200 300 400
0

Temperature ( C)

FIG.6. TPRprofilesof CZAZOC-7 obtained in the reoxidation treat-
ment at the indicated temperatures. Solid lines are experimental curves
and dotted/broken lines are deconvoluted curves.
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in the appearance of at least a doublet with several shoul-
ders. This is because of the redispersion of the copper
species on the support during reoxidation experiments. This
also causes a shift of the peak positions depending upon the
extent of interaction between copper and the support. For
instance, the TPR profile in the Al-rich sample is shifted
toward lower temperature and the extent of reoxidation
(0.70) is similar to the extent of reduction of the fresh
catalyst (0.68). In contrast the profiles are shifted toward
higher temperatures in catalysts containing Zr (CZAZOC-
6 as well as CZAZOC-7) and the extent of reoxidation is
less than the extent of reduction of the fresh catalysts (see
Figs. 5 and 6). It is also interesting to note that the overlap
of low temperature shoulder peak, which is remarkable in
the catalyst CZAZOC-7 centering at around 184°C (Fig. 3),
has been distinctly separated by the reoxidation treatment
at 300°C. Thus, the TPR reoxidation experiment is very use-
ful in that if there is a shoulder or latent peak in the TPR
pattern, its deserved feature can be revealed by the reoxi-
dation treatment due to its different reoxidability (21).

Electron paramagnetic resonance (EPR) spectroscopy.
EPR spectroscopic investigations were performed on a few
representative catalysts under different experimental con-
ditions namely, under air atmosphere, under vacuum, at
room temperature, and at 77 K, in order to understand the
nature of copper species and their interactions with sup-
ports. Figure 7 represents the EPR spectra of some of these
samples. In all instances the spectra showed the presence
of two kinds of signals, with signal A exhibiting a resolved
hyperfine pattern of four peaks and signal B exhibiting no
hyperfine structure. Both signals A and B are typical of
Cu?* ions. Signal B showing unresolved hyperfine splitting
could be attributed to the Cu?" species interacting with
each other and generally referred to as “clustered Cu®*
ions.” On the other hand, signal A with resolved hyper-
fine pattern could be interpreted as arising from distorted

TABLE 4

Effect of Reoxidation Temperature on the TPR Peak Positions and Concentrations of Reducible Species
in the CuZnAlI(Zr)-Oxide Catalysts as Determined by the Deconvolution of TPR Profiles

TPR peak position [temperature (°C)]

Reoxidation and concentration (%)?
temperature
Catalyst (°C) Peak 1 Peak 2 Peak 3 Peak 4
CZAZOC-1 75 164 (23.2) 178 (51.1) 201 (13.9) 221 (9.8)
150 170 (17.2) 193 (68.9) 217 (13.9) —
300 176 (7.6) 208 (52.2) 239 (22.2) 257 (18.0)
CZAZOC-6 75 179 (3.1) 205 (16.6) 247 (72.6) 291 (7.7)
150 207 (26.0) 210 (49.8) 262 (11.1) 286 (13.1)
300 207 (9.2) 243 (6.4) 244 (51.1) 288 (33.3)
CZAZOC-7 150 165 (17.5) 175 (20.5) 189 (35.6) 201 (26.4)
300 186 (8.9) 213 (33.8) 260 (53.9) 299 (3.4)

2Values in parentheses are the contribution (%) of each species.
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EPR spectra of CuzZnAl(Zr)-oxide catalysts recorded under different experimental conditions: (a) CZAZOC-1, (b) CZAZOC-4,

(c) CZAZOC-6, (d) CZAZOC-7 all recorded under vacuum at room temperature (298 K), (e) CZAZOC-1, (f) CZAZOC-7 both recorded un-
der air atmosphere at room temperature, (g) CZAZOC-7 recorded under air at 77 K, and (h) CZAZOC-7 recorded under vacuum at 77 K.

octahedrallycoordinated Cu?* ions (19, 21-23). The four-
line hyperfine splitting is typical of isolated Cu?* ions in an
axial environment and shows a hyperfine structure better
resolved in the g; component. A closer inspection of the
spectra revealed that the hyperfine structure of the g, com-
ponents is due to the superimposition of two sets of four
hyperfine lines. The EPR parameters of the paramagnetic
components employed in the simulation of experimental
spectra are reported in Table 5. The presence of two sets
of EPR signals, namely component 1 and component 2, re-
veals that there are two slightly different kinds of copper
ions in the system. The component 2 signal, which is charac-
terized by a higher g, and lower A; values, corresponds to

TABLE 5

EPR Parameters of Paramagnetic Components
Employed in the Simulation

Hyperfine coupling

g value constant (G)
Component 9 9w A A
Component 1 2.323 2.065 153 35
Component 2 2.343 2.070 144 15

Cu?* species undergoing a more marked axial interaction
than that of component-1 species (22).

It is also noticed that, in all cases, the EPR signals did
not recover the baseline, suggesting a large contribution of
a broad component. Another interesting feature noticed
from the EPR spectra is that the EPR signal intensity (am-
plitude) is strongly influenced by the chemical composi-
tions. For instance, the signal amplitude around 3000 G is
diminished to a great extent and the overall intensity is re-
duced to about threefold when Zr replaces Al in the sam-
ple (compare curves (b) and (d)). It should be mentioned
that the signal intensity of the EPR is proportional to the
spin concentration of the isolated Cu?* ion (20). Hence,
the reduction in the EPR signal intensity upon substitu-
tion of Zr for Al can be attributed to the reduction of the
amount of isolated Cu®* ions. As pointed out earlier based
on XRD and UV-vis DRS results, amorphous CuAl,O4
spinel-like species could be present in the Al-containing
samples. The signal A in Al-rich sample is therefore due to
the isolated Cu?* ions that are interacting with close AI**
ions. In contrast, such amorphous species are absent in the
Zr-rich samples, thereby reducing the signal intensity. So
the resultimplies thatin the Zr-containing catalysts the cop-
per is present mostly as CuO-like clusters disbursed on the
support. Similar results were also observed in the Cu-Zn
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mixed oxide systems without Al as well as in the Cu sup-
ported on Y stabilized ZrO; catalyst (20, 22). The observed
differences in EPR patterns between Al-containing sam-
ples and Zr-containing samples in the present study leads
to the conclusion that the presence of Al in these samples
favors the formation of more isolated Cu?* ions that are
interacting with AI**. These isolated Cu?* ions, therefore,
would get reduced at relatively higher temperatures, thus
exhibiting broad TPR profiles (Fig. 3). In contrast, such
isolated Cu?* ions are almost absent in Zr-containing sam-
ples. The clustered Cu?* ions can be easily reducible, as
evidenced from the TPR results, and thus exhibit higher
copper metallic surface areas, metal dispersion, and lower
particle sizes compared to those of Al-containing samples
(Table 2). The EPR results are therefore inconsistent with
XRD, UV-vis, DRS, and TPR results of the present study.
It can also be noticed from Fig. 7 that the EPR signal inten-
sity is significantly reduced when the spectra were recorded
in the air atmosphere. This result reveals that most of the
detected Cu?* ions are located on the surface of the sample
(21). On the other hand, the evacuation temperature does
not influence the signal intensity much, indicating that the
Cu?* species are not reduced during evacuation. However,
the signal is broadened when it is recorded at 77 K, indicat-
ing the presence of copper ions in more than one chemical
environment at low temperature.

Evaluation of Catalytic Performance

OSRM reaction over CuZnAl-oxide catalysts. We have
demonstrated recently that a combined steam reforming
and partial oxidation reaction termed “oxidative steam re-
forming of methanol (OSRM)” over CuZnAl(Zr)-oxide
catalysts is more efficient for the selective production of H,
at relatively lower temperatures of around 230°C (9). Un-
der our controlled experimental conditions, the methanol
conversion approached around 100% at around 230°C
without any detectable CO in the outflow gas stream (within
the detection limit of TCD). For the purpose of optimiz-
ing better catalytic performance, the OSRM reaction was
performed over a series of CuZnAl-oxide catalysts with
various (Cu + Zn)/Al atomic ratio and the results are plot-
ted in Fig. 8. It can be seen that the catalytic performance
in terms of methanol conversion and the rate of H; pro-
duction increases with decreasing Al content (increasing
(Cu+ Zn)/Al atomic ratio) in the sample. One of the rea-
sons for this observation could be the formation of aurichal-
cite phase in addition to the LDH phase in the catalyst pre-
cursor with low Al content (Fig. 1 and Table 1). This is in
line with an earlier report on the methanol synthesis CuzZn-
catalysts wherein higher yields of methanol were obtained
over a catalyst precursor contained aurichalcite phase (24).
However, the catalytic activity in the present study is lev-
eled off with a further increase in the (Cu + Zn)/Al atomic
ratio of around 3.3. Hence, among the catalysts tested in
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FIG. 8. Effect of (Cu+ Zn)/Al atomic ratio on the catalytic perfor-
mance in the oxidative steam reforming of methanol. Results compared
after 25 h of on-stream operation at 230°C.

the present study, the catalyst CZAZOC-4 offers the high-
est methanol conversion of above 80 mol% with the high-
est H, production rate of about 170 mmol kg(catalyst) !
s~1. The higher catalytic performance of the later catalyst
could be attributed to the higher copper surface area and
copper dispersion (Table 2). The CO; selectivity remained
above 99.8% for all the samples, and only traces of CO
are recorded under the present experimental conditions
(within TCD detection limit).

Effect of substitution of Al by Zr on the catalytic per-
formance. The methanol reforming reaction can be con-
sidered as the reverse of the methanol synthesis reaction
using CO/H; or CO,/H; as a feed stock over Cu-based sup-
ported catalysts. Among various supports, zirconiaemerged
as an interesting material for copper catalysts. It is known
in the literature that catalysts containing copper and ZrO,
behave in a bifunctional manner, with copper and ZrO,
playing complementary but different roles in methanol
synthesis reaction (25, 26). A recent report on the de-
tailed in situ FTIR investigation of methanol decomposi-
tion on the Cu/ZrO,/SiO, catalyst revealed the involve-
ment of similar bifunctional roles of copper and ZrO; in
the methanol decomposition (27). Accordingly, methanol
interacts with the OH groups of ZrO; to form methoxide
and water. The adsorbed methoxide species are dehydro-
genated into formaldehyde and subsequently decomposed
to gas-phase CO; and hydrogen generation. The primary
role of copper is to accept the hydrogen released from the
surface species located on ZrO; and subsequent desorption
of molecular hydrogen. Such bifunctional roles of copper
and ZrO; can also be expected to cause a beneficial change
in the synergy between copper and zinc in the CuZnAl-
oxide catalysts. Furthermore, ZrO, is known to possess
oxygen ion vacancy, which causes a geometric effect that
can influence the dispersion and alter the morphology of
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the supported copper metal particle (21). Taking into ac-
count these unique features rendered by the ZrO, in the
supported catalytic systems, we intended to investigate the
effect of addition of Zr in the CuzZnAl-oxide catalyst on
the catalytic performance in the OSRM reaction. For this
purpose, we synthesized two more catalyst samples by re-
placing Al either partially or completely by Zr in the sample
CZAZP-4.

Figure 9 depicts the effect of temperature on the cata-
lytic performance in the OSRM reaction over the CuZn-
based catalyst containing Al (CZAZOC-4), the catalyst
containing both Al and Zr (CZAZOC-6), and the cata-
lyst containing only Zr without Al (CZAZOC-7). It can
be clearly seen that the substitution of Zr for Al improves
the catalytic performance in terms of both methanol con-
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only Al (CZAZOC-4), catalyst containing both Al and Zr (CZAZOC-6),
and catalyst containing only Zr (CZAZOC-7).
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version and H; production rate. The catalyst containing Zr
without Al exhibit the highest methanol conversion and H;
production rate throughout the temperature range studied.
The higher catalytic performance of the CZAZOC-7 can
be accounted for by enhanced copper reducibility, as shown
clearly in the TPR studies (Figs. 3-6). It should be recalled
that in the methanol synthesis reaction the catalyst involves
a Cu®/Cugy redox mechanism (28). Hence, the ease of re-
ducibility is likely to be an important factor in determin-
ing the efficiency of the catalysts in the reforming reaction.
Furthermore, the catalyst CZAZOC-7 exhibits the highest
copper surface area and copper metal dispersion and the
smallest crystallite size (see Table 2), thereby improving
the catalyst synergy between CuZn and Zr. Similar results
were also reported very recently in the steam reforming of
methanol over Cu/Zn/Zr catalysts with a Cu:Zn:Zr molar
ratio of 70:18:12 (6, 29). Although the CO selectivity in the
present investigation is slightly higher over CZAZOC-7 it
remains low (carbon selectivity up to 1 mol%o) in the tem-
perature range studied.

The stability of the catalysts during the OSRM reaction
was investigated over 25 h of on-stream operation at 230°C
and the results are displayed in Fig. 10. It can be observed
that all three catalysts tested in the present study exhibit
stable activity (within the experimental error of ca. £5%)
in terms of methanol conversion. Although a minor drop
in methanol conversion is noticeable over CZAZOC-7, the
rates of production of H,, CO,, and CO remain unaffected,
demonstrating that catalyst deactivation is insignificant. In
the case of CZAZOC-4, however, a minor drop in the
H, production rate is observed during on-stream opera-
tion. Since the methanol conversion remains unaffected,
the drop in H; production rate in this case might be caused
by the oxidation of H; with O, as shown in

H; +1/20; < H0. [4]

In addition, the CO selectivity increases at the expense
of the selectivity of CO, after 10 h of the reaction over
both CZAZOC-4 and CZAZOC-6, indicating the possible
involvement of the WGS equilibrium (see Eq. [3]).

Effect of methanol injection rate. Figure 11 shows the
effect of methanol injection rate or pseudo contact time
on the catalytic performance. The data were collected
either by adjusting the flow rate of the CH3OH + H,O
mixture or by varying the weight of the catalyst but fix-
ing the O,/CH3;OH molar ratio=0.3. It can be seen that
an increase in methanol injection rate increases the rate
of methanol conversion and the rates of H,, CO, and
CO; production. The methanol injection rate can also be
considered as weight hourly space velocity (WHSV) or the
inverse of the pseudo contact times. This study is therefore
useful in understanding the mechanism of the OSRM re-
action. A higher methanol injection rate indicates a lower
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FIG. 10. Time-on-stream experimental results over CuZn-based cata-
lyst containing only Al (CZAZOC-4), catalyst containing both Al and
Zr (CZAZOC-6), and catalyst containing only Zr (CZAZOC-7) in the
oxidative steam reforming of methanol reaction.

methanol contact time. It can be seen from Fig. 11C, where
methanol conversion and product selectivity are plotted as
a function of the inverse of the methanol injection rate or
pseudo contact time, that both CO; and CO are present at
shorter contact times. This indicates that CO is produced
as a primary product in a parallel reaction, possibly by the
decomposition of methanol,

CH30H & 2H, + CO
CO +1/20; & CO,.

[5]
(6]

The CO selectivity decreases while the H; selectivity in-
creases with increasing contact time. Because of the minor
variations, the selectivity trend is not clearly discernable
from Fig. 11C. However, from the inset of Fig. 11B, which is
aplotof the CO yield and the ratio of the H, production rate
to the (CO + CO,) production rate [RH2/R(CO + CO,] as
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functions of pseudo contact time, it is apparent that the
yield of CO is very high, about 1200 ppm at a contact time
of 0.004 kg s mmol %, and it decreases to around 300 ppm
with increasing contact time to about 0.02 kg s mmol 1.
Furthermore, the value [RH,/R(CO + CO] increases from
about 2.6 to 3.2 with increasing contact time. These results
indicate that the CO formed in the primary reaction is sub-
sequently converted into CO, and H; by the WGS reaction
(Eq. [3])- This observation is in agreement with the reaction
mechanism proposed for the steam reforming and partial
oxidation of methanol reactions over similar Cu-based cata-
lysts (3, 15, 30, 31). In contrast, Breen et al. (29) and Jiang
etal. (32) have reported that CO was formed as a secondary
product by the reverse of the WGS reaction. However,
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time. Results were collected using a methanizer-FID GC assembly.
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under the present experimental conditions the participa-
tion of oxidation of CO into CO, (Eq. [6]) cannot be dis-
carded. This is because it has been pointed out earlier (33)
that in steam reforming followed by fuel gas refinement us-
ing WGS step at a temperature of approximately 200°C, it
is impossible to obtain CO concentrations below 6000 ppm
due to the WGS equilibrium limitations. Although, as of
now we do not have direct evidence for the involvement
of Eq. [6], the results of Sekizawa et al. (34), who have ob-
tained a CO concentration of about 150 ppm at 150°C in
combined WGS and CO oxidation reactions over similar
CuZn-based catalysts downstream from the SRM reaction,
support our assumption. Further experiments are currently
underway to fully understand the mechanism of the OSRM
reaction.

CONCLUSIONS

It is clear from the results obtained in the present study
that the OSRM reaction over these novel CuzZnAl(Zr)-
oxide catalysts derived from hydroxycarbonate precursors
containing hydrotalcite/aurichalcite phase is a very effi-
cient and convenient method for the selective production
of hydrogen. Our detailed investigation revealed that the
catalyst composition has a strong influence on the physic-
ochemical properties such as copper reducibility, surface
area, and dispersion, which in turn influence the catalyst
performance. The catalytic activity improved with decreas-
ing Al content because of an enhancement in the copper
reducibility, surface area, and dispersion. A part of the cop-
per species (referred to as isolated Cu?* species) in Al-
rich samples is interacting with Al, and gets reduced at
relatively higher temperatures. The ease of reducibility is
therefore likely to be an important factor in determining
the efficiency of the CuzZn-based catalysts in the OSRM
reaction.

CuzZnZr-oxide catalyst was found to be more effective
than CuzZnAl-oxide catalysts in the present study, indicating
that zirconia is more effective support than alumina for Cu
and ZnO. These catalysts also exhibitastable activity during
on-stream operation over an extended period of time (25 h).
The mechanism of the OSRM reaction seems to involve
methanol decomposition and water-gas shift (WGS)/CO
oxidation reactions besides the steam reforming reaction
to produce H; and CO,.
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