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Abstract

The interaction of hydrogen with a series of copper catalysts (Cu/Al2O3, Cu/ZnO, and Cu/ZnO/Al2O3) was studied by combinin
temperature-programmed (TP) techniques and the isotopic exchange reaction of H2 and D2 with microkinetic modeling. Various TP
experiments (TP desorption, TP adsorption) were carried out, resulting in a set of kinetic parameters for a quantitative descrip
small differences in the kinetics of the ZnO-containing Cu catalysts and Cu/Al2O3 were observed, suggesting that the interaction of H2 with
the Cu surface is therefore only slightly influenced by the presence of zinc oxide, and alumina seems to act only as a structura
Significant changes in the results were found when the treatment prior to the actual experiments was altered. From these obser
further supporting experiments it was deduced that a change in the morphology of the metallic Cu particles and surface alloying o
more severe reducing conditions. These dynamical changes seem to be highly relevant for methanol synthesis.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Copper has received considerable attention as a m
system to study the interaction of hydrogen with metal s
faces in detail [1,2]. However, this is a subject not only
great complexity, but also of enduring controversy. Beg
ning with the pioneering work of Balooch et al. [3], extens
research on different single crystal surfaces has been ca
out by numerous research groups in recent decades [4–1
obtain a deeper understanding of the kinetics of adsorp
and desorption. It is now generally accepted that the ads
tion process of hydrogen on Cu is activated [4,5,8–12,
The dynamics and energetics of the adsorption of H2 on
Cu(110) were probed by Hayden et al. [8,9,11] and
Campbell and Campbell [12] in detail. Their results p
vided experimental evidence that the chemisorption of
drogen occurs by a direct dissociative mechanism which
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found to be activated with an Arrhenius activation energ
about 57 kJ mol−1. Similar values were found by Rasmuss
et al. [14] from sticking probability measurements of2
and D2 on Cu(100). The temperature-programmed des
tion (TPD) of hydrogen from Cu single crystal surface m
surements was studied in detail by Anger et al. [10]. W
the desorption follows ideal second order on Cu(111),
drogen causes restructuring of the Cu surface on Cu(
and Cu(110). These observations were confirmed by se
research groups [7,11,16,17].

Metallic Cu was found to be the active compon
in Cu-based catalysts for methanol synthesis. Nowad
Cu/ZnO/Al2O3 catalysts are employed commercially in t
low-pressure low-temperature methanol synthesis pro
and in the low-temperature water–gas shift reaction [18,
Recently, the kinetics of desorption of hydrogen fr
ternary Cu catalysts were obtained independently by di
ent research groups [20–22] in detail bridging thepressure
andmaterial gaps between surface science and catalysis
der relevant reaction conditions. Furthermore, Tabataba
al. [23] applied hydrogen-reactive frontal chromatogra
to study the kinetics of adsorption on Cu/Al2O3. They de-
eserved.

http://www.elsevier.com/locate/jcat
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rived an activation energy of 42 kJ mol−1, which is some-
what lower than that derived in single crystal studies.

Despite the efforts to contribute to a better understa
ing of the H2 interaction with copper/zinc/alumina cata-
lysts of industrial interest, there exist, to the best of
knowledge, no explicit presentation so far which includ
and compares experiments obtained with the basic copr
itated samples, namely ZnO/Al2O3, Cu/Al2O3, Cu/ZnO,
and Cu/ZnO/Al2O3. Since complications due to the inte
action of H2 with zinc oxide are discussed in the liter
ture [23–29], we present a detailed kinetic study to g
a deeper understanding of metal support interaction
copper/zinc/alumina catalysts. Since the adsorption of h
drogen on Cu is an activated process, it is possible to de
the kinetic parameters from various transient experim
conducted with a systematic series of copper/zinc/alumina
catalysts in a microreactor flow system operating under
dustrially relevant reaction conditions. Experiments co
prised temperature-programmed techniques (H2 TPD and
H2 temperature-programmed adsorption (TPA)) and the
topic exchange reaction (IER) of H2 and D2.

Finally, we performed a microkinetic analysis based
our experiments. We have chosen a simple Langmuirian
proach with coverage-independent Arrhenius parameter
the modeling to compare the microkinetics of hydrogen
teraction with Cu-based catalysts. We applied the hea
rate variation as a method to extract kinetic parameter
support our experimental results with physically reasona
Arrhenius parameters. There are a variety of other m
ods, which have been shown to be highly suitable in
gle crystal studies [30,31], but their application would res
in coverage-dependent preexponential factors and activ
energies. In general, the method of heating rate varia
leads to mean values of these kinetic parameters bec
the evaluation spans the full range of coverage, neglec
any adsorbate–adsorbate interaction. In an earlier pub
tion [32], we presented a detailed analysis of the desorp
kinetics of hydrogen from a ternary Cu catalyst and co
pared the results with the single crystal literature. On
other hand we showed for the same example that the me
of heating rate variation is an effective tool for extracti
desorption parameters [21].

2. Experimental

The Cu/Zn/Al hydroxycarbonate precursors were p
pared by conventional coprecipitation from an aqueous s
tion of metal nitrates using an aqueous solution of Na2CO3
as precipitating agent. Good reproducibility and compa
bility were attained by carefully controlling the preparati
conditions (purity of the chemicals, concentrations, temp
ture, pH value, aging time, and washing treatment). The
cipitates were washed to remove the Na, filtered, dried in
at 393 K, and calcined in air at 603 K. A detailed descr
tion of the preparation method and characterization res
-

e

are given in [33]. To examine the influence of the diff
ent components on the interaction with hydrogen, the
lowing samples were studied: ZnO/Al2O3 (50 wt% ZnO),
Cu/Al2O3 (85 wt% CuO), Cu/ZnO (50 wt% CuO), and a
Cu/ZnO/Al2O3 catalyst of industrial interest with an a
proximate overall composition of 50 wt% CuO, 35 wt
ZnO, and 15 wt% Al2O3.

The kinetic experiments were performed in a labo
tory flow setup described in [21,34] which allows vario
temperature- and concentration-programmed experim
for the evaluation of the various catalysts to be comple
in an automated way. The reactor was a glass-lined U
(i.d. 4 mm) which could be operated up to 60 atm; 200
catalyst of the sieve fraction of 250–355 µm was placed
tween two quartz wool plugs. This particle size was foun
be suitable to prevent any diffusion limitations. The follo
ing gases of highest purity were used: He (99.9999%)2
(99.9999%), a diluted H2/He mixture (2.1% H2; 99.9995%),
CO/He (10% CO; 99.9995%), H2/D2/Ar mixture (2% H2
(99.9999%), 2% D2 (99.7%) in Ar (99.999%)), and a syn
thesis feed gas containing 72% H2, 10% CO, and 4% CO2,
and 14% He for measuring methanol synthesis activity.
analysis was performed by a calibrated quadrupole m
spectrometer (Balzers GAM 422). Reduction of the catal
was carried out in H2/He, ramping the temperature fro
room temperature to 513 K. Methanol activity was measu
at atmospheric pressure and at 493 K to follow catalyst
activation during time on stream.

As shown in Fig. 1, the general procedure for carry
out the temperature-programmed experiments consiste
the following steps: subsequent to the kinetic measurem
the catalyst was flushed in H2 for 30 min at 493 K followed
by flushing in He for 1 h to achieve an adsorbate-free
surface as a well-defined starting point for the trans
experiments. In the H2 TPD studies, the catalyst was cool

Fig. 1. General procedure for carrying out the experiments.
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to 240 K in He. Previous studies in our group show
that saturation with adsorbed atomic hydrogen (H-∗) was
achieved only by “high-pressure” dosing of H2 [21], i.e.,
in a flow of pure H2 for 0.5 h at 1.5 MPa and at
temperature of 240 K, which was found to be below
onset of desorption. After releasing the dosing pressur
atmospheric pressure, the reactor temperature was decr
to 78 K, and the gas flow was changed to the carrier
He to flush the catalyst for a further 0.5 h. Then, the2
TPD experiment was started by ramping the tempera
to 493 K (QHe = 100 Nml min−1) at heating rates rangin
from 1 to 20 K min−1. The upper temperature was found
be optimal to avoid sintering of the catalyst. H2 TPA on an
adsorbate-free reduced catalyst was carried out as foll
He was replaced by the diluted mixture of H2/He at 78 K.
Then, the temperature was raised at various heating rat
493 K. Finally, the IER of H2 with D2 was conducted b
switching under steady state conditions at 493 K from
to the mixture of H2/D2/Ar. IER data were acquired in
temperature-programmed way under atmospheric pres
by cooling (e.g.,β = −2 K min−1) followed by heating with
the same rate (β = 2 K min−1) to 493 K. Additional kinetic
data were collected at selected temperatures under s
state reaction conditions.

3. Results

3.1. ZnO/Al2O3

The general pretreatment for a H2 TPD experiment wa
applied to a Cu-free coprecipitated ZnO/Al2O3 sample
subsequent to the reduction at 513 K and the carrying
of methanol synthesis at 493 K. The TPD experiment
started by switching to the carrier gas He at 78 K followed
ramping the temperature at 6 K min−1 to 723 K to monitor
the further high-temperature desorption above 493 K.
shown in Fig. 2, no desorption peak of H2 was observed
in the relevant temperature range around 300 K an
higher temperatures. Due to the low pretreatment conditi
0.5 mmol g−1

cat H2O and 0.09 mmol g−1
cat CO2 were detected

at temperatures higher than the previously chosen rea
temperature of 493 K.

3.2. Cu/Al2O3

It was possible to study the dissociative adsorption ki
ics on a reduced adsorbate-free catalyst in a tempera
programmed way using a dilute mixture of H2 in He. The
TPA traces obtained with the binary Cu/Al2O3 catalyst by
using various heating rates can be seen in Fig. 3. At the
ginning of the heating, residual H2 is detected. Since th
signals changed in height and position as a function of
heating rate it seems likely that they originate from
desorption of weakly bound hydrogen. A pronounced
sorption of H2 started at 200 K independent of the heat
ed

:

o

e

y

,

-

-

Fig. 2. H2 TPD spectrum of a ZnO/Al2O3 catalyst obtained after dosin
pure H2 at 1.5 MPa and 240 K for 0.5 h. Experimental conditio
QHe = 100 Nml min−1, β = 6 K min−1, wcat= 0.2 g.

rate. This adsorption temperature indicates that the ad
tion of H2 on the Cu surface is a strongly activated proce
In addition to the peak minimum temperatureTmin, the val-
ues for the temperatureTequal, which specify the tempera
ture at which the rate of adsorption and desorption are e
are listed in Table 1. The asymmetric adsorption profile
directly followed by an asymmetric desorption profile. A
increase of the heating rate resulted in a significant shi
Tmin toward higher temperatures. The total uptake of H2 was
obtained by integrating the TPA traces from the beginn
of the adsorption temperature toTequal, yielding about 30%
of a monolayer. Since the adsorption process is overla
by simultaneous desorption a simple evaluation method
the determination of the kinetic parameters, i.e., the ac
tion energy of adsorptionEads and the corresponding pr
exponential factor,Aads, is not straightforward, but will be
presented in Section 3.6.

A reduced and hydrogen-covered Cu/Al2O3 catalyst was
heated in He to 723 K. In addition to the low-temperat

Fig. 3. H2 TPA spectra for Cu/Al2O3 obtained by heating the cataly
in 2.1% H2/He with various heating rates. Experimental conditio
QH2/He = 20 Nml min−1, wcat= 0.2 g.
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Table 1
Tmin and Tequal obtained from H2 TPA experiments specify the pea
minimum temperature and the temperature at which the rate of adsor
and desorption are equal

Catalyst Heating rate Fig.Tmin Tequal Uptake ΘH

(K min−1) (K) (K) (µmol H2 g−1
cat)

Cu/Al2O3 2 3 259 278 37 0.33
Cu/Al2O3 6 3 273 294 35 0.31
Cu/Al2O3 10 3 282 302 33 0.29
Cu/Al2O3 15 3 291 311 30 0.27
Cu/ZnO 6 7 285 304 38 0.37
Cu/ZnO 15 7 301 321 30 0.29
Cu/ZnO/Al2O3 2 10 270 289 50 0.50
Cu/ZnO/Al2O3 6 10 283 303 44 0.44
Cu/ZnO/Al2O3 10 10 291 310 40 0.40
Cu/ZnO/Al2O3 15 10 299 318 36 0.36

signal centered at about 300 K, a small peak at 390 K
a broad and rather complex desorption signal startin
493 K were observed (Fig. 4). The signal at 300 K c
be assigned to the H2 desorption from metallic Cu surfac
sites [20–22], while the weak signal at 390 K originates fr
traces of water in the dosing gas, as previously shown
the Cu/ZnO/Al2O3 catalyst [34]. A complex H2 desorption
profile was detected at higher temperatures (� 500 K). On
the one hand, H2 desorption has been observed in sin
crystal experiments [14] at 590 K from the bulk of a Cu(10
crystal. On the other hand, H2 desorption can be attribute
to the dissociation of H2O (Cus + H2O → CusOads +
H2), which was stored on the support in the preced
experiments. This amount of water was not removed bec
of the maximum pretreatment temperature of 493 K.

To study the H2 desorption kinetics from Cu/Al2O3,
a series of H2 TPD experiments with variation of the heatin
rate was performed (Fig. 5). In each experimental r
a narrow symmetric desorption signal was recorded in
investigated temperature range of 78–493 K. The desorp
peak maximum temperatures were found to shift, wh
the onset of the desorption signals remained constan

Fig. 4. H2 TPD spectrum for Cu/Al2O3 obtained after dosing pur
H2 at 1.5 MPa and 240 K for 0.5 h. Experimental conditions:QHe =
100 Nml min−1, β = 6 K min−1, wcat= 0.2 g.
t

Fig. 5. H2 TPD spectra for Cu/Al2O3 obtained after dosing pure H2 at
1.5 MPa and 240 K for 0.5 h using different heating rates. Experime
conditions:QHe = 100 Nml min−1, wcat= 0.2 g.

a temperature of about 200 K. Furthermore, the relativ
small full width at half maximum (FWHM) of about 60 K
is remarkable for TPD experiments. All these observati
are consistent with the desorption being second or
Since a strong interaction of the gas phase molecules
the catalyst can be excluded from the previously sho
adsorption results, readsorption is essentially negligi
In general, readsorption leads to substantially broade
TPD peaks which are shifted toward higher desorp
temperatures in a TPD run. Integration of each sig
yielded about 100 µmol H2 g−1

cat, which corresponds to
specific metallic Cu area of about 16 m2 g−1

cat based on
a stoichiometry of Cu:H= 2:1, which was achieved a
saturation coverage on Cu(111), Cu(110), and Cu(100) [

Fig. 6 displays the effluent H2, D2, and HD mole frac-
tions as a function of the reaction temperature in the H2/D2
IER for the Cu/Al2O3 catalyst. Below a temperature
about 210 K, no exchange activity was observed. At te

Fig. 6. H2/D2 IER for Cu/Al2O3 using a mixture of H2/D2 in Ar.
Experimental conditions:QH2/D2/He = 20 Nml min−1, wcat = 0.2 g,

β = 2 K min−1 (ramping up),β = −2 K min−1 (ramping down), and
at constant temperatures (squares). Dashed lines represent the sim
results using the kinetic parameters listed in Table 3.
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Fig. 7. H2 TPA spectra for Cu/ZnO obtained by heating the catalyst
H2/He. Experimental conditions:QH2/He = 20 Nml min−1, wcat= 0.2 g.

peratures above approximately 370 K, the interaction
comes so fast that complete exchange is obtained unde
reaction conditions applied. Ramping the temperature
(solid lines) and down (dashed lines) yielded almost ide
cal values for the effluent mole fractions of H2, D2, and HD.
Additionally, the exchange of H2/D2 was measured at s
lected temperatures under steady state conditions (squ
These data points agree well with the values obtained in
temperature-programmed way.

3.3. Cu/ZnO

The results for the corresponding experiments with
binary Cu/ZnO catalyst are displayed in Figs. 7–9. A clo
inspection of the H2 TPA traces (Fig. 7) revealed that th
adsorption minimum temperatures andTequal are somewha
higher than those obtained with Cu/Al2O3 (cf. Table 1). The
prominent feature in the H2 TPD experiments (Fig. 8) is th
existence of the narrow symmetric peaks which are slig
shifted toward higher desorption temperatures comp

Fig. 8. H2 TPD spectra for Cu/ZnO obtained after dosing pure H2 at
1.5 MPa and 240 K for 0.5 h using different heating rates. Experime
conditions:QHe = 100 Nml min−1, wcat= 0.2 g.
e

).

Fig. 9. H2/D2 IER for Cu/ZnO using a mixture of H2/D2 in Ar.
Experimental conditions:QH2/D2/He = 20 Nml min−1, wcat = 0.2 g,

β = 2 K min−1 (solid lines), β = −2 K min−1 (dashed lines), and a
constant temperatures (squares).

with Cu/Al2O3. A mean value of about 60 K for the FWHM
was measured, which agrees quite well with Cu/Al2O3.

A striking difference compared to the Cu/Al2O3 cata-
lyst can be seen in the IER results (Fig. 9). On the
hand, the exchange reaction started at a temperature w
is about 40 K higher, on the other hand, the complete
change was achieved at substantially higher temperat
In contrast to Cu/Al2O3, the traces obtained by ramping t
temperature either up (solid lines) or down (dashed lin
did not coincide, indicating a pronounced hysteresis in
temperature interval ranging from 300 to 360 K. Furth
more, the data points observed under steady state rea
conditions (squares) deviate significantly from the values
served in the temperature-programmed way. The data p
lie in the temperature range 340–370 K between the tr
resulted from heating and cooling. At lower temperatures
steady state measurements are approximated by heatin
at higher temperatures by cooling.

3.4. Cu/ZnO/Al2O3

Finally, the same series of experiments was perfor
with a ternary Cu/ZnO/Al2O3 catalyst. Comparing th
results for the H2 TPA (Fig. 10) and the H2 TPD (Fig. 11)
with the traces obtained with Cu/ZnO revealed that the mo
pronounced features, i.e., the shape and the position o
signals, are closely reproduced. A more detailed compar
of the H2 TPD spectra shows that the TPD signals obtai
with the Cu/ZnO/Al2O3 catalyst are slightly asymmetri
The small deviations in the height of the TPD signals an
the IER traces (Fig. 12) are due to the slight difference in
specific surface areas of both catalysts.

3.5. H2 TPD subsequent to pretreatment of CO

Instead of the general pretreatment of the catalyst
H2 followed by flushing in He at 493 K, the Cu/Al2O3
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Fig. 10. H2 TPA spectra for Cu/ZnO/Al2O3 with different temperature
rates obtained by heating the catalyst in H2/He with various heating
rates. Experimental conditions:QH2/He = 20 Nml min−1, wcat = 0.2 g.
Simulated curves are shown as dashed lines using the kinetic Arrh
parameters given in Table 2.

and Cu/ZnO/Al2O3 catalysts were exposed to a gas fl
of 10% CO in He at 493 K for 64 h. Then, the gene
procedure was applied as illustrated in Fig. 1. In the c
of Cu/ZnO/Al2O3, the prolonged CO/He pretreatment up
to 64 h (trace B compared to trace A in the upper p
of Fig. 13) led to a significant decrease in the amoun
desorbed H2 and to a reduction in the height of the ma
signal at 300 K. Furthermore, a second maximum in
broad signal can be identified. Alternating pretreatme
of the catalyst with either CO or synthesis gas follow
by flushing in He demonstrated the reversibility of t
experimental findings [35]. In the case of Cu/Al2O3, the
pretreatment with CO/He had a significant impact on th
desorption profile compared to the general pretreatm
(trace D compared to trace C in the lower part of Fig. 1
The onset of desorption was found to shift to much low
temperatures, while the high-temperature tailing remain
In contrast to Cu/ZnO/Al2O3, the measured amounts
desorbed H2 were essentially equal in both experiments.

Fig. 11. H2 TPD spectra for Cu/ZnO/Al2O3 obtained after dosing pure H2
at 1.5 MPa and 240 K for 0.5 h with various heating rates. Experime
conditions:QHe = 100 Nml min−1, wcat= 0.2 g.
Fig. 12. H2/D2 IER using a mixture of H2/D2 in Ar. Experimental
conditions:QH2/D2/He = 35 Nml min−1, wcat = 0.2 g,β = 0.5 K min−1

(solid lines),β = −0.5 K min−1 (dashed lines), and at different consta
temperatures (circles, squares).

3.6. Modeling

A simple Langmuirian model with coverage-independ
kinetic Arrhenius parameters was used to describe
microkinetics of the interaction of H2 with the three Cu-
based catalysts. Simulation details are given in [32]. Tab
summarizes the kinetic parameters for H2 adsorption. The
determination is based on the following evaluation meth
atTequalthe condition

(1)2kadspH2,0(1− ΘH)2 = 2kdesΘ
2
H

Fig. 13. Comparison of H2 TPD spectra after general pretreatment (so
lines) and CO/He for 64 h (dashed lines). Experimental condition
β = 6 K min−1, QHe = 100 Nml min−1, wcat= 0.2 g.
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Table 2
Evaluation of kinetic parameters for the adsorption of H2

Catalyst Adsorption enthalpy Ades/Aads
�Hads(kJ mol−1) (Pa)

Cu/Al2O3 16 4.0× 106

Cu/Al2O3 22 5.0× 107

Cu/Al2O3
a 26 –

Cu/ZnO/Al2O3 30 5× 108

a Obtained by H2 reactive frontal chromatography [23].

holds; this can be rearranged to

2 ln
ΘH

1− ΘH,Tequal

= �Hads

RTequal
− ln

(
Ades

AadspH2,0

)

(2)= Edes− Eads

RTequal
− ln

(
Ades

AadspH2,0

)
.

Plotting 2 lnΘH/(1−ΘH,Tequal) versus 1/Tequalshould result
in a straight line for ideal Langmuirian behavior. From t
slope of the plot the adsorption enthalpy is directly obtain
while the intercept yields the ratio ofAdes to Aads. Fitting
the TPA data results in a value for the adsorption enth
of 30 ± 5 kJ mol−1 in the case of Cu/ZnO/Al2O3. For
Cu/Al2O3 a value of 16± 5 kJ mol−1 is obtained, and, i
the data point for the lowest heating rate (2 K min−1) is
removed, the result is 22±5 kJ mol−1. This clearly indicates
how sensitive the evaluation method is.

The Arrhenius desorption parameters were determ
from the H2 TPD experiments based on the heating r
variation. Plotting ln(T 2

max/β) versus 1/Tmax yielded the ki-
netic desorption parameters, i.e., the activation energy
the H2 desorptionEdes and the preexponential factorAdes.
The elementary step rate constants for the second-orde
orption process are summarized in Table 3. Results fo
catalysts obtained in this and a previously reported study
included. In comparison to the ZnO-containing catalysts,
shift of the desorption signal maximum toward lower te
peratures for the Cu/Al2O3 catalyst indicates that the valu
for the activation energy of the H2 desorption is somewha
smaller for this catalyst. Nevertheless,Edeswas determined
to be 58± 2 kJ mol−1, which is about 20 kJ mol−1 lower
than that for the ZnO-containing catalysts. Correspondin
a physically extremely low value of 4× 108 s−1 for the
preexponential factor was obtained. The kinetic Arrhen
-

Fig. 14. Experimental H2 TPD spectra (solid lines) and simulated curv
(dashed lines) using the kinetic Arrhenius parameters given in Table 2

parameters for the ternary catalyst, evaluated in this st
confirm those previously reported [21] exceptionally w
In the case of Cu/Al2O3, the same preexponential fact
of 3× 1011 s−1 obtained with the ZnO-containing catalys
leads to a compensated value of 72± 2 kJ mol−1 compared
to 78± 2 kJ mol−1 for the ZnO-containing catalysts. Henc
for the modeling we assumed mean values of 50 kJ m−1

for Eadsand 72 and 78 kJ mol−1 for Edes (cf. Table 2). Ac-
cordingly, the preexponential factors were approximate
obtain the best agreement between experiment and m
Simulated H2 TPA spectra (dashed lines) are depicted a
tionally to the experimental spectra (solid lines) in Fig.
They correspond quite well in position and shape. The m
eled H2 TPD traces (dashed lines) in Fig. 14 are in go
agreement with the experimental TPD traces. Since the m
eled signals are narrower than the experimental signals
underlying Langmuirian isotherm obviously underestima
the FWHM of experimental traces because of the negle
adsorbate–adsorbate and adsorbate–substrate interact

4. Discussion

In our TPA study of all catalysts, the striking result
that the TPA signals are not significantly altered in the p
ence of ZnO (Fig. 3 compared to Figs. 7 and 10). In g
eral, the signals represent a typical adsorption profile
ial
Table 3
Kinetic Arrhenius parameters for the elementary rate constants for H2 interaction H2 + 2∗ � 2H-∗
Catalyst Dissociative adsorption Associative desorption

Activation Preexponential Activation Preexponent
energy (kJ mol−1) factor ((Pa s)−1) energy (kJ mol−1) factor (s−1)

Cu/Al2O3 42 1× 102 58 4× 108

Cu/ZnOAl2O3 (this study) 48 6× 102 76 1× 1011

Cu/ZnOAl2O3 (previous study [21]) – – 78 3× 1011

Parameters used for modeling

Cu/Al2O3 50 2× 103 72 3× 1011

Cu/ZnO/Al2O3 50 1× 103 78 3× 1011
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a highly activated dissociation process. The signals w
found to shift with increasing heating rate toward high
temperatures. One has to bear in mind that a pretreat
in He was chosen prior to the temperature-programmed
periments to achieve an adsorbate-free reduced-Cu ca
surface. However, additional experiments (not shown h
demonstrated that a pretreatment with CO did not sig
cantly change the TPA profiles. In a modified manner, e
uation based on heating rate variation was done to deter
the adsorption parameters, since adsorption is superimp
in the TPA spectra by desorption. We obtained the kin
Arrhenius parameters of the dissociative adsorption of2
by a microkinetic analysis of a series of H2 TPA spectra.
The adsorption enthalpy was determined to be 16 kJ m−1

in the case of the Cu/Al2O3 catalyst, while it was found to b
30 kJ mol−1 in the case of the Cu/ZnO/Al2O3 catalyst. The
desorption parameters of H2 were evaluated independent
by a series of H2 TPD experiments and were used to e
mateEads. In the case of the ZnO-containing catalysts,Eads
of about 50 kJ mol−1 was found in our measurements, whi
corresponds quite reasonably with the values measure
Cu single crystals.

Balooch et al. [3] measured the H2 adsorption kinet-
ics on Cu single crystals using pulsed supersonic mol
lar beams. On Cu(110) and Cu(100) they determined
activation barriers to dissociative hydrogen to be 12
20 kJ mol−1, respectively. However, subsequent studies
different research groups determined that these values
too low [8–10,12,14]. A direct dissociation mechanism w
proposed by Campbell and Campbell [12]. They determi
the activation energy for the dissociative adsorption of H2 on
Cu(110) indirectly by titrating the surface oxygen by H2. It
was shown that the measured titration reaction is equal to
rate of hydrogen adsorption for oxygen coverages as 0.4 �
ΘO � 0.2. An activation energy of 57 kJ mol−1, in close
agreement with the molecular beam results of Hayden
Lamont [8,9], was obtained. Rasmussen et al. [14] meas
the dissociative sticking coefficient of H2 and D2 on Cu(100)
determined in the temperature range 215–258 K and y
ing activation energies of 48± 6 and 56± 8 kJ mol−1 for
H2 and D2, respectively, which are in reasonable agreem
with those obtained on Cu(110) [12].

Recently, Tabatabaei et al. [23] studied the adsorp
kinetics on Cu/Al2O3 by reactive frontal chromatograph
which was used in a manner identical to that of N2O
RFC [36]. By analysis of their hydrogen frontal line shap
they determined the activation energy to adsorption to
42 kJ mol−1 in the temperature range 213–273 K, whi
agrees quite well with the values measured in [37] fo
Cu/SiO2 system and with those reported in the pres
study.

In our H2 TPD experiments subsequent to the gen
pretreatment, a single symmetric signal was observed fo
Cu-based catalysts, in agreement to those of similar stu
performed by various research groups [20–22]. This p
can be unequivocally assigned to second-order associ
t

t

d

desorption from the exposed metallic Cu surface sites.
narrow widths of the signals indicate that readsorpt
within the catalyst bed is negligible, since this wou
lead to a broadening of the signals. It is important
note that complete coverage with adsorbed hydrogen
achieved only after half an hour dosing of H2 at 1.5 MPa
and 240 K followed by cooling in H2 [21], since the
evaluation of the kinetic Arrhenius parameters stron
depends on the degree of initial hydrogen coverage.
striking result of our study is that there exists only o
symmetric H2 desorption signal in the temperature ran
78–493 K, which is located at 285 K in the case of the bin
Cu/Al2O3 catalyst and is slightly shifted by 15 K towa
higher temperatures in the case of the ZnO-contain
catalysts. One has to bear in mind that high-pressure2
dosing was applied in all experiments as pretreatm
while in other kinetic studies different procedures w
applied [20,22,38,39]. In our study, a second peak w
substantially lower intensity at around 410 K was identifi
when a dosing gas contaminated with traces of water
applied during high-pressure H2 dosing prior to the TPD
experiments. Additional experiments on a partially oxidiz
Cu surface [34] clearly demonstrated that the second2
desorption peak is caused by the dissociation of H2O
released from the support.

The desorption kinetics of hydrogen from a Cu/Al2O3
catalyst (50:50) was also studied by Tabatabaei et al.
by the TPD method. In contrast to our pretreatment, the
duced catalyst was cooled in a gas flow of diluted H2 (5% H2
in He) from 513 to 78 K in a first series of TPD experimen
Then, the catalyst was heated in He at 5 K min−1 to 600 K.
A TPD spectrum with two H2 desorption maxima locate
at 310 K and with a significantly lower intensity at 530
were observed. In particular, the low-temperature peak
assigned to the H2 desorption from exposed metallic Cu su
faces, while the high-temperature peak was assumed to
inate from hydrogen which evolved from subsurface lay
of the Cu metal stored during the prolonged reduction
513 K. In a second series of TPD experiments, Tabata
et al. [22] derived the kinetic Arrhenius parameters from
periments performed with the Cu/Al2O3 as follows: differ-
ent initial coverages were produced by exposing the redu
catalyst to a flow of 5% H2 in He at atmospheric pressu
and 273 K for different dosing times. Then, the catalyst w
cooled in this gas mixture to 173 K followed by switching
the carrier gas He and ramping the temperature at 5 K m−1

to 600 K. The TPD peak maximum temperatures were fo
to shift to lower values with increasing hydrogen covera
as anticipated from ideal associative second-order des
tion. The resulting TPD peak for a coverage close to sat
tion was centered at 280 K, which is around 30 K lower th
that observed in the first series of their experiment, bu
an exceptionally good agreement with our TPD results, in
cating that in both cases similar dosing procedures and
treatment conditions were applied and saturation cove
of atomic adsorbed hydrogen was achieved. The line-sh
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analysis of the TPD signals based on the Polanyi–Wig
equation resulted in values ofEdes decreasing from 68 t
64 kJ mol−1 for the activation energy of the desorption a
function of the initial coverage [22]. These parameters
in good agreement with our results. In summary it can
said that H2 TPD results strongly depend on the chosen p
treatment conditions, in particular, on the pretreatment
dosing conditions.

The H2 desorption kinetics from the three low-index C
surfaces, namely Cu(111), Cu(110), and Cu(100), un
UHV conditions has been studied in detail by Anger
al. [10]. From the thermal desorption spectroscopy (TD
results, kinetic Arrhenius parameters were derived ba
on the Polanyi–Wigner equation. For all three surface
single desorption signal was obtained in the tempera
range 200–400 K, which in the cases of Cu(111)
Cu(100) follows ideal second-order desorption kinet
i.e. it varies with initial hydrogen coverage. In contr
to Cu(111), the desorption spectra of the other two
surfaces are more complex, deviating clearly from
expected ideal Langmuirian behavior. On Cu(100), the o
of the H2 desorption signal was found to shift to 190
thus 60 K below the temperature of the desorption sig
from Cu(111). Furthermore, the spectra overlapped in
high-temperature region with decreasing initial hydrog
coverage. On Cu(110), the TPD signals were found
remain at the same temperatures, just scaling in he
with increasing initial hydrogen coverage. An additio
low-temperature satellite peak was observed at extrem
high coverages. The observed phenomena on both p
point to the fact that adsorbed atomic hydrogen indu
surface reconstruction, which makes a simple analysis o
signals impossible. On Cu(110), the activation energy
found to be strongly coverage dependent, rising from 5
100 kJ mol−1 [40]. The value of 50 kJ mol−1 is consisten
with earlier results of Wachs and Madix [41] for th
desorption of D2 from Cu(110). On Cu(111), an evaluatio
of the kinetic parameters is straightforward, resulting
low coverages in a value of about 77 kJ mol−1 accompanied
with a value of 10−4 s−1 cm−2 for the preexponential facto
Based on a coverage-dependent analysis,Edes decreased
linearly to about 64 kJ mol−1.

Microkinetic analysis of our H2 TPD series with the
Cu/ZnO and the Cu/ZnO/Al2O3 catalysts based on
simple variation of the heating rate yielded values
78 kJ mol−1 and 3× 1011 s−1 for Edes and Ades, respec-
tively. In general, these values are in good agreement
those derived from transition state theory and confirm
viously reported results from our group [21]. Moreov
these values correspond well with those determined f
TPD studies with the Cu(111) surface [10]. Hence, it
be concluded that hydrogen is desorbing from copper
ticles which predominantly expose Cu(111) planes un
the selected general pretreatment condition. However,
treatment with CO changes the proportions of surface
on ZnO-containing Cu/Al2O3 slightly, but on ZnO-free
s

-

Table 4
Catalytic data and specific Cu surface area

Catalyst Specific Cu surface rMeOH

area (m2 g−1
cat) (µmol h−1 g−1

cat)

Cu/ZnO 14.7 191
Cu/Al2O3 10 100
Cu/ZnO/Al2O3 11.3 250

The surface area was measured by N2O-reactive frontal chromatogra
phy [36,54]. Methanol synthesis activity was measured at 0.1 MPa a
493 K with a modified space velocity of 500 Nml (min gcat)−1.

Cu/Al2O3 significantly toward other crystal planes, presu
ably Cu(100) and Cu(110).

The modeling of the desorption signals with the exp
mentally determined kinetic parameters resulted in TPD
files which correspond well both in the position and in
shape with the experimentally obtained traces. The La
muirian model using coverage-independent kinetic para
ters is sufficient thereby for the description of the experim
tal results. The deviation at low and high degree of covera
of H-∗ in the experimental spectra from the modeled tra
can be explained by repulsive interaction among the hy
gen atoms. Hence, coverage-dependent modeling wou
sult in a better agreement between experiment and m
which has been shown in a previous paper [32].

The following question should be addressed in rela
to catalysis: is the H2 TPD method a relevant experiment
probe the state of the catalyst? In general, there exists a
ear relationship between the methanol synthesis activity
the specific copper surface area [42]. Catalytic data were
tained for the Cu-based catalysts in a standardized test
The rate of methanol formation and the results of the s
cific Cu surface area are listed in Table 4. The experime
results clearly underline the existence of different cata
classes. It can be seen that the ternary catalyst is by far
active than the Cu/ZnO catalyst, although the specific C
surface area is lower. On the other hand, Cu/ZnO shows a
higher catalytic activity than Cu/Al2O3. In a recent pape
Günter et al. [44] clearly demonstrated that, even in a
tematic series with varying Cu/ZnO ratio, changes in th
microstructural parameters such as the strain strongly i
ence the catalytic activity. The turnover frequency was fo
to increase with an increase in the Cu microstrain. The
plication of the H2 TPD method after CO pretreatment r
vealed significant changes in the TPD spectra for the ter
and binary catalysts. Moreover, previous steady state kin
measurement revealed that the catalytic activity strongly
pends on the pretreatment gas applied [35]: the highe
reduction potential, the more active the catalyst. Hence
H2 TPD method is a valuable tool to probe the state of
active catalyst, because the dynamical morphology cha
seem to be highly relevant for catalysis.

The isotopic exchange of H2 and D2 was measured as
complementary experiment to check the kinetics of ads
tion and desorption. The kinetics is governed in a wide t
perature window on the one hand by the rate of the di
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ciative adsorption and on the other hand by the rate of
associative desorption. The onset at lower temperature
the H2/D2 exchange on the Cu/Al2O3 catalyst is caused b
the faster rates of adsorption and desorption, respecti
The H2/D2 IER experiments with the ZnO-containing ca
lyst indicated a temperature-dependent hysteresis usin
temperature-programmed method of data collection. It t
hours to reach steady state for intermediate tempera
(these data points are illustrated by symbols in Figs. 6
and 12). A closer inspection of the curves obtained by ra
ing the temperature revealed that the catalyst was in a
active state when the experiment was started at low t
perature (heating cycle). At high temperatures the cata
reaches a more active state, so that a higher IER ra
obtained in the cooling cycle. These phenomena poin
a dynamic behavior of the catalyst forming highly act
CuZnOx species. The dynamic modifications on the c
alyst surface occur over many hours in the case of
ZnO-containing catalysts. Investigations with the ZnO-f
Cu/Al2O3 catalyst show in fact no hysteresis in the tim
window of the measurement. However, significant chan
in the TPD experiments subsequent to CO pretreatment
identified, which point to the fact that a transient behav
can be observed also for the Cu/Al2O3 catalyst under sever
reducing conditions.

A dynamic behavior on Cu-based systems was also
served by other research groups [35,45–51]. In particu
the Topsøe group provided experimental evidence by ap
ing combined XRD/EXAFS [46,50,52,53] to obtain stru
tural data of a working 5% Cu/ZnO catalyst and to observ
dynamical changes of this catalyst under “ideal” react
conditions. This model system was studied using differ
methanol synthesis feed gases. The EXAFS data showe
versible changes of the coordination number of the Cu at
upon changing the oxidation potential of the synthesis
mixture. The coordination number increased when the c
lyst was exposed to a gas with a high oxidation poten
Upon changing back to a gas with a lower oxidation
tential the coordination number decreased. They interpr
their results with regard to a reversible change of the me
lic Cu particle form from more spherically shaped partic
with a higher apparent coordination number to more d
like particles with a lower coordination number. Based
the Wulff construction they claimed that the flat disk-li
particles expose a higher degree of Cu(100) and Cu(
planes. Recent findings using an in situ transmission e
tron microscope with atomic resolution underlined that
nanocrystals undergo dynamical reversible shape cha
upon changes of the gaseous environment. Lee et al.
reported that steady state rates were reached in cata
experiments with a Cu/ZnO/Al2O3 catalyst after 5 and
20 h on stream upon switching from CO2/H2 to CO/H2,
respectively. A transient behavior has also been obse
by Meitzner and Iglesia [49] on Cu/SiO2. The catalytic
activity decreased gradually over hours when they w
adding CO2 to a CO/H2/N2 mixture. Similar phenomen
f

.

s

-

s
]

were also observed by our group upon switching betw
methanol synthesis gas and pretreatment gases such a
and CO2 [35].

Using the experimentally determined kinetic parame
the modeled IER curves are found to be in reasonable ag
ment with the experimental traces as shown exemplarily
Cu/Al2O3 in Fig. 6. In general, a modeling of the isotop
exchange reaction based on a simple Langmuir isother
very sensitive to the kinetic Arrhenius parameters cho
for modeling. Moreover, for a satisfactory description of
experimentally observed hysteresis for the ZnO-contain
catalysts a dynamic microkinetic model such as the one
Ovesen et al. [47] which considers the dynamic behavio
the catalyst has to be established, e.g., a temperature
time-dependent total number of active sites and a chang
the proportion of the low-index surfaces.

5. Conclusions

We applied a combination of temperature-programm
and isotopic exchange experiments to elucidate the ads
tion and desorption kinetics for Cu-based catalysts in de
Heating rate variation was chosen as an evaluation me
to extract the kinetic parameters used for microkinetic m
eling.

When a pretreatment in He is applied, the subsequen2

TPA and TPD spectra of a Cu/ZnO catalyst correspond i
shape and position with the signals obtained with the tern
Cu/ZnO/Al2O3 catalyst. Furthermore, only small diffe
ences in the kinetics of the ZnO-containing Cu catalysts
Cu/Al2O3 were observed. The interaction of H2 with the Cu
surfaces is therefore only slightly influenced by the prese
of zinc oxide, and alumina seems to act only as a struct
promoter. The H2 TPD results were further found to depe
strongly on the pretreatment conditions. This might also
plain the discrepancies with respect to a correlation of
face areas and activities which still exist in the literature.

The isotopic exchange reaction turned out to be an ef
tive experiment in identifying reversible changes occurr
in the Cu/ZnO and Cu/ZnO/Al2O3 systems. The observe
hysteresis point to the fact that highly mobile CuZnOx are
generated under reducing reaction conditions.

The dissociative adsorption on and associative desorp
of hydrogen from the Cu-based catalysts were found to o
Langmuirian kinetics of the second order. The microkine
analysis of a series of experiments with different hea
rates based on Langmuir isotherms led to elementary
rate constants which are in very good agreement w
those obtained with Cu(111) under UHV conditions. T
symmetrical shape and the position of the signals sug
that the ZnO-containing catalysts expose mainly the Cu(1
surface when H2 and/or He is applied as pretreatment g
prior to TPD experiments.
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