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Dynamical changes in Cu/ZnO/Al,O; catalysts
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A combination of various transient and steady-state kinetic experiments was used to provide evidence for dynamical changes in a
Cu/Zn0O/Al,0O5 catalyst of industrial interest. From these it can be deduced that the reversible structural alterations strongly depend on
the reaction conditions as well as on the pretreatment. The pretreatment was found to induce changes in the morphology of the metallic
Cu particles to some extent, and surface alloying under more severe reducing conditions.
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1. Introduction

The copper/zinc oxide catalyst containing alumina is
industrially important for methanol synthesis from gas
mixtures consisting of H,, CO, and CO [1]. It was
reported that morphological changes of the Cu particles
significantly influence the catalytic activity in methanol
sythesis [2—6]. The development of in situ methods such
as EXAFS and XRD allowed the extraction of quantita-
tive short- and long-range structural information on a
heterogeneous catalyst [7-9]. The Topsge group has
been particularly active in this area, applying these
techniques and catalytic studies to obtain in situ data
on structural changes [4-6] and to follow dynamical
changes occurring under reaction conditions [3,5].
Their results for a 5% Cu/ZnO catalyst revealed that
the Cu—Cu coordination number for Cu metal particles
on ZnO changed reversibly depending on the gasecous
atmosphere applied. These observations led to a dynamic
model that correlated the relative interfacial area
between Cu metal and ZnO in Cu—-ZnO with the
reduction of the ZnO component and the consequent
spreading of Cu metal species on ZnO [4]. Finally, the
Topsge group integrated the dynamical changes into a
microkinetic model which can be used for extrapolation
to industrial relevant reaction conditions [10].

Recently, Topsge and Topsge [11] applied infrared
spectroscopy of CO adsorption in order to study the
formation of Cu—Zn surface alloys (1 and 5% Cu on
ZnO) under more severe reduction conditions. It was
found that the formation and destruction of the surface
alloy occurs reversibly. New results confirm the dynamic
changes of the Cu particles as well as the surface alloying
under severe reducing reaction conditions [6]. Investiga-
tions on Cu/ZnO catalysts with various reducing agents
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by Jung et al. [12] proved that ZnO can be reduced
with CO or methanol in the presence of Cu giving rise
to brass formation under highly reducing conditions in
good agreement with ref. [13].

In our study, a combination of the temperature-
programmed desorption of H, (H, TPD) [14,15], N,O
reactive frontal chromatopgraphy (N,O RFC) [16] and
flow-switching experiments was applied to characterize
the state of a coprecipitated ternary catalyst (50% Cu,
35% ZnO and 15% Al,0O3;). The choice of the pretreat-
ment gas and the duration of pretreatment were found
to have a significant impact on the methanol synthesis
activity. In particular, H, TPD followed by N,O RFC
was used in order to prove the state of the working
catalyst under reaction conditions close to industrial
operation.

2. Experimental

The experiments were carried out in a flow set-up
equivalent to that described in refs. [14,15]. The follow-
ing gases of high purity were used: He (99.9999%), H,
(99.9999%), CO/He (10% CO, 99.9995%), CO,/He
(4% CO,, 99.9995%), N,O/He (1% N,0, 99.9995%),
H,/He (2.1% H,, 99.9995%) and a mixture of 72% H,,
10% CO and 4% CO, in He used as methanol synthesis
feed gas (99.9995%), termed synthesis gas in the follow-
ing. The synthesis gas was further purified by means of a
guard reactor filled with ZnO to adsorb impurities such
as sulfur and chlorine compounds. Fast on-line gas
analysis was performed by a calibrated quadrupole
mass spectrometer (Balzers GAM 422).

The kinetic experiments were carried out with a
ternary Cu/ZnO/Al,O5 catalyst with approximate over-
all composition of 50% CuO, 35% ZnO, and 15%
Al,O3 prepared by sodium carbonate precipitation of
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mixed nitrate solutions of the metals followed by filtra-
tion, washing, drying and calcination [1]. In this study,
200mg of the 250-355um sieve fraction were filled
into the reactor consisting of a glass lined U-tube with
an inner diameter of 4 mm resulting in a bed height of
about 20 mm. The reduction of the catalyst was carried
out with the H,/He mixture ramping the temperature
at 1Kmin~! to 513K. The catalytic activity under
steady-state conditions was determined at 473 K and at
atmospheric pressure using synthesis gas at a flow rate
of 0 = 75N mlmin~".

The temperature-programmed desorption of H, (H,
TPD) was carried out as follows: pretreatment of the
catalyst was done at 493 K by flowing either CO/He or
synthesis gas over the catalyst followed by flushing in
He at 493K for 0.5h. The reactor was rapidly cooled
down to 240K, which was found to be the optimum
dosing temperature [15]. Complete saturation with
adsorbed atomic hydrogen was achieved by dosing
pure H, for 0.5h at 1.5 MPa. Subsequently, the pressure
was reduced to atmospheric pressure and the oven was
rapidly cooled down to 78 K. Finally, the gas flow was
changed to He in order to flush the catalyst for a further
30 min. Then the H, TPD experiment was carried out by
ramping the temperature linearly at 6 K min~' to 493K
(One = 100N mImin~"). Additionally, N,O reactive
frontal chromatography (N,O RFC) was used to
measure the specific metallic Cu surface area according
to the method proposed by Chinchen ef al. [16] at some-
what more moderate reaction conditions [17]. Then, the
catalyst was heated to 473 K (6 K min™') in synthesis gas
in order to measure the catalytic activity at steady state.

3. Results

The temperature-programmed desorption technique of
H, [14,15] was applied for the characterization of the state
of the working catalyst by varying the duration of CO/He
pretreatment. The subsequently obtained H, TPD spectra
are displayed in figure 1. Spectrum A was recorded after
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Figure 1. H, TPD spectra after pretreatment of the Cu/ZnO/Al,O; catalyst
with CO/He for (A) 0h, (B) 1h, (C) 18 h and (D) 64 h. Experimental condi-
tions: B=6K min~", Qe = 100 Nmlmin~', we, =02 g.
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Figure 2. H, TPD spectra after pretreatment of the Cu/ZnO/Al,O; catalyst
with (D) CO/He in He for 64 h, (E) synthesis gas for 19h, (F) CO/He for
62h and (G) synthesis gas for 0.5h. Experimental conditions:
B=6Kmin~!, Q. = 100N mlmin~', w,, =02g.

reduction followed by carrying out methanol synthesis
for 12h. A symmetrical TPD signal was observed with a
peak maximum at 296K similar to that published in
ref. [15]. In a first series of TPD experiments, the catalyst
was treated with CO/He at 493K for 1, 18 and 64 h. After
1h pretreatment with CO/He (trace B) the amount of
desorbed H, decreased by 13%. Additionally, a slight
asymmetry appeared. The formation of the low-
temperature shoulder became evident after 18h CO/He
pretreatment (trace C). A further significant decrease in
the amount of desorbed H, was observed. Finally, a
prolongation of the CO/He pretreatment up to 64h
(trace D) led to a TPD profile with two pronounced
maxima located at about 275 and 300 K. Furthermore,
an increase of the baseline starting at a temperature of
450K for traces A and B was detected.

In order to check the reversibility of the previously
described phenomena, additional TPD experiments
with alternating pretreatment cycles were performed
(figure 2). Spectrum D is identical with trace D in
figure 1, i.e. conducted after 64h CO/He. Treating the
catalyst subsequently with synthesis gas for 19 h resulted
in an increase of the amount of H, in the TPD spectrum.
The shape of the TPD profile resembles trace B in figure
1. Changing repeatedly to the more severe CO/He
pretreatment of 62 h led to spectrum F, which is almost
identical to D. A slight decrease in the amount of
desorbed H, was observed. Finally, running methanol
synthesis for 0.5 h prior to the TPD resulted in trace G,
which is located between E and F.

We used the instantaneous adsorptive decomposition
of N,O (N,O+2Cu— N, +Cu,0) in an isothermal
flow experiment as a fast and reliable method for the
determination of the specific Cu metal surface area in a
standardized procedure [16] under moderate reaction
conditions [17]. Subsequent to each H, TPD experiment,
N,O RFC was performed in order to compare the results
obtained by both methods. In figure 3, methanol activity
recorded under steady-state reaction conditions is
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Figure 3. N,O frontal chromatography (filled squares) and H, TPD
method (open squares). Pretreatment procedure: (D) CO/He for 64h, (E)
synthesis gas for 19h, (F) CO/He for 62h and (G) synthesis gas for 0.5h.
Experimental conditions: 7 =473K, p=0.1MPa, Q =75Nmlmin~’,
Wear =0.2 8.

plotted against the specific Cu surface area determined
by N,O RFC (filled squares). The graph demonstrates
a linear correlation between methanol production and
specific Cu surface area as indicated by the linear
regression line. Corresponding results from the H,
TPD method prior to N,O RFC (open squares) are
connected by horizontal lines. After a long pretreatment
with synthesis gas (experiment E) the two methods
yielded similar specific Cu areas of about 15m’g!
based on a mean atom density of 1.47 x 10" Cu atoms
per m’>. Experiments D and F were conducted after
CO/He pretreatment for 64h and 62h, respectively,
leading to a high N,O consumption. The slight decrease
in surface area determined from trace F compared to D
was caused by sintering of the catalyst during the test
series. Accordingly, the specific Cu surface area is
higher compared with the value determined by the H,
TPD method. Experiment G was conducted subsequent
to F, followed by carrying out methanol synthesis for
0.5h. Despite the short duration of the pretreatment,
the decrease of difference in the surface area is enormous,
which clearly emphasizes the significant impact of both
pretreatments on the catalytic activity.

The dynamic behavior of the Cu/ZnO/Al,O5 system
was confirmed by a switching experiment from pretreat-
ment gas to synthesis gas at constant reaction tempera-
ture in the following way: the catalyst was treated for
0.5h with different pretreatment gases (CO/He (A), He
(B), H, (C) and CO,/He (D)) at 473 K and atmospheric
pressure. Subsequently, the initial methanol production
was measured for 0.5h at atmospheric pressure. The
results for four measurements are displayed in figure 4.
Traces A and B were obtained within the first series of
experiments while C and D were recorded with a new
loading of the same catalyst. Hence, the activity is
expressed as a normalized production rate and scaled
to the maximum normalized production rate obtained
at steady state in each series of experiments. Additional
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Figure 4. Normalized methanol production rate after pretreatment of the
Cu/ZnO/Al, 05 catalyst for 0.5h with (A) CO/He, (B) He, (C) pure H,
and (D) CO,/He subsequent to switching to synthesis gas (72% H,,
10% CO, 4% CO,, 14% He). Experimental conditions: T =473K,
p=0.1MPa, 0 =75Nmlmin~", we, =02g.

tests proved that almost no deactivation of the catalyst
was found upon carrying out both pretreatment/activity
cycles in the total run of the presented experiments.
Repetition of the pretreatment/activity cycles displayed
in figure 4 revealed the good reproducibility of the
experimental findings. The deviations in the initial
methanol activity caused by the use of different gases
are, however, significant.

After the preteatment either with He (trace B) or H,
(trace C) the steady-state activity was reached relatively
quickly, while the pretreatment with the highly reducing
CO (trace A) led to a sudden increase of the methanol
activity followed by an overshoot. After a few minutes
the activity leveled off. In the case of the CO, pretreat-
ment (trace D), the methanol production rate increased
very slowly and did not achieve steady state during the
measurement. A closer inspection of the kinetic data
for the CO, pretreatment reveals that the methanol
activity slightly decreased in the repeated experiment.
Additional switching experiments (not shown here)
confirmed a further decrease in catalytic activity.

In the case of methanol synthesis, the data acquisition
strongly depends on the state of the catalyst. In a
previous paper by Bielawa et al. [18], it was illustrated
that the temperature-programmed way of collecting
kinetic data in methanol synthesis was limited due to a
slow change of the state of the working Cu/ZnO/Al,O4
catalyst. A long-term experiment was conducted in the
following way: the specific Cu surface area was deter-
mined by N,O RFC at 300K subsequent to the H,
TPD experiment (trace D) in figure 2 (CO/He pretreat-
ment at 493K for 64h). Then, the catalyst was heated
to 473K (6 Kmin™') in order to measure the catalytic
activity under steady-state conditions. Figure 5 displays
the change in methanol activity at the beginning of the
measurement and after 20 h. Compared with the dosing
conditions applied for trace A in figure 4 (CO/He
pretreatment at 493 K for 0.5h), a longer pretreatment
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Figure 5. Methanol activity of the Cu/ZnO/Al,O5 catalyst. Pretreatment
procedure consisted of flowing CO/He for 64 h at 493 K. Experimental con-
ditions: 7 = 473K, p = 0.1 MPa, Q = 75N mlmin "', w., =0.2g.

of the catalyst with CO/He obviously led to a more
pronounced maximum in methanol formation. The
catalyst showed first no activity, presumably due to
blocking of active sites by atomic oxygen. Methanol
formation started after 10 min and maximum activity
was achieved. It took several hours to achieve steady
state. Due to this fact accumulation effects on the
catalyst can be excluded.

Further systematic series of pretreatment/activity
cycles demonstrated the influence of the different pretreat-
ment procedures on the catalytic activity. Experimental
results are shown in figure 6, where the duration of the
pretreatment was altered and different sequences of the
dosing gases were applied. The maximum initial rate of
catalytic activity was achieved by the pretreatment with
CO/He for 0.5h (trace A). The lowest increase was
obtained by flushing in pure He (trace G). The curves in
between resulted from a combined pretreatment with
both dosing gases. In the case of experiment A the catalyst
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Figure 6. Normalized methanol production rate after pretreatment of the
Cu/ZnO/Al,0; catalyst: (A) CO/He for 0.5h, (B) CO/He for 0.5 h followed
by He for 0.5h, (C) He for 0.5h followed by CO/He for 0.5h, (D) He for
0.25, CO/He for 0.5h followed by He for 0.25h, (E) He for 0.5h followed
by CO/He for 0.5h, (F) He for 0.5h, CO/He for 0.5h and He for 0.5h as
well as (G) He for 0.5h. Experimental conditions: 7 =473K,
p=0.1MPa, 0 = 75Nmlmin~", w, =02g.

was treated only with CO/He, in contrast to the subse-
quent He pretreatment (trace B). The further use of He
resulted in a lower initial activity. From the comparison
of traces B and C it can be seen that the pretreatment
gas used at first had a higher influence on the initial
methanol activity. Furthermore, the duration of the pre-
treatment had an important effect on the initial catalytic
activity. Longer pretreatment with CO resulted in a
more active catalyst, indicated by the comparison of
traces C and E. Accordingly, longer He pretreatment led
to an initially less active catalyst (trace D compared to F).

4. Discussion

The results of the presented H, TPD experiments
demonstrated that changing the pretreatment gas from
synthesis gas to CO/He significantly altered the shape
of the TPD profile. Accordingly, a strong decrease was
observed in the height of the TPD signal which revealed
two overlapping maxima after longer dosing of CO/He.
In general, the temperature of the onset (210 K) and of
the end (390 K) of the signal remained constant. In the
case of the same pretreatment gas and comparable dura-
tion of dosing (e.g., traces D and F in figure 2) similar
signals were obtained. The TPD spectra recovered
upon switching back to synthesis gas. A strong metal-
support interaction (SMSI) seems to be responsible for
the reversible changes. This phenomenon was described
by Tauster et al. [19] for a similar system, namely
metal/TiO,. The formation of different structures was
found to depend strongly on the reduction temperature
applied. A low-temperature reduction (473K) led to
highly dispersed particles, whereas high-temperature
reduction (773 K) lowers the metallic surface area
provided for H, or CO chemisorption. It was suggested
that TiO, (x <2) species migrate onto the support.
Compared with that study, surface alloying between
Cu and ZnO, is therefore expected to occur under the
highly reducing conditions applied in our present TPD
study.

Large differences in the H, uptake (e.g., trace B in
figure 1 compared with E in figure 2) can be attributed
mainly to sintering of the metallic Cu particles since no
significant shift of the peak maximum in the TPD spectra
was observed. Sintering accompanied with a loss in
catalytic activity is known to occur when severe reaction
conditions are applied [20]. Initial deactivation was
faster, as indicated by the differences in several experi-
ments (difference in the traces B and E compared with
D and F in figures 1 and 2, which were conducted after
a longer time on stream). In detailed microkinetic
studies, which were done independently in different
research groups [15,21], it was suggested that the Cu
particles of Cu/ZnO/Al,O5 catalysts investigated after
pretreatment in synthesis gas mainly exposed Cu(111).
When using the pretreatment with CO/He, the TPD
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spectrum is rather dominated by the desorption from
other crystal surfaces. In a recent reduction/oxidation
study by Sakakini et al. [22] the existence of Cu(110)
and Cu(211) faces was proposed. In summary, our
experimental observations lead to the indirect conjecture
that the alternating pretreatment induces reversible
structural changes of the catalyst, since the total
number of metallic Cu surface atoms derived from the
TPD experimens was lowered and the ratio of different
surface sites was significantly changed under severe
reducing conditions.

The TPD spectra obtained subsequent to running
methanol synthesis (traces A and B in figure 1) showed
a slight increase in the baseline towards the end of the
experiment, giving rise to a minor desorption signal
starting at a temperature of 450K. As discussed in
refs. [15,23], the presence of this signal can be attributed
to the additional desorption of H, which originates from
dissociation of water stored on the support. This
desorption signal was only observed after synthesis gas
pretreatment in contrast to the TPD experiment subse-
quent to the intensive treatment with CO/He.

The dynamic behavior of the Cu/ZnO/Al,O; catalyst
was further investigated by flow-switching experiments
with different gases. Steady-state activity measurements
with synthesis gas after pretreatment with CO/He as a
highly reducing agent revealed that the activity of the
catalyst passed through a maximum after a few minutes.
Longer pretreatment with CO/He led to a more active
state of the catalyst, whereby a quasi-stable state was
only achieved after several hours. Subsequent to the
pretreatment with H, or He no transient maximum of
methanol synthesis activity was observed. The pre-
treatment with CO,, however, led to a less active state
of the catalyst. This phenomenon can be attributed to
the oxidation of the catalyst [23]. In summary, the
higher the reduction potential of the gas applied for
pretreatment (CO > H, > He > CO,), the higher the
initial catalytic activity due to structural changes of
the catalyst.

Reversible changes of the metallic Cu particles in a
Cu/ZnO (5% Cu on ZnO) system were observed in in
situ  EXAFS experiments by Clausen and co-
workers [4,6]. By changing the oxidation potential in
the synthesis gas mixture it was found that the apparent
Cu—Cu coordination number changes, suggesting that
the small metallic Cu particles dynamically alter the
morphology (wetting/non-wetting behavior caused by
spreading of the Cu particles on the support). The
modification of the catalyst was a long persisting process,
which was shown by different durations of the pretreat-
ment (cf. figure 5). Desorption of stored methanol by
replacement with other gases was ruled out in a long-
term experiment. The regeneration of the catalyst after
flushing with CO lasted several hours. Our findings
agree well with experimental results performed with
Cu-based catalysts by Mubhler er al. [3] as well as by

Meitzner and Iglesia [24], who observed a transient
behavior of the catalyst upon switching between two
different mixtures of synthesis gas.

Subsequent to the CO/He pretreatment the measured
amount of H, in the TPD spectrum decreased signifi-
cantly (e.g., trace D in figure 1), which suggests a loss
in the specific metallic Cu surface area. This result
appears to be diametrical to the increased activity
observed after this pretreatment, since it is generally
accepted that the specific Cu surface area correlates
linearly with the methanol activity [25]. The TPD experi-
ment subsequent to the pretreatment with synthesis gas
showed a reversible increase in the uptake of H, and,
in turn, the assumed correlation between specific Cu
surface area (determined according to the H, TPD
method) and catalytic activity was restored. N,O RFC
was used as an additional method for the determination
of the specific Cu surface area. A CO/He pretreatment
led here to a higher N,O consumption, which suggests
an enlargement of the Cu surface. Longer dosing of
CO/He obviously led to morphology changes, which
inhibited the adsorption of hydrogen in the subsequent
H, TPD. The spreading of Cu in a reducing atmosphere,
as reported in the literature [4], cannot explain solely this
observation, since this would lead to a higher specific Cu
surface area and thus to a higher amount of H, deter-
mined by the H, TPD method. Jung et al. [12] provided
evidence that the catalyst could be reduced with CO, pre-
sumably leading to oxygen vacancies at the Cu/ZnO
interface as well as to reversible surface alloy formation.
Therefore, our experimental results can be explained in
agreement with the dynamic alloying model recently
proposed by the Topsge group [6] as follows: ZnO can
be reduced in the presence of Cu by CO creating
mobile ZnO, species on Cu (strong metal support
interaction), which inhibit further adsorption of H,.
This entails a smaller amount of H, obtained by the
H, TPD method. In the subsequent N,O RFC experi-
ment, surface Cu is oxidized to Cu,O as well as ZnO,
to ZnO. Therefore, after reducing conditions more
than only the metallic Cu surface of the Cu/ZnO/Al,O4
catalyst is determined by N,O RFC. Thus, the N,O
RFC is an efficient tool to characterize Cu/ZnO cata-
lysts, since it probes the highly active SMSI state.

5. Conclusions

The H, TPD, N,O RFC and flow-switching experi-
ments were found to be valuable tools to characterize
the state of a Cu/ZnO/Al,O; catalyst. A longer pretreat-
ment with CO reduced the height of the H, TPD peak
significantly, which, in turn, suggests a decrease in the
specific metallic Cu surface area. Furthermore, after
severe dosing a second maximum in the TPD profile
was identified, presumably due to the desorption from
different Cu facets.
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Alternating pretreatment of the catalyst with CO and
synthesis gas demonstrated the reversibility of the
structural changes, presumably by a change of the
morphology of the metallic Cu particles and by surface
alloying between Cu and ZnO, when severe reducing
conditions were applied. In contrast, prolonged pretreat-
ment with CO increased the amount of N,O consumed
during the RFC, indicating that N,O oxidizes both the
Cu surface layer and ZnO, species.

Steady-state kinetic measurements revealed that the
catalytic activity strongly depends on the pretreatment
gas applied: the higher the reduction potential, the
more active the catalyst, indicating the highly active
SMSI state of the Cu/ZnO/Al,O5 catalyst.
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