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Abstract

The transformation of allyl alcohol was studied over an amorphous Cu,,Zrs, alloy and, for comparison, on copper
powder in the presence of hydrogen at 448-573 K. The amorphous Cu—Zr alloy precursor can be activated to exhibit high
activity in the isomerization and hydrogenation of allyl alcohol to produce propanal and 1-propanol as major products. The
activity of the as-received alloy increases and the selectivity changes with time on stream due to the rapidly increasing
copper surface area. 1-Propanol formation is correlated with the number of Cu(0) surface sites.
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1. Introduction

Zirconium-containing bimetallic amorphous
alloys, especially Cu—Zr, have been extensively
studied as catalyst precursors in the transforma-
tion of various compounds [1,2]. In most studies
simple molecules such as CO [2-4], CO,, [4-7],
methane [8], alkenes and acetylenes [1,2] were
chosen. Exceptions are dienes [9,10] and unsatu-
rated carbonyl compounds [11]. In our early
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work in this field, 2-propanol was used to study
the structure and catalytic properties of copper-
containing alloys [12-18]. Recently the main
interest in amorphous alloy catalysis has been
the structural changes induced by activation
procedures and the chemical transformation it-
self. It can be expected, however, that the use of
more complex molecules can provide additional
information which are useful to more fully ex-
plore catalytically active surfaces.

Allyl alcohol and its substituted homologues
can undergo isomerization, hydrogenation, de-
hydrogenation and deoxygenation. This com-
plex pattern of transformations allows to gather
valuable information about catalytic systems.
Consequently, allylic alcohols are widely stud-
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ied in both homogeneous and heterogeneous
catalytic processes (see, for example, [19,20]
and [21-29], respectively). Additionally, copper
seems to be an especially suitable catalyst since
it can catalyze all possible transformations
[21,22,25,26,28].

A study of allyl alcohol, therefore, was un-
dertaken with the aim of testing the activity of
an amorphous Cu~Zr amorphous alloy as cata-
lyst. Copper powder was also studied to acquire
information of the nature of the active sites by
comparing the characteristics of the two catalyst
preparations.

2. Experimental

1 by 5 mm pieces of a Cu, Zry, ribbon
produced by the melt quenching method under
argon at a cooling wheel velocity of 6000 cm
s~! were used. Copper powder (45 wm, 99%,
Janssen) was reduced before use at 573 K for 10
min. Zirconia powder (99.99%) was an Aldrich
product. Allyl alcohol (Merck, 98%) was used
without further purification. The hydrogen used
was oxygen free prepared with a Matheson
8326 generator, operating with a palladium
membrane.

The catalytic tests were carried out in a
flow-type microreactor. The vapour of allyl al-
cohol was introduced through a saturator with

hydrogen as carrier gas (a total flow of 20 or 30
ml min~!). The reaction products were sub-
jected to GC analysis (Shimadzu 8A equipment,
thermal conductivity detector, CWAX 20M col-
umn, 343 K, flow rate of hydrogen carrier
gas =25 ml min~'). A detailed description of
the experimental setup including an automatic
sampling device is given in Ref. [30].

The Cu(0) surface area of the catalysts was
measured by N, O titration based on the reaction
of nitrous oxide with Cu(0) species. The GC
pulse method [31,32] was used (363 K, small
sample size, large excess of N,0). All surface
measurements were carried out in situ without
exposing the samples to air (see, however, Table
1). BET surfaces (multipoint method) were de-
termined using nitrogen adsorption at 77 K
(Micromeritics Gemini 2375 equipment).

Catalysts were further characterized by dif-
ferential scanning calorimetry (Perkin Elmer
DSC-2 equipment) and by X-ray diffraction
analyses (DRON-3 equipment, Cu Ka radia-
tion).

3. Results and discussion

Over the amorphous Cu-Zr alloy allyl alco-
hol yields two major products, propanal and
1-propanol (Fig. 1). Minor amounts of propene
and, occasionally, acrolein were also detected.
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Fig. 1. Changes in the selectivity and copper surface area of Cu~Zr in the transformation of allyl alcohol (catalytic measurement was carried
out on 3.4 mg of catalyst; Cu(0) surface areas were measured with a 150-mg sample; reaction temperature: 573 K; flow rate: 20 ml min~ )
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Fig. 2. Changes in catalytic activity and propanal yield in the transformation of allyl alcohol on an amorphous Cu-Zr alloy sample at
different temperatures (200 mg catalyst; conversion = yield of propanal + yield of propanol; flow rate: 30 ml min~!).

The as-received Cu—Zr alloy exhibited the usual
behaviour observed earlier in the dehydrogena-
tion of 2-propanol [12-14]. This includes the
continuous in situ activation manifested in in-
creasing conversion on time on stream and the
concomitant marked increase of copper surface
area (Fig. 1). In addition, during the transforma-
tion of allyl alcohol the selectivity of the two
products also changed. The rate of in situ cata-
lyst activation and selectivities strongly depend
on temperature and catalyst quantity (Fig. 2 and
Fig. 3). At 498 K, for example, on a large
amount of catalyst (200 mg) selective formation
of 1-propanol takes place after about two hours
on stream (Fig. 2). On the other hand, selective

formation of propanal can be achieved on a
smaller amount of catalyst (50 mg) at 473 K in
the initial period of a 25-h catalytic test (Fig. 3).

Activity data determined over Cu-Zr and, for
comparison, on Cu powder are given in Fig. 4.
After an initial transient period observed on
Cu-Zr, both catalysts exhibit similar activities
and a slight deactivation.

By searching for possibilities to reactivate the
spent catalysts oxidation—reduction treatments
were found to be effective. In a systematic
study significant increases in activity of Cu—Zr
after successive treatments (oxidation at reac-
tion temperature for 1 h followed by a 5-min
reduction at 573 K) were observed (Fig. 5). The
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Fig. 3. Changes in catalytic activity, product yields and copper surface area in the transformation of ally! alcohol on an amorphous Cu—Zr
alloy sample (50 mg catalyst, reaction temperature: 473 K; flow rate: 30 ml min™').
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Fig. 4. Changes in catalytic activities in the transformation of allyl alcohol (catalyst quantities are 3.4 mg for Cu—~Zr and 20 mg for Cu both
corresponding to about 50 cm? Cu(0) surface; reaction temperature: 573 K; flow rate: 20 ml min~').
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Fig. 5. Changes in the activity and selectivity of Cu~Zr in the transformation of allyl alcohol at 473 K as a result of oxidative and reductive
treatments (5 mg catalyst, air oxidation at 573 K for 1 h followed by reduction at 573 K for 5 min. Activities were determined at 5
min-on-stream; flow rate: 20 ml min™!).
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Fig. 6. Reaction rates as a function of copper surface area {Cu: fresh catalyst samples with weights corresponding to the Cu(0) values

indicated were used to determine each experimental point; Cu~Zr: data were calculated from experimental data in Fig. 1. Reaction
temperature: 573 K; flow rate: 20 ml min™ .
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Fig. 7. Selectivities as a function of conversion (reaction tempera-
ture: 573 K). Cu (shaded symbols and broken lines): initial
selectivities determined over 1.3, 2.2, 20.0, 98.0 and 220.0 mg Cu
powder; Cu-Zr (open symbols and solid lines): data from Fig. 3.
Squares: propanal, circles: 1-propanol.

changes in activity and selectivity (increasing
catalytic activity and decreasing propanal selec-
tivity) and in surface area (increasing concentra-
tion of surface Cu(0)) are very similar to those
occurring during in situ activation. In other
words the formation of the catalytically active
surface could also be achieved by oxidation-re-
duction sequences.

When catalytic activities are plotted against
copper surface areas a marked increase is ob-
served in the low surface area region on Cu
powder (Fig. 6). (The shape of the curve may be
due to some poisoning effect caused by prod-
ucts formed in the condensation of propanal and
the oligomerization of acrolein.) This is due to
the high feeding rate relative to the number of
available surface active sites. This change is

even more pronounced on Cu-Zr. The differ-
ence in the behaviour of the two catalysts may
be attributed to the presence of different types
of active sites in the early stages of the transfor-
mation on Cu~Zr. Saturation type curves are
observed at higher surface areas with slight
changes in activities at very high surfaces. Dif-
fusion control with almost complete conversion
is characteristic in this region. The two catalysts
exhibit similar activities which is indicative of
the involvement of similar active sites.

Selectivities determined on the two catalysts
are plotted against conversion in Fig. 7. When
selectivities at identical conversion are com-
pared the two catalyst samples show very simi-
lar behaviour.

It is known from earlier studies that amor-
phous Cu-Zr alloys undergo substantial struc-
tural changes when applied in catalytic transfor-
mations. It was shown that hydrogen plays a
crucial role in such in situ activations
[1,2,10,14,15,33,34]. By penetrating into the
bulk hydrogen brings about copper segregation
to the surface, changes in surface morphology,
and eventually bulk crystallization.

Similar observations were made in the pre-
sent study. Fig. 8 displays the changes in the
Cu(0) surface area as a function of time-on-
stream at various temperatures. On the basis of
these data it is not surprising to observe the
changes in activity and selectivity in the trans-
formation of allyl alcohol over the Cu—Zr sam-
ples. The marked increase in overall activity in
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Fig. 8. Changes in Cu(0) surface areas as a function of time-on-stream at various temperatures.
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Fig. 9. XRD diffractograms of Cu-~Zr samples; (A) after 2.5 h
reaction, (B) after 24 h reaction; reaction temperature: 573 K;
flow rate: 20 ml min~!; sample size: 1 g. V: Cu, O: Z1O,.

the early stages of the reaction (first few hours
at 573 K) is attributed to the rapidly developing
new copper surface.

The results of structural characterization pro-
vide additional information on the transforma-
tion of the amorphous precursor into an active
catalyst. X-Ray diffractograms (Fig. 9) show the
partial crystallization and oxidation of the sam-
ples (appearance of peaks attributed to metallic
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copper and ZrO,). It is also seen, however, that
amorphous phase (a broad band centred at about
40°) is still present after 24-h reaction, although
in a diminishing amount. The corresponding
DSC curves (Fig. 10), interestingly, do not show
the presence of the amorphous structure (the
exothermic peaks seen in the scan of as-re-
ceived alloy). Instead, the used samples exhibit
a broad endothermic peak which can be due to
solid state transformations.

These data clearly show that the alloy is still
in the transient state after 24 h-on-stream, i.e.,
the generation of the active surface still contin-
ues afterwards. In fact, further increases in Cu(0)
surface areas were detected even after pro-
longed reactions (Table 1). BET surface areas
of the samples show a trend similar to that
observed for the changes in Cu(0) surface area,
although BET surfaces are always higher. It is
also seen that oxidative—reductive treatments
can induce similar structural changes as in situ
activation under reaction conditions. The spec-
tacularly high BET surface of the oxidized sam-
ple resulting from the accelerated formation of
zirconia is especially noteworthy (Table 1).
Note, however, that neither the Cu(0) value nor
the corresponding catalytic activity (Fig. 5) is
exceptional, indicating that oxidation itself is

Arbitrary unit
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B: after 24 h reaction
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Fig. 10. DSC scans of Cu—Zr samples; (A) and (B) same as in Fig. 9, (C) after 2 oxidations and reductions; for reaction conditions see Fig.

5. Sample size: 5 mg, heating rate: 20 K min~ !,
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Table |
Results of surface area measurements of Cu—Zr alloy after various
pretreatments (573 K, 20 ml min~' flow rate)

Reaction time BET surface area  Cu(0) surface area

(m? g—l) (m?2 g~|)a
25h 0.48° 027°
24 h 1.62° 047%/2.77°¢
48 h nd 3.04°¢
96 h nd 3.55°¢
2 sequences of 10.27° 1.15°¢

oxidation + reduction ¢

* After exposed to air samples were reduced with flowing hydro-
gen (20 mt min™') at 573 K for 0.5 h before measurement.

" A sample of | g was used.

A sample of 50 mg was used.

¢ For reaction conditions see Fig. 5.

nd: not determined.

not effective to increase the surface concentra-
tion of copper. The amorphous precursor even-
tually is transformed into an active catalyst
containing reduced copper as the active site
embedded into a zirconia matrix. It is very
important to point out, however, that zirconia
itself did not exhibit any catalytic activity under
the experimental conditions used (573 K, 20 ml
min~' flow rate).

The possible reaction routes to transform al-
lyl alcohol to propanal and 1-propanol (Scheme
1) indicate a complicated reaction scheme. It is
known that copper is able to catalyze the forma-
tion of propanal (a net isomerization process)
via a hydrogen transfer from allyl alcohol to
acrolein formed initially in a small amount [21].
Direct hydrogenation of acrolein is also possi-
ble. This was observed to be the case over clean
and oxygen-covered Cu(110) [25] and on
Cu,0(100) [27]. Allyl alcohol was also shown
to react with the former surfaces to yield 1-pro-
panol [25]. A direct hydrogenation was sug-
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gested facilitated by the hydroxyl group by
tethering the carbon—carbon double bond to the
surface.

In our system the continuously increasing
activity in 1-propanol formation is correlated
with surface Cu(0) atoms formed during the in
situ activation of the Cu-Zr alloy. The maxi-
mum curve for propanal formation, on the other
hand, may indicate that oxidized copper species
are also involved in isomerization. Since the
generation of Cu(0) sites were shown to require
long reaction time, in the initial stages of the
transformation propanal may be formed on such
sites.

The two catalysts exhibit very similar changes
in selectivity at high conversion (Fig. 7) which
can be indicative of a change in the relative
contribution of the different reaction routes to
1-propanol formation. Direct hydrogenation of
the starting allyl alcohol and that of propanal
intermediate may accelerate substantially with
increasing conversion, which, in turn, is brought
about by the high number of surface active
sites. All these changes are due to the rapidly
increasing number of Cu(0) sites available for
hydrogen addition (Cu—Zr) or the large quantity
of catalyst used to achieve high conversion (Cu
powder).
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Scheme 1. Possible reaction routes in the transformation of allyl alcohol to 1-propanol.
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