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Selective dehydrogenation of isopropanol, (-Hz), has been utilised over unsupported powdered 
samples of high purity Cu”O, Cu@, and C&metal in efforts to clarify the relative importance of 
these three valence states in the catalysis of hydrogen-handling reactions by copper catalysts. 
Comparisons are made of high exposure activity profiles, delineating the approach to pseudo- 
stationary-state levels of conversion to acetone, attained from CuO, CuzO, and Cu-metal starting 
materials under a continuous flow of isopropanol vapour at temperatures from 423 to 523 K. 
Highest activity and lowest lead-in time to attainment of the “working state” was observed with a 
physical mixture of CuO with prereduced Cu-metal. “Initial state” activities are compared using 
low exposure activity profiles, obtained by admission and detailed product analysis for each of a 
series of micropulses of isopropanol at 473 K. These low exposure activity profiles for CuO, CuzO, 
and &-metal, and their modification by mild surface prereduction, confirmed that significant on- 
going (-Hz) activity only developed when “oxidised” and metallic copper locations were present 
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INTRODUCTION 

The activity and selectivity of some cop- 
per-containing solids (1-4) and enzymes 
(5) as catalysts for hydrogenation (+H2) 
and dehydrogenation (-HZ) processes at 
moderate temperatures is well established. 
The copper-containing solids employed in 
industry for the heterogeneous catalysis of 
gas-phase hydrogenations, such as metha- 
nol synthesis by hydrogenation of carbon 
oxides, commonly feature one or more host 
oxides, e.g., Cu/ZnO or Cu/ZnO/A120j. 
However, in respect of these rather com- 
plex catalysts considerable disagreement 
has developed in the literature on the fol- 
lowing central points: (i) the valence 
state(s) of copper in the sites possessing the 
requisite activity and selectivity for (+H2) 
and/or (-Hz); (ii) the extent to which the 
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oxide support plays a direct or indirect role 
in the functioning of the catalyst. The broad 
range of current disagreement may be ap- 
preciated from the following contrasting 
views: those of research groups at ICI (6, 
7), who argue for a central role of metallic 
Cue sites in activating hydrogen, plus a role 
of oxidised surface in adsorption and acti- 
vation of carbon dioxide; and those of Klier 
and co-workers (&,b), who have argued 
for a central role of Cu+ ions, dispersed in 
the zinc oxide phase, in the adsorption and 
activation of carbon monoxide. 

Our intention in undertaking the work re- 
ported here and in subsequent papers (9) 
was to concentrate attention upon point (i) 
above, by making detailed comparisons of 
the relative activities of powered samples 
of high purity Cu”0, CL&O, or Cue-metal for 
the catalysis of model (+ Hz) and ( -H2) pro- 
cesses at moderate temperatures. Results 
reported here concerning isopropanol de- 
hydrogenation (-Hz) over unsupported 
CuO, CuzO, and Cu-metal will be followed 
by studies on acetone hydrogenation over 
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TABLE 1 

Ratios between Yields of Various Products 
Measured at Indicated Pulse Numbers during Low 

Exposure Activity Profiles for Isopropanol 
Dehydrogenation over CuO, Cu20, and Cu Metal 

at 473 K 

4 C&metal 
(0. I6 m* 9-l) 

IO (0.16 mz g-0 
I5 (0. I6 m* g-l) 
I8 (0.16 m* g-‘) 

5 cu20 
(0.2 m* g-‘) 

I5 (0.2 m* g-l) 
30 (0.2 m2 g-l) 
60 (0.2 mz g-l) 
80 (0.2 m* g-l) 

I10 cue 
(1.2 m2 g-l) 

160 (I.2 m? g-l) 
210 (I.2 m2 g-l) 
260 (I.2 m2 g-‘) 

1.08 1.08 

0.99 
0.94 
0.92 

0.31 0.44 

0.24 0.30 

0.20 0.27 
0.22 0.30 

0.24 0.30 

0.30 0.40 

0.32 0.45 

0.35 0.48 

0.36 0.49 

0.99 
0.95 

- 0.93 

0.70 I .Ol 

I).79 I .03 
0.77 0.97 
0.73 0.95 
0.80 1.04 

0.76 I 06 

0.73 I .05 
0.72 1.06 
0.74 I.11 

the same materials (9). The somewhat un- 
conventional use of the pure powdered ma- 
terials, without any foreign support oxide, 
is an integral part of the strategy, since 
point (ii) should thereby be avoided. Avoid- 
ance of the complications which could at- 
tach to the presence of ZnO as another ox- 
idic support seemed particularly desirable 
in view of our choice of the interconver- 
sions 

(CH&CHOH - (-H?! (CH&CO 
(+Hz) 

as model reactions for testing catalytic ac- 
tivity. Thus our published survey of the ac- 
tivities of the oxides of 3d-transition metals 
towards isopropanol vapour at 473 K (10) 
had demonstrated that, whereas CuO was 
highly active and 99% selective for dehy- 
drogenation, ZnO was much less active and 
selective. In common with many other 
workers (I I) we found ZnO to exhibit sig- 
nificant undesirable dehydration activity at 
473 K. However, the subsequent literature 
contains an interesting and relevant report 
(12) that deposition of Cue in monolayer 

amount onto the (IOiO) face of a single crys- 
tal of zinc oxide eliminated the dehydration 
activity, thus leaving the surface selective 
for alcohol dehydrogenation. 

EXPERIMENTAL 

Gas chromatographic procedures. De- 
tails have been given elsewhere (10) of ap- 
propriate flow paths of reactant(s) through 
the microcatalytic reactor, gas-sampling 
valve and gas chromatograph (Pye 104) for 
measurements of conversion in the continu- 
ous reactant flow (c.r.f.) mode and in the 
pulsed reactant flow (p.r.f.) mode. Activity 
profiles obtained in these two modes are 
denoted, respectively, as high exposure ac- 
tivity profiles (h.e.a.p.) and low exposure 
activity profiles (1.e.a.p.). 

Materials. Powdered samples of high pu- 
rity (+99.99%) copper metal, cuprous oxide 
and cupric oxide (spectroscopically pure 
materials from Spex Industries), served as 
starting materials. Surface areas and other 
data are summarised in Table 1. Prior to use 
they were subjected, in situ in the quartz 
microcatalytic reactor, to various pretreat- 
ments (see below), some of which were se- 
lected to be analogous to those of published 
XPS and XAES studies on these materials 
which had been shown to yield clean sur- 
faces dominated respectively by Cu”, Cut, 
or Cu” (13). ‘ ‘Analar” grade isopropanol 
(i.p.> was introduced as the pure deoxygen- 
ated liquid into saturators packed with de- 
oxygenated Molecular Sieve (Linde 3A) 
and maintained at constant temperature. 
These served to supply the pure vapour at 
constant pressure into the flow of carrier 
gas prior to entry into the microcatalytic 
reactor. 

Pretreatment. Temperatures during vari- 
ous pretreatments are indicated in the text 
or on the legends. In view of the known 
ease of oxidation of copper metal (14, 15), 
pretreatments (except preoxidation) were 
made with flowing gases in which oxygen 
content had been diminished to low levels. 
Thus prereductions were made with chemi- 
cally pure HZ, or 3% H2 in N?, which were 
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additionally purified by flowing over copper 
turnings at 573 K and subsequent drying. 
Sample-outgassings aimed at removal of 
water or other adsorbed impurities were 
made in argon with especially low levels of 
oxygen impurity (BOC “zero-grade”), 
since other workers had reported that main- 
taining clean copper surface for 7 h at 1173 
K in a flow of C.P. argon had resulted in a 
surface layer of CuzO (14). Argon with es- 
pecially low residual O2 was likewise uti- 
lised as carrier-gas for experiments involv- 
ing copper metal. Despite these precautions 
to minimise oxygen impurity levels, it is 
only realistic to recognise that surfaces of 
copper metal samples thus pretreated were 
unlikely to be completely oxygen-free, 
since even 1 ppm of residual oxygen would 
add up to an exposure of 2.7 Torr during a 
l-h continuous flow. For pretreatment of 
CuO or Cu20 samples, which already pos- 
sessed a high content of lattice oxygen, 
C.P. grade argon, Hz or 3% H2 in N2 were 
used “as received.” 

RESULTS 

A. Projiles en Route to 
Pseudo-Stationary-State (p.s.s.) 
Activity in Continuous Flow Conditions 

Cu”0. Gravimetric measurements of 
weight loss from the CuO material on a vac- 
uum microbalance demonstrated progres- 
sively more severe loss of lattice oxygen 
when maintained in vacua for 1 h at temper- 
atures of 423-590 K. The weight loss after 
heating for 1 h at 423 K was equivalent to a 
fraction of a monolayer, whereas that after 
590 K was equivalent to several mono- 
layers. Comparable levels of deoxygen- 
ation were to be expected upon heating 
CuO to these temperatures in a flow of C.P. 
argon, and the (-Hz) activity of CuO to- 
wards i.p. vapour was first examined in 
conditions where the rate of deoxygenation 
of CuO in the argon flow itself would be 
minimal, i.e., at 423 K. The data on plot (i) 
of Fig. 1, which were obtained at 423 K 
over a CuO sample previously well ox- 
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flow time Imin) 
120 

FIG. 1. Data illustrating marked difference between: 
(i) insignificant growth of (-Hz) activity towards iso- 
propanol vapour at 423 K over well preoxidised cupric 
oxide surfaces (open circles, data obtained after pre- 
oxidation in flow of O2 for 13 h at 673 K); and (ii) rapid 
growth in (-Hz) activity over deoxygenated CuO sur- 
faces (obtained by 13 h in flow of pure argon at 673 K) 
under similar flow conditions (filled circles). 

idised for 13 h in O2 at 673 K, demonstrate 
that no significant activity for conversion to 
acetone developed during 2 h contact with 
isopropanol flow at 423 K for CuO under 
those conditions. However, the data on 
plot (ii) of Fig. 1, which were obtained sub- 
sequent to some deoxygenation of the CuO 
sample by maintaining it for 13 h in a flow of 
argon at 673 K, demonstrate a rapidly rising 
activity profile at 423 K for the CuO sample 
thus prereduced. A marked shortening of 
the induction period (required prior to rapid 
growth of (-Hz) activity over well-preox- 
idised CuO) was apparent (IO) when the re- 
action temperature in the i.p. flow was 473 
K. 

Photoemission (XPS) results presented 
elsewhere in full (13) provided direct evi- 
dence for enhanced surface reduction of the 
CuO powder when heated above 250 K in 
the presence of adsorbed alcohol. Powder 
X-ray diffraction (XRD) measurements 
were made in the present study on the CuO 
before, and after long (40 h), exposure to a 
flow of i.p. vapour at 473 K, or to argon at 
673 K. The starting material gave only XRD 
lines characteristic of the CuO lattice, 
whereas lines characteristic of copper 
metal dominated the XRD pattern after the 
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FIG. 2. Illustrations of the effect of sample reduction in Hz at 423 K upon h.e.a.p. plots of the 
dehydrogenation activity of cuprous oxide at 473 K. (A) (i) Sample only flushed in argon flow at 423 K 
for 13 h; (ii) as for (i) but prereduced by Hz at 423 K for 1 h. (B) Sample as used in A (i), but 
subsequently kept in argon 16 h at 300 K and then reduced by H2 at 423 K for 1 h. 

indicated pretreatments. High probability 
for the development of small metal particles 
upon CuO during reduction at 473 K could 
be inferred from these observations (cf. 
Ref. (13) and Section B below). It seemed 
probable that such copper metal product 
upon CuO contributed to the rapidly rising 
activity profiles and to the initial plateau 
reached in the p.s.s. (-Hz) activity of 
[(CHWHOH + Ar]&CuOe, interfaces at 
473 K (10). 

C&O. Just as the foregoing results for 
CuO provided evidence for an important 
role of prereduction of the oxide for the de- 
velopment of significant on-going (-Hz) ac- 
tivity, so also were surface-redox effects 
found in the (-Hz) activity of cuprous ox- 
ide. Thus Fig. 2A compares a (-Hz) activ- 
ity profile at 473 K for a sample of CuzO 
when it had been flushed only in argon for 
13 h at 423 K (lower plot) with another 
h.e.a.p. taken when the sample had been 
prereduced in a flow of H2 for 1 h at 423 K 
(upper plot). Both plots show an initial 
growth of the conversion to acetone leading 
to a maximum value after ca. 50 min con- 
tact with i.p. at 473 K, followed by subse- 
quent decline to a lower p.s.s. level. The 
maximum conversion attained over the pre- 
reduced sample was almost double that 
over the argon-treated sample, but this dif- 
ference was not maintained. Rather, the 
(-Hz) activity over (CH3)2CHOH/Cu20 in- 
terfaces declined to low p.s.s. levels. This 

marked difference from much higher p.s.s. 
activity at (CH&CHOH/CuO interfaces 
could be understood on the basis of reports 
of greater resistance of CuzO than CuO to 
reduction by alcohol vapour (13) or argon 
bombardment (24). Data in Fig. 2B demon- 
strate, however, that a temporary enhance- 
ment of (-Hz) activity could again be 
achieved after the p.s.s. condition, by 
switching to a flow of argon and again pre- 
reducing the sample in HZ at 423 K for 1 h. 
The subsequent profile of (-Hz) activity 
shown in Fig. 2B show that the initial en- 
hancement achieved by this second reduc- 
ing treatment in H2 was greater than the 
first and that subsequent decline in this 
(-HZ) activity in the flow of i.p. vapour at 
473 K was more abrupt. These results show 
that initial (-Hz) activity achieved by prior 
HZ reduction of CuzO surfaces was rapidly 
deactivated in a flow of i.p. vapour. 

Cue metal. Profiles featuring a steep de- 
cline in (-Hz) activity from an initially high 
value were likewise obtained in a flow of 
i.p. vapour for samples of powdered copper 
metal which had been carefully prereduced 
in situ in prepurified Hz and then main- 
tained in a flow of high purity argon before 
admixing i.p. vapour therein. For example, 
the bottom plot of Fig. 3A corresponds to a 
h.e.a.p. plot obtained for a copper metal 
powder sample which had been prereduced 
overnight in prepurified H2 at 573 K, and 
then cooled to 463 K in argon before a con- 
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FIG. 3. High exposure activity profiles for dehydrogenation of isopropanol to acetone, measured at 
473 or 423 K over high-purity powdered copper metal. (A) H.e.a.p. over samples: (i) prereduced in Hz 
at 573 K for 14 h; (ii) as in (i) but preoxidised in a flow of O2 at 473 K for 2 h; (iii) as for (i) followed by 
reoxidation in Or at 673 K for 11 h. (B) H.e.a.p. plots at reaction temperatures 423 K (plot (i)) and 523 
K (plot (ii)) after prereduction 16 h in H2 flow at 573 K. (C) Dependence of level of pseudo-steady-state 
activity at 473 K over a prereduced sample upon partial pressure of gaseous oxygen admixed with 
isopropanol reactant after attainment of p.s.s. 

tinuous flow of i.p. was established. Al- 
though a 23% conversion was first mea- 
sured on the exit gases after an alcohol 
exposure of ca. 144,000 Torr s, the (-H,) 
activity declined to an insignificant level 
after 5 h on-stream in i.p. vapour at 473 K. 
Furthermore, it could be concluded from 
similar h.e.a.p. plots obtained at reaction 
temperatures of 423 and 523 K (c.f. plots (i) 
and (ii) of Fig. 3B) that the (-Hz) activities 
of metallic copper samples, which had re- 
ceived comparable prereductions: (a) were 

initially greatest for reaction temperature 
523 K and least for 423 K (when compared 
at equal net exposure to i.p. vapour), and 
(b) declined at each temperature with in- 
creasing alcohol exposure, thereby estab- 
lishing the deactivation of copper metal in 
i.p. vapour across this temperature range. 

Plots (ii) and (iii) of Fig. 3A facilitate 
comparison of the (-HZ) activity profiles at 
473 K of reoxidised copper metal surfaces 
with that for the carefully prereduced cop- 
per metal sample at the same temperature. 
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The central h.e.a.p. (plot (ii) of Fig. 3A) 
was obtained with a copper metal powder 
whose surface had been mildly preoxidised 
after an earlier reduction. Comparison with 
plot (i) for the prereduced sample makes it 
clear that preoxidation enhanced the (-H2) 
activity and capacity of the copper metal 
powder. This trend is further confirmed by 
plot (iii), the topmost h.e.a.p. plot of Fig. 
3A. This was obtained with a sample of 
copper metal powder which had been more 
strongly preoxidised (in a flow of 02 for 11 h 
at 673 K) before contact with deoxygenated 
i.p. vapour at 473 K. Other workers had 
reported (15) that oxidation of copper metal 
surfaces to cupric oxide could occur in 
those conditions. Thus it appeared possible 
that the enhancing effect of prior reoxida- 
tion of the copper metal powder could have 
its origins in the development of a sample in 
which Cue and CuO coexisted. 

An experiment was carried out to exam- 
ine the possibility that the rapid decline in 
(-Hz) activity of the carefully prereduced 
copper metal powder, when maintained in 
the flow of i.p. vapour (cf. plot (i) of Fig. 
3A), could have arisen from the reducing 
effect of i.p. vapour and from the resultant 
removal of essential “oxidised” surface lo- 
cations which had developed during the ex- 
posure to argon flow at 473 K. The experi- 
ment was based on the argument that, if 
such were the case, subsequent introduc- 
tion of oxygen at partial pressures similar to 
those of the i.p. vapour should partially re- 
verse the reducing action of the alcohol and 
so restore (-Hz) activity by generating ox- 
idised surface locations. Positive results of 
this experiment are summarised in Fig. 3B 
which shows the level to which p.s.s. (-Hz) 
activity was restored whenever the indi- 
cated partial pressures of oxygen were ad- 
mixed with i.p. vapour over a copper- 
metal sample which had first been taken 
through an activity decline of the type in 
plot (i) of Fig. 3A. 

A working hypothesis consistent with the 
foregoing results was that high on-going 
(-Hz) activity required the simultaneous 

presence of exposed Cue-metal locations 
and “oxidised-copper” locations. A further 
experimental test of this hypothesis was to 
check whether or not some admixture of 
metallic copper powder as a “physical mix- 
ture” into Cu’iO would have the effects of 
promoting (-Hz) activity and diminishing 
the period of initial growth which charac- 
terised CuO alone. For a meaningful test, it 
was arranged that the aliquot of copper 
metal intended for use in the physical mix- 
ture should first have had its surfaces ade- 
quately prereduced by hydrogen in situ in 
the reactor in the absence of CuO lest hy- 
drogen-spillover from the metal to the ox- 
ide occur during prereduction.3 Following 
in situ admixture with CuO in an argon 
flow, and agitation to promote physical 
mixing, the system was heated to 473 K in 
argon for 2 h. Within 5 min of establishing a 
flow of i.p. reactant at 473 K, the first sam- 
ple of exit gas was withdrawn for analysis. 
The observed conversion to acetone was 
96.5%. This high level of conversion expe- 
rienced only a minor decline to 81% whilst 
12 samples were taken over a period of 5 h 
on-stream. These results demonstrated that 
the physical mixture of metallic Cue and 
Cu”0 exhibited a h.e.a.p. plot for (-Hz) 
which was markedly enhanced relative to 
that for either Cue metal alone or Cui’O 
sample alone. In view of this evidence for 
synergisms between different valence 
states of copper in the “working state,” 
and of consequent difficulties in distin- 
guishing their individual contributions to 
steady-state (-Hz) activity, “initial” activi- 
ties of surfaces strongly dominated by 
CuzO, CuO, or Cu-metal were also studied. 

Initial Valence States on CuO, CuzO, and 
GO-Metal Surfaces and Their Activities 
in Isopropanol Dehydrogenation 

Identification of the copper valence 
state(s) present in surface regions of appro- 
priately pretreated samples of the pow- 

3 Nore added in proof. Temperature programmed 
reduction upon physical mixtures of CuO and CuO 
yielded evidence of hydrogen spillover. 
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FIG. 4. X-Ray photoelectron spectra (XPS) and X- 
ray-induced Auger electron spectra (XAES): (A) 
Room-temperature XPS spectra measured in the Cu 
2p312 energy region under UHV conditions from pow- 
dered samples of high purity: (i) copper metal, Cue, 
after prereduction in oxygen-free Hz at 575 K; (ii) cu- 
pric oxide, CunO, after oxidation in O2 at 675 K and 
subsequent evacuation at 425 K; (iii) cuprous oxide, 
C&O after heating to 423 K in UHV. (B) Room-tem- 
perature XAES spectra from powdered copper and its 
oxides obtained from samples treated as per (i), (ii), 
and (iii) above. 

dered CuO, Cu20, and Cu-metal materials 
before exposure to isopropanol vapour was 
achieved by a combination of XPS and 
XAES (cf. Fig. 4). Information on the initial 
activity of samples in those well-defined 
states was then sought through admission 
of isopropanol vapour as a sequence of mi- 
cropulses (cf. the low exposure activity 
profiles in Figs. 5, 6, and 7). The XPS and 
XAES results in Figs. 4A and B serve to 
establish the following features for surface 
regions of samples pretreated in the manner 
indicated on the legends of those figures: (i) 
that surfaces were effectively free of car- 
bon or other impurities; (ii) that Cuti 
strongly predominated in the surface region 
of CuO (witness in Fig. 4A not only the 
existence of the shake-up satellite (at 940- 
945 V) uniquely characteristic of the Cu” 
valence state, but also an appropriate ratio 
of its intensity to that of the main 2~~12 XPS 
peak at 933.6 V); (iii) that Cu’ was the pre- 
dominant valence state in the surface re- 

gions of CuZO (witness the absence of any 
significant shake-up satellite in the XPS fea- 
tures in Fig. 4A, whereas the XAES fea- 
tures from this sample, as shown in Fig. 4B, 
shows a feature at 916.5 V characteristic of 
Cu’, and furthermore, the fact that there 
was no indication of the significant XAES 
feature expected at 918.4 V, if Cue existed 
as metallic copper in significant amount in 
surface regions of the CuO or Cu20 sam- 
ple); (iv) that features in the XAES spectra 
of copper metal powder correspond well to 
those reported by other workers (14, 15). 
Analogous pretreatments were then given 
to samples of the same CuO, Cu20, and Cu- 
metal materials, now located in the quartz 
microcatalytic reactor. Measurement of 
their ability to dehydrogenate isopropanol 
in the p.r.f. mode yielded the results shown 
in Figs. 5,6, and 7. These represent 1.e.a.p. 
obtained by plotting the extent of non- 
steady-state conversion to acetone, as eval- 
uated for each of a series of pulses of i.p. 
delivered to the initially Cu’iO, Cu:O, or 
Cue-dominated surfaces. 

CuO. Plot a of Fig. 5 demonstrates that 
significant conversion to acetone only be- 
came detectable over the Cut10 samples af- 

Pulse Number 

FIG. 5. Low exposure activity profiles for isopro- 
panol dehydrogenation measured in the pulsed mode 
at 475 K over cupric oxide, CuO, pretreated in analo- 
gous manner to Fig. 4A (ii), viz: (a) preoxidised in O2 
+ Ar (1: 1) for 1 h, at 773 K and flushed just 5 min in 
argon at 473 K; (b) preoxidised in O2 + Ar (1 : 1) for 3 h 
at 673 K and flushed 0.5 h at 473 K in argon; (C) 
preoxidised in 02 + Ar (I: 1) for 19 h and flushed 3 h in 
argon at 473 K. 



ISOPROPANOL DEHYDROGENATION OVER Cu AND Cu OXIDES 167 

80 . 

.-‘-“,, . 
60. .” 

x ‘65 
L40- 

. / 

L 
x 

$20. / 

2” 

10 20 30 40 50 
Pulse Number 

FIG. 6. L.e.a.p. for (-HZ) at 473 K over copper 
metal prereduced at 723 K in a flow of “oxygen-free” 
3% H2 in N2 for 16 h and flushed 0.5 h in argon at 473 
K. 

ter the passage of at least 60 pulses. This 
result confirms that activity for dehydro- 
genation of isopropanol, (-Hz), was not an 
intrinsic property of surfaces predominated 
by CVO. It is also clear from Fig. 5 that 
(-Hz) activity did eventually develop for 
the preoxidised surface at high pulse num- 
bers (cf. plot a). Plots b and c of Fig. 5 show 
activity developing at lower pulse numbers 
if the sample surfaces were pretreated in a 
manner which, according to results de- 
scribed earlier, would have caused some 
deoxygenation of the surface. In our view 
these observed up-turns in activity signify 
the beginnings of a move away from the 
initially well-defined Cu”O surface condi- 
tion towards a “working” surface featuring 
a mixture of valence states of copper. 

Cue metal. Figure 6 illustrates the type of 
1.e.a.p. plot obtained by the p.r.f. proce- 
dure upon passing a train of pulses of i.p. at 
473 K over a prereduced sample of finely 
divided copper metal powder with a quoted 
purity of 99.999%. The rather low conver- 
sions shown to result from contact of the 
first pulses with metallic copper powder, af- 
ter pretreatments designed to yield minimal 
oxygen content in its surface, indicated 
rather low initial conversion (ca. 3%) to ac- 
etone over surfaces dominated by Cue at 
473 K. Neither the origin of the surprisingly 
low initial activity of the copper metal sam- 

ple, nor the reasons for the steep rise in 
activity at higher pulse numbers are imme- 
diately apparent from the data in Fig. 6. 
Significantly, however, 1.e.a.p. plots with a 
gradual build-up in activity of the type 
shown were only obtained when the indi- 
cated precautions were taken to minimise 
possibilities for residual oxygen content 
within, or on the surfaces of, the copper 
metal powder. With less rigorous deoxy- 
genation the number of pulses required for 
attainment of high conversion was dimin- 
ished. Thus the pattern of our 1.e.a.p. ob- 
servations, showing greater ease of devel- 
opment of (-Hz) activity for less rigorous 
deoxygenation of the copper metal sample, 
was qualitatively similar to that for our 
h.e.a.p. observations (cf. Fig. 3). 

CuzO. In Fig. 7 the 1.e.a.p. plot represen- 
tative of CuzO, pretreated so as to yield a 
surface strongly predominated by Cu:O, is 
labelled a. Although this shows some in- 
crease in (-Hz) activity at pulse numbers 
8-20, the maximum conversion reached 
was only 1.6%, and these results point to 
low initial (-Hz) activity of Cu:O. At higher 
pulse numbers conversion declined in a 
manner qualitatively similar to h.e.a.p. ob- 
servations upon the (-Hz) activity (cf. Fig. 
2). Plots b and c of Fig. 7, which were ob- 

Pulse Number 

FIG. 7. L.e.a.p. for isopropanol dehydrogenation 
measured in the pulsed mode at 475 K over cuprous 
oxide pretreated in analogous manner to Fig. 4A (iii) 
above, viz: (a) flushed 3 h in pure argon at 423 K; (b) as 
for (a) but prereduced in Hz at 423 K for 1 h and 
flushed 10 min at 423 K in argon; (c) as for (b) but 
prereduced for 3 h at 423 K in Hz. 
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tained with Cu20 whose surfaces had been 
prereduced in H2 prior to admitting the first 
pulse of i.p. vapour, show that the maxi- 
mum conversion reached in the “spike” of 
(-Hz) activity at pulse numbers 35 + 15 
was much enhanced by such prereduction 
in hydrogen, and would be consistent with 
a promoting effect of Cue-metal product. 
The decline in activity at higher pulse num- 
bers indicates, however, that such promot- 
ing effect was transitory for the Cu20 sam- 
ple at 475 K. 

Mass balance in dehydrogenation of mi- 
cropulses of isopropanol. Test injections 
onto a column packed with a 50/50 mixture 
of Poropak Q and R established acceptable 
sensitivities with a katherometer detector 
and also demonstrated that this column 
yielded adequate separation between vari- 
ous possible products such as acetone, ac- 
etaldehyde, lower alcohols, CO, HZ, CO2, 
and H20. Data suitable for testing mass bal- 
ance, and degree of agreement of product 
distribution with Eqs. (l), (2), or (3), could 
thus be obtained. Equation (1) represents 
simple dehydrogenation (-H&, whereas 
(2) and (3) represent oxidative dehydro- 
genation accompanied by reduction of the 
oxide surface (-Hz),,. 

(CHNHOH(,, + 
(CH3)2CO(,, + J52cg) (1) 

CurrO~s) + (CHNHOH,,, + 
(CH3)2COc,, + Hz0 + CU ys, (2) 

Cd%, + (CH3)2CHOW,, + 
(CH3)2CO(,, + J52%, + 2C& (3) 

Table 1 lists such data for pulse numbers at 
which activity had developed to a signifi- 
cant level. Data obtained over the copper 
metal powder agreed well with the require- 
ments of Eq. (I), since the ratio (yield of 
H2)/(yield of acetone), was unity within ex- 
perimental error. The absence of any signifi- 
cant yield of Hz0 (or propene) provided 
further evidence that the dominant conver- 
sion initiated on the Cue-dominated sam- 
ples was (-H2)s. Table 1 also lists ratios of 

product yields observed over Cur10 or 
Cu:O-dominated samples at low i.p. expo- 
sures. These confirm that the ratio (yield of 
acetone)/(net yields of (H2 + H20)) re- 
mained effectively at unity, as required for 
any combination of (1) with (2) or (3). How- 
ever, the ratio (yield of H2)/(yield of ace- 
tone) fell short to unity with values of 0.2 to 
0.36. Taken together with the substantial 
values observed for the ratios H20/acetone 
and H2/H20, the data indicate that, in asso- 
ciation with the observed up-turns in total 
(-H2) activity over the copper oxides, at 
least one (-H2),,-type process took place in 
parallel with a (-H2)s process. Indications 
of a time lag between early onset of trace 
H20 product levels and eventual onset of 
acetone production were obtained over 
CuO. Summation of these early Hz0 yields 
were made to arrive at a value for “Total 
number of oxygen atoms accumulated as 
H20 molecules.” Comparison of this value 
with the “Total number of oxide ions in the 
surface monolayer” of CuO showed them 
to be within a factor of 2. These observa- 
tions would be consistent with an autocata- 
lytic process featuring: (i) an initial (-H&, 
process leading to nucleation and growth of 
Cue particles on the CuO substrate when- 
ever &-“o approached unity, and (ii) the pro- 
gressive acceleration of a (-H& process as 
the number and size of Cue metallic parti- 
cles increased. 

DISCUSSION 

Explanations of the foregoing observa- 
tions, which showed mutual enhancement 
of dehydrogenation activity by “oxidised- 
copper’ ’ and metallic-copper locations, 
may be sought on the basis of “short- 
range” or “long-range” interactions. The 
former term, and the general symbol S, will 
here be applied to interactions between ox- 
idised-copper and metallic-copper locations 
lying within ca. 0.5 nm of one another, and 
possessing thereby the requisite geometry 
for synchronous, two-centre attack upon 
alcohol-related adsorbate. Situations al- 
ready identified in the literature as having 
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the potential for favouring such short-range 
interactions include: S(O&, metallic cop- 
per surfaces partly covered by chemisorbed 
oxygen (15, 16); or S(CV-Cuy), “mixed-va- 
lence” pairs (10) at surface locations where 
the electron density of proximate copper 
species are differently affected by nonuni- 
form oxygen incorporation (15) and/or lat- 
tice defects (17) in the surface layers. How- 
ever, the level of oxygen preexposure 
(-1012 Langmuir) required to enhance the 
(-Hz) activity of copper metal in the 
present study (cf. Fig. 3A), or the pressures 
of oxygen (-50-300 Torr) required to re- 
verse deactivation (cf. Fig. 3C), were or- 
ders of magnitude greater than values of 
lo*-2 x 10m3 Langmuir associated in the 
literature with oxygen chemisorption on 
copper. In literature reports of S(O,&-type 
effects upon alcohols on slightly oxygen- 
ated copper metal surfaces (16), the role 
assigned to individual Oads is that of a base, 
serving to abstract the hydroxylic hydrogen 
from adsorbed alcohol, and thereby to yield 
an alkoxy surface intermediate bonded to 
Cue. Serious objection against this as the 
direct and dominant mechanism responsi- 
ble for results reported here exists on the 
basis of the large discrepancy just noted be- 
tween the requisite oxygen exposures/pres- 
sures. Such objection would have only 
slightly less force in respect of an S(Cu”- 
Cuy) mechanism involving “mixed-va- 
lence” pairs brought about by nonuniform 
incorporation of oxygen into subsurface 
layers, since oxygen exposures of IO?-10’ 
Langmuirs have been reported (15) as suffi- 
cient to produce oxygen incorporation into 
subsurface layers of copper. A further diffi- 
culty with direct action of either of these 
short-range models in respect of present 
results is their apparent inability to account 
for the enhanced (-Hz) activity here noted 
for the “physical” mixture of CuO and Cu- 
metal. That observation points, instead, to- 
wards a “long-range” interaction. 

The term “long-range” and the general 
symbol L, will here be applied to situations 
in which “oxidised-copper” has its origin 

at locations far distant (e.g., >lOO nm) from 
metallic-copper locations. Since synchro- 
nous, two-centre attack would be pre- 
cluded in such L-type situations, possibili- 
ties for synergistic effects would be 
restricted to long-range transfer events, 
such as charge transfer (L(k)) and transfer 
of reactant or reaction intermediate(s) 
(L(reac)), between the oxidised-copper and 
metallic-copper locations. Spillover of alco- 
hol or hydrogen or oxygen between metal- 
lic and oxidised locations would be of this 
type. (It may be noted, however, that in the 
limit of low dynamic B. upon “distant” me- 
tallic copper locations by diffused oxygen 
(as OcadsJ or as Ocinc)), some convergence be- 
comes possible between experimentally ob- 
servable effects caused by oxygen originat- 
ing in that manner and oxygen-induced 
effects of type S(O,& and S(Ct+CuY). In 
other words, an L(Odirr)-type process may 
produce effects qualitatively indistinguish- 
able from the latter, except in relation to its 
dependence upon level of oxygen preexpo- 
sure .) 

In efforts to assess the importance of 
L(reac) type effects, insight into the ad- 
sorption/desorption behaviour of isopro- 
panol vapour at metallic locations and at 
oxidised locations was sought from adsorp- 
tion isotherms, measured respectively on 
Cu-metal powder and CuO. These were ob- 
tained using a microbalance technique, and 
473 K was selected as a representative re- 
action temperature. On preoxidised CuO 
surfaces the equilibrium coverages attained 
at 5, 10, and 20 torr corresponded, respec- 
tively, to 0.09, 0.12, and 0.16 monolayer, 
thereby indicating that the average surface 
condition of isopropanol adsorbate on ox- 
idised CuO locations at 473 K was as an 
isolated entity. However, over the same 
range of isopropanol pressures the metallic 
copper powder exhibited an S-shaped iso- 
therm characteristic of adsorbate conden- 
sation in multilayers. The conclusion that 
metallic-Cu locations represented regions 
with higher 8i.p. than on oxidised CuO loca- 
tions gained further support from compara- 
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tive adsorption studies made at room tem- 
perature upon preoxidised and prereduced 
CuO samples. After varying extents of pre- 
reduction in uucuo, the total and the irre- 
versibly adsorbed amounts of isopropanol 
were found to have increased with the per- 
centage of surface prereduction. It may be 
inferred from these results that, in two- 
phase systems featuring metallic-Cu loca- 
tions and oxidised CuO locations, surface 
concentration gradients for adsorbed iso- 
propanol should favour migration from me- 
tallic to oxidised locations. However, in 
view of kinetic observations with the vac- 
uum microbalance, showing very rapid 
equilibration between gas-phase and ad- 
sorbed isopropanol at 473 K, it appeared 
probable that these latter equilibria, rather 
than surface diffusion, would control 8i.p.. 
For example, for Cu-metal powder at 473 
K, under isopropanol pressures of 4 X lo-‘, 
8 x 10-2, and 8 x lo-) Torr (selected to 
limit 8i.r. to monolayer amounts), adsorp- 
tion was very fast and reached a maximum 
in ca. 2 s. 

A converse situation should apply to lo- 
cal concentration gradients in surface oxy- 
gen concentrations, &, high values being 
expected at oxidised CuO locations and 
negligible values on “clean” metallic loca- 
tions. Furthermore, in the absence of sig- 
nificant gas-phase oxygen, the possible in- 
fluences of such concentration gradients 
upon (BH2)i.p. would not be circumvented 
by oxygen adsorption/desorption equilib- 
ria. Oxygen-spillover as well as hydrogen- 
spillover thus merits further study as long- 
range processes making possible the syner- 
gisms between copper and its oxides here 
reported in respect of dehydrogenation of 
isopropanol. Results are in preparation 
from further examinations of the involve- 
ment of these and other long-range pro- 
cesses in the hydrogenation of acetone and 
the dehydrogenation of methanol over cop- 
per and its oxides (9). 
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