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Abstract Methanol, like ammonia, is one of the key
industrial chemicals produced by heterogeneous catalysis.
As with the original ammonia catalyst (Fe/K/Al,O3), so
with methanol, the original methanol synthesis catalyst,
Zn0O, was discovered by Alwin Mittasch. This was trans-
lated into an industrial process in which methanol was
produced from CO/H, at 400 °C and 200 atm. Again, as
with the ammonia catalyst where the final catalyst which is
currently used was achieved only after exhaustive screen-
ing of putative “promoters”, so with methanol, exhaustive
screening of additives was undertaken to promote the
activity of the ZnO. Early successful promoters were Al,O3
and Cr,O5 which enhanced the stability of the ZnO but not
its activity. The addition of CuO was found to increase the
activity of the ZnO but the catalyst so produced was short
lived. Current methanol synthesis catalysts are fundamen-
tally Cu/ZnO/Al,O3, having high CuO contents of ~60 %
with ZnO ~ 30 % and Al,O3 ~ 10 %. Far from pro-
moting the activity of the ZnO by incorporation of CuO,
the active component of these Cu/ZnO/Al,O5 catalysts is
Cu metal with the ZnO simply being involved as the pre-
ferred support. Other supports for the Cu metal, e.g. Al,O3,
MgO, MnO, Cr,03, ZrO, and even SiO, can also be used.
In all of these catalysts the activity scales with the Cu metal
area. The original feed has now changed from CO/H, to
CO/CO,/H, (10:10:80), radiolabelling studies having pro-
vided the unlikely discovery that it is the CO, molecule
which is hydrogenated to methanol; the CO molecule acts
as a reducing agent. The CO; is transformed to methanol
on the Cu through the intermediacy of an adsorbed formate
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species. These Cu/ZnO/Al,O; catalysts now operate
at ~230° and between 50 and 100 atm. This important step
change in the activity of methanol synthesis has resulted in
a significant reduction in the energy required to produce
methanol. The “step change” however has been incre-
mental. It has been obtained on the basis of fundamental
knowledge provided by a combination of surface science
techniques, e.g. LEED, scanning tunnelling microscope,
TPD, temperature programmed reaction spectroscopy,
combined with catalytic mechanistic studies, including
radiolabelling studies and chemisorption studies including
reactive chemisorption studies, e.g. N,O reactive frontal
chromatography.

Keywords Formate intermediate - Carbonate
intermediate - Methoxy species - Copper metal area -
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1 Introduction

The industrial synthesis of methanol is a process whose
mode of operation is completely counter intuitive. Origi-
nally methanol was produced by felling trees and distilling
off the small amount of methanol in the wood. Given that
currently 40 million tons of methanol are produced annu-
ally, it is obvious that that means of production was
unsustainable. It was in 1923 that Alwin Mittasch who,
working in Badische Anilin und Soda Fabrik [1, 2], fol-
lowing his discovery of the Fe/K/Al,O; catalyst for
ammonia synthesis, found that methanol could be produced
from CO/H, mixtures over a ZnO catalyst. The process
developed from this discovery, however, was highly inef-
ficient, requiring high temperatures (400 °C) and high
pressures (200 atm). While this was a massive advance on
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the dry distillation of wood, the search was then on for an
improved catalyst.

Although the addition of Al,O5; or Cr,O3 or both was
found to improve the stability of the catalyst and its activity
somewhat, their addition made little or no impact on the
operating temperatures and pressures of the original ZnO
catalyst. The addition of Cu was found to make a signifi-
cant improvement to the activity of both the ZnO/Al,03 or
Zn0O/Cr,03 catalysts [3], but the activity of Cu/ZnO/Al,O3
catalysts was found to be short lived due to their being
prone either to poisoning or sintering. In 1955 therefore,
Giulio Natta [4],the winner of the 1963 Nobel Prize in
chemistry for catalysis stated that Cu/ZnO/Al,0O5 catalysts
were “of only slight interest” and would not be of any
industrial import. This statement held for 11 years. In
1966, however, Imperial Chemical Industries (ICI) pat-
ented a co-precipitation method for the preparation of a
stable, highly active Cu/ZnO, Al,O; catalyst for the syn-
thesis of methanol. This was a significant advance since
this new catalyst lowered the operating temperature from
400 to 230 °C and the operating pressure from 200 atm to
between 50 and 100 atm [5]. Originally the reactant mix-
ture was CO/H,. So convinced were operators at that time
that the process was the hydrogenation of CO, that CO,
was scrubbed from the reactant mixture. It was only when,
after the CO, scrubber failed and CO, was accidentally
admitted to the CO/H, mixture, that a large increase in the
methanol make was observed, that CO, was incorporated
into the reactant mixture [6].

It is at this point that the counter intuitive aspects of the
process become apparent. A priori, it seems to be self-
evident that in a CO/CO,/H, feed it would be the CO
molecule which produced the methanol since making
methanol from CO, would require the breaking of a CO
bond, a process which would require >400 kJ mol~"' [7]. In
addition it was well known that ZnO, while being the
original methanol synthesis catalyst, was not particularly
active. Cu metal was found to have little or no activity
[8-12]. It seemed logical therefore to conclude that there
was something unique about the Cu/ZnO combination.
This uniqueness was termed “synergy” [8—12].This syn-
ergy was considered to derive from the nature of the active
centre in Cu/ZnO catalysts which was considered to be a
Cu™ ion substituted for a Zn>* ion in the ZnO lattice, this
substitution being regarded as entirely reasonable since
Cu" and Zn*" were isoelectronic.

There was some experimental evidence for this postu-
late. In a series of highly influential papers [8—12], Klier
and co-workers [8], using quantified X-ray diffraction,
reported that a small amount of copper (2 % in a Cu/ZnO
[15 % Cu] catalyst) was dissolved in the ZnO component
of the catalyst. After reduction, the amount of Cu dissolved
in the ZnO was found to have increased to 12 % in the

@ Springer

Cu/ZnO (15 % Cu) [10] catalyst and to 16 % in a Cu/ZnO/
Al,O5 catalyst [10]. The Cu™ ion was deemed to be the
active centre for the adsorption and hydrogenation of CO,
the dissociative adsorption of hydrogen taking place on the
vicinal Zn>T-0> ion pair [8]. A schematic of this reaction
mechanism is shown in Fig. 1. The role of the CO; in the
CO/CO,/H, feed was considered to be that of an oxidant,
maintaining the active centre in the Cu* state [8].

The experimental discoveries which totally overturned
the synergistic argument were:

(i) It was the CO, molecule of the CO/CO,/H, feed
which was hydrogenated to methanol [13],

(ii)) Cu metal was the active centre and

(iii)) The turnover number (TON) (frequency) of Cu metal
in methanol synthesis from CO,, which is defined as,
molecule CH30H, per Cu s} sitefl, was the same
for a range of supports which included, MnO, MgO,
Si0,, Al,O5 as well as ZnO and ZnO/Al,O5 and so
no synergy accrued to the Cu/ZnO pairing [14]. The
term turnover frequency (TOF) is used synony-
mously and interchangeably throughout.

2 Radiolabelling Studies

The discovery that it was the CO, molecule which was the
immediate precursor to methanol was made by Rozovsky
and co-workers [13]. Believing, as did everyone else at the
time, and to some extent do some still, that it was the CO
molecule which was hydrogenated to methanol, they
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Fig. 1 Proposed mechanism of methanol synthesis from CO/H,
exemplifying the concept of synergy between Cu™ and ZnO
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labelled the CO molecule of a CO/CO,/H, feed with '*C,
expecting to find the same specific radioactivity in the
methanol produced. Instead, and completely against
expectation, they found that the specific activity of the
methanol produce coincided with that in the exit CO,.
They posited that the radioactive '*CO, was produced by
the shift reaction

4CO + H,0 «'* CO, + H,. (1)

This discovery went largely unnoticed, principally
because it contradicted conventional wisdom. In addition,
the nature of the experiment was confusing, since the
“wrong” molecule—the CO molecule—was labelled and it
was difficult to see how the forward shift reaction could
produce labelled CO, to any extent in a CO/CO,/H,
stream.

A considerable body of unreported data existed in internal
documents in ICI at the time (~ 1982). This included a
comprehensive study of the interaction of the components of
the gaseous reactants CO, CO, and H, separately, then in
pairs and finally in total combination with the components of
the catalyst Cu, ZnO and Al,O5 again separately, in pairs and
then the total Cu/ZnO/Al,0;3 catalyst. It was found that a
CO,/H, (10 % CO,, 101 kPa) stream produced metha-
nol >107 faster than a CO/H, stream of the same composi-
tion. The obvious conclusion was that in a CO/CO,/H,
stream over a Cu/ZnO/Al,O; catalyst, it was the CO, mol-
ecule of the feed which predominantly produced the meth-
anol. This conclusion was confirmed by labelling
experiments in which the CO, molecule was labelled with
4C. The work was carried out at industrial conditions, i.e. at
50 atm and 250 °C over a standard Cu/ZnO/Al,O3
(60:30:10) catalyst as a function of the flow rate of the
reactant mixture (CO, CO,, H, [10:10:80]) [15]. The results
are shown in Fig. 2 in which the specific radio activity of the
methanol produced is plotted as a function of the gas hourly
space velocity. At high space velocities, the specific radio-
activity of the exit CH;OH was the same as that of the inlet
CO,, while at intermediate space velocities the specific
radioactivity of the exit CH3;OH was the average of the inlet
and exit CO, radioactivity. All of the CH3;0OH was produced
from the CO,. In addition, by using the labelled '*CO; in
different CO:CO, ratios, it was possible to determine the
fraction of CH;0H made from the '*CO,. Fora 1 % CO, in
the CO roughly 70 % of the CH3;0OH was made from the CO,
in agreement with the separate rate measurements referred to
above (Fig. 3).

3 Measurement of the Copper Metal Area

A key measurement which had not been carried out at the
time, probably because of the certainty that it was the Cu™

Inlet Composition CO(10%) CO5(10%) Hy(80%)
Pressure 50 atmospheres
Temperature 250°C

Specific
Radioactivity
uC/m mol
0.14

012

CHZOH(Exit)
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Fig. 2 Radiolabelling studies of methanol synthesis from CO/CO,/
H, (10:10:80) at 50 atm and 250 °C over a Cu/Zn0O/Al,05 (60:30:10)
catalyst using 4co,

Fraction
of CH,OH

from CO,

Fig. 3 Fraction of the CH;0H produced from the CO, molecule in
CO/CO,/H, mixture of different CO:CO, ratios determined using
14

CO,

ion which was the active centre for the reaction, was that of
the Cu metal area. Nevertheless this was both surprising
and a serious omission since the composition of the optimal
industrial Cu/ZnO/Al,05 catalyst was 60:30:10, while the
maximum incorporation of the Cu™ into the ZnO lattice
was considered to be between 12 and 16 %. The Cu
loading therefore was considerably in excess of that
required for 16 % loading in the ZnO lattice. It was inev-
itable that this apparent excess Cu would produce Cu metal
on reduction of the catalyst.

The method developed for the in situ measurement of
the Cu metal area derived from the well known fact that
N,O decomposed on Cu. Indeed, Ertl had used the
decomposition of N,O on Cu to determine the structure of
the oxygen overlayer on Cu(110). The structure was a
(2 x 1)-O overlayer and so saturation coverage was Y2
monolayer (ML) [16]. (This was also found to be the case
for Cu(111) and Cu(110).) Vandervell and co-workers [17]
used this information as the basis for the in situ
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measurement of the Cu metal area of supported Cu cata-
lysts. They used a variant of the frontal uptake method they
had used for the measurement of the total area of a catalyst
[18]. The N,O was dosed on to reduced unsupported
polycrystalline Cu whose total area had been measured in
situ by N»(10 % N, in He) frontal uptake at 77 K. The
experiment was repeated as a function of N,O partial
pressure and temperature of dosing. The optimum condi-
tions were 60 °C (333 K) for the temperature of dosing and
5 % N,0 in He as the optimum pressure. These conditions
produced 100 % decomposition of the frontally dosed N,O,
the reaction being found to cut off abruptly at completion
of the half ML. The method was termed “reactive” frontal
chromatography (RFC) [17]. A reactive frontal chromato-
gram is shown in Fig. 4.

It was then suggested that the method should be applied
to determine the origin of the loss of activity of the Cu/
ZnO/Al,03 methanol synthesis catalysts with poisoning
being the expected cause [19]. A series of differently
decayed Cu/ZnO/Al,0O; catalysts was therefore examined.
This revealed that their activity was a linear function of the
Cu metal area, excluding poisoning but implicating sin-
tering as the cause of the loss of activity [14] (Fig. 5). The
research was then broadened to determine if Cu metal area
was the sole determinant of activity of supported Cu cat-
alysts by measuring the methanol synthesis activity of
differently supported (MgO, Al,O3, ZnO, MnO, SiO,) Cu
catalysts and this was found to be the case [14]. Indeed, a
Si0O, supported Cu was found to be the most active catalyst
but one which was totally impractical because of its sin-
tering rapidly [14]. While not included in Fig. 5 when it
was originally published due to its proximity to the origin,
the activity of unsupported Cu was found to lie on the line.

The TON for methanol synthesis at 240 °C (513 K) and
50 atm from CO/CO,/H,/He mixtures in which the CO
partial pressure ranged from 10 to 14 %, the CO, partial
pressure ranged from 11 to 14 % and the H, partial
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Fig. 4 The reaction of N,O (5 % in He, 101 kPa, 25 cm?® min~")
with unsupported polycrystalline Cu at 60 °C—RFC
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Fig. 5 The relationship between methanol synthesis activity and Cu
metal area

pressure ranged from 46 to 60 % calculated from the gra-
dient of Fig. 5, was 1.6 x 1072 molecule CH;0OH s !
site ™!, assuming a value of 10" sites m 2.

Other groups also found a linear relationship between
methanol synthesis activity and Cu metal area. Most
notably, Roberts and co-workers [20] determined a TON
for methanol synthesis of 0.03 g CH;OH/m” Cu/h at 523 K
and 50 atm pressure from a CO/CO,/H, (70/22/6) stream.
These conditions of temperature, pressure and composition
are close to those chosen by Chinchen et al. [17].
Re-calculating the data of Roberts and Griffin gives a TON
of 1.6 x 1072 molecule CH;0H s~ ! site™'—identical to
that of Chinchen et al.

Topsoe and co-workers [21, 22] argued that, because of
potential complications associated with the reaction of N,O
with Cu, the temperature programmed desorption of H,
should be used to determine the Cu metal area. The com-
plications they suggested could occur principally were:
(i) difficulty in achieving half ML coverage of supported
polycrystalline Cu without also incurring bulk oxidation of
the Cu and (ii) sintering of the Cu as a result of the heat of
reaction of the N,O with the Cu. In their original work on
N,O decomposition on Cu, Dell et al. [23] found that bulk
oxidation of the only occurred at temperatures >110 °C
(383 K), and in the original experiments aimed at optimising
the conditions for N,O RFC, Chinchen and co-workers
found that the temperature of 60 °C gave rapid and quan-
titative decomposition of the N,O without causing bulk
oxidation of the Cu. Re-examination of the original data
where the reported Cu metal area decreased from 4.11 to
3.51 m* g~ on increasing the N,O partial pressure to
22 % might suggest that the heat of reaction may have
caused sintering [17]. However, using the recommended
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low partial pressure of N,O of 5 % resulted in no change in
Cu metal area nor even in the morphology of the Cu as can
be seen from the CO desorption spectra from a reduced
fresh Cu/Al,Oj3 catalyst and from the same catalyst which
had been oxidised by N,O (2.5 % in He) and re-reduced.
They are identical (Fig. 6). The heat of adsorption of CO
on Cu is a function of the Cu surface crystal structure and
so the CO desorption spectrum in Fig. 6 is a fingerprint of
the surface morphology of the Cu.

4 The Reaction Mechanism

Knowing that it was the CO, molecule which was con-
verted to CH30H, the problem was determining how this
was accomplished. At that time CO, was regarded as a
highly unreactive molecule. The first indication that this
might not be the case was the finding that CO, decomposed
on unsupported polycrystalline Cu and in doing so left an
oxygen atom on the surface of the Cu [24]. This discovery
was made by accident. The intention was to determine the
adsorption isotherms of CO, on unsupported polycrystal-
line Cu by gas adsorption chromatography. At the end of
each experiment, however, the Cu was always found to be
oxidised. Extensive efforts were made to remove the trace
quantities of O, from the CO,/He stream, trace quantities
of O, in the CO,/He being thought to be the only reason for
the Cu being oxidised. It was only after it was certain that
no O, impurity existed in the feed that the possibility that
the CO, was decomposing on the Cu was contemplated. It
was found that the maximum coverage of the Cu by O
atoms produced by CO, decomposition was limited to
10 % of a ML and so the reaction was concluded to be
structure sensitive [24]. Additionally, the extent of CO,
decomposition was found to increase at lower temperatures
[24]. The reaction was therefore precursor state mediated.
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Fig. 6 The CO desorption spectra from freshly reduced Cu/Al,O3
and from the same catalyst which had undergone oxidation by N,O at
333 K followed by reduction in H,

Follow-up studies on CO, decomposition on Cu using RFC
showed that the reaction had an apparent negative activa-
tion energy of 4 kJ mol™', which confirmed that the
reaction was precursor state mediated [25]. Figure 7 shows
the CO, reactive frontal chromatograms.

The conclusion that CO, decomposed on Cu proved to
be highly controversial. Campbell and co-workers [26]
wrote a paper entitled, “Does CO, Decompose on Cop-
per?”. He concluded that it did, but only on Cu(110).
Schneider and Hirschwald [27] found that CO, decompo-
sition on Cu(110) was facile, occurring at 85 K, while Fu
and Somorjai [28, 29] stated that CO, did not decompose
on Cu(110) but did so on Cu(311). It was certain, therefore,
that CO, did decompose on Cu and that, while there was no
consensus on the exact crystal face on which CO,
decomposed, the reaction was structure sensitive.

The stable intermediate on the reaction coordinate from
CO, to CH30H was found to be a formate [30]. This was
discovered by the use of temperature programmed reaction
spectroscopy (TPRS) [30]. The temperature programmed
reaction spectrum obtained after having dosed HCHO on to
a partially oxidised Cu/ZnO/Al,03 at 300 K is shown in
Fig. 8. It shows peaks at 380 and 440 K. The 380 K peak is
characterised by the coincident desorption of CO, H, and
CH;OH. This results from the desorption/decomposition of
a adsorbed methoxy (CH30,)) species. The methoxy spe-
cies was first characterised by TPRS by Wachs and Madix
[31] following adsorption of CH30H on to Cu(110). The
440 K peak is characterised by the coincident desorption of
CO,, H, and CH;0H, and is the result of the desorption/
decomposition of an adsorbed formate species. This was
identified by Ying and Madix [32]. They dosed formic acid
on to partially oxidised Cu(110) to produce an adsorbed
formate species and found CO, and H, desorbing coinci-
dently at 440 K on temperature programming [32].

Figure 9 is the temperature programmed reaction spec-
trum obtained on temperature programming following the
adsorption of CH3;0H on a partially oxidised Cu/ZnO/
Al,O5 catalyst. The CO, H,, CH;0H peak at 380 K is the
adsorbed methoxy species seen in Fig. 8. The CO,/
H,/CH;0H peak at 440 K is the formate species also seen
in Fig. 8. The CO, CO,, H, peak desorbing at 580 K
derives from the desorption/decomposition of a formate
species adsorbed on the ZnO component of the catalyst
[33].

Two important conclusions were drawn from Figs. 8, 9.
Since the adsorbed formate species is the highest temper-
ature desorbing species on Cu and is formed both on
CH;O0H formation and decomposition it is: (i) a true
intermediate in methanol synthesis and (ii) it is the most
stable and long-lived intermediate in CH3;0H synthesis on
Cu. Since CH30H is desorbed at the same temperature as
the adsorbed formate decomposes to CO, and H,, the rate
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Fig. 8 The temperature programmed reaction spectrum of formalde-
hyde adsorbed on a partially oxidised Cu/ZnO/Al,O5; (60:30:10)
catalyst

determining step in CH3;OH synthesis on Cu is the hydro-
genation of an adsorbed formate species. The decomposi-
tion of the most stable intermediate on the reaction
coordinate in CH30H synthesis to CO, and H, corrobo-
rated earlier conclusions that it is the CO, molecule which
is the precursor to CH3OH. Indeed, co-adsorption studies in
which: (i) CO,/Hy/He (8 % CO,, 8 % H,, 84 % He,
101 kPa, 305 K, 10 min) and (ii) CO/H,/He (8 % CO, 8 %
H,, 84 % He, 101 kPa, 305 K, 10 min) mixtures were
dosed on to polycrystalline Cu showed that the formate was
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Fig. 9 The temperature programmed reaction spectrum of methanol
adsorbed on a partially oxidised Cu/ZnO/Al,03 (60:30:10) catalyst

formed from CO,/H, co-dosing and not from CO/H,
co-dosing [30].

Time/temperature dependent infrared studies elucidated
the mechanism of the reaction of H,/CO, on the surface of
the Cu to form the formate [34]. Co-dosing a CO,/H,
(50 % CO,, 50 % H,, 101 kPa) on to a reduced Cu/SiO,
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catalyst at 295 K over 105 min showed that a carbonate
species, evidenced by a band at 1,410 cm™', gradually
developed on the surface (Fig. 10). Heating the CO,/H, to
388 K resulted in the loss of the carbonate band and the
gain in the formate band at 1,350 cm™' (Fig. 11). There
was a linear relationship between the loss of the CO;,
(1410 cm™') band and the gain in the HCO,y,
(1,350 cm™ ") band. The reaction sequence is: (i) the dis-
sociation of CO, on Cu to form gaseous CO and surface
O(a) atoms, (ii) the adsorption of CO, on to the O, atoms
to form adsorbed carbonate (COj;(,)) and (iii) the reaction
of the adsorbed COj3(,, with adsorbed H atoms to form the
adsorbed formate species

CO, + Cu < COyy) (
COy(q) + Cu > CO + Oy, + Cu (
CO, + Oy« COsy (4
Hy,) + COs(y) < HCOy(y) + Oy (

It is not clear how the adsorbed H atoms react with the
adsorbed COg3,, to form the formate. It could be that the
initial interaction is to produce an adsorbed bicarbonate
HCOj3(,) species. Even if the bicarbonate were formed, the
exact mechanism of the decomposition of an adsorbed
HCOj3,, to HCO,,, and O, is also not clear. The
formation of an adsorbed carbonate species is an
important elementary reaction in the overall synthesis of
methanol. Its importance lies in the fact that it provides a
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Fig. 10 The development with time of an adsorbed carbonate species
produced by exposing a Cu/SiO, catalyst to CO,/H, (1:1, 101 kPa) at
295 K shown by the increase in the 1,410 cm~! band

1159
0.05 A 0.14 4 Bidendate
A i\ Formate
1} i n
i t H
L il ) —t
o044 {0 [ 0.10 ;
Ly ) ‘f’;;gi,
\ 1 i AL
8 0.06 —
c
©
Q
-
@
Qo 0.02 i
<
-0.02 4 Carbonate -4
(b)
(::) (c)
., -0.06d— —
3000 2800 1600 1500 1400 1300

Wavenumber (cm™)

Fig. 11 The development with time of the formate species and the
concomitant loss of the carbonate species produced by heating the Cu/
SiO, which had been exposed to CO,/H, (1:1, 101 kPa) at 295 K
(Fig. 10) to 388 K. The gain in the formate species is seen by the
increase in the 1,350 cm™' band

large steady state coverage of adsorbed CO, under reaction
conditions. This would not be the case if molecularly
adsorbed CO,, whose heat of adsorption is 18 kJ mol ™"
[25], were the only source of CO, for the reaction.
Additional information about the identity and population
of the adsorbed species existing during the reaction was
provided by an in situ DRIFTS study in which the infrared
spectra of the adsorbates existing on the surface of a Cu/
Zn0O/Al,05 catalyst at 373, 413, 443 and 473 K under a H,/
CO, (2.4:1) mixture at 30 bar was measured [35]. At
373 K the spectrum showed mostly adsorbed carbonates
with a small formate signal. The population of the formate
species maximised at 413 K. Under reaction conditions at
473 K, when significant quantities of gas phase methanol
were detected by DRIFTS, the population of adsorbed
carbonate and formate species were roughly equal [35].
The Topsoe group posited that it was the dioxy methy-
lene species and not the formate which was the interme-
diate to methanol. They also claimed that hydrogenation of
the formate produced either formaldehyde and/or formic
acid with only small amounts of methanol [36]. This
proposition was addressed by Sakakini et al. [37]. They
pre-dosed a Cu/ZnO/Al,O; (40:40:20) catalyst with
adsorbed formate species by temperature programmed
reaction of a CO,/H; (10 % CO,, 101 kPa) stream raising
the temperature from ambient to 493 K at 2.5 K min™"
(Fig. 12). This had shown CH;OH to have been formed at
an onset temperature of 150 °C (423 K), its rate maxi-
mising at 190 °C (463 K). Post reaction TPD showed the
existence of two formate species: (i) the bidentate formate
species on the Cu, identified by the coincident desorption
of CO, and H; at 440 K and (ii) a formate species on ZnO
identified by the coincident desorption of CO,, CO and H,
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at 530 K [37] (Fig. 13). Temperature programmed reaction
of these pre-adsorbed formate species with H, produced
CH;O0H at peak maximum temperatures of 390 and 530 K
(Fig. 14). There was a carbon balance between the amount
of formate species desorbing at 440 K and the amount of
CH;0H produced at 390 K. Methanol was formed quan-
titatively by hydrogenation of the formate species adsorbed
on Cu [36].

5 Role of CO in Determining the Coverage
of the Cu with O atoms and the Induction Period

The role of the CO molecule in a CO/CO,/H, mixture in
methanol synthesis was elucidated by the unlikely method
of N,O RFC. Methanol was synthesised at 1, 50 and 100
atm pressure and between 240 and 300 °C using CO/CO,/
H,/N, and CO/CO,/H,/He mixtures of different composi-
tion in which the H, partial pressure varied between 46 to
67 %, the CO partial pressure varied between 10 to 14 %
and the CO, partial pressure varied between 3 to 14 % [14,
38] for between 6 and 140 h on line. The Cu metal area
was measured before reaction by N,O RFC. After reaction,
the system was depressurised, swept out with He and
cooled to 60 °C and the Cu metal area was measured again.
The difference between the Cu metal area of the fresh
catalyst and that post reaction was the coverage of the Cu
by adsorbed O atoms. Confirmation that this lowering of
the Cu metal area post reaction was not caused by sintering
of the Cu as a result of reaction was provided by
re-reducing the catalysts and re-determining the Cu metal
areas by N,O RFC. The areas of these regenerated catalysts
were found to be the same as those of the fresh catalysts.
Figure 15 shows that the steady state coverage of Cu by O
as a result of methanol synthesis from CO/CO,/H, mix-
tures is linearly dependent on the CO,:CO ratio. Therefore

F-S

250

L8] w

MS response (10~ 7 arb. units)

Fig. 12 Temperature programmed reaction (TPR) of a CO,/H,
(10 % CO,, 101 kPa) over a Cu/ZnO/Al,05 (40:40:20) catalyst

@ Springer

75

6.0

MS response (10~8arb. units)

0 " . : . :
300 350 400 450 500 550 600 650 700 750 800 850 900
TK

Fig. 13 Temperature programmed desorption spectrum from a Cu/

ZnO/Al,O;5 (40:40:20) catalyst after the CO,/H, TPR shown in
Fig. 12
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1.5 1 . g
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0.5 1
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300 350 400 450 500 550 600

Fig. 14 Temperature programmed hydrogenation using a H, stream
(101 kPa) of the different types of formate species shown in Fig. 13

under industrial conditions of 50-100 atm pressure and
temperatures between 240 and 300 °C in CO/CO./H,
mixtures in which the H, partial pressure varies between 1
to 67 atm, the role of the CO is that of a reducing agent.
The steady state oxygen coverage of the Cu component
of a Cu/ZnO/Al,03 (60:30:10) catalyst which had been
producing CH;OH at a rate of 1.9 x 107 mol s~ ' g~!
from a H,CO,/He stream (80:110:10 101 kPa, 100
cm® min~") at 500 K was determined directly by the fol-
lowing method [30]: (i) the flow was switched from the H,/
CO,/He stream to He and the temperature was lowered to
470 K over a period of 30 min (All of the adsorbed
intermediates would have desorbed in that time at that
temperature; the formate which was the most stable inter-
mediate was calculated to have a desorption half life of 5 s
at 470 K [30].) and (ii) after 30 min the flow was switched
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* (45:37:18)
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1.0
C0,/CO ratio

Fig. 15 The coverage of the Cu component with Oy, as a function of
the CO:CO, ratio following reaction in CO/CO,/H,/He streams of
different composition at 513 K and 50 atm pressure

to CO/He (10:90, 101 kPa, 60 cm® min~") and CO,, H,O
and H, were followed continuously on the mass spec-
trometer. The result is shown in Fig. 16.

CO; was produced immediately upon contact of the CO
with the catalyst. The coverage of the Cu with O atoms
calculated from the integral of the CO, produced was 0.4
ML. Remembering that saturation coverage by O atoms is
0.5 ML, this coverage by O atoms is 80 % of saturation.
However, this is the same coverage of O(,, atoms found for
a CO/CO,/Hy/He (10:13:52:28) stream at 50 bar and so
reduction by H, does appear to be occurring to a small
extent.

A surprising result of the reaction of CO with the surface
oxygen was the observation of a sudden evolution of H,
after ~40 % of the adsorbed oxygen had been removed.
Since all of the adsorbed species, including the adsorbed H
atoms, had been removed in the 30 min period of cooling
the system in He from 500 to 470 K after the CO,/H,
reaction, it was concluded that this H was subsurface. This
subsurface H corresponded to ~1 ML of the Cu atoms.

Monolayer of subsurface
Hydrogen in copper

ass spectral 13
peak height i
/mm 100

Oxygen coverage
" of copper
(40% of monolayer)

Fig. 16 Temperature programmed reaction of CO with the surface

oxidised Cu of a Cu/ZnO/Al,0; (60:30:10 catalyst at 470 K
following methanol synthesis at a rate of 1.9 x 10~ mol s~ g

at 500 K from a CO,/H,/He (10:80:10), 101 kPa, 25 cm® min_l)

Subsurface H atoms had been observed to desorb from
Cu(100) by Chorkendorff and co-workers [39].

The adsorbate composition of the existing on the surface
of the Cu as a result of CH3;OH formation from the CO,/
H,/He reaction at 500 K was determined by post reaction
TPD. The system was cooled from 500 K to ambient under
the reaction mixture, the flow was switched to He and
temperature programming was begun at 5 K min~", raising
the temperature from ambient to 700 K. The desorption
spectrum obtained is shown in Fig. 17. The coincident
desorption of CO, and H, at 420 K is evidence of the
existence of a monodentate formate on the Cu [34]. The
broad H, signal maximising at 430 K derives from H atoms
adsorbed on the ZnO [33].

After removal of the adsorbates, the temperature was
lowered from 700 to 470 K, the flow was switched to CO/
He (10 % CO, 101 kPa). This produced an identical reac-
tion spectrum to that shown in Fig. 15. The same quantity
of adsorbed O atoms was obtained as was the amount of
subsurface H atoms. The coverage of the Cu surface by O
atoms at 80 % of saturation appears to lock in the sub-
surface H atoms. It is only when ~40 % of these O atoms
are removed by reaction with CO that the H finds a route
for its evolution.

Ertl and co-workers [40] published a model of the
(2 x 1)-O overlayer shown in Fig. 18. Scanning tunnelling
microscope (STM) studies confirmed that model and added
the additional information that the (2 x 1) O-Cu-O rows
grow in the (001) direction from the step edges [41]. A
video of this reconstruction produced by overlaying suc-
cessive STM images taken at 90 °C, vividly shows this
surface reconstruction. Some form of collective rear-
rangement of this structure on the removal of 40 % of the

Hydrogen in/on
zinc oxide
(3-10 monolayers)

1
Mass spectral

at height/mm Formate on copper

(25% of a monolayen)

H,
-....___...../"'\mo

co,

300 350 400 450 500
Temperature/K

Fig. 17 Temperature programmed desorption of the adsorbates
extant on the surface of a Cu/ZnO/Al,O; (60:30:10) catalyst
following methanol synthesis at a rate of 1.9 x 10™° mol s™' g~'
at 500 K from a CO,/H,/He (10:80:10, 101 kPa, 25 cm’ min~") at

500 K
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O overlayer appears to occur which allows the subsurface
H atoms to desorb in this explosive manner.

As in all things in methanol synthesis catalysis, the
conclusion that the surface adsorbate structure of the
operating catalyst was a formate species adsorbed on an
oxidised Cu surface was controversial [42—45]. There was
total agreement that a formate species was adsorbed on the
Cu surface, the Cu surface however was proposed to be in
the metallic state with no O, adsorbed on it.

Josihara and Campbell [41] studied methanol synthesis
kinetics over a poly crystalline Cu foil [41] and over
Cu(110) using a CO,/H, (1/11) feed at 5.1 bar [42]. They
found an activation energy of 77 + 17 kJ mol™' for
Cu(110). The specific rate of methanol production at 510 K
in 5.1 bar CO,/H, was 6 x 1073 molecule site™!' s7!
which is comparable to that (1.6 x 1072 molecule site™"
s_l) found for Cu/ZnO/Al,05 catalysts at 50 bar [14, 20].
Post reaction analysis of the surface by TPD and XPS
showed an almost full ML coverage of adsorbed formate
species, identified by the coincident desorption of CO, and
H, at 475 K, but the XPS analysis showed no adsorbed O
atoms [42, 43]. The addition of CO up to 0.8 bar, by
substituting some of the H, while keeping the CO, pressure
fixed at 0.41 bar and the total pressure constant at 5.1 bar
resulted in a doubling in the TOF at the highest CO pres-
sure [43]. The increase in the TOF was linear with the
increase in CO partial pressure. Post reaction analysis of
the Cu(110) surface which had been exposed to the highest
CO partial pressure in the CO/CO,/H, (0.8:0.41:3.99)
mixture showed two CO, peaks, one at 400 K and the other
at 475 K, in addition to a m/z = 28 peak at 380 K, which
the authors state is “clearly not simply due to molecularly
adsorbed CO” [43], suggesting that it might be CO stabi-
lised by co-adsorbed formate. The authors finally conclude
that, “CO has a weak positive influence on the net rate”
[43], with no further expansion on the nature of its role.

Adsorption of O on Cu(110), Ni(110)
and Ag(110);

Formation af ‘added rows’

AAETNETNE N
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[ Y ()
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£} "‘).lf:»
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A

Fig. 18 The structure of the (2 x 1)-O overlayer on Cu(110)
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The reverse water—gas shift (WGS) was observed to
proceed in parallel with methanol synthesis [43]. Campbell
and co-workers [26, 44, 45] agree with the general con-
sensus that the shift reaction proceeds through a redox
mechanism in which the surface of the Cu is first oxidised
by H,O forming H, in the gas phase and O(,). The role of
the CO is to remove that O,) forming CO,

H,O+Cu«<~ H,+Cu—-0 (6)
CO+Cu—0« COy+Cu (7)

Under industrial conditions extant during the WGS
reaction (50 bar ~493 K, 3 % CO, 10 % CO,, 37 % H,
and 50 % H,0), the role of the CO therefore is to remove
O from the surface of the Cu under a large partial
pressure of H,. The H, obviously does not scavenge all of
the adsorbed Oy,. This is exactly what has been proposed
for methanol synthesis. It is therefore inconsistent to
suggest that O does not exist on the surface of the Cu under
methanol synthesis conditions while it clearly does under
shift reactions which are not dissimilar to methanol
synthesis conditions.

Muhler and co-workers [46] also found no support for
the role of adsorbed O atoms in methanol synthesis.
Injecting pulses of CO into a CO,/H, stream which was
producing methanol, they observed no significant reaction
of the CO to form CO, and concluded that the surface was
essentially Cu metal. The figure they showed, however, did
reveal a sharp drop in the H,O which confirmed that CO
was a more powerful reducing agent than H,, but no
comment was made on this. Pulsing CO, into a CO/H,
stream which was producing methanol at a steady state
value of 100 ppm resulted in an instantaneous increase in
methanol production. No induction period was observed as
had been reported by Chinchen and co-workers [47].

Resolution of this apparent impasse was found in the
work of Hinrichsen and co-workers [48, 49]. They found
that the response of the Cu/ZnO/Al,O; catalyst to flow
changes depended critically on the pre-treatment which the
catalyst was subjected to. Pre-treatment in a reducing
atmosphere (CO/He [10:90], 473 K, 0.5 h) resulted in an
instantaneous production of methanol on switching flows to
CO/CO,/H,y/He (10:4:72/14). Pre-treatment in CO,/He
(4:96) stream resulted in an induction period of >1 h
before steady state production of methanol was achieved.
The authors concluded that the temperature programmed
methods of collecting kinetic date in methanol synthesis
“was limited due to a slow change of the state of the
working Cu/ZnO/Al,O; catalyst” [49].

Two points should be made here. The first is that there is
no question that methanol synthesis over Cu/ZnO/Al,03
catalysts from CO,/H, or CO/CO,/H, feeds has a tem-
perature dependent induction period. Figure 19 is the time



Methanol Synthesis

1163

dependence of the TON of methanol synthesis from a CO,/
H, (10:90, 101 kPa, 25 cm? minfl) feed over a Cu/ZnO/
Al,O3 (60:30:10) catalyst at the temperatures listed in the
figure. (The reaction was carried out in a pyrex microre-
actor. The concentration of methanol in the product stream
was determined by injecting 2 cm® of the product stream
into a gas chromatographic column with a flame ionization
detector using a 6 port sample valve.) It shows an induction
period of >200 min at 433 K which diminishes to about
150 min at 473 K. (The excursions in the TON at 453 K
at >130 min, which were reproducibly observed, are out-
side the experimental error for the system and may result
from the catalyst having two steady states.) The validity of
Hinrichsen’s conclusion that temperature programmed
methods for collecting kinetic data in methanol synthesis
should not be used due to the slow change in the state of
the working Cu/ZnO/Al,05 catalyst [49] is corroborated by
this data. The activation energy for the production of
methanol from CO,/H, calculated from Fig. 19 at 433, 443
and 453 K falls from 108 kJ mol™! at 30 min, to
58 kJ mol ™" at 50 min, to 33 kJ mol~'at 180 min.

Figure 20 is the time dependence of the TON of meth-
anol synthesis from a CO/CO,/H, (10:10:80, 101 kPa,
25 cm® min~!) over the same Cu/ZnO/Al,O; catalyst
(60:30:10) at the temperatures listed in the figure. It too
shows an induction period. In this case the induction period
is longer, having a value of >200 min at 453 K which
reduces to ~ 150 min at 463/473 K.

In addition, adding CO to the CO,/H, feed causes the
temperature at which equilibrium occurs to be increased
from 453 K to between 463 and 473 K. (Evidence that
equilibrium had been established is provided by the low-
ering of the steady state rate of methanol synthesis as the
temperature is increased.) This can only occur if the
addition of CO to the CO,/H, feed causes the value of the
equilibrium constant to increase. CO, far from having a
“weak positive influence” is involved in the reaction.

The heat of reaction 8

CO, + 3H, < CH30H + H,0 (8)

is —49kImol™'. If CO acts as a reducing agent

(reaction 10)

CO; + 2H; < CH30H + Oy, 9)
CO + Oy « CO, (10)
so that the net reaction is reaction 11,

CO + 2H, + CH30H (11)

the heat of reaction increases to —90.2 kJ mol~'. This is
additional evidence for CO acting as a reducing agent.

The second point to note is that there is no question that
the surface of the Cu of an operating methanol synthesis
catalyst has both O atoms and formate species adsorbed on
to it. The removal of the O atoms after methanol synthesis
by reaction with CO is entirely reproducible. No reason for
that measured O atom coverage to exist other than as a
result of the methanol synthesis reaction can be
conjectured.

6 Surface Morphology of the Copper

An important side effect of the removal of the surface O
atoms by reaction with CO at 473 K is the sudden evolu-
tion of H, where ~40 % of the adsorbed O atoms have
been removed. This H, which was attributed to evolving
from subsurface Cu [30], has been shown to play an
important role in determining the surface morphology of
the Cu [50].The CO desorption spectrum obtained after
dosing CO (10 % in He) at 77 K on to a Cu/ZnO/Al,03
catalyst which had been reduced by the standard method
and so had H atoms subsurface in the Cu, showed peaks at
168 and 200 K, corresponding to desorption from the
Cu(110) face. Oxidation of this surface by reaction with

Fig. 19 The time dependence
of the TON of methanol from a
CO,/H, (10:90, 101 kPa,

25 cm® min~") over a Cu/ZnO/ .
Al,O5 catalyst at the
temperatures listed
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CO, at 213 K followed by removal of the adsorbed O
atoms by reaction with CO at 473 K resulted in the loss of
these CO desorption states. Loss of the subsurface H atoms
had therefore resulted in the loss of the Cu(110) face [50].

An indication of the surface coverage population of the
Cu(211) face of a Cu/ZnO/Al,O5 (60:30:10) catalyst after
reduction was obtained by CO infrared spectroscopy [51].
The method of dosing (CO/He 10 %, 101 kPa, 25 cm?®
min~"', 285 K, 15 min followed by flushing the system in
He for 40 min) ensured that only CO bound to Cu with
heats of adsorption >90 kJ mol ™' existed on the surface. A
band at 2,100 cm~! which Pritchard et al. [52] in single
crystal studies attributed to CO bonded to Cu(211) was
observed. This state was lost at ~350 K on temperature
programming in He.

Oxidation of this surface by reaction with CO, followed
by reduction with CO and 473 K and then re-dosing the
CO at 285 K as described above resulted in a threefold
increase in the intensity of the 2,100 cm™! band, i.e. a
threefold increase in the surface population of the Cu(211)
face. Figure 21 is a structural model of the Cu(211) sur-
face. It can easily be seen how removal of O atoms from
their bridged sites on the (2 x 1)O-Cu surface (Fig. 18) by
reaction with CO will result in the development of the
Cu(211) face, assuming the added Cu atoms remain in their
fourfold hollow sites. Exposure of this catalyst to H,/He
under normal reducing conditions (5 % H,, 101 kPa,
513 K, 16 h) resulted in the partial restoration of the ori-
ginal Cu(110) morphology [50].

The over-riding importance of the morphology of the
surface of the Cu in determining the reactivity of Cu was
elegantly demonstrated by Hadden et al. [53] who showed
that the TON of the Cu in the shift reaction could be
changed by a factor of 2 as a result of minor changes in pH
and temperature in the process of Na,COj3 precipitation of
the Cu/Zn/Al nitrate precursor. The catalyst having the

@ Springer

Fig. 21 Structural model of the Cu(211) surface

higher TON (catalyst A in Fig. 22) was precipitated at pH
6.8 and 70 °C while that with the TON which was half that
of the higher one (catalyst B in Fig. 22) was precipitated at
pH 6.5 and 65 °C. This could indicate that catalyst A had a
higher surface population of the Cu(110) face than catalyst
B. Previous studies have shown that a key elementary step
in the forward shift reaction, namely the adsorption and
decomposition of H,O is structure sensitive [45, 54-57]
with the Cu(110) face being the most active, while the
reverse WGS reaction in which the adsorption and
decomposition of CO, is the rate limiting step, here also
the Cu(110) face has been shown to be the most active [26,
27].

Joshihara and Campbell [43], however, have reported
that methanol synthesis is only “mildly structure sensitive”
with the apparent activation energies for the reaction being
69, 77 and 67 kJ mol ™! for Cu(100), Cu(poly) and Cu(110)
respectively. They are unable to explain however why,
under comparable conditions, the TON for methanol syn-
thesis in Cu(110) is 30 times greater than that on Cu(100)
and 2 times greater on Cu(poly).

It might be expected then that methanol synthesis would
be structure sensitive since one of the key initial reactions
in the mechanism is the adsorption and decomposition of
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Fig. 22 The relationship between the copper metal surface area and
WGS activity of two discrete groups of Cu/ZnO/Al,O5 catalysts

CO; to produce an adsorbed O,, and CO, the adsorbed O,
being the site for the adsorption of CO, to form a carbonate
species which is subsequently hydrogenated to a formate.
This set of reactions explains the induction period for the
establishment of the steady state rate of methanol synthesis
shown in Figs. 19, 20. The slow establishment of an opti-
mal coverage of adsorbed O, in the CO,/H, reaction will
be because the H, will remove the O, in the reverse shift
reaction (but not quantitatively). Similarly the even slower
establishment of the optimal steady state oxygen atom
coverage in a CO/CO,/H, feed is because the CO as well as
the H, removes the adsorbed O,. All of the Cu atoms
appear to be involved in the reaction. This could be
because the key intermediate in the reaction, the formate
species, is mobile on the surface or because the Oy, ulti-
mately causes a complete reconstruction of all the low
index Cu faces to a (2 x 1)-O structure.

7 Conclusion

The production of methanol from CO/CO,/H, mixtures
over Cu/ZnO/Al,O5 catalysts is a well established and, to
some extent, a mature process. Roughly 40 million tons/
year are produced by it. While it is well established it is not
without its on-going controversies. These include:
(i) whether, at steady state, the Cu component of the cat-
alyst is partially covered with O atoms as well as with
formate species, (ii) if the reaction has an induction period
and, if so, whether the induction period is brought about by
a reconstruction of the Cu and (iii) if the reaction is
structure sensitive, or if all of the Cu surface is active,
deriving from the formate intermediate being mobile on the

Cu. These on-going controversies are the grist of the future
research mill.
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