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Abstract

A Rh/ZrO, catalyst has been studied in the hydrogenatior. of CO in an in situ IR cell operating at high temperature and
pressure, and using FTIR to follow the formation of surface and gas phase species as a function of reaction *ime. The reaction
between CO and hydrogen was studied by varying the catalyst reduction temperature, reaction temperature, total pressure and
hydrogen/CO ratio. Surface species identified were carbonyls on the rhodium surface, formates, carbonates and hydrozarbons.

The relationship beiween adsorbed carbonate and formate is discussed in detail.
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1. Introduction

The conversion of synthesis gas to produce oxy-
genates has been shown to be highly selective only
in the case of methanol formation. Many differens
catalysts have been tried, and many aitempts have
been made to determine operating conditions
which would favour the selectivity to higher alco-
Lol formation [1]. Among the various catalysts
tested, rhodium has been shown to exhibit special
behaviour in the CO/H, reaction, in that it appears
very sensitive to many operative and preparative
parameters [2]. Amongst the many variables
which may cause changes in selectivity and activ-
ity of these cataiysts, the role of the support
appears to have a marked influence {2,3]. In the

* Corresponding author,

' Royal Society Research Fellow.

2 Present address: Chemistry Departmer:t, U.A E Univeis.iy, Al
Ain, United Arab Emirates.

1381-1169/96/%$15.00 © 1996 Elsevier Science B.V. All rights res:rved

SSDI1381-1169(95)00247-2

case of a zirconia support, this has been shown to
produce a product distributior: with almost 60%
selectivity to ethanol [4]. The role of zirconia in
the hydrogenation of CQ over rhodium has
received attention [4-7], but liitle mechanistic
detail is available [5,8]. For Rh/ZrO, catalysts
it has been proposed that (CH,),, species, giving
IR bands at 30002800 and 1450 cm ™', react with
CO 10 form the acyl precursor of ethanoi | 5], and
that carbon monoxide bonded via both the C and
Q, giving an IR band at 1620 cm ! [8] may lead
to enhanced CO dissociation probability and an
increase in C, oxvgenate formation [7]. It is
apparent that IR spectroscopy is an ideal method
to study these catalysts, and by operating und-i
conditions of high temperature and tigh pressure,
determine whether such species exist during reac-
tion, and hence spaculate as to whe ther they may
play a part in the overall reaction mechanism.



176 JA Anderson, M.M. Khader / Journal of Molecular Catalysis A: Chemical 105 (1996) 175-183

2. Exnerimental

The catalyst was prepared by using a commer-
cial zirconia supplied as the hydroxide by Mag-
nesium Electron Lid (XZ0645/1). This material
had a particle size of 1 um and contzained 3.5%
Si0, as a stabilising agent. This material was con-
verted to the oxide prior to impregnation with
rhodium salt, by calcining in air at 773 K for 2 h.
The resultant support had a BET surface area of
100 m* g~ ', an average pore volume of 0.13 cm’
g~ ! and a mean pore radius of 20 A. An aqueous
solution of rhodium nitratc was added to this zir-
conia, followed by heating to dryness while stir-
ring. This was then dried overnight at 383 K in air
foilowed by calcination for 3 h art 773 K. Catalyst
samples after calcination at 773 i gave BET sur-
face areas of 88.5m? g~ '.

For IR measurements, pressed powder discs of
25 mm were nrepared. These were heated at 773
K for 3¢ min in a flow of dry nitrogen (100 cm®
min " ') before adjusting to reduction temperature
(573 or 773 K). The nitrogen was then repiaced
by a flow of 3.5% H, in Ar before maintaining the
temperature at 573 or 773 K for 2 h. The sample
was then outgassed in dynamic vacuum while
adjusting the reactor to reaction temperature fol-
lowed by introduction of the CO/H, mixture at
the desired ratio and total pressure.

3. Resulis
3.1. Cutalyst characterisation

Catalysts which had been reduced in situ at 573
and 773 K were characterised by XPS and hydro-
gen chemisorption. Hydrogen adsorption iso-
therms measured a' 298 K gave uptake values
equivalent of 1.31 H:Rh and 1.22 H:Rh for cata-
lysts rcduced ac 573 and 773 K, respectively.
Assuming a stoichiometry of 2 hydrcgen atoms to
I rhodiur atom, these would indicate dispersions
of 65.3 and 60.9%, respectively. The Rh 24,,,
peak position in X-ray photoelectron spectra ‘ndi-
cate binding energies of 308.2 and 307.5 eV in

samples reduced at 573 and 773 K, respectively,
compared with a value of 310.1 eV for a sample
outgassed at 300 K. The value of 310.1 eV com-
pares favourably with other values for calcined,
supported rhodium catalysts [9] and indicative of
Rh**, while the other values compare with
reduced supported rhodium and rhodium foils
[9]. The further lowering of binding energy by
increasing the reduction temperature from 573 to
773 K has been observed for Rh/Al,O; catalysts
[10].

3.2. Reaction over ZrO,

A pressed disc of the Z:0, support material was
pretreated in thc same manner as Rh/ZrO, and
then exposed to a CO/H, (1:2) mixture at 20 bar
and 513 K. Spectra obtained during the first 40
min of cortact are shown in Fig. 1. Bands at 1620,
1580, 1445(sh), 1417, 1386(sh), 1365{sh) and
1230 cm ™' are observed immediately on contact
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Fig. 1. FTIR spectra of reduced Z:C, in CO/H, (1:2) at 20 bar and
513 K at reaction times of (a) | (b} 4, (¢) 20, (d) 30 and (e) 40
min.
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between the reactant mixture and the ZrQ,
{Fig. 1a). All maxima grew up to a contact time
of 20 min (Fig. I¢) whereafter only maxima at
1580, 1386 and 1365 cm ™' continued to grow. As
a resuit of this, resolution between the various
bands changed as a function of time with the 1620
cm ™! maximum, for example, present as a shoul-
der after extended contact times, but as a resolved
feature at shoiter times. The triplet at 1620, 1440,
and 1230 cm ™' are assigned to the asymmetric
Vco, the symmetric vco and the COH bending
mode, respectively, of the bicarbonate ion
(HCO;5 ) by comparison with the frequerncies of
bands confirmed by isotopic substitution, to be
due to bicarbonate ions on alumina [11]. Similar
maxima are reported for adsorption of CO,, CO,/
H, and CO [ 12,13} on ZrO, at pressures of up to
1 atm. Maxima at 1580, 1386 and 1365 cin ™! are
consistent with bands observed at 1580, 1390 and
1360 cm ™! following exposure of ZrO, to CO,
CO/H, and CO,/H, at pressure of 1 atm or less
and assigned to bidentate formate species by com-
paring with bands observed for formic acid
adsorption [13,14]. The band at 1417 cm™ ' was
not observed in previous low nressure studies
[12,14]. In agreement with He and Ekerdt {13]
but in contrast to Tre'yakov et al. [ 12] no maxima
at ca. 1625 and 1300 cm ™' due to carbonate spe-
cies (CO3 ™) werc detected.

2.3. RWZrO; at 513 K in CO/H, (1:2) at 20 bar

Spectra of a rhodium zirconia catalyst which
had ben reduced at 573 K and exposed to CO/
H, using the same conditions as for 7Zr0, are
shown in Fig. 2. Bands at 1440, 1423, 1394 and
1376 cm™ ' were observed (Fig. 2a) in addiuon
to maximaat 1582(sh), 1576 and 1561 cm ™' (not
shown). Bands at ca. 1520 and 1230 cm ™' were
not observed indicating that bicarbonate forma-
tion was not favoured in the presence of rhodium.
During the initial period of contaci bands at 1440,
1423, 1394 and 1376 cm ™~ ! all increased in inten-
sity whereas at longer reaction times, maxima at
1440 and 1423 cm ™' decreased in intensity and
were barely visible in spectra recorded after 150
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Fig. 2. FTIR spectra of Rh/ZrO, in CO/H, (1:2) at 20 bar and 513
K at reaction times of A (a) 0.5, (b) 2, (¢) 4, (d) 8 mins and B (¢)
16. (f) 30, (g) 60, (h) 90 and (i) 150 min.
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Fig. 3. Band intensities at 1440 and 1394 cm™' as a function of
reaction time in CO/H, (1:2) at 20 bar and at 313 K over Rh/ZrO,.

min (Fig. 2i). During this period, bands in the
region, 1400-1350 cm ~! continued to grow, with
4 bands in this region at 1394, 1386, 1380 and
1376 cm ™! being detected (Fig. 2e-i). A weaker
feature at 1310 cm™' became apparent after
extended reaction periods.

The relationship between band maxima at 1440
and 1394 cm ! as a function of time is illustrated
in Fig. 3. While the band intensity at 1440 cm ™
reaches a maximum after a period of reaction, the
band at 1394 cm ™' continues to grow.

3.4. RWZrO, in CO/H, (1:2) at 20 bur:
influence of reaction temperature

The influence of reaction temperature on the
formation and reactivity of the species giving the
band maxima at 1440 and 1423 cm ' was studied
by monitoring the intensity of the former band
during reaction at 513, 533 and 583 K. Absorb-
ance values have be=n normalised at their maxi-
muin in intensity except in the case of the highest
reaction temperature where the intensity had
already passed through its maximum beiore the
first scans were collected. Fig. 4 illustrates the
time taken for the band intensity to drop to below
0.25 (i.e. concentration of the species is halved).
A clear influence of temperature on the reactivity
of the species is apparent indicating that the spe-
cies is an intermediate in the reaction, although its
role in formation of desired products is uncertain

at this stage. An approximate experimental acti-
vation energy for reaction of the species giving
the band at 1440 cm ™' using rate constants cal-
culated from the half-life of the species assuming
first order, was 85 kJ mol ™',

3.5. Adsorbed rhodium carbonyl species

The spectrum in the region 2300-1900 cm™*
where adsorbed rhodium carbonyls are expected
is shown in Fig. 5a for a Rh/ZrO, catalyst reduced
in H,/Ar at 573 K and in a reaction mixture of 2:1
H,/CO at 513 K at 20 bar pressure. After 2 h
contact between catalyst and gas mixture, the
region is dominated by the P (2115cm ™ ') and R
(2175 cm™ ') branches of gas phase CO. Addi-
tionally, a lower frequency band at 2015 cm ™' is
observed, which remains after reducing the pres-
sure to 1 bar (Fig. 5b) and after brief evacuation
at 513 K (Fig. 5c). The two latter treatments
allowed a further component at 2089 ¢cm ™' to be
revealed. The presence of these two bands due to
the two vibrational modes of the rhodium gem-
dicarbonyl species [ 15,16] at 513 K and the detec-
tion of the lower frequency component in the
presence of the reaction mixture at 20 bar
(Fig. 5) indicates that the species is present
under reacticn conditions. Similar maxima were
detected for reaction temperatures of 533 and 583
K, when tke total reaction pressure was 2 or 40
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Fig. 4. Normalised band intensities at 1440 cm ™' as a function of
reaction !ime for Rh/Zr0, in CO/H, (1:2) at 20 bar and reaction
temperatures of 513 ( 4 ), 533 (O) and 583 K (8),
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Fig. 5. Spectra of Rh/Zr0,, reduced at 573 K then exposed to CO/
H. (1:2) at 20 bar and 513 K. (a) After 2 h reaction time, (b} after
24 h reaction time and pressure lowered te 1 bar, and (¢) evacuation
at 513 K for 1 min.

bar instead of 20 bar, and when the reduction was
performed in pure H, at 573 K instead of H,/Ar
mixture. The detection of this species for Rh/ZrO;
reduced at 573 K is in agreement with onc study
[17] but in contrast to other results [8].

In the case of Rh/Zr0, catalyst reduced at 773
K, the feature resolved from the gas phase CO
bands showed components at 2026 and 2015
cm ', On reducing the pressure to 1 bar, an addi-
tional maximum at 2100 ¢m~! was detected
(Fig. 6a). Evacuation at 513 K to remove gaseous
CO, left species that gave bunds at 2100(sh),
2089, 2026(sh) and 2015 cm ™' (Fiz. 6b). The
broad nature of the lower frquency component
compared with its counterpart for the 573 K
reduced sample (Fig. 5¢), indicates that :n «ddi-
fion o the rhodium gem-dicarbonyi species,
favoured for the lower reduction temperature, lin-
early adsorbed carbonyi species on rhodium were

also present under reaction conditions for the

higher temperature reduced samples. This is con-
sistent with previous observations of CQO adsorbed
at room temperature on Rh/ZrQ, samples reduced
at 573 and 773 K [17] and with the lower disper-
sion measured for the 773 K reduced sample (see
catalyst characterisation) since a decrease in dis-
persion favours the formation of linear bound car-
bonyls at the expense of geri-dicarbonyl species
[3,18]. The detection of gem-dicarbonyl species
at 513 to 583 K and in CO/H, mixtures at up to
40 bar pressure is significant given that above 473
K in CO at low pressures, rhodium sites for this
species on an alumina support are lest by agglom-
eration with the formation of linear carbonyl
bonding sites [ 19], and this process is enhanced
by the presence of H, [20}].

3.6. Rate of formation and reaction of species
on 573 and 773 K reduced samples

As samples reduced at 573 and 773 K displayed
differences in the nature of the dispersed metallic
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Fig. 6. Spectra of Rh/ZrO;, reduced at 773 K then exposed to CO/
H. (1:2) at 20 bar and 513 K. (a) After 24 h reaction time and
pressure lowered to 1 bar, and (b) evacuation at 513 K for 1 sun.
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Fig. 7. Bund intensities as a function of reaction time in reaction at
533 Kin CO/H, (1:2) pressure 20 bar for Rh/Zr0, reduced at 573
K (01394, a 1440) and reduced at 773 K (M 1394, O 1440).

function, it may t= assumed that these samples
should display diiferences in the rate at which
bands grow or diminish, should the species
responsible for these bands participate in the reac-
tion. The intensities of bands at 1394 and 1440
cm™! as a function of time in reaction at 533 K,
CO/H,=2:1, total pressure 20 bar for Rh/ZrO,
catalyst reduced at 573 and 773 K are shown in
Fig. 7. The rate of formation of formate species
(1394 cm™") on the 573 K reduced sample fol-
lows the trend shown for the sample in reaction at
513 K (Fig. 3) although the time taken to attain
an equivalent absorbance value is clearly less for
the higher reaction temperature. The general form
of the plots produced for the 773 K reduced sample
follow those of the 573 K reduced sample with an
initial rapid growth in the band at 1394 cm™' and
then a slow continual increase while for the 1440
cm ™! band, a maximum is followed by a decrease
in intensity. However, Fig. 7 clearly shows the
amount of both species produced (i.e. maximum
intensity) is considerably subdued for the higher
temperature reduced sample.

4. Discussion

The absence of bicarbouaic specieson Rh/ZrO,
in contrast to ZrO, and maxima due to formate
species at 1394 in addition to those at 1386 and
1365 cm ™! observed for ZrO, alone exposed to
CO/H, ixtures at high temperature and pressure

indicates that the type of adsorbed species
detected are influenced by the presence of the
metal function. Of interest is the species giving
the band pair at 1440 and 1423 cm ™' whose for-
mation and reaction are influenced by reaction
temperature and reduction temperature, as these
fulfil some of the criteria required for assignment
of the species as a reaction intermediate. Bands
within this range have been observed for CO,
adsorption on Cu/SiO, [21] and assigned to car-
bonate species. Carbonate species give bands
within the region 1630-1200 cm ™' with the posi-
tions and separation of the vibrational modes
depending on the mode of coordination. However
as Av=ca. 160 cm™' between the asymmetric
and symmetric stretching modes of a unidentate
carbonate and ca. 320 cm~' between the C=0
stretch and the asymmetric stretching mode of a
bidentate carbonate [22,23] it is unlikely that the
species is ligated in these modes. As a result of its
D,, symmetry, uncoordinated carbonate species
shows only one IR band due to the asymmetric
stretching mode at ca. 1470-1420 cm ™" with the
symmetric stretching mode at 1063 cm ™' being
infrared forbidden [22]. Unlike the case of Cu/
Si0, [21], two maxima at 1440 and 1423 cm ™!
are detected here. One possibility is that two
slightly different types of simplé carbonate spe-
cies exist, adsorbed on different types of site for
example. These might then react further to form
different types of formate species. Support for this
would be the detection of 4 bands at 1394, 1386,
1380 and 1376 cm ™' which grow as the 1440/
1423 cm™" pair diminish (Fig.2). However if
this were the case, it is unlikely that their rates of
formation and reaction would be identical (bands
grow and decrease concomitantly) as seen here.
The most likely explanation is that there is only
one type of species that lays flat on the surface,
but which involves a weak interaction between the
surface and one of the oxygens resulting in a low-
ering of the symmiztry from Dy;,. The carbon-oxy-
gen bonds involving the uaperturbed oxygens
would give rise to asymmetric and symmetric
stretching modes (1440 and 1423 cm ™', respec-
tively) akin to a unidentate adsorbed carbonate,
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Fig. 8. Relationship between band intensities due to carbonate (1440
cm™') andformate (1394 cm ™ ') species generated over a Rh/Z0,
catalysts reduced at 572 K and exposed to a 1:2 CO:H, mixture at
20 bar total pressure and at reaction temperatures of 513 (A ), 533
(A). and 583 K (0O), and at a reaction temperature of 513 K in a
1:10 (M) and 2:) (+) CO/H, mixture and a catalyst reduced at
773K ina 1:2 CO/H, mixture at 20 bar and reaction temperature
513K (@),

but with a limited (17 cm™") value of Av. The
carbon oxygen bond (perturbed oxygen) would
give a stretching mode at lower frequencies
(unidentified).

If carbonate species are an intermediate in some
process during CO hydrogenation, then the rate of
its disappearance must be linked to the formation
of some other species. Previous studies of zirconia
in the absence of rhodium suggest that cither a
bicarbonate | 13}, a unidentate carbonate | 24] or
a bidentate carbonat- [25] is converted into an
adsorbed formate species. A linear relationship
between bands ascribed to uncoordinatea carbon-
ate and bidentate formate species was established
for Cu/SiO, [21], and between unidentate car-
bonate and formate species during CO, hydrogen-
ation over ZrO, [24]. The relationship between
formate and carbonate for a range of CO/H, ratios
and temperatures and for two reduction tempera-
tures is shown in Fig. 8. Results show that the
general tendency is similar in all cases, although
iic position of the maximum varies according to
conditions. This establishes that a relationship
does exist between the two adsorbed species. The
absence of a linear correlation between the two
species [21,24] may be related to the fact that the

reaction here was studied under high pressure,
high temperature conditions unlike those used in
previous studies [21,24].

The form of the plots in Fig. 7 indicate that the
relationship b:- ween the uncoordinated carbonate
and the adsorbed formate species is of the consec-
utive reaction type where;

ki k2

A-B-C-D (1)

B and Care carbonate and formate species respec-
tively, and the rate constant &, is less than k,. The
attainment of maximum carbonate concentration
at shorter reaction times (Fig. 7) indicates that an
increase in reduction temperature leads to an
increase in k. Since all samples were heated at
773 K prior to reduction, and exhibited no differ-
ence in BET area whether reduction was per-
formed at 573 or 773 K, it is possible that k, was
altered due to a change in particle size that would
inherently affect morphology and the number of
interface sites. Certainly, a reduction in the num-
ber of interface sites for the 773 K reduced surface
would be consistent with the diminished concen-
trations of formate and carbonate species, should
these species be adsorbed at these sites Studies
by Baiker et al. [26] using Group 1B metals and
zirconia strongly suggest that ZrO, is involved in
the reaction sequence and supports the proposal
that the adsorbed species is located at the metal/
support interface. The interrelationship between
the two species as given in Eqg. (1) relates to the
two species adsorbed at the same type of site,
hence the lesser quantities of both species on the
1ligh temperature reduced surface. High tempera-
ture reduction clearly modifies the surface in some
manner as to restrict the number of adsorption
sites available. Recent studies of Pt supported on
an identical zirconia sample [27] indicate that at
ca. 823 K, hydrogen is spilled over from the metal
to the support. Some of this is adsorbed by the
support while the rest results in a partial reduction
of the zirconia. These processes may be those
responsible for the modification of the surface
indicated here leading to the depleted concentra-
tions of adsorbed species.
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A further possibility is that high temperature
reduction resulted in a more fully dehydroxylated
surface that would hinder the transfer of spillover
hydrogen to hydrogenate the carbonate species,
should this be located on the support surface.
However such a scenario would lead to a build up
in carbonate species for the 773 K reduced sample,
which is not in keeping with the results presented
in Fig. 7. Information regarding the formation of
surface OH groups or Rh-H species was unob-
tainable due to the high scattering of the sample
which resulted in low transmittance ( <1%) in
the range 4000-2900 cm~'. Reduction at 773 K
resulted in improved transmittance in this region
but the extreme broad nature of the band contain-
ing contributions from the OH vibration of surface
hydroxyls meant that the subtle change in the con-
centration of OH specie. during reaction could not
be determined.

The role of these species in the overall mecha-
nism should be mentioned since, for Rh/Si0, at
least, an equivalent change in dispersion to that
observed here does not lead to significant changes
in selectivity [2]. Although a link between car-
bonate and formate has been established here, the
role of these spectes in the overall reaction process
is less clear, ie. the relationship and identity of A
and D in Eq. (1). Millar et al. [21,28] in this
laboratory, proposed that gaseous carbon dioxide
and adsorbed oxygen generated the carbonate spe-
cies that were subsequently hydrogenated to give
adsorbed formate that was the pivotal intermediate
in methanol synthesis over Cu/SiO, and Cu/
Zn0,/8i0,; catalysts. The importance of carbon-
ate species in the synthesis of methanol over Cu—
Zn—-Al catalysts has been identified [29],
whereas, HCOO™ was not considered to be an
active intermediate for Group 1B/ZrO, [26] or
Re/ZrO, catalysts [30]. It is known that a rela-
tionship exists between surface carboxylate
concentration and formation of the corresponding
alcohol [2] although whether these carboxyiates
are reaction intermediates or merely an adsorbed
form of the real reaction intermediate remains
unclear. Should formate concentration be linked
to methanol synthesis selectivity, results obtained

here would predict widely differing behaviour for
Rh/ZrO, reduced at 573 and 773 K. Catalytic
activity measurements are currently being carried
out to determine whether this is in fact the case.
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