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Summary

Infrared spectroscopy and temperature-programmed techniques are
used to examine and compare the interaction of.CO/CO,/H, with three
metal oxides, Zn0O, TiO, and ZrO,. Common surface species are formed over
these oxides at 1 atm pressure, and their reactive characteristics suggest that
CO hydrogenation over these oxides occurs via a formate~methoxide mecha-
nism, Differences among the oxides were observed in that T102 did not
hydrogenate CO or CO, into methanol.

Introduction

The hydrogenation of CO and CO, gives rise to methane, methanol,
oxygenated compounds and hydrocarbons. The number and distribution of
products obtained imply complex mechanisms with several different paths
and intermediates. When metal oxides are used as catalysts, the CO or CO,
molecule usually does not dissociate before partial hydrogenation occurs
[1, 2]. In the case of CO, possible intermediates include: HCO (formyl),
H,CO (formaldehyde), H;CO (methoxyl), HCOH (hydroxycarbene) and
H,COH (hydroxymethyl), etc. As described by Klier. [2], participation of
the O-atoms of the solid oxide must also be considered and, thus, HCOO™
(formate) is also a viable intermediate. Different mechanisms have been
summarized [1 - 4] for methanol synthesis over metal ox:(des based on the
reaction intermediates indicated above.

On zirconium dioxide, the surface species formed upon adsorption of
CO, CO,, COJH,, or CO,/H, [5 - 7] aud the mechanism for methanol forms-
tion [7,8] have been investigated recently by temperature-programmed

*Present address: Research Institute of Petroleum Processmg, Beijing, People’s
Republic of China,
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desorption and/or decomposition (TPD/TPDE), infrared spectroscopy and
isotope labeling techniques. The surface species on ZrO, after adsorption and
partial hydrogenation of CO/H, or CO,/H, include bicarbonate, formate,
oxymethylene (3,CO07) and methoxide. Methanol formation over ZrQ, is
thought to occur by two different mechanisms; one involves surface meth-
oxide while the other involves a surface methyl formate-like species as the
precursor. The investigation of both surface C; and C, intermediates shows
that the formate is indeed a key intermediate in CO or CO, hydrogenation
over Zr0O,. _

Among metal oxides, ZnO is widely used in industry as a catalyst for
methanol synthesis [2]. The adsorption and hydrogenation of CO and CO,
on ZnO has been investigated by many researchers [9 - 15]. Since disso-
ciative H, chemisorption and the formation of Zn—H bonds occur [16, 17],
a reaction between Zn—H and adsorbed CO is expected and would generate
a formyl intermediate. The formation of the surface formyl on ZnO upon
adsorption of CO/H, has been confirmed by IR spectroscopy [10, 11]. The
addition of hydridic hydrogen to CO also occurs in homogeneous metal com-
plex chemistry [18]; however, the reaction is generally reversible and the
equilibrium favors the reactants [19 - 21]. It has also been suggested that the
formation of formyl species may be promoted by Lewis acids or strong
protonic acids on the surface [19]. Using IR methods, surface formate and
methoxide have also been identified on ZnO from CO/H,, CO/H,O and
CO,/H, exposure [22, 23]. Similar results have been obtained using temper-
ature-programmed desorption studies [13, 14] and chemical trapping tech-
niques (on ZnO/Cr,03) [24]. The formate-methoxide mechanism was
proposed as a major pathway and the formy! mechanism (CO/H, > formy! =
formaldehyde - methoxide = methanol) as a minor pathway to methanol on
Zn0O [13]. A formaldehyde mechanism has also been suggested for CO or
CO, hydrogenation, since formaldehyde was found among the products of
methanol decomposition {25 - 27]. However, the existence of formaldehyde
in the products of methanol synthesis on ZnO has never been reported.
Further study of CO and CO, hydrogenation over ZnO is needed to unravel
the complex details.

TiO, has not been widely studied as a catalyst for CO and CO, hydro-
genation. Compared to ZrO, and ZnQ, TiO, is much more acidic, and
typically shows a dehydration rather than dehydrogenation activity. Distine-
tive mechanistic features based on a pathway that bypasses the formate
intermediate have been reported for transition metal-based catalysts such as
Rh/TiO, [28]. The adsorption of CO and CO, have been reported on TiO,
[29] and Pt/TiO, [30, 31] hydrated rutile surfaces [32].

In this paper we compare three different metal oxides, ZrO,, ZnO and
TiO,, as catalysts in CO and CO, hydrogenation. Our results show that the
formate-methoxide mechanism is applicable to all three metal oxides. Both
low- and high-temperature methanol formation paths and the formation of
a methyl formate-like species were observed on ZnO, as on ZrO, [8]. For
TiO,, no methano! was found in the products.
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Experimeﬁltal

The metal oxide was placed in a 12.7 mm o.d. quartz tube fitted with
a quartz frit. The tube was positioned in a furnace which was heated linearly
at 1 °C s™%; the catalyst temperature increased linearly between 100 and
550 °C. Gas at 1 atm flowed through the bed at a rate of 30 standard cm3

~1 (SCCM). This flow is slow enough to allow equilibrated readsorption
[,33, 34]. A small portion of the effluent gas was admitted to a UTI 100C
quadrupole mass spectrometer (MS) through a series of two 0.07 mm ori-
fices. A Peak Selector capable of monitoring 9 mass channels as a function of
time was used to coliect the data.

The oxide samples consisted of 2.0 g ZrO, (5.8 m? g~ BET area (Alfa—
Ventron)), 2.0 g ZnO (4.4 m? g! BET area (Flsher 7-52)), or 0.5 g T102
(50.0 m? g1 BET area (Degussa P-25)). .

A typical procedure involved heating the oxide to 600 °C in flowing
oxygen and maintaining it at 600 °C for 0.25 h followed by flushing with
helium and cooling to 25.°C in flowing helium. The adsorbate gas was
admitted at 25 °C, and the temperature was then increased to 600 °C and
reduced to 25 °C in the flowing adsorbate gas. This adsorption procedure was
followed to give ample opportunity for the different structures, which may
require elevated temperatures, to form. The adsorption of HCOOH, CH;OH
and HCOOCH; was done by bubbling He (30 ml min?) through the liquid
and passing the He vapor mixture over the oxide at 25 °C. The carrier gas was
changed to hydrogen or helium, and the temperature was subsequently
ramped at the constant rate of 1 °CsL,

The hydrogen (Matheson UHP, 99.999%) was passed through a deoxo
cylinder' and a bed of 4A molecular sieves to remove oxygen and water. -
Carbon monoxide (Matheson UHP, 99.8%) was heated to 180 °C over
molecular sieves to decompose metal carbonyls. Helium had a minimum
purity of 99.995% and was pa.ssed through a bed of 4A molecular sieves to -
remove water. :

All the IR measurements were taken with the metal oxide wafer at -
25 °C. Before adsorption, the wafer of metal oxide was treated in oxygen at
500 °C for 2 h followed by evacuation (1073 torr) for 1 h at 500 °C.

Results -

. The heating rate (1 °C s!) and carrier flow (80 SCCM) were held
constant for all TPD/TPDE experiments. In the case of ZrO,, desorbed
species were observed at five distinct temperatuxe regions (Table 1) for all
the experiments. For the purpose of comparing the different metal oxides
used, common desorption regions for ZxO,, ZnO and TiO, are also denoted
in Table 1. The assignment of the decomposing species is based on indirect
chemical evidence counsistent with all of the IR and TPD/TPDE results
[5, 81. Additional detail is given in the Discussion section of this paper.
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TABLE 1
Desorption temperature regions (°C)

Region Decomposing species ZrQ, Zn0O TiO,
molecular CO 40-60 - 40 - 50
II carbonate and bicarbonate 120 -420 120 - 430 90 - 370
I methoxide 460 - 510 430 - 480 400 - 450
formate 580 - 620 460 - 500 460 - 500
C, species 580 - 610 580 - 600 —_
TABLE 2

TPD/TPDE into flowing H, of CO, CO,, CO/H, and CO,/H; adsorbed on ZrO,, ZnO and
TiO,

Oxide Dose gas Product desorption temperature peak regions

2 II I v v
(molecular (carbonate) (carbonate) (methoxide) (C,)
Co)p
Zr0, CO CcO CO, Cco . CHy>CO CH;OH
CO, CO, > CO CH,> CO CH3;OH > CO,
CO/H, Co, CO, > CH,0H >
HCOOCH;
CO,/H, CO, CO > CH30H >
HCOOCH,;
Zn0O CO co . CO>C0O, CH,
CO, C0,>CO CO>CO,
CO/H, CO > CO, CH30H > H,CO
CO,/H, CO > CO,
TiO, CO CcO CO, CO,>CO CH,u
CO, CO,>CO CO, CH,4
CO/H, CcO, CO, CH,
CO,/H, CO,>CO0 CO,>CO CH;

2See Table 1 for identification of temperature ranges.
bProposed desorbing/decomposing species.

TPD/TPDE of CO, CO,, CO/H, and CO,/H,

The hydrogenation of preadsorbed CO, CO,, CO/H, and CO,/H, during
the TPD/TPDE process was followed using hydrogen as the carrier gas. A
summary for ZrO, [5, 8], ZnO and TiO, is given in Table 2. The TPD/TPDE
products of surface species and their relative quantitation are indicated. The
temperature range corresponding to the column headings are given in Table 1
and the species assignments are indicated in parentheses. The C, designation
refers to one or more surface species which react/decompose to give one or
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more of the following products at elevated temperatures: methyl formate,
methanol, formaldehyde and a product with a mass signal of 45. The TPD/
TPDE spectra of preadsorbed CO and CO/H, on ZnO and TiO, are shown in
Figs. 1 - 4, respectively. There are two temperature regions for each experi-
ment which are assigned to carbonate decomposition. No further dissection
of these was made into monodentate, bidentate or bicarbonate species. Trace
amounts of CO and CO, were also detected in the methoxide region when
methane signals were relatively large (Fig. 8), but these are not indicated in
Table 2. The TPD/TPDE of preadsorbed CO on hydrogen-treated TiO,
(heated to 600 °C in H,) gave a spectrum (not shown) similar to that in Fig.
3, except only trace amounts of CO and CO, were found at 330 - 370 °C.

TPD/TPDE of CH30H, HCOOH and HCOOCH,

The TPD/TPDE of preadsorbed CH;OH, HCOOH and HCOOCI-I3 were
also done in flowing hydrogen to gather data for comparison with products
formed during TPD/TPDE of CO, CO,;, CO/H, and CO,/H, (Table 2). Since
surface formate is apparently easily hydrogenated to other species, as evi-
denced by the absence of surface formate in Table 2, the TPD/TPDE of
HCOOE was also conducted using He instead of H, as.the carrier gas. The

€O (x 0.2)

" €0 (x0.5)

INTENSITY (arbitrary units)
INTENSITY (arbitrary units)

GO

GH OH .
—_—
S ]
i L) i T "+
200 400 800 200 400 500
TEMPERATURE (°C) TEMPERATURE  (°C)

Fig. 1, TPD/TPDE from ZnO of preadsorbed CO into flowing H,,
Fig. 2. TPD/TPDE from ZnO of preadsorbed CO/H; into flowing H,.
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CO (x 0.5)

INTENSITY (arbitrary units)

co

! 1 1. ! { 1
200 400 600 200 400 600
TEMPERATURE (°C) ‘ TEMPERATURE (°C)

Fig. 3. TPD/TPDE from TiO, of preadsorbed CO into flowing H,.
Fig. 4. TPD/TPDE from TiO, of preadsorbed CO/H; into flowing H,.

INTENSITY (arbitrary units)

results for ZrO,, ZnO and TiO, are listed in Table 3. The details for ZrO,
have been presented earlier [5, 8]. The TPD/TPDE spectra of preadsorbed
CH3;0H and HCOOCH; on ZnO and TiO, are shown in Figs. 5 - 8, respec-
tively.

Infrared study of surface species

The IR spectra of surface species formed on ZrO,, ZnO and TiO,
during a CO adsorption cycle (25 - 500 = 25 °C) are compared in Figs. 9a,
9b and 9c, respectively. The spectrum on ZrO,, Fig. 9a, is from ref. 6. The
spectra of Fig. 9b and c were taken after heating the ZnO and TiO, wafers
in CO (200 torr) to 500 °C within the IR cell, cooling to 25 °C and evacuat-
ing at 1073 torr. The absorption bands detected in Fig. 9b were 2955 (trace),
2880, 1580, 1410 and 1365 cm™!, while those detected in Fig. 9c were
2955, 2875, 1560 and 1360 cm™1.

The interconversion between surface methoxide and surface formate
was checked by IR. In Fig. 10, methanol (20 torr) was adsorbed on the
surface of ZnO after heating the sample in vacuum to 500 °C, cooling to
25 °C and dosing with methanol. The spectrum, Fig. 10a, was recorded after
evacuation at 25 °C for 0.25 h. There are two relatively strong absorption
bands, at 2985 and 2820 cm™!, and some weaker signals in the region 1300 -
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T T T
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Fig. 5. TPD/TPDE from ZnO of preadsorbed CH;0H into flowing H,.
Fig. 6. TPD/TPDE from ZnO of preadsorbed HCOOCH] into flowing H,.
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400 600
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Fig. 7. TPD/TPDE from TiO, of preadsorbed CH;0H into flowing H,.
Fig. 8. TPD/TPDE from TiO, of preadsorbed HCOOCH; into flowing H,.
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ABSORBANCE

3400 3200 3000 .28‘00 2600 1800 = 1600 1400 1200

WAVENUMBER (e 1)

Fig. 9. IR spectra of species formed during a CO adsorption cycle on (a) ZrO,, (b) Zno
and (c) TiO,.

——
ABSORBANGE

-

0.15

3200 3000 2800 2600 1800 1600 1400 1200

WAVENUMBER (eri 1)
Fig. 10. IR spectra of species formed by adsorption of CH3OH on ZnO. Spectra were
taken after dosing at 25 °C and (a) evacuation at 25 °C for 0.25 h, (b) evacuatlon at
200 °C for 0.25 h.
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/
1380
360
L

1560 1440

ABSORBANCE

3200 3000 2800 2600 1800 1600 1400 1200
WAVENUMBER (cni’ )

Fig. 11. IR spectra of species formed by adsorption of CH30H on TiO,. Spectra were
taken after dosing at 25 °C and (a) evacuation at 25 °C for 0.25 h, (b) heating in oxygen
at 200 °C for 0.25 h, and (c) heating in oxygen at 300 °C for 0.25 h.

1600 cm™!. Figure 10b was obtained after this sample was heated in vacuum
at 200 °C for 0.25 h. Strong bands at 1580 and 1365 cm™! and a smaller
band at 2880 cm™! appeared during this treatment.

The results of methanol adsorption on TiO, are shown in Fig. 11.
Figure 11a was recorded after methanol (20 torr) adsorption on TiO (25 °C)
and evacuation (25 °C, 0.25 h). Figures 11b and 1lc were recorded after
oxygen treatment at 200 °C (0.25 h) and 300 °C (0.25 h) respectively. The
major bands of Fig. 11a are at 2950, 2925, 2820, 1560, 1440, 1380 and
1360 cm™!. All these bands also appear in Figs. 11b and 11lc. However, the
intensity in the region 2800 - 3000 cm™! was attenuated strongly while the
intensity in the region 1300 - 1600 cm™! increased. A new band, at 2875
em™!, is distinguishable in Fig. 11c.

Methanol formation on ZnO at low temperature

Methanol synthesis from CO/H,/H,0 on ZrO, at low temperature
(150 - 200 °C) is reported elsewhere [8]. The same experiments with ZnO
and TiO, do not produce methanol at any temperature. In the absence of
water, methanol is produced on ZnO while heating an oxygen-treated sample
in CO/H, in the temperature range 200 - 300 °C. Even in the absence of H,0,
no methanol was ever observed in TPD/TPDE from TiO,.
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Discussion

As noted eatlier, a detailed discussion has been given of the species
formed on ZrQ, and their decomposition behavior [5, 6]. The assignments
made here for ZnO and TiO, are based on analogies with that data and
literature on these oxides. Our goal is to develop a mechanistic scheme which
correlates all the data in a single representation and which shows the com-
mon reaction paths as well as the differences. This summary is given in Fig.
12. In the discussion which follows, we present the available evidence for
these paths.

CH,

mome (P T o e OHOM

]
o
I ——— CHLOH

cH
1° ’
2 "
/ Zo0 - CH,OH
. 0-GH, Hy CH_OH,
o ‘o 2:0 HCOOCH
: / 2 3

Fig. 12. Mechanistic scheme for reactions of CO/H, and CO,/H, mixtures over ZrO,,
Zn0 and TiO,. :

Referring to Table 2, the lowest temperature desorption region (1) is
assigned to adsorbed molecular CO on the basis that it is the only product
detected -in this regime, that this desorption peak appears only affer the
sample is exposed to CO, and that IR spectra show the loss of CO stretching
modes upon evacuation in this temperature region [31]. Further discussion
of this region is unnecessary. '

Desorption in regions (II) and (ITI) is assigned to surface carbonate
species with no further delineation into bidentate, monodentate or bicar-
bonate species. As shown in Table 2, desorption in this region leads only to
CO and CO,, with CO, generally dominant. Carbonate speciates have been
observed by IR upon adsorption of CO and/or CO,'[6, 10, 29, 30, 32, 35].
The carbonates may arise as the result of a bicarbonate intermediate as
follows (for TiO,): :
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OH
|
| OH- G o2 0O
N AN R R/
2 T + 200,—2 0, O + T + 200, + HO
N
Ti
co,
Bicarbonate
0
2N
o o (1)
o

Bidentate Carbonate

In Fig. 9b a small band at 1410 cm™! appears after exposure of ZnO to
CO over the temperature range 25 to 500 °C. We take this to be consistent
with the formation of bicarbonates [29, 30]. Other carbonate bands in this
region are not resolved, perhaps because the system is dominated by formate.

In previous work, formate bands at 2870, 1571 and 1367 cm™! ap-
peared upon adsorption of CH3;OH on ZnO [36]. Similar bands (Fig. 9b)
appear after exposure of ZnO to CO at 500 °C, establishing that formate
formation from CO occurred. The TPD/TPDE spectrum in Table 3 of ad-
sorbed formate (derived from formic acid) in flowing He gives, in region III,
CO, > H, > CO, indicating that ZnO works as a dehydrogenation catalyst
in this circumstance. The products formed in region II result from the
desorption/decomposition of surface species in the presence of molecular
HCOOH. The desorbed species differ from those formed when desorbing
into H,. For example, in Table 3 the formation of CH, from formic acid
clearly requires the addition of hydrogen to the system.

In the case of TiO,, surface formate has been observed upon adsorption
of either formic acid [38] or formaldehyde [32]. The formate bands were at
2890, 1590, 1385 and 1365 cm™! [32]. These are about 25 cm™? higher than
observed here after CO exposure to TiO, at 500 °C (Fig. 9c shows bands at
2875, 1560 and 1360 cm™!). We attribute these changes to differences in the
surface structures of the titanias used (e.g., anatase-to-rutile ratio and degree
of reduction of the surface).

Surface carbonate on TiO, have been reported in IR studies with bands
in the 1330 - 1420 and 1570 - 1600 cm™! regions [29, 30, 39]. Although no
distinct carbonate bands are found in Fig. 9¢, they may lie within and
beneath the bands assigned here to formate. According to Table 3, desorp-
tion into He of species derived from formic acid gives CO, not CO, and H,.
Evidently surface formates are dehydrated, rather than dehydrogenated, on
TiO,. The water of dehydration appears as a broad and weak signal.

Adsorption of methanol on a broad range of metal and metal oxides
leads to methoxide [26, 36, 40 - 44]. The IR specira are characterized by a
C—H symmetric stretch near 2840 - 2820 cm™!. On ZnO and TiO, we find
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bands in this region (Figs. 10 and 11) which are also attxibuted to meth-

oxide. Oxidation of this methoxide species to formate occurs upon heating

either in vacuum or in oxygen (Figs. 10b, 11b and 11c). A similar intercon-

version has already been established for ZrO, [6]. In passing, we note that

the bands in the 2955 - 2965 cm ™! region of Figs. 9b and 9c can be assigned -
to surface methoxide and/or oxymethylene (H,COO0™) [8].

The TPD/TPDE into H, of surface methoxide from methanol adsorp-
tion leads to CH,, as indicated im Table 3. Similar production of CH, is
found after -adsorption of formic acid and methyl formate (Table 3 and Figs.
5 - 8), indicating that surface methoxide may be a common intermediate.
Further, for each of the three oxides the TPD/TPDE into H, after exposure
to CO leads to CH, in similar temperature regimes, suggesting that meth-
oxide is a common intermediate in the reaction path leading to methane.

When TPD/TPDE of adsorbed HCOOH was done into He, however, the
product distributions and temperature distributions shifted towards those
characteristic of formate, i.e., CO, and H, or CO and H,0, with very little
methane. This result mdlcates that surface formate is a precursor to meth-
oxide in the hydrogenation sequence. _

On ZnO there is a low-temperature methanol peak (Table 3) in the
TPD/TPDE of methyl formate. A similar CH;0H peak is observed when ZnQO
is heated in CO/H, to 600 °C, cooled to room temperature and reheated in
CO/H,. As for 7ZxQ, [8], the immediate precursor to this methanol is thought
to be methoxide, with formate participating at an earlier stage. However,
ZrQ, and ZnQ differ in that adsorbed H,O is required for ZrO,, but its
absence is required on ZnO. This difference may be related to the ability of .
Zn0 to form significant amounts of Zn—¥H during exposure to H,, whereas
on ZrQ,, Zxr—OH is important. Schematically these paths are illustrated as
follows:

. ZrQ, OH '
: | +GCHOH

H H M ‘ HOH M
H2 /9\ H2 : /G\ H, ‘(l':Ha- :
GO‘_—’O 0 o o o\ ‘ZnO
AN AN . H-H

H _
1 +CHOH

In this model, H,0 could inhibit CH30H formatlon on ZnO by blocking sites
for Zn—H formation.

High-temperature inethanol forms on ZrO, and ZnO but not on TiO,
(Tables 2 and 3). Methyl formate is observed in the products during methanol .
production from synthesis gas [2, 45]. Methyl formate was observed when
pre-adsorbed HCOOCH; on Zr0O, was desorbed into He [8] and when CO/
H,- or CO,/H,treated ZrO, was heated in H, (Table 2). The high-temper-
ature data in Table 3 following HCOOCH; adsorption and the appearance of
methanol at high temperature over ZnO and ZxO, (Table 2) suggest a com-
mon precursor. It is proposed. that this methanol derives from a surface
methyl formatelike intenilediate_. This intermediate was postulated to form
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by nucleophilic attack of CH30™ [8, 46] on formyl [46] or formate [8]. The
structure of the methy! formate-like species depends on the reactants from
which it is formed as follows:

H CH, H CH,
| / cI: e H
B 0= A ——= CH,OH
O © 0O O
N

Structures I and II have been proposed previously [8, 46]. We favor
structure I over ZnO because it is formed from formate which we know to
be present in our experiments. The formation of methanol from formal-
dehyde through a methyl formate intermediate has been proposed on a
number of metal oxides [47]. Both acidic and basic sites are implicated
[47 - 49]. This is consistent with the present results in that TiO, is very
acidic, while ZrO, and ZnO have both acid and base sites.

On all three oxides studied here, surface OH groups are significant. On
ZxQ,, evidence is provided by D—H labeling studies [5,6]. On ZnO and
TiO,, surface formates are detected after CO adsorption in the absence of
H,. In the presence of H,, reaction between CO and surface Zn—H must also
be considered for ZnO.

We propose that on all three metal oxides, the surface formate is the
key intermediate in the hydrogenation of either CO or CO,. Other interme-
diates, for example methoxide and the methyl formate-ike species, are
derived from it and lead to the desorbing hydrogenated products — CHy,
H,CO and CH;OH. The scheme in Fig. 12 is consistent with the experimen-
tal observations and involves this common formate intermediate and dif-
ferent subsequent reaction paths.

Conclusions

Using IR and TPD/TPDE techniques to study CO/H, and CO,/H,
hydrogenation and related systems (CH;OH, HCOOH and HCOOCH;) on
Zr0,, ZnO and TiO, catalysts, a reaction path scheme has been developed
which involves a common formate intermediate. This intermediate is fol-
lowed by various amounts of methoxide and methyl formate in leading to
the observed hydrogenation products.
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On ZrO, and ZnQ, méthanol can be formed and desorbed either at low
(100 - 800 °C) or high (580 - 610 °C) temperature. On TiO,, methanol is
not ohserved. On ZrQO,, the low temperature methanol formation requlres
H,0; while for ZnO, H,0 must be absent.
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