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The source and role of oxygen in the formation of carbonates, formate, methoxide, and methanol 
were studied over zirconium dioxide at 1 atm. Temperature-programmed and steady-state reaction 
techniques and 180-labeled reactants were used. Water was required to produce methanol; how- 
ever, none of the oxygen from water was incorporated into the methanol. The data indicated that 
carbonate species formed from carbon dioxide and a water-based hydroxyl group whereas formate 
formed between CO and a different hydroxyl group, which may be a bridging hydroxyl group. The 
labeling studies are consistent with a formate-to-methoxide mechanism for methanol synthesis and 
suggest the nature of the active surface sites for this mechanism. D 1986 Academic Press, Inc. 

LINTRODUCTION 

A previous report from our laboratory (1) 
reported that methanol was synthesized 
over Zr02 in the presence of CO/Hz/H20 
and that methane was synthesized in the 
presence of CO/Hz. A mechanism was pro- 
posed in which a methoxide species was the 
common intermediate to methane and 
methanol, and in which the methoxide was 
either hydrolyzed or hydrogenated to meth- 
anol or methane, respectively. Additional 
studies (2, 3) have suggested that CO inter- 
acts with the Zr02 surface to form a for- 
mate and that the formate is hydrogenated 
to the methoxide. 

Methanol synthesis mechanisms have 
been discussed in recent reviews (4-6). 
Three mechanisms have been proposed 
over metal oxides. The formate-to-methox- 
ide mechanism is the only mechanism of 
the three that involves interaction of CO 
with lattice oxygen and with the potential 
for incorporation of lattice oxygen into 
methanol (4, 6, 7). The other two mecha- 
nisms, formyl-to-enol (H&OH) (4, 5) and 
adsorbed formaldehyde (4), proceed with- 
out cleavage of the C-O bond of carbon 
monoxide. A series of i80-labeling experi- 
ments was carried out over ZrOz to deter- 
mine whether the Zr-OCH3 or the ZrO- 
CH3 bond was being hydrolyzed and if 

lattice oxygen was incorporated into meth- 
anol. The incorporation of lattice oxygen 
would support earlier publications (Z-3) 
that, on the basis of different techniques, 
had reasoned that the formate to methoxide 
route was followed over Zr02. 

II.METHODS 

The experimental apparatus is repre- 
sented schematically in Fig. 1. The Zr02 
was placed in a quartz tube. Water was 
added to the reactant stream by allowing 
the mixed-reactant gases to bubble through 
a saturator before entering the reactor. The 
saturator was designed to operate with ap- 
proximately 1 ml of water and was main- 
tained at room temperature for the experi- 
ments reported here. 

The reactor effluent was monitored con- 
tinuously using a UT1 1OOC quadrupole 
mass spectrometer and at discrete points in 
time by actuating an 8-100~ gas sampling 
valve. Gas samples were subsequently ana- 
lyzed on a Varian 2440 gas chromatograph 
equipped with a 1.83 m X 3.2 mm o.d. 
column of 0.2% Carbowax on 60/80 mesh 
Carbopak C . 

Each series of temperature-programmed 
desorption (TPD) studies was started with a 
fresh 2-g charge of Zr02. The following 
steps were taken to produce methanol in a 
TPD experiment: (1) The ZrO;! was treated 
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at 600°C for 10 min in flowing oxygen (30 
cm3/min), and after it was cooled to room 
temperature, the reactor was flushed with 
helium (30 cm3/min) for lo-15 min. (2) The 
catalyst was exposed to a helium-water va- 
por stream at 25°C for 10 min. (3) The tem- 
perature was ramped linearly (ca. l”/sec) 
from 25 to 600°C in a flowing stream of l/l 
Hz/CO (30 cm3/min total). (4) The reactor 
was cooled to 25°C in l/l Hz/CO (30 cm31 
min) in no less than 20 min. (5) The temper- 
ature of the reactor was ramped linearly 
from 25 to 600°C in a flowing stream (30 
cm3/min) of 49/49/2 H2/CO/H20. (6) The re- 
actant stream was diverted past the satura- 
tor and the l/l HdCO stream was allowed 
to how over the catalyst at 600°C for ap- 
proximately 1 min before cooling to 25°C in 
no less than 20 min. The cycle was repeated 
by beginning with step 5. 

The procedures for a steady-state experi- 
ment were similar to the initial procedures 
for a TPD experiment: (1) A fresh charge of 
Zr02 (approximately 2 g) was oxygen- 
treated at 600°C cooled, and flushed with 
helium. (2) The temperature was ramped 
linearly from 25 to 600°C in a flowing 
stream of l/l Hz/CO and then cooled back 
to 25°C in about 10 min in the flowing 
stream. (3) A l/l Hz/CO mixture (30 cm3/ 
min) was directed through the water-filled 
saturator and the temperature was raised to 
the operating temperature. Reactor effluent 
was collected in the sample loops and was 
analyzed periodically during the experi- 
ment. 

Blank activity of the reactor and the 
stainless steel-sheathed thermocouple, 
which touched the ZrOz, was established. 
The thermocouple was withdrawn for most 
experiments. 

Catalyst preparation. The Zr02 was 
made by slowly dissolving ZrC& in dis- 
tilled water. The resulting solution had a 
slight pinkish tinge and a pH of 2. Concen- 
trated NH,+OH was added under constant 
stirring until the pH of the solution was just 
above 10.0. The white hydrous ZrOz was 
vacuum filtered and distilled water was 
slowly dripped through the hydrous Zr02 

until the filtrate had a pH of 7. The hydrous 
zirconia was subsequently frozen in liquid 
nitrogen, dried for 20-24 hr at 120°C in zero 
air (air containing less than 1 ppm total or- 
ganic carbon and less then 3 ppm water), 
and calcined for 4 hr at 600°C in zero air. 

The X-Ray diffraction pattern was char- 
acteristic of monoclinic ZrOz. Only a small 
peak was observed at 3 I”, the characteristic 
angle for tetragonal ZrOz (8). The N2 BET 
area ranged from 30 to 36 m2/g. 

Hydrous zirconia has been found to be a 
good ion exchanger (9). Hydroxyl groups 
can be displaced by anions and, addition- 
ally, anions have been found to be trapped 
within the hydrated zirconia and may be 
later incorporated into the crystal. Bulk 
chlorine analysis by Galbraith Laborato- 
ries, Inc. showed a batch of monoclinic 
Zr02 made from ZrC& having 50 ppm chlo- 
rine present. If the chlorine was distributed 
evenly throughout the zirconia, the surface 
would have a Z&l mole ratio of 5750/l. 
Using the monoclinic lattice constants 
given in Ref. (IO), a ratio of 600/l would be 
calculated if all the chlorine atoms were on 
the surface. 

Materials. The hydrogen used was chro- 
matographic grade with a minimum purity 
of 99.98 mol%. It was sent through a 
Matheson oxygen-removing purifier before 
use. The carbon monoxide was purchased 
from Matheson and was 99.99 mol% pure. 
The CO was sent through a molecular sieve 
trap that was kept at 150°C or above. The 
helium flowed through a molecular sieve 
trap for water removal before use. The car- 
bon dioxide was of ultrahigh purity, 99.6%. 
The oxygen was 99.6% pure and was used 
without further purification. 

The HP0 was purchased from Cam- 
bridge Isotope Labs (98% isotopically pure) 
and Isotec Inc. (97% isotopically pure). The 
PCS, also purchased from Isotec Inc., had 
an isotopic purity of 95%. 

III. RESULTS 

The experimental results of this study are 
divided into two parts. The first is the 
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FIG. 2. Mass signals characteristic of the indicated 
molecules during the TPD experiment identified as 
step 5 under Methods. 

results of the temperature-programmed de- 
sorption studies. The second covers the 
synthesis gas reactions run under steady- 
state conditions. 

1. Temperature-Programmed Desorption 
Studies 

Methanol may be generated during tem- 
perature-programmed heating in flowing 
CO/H2 when water vapor is present in the 
reactant stream. In order to produce metha- 
nol in a TPD reaction over zirconia, all six 
steps outlined under Methods must be fol- 
lowed. 

The result of step 5, a methanol-produc- 
ing TPD, is shown in Fig. 2. As can be seen 
from Fig. 2, methanol desorbed at an aver- 
age temperature of 580°C and methane at an 
average of 600°C. These desorption temper- 
atures remained relatively constant for all 
catalyst batches and all sample sizes. At 
about 5OO”C, AMU 29 shows a small peak 
and, presumably, this was formaldehyde 
(II). Carbon dioxide desorbed at two dif- 
ferent temperatures, 200-250°C (occasion- 

ally as high as 300°C) for the low tempera- 
ture CO2 (LTCOJ and 580-620°C for the 
high temperature CO2 (HTCOJ. Occasion- 
ally, it appeared that a small CO1 peak at 
about 570-580°C was being hidden by the 
HTC02 peak. 

This TPD process may be repeated at 
least nine times on the same charge of cata- 
lyst as long as the catalyst is not exposed to 
air and as long as steps 5 and 6 are repeated 
as specified above. The preadsorption of 
HJCO in the cooling cycle was critical to 
the formation of methanol. The longer the 
HJCO cooling cycle lasted, the greater the 
methanol AMU 31 and 32 peaks were. If 
cooling was done in flowing He, whether or 
not water was included in the reactant 
stream, methanol was not produced, but 
methane was, and the low temperature CO2 
failed to form. 

The above-described work was based on 
methanol formation over an Alfa-Ventron 
monoclinic ZrOz powder with a 5.8 m*/g 
BET area (I). The methanol peak in the 
previous study (I) was observed at 125°C 
under conditions similar to those reported 
under Methods. The amount of 30-36 m2/g 
ZrO;! placed in the quartz tube was varied to 
determine if the large differences in temper- 
atures between this study (580-620°C) and 
the earlier study were associated with ex- 
tensive readsorption. Methanol was con- 
sistently formed at 580-620°C. The temper- 
ature difference cannot be associated with 
residual chlorine because 25 m2/g mono- 
clinic Zr02 prepared from zirconyl nitrate 
also produced methanol at ca. 580°C (12). 
An explanation for the large differences in 
the temperatures at which methanol de- 
sorption was observed for these two sam- 
ples was not established in this work. 

If Hz0 was added to HJCO in the cooling 
(or Hz/CO preadsorption) cycle, then meth- 
anol was not found in the subsequent TPD 
step. Methane was evolved at 6OO”C, and 
both the high and low temperature carbon 
dioxide peaks were seen. The AMU 29 
peak was not seen. 

Another essential step in generating 
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FIG. 3. Mass signals characteristic of the indicated 

molecules during a methanol-generating TPD experi- 
ment using H2/C’60/H2’80. 

methanol in the temperature-programmed 
desorption studies was the preadsorption of 
water before the catalyst was exposed to 
HJCO as described in step 2. When this 
step was eliminated, methanol was either 
nonexistent or substantially diminished. 

Methanol was also formed on zirconia 
when the oxygen pretreatment in step 1 was 
followed by a IO-min exposure to Hz at 
600°C. Exposing ZrOt to Hz at high temper- 
atures has been seen to increase the water 
on the surface (12). 

If water was not present in the HJCO 
reactant stream in step 5, methane, not 
methanol, formed and desorbed as its char- 
acteristic temperature of 600°C. Both the 
low and high temperature COz peaks were 
greatly decreased, but the decrease was 
more significant in the HTCO* peak. 

In order to understand the role of water 
in the methanol formation mechanism bet- 
ter, the standard methanol-generating TPD 
experiment was repeated using H2180, 
C160, and H2. The results are shown in Fig. 

3. Less than 1% of the methanol that 
formed incorporated oxygen from the water 
to make CH3i80H. This experiment was re- 
peated many times, and twice the cycle was 
repeated g-10 times on the same catalyst. 
The ratio of CH3*80H/CH3160H never in- 
creased to more than what is shown in Fig. 
3. In fact, quite often the amount of 
CH3180H was less. Although not shown, 
methane was also formed and desorbed at 
600°C. Also, Cl80 began desorbing at 550°C 
and continued at a constant level at temper- 
atures greater than 550°C. Three different 
AMUs were monitored corresponding to 
the carbon dioxides incorporating various 
amounts of labeled oxygen. The low tem- 
perature CO2 contained proportionally 
more of the labeled oxygen from H2i80 than 
the high temperature CO*. Table 1 lists the 
percentages of oxygen-labeled carbon diox- 
ide from a typical HJC’60/H2180 TPD ex- 
periment. 

The standard methanol-generating TPD 
experiment was also run using HJC80/ 
H2160 and the TPD is shown in Fig. 4. Due 
to the cost of Ci80, only two methanol-pro- 
ducing cycles were run on the same cata- 
lyst. Sixty-four percent of the methanol 
produced in the two runs contained oxy- 

TABLE I 

CO2 Isotope Distributions during 

Temperature-Programmed Heating 

Peak area (5%) 

LOW High 
temperature temperature 

peak peak 

1. TPD in HdCWIHJ*O” 
PO> (Ah 44) - 
C’60180 (AMU 46) 
C?Oz (AMU 48) 

II. TPD in H2/C’80/H21b0 
C160, (AMU 44) 
cl6obo (AMU 46) 
C’*O> (AMU 48) 

60 87 
34 10 

6 3 

8 I1 
38 43 
54 46 

* The amount of labeled CO? desorbing increased during the 
first several runs and then leveled out. The numbers are taken 
from a typical TPD experimental after the constant level had 
been reached. 
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FIG. 4. Mass signals characteristic of the indicated 
molecules during a methanol-generating TPD experi- 
ment using H21C’XO/H2’h0. 

gen-18. The methanol was 68% CH3i80H in 
the first cycle and 59% CH3180H in the sec- 
ond. The percentage of isotopic carbon di- 
oxide desorbed at both the low and high 
temperatures during the second run is re- 
ported in Table 1. 

An experiment was performed that in- 
volved adsorbing methanol onto oxygen- 
treated zirconia. Desorbing preadsorbed 
methanol into flowing He or H2 gave two 
methanol peaks, one at 250°C and one at 
480°C. With either Hz or He as the flushing 
gas, the higher temperature methanol peak 
was slightly larger than the lower tempera- 
ture peak. Desorption of preadsorbed 

with Hz0 also gave two methanol peaks. 
However, the low temperature peak was al- 
most twice as large as the high temperature 
peak when water was present in the flush- 
ing stream. When preadsorbed methanol 
was desorbed into He/H2i80, 3% of the 
methanol desorbed contained oxygen-18. 
Table 2 compares this result with the 
amount of methanol incorporating oxygen- 
18 made in the Hr/Ci80/Hz1”0 and Hz/C’60/ 
HZ’*0 TPD experiments. 

Two different temperature-programmed 
desorption experiments were conducted us- 
ing carbon dioxide. In the first, CO2 was 
used instead of H20 in step 5 (see Meth- 
ods). Methane was formed and methanol 
was not formed. In the second, CO2 was 
used instead of CO in steps 3-6. Neither 
methane nor methanol was generated when 
CO2 was the sole carbon source. A large 
off-scale peak for AMU 32, probably oxy- 
gen, was produced during step 3 when wa- 
ter was not present and during step 5 when 
water was present. 

2. Steady-State Experiments 

Methanol may be generated over zirconia 
in flowing HZ/CO if water vapor is present 
and steps l-3 described under Methods for 
a steady-state experiment are followed. A 
plot of the rate of methanol produced fol- 
lowing CO/H2 preadsorption versus time at 
290°C is shown in Fig. 5. No appreciable 
amount of methane was found at this tem- 
perature. The rate of methanol formation 
decreased rapidly with time. Regeneration 

TABLE 2 

Methanol Isotope Distributions during 
Temperature-Programmed Heating 

CHj160H CH,‘*OH 
(%) (So) 

Hz/C’80/H2’60” TPD 
H2/C’60/H2’80 TPD 
Preadsorbed CH1160H sub- 

jected to He/HJ80 TPD 

36 64 
97 3 

97 3 

methanol into flowing He or H2 saturated u The C’*O was 95% isotopically pure. 
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FIG. 5. Rate of methanol formation versus time in 
flowing CO/Hz/H20 at 290°C. 

was tried following a steady-state experi- 
ment by oxidizing the Zr02 at 600°C and 
subsequently cooling to 25°C in Hz/CO. The 
regenerated Zr02 (not shown) was approxi- 
mately one-fourth as active as the fresh 
ZrOz . 

Steady-state experiments were also per- 
formed without the preadsorption of HJCO 
as described in step 2. The rate versus time 
results are shown in Fig. 5. The rate of 
methanol formation remained more con- 
stant and was much lower when Hz/CO was 
notpreadsorbed. 

It appeared that the methanol precursor 
formed on the available sites during cooling 
in HJCO and these precursors were ti- 
trated off with a HJCO/H20 stream. Three 
different catalyst pretreatments were made 
on the same batch of catalyst, and the 
amount of methanol titrated off the surface 
at 290°C was measured. The results are pre- 
sented in Table 3. Oxygen treatment at 
600°C for 10 min had the same effect as 
treatment in helium at 700°C for 3 hr. How- 
ever, high temperature oxygen treatment 
followed by a IO-min exposure to hydrogen 
at 600°C had the effect of quadrupling the 
amount of methanol formed. 

Since methanol was not made without 
water being present in the reactant stream, 
the percentage of water was increased from 
2 to 12% to see whether this would increase 
the rate of methanol formed. The rate of 
methanol formation following Hz/CO pre- 

adsorption was decreased rather than in- 
creased with the increased partial pressure 
of water. The amount of methanol made 
with 12% water was a factor of 4 smaller 
than the amount made with 2% water. 

Since methane and methanol are believed 
to come from the same precursor, methox- 
ide (1, Z3), an attempt was made to see 
whether methane could be generated cata- 
lytically over zirconia at higher tempera- 
tures. The system was cooled in flowing HI/ 
CO from 600°C and then raised to 480°C in 
Hz/CO. The rate of methane formation may 
be seen in Fig. 6. Methane was formed and 
the rate at which it formed decreased rap- 
idly with time similar to methanol forma- 
tion at 290°C with HJCO preadsorbed on 
the catalyst. 

Methane was also synthesized at 480 and 
570°C without preadsorption of HI/CO. 
Figure 7 presents the observations at 
570°C. Both methane and methanol were 
produced at 570°C. The rate of formation at 
570°C did not show the rapid decay evi- 
denced at lower temperatures. 

IV. DISCUSSION 

Oxygen-18 Labeling Studies 

The source of oxygen in the methanol 
product was investigated using 180-labeled 
CO and H20. Because water was required 
to form methanol, three possible sources 
existed: (1) carbon monoxide, (2) water, 
and (3) lattice oxygen of zirconia. The term 
lattice oxygen must include adsorbed oxy- 
gen ions and lattice oxygen anions because 

TABLE 3 

Methanol Yields at 290°C following 
Various Pretreatments 

Pretreatment Molecules MeOH formed/cm’” 

O2 600°C IO min 6.6 x IO” 
He 700°C 3 hr 6.8 x IO” 
02 600°C 10 min 

followed by 
Hz 600°C IO min 27.6 x IO” 

“ lntegrated yield over the first I I2 min. 
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CO/H2 PREADSORPTION 
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TIME (mln) 

FIG. 6. Rate of methane formation versus time in 
flowing CO/H* at 480°C following CO/H2 preadsorp- 
tion. 

no attempt was made to discriminate be- 
tween them in this study. The HJCr60/ 
H2r80 TPD study (Table 2) revealed that 
there was negligible direct incorporation of 
oxygen from water during the formation of 
methanol. The HJC’80/H2160 TPD study 
produced a mixture of [160] and [‘80]me- 
thanol. Since the 160 did not come from 
water, the interaction of CO with ZrOz 
must proceed through intermediates that 
permit C-O bond scission and incorpora- 
tion of lattice oxygen into the methanol pre- 
cursor. 

The manner in which CO interacts with 
the Zr02 surface has been proposed in pre- 
vious studies (2, 3). The methanol and 
methane precursor was reasoned to be a 
methoxide species (1) that formed via a for- 
mate species. The labeling studies are con- 
sistent with this mechanism and provide ad- 
ditional insight into formate formation as 
well as other oxygen-containing surface 
species. These points are discussed below. 

Two carbon dioxide peaks were consist- 
ently generated in the TPD experiments. 
Previous studies identified the LTC02 peak 
as coming from carbonate/bicarbonate spe- 
cies and the HTCO;? peak as coming from a 
formate (2, 24). The isotope distributions 
for these peaks (Table 1) suggest that the 

surface species are formed by different 
routes. 

The C60/H2r80 study results permit one 
to group the source of oxygen in the CO2 
either as CO and lattice oxygen or as water. 
Similarly the Cr80/H2160 study groups the 
source of oxygen either as CO or as lattice 
oxygen and water. For example, the Cl”O/ 
H2r80 study revealed that 23% of the total 
number of oxygen atoms in the LTC02 
peak were from water. (Out of 100 CO1 
molecules, 34 I80 atoms came from 
Cr60t80 and 12 IsO atoms came from C’802, 
(34 + 12)/200 = 0.23.) Likewise, 77% of the 
oxygen atoms in the LTCOz peak for this 
experiment came from CO and the lattice. 

The results of the C’60/H2’80 and C80/ 
H2160 studies can be combined with a total 
oxygen balance. (The fractions of oxygen 
from CO, lattice oxygen, and water must 
sum to unity.) The three resulting equations 
were solved for the fraction of each oxygen 
source in the COz. The results are listed in 
Table 4. The values listed in Table 4 should 
not be taken as absolute for several rea- 
sons: (1) The Cl*0 was only 95% isotopi- 
tally pure, (2) the peak areas assigned to 
LTCOz and HTCO? (Table 1) from Figs. 3 
and 4 have some uncertainty associated 
with them because the COz peaks were not 
well resolved, and (3) an internal standard 
was not present in the feed gas to check 
that the catalyst was exposed to the identi- 
cal feed conditions for each experiment. 

140 - 

IO otm 
Q = 30 dlmtn 
CO/H2150/50) 

No CO/H2 PREADSORPTION 

METHANOL 

01 I I I I 
0 zoo 400 600 800 1000 I200 

TIME lmlnl 

FIG. 7. Rates of methane and methanol formation vs 
time in flowing CO/H2 at 570°C without CO/H2 pread- 
sorption. 
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TABLE 4 

Calculated Oxygen Source for CO2 

Carbon monoxide 
Lattice oxygen 
Water 

Low High 
temperature temperature 

peak peak 
(at.%) (at.%) 

13 61 
4 25 

23 8 

Both CO2 peaks incorporate approxi- 
mately the same amount of CO oxygen. 
The balance of the oxygen in the CO2 peaks 
appears to come from different sources, 
water for the LTC02 and lattice oxygen for 
the HTCO*. Some of the CO oxygen that 
was incorporated into the CO* may be asso- 
ciated with the oxygen left behind during 
the formation of CH4. The amount of meth- 
ane formed (see Fig. 2) is insufficient to ac- 
count for the amount of CO oxygen in ex- 
cess of 50% that was calculated to 
incorporate into CO2. The discrepancy in 
the oxygen balance may be associated with 
the reasons listed above. The oxygen bal- 
ance does strongly suggest that, in addition 
to CO, LTC02 incorporated a different 
source of oxygen than HTC02. 

The LTCO* never formed when the cata- 
lyst was cooled in He between CO/Hz cy- 
cles. The surface species producing this 
CO2 must be formed from something made 
at higher temperatures that was present 
over the catalyst during the cooling cycle. 
Carbon dioxide desorbed at high tempera- 
tures and was present in the system when- 
ever CO was also present at high tempera- 
tures. Infrared studies have shown CO* to 
interact with zirconia to form primarily sur- 
face bicarbonates and carbonates. Carbon 
monoxide adsorbed on catalyst made in this 
study showed adsorption of primarily the 
for-mate species in the IR with only a small 
bicarbonate peak (15). 

Since this LTC02 derived the balance of 
its oxygen from water, it is proposed that a 
bicarbonate forms over zirconia by a CO2 

molecule interacting with a water-based hy- 
droxyl group. This mechanism of bicarbon- 
ate formation is more probable than direct 
oxidation of the formate by water to the 
bicarbonate because CO* must form before 
the LTC02 is seen. Formate has been seen 
in the IR after exposure to CO at tempera- 
tures as low as 225°C (desorption tempera- 
ture of LTCO,); but the presence of water 
in the CO/Hz reactant stream at this tem- 
perature did not lead to LTC02 desorption 
unless H&O was preadsorbed and sub- 
stantial amounts of CO2 had a chance to 
form. This interaction of CO;? with a water- 
based hydroxyl group is further supported 
by the observation that the amount of oxy- 
gen in the LTC02 from water increased 
during the first several runs and then 
evened out to a constant level. 

From the evidence gathered in this study, 
it would be difficult to distinguish between 
the bicarbonate and carbonate since both 
desorbed from the surface as CO or CO*. 
Since the species creating the LTC02 came 
from a CO2 and a hydroxyl group, the bicar- 
bonate was the likely species to be formed 
and desorbed as the LTC02 as shown in 
Scheme I. However, the species formed 
from CO2 interaction with the hydroxyl 
could have been immediately oxidized to a 
carbonate. It is more likely that the low 
temperature CO* was a bicarbonate and, 
when oxidized, was a carbonate that de- 
sorbed at temperatures close to 600°C as 
the third CO* peak that was obscured by the 
HTC02. 
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I 
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At about the same temperature at which 
carbon dioxide first began to desorb, car- 
bon monoxide appeared with an oxygen ex- 
changed from water. This CO oxygen ex- 
change reaction could come from the 
bicarbonate forming and immediately de- 
sorbing as carbon monoxide at the higher 
temperatures (Scheme I). 

Evidence indicates that the formate is 
made from CO and a surface hydroxyl 
group (3). However, the CO* from formate 
incorporates very little oxygen from water. 
This would imply that if formate does come 
from a CO molecule and a surface hy- 
droxyl, then the oxygen of this hydroxyl 
group does not come from water. The 
source of oxygen in the CO2 from the bicar- 
bonate indicates that the CO2 interacts with 
a water-based hydroxyl group. Therefore, 
this implies the hydroxyl groups in these 
two reactions are different. Two hydroxyl 
groups, terminal and bridged, are seen on 
the surface of zirconia and it seems likely 
that the terminal hydroxyl, which is known 
to be the less stable hydroxyl group (16), is 
the one that exchanges oxygen with water. 
If this is the case, the bicarbonate forms 
from the interaction of CO2 with a terminal, 
water-based hydroxyl group and, therefore, 
the formate forms from a bridged hydroxyl. 

The Active Site for CO Conversion 

Preadsorption of CO/H2 from 600 to 25°C 
was necessary to generate significant 
amounts of methanol during the TPD and 
steady-state experiments, suggesting that 
the methanol precursor formed during pre- 
adsorption. The length of the cooling cycle 
was directly proportional to height of the 
methanol TPD peak for cooling times be- 
tween 20 and 30 min. Beyond a 30-min 
cooling time, the increase in the methanol 
peak was small compared to the additional 
cooling time. Therefore, the amount of 
methanol formed may give an indication of 
the number of active sites at which methox- 
ide, the immediate precursor to methanol, 
formed. 

Table 3 lists the methanol yields during 

steady-state experiments. Oxygen and he- 
lium pretreatment produced equivalent 
amounts of methanol, whereas hydrogen 
pretreatment appeared to increase the num- 
ber of sites by a factor of four. Hydrogen 
reacts with ZrOz to make water on the sur- 
face (22, 13). The formation of water 
should involve a partial reduction of the zir- 
conia surface creating oxygen vacancies. 
We propose a mechanism in the next sec- 
tion that involves CO interacting with an 
oxygen anion vacancy. Part of the enhance- 
ment observed for H2 pretreatment may be 
due to the expected increase in anion va- 
cancies. Hydrogen may also act to increase 
the concentration of bridged-hydroxyl 
groups. These hydroxyl groups may be in- 
volved in formate formation and its reduc- 
tion to the methoxide. 

The temperature reached during pretreat- 
ment, 600°C and during the initial tempera- 
ture ramping in HJCO was sufficient to 
cause water to desorb before CO/H2 was 
preadsorbed. Water desorption was ob- 
served to begin at 450°C during ramping in 
flowing Hz/CO. The surface contained mo- 
lecular water and hydroxyl groups follow- 
ing any of the pretreatment procedures. At- 
tempts to quantify changes in the amounts 
of linear and bridged hydroxyls and ad- 
sorbed water following the different pre- 
treatments or heating to 600°C in HJCO 
using infrared spectroscopy were unsuc- 
cessful. The infrared bands were poorly re- 
solved and were not sufficiently reproduc- 
ible to provide meaningful spectra. It seems 
reasonable to assume that the surface was 
not saturated with molecular water and was 
partially dehydroxylated prior to pread- 
sorption of HJCO from 600 to 25°C. 

When water was introduced along with 
CO and Hz during preadsorption, methanol 
was not made. It appears that water occu- 
pied the active site for methoxide formation 
and/or prevented the formation of the 
methoxide species. Water displaces meth- 
oxide from the surface during the formation 
of methanol. Water is known to adsorb dis- 
sociatively on the Zr cations (17) producing 
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both linear and bridged hydroxyl groups 
(28). The sites at which methoxide forms 
may also be sites at which water adsorbs 
dissociatively. 

Water did not appear to prevent the for- 
mate from forming; it was the methoxide 
formation which appeared inhibited, in 
part, by water. In fact, water seemed to 
play a role in surface formate production. 
The HTC02, which came from the formate 
(2), decreased when water was removed 
from the reactant stream during TPD exper- 
iments. Also, the amount of oxygen from 
water in the HTC02 increased when Hz0 
was present in the H&O preadsorption 
stream. The zirconia surface needed to be 
exposed to water following oxygen treat- 
ment in order for methanol to form in the 
TPD experiments. This may indicate the 
need for hydroxyl groups in CO hydrogena- 
tion on Zr02. Without the water pretreat- 
ment, the population of hydroxyl groups, 
following exposure to Hz/CO at 600°C may 
have been too low for the methoxide to 
form. 

During steady-state experiments increas- 
ing the water vapor in the reactant stream 
above a certain point decreased the amount 
of methanol titrated from zirconia during a 
steady-state reaction. Since most of the 
methanol precursor was presumed to be 
formed during the HJCO preadsorption 
step, the excess water may have, in this 
case, played the role of an oxidizing agent, 
decreasing the amount of methoxide on the 
surface. 

Mechanism for CO Conversion to 
Methanol 

The formate and methoxide species ap- 
peared to have the same oxygen origin, CO 
and lattice oxygen. This observation sug- 
gests a connection between the formate and 
methoxide species on the surface. Such a 
connection is important because while for- 
mate is observed (using infrared spectros- 
copy) to form from CO (15) we have been 
unable to reduce this formate species to the 
methoxide in an infrared cell using an atmo- 

sphere of Hz and temperatures as high as 
500°C (22). A possible reason could be that 
the surface needs to be kept saturated with 
formate species for a measurable amount of 
methoxide species to form via formate hy- 
drogenation. The steady-state experiments 
at 480°C revealed methane could be synthe- 
sized for periods up to 2 hr, suggesting that 
under a constant pressure of CO/Hz the 
methoxide species forms below 500°C. 

Water was required to make methanol in 
the TPD studies. Water presumably formed 
during the surface reduction which must 
occur to complete the catalytic cycle during 
methane synthesis over a metal oxide. This 
would have provided the source of water 
for the experiment listed in Fig. 7. 

Even though it appeared water was re- 
sponsible for breaking the oxygen-zirco- 
nium bond of the methoxide, a water-based 
hydroxyl group did not remain on the sur- 
face and interact with CO to make a for- 
mate or a methoxide. This could have been 
due, in part, to the need to maintain the 
reactor at 600°C for approximately l-2 min 
in flowing Hz/CO following a temperature- 
programmed heating cycle in H2/CO/H20. 
This may have provided ample time for the 
water-based hydroxyl groups to desorb. 
Water-based hydroxyl groups may also be 
lost through their proposed reaction with 
coz. 

A proposed mechanism for CO reduction 
over ZrOz is presented in Fig. 8. The for- 
mate-to-methoxide mechanism &s eonsis- 
tent with previous studies over ZrOz (1-3) 
and accounts for the experimental results 
reported here. Carbon monoxide reacts 
with a zirconium cation that has an adjacent 
oxygen vacancy and a bridged-hydroxyl 
group attached to it. The hydroxyl hydro- 
gen reacts with CO (3) to form a formate. 
The formate is reduced to the methoxide 
via the oxymethylene. The sites where the 
hydrogens, participating in the reduction, 
originate are unknown. Evidence for the 
oxymethylene has been discussed previ- 
ously (3); we can offer no additional argu- 
ments for or against its role in the reduction 
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FIG. 8. Proposed methanol synthesis mechanism 
over Zr02. 

process. The reduction of the oxymethy- 
lene to a methoxide could lead to the sec- 
ond oxygen of the formate forming a 
bridged oxygen or the bridged-hydroxyl 
group that is shown. Water exchanges with 
the methoxide leaving behind a hydroxyl 
group that must eventually desorb to regen- 
erate the active site, 

Other mechanisms could be considered. 
A dizirconium homogeneous complex has 
been shown to hydrogenate CO to the 
methoxide (19). The intermediate involved 
a zirconium atom bonded to both the car- 
bon and oxygen of a formyl, in a type of 
three-sided cyclic resonance structure. 
Since the formate has never been satisfac- 
torily shown to convert directly to the 
methoxide (1, 3, 12), this type of formyl 
structure may occur on the Zr02 surface 
and lead to the methoxide, as shown in 
Scheme II, rather than the formate-to- 

7 H, H y3 

c-0 cH_ 

co + Zr - 2 

L H’I;O +H_ ? 

Zr Zr 

SCHEME II 

methoxide route proposed in Fig. 8. This 
formyl mechanism does not directly ac- 
count for the large amount of lattice oxygen 
found in methanol (Table 2), since, in this 
mechanism, the C-O bond is never broken. 
Any inclusion of lattice oxygen in the meth- 
oxide could come from CO produced by the 
CO-lattice-oxygen exchange reaction of 
the formate. However, the data in Table 2 
for H2/C’80/H2160 were obtained in a large 
excess of PO. The formyl mechanism 
would require that the overwhelming ma- 
jority of the methanol be CH3180H. We feel 
our data are better accounted for with the 
formate-to-methoxide mechanism; the for- 
myl-to-methoxide scheme was presented 
because it cannot be ruled out on the basis 
of our data. 

V. CONCLUSIONS 

(1) Oxygen that went into forming metha- 
nol came from either CO or the Zr02 lat- 
tice, but not from water. 

(2) Carbonate/bicarbonate was proposed 
to form over Zr02 by CO2 interaction with a 
water-based hydroxyl group. 

(3) Formate and methanol showed similar 
sources of oxygen; most came from CO or 
the lattice. 

(4) Carbonate/bicarbonate and formate 
formation was proposed to involve the re- 
action of different hydroxyl groups, termi- 
nal and bridged, respectively. 

(5) The data support a formate-to-meth- 
oxide mechanism. 
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