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INTRODUCTION

‘The hydrogenation of CO and C02 over Zr'Oz- is classified as
isesynthesis (the ée(ective fcr'matiqn of branched alkanes and aromatics)
when the reaction is ;:onducted at pressures éan the &der of 50-200 atm
(1-3). The " réaﬁio'n_ is known to produce inte}‘mediate voxygenated _

products, including methano! and dimethy! ether (1, 4. 5}, suggesting
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that the, isosynthesis reaction may proceed via oxygenated intermediates.
.This paper examines the 01 intermediates which may initiate the
isosynthesis reaction as well as participate in propagation. The presence
of intermediates and their interconversion were established at one atm
using temperature programmed techniques and FT-IR. The C'!

intermediates formed on Zr’O2 can be expected to be the same at one atm

and isosynthesis pressures, however, their relative abundances may

differ.

Different mechanisms have been proposed for CO and CO2
hydrogenation over metal oxides (6-8). Possible C1 intermediates include:
formyl, formate, and molecular formaldehyde as the initial intermediate
which forms between CO/H:2 and the metal oxide, and methoxide and
hydroxycarbene as precursors to methane or methanol. Our previous work
over ZrO’2 (8, 10) has shown that carbonate, bicarbonate, formate and
methoxide form upon adsorption of CO/H2 or COZ/HZ' Labeling studies

are used to examine the interconversion of these intermediates and assist

in establishing the mechanism for CO or C(’.’)2 hydrogenation over ZrOz.
EXPERIMENTAL

The details of the experimental apparatus and techniques are
presented elsewhere (8, 10). The IR measurements were taken with the
Zx"O2 wafer at 25°C. The temperature programmed desorption/temperature

programmed decomposition (TPD/TPDE) experiments were conducted in 2
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quarti tube uséﬁ_g two grams of ZrOZ (1-3 u powder with 2 5.8 m2/g BET
area (Alfa'—Ventron)A).. Flushiﬁg gas flow rates, dur;ing 'the heating cycle,
were low enough to suggest that equilibrated réadéorption occu_rred (11,
). \ | |

The TPD/TPDE studies were conducted by‘ ox'idiz;.ing. the Zr'C)‘2 in
flowing OZ at 620°C for .0.5 hr followed by cooling in fweliu}n to 25°C, or
followed by exposing th_;'e ZrOz' to flowing H2 at 620°C for 0.5 hr prior to
cooling in ﬂo»;iing He. The surface remained hlydrc'>xylated as ioh‘g as the
temperaturs was kept below 750°C (1‘3). F‘éllowir@g .pr'e‘;'r‘eat.ment, the Zr'O2
was e#posed to fhe gas to be.adsorbed .g's the temperature was increased
'.to ‘_GZOQC and cooled back to 25°C_I in the adsdrbing -g‘as.' This pro;eéure
vwas selected to enable 'tho.se species which may f'or:m .a;c elevated
temperature to form. The final step for TPD/TP.DE_-invq'!véd ‘héating the
ZrO, at 1°C/sec in the.presence of a flushing gas, while' ménitoring the

effluent with 2 mass specirometer.
RESULTS AND DISCUSSION

Species evolved during the TPD/TPDE studies 'a’c' five differem-:
temperature regime; depénding upon thé adsor;bed gas and the flushing
“gas (8). Assiénments were méde by -exanixi'ning the distribution of the
'desorb'ed products .and adsorbing .formic acid and methano! and desorbing
their adsorbed str.t.gcturels, férmate and methoxide, respecﬁveiy. The

assignments are listed below along with the TPD/TPDE temperatures.



a - 40 to GOOC; molecular CQO.
B - 120 to 180°C; carbonate.
¥ - 380 to 420°C; bicarbonate.
& - 460 to 510°C; methoxide.

e - 580 to 620°C; farmate.

The ¥ species was initially assigned to a carbonate; however, infrared
results indicate that bicarbonate forms over Zr'O2 (10) from bo‘éh'CO and

CQ,. Therefore, the ¥ species is probably a bicarbonate.

. The infrared studies confirmed the presence of molecular CO, formaté
and bicarbonate over ZrOz. Carbon monoxide and carbon dioxide interact
differently over ZrOz. Car.-bon dioxide adsorbs in the absence of added H2 '
to produce the bicarbonate species. Carbon monoxide adsorption results
in a formate species. Figure 1a represents the spectrum observed
following exposure of Zr’O2 to 200 torr CO as the temperature was raised
to 540°C and lowered back to 25°C. The bands at 2880, 1390, 1580, and
1360 t::rn-1 are associated with the C-H stretching, C-H in plane
deformation, COO asymmetric and COO  symmetric stretching vibrations,
respectively (10, 14-17). Continued exposure to 200 torr CO at 25°C for
18 hr produced spectrum b of Figure 1. The formate baﬁds remain and
additional bands are observed at 2560 and 1610 cm'T. The 2860 <:m--l band
is associated with methoxide (10, 18, 18, 19) and the 1610 cm--! band is

associated with bicarbonate (10, 13, 20). Similar experiments with CO,



resulted in the appearance  of on'ly‘ one band at 1610 cm-1, the

bicarbonate.

The spectrum in Figure 1b revealed that the formate can be converted
into the me’choxide at 25°C. Adsorption of methanol at 2;5.°C produces a
methoxide species- which was found to react at '25°C in the presénce of
methanol tts the formate (10). These q;bservation‘s sugges‘cn that formate,
methoxide, apd' .any intermediates which are associated .wi’ch the

"interconversion of formate and methoxide are reactive at 25°C.

; Addi{ional evidence for formate and methoxide species is preéented in
Figure 2. Spectrum a was recorded after exposing the _ZrOz' to a flowing
1/1 'CO/HZ m.ixture as fhe. tempera‘tupe was. raised to 540 and lowered back
to 25%C. Methoxide (2960 cm™ ') and formate (2830, 1580, 1390, 1360 cm™ )
' avr-e observed. Evacuation at SSCOC {spectrum b) and'550°C {spectrum c)
cause;i th‘e bands to attenuate. Exposlurje of the ZrO2 to -forn;xic acid at
25°¢C produced the‘-f;:rmate., .as anticipated (14-18), and vsome methoxide.
'_(The band at 1"720 c1-n..f c';orrespond to the carbor;yl stretch ‘of formic
acid.) - . | |

Figure 1a demonstrated that formate formation occu rgd.é’c 200 torr CO.
Additional studies at 1 _étrr.z flowing CO alsoc.show that CO forms the
formaté_-._ - TPD/TPDE reveal that CO adsorptibn also prod—uces. a carbonate
when the adsorption occurs over ’che temperature cycle 25+ 620 - 25°C.

Pulse adsorption of CO on an oxygen/hyd-rogen_ treated surface at 320°C,



which is above the carboﬁafe desorption temperature, reveals that formate
does not react to produce the carbonate. Figure 3 presents the TPD/TPDE
spectrum that resulted when the pulsed CO was heated in flowing HZ' The
two peaks appear at the § and e temperatures, corresponding to the
decompoéition of methoxide and formate species, respectively. No peaks
wére observed for the carbonate or bicarbonate species. These results
along with previous results (9) suggest that carbonates are not involved

in the CO hydrogenation reaction and are not precursors to hydrogenated

products.

The formation of methoxide and formate in Figure 1 occurred in the
absence of gas phase hydrogen. The ZrO2 was treated with oxygen and
hydrogen at 540°C for 0.5 hr under each gas prior to adsorption of CO.
Similar IR vspectr‘a are observed if the ZrO..Z is treated only with oxygen.
The surface of ZrO2 contains OH groups (10, '13, 21). These OH groups
can be exchanged with gas phase 02 at temperatures at least as low as
200°C (10) which demonstrates that the OH groups are labile and that
hydregen dissociates over Z»rOz. Figure 4 represents the TPD/TPDE
signals recorded when an oxygen treated surface was heated in the
presence of flowing CO. (The surface OH groups had been converted into
©OD groups with DZO prior to oxygen treatment.) Methane was obsef'ved at
the ¢ temperature. The appearance of CH4 and CHDS indicaf‘:es that OD
exchar;ge was incomplete. The appearance of CD4 and CHD3 demonstrates

that OD groups acted as the deuterium source during these experiments.



'Additiona! stud:es have suggested that the OH groups act as the

hydrogen source in the presence of gas phase H2

Methane was seen to evolve from the surface of Zr02 at. both the 6 and
¢ temperaturass (Flgures 3 and 4) The § species is a methoxxde and
» -met-hane formaticn involves »hydrogenolysie of -tﬁe 6-0 bond. The ¢
species is. a fo:_’rﬁate and methane formation IS .thought to occur by the ‘
fprmate reacting to t'h.e methoxide, thcﬁ quickly.rea'c’cs at ‘;hle €

temperature to methane (9). _

Methanol is also formed over ZrO, at one atm. F-igﬁr-e 5 presents the

2"_(0 1/1

COZ/HZ. over the temperature cycle 25 - 540 - 25°C.' The characteristic

gas phase épectrum in the infrared cell following exposure of ZrQO

methanol bands at 296'0,. 2930;: and 2843 cm.-l are clearly evident. A
previous study.(10) showed ’chat.CO2 /H reacted to. formate methoxide,

and bicarbonate on the.ZrO2 surface. Methanol can alse be generated from

co/ Hy

‘Labe!i'ng studies with OD -and H2 (or -OH .and D2) . suggest the
mechanism by which methanol is formed as well as the mechahism by which
formate converts into methoxide. Adsorption of CO2 onto a deuteroxylated

surface foilowed by TPD/TPDE in H2 results in- CD4, HD3, and CH, at

4
the & temperature and CDZHOH at 600°C. Adsorptxon of C:O2 onto &
hydroxylated surface followed by TPD/TPDE in D2 produces methane at

the 6§ temperature and CH,DOD at' 600°C. Carbon dioxide also e\)olves at



600°C. The species decomposing at 600°C for these experiments is not
thought to be the formate. The TPD/TPDE spectrum and labeling studies
suggest fhat an adsorbed form o-f methylformate is decomposing to give
the ﬁethano!. Al (22) has recently shown that methylformate decomposes
over metal oxides to produce methano! and CO or COZ' Adsorption of

methylformate and desorption in H2 produces methanol at 600°C over

ZrOz.

The Gibbs free energies of formation of methano! from CO or CO, and
H, are sufficiently positive that, over the temperature range studied,
direct synthesis was unlikely at one atmosphere. Methylformate formation
from CC)/H2 is favored at temperatures below 125°C and is unfavored from

COZ/HZ at any temperature. Methylformate decomposition into methanol

~and CO or CO2 is highly favored (large negative free energies of

formation). If the adsorbed form of methylformate follows similar trends,
it may be possible tq form the adsorbed stfucture at low temperatures and
have it decompose during the TPD/TPDE cycle in HZ'

Possible mechanisms for this formation utilize the formate and
methoxide species and their interconversion intermediate, H2COO- n.

Carbon monoxide reacts directly with the surface to produce formate,

‘whereas C02 reacts to a bicarbonate which subsequently reacts to a

formate (10). These steps are shown below with only one of the possible

adsorbed structures shown for both formate and bicarbonate.
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‘CO+.%H —_ 0 /0 (1

c02+_§’ﬂ‘—‘—_—»—> " N — 70 @

" The formate was shown _to convert into methoxide and did this at 'a
, 'tempe'ratur.e: as low as .250(_; in Figure 1. We propose that the.reaction

involves the HZCO'OT'intermedi'ate.

o 0 Chs

./-’ \.. | _L. ' N\ _]__ 1
0/ N — _'0/ \o — (l) 3)



The methoxide can be hydrogenated to methane at atmosphric pressure
but it is unlikely that it produces methanol at one atm. Methano! may form

according to the following schemes, (4) to (6).

H Ho H H H

| \_/ \

C C C==0 —(—H

A-\ 7\ | |

¢ 0 + Q9 0 — 9 0 + 0 W
A_.L A_/

(1)

H H H
¢ CHz om0 —C —H

A\ l 1

0" 0 o+ Q0 > 0 0 + H 5
N/ 4 ! |
\
C=0-CHy . Hy  CHOH + CO/CO, (6)
O ‘-

The CH2 group on species || yvould explain the formation of CH,DOD

2
when CO or CO2 adsorption was foliowed by TPD/TPDE in D,. The

10
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interconversion of formafe and meth-oxidé at 25°C revealed that the

reactants ‘for reactions 4 and 5 were present at temperatures where

species ! méy be favored thermodYnamicél!y. Experiments are in progress

; té verify this mechanism.
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Figure 2.

Figure 3.
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LIST OF FIGURES

Adsorption of_ CO on ZrOzz {a) spectrum recorded
immediateiy after adsorption; (b) after 18 hr.
Adsorption of CO/HZ, and HCOOH: (a) CC)/H2

1/1; (b) evacuation at 350°C for 0.5 hr;

(c) ev_acuatibn at 550°C for Q.S hr; and, after

(d) 10 torr HCOOH was admitted at 25°C.

Mass signals characteristic of the indicated molecules
during fhe TPD/TPDE of oxygen/hydrogen treated

ZrOZ, with CQ pulse preadsorption at 320°C,

into HZ'

Mass signals character_istic of the indicated molecules -
during the TPD/TPDE of oxygen/DZO treated

Z’rOi, without hreadsorption into CO.

COZ/HZ 1/1 adsorbed on .ZrOZ,
spectrum of the gas phase of the IR cell.
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