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Previous work has suggested that methyl formate is a possible intermediate in the catalyt,ic 
production of methane from formaldehyde on a tungsten (100) single crystal. To test this 
hypothesis, a study of methyl formate interaction with W(100) has been performed. The 
major products desorbed upon heating a sat,urated layer of methyl formate on W(100) were 
hydrogen and carbon monoxide. However, a significant yield of formaldehyde and small 
amounts of methane, carbon dioxide, and eeveral organic products believed to be methyl 
formate, glycolaldehyde, and methyl alcohol were also observed. The thermal desorption 
products and their desorption kinetics from methyl formate adsorbed on W(100) were very 
similar to those from formaldehyde on W (100). A sequence of reactions which might account 
for this similar behavior is suggested. 

I. INTRODUCTION 

h catalytic reaction which is receiving 
wide attention today is the cat&tic 
mcthanation react,ion in which CO + Hz 
are catalytically converted to CH4 and 
Ha0 (1, 2). This reaction will be of major 
significance in the conversion of coal int,o 
synthetic natural gas. At the present time, 
the mechanism and int’crmrdiates involved 
in this reaction arc not known. 111 an 
attempt to learn more about the chemistry 
of CH, production by heterogcncous cata- 
lytic proccssrs, several wcent studies have 
been conducted of t’hc decomposition of 
organic adsorbatcs known to produce CH, 
as a product. For example, an early 
thermal dcsorption study of formaldehyde 
adsorbed on a W(100) single-crystal surface 
conclusively dcmonstratcd that methane 
and carbon dioxide arc produced in low 

1 Guest Scientist at the National Bureau of 
Standards during the course of this work. 

yield when the cryst,al is covered with 
more than about one-half monolayer of 
H&O (3). A more recent X-ray photo- 
electron spectroscopy/thermal desorption 
study of H&O adsorbed on W(100) con- 
firmed these findings and led to the proposal 
of the following sequence of reactions as 
being responsible for t!hc catalytic decompo- 
sition of H&O t’o yield CHI and CO, (4). 

W(100) 
A*CO(d - iip(ais) (1) 

2 H$O(ads) W(lOO1 
.A Hh + E&OH (2) 

HLC-o W(lOO) 
H’Q - 

Hp. (31 

H3C0. + H?O W(100) E-i 
\ 

(II) 

O-CH, J 
~“*y#~ ,, 

O=c;’ 
W(100) 

(5) 
. R \ 

Yt' H 
- cq$(g) + COpL¶dS) 

C02bd3) “(loo’ : m2(g) (‘3 

The gas-phase reaction of two molecules of 
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H&O to product one molcculc of CH, and W(100) single crysteal aft#w all the CH, 
one moloculc of COZ is thermodynamically was cvolwd. It is clwr from this propowd 
favorable (5), the change of cnthalpy at mechanism that a th(lrrllal-dt,sorption study 
298 “K being -56.54 kcal/mol, and the of methyl formatc on W(100) would be 
Gibbs free-energy change being -53.X7 desirable for testing t,hc propowd mccha- 
kcal/mol. Although some of the steps in nism. Such a study has bwn pcrformcbd and 
the proposed mechanism arc not thcrmo- will bc described in this paper. 
dynamically favorable in t#hc gas phase 
[e.g., AH for step (2) is ca. +44 kcal/mol], 

II. EXPERIMENTAL METEIODS 
such processes should be more probable on 
a catalytic surface due to stabilization of These studies wrc pcrformcd in an 

the species involved. Step (2) has brcn ultrahigh vacuum chamber on a W(100) 
postulated because a bimolecular process single-crystal disk (0.60 cm in diamctor by 
would seem reasonable in explaining the 0.036 cm thick) having a W(100) gco- 
observed CH, and Cot only when the metrical surface arca equal to 897, of the 
surface coverage rcachcs approximately entire crystal area. Both sides of the cryst#al 

one-half monolayer (3, 4). Furthermore, a disk were ground and polished to within 

recent theoretical study has indicated that 0.4” of the (100) direct’ion. Th(> crystal was 
adsorbed HCO is a possible intermediate in welded to a 0.025-cm-diameter 97% W/3y0 

catalytic methanation over Ni (6)) and, Rc support, wire which served as one thcr- 
in an early thermal and electron-impact mocouplo lcad. Thr second thermocouple 
dcsorption investigation, Baldwin and Hud- lead (0.013 cm in diamtter) of 747, W/26% 

son (?‘) suggested that HCO is an inter- Re was wcldcd to the cryst,al edge. The 
mediate in the decomposition of H&O on emf of the thcrmocouplc was tcstcd at 

Pt(ll1). Of course, HCO and .CH20H 373”K, and t.he measured temperature was 

have been observed in the gas phase and found to be within 1°K of the true value. 

in condensed phases by various spectro- The crystal could bc hcatcd to 2600°K by 

scopic techniques (8). Step (3) of the clcctron bombardment from a pancake-w 

proposed mechanism involves a hydrogen spiral emitter mounted 0.2 cm behind the 
atom shift t,o form CHSO.. The latter crystal. Radiation from the cmit,tcr was 

radical has not bwn obscrvcd spcctro- used alonc to heat the crystal to -1000°K 

scopically, but has bcm postulated to be in thermal desorption cxpcrimcnts. 
an intermediate in the photolytic dccom- Methyl formatc was purified from rc- 
position of methyl alcohol (9). Step (4) agent-grade methyl formatc by distillation. 
represents the combination of HCO and The middle fraction boiling at 304°K was 
CH,O* to form methyl formatc. Step (5) collcctcd, and this portion was then sub- 
rcprcscnts the decomposition of mc>thyl j&cd to vacuum distillation at 195°K in 
formatc through a four-center intcrmcdiatc a greasclcss vacuum system, Brrakscal 
similar to those often invoked in explaining nmpoules of the final product were scaled 
the mechanisms of a variety of organic to a metal-glass gas-dosing system con- 
reactions (10). Alternatively, step (5) could nected to the ultrahigh vacuum (uhv) ap- 
be achieved in two steps : via the formation paratus. Gas chromatographic analysis (sta- 
of HCOO + CHs, followed by dccompo- tionary phase : polyphcnyl ether-6 rings) 
sition of HCOO to CO2 and CHs + H of the methyl format,c indicat,ed that its 
reacting to product CH?. Step (6) was purity was grcatcr than 997,, wit,11 mctha- 
necessary because our flash dcsorption (3) no1 being the major impurity. 
and XPS studies (4) indicated that COZ A molecular beam doser within the uhv 
was still prcscnt on the surface of the apparatus was used to deposit methyl 
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The W(100) cryst,al was clcancd by 
rrpcatcd heating to -2400°K in O2 at 
2 X 10F8 Torr to remow residual carbon. 
Following 02 trcatmcnt, the crystal \vas 350 400 450 500 550 600 65~ 700 

T WI 
flashed to 2600°K in an ultrahigh vacuum. 
The thermal dcsorption spectrum of pure 

FIG. 1. Comparison of Hz desorption from hydro- 

gen monolayer and from saturated methyl formate 
hydrogen from W (100) was an indicat,or of 

layer on W(100). Since methyl formate is deposited 
surface contamination; it was found that 

only on t.he front surface of the crystal, the Hz de- tha Hz dcsorption spectrum was in good 

sorption from methyl formate has been multiplied agreement (EC Fig. 1) with that obtained 
by 2 for comparison with Hz desorpt,ion from bot,h in other work on clean W(100) (13-15). 
faces of the crystal. In a11 adsorption experiments, the crystal 

was flashed in vacuum two times to 2600”K, 
and then was cooled to -340°K. Methyl 

formato on the front surface of the W(100) formatc was admit&d using the beam doscr 
cryst,al. This tcchniquc cffcctively prc- to any drsircd coverage level. The beam 
vcntcd a major gas load from hcing intro- was th(ln shut off, thn throt,tl(> valw to the 
duccd into the uhv chamber, lrading to 
unacwptablc levels of residual gases. Thn 
doscr is a cylindrical “short tube,” for I k- 
which L/R = 1, whcrc L = length, and 
R = radius = 0.625 mm, mountrd 12 mm 
from the W(100) crystal. We calculate (12) 
that S.5(r, of the cfflucnt methyl formatjo 
moloculcs arc incident on the W(100) 
cryst#al and that the uniformity of dcposi- 
tion is constant, to wkhin 20y0 over t,hc 
crystal surface. Since the sticking cocfkic~nt, 
falls during adsorption, thcrc will hr n 
twdcncy for a mora uniform surface covcr- 
ngc to bc produced as covcragc rises. The 
flow of methyl formatc to tho effusion source 

‘\ 
-.- 

was controlled by adjusting the prcssurc OL ’ 

of methyl formatc behind a glass capillary 
300K TEMPERATURE+ 1800 

within the gas-dosing vacuum system. At FIQ. 2. Comparison of mass 28 desorption from a 

our beam flux, it was found that a 180-s saturated CO monolayer and from a saturated 

dose of methyl formato was sufficient to methyl formate layer. Since methyl formate is de- 

saturate the crystal, and all tha dcsorption 
posited only on the front surface of the crystal, the 

spectra shown hcrc wcrc obtainc>d at this 
CO desorption from methyl formate has been multi- 

plied by 2 for comparison wit#h CO desorption from 
Iwo1 of initial covcragc~. bot,h faces of the crvstal. -II 
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A stainless steel uhv apparatus was used 
in this work. Th(l base pressure was 
2 X 10-l” Torr, with residual-gas relative 
peak height,s of 64y, Hf, S70 CH4, 8% HzO, 
loci;, CO, 4yG COz, 67, Nc. A quadrupolc 
mass spcct,romc%cr n-as uwd in all thermal 
dcsorpt,ion measuwments, opclrating at an 
c+ctron cncrgy of 70 cV. 
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FIQ. 3. Comparison of CU-CO desorption from CO monolayer and from saturated methyl 
formate layer on W (100). 

ion pump was partially closed to enhance 
the thermal desorption signal, and the 
crystal was heated by radiation from the 
W-pancake spiral emitter. In some cases, 
even though the emitter was shielded from 
the molecular beam by the crystal, slight 
desorption from the emitter occurred prior 
to reaching a crystal temperature of 350°K ; 
in these cases, the lower part of the leading 
edge of the thermal desorption is uncertain, 
as shown by dashed lines in the figures. 

III. RESULTS 

Figure 1 compares the thermal desorp- 
tion spectra of Hz (m/e = 2) desorbed from 
a saturated methyl formate layer (solid 
curve) and from a pure Hz monolayer 

(dashed curve) on W(100). As will bc 
shown later, this characteristic two-peak 
Hz evolution from methyl formate on 
W(100) is quite similar to that observed 
for HZ evolution from formaldehyde on 
W(100) (3) and contrasts with the charac- 
teristic 2 : 1 ratio of ,&- and &-Hz desorption 
states for pure Hz on W(100) (IS, 14). 
The Hz evolution curve is also distinctly 
different from that obtained by interaction 
of adsorbed CO with adsorbed hydrogen 
on W(100) (15) and was the first indicator 
that neither H&O nor HCOOCH, com- 
pletely dissociates to CO and hydrogen 
upon adsorption at, -300°K. Figure 2 
shows the thermal desorption spectra of 
CO (m/e = 28) from a saturated layer of 
methyl formate (solid curve) and from a 

Fro. 4. CO* desorption from saturated methyl formate layer on W(100). 
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Fm. 5. Mass 1.5 and 16 desorption from saturated methyl formate layer on W(100). 

monolayer of pure CO (dashed curve) on 
W (100). The two curves arc again struct’ur- 
ally similar, except for the presence of a pair 
of a-CO-like states for the CO evolved 
from the methyl formate, which arc shown 
in more detail in Fig. 3. 

The t,hermal dcsorption spectrum for 
COz (nz/e = 44) dcsorbed from a saturated 
layer of methyl formate on W(100) is 
shown in Fig. 4. The temperature of evolu- 
tion of this COz state is almost identical to 
that obtained for CO2 evolved from formal- 
dehyde on W (100) (3). Figure 5 shows t’he 

thermal dcsorption spectra for species 
having m/e = 15 and 16. These spectra 
correspond to the desorption of primarily 
CH4, alt#hough the m/e = 15 spectrum does 
contain a component from an organic 
product, and the m/e = 16 spectrum con- 
tains a small component from CO (491, of 
t.hc m/e = 28 fragment). Again, the two 
spectra resemble those obtained for CH, 
evolved from formaldehyde on W(100) 
(S), except for the extra peak in the m/e = 16 
curve near 5SO”K. 

Figure 6 represents the thermal desorp- 

T (K) 

FIQ. 6. Mass 29, 30, 31, and 32 desorption from saturated methyl formate layer on W(lO0). 
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TABLE 1 

Mass Spectral Cracking Patterns Obtained in This Htudy(~ 

Molecule (M W) m/e 

15 16 

Carbon monoxide (28) 0 4 
Methyl formate (60) 13 1 
Glycolaldehyde (60) 25 2 
Methyl alcohol (32) 100 6 
Formaldehyde (30) 2 5 
Methane (16) 77 100 

28 29 30 31 32 60* 

100 1 0 0 0 0 
13 63 8 100 37 <16 
11 69 6 100 35 <2 
13 82 9 94 59 0 
35 100 62 1 0 0 

0 0 0 0 0 0 

0 Quadrupole mass spectrometer; electron energy = 70 eV. 
* Amplitude uncertain due to change in mass range. 

tion spectra from a saturated layer of 
methyl formate on W (100) for organic 
fragments having m/e values of 29, 30, 31, 
and 32. It is clear from the curve shapes 
that m/e = 31 and m/e = 32 refer t’o the 
same organic species ; however, the m/e = 29 
and m/e = 30 curves peak at slightly differ- 
cnt temperatures and have slightly different 
shapes ; therefore, these must contain con- 
tributions from other organic species. 
Table 1 lists the mass spectral cracking 
patterns obtained with our quadrupolc mass 
spectrometer for several likely candidates 
for the organic spccics in this study and 
will be useful to the reader in the intcrpreta- 
tion to follow. 

IV. DISCUSSION 

One of the more intriguing aspects of this 
work is the identification of the various 
organic species which give rise to the m/e 
=29, 30, 31, and 32 t,hcrmal desorption 
spectra. Many organic fragment-cracking 
patterns were considcrcd in this work; those 
which have not been climinatcd from con- 
sideration arc given in Table 1. It is evident 
from Table 1 that the only species con- 
sidered which has a substantial m/e = 30 
contribution is formaldchydc. Thus, in this 
work, it was assumed that the entire m/e 
= 30 spectrum represents desorption of 
formaldehyde from the saturated layer 
of methyl formate. 

Therefore a portion of the m/e = 29 de- 
sorption spectrum in Fig. 6 can also be at- 
tributed to formaldehyde. Howcvcr, Table 
1 indicates that methyl formate, glycolaldc- 
hyde, and methyl alcohol also have sub- 
stantial m/e = 29 contributions. To mea- 
sure the contribution of the m/e = 29 
fragment which is not due to formaldchydc, 
WC subtracted the m/e = 30 desorption 
curve [corrected by a factor 100/62 using 
the cracking pattern (Table 1) for formaldc- 
hyde] from the m/e = 29 curve. The result 

Fro. 7. Resolution of mass 29 desorption products 
from saturated methyl formate layer on W(100). 
See text for explanation of the method used here. 
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FIG. 8. Resolution of mass 16 dcsorption products from snturnt,ed methyl form&c layer on 

W(100). See text for explanation of the method used here. 

is shown graphically in Fig. 7. The differ- 
cncc curve, which can lx: attributod to 
organic species othw than formaldehyde, 
is shown at the bottom of Fig. 7, togcthcr 
with the m/e = 31 and 32 curves. Com- 
parison of the integrated arcas under thcsc 
three curves suggests that the most likely 
organic specks from Table 1 which could 
give rise to thcsc thermal dosorption spectra 
is mct’hyl alcohol. However, the nz/e = 15 
results to bc dcscribcd Iatcr prccludc 
methyl alcohol as being the only dcsorbing 
molcculc conkibuting to m/e = 20. Wn 

b&w that methyl formats: and glycolaldc- 
hydc may also bc thermally dosorbcd from 
the methyl formatc layer on W(100). 

Figure 8 shows how tht: w/e = 16 con- 

t8ribution was corrected for t#ht: small 
m/e = 16 fragmclnt from CO. Curve: (b) 
reprcscnts 47, of the 771/e = 2X cont,ribution 
from Fig. 3. The corrwtod 771/e = 16 
mcthaw cont,ribution is rcpcwntcd at t#he 
bot~tom of Fig. 8, as well as t,hc cxpoctcd 
m/e = 15 mcthanc contribution (777,) of 
m/e = 16, from the: cracking patt,clrn of 
pure mc+hanc in our mass sl)(‘ct,ronlc~tc’r). 

,I fl 15 (TOTAL) 

0 / ‘\ CALCULATED MASS15 FROM 
c/ 
/ 

',OTHER SOURCES (a-b) 

/ \ 
1’ \ 

0 
I I I I ,\ , I I 

350 400 450 500 550 600 650 700 

T (K) 

FIG. 0. Resolution of mass 15 desorption products from saturat,ed mct,hyl formate 1:Lyer on 
W (100). See text for explanation of the method used hew. 
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TABLE 2 

Relative Mass Spectrometer Yields of Desorption 
Products from Saturated Methyl Formate Layer on 
W(100) 

Desorption product m/e Relative 
yield 
(%I 

CO 28 100 
H1 2 25 
H&O and other organics 29, 30, 31, 32 8.8 
CHa 15, 16” 3.9 
co2 44 0.4 

a Corrected for m/e = 16 for CO and m/e = 15 
for organics. 

Figure 9 shows how the m/e = 15 con- 
tribution was resolved. Subtracting the cor- 
rectcd CH,(m/e = 15) contribution (curve 
b) from that of the total m/e = 15 contri- 
but’ion (curve a) yields curve c which 
represents the m/e = 15 contribution from 
other organic species. The integrated area 
under curve c is not as large as the areas 
under the m/e = 31 curve or m/e = 29 
difference curve in Fig. 7. Therefore, using 
the cracking patterns in Table 1, the de- 
sorption of methyl alcohol cannot account 
for the entire product distribution detected 

Fro. 10. Comparison of the thermal desorption 
spectra from methyl formate and formaldehyde 
adsorbates on W(100). The spectra, obtained in 
different vacuum systems, are normalized to the 
same maximum peak intensity. 

FORMALOEHYOE 
EtVCOLALOEHYOE 

METHYLFOAMATE 

FIG. 11. Possible reaction scheme for formaIdehyde 
and met,hyl formate decomposition on tungsten. 
Key intermediate species are indicated inside dotted 
region. 

at m/e = 31, 29, and 32. Since methyl 
formate was originally adsorbed on the 
W(100) surface, it is logical to assume that 
some methyl format’e would cvolvc upon 
heating the saturated crystal. Also, from 
a photoelectron spect,roscopy/thermal dc- 
sorption study, Egelhoff has reported the 
desorption of glycolaldehyde, in addition t,o 
formaldehyde, from a formaldehyde layer 
on W(100) (12). Thus, it seems reasonable 
t’o postulate that the organic species dc- 
sorbing from the sat,urated mrt,hyl formate 
layer arc methyl formate, methyl alcohol, 
and glycolaldehyde, but this work can- 
not definitively discriminate among these 
products. 

Prom t’he mass spect,rometer currents, 
i+, associated with the dcsorption products, 
we may make a crude cstimatc of the 
yields of CO, HZ, organics, CH4, and COZ 
produced (by comparing f i+dt as mca- 
sured with our mass spectrometer). Thcsc 
are shown in Table 2. 

From Table 2 it can be seen that the 
major desorption products in bhis study 
wrc CO and Hz, but, a substantial amount 
of CH, was also produced. The results of 
this study are remarkably similar to those 
obtained in the carlicr work on formalde- 
hyde adsorbed on W (100) (3, 4). This point 
is clearly illustrated in Fig. 10, where 
various characteristic dcsorption spectra 
for HzCO and HCOOCHJ adsorbatcs are 
comparcd.2 It appears, then, that the bc- 

2 It should be noted that a conclusion (2) pre- 
viously reached in early work in which m/e = 29 



CATALYTIC DECOMPOSITION OF METHYL FORMATE ON TUNGSTEN 403 

havior of methyl formate and formaldc- 
hyde on W (100) is closely interrelited. 
This similarity in desorption product 
identity and in the kinetics of t#hc various 
desorption processes as shown in Fig. 10 is 
indicative of the prcsencc of similar surface 
spccics when either methyl format#e or 
formaldehyde is adsorbed. A possible reac- 
tion scheme which expresses t,his interrcla- 
tionship is given in Fig. 11, where methyl 
formatc is shown to undergo decomposition 
to HCO and . CH,OH. This overall rcact’ion 
scheme is similar to t,hat proposed earlier 
for t,he decomposition of formaldehyde on 
W(100) (4), except t’hat we now include 
provisions for the product,ion of mrthyl 
alcohol and glycolaldchydc. The product 
yields from Table 2 indicate that the ovcr- 
all reaction rates for all steps leading to 
CO and Hz arc large, while t,hc overall rate 
for the production of CHa and CO, from 
methyl formate is small, due to cit#her a low 
surface concentration of mrthyl formatc 
or to a low specific rate, i&. The equilibrium 
(K,J bctwccn methyl formate and the 
organic fragments is strongly shifted 
toward the fragments. In summary, our 
proposed reaction scheme would suggest 
that, adsorption of formaldehyde, glycol- 
aldehyde, or methyl formate on W(lO0) 
should all give rise primarily to CO and HS, 
with small yields of CH1, COz, and the 
organics upon thermal dcsorption. 

It may also be seen from Figs. 3 and 10 
t’hat the drsorption of Hz, a-CO, CH,, and 
organics (mass 29 spectrum) occurs in 
nearly the same temperature region. This 
may indicate that the overall step for these 
products’ formation may bc controlled by 
the opening of filled sites due to desorpt,ion 
of a predominant surface specks [H(ads); 
cu-CO(ads)?]. The opening of these sites 
could t’hen allow other more complex ad- 

was thought to be due to ethane is clearly incorrect. 
The m/e = 29 from formaldehyde adsorbate is, in 
fact, predominantly formaldehyde, with the possi- 
bility of some glycolaldehyde (12), methyl alcohol, 
and methyl formate. 

sorbed species t,o interact with mow sur- 
face sites, leading to fragmcnt,ation and 
desorpt,ion. 
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