° o

Figure 43. Adsorption of formic acid on 90/5/5 Zn/Cu/Cr oxide at
200°C ’ ;
a) rgduced surface
b) exposure for 5 minutes

c) 1 hour after exposure |
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Figure 44. Adsorption of formic acid on 80/10/10 Zn/Cu/Cr oxide at
2000C

a) reduced surface
b) exposure for 5 minutes
¢) exposure for 1 hour

d) 1 hour after exposure
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¢

war assigned to an adsorbed fofmic acid molecule, There was negligible
wethoxy development until after the formic acid was flushed from the
gas phase, possibly because the gas phase also contained sume water
(the formic acid solution has water) which ihhibited me thoxy forma»
tton.‘

A brief exposure (5 minutes) of formaldehyde to 90/5/5 and 80/10/10
Zn/Cu/Cr catalysts at 200°9C and 1 atﬁosphere,is shown in Figures 45 and
46, respectively. The formation of methoxy groups (bands at 2930 and
2822 an”!) and formate grour: (bands at 2872, 1576, 1381, and 1360 cm™l)
occurred initially, followed by decomposition of the methoxy groups,
Both catalysts had a weak band at 2087 cm” * suggesting that carbon
monoxide was a decomposition product during form?ldehyde adsorption at
200°C, The rate of methoxy formation was more repid on the 90/5/5
2n/Cu/Cr catielyst than the 80/10/10 Zn/Cu/Cr catalyst. The weck band
at 1670 cm™! can be assigned to adsorbed water, probably another decomposi-
tion product during formaldehyde adsorption.

The adsorption of formaldehyde on 90/5/5 and 80/10/10 Zﬁ/Cu/Cr
catalyats at 100°C au] 1 atwosphere is shown in Figufes 47 and 48,
renpectively. Initially, the exposure to formaldehyde produced an ad-
sorbed formaldehyde species (bands at 2935, 2850, and 2737 cmnl).
formate (bande at 2966, 2876, 1580, 1381, and 1365 cm-l), and some
mechoxy groups (bands at 2932 and 2820 cm-l).' As the amount of adsorbed
formaldehyde increased on the surface, the isolated hydroxyl groups
(bands at 3666 and 3618 cm'l) and the mithcxy groups were displaced.

The adsorbed formaldehyde gradually decomposed to formate species.

The adsorption and decowposition of methanol (CH30H) om 90/5/5 and
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Figure 45. Adsorption of formaldehyde on 90/5/5 Zn/Cu/Cr oxide at
200°¢

a) reduced surface
b) 10 minutes after exposure

¢) 30 minutes after exposure
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. Figure 46. Msgtption of formaldehyde on 80/10/10 Zn/Cu/Cr oxide at
200°C

a) raduced surface
b) 10 minutes after exposure

¢) 30 minutes after exposure
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AMdsorption of formaldehyde on 90/5/5 Zn/Cu/Cr oxide at 100°C
a) during exposure
b) 10 minutes after exposure

¢) 30 minutes after exposure
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100°C

. Figure 48. Adsorption of formaldehyde on 80/10/10 Zn/Cu/Cr oxide at

a) reduced surface
b) 10 minutes after expoasure

¢) 30 minutes after expouuie,‘
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80/10/10 2n,/Cu/Cr catalysts were very similar at 200°C and 1 atmosphere
(Figures 49 and 50). Exposure to methanol formed methoxy groups (bands
at 2930 and 2820 cm ') and formate groups (bands at 2872, 1576, 1381,
and 1360 cm'l) with the concurrent disappearance of isolated hydroxyl
groups (Lands at 3666 and 3620 cm *). Souwe carbon dioxide was ob-
served in the gas phase from methoxy decomposition. .Reméval of
methanol from the gas phase caused rapid decomposition of the m~thoxy
groups, leading to the development of formate and bidentate carbonate
(bands at 1510 and 1327 cm *) groups. Methoxy groups did not decom-

pose as readily after a second exposure to methanol.

Thotoacoustic Spectra

Both oxidized and reduced methanol catalysts with Zn/Cu ratios
below 85/15 were unsuitable for in situ infrared studies because they
exhibited poor transmittance over the ew.tire mid-infrared spectrum.
Since the most active catalysts have Zn/Cu ratios near 67/33, it was
desirable to compare spéctra of catalysts with higher copper content to
those catalysts employed in transmission infrared studies in order to
determine if similar surface species exist on these various compositions.
The technique of photoacoustic spectroscopy (PAS) was used to charac-
terize several binary oxides subjected to different treatments, All
spectra were taken at ambient conditions.

The spectra of several oxides that were not subjected to any pre-
treatment are shown in Figure 51. Each spectrum was taken with 256

scans at 8 t.':m'1 resolution, Surface carbonate bands can be seen in
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. Figure 49. Adsorption of methanol on 90/5/5 Zn/Cu/Cr oxide at 200°C
a) reduced surface
‘b) exposure for 1 hour

c) 1 hour after exposure
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Figure 50. Adsorption of methamol on 80/10/10 Zn/Cu/Cr oxide at 200°C

a) reduced surface .

b) exposure for 1 hour

¢) 1 hour after expoasure
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the 1700-1300 cm™» region and adsorbed water mear 3400 em™l. A gaseous
impurity, carbon dioxide, was present in the spectrum of 30/20 Zn/Cu
oxide. These oxides were pretreated at 350°C under vacuum for ap-
proximately 12 hours to remove some of the surface contaminants (ad-
sorbed water and residual carbonates). Pretreated samples were trans-
ferred into the photoacoustic cell via a dry box to avoid contamination
by atmospheric water vapor and carbon dioxide. The spectra of these
oxides, shown in Figure 52, were taken with 128 scamns at 8 cn !l resolu-
tion. The reduction of adsorbed water revealed the isolated hydroxyl
groups (bands at 3672 and 3622 co '), The amount of residual carbonates
(bands at 1535 and 1380 ém’l) decreased as the zinc content of the

binary oxide decreased.

The principal objective of this study was to determine if the
adsorbed species formed on these binary oxides during exposure to a
mixture of carbon monoxide and hydrogen (CO/H, = 1/2) were similar.
Several binary oxides were heated at 3500C under vacuum for about
12 houra, cooled to 200°C, and exposed to the gas mixture for 4 hours.
After cooling to room temperature, the samples were transferred via a
dry box into the photoacoustic cell, These samples could not be sub-
jected to a vacuum without decomposition of methoxy, formate, and
carbonyl groups occurring. The spectra shown in Figure 53 were taken
with 400 scans at 2 em © resolution. The 9?/5 Zn/Cu oxide had some ad-
sorbed water (band at 3450 cm'l), the hydroxyl band associated with re-
duced copper (band at 3230 cm-l), methoxy groups (bands at 2935 and
2820 cm” '), formate groups (bands at 2854, 1580, and 1370 cm 1), and

a carbonyl species (band at 2102 cm-l). As the copper content of the
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oxide increased, the clarity of the photoacoustic spectra decreased to
the extent that little informationlcould be obtained from the spectrum
of the 67/33 Zn/Cu oxide regarding surface species. The spectrum of
the 85/15 Zn/Cu oxide showed a small amount of methoxy groups (bands

at 2970 and 2825 cm ') and formate groups (bands at 1572 and 1370 cm_l).
The poor signal-to-noise ratio of these spectra and lack of detail at

higher wavenumbers made thc assignment of band locations quite difficult,
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DISCUSSION OF RESULTS

The infrared spectra of adsorbed species on zinc oxide, binary
Zn/Cu oxides, and termary Zn/Cu/Cr oxides were sufficiently similar
that infrared band assigmments were applicable to all these oxides.

Band positions assigned to various surface species in this discussion
should be regarded as approximate because band positions can be affected
by the extent of oxide reduction, temperature, surface concentration,
and the presence of other species. Most results were obtained at

1 atmosphere and 200°C during flow conditioms.

The infrared hands above 3000 cm © on all of these catalysts have
been assigned to hydroxyl groups. Residual hydroxyl groups with bands
at 3665, 3620, 3550, and 3450 cm-l existed on both oxidized and reduced
catalysts. A small band at 3640 cm'l was also observed on some cata-
lysts that had good transmittance. The sharp, narrow shape of the bands

at 3665, 3640, and 3620 cm ' were indicative.of isolated hydroxyls,

while the broad features of the bands at 3550 and 3450 cm-l suggested

that hydrogen bonding occurred among these hydroxyls. All the major

hydroxyls readily axchanged with deuterium or deuterium oxide to produce
OD bands at 2706, 2667, 2630, and 2560 cm *, establishing that these
hydroxyls were surface species. The differences in the band positions
of these hydroxyls have been attributed to the different cryastal planes
of zinc oxide on which these hydroxyls are located (Atherton et al.,
1971).

A hydroxyl species indicated by a band at 3525 cm ! developed when

methanol or formic acid was adsorbed on the catalyst surface. An
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exchange with deuterated compounds was not possible bacause this
hydroxyl species was unstable at 200°C, but adsorption of deuterated
metbanol produced an analogous OD band at 2608 cmrl. The dissociation
of the hydroxyl hydrogen froi the organic molecule during adsorption
rrovided a large amoﬁnt of atomic hydrogen (posaibly as protons) on

the surface which temporarily produced this hydroxyl speciles. At room
temperature, this hydroxyl has been .observed as a stable species on zinc
oxide during hydrogen adsorption and labeled a Type 1 hydroxyl species
(Dent and Kokes, 1969a). This hydroxyl was not formed by hydrogen ad-
sorption at 2009°C,

Binary and ternary oxides formed a hydroxyl band at 3250 cm'1
during reduction with hydrogen and a band at 25421 cm-l during reduction -
with deuterium. Isotopic exchange'of a hjdrogen-reduced surface with
deuterium shifted this hydroxyl species extremely slowly, indicating
that this hyaroxyl was mot a surface speciles. During adsorpcion
_ experiments, the intensity of this hydrqul band was totally unaffected
by adsorbed species as long as\the catalyst cemy ned in a reduced state.
Catalyst oxidation with carbon dioxide or'wateé caused -this hydroxyl to
disappear. These observations suggest that the hydroxyl at 3250 cm-l
is a buik species associated with a reduced form of copper (oxidation
state.+1 or 0).

Fully oxidized catalysts had some residual carbonate groups on the
svrface which appeared as infrared bands at 1512, 1470, 1435, 1380, and
1325 cm-l. The changes in band intensities during various surface

conditions have indicated that the bands at 1512 and 1325 cm'l belong

to the same species, the bands at 1470 and 1380 cmfl belong to amother
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species, and the band at 1435 en”! could be assigned to a third carbonate
species. Infrared band assignments tvo specific carbonate and carboxylate
complexes on surfaces reported in the literature have been dubious and
sometimes contradictory because of the difficulties in making assign-
ments based on comparisons with pure inorganic carbonates. Band fre-
quencies can be affected by surface pretreatments and. the temperature
of adsorption, A choice must then be made among many different types
of complexes that could be formed, e.g., bicarbonate, uncoordinated
carbonate ion, unidentate carbonate, bidentate carbonate, and bridging
carbonate species. The same carbonate species on ¢inc oxide with
bands at 1530 and 1325 cm_l has been assigned to a unidentate carbonate
(Herd et al., 1974), bands at 1540 and 1330 .cm.l'auigmd to a
carboxylate species (Bozon-Verduraz, 1970), and bands at 1566-1530 and
1342-1330 cm.'1 assigned to a bidentate species (Hair, 1967). The single
band at 1435 cm-l, which was observed on ternary catalysts, was assigned
to an uncoordinated carbonate ion. A carbonate ion on zinc oxide hae
been previously reported at 1430 cm'l (Matsushita and Nakata, 1962).
Based on the general aséignmenta for unidentate and bidentate carbonate
complexes given by Nakamoto (1978), the bands at 1470 and 1380 cm-l
were assigned to the asymmetric and symmeiric 0-C-0 stretching fre=
quencies of a unidentate carbonate species, while the bands at 1512
and 1325 cm'l were assigned to the asymmetric and symmetric O-C-0
stretching frequencies of a bidentate carbonate species, respectively.
The adsorption of carbon monoxide on zinc oxide was the same as
previously reported by Taylor and Amberg (1961). A very weak band was

observed at 2200 cm - after a brief flush with N2 to remove the masking
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by gaseous carbon monoxide. This band was assigned to a J-bonded
carbonyl species. A more intense band was obsersved near 2090 cm-1 on
the binary and termary oxides. This stretching frequency was in the
2080-2110 c:In-1 region for m-bonded carbonyls. on metallic copper (Pritchard
and Sims, 1970; Pritchard et al., 1975; Horn.and Pritchard, 1976).
Although no infrared studies have been reported for carbon monoxide
adsorption on cuprous oxide, carbonyl freduencies on copper (I) organo-
metallic complexes have been characterized recently. The carbonyl
frequencies, given in Table 13, fall into the 2050-2117 cm-l region,
Thus, the band near 2090 cm'1 on binary and termary oxides was assigned
to the stretching frequency of a carbonyl species adsorbed on a reduced
copper site. The oxidation state of the reduced site could be either
Cu(I) or copper metal.

Formate groups were formed by the hydrogenation of carbon monoxide
and dioxide, the adsorption of formic acid, and the decomposition of
methanol. Infrared bands at 2875, 1380, 1575, and 1365 el were as-
signed to the fundamental C-H stretching, C-H bending, asymmetric 0-C-0
"stretching, and symmetric O-C;O stretching frequéncies,.respectively.
Two additional bands at 2966 and 2740 cm'l were assigned to combinations
of fundamental frequencies; the former band was a combination of the
C-H bending and asymmetric O-C-O stretching frequencies, while the
latter band was a combination of the C-H bending and symmetric O-C-G
stretching frequencies. These combined frequencies have been observed
in the infrared spectra of inorganic formates. The infrared bands of
some inorganic formates are given in Table 14. Infrared bands of

1

a deuterated formate at 2166, 1575, and 1335 cm =~ were assigned to the
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Table 13, Organometallic copper(Il) complexes

-1

Copper(I) complex Vegr €M Reference
[HB(C3NZH3)3]Cu(CO) 2083 Churchill et al., 1975
Cu(LBF,) (C0) ‘ 2068 Gagné et al., 1977
[Cu(en)CO](BPh4) 2117 Pasquali et al., 1978
[Cu(dien)CO](BPha) 2080 Pasquali et al., 1978
[Cuz(tman)z(CO)ZCII(BPha) 2065 Pasquali et al., 1979 |
[Cuz(hm)3(CO)z)(BPh4)2 2055, 2066 Pasquali et al., 1980b
[Cu(hm)CO](BPha) 2091 Pagquali et al., 1980b
[Cu(en)2C0]I ' 2060 Pasquali et al., 1980a
{Cuz(en)S(CO)Z]I2 2062 Pasquali et al;, 1980a
[Cuz(en)3(co)2](BPh4)2 2078 Pasquali et al., 1980a
CuCO(0=t=Bu) . 2063 Geerts et al., 1983
Cu(acac)(CO)2 2100 Chow and Buono-Core, 1983
[Cu(q)cOl, 2050 Pasquali et al,, 1983

fundamental C-D stretching, asymmetric 0-C-O stretching, and symmetric
0-C-0 stretching frequencies, respectively.

Methoxy groups were also formed by the hydrogenation of carbon
monoxide, the adsorption of formie acid, and the adsorption of methanol.
Infrared bands at 2935 and 2820 cm.1 were assigned to the fundamental
asymmetric and symmetric (.‘H3 stretching frequencies, respectively.
Deuterated methoxy groups had infrared bands at 2220 and 2056 cm '

which were assigned to asymmetric and symmetric CD3 stretching fre-

quencies, respectively. Infrared frequencies of methoxy groups were .



192

*$961 *sid3iem pue nmxmaammw

‘€961 ‘°1e 319 ho>uu=u

rcmmﬁ ‘uyailsulag pue ouHa

"Z561 ‘uemmay,

- Zv62 2562 0562 €667, 0662 % pue n
- %692 91LZ S1LZ 0zLZ 0sLZ n pue On
a-au ‘gatouanbaxy Lieulyg
Z16 ZL01 0L01 7901 €401 0201 Sutpuaq g-9 aueid-jo-ino Avaw;
o101 98€1 %981 $8E1 LLET 96T Sutpuaq g-o suepd-up (lg)S.
08ST 8191 - 0091 06S1 L9S1 0291 8utyosisais o-p dFaroumise }ce.,
9L 8LL €LL 69L 2L 8L Suypuaq p-p dFijemnds (ly)Ea
Lz€1 65T ¥9€1 GSET 99€1 LLET Suyyo3ea3s 0-9 oOTiemmks ()
0€1e 8982 8282 8282 1482 0L82 dayolaias -9 m&f
Nounmz NaNoumvmo Noomm [4 [4 e 4 e w ‘sajouanbai} [ejusme ﬁ:,
, . poomen  foomen  Jloowen Coomen - 1 31 pung

sajemi0] OJue3Iou] 10y sjuawuB[sse pueq paxeljul ‘4T 1qelL



193

very similar to the infrared frequencies of liquid methsanol. Liquid CH3

has asymmetric and symmetric CH3 stretching frequencies at 2934 and 2822
cm , respectively; liquid CD,OD has asymmetric and symmetric CD,
stretching frequenciee at 2225 and 2082 cm'l, respectively (Pinchas and
Laulicht, 1971),

Infrared bands were formed at 2935, 2850, 2740, and 1600 cm-l
during the hydrogenation of carbon dioxide and the adsorption of
formaldehyde., The assignment of these bands to a weakly adsorbed
formaldehyde species was made since the CHZ sclasoring overton;, the
out-of-phase CHZ stretching, the in-phase CH2 stretching, and the C=0
stretching frequencies of gaseous formaldehyde occur at 2973, 2874,
2780, and 1745 cm , respectively (Pinchas and Laulicht, 1971). The
large shift in the C=0 stretching frequency indicated that the
formaldehyde species was adsorbed on the surface through the oxygen
end of the molecule. The adsorption of a formaldehyde mclecule on
hematite (orFezoa) produced infrared bands at 2920, 2870, 2770, and 1620
em™! (Busca and Lorenzelli, 1980), The possibility that this surface
species might be a formyl group seems less likely. Infrared bands at
2770 and 2661 cm-l, formed during CO hydrogenation on zinc were as-
signed to a formyl species {(Saussey et al., 1982). The C-H and C=0
stretching frequencies for various organometallic complexes containing
a formyl ligand, reported in Table 15, have C-H stretching frequencies
lower than those observed in this study.

Formate groups were formed during carbon monoxide edsorption on
zinc oxide, binary oxides, and ternary oxides, demonstrating that sur-

face hydrogen mobility at 200°C was increased by oxide reduction since

OH
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no hydrogen was available from the gas phase, Formate formation was
enhanced by the presence of gaseous hydrogen, presumably by increasing
the amount of adsorbed hydrogen although no new hydroxyl or hydride
species vere observed. Carbon monoxide hydrogenation developed methoxy
groups on binary and ternary oxides but not on zinc oxide at 200°C,
Carbon dioxide hydrogenation on binary oxides at 200°C formed formate
and some adsorbed formaldehyde groups but few methoxy groups, even
when the gas phase was completely replaced with hydrogen. These results
showed that the adsorbed carbonyl species on a reduced copper site was
necessary for the formation of a methoxy group from a formate group at
200°C. Carbon monoxide hydrogenation at 100°C easily developad the
copper carbonyl species but hydrogenation to formate species was very
slow and no methoxy groups were formed. Thus, at 200°C, the primary
function of copper in methanol synthesis catalysta was to activate
carbon monoxide by forming an adsorbed carbonyl species. This carbonyl
species enhanced the hydrogenation of formate groups to methoxy groups.
Formate acid decomposition on zinc oxide aimply formed formate
groups that decomposed to CO2 (any “2 formed could not be observed,.
Formic acid decomposition on binary and ternary oxides produced formate,
methoxy, and a new hydroxyl species. Since there was no carbonyl species
on these reduced surfaces, the hydrogenation of formate to methoxy
groups arose from the unstable hydrogen added to the surface by the
dissociative adsorption of formic acid (Typ; 1 hydrogen). At 200°C,
the zinc hydride species was too unstable to be observed in the infrared
spectra. The amount of gaseous hydrogen present during formic acid

decomposition had no effect on the rate of mathoxy formation, indicating
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that an Eley-Rideal mechanism for formate hydrogenation to methoxy species
was unlikely.

Methanol adsorption occurred by dissociaﬁive chemisorption to
produce a methoxy and hydroxyl species and by the reaction of methanol
with a surface hydroxyl to produce a methoxy‘upeciea and water, The
disappearance of isolated hydroxyl groups (bands at 3665 and 3620‘¢m'1)
during methanol adsorption was evidence of the rea#tion of methanol
with surfice hydroxyls. The development of the hydroxyl speclies at 3525
cm'l (Type I hydrogen) was evidence of the dissociative chemisorption.
The adsorption of isotopic methanol c1¢arl§ showad that the hydrogen in
the new hydroxyl speéies came from the hydroxyl hydrogen in the methanol
molecule. Methoxy groﬁpa decomposed to formate groups, accompanied by
the gradual appearance of the isolated hydroxyla.

Formaldehyde adsorption at 100°C produced an adsorbed formaldehyde
species that caused the disappearance of isolated hydroxyl groups.
Decomposition of adsorbed formaldehydg produced formate groups.
Formaldehyde adsorption at 2000C formed methoxy and formate species.

At this higher temperature, adsorbed formaldchyde was not atﬁble under
reducing’conditions but the hydrogen from the decampqsition of formalde-
hyde was readily utilized to form methdxy groups. No hydroxyl band

was observed at 3525 cm” )

» indicating that formaldehyde adsorption was
not dissociative and that hydrogenation of this unstable formaldehyde
species was more favorable than the formation of a Type 1 hydrqul group
during decomposition.

A few concluding remarks have been addressed to the nature of

surface tites for adsorbed species. The only species believed to be
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adsorbed on copper sites was the carbonyl near 2090 cm-l. All other

species were adsorbed on zinc oxide, Isolated hydroxyl groups have been
associated with polar Zn0O surfaces and hydrogen-bonded hydroxyl groups
assoclated with nonpolar Zn0 surfaces using geometric arguments (Atherton
et al., 1971). The band intensities of the bidentate carbonate apecies
varied inversely with those of the formate species, suggesting that the
same surface site was involved. Carbonate formation on zinc oxide has
been found to occur on dehydroxylated sites (Morimoto and Morishige,
1975); these dehydroxylated sites have been associated with the sites of
hydrogen-bonded hydroxyls (Atherton et al,, i971). The formation of
carbonate and formate groups did not affect the isolated hydroxyls,

but the formation of adsorbed formaldehyde and methoxy groups caused
these isolated hydroxyls to disappear. Thus, it appears that adsorbed
formaldehyde, methoxy, and isolated hydroxyls are all adsorbed on the
same sites, which are zinc atoms on the polar ZnO surfaces. Formalde-
hyde was produced during the decomposition of methanol on a polar ZnO
surface but not on any other type of surface (Cheng and Kung, 1982).

The remaining species, the Type 1 hydroxyl at 3525 cm-l, apparently ad-
sorbs on an energetic surface or defect site. Because both formic

acid and methanol adsovption produced this hydroxyl species, it will

be proposed that stepped surfaces between polar and nonpolar planes are

the sites for this hydroxyl group.
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PART III.
IN SITU CHARACTERIZATION OF

METHANOL SYNTHESIS CATALYSTS
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LITERATURE REVIEW

Thermodynamics

Carbon monoxide and hydrogen can react to form a great variety of

products, Some of the possible reactions are:

co + 1{2 = HCHO (1)
CO + 2H, = CH,OH : (2)
Cco + 31{2 + CHA + HZO (3)
2€0 + 2H, = CH, + CO, (4)
2€0 = €O, + C (5)
2€0 + 4H, = (CH,),0 + H,0 (6)
nCO + 2nH, = GH, + nH,0 - N
nCo + (2n+1)H2 - CnH(2n+2) + nH20 (8)
nCoO + 2nl-12 = Cnﬂ(2n+1)08 + (n-l)H20 9)
(n+1)CO + 2nH, = C_H @ 1) CO0H + (n-1)H,0 (10)

An important reaction involving products from previous reactions is:

CO2 + 3H2 = cnaou + HZO ’ (11)

Because the desifed produzt is methanol, the reaction conditions should
be chosen to favor reaction 2 while minimizing the others. Free energles
of reaction for several of these reactions are given in Table 16: over
the range of practical temperatures, the formation of methanol from
carbon monoxide and hydrogen is least favorable., Methanol synthesis

can be enhanced by using high pressures since the molar reduction for

reaction 2 is greater than the others with the exceptions of dimethyl .




200

Table 16. Free energy of reaction®

5G° (kcal/mol)

T, %k 300° 400° 5000 600° 700°
Reaction (2) - 6.3 - 0.8 5.0 10.8 16.7
Reaction (3) -33.9 -28.6 -23,0 -17.3 -11.4
Reaction (4) -40.7 -34.4 -«27.9 -21.2 -14.5
Reaction (5) «28.6 -24.3 . -20.0 -15.7 ~11.4
Reﬂction (7) -27'2 -1903 -1101 - 207 509
Reaction (8) -51.3 -40.5 -29,2 -17.6 - 5.9

a
Natta, 1955.
ether (reaction 6) and ethanol (n = 2 in reaction 9) formation. A
catalyst is required to selectively form methanol.
The methanol content at equilibrium is determined from the
equilibrium constant:
K = £, OH/(fco)(fH )2 (12)
Hy 2
Using the subscripts CH3OH =1, CO = 2, ana Hz = 3, then
K = pyvy/ (B,v,) (Pavy)? (13)
P12 P3Y,
= KyKY (14)

where Ky is the equilibrium constant at low pressures and KY is the

fugacity coefficient ratio. Numerical equations for K have been

developed by Cherednichenko (Strelzoff, 1970):
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log K = 39717} - 7,492 log T + 0.00177T - 3.11 x 107912 + 9.218

(15)
and by Thomas and Portalski (1958):

log K = 3921'1"1 - 7.971 log T + 0.00250T - 2.95 + 10'7'1‘2 + 10.20
(16)
Values for KY are shown in Figure 54, as calculated and plotted by Ewell

(1940). Rearrangine Equation 13 and using mole fractions, the methanol

mole fraction is:
2.2
Yy KyzyaP /KY Qan

Since K decreases with increasing temperature and KY increases with in-
creasing temperature, the temperature for ﬁethanol synthesis should be
as low as practicable to maximize conversion,

The reaction is strongly exothermic (AﬂggsoK = «21.7 kcal/mol).

A numerical expression for the heat of reaction is (Thomas and Portalski,

1958):

MG = 17,920 - 15.84T + 0,011427° = 2.699 x 10°°T  (18)

and at elevated pressures:
o 61y /2
AHT P AHT - 0.5411P - 3,255 x 10 P/T (19)

Because the heat of reaction increases with increased pressure, methanol
reactors must be designed for large amounts of heat removal to maintain
adequate conversion and to protect the catalyst from deactivation.

A more fundamental approach for determining equilibrium concentra-
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tions requires information about the free energy of formation, heat of
formation, heat capacity, and fugacity coefficient of each component

in the reaction., The equilibrium ccnstant can also be expressed as:
K = ~xp[- AG/RT] = exp[- EvIAGiIRT] (20)
For the methanol synthesis reaction at 2980K and 1 atm:

= m° - AGO - o
&GO OGCH OH AG 245G

3 co H,

Values for AG? can be obtained from Table 17, giving a value:
6% = -38.6 + 32.8 = -5,8 kcal/gmol

The standard-state equilibrium constant becomes:
KO = exp[5800/(1.99)(298)] = 1.8 x 10*

The effect of temperature on the equilibrium constant can be deter-

mined using the van't Hoff equation:

AHC,
d 1n K T
¢ 3T )P 2 ) (21)

The heat of formation is calculated from the expression:

T

AHO = AHO + f ACSdT (22)
T
0

where the standard-state heat of formation, AH®, can be expressed as:
MHO = Zy AH, (23)

and the heat capacity of the reaction mixture is:

Q . o] /
ACP = L.viCPi (2%
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Table 17. Heat and free energy of formation?

Compound AH9oo, keal/mol !!Gggs , kecal/mol
CH3OH -48.08 3 -38.62

HZ 0.0 : 0.0

Cco =-26.416 . -32.808
COZ -940052 .94'260
HZO -57.798 =54.,635
HCOOH -86,67 -80.24
HCHO -28.29 -26,.88

8Chemical Engineers' Handbook, 1973.

Values for Aﬂg are given in Table 17, The heat capacity is temperature

dependent, and may be expressed as:

C° =a+ bT + c:'r2 + dT3 (25)
pl

where values for the constants are given in Table 18, Substituting

" Equations 25 and 22 into Equation 21, and integrating yields the ex-

pression:

In K = 1n KO + (Aa/R)ln(T/To) + (&b/2R)(T - To)

+ (bc/6R) (T - Ti) + (Ad/12R)(T° - Tg)

1 o &b bc 3 M bl L
+ R [~ AHO + AaTo + > Ti + 3 To + % To][T T,0]

(26)
The temperature of the reaction is T and the standard-state temperature,

To» 18 298°Kk, The effect of pressure on the equilibrium concentrations
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Table 18, Heat capacitya

€2 = a + bT + T’ + dT°, cal/mol-9K
Compound a b x 10 ¢ x 10° d x 10°
Cit, OH 5.052 1,694 0.6179 -6.811
H, 6.483 © o 0.2215 -0.3298 1.826
co 7.373 -0.307 0.6662 -3.037
co, 4,728 1.754 -1.338 4.097
H,0 7.701 0.04595 0.2521 -0.859
HCOOH 2.798 3.243 -2.009 4.187
HCHO ' 5.607 0.7540 0.7130 -5.494

AReid et al., 1977.

can be determined by calculating the value of the fugacity coefficient

ratio:

Y]

K=KK =175 0 ¢ ety 27
b ARY 47 i 47 i 1 atm

Using the eritical properties given in Table 19, reduced pressures and
temperatures are calculated and used with Figure 55 to estimate fugacity

coefficients, The mole fraction of methanol can then be expressed as:
_ 2.2 2
y1 = KypyaP (£/P),(£/B)3/ (£/P), (28)

The detailed numerical results for several reactions are given in
Appendix C, using a stoichiometric mixture of reactants at 200°C and
50 atmospheres, Table 20 gives reduced preasures, reduced temperatures,

and fugacity coefficienis at these conditions. Methanol formation is .
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Table 19. Critical properties?

Compound

T.» K P, atm
CH, 0H 512.6 79.9
H, 33.2 12.8
co 132.9 3%.5
co, 304.2 72.8
B0 647.3 217.6
HCOOH 580. (70.)®
HCHO 408. 65.

%Reid et al., 1977.

bEstimaCe, acetic acid plus 10 atm.

Table 20. Fugacity coefficients at 200°C and 50 atmospheres

Compound T PR £/P
CH,OH 0.92 0.63 0.70
co 3.56 1.45 0.98
H, 14.2 3.91 1.03
H20 0.73 0.23 0.38
co, 1.56 0.69 0.96
HCOOH 0.82 0.70 0.30
HCHO 1.16 0.77 0.85




Figure 55.
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favorable in carbon monoxide hydrogenation, carbon dioxide hydrogena-
tion, formlic acid hydrogenation, and formaldehyde hydrogenation,

Mixed metal oxideé having compositions very similar to those uaed
for methanol s;/nthesis catalyze the water-gas shift reaction (Newsome,
1980), The methanol synthesis and water-gas shift reactions could oc-
cur at the same time on the catalyst and might involve a common inter-
mediate. A surface formate has been determined to be an intermediate
species on Zn0 (Ueno et al., 1970) and on Cu/Zn0 catalysts (van Herwijnen
and de Jong, 1980; van Herwijnen et al., 1980) during studies of the
water-gas shift reaction, The thermodynamics of the water-gas. shift
reaction, using a stolchiometric mixture of reactants at 200°C and 50
atmospheres, are given in Appendix D. The products were strongly

favored under these conditioms.

Kinetics

Although thermodynamics establishes the maximum possible conversion
of carbon monoxide and hydrogen fo meﬁhanol, the actual methanol yleld
also debends on the rate of reaction. Because the reacgion is hetero-
geneous, the overall rate of reaction may depend on rates of adsorption
of the reactants, surface reaction rates, and the rate of product
desorption. Rate ekpresaions are derived from reaction schemés involving
a sequence of elementary steps with varipus asedmptions concerning the
assignment of the rate determining step. Kinetic data are applied to
the rate expressions to determine raté constants for‘thoae models

compatible with the data and to discard those models in which the data
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will not fit,

Using the method of Hougen and Watson (1943), thtl developed an
expression for the rate of methanol synthesis on a zinc oxide-chromia
catalyst and a ternary ZnO-CuO-Cr203 catalyst assuming that .4 trimolecular

surface reaction was rate determining (Natta, 1955):

2
£f. £, - f /K
CO'H, cu3ou

r = — 3 (29)
(A+§fco+0f + Df )

CH.,OH
H, 3
The values of the empirical rate constants A, B, C, and D were dependent

on the catalyst and experimental conditions. During the two decades
since Natta's work, experimental data have been succeassfully applied to
other kinetic models with significantly different assumptions concerning
the rate determining step, Various models have assumed that the adsorp-
tion of hydrogen, a bimolecular surface reaction, the reaction of ad-
sorbed hydrogen with a methoxy species, a Rideal-type reaction between
geseous hydrogen and a surface formaldehyde species, or the desorption
of methanol was the rate determining atep (Denny and Whan, 1978). 1In
most expressions,.the rate of reaction was found to be proportional to
(PCOP;Z)n, where n had values between 0,5 and 1,

The industrial reaction mixture normally contains some carbon
dioxide in the feed to improve the activity for methanol synthesis. The
role of carbon dioxide has becn described both as a primary reactant
and as an oxidant to maintain the catalyst in an active state., Ar first
glance, the extent of CO2 hydrogenation to methanol appears to be easily
determined by simply measuring the amount of water formed. However,
as a result of the water-gas shift reaction, the amount of water in the

gas phase would be quite small at equilibrium conditions, If the reaction
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rate for the water-gas shift occurs more rapidly than methanol synthesis
from carbon dioxide, it would be possible for the carbon dioxide concentra-
tion to remain constant and the wﬁter concentration to Be very low even
during CO2 hydrogenation to methanol,

Experimental studies of me thanol synthesis by Rozovakli and co-
workers during the past decade have shown that carbon dioxide was
hydrogenated to methanol under reaction conditions. Methanol was formed
from a feed cbntaining co, coz, and H2 but synthesis activity ceased
when 002 was removed from the gas phase (Rozovskii et al., 1975),

Studies of methanol synthesis from CO2 and H2, taking into account the
CO formed by the water-gas shift reaction, showed no co;relation between
methanol yield and CO concentrations for various comtact ﬁimes; in

some cases, the methanol yield éxceeded the esquilibrium 5mount for CO
hydrogenation (Kagan et al., 1976; Kuznetﬁov_e: al., 1983)., Using feed
mixtures containing either isotopic CO or coz, radioactivity measurements
of the reaction products established that methanol was formed by direct
hydrogenation of carbbn dioxide and provided estimates of reaction rates
for individual steps, i.e., water-gas shift and methanol syntLauis
(Rozovskii et al., 1977; Rozovskii, 1980). High concentrations of 002
decreased the product yileld by oxidative dehydrogenation of methanol

(Rozovekii et al,, 1976a):

CH3OH + CO2 = 2C0 + “2 + “20 ’ : ’ (30)

Klier and coworkers have also investigated the effect of carbon
dioxide on methanol synthesis (Klier et al., 1982). Carbon dioxide was

* hydrogenated to methanol bui at a lowgr rate than carbon monoxide hydro-
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genation, The loss of methanol synthesis aclivity when using a feed of
only CO and H2 was attributed to deactivation of active surface sites

due to strong reduction of the catalyst rather than the reactivity of
feed itseif. This conclusion was based on an increase in the rate of
methanol synthesis by small additions of water or oxygen as well as
carbon dioxide. The decrease in the rate of methanol synthesis at higher
002 concentrations was attributed to strong CO2 adsorption on the same
sites involved in the adsorption of carbon monoxide and hydrogen. A

kinetic rate expression incorporating both the promoting and inhibiting

effects of carbon dioxide had the general form

2
Peo™n, = Fon, on/¥

¢ = cCL" 2 K]

o n

(A + BRy + CPoq + DPgy oy * EPy o + Fgg )
CH,y 2 2
*klPgy + K (Roy ogPy of By )1 (31)
2 30 H,00H,

where Co and k were constants, L was the concentration of active sites,
and K and Ko were equilibrium constants for methanol synthesis from CO
and COZ‘ respectively,

Several investigators have compared the rates of methanol synthesis
by CO hydrogenation and CO2 hydrogenation (Bardet et al., 1981; Kieffar
et al., 1981; Denise et al., 1982), It was determined that carbon
dioxide was hydrogenated directly to methanol at lower temperatures than
CO hydrogenation. A chemical trapping technique was uned to identify a

atable formate species on the catalyst surface after these reactions.
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Reaction Mechanisms

An understanding of how catalysts function to selectively form the
desired product is an important factor in the deveiopment of improved
catalysts, This requires a detailed understanding of the reaction
mechanism. A methanol catalyst serves as a élaﬂsic ekample of how a
salective catalyst can be utilized to produce a prodnét that is thermo-
dynamically disfavored,

An indirecf method for mechanistic studies involves the proposal
of a mechanism from which a rate expréssion can be derived, then making
a comparison between the proposed rate and experimental data. Invalid
mechanisms maﬁ be discounted by this method, but agreement between a
rate expreasion and experimehtal data does not cénstitute proof that the
mechanism is correct, Natta used this approach to propose a mechanism
for methanol synthesis (Natta, 1955). Using Hougen and Watson models
and kinetic data with the assumption that a trimolecular sufface reaction

occurred, the following steps were proposed:

CO + * = CO*

* = *
H2 + HZ

CO* + 2H2* CHSOH* + 2%

K *
CHBOH CHSOH +‘

where * was an active site oh the catalyst surface. A rate expression
based vn the assumption that the surface reaction was controlling
(Equation 29) agreed very well with experimental data. However, many

other kinetic models have been found to satisfy the data, making any
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conclusions concerning the reaction mechanism ambiguous (Denny and Whan,
1978).

Additional indirect mechanistic information was obtained from ad-
sorption experiments. Measurements of the simultaneous adsorption of
carbon monoxide and hydrogen at low pressures on a methanol catalyst
suggested that an intermediate surface species having the formula -OCH3
existéd on active sites (Tsuchiya and Shiba, 1965). A critical as-
sumption in this appt;ach was that the -OCH3 species dominated the
surface, since the total amount of carbon monoxide and hydrogen adsorbec
was used to predict the surface species., These investigators concluded
that the rate determining step for methanol synthesis was the reaction

of hydrogen with the surface aspecies -OCH3. This conclusion was sup-

ported by a high pressure study using a methanol catalyst and labeled

hydrogen (Borowitz, 1969). After exposing the catalyat to a CO—H2
mixture, the reactor was evacuated and a CO—D2 mixture admitted. Analysis
of the product methanol by nmr spectroscopy showed a predominance of
deuterium in the hydroxyl groups. This finding indicated that a surface
methoxy spccles was a ;table intermediate and that the source of the
hydrogen in the hydroxyl group of methanol was gaseous hydrogen. Vou~
ever, it was not clear whether gaseous hydrogen reacted directly with
methoxy groups or if an adsorbed form of hydrogen was involved because
the exchange rates of deuterium with adsorbed hydrogen (hydroxyl or
hydride species) were not determined.

Several mechanisms for methanol synthesis have been proposed in

recent yeare. The scheme in Figure 56 was suggested by Deluzarche,

Kieffer, and Muth (1977) for methanol synthesis on an industrial ZnO- .
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Crzo3 catalyst. Carbon monoxide insertion into a surface hydroxyl
group formed a formate (formyloxy) species which was hydrogenated to
produce a methyloxy species. Dehydration and hydrogenation of the
methyloxy species formed a methoxy group which was hydrated to produce
methanol and a surface hydroxyl group. This mechanism did not involve
carbon monoxide adsorption on metal ions. The proposed mechanism was
based on the results of a cheuical trapping technique which identified
the stable intermediates on used catalysts. fnly the formate and methoxy
groups were detected by this method, The conclusion that the methoxy
species was hydrated rather than hydrogenated to methanocl was based on
the observation that methanol synthesis required some 002 or HZO in the
CO-H, feed mixture (the presence of CO2 ensures some Hzo formation via

the water-gas shift reaction).

The mechanism shown in Figure 57 proposed that carbon monoxide was
adsorbed on a metal ion followed by successive hydrogenation to formyl,
hydroxycarbene, ahd hydroxymethyl species until further hydrogenation
produced methanol (Herman et al., 1979). The active site for CO adsorp-
tion was proposed to be Cu(I) ions while adjacent vinc ions were the
cencers for hydrogen adsorption. None of these intermediate species
were proven to exist on an active methanol catalyst. The presence of
carbon dioxide provided an alternate pathway to methanol and methane
formation via formate and methoxy intermediates (Klier et al., 1982).
This concept of different routes to methanol synthesis for CO and 002
hydrogenation involving carbon-bonded and oxygen-bonded intermediates,
respectively, was reached independently in kinetic studies (Denise

et al,, 1982). It was proposed that an adsorbed formate species was .




al,, 1979)

Figure 57. Methancl synthesis mechanism #2 (Herman et
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formed both b CO imsertion into an adsorbed hydroxyl group and by 002
insertion into a surface hydride species. The mechanism for CO2 hydro-
genation suggested by these investigators is presented in Figure 58.
The studies of Rozovskii and coworkers concluded that methanol was

formed by direct hydrogenatiqn of carbon dioxide; carbon monoxide was
hydrogenated indirectly via the water-gas shift reaction. The general
form of the mwechanism for methanol synthesis was proposed to be

co >

y 72N B

[KCO] & [KCO,] [kCo,] CH,, OF

whexe [KCO], [KCOZI , and [KCO3] were intermediate surface complexes

(Rozovskii et al., 1976b), The intermediates in the water-gas shift

reaction were believed to be different from the intermediates in methanol .
synthesis.

A methanol synt;hesis mechanism incorporating both carbon-bonded
and oxygen-bonded intermediates was recently proposed by reviewing the
literature up to 1981 (Henrici-Oliv€é and Olivé, 1982)., This reaction
scheme, shown in Figure 59, pfoposed that carbon monoxide was adsorbed
on Cu(l) active sites within the zinc oxide lattice, Hydrogen was
dissociatively adsorbed to form Cu(I) hydride and zinc hydroxide.
Carbonyl insertion into the Cu~H bond produced a formyl specles which
was hydrogenated to form a side-bonded formaldehyde species. Further
hydrogenation yielded a methoxy species and ultimately methanol.

This type of mechanism has also been suggested for methanol synthesis
by CO hydrogenation in homogeneous catalysis using ruthenium complexes

(Dombek, 1980) and cobalt or rhodium complexes (Fahey, 1981). .
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Some studies have investigated the adsorption of various organgc
molecules, their decomposition, and desorption from the sﬁrface of zine
oxide to obtain an insight oun methanol synthesis. The temﬁerature pro-
grammed desorption of adsorbed species on zinc oxide powder using the

adsorbates H,, CO, CO ' HCHO, CH.OH, CO + H + H, indicated

2° 3 2 2 2

that an adsorbed formate intermediate was involved in the decomposition

, and CO

of methanol and formaldehyde as well as the hydrogenation of carbon
dioxide (Bowker et al., 1981). The decomposition of methanol and
formaldehyde also produced a surface methoxy species. The mixture of
hydrogen and carbon monoxide did not yield an adsorbed formate species,
This same technique has been applied to specific crystal faces of zinc
oxide (Cheng and Kung, 1982; Cheng et al., '9R3), It was established
that the type of crystal face and the presence of defects affected the
nature of adsorbed species. In particular, the decomposition of
deuterated methanol yielded DCDO, DZO’ co, C02‘ and D: on the polar (0001)
surface whereas CD4, co, 002, and D2 were the products from the stepped
and nonpolar surfaces., Nonpolar surfaces with steps or anion vacancies,
as well as polar sﬁrfaees, were believed to be active for methanol
synthesis. The reaccioﬁ mechanism depicted in Figure 60 demonstrates

the role of an anion vacancy in CO hydrogenation to metharol (Kung,

1980). The active site was proposed to be an oxygen vacancy surrounded
by metal ions. CarBon monoxide adsorbed on a metal ionm, carbon end

down, and was hydrogenated by # neighboring adsorbed hydrogen atom to
form a formyl species. The oxygen on the formyl species then interacted
with the electron-deficient vacancy as furthér hydrogenation occurred,

eventually forming a methoxy species as the bonding between the oxygen
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and the vacancy strengthened while the bonding between the carbon and the

metal ion weakened. Additional hydrogenation produced methanol.

High Pressure Spectroscopic Cells

Several infrared cells have been made for s;udying catalytic
reactions at elevéted pressures &nd temperatures, primarily for gas-
liquid systems (Tinker and Morris, 1972; Gallei and Schadow, 1974; King
et al., 1978; Ballintine and Schmulbach, 1979; Penninger, 1979). A
common feature of these cells has beenbthe use of ihick calcium fluoride,
magnesium fluoride, or quartz windows which have relatively large
optical diameters. Short,'variable‘path length designs have been used.
High pressure studies of gas-solid systems involving gases which strongiy
absorb infrared radiation, such as CO, require a cell with a short path
length. These cells gemerally have been designed for a maximum pressure
of several humirad aitmospheres, limited by the strength of the windows.
The maximum temperature of the cell is limited by the seal material em~
ployed. Temperatures up to 600°C could be achieved with the cell of
Gallei and Schadow because the windows were water-cooled; this cell
also had high vacuum capability.

A high pressure cell has been developed for studying gas-solid
reactions on a catalyst wafer (Hicks et al.,, 1981). Temperatures up to
3179C and pressufes up to 7t atmospheres can be achieved with this cell,
The design allows infrared windows and catalyst wafers to be removed

and replaced easily.
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EXPERIMENTAL APPARATUS AND METHODS

Reactor System

The flow system shown in Figure 61 was designed for catalytic studies
at pressures in the range from 10-4 torr to 100 atm. There are three
major sections in this system: 1) a high pressure section constructed
with stainless steel components for optimum safety, 2) an atmospheric
section to handle the effluent from thevsyscen for venting or sampling,
and 3) a vacuum scction composed of glass and stainless steel to desorb
impurities in the system or on catalyst surfaces. The entire system
was built on a mobile frame permitting the system to be connected with

various other analytical instruments (i.e,, gas chromatograph or infrared

spectrometer) at different locations.

High pressure section

Gas streams for nitrogen, carbon monoxide, hydrcgen, and oxygen
were included in the system. The oxygen line provided additional
flexibility which was not utilized in the studies of methanol catalysts.
Gas cylinders were used as the pressure sourcé for t%.> system. A full
cylinder of carbon monoxide (99.5% wmin. purity) provided 1650 psig (113
atm), a full cylinder of nitrogen (99.9% min. purity) providcd 2490
psig (170 atm), and a full cylindcr of hydrogen (99.9% min. purity)
provided 2200 psig (150 atm). Cylinders were replaced when the tank's
pressure dropped to 50 atm since most experiments were conducted at
this pressure. The size of the CO cylinder (#2, 1,87 m3) was smaller

than the others because of the toxicity of the gas (to minimize the

amount of gas lost in the case of an accidental release). Dec:ause these .



224

MS - MOLECULAR SIEVE TRAP
- DOX - DEOXYGEN TRAP
CYL - CARBONYL TRAP

SOLENOID VALVE
MASS FLOW
CONTROLLER

; 5cu£cx VALVE
% NEEDLE VALVE

FILTER

VENT

PRESSURE
REGULATOR

PRESSURE
<™ ' a GAUGE
| |
ansnTUBULAR . .
REACTOR u COLD
A - - TRAP
i VACUUM
PUMP
INFRARED
CELL -

Figure 61, High pressure system



225

cylinder prellurai were above the safe operating pressure of fome com-
ponents in the system (1500 paig), each cylinder had a high pressure
regulator (Matheson, Model 3064) capable of delivering any presaure in
the safe opersting range (0-100 atm).

The gas lines were 1/8" 316SS tubing (0.062" ID) connected to
various fittings (Autoclave Engineers, Speedbite) specifically made for
high pressures. Three‘typao of hand-operated valves were used: 1) a
vee atem for on-off use having a metal-to-metal seal, 2) a soft-seating
atem for bubble=tight on-off use, and 3) a regulating stem for control
as well as shut-off use. Figure 61 indicates where each type of valve
has been used in the system. FEach gas has a flow line with a solenoid

valve (Atkomatic, Type SBTD) and a thermal mass flow controller (Brooks,

Model 5810/5835A4). All the solenoid valves have been wired via the
alarm relay of a CO detector system (Mine Safety Appliances, Model 571)
to provide an automatic shut-down feature if a major gas leak (CO or “2)
develops downstream., The solenoid valves close when the CO level ex-
ceeds 200 ppm (or about'2000 ppm Hz) as measured by the electrochemical
sensor. The mass flow controllers measure and regulate the flow over

a range of 0-500 scem with an accuracy of 1% full scale., These controllers
ave rated for 1500 paig maximum operating pressure. The flow sensors

are attached to the secondary electrunics and digital indicators (Brooks,
Models 5871/5872) where the flowrates are set, Calibration curves for
flowrate vs. digital indicator reading over a range of pressures for
each of the gases are given in Appendix E. A bypass line in each gas

stream allows quick gas bleedoff from the cylinders and, if necessary,

can be used with the regulating valve downstream to set flowrates (e.g., .
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if a flowrate greater than 500 scem were desivred),

Each gas passed through a trap to remove impurities. All high
pressu.'e traps were comprised of a 12" length of tubing (9/16™ OD x
0.312" 1D) wrapped with huating tape and inbulation. The trap in the
nitrogen line'ccntained a copper-supported catalyst (BASF, R3-11) which
removed trace amounts of oxygen at room temparature by‘the oxidation of
copper to copper oxide. The trap in the hydrogen line also contained
the same copper-supported catalyst which removed trace amounts of
. oXygen at 700C by reacting hydrogen with oxygen to form water. Both
traps were activated by reducing the 10-20 mesh partidlea in hydrogen at
180°C. The trap in the Earbon monoxide line contained activatec alumina
(Alcoa, F-1) as 28-48'maah particles, Diuring operation of the CO flow
line, this trap was heated at about 300°C to decompose any metal
carbonyls that might be present in the feed., All gases passed through a
trap containing a molecular sieve (Linde, 13X) to remove any water in the
feed stream, This final trap in the feed system was followed by a dual-
disc filter to remove particles larger than 35 pm. . Each gas line had a
check valve to prevent backflow and a regulating valve. V

Pressures from atmoapheric ﬁo 2000 peig can be measured with the
pressure gauge (Heiée, Mod21 CMM) to an accuracy of + 2 psi., This tubing
configuration permitted both the upstream (pra-reactor) and downstream
(post-reactor) pressures to be recorded, from which the pressure drop
through the reactor could be determined. Several borts were installed
in the high pressure section which could be conmnected to external equip-
ment. The ports labeled IR #1 and IR #2 were normally utilized as

inlet and outlet connections to a high pressure infrared cell, This
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design made it poesible to conduct simultaneously infrared and catalyst
activity studies. The ports labeled Accesaory #1 and Accessory #2,
which provided additional flexibility to the system, were used in
infrared studies involving a saturator. In these studies, the reactor
was removed amd the connections plugged, the Accessory #1 and IR #2
ports connected to the saturator, and the IR #l1 and Accessory #2 ports
connected to the infrared cell.

The reactor, shown in Figure 62, was a 12-inch length of 316SS
tubing (9/16 inch OD by 0.312 inch ID) fitred with a 316SS sheathed
thermocouple (Omega, Sub-Miniature) that passed axially through the
reactor inlet to the catalyst bed. An 8-inch section of the outer
reactor wall was wrapped with 12 feet of alumel wire (Leeds & Northrup,

22 gauge) insulated electrically by fish-spine porcelain beads (Leeds &

Northrup, #034365) for the purpose of heating the reactor; the total
resistance of the wire was 4 a. The beads were held in place with
electric resistor cement (Sauereisen, #78) having good thermal con-
ductivity., The entire heating section was wrapped with refractory fiber
insulation (Manville, Cerafelt) and aluminum foil. The reactor pre-
heéter was packed with silicon carbide particles (Norton, 10 grit);
the catalyst bed followed and then addirinnal silicon carbide particles
vwere used to fill the remaining volume in the reactor. The contents
were kept in place with 316SS screens (~ 100 mesh) at each end of the
reactor. The reactor was followed by a dual-disc filter to remove
particles larger than 35 pm from the flow stream.

The reactor thermocouple was used to operate a proportional

controller (Omega, Model 49) and a high limit controller (Omega, Model .
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Thermocouple

Inlet ——>

Carborundum
Preheater

Catalyst Bed

0.312"ID

\L Outlet

Figure 62. Methanol synthesis reactor
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50) which supplied power to the reactor heating jacket. The electrical
circuit, depicted in Figure 63, is composed of the limit controller and
proportional controller in series with a Variac transformer. The high
limit controller was set 500C above the reactor operating temperature
to protect the catalyst from an abnormal temperature increase that could
arise if the catalyst reduétion takes place too rapidly or an electrical
malfunction occurs. The proportional controller was very responsive
to the thermocoﬁple measurement, providing temperature control better
than + 10C (the temperature indicator, Omega Model 199, was only ac-
curate to + 19C), Power from the proportional controller was passed
through a transformer set at 15% of full voltage, limiting the rate of
the reactor temperature rise and providing additional protection against
a temperature overshoot.

At the downstream end of the high pressure section was a back
pressure regulato? (Tescom, #26-1724) providing pressure relief over
the range 15-2500 psig with an accuracy of + 25 psi, Generally, the
back pressure regulator was kept at a setting corresponding to 50 atm
(720 psig) because of the difficulcy in reproducing the same pressure
(setting the back pressure is a trial-and-error procedure and the ac-
curacy is poor); both pressure increases and decreases were made by
closing and opening, respectively, the valve in the bypass line. The

bypass line was also used for studies at atmospheric pressure.

Atmospheric section
The gas lines downstream from the back pressure regulator were

30488 tubing (1/4 inch OD by 0.18 inch ID) connected with Swagelok
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fittings. The vent line contained a 12-inch section filled with
activated alumina (Alcoa, F-1) heated at approximately 300°C t. decompose
any carbonyls formed in the reactor system., The gas-sampling line could
be attached to a gas chromatograph for sanalysis of the reactor ef-
fluent. This line contained a cold trap which could be used to condense
the heavier components in the effluent stream for subsequent gas
chromatographic analysis to detect trace products. The regulating valve
(Whitey, SS—~1RS4) allowed a part of the flow to pass through the
sampling line and the remaining flow to pass through the vent line,

In practice, no carbonyl formation was detected, so for convenience,

the sampling line was also used for venting.

Vacuum section

A vacuum section was incorporated into the design primarily to
provide pretreatment of infrared samples for removing surface con-
taminants prior to analysis. The line from the high presaure section
led to a vacuum valve (Veeco., 1/2 inch brase) which would allow the
vacuum section to operate i:aolated from the rest of the systam, Thia
valve was connected to a flexible piece of 32155 tubing with a metal-
to-glass sc—;al for‘making the transition to the Pyrex compunents; the
flexible tubing compensated for vibration and stresses to protect the
glassware. The pressure was measured with an ionization gauge controller,
using a Pirani gauge over the 1000 to 10":‘1 torr rarge. Both gauges were
attached to the vacuum line near a liquid nitrogen trap. The pump.ag

system consisted of a two-stage vacuum pump (Welch, Model 1402) and an

air-cooled diffusion pump (Edwards, Model EO2) producing an ultimate
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vacuum of 10°® torr with silicon oil (Dow Corning, Silicon 704). Most
of the glass portion of the system could be easily detached when the
vacuum system was not in use, making it easier to clean the glassware

and avolding damage when transferring the system to a mew location.

High Pressure Infrared Cell

The infrared cé11 used in these studies was a modification of the
design by Tinker and Morris (1972). The cell was constructed to
examine catalysts at pressures ranging from 10'6 torr to 240 atmospheres
and temperatures frou ambient to 3009C. The cross section of a par-
tially disaséembled cell is shown in Figure 64. The cell body (A)
was constructed of 304 staiﬁless steel. The inner surface of the cell
body was copper plated and copper tubing was inserted into the inlet
and ovtlet ports to prevent metal carbonyl formation at elevated CO
pressures. Four equally spaced holes were drilled around one end of the
body for the insertion of ;50 watt heating cartridges. The outer
circumference of the cell body was insulated, and a thermocouple well
was positioned directly between the iﬁlet ports.

A copper-plated 304 stainless steel spacer (C) held the windows in
place and distributed the gas around the sample wafer (G). Gases
entering from the inlet ports (H) contacted the sample and exited through
eight 1.6 mm holes drilled around the circumference of the sﬁacer.‘ A
pair of grooves around the outer circumference was used to channel the
exiting gases to the outlet port (I)l This type of configuration, which

admitted gases to both sides of the sample, decreased the chance for
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sample breakage due to pressure differences. Samples were pressed
into the form of a wafer, gemerally between 0.C5 and 0.20 mm thick.
A thin aluminum ring could be used to hold the wafer in the center
of the spacer, |

Calcium.fluoride step windows (B), manufactured by Harshaw Chemical
Co., were used which have an outer diameter of 3.34 cm, an inner diameter
of 1,80 cm, and an overall.length of 3,66 cm. The small-diameter end
of the window displaced most of the gaseous volume in the spacer. The
maximum operating pressure for these windows, using a safety factor of

4, was calculated from the formula (Eastman Kodak Company, 1971):
2
P = M(t/z.l 1‘)

where M is the modulus of rupture, t is the window thickness, and r is
the radiﬁs of the unsupported window area. For these Qindows at room
temperature, M = 5300 psi, t = 1,9 cm, and r = 1.1 cm; the maximum
pressure was calculated to be 3530 psi (240 atm). The cell had separate
seals (D) for vacuum or elevated pressure conditions. The innermost
‘o-ring prévided the vacuum seal, and a pair of o-rings separaﬁed by a
thin aluminum ring (E) encircling the larger diameter of the window
provided the seal at'high pressures. The use of two o-rings around
each window at high pressﬁres distfibuted the radial stress céused by
compression better than a single o-ring, avoiding one cause of window
failure. A single o-ring can be utilizea successfully if the o-ring
is not compressed too much. Screw plugs (F) at each end of the cell
were used to compress the o-rings. Because the windows could be

chipped or cracked fairly easily during compression, the polished ends
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of the windows were protected from the plugs and spacer with thin-gaskets
(1 mil) of Mylar film in applications at 200°C and less. Viton o-rings
were used at temperatures below 230°C; Kalrez o-rings may be used at

temperatures up to 300°C,

Gas Chromatography

A gas chromatograph (Antek, Model 310/40-ALP) with dual column
thermal conductivity detectors coupled with a reporting integrator
(Hewlett~Packard, Model 3390A) was used for the analysis of gaseous
mixtures. Samples of the reactor effluent Qere taken with a 6-port
sampling valve and analyzed with the célumn arrangement depicted in
Figure 65. A Porapak N column (6 ft by 1/8 inch SS) in series with a
Porapak T column (6 ft by 1/8 inch SS) separated all species mormally
found in the effluent; a typical chromatogram is shown in Figure 66.

If nitrogen was added to the feed as an internal standard, a Carbosieve S
column (6 £t by 1/8 inch SS) provided the seraration of nitrogen and
carbon monoxide. These two light gases eluted together from the Porapak
columns and pussed into the Carbosieve column, A stand-off 4=-port
switching valve allowed the heavier species to bypass the Carbosieve
column while trapping the light gases. After all the heavier species

had eluted, the switching valve was turned back to pass the carrier
through the Carbosieve column and separate the NZ-CO mixtvre, The
operating conditions for all analyses have been given in Table 21.

In order to measure quantitatively the amount of each component in

the sample, it was n:cessary to determine the response factor of each
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4-Port Switching
Valve

- {0
’ Detector
Porapak N - Porapak T

6 ft.X 1/8inch 6 ft.X 1/8inch

| Carboéieve S
6 ft. X 1/8 inch

Figure 65, Gas chfomatog:aph analysis system
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Table 21. Chromatographic operating conditions

Detector: thermal conductivlty
Filament current: 180 mA
Detector temperature: 250°0C
Carrier gas: helium

Carrier flowrate: 30 cc/min

Oven temperature: 150°9C

species. Relative molar response factors were detcrmined using prepared
mixtures in a gas sampling bulb from which 0.5 cc samples were injected
into the gas chromatograph. The response factor for CO was defined as
. having the value 1.00, and all other tesponse'factors were established
relative to this value. A known mixture was injected into the gas
chromatograph and peak areas measured, repeating the injections enough
times to ensure the reproducibility and accuracy of the results. Be-
cause carbon monoxide was a component in each mixture, the relative molar
response factor for any species could be detemineci using the relation-

ship:
RFi. = (molesilmolesco)(areacolateai)RFco

The exact amount injected did not rneed to be known since the relative
area and relative composition would be independent of sample size. fhe
use of relative response factors avoided problems that arise from varia-
tions in operating conditions over a period of time. The details for

'. mixture preparations and chromatographic results have been given in
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Appendix F, The relative molar response factors were determined to

be 1.15 for CH30H, 0.91 for H20, 0.98 for co,, and 1,10 for N,,

2

Safety Considerations

There were several major safety concerns in this study. Both
hydrogen and carbon monoxide are hazardous gases; hydrogen is highly
flammable and carbon monoxide is toxic amd flammable. A continuous
carbon monoxide detection system (MSA, Model 571) was incorporated into
the high pressure system to close the solenoid valves in all flow lines
if the concentration of carbon monoxide exceeded 200 ppm or the concentra-
tion of hydrogen exceeded 2000 ppm. The electrochemical sensor was

placed at head level on the front side of the rack to provide maximum

protecrion to the operator. 1In addition, a hand-held carbon monoxide
indicator (MSA, MiniCO) provided the flexibility for spot checks und
for locating gas leaks.

Carbon monoxide in contact with stainless steel «: the pressures
and temperatures used in this study can form metal carbonyls which are
extremely toxic (Ludlum and Eischens, 1973; Brynestad, 1976). Carbonyl
traps conaisting‘of activated alumina at 300°C were placed in the CO feed
line and in the exit line before venting to decompose any carbonyls
present. The vented gases were sent to an exhaust hood.

The main concern to personnel when using high presasure gases i8 the
danger of flying projectiles in the event of failure of some part of the
system. The high pressure section of the system wazs enclosed on five

sides by 1/8-inch thick steel sheet, leaving the top open for maintenance
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(mostly to install and .umove the reactor) and for gas expansion in the
unlikely event of an explosion. The pressure gauge had a blowout back
within this section and valves were mounted with only the steme pro-
truding through the steel sheet. The valve stems‘were anchored to the
steel sheet, The pressures in the system were obtained directly from
the gas cylinders, requiring that all cylinder pressures had to be
above 50 atmoapheres. fhe weakest part of the system was the flow
controllers whose maximum operating pressure was rated at 100 atmospheres.
Because it was desirable to minimize the amount of CO in the cylinder
owing to its toxicity to personnel in the event of a major leak yet
also provide a sufficient amount for extended flow experiments at ﬁigh
pressure, a size #2 CO cylinder was chosen. Additional protection was
provided to the system by using this cylinder size because the maximum
cylinder pressure was 110 atmospheres; if the pressure regulator should
fail, exposing the flow controller to the cylinder pressure, the system
would still be safe (the 10% overpressure would notvbe dangerous),
Failure of the CO pressure regulator should not be regarded as an
unlikely event because it has occurred twice during a twc-year period.

Most components of the high pressure system have been rated for 200

atmospheres or better.
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RESULTS OF IN SITU CHARACTERIZATION

Catalytic Reactivity

Because the catalysts developed for infrared -tudies had copper
contents coneiderably lower than those in an imdustrial methanol synthesis
catalyst, it was important to determine the activity and selectivity of
these various catalysts to vérify that tuey functioned as methanol
synthesis catalysts. Activities and selectivities were measured under
the same conditions as those used in he high=nressure infrared studies,
i.e., a pressure of 50 atm and a temperature of 200°C., Additiomal
studies were made at higher L:mperatures. Catalyst evaluations were
conducted in a fixed-bed tubular reactor containing a bed of broken
catalyst wafers surrounded by SiC particles. Silicon carbide was found
to have no activity for CO hydrogenation at 50 atm of 2/1 H2/CO up to a
temperature of 250°C. ‘lhe binary oxides were evaluated with a flo —ate
of 1800 GHSV and thé ternary oxides evaluated with a flow rate of 3600
GHSV, to compemnsate for the differemcc in surface areas between the two
types of oxides.

The standard procedure for catalyst testing involved heating the
catalyst at 200°C overnight in 60 cc/min STP of N,. The N, flow was
replaced with a 5% Hz-in-uz flow for 1 hr to reduce the oxide. Then
the reducing feed was replaced with the reaction feed mixture and the
pressure gradually increased to 50 atm., Reaction runs were generally
conducted over a period of B hrs, taking samples of the reactor eff’uent
periodically to observe changes in activity and selectivity. The effluent

was analyzed by gas chromatography using Porapak T and N columns in
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gseries at 150°C and a thermal conductivity detector. The gc output was

quantitatively analyzed by a HP 3390A reporting integrator.

Binary catalysts

The selectivity for CO hvdrogenation to methanol wés 1007 for all
binary catalysts under the experimental conditions used in these reac-
tions. The effects of ca;alyst composition, reactor temperature, and
feed composition on CO conversion were examined and the results are sum-
marized in Table 22, Pure zinc oxide, either as a precipitated oxide
(wet procesd) or Kadox 25 (dry process), has no measurable activity af
2009C but some activity at 2509C. The reactor system was carefully
checked to verify that this low activity was due to the zinc oxide amd
did not arise from impurities or components of the reactor. The
precipitated binary catalysts had comparable activities, which were an
order of magnitu@e higher than pure zinc oxide at 250°C., The im-
pregrated binary catalyst was prepared by adding a copper nitrate solu-
tion to Kadox 25, followed by drying and caleination, Uniike the
precipitated oxide of some composition, the impregnated catalyst
possessed mo accivity at 260°C. The addition of an oxidi;ing agent to
the feed mixture produced little change in activities at 200°C but
significantly improved conversions at 2509C for the precipitated binary
catalysts. Carbon dioxid: was added as a gas premixed with hydrogen
(10% CO, in Hz). while water was added by bubbling the HZICO mixture
through liquid water at high pressure. The reactor effluent from experi-

ments using water in the feed had no water but some carbon dioxide,
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Table 22, Reactivity of binary catalysts at 50 atmospheres

CO conversion Methanol yield
—Composition to CH3OH (%) (x 10°> moles/m?/ng)

Zn0/Cu0® 200°C  250°C 2009C  250°C
With feed composition HZ/CO = 67/33 vol %
Kadox 25 0. 0.6 0.0 0.6
10G/0 0.0 0.6 0.0 0.5
95/5 1.6 6.3 1.1 4.5
Imp. 95/5 0.0 - 0.0 -
90/10 1.3 5.2 0.9 3.7
With feed composition H/CO0/CO; = 66/28/6.6 vol %
95[’5 0.7 11-4 005 8.2
90/10 1.1 15.6 0.8 11.2
With feed compe-ition H2/COIE20 = 67/33/0.5 vol %
95/5 1.9 8.8 1.4 6.3
90/10 1.1 12.6 0.8 9.0

Mole percent.

indicating that the catalysts had good activity for the water-gas shift

reaction:

—
CO + H,0 <= CO, + H,

Methanol yields ﬁave been based on BET surface areas; values of 9.1,
20, and 27 m?/g were used for Kadox 25, precipitated ZnO, and the
precipitated binary oxides, respectively.

The initial yield of methanol was generally iigher than the steady-
state yield (value after 8 hr), usually in the range of 20 to S0%
higher. This loss of activity could arise from several causes, and

has been examined by taking the transient behavior of 90/10 Zn/Cu
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catalyat as an example. The concentrations of C02, CH30H, and HZO

were measured periodically during the first 8 hr of a reaction run for
each of the feed mixtures utilized in these studies; these_tranaiénts
are shown in Figure 67, When a feed of H2 and CO was used, the initial
methanol yield was 50% higher than the steady-state yield. The activity
of the catalyst gradually decreased during the transient. At the reac-
tion temperature of 200°C, however, this deactivation is quite slow

and tﬂus the activity after 8 hr is relatively good. The séall amount
of 002 in the initial effluent sample most likely arose from ther
water-gas shift reaction berween CO and some residual water formed
previously from the reduction of CuO by H,. The'transieny behavior of
the effluent components from a reaction run uging a feed of CO, HZ'
and CO2 had some significant di€fferences compared to the previous run
using a feed of CO and Hz. The initial methanoi yield was twice the
amount obtained without any 002 present, while the amount of 002 was
approximately one-tenth the feed concentration. The CO2 concentration
returned to the value in the feed and a steady-state methanol yield was
established in under 4 hours at a level less than the steady-state

value of the reaction with CO and HZ' Water was also a product in the
effluent stream. The initial low level of CO2 arose from absorption by
the catalyst; relatively high CO2 concentrations were found in the ef-
fluent from the reactor system following the pressﬁre drop at the end of
a.reaction run, At steady s;ate,'the methanel yieid could result from
CO hydrogenation and CO2 hydrogenation; the water could be formed by

002 hydrogenation or the water-gas shift reaction. Because the methanol

yield was less with a feed containing CO2 at 200°C, the diffusive
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restrictions caused by CO2 in the cataiyst pores overrpde any advantage
that 002 may provide as a reactant or in preventing deactivation (strong
reduction) of active sites,

At 25009C, however, theée conditions were reversed; CO2 had a
positive effect on the methanol field. The feed mixture with water
produced effluent concentrations essentially consfant over the entire
8-hour period. The‘methanol yield was approximately the same as the
yield obtained from the feed mixture containing COZ’ which is logical
since the water in this feed mixture Qaa converted to C02 by the water-
gas shift reaction, A pressure drép at the end of the reaction run re-
sulted in relatively high levels of CO2 and'HZO in the effluent,
indicating some absorption of these two speciés. These pressure drops
were also used to detect for condensétion of methanol, since a pressure
decrease would increase the amount of CH30H in the gas phase ?f any
condensation had occurred.

Because a formate 1ntermediate has been proposed in methanol
synthesis from Hz and CO, a reaction run was conducted with some 95/5
Zn0/Cul catalyst using a gas feed of H2/N2 = 50/50 bubbling through a

formic acid solution (73% HCOOH, 27% H20) at 50 atm. The reaction,

HCOOH + 2H2 - CH3OH + HZO

went to completion at 200°C, No other reaction products other than

methanecl were observed,
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Ternary catalysts _

The selectivity for CO hydrogenation to methanol was 100% for the
ternary catalysts at 200°C and > 98% (dimethyl ether was the other
product) at 250°C; Because the surface areas cf ternary oxides were
approximately double the values of binary oxides, the amount of termary
catalyst (by weight) used in reactor tests was half the amount of binary
catalysts., The effects of catalyst composition, reaction temperature,
and feed composition on conversion to methanol have been summarized in
Table 23. 1In general, the methanol yield per unit surface area was
comparable between binary and ternary catalysts. BET surface areas of
49, 58, and 65 m?/g were used for 90/5/2.5 ZnO/CuO/Cr203, 80/10/5
ZnO/CuO/Cr203, and 80/10/5 ZnO/CuO/AlZOS, respectively. These results
support the obserQation (Herman et al., 1979) that the primary effect
of the addition of ;r203 or A1203 to the composition of a binary oxide
was to increase act;vity by increasing the surface area. An exception
was the 80/10/5 ZnO/CuO/Cr203 catalyst which exhiblted kigh activity at
200°C (approximately an order of magnitude higher vield per unit su¥face
area than the binary catalyst). Thus, the role of the promoters Cr203
and A1203 appears to be electronic as well as physical. The activities
of lernary catalysts showed better stability (less deactivation occurred)
than binary catﬁlysts. The addition of an oxidizing agent (CO2 or Hzo)
to the H2/CO feed mixture had little effect on yields at 200°C but in-
creased yields significantly at 2500C, using the yields for 80/10/5
ZnO/CuO/AlZO3 as the benchmark. Carbon dioxide was also absorbed by
the ternary catalysts, as indicated by initially low levels of CO2 in the

reactor effluent and high levels after the pressure drop. These catalysts
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were also active for the water-gas shift reaction, comverting small
amounts of water to carbon dioxide (the conversion has been expressed
in this manner because the amounts of water and carbon dioxide can be
measured more accurately than hydrogen cr carbon monoxide).

The activity of the 80/10/5 ZnO/CuO/Cr203 catalyst was evaluated
for converting formic acid to methanol. At 200°C and 250°C, no activity
for methanol synthesis was observed usiné a gaseous mixture of 50/50

Hleé bubbling through a solution of formic acid (73% HCOOH, 27% H20)

at 50 atm.

Infrared Spectra at High Pressure

Gaseous carbon monoxide

The high pressure cell was used initially to determine the extent
to which gaseous carbon monoxide adsorbed infrared radiation in the wave-
length region near 2143 cm-l and to deturmine the effect of pressure on
the spectra. The contribution by gaseous carbon mopoxide to the spectrum
" can be subtracted to reveal the presence of adsorbed carbon monoxide on
a catalyst surface only if the transmittance 1s nonzero. The effect of
increasing pressure on the spectrum of gaseous carbon monoxide is8 shown
in Figure 68. Each spectrum was produced by taking 500 scans at 0.24 cm'1
resolution. The results demonstrated that a very short pathlength was
required to avoid total absorption by gaseous carbon monoxide. The
transmittance in the region of 2180 cm-l at a preesure of 70 atm. was

close to 10% for a pathlength of 0.4 mm. These spectra demonstrated

the need for an accurate reference spectrum in order to correct for ‘
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absorption by gaseous carbon monoxide since the shape of the rotational-
vibrational bands was a strong function of the preasure. The additional
cowplications arising from the variability in sample background absorp-
tions and the varibus wafer thicknesses made it impractical to subtract
rthe effect of gaseous carbon monoxide from the spectra of metal oxides

during in situ studies.

Species on zing¢ oxide

Although zinc oxide was inactive for methanol synthesis at 200°C,
spectra of adsorbed species can be helpful for identifying which inter-
mediates on mixed metal oxides would be adsogbed on zinc sites, The
effect of pressure on the nature of surface Speciés on zinc o;ide (Kadox
25, New Jersey Zinc Company) at 200°C was established for pressures
from 1 to 50 atmospheres of carbon monoxide. Each spectrum has had the
background (zinc oxide) subtracted and was produced by taking 100 scans
at 1.0 cmfl resolution., The spectra of adsorbed species on zinc oxide
are shown in Figure 69. Bands at 1580 and 1363 cu > | atm) were as-
signed to the asymmetric and symmetric C-O stretching bands, reapectively,
of a surface formate species, As the pressure was raised to 50
atmospheres, the asymmetric band shifted toward lower wavenumbers and
the symmetric band shifted to 1366 cm .. The band at 1377 cm  has
been assigned to the C-H bending frequency of a surface formate species.

1 and shifting to 1678 cm.-1 at 50

The band appearing at 1688 cm
atmospheres has been assigned to zinc hydride species which Boccuzzi
(1978b) had designated as Band III; no additional bands were observed

in this region of the spectra. A strong band at 2867 cmfl, shifting to
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higher wavenumbers with increasing pressure, which was assigned to the
C-H stretching frequency of the formate species. The bands appearing
at 2967 and 2729 t:m"1 have been assigned to combinaticas of fundamental

1

frequencies; the 2967 cm = band is a combination of the 1570 and 1377

cm-l bands of thé formate species while the 2729 t':.m"1 band is a combina-
tion of the 1366 and 1377 cm ® bands of the formate species. A strong
band at 3523 cm-l was attributed to a surface hydroxyl group having
greater stability at higher pressures. Because the spectrum of zinc
oxide was subtracted from each adsorption spectrum, the normal residual
hydroxyl groups on zinc oxide have been removed. .owever, there was a
shift in the residual hydroxyl species at 3620 ¢:m'1 toward lower wave-
numbers as the pressure increased, resulting in the appearan;e of the

hydroxyl band seen at 3611 cm o.

Species on binary catalysts

The binary catalysts with Zn/Cu ratios of 95/5 and 90/10 were satis-
factory for infrared investigations. Although the transmittance was
very poor, some inforﬁation was also obtained from a 85/15 Zn/Cu catalyst.
Binary catalysts with copp;r contents above the 15/85 Cu/Za ratio were
unsatisfactory for trarcmission infrared studies in both oxidized and
reduced states. All of these catalysts had a significant transmittance
loss at low wa§enumbers during in situ studies. The experimental
results for all binary compositions were not presented because the
infrared spectra of adsorbed species on these catalysts were qualita-
tively quite similar under equal experimental conditionms,

The adsorption of carbon monoxide on a 95/5 Zn/Cu catalyst (pre- .
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treatment #1) at 200°C and 50 atmospheres is shown in Figure 70. Pro-
longed exposure reduced the catalyst, indicaced by the formation of the
hydroxyl band at 3252 cm L. Formate groups (bands at 2969, 2878, 2731,
and 1573 cm-l) &eveloped first, then an adsorbed formaldehyde species
(bands at 2935, 2834, 2731, and 1660 cm ') was formed. At high pressure,
the Type I hydroxyllspecies (band at 3520 cm-l) gradually emerged as a
stable surface species. The \dual hydroxyl group originglly at
3620 cu”! shifted to 3611 cm  and the carbonyl band shifted to 1975 au .
The hydrogenatioh of surface species was accelerated by incorporating
hydrogen with the carbon monoxide feed. Figure 71 shows the adsorption
of a mixture of carbon monoxide and hydrogen (CO/H2 = 9/1) on a 95/5
Zn/Cu catalyst (pretreatment #1) at 200°C and 50 atmospheres. Initiaily
formate groups (band at 2879 cmrl) and the hydroxyl of reduction (band
at 3252 cm-l) were formed., The development of methoxf groups (bands at,
2934 and 2822 cmfl) was accompanied by the disappearance of the isolated
hydraxyl groups (bands at 3660 and 3612 cm-l). The formate band
shifted significantly from 2879 ﬁo 2868 ca” , owing to the presence of
methoxy groups. |
The adsorption of a 2/1 H,/CO mixture on 95/5, 90/10, and 85/15
Zn/Cu catalysts at 200°C and 50 atmosphc.es after an hour of exposure
is shown in Figure 72. At these conditions, very little detail could
be cbserved at lower wavenumbers because of low transmittance. The
surface condition was representative of the sﬁrface species during
methanol synthesis., These spectra showed the hydroxyl of.reduction
(band at 3252 cm-l), methoxy groups (bands at 2933 and 2822 cm-l),

and the formate species (bands at 2865 and 1575 cm’l) in addition to
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Figure 70. Carbon monoxide adsorption on 95/5 Zn/Cu oxide at 50 atm
a) oxidized surface : .
b) exposure for 8 hours

¢) exposure for 24 hours
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Figure 71. Adsorption of CO-H, mixture om 95/5 Zn/Cu cx’de at 50 atm

a) oxidized surface .

b) exposure for 15 minutes

c¢) exposure for 1 hour
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the bands for gaseous carbon monoxide‘(band at 2143 cm'l).

Because methanol synthesis normally includcs some carbon dioxide
in the feed nixture, the adsorptién of a 27/7/66 CO/COZ/H2 mixture on
95/5 Zn/Cu catalyst (pretreatment #3) at 200°C and 50 atmospheres was
examined. Surface species atr nigh pressure were identical with those
using only hydrogena and carbon monoxide in the feed. Figure 73 shows
rhat after the pressure was dropped t& 1 atmosphere. some decomposition
of methoxy groups (bands at 2934 and 2826 cm_l) occurred. After the cell
had been thoroughly flushed with nitrogen, greater detail of surface
groups was revealed. Further decomposition of methoxy groups restored
the isolatéd‘hYdroxyl groups (bands at 3663 and 3614 cm'l), revealed a
Type I hydroxyl species (band at 3524 cm-l), a cafbonyl group (band at
2010 cm” 1), an adsorbed formaldehyde species (bands at 2938, 2830,
2737, and 1616 cm" '), and bidentate carbonate groups (bands at 1516 and
1327 cm-l). ‘The presence of some carson dioxide (band at 2350 cm'l)
in the spectrum without the vibrational-rotational lines.indicaced
that the carbon dioxide was trapped in the catalyst pores.

Methanol synthesis also occurred when formic acid.solution was
used in a hydrogenating feed stream. Figure 74 shows the spectrum of
the adsorption of formic .cid solution (73% HCOOH, 27% HZC) in a carrier
- gas of 50% H,-50% N, on a 95/5 Zn/Cu catalyst at 200°C and 47 atmospheres.
The surface species during formic acid hydrogenation were véry similar
to those during carbnn monoxide hydrogenation except for the lack of
gaseous CO or any suriace carbonyl species., The surface had nome methoxy

L 8
groups (bamis a: 2934 and 2820 cm'l), formate groups (bands at 2868 and
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Figure 73. AMdsorption of CO-CO,-H, mixture on 95/5 Zn/Cu oxide at 50 atm .
a) exposure for 4 hours and pressure drop

b) 15-minute flush with nitrogen
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157 cm"1), the hydroxyl of reduction (band at 3250 cm~l), and isolated

hydroxyl groups (bands at 3663 and 3618 cm'l).

Species on ternary catalysts

The zinc-copper-chromium oxide catalysts were superior to binary
catalysts in high-pressure infrared experiménts beéause the transmit-
tance revmained high thrrughout the mid-infrared range. Better surface
detall provitad m~.e information for identifying adsorbed species during
methanol synthesis conditions.

The reaction of carbon monoxide and hydfogen on a 90/5/5 Zn/Cu/Cr
catalyst at 200°C and 50 atmospheres is shown in Figure 75. The
initial surface species on the reduced catalyst (pretreatment #3) after
exposure to a 2/1 HZ/CO mixture were formate groups (bands at 2963,

2872, 1582, 1381, and 1360 cm'l), adsorbed formaldehyde species (bands

at 293 and 2843 cm 1), and methoxy groups (bands at 2934 and 2824 cm }).
The adsorbed formaldehyde species disappeared and the amount of methoxy
groups had maximized in an hour, followed by a gradual decrease in methoxy
_groups, A pressure drop to 1 atmosphere revealed an adsorbed carbonyl
species at 2010 cm .

Because the decrease over time of methoxy groups might have oec-
curred owing to severe reduction of the catalyst, a similar experiment
was conducted at the same conditions except that the 2/1 Hz/Co‘mixture
wvae passed through the high—preaaure saturator cohtaining distilled
water. Figure 76 shows the same general behaviof of adsorbed species
as the previous experiment wi thout any water in the feed. The initial

spectrum did not have uny adeorbed formaldehyde and the final spectrum



Figure 75.

Adsorption of CO-H, mixture on 90/5/5 Zn/Cu/Cr oxide at

50 atm

a)
b)
c)
d)

exposure for 15 minutes
exposure for 30 minutes
exposure for 8 hours

after pressure drop
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Figure 75. Continued




Figure 76. Adsorption of CO-HZ-HZO on 90/5/5 2n/Cu/Cr oxide at 50 atm
a) exposure for 15 minutes .
b) expesure for ‘1 hour
c) exposure for 8 hours

d) after pressure drop
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revealed carbonyl groups at 2012 and 1970 cm~},

The reaction of carbon monoxide and hydrogen (H2/CO = 2/1) on a
80/10/10 Zn/Cu/Cr catalyst (pretreatment #3) at 200°C and 50 atmospheres
is shown in Figure 77. The initial spectrum showed formate groups (bands
at 2870, 1576, 1381, and 1360 cm'l), methoxy groups (bands at 2932 and
2822 cm 1), and a carbonyl species at 2089 cm '. The methoxy groups
increased and reached a stable concentration as steady-state conditions
were approached. The carbonyl speciees shifted from 2089 to 2021 cm'l.
A pressure drop to 1 atmosphere revealed in sharper detail the carbomyl
species (band at 2010 cm.l).

The reactor tests established that although a binary catalyst was
active for formic acid hydrogenation to methanol, the 80/10/10 Zn/Cu/Cr
catalyst was inactive for this reaction during the same operating condi-
tions. The adsorption of formic acid solution (737% HCOOH, 27% HZO)
in a carrier gas of 50% H,-50% N, on a 80/10/i0 Zn/Cu/Cr catalyst
(pretreatment #3) at 200°C and 50 atmospheres is shown in Figure 78,

Initially, the surface species were a carbonyl species (band at 1983

'cmfl) with minor amounts of formate groups (bands at 2872, 1580, 1381,

and 1360 cm-l). Prolonged exposure began to produce some methoxy groups
(bands at 2934 and 2818 cm™ 1), but not much since the isolated hydroxyl
groups (bands at 5668 and 3618 cm-l) were not completely displaced. At
high pressure, the decomposition of formic acid into formate and methoxy
groups on zinc-copper-chromium oxides was unfavorable, hence, the poor

methanol synthesis activity.
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Figure 77. Adsorption of CO-H2 mixture on 80/10/10 2n/Cu/Cr oxide at
. 50 atm X ,

a) exposure for 15 minutes
b) exposure for 1 hour
c) exposure for 4 hours

d) after pi:euura drop
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Figure 78. Adsorption of formic acid on 80/10/10 7?n/Cu/Cr oxide at
50 atm

a) reduced surface

b) exposure for 1 hour

c) exposure for 3 hours
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DISCUSSION OF RESULTS

The reactor tests established that coprecipitated binary ard ternary
catalysts were active and highl: selective for methanol synthesis at 50
atmospheres and 200-250°C,‘even though the copper contents in these
compositions were much lower than those used in industrial catalysts.
The methanol synthesis reaction was far from equilibrium in all the
reaction experiments. At equilibrium, the conversion of carbon monoxide
to methanol using a stoichiometric mixture of CO and H2 would be 82% and
60% at 200°C and 250°C, respectively. The experimental conversions, in-
cluding values from feeds containing an oxidizing promoter, were generally
under 15%. A small addition of water into a CO-H, feed atream broduced
an effluent with carbon Jdioxide rather than water, indicating that the
water-gas shift reaction was near equilibrium,

At 200°C, zinc oxide and impregnated Cu0/Zn0 were inactive for
methanol synthesis, whereas the coprecipitated binary and ternary oxides
possessed some activity. A feed stream of CO and H? would usually be
expected to deactivate thesé catalysis, but some carbon dioxide was
formed during the initial stage of reaction (some CO, was detected
initially in the reactor effluent and CO; was observed in the infrared
spectra). This carbon dioxide could be formed either from further
rediction of the catalyst by carbon monoxide or via the water-gas
shift reaction as carbon monoxide reacts with water in catalyst pores
(the water would be the product of the prior reduction using hydrogen).
The activity was maintained over an 8-hour period because some carbon

dioxide persisted in the catalyst pores., The gradual decrease in
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activity coincided with a gradual decreasé 1h the CO2 band intensity in
infrared spectra. The addition of carbon dioxide or water to the CO-H2
feed stream generally decreased the yield of methanol at 200°C. The
initial decrease of the oxidant concentration in rhe reactor effluent
and the release of relatively large amounts of the oxidant when the
pressure was reduced suggested that the oxidant was adsorbed by the
catalyst. Reaction rates were inhibited by relatively high concentra-
tions of the oxidant in the catalyst pores.

At 2500C, the effect of an oxidizing additive was positive on the
reaction rate. The increased temperature improved the yields on all
catalysts, but cétalyst deactivation was also increased arkevident by
the promotional effect of oxidant additions to the CO-H2 feal éﬁream.
Assuming tha~ Cu(l) sites are necessary for methanol synthesis (Herman
et al., 1979), the function of small amounts of CO2 or HZO was to pre-
vent the reduction of Cu(l) sites to copper in the zero valent state.
Even pure zinc oxide showed some activity for meihanol'synthesis at
2500C, although the yield was an or&ur 6f magnitude less than the
binary and ternary catalysts.

The infrared spectra taken at 50 atmospheres in CO/H2 mixtures had
much less transmission than previous spectra taken at atmospheric
pressure, especially the binary cacalyst results. However, deapite
some lack of detail in the high pfessure spectra, it was apparen£ tﬁat
the surface species were essentially the same at the various pressures.
Thus, band assignments that were given to adsorbed species on these metal
oxides at atmospheric pressure have been appllied to surface species at

50 atmospheres, The primary effects of elevated pressure were to
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stabllize the surface hydroxyls at 3520 ™l and to weaken the carbon-
oxygen bond of the surface carbonyl (band shift to lower frequency).
Information about the sequence of reaction steps and adsorption
sites was obtained from transient experiments. Despite the low
activity of these catalysts at 200°9C, the infrared spectra showed that
steady-state surface conditions were quickly reached when a stoichiometric
CO/H2 feed mixture was used. The surface reactions could be slowed
by decreasing the amount of hydrogen in the feed mixture. Even in the
extreme case of having only carbon monoxide in the gas phase, gradual
hydrogenation of surface groups occurred be:ause the residual hydroxyls
were a source of hydrogen. The adsorption of carbon monoxide at 50 atm
on zinc oxide produced formate groups, whereas on a binary catalyst

formate, formaldehyde, and methoxy groups were formed. The greater ex-

tent of surface hydrogenation on a binary catalyst as compared to zinc
oxide indicated that the copper component of the binary catalyst enhanced -
hydrogenation as well us carbon monoxide adsorption. Formate groups

were clearly formed before formaldehyde and methoxy groups. The order

of formaldehyde and methoxy formation at high pressure'was difficult to
establish because the intensity of the formaldehyde bands was low, but
results from the atmospheric studies suggested that the formaldehyde
species was the precursor of the methoxy species.

At 200°C, the adsorption of hydrogen caused a reduction in trans-
mittance without forming any new species of adsorbed hydrogen observable
in the infrared spectra, except the hydroxyl at 3250 cm~l on mixed
wetal oxides. This new hydroxyl species, however, was determined in

Part II to be a bulk species which was unaffected by surface reactions. .
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Hydrogenation of sur.ace species during CO adsorption in the absence
of gaseous hydrogen‘demonstratéd that hydrogen was mobile on the
surface at 200°C,

- The spectra of Zn/Cu/Cr ternary catalysts during methanol synthesis
conditions provided the most detailed information,oh surface spééigs.
The adsorbed carbonyl gradually shifted from 2090 to 2020 cm'l,
indicating a weakening of the carbon-oxygen bond without chahging the
nature of the carbonyl (linear bonded). Formate, formaldeh&@e,,and
methoxy species were produced during the experiment; the best methanol
catalyst (80/10/10 Zn/Cu/Cr oxide) had mainly methoxy groups on the
surface at steady state and ro observable formaldehyde groups. The
hydroxyl region was too indistinct to detect any band at 3520 cm.l.

The steadi-staté spectrum of surface’species on a binary catalyst
during methanol synthesis using a feed with formic acid ﬁés the same as
the spectra for feed mixtures of CO/H2 or CO/COZIHZ; Because the spectrum
from the formic acid experiment shoﬁed no surface carbonyl or gaseoué
carbon.monoxide, the evidence for a reaction seqﬁence iﬁvolving formate
and methoxy intermediates was strengﬁhened. The terﬁary catalysts were
unsatisfactory for methah§1 synthesis using a feed with formic acid.

The infrared spectrum showea very little formate and méthoxy grbups on
this catalyst,vapparently‘because forﬁic acid decomposition atrthese
conditions was difficult. This study provided édditional proof of the
importanc: of formate and methoxyigroups'in methanol synthesis because
these specles were lacking on the surface of ternary catalysts.

A mechanism for methanol synthesis based on the results from this

study is shown in Figure 79. Carbon monoxide was adsorbed om Cu(I)
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Figure 79. Methanol synthesis mechanism frou infrared studies
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sitesvin the zinc oxide lattice to form a linear carbonyl species (band
at 2020 cmfl). Hydrogen was adsorbed dissociatively on adjacent ziﬁc-
oxygen sites to form a hydroxyl and hydride species (Type I adsorptionmn),
but only the hydroxyl species (band at 3520 cm-l) was stable enough to
be seen in the infrared spectra. Hydrogen migrated to other sites to
form other types of hydroxyl species (bands at 3550‘and 34590 cmhl)
which were stable at these conditiohs} The surface carbonyl can insert
itself into a hydroxyl group to form a bidentate formate species (bands
at 2875, 1575, 1381, and 1365 cm’l). Hydrogenation of the formate
species produced an adsorbed formaldehyde species (bands at 2935, 2850,
2740, and 1600 cm.l) which was adsorbed to a different surface site
than the formate spaecies. The formaldehyde species was quickly hydro-
genated to form a methoxy species (bands at 2935 and 2820 cm—l). The
rate determining step was the hydrogenation of the methcxy species to
methanol.

The various zinc sites pronnsed to be involved in this mechanism
can be associated with specifir hydroxyl groups. The hydroxyl band at
‘3520 cﬁ-l is the site of hydrogen adsorption. This band was very
prominent during methanol ox formic‘acid adsorption. The hydroxyl bands

1 are the sites where the formate species was ad-

at 3550 and 3450 cm
sorbed. The formate groups occupy ouly ﬁart of these hydroxyl sites
since the formation of formate groups has little effect on the intensity
of the hydrogen-bonded hydroxyl groups. 'The isolated hydroxyl bands

at 3665 and 3620 cm -

are the sites where the formaldehyde and methoxy
species were acdsorbed. These hydroxyl groups are completely displaced

d* ing wethanol synthesis,
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SUMMARY AND FUTURE RECOMMENDATIONS

This study has contributed sigﬁificantly to an understanding of
me thanol aynthebis on the type of mixed metal oxide known as the
industrial low-pressure cacalyst, This experimental work has placed
emphasis on the characterization of binary catalysts with 95/5 and 90/10
Zn/Cu compositions, and ternary catalysts with 90/5/5 and 80/10/10 Zn/Cu/Cr
compositions., Carbonyl, formate, and methoxy groups were identified by
transmission infrared spectroscopy as stable surface species during
methanol synthesis conditions (200°C and 50 atwospheres). The adsorption
site of the carbonyl species was establiahoa to he a Cu(I) site because
1) only catalysts containing copper ha& this carbonyl species, 2) Auger
spectra showed the presence of copper in the first valence state in re-
duced catalysts, and 3) the carbonyl stretching frequency in orgeno-
metallic copper(l) complexes was very close to this carbonyl stretching
frequency at atmospheric pressure. The carbonyl species was the only
surface species to shift significantly when the pressure was increased
from 1 to 50 atmospheres; the carbomyl stretching frequency shifted
from 2085 to 2020 cm”l. The formate species was adsorbed to a ziac
site (Z“B) which did not affect the isclated hydroxyls (bands at 3665
and 3620 cm ¥). The methoxy species, however, displaced the isolated
hydroxyl groups, indicating that the methoxy species was adsorbed om
a different zinc site (an)' A formaldehyde species, also ads~rbed on
a ZnY site, was unstable at 200°C. Some evidence suggested that a
hydroxyl species adsorbed on a Zna site (Type I hydrogen adsorntion)

was stable at high pressure and 200°C, and was the source of the hydrogen
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for methoxy hydrogenation to methanol. The rate-determining step in meth-
anol synthesis was determined to be the hydrogenation of methoxy groups.
The formate species was identified as a reaction intermediate in
methanol synthesis by using a feed stream containing formic acid and
hydrogen. Adsorbed formate and‘methoxy groups were formed on a binary
catalyst which produced methanol as the only product. The addition of
carbon dioiide to & feed of‘carbon monoxide and hydrogen had little ef-
fect on the methanol yield at 200°C but substantially improved the yield
at 2500C, Carbon dioxide appamently‘prevented the reduction of some
Cu(I) active sites at the higher temperature. Carbon dioxide was absorbed
in the catalyst pores at high pressure. At reaction conditions, any water
in the feed or in the catalyst pores rapidly reacted with carbon monr tAq,
to form carbon dioxide and hydrogen at thermodynamic equilibrium (wate--
gas shift reaction). The methanol synthesis reaction was always far
from equilibrium with these catalysts.
At atmospheric pressure and 200°C, the surface species produced by
a feed of carbon monoxide and hydrogen were carbonyl, formate, and methoxy
groups., A feed of carbon dioxide and hydr;gen only produced formate

groups. It was determined that the adsorbed copper carbomyl species
promoted the hydrogenation of formate groups to methoxy groups. Methanol

adsorption produced methoxy groups and hydroxyls adsorbed on Zna sites

while displacing the isolated hydroxyls adsorbed on ZnY sites, Adsorp-
tion with deuterated methanol established that the hydrogen in the

Zna hydroxyl had come from the hydroxyl group of ﬁethanol. Formic acid
adsorption produced formate groups and hydroxyls adsorbed on Zn, sites

without displacing the isolated hydroxyls. Formaldehyde édsorption at
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200°C produced‘formate and methoxy groups, whereas at 100°C, an
adsorbed formaldehyde specles bonded to the surface through the
oxygen end of the molecule to a Zn, site was formed. A surmary of
surface species, hand assiguments, and adsorption sites is given in
Table 24. Information for deuterated species is presented in Table 25.
This work has raised many new questions about these catalysts and
the behavior of adsorbed species which may be addressed with techniques
that were not used in thie study. It is currently thought that some
copper exists as 8 solid solution within the zinc oxide crystallites
(Herman et al., 1979). The Guinier results in Part I showed no change
in the zinc oxide lattice parameters for catalysts with copper contents
up to 10 atomic 7 in both oxidized and reduce& states. These results
can be explained as either 1) no copper is in the zinc oxide crystallites, .
or 2) the coordination of the copper in the reduced catalyst is different
than the coordination in the oxidized catalyst, This problem could be
resolved by conducting an EXAFS study of both oxidized and reduced
binary catalysts to determine the local geometry afound copper atoms,
Solid-state NMR spectroscopy may be able to provide additional
information about the nature and behavior of adsorbed epecies. At 200°C,
the adsorption of carbon monoxide on a coprecipitated binary catalyst
produced both formate and methoxy groups. There is no question but
that tnis hydrogenation involves an adsorbed form of hydrogen, but only
surface hydroxyl groups are observed in the infrared spectra. Hydrogen
adsorption at room temperature forms new bands at 3490 and 1710 cm'l

corresponding to ZnOH and ZnH species, but at 200°C, hydrogen adsorption

does not affect any residuwl hvdroxyls nor are any new bands formed. .



Table 24, Infrared band assignments for surface species
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Band (cm'l)

Asgignment

Adsorbed site

Bidentate formate

vy 2875 + 5
A 1575 + 5
Vg 1380 + 2
Vo 1365 + 5
2966 + 4
2740 + 4
Me thoxy
2935 + 2
2820 + 2

Formaldehyde

2935 + 5
2850 + 10
2740 £ 5
1600 + 10

Carbonyls

MU NP,
o

I+ 1+ 1414+

o

Unidentate carbonate

147
138

CH stretching

Asym, OCO stretching

CH bending

Sym., 0CO stretching

v+ ovs
v2 t vy

Asym, CH3 stretching
Sym., CH3 stretching

CHy scissoriug overtone
Asym. CHy stretching
Sym. CHp stretching
C=0 atretciing

C=0 stretching
C=20 stretching (1 atm)
C£0 stretching (50 atm)

OH stretching
" OH stretching

OH stretching
OH stretching
OH stretching
OH stretching

Asym. OCO stretching
Sym. OCO stretching

ZnB

Zn
Y

Zn
Y
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Table 24. Continued

Band (cm'l) Assignment Adsorbed site
Bidentate carbonate ZnB

1512 + 5 Asym, 0CO stretching

1325 + 5 Sym. OCO stretching

Table 25. Infrared band assigmments for deuterated species

Band (cm°1) Agsignment Adsorbed site
Bidentate formate ZnB
2166 + 5 CD stretching
1575 + 5 Asym, 0OCO stretching
1335 + 5 Sym, 0CO stretching
Me thoxy ZnY
2220 + 2 * -1, CD4 stretching
2056 + 2 Syr. CD3 stretching

0D stretching . in
2667 + 2 0D stretching Zn!
2630 + 20 OD stretching , Zn)
2608 + 5 : OD stretching an
2560 + 20 OD stretching an

The questions to be resolved are 1) the forms of adsorbed hydrogen which
may be infrarea inactive, amd 2) the surface mobility of the species
that are idemtified., Reduced binary catalysts also have a band at 3250
cm ! which has been assigned to a bulk copper hydroxide, Because

deuterium readily shifts all surface hydroxyl groups but not the band
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at 3250 em™l, this species can be isolated and characterized by solid-
state NMR,

The technique of mass spectrometry can be utilized in many types
of experiments. The most powerful application of this method involves
the use of isbtop;u reactants to elucidate the reaction mechanism.
1f a formate species is a reaction 1ntermediate, then the carbon‘and
oxygan atoms in methanollcould be different from the carbon and oxygen

atoms in the carbon monoxide molecule. A mixture containing 120180

and 3¢'60 would éstablish whether or not any mixing occurs in

methanol form#tion. The role of carbon dioxide in methanol synthesis
can be determined by using an isotopic compound. Mass spectrometry

can be very useful in adsorption and desorption studies. The adsorption
of methanol forms methoxy groups on sites containing isolated hydroxyl
groups. By using deuterated methanol as the adsorbate, the detection

of HOD would establish that the hydroxyl hydrogen from methanol combines
with a surface hydroxyl to férm Qater. Infrared studies could easily

be coupled with temperature programmed desorption to correlate changes

in surface species with the gaseous products evolved.
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APPENDIX A.

CALCULATION OF XPS BINDING ENERGIES

The calculations involved in the analysis of XPS and AES data from
an oxidized 67/33 Zn/Cu oxide are carried through in detail. Table 5
gives a value of 1191.2 eV for the C 1ls photoelectron. The correction
term for this sample is calculated from the Einstein relation using a

value cf 285.0 eV for the binding energy of the C ls electron:
¢ = hy - EK - EB = 1486.6 - 1191.2 - 285.0 = 10.4 eV

Using this value for the correction term, the binding emergy of the Zn
2P3/2 photoelectfon is calculated from the Einstein relation using the

value of 454.4 eV for the kinetic emergy obtained from Table 5:

E, = hy - E,- o= 1486.6 - 454.4 - 10.4 = 1021.8 eV

In the same mamner, the Cu 2P3/2 photoelectron is evaluated using the

kinetic energy value of 542.8 eV:

Ep = hy - EK - ¢ = 1486.6 - 542.8 - 10.4 = 933.4 eV

These binding energies can be compared to values reported in the

literature.
From Figure 12, the experimental kinetic energy of the Cu Laga 5H4 5
?
Auger electron can be determined to be 908.2 eV. A correction term is

added to this value to adjust the kinetic emnergy value with respect to

the Fermi level:
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.Eﬁ = EK + ¢ = 908.2 + 10.4 = 918.6 eV

This Auger kinetic enerzy can be compared to values reported in the

literature,



309

APPENDIX B.

CALCULATION OF BET SURFACE AREA AND MICROPORE DPISTRIBUTION

The procedures for analyzing physical adsorption/desorption
processes on catalysts using the Accusorb 2100E instrument have been
described in detail for a sample of 95/5 Zn0O/Cu0 catalyst which had
been removed from the reactor after activity tests. The cataiyst, having
a weight (Ws) of 0,5220 g, was placed into a BET bulb and heated over-
night at 190°C under vacuum to remove adsorbed gases. Then, the sample
was cooled to liquid nitrogen temperature (Ts) for adsorption measure-
ments. The dead spaca (Vs) in the buldb variés with the amount of sample
used, so the first me 18urement. utilizes helium (a nonadsorbing gas) to
determine the value of Vs. The system is composed of three sectiomns:

-

a manifold (VD) held at a constant temperature (Tb) of 307.29%, the

dead space in the bulb, and the interconnecting tubing (Vi) vhich has

a temperature (T.' taken as the average of the manifold and liquié
nitrogen temperatu. The initial manifold pressure (Hl) was 550 omHg
and the final pressure (Hz) in the system was 148.7 mmig. The dead

space was calculated from a material balance based on the ideal gas

law:

<
L]

s (TS/HZ)[(VD/TD) (HL - Hz) = viHZ/Til

<}
1]

o = (77.40%K/148.7 wmbig) [(29.79 ml/307.2%K)(550.0 - 148.7 mmilg)
- (3.65 m1)(148.7 ml)/192.39K]}

18.79 ml
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After pumping ofr t'.e helium in the bulb, the adsorption of nitrogen
was measured. Because the mitrogen gas in the bulb does not behave

ideally, a correction term of (1 + aPe) is applied to the dead space.

The perfect gas law correction factor, o, for nitrogen is 6.6 x 10“5

mmHg-l. The volume of nitrogen adsorbed or the catalyst (Va), which
is given at STP conditions (760 mmilg and 273.19K), can be calculated

from a material balance:

273.1%K [Vn Ve ¥ v

D - VAR § - .8 2 52
a = 760 mllg T (B) - By) ('rs*ri)(Pz P T a(By - P )]

v

where the initial manifold pressure (Pl),'the final system pressure

(Pz), and the final system pressure from the previous measurement (Pe)
are experimental values. Usually, four orvfive sets of pressure readings
are obtained in the range from 0.05 to 0.3 P2,Ps' where Ps is the satura-
tion pressure of nitrogen at 77.40°K (765 mmHg). Table 26 gives
experimental values for P1 and P2’ and the calculated values for the
normalized volun!e of adsorbed nitrogen and the relative pressure. The

BET equation utilizes this information to determine the momnolayer volume

(Vm):
(wslva)(PZ/PB - P2) = C/Vm + [(C ~ 1)/CVm1(P2/Ps)

A plot of (Ws/Va)(PZ/Ps - P2) vs. Pz'/Ps will yield a straight ine with
a slope of ws(c - 1)/CVm and an intercept of WS/CVm. The value of Vm
is simply (siopevplus intercept)-l. A least-squares linear regression
of the data points yielded a slope of 0.1681 and an intercept of 0.0012;
the initial pair of data points were not used because the relative

© pressure was 0.0206 which was outside the linear region. The BET
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Table 26. BET pressure readings and volume adsorbed

P, P, Z Va/Wg
(o Hg) (mm Hg) (ml/g) (PZ/Ps)
130.54 15.76 4.816 0.0206
151,36 48.92 5.654 00,0639
174.08 80.52 6.159 0.1053
177.82 110.20 6.597 0.1441
222.30 138.34 7.053 0.1808

surface area is the unit area per nitrogen molecule (S) times the number
of molecules in a monolayer, whick can be determined from the monolayer
volume and the ideal gzs law (the volume adsorbed was expressed at

STP conditioris). The BET surface area (Sw) was calculated to be:

7]
[

Svm(P/RT)STP

(16.2 22)(0.1681 +0.0012)"1(82.06 x 273.1)"}
(6.023 x 102271020 82/m?)

= 26 m2

A&ditional adsorption increments were made until the relative
pressure (P2/Ps) approached unity. Adsorbed nitrogen gra;dually filled
the micropores during the adsorption process, with smaller pores filling
before larger pores. Then, the pressure in .he system was decreased by
increments and a material balance made to determine the amount of
nitrogen desorbed (-Va) after each step. Both the adsorption and desorp~
tion isotherms were nearly the same, indicating that the desorption
isotherm should be used for calculating the pore size distribution. A

cylindrical pore model was utilized which assumes that the catalyst has
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a distribution of pores of radii T, with condensate of thickness t.,

The free radius, r, was determined from the Kelvin equation:
r = ~ 20M cos8/(RTp 1n (PZIPB))

where o is the surface temsion of nitrogen, p is the density of liquid
nitrogen, M is the molecular weight of nitrogen, and 8 is the contact
angle of the condensate (taken as zero). The condensate thickness was

calculated from 2 Halsey-type expression:
t = 3.5[- 5/1n (/2 )1%*%2
The pore radius was determined simply as:

r =1+t
c

Table 27 gives relative pressures, normalized volume of adsorbed nitrogen,
pore radii, the change in pore radii between increments, the change in
adsorbed nitrogen between increments, and the surface area of unfilled
micropores (Z ASP). The pore size distribution was plotted as

AV/Ar vs. L The surface area was éalculated for each increment from

geometrical considerations to be:

(¢ Asp)i - ZAVp,ilrc,i

where

- : 2
o™ tav, - ae, (2 Asp)i_ll[rc/(rc - 0]

The total surface area of the micropores war determined to be 45 mz/g,

which is much higher than the BET surface area of 26 mzlg. This
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discrepancy indicates that the cylimdrical pore model is not a true

representation of the pore structure.

Table 27. Desorption pressure readings and volume desorbed

(VM) e

& W L s,
3 (ul/g) & & (al) @?/8)
0.954 132.99 - - - -
0.939 127.70 170 - - 1.2
0.926 109.47 140 30 18.2 6.2
0.914 84.49 . 120 20 25.0 14
0.898 54.68 100 20 29,8 26
0.854 27.49 74 26 S 27.2 !

0.776 19.43 47 27 8.1 45
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APPENDIX C,

THERMODYNAMICS OF METHANOL SYNTHESIS

A, CO+ 2H2 = CHBOH at 200°C and 50 atm

The si.ndard-state free energy of formation for the reaction is

0 = 0 - o . 0
4G = AGRy oy - gy - 246y

CH3 2
=~ 38.6 -~ 32,8 - 0.0 = - 5,8 kcal/g mol"’

The standard-state equilibrium constant is

K® = exp[- AGO/RTOI
= exp[5800/(1.99) (298)] = 1.8 x ic®
The standard-state heat .of formation is

= 0 - - (o}
ane ““ca3ou &R0 ZAHH2
=~ 41.8 +26.4 =~ 0.0 =~ 21,7 kcal/g ol

The constants for the heat capacity expression are

ba = Zyja, = "cnaoa " 8o " zaﬂz

= 5,052 - 7.373 - 2(6.483) = - 15.287
= Tub, = bCHBOH - b - sz2 |

= (1.694 + €.307 - 2(0.2215)) x 102
be = Zvie, = °cn3on * Sco T 2°a2

= (0.6179 - 0.6662 + 2(0.3298)) x 10
M = Zvd, = dcn3011 =45 - Zduz \

= (- 6.811 + 3.037 - 2(1.826)) x 10~°

5

1.558 x 10°

2

= 0.6113 x 10

= - 7.426 x 10

The equilibrium constant at 4739K, uciﬁg Equation 26, is

In K =9.78 - (15.287/1.99) 1ln (473/298) + (0.01558/2(1.99))

(473 - 298) + (0.6113 x 107°/6(1.99)) (473 - 208%)

- (7426 % 10°°/12(1.99)) (473% - 298%) + (1/1.99)

5

9
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(21,700 - 15.287(298) + (.01558/2)(298)2
+ (0.6113 x 107°/3)(298)" - (7.426 x 107%/4) (298)%)
(1/473 - 1/298)
In K = - 4.39
K = 0.0124
Using the fugacity coefficients from Table 22z and Equation 28,

¥y = ¥,55(0.0124)(0.98) (1.03)(50)%/0.70

For an initial stoichiometric mixture of CO and Hz. the mole fraction of

CO at equilibrium is (1 - X)/(3 - 2X), the mole fraction of H, is
2(1 - X)/(3 - 2X), and the mole fraction of CH;OH is X/(3 - 2X).
Substituting and solving for X,

© - 3.01%% +3.02X-1=0

X = (.82 |

y, = ¥/(3 - 2X) = .82/(3 - 1.64) = 0.60
B. €O, + 3H, = CH,0H + H,0 at 200°C and 50 atm

The standard-state free energy of formation for the reaction is
GO = G2 + 60 - a8 - 369
CHBOH HZO CO2 H2
=-38.62- 54.64 + 94.26 - 0.0 = 1.00 kcal/g mol
The standard-state equilibrium constant is
KO = exp[~ 1000/(1.99)(298)] = 0.185
The standard-state heat of formation is
= (] (] - O - (]
o = Mowon * M0 Mo, = 3y,
& = 4801 - 57.8 + 9".1 - 000 z = 11‘8 kcal/g mol
The constants for the heat capacity expression are

Aa

= g + - a - 3a
CH,OH auzo co, H,
= 5,052 + 7.701 - 4.728 - 3(6.483) = - 11.424
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® = ey on * ®n,0 bco2 - 3buz- | .

= (1.69 + .046 ~ 1.754 - 3(0.2215)) x 10"2 = - 0.679 x 10°2
be = Sch, on + ®8,0 ~ °c02" 3CH2

= (0.6179 + 0.2521 + 1.338 + 3(0.3298)) x 10™° = 3,197 x 10°°
M = - dg, -3

CH30H C02 H2

(- §.811 - 0.859 - 4.097 - 3(1. 826)) x 107 = - 17.25 x 10

The equilibrium constant at 473K, using Equation 26, is

In K = - 1,686 - (11.424/1.99) 1n (473/298) - (0.00679/2(1.95))
(473 - 208) + (3.197 x 107°/6(1.99)) (4732 - 298%)
- (17.25 x 10°2/12(1.99)) (473 - 298%) + (1/1.99)
(11,800 - 11.424(298) - (0.00679/2)(298)% + (3.197 x 107>/3)
(208)3 - (17.25 x 107%/4) (298)%) (1/473 - 1/298)

InK = - 9.5

R =7.21 % 107>

Using the fugacity coefficients from Table 22 .nd Equation 27,

Yo, 08 = Yeo yiz (7.21 x 107%)(0.96) (1.03)°(50) /ynzo(° .70) (0. 38)

2
For an initial stoichiometric mixture of 002 and HZ, the mole fraction

" of co, at equilibrium is (1 - X)/2(2 - X), the mole fraction of H, is

3(1 - X)/2(2 - X), the mole fraction of CH,OH is X/2(2 - X), and the
mole fraction of H20 is X/2(2 - X); Substituting and solving for X,
- 21%3 + 35%% - 27X + 6.7 = 0 |

X & .44
ch3ou = X/2(2 -~ X) = 44/2(2 - .44) = 0.14
C. HCOOH + 2H2 = CH30H + H20 at 2009C and 50 atm

The standard-state free energy of formation fcr the reaction is



1z

0 . AO 0 _ anO . o
A6 mcﬂaou T MGy 1,0 ycoon zmnz

= - 38,62 - 54.64 + 80,24 - 0,0 = - 13,02 kcal/g mol
The standard-state equilibrium constant is
KO = exp[13020/(1.99)(298)] = 3.43 x 10°
The standard-state heat of formation is
M° = Mgy.on ’Hﬁzo - Micoon 2"’"?12
=z - 48.1 - 57.8 + 86.7 - 0.0 = - 19.2 kcal/g mol

The constants for the heat capacity expression are

ba = cu OH ‘u o~ ®lcooy " 23}12

3. 052 + 7. 701 - 2,798 - 2(6.483) = - 3,011

&
"

"ca ot uzo Dycoon - 2"52

(1. 694 +0.046 - 3.243 - 2(0.2215)) x 1072 = - 0.01946

be = ®CH,0n + ®u,0 ~ “HcooH ~ 2°uz
= (0.6179 + 0.2521 + 2.009 + 2(0.3298)) x 10™° = 3.539 x 10>
44 = dCH30H + dazo = Y4co0n - 2"112

(- 6.811 - 0.859 - 4.187 - 2(1.826)) x 10" = - 15.51 x 10"°
The equilibrium constant at 473°K, using Equation 26, is
In K = 21.96 - (3.011/1.99) 1n (473/298) - (0.01946/2(1.99))
(473 - 298) + (3.539 x 107°/6(1.99))(473% - 298%)
- (1.551 x 10°3/12(1.99)) (473> - 208
+ (1/1.99) (19200 - 3.011(298) - (0.01946/2)(298)>
+ (3.539 x 107%/3)(298)3 - (1.551 x 10"8/4) (298)*) (1/473 - 1/298}

ln K = 9.69

K= 1.62 x 10

Using the fugacity coeZficlents from Table 22 and Equation 27,
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2
y =Y Y
CH30H HCOOH: H.z

For an initial stoichiometric mixture of HCOOH and HZ’ the mole fraction

(1.62 x 10%)(50) (0.30) (1.03)%/y, (0.70)(0.38)
- 2

of HCOOH at equilibrium is (1 - X)/(3 - X), the mole fraction of H2 is
2(1 - X)/(3 - X), the mole fraction of H20 is X/(3 -~ X), and the mole
fraction of CHBOH is X/(3 - X). Substituting and solving for X,

X = 0,999

yCH30H = 0.999/(3 - 0.999) = 0.50
D, HCHO + H2 = CHBOH at 2009C and 50 atm

The standard-state free energy of formation for the reaction is

mo &o

u;o = mo - -
CH.BOH HCHO HZ

~ - 38.62 + 26.88 - 0.0 = - 11.74 kcal/g mol

The standard-state equilibrium constant is

KO = exp{11740/(1.99)(298)] = 3.96 x 10°

The standard-state heat of formation is

= 0 - ] - 0
AHO AH<:1130H él*acuo A“uz
= - 48.1 + 28.3 - 0.0 = - 19.8 kecal/g mol

The constants for the heat capacity expression are

da = acuson " 2ucHO ~ 1,

= 5.052 = 5.607 - 6.483 = - 7.038
b = bcu.jou ~ bueno - bH2

= (1.694 - 0.754 - 0.222) x 10”2 = ,00718
be = ®cH,0H ~ CacHO " °H,

= (0.6179 - 0.7130 + 0.3298) x 107> = 2,347 x 10™°
M = dey on = Yucmo ~ In

3 2 o )

(- 6.811 + 5.494 - 1.826) x 10" = = 3.143 x 10°
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The equilibrium constant at 4739K, using Equation 26, is

in K = 19.80 - (7.038/1.99) 1In (473/298) + (0.00718/2(1.99))
(473 - 298) + (2.347 x 10°%/6(1.99)) (4732 - 208%)
- (3.143 x 1077/12(1.99)) (473° - 208°)
+ (1/1.99) (19800 - 7.038(298) + (0.00718/2) (298)>
+ (2,367 x 10°6/3) (298) - (3.143 x 107%/4) (298)%)
(1/473 - 1/298)

In K = 7.26

K = 1.42 x 10°

Using the fugacity coefficients from Table 22 and Equatiom 27,

y - ' 3
CH30H yHCHOyHZ(l.az x 107)(50)(0.85)(1.03)/(0.70)
For an initial stoichiometric mixture of HCHO and Hz, the mole fraction

of HCHO at equilibrium is (1 - X)/(2 - X), the mole fraction of H

2 is

(1 =-X)/(2 - X), and the mole fraction of caaon is X/(2 - X).

Substituting and solving for X,
X =1.00

YeH 08 ~ 1.00
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APPENDIX D.

THERMODYNAMICS OF THE WATER=-GAS SHIFT REACTION

co + uzo = 002 + H2 at 2009C and 50 atm

The standard-state free energy of formation for the reaction is:
860 = 868 + 8GY - &GS, - AGS
co, * ®n, = %co = *u,0

= - 94,26 + 0.0 + 32.81 + 54.64
= - 6.81 kcal/g mol
The standard-state equilibrium constant is
KO = exp[- AGO/RT] |
= exp[6810/(1.99) (298)] = 9.71 x 10%
The standard-state heat of formation is
o = Aug°2 + ““ﬁz - g, - Anﬁzo ,
==~ 94,1+ 0.0 + 26.4 + 57.8 = ~ 9.9 kcal/g mol

The constants for the heat capacity expression are

Aa*a <+ - 3 -
co, auz " 3co ;auzo

4,728 + 6.483 - 7.373 - 7.701 = -~ 3.863

&
"

b + bH -b.,-b

co co” Pu.0
) 2 2 -2 -2
= (1.754 + 0.222 + 0.307 - 0.046) x 10°° = 2,237 x 10
e =¢ + c -c - '
co, * °H, ~ °co °uzo

5 5

(- 1.338 = 0.330 - 0.666 - 0.252) x 10"

&d = dco2 + duz =deo - dnzo
(4.097 + 1,826 + 3.037 + 0.859) x 10~

= - 2,586 x 10

9 9

= 9,819 x 10

The equilibrium constant at 473°K, using Equation 26, is
1n K = 11.48 - (3.863/1.99) 1n (473/298) + (0.02237/2(1.99))
(473 - 298) - (2.586 x 10°°/6(1.99))(473% - 298%)
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+ (9.819 x 10-9/12(1.99))(4733 - 2983) + (1/1.99) (9900
- 3.863(298) + (0.02237/2)(298)% - (2.586 x 107>/3)(298)>
+ (9.819 x 1072/4)(298)*) (1/473 - 1/298)
in K= 5.33
K = 206.
Using tha fugacity coefficients from Table 22 and Equatiom 27,
yCOZ = yCOyH20(206)(0.98)(0.38)/yH2(1.03)(0.96)
For an initial stoichiometric mixture of CO and 320, the mole fractions
of CO and H,0 at equilibrium are (1 - X)/2 and the mole fractions of
CO, and H, are X/2. Substituting and solviné for X,
x* = 2.03X + 1.01 = 0
X=0.95
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APPENDIX E.

MASS FLOW CONTROLLER CALIBRATION CURVES

Although the manufacturer provided a calibration curve for each
mass flow coutroller, flowrates were measured with a wet test meter at
several pressures after the flow controllers had been installed in the
flow system. Each flow setting was based on the digital indicator
reading and not the potentiometer set point. Every point on a curve was
an average of two flowrate measurements, Some of the low flowrates
(< 200 cc/min S2P) were checked with avbubble metexr to ensure the ac-
curacy of the results,

Calibration curves for nitrogen, hydrogen, aﬁd carbon monoxide at
pressures of 1, 10, 30, and 50 atm are given in Figures 80, 81, aud 82,
respectively, The Brooks calibration curve, which was measured at 100
atm, has been included for comparison. The hydrogen line was also used
with the premixed cylinder of hydrogen (907%) and carbon dioxide [10%):;
the calibration curve for this gas mixture at 1 and 50 atm is given in
Figure 83. The curves for each gas show that the slope of each curve
was pressure-dependent. This effect would not result fromlleakage
because a leak would simply cause a shift in the entire curve without

affecting the slope.
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APPENDIX F.

RELATIVE RESPONSE FACTORS

A mixture of 95% CO, 4% CH.30H, and 1% HZO was prepared by iujecting
12,6 ul of CH30H and 1.9 ul of H20 into 250 cc of CO. After allowing
enough time for the components to evaporate and mix, 0.5 cc samples
were injected into the gas chromatograph. The response factor of cusoa
was determined to be 1.11 andi the response factor of uzo to be 0.91.
A mixture of 97.2% CO and 2.8% CHSOH was prepared by injecting 12.0 ul
of C'i301~l into 250 c¢c of CO, The response factor of CH30H was determined
to be 1.19. A mixture of 99.02 CO and 1.0% CC, was prepared by injecting
2.5 ce of CO2 into 250 cc of CO., The response factor of CO

2
determined to be 0.98. A mixture of 52.9% CO and 47.1% Nz vas pre-

wvas

pared by blending 35.5 ce/min CO with 31.6 cc/min N, and using the
sampling loop to take samples. The response factor of N2 was determined

to be 1.10. Peak areas and relative rasponse factor determinations have

been given in Table 28.
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Table 28. Relative reaponse factors

1.

3.

95% CO, 4% CH30H, 1% Hzo

Area CO: 95.4, 95.2, 95.2, 95.4, 95.3;
Area CH,OH: 3,61, 3.66, 3.65, 3.54, 3.58;
érea H, 1.01, 1.15, 1.13, 1,08, 1.14;
RFCH3OH = (4.0/95)(95.3/3.61) = 1.11

RFy o = (§.0/95)(95.3/1.10) = 0.91
2
97.2% CO, 2.8% CH,O0H

Ares CC: 97.6, 97.5, 97.6, 97.5, 97.6;
Area CH30H: 2,40, 2.32, 2.38, 2,30, 2.43;

RFCHBOH = (2.8/97.2)(97.6/2.37) = 1,19
99.0% CO, 1.0% co,

avg.,
avy.
avg.,

avy;.
avy,

Area CO: 98.99, 98.98, 98.98, 98.98, 98.98;

Area COz: 1.01, 1.02, 1.02, 1.02,

RFco2 = (1.0/99.0)(98.98/1.02) = 0.98

52,9% CO, 47.1% N,

1.02;

Area CO: 54.99, 55.18, 55.20, 54.90, 55.28;
Area N,: - 44.94, 44.73, 44.72, 45.00, 44.66;

RFy = (47.1/52.9)(55.11/44.81) = 1.10
p :

95.3
3.61
1.10

= 97.6
= 2,37

avg. = 98.98
avg., = 1,02

avg., = 55.11
avg. = 44,81




in filling your order.

is.gov

1-888-584-8332 or (703)605-6050

info@nt

P Phone

f we have made an error
P E-ma

ive or 1

Please contact us for a replacement within 30 days if the item you receive
defect

NTIS strives to provide quality products, reliable service, and fast delivery.

SATISFACTION GUARANTEED

Reproduced by NI

National Technical Information Service
Springdfield, VA 22161

This report was printed specifically for your order
from nearly 3 million titles available in our collection.

For economy and efficiency, NTIS does not maintain stock of its
vast collection of technical reports. Rather, most documents are
custom reproduced for each order. Documents that are not in
electronic format are reproduced from master archival copies
and are the best possible reproductions available.

Occasionally, older master materials may reproduce portions of
documents that are not fully legible. If you have questions
concerning this document or any order you have placed with
NTIS, please call our Customer Service Department at (703)
605-6050.

About NTIS

NTIS collects scientific, technical, engineering, and related
business information — then organizes, maintains, and
disseminates that information in a variety of formats — including
electronic download, online access, CD-ROM, magnetic tape,
diskette, multimedia, microfiche and paper.

The NTIS collection of nearly 3 million titles includes reports
describing research conducted or sponsored by federal
agencies and their contractors; statistical and business
information; U.S. military publications; multimedia training
products; computer software and electronic databases
developed by federal agencies; and technical reports prepared
by research organizations worldwide.

For more information about NTIS, visit our Web site at

http://www.ntis.gov.

Ensuring Permanent, Easy Access to
U.S. Government Information Assets



- U.S. DEPARTMENT OF COMMERCE
Technology Administration
Nafional Technical Information Service
‘Springfield, VA 22161  (703) 605-6000




