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ABSTRACT

The cesium formate promoted copper/zinc oxide catalysts that are
effective for the synthesis of methanol and higher oxygenates from
synthesis gas have been studied.

The surface species formed from carbon monoxide and hydrogen at
elevated pressures (5.0 MPa) and temperatures (298-473K) have been
observed by infrared spectroscopy. Over undoped ZnO and Cu/ZnO cata-
lysts, bidentate formate, adsorbed formaldehydic and methoxide surface
species located on zinc sites have been observed. Upon the addition of
cesium to the surface, a unique bidentate formate species has been
identified, formed by the insertion of CO into the surface hydroxide
species. The observed frequency shifts confirm the association of the
formate with cesium ions and provide evidence that the highly basic
cesium centers promote carbon monoxide activation and hence the in-
creases in the synthesis rates of methanol and the higher oxygenates.

Under methanol synthesis conditions (H,/C0=2.33 gas hourly space
velocity (GHSV) = 6120 liters(STP)/kg cat/h, 7.6 MPa, 523K), cesium
formate addition to the Cu/Zn0O catalyst promoted the synthesis rates of
methanol, methyl formate and ethanol. Isotope labelling studies using
13CH,0H and *CO/H, and analysis of the products by *C-NMR evidenced
mechanistic pathways that involved the formation of methyl formate by
direct carbonylation of methanol, whereas ethanol was formed by coupling
of oxygenated C, intermediates that were preferentially formed from the
labelled methanol. The C; coupling mechanism dominates over various
other mechanisms (e.g. CO insertion) for the formation of the first
carbon-carbon bond which results in ethanol. The experimental evidence
also supports the presence of kinetically significant formyl and
formaldehyde surface species.

Under conditions that favor higher alcohol synthesis (H,/CO0=0.45,
GHSV=3260 liters/kg cat/h, 7.6 MPa, 583K), cesium promotion of the
Cu/Zn0 catalyst increases the synthesis rates of the higher oxygenates,
especially 2-methyl-l-propanol. The presence of cesium increased the
ethanol synthesis rates with a larger enhancement of the rate of ethanol

conversion to l-propanol and the higher alcohols. The mechanistic
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pathways of higher alcohol synthesis which involved linear and branched
carbon chain growth were investigated by !°C-NMR. Injection of natural
abundance and carbon-13 enriched ethanol into the 1zCO/I:Iz synthesis gas
demonstrated that the lower alcohols were incorporated into the syn-
thesis of the higher alcohols. The carbon chain growth occurred in a
stepwise manner dominated by C; oxygenate addition to the B carbons of
the intermediate oxygenates, C,(n>2), as well as by linear addition,
C,+1(n=1). The dramatic effect of cesium on the reaction mechanism was
clearly evidenced in the C,+C; step. Over the undoped Cu/Zn0 catalyst,
1l-propanol was formed by linear chain growth of the injected ethanol,
i.e., CH,CH,OH + CO/H, ~ CH,'°CH,CH,0H while cesium promoted a new
mechanistic pathway of B-carbon addition, CH,°CH,OH + CO/H, -
13CH,CH,CH,0H. The unique position of the 1°C label in the methyl group
of 1l-propanol provided evidence for the retention of the oxygen associ-
ated with the C; intermediate, formed from CO/H;, and loss of the oxygen
from the '°CH,0H group of ethanol. The mechanism has been proposed to
proceed via a B-ketoalkoxide intermediate that 1s bonded through its
anionic oxygen to cesium sites on the surface of the catalyst. The
mechanism has been termed as aldol coupling with oxygen retention
reversal, a direct result of the presence of the cesium prouoter.
Higher oxygenate syntheses, C,+C, and C +C (n=3, m=1,2,3), were observed
to proceed also by oxygen retention reversal, as well as by normal
oxygen retention. The observed pathways were attributed to steric
effects involving the B-alkoxide intermediates.

Catalytic lifetime tests (1000 h) under higher alcohol synthesis
conditions were performed using the Cs/Cu/Zn0 catalysts. The unique
selectivity changes, accompanied by deactivation, were attributed to
fouling of the catalytic surface by a hydrocarbon wax. The synthesis of
the wax from within the catalyst bed was related to the presence of
iron and nickel centers. The centers were formed by decomposition of
volatile iromn and nickel carbonyls that were gemerated upstream in the
testing unit and deposited on the catalyst. Under the synthesis condi-
tions employed in higher alcohol synthesis, the iron and nickel centers
displayed their own catalytic activity which resulted in the formation

of long-chain, linear hydrocarbons which fouled the Cs/Cu/Zn0 catalysts.
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CHAPTER 1

INTRODUCTION

Conversion of Carbon Monoxide and Hydrogen into Alcohols

The conversion of carbon monoxide and hydrogen, referred to as
synthesis gas, into clean fuels and chemicals is an important process in
the chemical industry. Several commercial routes for the production of
fuels from synthesis gas currently used or potentially viable are shown
in Figure 1-1. A diverse range of liquid fuels that includes alcohols,
hydrocarbons, and oxygenates can be synthesized from CO and H,. Of
equal importance to the fuels are the chemicals that can be made from
synthesis gas. The various chemicals derived from synthesis gas are
shown in Figure 1-2.

Common to both schemes are two-step processes involving methanol
as an intermediate. The importance of methanol arises from the ability
to synthesize it from CO and H, without the formation of significant
quantities of side products. This high selectivity is coupled with the
fact that conversion of a synthesis gas of two Hy and CO to methanol can
be accomplished with nearly 100% weight retention. Once synthesized,
methanol is used as a precursor for the syntheses of many important
chemicals which include formaldehyde and two-carbon oxygenates. The
numerous products that can be derived from methanol and synthesis gas

are illustrated in Figure 1-3.
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from synthesis gas (Haag et al., 1987).
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As depicted in Figure 1-1, the conversion of synthesis gas into
the C;-Cg alcohols can be accomplished using catalysts that are selec-
tive for the formation of higher oxygenates. With the prediction that
the availability of the higher alcohols will fall short of the demand
over the next ten years (Anderson, 1986), direct synthesis from carbon
monoxide and hydrogen will become increasingly important.

The increased demand for higher alcohols has arisen in part by the
Du Pont Waiver, a waiver from the Clean Air Act granted by the EPA for
the use of methanol and cosolvent alcohols in unleaded gasoline.
Methanol that has been properly blended with gasoline has several
attractive features. As a fuel, the mixture results in lower particu-
late emissions, sulfur levels, and hydrocarbon and carbon monoxide
emissions as well as reduced NO, levels. In addition, methanol has a
higher octane value (116) than most regular.gasolines (87) which allows
improved performance. It has been demonstrated that blending methanol
and higher saturated alcohols with gasoline results in a high octane
automotive fuel with superior anti-knock qualities. Alcohol mixtures of
70 wt % methanol and 30 wt % C,-C, alcohols are effective octane-boost-
ing agents that blend readily with hydrocarbon fuels due to the unique
cosolvent abilities of the higher alcohols (Frank and Robinson, 1986).

The importance of the octane boosting capabilities of the blends
has also been aided by the EPA schedule for the removal of lead from
gasoline. The reduction in allowable lead alkyl levels is creating
increased demand for alternative boosters to meet the needs of ever
increasing octane requirements. In addition to alcohol blends, higher

molecular weight ether compounds also are excellent octane enhancing
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agents. Methyl tertiary butyl ether (MIBE) and ethyl tertiary butyl
ether (ETBE) are synthesized by the condensation isobutene (2-methyl-1-
propene) and methanol or ethanol, respectively. The economics of
isobutene are dictated by its limited availability which keeps it as a
cost ineffective component. As the demand for oc;:ane additives con-
tinues to rise, increased opportunities for the use of the alcohol

blends and ethers will result (Frank and Robinson, 1986).

Methanol Synthesis

The synthesis of methanol can be described by the equations,

CO + 2H2 = CH3OH AG°50QK
AHoBODK

+45.36 kJ/mol (1-1)
-100.46 kJ/mol

C02 + 2H2 = CHaOH + Hzo AGosoox
AH® gogx

. +61.80 kJ/mol (1-2)
'-61.59 kJ/mol

Under the reaction conditions for methanol synthesis, the water gas
shift (WGS) reaction also occurs, resulting in the equilibration of CO
and CO,,
CO + H,0 = CO, + H, AG°ggex = -16.5 kJ/mol (1-3)
. AH®goox = -38.7 kJ/mol

The reactions that describe the synthesis of methanol are both exother-
mic and involve a contraction in volume. Higher methanol yields and
carbon monoxide conversion are therefore achieved at elevated pressures
and moderate reaction temperatures.

Many products can be formed from carbon monoxide and hydrogen;

therefore, the synthesis of methanol requires the utilization of highly
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selective catalysts. The most thermodynamically favored product that
can be formed from synthesis gas is methane and carbon dioxide. The
next thermodynamically favored products are the longer chain hydrocar-
bons. Even the higher alcohols are more thermodynamically favored than
methanol as synthesized from carbon monoxide and hydrogen. These facts
dictate that the catalyst utilized must be highly selective for methanol
synthesis, rapidly hydrogenating CO or CO, into methanol only, prevent-
ing the formation of the numerous preducts that are more thermodynami-
cally favored. Methanol synthesis involves the use of an active cata-
lyst in a narrow range of operation temperatures below which decreased
activity results and above which thermodynamic limitations arise.

After the discovery of numerous methanol synthesis catalysts based
upon oxides, salts and metals (Patart, 1921), continued research
resulted in commercially feasible routes fo:\methanol synthesis from CO
and H,. The older process involved Zn0/Cr,0; catalysts which were
commercialized in the 1920’s by BASF (Lormand, 1925). The catalysts
required severe reaction conditions with pressures of 250 to 300 atmos-
pheres and temperatures in the range of 330 to 400°C. The second
industrial process utilized a newer generation of catalyst that was
copper-based and operated under milder conditions. The Cu/Zn0O/Al,0,
catalyst was introduced in the late 1960’s by Imperial Chemical In-
dustries, Ltd. (Davies and Snowdon, 1967; Collins, 1973). The catalysts
operated under pressures of 50 to 100 atmospheres and temperatures in
the 200 to 270°C range. The current industrial synthesis of methanol is
almost entirely based on the more economic, low-pressure process over

copper-based catalysts. In one of the recent dévelopments, the ICI
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technology is utilized in the two very large methanol synthesis plants
in New Plymouth, New Zealand, in which methanol that is synthesized is
subsequently used as the feedstock for the production of synthetic
gasoline. The production of the hydrocarbon fuel utilizes the Mobil
Corporation’s MIG (methanol to gasoline) process over ZSM-5 zeolite
catalysts (Chang et al., 1975).

Recently it has been demonstrated (Vedage, 1984; Nunan et al.,
1986; Himelfarb, 1986) that the methanol synthesis activities of the

low-pressure Cu/ZnO-based catalyst
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of cesium. The promotional effect of salts of the alkali metals is well
established for many heterogeneous catalysts. However, over the
methanol synthesis catalysts, the addition of alkali had been previously
reported to lead to the formation of higher alcohols (Natta et al.,
1957; Smith and Anderson, 1983; Klier, 1984). The patent literature
also specifies that the absence of alkali is a requirement for the
selective synthesis of methanol (Davies and Snowdon, 1967; Collins,
1974; stiles, 1978). Work from the laboratory of the author has clearly
established that low concentrations of cesium icns selectively promoted
the synthesis of methanol by a greater than twofold rate (Fig. 1-4).

The increase in the rate of methanol synthesis was achieved without
sacrificing the selectivity to methanol which remained at 98.9% or

higher.

The Mechanism of Methanol Synthesis
Although the two simple Egns. (1-1) and (1-2) describe methanol

synthesis, many detailed mechanistic pathways have been postulated.

10
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P = 7.6 MPa; GHSV = 6120 £(STP) /kg catalyst/h; T = 523K
(Nunan et al, 1986).]
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Numerous investigations aimed at the determination of the mechanism by
which carbon monoxide or carbon dioxide is hydrogenated to methanol have
been performed. Although the studies have provided insight into the
pathway of methanol synthesis, various mechanistic schemes have emerged
from experimental work over a variety of catalysts. Many experimental
techniques and approaches have been utilized in attempts to elucidate
the mechanism. The identification of reaction intermediates present on
the surface Af the catalysts has been accomplished by chemical trapping,
isotopic labeling and spectroscopy. Other approaches have included
kinetic studies, e.g. by postulating the elementary reaction steps, the
derived rate equation can be tested by comparison to experimentally
determined kinetic data. As a result, numerous experimental findings
have concluded that the mechanism and kinetics of methanol synthesis are
complex. Furthermore, the mechanism and kingtics are not identical for
all catalysts and may even vary for the same catalyst when operated
under different reaction conditions. The general mechanistic schemes
that have emerged for the synthesis of methanol over copper-zinc oxide
catalysts and have been reviewed in the literature (Klier, 1982; Bart
and Sneeden, 1987; Kiennemann and Hindermann, 1988).

Two general schemes have emerged to describe the mechanistic
pathway of methanol synthesis. The first scheme involves the sequential
hydrogenation of an adsorbed carbon monoxide with the subsequent

intermediates bonded through the carbon to the surface (denoted as *).

12
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V4
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Scheme 1-1.

After formation of the formyl, the first step, hydrogenation can occur
by two pathways. Path 1 is postulated to involve the formation of a
hydroxycarbene species which undergoes subsequent hydrogenations to form
methanoi (Takeuchi and Katzer, 1981). Alternatively, hydrogenation of
the formyl species, pathway (2), has been postulated to lead to the
formation of an adsorbed formaldehyde species. Subsequent hydrogenation
of the formaldehyde species, either stepwise or directly, results in the
formation of methaﬁol.

A second scheme that explains the pathway of methanol synthesis
involves the formation of a surface formate gpecies. This species could
either be formed by the insertion of carbon monoxide into a surface

hydroxide or by the reaction of carbon dioxide with a surface hydride,

&ioa H,0 CH,0H + *o0H

Co, CH,0H + %*He

Scheme 1-2.
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The hydrogenation of the formate species results in the formation of a
surface methoxide species. To account for the catalytic nature of the
process, removal of the methoxide species as methanol would require the
regeneration of the original surface species. This is postulated to
occur by hydrogemation or hydrolysis which would lead to the formation
of the initial surface hydride or hydroxyl species, respectively. Both
of the schemes are based upon the results of numerous studies which have
evidenced the presence of the various species.

The formyl species of Scheme 1-1 has been observed directly by
infrared spectroscepy. Under near ambient conditions, the introduction
of CO and H, onto properly activated ZnO and Cu/Zn0 catalysts has
resulted in spectral features attributed to an adsorbed formyl species
(Lavalley et al., 1982; Saussey et al., 1982). Trapping experiments
using methyl iodide have also suggested the presence of a nucleophillic
C, oxygenate formed from CO and H, over ZnO. The identification as
formyl was made due to the interaction of the species with methyl iodide
resulting in the formation of acetaldehyde. Similar trapping experi-
ments utilizing amines (Vedage et al., 1985) also indicated the presence
of a kinetically significant aldehydic species. The addition of amines
into the synthesis gas feed over a Cu/Zn0 catalyst resulted in the
formation of methylated amines suggesting the presence of a formyl or
hydroxycarbene C, surface species. The synthesis of methanol by the
formyl mechanism over Rh/Ti0, catalysts has been evidenced by unique
isotope studies (Takeuchi and Katzer, 1981). Using synthesis gas
consisting of a mixture of isotopically labeled carbon monoxide, 3¢C!€0

and 12180, the only methanol formed was 1°CH,1°0H and 2CH,’%0H. The
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absence of °CH;%0H and !?CH,;'°CH provided evidence that the CO formed
surface species adequately described as a formyl that did not afford
scrambling of the isotopic label. Scrambling of the carbon-oxygen
labels would be expected if the mechanism of Scheme 1-2 was operational
by the formation ,of the surface formate species.

Numerous studies have provided evidence for the intermediates
postulated in the second mechanistic scheme. One of the earliest
investigations involved the coadsorption of CO and H, in various ratios
at atmospheric pressure onto Cu/Zn0/Cr,0; catalysts at 250°C (Tsuchiya
et al., 1965). It was determined that the composition of the adsorbate
formed had a H, to CO ratio of 1.5 which corresponds to a methoxide
species. Adsorption of the gases was found to be enhanced by coadsorp-
tion, the synthesis rate of methanol presumed to be determined by the
hydrogenation of this complex. The surface .formate and methoxide
species were first detected by infrared spectroscopy in studies of
methanol decomposition over ZnO (Ueno et al., 1971). Invoking the
principle of microscopic reversibility, it was stated that the same
species must be involved in the synthesis of methanol from CO and H,.
Subsequent infrared studies of both ZnO and Cu/Zn0 catalysts have been
performed under ethanol synthesis conditions (Edwards and Schrader,
1981, 1984, 1985). The in situ studies at elevated temperatures and
pressures have afforded observation of the wvarious surface species that
are formed from carbon monoxide and hydrogen under methanol synthesis
conditions. The bidentate formate species was identified over Zn0O and
Cu/Zn0 catalysts and determined to be a common intermediate for both the

water gas shift reaction and methanol synthesis. The formate species
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appeared to be hydrogenated to an oxygenated species that was identified
as formaldehyde bonded to the surface through the oxygen end of the
molecule. Hydrogenation of the bound formaldehyde lead to the formation
of a surface methoxide species which is the precursor of methanol. The
results of the infrared studies were incorporated into an overall scheme
as shown in Figure 1-5. The route of methanol synthesis directly
parallels the reaction pathway of Scheme 1-2.

Isotopic labeling studies have also supported the formation of a
bidentate formate species. Over 2 Cu/ZnC catalyst, mixtures of 3CI60
and *2C'%0 were found to undergo scrambling with the formation of 13¢1%
and *2C'%0, the reaction accelerated by the addition of water (Vedage et
al., 1984). This experimental result conforms with Scheme 1-2, equili-
bration of CO and a surface hydroxide species with the surface formate
species accounting for the scrambling of the labels by oxygen inter-
change. Further support of the formate mechanism has been derived by
injection of D,0 into the CO/H, synthesis gas of a Cu/ZnO ca{:alyst under
synthesis conditions (Vedage et al., 1984). The methanol that was
synthesized was found to be uniquely labeled, the methyl group contain-
ing only a single deuterium, CH,DO(H,D). Furthermore, quantitative
evaluation of the isotope flow indicated that the formate mechanism
accounted for 2 minimum of 65% of the methanol that was being synthe-
sized. Although the previous experiments support CO as the primary
reactant, experimental evidence for CO, incorporation as shown in Scheme
1-2 exists. Using synthesis gas mixtures of 12c0/1*C0, or 1“c0/%2C0, with

H,, the methanol synthesized over the Cu/Zn0/Al,0, catalysts contained
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H,+ Zn,-0 = Zn,-é)

CH
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C% H GH;
cg, o

RetZniO+Zn, = ZngO+ZngO+Zn,

8§72 nop 6 H

5 }

Zn, +Zn O = Zh, +Zn O

CHy

2?1, + Zn0 = Zn,+Zngs0 + CH;0H

Figure 1-5. The pathway of methanol synthesis monoxide from carbon
monoxide and hydrogen over copper-based catalysts (Edwards
and Schrader, 1985).
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the isotope of carbom as dictated by the carbon dioxide isotope
(Rozovskii et al., 1977; Kuznetsov et al., 1982; Chinchen et al., 1987).
Trapping experiments have also indicated the presence of surface
formate and methoxide species on the Cu/Zn0 catalysts (Deluzarche et
al., 1978; Ramaroson et al., 1982). Using (CH;),SO, and (CH;CH,),SO,, it
was possible to trap the surface methoxide or formate species as methyl
ethers or alkyl formates, respectively, according to the following

reactions where R 1is the methyl or ethyl group,
R,SO, + 2CH;0° - 2CH,0R + S0, (1-4)
R,SO, + 2HCO0® - 2CHOOR + $0,%° (1-5)

Recently, an elaborate scheme has been_proposed (Kinnemann ana
Hindermann, 1988) for methanol synthesis over Cu-Zn-Al catalysts that
incorporates all of the species of Schemes 1-1 and 1-2. Figure 1-6
shows the scheme which includes a dioxymethylene surface species that
has been observed by infrared and chemical trapping studies (Idriss et
al., 1987). The chemical trapping experiment utilized 1,2-dibromoethane

according to the equation,

//CH%\ .FH%
03 Os + BrCHCHBr - 0 0 (1-6)
18
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Figure 1-6. A mechanistic scheme of methanol synthesis which incor-
porates all of the surface species that have been observed

(Kiennemann and Hindermann, 1988).
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Higher Alcohol Synthesis

?

he foliowing

two equations:
2nH, + nCO - C.H,,,,OH + (n-1)H,0 (1-7)
(n+l1)H, + (2n-1)CO -+ C H; 4+;0H + (n-1)CO, . (1-8)

Based upon thermodynamics, the latter Eqn. (1-8) is favored as the
overall change in free enexrgy is more negative than that of Eqn. (1-7).
The higher alcohols are also more thermodynamically favored than the
lower alcohols. However, thermodynamics alone does not dictate the
products that are formed. The hydrocarbon and olefin products are more
favored under the conditions of higher alcohol synthesis than the

N
alcohols themselves. The selectivity of the catalyst plays a signifi-
cant role in producing the desired product. -

In the early part of this century, BASF (Badische Anilin und Soda
Fabrik, 1913, 1914) patented processes using alkalized oxides of cobalt
or osmium for the catalytic hydrogenation of carbon monoxide. At
temperatures of 300 to 400°C and pressures of 100 to 200 atmospheres,
products consisting of alcohols, aldehydes, ketones, acids and other
organic compounds were synthesized. The next significant advance was
the development of the "Synthol" process by Fischer and Tropsch (1923,
1924, 1926, 1927). Over alkalized iron oxide catalysts under pressures
of 100 to 150 atmospheres in the temperature range of 400 to 450°C, a

liquid product consisting of alcohols, aldehydeé, ketones, acids and
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other compounds was obtained. The first high yield synthesis of
alcohols from CO and H, occurred with the discovery of the ZnO and
Cr,0;-based catalysts which were operated under high pressure (250-300
atm) and high temperature (390-420°C) for the synthesis of methanol
(BASF, 1923). 1t was subsequently discovered that the addition of
alkali salts or oxides promoted the formation of a liquid product
consisting mainly of alcohols (Dupont, 1928; Fischer and Tropsch, 1929;
Frolich and Lewis, 1928; Natta, 1928). The promotion of higher alcochol
synthesis by cesium and rubidium over the high pressure Cr,0,/Mn0O
catalyst was demonstrated by Morgan et al. (1930, 1932). The relative
promotion of the higher alcohol synthesis by the alkali salts was found
to be in the order of Cs>Rb>K (Natta et al., 1957).

The new generation of higher alcohol synthesis catalysts are based
upon alkali-doped Cu/Zn0/Al,0; catalysts. Thg catalysts were found to
be active for the selective synthesis of methanol under less severe
conditions than the older catalysts. The addition of alkali to the Cu-
based catalysts has been shown to alter the selectivity, promoting the
synthesis of higher alcohols. The addition of K;C0; to a commercial
Cu/Zn0/Al,0; catalyst (Smith and Anderson, 1983) was found to be effec-
tive in promoting the formation of the C,-C, alcohols with 2-methyl-1-
propanol being a dominant product. The effects of alkali addition to
Cu/Zn0 catalysts were concurrently studied (Vedage et al., 1983) with
similar results. Comparison of the alkali and alkaline earth salts as
promoters demonstrated that cesium had the greatest promotional effect

for the formation of higher alcohols. Under optimized reaction condi-
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tions, a high selectivity to the C,-C, alcohols could be achieved, the

principal higher alcohol being Z-methyl-1-propanol.

The Mechanism of Higher Alcohol Synthesis

Several mechanisms have been advanced to account for the higher
alcohols that have been synthesized. Many of the proposed mechanistic
pathways are empirical in nature, having been developed to account for
the observed products and also to explain the absence of others.

The first mechanism was advanced by Fischer and Tropsch (1923) who
proposed the insertion of CQ iuto methanol as the first carbon-carbon
bond formation step. Hydrogenation of the resulting acetic acid

produced acetaldehyde which would be hydrogenated to the alcohol:

HZ HZ .
-H,0

Subsequent linear alcohols would be formed by repetition of this
process. To account for the branched alcohols that were observed, the
condensation of acetic acid molecules forming acetone with the elimina-
tion of CO, was postulated. Hydrogenation to the secondary alcohol
followed, the carbonylation of this product and subsequent hydrogenation

accounting for the branched alcohols that were observed,

2CH;CO0H —~ (CH3),CO + H,0 + CO, (1-10)
(CH3),C0 + H, - (CH;),CHOH ' (1-11)
22
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The €O insertiop mechanism has also been invoked to describe

ed in Fischer-Tropsch synthesis (Wender et al.,
1958; Pichler and Schultz, 1970; Henrici-0livé and Olivé, 1976;
Sachtler, 1984). The direct insertion of CO into alkali alkoxides
forming alkali carboxylates has also been postulated for alkali
promoted, copper-based catalysts (Fischer, 1925; Natta et al., 1957;

Vedage et al., 1983 and 1985A). The scheme, written here for cesium

promoted catalysts, would account for the linear chain growth,
RCH,0°Cs® + CO - RCH,C00°Cs® (1-12)
RCH,C00°Cs® + 2H, - RCH,CH,0OH + CsOH (1-13)

A direct pathway of carbon-carbon bond formation involving CO as
reactant has also been postulated to occur o;er supported rhodium
catalysts (Takeuchi et al., 1982 & 1983; Kagami et al., 1983). The
direct interaction of two CO molecules on the catalytic surface is

postulated to result in carbon-carbon bond formation with hydrogenation

producing ethanol,
2C0 + Z‘-Hz - CH3CH20H + H20 - (1'14)
A second empirical theory to account for the formation of higher

alcohols was postulated to involve the direct condensation of lower

alcohols (Frolich and Cryder, 1930). The slow step of the synthesis was
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proposed to be the formation of the first carbon-carbon bond in ethanol

by the intermolecular condensation methanoi,
2CH,0H - CHCH,OH + H,0 . (1-15)

This direct condensation theory was elaborated upon by Graves (1931) who
utilized empirical rules to predict the presence and absence of specific
higher alcohols. The formation of higher alcohols was postulated to
involve the dehydrative coupling of two lower alcohols. The coupling
involved the interaction and loss of a hydroxyl group from one alcohol
and a hydrogen from the other. Although the removal of hydrogen from an
a-carbon, defined as the carbon bearing the hydroxyl group, was assumed
to be possible and had to occur in the formation of ethanol from
methanol, it was assumed to be difficult compared to the removal of
hydrogen from the B-carbon, defined as a carson adjacent to the carbon
bearing the hydroxyl group, of ethanol and larger alcohols. - Branching
in the C, alcohol occurred by removal of a B-hydrogen from l-propanol
and condensation with methanol resulting in the formation of the primary
alcohol, 2-methyl-l-propanol. Two additional guidelines allowed the
prediction of the other alcohols that were observed. Condensation
involving hydrogen removal from CH; groups occurred with difficulty,
whereas removal of hydrogen from CH groups did not occur at all. The
second empirical guideline was required to account for the formation of
secondary alcohols. It was necessary to postulate condensations
involving the loss of hydrogens from the a-carbon of alcohols to account

for the formation of the secondary alcohols.
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A similar mechanistic scheme based upon aldol condensations was

crcuTrrently vranased & .
concurrently proposed at tha
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1530, Morgan et al., 1532;
Taylor, 1934). Based upon the dual hydrogenation and dehydration nature
of the catalysts, an aldol pathway involving the condensation of
aldehydes was proposed. It was postulated that the formation of higher
alcohols begins with the condensation of two formaldehyde molecules, as

derived from methanol, yielding glycolaldehyde.

2H, H,
2CH,0H - 2H,CO - CH,OHCHO - CH,CH,OH + H,0 (1-16)

Glycolaldehyde would then be transformed into ethanol by dehydration and
hydrogenation. Formaldehyde has been shown to condense in the presence
of alkaline earth hydroxides to form glycolaldehyde (Euler and Euler,
1906; Mayer and Jaschke, 1960). The glycoléldehyde undergoes further
condensation reactions with formaldehyde resulting in the formose, a
complex mixture of aldoses and ketoses (Weiss et al., 1970, 1974, and
Tambawala and Weiss, 1972).

The aldol scheme involves the formation of a carbanion by a base

catalyzed removal of a hydrogen from the B-position of an aldehyde,

RCH,CHO + B:® -+ RCHCHO + B:H . (1-17)
(=]

This nucleophillic anion attacks the carbomyl group of a second aldehyde

with the formation of a hydroxyaldehyde,
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R'CH
RCHCHC + R‘CHC - RCHCHC {(1-18)
o
0° oH
R’CH R'CH
RCHCHO + B:H - RCHCHO + B:°® (1-19)

which undergoes dehydration and hydrogenation to yield the alcohol

QH

R'CH R’GH

RCHCHO - RCCHO (1-20)
R’ GH R'CH,

RCCHO + H, — RCHCHO (1-21)
R'CH, R'CH,

RCHCHO + H, — RCHCH,OH . (1-22)

Vedage et al. (1983) invoked aldol chemistry to explain the
promotion of higher alcohol synthesis, specifically 2-methyl-1l-propanol,
when the Cu/Zn0 catalyst was doped with cesium. It was postulated that
the base-catalyzed aldol reaction was functioning and the presence of
cesium promoted the formation of the higher alcohols. A similar aldol
condensation pathway involving the intermediacy of formaldehyde was
invoked (Fox et a2l., 1984) to explain the formation of higher alcohols
from methanol in the presence of metal acetylides, the product distribu-

tion similar to that of the formose chemistry.
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Recently an involved mechanistic proposal has been advanced

he predominance of branched higher
alcohols in the product mixture obtained over metal oxide catalysts in
general. Based upon results from surface spectroscopy, catalysis, and
organometallic chemistry, a mechanism involving enolate intermediates
and chzin growqh by CO insertion was proposed. Carbon-carbon bond
formation involves the CO insertion into the metal-carbon bond of a
bound aldehyde yielding a cyclic acyl, species 6 of Figure 1-7. The
acyl has a second structure which has carbenic character, species 7. A
1,2-hydrogen shift causes rearrangement into an enediolate, species 8,
which undergoes hydrogenation to yield a coordinated diol, species 9.
The diol then undergoes dehydration by MOH elimination to produce the
coordinated enol, species 10, which is clearly shown by the valence bond
structure depicted in species 11. Protonation of the coordinated enol
yields a coordinated aldehyde, species 12, wﬁich can be hydrogenated to
the aldehyde species which undergoes CO incorporation by the same
pathway, hence continuing growth, or is hydrogenated yielding a product
alcohol.

The formation of branched products by this scheme is shown in
Figure 1-8. The formation of species 13, a coordinated 1,2 propanedio-
late, can undergo dehydration by two routes with the formation of two
enols, species 16 and 17. When drawn in their resonance structures, 16
and 17, with the negative charge delocalized over the oxygen and two
carbons, species 17 is less sterically hindered than species 16. Also,
the location of the electron donating methyl group on the less electron

rich center carbon is electronically favored over situation on the
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Figure 1-7. The mechanism of chain growth (Mazanec, 1986).
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terminal carbon. The favoring of the branched enolate increases the
probability of the formation of Z2-methyl-i-alcohols as depicted in
Figure 1-8.

The selectivity towards the branched alcohols was also addressed
by comparing intermediate acyl species and their susceptibility towards
the 1,2-shift reaction. As shown in Figure 1-9, only methyl groups are
available on the acyl derived from the ’iso’ enolate, I, which would
migrate significantly slower than hydrogen. This slow step allows other
competing reactions such as the hydrogenation to the alcohol (2-methyl-
l-propanol) which desorbs from the surface. However, acyl species II,
derived from a ’linear’ enolate, has g hydrogen readily available for
the 1,2-shift. Although hydrogenation to the alcohol is a competing
reaction with the species, the 1,2-shift is rapid with much of II

continuing into the synthesis of higher alcohols.

Methyl Formate Synthesis -

Under the conditions of methanol synthésis over the Cs/Cu/Zn0
catalyst, methyl formate and ethanol are side products that are detected
in trace quantities. These C, compounds represent the first carbon-
carbon and carbon-oxygen bond formation reactions over the catalyst.
Both ethanol and, to a much lesser extent, methyl formate are observed
under the conditions of higher alcohol synthesis. Interest in the
mechanism of methyl formate formation stems from the possibility that it

is an intermediate that undergoes rearrangement yielding ethanol.
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Figure 1-9. Susceptibility of the acyl species towards the 1,2-shift
reaction (Mazanec, 1986).
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Methyl Formate Synthesis Mechanism

Several mechanisms which account for the presence of methyl
formate can be written. Methyl formate could be formed by the direct

carbonylation of methanol,
CH,0H + CO - HCOOCH, (1-23)
by the dehydrogenative coupling of two methanol molecules,
2 CH;0H - HCOOCH; + 2H, (1-24)
by the Tischenko dimerization of formaldehyde,
2 HCHO -+ HCOOCH, . (1-25)
or by the esterification of formic acid by methanol,
HCOOH + CH;0H - HCOOCH; + H,0 . (1-26)
The direct carbonylation mechanism for methyl formate formation using
alkali alkoxide catalysts has been reported (Tonner et al., 1983; Aguilo
and Horlenko, 1980; Gjalbaek, 1948). It has also been shown (Evans et
al., 1983) that the reverse of Eqn. (1-23) occurs over copper-based
catalysts. Over copper-based catalysts, it has been proposed (Cant et

al., 1985) that two methanol molecules dehydrogenatively couple forming

methyl formate. The overall reaction is represented by Eqn. (1-24) but
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can be considered to be a two-step process. Methanol would first
undergo dehydrogenation forming formaldehyde. Two formaldehyde mole-
cules subsequently dimerize by the Tischenko reaction, Eqn. (1-25).
Methyl formate synthesis can also be described as the esterification
reaction of formic acid by methanol, Eqn. (1-26). Also, over copper-
based catalysts, it has been proposed (Takahashi et al., 1983; Denise
and Sneeden, 1985) that a reaction between formaldehyde and methoxide

via a "hemiacetal" explains the mechanism for the synthesis of methyl

formate,

H H H,C-0, H H,C-0. H

AN
Mo/ + cH, - c{ = s+ (1-27)
’”n [ Ve (1]
Q % 9 H 0 K
: : H : :

As indicated in Eqn. (1-27), the reactants are surface-bound species
(Mueller and Griffin, 1987), the "hemiacetaih intermediate also being
proposed for the reverse reaction involving methyl formate decomposition
(Sorum and Onsager, 1984). Using the hemiacetal pathway, Vedage et al.
(1985A) postulated that this generalized pathway could be used to
account for the methyl esters observed during higher alcohol synthesis
over the cesium/copper/zinc oxide catalysts. It has recently been shown
{Smith et al., in preparation) that over the same catalysts used in this
study, the kinetic rate constants for the formation of methyl esters
were higher than that derived for methyl formate. The lower values
determined for methyl formate suggested that the mechanistic pathway for
this C, oxygenate may differ from that of the higher methyl esters of

the homologous series. With the presence of both alkali and hydrogena-
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tion-dehydrogenation components in this system, the dominant pathway for
methyl formate has been shown to involve the base-catalyzed carbonyla-
tion of methanol, Eqn. (1-23) based upon isotope studies (Nunan et al.,

1988).

Catalyst Lifetime

The commercial value of a catalyst is evaluated based upon several
factors concerning its performance. A viable catalyst must have the
demonstrated ability for the selective synthesis of a desired product or
product mixture at acceptable rates. Equally important is the lifetime
of the catalyst. A successful catalyst has the ability to maintain
initial synthesis activities during prolonged periods of use. The
catalyst lifetime is dependent upon several factors which include the
physical stability of the catalyst and susceptibility to poisons.

References to investigations into the stability of copper-based
catalysts under the conditioms of higher alcohol synthesis in the
literature have been limited. Smith and Anderson (1983, 1984) utilized
a commercial Cu0/Zn0/Al,0; catalyst promoted with potassium carbonate in
studies of the synthesis of methanol and higher alcohols from CO and H,.
The desired higher alcohol selectivity was achieved under pressure of
13.2 MPa at temperatures of 573K. Although at temperatures greater than
573K the desired selectivity was achieved, the catalyst deactivated
rapidly. The cause of thé deactivation was assumed to be sintering, the
small crystallites growing into larger agglomerates at the elevated
temperatures. Sintering of the catalysts under the conditions of '

alcohol synthesis is a phenomenon that can be traced to the process
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itself. The high exothermicity of the reactions can lead to high
temperature excursions if proper controls are not implemented. Reaction
temperatures must be carefully monitored and controlled to ensure
isothermal reaction conditions throughout the catalytic bed. Only by
preventing hot spots and high temperature excursions can the thermally
induced sintering of the catalyst be avoided. In a subsequent investi-
gation (Caverley and Anderson, 1987) using copper-zinc oxide catalysts,
it was shown that the reduction process of the Cu(Il) as well as the
synthesis testing itseli led to a loss in the surface areas of the
catalysts. The reduction of the measured surface areas was considered
to be representative of the sintering of the copper-based catalysts
under the conditions of higher alcohol synthesis. The observed activity
decreases due to sintering were a direct result of the loss of the
catalytic surface a%ea.

Instability problems were encountered under the earlier, high-
pressure and high-temperature conditions that were required for alcohol
synthesis over oxide catalysts. At temperatﬁres of 573 to 723K,
sintering of the catalysts was a serious problem (Natta, 1955 & 1957).
Using x-ray diffraction and electron microscopy, the crystallite sizes
of the catalysts were related to the synthesis activities. 1It was
determined that the smaller Zn0O crystallites had a larger surface area
which resulted in higher methanol synthesis activities. The observed
decreases in catalytic activity were attributed to sintering of the
catalyst particles and the subsequent reduction in surface area.

To restrict sintering under the harsh synthesis conditioms,

intercrystalline promoters were added to the ZnU catalysts (Cryder and
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It was proposed that the added components functioned as

Frolich, 1929).
structural promoters preventing the sintering of the ZnO, with Cr,0; the
It was found that the Cr,0;/Zn0 showed a high methanol

most effective.
synthesis activity and selectivity while resisting "aging."

The addition of copper oxide to the zinc oxide catalysts was shown
The mutual promoting effect of the

to yield a highly active catalyst.
two components was observed to result in the highest activity at 30 to

Although the catalysts showed high

1928, 3 ref.).
they ha

L

]
'

40% Cu0 (Frolich,

it was found that

of

the most stable catalytic compesitis
showed a 40% loss in activity after only 72 hours

It was found that
The deactivation was related to the sintering of the

6:3:1 molar ratio

testing at 593K.
crystallites and it was concluded that the highly active catalyst could

only be utilized at temperatures below 573K .(Natta et al., 1955).
The copper-based catalysts were also found to be susceptible to
Gas bhase sulfur

poisons that did not affect the mixed oxide catalysts.

compounds present in the synthesis gas were found to rapidly poison the
Complete deactivation of the copper catalysts has

copper catalysts.
been demonstrated to occur when H,S, COS or CS, was present in the
This problem was overcome by

synthesis gas (Nielsen and Nielsen, 1985).
Natural gas

the development of synthesis gas purification techniques.
is cleansed of sulfur compounds before conversion into synthesis gas

(Burklow and Coleman, 1977), whereas coal derived synthesis gas is
scrubbed free of the contaminants after formation (Magee, 1987). The

development of the sulfur removal techniques in the early 1960’s
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afforded one of the first commercial uses for the copper-bésed catalysts
in the late 1960's (Collins, 1973; Davies, 1967).

Other poisons are found in the synthesis gas and have been
observed to have unique effects on the activity and selectivities of the
catalysts. The unique behavior of certain contaminants has led to their
definition as antiselectivity agents (Natta, 1955). Antiselectivity
agents that were identified on the surfaces of the older methanol
synthesis catalysts were iron and nickel. The two metallic contaminants
were found to demonstrate their own catalytic activities producing
methane from the synthesis gas. The source for the two metals was
identified as the metal components of the gas supply and reactor system
which contained iron and nickel that were also in contact with carbon
monoxide. Under high partial pressures of carbon monoxide, volatile
iron and nickel carbonyls can be formed fromﬂvarious steels at room
temperature to =550K (Inouye and DeVan, 1979). The gas phase species
are carried by the synthesis gas flow to the catalyst bed wherein
thermal decomposition occurs depositing the metals on the catalyst
(Natta, 1955; Supp, 1973). The highly dispersed particles formed by
this method have been demonstrated to be highly active for the formation
of methane from CO and H, (Prospekhov, 1947). The metal contamination
that arises from the iron and nickel components of the gas supply and
reactor system is a serious problem that impairs both the activity and
selectivity of alcohol synthesis catalysts (Anderson et al., 1952; Supp,
1973). Although methane can be synthesized by Fe and Ni centers, other
factors including synthesis gas composition and reactor types can

influence the hydrocarbon products that are observed.
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Fischer-Tropsch catalysts containing iron have been used for the
synthesis of hydrocarbons ranging from methane (C;) to the long chain
paraffinic waxes (C,;,,). Adjustment of the operating conditions and
careful catalyst selection provides the required selectivity control
needed for the synthesis of the desired product distribution (Jacobs and
Wouve, 1982). Emphasis has been focused upon the conditions required
for the selectivity to the medium-sized hydrocarbons (Cs-C,;) because of
their use as automotive fuels (McArdle et al., 1986). Also contributing
to the observed selectivity is the type of reactor utilized. Maximized
gasoline yields along with the unavoidable light end products (C, to C,)
have been achieved by the use of ebullient bed reactors. Fixed bed
reactors, commonly used in alcohol synthesis, favor the production of
the diesel range products with a significant amount of waxy material
also co-synthesized. This selectivity pattern was observed for the
Sasol I, fixed-bed reactor which yielded a product containing the C,,,
hydrocarbons in a greater than 65 atom$ selectivity. The result was
obtained over a fused K/Cu/Si0, catalyst operéted at 493K from a
H,/CO = 6 synthesis gas at 2-3 MPa (Dry, 1981). In the Axge process
using a K/Cu/Fe/Si0O, catalyst, wax is produced as the principal product
from a synthesis gas of H,/CO = 1.32 to 2.00 at 493 to 523K. It was
observed that the synthesized wax adsorbed onto the active catalytic
surface causing a rapid decrease in activity (Deckwer, 1980). This
deactivation phenomenon was originally observed by Fischer and Tropsch
(1927) during hydrocarbon synthesis over iron based catalysts. Deac-

tivation by fouling of the surface of Fe/Cu catalysts has also been
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observed in high CO-content syunthesis gases even at atmospheric pressure

(Pichler, 1952).

Scope of the Research

The review of the literature provided in the Introduction has
indicated that the mechanistic details of alcohol synthesis are depen-
dent upon many factors and, therefore, vary greatly. Over the Cu/Zn0O
catalysts, insight into the pathways of methanol and higher oxygenate
synthesis has been derived by spectroscopy, trapping, and isotope
lzbeling means.

The first part of the research presented here has focused upon the
identification of the surface species present on zinc oxide and cop-
per/zinc oxide catalysts. The species that are formed at elevated
temperatures and pressures from carbon monoxide and hydrogen were
observed using infrared spectroscopy. The effect of addition of the
alkali promoter cesium on the observed surface species was also studied.
The insight provided by the spectroscopic studies have been combined
with the knowledge obtained from previous studies from this laboratory
over the Cu/ZnO catalyst to develop a unified mechanism of methanol
synthesis.

To continue the investigation of the mechanistic pathways that are
in effect over the Cu/Zn0 catalyst, the second part of this research has
focused upon the pathways of higher oxygenate synthesis. Insight into
the pathways of carbon-carbon and carbon-oxygen bond formation was
obtained usiﬁg carbon-13 labeled alcohols. Addition of the labeled

cempounds to the synthesis gas over both Cu/Znl and Cs/Cu/Zn0 catalysts
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allowed their incorporation into the higher molecular weight products to
be followed. Analysis of the liquid product by carbon-13 nuclear
magnetic resonance (NMR) spectroscopy allowed the effects of the carbon-
13 labeled compounds to be observed. The identification of the enrich-
ment of 13C in the individual carbon atoms of the higher molecular
weight products afforded insight into the mechanistic pathways of this
formation.

The concluding part of the research focused upon the practical
aspects of the Cs/Cu/Zn0 catalysts. Several criteria are collectively
used to evaluate the commercial value of a catalyst. The Cs/Cu/Zn0Q
catalyst has afforded the selective synthesis of a valuable product
mixture of methanol and higher alcohols at acceptable rates under
standard conditions of low-pressure alcohol synthesis. The final
criterion to establish the commercial value_gatalyst is the ability to
sustain the initial activities during extended periods of testing. The
lifetime of the copper-based catalyst was investigated with the factors
involved in determining the sustained performance of the catalyst

investigated.
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CHAPTER 2

EXPERIMENTAL

Catalyst Preparation
The binary copper-zinc oxide catalysts were prepared by coprecipi-

tation methods (Herman et al., 1979). The method involved the prepara-
tion of an aqueous copper nitrate and zinc nitrate solution, approxi-
mately 1M, which contained a 30/70 mole ratio of Cu to Zn. The solution
was heated to 350K with adequate stirring. The coprecipitation of the
metals was accomplished by dropwise addition of a 1M sodium carbonate
solution. The addition was halted when the pH rose from 3.0 to between
6.8 and 7.0. The nitrate solution volumes of 1.5 £ that were used
required the addition of 350 to 450 mf of sodium carbonate solution
which was added in approximately 1.5 h. A digestion period of 1.5 h
with stirring followed, during which the solution was allowed to cool to
room temperature. The resultant sky blue precipitate was allowed to
settle by gravity before the supernatant was decanted. A distilled
water rinse and decant was performed five times for sodium removal. The
washed precipitate was subsequently isolated by vacuum filtration, the
fiitercake also washed with distilled water. The finzl precipitate was
placed on a watch glass and allowed to air dry for several days.

IR The 30/70 mol ratio of Cu/Zn in the preparation was chosen as it
resulted in the most active alcohol synthesis catalyst. The catalyst

precursor that was coprecipitated by the method described has been
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identified as a single-phase copper-zinc aurichalcite (Himelfarb et al.,
1985) with the chemical composition (Cug 3Zng 5)5(C03)(0H)g. Cu/Zn
precursors containing lower proportions of copper were also prepared for
infrared studies. Precipitation of a zinc nitrate solution using sodium
carbonate yielded hydrozincite [Zng(CO;),(0H)g] which was the precursor
of zinc oxide.

Transformation of the hydroxycarbonate precursors into the oxide
phase of the catalysts was accomplished thermally. The air dried
precipitates were calcined in air for 0.5 h periods starting at 373K.
The temperature was raised in 50K increments until a final temperature
of 623K was reached. The catalyst was calcined for 3 h at the latter
temperature to complete the thermal decomposition of the hydroxycar-
bonate precursor. The resultant oxide powder was pelletized by forma-
tion of an aqueous paste and By pressing it .through a Teflon mold
containing 3 mm holes. The cylindrical pellets were air dried for 2 to
3 days, crushed and sieved to yield catalyst pellets for testing that
were in the 0.8 to 2.0 mm size range.

Catalyst portions of 2.45 g (=3 cc) of the pellets were diluted to
a 10 cc total volume using 3 mm Pyrex beads. The 10 cc catalyst bed was
then loaded into the mid-section of a tubular reactor, the positioning
achieved using additional Pyrex beads as inert spacers. Location of the
bed in the central portion of the reactor ensured isothermal testing
conditions. After comnection of the reactor to the testing unit, the
catalyst was activated prior to alcohol synthesis testing. The activa-
tion procedure involved the reduction of the copper oxide component of

the catalyst using a 2% hydrogen in nitrogen gas mixture (Air Products
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and Chemicals, Inc., Zero Grade). Flow rates of 60 cc/min of the gas
were established at room temperature and atmospheric pressure and
allowed to flow for 1 to 2 h. The reactor was then heated at a rate of
4K/min to 523K. At temperatures >483K, the reduction process was
evidenced by the detection of water by on-line gas chromatographic (GC)
analysis. The reduction times were accurately predicted based upon the
flow rate use and the reaction stoichiometry of CuO:H, of 1:1. The
reduction process was completed when the water concentration in the
effluent detected by GC diminished, the catalyst subsequently cooled to
room temperature.

The Cu/Zn0 catalysts were surface doped with cesium formate at one
of two possible points during preparation. Addition of alkali after
calcination (calcined-doped) or after reduction (reduced-doped) yielded
catalysts with identical activities. The ca}cined-doped catalysts were
prepared by the addition of a known weight of pellets to an aqueous
solution of cesium formate. The cesium solution was prepared by
dissolving cesium formate crystals in nitrogen-purged water, the
concentration adjusted to yield the desired level on the catalyst being
doped. The solution was heated to 323K under a nitrogen flow to aid in
water evaporation with concurrent deposition of the alkali salt on the
catalyst. Alternatively, the catalyst could be doped after reduction.
This involved the same procedure except that the air-sensitive catalyst
was removed from the bed, doped and returned to the bed in a N, filled

glove bag.
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Catalyst Testing Apparatus

The catalysts were tested and studied using two testing units as
shown schematically in Figures 2-1 and 2-2. Both units incorporated
similar components as required to test catalysts in single pass, fixed-
bed, tubular, flow reactors. The reaction gases, H, and CO (MG Scien-
tific, hydrogen - 99.999%, carbon monoxide - 99.5%) were obtained in
pressurized cylinders. Molecular sieve traps were used on all gas feed
lines to reduce moisture content levels. CO was additicnally purified
using activated charcoal traps to scrub the feed gas of iron carbonvls,
Electronic mass flow controllers (Union Carbide Corp. Model FM-4550-GC)
were used for regulation of the gas feed streams, and the desired gas
compositions and flow rates were readily established.

Both units were used to test catalysts with identical steady state
activities observed in both. Several differgnces between the two units
exist. The reactor of which unit I was constructed of stainless steel
tubing with a 3 mm wall thickness and dimensions of 18 mm I.D. by 640 mm
long. Dilution of 3 cc of catalyst to 10 cc with Pyrex beads resulted
in a bed length of 40 £ 10 mm. The reactor was heated using a split
tube furnace (S.B. Lindberg Co.) which was regulated using a proportion-
al temperature controller (Theall Engineering Co.). The temperature of
the catalyst bed was monitored by a 1 mm 0.D. thermowell which extended
along the center of the reactor into the bed. Unit II, the older of the
two, had a reactor constructed of a 12.7 mm I.D. 316 SS tube with a 3.2
mm O.D. thermowell. Bed temperatures were measured by a vertically
movable thermocouple allowing isothermal conditions from the top to

bottom of the bed to be ensured. The reactor was heated by a three-zone
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furnace which was regulated by a propertional control unit (Electric
Control System).

The desired operating pressure for the system was achieved using a
back pressure regulator (Tescom Corp., Model 26-1725-24-070). Heating
tapes were used to heat the high pressure and low pressure sides of the
regulator to 473 to 523K and 403 to 423K, respectively. This prevented
condensation of the products in the back-pressure regulator.

The heated exit lines from the back-pressure regulator were
connected to an automated sampling valve which allowed on-line gas
analyses. The exit gases from the reactors were sampled in 20 to 60 min
intervals and analyzed by a gas chromatograph (Hewlett-Packard, Model
5730A) which was coupled with a reporting integrator (Hewlett-Packard,
Model 3380A). The exit gas flow rates were measured using a wet test
meter (GCA/Precision Scientific Co.) before venting to the exhaust
system. |

Injection of liquids into the synthesis gas feed at the top of the
reactor was accomplished using a high pressufe metering, differential
liquid pump (Gilson Medical Electronics, Inc., Model 302). Pumping
rates of 10 pf/min were utilized. To ensure that the injected liquids
were vaporized, the feed lines were heated to 423K.

A CO monitor and alarm (Model 701, Mine Safety Appliances Co.,
Pittsburgh, PA) was operated continuously during catalytic testing. A
second, portable leak detector (Model BT-44, Quantum Instruments, Inc.,

NY) was used to spot-check for leaks throughout the system.
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Catalyst Testing Conditions

2.45 g portions of the cataiyst, Cu/Zn0 or Cs/Cu/Zn0, were tested.
The catalyst volume was 3 to 4 cc and was diluted with Pyrex beads to
produce a 10 cc catalyst bed volume. The bed was loaded into the
reactor and centered by the use of additional Pyrex beads as spacers.

The catalyst was reduced prior to testing. The initial testing
conditions were for the synthesis of methanol. The steady state
activity was observed at 523K, 7.6 MPa, H,/CO =~ 2.33, with a gas hourly
space velocity (GHSV) of 6120 £(STP)/kg cat/h. Under these conditionms,
the methanol yields were far from the equilibrium yields allowing the
initial activity of the catalyst to be evaluated. Higher alcohol
synthesis involved testing under reaction conditions of 568 to 598K, 7.6
MPa, H,/CO = 0.45 and GHSV = 3260 £(STP)/kg cat/h. These conditions
were modified to afford optimum activity and selectivity for the long-
term tests. The conditions utilized were 57§K, 9.1 MPa, H,/CO = 0.7 and
a GHSV = 3260 £(STP)/kg cat/h. -

Mechanistic studies of the formation of methyl formate and ethanol
over a 0.4 mol% Cs/Cu/Zn0 catalyst were performed using methanol and
13C-enriched methanol. The methanol was injected at a rate of
10 p2/min(194 g/kg cat/h) into the synthesis gas feed stream of the
catalyst operating under steady-state synthesis conditions. The
labelled methanol was enriched by a factor of 22.3 over the 1.1l at.$
natural carbon-13 abundance. The methanol that was injected did not
exceed 10% of the total carbon introduced as carbon monoxide and was
substantially less than the equilibrium concentration for the synthesis

conditions used (490-543K, 7.6 MPa, H,/CO = 0.45, GHSV(CO+H;) =
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3260 £(STP)/kg cat/h). Under the conditions, methanol decomposition and
thus scrambling of the label between methanol and the gas phase carbon
monoxide was suppressed, and the system was not perturbed by the
injected methanol.

The higher alcohol synthesis mechanisms were investigated by the
injection of !3C-enriched ethanol and mixtures of 3C-enriched methanol/
ethanol and **C-enriched methanol/l-propanol. Unenriched ethanol and
methanol/ethanol and methanol/l-propanol mixtures were also injected in
control experiments. The alcohols were injected at a rate of 10 gf/min
which corresponded to ethanol, 193 g/kg cat/h; methanol/ethanol, 47 and
147 g/kg cat/h, respectively; and to metharol/l-propanol, 47 and 150
g/kg cat/h, respectively. The alcohol injections into the synthesis gas
were for a catalyst operating under the steady state conditions of 513
to 573K, 7.6 MPa, H,/CO = 0.45 and GHSV (CO+§2) = 3260 £(STP)/kg cat/h.

For the isotope labelling experiments, the reaction products were
collected using a liquid nitrogen trap placed downstream from the back-
pressure regulator. The liquid samples were transferred to NMR tubes

that were subsequently sealed.

Analytical Procedures

The reaction products were identified and quantitatively analyzed
by gas chromatography. The on-line analysis was accomplished using a GC
(Hewlett-Packard Model 5730A) which was equipped with an automatic gas
sampling valve and a thermal conductivity detector. Identification of
the product components was accomplished by comparison of retention times

to those of known compounds with confirmation of peak assignments by
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GC/MS analysis (Finnigan-Nova 4000). The on-line GC was coupled to an
A} which afforded the areas of the
peaks in the chromatogram.

The chromatographic analyses were accomplished using a 6’ x 1/8"
column packed with 80/100 mesh Porapak Q (Foxboro/Analabs). The
operating conditions of the GC involved a helium carrier gas (20-30
cc/min) with injector and detector teméeratures of 423K and 423-523K,
respectively. The temperature program for the oven was 373K for 2 min
followed by a temperature ramp of 16K/min to 463K for 20 min. This
regime did not separate methane and carbon monoxide. This was ac-
complished using an initial column (oven) temperature of 298K for 2 min
followed by the normal temperature program.

The data obtained from the on-line GC analysis showed a negative
peak for H,. This resulted from the higher thermal conductivity of H,
compared to He. The H, observed signal was ;ot integrated and therefore
was excluded from the analysis. The integrated peak areas of the other
reactants and products were then divided by the thermal response factors
of the compounds and normalized to yield the relative molar concentra-
tions of the individual components. The molar concentrations were then
used to calculate a mass balance, conversions, product yields and
selectivities. The method utilized is outlined in Appendix A.

Under higher alcohol synthesis conditions, it was found that the
products higher than C, were not efficiently separated by the on-line GC
analysis. The use of a 60 m X 0.75 mm I.D. wide-bore capillary column
with a 1 pm film thickness of bonded methyl silicone (SPB-1l, Supelco)

afforded separation of the products up to C,. The analysis was
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performed by collecting liquid samples of the product using a cold-trap

and subsequent injection of the 1iquid into a second GC (Hewlett-Packard
5890A) which contained the capillary column. This afforded .separation
of 2-methyl-l-propanol/methyl propionate/n-propyl formate and 2-methyl-
1-butanol/3-methyl-1-butanol mixtures which appeared as single peaks in
the on-line analysis with the Porapak column. The temperature program
used for the capillary colummn was 308K for 4 min, 15K/min to 353K for 2
min, 15 K/min to 413K for 2 min.

The capillary column results were used to enhance the on-line
analysis. This was accomplished by using the relative composition of
the C, to C; components from the on-line GC and the relative composition
of the C; to C, components from the GC of the liquid. The results were
combined using l-propanol as the intermal reference.

In the isotope labelling experiments involving the injection of
carbon-13 enriched alcohols into the synthesis gas feed, the GC analyses

- were combined with the results obtained using nuclear magnetic resonance
(NMR) spectroscopy. During the injection of 3C-enriched alcohols (and
also control experiments using alcohols with natural abundance *C which
were carried out under identical conditions), the reaction products were
collected using a liquid nitrogen chilled trap placed downstream from
the backpressure regulator. The liquids that were obtained were
transferred to NMR tubes that were subsequently sealed and stored at
273K until analyzed. The carbon-13 spectra were obtained with a JEOL
FX90Q Fourier transform NMR spectrometer using broadband proton decou-

pling. Quantitative measurements were made by suppressing the nuclear

Overhauser effect using a gated decoupling sequence and utilizing a 45°
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pulse angle with sufficiently long pulse delays (10 s). Quantitative
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ments assuming similar half-peak widths for all peaks. An example of
the quantitative results obtained by this method is shown in
Figure 2-3.

The degree of enrichment observed for individual carbon centers
during the injection of *C enriched alcohols was calculated by combin-
ing the GC and NMR results. Using the GC results, the mol% concentra-
tion of each carbon center of the products was calculated. Likewise,
the measured peak heights of the NMR analysis of the product obtained
during the injection of alcohols containing only natural abundance 3¢
were used to calculate the mol% concentration of each carbon center.
Using the results, it was found that the carbon mol fraction (C,) as
determined by GC and NMR (C,®/C %) for each of the carbon centers of
the product wvaried from 0.9 to 1.1 (1.0 * O.i) for the major products
and 0.7 to 1.3 (1.0 = 0.3) for the minor products.

It was observed that during the 3¢ labelled alcohol injection
experiments, certain carbon centers were not enriched as denoted by
similar signal-to-noise ratios of the peak during enriched alcohol
injection compared to the same peak for the control experiment. During
labelled methanol injection, the carbonyl carbon of methyl formate
remained unenriched, whereas for the other labelled alcohol injections,
the C-2 carbon of ethanol remained unenriched. The unenriched centers
were subsequently used as intermal standards, with the degree of
enrichment set as 1.0. This allowed the degree of enrichment of the

other carbon centers to be calculated by combining the GC mol% content
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Figure 2-3. The *C-NMR spectrum of a mixture of methanol, ethanol, 1-
propanol, and 1l-butanol. (Insert: the molar content of the
solution as prepared and as determined by NMR peak height
analyses.)
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of each carbon center. The values calculated by this method afforded an

enrichment factor of each center over the natural abundance.

Characterization

The surface species present on the catalyst under the conditions
of methanol synthesis were observed using infrared spectroscopy. This
was accomplished using a high temperature and high pressure cell as
illustrated in Figure 2-4, which was constructed based upon the design
of Hicks ét al. (1981). The cell was designed for temperatures up to
523K and pressures of 7.6 MPa with a small cavity volume (<0.5 cm®) and
a short optical path length (2.5 mm). The reactor body was constructed
from 304 SS UHV flanges (MDC Manufacturing, Inc.) which were machined to
accept o-rings and windows. A gas-tight closure was achieved by bolting
the halves toéether, the knife edges embedding into a copper gasket.
The windows utilized were polycrystalline CaF, (Barmes Analytical) which
were capable of withstanding the high pressures and temperatures. The
windows were also inert towards the catalytic reactants and products and
afforded a mid-infrared window extending to 1100 cm™., The seal between
the windows and cell body was made using Kalrez (Dupont) o-rings
which are perfluoroelastomers with temperature ratings in excess of
523K. Three ports into the cell body afforded gas inlet and outlet and
temperature monitoring via a thermocouple. The sample holder was
constructed of aluminum and supported a catalyst disk that was 100 mg in
weight, 15 mm in diameter and approximately 0.25 mm thick. The cell was

heated by etched foil heating elements (Thermal Circuits, Inc.), the
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Figure 2-4. Infrared cell for in situ catalysis studies.
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entire unit encased in insulation. A diagram of the mobile system used
in conjunction with the infrared cell is shown in Figure 2-5.

The cell was mounted in the sample chamber of a single beam,
Fourier transform infrared spectrometer (Sirius 100 by Mattson). Sample
spectra were obtained at a resolution of 4 cm™ by accumulation of 100
scans.

The surface area measurements of the catalysts were performed
using both multi-point and single-point BET (Brunauer et 21,, 1938)
methods. The multipoint method utilized argon gas as the adsorbate at
liquid nitrogen temperatures for the surface area determination and
helium for measuring the dead volume of the sample vessel. The mathe-
matical calculation of the BET surface area from the experimental data
has been reviewed in the literature (Smith, 1970) and assumes that the
surface area covered by one adsorbed argon m91ecu1e is 16.8 x 1072 m2,
The single point method was also performed at liquid nitrogen tempera-
tures using a Monosorb Surface Area Analyzer. Nitrogen, having an
effective cross-sectional area of 16.2 x 1072° p?/molecule, was used as
the adsorbate (29.3 mol$) in a helium carrier gas stream.

The crystallite sizes of the tested catalysts were estimated from
x-ray powder diffraction (XRD) patterns using the methodology of
Himelfarb (1986). A Phillips Diffractometer consisting of an x-ray
generator (XRD 3100) coupled to a control unit (APD 3600) using Cu Ka
radiation was used. The XRD pattern was enlarged for three ZnO and one
Cu peaks allowing the peak width at half peak height to be determined.
The observed line broadening was related to the crystallite size using

the Scherrer equation in the form,
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DIAGRAM of the APPARATUS f{or IN SITU INFRARED STUDIES of CATALYSTS'
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Figure 2-5. Apparatus for the in situ catalysis studies of catalysts.
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a, = K/[UE-WD)F cosh]

where X is the x-ray wavelength (&), K 1is the Scherrer constant which
is equal to 0.89, W2 is the angular width of the peak at half height
in terms of A(28) (radians), Wﬁ is instrumental width of the peak at
haif height, and 6 1is the peak position. The mean crystallite
diameter, 3; , was calculated by this method (Anderson, 1975), possible
peak broadening due to lattice stain and/or disorder not taken into
account.

The surfaces of the catalysts were characterized using Auger
electron spectroscopy. This technique is based upon core-level ioniza-
tion of surface atoms using an electron beam. The ionized atoms
subsequently decay to a lower energy state by ejection of an Augeé
electron which leaves the atoms double ionized. The Auger electron has
a kinetic energy equal to the difference between the two states,
characteristic of the parent atom. Chemical analysis of the surface is
accomplished by analysis of the kinetic energy of the electron. The
Auger spectra were recorded using a Physical Electronics Scanning Auger
Microprobe (SAM) 545. Survey spectra were recorded using a 5 keV
electron beam energy and scanning 1000 eV range at a rate of 4 eV/sec.
Peak identification was accomplished by direct comparison to standard
spectra and using a chart of Principal Auger Electron Energies (Palmberg

et al., 1972).
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CHAPTER 3
THE EFFECT OF CESIUM ON THE SURFACE SPECIES OBSERVED ON THE ZnO
AND Cu/Zn0 CATALYSTS BY INFRARED SPECTROSCOPY
Introduction

The industrial conversion of carbon monoxide and hydrogen into
methanol is accomplished using the newer generation of copper-based
catalysts. High activity and selectivity to methanol are achieved under
less severe conditions than the earlier catalysts. Although tradition-
ally associated only with the promotion of higher alcohol synthesis, it
was demonstrated that the addition of alkali salts to the copper-zinc
oxide catalysts selectively promoted methanol synthesis (Vedage, 1984).
The promotional effect was achieved under typical methanol synthesis"
conditions.

It was subsequently demonstrated that cesium formate or hydroxide
addition to the catalyst had the greatest promotional effect when the
surface concentration was optimized (Nunan et al., 1986). As shown in
Figure 1-4, the methanol synthesis activity increased rapidly from 260
to 550 g/kg cat/h when low concentrations of cesium were added to the
catalyst. After passage through a broad maximum at 0.8 mol%, additional
alkali resulted in suppression of the methanol yields. The promotion of
methanol synthesis by more than a factor of 2.2 was achieved while
maintaining a selectivity to methanol equal to or greater than 98.9
mol%. The side products formed in small quantities were methyl formate

and ethanol and their origin is discussed in Chapter 4. The promotional
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effect of cesium was determined to be related to an increase in the

specific activity of the catalytic suxface. This « mpan

f

slight reduction in the surface area when the catalyst was doped by
alkali. It was concluded that both the number and activity of the
catalytic sites were increased by the addition of cesium. The role of
cesium was postulated to be a carbon monoxide activation site, the
Cu/Zn0 catalyst providing the hydrogenation activity. The highest
activity was subsequently achieved when the balance between the carbon
monoxide and hydrogenation activation functions was achieved.

The work presented in this chapter was undertaken to investigate
the role of cesium in methanol synthesis. The effect of cesium on the

surface species on the catalysts was probed using infrared spectroscopy.

Results

Zinc oxide and copper-zinc oxide catai&sts were utilized for the
in situ transmission infrared studies. Binary catalysts with low copper
contents (molar Cu/Zn ratios of 5/95) were required due to the infrared
opaque nature of copper in the reduced state. Cesium doped zinc-oxide
and copper-zinc oxide were also utilized in the in situ studies to
observe the effect of alkali on the catalytic surface species.

The removal of carbonates from the zinc oxide and copper-zinc
oxide catalyst was the first non-trivial task. It was observed that the
oxide catalysts as prepared contained residual carbonate species as
evidenced by the infrared peaks observed in the 1600-1300 cm™ range.
The infrared spectrum of hydrozincite (Nyquist and Kagel, 1971) shows

two strong, broad absorbances centered at 1510 and 1385 cm™* due to the
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carbonates, as well as numerous associated peaks below 1100 cm™.
Removal of the carbonates was required as their carbon-carbon and
carbon-oxygen stretching and bending modes would interfere with observa-
tion of those of the catalytic surface species. The infrared spectrum
of a zinc oxide sample is shown in Figure 3-1. The sample was carefully
washed to remove any sodium remaining from the preparative procedure.
The oxide was placed under a dynmamic vacuum in the 10™* torr range and
heated to 673K for 3 h. This pretreatment removed the physicall
adsorbed surface species, and only the thermally stable moieties was

observed. Spectral features above 3000 cm™!

indicated the presence of
hydroxyl groups, whereas numerous carbonate peaks were observed in the
500 to 1600 cm™ region. Also overlapping the carbonate peaks were

absorbances in the 1000 to 500 cm™!

region associated with the zinc
oxide itself. The possibility that the intense carbonate peaks were a
result of residual sodium carbonate was eliminated by preparing a zinc
oxide catalyst using ammonium carbonate for the precipitation. Similar
spectral features were observed, Figure 3-2.

The second approach for the removal of the carbonates was high
temperature treatment in a flow of dry, CO,-free oxygen. This method
was very successful for removal of the carbonate contaminants as shown
in Figure 3-3. The pretreatment was accomplished in a quartz tube
furnace, the catalyst pellet transferred in a N,-filled glove bag into
the infrared cell for in situ studies. The transmission limit of the
calcium fluoride windows of the cell occurred by the loss of trans-

1

mittance below 1100 cm™*. Following the pretreatment, only one

carbonate-like species remained as indicated by the peak centered at
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Figure 3-1. The infrared spectrum of the zinc oxide catalyst after
pretreatment (298 to 673K in 8 h, 673K for 2 h; 10™* torr

vacuum) .
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Figure 3-2. The infrared spectrum of the sodium-free zinc oxide catalyst
after pretreatment (298 to 628K in 3 h, 623K for 2 h, 107*

torxr vacuum).
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Figure 3-3. The infrared spectrum of the zinc oxide catalyst after
pretreatment (723K for 10 h, 0, flow).
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1370 cm™!. The surface hydroxyl groups were identified by the broad
absorbance at 3400 cm™l. The new s
identified as the absorbance of a zinc hydride species, and an associ-
ated absorbance was observed at 1231 cm™:. Oxidation of the zinc oxide
at a higher temperature of 773K did not cause significant changes in the
infrared spectrum as shown in Figure 3-4. Exposure of the sample to
atmosphere resulted in the adsorption of H,0 onto the surface as indi-
cated by the broad intemse hydroxyl stretching mode and the bending mode
of water at 1640 cm™:. Establishing a nitrogen flow showed that the
physisorbed water was easily removed. Heating to 373K under the N, flow
resulted in the formation of a hydroxylated surface which was essential-
ly free from carbonate species.

The in situ studies were performed using a hydrogen and carbon
monoxide gas with a 1/2 ratio. Figure 3-5 shows the significant
contribution the synthesis gas provided to éhe infrared spectrum that
was observed. The R and P branches of the carbon monoxide absorbance
were observed, centered at 2143 cm™>. The peaks at 2361 and 2342 cm™
are due to atmospheric carbon dioxide within the spectrometer sample
cavity. Methane, a common synthesis gas impurity, was evidenced by
peaks at 3016 and 1306 cm™! which corresponded to the v; and v, vibra-
tions, respectively.

Figure 3-6 shows the spectra of a pretreated zinc oxide pellet
before and after pressurization with a 5 MPa of synthesis gas. The
pretreated zinc oxide sample had adsorbed water during handling as
evidenced by the large hydroxyl region absorbance and the presence of

the peak at 1638 cm™®. Pressurization with synthesis gas resulted in
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Figure 3-4. Infrared spectra of the zinc oxide catalyst: (A) 773K for
12 h, 0, flow; (B) exposed to atmosphere, 298K; (C) N, flow,
298K; (D) N; flow, 5 min, 298K; (E) N, flow, 10 min, 348K;
(F) N, flow, 20 min, 373K.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



/|
)

\\\\f:_// 41»

l—~ \\ & i

L} D

E

% Transmittance

I I ! 1 i I T !
3760 3280 2800 2320 1840 1360 880 400
1

Wavenumbers, cm

Figure 3-5. Infrared spectra of the in situ infrared cell pressurized
with synthesis gas: (A) empty cell; (B) 1.0 MPa; (C) 2.5
MPa; (D) 5.0 MPa; (E) 7.6 MPa (H,/CO = 0.5).
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Figure 3-6. Infrared spectra of the zinc oxide catalyst: (A) after
pretreatment (673K, 12 h, 0, flow); (B) as pressurized with
synthesis gas (298K, 5.0 MPa, H,/CO = 0.5).
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the formation of zinc hydride species as evidenced by the peak at
1709 cm™! (Kokes et al., 1972; Eischens et 21,
mode of a zinc-hydrogen species. The peak at 1233 cm™?, which
accompanied the 1709 cm™ peak, has not been assigned. Further experi-
mentation using deuterium substitution would be warrented so as to
establish that the peak is a hydrogen-containing species with possible
identification based upon the frequency shift observed.

A synthesis gas flow rate of 1 cc/s was established which ex-
changed the gas in the sample cavity approximately two times per second.
The cell was then heated, the observed changes in the infrared spectra
shown in Figure 3-7. Upon reaching 473K, numerous absorbances were
observed. A bidentate formate species was identified by comparison to
the literature peaks observed at 2970, 2870, 2741, 1570, 1380 and 1366
cm?, Table,3-1. As can be seen by contrasting the spectra of Figure
3-7, C & D, the 2870 cm! peak of the bident;te formate is easily
observed. However, 2970 cm™® peak is not readily apparent in the former
spectrum, occurring as an unresolved, high frequency shoulder to the
intense absorbance at 2938 cm™®. Peaks at 2938, 2847, 2719 and 1605 cm?!
indicated the presence of a surface species with two hydrogens identi-
fied as an adsorbed formaldehyde molecule. The assignment was made
based upon comparison with the literature, Table 3-2. The species has
been observed in CO/H, reactions on Cu/Zn0 catalysts (Edwards and
Schrader, 1984) and confirmed by formaldehyde adsorption (Edwards and
Schrader, 1985) at temperatures of 373 to 473K. The frequencies

observed for the absorbed species are also analogous to the gas phase
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Figure 3-7. Infrared spectra of the zinc oxide catalyst at (A) 373K,

(B) 423K; (C) 473K, (D) 473K, 0.5 h; under reaction condi-

tions (5.0 MPa, H,/CO = 0.5).

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3-1

Infrared Data for the Bidentate Formate Surface Species

Peak (cm™1)
This Work Edwards and Schrader! Assignment Description

2970 2966 v, + v, Combination

2870 2875 vy C-H stretch

2741 2740 2(vs) C-H bend ovexrtone
1570 1575 v, Asym. OCO stretch
1380 1380 Vs CH bend

1366 1365 vy Sym. OCO stretch

1Species observed for CO, CO/H,, and formic acid adsorption on ZnO and
Cu/Zn0 catalysts and for decomposition studies of adsrobed formaldehyde
and methanol on Cu/Zn0 catalysts (Edwards and Schrader, 1981, 1984 and

1985).
Table 3-2
Infrared Data for the Adsorbed Formaldehydic Surface Species
Peak (cm™l)
Gas Phase
This Work Edwards and Schrader! Formaldehyde? Description
2938 2935 2973 CH, scissoring
tone
2847 2850 2874 Asym. CH, stretch
2719 2740 2780 Sym. CH, stretch
1605 1610 . 1745 C=0 stretch

ISpecies observed for CO/H, and formaldehyde adsorption on Cu/ZnO cata-
lysts, (Edwards and Schrader, 1984 & 1985).
ZHerzberg, 1945.
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formaldehyde spectrum (Herzburg, 1945). The large shift of the C=0
stretching frequency of the gas phase value from 1745 cm™® to 1605 cm™
for the adsorbed formaldehyde indicates that the carbonyl group inter-
acts strongly with the surface. It has been suggested (Edwards and
Schrader, 1984) that the formaldehyde species is adsorbed on the surface
through the oxygen end of the molecule. It is also possible that the
formaldehyde is adsorbed by strong w-bonding through the = electron
clouds of the carbonyl group. Di-sigma bonding, which would involve
rupture of the w-bond, is dismissed as the resulting carbon-oxygen
stretching frequency would shift further than 1605 cm™. For compari-
son, the carbon-oxygen stretching frequency for liquid methanol is
1029 cm™! (Falk and Whalley, 1961). A similar adsorbed formaldehyde
species has also been identified on the surface of ao-Fe,0;, hematite
(Busca and Lorenzelli, 1980).

Two other surface moieties that were‘éonsidered but not observed
were the formyl and dioxymethylene surface species. Studies performed
below room temperature by adsorption of CO/H, mixtures onto ZnO
(Lavalley et al., 1982; Saussey et al., 1982) afforded the identifica-
tion of a formyl surface species by peaks at 2770, 2661, 1520 and 1370
-1

cm The two high frequency absorbances were attributed to a strong

Fermi resonance, between the v(C-H) and the 26(C-H) levels resulting in
two bands of near equal intensity. The 1520 cm ® absorbance was attrib-
uted to the carbonyl stretch, the C-H deformation at 1370 cm™*. Upon
heating to 273K, the formyl peaks were observed to decrease in intensity
while absorbances corresponding to the formation of surface formate and

methoxide species developed (Sauusey et al., 1984). The second species
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considered but not observed was the dioxymethylene species. This
species was observed during room temperature adsorption of formaldehyde
on ZnAl,0, catalyts (Idriss et al., 1987). The species was identified
by peaks at 2885, 2770, 1265, 1160, 1130 and 1107 cm™!, which were not
assigned to the vibrational modes of the species. Also, absorbances in
the 1600 to 1300 cm™ region indicated the presence of a formate
species. At temperatures higher than 323K, a methoxide species was also
observed, the assignment based upon a band at 1095 cm™®. In the same
study (Idriss et al., 1987), formaldehyde adsorption onto Cu/ZnAl,0,
catalyst again resulted in the identification of the dioxymethylene
which was unstable at room temperature. Decomposition resulted in the
formation of a formate and methoxide species. These studies demonstrate
the existence of the formyl and dioxymethylene species on ZnO-based
catalysts. Their instability at room temperature explains why they were
not observed under the conditions of the experiments presented here.
This does not, however, dismiss their existence as highly reactive,
short-lived intermediates in these studies. After 30 min at 473K
Figure 3-7(D), the formate peaks intensified whereas the peaks due to
the formaldehydic species diminished. The formation of a surface
methoxide species was indicated by the observed CH; asymmetric stretch-
ing mode at 2928 cm! and the symmetric stretching mode, expected at
2820 cm™!, a shoulder to the strong absorbance at 2870 cm™l.

After 2 h under the reaction conditions (473K, 5.0MPa, H,/C0=0.5,
1 cc/sec), the pressure was lowered to atmospheric and the spectrum
shown in Figure 3-8 recorded. The predominant spectral features were

accounted for by two surface species. The peaké at 2965, 2870, 2741,
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Figure 3-8. The infrared spectrum of the zinc oxide catalyst at 473K and
0.1 MPa after 2 h under reaction conditions (H,/CO = 0.5).
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1572, 1381 and 1366 cm™* identified the bidentate formate species and

M

Tl
o
M
]
7]
™
ct
N

th & methoxide species. The weak methyl
group deformation band of the methoxide species, expected at 1470 cm™
(Ueno et al., 1971), was not obsexrved.

A pellet of the 5/95 copper-zinc oxide catalyst was oxidatively
pretreated and examined by infrared. The spectral features observed
were identical to those for zinc oxide, Figure 3-9. Pressurization with
synthesis gas likewise produced similar results: a zinc hydride peak at
1707 cm™ and the associated peak at 1233 cm™® formed instantly.

A flow of synthesis gas was established at 5.0 MPa of pressure.

As the cell was heated, spectra were recorded and are shown in Figure 3-
10. At 423K, peaks at 2967, 2876, 1570 and 1366 cm™® indicated the
presence of a surface formate species. Subsequently, a surface formal-
dehyde species was indicated by peaks at 292?, 2856 and 2741 cm™! with
the peaks of the surface formate species observed as shoulders. The
carbonyl stretch of the formaldehydic species at 1605 cm™* was obscured
by the intense absorbance at 1572 cm™:. The new spectral feature that

was observed at 3250 cm™?

was identified as the stretching vibration of
a hydroxyl group associated with a copper center. The assignment was
made by comparison to the literature (Edwards and Schrader, 1984), a
band at 3252 cm™? likewise identified on Cu/Zn0 catalysts. They ob-
served that the intensity of the hydroxyl was proportional to the copper
contents of the catalysts studied and that the pezk was unaffected by
adsorbed species. The adsorption of CO onto the surface of the catalyst

was evidenced by the multiple, broad peaks centered at 1990 cm™>. These

two species were not observed over the ZnO cataiyst.
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Figure 3-9. Infrared spectra of the copper/zinc oxide catalyst:
(A) after pretreatment (673K, 12 h, 0, flow); (B) with
pressurized synthesis gas (298K, 5.0 MPa, H,/CO = 0.5).
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Figure 3-10. Infrared spectra of the copper/zinc oxide catalyst:
(A) 373K; (B) 398K; (C) 423K; (D) 448K, (E) 473K;
(F) 473K, 2 h; under reaction conditions (5.0 MPa,
H,/CO = 0.5).
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Release of the synthesis gas pressure increased the overall

transmission of the sample and aiiowed spectra of the surface species to
be observed more clearly, Figure 3-11. The spectral features observed
indicated the presence of formate and formaldehyde surface species.
Peaks at 2010 and 1900 cm™! indicated CO adsorption on the surface of
the catalyst. The two adsorbed CO species were readily purged from the
surface by an inert gas flow.

Figure 3-12 shows the infrared spectra of a zinc oxide sample that
was doped with cesium formate as to afford a 50% surface area coverage
by the alkali centers. The oxidative pretreatment caused the decomposi-
tion of the formate species as no peaks corresponding to the carbon-
hydrogen vibrational modes were observed. It was assumed that the
decomposition resulted in the formation of cesium hydroxide and carbomn
monoxide under the oxidative conditions of the pretreatment. Cesium
formate can be prepared by the reaction of ;arbon monoxide and cesium
hydroxide with the highest yields achieved at 568K (Thomas,-1951). It
was also indicated that higher temperatures resulted in the formation of
cesium oxalate, and also the decomposition of cesium formate into cesium
carbonate by hydrogen and carbon monoxide liberation. The hygroscopic
nature of the cesium center was indicated by the broad water peak

centered at -3200 cm?

, the bending mode of the water molecule observed
at 1640 cm™l. The presence of surface carbonate species after the
pretreatment was indicated by the completely absorbing peak at

~1375 cm’l. The carbonates may have been associated with cesium

centers, the peak position corresponding to those observed in the 1400-

1300 cm™ region for cesium carbonate and bicarbonate in aqueous
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Figure 3-11. Infrared spectra of the copper/zinc oxide catalyst:
(A) 473K, 0.1 MPa after 2 h under reaction conditions

(Hy/CO = 0.5); (B) as subjected to a nitrogen flow, 0.1
MPa, 473K.
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Figure 3-12. 1Infrared spectra of the cesium formate doped zinc oxide
catalyst: (A) after pretreatment (673K, 12 h, 0, flow);
(B) as pressurized with synthesis gas (298K, 5.0 MPa,
H,/CO = 0.5).
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solution, Figure 3-13. Upon pressurization with synthesis gas, no
indication of hydride formation was o

The infrared spectra obtained under a flow of synthesis gas at 5.0
MPa are shown in Figure 3-14 as observed during heating. The presence
of surface species was indicated by the observation of peaks by 423K.

It was observed that a substantial change in peak positions had occurred
compared to the undoped zinc oxide. The peaks at 2926, 2755 and 2666
cm™? were identified as absorbances of formate species located on cesium
centers. After 2 h at 473K, the synthesis gas pressure was released.

At atmospheric pressure, all of the peaks associated with a cesium
formate species were observed (2924, 2753, 2660, 1595 and 1350 cm™),
Figure 3-15.

Assignment of the surface species as cesium formate was made by
examining a pretreated cesium formate doped zinc oxide sample by
infrared. The pretreatment involved flash geating of the sample to 473K
under vacuum which removed physisorbed water from the surface without
decomposition of the formate species, Figure 3-16. The peaks observed
for the reference cesium formate moeity confirmed the identity of the
species formed from CO and H, over the Cs/Zn0O catalyst. The observed
peaks and assignments are listed in Table 3-3, along with those recorded
in the literature for cesium formate. Attempts to observe the transmis-
sion infrared spectrum of cesium formate in a KBr pellet were greatly
hindered by the hygroscopic nature of both salts and metathesis reac-
tions which resulted in the formation of potassium formate and cesium

bromide. It was possible to obtain the infrared spectrum of an aqueous

solution of cesium formate as a thin film using CaF, salt plates. As
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Infrared spectra of aqueous solutions of (A) cesium
carbonate and (B) cesium bicarbonate as thin films between
CaF, salt plates.
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H,/CO = 0.5).
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Figure 3-15. Infrared spectra of the cesium formate doped zinc oxide
catalyst: (A) 473K, 0.1 MPa after 2 h under reaction
conditions (H,/CC = 0.5); (B) as subjected to a mitrogen
flow, 0.1 MPa, &473K.
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Table 3-3

Infrared Data for the Cesium Formate Surface Species

Peak (cm™?)
This Work
In situ? Reference? Literature? Assignment Description

2924 2926 2925 vy + v, Combination

2753 2753 2752 vy CH stretching

2660 2668 2670 2(vs) CH bending over-
tone

1595 1588 c.1605 v, Asym. OCO stretch-
ing

N.0.* N.0.* 1362 vg CH in-plate bend

1350 1333 1340 v, Sym. 0CO stretch-
ing

N.0.3 N.0.6 1110 CH out-of-plane
bend

N.0.3 N.0.5 751 0CO scissoring

IFormed from CO and H, on the Cs/Zn0 catalyst.

2pos observed for cesium formate doped zinc oxide.

*Hamann and Spinner, 1977; Infrared study of metal formate salts.
*N.0. = Not observed due to high intensity of the adjacent peak.
5N.0. = Not observed due to low frequency cutoff by the CaF, windows.
8N.0. = Not observed due to overlap with absorbances by the ZnO.
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shown in Figure 3-17, the characteristic peaks of the cesium formate

P T

species were observed. The specirum was accentuated after subtraction
of the salt plate and water backround spectrum, Figure 3-17(C).

The effect of cesium on the surface species on the copper/zinc
oxide catalyst was also investigated by the preparation of a catalyst
with 50% surface area coverage by the Cs salt. The infrared spectra of
the catalyst as pretreated and after exposure to 5.0 MPa of synthesis
gas are shown in Figure 3-18. The absence of carbon-hydrogen absorban-
ces in the 3000-2600 cm™* range indicated that the thermal pretreatment
had caused the decomposition of the cesium formate species, Figure
3-18(A). 1In the spectrum, broad oxygen-hydrogen stretching absorbances
were observed =3400 cm™!, the peak at ~1650 cm™! due to the bending
vibrational mode of water. This bending mode indicated that adsorbed
water accompanied the hydroxyl groups on the_surface of the catalyst.
The surface water was a result of moisture absorption by the catalyst as
the pretreated sample was removed from the furnace and loaded into the
infrared cell in spite of being handled in a.dry nitrogen-filled glove
bag.

The infrared spectra obtained under a flow of CO/H, at 5.0 MPa at
various temperatures are shown in Figure 3-19. Upon heating, the
transmission of the sample decreased significantly. At 473K, the high
frequency vibrations of a cesium formate species were evidenced by
absorbances at 2925, 2750 and 2670 cm:. The peak positions were
identical to those of the cesium formate species observed on cesium
doped zinc oxide, Table 3-3. After 1.25 h at 473K, the transmission of

the sample was essentially zero. Figure 3-20 shows the spectra obtained
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Infrared spectra of (A) an aqueous solution of cesium
formate, (B) water, and (C) the difference spectrum
obtained by subtraction of (B) from (A)--samples as thin
films between CaF, salt plates.

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o
w
©
o A
[¢]
o
3
A
s .
g 81—
[,
R 4.2 —
2,3 — J
-3.8 T T T T T T T ]
3760 3280 2800 2320 1840 1360 880 400

Wavenumbers, cm |

Figure 3-18. Infrared spectra of the cesium formate doped copper/zinc
oxide catalyst: (A) after pretreatment (673K, 12 h, 0,
flow); (B) as pressurized with synthesis gas (298K, 5.0
MPa, H,/CO = 0.5).
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Figure 3-19. Infrared spectra of the cesium formate doped copper/zinc
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(E) 473K, 0.5 h; under reaction conditions (5.0 MPa,
H,/CO = 0.5).

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



% Transmittance

R 1N

I
3760 3280 2800 2320 1840 1360 880 400
1

Wavenumbers, cm

Figure 3-20. Infrared spectra of the cesium formate doped copper/zinc
oxide catalyst: (A) 473K, 0.1 MPa after 2 h under reac-
tion conditions (H,/CO = 0.3); (B) as subjected to a
nitrogen flow, 0.1 MPa, 473K.

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



after the pressure was released. A cesium formate species was iden-
tified along with the unique copper hydroxide peak at 3250 cm™! and an
adsorbed CO species at 2008 cm™'. Establishing an inert gas flow of
nitrogen resulted in the removal of the CO species from the.surface and

significantly improved the transmission of the sample.

Discussion
Peak Assignments.

The zinc oxide and copper/zinc oxide catalysts prepared by the
standard precipitation and calcination methods were found to have
residual carbonate species. As shown in Figure 3-1 for the zinc oxide
catalyst, the presence of carbonate species are evidenced by absorbances
in the 1600 - SO0 cm™* region of the infrared spectrum. The carbonate
species were observed in spite of the pretreatment which involved
heating at 673K for 3 h under a dynamic vac;um.

Assuming that the calcination of the zinc hydroxy carbonate at
623K in air followed by the 373K pretreatment under vacuum should have
been adequate for carbonate removal, other sources of contamination were
considered. The preparation of zinc oxide involved the precipitation of
zinc hydroxycarbonate by the addition of a sodium carbonate solution to
a zinc nitrate solution. It was postulated that the hydroxycarbonate
may have contained sodium carbonate which would have accounted for the
observed spectral features. The zinc hydroxycarbonate had been washed
thoroughly with hot water, the resultant zinc oxide containing only

200 ppm of sodium.
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To clarify the sodium carbonate question, a zinc hydroxycarbonate
precurser was prepared using ammonium carbomate. The possibility of
alkali contamination was eliminated, any residual ammonium carbonate
removed by decomposition at 331K into H,0, CO, and NH;. As shown in
Figure 3-3, the same carbonate species were observed after the thermal
pretreatment under vacuum for the zinc oxide prepared via ammonium
carbonate. The carbonate peaks were identified by comparison to CO,
adsorption studies on Zn0O (Saussey et al., 1982). Small doses of CO,
were reported to yield a bidentate carbonate surface species with
absorbances at 1595, 1339, 1000, 848 and 680 cm™*. The 1595 and 1339
cm’! peaks are assigned on the vy 0CO asymmetric and v, symmetric
stretching modes, respectively, while the 848 and 680 modes correspond
to the v, out-of-plane bend and v, scissoring deformation, respectively.
It was reported (Saussey et al., 1982) that thermal treatments at 723K
produced polydentate carbonate absorbances at 1522, 1327, 1030, 876, 720
and 660 cm™’. Overlapping the low frequency carbonate peaks were
absorbances due to the zinc oxide lattice. The prominent peak centered
at 584 cm™® is the longitudinal absorption edge of zinc oxide (Boccuzzi
et al., 1983). Other absorbances attributed.to the zinc oxide resulted
from lattice multiphonon transitions and a scattering profile and were
in the 1100 to 700 cm™ range (Boccuzzi et al., 1983). At higher
wavenumbers, absorbances of surface hydroxyl species were observed. The
sharp spectral features at 3665, 3642 and 3619 cm™® were due to isolated
surface hydroxyl species that were not hydrogen bonded with adjacent
hydroxyl groups. The proximity of the hydroxyl groups is dictated by

the zinc oxide lattice with those that are close enough undergoing
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hydrogen bonding. Hydrogen bonding causes a decrease in the observed
tienn. The zabscrbances are alsc broademed due to
interactions, as exemplified by the peak at 3451 cm™. The hydroxyl
peak positions observed corresponded to literature values for hydroxyl
species observed on zinc oxide (Morishige et al., 1980).

The removal of the carbonates from the zinc oxide was accomplished
by an oxidative pretreatment. The presence of carbonates is not
considered to be essential for the performance of the catalyst. This
was evidenced by the observation that when methanol synthesis testing
began using a reduced catalyst, there was always an initial time period
(<12 h) when a significant amount of €O, was observed in the exit
stream. The CO, was attributed to the decomposition of residual car-
bonates after which the elevated levels of €O, subsided and equilibrium
conditions were established. Heating the sample in a flow of oxygen was
effective for carbonate removal as evidenceé by the change in the 1600
to 1300 cn™? region of the infrared spectrum of Figure 3-3 compared to
Figure 3-2. The only remaining absorbance was observed at 1370 cm™* and
associated with CO, weakly adsorbed onto cationic sites of the zinc

oxide surface. The 1370 cm™ peak has been assigned as the v, mode of

sym

CO, which is infrared active due to the lowered symmetry caused by

interaction with the surface. The associated v mode of this species

asym

1 is below the

appears at 2358 cm™!, whereas the bending mode at 638 cm”
observation range (Saussey et al., 1982). The broad peak centered at
~3400 cm™! indicated that the surface was hydroxylated, the absorbance

not due to physisorbed water as indicated by the absence of the water

bending mode at ~1640 cm™. The presence of a zinc hydride species
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after pretreatment was identified by the stretching absorbance at
{Boccuzzi et al., 15738). The concurrent appearance and
intensity of a peak at ~1233 cm™! suggested a relationship to the zinc
hydride peak. The assignment of the 1233 cm™* absorbance to a hydrogen-
containing species would require deuterium substitution, the observed
shift affording insight into the identity of this unassigned species.

Oxidative pretreatment at 773K did not significantly alter the
infrared spectrum that was observed, Figure 3-4(A). Exposure of the
sample to the atmosphere resulted in the adsorption of CO, and H,0 onto
the surface, Figure 3-4(B). The physisorption of water was evidenced by
the intensity increase and broadening of the O-H absorbance centered at
3400 cm™! and the observation of the H,0 bending mode at ~1640 cm™>. The
absorbances in the 1600 to 1200 cm™® region indicated that CO, adsorp-
tion had occurred with the formation of carbgnate species. The attenua-
tion of the hydride peak at 1709 cm™} was also observed. Establishment
of a nitrogen flow at room temperature was successful in reducing the
bands of adsorbed water and subsequent heating resulted in a zinc oxide
surfa.e which was hydroxylated. The presence of surface hydroxyls on
the zinc oxide was revealed by the individual peaks in the 3200-3800
cm™t region, Figure 3-4(F), which corresponded to those observed for
zinc oxide after thermal treatment under vacuum, Figure 3-2.

The infrared spectra obtained when the empty in situ cell was
pressurized with synthesis gas are shown in Figure 3-5. The calcium
fluoride windows of the cell were completely absorbing below 1100 cm™’.

Pressurizing with the CO/H, mixture resulted in the observation of

several spectral features. The rotational-vibrational bands of carbon
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monoxide were centered at 2143 cm™! and became completely absorbing at
elevated pressures. The peaks at 3016 and 120§ om™! were ident
methane, the absorbances corresponding to the v, and v, vibratioms,
respectively. Methane was in impurity in the CO used which had a purity
level of 99.5%. The methane was inert under the experimental conditions
and appeared in the gas phase spectra.

On the zinc oxide catalyst, the first surface species was observed
at 423K under a flow of CO/H, at 5.0 MPa, Figure 3-?. The species was
identified as a bidentate formate on a zinc center by comparison to the
literature (Edwards and Schrader, 1984,1985), Table 3-1. The peaks
observed at 2870, 1380, 1570 and 1366 cm™® are assigned as the fundamen-
tal C-H stretching, C-H bending, 0-C-O asymmetric stretching and 0-C-0
symmetric stretching frequencies, respectively. In addition, two high
frequency bands were observed at 2970 and 2741 cm™! that resulted from a
v+v, combination band and a 2vs CH bending ;vertone, respectively.

Upon reaching 473K, a second surface species with two hydrogens was
identified. This surface moiety was identified as an adsorbed formal-
dehyde molecule, Table 3-2. The absorbances at 2938, 2847, 2719 and
1605 cm™? were assigned as the CH, scissoring.overtone, the asymmetric
CH, stretching, the symmetric CH, stretching and the C-0 stretching
frequencies, respectively. After 0.5 h at 473K, the peaks of the
formate species had intensified while those of the formaldehyde species
had diminished. TFormaldehyde adsorbed on zinc oxide at 473K has been
demonstrated to be unstable, its decomposition forming formates with the
liberated hydrogens converting additional formaldehyde species into

surface methoxides (Edwards and Schrader, 1585).
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After 2 h unde; the reaction conditions, the synthesis gas
pressure was lowered to atmosp
obtained, Figure 3-8, was replotted in the absorbance mode and is shown
in Figure 3-18A. 1In addition to the surface formate, the presence of a
methoxide species was noted. The peaks at 2932 and 2818 cm™® corre-
sponded to the asymmetric and symmetric stretching modes of the CH,
group, respectively.

After oxidative pretreatment, the copper/zinc oxide catalyst was
found to have the same surface species as were found on the zinc oxide
catalyst. As shown in Figure 3-9, residual hydroxide and carbonate
species were observed. After placing the catalyst under synthesis gas
pressure, the formation of the hydride species was noted. Heating the
sample, Figure 3-10, caused spectral changes which indicated that the
surface hydroxides were reduced and CO had_adsorbed on the surface of
the catalyst at 373K. The CO absorbance ce;ﬁered at 1940 cm™ was
identified as carbonyl species located on reduced copper centers. At
398K, a bidentate zinc formate species was identified. Concurrently the
surface formaldehyde species was identified by absorbances at 2926, 2856
and 1605 cm™® and became the dominant surface species at 473K. The
presence of copper resulted in additional spectral features not observed
on the zinc oxide catalyst. The complete reduction of the copper was
denoted by the overall drop in the transmittance of the sample. In
addition to the adsorbed CO species, the peak at 3248 cm™! indicated the
presence of unreactive hydroxyl groups associated with reduced copper

centers.
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After 2 h under testing conditions, the transmittance of the
sampie significantly decreased. Lowering the pressure to atmospheric
allowed full view of the species present, Figure 3-11, which was
replotted in the absorbance mode, Figure 3-21(A). In addition to the
formate and formaldehyde surface species, the adsorbed CO species were
still present. The broad peak centered at 1900 cm™! indicated an
adsorbed carbon monoxide species which had the carbon-oxygen bond
significantly weakened and, therefore, was strongly activated for
hydrogenation. The carbon monoxide derived surface species were readily
flushed from the surface by an inert gas flow.

The effect of alkali salts on the surface species was then
investigated by infrared. Addition of alkali to the catalysts was
performed with both cesium hydroxide and cesium formate to achieve a 50%
surface area coverage. The quantity of alkali salt required to afford
the 50% surface area coverage was calculateé based upon a method of
alkali doping which achieved a near-atomic distribution of the cesium
ions (Himelfarb, 1986). The calculation used a cesium radius of 0.169
nm and surface areas, as measured by BET isotherms, of 28 nﬁ/g for the
zinc oxide catalyst and 38 m?/g for the Cu/Zn0 (5/95) catalyst. The
empirical 50% surface area coverages corresponded to molar doping levels
of 2.2 and 2.8 mol% for the ZnO and Cu/Zn0 catalysts, respectively.
These nominal doping levels afforded 6x10'® cesium atoms per square
meter of catalyst surface area, the upper limit of alkali loading used
in previous studies (Himelfarb, 1986). The 773K oxidative pretreatments
utilized for carbonate removal from the catalyst surface also caused

decomposition of the formate species. This was evidenced by the absence
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catalysts after exposure to reactiom conditions.
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of carbon-hydrogen stretching vibrations in the 3000-2600 cm™! region of
the pretreated catzalvsts

Figure 3-12 shows the infrared spectra of cesium formate doped
zinc oxide after the oxidative pretreatment and under 5.0 MPa of
synthesis gas pressure. The absorbance centered at ~3300 cm™} was due
to the presence of hydroxyls and water on the surface, and the absor-
bance due to the bending mode of water appeared at 1640 cm™. The 3300
cm™} peak was very wide and shifted to a lower frequency when the alkali
was present. The hygroscopic nature of the cesium contributed to the
presence of a large quantity of water on the surface. The completely
absorbing peak centered at ~1400 cm™® indicated the presence of a
carbonate species which was not present on the undoped catalyst after
the oxidative pretreatments. Comparison to the reference spectra for
cesium carbonate and bicarbonate, Figure 3113, indicated that the
carbonate was associated with the cesium io;s. It was noted that
pressurizing with synthesis gas did not result in the formation of
observable hydride surface species.

Surface species on the Cs doped zinc oxide were observed at 423K,
Figure 3-14. The presence of the alkali resulted in a significnat
change in the peak positions. The surface species that formed had
absorbances at 2926, 2755 and 2666 cm™'. After 2 h under testing
conditions, the pressure was lowered to atmospheric and the surface
species observed, Figure 3-14. The unique spectral features were
assigned to bidentate formate species located on cesium centers. The
cesium formate identification was made by reference to the literature

(Hamann and Spinmner, 1977) and by comparison with the infrared spectrum
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of cesium formate which was doped onto the zinc oxide surface,

e 3 o m men - - 2 2_%72 - e -
Table 2-32. Comparison of the spectra im Fi 3-15 shows that as the

(30

gure
temperature increased, the intensity of the formate peaks increased
while the intensity of the hydroxyl peaks decreased. This would be
expected for gas phase carbon monoxide insertion into surface hydroxyls
with the formation of formates. The absorbance spectrum of the cesium
doped zinc oxide catalyst after testing at 473K under 5.0 MPa of
H,/C0=0.5 is shown in Figure 3-22(B) and, contrasted to the spectrum cf
the undoped zinc oxide tested under the same conditions, Figure 3-22(A).
The spectra of a cesium formate doped copper-zinc oxide catalyst
after pretreatment and under 5 MPa of synthesis gas pressure are shown
in Figure 3-18. The spectra that were observed were analogous to those
obtained for the cesium doped zinc oxide sample. The hygroscopic nature
of the cesium was again evidenced by the presence of adsorbed water as
denoted by the bending mode at 1650 cm™t. A‘completely absorbing peak
~1400 cm™ indicated the presence of a surface carbonate species. As
observed in Figure 3-19, the cesium formate surface species was observed
at 423K. However, by 448K the transmission of the sample interfered
with the observation of this species. After‘l.ZS h at 473K, the
synthesis gas pressure was lowered to atmospheric and the spectrum in
Figure 3-20 obtained. The presence of the surface formate species
located on cesium sites was identified by the peaks at 2925, 2750 and
2662 cm™l. The presence of a unique hydroxyl group associated with
reduced copper centers was denoted by the peak at 3250 cm™® (Edwards and
Schrader, 1985 and 1985). Establishment of an inert gas flow improved

the transmission of the sample without affecting the surface species
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102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



that were observed. The absorbance spectrum of the cesium doped copper-
zinc oxide catalyst after exposure to synthesis conditions is shown in
Figure 3-21(B), and contrasted to the spectrum of the undoped copper-
zinc oxide catalyst, Figure 3-21(A). The presence of cesium on the
catalyst shifted the observed surface species from zinc centers on the
undoped catalyst to cesium on the doped catalyst as denoted by the

identification of a cesium formate surface species.

The Mechanism of Methanol Synthesis

Using the results of infrared spectroscopic studies, a mechanism
for methanol synthesis can be constructed. The mechanism incorporates
the surface species that were observed along with the insight provided
in previous studies over the Cu/Zn0O catalysts.

Spectroscopic results over the zinc qgide and copper/zinc oxide
catalysts indicated that in addition to the surface hydroxides, water
was present on the catalysts as indicated by the water bending mode
observed ~1640 cm™>. Although the water was removed from the surface
when the sample was heated, the surface hydroxyl groups were even after
preteatment conditons of 673K under a dynamic vacuum. Under 5.0 MPa of
synthesis gas pressure, heating resulted in the appearance of the first
surface species identified as a bidentate formate species associated
with a zinc center by comparison with the literature (Edwards and
Schrader, 1985). It is threfore postulated that formation of the
bidentate formate species occurred by the insertion of carbon monoxide

into a surface zinc hydroxide species,
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OH Cs,
’ ~

+ CO = 00 (3-1)
Zn Zn®

It is possible that over the Cu/Zn0 catalyst, the surface hydroxyl is
located on copper or copper/zinc centers as opposed to Zn as denoted in
Eqn. (3-1). Isotopic labelling studies (Vedage et al., 1984) also
support this reaction mechanism. Over a Cu/ZnO catalyst, mixtures of
13¢180 and 2¢'%0 were rapidly scrambled with the formation of *C0 and
12¢160, a result readily explained by invoking the equilibrium of Eqn.
(3-1). The reaction rate was also found to be accelerated by the
addition of water. The bidentate formate, in equilibrium with carbon
monoxide, affords the pathway of oxygen exchange required to explain the
observed isotope phenomenon. Further support for this first mechanistic
step was derived by ZnO exposure to D,0 (Morimoto et al., 1976) that
readily equilibrated with the surface hydroxyls causing deuterated
surface hydroxyls. Addition of D,0 to the CO/H, feed over a Cu/ZnO has
also shown a unique incorporation pattern. Analysis of the methanol
being synthesized indicated a unique labeling scheme. The methyl group
was found to contain a single deuterium atom, CH,DO(H or D) (Vedage et
al., 1984). This would be predicted by Egqn. (3-1), the bidentate
formate containing the deuterium from a deuterated hydroxyl surface, the
deuterated formate subsequently hydrogenated by the H, in the synthesis
gas. Trapping studies also support the presence of the surface formate
species (Deluzarche et al., 1978; Ramaroson et al., 1982). Using

(CH3),S0, and (CH3CH;),SO,, the presence of surface formate species was
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evidenced by the formation of methyl formate and ethyl formate, respec-
tively.

Following the observation of the surface formate species, a
species resembling adsorbed formaldehyde was identified (Edwards and
Schrader, 1985). The formation of the formaldehyde can be postulated to
occur in a two-step sequence involving an intermediate formyl species.
The formyl species has been shown to exist over this type of catalyst,
formed by CO/H, adsorption at temperatures below 298K (Lavelley et al.,
1982; Saussey et al., 1982). It was also found that decomposition of
the forﬁyl species resulted in the formation of formate and methoxide
surface species. The formyl species is formed by the dehydrative hydro-

genation of the formate,

H
|
C H
ll“\‘ \
0eo + H, = =0 + H0 (3-2)
(=] .
Zn® Zn®

The presence of formyl has also been evidenced by the results of methyl
iodide trapping experiments (Saussey et al., 1984). The nucleophillic
C; oxygenate formed from CO and H, reacted with CH;I resulting in
acetaldehyde formation.

Hydrogenation of the formyl species would result in the formation
of a formaldehyde species which would remain associated with the zinc

hydride,
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Over the zinc oxide catalyst, a surface methoxide species was identified
that was formed by the hydrogenation of the adsorbed formaldehyde

species,

B.\ s
/ch = 0 (3-4)
i = ®

H g zne

Zn®H®

In addition to the spectroscopic identification of all the surface
methoxide species (Edwards ané Schrader, 1985), trapping studies have
also been performed (Deluzarche et al., 1978; Ramaroson et al., 1982).
Using (CH;),S0, and (CH,CH,),S0,, surface methoxide species were trapped
forming dimethyl ether and methyl ethyl ethei, respectively.

The final step resulting in methanol in the gas phase is postu-
lated to involve the displacement of the methoxide from the catalytic
surface by water. This results in the formation of methanol while

restoring the surface hydroxyl group; hence, completing the catalytic

cycle,
e
Oe + H,O0 = %H + CH3O0H . (3-6)
zn® Zn
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The addition of cesium to the zinc oxide and copper/zinc oxide
catalysts resulted in the formation of a unique surface species. The
species was identified as a bidentate formate associated with a cesium
center. The formation of this species occurred by a pathway similar to

Eqn. (3-1), involving the insertion of carbon monoxide into a surface

hydroxide,

D
'nn—'.ﬁ

-,

I
o\
o
o

cs®€0H + CO (3-6)

The formation of cesium formate species demonstrates that the presence
of the alkali on the surface influences the surface chemistry that
occurs. The cesium ions with their counterions act as CO-activating
sites which promote the synthesis of methanol. Figure 3-23 shows the
two schemes for methanol synthesis over the Cu/Zn0 and cesium-promoted
Cu/Zn0 catalysts. The cesium formate species was not shown ‘in situ to
be hydrogenated to the methoxide species or methanol in the present
study. This is an outstanding task to be completed in order to be more
definitive about the significance of the cesium formate species in the
mechanism of methanol synthesis. The influence of cesium on the

synthesis of the higher alcohols over the Cu/ZnO catalyst will be shown

in Chapter 4.
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Figure 3-23. The mechanism of methanol synthesis over the (A) Cu/Zn0O
catalyst and the (B) cesium-promoted Cu/Zn0 catalyst.
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CHAPTER 4

THE MECHANISM OF ETHANOL AND METHYL FORMATE SYNTHESIS OVER
THE CESIUM PROMOTED Cu/Zn0 CATALYST

INTRODUCTION

This chapter deals with the initial steps of the synthesis of
higher molecular weight products over the 0.4 mol$ cesium promoted
Cu/Zn0 catalyst--specifically the C; to C, transformation. The C,
designation represents two oxygenates, ethanol and methyl formate, which
were observed as minor products during methanol synthesis. The rate of
ethanol formation can be viewed as the rate of the first carbon-carbon
bond formation and the rate of methyl formate as a measure of the
carbon-oxygen formation rate. The various pathways for methyl formate

synthesis that were reviewed in Chapter 1 are:

Direct carbonylation of methanol,

] 4-1
CHaOH + CO——+—CH;-0-C—H (4-1)
Dehydrogenative coupling of two methanol molecules,
o)
1 (4-2)
ZCH;,OH—'-CH;,—O—&-H + 2H,
Dimerization of formaldehyde (Tischenko reaction),
(8) (4-3)
2HCHO=——=~CH,;-0-C~-H
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Esterification of formic acid by methanol,

: 4-4
HCOOH + CH30H—->CH3-0—@—H + H,0 (4-)

Also detailed was the "hemiacetal"™ route resulting from the reaction

between formaldehyde and methoxide species,

H\ A HsC-O\
T cH, O " ]
2 ] (4-5)
o +[7s  Kys 0+
5 & A

L

HIiiirels 11iri HITririrrfsl riiffiriisds 114

The other C, product that was observed was ethanol. As reviewed,

the possible pathways of ethanol formation are:
Direct formation from synthesis gas,

2CO0 + 4H,—=CH;CH,0H + H,0 : (4-6)

Reaction of methanol and CO,

CH;OH + CO + 2H,=—=CH,;CH,OH + H.O (4-7)

Condensation of two methancl molecules

heat ?

2CH;OH === CH,;CH,0OH + H,0 (4-8)

which may proceed through dioxygenated intermediates.
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~2H 2H
20H30H—>2-2H200—=—CH20HCHO:F%CH:,CH20H (4-9)
2

To establish which classes of methyl formate and ethanol mechan-
isms were functioning over the cesium promoted catalysts, a series of
experiments were designed and performed. The source of carbon atoms of
the C, oxygenates was determined by the use of carbon-13 enriched
methanol. The labeled methanol was combined with the carbon monoxide
and hydrogen synthesis gas and passed over the catalyst. The enrichment
of the individual carbon positions in methyl formate and ethanol was
quantitatively determined by *C NMR of the liquid products that were
formed under synthesis conditioms. It will be shown that the methyl
group of methyl formate was preferentially derived from the labeled
methanol, whereas the carbonyl group originated from the ca?gon monoxide
of the synthesis gas. However, it was determined that the two carbon
centers of ethanol were both preferentially derived from the enriched
methanol with evidence for direct coupling observed. The patterns of
isotopic enrichment that were found indicated that the predominant
pathway of methyl formate synthesis is represented by Eqn. (4-1). The
isotopic enrichment patterns observed for ethanol support Eqms. (4-8)
and (4-9) as the dominant mechanistic pathway of formation over the
cesium promoted Cu/Zn0O catalysts. The aldehydic coupling route, Eqn.

(4-9), is favored based upon previous studies (Vedage et al., 1984;

I3
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1985B), which have indicated the kinetié significance of surface

aldehydic intermediates over the Cs/Cu/ZnO catalyst.

RESULTS
Catalyst Activity and Selectivity

As was shown in Figure 1-4, the rate of methanol synthesis could
be increased greater than twofold by the addition of cesium formate to
the binary Cu/Zn0 catalyst. The promotional effects of the alksli were
achieved while maintaining a high selectivity to the desired product
methanol. As the cesium levels were increased on the Cu/ZnO catalyst,
effects on the synthesis rates of methyl formate and ethanol were also
observed. The methyl formate and ethanol synthesis rates versus cesium
doping levels are shown in Figure 4-1. The synthesis rates of methyl
formate were found to pass through a broad -maximum at 1.2 mol% cesium
which corresponded to a fractional surface coverage, 8.,, of 0.26. The
fractional surface coverage was calculated based upon the surface areas
of the tested catalysts and the size of the cesium ions. The cesium
ions were determined by quantitative XPS analyses to be in a highly
dispersed, submonolayer form over the catalyst, predominantly over the
Zn0 phase, with no clustering of the atoms (Vedage et al., 1985A;
Himelfarb, 1986). This was followed by a decrease in activity at higher
levels of cesium. The phenomenon was similar to that observed for
methanol which passed through a broad maximum at 0.8 mol% cesium which
corresponded to a fractional coverage, 6., of 0.17.

Although not observed over the undoped catalyst under the reaction

conditions employed, the presence of cesium lead to the synthesis of
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Figure 4-1. Yield of methyl formate (A) and ethanol (@) as a function
of cesium loading over the calcined-doped Cu/ZnO catalyst.
Testing conditionms: T = 523K, P = 7.6 MPa, H,/CO = 2.33,
catalyst weight = 2.45 g, Gas Hourly Space Velocity (GHSV)
= 6120 2(STP)/kg cat/h (Nunan et al., 1986).
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ethanol. The rate of ethanol synthesis was observed to increase and
reached a plateau at cesium concentration greater than 1.2 mols. At
cesium levels of 0.4 mols%, it was observed that méthahol synthesis was
promoted by over a factor of 2.2 at the low temperature and high H,/CO
ratio without sacrificing the selectivity. A high selectivity to
methanol of 98.9 mol$% was maintained even at the high cesium level of
2.13 mols. The combined yields of methyl formate and ethanol accounted
for less than 1.1 molg of the product being synthesized (Fig. 4-2).
Using a 0.34 mol%$ cesium calcined-doped catalvst, the effect of
the reaction temperature on the reaction rates and selectivity was
studied. For temperatures up to 523K, linear Arrhenius plots were
obtained for the rates of formation for methanol and methyl formate,
Figure 4-3. Ethanol was not observed in the product except at trace
quantities at the higher temperature of 523K. Continued temperature
elevation above 523K led to the formation of ethanol, methyl acetate and
1-propanol, the latter two components accounting for & to 14 molg of the
C; oxygenate composition. Linear Arrhenius piots, Figure 4-4, were
determined for the rates of the formation of ethanol and for the
formation of ethanol plus the two higher oxygenates. From the Arrhenius
plots, apparent activation energies were calculated and are tabulated in

Table 4-1.
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Figure 4-2. Selectivity of the formation of the higher oxygenates
(defined as mol% of methyl formate and ethanol in the
product mixture) as a function of cesium loading on the
calcined-doped Cu/Zn0 catalyst. Testing conditions:

T = 523K, P = 7.6 MPa, H,/CO = 2.33, catalyst weight =
2.45 g, Gas Hourly Space Velocity (GHSV) = 6120 £(STP)/kg
cat/h. .
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Figure 4-3. Arrhenius plots for methanol (A) and methyl formate (®)

formation over the 0.34 mol% cesium calcined-doped
catalyst. Testing conditions: P = 7.6 MPa, H,/CO = 2.33,
catalyst weight = 2.45 g, Gas Hourly Space Velocity (GHSV)
= 6120 £(STP)/kg cat/h.
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Figure 4-4. Arrhenius plots for methyl formate (W), ethanol (A), and
higher oxygenate (@) formation over the 0.34 mol$ cesium
calcined-doped catalyst. Testing conditions: P = 7.6
MPa, H,/CO = 2.33, catalyst weight = 2.45 g, Gas Hourly
Space Velocity (GHSV) = 6120 £(STP)/kg cat/h.
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Table 4-1

Apparent Activation Energies for Methanol, Methyl Formate, and
Ethanol Formation over a 0.34 mols Cesium Calcined-Doped
Cu/Zn0 Catalyst

Product EAPP (kJ/mol) Temperature
range (K)
Methanol 73.9® 483-523
Methyl Formate 79.6° 488-523
Ethanol 148.5° 532-563

2From the Arrhenius plot for methanol, Fig. 4-3.
PFrom the Arrhenius plot for methyl formate, Fig. 4-3.
°From the Arrhenius plot for ethanol, Fig. 4-4.

INJECTION OF METHANOL INTO THE SYNTHESIS GAS

Methanol and carbon-13 enriched methanol were injected into the
synthesis gas feed under steady-state conditions. The effects of the
co-added methanol were studied by on-line GC énalysis of the gaseous
product and *C NMR analysis of collected liquid product samples. NMR
spectra of the liquid products obtained during methanol and °C-enriched
methanol injection into the synthesis gas at 490 and 513K are shown in
Figures 4-5 and 4-6, respectively. It was determined by the on-line GC
analyses of the reaction products that, for the injection of methanol
and the isotopically enriched methanol under the same reaction condi-
tions, the molar fraction of each component in both product mixtures
was the same. This allowed a direct comparison of the °C NMR spectra,

the observed differences resulting from carbon-13 enrichment and not
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Figure 4-5. The effect of injecting methanol and 3C-enriched methanol
into the synthesis gas feed under steady-state conditions
at 490K on the *C NMR spectra of the liquid product. 0.4
mol%® Cs/Cu/Zn0, weight = 2.45 g, methanol injection rate =
194 g/kg cat/h, *C enrichment = 24%, GHSV(CO + H,) = 3260
2(STP) /kg cat/h, H,/CO = 0.45, P = 7.6 MPA. The peak at
54 ppm may be due to the methyl group of a hemiacetal.
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Figure 4-6. The effect of injecting methanol and °C-enriched methanol
into the synthesis gas feed under steady-state conditions
at 513K on the *C NMR spectra of the liquid product. 0.4
mol% Cs/Cu/Zn0, weight = 2.45 g, methanol injection rate =
194 g/kg cat/h, 13C enrichment = 24%, GHSV(CO + H,) = 3260
£(STP)/kg cat/h, H,/CO = 0.45, P = 7.6 MPa. The peak at
54 ppm may be due to the methyl group of a hemiacetal.
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changes in the molar composition of the liquids analyzed. At 490K, GC
analysis revealed that methanol and methyl formate were the principal
reaction products along with traces of water and carbon dioxide. As
shown in Figure 4-5, methanol gave rise to a single peak in the ¥C MR
spectra centered at 49.0 ppm. The peaks observed for the two carbon
centers in methyl formate were detected at 162.2 ppm, the carbonyl
carbon resonance, and at 50.2 ppm, the methyl group resonance. NMR

analysis of the liquid product produced during the injection of methanol

ance 13C showed that the peak heights of the
carbonyl and methyl groups of methyl formate were idemtical. Based upon
the peak heights observed, molar fractions of methyl formate and
methanol were determined and found to agree well with those obtained

from GC product analysis. The guantitative aspects of the ¥C MR

analysis are shown in Table 4-2.
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Table 4-2

Comparison of the Quantitative Analysis of the Collected Liquid
Products Synthesized over a 0.4 mols Cs/Cu/Zn0 Catalyst
during Nonenriched Methanol Pumping Experiments

mol% Composition

Temperature Compound of the product
x) Analyzed by GC by NMMR
490 Methanol 96.81 97.50

Methyl Formate 3.19 2.50
513 Methanol 97.34 98.06
Methyl Formate 2.44 1.94
Ethanol 0.22 0.00
553 Methanol 95.80 94.93
Methyl Formate 1.50 1.55
Ethanol 2.05 2.59
1-Propanol 0.65 0.93

Conditions: Catalyst weight = 2.45 g, methanol injec-
tion rate = 194 g/kg cat/h, GHSV(CO+H,)=3260 2(STP)/
kg cat/h, Hp/C0=0.45, P=7.6 MPa. '

NMR analysis of the product formed during carbon-13 enriched
methanol injection showed that the methyl group peak height was signifi-
cantly greater than the carbonyl peak height, i.e., the methyl group had
undergone substantial enrichment relative to the carbonyl. This

indicated that the methyl group was being preferentially derived from

the

14

3 -l £ at o
nj methan from the carbon momoxide of the

synthesis gas, Eqn. (4-10).

*CH,OH + CO=—=HCOO™CH, (4-10)
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It was further observed that the signal-to-noise ratios of the carbonyl
peaks were the same for both methanol and enriched methanol injection
experiment spectra collected under identical instrument operating
conditions. The carbonyl group had not been enriched in its carbon-13
content by the injection of the enriched methanol. At the higher
temperature of 513K, enrichment of the methyl group of methyl formate
was observed relative to the carbonyl group which had not undergone
enxrichment. At the higher temperatures, ethanol was observed in the
product. The two 13C NMR resonances for ethanol were located at 57.4
ppm, the C-1 carbon, and at 17.6 ppm, the C-2 carbon. Direct comparison
of the spectra obtained for the unenriched and enriched methanol
injection products clearly indicated that enrichment of both of the
carbons of ethanol had occurred and that both carbons had been enriched
to a similar extent. The observed enrichmeng pattern of ethaﬁol was a
direct result of the C; to C, synthesis mechanism and not isotopic
scrambling of the ethanol molecule. This will be shown in Chapter 5
where the injection of ethanol that was carbén-13 enriched in the C-1
position, i.e., CH;-"CH,0H, remained unchanged when injected under
identical synthesis conditions. Figure 4-7 shows the doublets that
arose from 3C-13C coupling in the ethanol molecule.

Using the molar fractions of each product determined by GC
analysis, the calculation of the enrichment of each carbon center
observed by NMR was performed. Using the results from the experiments
using nonenriched methanol injection and hence equal carbon-13 contents
for all carbons, it was found that the carbon mole fraction ration, C,,

as determined by combination of the GC and NMR results, varied from 0.9
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Figure 4-7. Comparison of the I®NMR spectra in the parts per million
range encompassing the main peaks of ethanol and the
doublets arising from 2°C-13C coupling for nomnenriched (A)
and 3C-enriched (B) methanol injection experiments at
543K. Other experimental conditions are given in
Fig. 4-6. The peak at 18.3 ppm is identified as the 3¢
resonance of the methyl groups of 2-methyl-l-propanol.
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to 1.1 (1.0 £ 0.1) for the major products and from 0.7 to 1.3 (1.0 %
0.3) for the minor products. The greater error associated with the
minor product (the higher oxygenates) was due to low concentrations in
the product mixture. The low concenfrations of the products were a
direct result of conducting the experiments at low conversions to afford
mechanistic information about the forward reaction only.

With the observation that the carbonyl group of methyl formate did
not undergo enrichment during the 3C enriched methanol injection
experiments, the peak height of the carbonyl 3C was used as an internal
standard. The degree of enrichment of this carbon center was set at 1,
the factor of enrichment over the normal isotopic abundance of carbon-
13. The degree of enrichment of each carbon center of the product was
then calculated by combining the GC molar composition analysis and the
observed intensities of the peaks in the NMR spectra. The enrichment
factors obtained for each carbon center based upon this method are
tabulated in Table 4-3 and the GC analyses used for their determination

are presented in Table &4-4.
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Table 4-3

Carbon-13 Enrichment of the Products Formed during Injection of
Enriched Methanol into the Synthesis Gas as a Function
of Temperature

Product Enrichment factor for each carbon center

490K 501K 513K 523K 532K 543K
CH,0H 18.9 17.4 10.9 11.9 . 8.0 7.0
CH, 22.1 11.2 10.7 12.3 5.7 5.8
g-o 1.0 1.0 1.0 1.0 1.0 1.0
H
CH,® -- -- 13.6° 20.2(10.7) 7.5(12.3) 9.0(10.9)
(I.:HZOH -- -- 11.0° 17.7(9.7) 6.0(12.1) 7.9(11.0)
CH, -- -- -- -- 9.7° 4,8°
cI:H2 -- -- -- R 6.5P 6.4°
CH,OH -- -- -- -- 5.4° 7.4°

*The numbers in parentheses are percentages of the °C atom of the
given carbon that are exchange-coupled with nearest neighbor !°C as
determined by the observed satellite-to-main resonance ratios as in
Figure 4-7.

PNo satellite peaks due to 3C-13C exchange coupling were observed due
to the low concentration of the product and the low signal-to-noise
ratio.

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table &4-4

Quantitative GC Analysis of the Products Used for Table 4-3 as
Collected over the 0.4 mols Cs/Cu/ZnO0 Catalyst during
13C-Enriched Methanol Injection Experiments

Product mol% Composition of the Product
490K S01K 513K 523K 532K 543K
Methanol 96.29 96.91 97.07 97.13 97.36 96.83
Methyl Formate 3.71 3.09 2.71 2.41 1.97 1.78
Ethanol -- -- 0.22 0.39 0.55 1.08
1-Propanol -~ -- -- 0.07 0.12 0.31

The enrichment factors tabulated in Table 4-3 indicated that the
methanol in the product oxygenate mixture had retained a **C enrichment.
It was possible to determine carbon mass baiénces of the reactants
entering the system and the prodicts exiting the system as Qgtermined by
the on-line GC analysis. The error was determined to be less than 0.5%,
column 2 of Table 4-5, at each of the reaction temperatures. It was
possible to determine the °C balance by comparison of the carbon-13
injected into the system as enriched methanol and the carbon-13 exiting
the system and accounted for in the liquid product, columns 3 and 4 of
Table 4-4, respectively. The guantity of carbon-13 unaccounted for,
column 5, was added to the 1.l1% natural abundance carbon-13 content of
the CO gas. The possible enrichment of the CO gas, column 6, was
negligible compared to the high degrees of enrichment observed in the

product molecules. The high degree of enrichment was especially
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Table &4-5

A Comparison of Carbon Balances as Determined from GC Analyses
(column 2) and Carbon-13 Balance (columns 3-6) during Enriched
Methanol Injection into the Synthesis Gas as a
Function of Temperature

$ Error in 3¢ our
Reaction the total 3C IN as as liquid 3¢ 3¢ content®
Temperature carbon methanol product balance® of the total
X) balance (mol/kg (mol/kg (mol/kg exit CO (%)
(by GC) cat/h) cat/h) cat/h)
450 0.018 1.455 1.331 -0.124 1.245
501 0.123 1.455 1.467 +0.012 1.100
513 0.127 1.455 0.959 -0.496 1.660
523 0.172 1.455 1.211 -0.244 1.384
532 0.239 1.455 0.938 -0.517 1.703
543 0.357 1.455 0.925 -0.530 1.729

a13c palance is the *°C IN minus the 2°C OUT, the negative numbers indi-
cating 1°C that is not accounted for, the positive balance generated by
accumulated experimental error. )

PIncluding unaccounted for 3¢ from column 5.

significant in the high percentage of doubly labeled ethanol as evi-
denced by the doublets arising from coupling of adjacent 3C atoms in
ethanol. The analyses showed that the possible 0.02 to 0.70% enrichment
of the synthesis gas CO with *3CO formed by the decomposition of 130H30H
could not account for the observed enrichment of the products if CO were
the carbon source for their synthesis. Also shown by the GC carbon
balances between the reactants and products, the 3C was not lost to

unaccounted for compounds such as waxes or carbon deposits on the
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catalytic surface. As the reaction temperature was increased, the
Xiting the reactor was observed to decrease.
This was explained partly by the dilution of the label with methanol
being synthesized over the catalyst frém the synthesis gas and partly by
the decomposition of methanol to CO and H, at the higher temperatures as
equilibrium was approached. Even at 543K, the total injected and
synthesized methanol (CH;0H/CO/H, = 0.089/0.667/0.244) was significantly
less than the equilibrium concentration (CH,0H/CO/H, =

0.232/0.764/0.004) .

DISCUSSION
FORMATION OF METHYL FORMATE

The rate of methyl formate synthesis was shown as a function of
reciprocal temperature in Figure 4-4. The thermodynamic implicétion of
the maximum in the synthesis rate was that methyl formate had reached
equilibrium at T>530K under the reaction conditions employed. Mechanis-
tically, the observation of the upper limit could have implied that
methyl formate was a reaction intermediate leading to the formation of
ethanol or higher oxygenates. To address the thermodynamic possibil-
ities, four reaction equilibria leading to the formation of methyl
formate were considered. The theoretical equilibrium constants were
calculated using thermodynamic values obtained from the literature (Reid
et al., 1977). The reactions considered and the calculated K,y are as

follows:
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Direct Carbonylation of Methanol by Carbon Monoxide

TP AIY . mAA  mee e e e e mam e

CH,OH + CO = CHs-0-G-H (4-11)
AGoszs bl +33.4 kJ/mOl

AH®5ys = -37.77 kI/mol

Keq523 - 4.614 X 10-‘

Dehydration of Methanol
0
2CH,0H = CHy-0-C-H + H, (4-12)
AH°523 hand +60.56 kJ/mOl
Keq523 - 2.18 X 10-1
Formaldehyde Dimerization (Tischenko reaction)
0
HCHO + HCHO = CH,-0-C-H (4-13)
AGoszs - '46.77 kJ/mOl
AH°523 - '116.44 kJ/mOl
K°q523 - 4.69 X ].04
Esterification of Formic Acid with Methanol
0 .
HCOOH + CH;0H = CHy-0-C-H . (4-14)
AG°523 - -13.39 U/mol '
AH°523 - ’9.54 U/mol
Keqsza - 2.174 X 101
The gas-phase reactions denoted in Eqns. (4-13) and (4-14) were
ruled out on the basis that neither formaldehyde nor formic acid had
ever been detected in the gaseous product mixture. The dehydration of
methanol, Eqn. (4-12), was discounted as the observed methyl formate
yield was 3-20 times greater than theoretically possible. Under the
reaction conditions used, it was observed that the yield of methyl
formate was less than or equal to the yield predicted by Eqn. (4-11)
based upon the theoretical equilibrium constant and the composition of

the exit gas. This is shown in Table 4-6 where the ratio, ¢ , of the

observed methyl formate yield to the calculated equilibrium yield is
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shown as a function of the cesium doping level in the calcined-doped
catalysts. The ratio was found to increase and a plateau was formed at

higher levels of the alkali.

Table 4-6

Comparison of the Theoretical Equilibrium Yields of Methyl Formate
for the Reaction CH;0H + CO = HCOOCH; with Those Found
Experimentally at 523K (K= 5.26x107%).

Catalyst $"

Cu/Zn0 undoped
0.13 mol$ Cs/Cu/Zn0
0.26 mols$ Cs/Cu/Zn0
0.34 mol% Cs/Cu/Zn0
0.85 mol% Cs/Cu/Zn0
1.70 mol% Cs/Cu/Zn0
2.13 mol% Cs/Cu/Zn0

[>NeN-NeNoleNo]
SN U B W
PO POWY

°The ratio of the observed methyl formate yield
to the calculated equilibrium yield.

The ratio, ¢ , was also determined for the méthyl formate yields ob-
served as a function of temperature for a 0.34 mols Cs/Cu/Zn0D catalyst.
In Figure 4-8A, it is shown that the ratio increases and levels out at
¢ = 0.9. The ratio, ¢ , has also been plotted, Figure 4-8B, as a func-
tion of contact time for the 0.34 mols Cs/Cu/Zn0 catalyst at 554K. It
was observed that increasing the contact time of the reactants with the
catalytic surface (lowering the gas hourly space velocity) increased the
methyl formate yield, the value of ¢ showing an asymptotic increase

towards 1.
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Figure 4-8. The effect of temperature (A) with GHSV = 6120 £(STP) /kg
cat/h and of contact time (B) at 554K on the value of ¢,
defined as the ratio of the methyl formate yield observed
to the predicted thermodynamic yield by reaction described
by Eqn. (4-11). The thermodynamic equilibrium, ¢ = 1, is
marked by the dashed line. The contact time is defined as
reciprocal space velocity. 0.34 mol$ calcined-doped

Cs/Cu/Zn0; other experimental conditions given in
Fig. 4-1.
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Results from the thermodynamic calculations, isotope experiments,
and calculated apparent activation energies afforded insight into the
interrelationships between methanol, methyl formate and ethanol forma-
tion. From the isotope labeling experiments and the rates approaching
thermodynamic equilibrium for direct carbonylation, the mechanistic
pathway of methyl formate formation was shown to involve carbon monoxide
and methanol as the primary reactants in a stoichiometry of 1:1. The
calculated methyl formate activation energy of 79.6 kj/mol is not much
higher than the value of 67.7 kJ/mol estimated by Tonner et al. (1983)
for the homogeneous carbonylation of methanol catalyzed by sodium
methoxide. The reaction was shown to involve the direct coupling of the
methoxide anion and CO. A similar reaction mechanism can be invoked
over the Cs/Cu/Zn0 catalyst where the methyl group of methyl formate
originates from methanol and the carbonyl group is derived from carbon
monoxide of the synthesis gas. The overall suggested mechanism for the

formation of methyl formate is presented in Scheme 4-1.

-H,0 ﬁi 3

CsOH 4+ CH;OH
HO0  cse
+C0

?  —H,0 g”s
CsOH + H;C-O-CH ..e .0
. +H

Scheme 4-1
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This reaction pathway has been studied on a theoretical basis
(Klier et al., 1985) by the MNDO method for electronic energy calcula-
tions and the McIver-Komornicki-Powell sigma method for optimization of
the transition state (as provided in the MOPAC/2 Program available
through the Quantum Chemistry Program Exchange). It was found that no
activation barrier was encountered for the nucleophilic attack of a

methoxide anion on CO, Eqn. (4-15), the reaction being highly exother-

mic.

o (4-15)

(@)
(0]
)
[

It was predicted that formation of methyl formate by a hydrolytic path-
way, Eqn. (4-16), was more favorable than the possiblé rearrangement
with carbon-carbon bond formatiop, Egn. (4-17), which was calculated to

have a high activation barrier of 257 kJ/mol.

?Hs C\H3 Y
OO + H0 ——= O + °OH (6-16)
C
gHs CH,
.9 0 —————— Q (4-17)
N2/ U.'e'.o

The activation energy of the reaction (Eqn. 4-16) has not been calcu-

lated but it is assumed that the observed 79.6 kJ/mol is actually the

activation energy of this hydrolytic step.
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Comparison of the degree of carbon-13 enrichment of the methyl
group of methyl formate with that of methanol showed that the two
enrichments were similar over the temperature range studied. This
indicated that the gas phase methanol was in equilibrium with absorbed
methoxides on the catalytic surface. In the literature, it has been
shown that methanol reacts with basic oxides such as ZnO to form methox-
ides (Bowker et al., 1981; Foyt and White, 1977; Ueno et al., 1971) with
the reaction possible at room temperature (Roberts and Griffin, 1985).
The presence of the cesium ions on the surface of the doped catalysts
provided active adsorption sites for the formation of the methoxide
species. It is reported in the literature that alkali metal alkoxides
are synthesized by dissolving the metal hydroxide in alcohol with
removal of the water formed to prevent hydrolysis of the alkoxide
(Bradley, 1960). Methoxide anions associated with cesium centers would
be expected to be more nucleophilic and more.reactive toward carbonyla-
tion than those occurring on the undoped catalyst. This was supported
by the observed increase in the value of ¢ in Table 4-5 as the cesium
levels were increased.

Other possible mechanistic routes for methyl formate have been

considered. The esterification of an absorbed formate by methanol,
HCOO®° + CH;OH=—=HCOOCH, + °OH (4-18)
followed by regeneration of the formate species,

CO + °OH=——»HCOO° (4-19)
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would have the same stoichiometry as Eqn. (4-1). The isotopic labels

~l. 2 ~
Ll O

predicted by route would be the same as were observed 1f formed
from labeled methanol and carbon monoxide from the synthesis gas.
Although not discounted by the present experimental work, the steric
hindrance of this reaction pathway suggests that it is less likely than
the pathway presented in Scheme 4-1. Thermodynamic calculations of this
pathway have not been performed and would be a valuable guide in decid-
ing whether routes (4-18) and (4-19) are feasible.

It has also been suggested that the "hemiacetal™ route to methyl
formate may occur over copper-based catalysts (Denise and Sneeden, 1985;
Takahashi et al., 1983; Vedage et al., 1985A). This pathway involves

the reaction of an absorbed methoxide anion with adsorbed formaldehyde

to yield methyl formate,
CH3;0° + H,C=0—=[CH,0CH,0°1==HCOOCH, + H° (4-20)

Based upon this pathway, equilibration of !°C labeled methanol with the
surface would yield labeled methoxide and formaldehyde surface species,
hence resulting in methyl formate with enrichment in both carbon posi-

tions. This is contrary to what was observed experimentally suggesting

that this pathway is ineffective compared to CO insertion of Scheme 4-1.

FORMATION OF ETHANOL
The observation of a high degree of enrichment in both carbon
positions of ethanol synthesized from !°CH,0H and the synthesis gas

indicated that the injected methanol rather than CO was a predominant
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indicated that the injected methanol rather than CO was a predominant
source for both carbons of ethanol. The observation of singly and
doubly carbon-13 labeled ethanol was used to distinguish between the
three possible classes of ethanol formation mechanisms: the homologa-

tion of methanol by CO insertion,
13cH,0H + *co/H, - 3CH,%CH,0H (4-21)

referred to as Mechanism 1 (M-1); the homologation of methancl via C

insertion into a symmetrical intermediate,
BCH,0H + 12c0/H, - 1/2['°CH,CH,0H + 2CH,'CH,OH] (4-22)

referred to as Mechanism 2 (M-2), which has been suggested by Mazanec

(1986); and the coupling of two methanol molecules.

213CH,0H - 2{FS(*°CH;'%CH,0H) + F3(*?CH,™°CH,0H) +

+ F2(3CH;CH,0H)] , : (4-23)

where Fz, Fy and F; are the fractions of the isotopic molecules at
equilibrium with each other as dictated by this mechanism, referred to
as Mechanism 3 (M-3).

The fractions F,, Fy, and F, of the three carbon-13 labeled

ethanol species, 3¢cH Ycuou, 2cu 13CH0H, and 13CH;t

3CH,0H, respectively,
have been calculated from the observed 3C NMR intensities and molar
concentrations of ethanol and methyl formate in the product using the

carbonyl 3C signal of methyl formate as an internal reference. It was

observed that the carbonyl group of methyl formate had only the 1l.1%
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natural abundance of **C as determined by the observation of the same
signal to noise ratios for the carbonyl carbon for the products col-
lected during unlabeled and labeled methanol injection experiments. The
NMR signals that were used in the calculations are illustrated for
clarity in Scheme 4-2. The doublets observed around the carbon peaks of
ethanol were identified as spin-spin (J-) coupling between the two
carbon centers of 3CH;3CH,0H and were used for the quantitative deter-
mination of the doubly labeled ethanol molecules. The observed coupling
constant, J..., was measured as 37.2 Hz and agreed with the literature
(Stothers, 1972). The possibility that the doublets were spinning
sidebands was eliminated by proving the independence of the frequency of
separation on the sample spinning rate. The center peaks, encompassed
by the doublets, were the resonances of ethanol molecules containing one
13¢ center.

In the calculations, I; was the intensity of the NMR signal which

corresponded to the species i ,

I,, of ¥C carbonyl in methyl formate,
I,, of *3CH, in *2CH,'*CH,OH,

I, of *°cH, in °CH,'*CH,0H,

I,, of *CH; in 3CH,2CH,0H, and

of 3¢y, in 13¢cH,13CH,CH.

The values of I; and I were measured as the sum of the doublet
peak heights of 13CH; and 13CH, groups of ethanol, respectively. Addi-

tional variables were defined as:
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u, the total number of !3C gram atoms per unit volume of the
product sample;

Nyr, the number of moles of methyl formate (MF) per unit volume;
Ng, the number of moles of ethanol (E) per unit volume;

x, the number of moles of *CH;'?CH,0H per unit volume;

y, the number of moles of 2CH,°CH,0H per unit volume; and

z, the number of moles of °CH,'*CH,0H per unit volume.

The total number of '3C gram aroms per unit volume of the product was

5
u = Ny x 0.011 5 1,/1, , (4-24)
i=1
N where the factor 0.01l represented the natural abundance fraction of 3¢
in the carbonyl group of methyl formate. The total number of °C gram
atoms in 1°CH,’3CH,0H per unit volume was equal to u(Iy+I5)/S,I, and
therefore the total number 2z of 13CH313CH20!; moles per unit volume

equalled one-half of that number,

zZ = 1\1

(I, +115) (4-25)
1
Substitution of Eqn. (4-24) into (4-25) gave
z = Ixhgxoon Ltid (4-26)

1

The fraction of 3CH,»*CH,0H, F, , among all ethanol isotope species

N equalled
ez -1 M I3+ I -
F, oo 7 N _11__x 0.011 ‘ (4-27)
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The fractions F, and F;, of the species !3CH;?CH,OH and *?CH;°CH,OH,

respectively, were equal to

N, I
- X = M 4 -
F. Ny ¥ I x 0.011 (4-28)
and
Fy %"; Ny -I—l x 0.011 . (4-29)

It was denoted that F, = p? , where p represented the probability of
finding a 1*C atom in an equilibrium mixture of 13CH;'%CH,0H, °CH,*2CH,0H,
and *?CH;’°CH,0H. The probability value, p , was used to determine if
the observed mixture of the !°C labeled ethanol molecules was in statis-
tical equilibrium or not. This was subsequently used to distinquish
between the three classes of mechanisms M-1, M-2 and M-3 possible for
ethanol formation as defined by Eqns. (4-21)-(4-23).

The M-1 and M-2 mechanism's would not };‘ield ethanol molecules
containing 13C labeled in both carbon positions simultaneously (except
for the occurrence of the doubly labeled ethanol due to the native 3C
concentration which have been neglected), only mechanism M-3 affording a
statistical distribution of °C among the three possible !*C-labeled
ethanol species.

If all three mechanisms were to operate simultaneously, no statis-
tical equilibrium could be reached. It was alsc possible te distinguish
between mechanisms M-1 and M-2 because the product of the M-1 pathway
would contain only °CH,'°CH,0H, whereas the M-2 pathway would produce

equal concentrations of the two singly labeled molecules, 2°CH,?CH,0H

and '2CH,'°CH,0H. The three mechanisms described by M-1, M-2 and M-3
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correspond to the principal categories that have been suggested in the
literature for the C; to C, step. The insertions of CO into a methyl-
metal bond or into the carbon-oxygen bond of a methoxide anion (Henrici-
Olive and Olive, 1976; Pichler and Schulz, 1970; Wender et al., 1958)
fall into the M-1 category. The Mazanec (1986) mechanism involves the
insertion of CO into a symmetrical C; surface species, the M-2 category,
and the Fox et al. (1984) mechanism, in which dimerization of a C,
species was postulated, falls into the M-3 category.

Using the value of the probability of finding a ¥¥C atom in an
equilibrium mixture of molecular isotopes of ethanol, p = JF. ., the
fractions Fg of 3CH,'2CH,0H and F3 of %CH,'°CH,0H that would be in isoto-

pic equilibrium with the doubly labeled ethanol would be equal to

-

FE - F = p(l-p) . (4-30)

The values of Fy and Fy are the theoretically predicted fractions
of the two single-labeled ethanol molecules calculated using the ob-
served fraction F, of the doubly labeled ethanol if the M-3 mechanism
operated exclusively. Any difference between the observed and predicted
values of the fractioms F, and Fy, would be attributed to the M-1 and M-2
mechanisms, the extent of which was determined by the difference between
F, and F,.

The relative efficiencies, R, of the M-1, M-2 and M-3 mechanisms

were defined as:

R‘H-l = (Fx = Fy)/o » (4‘31)
Ryp = 2(F, - F2)/8 , and (4-32)
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Ry-s = (F2 + F: + F.)/0 , (4-33)
where @ = (F, + F;, + F;). The use of the indices Ry, Ry.,, and Ry j as
relative efficiencies of each of the mechanisms follows from the

properties that Ry.; = O when F, = 0 and Ry = 1 when F, = F§, F

y'Fe

¥
and F, ¥ 0, when the *CH;?CH,0H, ?CH;'°CH,0H, and °CH,'°CH,0H molecules
would be in statistical equilibrium as dictated by mechanism M-3; Ry,
= 0 when Fy, = F§ and Ry, = 1 when F, = 0 and F, = F; as dictated if the
M-2 mechanism would operate exclusively; and Ry.; = O when F, = F, and
Ry.; = 1 when Fy = F, = 0 as dictated if the M-1 mechanism would operate
alone. The values of Ry, Ry., and Ry ; that were calculated from exper-

imental data on isotopic composition of the ethanol molecules are pre-

sented in Table 4-7.
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Table &4-7

The Fractions of *CH,°CH,O0H (F,), 1201431301-1201{ (Fy), and **CH;'*CH,0H (F,)
Observed after Injection of '°CH,0H into 2CO/H,, and the Relatlve
Efficiencies™ Ry ;-Ry-; of Mecham.sms (M-1) to (M-3)
over the Cs/Cu/Zn0 Catalyst.

Temp. Obs.®P Calc.® Calc.® Obs. Calc.® Obs. Ry; Ry, Ry-3

® F FF K F  F

: P £ § T &
522 0.0236 0.154 5.51 9.34 5.51 8.26 0.06 0.30 0.65
532 0.0103 0.102 8.85 7.98 8.85 6.44 0.10 -0.31 1.21
543 0.0114 0.107 8.37 8.68 8.37 7.60 0.06 -0.09 1.03

®Ry-1, Ru-z, and By ; are quantities derived from the measured F,,
F,, and F,. Standard error analysis shows that the absolute standard
deviation in Ry, is %0.03, in qu is #0.13, and in Ry ; is #0.15 if the
relative error in F,, F, and F, is I5%.

PDetermined from observed NMR intensities and GC analyses by using
Eqn. (4-26).

°p =~ JF,; F=F ~p(l-p).

The tabulated values for Ry,, By,, and Ry ; indicate that the
methanol coupling mechanism, M-3, dominates. Although burdened by
considerable error, the Ry.; value was greater than the Ry, and Ry,
values at each temperature. At 543K, the temperature at which the
highest ethanol synthesis rates were observed, the observed values
supported the conclusion that the M-3 mechanism operated exclusively as
Ry.3 = 1 and Ry.; = Ry, = 0. Many of the proposed carbon-carbon bond-
forming mechanisms were dismissed based upon this result. The CO

insertion into the C-O bond of a methoxide anion forming an acetate
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species that would be hydrogenated to ethanol (Fischer, 1925; Natta et

al., 1957; Vedage et al., 1985A) was eliminated. Also eliminated was

co
insertion into a methyl-metal bond if the methyl group arose from
methanol as proposed in Fischer-Tropsch synthesis (Henrici-Olive and
Olive, 1976; Pichler and Schulz, 1970; Wender et al., 1958). The result
also eliminated the rearrangement of methyl formate into acetic acid or
an acetate species which would yield ethanol upon hydrogenation. The CO
insertion into an adsorbed formaldehyde yielding a symmetric glycolate
that would be hydrogenated to ethanol (Mazenec, 1986), an M-2 type of
mechanism, was also ruled out.

The mechanistic pathway that functioned over the Cs/Cu/ZnO cata-
lyst was described by class M-3. As suggested by Fox et al. (1984), the
nucleophilic attack of a formyl species on formaldehyde could lead to
the formation of ethanol. This mechanistic pathway provides the basis

for Scheme 4-2.

HO
Hz‘

o d b Al ng ¥
2CH,OH-C<OH Cs cs®

“Hzo Hz _H20
fast Hg
H,0]—CsOH
CH;CH,OH
SCHEME &4-2
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The preferential formation of both the adsorbed formyl and the formalde-
hyde from methanol must be realized for this scheme to be a valid M-3
possibility. Other possible pathways that would qualify under the M-3
heading are the Sy2 attack of a formyl on methanol, this sterically
hindered reaction being depicted in Scheme 4-3, or the reaction of the
formyl with an adsorbed CH, fragment as suggested for carbon-carbon bond
formation over Rh catalysts (Breault et al., 1984; Kienmemann et al.,
1986). The presence of CH. fragments on the Cs/Cu/Zn0 catalysts is
unlikely as they are readily hydrogenated to methane (Deluzarche et al.,

1985; Kiennemann et al., 1986), a product formed only in trace quanti-

ties over this catalyst.

e nBonon 8
thﬂjfijsgzﬁq’— \E?;) EszSHi,— HC—CH; + CsOH
—H,O0 Cs’ H,
CH;CH,OH
Scheme 4-3

The C; + C, pathways depicted in Schemes 4-2 and 4-3 have utilized
formyl, CHO®, as the active species on the Cs/Cu/ZnO catalyst. The
existence of the formyl species has been suggested by trapping using
methyl iodide to yield acetaldehyde (Deluzarche et al., 1985) and
spectroscopic evidence for the species over the present type of cata-

1§st. The chemistry of formyl has previously been inferred to be
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important in CO/H,-amine and methanol-amine coupling reactions (Klier et
al., 1987; Vedage et al., 1985B & 1984).

For the formyl to be a nucleophilic species, it is assumed that it
is a negatively charged species. Organometallic complexes containing a
formyl group have beeﬁ studied (Gladysz, 1982; Marks, 1982; Fagan et
al., 1981). The carbon atom has been determined to have carbene-like
characteristics, the observation of the carbon-oxygen vibrational
frequency between 1630-1530 cm™! caused by the lengthening of the C-0
bond attributed to the negative charge of the species (Gladvsz, 1982).
The observation of adsorbed formyls on the surface of Zn0 and Cu/ZnO by

infrared spectroscopy has been reported in the literature (Saussey et

al., 1982, 1984).

CONCLUSIONS

Active surface species on the Cs/Cu/ZnO catalyst can be readily
formed from methanol. The methanol derived surface species is a precur-
sor to the methyl group of methyl formate and both the CH;- and -CH,-
groups of ethanol. The formation of methyl formate involves carbonyla-
tion of methanol and methyl formate does not function as a precursor to
ethanol. Ethanol formation is the result of the carbon-carbon bond
formation between active C; surface intermediates that can be readily
derived from methanol. The mechanistic pathway is specific to the
Cs/Cu/Zn0 catalyst, differing from the CO insertion mechanisms that have
been found to operate over other types of catalysts (e.g., on the alkali

MoS, catalysts, Santiesteban et al., 1988).
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Based upon chemical trapping, *C label flow, spectroscopic obser-
vation and quantum chemical calculations, the mechanism of carbon-carbon
bond formation over the Cs/Cu/Zn0 and related Cu/Zn0 catalysts has been
postulated to involve a nucleophilic formyl species. The formyl species
attacks the electropositive carbon center of an adsorbed formaldehyde or
methanol leading to the formation of the first carbon-carbon bond of

higher alcohol synthesis.
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CHAPTER 5

THE MECHANISM OF HIGHER ALCOHOL AND OXYGENATE SYNTHESIS OVER
THE CESIUM DOPED COPPER/ZINC OXIDE CATALYSTS

INTRODUCTION

It has been shown in Chapter 4 that promotion of the synthesis of
methanol and the C, oxygenates, ethanol and methyl formate, from CO and
H, over the Cu/Zn0 catalyst could be accomplished by cesium doping.
Under the conditions employed for methanol synthesis (H,/CO = 2.33, GHSV
= 6120 2(STP)/kg cat/h, 7.6 MPa, 523K) the rates were enhanced while
maintaining a high selectivity to the desired product methanol. The
Cu/Zn0 methanol catalysts as modified by the addition of alkali metal
ions have also been studied under reaction qgnditions that favor the
formation of higher alcohols. The formation.of higher alcohols is
observed over the same catalysts by increasing the reaction temperatures
and lowering the H, to CO ratios compared to what is utilized for
methanol synthesis. Vedage et al. (1985A) demonstrated that significant
increases in the synthesis rates and selectivity for the higher alcohols
could be achieved by alkali ion doping. The increases were demonstrated
to be ion-specific, cesium compounds having the greatest promotional
effect of the alkali salts. The addition of alkali metal ions was
employed to increase the basicity of the Zn0O-based catalyst and there-
fore promote the synthesis of products which were postulated to be
formed by aldol-like condensation reactions. The cesium promoted Cu/ZnO

catalysts are similar in type to the K/Mn/Zn/Cr (Frolich and Cryder,
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1930) and alkali/MnO/Cr,0; (Morgam et al., 1932) catalysts, unique in
the fact that they are neither simply modified Fischer-Tropsch catalysts
nor are they isosynthesis catalysts (Natta ;t al., 1957). The current
Cu/ZnO-b;sed catalysts stand out in that through modification and
optimization, significantly higher activities have been achieved under
milder synthesis conditions (570K, 7.6 MPa) as compared to the severe
conditions (670K, 20 MPa) that were required for the older Mn-containing
catalysts.

Other products that were synthesized over the Cu/ZnO catalysts
included aldehydes, ketones, esters and secondary alcohols. The
aldehydes and ketones observed were attributed to the dehydrogenation of
the corresponding primary and secondary alcohols. This was anticipated
under the higher alcohol synthesis conditions which utilized a low
hydrogen content synthesis gas. The occurrence of these products was
attributed to the catalytic hydrogenation-deﬁydrogenation activities
observed for both copper and zinc oxide catalysts (Bond, 1962; Thomas,
1970; Kokes and Dent, 1972; Vedage and Klier, 1982; Mokwa et al., 1983;
Cunningham et al., 1986). Esters, especially methyl, were also observed
in the reaction product (Vedage et al., 1985A; Elliot and Pennella,
1986).

The reaction mechanisms for the formation of higher alcohols over
the Cs/Cu/Zn0 catalysts were shown in Chapter 4 not to involve chain
growth by the direct insertion of CO into an adsorbed surface species.
The first mechanism proposed was by Fischer and Tropsch (1923) and

involved CO insertion into the carbon-oxygen bond of an alcohol with the
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formation of an acid. Subsequent hydrogenation was postulated to result

1

n the formation of 2 C 2lcchel

el =aTTOTa >

+2H,
R-CH,OH + CO=—R-CH,-COOH——=

(5-1)
R-CH,-CH,OH + H,O

where R 1is a hydrogen or amn alkyl group. CO insertion into a metal
alkoxide followed by rearrangement into the metal carboxylate which is

subsequently hydrogenated to the alcohol has also been suggested,

R-0YM® + CO—R-0-C-0SM®—=
‘ (5-2)
+2H . :
R-COOOM® —=-R-CH,OH + HOSM®

where R 1is an alkyl group (Natta et al., 1957; Vedage et al., 1985A).
The interest in studying the mechanistic pathways of higher
alcohol formation over the cesium promoted Cu/Zn0 catalysts was based
upon the high selectivity to the valuable higher alcohols that could be
achieved. The optimum reaction temperature for higher alcohol synthesis
over the Cu/ZnO catalysts was established to be 583K based upon the
overall activity and selectivity of the catalyst. The effect of the
addition of cesium on the activity and selectivity of Cu/ZnO is shown in
Table 5-1. As compared to the undoped catalyst, low cesium doping

levels significantly increased the yields of 2-ﬁethy1-1-propanol,
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Table 5-1

Product yields over the binary Cu/ZnO catalyst and the cesjum-doped catalysts obtained with a

IIZ/CO = 0.45 synthesis gas at 583K and 7.6 MPa with GHSV = 3260 &(STP)/kg cat/h

Product Yields g/kg cat/h

Catalyst N

co, Water Alkanes® Methanol Ethanol 1-Propanol  2-Methyl- 1-Butanol 2-Methyl - Methyl Others
1-Propanol 1-Butanol Acetate

Undoped

Cu/Zn0 367 1.3 16.8 204 22,6 10.1 20.7 3.4 8.6 10.5 34.1

0.25 mol¥%

Cs/Cu/Zn0 412 1.3 16.2 181 22.7 29.6 28.9 8.6 11.5 9.6 53.8

0.34 molX

Cs/Cu/Zn0 403 1.7 13.4 157 17.0 38.1 48.6 8.2 15.5 9.9 82.3

0.43 molX

Cs/Cu/Zn0 430 1.3 14.0 162 18.2 241 33.6 4.6 1.7 7.4 37.3

1.5 molX

Cs/Cu/2n0 403 0.04 4.3 213 8.1 18.0 4.8 . .- 1.0 10.9

8

b

Others = methyl esters,
and methyl formate.

Alksnes = methane, ethane, and propane.

aldehydes, ketones, cz linear primary and secondary alcohols, CZ branched primary and secondary alcohols




l-propanol, l-butancl, and 2-methyl-l-butanocl. At cesium levels of 0.30

to 0.4 mel%' digtinct maxima in

3 *ha w3t aAlAda AL +l -
v Y LT, CLiSWANCO e QA Als waAl Acad Ux

the higher alc
observed. However, at higher cesium concentrations, an overall decrease
in the catalytic activity resulted.

Althopgh the presence of cesium promoted the formation of the
higher alcohols, the yield of methanol was suppressed. This phenomenon
was observed because methanol was at or near equilibrium with the CO and
H, reactants of the synthesis gas under the reaction conditions em-
ployed. This resulted in a decrease in the methanol yieid as a sig-
nificant portion of the synthesis gas was consumed in the synthesis of
the higher oxygenates. It was observed that the yields of ethanol and
methyl acetate had remained unaffected by the cesium doping up to 0.4
mol%, at higher doping levels the decrease in yields paralleled that
observed for the higher alcohols. Methanol,xethanol, 1-propanol, 1-
butanol, 2-methyl-l-propanol, 2-methy1-1-buta£ol, methyl formate, and
methyl acetate accounted for more than 80 wt$ of the total higher
oxygenated products that were formed. The other higher oxygenated
products observed comnsisted of methyl esters of carboxylic acids
corresponding to the higher alcohols, primarily methyl propanoate,
methyl isobutanoate, and methyl isopentanoate, and the corresponding
aldehydes. Comparison of the selectivity changes for aldehydes and
esters upon cesium doping indicated a similar effect to that observed
for the alcohols, i.e., the yields of the esters paralleled that of the
corresponding alcohols, Figure 5-1.

Also maximized at cesium doping levels of 0.30-0.40 mol$% were

other minor products which included secondary alcohols and the cor-

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



®

A r 'Y ey 2 N a2

120¢

100
- £
D~

S = 80
_ @
.g Q
(o)}

23 if 60
< (@)

40t

20t

Figure 5-1.
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Cster Yield g/kgecat. / hr

Yields of ethanol + l-propanol + 2-methyl-l-propanol vs.
the sum of the yields of the corresponding methyl esters
(i.e., methyl acetate + methyl propanocate + methyl isobu-
tanoate) produced over the undoped and cesium doped
Cu/Zn0 = 30/70 mols catalysts from H,/CO = 0.45 synthesis
gas at 583K and 7.6 MPa with GHSV = 3260 £(STP)/kg cat/h.
The individual points correspond in ascending order, to
1.5%, 0.0%, 0.43%, 0.25% and 0.34% Cs levels in the
Cs/Cu/Zn0 catalysts.
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responding ketones. Table 5-2 affords a detailed analysis of the

idoped and & 0.34 mols Us-doped

preducts that were
Cu/Zn0 catalyst. It was observed that the addition of cesium suppressed
the formation of hydrocarbons while the synthesis rates of €O, increased
in direct correlation with the yields of the higher alcohols. The
effect of the cesium doping ;n the selectivity for higher oxygenates is
shown in Table 5-3. The selectivity to higher oxygenates of 35 wt%
observed over the undoped catalyst was increased to 58 wt% upon doping
with the optimum concentration of cesium.

To investigate the mechanistic pathways of carbon-carbon bond
formation in the synthesis of higher alcohols, 3C-enriched lower
alcohols were injected into the Cd/Hz synthesis gas. The injections
were performed over a catalyst tested under steady state conditions, the

synthesized product collected as a liquid and analyzed by 3C-NMR

spectroscopy.

RESULTS

The initial experiments utilized ethanol, enriched in the C-1
position (CH;°CH,0H), as the injected reactant alcohol. The '3C-en-
riched alcohol was diluted with unlabelled ethanol to given an enrich-
ment of the C-1 carbon of 20.2. The !3C enrichment of each individual
carbon was expressed as a multiple of the natural abundance of °C which
is 1.11 atoms.

The ethanol injection experiments were performed over a 0.4 mol%
Cs/Cu/Zn0 catalyst which was being operated under higher alcohol

synthesis conditions (7.6 MPa of a H,/C0=0.45 sjnthesis gas and a GHSV =
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Table 5-2
Comparison of the product compositions obtained from H,/CO = 0.45
synthesis gas at 583K, 7.6 MPa, and GHSV = 3260 £(STP)/kg cat/h
over binary Cu/ZnO and 0.34 mols Cs/Cu/Zn0 catalysis

Yield, g/kg cat/h
Product Type Product Undoped 0.34 mols
Cu/Zn0 Cs/Cu/Zn0
([ Methane 3.4 7.6
Hydrocarbons Ethane 11.3 4.7
water & CO, 4 Propane 2.1 1.1
Water 1.3 1.7
[ CO, 367. 403.
" Methanol 204. i57
Ethanol 22.6 17.0
Linear 1-Propanol 10.1 38.1
Primary and 4 1-Butanol 3.4 8.2
Secondary 2-Butanol 0.7 1.8
Alcohols 1-Pentanol 0.9 4.7
3-Pentanol® 0.8 3.0
[ 1-Hexanol 2.0 5.5
[ 2-Methyl-1-Propanol 20.7 48.6
Branched ) 2-Methyl-1-Butanol 8.6 15.5
Primary and 4 3-Methyl-2-Butanol 1.7 1.7
Secondary 2-Methyl-1-Pentanol 5.1 12.4
Alcohols 2-Methyl-3-Pentanol 2.0 4.1
Aldehydes Propanal -- 1.6
2-Methylpropanal 0.7 1.9
I 2-Butanone 0.7 2.1
Ketones 3-Pentanone -- 2.3
| 2-Methyl-3-Pentanone 3.0 5.4
[ Methyl Formate 3.6 2.4
Methyl Acetate 10.5 9.9
Methyl Propanoate 4.6 14.0
Methyl Esters { Methyl Butanoate 1.0 2.7
Methyl Tsobutanoate 4.1 13.7
Methyl Pentanoate 1.2 1.6
L Propyl Acetate 2.0 1.4

®The GC analysis employed here could not separate 3-pentanol and
2-pentanol. However, it is evident from the synthesis patterns that
2-pentanol was absent because its corresponding ketone, 2-pentanone,
was not found (or was observed only in a trace quantity) among the
products while 3-pentanone appeared in quantities comparable to those
of 3-pentanol. Hence, the (2-pentanol + 3-pentanol) peak was assigned
to pure 3-pentanol.
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Table 5-3

Effect of Cesium Loading of the Binary Cu/Zn0O Catalyst on the
Selectivity (S) for Higher Oxygenate Synthesis,
where S 1is defined as

¢! Oxygenates
2 8 x 100

Methanol + C} Oxygenates

in wt%. Experimental conditions are given in Table 5-1.

Product Yield cat
Catalyst Methanol C; Oxygenates S, Wts
Undoped
Cu/Zn0 204 110 35.0
0.25 mols
Cs/Cu/Zn0 181 165 47.7
0.34 mols
Cs/Cu/Zn0 157 220 58.4
0.43 mols .
Cs/Cu/Zn0 162 137 45.8
1.5 mols
Cs/Cu/Zn0 213 42.8 T 16.7
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3260 £(STP)/ kg cat/h). Experiments injecting both non-enriched and
*3C-enriched ethanol were performed at reaction temperatures of 513,
533, 553, and 573K. The rate of injection of the ethanol was 10 ul
(liquid)/min into 133 ml of synthesis gas/min. This resulted in a
reactant feed with a molar ratio of H,/C0/C,HsOH = 1.00/1.22/0.07. At
each temperature for both unenriched and **C-enriched ethanol injection
experiments, liquid samples were collected for analysis, with their 3c-
NMR spectra of the products shown in Figures 5-2 to 5-5. In the
reference experiments using non-enriched ethamol, it was found that the
carbon mole fraction ratio (C,) as determined using GC and NMR analyses
of the product (CI®/C¥) varied from 0.9 to 1.1 for the major alcohols
in the product and from 0.7 to 1.3 for the minor products. For the 3¢
NMR enrichment experiments, the low intensity peaks were burdened by
larger errors and subseduently the enrichment of a given carbon was
assumed to have occurred when the measured enrichment ratios were > 2.
From a comparison of the natural abundance °C and 13C-enriched
compounds injected or synthesized in thecnglﬁnypn injection experiments
at 513K (Fig. 5-2), it was found that scrambling of the label between
the two carbons of ethanol did not occur since the ratio of the peak
heights for the C-1 at 57.4 ppm to C-2 at 17.6 ppm carbons was close to
the value given by the 3C-1 enrichment used. Unique enrichment pat-
terns for the carbons of l-propanol were clearly observed upon injection
of the enriched ethanol. As observed in Figures 5-2 through 5-5,
increased reaction temperatures led to the formation of higher molecular
weight alcohols with 3C enrichment being observed only in certain

carbon positions. This was most evident in the l-propanol that was

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CH,CH,OH

Injection

CH;13CH,OH

Injection

o \/OH
\/ /OH

/\./OH' /‘;/OH .ﬁ/OH
§‘1UL J__ L "

90 80 70 60 50 40 30 20 10 0

ppm shift from TMS

Figure 5-2. Effect of injecting non-enriched ethanol and *3C-1 en-
riched ethanol at the rate of 10 pl/min into the
H,/CO = 0.45 synthesis gas feed (GHSV = 3260 £(STP)/kg
cat/h under steady state comnditioms at 513K and 7.6 MPa)

on the 3C-NMR spectra of the liquid product obtained over
the nominal 0.4 mol% Cs/Cu/Zn0 catalyst. The peaks at

59.8 ppm and 60.5 ppm are due to GCH,CH,0CHO and

CH4CH,0C(0)CH;, respectively. Heavy closed circles
indicate the carbon atoms associated with the observed
resonances.
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Figure 5-3. The 3C-NMR spectrum of the liquid product obtained upon
injecting '°C-1 enriched ethanol into the synthesis gas

feed over the 0.4 mols Cs/Cu/Zn0 catalyst at 533K.

Ex-
perimental conditions are given in Figure 5-2.
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Figure 5-4. The 1°C-NMR spectrum of the liquid product upon injecting
13C-1 enriched ethanol into the synthesis gas feed over
the 0.4 mol% Cs/Cu/Zn0 catalyst at 553K.

Experimental
conditions are given in Figure 5-2.
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Figure 5-5. ngect of injecting non-enriched ethanol and 3C-1 en-
riched ethanol into the synthesis gas feed over the
0.4 mols Cs/Cu/Zn0 catalyst at 573K on the 13C-NMR spectra

of the liquid product. Experimental conditions are given
in Figure 5-2.
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being synthesized. *3C enrichment of the C-2 (25.8 ppm) and C-3 (9.8
ppm) carbons was observed whereas no enrichment of the C-1 (63.8 ppm)
carbon had occurred. At low temperatures, the C-2 and C-3 carbons were
enriched to a similar extent, but as the temperature increased, prefer-
ential enrichment of the C-3 position occurred. This indicated that at
temperatures of 533K and above, the C-1 carbon of ethanol was being

preferentially incorporated into the C-3 carbon of l-propanol,
* *
C-C-OH=—>C-C-C-0OH T > 633K (5-3)

It was also observed that for l-butanol in the product, both the C-1
(61.8 ppm) and the C-3 (19.3 ppm) carbons were being preferentially

enriched,

* * *
C-C-OH~== C-C-C-C-OH (5-4)

while the C-2 (31.0 ppm) and terminal carbons (18.6 ppm) of 2-methyl-1-
propanol were being enriched for this branched alcohol. For 2-methyl-1-
propanol it was also observed that the enrichment of the C-2 position at
low temperatures dominated, whereas at high temperatures enrichment of
the terminal -CH; group dominated. These observations will be shown in
the discussion to be consistent with an aldol condensation of the C-3
enriched l-propanol with a C, intermediate.

In the case of the ethanol resonances, the ratio R;, of 13C in the
C-1 to C-2 carbons was always substantially greater than ome. This

indicated that even at 573K, scrambling of the label had not occurred.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The decrease in the ratio R;, of ethanol with increasing temperature was

2ocounted for by the v o = X
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To the GO/H, synthesis gas
which caused dilution of the injected, enriched ethanol with non-
enriched ethanol. The effect on the yields of the principal oxygenates
formed when enriched ethanol was injected into the synthesis gas are
shown in Table 5-4. Ethanol injection influenced the methanol yields to
a moderate extent, whereas very large increases in the yields of the
higher oxygenates were observed. The injection of ethanol at 533K
caused the formation of nearly all of éhe 1-butanol, 2-butanol, and 2-
methyl-1l-propanol observed in the product, and increased the yields of
1-propanol and methyl acetate by factors of 18.6 and 47, respectively.
Likewise, at higher temperatures, significant increases in the yields of
the higher oxygenates were observed. The results clearly demonstrated
that ethanol was the major carbon source for the synthesis of the C}
oxygenates.

The }¥C enrichment factors were calculated for each of the in-
dividual carbons of the product mixture by combining the GC and *C-NMR
results. The method employed was identical to that used for the
methanol injection experiments of Chapter 4 except that the non-enriched
C-2 carbon of ethanol was used as an internal standard. The enrichment
factors that were calculated are tabulated in Table 5-5.

To evaluate the mechanistic influence of cesium on the Cu/ZnO
catalyst, an identical set of experiments was performed over the
undoped, cesium-free Cu/Zn0 catalyst. At the same four reaction

temperatures of 513, 533, 553 and 573K, both unenriched and enriched

ethanol were injected. The **C-NMR spectra of the liquid products

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey
%91

Table 5-4
The effect of the injection of ethanol? into the H,0/CO = 0.45 synthesis gas stream at 7.6 MPa and

GHSV = 3260 ¢(STP)/kg cat/h on the yield of products formed over a
0.4 mol% Cs/Cu/Zn0

Product Yields, g/kg cat/h

T = 513K ¥ = 533K T = 553K T = 573K

Product

No Ethanol With Ethanol No Ethanol With Ethanol No Ethanol With Ethanol No Ethanol With Ethanol

Injection Injection Injection Injection Injection Injection Injection Injection
Methanol 133 172 232 293 266 248 171 160
Ethanol 0.9 145 3.3 117 12,6 66 19 29
Methyl
Acetate 0.14 5.7 0.4 18.7 5.0 41 8 1
1-Propanol .- 5.7 1.1 20.5 7.4 52 19 44
2-Methyl-1- '
Propanol . .. - 1.0 1.3 18.6 16.9 42.7
1-utenol -+ 1.2 - 2.4 1.8 11.3 4.9 10.7
2-Butanol - .- .- 3.8 .- 3.9 0.8 4.9
2-Butanone - - -- -- .- 1.9 .- 3.0
2-Methyl-1-
Butanol - - - - - 4.5 -- 6.8

B thanol was injected at the rate of 193 g/kg cat/h.




Table 5-5
3¢ enrichment factors for each carbon, relative to the ethanol C-2
carbon, of the alcohols formed over the 0.4 mol% Os/Cu/Zn0 catalyst
upon injection of CH;'°CH,0H.* The data used to calculate these
factors were derived from the NMR spectra shown in Figs. 5-2-5-5.

13¢ Enrichment Factors

Product Alcohol T = 513K T = 533K T = 553K T = 573K
CH,0H 0.9 1.0 0.9 0.7
o 10 o 1o 10
CI:HZOH 10.9 14.7 8.6 2.4
a0 s.s o8 6.5 31
CI:HZ 6.4 6.3 3.7 1.4
(IZHZOH 2.3 1.8 1.6 0.9
e 9.2 6.8 5.0
CI:HZ 7.9 3.9 1.8
CIJHZOH not detect;gd not detected 0.6

, s 2.0 2.9 2.5
éHz 12.3 5.8 - 3.3
éHz not detected 1.2 0.8
(IZHZOH 6.4 1.8 1.1
® 09 2.0 14
CIJHOH 7.5 16.6 8.9
CI:H2 0.9 3.3 1.7
C!:H3 4.9 13.2 8.5
oy 13 1.5
é:Hz 8.3 4.9
CH(CH3) 3.3(3.3) 1.1(1.9)
clznzoa ' 2.2 0.8
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Table 5-5 (Cont'd.)

*Ethanol was injected at the rate of 193 g/kg cat/h.

PFor the special case of 2-methyl-l-propanol both terminal methyl groups
are equivalent; however, only one can be enriched via the aldol mechan-
ism. Therefore, the observed enrichment was taken as a true measure of
the relative rate leading to enrichment of this carbon, and no correc-
tion for the presence of two equivalent carbons was necessary.
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obtained at 533 and 573K are shown in Figures 5-6 and 5-7, the calcu-
lated enrichment factors being summarized in Table 5-6. It was observed
that only the C-2 carbons of l-propancl and 2-methyl-l-propanol were en-

riched, i.e.,

* *
C-C-OH—=C-C-C-OH (5-5)
* * Cx
C-C-OH==C-C-C-OH-> C-C-OH (3-8
C

This indicated that there were significant differences in the mechanis-
tic pathways over the Cs-doped and undoped Cu/ZnO catalysts. The
injection of ethanol into the synthesis gas stream over the undoped
catalyst led to a dramatic increase in the synthesis of the C} oxygen-
ates, again indicating that ethanol was a di;gct precursor in.the
formation of the higher molecular weight products.

In addition to the principal alcohols, small quantities of the
methyl esters of carboxylic acids as well as aldehydes and ketones
corresponding to their alcohols were detected by GC. The aldehydes and
most of the methyl esters were not detected in sufficient quantities to
allow the 3C enrichment factors to be calculated from the NMR data. At
553K over both the undoped and Cs-promoted catalysts, the resonances for
2-butanone and methyl propanoate were observed and enrichment factors
for all the carbons except the carbonyl carbons calculated. fhe
results, shown in Table 5-7, indicated that the enrichment factors were

comparable to those obtained from the proposed parent alcohols. It was
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Effect of injecting non-enriched ethanol and *C-1 en-
riched ethanol into the synthesis gas feed over the non-
promoted Cu/Zn0 catalyst at 533K on the ®C-NMR spectra of

the liquid product.
Figure 5-2.
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the liquid product. Experimental conditions are given in
Figure 5-2.
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-Table 5-6

35C enrichment factors for each carbon, relative to the ethanol C-2
carbon, of the alcohols formed over a binary Cu/Zn0 catalyst upon
injection of CH,;'*CH,0H.®

13c Enrichment Factors

Product Alcohol T = 513K T = 533K T = 553K T = 573K

CH,;0H 0.7 0.8 0.8 0.7

a, 10 10 1.0 1.0

CIIHZOH 13.4 17.2 11.2 3.8

a s 13 1.6 11

Clll-lz 12.1 15.6 8.4 2.5

Cl:H,_OH 2.5 1.5 1.3 0.8

€ not detected 3.2 3.8

CI:H2 5.6 8.9 6.2

(IZHZOH not detected not detected not detected

s 09 13 11

(liHZ 13.6 9.3 4.6

(I3H2 1.7 0.9 0.8

C|JH30H 5.2 2.5 1.4

s not detected 0.6 10 15

L!ZHOH 4.9 4.1 4.7 4.4

({JHZ 1.9 1.3 1.1 1.3

éHa 4.0 3.2 2.7 3.4

s T 1e 0.8

(lle 17.4° 5.3

(I.‘.H(CHS)‘: 6.0(2.4)°¢ 1.5(1.8)¢

(IJHon A | 0.7
170
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Table 5-6 (Cont'd.)
*Ethanol was injected at the rate of 193 g/kg cat/h.

PFor the special case of 2-methyl-1l-propanol both terminal methyl groups
are equivalent; however, only one can be enriched via the aldol mechan-
ism. Therefore, the observed enrichment was taken as a true measure of
the relative rate leading to enrichment of this carbon, and no correc-
tion for the presence of two equivalent carbons was necessary.

°The enrichment factor of the methyl group in parentheses, (CH;), is
given by the numerical value in parentheses.
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Table 5-7

Comparisons of the !°C enrichment factors for l-propanol, methyl
propionate, 2-butanol, and 2-butanone formed over the Cu/Zn0O
catalysts at 553K upon injection of CH,'*CH,0H.®

13¢ Enrichment Factors

Product
Undoped Cu/Zn0 0.4 mols Cs/Cu/Zn0
<':H3 1.6 6.5
éHZ 8.4 3.7
(|JH20H 1.3 1.4
@, T “e
cI:Hz' 7.4 2.4
L}O not analyzed not analyzed
(I)
I
CH, 1.3 0.6
@, 10 2.9
(I:HOH 4.7 16.6
(lJHZ 1.1 3.3
(i:H3 2.7 13.2
’, 10 1
<IJ=O not analyzed not analyzed
C!:Hz 1.5 3.5
(I:H3 5.1 12.7

®Ethanol was injected at the rate of 193 g/kg cat/h.
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clearly indicated that the acyl fragment of the ester was derived from
the corresponding alcohol.

A subsequent set of experiments was performed to complement the
labeled ethanol injection experiments. The experiments involved the
injection of a mixture of enriched methanol, i.e., I%HQOH, and ethanol
which contained only natural abundance 13C. This mixture was injected
into the synthesis gas over both an undoped Cu/ZnO and a 0.4 mol$g
Cs/Cu/Zn0 catalyst. The 13C-NMR spectra of the liquid products col-
lected at 533K are presented in Figures 5-8 and 5-9. Over the undoped
catalyst, Figure 5-8, the C-1 carbon of l-propanol as well as the carbon
of the methoxy group of methyl acetate was selectively enriched in

comparison to the other carbons, i.e.,

* *
C-C-OH 4+ C-OH==C-C-C-OH (5-7)
and
0 (o] .
i * Il *
C-C-H + C-OH=—=C-C-0-C (5-8)

Similar results were observed over the Cs-doped catalysts as shown in
Figure 5-9.

Enrichment factors were calculated for both sets of experiments
using the unlabeled ethancl as an internal standard and combining the
3C-NMR data with the GC data. The enrichment factors are tabulated in
Tables 5-8 and 5-9-for the Cu/Zn0 and 0.4 mols Cs/Cu/Zn0 catalysts,
respectively. It was observed for the 13CH;,OH/CH_—;CHZOH injection experi-

ments that the C-1 carbon of l-propanol and the methoxy carbon of methyl
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Figure 5-8. The C-NMR spectrum of the liquid product obtained upon
injection of a °C methanol/ethanol = 1.32 mixture at the
rate of 10 pl min into the H,/CO = 0.45 synthesis gas feed
(GHSV = 3260 £(StP/kg cat/h under steady state conditions
at 533K and 7.6 MPa) over the undoped Cu/ZnO catalyst.

The *C enrichment of methanol was 90.1.

174

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CH,oHICH,CH OH
Injection
| |
i l " | I |
13CH,OH/CH,;CH,OH T
Injection /"'
VN
\)\‘
on ./\/00'
A e ‘ i
| s -
oM o W“I
VY ’\(“ )./ l
S A A A
N I l /
1 R ll 1 13 o L
L L ] I 1 I 1 1, 1 I 1 I H 1 |

1 1 2 (]
90 80 70 60 50 40 30 20 10 0
ppm shift from TMS

Figure 5-9. Effect of injecting a non-enriched methanol/ethanol
mixture and a °C-1 methanol/ethanol mixture into the
synthesis gas feed over the 0.4 mol$ Cs/Cu/Zn0 catalyst at
533K on the 3C-NMR spectra of the liquid product. Ex-
perimental conditions are given in Figure 5-8.

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5-8
3¢ enrichment factors for the principal products formed over a binary
Cu/Zn0 catalyst upon injection of a 1”CH30H/CH3CH20H= mixture
into the H,/CO = 0.45 synthesis gas.

13c Enrichment Factors

Product Alcohol T = 513K T = 533K T = 553K T = 573K
CH,O0H 17.4 8.4 2.1 1.0
o, 10 1o 10 10
(l':Hzol-I 1.0 1.0 1.0 1.0
o’ 3 s 2 0.5
<I:H2 0.8 1.0 1.0 0.7
<IIH20H 10.3 11.3 3.4 1.2
@ ss s.e 3 0.7
(I)
I
=0 not analyzed/not analyzed/mot analyzed/not analyzed.
éna 1.0 1.0 0.5 0.7
® 13 10 12
(|:H2 1.0 1.0 1.0
éHz 7.3 2.7 1.8
(l:HzOH 6.3 2.1 1.2
@ T 5.8 5.8
cl;ﬂ2 0.8 1.3
(l:HZOH 4.7 2.1
@ T 0.8 0.9
(lzl-lz 0.6 0.9
clzu(cna)c C O 2.3(1.7)° 1.2(1.3)°
(l3H20H . 2.9 1.2
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Table 5-8 (Cont’d.)

2Simuitaneous injection of methanol (47 g/kg cat/h) and ethanol
(147 g/kg cat/h).

PFor the special case of 2-methyl-l-propanol both terminal methyl groups
are equivalent; however, only one can be enriched via the aldol mechan-
ism. Therefore, the observed enrichment was taken as a true measure of
the relative rate leading to enrichment of this carbon, and no correc-
tion for the presence of two equivalent carbons was necessary.

°The enrichment factor of the methyl group in parentheses, (CHy), is
given by the numerical wvalue in paremtheses.
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Table 5-9
3¢ enrichment factors for the principal products formed over a 0.4 mols
Cs/Cu/Zn0 catalyst upon injection of a **CH,0H/CH;CH,0H® mixture
into the H,/CO = 0.45 synthesis gas.

13¢ Enrichment Factors

Product Alcohol T = 513K T = 533K T = 553K T = 573K
CH;0H 5.9 1.7 1.0 1.1
a, 1o 10 1o 10
(IJHZOH 1.0 1.0 1.0 1.0
c, e o8 L3 1.6
(|:H2 0.7 1.0 0.7 1.0
(!':HZOH 2.3 2.6 1.5 0.7
a, 3 21 09 1o
I
o
|
=0 not analyzed/not analyzed/mot analyzed/not analyzed
éH3 1.0 1.0 0.9 0.9
c, 0.7 10 12
(I:Hz -- 0.8 1.0
(lin 1.3 1.3 1.1
(IJHZOH 1.5 1.4 0.8
R 8.8 6 3.2
(iJH2 2.7 1.0 1.1
éuzou 6.3 1.9 0.9
aw, T s L1
(IIHZ 1.3 0.7
(llH(Cl-la)‘: 1.8(1.5)¢ 1.1(0.8)¢
(I:HZOH ‘ 1.7 0.7
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Table 5-9 (Cont'd.)

2Simultaneous injection of methanol (47 g/kg cat/h) and ethanol
(147 g/kg cat/h).

BFor the special case of 2-methyl-l-propanol both terminal methyl groups
are equivalent; however, only one can be enriched via the aldol mechan-
ism. Therefore, the observed enrichment was taken as a true measure of
the relative rate leading to enrichment of this carbon, and no correc-
tion for the presence of two equivalent carbons was necessary.

°The enrichment factor of the meéhyl group in parentheses, (CH

)
34
given by the numerical wvalue in parentheses.

(2]

s
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acetate were preferentially enriched. At reaction temperatures of 533
and 353K, further enrichment was noted over both catalysts in the C-1
carbon of l-propanol, the C-1 and C-2 carbons of l-butanol, and the C-1

and €C-3 carbons of 2-methyl-l-propanol, i.e.,

*
* * C-OH
C-C-OH + C—OHW C-C-C-0OH ==mmmp
Cs/Cu/ZnO (5-9)

O

*x X *
C-C-C-C-OH + -g—C-OH
The observed enrichment of the C, alcohols described by Eqn. (5-9),
determined from the labeled methanol/unlabeled ethanol injection
experiments, were further documented by the injection of a mixture
carbon 13 enriched methanol and unlabeled l-propanol containing only

3¢, The calculatedénrich;nent factors, Table 5-10,

natural abundance
indicated that the C, products formed from the °CH,0H/*2CH;2CH,*?CH,0H

had the predicted labeling patterm, i.e.,

*
Cc-C-C-OH + GC-OH m»
Cs/Cu/Zn0

* *
C-C-C-C-OH + C—CE-C—OH
C

(5-10)

The enrichment factors also indicated that the enrichment of ethanol
also occurred during the °CH;0H/l-propanol injection experiments due to
the synthesis of ethanol from the injected methanol. The results
indicated that the active C; intermediate that gave rise to the methyl

group of the methyl esters and to the chain growth in the synthesis of
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Table 5-10

33¢ enrichment factors for products formed over a 0.4 mols Cs/Cu/Zn0
catalyst upon injection of a 13CH30H/1-propanol‘ mixture into the
H,/CO = 0.45 synthesis gas.

L
13c Enrichment Factors

Product Alcohol T = 513K T = 533K T = 553K T = 573K
CH,0H 9.6 4.3 1.2 0.9
s 3.6 g0 2.0 1.6
énzon 2.5 5.9 2.0 1.1
ay, 10 10 10 1.0
énz 1.0 1.0 1.1 1.1
clmzou 0.9 1.1 0.9 1.0
ey 2.2 v 0.9
(liﬁz -- 1.9 . 1.4 1.2
cl:uz -- 1.9 1.0 1.1
(IIHZOH 15.6 8.1 2.8 ) 1.2
@y 2.6 8.6 3.8 2.8
cI:Hz 0.6 1.3 1.1 0.9
clznzon 1.4 5.5 2.5 1.4
T 0.9
én(cnar --(2.5)¢ 0.7(1.3)¢
(IJH?_OH 1.8 0.6
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Table 5-10 (Cont'’d.)

aSimultaneous injection of methanol (47 g/kg cat/h) and ethanol (150
g/kg cat/h).

PFor the special case of 2-methyl-1-propanol both terminal methyl groups
are equivalent; however, only one can be enriched via the aldol mechan-
ism. Therefore, the observed enrichment was taken as a true measure of
the relative rate leading to enrichment of this carbon, and no correc-
tion for the presence of two equivalent carbons was necessary.

“The enrichment factor of the methyl group in parentheses, (CH,), is
given by the numerical wvalue in parentheses.
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the higher alcohols was preferentially derived from the injected gas-
phase methanol rather than from the CQ. It was observed that over the
Cs/Cu/Zn0 catalyst at 573K, no enrichment of the carbons in the alcohol
products was observed upon injection of 3CH,0H/CH,*’CH,0H, Table 5-9.
The loss of the label at the high temperature occurred because methanol
was in equilibrium with the CO and H, of the synthesis gas and the °C
enrichment of the methanol therefore was readily lost by immediate

dilution with the much more abundant, unenriched CO.

DISCUSSION
THE EFFECT OF CESTUM ON THE SYNTHESIS RATES AND SELECTIVITIES

As shown in Tables 5-1 and 5-2, the addition of the cesium
component to the Cu/Zn0 catalyst was effective in promoting the forma-
tion of the higher alcohols with the notable exceptions being ethanol
and methyl acetate. The cesium doping had little effect on the ratio of
the yield of the branched products, R-CH(CH;)CH,0H, that resulted from
R-addition, to the reséective yields of the parent linear alcohols, R-
CH,CH,OH, e.g. 2-methyl-l-propanol/l-propanol (i-C,/1-C;) and 2-methyl-1-
butanol/l-butanol (i-Cs/1-C,). The cesium doping did, however, have a
dramatic effect on the ratio of the yield of higher alcohols to the
yield of ethanol. The ratio of 1-propanol to ethanol increased by a
factor of 5 with little change in the i-C ,;/1-C, alcohol yield ratios.
Because the cesium dopant enhanced the overall yield of the higher
alcohols and the l-propanol/ethanol ratio, the cesium must have enhanced
the rate of ethanol formation along with an even greater increase in the

rate of ethanol conversion into l-propanol and subsequently the other
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higher alcohols. This unique promotional effect by cesium explained the
increased yields of the Cj oxygenates with the concurrent decrease
selectivity for ethanol that was observed.

The level of cesium loading on the catalyst was observed to
increase the rate of CO conversion to a maximum followed by a decrease
in the activity at higher concentrations. This observation was attribu-
ted to the bifunctional nature of the studied alcohol synthesis cata-
lysts (Vedage et  al., 1984; Vedage et al., 19854). One function of the
catalyst was provided by the basic nature of the alkali ion and its
counterion which catalyzed the various C-C and C-0 bond-forming reac-
tions while the second portion of the catalyst provided the hydrogena-
tion funcéion. As the cesium dopant concentration increased, the ratio
of the two functions was altered until a maximum activity over the
catalyst was achieved. At higher cesium loadings, inhibi£ion of alcohol
synthesis occurred as the hydrogenation sites of the catalyst began to
be blocked. In addition to promoting higher alcohol synthesis, the

alkali also suppressed the yields of the hydrocarbons.

THE MECHANISM OF THE SYNTHESIS OF HIGHER OXYGENATES

The injection of the labeled alcohols and alcohol mixtures into
the synthesis gas afforded insight into the different mechanisms
operating over the Cu/ZnO and cesium promoted Cu/ZnO catalysts. The 3C
incorporation patterns allowed the determination of the principal carbon
source for each carbon of the product as originating from the CO/H,

synthesis gas or the injected precursor compounds.
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The liquids that were injected were 2CH;3CH,0H, a *2CH;2CH,0H/
*3CH,0H mixture, and a 2CH,'?CH,*“CH,0H/ °CH;OH mixture. It was observed
that the injection of the C; or C,/C; alcohol mixture led to a greatly
enhanced yield of the C} products (Table 5-4) and the injection of the
C;/C, mixture likewise greatly enhanced the yields of the C} products.
The product composition demonstrated that the injected alcohols were
being incorporated into the synthesis of the higher oxygenates.
Although the injected alcohols were in excess to what was typically
observed in the native synthesis over the catalysts, their rapid
incorporation into the products permitted the conclusion that the native
synthesis proceeded by the same mechanism as that revealed by the
isotope flow during the injection experiments. The isotope incorpora-
tion patterns provided evidence that the synthesis proceeded in a step-
wise manner, the major mechanistic steps involving a C, addition to a C,
precursor and the minor mechanistic steps involving a C; (m = 2,3)
addition to a C; (n = 2) precursor. It was realized that the individual
steps proceed via unique surface intermediateé, some of which could not
be determined from the studies. However, it was possible to postulate
the structure of the intermediates based upon basic principles of
chemistry and the insight provided by the isotope labeling experiments.

A general reaction network was proposed for the synthesis of the
higher oxygenates over the cesium promoted Cu/ZnO catalysts. The
network took into account the observed product distribution, the effect
of cesium on the synthesis rates and the selectivity, the incorporation
of lower alcohols into the higher alcohols, and the 3C isotope dis-

tribution observed in the higher oxygenates synthesized upon injection
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of the 13C-enriched lower alcohols. Previous reaction networks have
been proposed (Smith and Anderson, 1983, 1984; Vedage et al., 1985A)
over the same type of catalyst. The network detailed here is an
extension of the earlier versions with modifications made to incorporate
the new findings. The network is based upon individual reaction steps
that account for the oxygenates that were synthesized. The five
reaction steps of the network are:

Linear Chain Growth (2) via the addition of a C; unit to the

carbon bearing the alcochel functional
of a C; to the end of a growing chain accounts for the
synthesis of the linear primary alcohols, i.e., ethanol, 1-
propanol, l-butanol, etc.;

Beta-addition (8) of a C; unit to a G, (n = 2) surface
species which yields l-propanol-(n = 2) and leads to the
formation of the branched alcohols 2-methyl-1l-propanol

(n = 3) and 2-methyl-1-butanol (n = 4);

Beta-addition (B) of a C; (m = 2,3) to a C; (n = 2) surface

ing l-butanol, 2-butanol, l-pentanol, 2-methyl-1l-butanol,
3-pentanol, 3-methyl-2-butancl, and 2-methyl-3-pentanol;
Tischenko/Cannizzaro Reaction which accounts for the forma-
tion of the methyl esters of carboxylic acids which cox-
respond to the synthesized alcohols and;

Methyl formate formation which is formed by the carbonyla-

tion of methanol.
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The five pathways which comprise the reaction network were based upon

the experimental findings and are discussed as follows:

Stepwise Linear Carbon Chain Growth (&)

Linear chain growth can be proposed to occur by two possible
mechanistic pathways, both of which are comsistent with the experimental
results that have been presented. The two pathways are b;sed upon the
bifunctional hydrogenation/base nature of the catalyst and involve an
adsorbed formyl moiety as the reactive species.

The first possible mechanism involves the nucleophilic attack by
the formyl species (HCO®) upon the carbonyl carbon of an adsorbed
aldehydic intermediate. The resulting dioxygenated species subsequently
undergoes hydrogenation/dehydration which yields the C.4; alcohol. If
the adsorbed aldehydic intermediate is formaldehyde, the nucleophilic
attack by a formyl species would result in the C, precursor of ethanol.
This mechanism has been postulated by Fox et al. (1984) as detailed in
Chapter 4. The second mechanism also postulates that a nucleophilic
formyl species is the active intermediary in the pathway. The nucleo-
philic formyl species attacks the C-1 position of an adsorbed alcohol,
the hydroxyl being the leaving group in an Sy2-type mechanism. Either of
these two possible linear-growth reaction mechanisms explains why, in
the *2CH,*CH,OH ethanol injection experiments, the 13C label is subse-
quently found in the C-2 position of l-propanol (Tables 5-5 and 5-6).

As shown in Table 5-6, this pathway is the exclusive mechanistic route
for the C,»C; step over the cesium-free, nonpromoted Cu/ZnO catalyst.

The source of the reactive C; species has also been determined to be a
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derivative of methanol. This was demonstrated by the injection of
*2CH,0H/**CH,**CH,0H mixtures which yielded l-propanol enriched at the C-1
carbon over both the cesium-free and the cesium-prmoted Cu/Zn0 catalyst.
Furthermore, enrichment of the C-1 and C-2 positions of 1-butanol also
supported the active C; species being derived from the enriched methanol
(Tables 5-8 and 5-9).

Limitations of the linear chain growth mechanism functioning over
the catalysts are evidenced by the absence of cbservable yields of
specific reaction products. 3-methyl-l-butanol and 3-methyl-l-pentanol
would be expected if linear chain growth had occurred by the C, addition
to 2-methyl-1l-propanol and 2-methyl-l-butanol, respectively. By con-
sidering the electronic and steric restrictions on the two linear growth
steps, the absence of the products can be explained. Branched alcohols
would be expected to field adsorbed aldehydig species that would be less
susceptible to nucleophilic attack due to the inductive effect of the
alkyl groups present in the C-2 carbon position. By considering steric
factors, the rates of reaction would be expecfed to decrease as the
number and size of substituents on the C-2 carbon of the reacting
alcohol increased (Morrison and Boyd, 1983). The occurrence of 8-
branching in a product would therefore inhibit the linear pathway of
chain growth as was observed for 2-methyl-l-propanol and 2-methyl-1-

butanol.

8 Additions Involving C .+ G, (n > 2) and C + C, (n.m = 2.3) Steps

The significance of reactions at the beta-carbon of the growing

oxygenate chain, i.e.,
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-C-C-C-0
Yy R a

is documented by the observed product composition, Table 5-2, and the
patterns of 3C incorporation into specific carbons of the product
molecules from various '*C-labeled alcohols, Tables 5-5 - 5-10. Al-
though the reaction between a C; intermediate and the beta-carbon
dominates in the synthesis, additional minor pathways involving the
reactions between C;, (m = 2,3) and the beta-carbon also occur. The
promotional effect of cesium is Gemonstrated by the enhancement of the
rates of all C, » C} (n = 2) synthetic steps, particularly the C, - C,
step. Based upon the nature of the cesium promoter and counterions, the
reaction pattern is presented in terms of base catalyzed beta additions.
The reactive species invoked in the present system are enolates, or
carbanions, that form by the dehydration and ionization of aleohols in
the presence of surface cesium ions. The sc.heme is based upon the beta
addition reactions that are observed in aldehyde and ketone chemistry.
A general scheme has been developed which accounts for the pro-
ducts and 13C distribution patterns that were observed, Figure 5-10. In
the first step, dehydrogenation of an alcohol results in the formation
of the corresponding aldehyde or ketone. Proton abstraction from the K-
position by the base, cesium hydroxide, yields an enolate species. The
enolate species condenses with an aldehyde yielding the R-ketc-alkoxide
intermediate (in the case of C, aldehyde addition, R" = H). 1In the
schematic, the R"CHO species is an aldehydic species which contrasts
previous emphasis on the formyl, not formaldehyde, species. The R"CHO

species may be a true aldehyde that originates from a surface formyl
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* _HZ *
RCHZCHOH ~———— RCH;C=0

1 H2
R R'
~H,0|Cs" OH™
Rl
|
enolate C*
N
rRHc Z {cs) ~0°®
ll.
R CHO
R
/CH\*/ '
®
B - keto- R"HC C
alkoxide | il
0® ~~ O
iCs™)
~__~/

Figure 5-10. A general scheme for the formation of a R-ketoalkoxide by
the condensation of an enolate and an aldehyde species.
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group. This could be addressed by M.0. calculations to detrmine the
most plausible mechanistic route. The R-ketoalkoxide intermediate can
subsequently undergo isomerization, hydrogenation, and hydrolytic and
dehydration reactions denoted as @, @ and @ in Figure 5-11. The
rates by which the three steps occur determine the relative abundance of
the two possible products, R"CH,CHRCHR’'OH and R’CH,CHRCHR"OH. The
labels @ and * denote carbon atom positions that have been investigated
by the various 13C-labeling experiments performed. Pathway @ involves
the hydrolysis of the cesium-alkoxide bond to form an alcohol which
subsequently undergoes dehydration. Hydrogenation of the intermediate

would then yield the alcohol isomer product,

0 o
H,0 -H,0
cs®C0CHR"CHRER’ —29-HOCHR"CHRCR' ~—2a
-CsOH
o) . (5-11)

. n_, 2H, . ,
CHR"=CRCR == CH,R"CHRCHR OH

Alternatively, pathway @ depicts the hydrogenation of the carbonyl
group to an alcohol which subsequently undergoes dehydration. Hydroly-
sis of the cesium-alkoxide bond and hydrogenation would then yield the

depicted alcohol,
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Kf/\ R

R |
® ! * . ) ] *
CH,CHCHR HOCHCHCH, R’
| | |
Rn OH \@ Rn

Figure 5-11. A scheme for the isomerization, hydrogenation, and hydro-
lytic/dehydration reactions involving the R-ketoalkoxide.
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0
cs®C0CHR* CHRER' —2—

H20

cs®© 0CHR"CHRCHR OH—

H,0 (5-12)
cs®C0CHR"CR=CHR'——2n

~-CsOH

H
HOCHR"CR=CHR'=—=HOCHR"CHRCH,R’

An identical intermediate has been postulated for the dehydration of
1,3-butanediol over a Cu/Kieselguhr catalyst (Molnar and Bartok, 1981;
Bartok and Molnar, 1983). The principal products were l-butanol and 2-
butanol with their corresponding aldehyde and ketone also identified
(butanol and methyl ethyl ketone, respectively). As shown in Figures 5-
10 and 5-11, the oxygens of the B-ketoalkoxiée are in a cis-conformation
which allows both to coordinate with the cesium ion. Rotation about a
carbon-carbon single bond would give rise to a conformation with distal
oxygens as shown in Figure 5-12, the ease of this transformation being
dependent on the substituents R and R’ and their interaction with the
catalyst surface. The two possible alcohol products predicted by the
scheme in Figure 5-11 are presented in Table 5-11 based upon the product
alcohols observed during alcohol injection experiments and during native
synthesis (the products synthesized from the H,/CO). The combination of
R, R’, and R" substituents, the injected compounds and their isotopic
composition are also listed. The designation of pathways listed in

Table 5-11 relates the observed product to the product that would be
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Figure 5-12. A scheme depicting the cis-trans isomerization of a R-
ketoalkoxide bonded to a cesium ion. .
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Table 5-11

The two alconol products of Scheme 1II in terms of the combination
of the substituents R, R’, and R" injected compounds and
their isotopic composition and the paths involved.

R R R" ]injected Compound Product Pati

* ® ® * b
H H H | CH;CH,O0H+CH;OH (SH3CH2CH20H)

®
CH3CH2CH20H
Y [ ]

CHz H M | CHyCH, CHpOH+CH3OH | (CH3), CHCH,OH

(CH3), CHCH,OH
H CHy H [ (CH3),CHOH CH3z CH,CHOH CHy N

CH3CH2CH2CH20H 34

* * *

H H CHy| 2CHyCH,OH CH3 CH, CH,CHa OH

CH3 CHOH CH2CH3 R
CHy H CHgy native synthesis CH3CH2CH(CH3)CH20H

CH3CHOHCH (CHg),

H H C,Hg| native synthesis CH3(CH2)4OH
(C2Hg), CHOH

CH3 H CyHg| native synthesis CH3(CH, ), CH(CH3)CH,OH| N
CoHg(CHOH)CH(CH3), R

®N denotes a product that conforms to normal aldol synthesis;
R denotes a product in which the oxygen retained is opposite
to that predicted by normal aldol synthesis.

bproduct not observed over the Cs/Cu/ZnD at higher tempera-
tures.
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predicted according to an aldol reaction pathway. The N label denotes a
product that would conform to normal aldol synthesis whereas R denotes
a product in which the oxygen retained is opposite to what would be
predicted by the nomal aldol synthesis pathway. The R pathway will
therefore be called aldol coupling with oxygen retention reversal. In
Figure 5-11, path N would occur directly by sequence (:) or by the
combination of (:) followed by (:). For path R, it would occur directly
by sequence (:) or by the combination of (:) followed by (:).

The aldol coupling with oxygen retention reversal, path R, is
shown by the results in Tables 5-5 - 5-10 to be significant over both
the Cs/Cu/Zn0 and Cu/Zn0 catalysts. It was found that the R pathway
dominated in the C,»C,; step over the Cs/Cu/Zn0O catalyst at higher tem-
peratures as the product gh3CH;éh20H was not observed, as indicated by
placing it in parenthesis (Table 5-11). Furthermore, for C, products
with n = 4, both N and R paths have been observed; they account for all
the products that have been found and also explain the absence of the
numerous isomeric forms of the higher alcoholé that are possible. Each
of the individual synthetic steps will be discussed in light of the
patterns that have emerged from the data and the insights into the
mechanism that have been afforded by the outcome of the injections of
isotopically labeled precursor alcohols.

The C, + C, Synthesis. Two reaction pathways have been determined
from the reaction of ethanol with either methanol or CO/H, to form the
C; product, l-propanol. The two possible reaction pathways are linear
chain growth, £, and beta addition, R, which both result in the forma-

tion of l-propanol. The dominant pathway over the undoped Cu/Zn0O

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



catalyst was determined to be the linear growth mechanism as the injec-
tion of ethanol enriched by carbon 13 in the C-1 position yielded 1-

propanol enriched in the C-2 position (Tables 5-6 and 5-7),

* *
C-C-0 + C-0==C-C-C-0 (5-13)

Over the Cs/Cu/Zn0 catalyst, the B-addition was accelerated, occurring
almost exclusively by the aldol coupling with oxygen retention reversal,
R. This was evidenced by the injection of ethanol, 13C enriched in the
C-1 position, which yielded l-propanol predominantly labeled in the C-3

position (Tables 5-5 and 5-7),
* *
C-C-0 4+ C-O0—»(C-C-C-O (5-14)

This unique enrichment scheme was explained as the cis-R-ketoalkoxide
903}1201125}10 , which was derived from the C, + C; addition, having isomer-
ized by route (:) to a conformer which had only the alkoxy oxygen bonded
to the Cs® ion. The distal carbonyl group was then independently
hydrogenated on the Cu/Zn0 surface, dehydrated, and hydrogenated to a
surface species that was released as éhacHZEhZOH by hydrolysis. The
553CH2- group originated from the labeled ethanol and the -thOH group
from the C, intermediate. This latter assignment was confirmed by co-
reacting unlabeled ethanol and carbon-13 enriched methanol resulting in
the formation of l-propanol enriched in the C-1 position over both the

Cu/Zn0 and Cs/Cu/Zn0 catalysts (Tables 5-8 and 5-9),
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—C“—‘=—C—C—(‘3—O (5-15)
The C, + C; mechanistic pathways that operate over the two catalysts can
be summarized as

£ >> R(N) = R(R) for the Cu/Zn0 catalyst

B(R) = £ >> R(N) for the Cs/Cu/Zn0 catalyst at T < 530K

B(R) >> £ >> B(N) for the Cs/Cu/Zn0 catalyst at T > 530K
The results demonstrate that the presence of cesium accelerates the
C, -+ C; conversion by greatly promoting the C, + C; coupling reaction
with oxygen retention reversal. The promotion of this mechanistic
pathway explains the observed product distribution with the yields of
ethanol at a minimum while the C} alcohols and methanol are at a maxi-

mum.

The C; + C, Synthesis. The addition of a C; intermediate to 1-

propanol by linear growth, £, yields l-butanol which was a minor pro-
duct, while 2-methyl-l-propanol, a maior product, results by both R(N)
and B(R) additions. It was possible to distinguish between the R(N) and
B(R) pathways by the position of the 13C from labeled methanol in the 2-
methyl-1l-propanol product. The results, Table 5-10, for the Cs/Cu/ZnO
catalyst showed that at all temperatures, the B(N) path was slightly
more effective than the RB(R) path. For the injection of 2-propanol, an
alcohol that was not formed in the native synthesis over any of the
catalysts used, it was predicted that 2-methyl-l-propanol would be
produced by £, 2-butanol by R(N) and l-butanol by R(R). As revealed by

the product distribution obtained (Young, 1987), £ was a minor pathway
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for 2iatter slightly favored at high temperatures over the Cs/Cu/Znl the
catalyst.

For the C; + C, steps of the synthesis, the pathways were
dominated by the R-additions. The B(R) path was kinetically significant
but it was no longer strongly favored over the B(N) step as was observed
for the C; »+ C; step. The key factor which caused the significant
difference between the relative rates for the B(N) and B(R) for the C, -+
C; and the C; + C, steps appeared to be the presence of the methyl
groups of l-propanol and 2-propanol (where R = CH; and R’ = CH,,
respectively). The presence of the methyl substituents disrupted path
(:) by steric interaction with the catalytic surface which resulted in
the preference for the cis-conformation of the B-ketoalkoxide in the
schemes of Figures 5-10 and 5-11. The R-ketoalkoxide then underwent
conversions (:), <:>, (:) + (:) and (:) + (:), producing both the B(N)
and R(R) products. It must be noted that path (:> favors only the
product of the B(R) addition. In the C, - Ca'beta addition, it was
found that R(R) was the exclusive reaction pathway. Therefore, the
stereoisomerization (:) is fast compared to steps (:), (:), and (:) for
the sterically unhindered C, + C; synthesis (where R = R’ = R" = H).

The difference in the B(N)/B(R) selectivity observed between the
C, - C; and the C; -~ C, steps was also examined as possibly due to
electronic and thermodynamic factors. The methyl group in l-propanol (R
= CH;) is attached to a beta carbon whereas in 2-propanol (R’ = CHj),
the methyl group is attached to an alpha carbon. Based upon this, it

would be expected that the electronic and thermodynamic properties of
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intermediates derived from these two alcohols would be very different.
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behavior of l-propanol is much closer to that of ethanol than of 2-
propanol. This is readily exemplified by the dehydrogenation of the
three alcohols which yields aldehydes from ethanol and l-propanol
whereas a ketone is derived from 2-propanol. In the present system,
however, similar B(N)/B(R) selectivities for l-propanol and 2-propanol
condensations with a C; intermediate were observed which were different
than that for ethanol. This suggests that the electronic and thermo-
dynamic factors are of secondary importance compared to the steric
factors in determining the selectivity.

The C, products that resulted from the C; + C; addition over the
Cs/Cu/Zn0 catalyst rule out the CO insertion pathway (Mazanec, 1986) as
a dominant growth mechanism. This was most apparent for the injection
of 2-propanol or acetone which would be expe;ted to yield, by the CO
insertion path, 2-methyl-l-propanol, a product that was not formed from
2-propanol over the Cs/Cu/Zn0 (Young, 1987). This contrasts with the
synthesis of 2-methyl-l-propanol from acetone as observed over a zir-
conia catalyst (Silver et al., 1986) which confirms that different
mechanisms are operational over different catalysts. Comparison of the
overall synthesis rates over the Cs/Cu/Zn0 and related catalysts to
those observed for the Zr0, and related catalysts under comparable
conditions shows that the alkali-promoted beta addition is a far more
efficient chain growth mechanism in oxygenate synthesis.

The C; -+ C, chemistry as suggested by the studies over the most

active Cs/Cu/Zn0 catalysts can be summarized as
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v

B(N) = R(R) > ¢ for C; = 1l-propanol and

B(R) = B(N) >> & for G; = Z-propanol .
The B(N) path plays a significant role in the C; -+ C, chemistry which is
attributed to the steric hindrance in the stereoisomerization of the R-
ketoalkoxide intermediate. It is this stereoisomerization that accounts
for the preferred B(R) path in the C; + C; step. The dominant pathway
over the Cs/Cu/Zn0 catalyst is beta addition of a C; intermediate to the
intermediate formed from l-propanol yielding 2-methyl-l-propanocl. 2-
methyl-1l-propanol is the most abundant C, product and the principal
higher alcohol that is synthesized.

The C, + Cs Synthesis. The presence of the C5 products l-pentanol
and 2-methyl-1l-butanol (cf. Table 5-2) can be explained by invoking the
linear and beta addition chain growth pathways where a C; intermediate
adds to the C, intermediate, l-butanol. Beta addition to 1-butanol
(R = C,Hs, R’ = R" = H) leads to the formation of 2-methyl-1-butanol
whereas linear growth results in the formation of l-pentanol. The
growth of 2-methyl-1l-propanol by beta addition B(N) or B(R) would
predict the formation of 2,2-dimethyl-1-propanol, a product that was not
observed. The absence of products that would be derived by C, addition
to the 2-methyl-alkanols suggests that the occurrence of the 2-methyl
branch prevents further chain growth involving the alcohol. This is
analogous to aldol synthesis which does not occur with aldehydes that
are brznched at the beta carbon. 1In the schemes of Figures 5-10 and
5-11, the substituent R would represent the two methyl groups which
prevent the enolate/carbznion [R,C=CH-0]° from reacting further. As

also discussed, 2-methyl-l-propanol does not undergo linear chain
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growth, £, the chain growth ending at 2-methyl-l-propanol and, in

- A

gemeral, with every Z-methyl-i-alkanol. Based upon the observation that
the major product 2-methyl-l-propanol is formed by B-addition to the
major product l-propanol and that all higher 2-methyl-l-alkanols are the
products of B-additions to l-alkanols that are minor products, the
termination of the chain growth at 2-methyl-l-alkanols is the primary
cause for 2-methyl-l-propanol being the dominant product of higher
alcohol synthesis.

The C, » C, Synthesis. The coupling of two C, intermediates by
the B(N) path yields 1l-butanol and by the 8(R) path, 2-butanol. The
synthesis of 2-butanol arises solely by B(R) coupling as evidenced by
the 13C label locations in the C-2 and C-4 carbon positions resulting
from the injection of ethanol labeled in the C-1 position (Tables 5-5
and 5-6). Although 2-propanocl + C; coupling\would be predicted to yield
2-butanol, the absence of a reaction pathway.to 2-propanol, a product
which has never been observed, eliminates the peossibility of thi
reaction. There are, however, two other possible pathways for the
formation of 1l-butanol. C, + C, B(N) coupling has been documented to
occur by the appearance of 13C-1 ethanol labels in the C-1 and C-3
positions of l-butanol. Formation of 1l-butanol by C; + C; linear
growth, £, is indicated by the 3C label from the **C-1 ethanol ending up
in the C-4 or C-3 position of 1l-butanol depending upon whether the C-3
or C-2 of l-propanol was enriched in the previous synthetic step. As
shown in Tables 5-5 and 5-6, both the C, + C, R(N) and the C; + C, £
paths operate with the latter path preferred at high temperatures. The

increased rates of the linear growth at high temperatures may be attrib-
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uted to the greater abundance of the C; and C, reactants even in the
presence of the injected €, aicohol. Table 5-Z shows that the synthesis
rates of l-butanol are approximately four times the rate of 2-butanol
which is consistent with the C; + C; step being the main source of 1-
butanol while the C, + C, addition is the sole source of 2-butanol.

The C3; + C, (n = 2,3) Synthesis. These minor pathways invoke the
same reaction mechanisms that have been discussed and provide alternate
routes to the C, + C, and the G; + C; reactions that yield 2-methyl-1-
butanol, l-pentanol, and 2-methyl-l-pentanol. The coupling of C, + C;
fragments to form 2-methyl-l-butanol has been evidenced by the observed
isotope distributions, Tables 5-5 and 5-6. At 553K, the synthesis of
2-methyl-1-butanol over the Cs/Cu/Zn0 catalyst shows isotope distribu-

tions that indicate a pathway

® *x X o *
C-C-OH + C—C—C—OH—>C—C—(|)—C-OH (5-16)
Cx

Using the reaction pathways in the schemes in Figures 5-10 and 5-11, it
is possible to account for the selective formation of all the higher
alcohol products listed in Table 5-2. The formation of 3-methyl-2-
butanol would occur via C; + C, B(R) where R = R" = CH; and R’ = H.
Also, by the C, + C; R(R) pathway, l-pentanol would be predicted with R
= R’ = H and R" = CH,CH;. 3-pentanol would likewise be predicted by the
C,+C38(R) pathway where R=R"=H and R’~CH,CH;. . The formation pathways for
the Cg alcohols are also explained in an analogous fashion. 2-methyl-3-
pentanol would be synthesized by C; + C; RB(R) and 2-methyl-l-pentanol

via C; + C; 8(N) from precursors with R = CHj, R’ = H and R" = CH,CH;.
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All of these products and their corresponding aldehydes or ketones have
been identified in the reaction product and their formation pathwavs

explained by the two types of beta-addition, S(R) and R(N).

Aldehydes and Ketones

The occurrence of aldehydes and ketones is readily explained based
upon the fact that copper-based catalysts are good hydrogenation/-
dehydrogenation catalysts. All of the observed aldehydes and ketones
corresponded to dehydrogenated alcohols that were synthesized in the
native synthesis over the Cs/Cu/ZnO catalysts. Under the operating
conditions employed for higher alcohol synthesis at temperatures above
573K, the observed yields of aldehydes and ketones were'shown to be
close to the theoretical equilibrium yields {Young, 1987) for the

reaction stoichiometries,

RCHO + H,<===RCH,OH : (5-17)

and

RC(O)R’" + H,===RCH(OH)R’ (5-18)

Methyl Ester Formation

The observed isotope distributions in the methyl esters, Tables
5-7 - 5-9, suggested a reaction pathway with the acyl group derived
from the parent alcohol and the methoxy carbon from the methanol reac-

tant. The observed yields of the methyl esters were close to the
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calculated equilibrium yields (Young, 1987) based upon the reaction

stoicniometry,

RCHO + CH;OH==RCOOCH, + H, (5-19)

The mechanism for this reaction has been postulated (Vedage et al.,
1985A) to involve the methoxide anion, a surface species over this type
of catalyst, as the reactive species. The nucleophilic methoxide
attacks the electropositive carbounyl carbon with subsequent hydride

elimination from the intermediate resulting in the product,

()G; ()E; I}
i 1
CH,0® + H,ng—-—CH;,o—cl:—R—»cmocn + H® (520
. H i

The reaction may be facilitated by the stabilization of the hydride on
the ZnO or copper surface, the existence ofhéurface hydrides demon-
strated in the literature (Kokes and Dent, 1969 & 1972; Eiscyens et al.,
1962) and in this work (Chapter 3). The proposed reaction path is
similar to the Tischenko reaction (March, 1977) in which two aldehydes
combine to yield an ester. The reaction involves aldehydes with or
without beta hydrogen, one of which is oxidized while the other is

reduced, and the mechanism involves hydride transfer.
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Summary of the Reaction Pathways and the Effect of Cesium on Higher

Oxygenate Syntnesis.

The synthesis of the higher oxygenates from carbon monoxide and
hydrogen over the copper-based catalysts occurs by pathways which
involve:

(1) linear growth £ , that yields a C,,;, primary alcohol from a
C,(n=1) primary alcohol;

(2) addition of C,;, C, and C; oxygenated fragments to the 8-
carbon of C, alcohols (n>2) yielding C,,, alcohols (m =
1,2,3);

(3) 1in the C, plus C; R-additions, the retention of the oxygen
associated with the C, fragment and rejection of the oxygen
associated with the C, fragment, designated as B(R), aldol
coupling with oxygen retention :gversal;

(4) 1in the same R-additions as (3), oxygen retention of the C,
fragment and rejection of the oxygen associated with the C,
fragment, designated as B(N), aldol coupling with normal
oxygen retention;

(5) neither B nor £ chain growth steps for 2-methyl-1-alkanols;
and

(6) the presence of aldehydes, ketones and methyl esters derived
from and at high temperatures in equilibrium with their

corresponding alcohols.

The addition of cesium to the Cu/Zn0 catalyst was found not only

to promote linear growth, £, but also to significantly promote R-addi-
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tion which increased the selectivity to the predominant branched product

-

N

-methyl-1-propanoi. Two types of B-addition were defined, B(N) and
B(R), which were determined by the oxygen that was retained in the finmal
product. Of the two R-additioms, that with oxygen retention reversal,
B(R), dominated the C, + C; step over the Cs/Cu/Zn0 catalyst at high
temperatures. It was observed that both the R(N) and R(R) additions
occurred in the C, - C,;; (n=3) steps which was explained by the stereo-
chemistry of the interactions of the C,,, intermediate, bonded to the Cs®
ions, with the surface of the catalyst.

The results have indicated the important mechanistic feature that
the higher oxygenates are formed by coupling reactions between the lower
oxygenates. The linear growth, £, has been shown for the C; - C, step
to occur preferentially by the coupling of oxygenated C; intermediates
to form the first carbon-carbon bond. This_?s in contrast to other
mechanisms which postulate carbon monoxide insertion into C; surface
oxygenated or alkyl intermediates. The same linear growth mechanism was
suggested for all of the C, + C; linear synthésis steps which led to the
formation of primary alcohols. The second class of carbon-carbon bond
forming reactions that were defined was the B-additions. This mechan-
istic class had all of the features of a reaction path involving 8-
ketoalkoxides in which the alkoxide oxygen was retained in the oxygen
retention reversal reaction mechanism, B(R), and the keto oxygen in the
normal aldol coupling reaction B(N). The bifunctional nature of the
catalyst involved the hydrogenation component afforded by the Cu/ZnO and
a basic component afforded by zinc oxide or the alkali dopant which

directly influenced the £ and B oxygenate coupling reactions. The

207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cesium was a stronger base than the ZnO component of the catalyst, the
counterions of each entering into the reaction cycle by nucleophilic
attack of the carbonyl groups of the aldehydes and ketones. For B-
ketoalkoxide species that were free of substituents, the free movement
of the keto group to the hydrogenation component of the surface allowed
the B(R) reaction pathway to dominate in the C, -~ C; step over the
Cs/Cu/Zn0 catalyst. The presence of methyl substituents at the backbone
carbons of the R-ketoalkoxide sterically hindered the removal of the
keto group from the coordination sphere of the cesium ion, therefore
allowing both B(R) and B(N) additions to compete. Although the proposed
mechanism which involves the B-ketoalkoxide intermediate is more specif-
ic than the information afforded by the isotope labeling studies and the
product composition, it accounts entirely for all the observations that
in particular rule out the CO insertion mechanisms. The mechanistic
pathways that were proposed led to the development of a kinetic model
for the oxygenate synthesis and provided an understanding of the rela-
tive rates of the individual synthetic steps kSmith et al., to be
published). The specific mechanistic effect of the cesium ions was
higher 8 and £ rates for the C, -+ C; step than any of the other C, -

C.4+; Steps resulting in a bimodal product distribution wherein the C;
(methanol) and i-C, (2-methyl-l-propanol) maxima are separated by a
minimum at G, (ethanol). It was found that CO conversion rates were
higher over the Cs/Cu/Zn0 catalyst compared to the Cu/ZnO catalyst, the
cesium resulting in both increased activity and increased selectivity

toward the methanol/ 2-methyl-l-propanol product mixtures.
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CHAPTER §

CATALYST LIFETIME

INTRODUCTION

The commercial value of a catalyst is evaluated by several
criteria concerning its performance. It has been demonstrated that the
cesium promoted copper-zinc oxide catalyst cam be utilized to convert
synthesis gas into a valuable alcohol product mixture. In Chapter 5, it
was shown that a product containing a 70/30 weight percent mixture of
methanol/higher alcohols could be synthesized. The product mixture was
formed at acceptable rates of synthesis, =0.4 kg of product per kg
catalyst per hour, using a gas hourly space velocity of 3,260 £(STP)/kg
cat/h. The synthesis gas utilized exemplifiéd a commercially available
synthesis gas (H,/CO = 0.45) that was converted to products Sincluding
C0,) at a high level of CO conversion (in the range of 20 to 25 mol%).

With the desired activity and selectivity of the catalyst
achieved, it was important to demonstrate that the initial activity
could be maintained for extended periods of use. The ability to
maintain the desired activity and selectivity during extended testing
times is dependent on several factors. The lifetime of the catalyst
depends upon the physical stability of the components of the catalyst
with changes in the surface area or composition leading to the decrease

of overall performance. The susceptibility of the catalyst to poisons
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and antiselectivity agents also plays an important role in determining
the lifetime of a catalyst.

The lifetime of the Cs/Cu/Zn0 catalyst was investigated by
extending the duration of the tests for periods up to 1,000 hours (40
days). The conditions that were utilized for the synthesis maintained
the desired selectivity and activity while staying within the industrial
limitations. Pressures below 100 atmospheres and a synthesis gas
mixture with a H,/C0 ratio of 0.70 were used.

The research presented in this Chapter details the results
obtained for Cs/Cu/Zn0 catalysts during extended testing periods. The
observed deactivation lead to the initiation of a thorough investigation
into the experimental parameters that influenced the lifetime of the
catalyst. Subsequent investigations incorporated changes derived from
the studies. As a result, the performance of the catalyst under the
higher alcohol synthesis conditions was successfully extended.

RESULTS AND DISCUSSION

The product yields for the 0.4 mol$ Cs/Cu/Zn0 catalyst are shown
in Figure 6-1. The desired selectivity for higher alcohols is apparent
with over 400 g of oxygenates/kg cat/h synthesized at CO conversion
levels of 25%. Also shown in the Figure 6-1 are the predicted yields of
the products as calculated using a 5 parameter kinetic model (Smith et
al., in preparation). The model was developed specifically for the
Cs/Cu/Zn0 system and is capable of predicting the yields of 16 products

under various reaction conditions.
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Figure 6-1. Product yields over a 0.4 mol% cesium formate doped Cu/Zn0O
catalyst as measured experimentally and as predicted by
kinetic modeling (583K, 7.6 MPa, H,/CO = 0.45, GHSV =
3260 £(STP)/kg cat/h).
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The conditions that were initially utilized for the long-term
testing studies of the catalysts were based upon values of parameters
derived from separate experiments. It was demonstrated that the total
reactor pressure directly influenced the yields of the higher alcohols.
As shown in Figure 6-2, increase in reactor pressure resulted in
increase in the ethanol yields at the expense of the methanol. The
decreased methanol yields resulted from the consumption of the surface
precursors in the formation of ethanol and the higher alcohols. The
vields of l-propanol and 2-methvl-l-propanol also showed a direct
relationship with pressure, Figure 6-3. It was possible to calculate
empirical factors which described the dependence of the observed
synthesis rates of the alcohols on the total pressure of the reactor.
Pressure dependence factors for methanol (1.0), ethanol (1.6), 1-
propanol (1.8); and 2-methyl-1-propanol (2.22 were calculated from
individual log-log plots of the apparent synthesis rates of each alcohol
versus pressure. The factors indicated that although synthesis rates
for all of the products increased with increaﬁed reactor pressure, the
higher the alcohol, the greater the increase. The factors were used to
estimate the product yields at pressures higher than those that could be
achieved experimentally (>100 atm.). It must be emphasized that the
factors are not reaction order values for the formation of the alcohols.
Determination of kinetic factors was not possible under the experimental
conditions used for the pressure dependence studies (high CO conversion
levels, methanol synthesis near or at equilibrium, integral reaction

conditions).
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Figure 6-2. Effect of total reactor pressure on the yields of methanol
(#) and ethanol (M) over a 0.25 mol% Cs/Cu/Zn0 catalyst
under higher alcohol synthesis conditons (593K, GHSV =
3260 £(STP)/kg cat/h, H,/CO = 0.45).
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Figure 6-3. Effect of total reactor pressure on the yields of 1-
propanol (m) and 2-methyl-l-propanol (®) over a 0.25 mol$
Cs/Cu/Zn0 catalyst under higher alcohol synthesis condi-
tions (593K, GHSV = 3260 £(STP)/kg cat/h, H,/CO = 0.45).
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Higher alcohol synthesis was also favored with the use of low H,
to CO ratios. CO-rich synthesis gas promoted the formation of carbon-
carbon bonds leading to the synthesis of higher alcohols. A H, to CO
ratio of 0.7 was utilized based upon model predictions for the optimum
reaction conditions. The commercial significance of the ratio is that
it reflects the synthesis gas derived by coal gasification in a Texaco
pilot plant (Woodcock and Hill, 1987). Pressures below 100 atmospheres

were utilized, the upper limit also refiecting commercial constraints.

and Nimo, 1970). 1In addition, costly system improvements are required
for operation at higher pressures (Supp, 1973).

With the constraints on synthesis gas ratio and pressure defined,
the kinetic model (Smith et al., in preparat;on) was used to predict the
temperature requirements of the process for wvarious contact times.
Figure 6-4(A) indicates the relationship between contact time (1/SV,,
i.e., the reciprocal of the gas hourly space velocity) and temperature
for the synthesis of a product composed of 70% methanol and 30% C,-Cg
alcohols by weight as indicated by the solid line. As the contact time
is decreased (i.e., the flow rate is increased), increased temperatures
are required to maintain the desired selectivity. Figure 6-4(B) shows
the dependence of the total product yield on the contact time as
calculated for three temperatures. It is shown that the yield is
inversely proportional to the contact time, short contact times provid-
ing the highest yields. Improved overall yields can be realized only at

temperatures below 598K, the yields at higher temperatures inhibited by
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Figure 6-4. Model predictions of the reaction conditions required for
(A) a 70/30 weight ratio of the C,/(C,-Cz) alcohols and
(B) the total C,-Cg oxygenate yields (including CO,) (0.4
mol% Cs/Cuv/Zn0, 90 atm., H,/CO = 0.70; 1/SV, is the
contact time, defined as the reciprocal of the gas hourly
space velocity).
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the thermodynamic limitations of methanol synthesis. However, Figure 6-

/B Y SeASArnatral +hae T
\42 -

A) indicated tha
to ensure that the desired mass ratio of components in the product was
achieved. For a gas hourly space velocity of 3260 £(STP)/kg cat/h as
derived from the experimental conditions of 8 £ of synthesis gas flowing
over 2.45 g of catalyst per hour, a contact time of 1.10 sec was
calculated. For this given contact time, a temperature requirement of
583K was predicted by the model to achieve the desired product selec-
tivity with a yield of >500 g/kg cat/h expected.

The activity profile for a 0.4 mols cesium formate promoted Cu/Zn0O
catalyst (Run #l) is shown in Figure 6-5. The activity is expressed as
the volume percent of the five predominant alcohols that were observed
in the exit gas stream as monitored by on-line gas chromatographic
analysis. The testing was performed in uni; I using a synthesis gas
with a composition of H,/CO=0.7 at a gas hougly space velocity (GHSV) of
.3260 £(STP) /kg cat/h under a total reactor pressure of 9.1 MPa. The
testing was initially performed at 573K. Unanticipated changes in the
selectivity were observed with time. The selectivity towards the higher
alcohols was observed to decrease as the methanol yield increased.
Hypothesizing that the catalyst was not stable at 573K and sintered, the
temperature was reduced. The reduction in temperature did not affect
the changes in selectiviiy that were being observed. After 300 h of
testing, it was noted that the methanol yield had leveled off and CO
conversion level had decreased. By the conclusion of the testing
period, the decrease in volume perxcent of each of the higher alcohols in

the exit stream as compared to the initial value followed the pattern:
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Figure 6-5. Activity profile for a 0.4 mol% Cs/Cu/Zn0 catalyst (run
#1; 9.1 MPa, H,/CO = 0.7, GHSV = 3260 £(STP)/kg cat/h).
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2-methyl-1l-propanol (100% decrease) > l-propanol (80% decrease) > 1-
butanol (75% decrease) > ethanol (50% decrease). Conversely, the volume
pexcent of methanol had increased by approximately 25% before reaching a
plateau.

Extended testing of a second 0.4 mol% Cs/Cu/Zn0 catalyst (Run #2)
in the catalyst testing unit II resulted in a different activity profile
under the same reaction conditions as the first extended test. As shown

in Figure 6-6, the initial steady state activity was maintained for 250

indicated that unique selectivity changes were occurring while the
formation of the carbon-carbon bonds of the higher alcohols was inhibi-
ted. It was observed that the apparent deactivation was not accompanied
by increases in the gaseous hydrocarbon yielgs. The total yields of
methane, ethane, and propane remained below 15 g/kg cat/h.

The observed deactivation was initially postulated to be a result
of sintering of catalyst crystallites at thevtemperatures of higher
alcohol synthesis, 573-583K. Sintering of the catalyst would result in
a loss of surface area and the concomitant loss of active sites. The
synthesis of higher alcohols by a pathway involving the coupling of
surface species would be suppressed as the number of adjacent sites
would be diminished by crystal growth. The observation that the yield
of methanol increased would be possible, based upon the fact that
methanol synthesis was at or near equilibrium under the conditions
employed in higher alcohol synthesis. The decreased yields of higher

alcohols would result in lower CO and H, consumption levels leading to
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Figure 6-6. Activity profile for a 0.4 mol$ Cs/Cu/Zn0 catalyst (run
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#2; 573K, 9.1 MPa, H,/CO = 0.7, GHSV = 3260 £(STP)/kg

cat/h).
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increased concentrations of the gases. The higher €O and H, levels
would drive the reaction equilibrium towards the formation of methanol.

The activity patterns observed were unique to the Cs/Cu/Zn0
system. For a comparison, testing of molybdenum-based alcohol synthesis
catalysts was also performed in the same reactor system (Santiesteban et
al., 1988; Santiesteban, 1989). The product distributions for two of
the catalysts, Cs/MoS, and K/Co/MoS,, are shown in Figure 6-7. The 20
wt$ Cs formate doped catalyst had an activity of >300 g (alcohols) kg
cat/h at a GO conversion level of 8%. The 10 wts X,C0; doped
{C08,.}¢.3{M0S,). 7 catalyst produced 275 g {alcohols)/kg cat/h at a O
conversion level of >15% with a selectivity to oxygenates of 85%, the
other 15% being alkanes.

The activity profile obtained for a 20 wts K,CO, doped
(CoS,) . 3(M0S;)y ;7 catalyst is shown in Figure.6-8. The catalyst was
found to have a constant activity as indicated by the profile. The
stability of the catalyst was observed for a testing period of 400 h.
During the extended testing, temperature and synthesis gas flow rate
changes performed during process variabie dependence studies did not
effect the activity or selectivity of the catalyst. The observed
stability of the molybdenum-based catalyst was in marked contrast to the
Cs/Cu/Zn0 catalysts.

Upon completion of the testing of the 0.4 mols Cs/Cu/Zn0 cata-
lysts, Runs #1 and 2, removal from the bed revealed the presence of a
clear, wax-like substance. The wax-like material was associated with
the catalyst pellets and glass beads downstream from the bed, Figure 6-

9. The substance was found to be hydrophobic, insoluble in methanol or
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Figure 6-7. Product distributions over a 20 wt3% cesium formate doped

MoS, catalyst (568K, 8.3 MPa, H,/CO = 0.96, GHSV = 6675 £-
(STP) /kg cat/h) and a 10 wts K,GO, doped Co/MoS, catalyst
(577K, 8.3 MPa, H,/CO = 0.96, GHSV = 1940 £(STP)/kg
cat/h).
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Figure 6-8. Activity profile for a 10 wt$ K,CO; doped Co/MoS, catalyst
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acetone and only partiaily solubie in benzene and cyclohexane. It was
noted that the wax-like material was not found on the glass beads
preceding the catalytic bed. The locations of the waxy material
indicated that it was originating from within the catalyst bed. The
observations warranted determination of causes responsible for the
selectivity changes, and formation of the undesired waxy material during
the catalyst deactivation.

Many possible causes for the observed phenomena were reviewed.
The decrease in the higher alcohol synthesis rates with time could have
been the result of the loss of cesium from the catalyst. However, the
loss of alkali could not account for the overall loss in activity or the
formation of the wax-like material. The possibility that the source of
the undesired material was related to sintering of the crystallites was
also considered. The sintering could have led to the formation of new
catalytic centers which had their own activity under the reaction
conditions. It was also possible that secondary processes were occurr-
ing which involved the higher alcohols that were being synthesized in
large quantities. Reactions involving the decomposition or polymeri-
zation of alcohols into high molecular weight products were deemed
possible. The reaction centers responsible for the secondary reactioms
could have been inherent to the catalyst as prepared or developing on
the catalyst during the extended testing periods. Also considered was
the occurrence of unexpected poisons or antiselectivity agents responsi-
ble for the formation of the wax-like material and the deactivation of

the catalyst. Catalyst characterization was carried out to determine
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the origin of the wax-iike material and the cause of the observed
activity decline.

The possibility that the crystallites of the catalyst were
sintering was investigated by powder x-ray diffraction (XRD). Crystal-
lite sizes were estimated by line broadening observed in the XRD
spectra. As shown in Table 6-1, peak width analyses were performed to
determine the dimensions along the <10i0>, <0002> and <1011> crystallo-
graphic directions of ZnO and the <111> direction of copper metal. It
was demonstrated that the average ZnO crystallite dimensions of the
catalyst remained unaffected by the aqueous doping procedure used for
the addition of the alkali promoter, analyses 1 and 2 of Table 6-1,
respectively. The reduction process, which transformed most of Cu(lI)
to Cu(0), was accomplished at a temperature of 523K and resulted in a
slight increase in the ZnO particle size andithe formation of copper
metal particles, analysis 3. The reduction step has been shown to be
critical for the preparation of an active catalyst with improper
reduction procedures causing sintering of the catalyst. A catalyst that
was rapidly reduced, analysis 4, was found to have undergone sintering,
the ZnO dimensions being 80% larger and the copper dimension 100% larger
than the dimensions of the properly reduced catalyst., The catalyst
pellets that were improperly reduced were a reddish color which is in
contrast to the pitch black appearance‘of an active catalyst (Herman et
al., 1979). The catalyst that had the activity profile shown in Figure
6-5, run #l, was tested for a total of 390 h and had experienced a
maximum bed temperature of 583K. XRD analyses of pellets removed from

the top and bottom of the bed showed similar reﬁults, analyses 5 a&b,
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Table 6-1

Particle Dimensions Determined by X-Ray Diffraction Line Broadening
for Zinc Oxide and Copper along Various Crystallographic Directions

Particle Size (nm)

Crystal Direction
Zn0 Cu

Analysis Maximum _ _
Number Catalyst/Treatment Temp.(K)* <1010> <0002> <1011> <111>

Cu/ZnC
Calcined 523 12.0 12.0 10.0 --

[

2 0.4 mols Cs/Cu0/Zn0
Before Reduction
Before Testing 523 11.5 11.5 9.5 --

3 0.4 mols Cs/Cu/Zn0
After Reduction
Before Testing 523 13.0 '14.0 12.0 10.0

4 0.4 mols Cs/Cu/Zn0O
Failed Reduction
Tested <24 h 523 21.0 22.5 21.5 19.0

5 0.4 mols Cs/Cu/Zn0
Tested for 390 hP

(a) Top of Reactor Be 583 18.0 19.5 17.0 10.0

(b) Bottom " " 583 17.5 18.5 17.0 10.0

6 0.4 mols Cs/Cu/Zn0O
~ Tested for 280 m? 598 20.0 21.5 19.0 10.0

7 0.4 mols Cs/Cu/ZnO
Tested for 500 hP 575 14.5 16.0 14.0 10.5

8 0.4 mols Cs/Cu/Zn0
Tested for 1030 hP 573 14.5 15.0 14.0 9.5

®Highest temperature catalyst subjected to during reduction or alcohol
synthesis testing.
bTotal duration of testing under higher alcohol synthesis conditions.
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Table 6-1. The ZnO crystallites had increased by 40% while the Cu size
remained unchanged as compared to the reduced catalyst. Similar
particle dimensions for samples from the top and bottom of the bed
confirmed that the desired isothermal conditions of the catalyst bed
were achieved. A catalyst that was tested for 280 h at a maximum
temperature of 598K was found to have the largest ZnO particle dimen-
sions, analysis 6, Table 6-1. The high temperature resulted in a 65%
particle size increase as compared to the reduced catalyst dimensions.
The ZnO crystallite size dependence on the maximum bed temperature was
demonstrated by analysis of the catalyst with the activity profile in
Figure 6-6. The catalyst had encountered a maximum bed temperature of
573K during 500 h of testing. The catalyst was found to have an average
Zn0 particle size, analysis 7, that was significantly smaller than the
catalyst tested at the higher temperature. .?his indicated that the
observed particle size was determined by the synthesis temperature,
higher temperature causing sintering of the crystallites. To illustrate
that the ZnO crystallite size was determined by the highest synthesis
temperature utilized and that the particle growth (sintering) was a
time-independent phenomenon, a test at 573K was continued for a total of
1030 h. Analysis 8 shows the particle dimensions that were calculated.
The crystallite sizes that were found are in agreement with those
previously determined in the authox’s laboratory (Himelfarb, 1986),
although the crystallite dimension of the metallic copper particles,

~10 nm, is slightly larger than that previously measured by XRD line
broadening, ~7 nm (Bulko et al., 1979), and observed by transmission

electron microscopy, 7 to 8 nm (Mehta et al., 1979). The ZnO dimensions
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were similar to a catalyst that was tested for a shorter period of time
at the same temperature. The cause of deactivation did not appear to be
related to the stability of the cémponents of the catalyst.

The surface areas of the catalysts were subsequently measured by
the BET method and are shown in Table 6-2. Thé catalyst as reduced,
analysis 1, had a surface area of 39 m%®/g. The catalyst that was tested
for 390 h and underwent continued deactivation from the start (run #1,
Fig. 6-5) was found to have significantly reduced surface areas. Also,
it was found that pellets removed from the bottom of the catalyst bed
had a lower surface area than those removed from the top, Table 6-2,
analyses 2 and 3. The difference in the surface areas was not consist-
ent with the XRD analysis which indicated similar crystallite sizes for
samples taken from the top and bottom of the catalytic bed. The
catalyst that was tested for 500 h and had éndelayed onset of deactiva-
tion (run #2, Fig. 6-6) also had a lower than expected surface area as
shown by analysis 4 of Table 6-2. The surface area was, however, higher
than the surface area of the catalyst which experienced deactivation
from the onset of testing. The reduced surface area measurements were
assumed to be related to the wax-like material observed during removal
of tested catalysts from the reactor bed. Following a threefold
extraction of the wax-like material from the catalyst sampled from the
top and bottom of the bed in a boiling acetone, cyclohexane, and
benzene, 1:1:1 volumetric mixture, the surface areas of the two samples
were found to have increased to 29 m?/g (Table 6-2, analyses 2 and 3
after wash). The selection and use of the mixed solvent was based upon

the identification of the material which is described in the following
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Table 6-2

Surface Areas of the Reduced and Tested Catalyst

Surface Area

Analysis Maximum (w?/g)
Number Catalyst/Treatment Temp. (K)* As Treated As WashedP
1 0.4 mol% Cs/Cu/Zn0
After Reduction
Before Testing 523 39.8 , --
2 0.4 mols Cs/Cu/Zn0
Tested for 390 h
Top of Reactor Bed 583 19.4 28.9
3 0.4 mol% Cs/Cu/ZnO
Tested for 390 h
Bottom of Reactor Bed 583 15.8 29.0
4 0.4 mols Cs/Cu/Zn0
Tested for 500 h 575 23.5 --

®Highest temperature catalyst subjected to during reduction or alcohol
synthesis testing..
byashed three times in a hot acetone/cyclohexane/benzene solution.

230

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



text. The wax-like material was causing a reduction in the surface area
of the catalysts.

Analysis of the cesium concentration of the catalyst after testing
was performed to determine if the loss of cesium was contributing to the
observed selectivity changes. The loss of cesium from the surface of
the catalyst would result in reduced yields of the higher alcohols.
Cesium and zinc analyses were performed before and after testing
{Galbraith Laboratories, Inc., Knoxville, TN), the molar ratio of the
twe compeonents compared to determine if cesium loss had occurred. The
internal ratio analyses avcided pessible error due to the presence of
extraneous materials deposited on the catalyst during testing which
would hinder the weight percent determinations of each component. The
analyses showed that the cesium remained in the catalyst and the changes
in seleétivity could not be attributed to the loss of alkali.

The chemical nature of the catalyst surface was probed by Auger
spectroscopy. Previous analyses of undoped Cu/Zn0 catalysts tested for
up to 150 h under methanol synthesis conditions [523K, 7.6 MPa, H,/CO =
2.33, GHSV = 6120 £(STP)/kg cat/h)] had shown the surface to be free of
carbonaceous fouling agents (Herman et al., 1979). Analysis of the
CuQ/Zn0 pellet as doped with cesium, Figure 6-10, showed Auger peaks
identified as emissions from zinc, copper, and oxygen atoms, the
principal components of the catalyst. Auger spectra were then obtained
for the catalyst of Figure 6-5 (run #1) and Table 6-1 (analyses 5a and
b) as removed from the top'and bottom of the catalyst bed. Figure 6-

11(A) shows the Auger spectrum of the exterior surface of pellets

removed from the top of the bed. The predominant peak indicates the
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Figure 6-10. Auger spectrum of the 0.4 mol$ Cs/Cu/Zn0 catalyst as

prepared.
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Figure 6-11. Auger spectra of the 0.4 mol$% Cs/Cu/Zn0O catalyst after
testing under higher alcohol synthesis conditions.
Exterior (A) and interior (B) surfaces of pellets from the
top of the bed and exterior (C) and interior (D) surfaces
of pellets from the bottom of the bed. (Catalyst
described Figure 6-5 and in Table 6-1, analyses 5 a&b.)
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presence of carbon on the surface, the other components of the catalyst
still idencifiabie by the presence of their attenuated peaks. Cleavage
of a pellet from the top of the bed and analysis of the exposed interior
surface, Figure 6-11(B), indicated that the interior surface of the
pellet was completely covered with a carbon-containing material. No
other peaks were associated with the carbon peak. Analysis of the
pellets from the bottom of the bed, Figure 6-11(C) and (D), showed that
the same carbonaceous material was coating both the external and
internal surfaces, respectively. The wax-like material appeared to be
originating from within the catalyst bed itself.

The indication by Auger of an increased amount of wax coating the
pellets from the bottom of the bed paralleled the BET surface area
results. A lower surface area was measured for the tested catalyst
pellets from the bottom of the bed as compared to those from the top,
indicating the presence of higher amounts of the material. The effects
of the threefold acetone/cyclohexane/benzene extraction which led to the
increased surface areas, Table 6-2, also had a dramatic effect on the
surface of the catalyst as indicated by Auger analysis. Figure 6-12(A)
is an Auger spectrum showing the carbon peak of the substance coating
the surface of a deactivated catalyst. The carbonaceous material was
completely removed by the extraction procedure allowing the components
of the catalyst to be identified, Figure 6-12(B). Figure 6-13 shows the
Auger spectrum of a 0.4 mol$ Cs/Cu/Zn0 catalyst that had previously been
tested for 150 h under alcohol synthesis conditions. The low intensity
of the carbon peak indicated the presence of a small quantity of the

carbonaceous material on the surface. However, the length of the
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Figure 6-12. Auger spectra of a 0.4 mols Cs/Cu/Zn0 catalyst after

testing under higher alcohol synthesis conditions, as

removed from the bed (A) and after acetone/cyclohexane/
benzene washes (B).
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Figure 6-13. Auger spectrum of a 0.4 mol$ Cs/Cu/ZnO catalyst as removed
from the bed after a short-term test (140 h, 583K, 7.6
MPa, H,/CO = 0.45, GHSV = 3260 £(STP)/kg cat/h).
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synthesis testing was not of sufficient duration to encounter the
deieterious effects caused dy continued carbon deposition on the .
catalyst.

The nature of the carbonaceous material was investigated to
determine the source and dismiss the possibility that the higher
alcohols being synthesized in large quantities were also being decom-
posed and fouling the active sites. A benzene extracted sample of the
material coating the catalyst pellets and beads was observed by carbon-
13 nuclear magnetic resonance spectroscopy (*C-NMR). Using proton
decoupling, single resonances for each carbon center in the extraction
mixture were obtained and the spectrum is shown in Figure 6-14. The
carbon resonances of the benzene solvent and residual methanol were
identified by peaks at 127.5 and 49.0 ppm, respectively, as referenced
to the theoretical O ppm peak position of tetramethyl silane (TMS). The
principal peak of the extracted material was.observed at 29.1 ppm, a
region of the spectrum associated with aliphatic carbon resonances. The
observed peak is similar to the -CH,- carbon resonance observed for
polyethylene, the reference positions of polyethylene, polypropylene,
and n-decane being indicated in the figure (Levy et al., 1980). The
absence of distinct peaks downfield (higher ppm positions) indicated
that the carbon substance was not olefinic, aromatic or likely to
contain electronegative atoms such as oxygen.

Infrared spectroscopy was used to determine the identity of the
carbon material. Physical contact of the tested catalyst pellets and
glass beads with a NaCl salt-plate aZforded an excellent sample of the

material in the form of a thin film. The infrared spectrum obtained is
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Figure 6-14. Carbon-13 NMR spectrum of the benzene extracted wax-like
material from the tested catalyst pellets and beads.
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shown in Figure 6-15. The complete absence of oxygen-hydrogen stretch-
ing vibrations in the 3200-4000 cm™ region indicated that the material
had no hydroxyl groups and was hydrophobic due to the lack of adsorbed
water with the sample. The most predominant absorbances were observed
in the carbon-hydrogen stretching region. Occurring below 3000 cm?,
the peaks indicated aliphatic carbon hydrogen groups as opposed to
olefinic and aromatic C-H stretching vibrations which would be observed
above 3000 cm™l. The peaks at 2965 and 2869 cm™® were identified as the
asymmetric and symmetric vibrations of the -CH; groups, respectively,
while the stronger absorbances at 2920 and 2849 cm™! are the asymmetric
and symmetric vibrations of a -CH, group, respectively. The vibrational
modes of the -CH; and -CH,- groups are illustrated in Figure 6-16, along
with the frequency positions of the vibrations as generalized for
alkanes. Comparison of the intensities of the -CH; and -CH,- absorb-
ances of the unknown to the spectra of known n-alkanes indicated a long
carbon chain. In the spectrum of n-pentane (C5), the -CH; peaks are
significantly more intense than the -CH,- peaks. However, in the
spectrum of n-hexane (Cg), the peaks are found to be of near equal
intensity. The absence of a distinct peak centered at 2900 cm™ sug-
gested the absence of branching as the lone C-H stretching mode would be
expected in this position. Although CH vibration frequencies at
branched carbons are susceptible to overlap with the other C-H vibra-
tions in the 2800-3000 cm™} region, the absence of branching was rein-
forced by the peaks observed in the C-C and C-H bending region of the

infrared spectrum (Colthup et al., 1975).
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Figure 6-15. FT-IR spectra of the wax removed from the catalyst by
physical contact with a salt sampling plate and of the
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sample spectrum after subtraction of the salt plate
spectrum.)
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The lack of vibrations in the 1800-1500 cm™! region indicated the
absence of carbonyls, eliminating the possibility of the unknown
containing ester, aldehyde or ketone functionalities.

In the 1500-1300 cm™! region of the spectrum, the observed peaks
were identified and assigned to -CH,- and -CH; vibrations of a linear
aliphatic chain. The absorbance at 1377 cm™® arises from the symmetric
deformation of terminal -CH; groups of an aliphatic compound. The
corresponding symmetric mode of the -CH; group is positioned at
1465 cm™?, overlapping the -CH,- deformation vibration commonly observed
at 1462 cm™. These vibrations are illustrated in Figure 6-16. The
possibility of methyl group branching in the carbon chain of the unknown
was dismissed by the appearance of the single absorbance at 1377 cm™.
The importance of addressing the possibility of methyl branches in the
unknown material was based upon the high levgls of methyl-branched
alcohols that were being synthesized. If the decompositon/polymeriation
of the higher alcohols was responsible for the wax formation, methyl
branching would be expected in the wax. Methyl branching in the 8-
position of an aliphatic carhon chain would be indicated by the appear-
ance of two peaks of equal intensity located at 1368 and 1385 cm™ in
the infrared spectrum. Occurrence of three methyl groups on one carbon
center likewise shows two peaks, a strong band near 1368 em™? and a much
weaker one at 1390 cm™! (McMurry and Thornton, 1952). Although possibly
obscured by other aliphatic absorbances, the weak absorbance of the
carbon-hydrogen deformation of single hydrogens on carbon centers would
be observed in the 1350 to 1315 cm™® region of the spectrum. Absence of

this vibrational mode and identification of those associated with linear
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aliphatics reaffirmed the absence of branching in the unknown compound

With the identification of the presence aliphatic chains, -CH,-
wagging vibrations in the 1347 to 1175 cm™! region were possible. The
intensity of these vibrational modes is greatly enhanced when function
groups are present, as found in the spectra of soaps and fatty acids
(Meiklejohn et al., 1957). The absence of these vibr#tions in the
spectrum of the unknown and reference n-alkanes (Sadtler, 1983) supports
the identification of the unknown as an aliphatic carbon chain with no
functional groups.

The most revealing absorbance of the unknown was in the 750-700
cm ! region of the spectrum. As shown in the insert of Figure 6-15, the
distinct doublet observed was enhanced by the subtraction of the salt
plate background. The peaks at 719 and 730“cm'1 were identified as in-
phase -CH,- rocking vibrations, the strongest of the rocking bands in
the infrared. Although occurring as a single absorbance centered at
724 * 4 cm™ for noncyclic hydrocarbon chains, unique alignment and
interaction of the vibrational modes of adjacent long aliphatic chains
can occur if the compound is in the crystalline state. This interpreta-
tion was first made for the observed doublet in the spectrum of poly-
ethylene (Krimm et al., 1956). As illustrated in Figure 6-17, two
oriented adjacent aliphatic chains can undergo the same -CH,- rocking
vibration with the possibility of two-phase relationships. This leads

to the observation of two distinct absorbances (Krimm, 1963). The

splitting is observed for solid paraffinic waxes which, when heated,
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Figure 6-17. The two possible phase relationships for the in-phase

-CH,- rocking vibration of adjacent aliphatic chains and

the expected frequency positions (Colthup et al., 1975).
(Carbon atom, o; hydrogen atom, e).
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Visual comparison of the infrared spectrum of the fouling agent to
those of n-alkanes (Sadtler, 1983) showed increased likeness as.the
carbon chain length increased, with the spectrum of polyethylene showing
the same spectral features. It was subsequently discovered that the
unknown spectrum was nearly identical to the spectrum of the paraffin
wax CONOCO 783™, a commercial microcrystalline wax (Craver, 1982). It
was also found to be similar to the infrared spectrum of the Paravan
Series™ of waxes by the Exxon Corporation (Sadtler, 1980). All of the
peak positions and intensities were similar including the highly
descriptive doublet of the in-phase -CH,- rock.

With the identification of the material as a linear aliphatic
hydrocarbon, an estimate of the average chain length was desired.
Although the continued effort to separate ana quantify the long chain
hydrocarbon products obtained by Fischer-Tropsch synthesis is an
encumbered task (McArdle et al., 1986), a simple approximation method
was utilized. By curve fitting the absorbances of the carbon-hydrogen
stretching vibrations, a ratio of the integrated peak areas of the -CH,
and -CH,- was obtained, the asymmetric -CH; vibration reported to have
two to three times more intensity per group than the -CH,- asymmetric
vibration (Colthup et al., 1975).

Figure 6-18 shows the result of curve fitting the C-H stretching
region of the spectrum. The experimental data from the carbon-hydrogen
stretching region is plotted (A) along with the fitted spectrum (B). The

arbitrary units of both axes were a result of manual digitization of the
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Figure 6-18. The experimental (A) and curve fitted (B) C-H stretching
region of the infrared spectrum. Agreement of the fit is
represented by the difference (C).
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experimental data, the desired ratio of integrated peak areas not being

£
Agreement of the £

o =t A =l o=l
- 8T Tx <ac fotey

itted curve with the
experimental curve is graphically represented by the difference of the
two curves (C). The zero slope of the difference plot indicates that a
reasonable baseline and slope were chosen for the fit. The sinusoidal
nature of the line may have been the result of interference fringes
arising from the thin sample film. The spacing of the fringes indicated
a sample thickness, b, of 0.05 cm, which was calculated using Eqn.

(6-1),

o
]
(8] -]

1
E

U1-vy

where n equals the number of fringes observed between the frequencies,
v, and v, (Peters et al., 1974). A second possible interpretation was
that the sinusoidal wave was an artifact resulting from the Fourier
transform of the interferogram (Griffiths, i§75).

The curve fit was accomplished using five peaks, the minimum
number required to obtain a reasonable fit of the experimental data.
Figure 6-19 shows the individual curves utilized to fit the experimental
spectrum. Attempts to fit the spectrum with four peaks, corresponding
to the -CH; and -CH,- vibrational pairs, indicated that an additional
peak was required. The use of one or two additional peaks has been
previcusly found necessary to perfect curve fitting procedures for the
C-H stretching region in the spectra of n-alkanes (Drushel et al.,
1968). The assignment of the fitted peaks is as follows: The first two
peaks are the asymmetric stretching vibrations of the -CH;(A) and -

CH,(B) groups, the middle absorbance (C) is a combination or overtone
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Figure 6-19. The individual curves (A-E) utilized to fit the experi-
mental data (assignments as explained in the text).
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absorbance of the -CH; and -CH,- bending vibrations (Drushel et al.,
1968); and the last two peaks correspond to the symmetric stretching
vibrations of the -CH;(D) and -CH,-(E) groups. The peak shapes utilized
in the fit are indicated by the numbers in the upper right-hand cormer
of Figure 6-19, where 0.0 corresponds to a pure Gaussian lineshape and
1.0 to a pure Lorentzian lineshape. Although the infrared absorbances
were expected to be Lorentzian (Maddams, 1980), close inspection of the
spectral data indicated that asymmetric peak shapes were obtained. The
peaks appeared more Gaussian on the high frequency side (left) and more
Lorentzian on the low frequency side (right). 1t has been reported that
the infrared absorption bands of polymers are generally not truly
Gaussian or Lorentzian (Antoon et al., 1977).

The ratio of the integrated peak areas of the asymmetric vibra-
tions of the -CH; to -CH,- groups was determ;ped to be 1:4. Allowing
for a 2 to 3 intensity factor whereby the -CH; group is more strongly
absorbing than the -CH, group, the unknown was estimated to have a
CHy7-CH,- ratio in the range of 1:8 to 1:12. These ratios indicate a
linear hydrocarbon wax in the C,3 to C,g range as predicted assuming a
linear methylene chain capped on each end by a methyl group. The linear
alkanes from n-Octadecane (Cjgijz) to n-Hexacosane (CygH;,) have melting
and boiling points in the ranges 301.3 - 329.5K and 589.4 - 685.3K,
respectively (Marsh et al., 1985). This melting point range was
consistent with the experimental observation that removing the catalyst
from the reactor after testing was most easily accomplished with a bed
temperature above room temperature. At the elevateﬁ bed temperatures,

the glass beads downstream from the bed poured from the reactor with a
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viscous coating. Allowing the bed to cool to room temperature neces-
the wax-coated beads by mechanical extraction. The
boiling point range of the estimated hydrocarbon wax composition is also
consistent with a polymeric product with a finite, albeit low, mobility
under the reaction conditions employed for higher alcohol synthesis.

The identification of the wax as a Fischer-Tropsch product
indicated that additional active sites were being formed on the catalyst
during extended testing. The possibility of iron and nickel contamina-
tion of the catalyst was investigated. Iron and nickel carbonyls could
be formed under the high partial pressure of carbon monoxide utilized in
the experiments. The carbonyls would arise from any of the iron and
nickel-containing components of the system, especially the CO tanks
which could not be evaluated as to inmner surface quality. Although
expected to be resistant to CO (Rabald, 1968; Inouye and DeVan, 1979),
the 304 and 316 stainless steels used in the construction of the rig
have been reported to support the formation of trace quantities of iron
carbonyls (Supp, 1973).

The catalysts were analyzed for iron and nickel by atomic absorp-
tion, Table 6-3. The catalyst as prepared, analysis 1, had no detect-
able amounts of iron or nickel. Analysis of three catalysts, tested in
Unit 1II, containing 0.0, 0.25 and 1.5 mol% of cesium showed the presence
of iron and nickel, analyses 2, 3 and 4, respectively. In order to
compare the absolute quantities of iron found for each catalyst, an iron
deposition rate was calculated. By determination of the amount of iron
deposited per gram of catalyst per hour of testing, it was found that

all three catalysts had incurred iron contamination at the same rate and
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Quantitative Analysis of Iron and Nickel Content
by Atomic Absorption

Analy. Testing Total Time Wt.$ Wt.% Iron Deposition

No. Catalyst Unit Tested (h)* Iron Nickel Rate (g/g cat/h)
1 0.4 mols

Cs/Cu/Zn0 -- Untested 0.000 0.000 --
2 TUndoped

Cu/Zn0 11 315 0.035 0.000 1.11 x 1078
3 0.25 mols )

Cs/Cu/Zn0 11 480 0.041 0.019 0.86 x 107°
4 1.5 mols

Cs/Cu/Zn0 11 440 0.040 0.020 0.91 x 107®
5 0.4 mols

Cs/Cu/Zn0 I 547 0.266 0.021 4.86 x 1078
6 3.0 molg -

Cs/Cu/Zn0/Cr,0, I 702 0.354 0.0039 5.04 x 1078
7 0.4 mols

Cs/Cu/Zn0

-top 0.295 -- 5.39 x 107°
-bottom I 547 0.139 -- 2.54 x 1078

8 10 wts K

Co/MoS, 11 170 0.000 0.000 --
9 10 wts Cs

MoS, I 300 0.000 0.000 =2

®Total time catalyst tested under methanol and higher alcohol synthesis
conditiomns.
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the presence of cesium on the catalysts had not influenced the rate.
Analysis of a catalyst tested in Unit I, the older testing rig, analysis
5, showed a significantly higher iron content after testing. The
calculated iron deposition rate of 4.86x107® indicated that there was a
fivefold increase in the rate of iron contamination. Analysis 6 of
Table 6-3 shows that a tested Cu/Zn0/Cr,0; catalyst with an initial
surface area of 84 m?/g, threefold that of the binary system, had
experienced iron contamination. The calculated rate of iron deposition
on the catalyst indicated that this rate was independent of the surface
area of the catalyst. The possibility that the ircon contamination was
occurring solely from the walls of the catalytic reactor in immediate
contract with the catalyst bed was also investigated. Analyses of
pellets removed from the top and bottom of the catalyst bed showed that
higher iron contents were found for the samples from the top, analysis
7. The increased quantities of iron in the top of the bed indicated
that the iron and nickel were originating upstream from the Eatalyst bed
as volatile carbonyls which were carried to and decomposed on the hot
surfaces of the catalyst. The deposition rates of 5x107% and 1x1078 g/g
cat/h correspond to gas phase iron concentrations of 2.32 and 0.46 ppm
(by weight), respectively, in the carbon monoxide passing over the
catalyst (based upon 57.75% of the 8 £/h synthesis gas flow being carbon
monoxide) .

As was indicated by the activity profile, Figure 6-8, the
molybdenum-based catalyst showed no signs of deactivation nor did the

accumulation of wax occur. Analyses 8 and 9 of Table 6-3 for two tested
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MoS, catalysts indicated that no iron or nickel could be detected in the
tested catalysts.

The selective deposition of iron and nickel onto the copper-based
catalysts was attributed to the presence of copper in the reduced state.
The metallic copper surface at the elevated temperatures was functioning
as an active site for the decomposition of the metal carbonyls. As a
result, highly dispersed iron and nickel metal centers were formed which
functioned as independent catalytic centers. The Fischer-Tropsch
centers were active for the synthesis of the hydrocarbon waxes

Although the iron and nickel centers might have been expected to
show increased yields of the lower hydrocarboms, no increases in the
yields of methane, ethane or propane were observed as the catalyst
slowly deactivated. Instead, a hydrocarbon wax was observed, a result
coﬂsistent with the products obtained in initial synthesis tests of the
Fischer-Tropsch plant, Sasol I (Deckwer, 1980). Using fused iron
catalysts in a fixed bed configuration, a hydrocarbon produc£ was
synthesized in the Sasol I unit which was skewed towards long chain
waxes. While only 2% of the product was methane, 66% consisted of C,,
and higher hydrocarbons. These results were obtained with temperatures
of 493K or greater, high hydrogen to carbon monoxide ratios (6:1) and
pressures up to 3 MPa. The observations paralleled the ARGE fixed bed
process utilizing a Fe/Cu/K,0/Si0, catalyst which produced a hydrocarbon
wax as a main product (2.5 MPa H,/C0=1.3-2 at 493 to 523K). It was also
indicated that lowering of the H,/CO ratio increased the average molecu-
lar weight of the products that were formed. By comparison, the

synthesis conditions over the Cs/Cu/Zn0O catalyst used for higher alcohol
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formation (higher temperatures and carbon monoxide-rich synthesis gas),
would favor the seiective synthesis of iong chain hydrocarbons over
methane, especially for a fixed catalyst bed configuration. The
selectivity to waxes has also been observed to parallel the relative
basicity of promoters used in the Fischer-Tropsch synthesis. Using the
Fe-Cu-Si0, catalyst, it was found that, in addition to promoting
Fischer-Tropsch synthesis activity, the addition of alkali increased the
selectivity to waxes (Dry, 1981).

Under the reaction conditions employed for higher alcohol syn-
thesis, the formation of the high molecular weight hydrocarbon lead to
unique deactivation profiles. The results of Auger analysis and surface
area determinations have shown increased accumulations of wax along the
catalytic bed as well as its diffusion into the glass beads downstream.
The unique changes in the alcohol selectivity associated wiéh hydrocar-
bon fouling included the observation of a decrease.in the yields of the
higher alcohols while the methanol yield gradually increased. The
phenomena were observed because methanol was near equilibrium under the
synthesis conditions and the suppression of higher alcohol synthesis by
the wax resulted in higher H, and CO concentrations, hence a shift of
the equilibrium towards methanol. The decrease in higher alcohol
synthesis was explained as a combination of the blockage of the active
sites required for carbon-carbon bond formation coupled with decreased
diffusion rates of the high molecular weight oxygenated products through
the wax layer coating the surface. Higher alcohol synthesis was more
susceptible to both of these factors as the mechanism of higher alcohols

synthesis requires adjacent active sites for carbon-carbon bond forma-
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the greater su
diffusion limitations as compared to methanol and the CO and H, react-
ants reduced their synthesis rates. Further, since methanol synthesis
had reached near-equilibrium conditions under the reaction conditions
employed, a decrease in the overall activity of the catalyst was
tolerated without any effect on the observed methanol yield. The higher
alcohol yields that were observed were much lower than the equilibrium
yields and are thus directly related to the activity of the catalyst.

It was noted that the yield of methanol eventually reached a maximum and
began to decrease as the wax fouled an increasing fraction of the active
sites, preventing the diffusion of gases to and products from the
synthesis centers.

The probable source of the iron and nickel was traced to the
carbon monoxide supply cylinders as the wallé of the steel vessels could
not be evaluated as to their inmner surface quality. The suspicion was
reinforced by analysis of the charcoal from the in-line CO purification
traps. Iron levels of the charcoal removed from the traps after the
test of Figure 6-6 showed 0.122 wt$ iron, significantly higher than the
fresh charcoal which had only 0.021 wt$. For comparison, analysis of an
old, previously used charcoal trap showed the presence of 1.65 wt$ iron.
This indicated that the traps were encountering significant quantities
of iron arising from the CO tanks.

To combat the metal contamination problem arising from the iron-
and nickel-containing components of the system, two modifications were

made before further extended tests were performed. Aluminum compressed
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gas cylinders were used in place of the steel type. Also, the addition

of an in-line CO pu

purification guard bed was made tc the system, F

made the system,
6-20. The guard bed consisted of a stainless steel tubular reactor that
was heated to 523K to induce thermal decomposition of the iron and
nickel carbonyls. The trap was charged with 20 cc of dried Linde 13A
zeolite that was followed downstream by 20 cc (16 g) of pelletized
Cu/Zn0 (30/70) catalyst which was reduced in situ. If the heated
zeolite was not completely effective for the decomposition of the
carbonyls and removal of the iron and nickel, the metallic copper
surfaces of the catalyst would complete the trapping. The trap was
placed after the dual 500 cc traps that were filled with fresh, acti-
vated charcoal made from low iron content coconut shells. In this
position, the mew trap was expected to effectiveiy scrub the CO feed of
iron carbonyls that were arising from the iron-containing components of
the system (pressure regulator, mass flow coﬁtrollers, pressure safety
diaphragms, and the comnecting stainless steel tubing and Swagelok
fittings). After passing through the guard bed, the purified CO was
transported to the top of the reactor via new 316 SS tubing. At the top
of the reactor, the CO was blended with the H, and passed into the
synthesis testing reactor.

The activity profile observed for a 0.25 mol% cesium formate doped
copper-zinc oxide catalyst tested for 1000 h under higher alcohol
synthesis conditions in the modified testing unit is shown in Figure 6-
21. The activity as monitored by the exit gas composition indicated
that an initial activity of the catalyst was followed by distinct

changes in selectivity. The same deactivation pattern was indicated by
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Activity profile for a 0.25 mols/ Cs/Cu/Zn0 catalyst
tested for 1000 hours under higher alcohol synthesis
conditions (573 K, 9.1 MPa, H,/CO =~ 0.7, GHSV =

3260 £(STP)/kg cat/h).
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To measure the actual loss in activity of the catalyst after
1000 h of testing, the catalytic conditions were changed to methanol
synthesis conditions. These conditions, also used before higher alcohol
synthesis to establish the initial activity of the catalyst, were such
that the observed yield of methanol was far from the theoretical
equilibrium value. The results of synthesis testing of the catalyst
under methanol conditions before and after the higher alcohol synthesis
conditions are shown in Table 6-4. The rate of methanol synthesis
dropped to less than 35% of its original value, an activity loss also
reflected by the decreased conversion of carbon monoxide. Analyses of
the activities obtained at the start of higher alcohol synthesis and
after 1000 h of testing are also shown in Table 6-4. The 10% increase
in methanol yield that was observed initially tended to mask the
deactivation that had occurred. The decrease in the activity of the
catalyst as indicated by the loss of selectivity to higher alcohols was
confirmed by the 30% decrease in CO conversion by the conclusion of the
test.

Upon removal of the catalyst from the reactor, the hydrocarbon wax
was again observed to be present on the pellets and the glass beads
downstream from the bed. Auger analysis of the surface again indicated
that the pellets were coated with a carbon substance as no components of
the catalyst were observed.

To establish whether the in-line charcoal traps and guard bed were

removing metal carbonyls from the carbon monoxide feed, the iron and
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Table 6-4

Initial and final alcohol synthesis activities for the 0.25X% mol% cesium formate promoted Cu/ZnO
catalyst tested for 1000 hours under higher alcohol conditions

Product Yield, g/kg cat/h co

Synthesis 2-Me- Total Wt. mol%
Conditions co, 50 MeOH EtOH 1-Prol 1-Pr-OH 1-BuOH 2-Buol MeFor  McAce Yield® Ratiob Cenv,
Methanol©

Start 4.3 9 5013 . . . - - 36 - 504.9 TR

Finfsh 2.3 1.0 1727 - - - - @ e B g5
Higher Alcohol®

start  348.0 3.4 329.6  25.6 3.1 215 7.7 1.2 41 1.8 438.6 Bl 2.0

Finish  87.2 1.2 3634  11.8 8.9 1.0 1.7 0.2 64 35  39.5 e a0

(1000 h)

84efined as the sum of liquid product yields (excluding MZO).
bdefined as methanol/higher oxygenates.

C270°c, 75 atm, H,/CO = 2.33, GHsV = 6120 &(STP)/kg cat/h.
d

trace amount detected.

e300‘(2, 90 atm, Hy/CO = 0.70, GHSV = 3265 L(STP)/kg cat/h.




nickel contents were measured. As shown in Table 6-5, the dual charcoal
traps were divided into thirds and shown to have low levels of iron.
Analysis of the guard bed indicated that the zeolite was scrubbing the
iron carbonyls from the CO as indicated by a high iron content in the
first segment which decreased to levels below detection by the fifth
section. The first section of Cu/Zn0 catalyst in the guard bed showed a
small amount of iron possibly not trapped by the preceding zeolite
sections. Although the middle sections of the guard bed had no detect-
able iron content, the segment which was removed from the end of the
guard bed did. The observed iron content of the final segment was
indicative of a lower temperature at the end of the bed which may have
allowed the formation of low levels of iron carbonyls. Nickel was not
detected in the charcoal traps or the guard bed.

Analysis of the catalyst bed as.removeﬂ in two sections, Table 6-
5, indicated that iron and nickel contamination had occurred. The high
level of iron found in the top of the bed relative to the bottom indi-
cated that the contamination source was outside the catalytic bed
section of the reactor. The determination of an iron deposition rate of
0.92x107% g(iron)/g cat/h for the top of the bed was comparable to the
previously obtained rates for the same testing system, Table 6-3
analyses 5 through 7. The similarity of the deposition rates indicated
that the guard bed had not ameliorated the metal contamination problem.
The possible sources of iron and nickel contaminants were the 316-SS
transfer lines and the reactor itself.

Based upon the results using the guard bed, it was concluded that

the purified CO was entering the reactor and causing the formation of
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Table §-5
Iron and Nickel Contents of the Catalyst and Carbon Monoxide
Purification Traps after Testing under Higher Alcohol
Synthesis Conditions for 1000 Hours

Sample Location Atomic Absorption
Fe (wt%) Ni (wts)

Charcoal Trap at 293K:

beginning .02 0.00
middle 0.01 0.00
end 0.01 0.00

Purification Trap at 523K:

Zeolite, section 1/6 0.30 0.00
Zeolite, section 2/6 0.18 0.00
Zeolite, section 3/6 0.03 0.00
Zeolite, section 4/6 0.09 0.00
Zeolite, section 5/6 0.00 0.00
Zeolite, section 6/6 0.00 0.00 .
Cu/Zn0, section 1/5 0.03 0.00
Cu/Zn0, section 2/5 0.00 0.00
Cu/Zn0O, section 3/5 0.00 0.00
Cu/Zn0, section 4/5 0.00 0.00
Cu/Zn0, section 5/5 0.04 0.00
Catalyst Bed:
Top 0.1i1 0.02
Bottom 0.04 02
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metal carbonyls from the aging stainless steel walls and welded joints
of the v
copper sleeve into a 316-SS tube which was capable of withstanding the
pressure and temperature extremes used. The iron/nickel-free inner
surface tube was converted into a reactor by the use of Swagelok®
fittings as shown in Figure 6-22.

Before testing a catalyst, the copper-clad reactor was reduced in
situ and the system placed under alcohol synthesis conditions. This was
performed to ensure that the copper cladding of the system, when in the
fully reduced form, did not have an inherent catalytic activity. With
the non-catalytic behavior of the system established, a 0.25 mol% cesium
formate doped Cu/Zn0 catalyst was tested for 1000 h under higher alcohol
synthesis conditions.

The activity profile observed for the_9.25 mol$ cesium formate
doped copper-zinc oxide catalyst tested under higher alcohol synthesis
conditions is shown in Figure 6-23. The profile was obtained by
analyzing liquid product samples collected from the exit gas stream by
the use of a liquid nitrogen trap. The analysis method was utilized to
confirm the on-line gas analyses which were hindered by experimental
difficulties. The desired selectivity of 30 wt% of higher oxygenates
was achieved, Table 6-6, with a total product yield of =400 g/kg cat/h
at a 25 mol$ CO conversion level to liquid products. The long-term
stability of the process as monitored by the liquid product composition
again indicated that the catalyst was deactivating as evidenced by the

selectivity changes.
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Figure 6-22. Schematic of the copper-clad reactor.

264

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100+

a0t Methanol 1 g

60+
90 atm
40t 300°C
1 HL/CO = 0.7
GHSV =
20t 3265 I/kg cat/h
0
10+
87 Ethanol
ol "
1 —

T 2-Methyl-1-Propanol

LIQUID PRODUCT COMPOSITION, vol%

T+ 1-Propanol

<+ 1-Butanol
2L .
0
0 200 400 600 800 1000 1200

TIME TESTED, hours

Figure 6-23. Activity profile of the 0.25 mol$ Cs/Cu/Zn0 catalyst
tested for 1226 hours under higher alcohol synthesis
conditons (573K, 9.1 MPa, H,/CO = 0.7, GHSV =
3260 £(STP)/kg cat/h).
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Table 6-6

Weight Percent of the Principal Components in the Liquid Product
Synthesized over the 0.25 mol% Cs/Cu/ZnO Catalyst

Conditions: 573K, 9.1 MPa, GHSV = 3260 £(STP)/kg cat/h, H,/CO = 0.7
Initial Activity: ~400 g/kg cat/h at 25 mol% conversion of CO

Product Composition, wt$
Product Tnitial Final
(after 1226 1n)

Methanol 67.4 81.8
Methyl Formate 1.1 1.4
Ethanol 7.1 5.3
Methyl Acetate 3.2 1.8
1-Propanol 8.9 - 5.1
2-Butanol 0.8 0.3
Methyl Propionate 3.1 1.4
2-Methyl-1-Propanol 5.8 1.9
1-Butanol 2.6 1.0
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To evaluate the reduced activity of the catalyst after prolonged
testing under nigher alcohol synthesis conditions, the testing condi-
tions were returned to methanol synthesis conditions, Table 6-7. The
rate of methanol synthesis was observed to have diminished to 64% of its
original value, an improvement over the previously tested catalyst that
had dropped to 35% of the initial value after 1000 h of testing. The
decrease in methanol synthesis activity was also paralleled by the
decrease in carbon monoxide conversion.

Removal of the catalyst from the reactor again uncovered the
presence of a hydrocarbon wax on the pellets and the glass beads
downstream from the bed. The amount of wax observed was significantly
less than previously encountered. Analysis of the tested catalyst and
the two-component guard bed again showed the presence of metal
contamination. The guard bed, held at 573K,ncontained low levels of
iron attributed to contamination arising from the iron components of the
system, Table 6-8. By the end of the guard bed, the iron had been
effectively scrubbed from the CO. A completé analysis of the catalyst
as removed from the top and bottom of the bed, Table 6-9, showed that
iron and nickel contamination had occurred. The higher level of iron,
0.029 wts, found at the top of the bed relative to the bottom, 0.015
wt%, indicated that the contamination source was outside of the catalyt-
ic bed section of the copper-clad reactor. Iron deposition rates of
0.206x10°® and 0.107x10°® g(iron)/g cat/h were calculated for the top and
bottom catalyst bed samples, respectively. Compared to the previous
0.25 mol% Cs/Cu/Zn0 catalytic test in the stainless steel reactor, a

fivefold reduction in the iron deposition rate had been achieved

267

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 6-7

Activity of the 0.25 mol$ Cs/Cu/Zn0 Catalyst under
Methanol Synthesis Conditions

Conditions: 523K, 7.6 MPa, GHSV = 6120 £(STP)/kg cat/h, H,/CO = 2.33

Yields
g/kg cat/h
C0, H,0 Methanol Methyl Ethanol Conversion
Formate (mols)
Before long-
term test 7.0 1.1 454.7 7.4 trace 19.5
After long-
term test 1.6 0.6 293.1 0.3 trace 12.3

®This value reflects the higher €O, content of the exit stream associ-
ated with establishing the steady-state reaction conditions.
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Iron Content of the Guard Bed

Bed Segment Material Iron Content
Number (wts)
i 11 zeolite® 0.08
: 10 zeolite g.C3
13
{ 9 zeolite 0.05
c 8 zeolite 0.05
° 7 zeolite 0.05
i 6 zeolite 0.04
: 5 zeolite 0.01
¢ 4 zeolite ~  0.02
i 3 catalyst® 0.03
i 2 catalyst 0.02
i 1 catalyst =0.00

3Linde 13A molecular zeolite, predried.
$30/70 Cu0/Zn0 catalyst, reduced in situ.
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Table 6-9

Quanitative Analysis of a 0.25 mol$ Cs/Cu/Zn0 Catalyst after
Extended Testing under Higher Alcohol Synthesis Conditions*

Sample Cu Zn Fe Ni Cs AP
------------------- weight percent--«---cc-cccccmcoaans

Top 22.60 58.97 0.029 0.057 0.430 17.914

Bottom 22.02 57.41 0.015 0.022 0.450 20.083

*Activity profile and testing conditions given in Figure 6-22.
PUnaccounted for weight of the sample.
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indicating that the copper-clad reactor significantly reduced the iron
contamination phenomena. Comparison to the iron deposition rates of the
older stainless steel reactor, the iron contamination rate had been
reduced by a factor of 25-fcld. Witk the use of CO as purified by the
guard bed, the iron and nickel found in the catalyst bed had to be
originating from the stainless steel connections between the guard bed
and the reactor, which were heated to 473K during testing.

The analytical data of Table 6-9 accounted for the principal
components of the catalyst after testing. Using this information, an
estimate of the amount of hydrocarbon wax associated with the tested
catalyst was made. It was assumed that the analyzed zinc represented
zinc oxide, a 1:1 ratio with oxygen, and the cesium atoms were associ-
ated with hydroxide anions. The copper iron and nickel were assumed to
be in the metallic state. It was calculated that 3.426 and 5.974 wt$ of
the top and bottom catalyst samples, respectively, was not accounted
for. This weight difference was attributed to the hydrocarbon wax. N-
hexacosane, the C,g hydrocarbon determined by infrared analysis to be
the upper-bound, average carbon chain length of the wax, was used to
calculate the theoretical thickness of the wax coating on the catalyst.
With a density of 0.80 g/cc at 20°C (Marsh, 1985), an n-hexacosane wax
coating thickness of 1.53 and 2.73 nm was calculated for pellets from
the top and bottom of the catalyst bed, respectively. Thicker coatings
would have occurred on previously tested catalysts based upon the higher
quantities of wax observed. These coatings were responsible for the
complete attenuation of the Auger signals arising from the components of

the catalysts.
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The minimum thickness of an organic layer required for complete
signal attenuation of Auger emissions from the substrate was also
calculated. As previously shown in Figure 6-11, the wax coating was
capable of complete attenuation of the Auger electrons arising from the
components of the catalyst. Using an empirical equation for calculating
the electron escape depths through organic materials (Seah and Dench,
1979), minimum carbon layer thicknesses of 4.16, 4.32 and 3.07 nm would
be required for preventing the observation of the copper, zinc and
oxygen Auger emissions, respectively.

The problem of iron and nickel contamination was unavoidable with
the use of stainless steel materials for the high pressure handling of
the carbon monoxide. In an attempt to overcome this, the final extended
test involved the use of brass interconnections to transport purified CO
from the copper-clad guard bed to the copperjclad reactor. The con-
figuration that was utilized is illustrated in Figure 6-24. The brass
connections used were cooled by forced air to maintain a safety factor
of four or greater in the pressure rating.

The Cs/Cu/Zn0 that was tested was observed to have a high activity
and selectivity to methanol, Table 6-10, when tested for 107 h under
methanol synthesis conditions. The catalyst was then subjected to
higher alcohol synthesis conditions, the initial and final activities
also shown in Table 6-10.

The activity profile that was obtained is shown in Figure 6-25
Steady-state activity was maintained for 400 h, after which the same
changes in selectivity were again noted. By comparison to the previous

activity profiles, the rate of selectivity decline for the higher
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Table 6-10

Initial and final alcohol synthesis activities for the 0.4 molX cesium formate promoted Cu/Zn0 catalyst tested
for 1000 hours under higher alcohol synthesis conditions in an all-copper and brass reaction system

Product Yield, g/kg cat/h Total co
Synthesis 2-Me 2-Me Methyl Methyl Liquid Wt, mol%
Conditions co, cH, Hy0 MeOH C,lg EtOH 1-PrOH 1-ProH 1-BUOH  1-BUOH Formate Acetate Yield Ratio® Conv.
Methanolb
2.1
Start 8.5 .- t€ 463.5 .- 0.85 -- .- -- .- 3.45 - 467.8 0.9 w7
>98.9)
Finish 8.5 t© 3.3 275.9 .- 0.52 -- .- .- .- 2.55 - 278.9 > 1.1 1.7
Higher Alcohold
70.7
Start 298.8 11.9 3.4 265.0 2.6 23.9 31.6 31.4 6.7 3.0 4.8 8.2 374.6 29.% 21.8
(145 h)
814
Finish 174.7 11.8 6.7 291.3 1.0 16.5 19.4 16.1 2.5 1.8 4.3 5.9 357.8 18.6 18.7

84efined as methanol/higher oxygenates.

Bs23k, 7.6 WPa, Hy/CO = 2.33, GHSV = 6120 &(STP)/kg cat/h.

Ctrace amount detected.

d573l(, 9.1 WpPa, H,/C0 = 0.70, GHSV = 3265 £(STP)/kg cat/h.
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Figure 6-25. Activity profile for a 0.4 mol$ Cs/Cu/ZnO catalyst tested
for 1000 hours under higher alcohol synthesis conditions
(573K, 9.1 MPa, H,/CO = 0.7, GHSV = 3260 £(STP)/kg cat/h).
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alcohols was significantly decreased. After 1000 h of testing under

hiigher alco » 36.0% of the total oxygenate yield
was still being synthesized on a weight basis (Table 6-10). However,
the initial weight ratio of 70% methanol and 30% higher oxygenates had
changed to 80% methanol and 20% higher oxygenates. Comparison of the
activity of the catalyst under methanol synthesis conditions before and
after the 1000 h higher alcohol synthesis test (Tabel 6-10) showed that
the methanol activity had decreased to 60.0% of the original value.
This indicated that the catalyst had essentially lost 40% of its
specific activity due to the formation of the wax.

Upon removal from the catalyst bed, no wax was detected with the
beds downstream from the catalyst bed. Analysis of the tested catalyst
again confirmed the contamination by iron, 0.041 and 0.010 wts for
samples from the top and bottom of the bed, .respectively. These compafe
with the 0.008 wt% Fe found in the untested catalysts. The quantities

of iron determined indicated that the iron levels were reduced by the

modifications made to the system.

CONCLUSIONS

The copper-zinc oxide catalyst as promoted by cesium is an
intrinsically stable higher alcohol synthesis catalyst. The catalyst
exhibits changes in particle size and surface area that are caused by ,
the synthesis temperatures employed. After the initial changes, no
further structural changes occur during extended testing. The alcohol
synthesis activity profiles that were observed for the catalysts reflect

s =

the susceptibility of the system to iron and nickel contamination. The

276

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



contamination results in the formation of hydrocarbon waxes which

Reduction of the iron and nickel contamination afforded catalyst
performance which was maintained at greater than 95% of the initial
synthesis activity under higher alcohol synthesis conditions based upon
the total yield of liquid products. The selectivity did change as
indicated by the shift of the initial 70/30 methanol to higher oxygenate

weight ratio to 80/20 after 1000 h of testing.
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CHAPTER 7

CONCLUSIONS

The results of the research presented in this dissertation have
afforded insight into the synthesis of oxygenates from carbon monoxide
and hydrogen over cesium promoted copper/zinc oxide catalysts. The
studies have identified the surface species that are present on the
catalysts, revealed the mechanistic pathways by which higher oxygenates
are synthesized, and determined the factors involved in sustained
catalytic performance during extended testing periods. A brief summary
of the knowledge generated in this work is presented here.

The infrared spectroscopy studies have shown that the copper/zinc
oxide catalysts as prepared have carbonate and hydroxyl species on the
surface. Under synthesis gas pressure and at elevated temperatures,
surface species containing carbon, hydrogen ;nd oxygen were kbrmed. The
first species observed was a bidentate formate which was postulated to
be formed by the insertion of carbon monoxide into a surface hydroxyl
group. The second surface species identified contained two hydrogens,
the moiety analogous to adsorbed formaldehyde. Further hydrogenation
resulted in the formation of a surface methoxide species which was only
readily observed on the zinc oxide catalyst. Addition of cesium ions to
the surface of the copper/zinc oxide resulted in the cbservation of a
unique bidentate speciles. The association of the species with cesium

ions was evidenced by the observed peak positions, and the promotional
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effect of cesium was attributed to the facile activation of CO with

= — _—— e
ic surface formate.

crmaticn of Cs-specif

Insight into the mechanistic pathways of higher oxygenate syn-
thesis was obtained by carbon-13 nuclear magnetic resonance spectros-
copy. The carbon-carbon and carbon-oxygen bond formation mechanisms
were investigated using 3C enriched alcohols. The labeled alcohols
were injected into the synthesis gas feed over a catalyst operating
under synthesis conditions and the alcohols were incorporated into the
products. The injection of !3C enriched methanol resulted in the forma-
tion of active G, surface species which coupled, forming ethanol with
enrichment of both carbons. Two possible mechanisms were advanced, both
involving the nucleophilic attack of a surface formyl species on an
adsorbed formaldehyde or methanol. The findings eliminated CO insertion
into a surface alkyl or oxygenated species as a pathway for ethanol
formation over the Cs copper-based catalysts.studied.

The ethanol mechanism contrasted with the pathway of methyl
formate synthesis. Enrichment of the methyl group of methyl formate
identified it as being derived from the labeled methanol whereas the
carbonyl group, which was not enriched, arose from the carbon monoxide.
The indicated mechanism involves the direct insertion of CO into a
surface methoxide species. The observed enrichment pattern of methyl
formate eliminated the possibility that it was a precursor to ethanol.

Additional isotope studies were performed using ethanol, enriched
in the C-1 position, and enriched methanol co-injected with ethanol and

subsequently l-propanocl, to gain insight into the synthesis of the C,

and higher oxygenates. This insight in combination with the observed
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product distributions and the incorporation patterns of lower alcohols
r alcchols sllowed a gemeral reaction network to be con-
structed. In addition, the mechanistic pathways with probable surface
species were deduced.

Linear chain growth, £ , accounted for the synthesis of the
linear, primary alcohols. The key mechanistic feature involved the
coupling of oxygenated species. As observed with the formation of
ethanol, preferential coupling at the « carbons for the C_, + C,, £ step
occurred. It was inferred that the mechanism involved the nucleophilic
attack by a formyl species on the a carbon of an adsorbed aldehydic
species. The dioxygenated species then underwent hydrogenation/dehydra-
tion yielding the next higher alcohol of the homologous primary alcohol
series. Alternatively, the formyl species could attack the a carbon of
an adsorbed alcohol in an Sy2 fashion with direct displacement of the
hydroxyl group of the alcohol.

A second distinctive mechanistic pathway that was observed was the
addition of the C;, C,, and C; oxygenated species to the B carbon of
C, (n=2) alcohols forming C,,, (m=1,2,3) alcohols. This pathway was
called B addition with two classes of such additions distinguished for
the C +#C; additions. The B addition in which retention of the oxygen of
the C, fragment and loss of the oxygen of the C, fragment was observed
was called aldol coupling with oxygen retention reversal, B(R).
Concomitantly, the same C,4C, B additions occurred with retention of
the oxygen associated with the C, fragment and rejection of the oxygen
associated with the C, fragment. This latter pathway was consistent

with that predicted by a normal aldol coupling mechanism and was denoted
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B(N). It was postulated that common to the mechanism of B-ketoalkoxide
species which retained the alkoxide oxygen by the S(R) pathway oxr
retained the keto oxygen by the B(N) pathway. Whereas S-addition
involving C +C, where n=2 resulted in the formation of l-propanol,
subsequent B additions where n=3 resulted in the formation of 2-methyl-
l-alkanols. With the occurrence of 2-methyl branching, no further chain
growth by £ or B8 pathways was observed.

. Although the presence of cesium significantly promoted both the £
and B additions, the 8 additions were affected to a greater extent.
This was manifested by the increased selectivity towards 2-methyl-1-
propanol, the principal branched product. At higher temperatures, the
B(R) pathway dominated over the S(N) pathway for the C,»C; step over the
Cs/Cu/Zn0 catalyst. For the C~C.,,; (n=3) step, both the B(N) and B(R)
pathways were observed and mechanistically wgfe related to the stereo-
chemistry of the C_,; intermediates located on cesium centers and the
surface of the catalyst. For the g-ketoalkoxide species with no
substituents on a cesium center, the unrestricted movement of the keto
group allowed it to move to the hydrogenation component of the catalyst.
This resulted in the domination of the B(R) pathway for the C,»C, step
over the Cs/Cu/Zn0 catalyst. With the occurrence of methyl branching,

]

the restriction in movement of the keto group of the g-ketoalkoxide from
the coordination sphere of the cesium ion allowed both S(R) and B(N)
additions to occur. The observation that no further synthesis occurred
with the 2-methyl alcohols (e.g. 2-methyl-l-propanol) was also explained

as a result of the methyl branching.
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The observations clearly indicated that the catalyst was bifunc-
tional: it had independent hydrogenation and basic components, the
latter influencing the £ and B growth directly. Whereas the zinc oxide
component of the catalyst functioned as a weak base, the presence of
cesium afforded the effects of a strong base. The counterions of both
centers were involved in the nucleophilic attack on aldehydes and
ketones.

The mechanistic pathways for the formation of the aldehydes and
ketones involved dehydrogenation of their corresponding alcohols. At
higher temperatures, the alcohols were determined to be in equilibrium
with their dehydrogenated aldehyde or ketone form. In a similar manner,
the methyl ester (except for methyl formate) yields were consistent with
the predicted equilibrium yield based upon formation from the corre-
sponding aldehyde.

The mechanistic pathways constructed allowed a kinetic model (not
part of this thesis; Smith et al., 1989) to be developed for oxygenate
synthesis over the copper-based catalysts. The relative rates afforded
by the kinetic model were therefore understood on a molecular basis.

The dominant mechanistic effect of cesium was a significantly greater
promotion of the C,»C; step relative to any of the other C+C,,; steps.
This resulted in a bimodal product distribution. Maxima in methanol and
2-methyl-1l-propanol yields were separated by a minimum at ethanol. The
observed higher CO conversion over the cesium promoted catalysts
indicated that cesium increased both the activity and selectivity toward

the formation of methanol and 2-methyl-l-propanol mixtures.
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The last section of the research investigated the lifetime of the
catalyst. With the Jdesired selectivitly and activity of the catalyst
achieved, sustained testing periods were investigated. It was detex-
mined that the cesium-promoted copper/zinc oxide catalyst was intrinsi-
cally stable. The unique deactivation profile that was observed was
found to be due to the susceptibility of the catalyst to iron and nickel
contamination. The iron and nickel centers displayed their owm catalyt-
ic activity forming long chain aliphatic hydrocarbons which disrupted
the desired activity and selectivity to the higher alcohols over the
Cs/Cu/Zn0 catalysts. By significantly reducing the iron and nickel
contamination rates, the activity and selectivity of the cesium-promoted

copper/zinc oxide catalyst could be sustained during 1000 hours of

testing under higher alcohol synthesis conditions.
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APPENDIX A
Calculations Using the Gas Chromatographic Data to Determine
Product Yields, Selectivities, Conversions and
Material Balances

To illustrate the calculation of product yields, selectivities,
conversions and material balances, the results obtained over a 0.4 mols
Cs/Cu/Zn0 catalyst will be used. The synthesis conditions were: 493K;
7.6 MPa; H,/CO = 31.97/68.03; and GHSV = 3260 £(STP)/kg cat/h. The
output from the computer program used is shown in Figure Al, the method
for calculating the results explained below.

The relative molar concentrations of the products were calculated
by division of the integrated peak areas of each component by its

thermal response factor (Dietz, 1967) and normalizing the values to

obtain the relative mol% contents, Table Al.

Table Al

The Molar Concentration of the Components as
Calculated from the GC Analysis

Integrated Thermal Response Relative Molar
Compound Peak Area(®) Factor (TRF) Area/TRF Concn. (mol%)
Cco 97.069 42 2.31 97.8
co, 0.095 48 0.00198 0.0837
H,0 6.000 33 0.00000 0.0000
CH,OH 2.747 55 0.0500 2.11
CH,00CH 0.079 72 0.00110 0.0465

The material balance for the system was calculated based upon the

carbon and oxygen atoms entering and exiting the reactor. The mols of
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CO entering the system was calculated using the total gas flow of 8.16

2/h (298K, 1 atm.) and the vol% of CO. 68.03%, The molar flow rate was:

CO,, = (8.16 £/h)(.6803)/(24.45 £/mol) = 0.2270 mol/h

The CO;, represents the molar flow rate of carbon and oxygen into the
system.

The absolute exit gas concentration was not determined by GC és
the hydrogen could not be analyzed. This warranted using the relative
molar concentrations of the products that were analyzed and the assump-
tion that the entire oxygen into the system was distributed among the
products. This allowed the calculation of the total number of mols of
each product which was exiting the system. This was accomplished by

calculating the percent distribution of oxygen among the products,

% oxygen as CO = 97.7570/[97.7570+2(0.0837) + 0 + 2.1128 + 2(0.0465)]

- 97.6299 .
The CO exiting the system was then calculated,
COout = (0.2270 mol/h)(0.976299) = 0.2217 mol/h .

For compounds containing only carbon and hydrogen, the molar rates
were calculated by comparison to the CO rates. With the molar flow
rates for each product known, the total mols of carbon exiting the
system was calculated and compared to the carbon in. The difference
between the two values represented the error in the calculation method

based upon the carbon balance,
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% error = [(Cy - Cous)/(Cin)] X 100
- [(0.2270449 mol/h - 0.2268551 mol/h)/(0.2270449 mol/h)] X 100

= 0.08361%

The yield of each product, expressed as the weight of product
formed per kilogram of catalyst per hour, was calculated from the molar
flow rate and molecular weight of each product and the weight of the

catalyst tested,

Methanol Yield = [(CH,OH_ .., mol/hY(M W,  of CH,0H)]/(catalyst wt)

223V Couer —v =/ =2/ \<=-

= 62.57 g(CH0H)/kg cat/h .

The selectivity to each product was calculated on a carbon molg
basis, exclusive of CO,. The selectivity for a product equalled the

molar flow rate of the component times the number of carbon atoms

divided by the sum of all products times their respective carbon atom

contents,

Methanol Selectivity =

(carbon atms, CH.OH) (mol /h.CH,OH)
[(carbon atm,CH;0H) (mol/h,CH,0H)] + [(carbon atm,CH,00CH)(mol/h,CH,00CH)]

x 100

- 1) ¢(0.004790 mol x 100
. 7 mo + . mo

= 95.79 mols
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The CO conversions to products were calculated exclusive of CO,,

CO(mols) = QQ;n_-_ch_g&mﬂzoubl x 100

an

- 0.2270449 mol/h - (0.2217 mol/h + 0.0001898 mol/h) x 100 °
. mo

= 22.7 mols

and

{mol = €O, ~ (CO_..+CO )
CO{mol/kg cat/h) m—_(_k_gauréa_t.zout,-

- 0.2270449 mol/h - {0.2212 mol/h + 0.0001898 mol/h)
. g

= 2.11 mol/kg cat/h

298

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B

Publications Co-Authored by C. E. Bogdan

"Methanol Synthesis Catalysts Based on Cs/Cu/ZnO/M303 (M= Al, Cr, Ga):
Genesis from Coprecipitated Hydrotalcite-like Precursors, Solid-State
Chemistry, Morphology, and Stability," Nunan, J. G., Himelfarb, P.
B., Herman, R. G., Klier, K., Bogdan, C. E., and Simmons, G. W., Inorg.
Chem., to be published in October (1989).

"Higher Alcohol and Oxygenate Synthesis over Cesium-Doped Cu/Zn0O
Catalyvsts,"™ Nunan, J. G., Bogdan, C. E., Klier, K., Smith, K. J_,
Young, C.-W., and Herman, R. G., J. Catal. 116, 195 (1989).

"Efficient Carbon-Carbon Bond Formation in Ethanol Homologation by CO/H,
with Specific C; Oxygen Retention Over Cs/Cu/Zn0 Catalysts,” Nunan, J.
G., Bogdan, C. E., Herman, R. G., and Klier, K., Catal. Lett. 2, 49
(1989).

"Methanol and C, Oxygenate Synthesis over Cesium Dop%g Cu/Zn0 and
Cu/Zn0/Al,04 Catalysts: A Study of Selectivity and “°C Incorporation
Patterns," Nunan, J. G., Bogdan, C. E., Klier, K., Smith, K. J., Young,
C.-W., and Herman, R. G., J. Catal. 113, 410 (1988).

"Mechanism of C1-Cy Alcohol Synthesis over Alkali/M052 and
Alkali/Co/M052 Catalysts,” Santiesteban, J. G., Bogdan, C. E., Herman,
R. G., and Klier, K., in "Proceedings, 9th. Intermational Congress on
Catalysis" (Phillips, M. J., and Terman, M., Eds.) Vol. 2, p. 561.
Chem. Inst. Canada, 1988.

“"Mechanism of Methanol and Higher Oxygenate Synthesis,” Klier, XK.,
Herman, R. G., Nunan, J. G., Smith, K. J., Bogdan, C. E., Young, C.-W.,
and Santiesteban, J. G., in "Methane Conversion,"™ (Bibby, D. M., Chang,
C. D., Howe, R. F., and Yurchak, S., Eds.) p.745. Elsevier, Amsterdam,
1988.

"Deactivation Studies of the 0s/Cu/Zn0 and Alkali/MMoS, Alcohol Synthesis
Catalysts,™ Bogdan, C. E., Nunan, J. G., Santiesteban, J. G., Herman,
R. G., and Klier, K., in "Proc. 10th N. Am. Catal. Soc. Meeting," (Ward,
J. W., Ed.) p.745. Elsevier, Amsterdam, 1987.

"Discrimination among Carbonate Minerals by Raman Spectroscopy using the
Laser Microprobe,” Herman, R. G., Bogdan, C. E., Sommer, A. J., and
Simpson, D. R., Appl. Spec. 41(3), 437 (1987).

299

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



"Promotion by Cs(I) and Poisoning by T1(I) of the Cu/Zn0 Catalysts for
Methanol Synthesis and the Water Gas Shift Reaction,"” Bybell, D. G.,
Deutsch, P. P., Herman, R. G., Himelfarb, P. B., Nunan, J. G., Young, C.
W., Bogdan, C. E., Simmons, G. W., and Klier, K., Prepr. Div. Pet. Chem.

ACS 31(1), 282 (1986).

"Laser Raman Microprobe Study of the Identification and Thermal
Transformations of Some Carbonate and Aluminosilicate Minerals,™
Herman, R. G., Bogdan, C. E., and Sommer, A. J., in "Advances in
Materials Characterization II," (Snyder, R. L., Condrate, R. A., and

Johnson, P. F., Eds.) p. 113. Plenun Press, NY, 1985.

300

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VITA

Charles Edward Bogdan was born in Reading, Pemnsylvania on
November 26, 1959, the first son of Edward Charles Bogdan and Anna Mae
(Garraway) Bogdan. He was raised and schooled in Laureldale,
Pennsylvania, and graduated from Muhlenberg Township High School in
1978.

Mr. Bogdan entered Albright College in the fall of 1978,
graduating cum laude with a Bachelor of Science degree in Biochemistry
in the spring of 1982. He entered graduate study in organic chemistry
at Lehigh University in 1982. 1In 1983, he was selected to begin
research in the field of catalysis under the tutelage of Professor Kamil
Klier. While pursuing his degree, he received the Buch (1983, 1984,
1985) and Horner (1986) Fellowships awarded by Lehigh University and
the Texaco Fellowship (1987, 1988) awarded by The Texaco Philanthropic
Foundation. During his Ph.D. program, Mr. Bogdan co-authored several
scientific papers related to the field of heterogeneous catalysis. In
1987, Mr. Bogdan was honored by election to Sigma Xi, a scientific
research society.

Mr. Bogdan began employment as a Senior Research Chemist at J. T.
Baker, Inc., New Jersey, a subsidiary of Procter and Gamble, in March
1588 while completing his degree requirements.

Mr. Bogdan is engaged to Karen A. Grim, a research scientist at

AT&T, Bell Laboratories, Reading, Pemmsylvania.

301

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



