JOURNAL OF CATALYSIS 126, 401-420 (1990)

Temperature-Programmed Reaction of C, Oxygenates on
Unpromoted and K-Promoted ZnCr Oxide in Relation to the
Mechanism of the Higher Alcohol Synthesis*

Luca LieTTI, P10 FORZATTI, ENRICO TRONCONI, AND ITALO PASQUON

Dipartimento di Chimica Industriale ed Ingegneria Chimica ‘‘G. Natta’’ del Politecnico,
Piazza Leonardo da Vinci 32, 20133, Milano, Italy

Received April 18, 1989; revised January 25, 1990

The reaction mechanisms operating in the chain growth to C;, primary alcohols and in the
formation of ketones, secondary alcohols, methy! esters, ethers, and hydrocarbons during higher
alcohol synthesis (HAS) over high-temperature modified methanol catalysts have been investigated
by the temperature-programmed surface reaction (TPSR) technique. Experiments with linear and
branched C, alcohols, aldehydes, and acids over an unpromoted ZnCr oxide sample have indicated
a series of major catalyst functions, namely aldol-like condensation (also with oxygen retention
reversal), decarboxylation and decarboxylative condensations, hydrogenation-dehydrogenation,
dehydration and hydrolysis, along with isomerization and cracking. TPSR experiments with linear
C, molecules over K-promoted ZnCr oxide have demonstrated the effects of alkali addition on the
catalyst functions. The relevance of these functions and of the associated chemical reactions during
HAS has been discussed in the light of catalytic tests performed under real synthesis conditions.
The results are supportive of a mechanism of chain growth to C;, primary alcohols based on a
sequence of aldolic condensations of aldehydes, which do not operate over 2-methyl species.
Formation of ketones under TPSR conditions is explained by decarboxylative condensation reac-
tions of aldehydic and carboxylate species, as well as by aldol-like condensation reactions with
oxygen retention reversal. Secondary alcohols detected in the products of the synthesis are formed
by hydrogenation of ketones. Methyl esters and ethers are produced in the synthesis by alcoholysis
of carboxylate and alkoxide species, respectively. Decarboxylation of carboxylate species, along

with dehydration, may also play a role in the formation of hydrocarbons during HAS.
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INTRODUCTION

Although much work has been devoted to
the study of the direct synthesis of mixtures
of methanol and higher alcohols (higher al-
cohol synthesis, HAS) over alkali-promoted
methanol catalysts (/-14), some aspects of
the synthesis have not yet been completely
clarified.

A number of mechanistic proposals have
been recently advanced to describe the ori-
gin of oxygenated products over modified
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Cu-based low-temperature methanol cata-
lysts. In a series of exhaustive studies on
the synthesis of oxygenates from syngas,
Klier and co-workers (15-18), mainly on the
basis of isotopic labelling experiments over
Cs-promoted Cu/ZnO catalysts proposed
that: (i) methyl formate originates from the
direct carbonylation of a methoxy species;
(ii) the C—C bond in ethanol is formed by
coupling of C, surface intermediates related
to methanol; (iii) carbon chain growth to C, ,
oxygenates occurs by addition of oxygen-
ated species at the B-carbon atom of the
growing intermediate, both with classic al-
dol coupling and with aldol coupling with
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oxygenretention reversal; and (iv) this latter
mode is specific to the presence of alkali and
is responsible for the formation of ketones
and for the higher productivity to propanol.
Similar conclusions have been almost simul-
taneously reached by Elliott and Pennella
(19-22) on the basis of isotopic labelling
studies under HAS conditions over a Cu/
ZnO methanol catalyst and of direct obser-
vation of the reaction products in microreac-
tor experiments.

Concerning the high-T-modified methanol
catalysts, mechanistic aspects of HAS were
investigated in the early literature. Frolich
and Cryder (23) and Graves (24) ascribed
the formation of higher alcohols to the con-
densation of lower alcohols. Morgan (25, 26)
described the formation of alcohols through
a series of aldol condensation reactions
starting with formaldehyde condensing to
glycolaldehyde and proceeding through suc-
cessive condensation, dehydration, and hy-
drogenation reactions to higher alcohols.
Natta et al. (7) proposed a series of reactions
involving CO insertion into an alkali alkox-
ide species to give the next higher carboxyl-
ate which is then reduced to alcohol. More
recently Riva et al. (8) performed experi-
ments with K-promoted ZnCr oxide cata-
lysts where C; and C, oxygenates were
added to the synthesis gas mixture; the re-
sults were found to be consistent with the
hypothesis that chain growth takes place
through insertion of a C, unit in the 8-posi-
tion of a C, unit. A kinetic model for the
distribution of C,, primary alcohols has
been recently reported for HAS over a
Cs,O-promoted ZnCr oxide catalyst (27).
The related reaction scheme was based on
two dominant pathways: (a) the stepwise C,
addition to a growing linear chain; (b) a
faster ‘‘B-condensation’’ route, leading to 2-
methyl-branched alcohols. All of the above
schemes are consistent with a chain growth
mechanism based on‘a first slow step, re-
sponsible for the formation of the first car-
bon-carbon bond, followed by a fast chain
growth leading primarily to branched pri-
mary alcohols.

The formation of minor amounts of ke-
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tones and of the corresponding secondary
alcohols was explained by Natta et al. (7)
through decomposition of alkali salts of fatty
acids. The formation of hydrocarbons
among the reaction products, although of
great relevance for process implications,
has not been specifically addressed so far.
It is worth stressing that all of the above
mechanistic proposals for HAS over alkali-
promoted high-T-methanol catalysts rely
mainly on qualitative analysis of the reac-
tion product mixture, whereas direct evi-
dence for their relevance is still lacking.

The present paper reports results of a
study on the mechanisms involved in the
alcohol chain growth and in the origin of
side products such as ketones, secondary
alcohols, esters, ethers, and hydrocarbons
during HAS over an unpromoted and a K-
promoted ZnCr oxide catalyst. The mecha-
nism of HAS has been addressed by using
the temperature programmed surface reac-
tion (TPSR) technique, which allows one to
collect valuable information on the surface
reaction mechanism through the analysis of
the desorption spectra of the products origi-
nating from decomposition or reaction of
the adsorbates on the catalyst surface. By
focusing attention on the interaction of ap-
propriate intermediate species with the cata-
lyst, this technique allows one to study the
mechanism of specific reactions operating
in HAS, and also reduces the complexity
associated with the large number of reaction
products.

In previous papers the interaction of n-
butanal and 1-butanol with a ZnCr oxide
catalyst has been investigated by the same
technique (28, 29). A variety of desorption
products that were considered to originate
from C, and Cg intermediate surface spe-
cies were identified, and a number of chem-
ical functions of the ZnCr oxide were
pointed out. In this work the desorption
spectra of n-butanal and 1-butanol have
been recorded again in a TPSR apparatus
which has been improved in order to obtain
complete desorption traces for all prod-
ucts: they are presented here in a more
complete form than previously reported
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and discussed briefly for the sake of com-
parison. The TPSR study over unpromoted
ZnCr oxide has been extended to n-buta-
noic acid, and to isobutanol, isobutanal
and isobutanoic acid. The TPSR study of
n-butanoic acid has been undertaken with
the purpose of obtaining direct information
on the reactivity of carboxylate ions. The
TPSR study of branched C, oxygenated
molecules was expected to confirm the
catalyst functions previously assessed in
the case of linear C, molecules, to provide
evidence for additional functions due to
the different reactivity of branched mole-
cules as compared to the corresponding
linear ones, and to give information on the
terminal nature of branched C, alcohols
and aldehydes in the HAS chain growth.

In this paper we also report on TPSR ex-
periments of 1-butanol, n-butanal, and
n-butanoic acid on K,O-promoted ZnCr
oxide; these have been performed to investi-
gate the effect of alkali addition on the chem-
ical functions of the ZnCr oxide system.

Finally, the role of the catalyst functions
and the relevance of the associated chemical
reactions under HAS conditions is dis-
cussed in the light of information provided
by catalytic tests performed under real syn-
thesis conditions.

METHODS

The TPSR apparatus, the related experi-
mental procedures, and the GC-FTIR facili-
ties have been described in detail elsewhere
(29). For the present study, the analysis sec-
tion of the TPSR apparatus has been en-
hanced by including a 16-loop gas sampling
valve, which allowed several on-line GC
analyses of the gas exiting the reactor to be
performed during a single TPSR experi-
ment, and by using an OV1 25-m-long capil-
lary column (0.32-mm i.d.) with high phase
thickness (3 um) for the on-line GC analysis
of both light and heavy desorbed products.
The heating program for the GC analysis
was typically 5 min at 30°C, followed by
heating to 90°C (heating rate 5°C/min) and
then to 230°C (heating rate 9°C/min, hold
10 min). The capillary column was coupled
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with a Poropak packed column (i.d. = 4
mm, L = 2 m) operating at 120°C, which
enabled TC detection of species not moni-
tored by FID (e.g., CO,).

The desorption profiles of the single spe-
cies were obtained by staged interpolation of
the discrete experimental points, using cubic
spline functions. No attempts were made to
check the carbon balance, but the analysis of
the catalyst after the TPSR run indicated that
fouling occurred to a limited extent during
the experiments, as discussed in (29).

A commercial ZnCr oxide catalyst with
Zn/Cratomic ratio 3/1 and BET surface area
120 m?g ! has been used in this study. XRD
analysis indicated the presence of both ZnO
and ZnCr,0, phases. The K,O-promoted
sample (3% K,0O w/w) was obtained by the
wet impregnation method using a CH,
COOK solution. The K loading corresponds
to that typically used in HAS (9). The sam-
ples were prereduced witha N, + 5% H, mix-
ture at 450°C for 30 min, saturated with the
selected oxygenated molecules at 35°C and
then evacuated toremove the weakly physis-
orbed species before recording the TPSR
spectra. The TPSR experiment differs froma
typical TPD experiment in that the desorbed
species are not produced by simple desorp-
tion of the initially adsorbed molecules but
originate from either surface-catalyzed de-
composition of the adsorbate or from reac-
tion between adsorbate in an inert carrier.

Zinc n-butyrate and zinc isobutyrate used
as standards were prepared by attack on
ZnCO, with butanoic acids at room temper-
ature (r.t.). The IR spectra were recorded
on a Perkin Elmer Model 782 instrument.
Chromatographic helium, further purified
by molecular sieves, and Fluka p.p.a. re-
agents were used during all runs.

RESULTS AND DISCUSSION

(a) ADSORPTION OF LINEAR C,
OXYGENATED MOLECULES ON
UNPROMOTED ZNCR OXIDE
1. 1-Butanol TPSR on ZnCr Oxide

The overall FID-TPSR trace and the pro-
files of the main desorbed species upon 1-
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FiG. 1. FID-TPSR traces obtained after 1-butanol
adsorption at 35°C on ZnCr oxide. (a) Overall
FID-TPSR trace; (b} 1-butanol; (c) propylene; (d) bu-
tenes; (e) Cs hydrocarbons; (f) methane + ethylene.
The scale on the right is given for purposes of compari-
son with the TPSR traces presented in the following
figures.

butanol adsorption on ZnCr oxide are
shown in Fig. 1. Two main peaks are evident
in the overall trace: a low temperature peak
associated with the desorption of 1-butanol
(with traces of #n-butanal) and a high-temper-
ature peak primarily associated with the
evolution of propylene. Minor amounts of
butenes, methane, ethylene, and C5 hydro-
carbons, and traces of C; and C; ketones
(not reported in the figure) were also moni-
tored. The data obtained using a TC detector
showed the presence of CO, in the tempera-
ture region corresponding to propylene evo-
lution.

2. n-Butanal TPSR on ZnCr Oxide

Figure 2 presents the FID-TPSR spectra
obtained after a saturation dose of n-butanal
on the ZnCr oxide catalyst. The most abun-
dant products in the low-temperature region
are 2-ethyl-2-hexenal, n-butanal, 1-butanol,
and 4-heptanone. Cg dienes (two isomers)
are responsible for the weak maximum at
250°C. C, linear olefins (all five possible iso-
mers), propylene, butenes, and 4-heptanone
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together with traces of methane, ethylene,
C; hydrocarbons, C, dienes, toluene, and Cg
ketones (two isomers) comprise the com-
posite high-temperature peak. C, linear
olefines and propylene are primarily respon-
sible for the shoulder at =350°C and for the
maximum at 380°C, respectively. The data
obtained using a TC detector revealed the
presence of CO, in the high-temperature
region.

3. n-Butanoic Acid TPSR on ZnCr Oxide

The desorption spectra recorded upon
heating the ZnCr oxide sample, previously
saturated with n-butanoic acid, are shown in
Fig. 3. In the low-temperature region (below
250°C) the only species detected is the par-
ent molecule, n-butanoic acid. Its desorp-
tion trace presents a shoulder at T = 100°C
and a maximum at T\; = 230°C. White solid
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Fi1G. 2. FID-TPSR traces obtained after n-butanal
adsorption at 35°C on ZnCr oxide. (a) Overall
FID-TPSR trace; (b) 2-ethyl-2-hexenal; (¢) n-butanal;
(d) 1-butanol; (e) 4-heptanone; (f) C; dienes; (g) C;
linear olefins; (h) propylene; (i) butenes; (1) Cs hydro-
carbons; (m) methane + ecthylene.
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FiG. 3. FID-TPSR traces obtained after n-butanoic
acid adsorption at 35°C on ZnCr oxide. (a) Overall
FID-TPSR trace; (b) n-butanoic acid, (¢) 4-heptanone,
(d) propylene; (¢) C; hydrocarbons; (f)) methane +
ethylene; (g) butenes; (h) 2-pentanone; (i) toluene.

particles were observed in the carrier gas
exiting the reactor in the temperature range
250-320°C, which prevented quantitative
on-line analysis of the desorbed species. Ac-
cordingly their TPSR traces are not reported
in this range. However, the condensed prod-
uct was analyzed by HRGC: it was mainly
constituted by n-butanoic acid and 4-hepta-
none. The IR spectrum of the solid corres-
ponds to that of zinc n-butyrate, which can
be formed via the etching of Zn from the
catalyst by n-butanoic acid. The evolution
of metal Zn at high temperature was ob-
served by Vohs and Barteau (30, 37) during
TPD of acetic acid, acetaldehyde, propionic
acid, and propionaldehyde from the (0001)
Zn surface of ZnO.

The main species detected in the TPSR
products above 320°C are 4-heptanone (T
= 330°C) and propylene (T, = 380°C). The
minor species include C,—C, hydrocarbons
(methane, ethylene, butenes, pentenes), ar-
omatics (benzene and toluene), and 2-penta-
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none; their relative amounts increase with
increasing temperature. By using a TC de-
tector, the desorption of CO, could be moni-
tored in the region corresponding to the
high-temperature peak.

4. Origin of C, Intermediate Surface
Species and Desorbed Products

A comprehensive mechanism represent-
ing the interaction of the C, oxygenated
compounds with the ZnCr oxide surface is
outlined below. Figure 4 shows the pro-
posed C, intermediate surface species
formed upon adsorption of 1-butanol, n-bu-
tanal, and n-butanoic acid (R = -CH,
CH,CH;) on the ZnCr oxide sample, and the
species desorbed therefrom.

The existence of some of the proposed
surface species and their stability with tem-
perature have been recently determined by
transmittance IR spectroscopy experiments
on ZnO upon adsorption of 1-butanol, »s-
butanal, and n-butanoic acid (32). The com-
mercial ZnCr oxide catalyst was not used
since its excessive particle size prevented
transmittance of IR experiments. However,
a diffuse reflectance IR (DRIFT) spectrum
of n-butanal adsorbed on this sample at r.t.
was found to be quite consistent with the
corresponding transmittance spectrum re-
corded on ZnO, confirming that the IR mea-
surements on ZnO are representative of the
situation on the surface of ZnCr oxide as
well.

Molecularly adsorbed species. Species
A,, A;, and Ag represent the molecularly
coordinated alcohol, aldehyde, and acid, re-
spectively. They are formed upon adsorp-
tion at room temperature (routes I) of the
gaseous molecules:

C,H;0H,,, = C,H,0H, M
C,H,CHO, == C,;H,CHO,,  (2)
C;H,COOH,,, == C;H,COOH,,. (3)

The reverse of reactions (1), (2), and (3)
(routes II) account for alcohol, aldehyde,
and acid desorption with T, = 80, 78, and
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FiG. 4. Proposed reaction mechanism involving C, intermediate surface species and products de-
sorbed therefrom. The bars beside the oxygen atoms correspond to a lone pair of electrons.

100°C (shoulder) in the corresponding TPSR
spectra.

Alkoxide species. The alkoxide surface
species A, of Fig. 4 originates from alcohol
dissociative adsorption (route I + route IV)
33):

Oy + CHyOH, — CHOy + OH,. (4)

Hydrolysis of species A, (route 1II) fol-
lowed by desorption results in the evolution
of 1-butanol above Ty, = 100°C in 1-butanol
TPSR; this eventually accounts for the
broad composite shape of the low-tempera-
ture peak. Dehydration of the alkoxide spe-
cies A, (route V) leads to the desorption
of butenes in correspondence to the high-
temperature peak. The FTIR investigation
(32) has shown the existence of alkoxide
species following adsorption of 1-butanol on
ZnO. Such species desorbed or decomposed
between r.t. and 200°C. The same species
A, are likely to be present during n-butanal
TPSR as well, since 1-butanol and butenes
are detected among desorbed products in
the same temperature regions seen during 1-
butanol TPSR. In this case species A, can
be formed via reduction of the molecularly

adsorbed aldehyde by hydrogen adsorbed
during catalyst pretreatment (route VI) or
via a Cannizzaro-type disproportionation
reaction (route VII). Indeed, the formation
of a dioxybutylidene species (route VIII)
which acts as intermediate in the Canniz-
zaro-type disporportionation reaction (spe-
cies A, of Fig. 4) has been indicated by FTIR
upon n-butanal adsorption at r.t. on both
ZnO and ZnCr oxide (32).

Carboxylate species. The carboxylate jon
A; is formed upon n-butanoic acid dissocia-
tive adsorption (33, 34) (route 1 + route IV):

0, + C;H,COOH,, —
C,H,C00,, + OH,. (5)

Hydrolysis of species A; (route III) fol-
lowed by desorption results in the evolution
of n-butanoic acid at 7> 100°C in n-butanoic
acid TPSR. The same species A; undergoes
a selective decarboxylation reaction at
higher temperatures (route X), leading to
the evolution of propylene + CO, (T, =
380°C):

CH,CH,CH,C00,, —
C3H6(g) + COZ(g) + H(a). (6)
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The formation of carboxylate species
upon acid adsorption on oxide surfaces is
well known. Vohs and Barteau have pub-
lished XPS and UPS evidence that surface
acetate species are formed following acetic
acid adsorption on the Zn polar surface of
zinc oxide (30). These authors conclude that
the same surface species are formed also
upon adsorption of acetaldehyde based on
the similarity of the TPD spectra recorded
with the two reactants.

Carboxylate species have also been de-
tected by FTIR upon n-butanal and 1-buta-
nol adsorption on ZnO (32). Such species
were found to be stable under FTIR condi-
tions up to 300-365°C. Indeed, the evolution
of propylene + CO, is evident at the same
temperature (7, = 380°C) in n-butanoic
acid, 1-butanol, and n-butanal TPSR. This
fact provides a direct proof that the carbox-
ylate ion As is present during alcohol and
aldehyde TPSR as well. The carboxylate ion
can be formed from the molecularly ad-
sorbed aldehyde (A,) already at r.t. via oxi-
dation by lattice oxygen (route XI in Fig. 4)
or via a Cannizzaro-type disproportionation
reaction involving the dioxybutylidene spe-
cies A, (route VII), and from the alkoxide
species (A,) again via oxidation at tempera-
tures above r.t. (32) (route I1X + XII). In
addition, for both aldehyde and alcohol mol-
ecules, an alternative route involving co-
adsorbed water or hydroxylate species can-
not be ruled out. FTIR showed that between
r.t.and 200°C alkoxide species originating
from 1-butanol adsorption on ZnO give rise
to carboxylate species which disappear
again between 300 and 365°C. The presence
on oxide surfaces of strongly bonded car-
boxylate groups, which decompose only at
high temperatures, was already suggested in
the case of adsorption of aldehydes (35, 36)
and alcohols (37, 38).

Different amounts of propylene have been
detected upon heating in 1-butanol, n-buta-
nal, and n-butanoic acid TPSR (see Figs. I,
2, and 3). This indicates that the coverage
of the carboxylate species was different in
each case; however, no coverage-depen-
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dence of the peak temperature was ob-
served, which is typical of first-order
desorption kinetics (39). Accordingly pro-
pylene + CO, desorption occurs via the de-
composition reaction (6) with first-order ki-
netics in the surface coverage of the
carboxylate ion As. For a first-order decom-
position process, the following equation can
be used to estimate the activation energy E;
of decomposition (39):

EJRT = (IB) exp(—EJRTy),  (7)

where R is the gas constant, Ty, is the peak
maximum temperature, £° is the preexpo-
nential factor, and B is the heating rate. In
the following, the usual value of normal vi-
brational frequency, that is 103 s~!, is as-
signed to £°. For the carboxylate ion, a value
of E, = 44.9 kcal/mol has been estimated
from the peak temperature for 8 = 10.5°C/
min.

5. Origin of Cq Intermediate Surface
Species and Desorbed Products

The presence of surface Cg precursors
was already suggested to account for the
desorption of Cq and C, products in n-buta-
nal TPSR (29). Furthermore, results of
FTIR experiments of n-butanal and n-buta-
noic acid adsorption (32) are consistent with
the presence of Cg aldehydic and carboxyl-
ate intermediate surface species on the cata-
lyst surface. The splitting of the »(C = O)
band observed by IR after n-butanal adsorp-
tion has been attributed to the copresence
of chemisorbed aldehydic species related to
n-butanal and 2-ethyl-2-hexenal. IR after n-
butanal and n-butanoic acid adsorption has
also indicated the presence of two distinct
forms of carboxylate species: the former,
more resistent to heat treatment, is identi-
fied as species As in Fig. 4, associated with
propylene evolution; the latter is enhanced
by prolonged contact time with vapors of n-
butanal, decomposes at lower temperature,
and is identified as species B; or B, in Fig. 5.
A reaction pattern involving the C; surface
intermediates can then be depicted as in
Fig. 5.
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F1G. 5. Proposed reaction mechanism involving Cg intermediate surface species formed upon n-
butanal and n-butanoic acid adsorption and products desorbed therefrom. Symbols as in Fig. 4.

C; intermediate surface species during n-
butanal TPSR. Species B, originates from
aldol-like condensation of two n-butanal
molecules (route XIII). Dehydration of this
species (route XIV) leads to 2-ethyl-2-hexe-
nal. The aldol condensation reaction occurs
during adsorption at 35°C, since 2-ethyl-2-
hexenal is detected in the gas exiting the
reactor during n-butanal adsorption.

As already discussed for species A;, in
addition to the molecularly adsorbed spe-
cies, the corresponding alkoxide and car-
boxylate species B, and B, are likely to be
present. Their formation could involve ei-
ther reduction (route XV) and oxidation
(route XVI) reactions of the molecularly ad-
sorbed species B,, respectively, or a Can-
nizzaro-type disproportionation of the same
species (route XVII). Species B; may also
be formed via reaction of a surface C, car-
boxylate species with a neighboring molecu-
larly adsorbed n-butanal molecule (route
XVIII). Such a mechanism has been pro-
posed for the condensation of carboxylic
acids with carbonyl compounds on oxide
surfaces (40). Dehydrogenation, decarbox-
ylation, and keto-enol tautomerism of spe-
cies B; gives rise to 4-heptanone (route
XIX), whereas dehydration—decarboxyla-
tion of the same species leads to the desorp-
tion of C; linear olefins (route XX).

Species B, is involved in the desorption

of Cg ketones and Cy dienes. These products
result from dehydration on a C® carbon
atom, followed by double bond migration
and keto-enol tautomerism (route XXI) and
by dehydration on both C?* and C® carbon
atoms (route XXII), respectively (29). The
formation of Cg ketones implies an aldol-like
condensation reaction with oxygen reten-
tion reversal. As shown in Fig. 6, such a
mechanism is based on the retention of the
anionic oxygen and on the hydrogenation of
the ~CHO group in the aldol intermediate (I)
formed upon condensation of two aldehydic
molecules. Evidence for a similar mecha-
nism on a Cu-based catalyst under HAS
conditions has recently been collected by
using labelled C, molecules (18) as well as
upon reaction of linear primary alcohols (in-
cluding 1-butanol) over CuO/Zn0/Al,0,
21).

The presence of an adsorbed 2-ethyl-2-
hexenal molecule originating from dehydra-
tion of species B, and of the corresponding
alkoxide and carboxylate species cannot be
ruled out. These species may provide alter-
native routes to the desorption of Cq dienes
and C, linear olefins as depicted in Fig. 7. In
order to test the feasibility of such routes, a
TPSR experiment where 2-ethyl-2-hexenal
was preadsorbed on the ZnCr oxide catalyst
was also performed. Both C; linear olefins
and C; dienes were observed to desorb at
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e
R;CH;CHO + R2-CH-CHO — RiCHé
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CH- “H2 A CH-C—CH-
gs (IIH CHO T R; CH2|C1 (I:H CH,
0° R, R,

(1)

FiG. 6. Mechanism of aldol-like condensation of aldehydes with oxygen retention reversal. R,

R, = alkyl groups or hydrogen.

the same temperature and with the same
distribution seen during n-butanal TPSR.
This is consistent with the proposed mecha-
nisms, involving either Cannizzaro-type dis-
proportionation or oxidation of the molecu-
larly adsorbed 2-ethyl-2-hexenal to produce
Cy carboxylate and alkoxide surface
species.

Cy intermediate surface species during
n-butanoic acid TPSR. The desorption of
noticeable amounts of 4-heptanone during
n-butanoic acid TPSR suggests that ketoni-
zation reactions involving carboxylic acids
occur to a large extent over ZnCr oxide cata-
lyst. Ketone desorption is likely to occur
via decarboxylation of species B, in Fig. 5
(route XXV), formed by condensation of
two acid molecules with a mechanism simi-
lar to that proposed in (40, 41) (route XXIII).
In addition, a decarboxylative alkyl anion
transfer giving rise to species B; (40) (route
XXIV) cannot be ruled out. Both mecha-
nisms involve a molecularly adsorbed acid

molecule. However, only very small
C,y dienes Z2-ethyl-2-hexenal C, olefins
Cstj7 /Csz C3&7 /Csz C3}:17 /Csz
5 5 &
| | -
-M- -M- -M-

FiG. 7. Intermediate surface species originating from
dehydration of species B, and corresponding alkoxide
and carboxylate species. Symbols as in Fig. 4.

amounts of 4-heptanone are desorbed dur-
ing 1-butanol TPSR, although the presence
of C, carboxylate species on the catalyst
surface has been detected. In fact, the oxi-
dative dehydrogenation reaction involving
the alkoxide species is likely to lead directly
to the carboxylate species, without forma-
tion of molecularly adsorbed acid or alde-
hydic molecules. The TPSR of 1-butanol,
when performed with 1-butanol added to the
carrier gas (32), showed the formation of n-
butanal and the subsequent desorption of 4-
heptanone at Ty = 340°C and Ty, = 360°C,
respectively. This eventually suggests that
the evolution of 4-heptanone during 1-buta-
nol TPSR is prevented by the lack of molec-
ularly adsorbed carbonylic compounds.

Comparison between Cg intermediate
surface species produced upon adsorption
of linear C, oxygenated molecules. Inspec-
tion of Fig. 5 indicates that different inter-
mediate surface species are involved in the
desorption of 4-heptanone. In n-butanal
TPSR 4-heptanone is produced by decom-
position of species B; whereas in n-buta-
noic acid TPSR 4-heptanone is produced
from species B, and/or Bs. The participa-
tion of different intermediate surface spe-
cies is reflected by the different peak tem-
peratures of 4-heptanone desorption in n-
butanal (T, 303°C) and n-butanoic acid
(Ty = 333°C) TPSR. In addition, C, linear
olefins were not detected in n-butanoic acid
TPSR, in contrast to n-butanal TPSR. This
is easily explained by considering that spe-
cies B, and B; cannot be dehydrated,
whereas species B; can.

The desorption of 4-heptanone occurs
both in the low (T = 100°C)- and in the high
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(Ty = 303°C)-temperature region during n-
butanal TPSR. Along similar lines Idriss (42)
reported that the evolution of acetone dur-
ing TPD of acetaldehyde from Cu/ZnO/
ALO; occurs at different temperatures.
Kienneman et al. (43) invoked the reaction
of an acyl species to explain the formation
of acetone at low temperature (<160°C)
without carbon dioxide evolution following
acetaldehyde adsorption over a cobalt—cop-
per catalyst. In fact, no CO, has been de-
tected in the low-temperature region during
our TPSR experiments. The desorption of
4-heptanone at low temperatures is not ob-
served in #n-butanoic acid TPSR. One can
speculate that, in this case, a particular
mechanism involving only aldehyde mole-
cules can be invoked (e.g., decarbonylation
of intermediate surface species B,). Indeed,
TPSR experiments performed by coadsorb-
ing n-butanal and propanoic acid over a
K,0-promoted ZnCr oxide sample (44) indi-
cated the desorption of all the possible ex-
pected ketones originating from reaction be-
tween aldehyde and acid molecules (namely
4-heptanone, 3-hexanone, and 3-penta-
none), but only 4-heptanone was detected in
the low-temperature region. This confirms
that acid molecules cannot be involved in
ketonization reactions at low temperatures,
whereas aldehyde molecules can. The same
arguments apply in the case of isobutanal
TPSR (see Section (b)2). However, both IR
data (32) and kinetic simulations of TPSR
spectra (44) indicate that the Cq carboxylate
precursor of 4-heptanone in #-butanoic acid
TPSR is formed at low temperature, the evo-
lution of 4-heptanone being controlled by its
decarboxylative decomposition.

6. Origin of the Minor Products

The minor products include methane, eth-
ylene, Cs hydrocarbons, aromatics (mainly
toluene), and 2-pentanone. They are proba-
bly formed either by decomposition of
heavy surface intermediates or by consecu-
tive reactions of the main desorbed species.
In particular, the formation of C,—C; hydro-
carbons observed at high temperature is
best explained by cracking or by decomposi-
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FiG. 8. FID-TPSR traces obtained after isobutanol
adsorption at 35°C on ZnCr oxide. (a) Overall
FID-TPSR trace; (b) isobutanol; (c) propylene; (d) bu-
tenes; (e) aromatics; (f) methane + ethylene; (g) Cs
hydrocarbons.

tion of carboxylate species. In the case of
n-butanal TPSR, toluene is possibly pro-
duced by dehydrogenation and aromatiza-
tion of C, linear olefins and/or by deoxida-
tion—aromatization of 4-heptanone, along
the lines proposed by Idriss (42) to account
for the formation of propane from acetone.
The former route is believed to be of minor
relevance during n-butanoic acid TPSR,
since C, linear olefins were not observed in
this experiment whereas toluene was still
detected. Evolution of C, linear olefins dur-
ing 2-ethyl-2-hexenal TPSR (44) was accom-
panied by desorption of toluene and C,
dienes, thus suggesting that C; linear olefins
undergo successive dehydrogenation reac-
tions. The origin of 2-pentanone deserves
additional study and is presently under in-
vestigation.

(b) ADSORPTION OF BRANCHED
OXYGENATED MOLECULES ON
UNPROMOTED ZnCr OXIDE

1. Isobutanol TPSR on ZnCr Oxide

Figure 8 shows the TPSR profile obtained
after a saturation dose of isobutanol on the
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F16. 9. FID-TPSR traces obtained after isobutanal
adsorption at 35°C on ZnCr oxide. (a) Overall
FID-TPSR trace; (b) isobutanal; (c) isobutanol (d) di-
isopropyl ketone; (¢) propylene; (f) butenes; (g) uniden-
tified hydrocarbon; (h) aromatics; (i) Cs hydrocarbons;
(1) methane + ethylene.

ZnCr oxide sample. Two main desorption
peaks are evident: a low-temperature peak
with Ty, = 110°C and shoulder at T = 170°C
associated with isobutanol desorption, and
a high-temperature peak with Ty = 400°C
associated with the evolution of propylene
and of minor amounts of methane, ethylene,
butenes, C; hydrocarbons, and aromatics.
The use of a TC detector confirmed the pres-
ence of CO, corresponding with the high-
temperature peak.

2. Isobutanal TPSR on ZnCrO Oxide

The TPSR spectra obtained after adsorp-
tion of isobutanal on ZnCr oxide are shown
in Fig. 9. Four maxima are evident in the
overall FID-TPSR trace at 83, 150, 310, and
400°C associated primarily with the desorp-
tion of: (1) isobutanal; (ii) isobutanol (to-
gether with di-isopropyl ketone (2,4-di-
methyl-3-pentanone) and a hydrocarbon
with a number of carbon atoms =8); (iii)
diisopropyl ketone; and (iv) propylene, with
minor amounts of methane, ethylene, Cs hy-
drocarbons, and aromatics. As in the case
of isobutanol TPSR, CO, was detected cor-
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responding with the high-temperature re-
gion. Tables 1 and 2 report the GC-FTIR
analysis of the heavier products condensed
in a liquid-N,-cooled CS, trap (29) in the T
ranges 30-250°C and 250-350°C, respec-
tively.

3. Isobutanoic Acid TPSR on
ZnCrO Oxide

Figure 10 shows the TPSR spectra ob-
tained after adsorption of isobutanoic acid
on the ZnCr oxide sample. Isobutanoic acid
is desorbed in the low-temperature region,
solid particles are formed in the temperature
range 220-330°C (which prevented the re-
cording of TPSR traces in this region), and
several species (di-isopropyl ketone, pro-
pylene, C,—C,; hydrocarbons, and an un-
identified product whose carbon number is
=8, as indicated by HRGC analysis) com-
prise the high-temperature peak. The liquid
product condensed between 220 and 330°C
mainly consists of isobutanoic acid and di-
isopropyl ketone. The solid particles, as re-
vealed by IR analysis, appear to be zinc
isobutyrate. TCD analysis showed the pres-
ence of CO, corresponding with the high-
temperature peak.

4. Origin of C4 Intermediate Surface
Species and Desorbed Products

Figure 4 is appropriate to represent the
nature of surface iso-C, intermediate spe-
cies and of the products desorbed there-
from, with -R = -CH(CH,),.

Branched intermediate surface species
behave similarly to the corresponding linear
ones, with only minor differences. In partic-
ular, the carboxylate ions are more stable
toward decarboxylation, as reflected by the
higher temperature of propylene evolution
(400°C vs 380°C). The value of the activation
energy for decomposition E4 estimated us-
ing Eq. (7) for the isocarboxylate ion led to
E4 = 46.3 kcal/mol, that is, 1.4 kcal/mol
greater than for the n-carboxylate ion. Con-
sidering that the desorption of propylene in-
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TABLE 1

TPSR of Isobutanal on ZnCr Oxide: Analysis of the Products Desorbed in the Range 30-250°C and
Condensed in the CS, Trap at ~196°C

FTIR Proposed
features identification
ve_g(CH,,CH,) at 2881~2964 cm™I(s) Isobutanal
vo_g(C=0) at 2794(w), 2709(m) cm™"
H
Voo at 1748 cm™! (vs)
Sc—1 anisyn(CHS) at 1470 cm™! (w)
8¢t yn(CH3) at 1382 cm ™! (w)
vo_y at 3672 cm~i(w) Isobutanol

ve—u(CH,,CH;) at 2895-2964 cm™\(s)
8c—n antisym(CH3) at 1470 cm~(w)
8¢ oym (CHy) at 1382 cm™(w)

Yo_q at 1042 cm™'(s)

ve_y(CH,,CHy) at 2891-2943 cm™(s)
Yoo at 1724 cm™(s)

8C—~H antisym(CHJ) at 1470 Cm_i(w)
8c—n sym(CH3) at 1384 cm™i(w)

v c(C—CO—C) at 1021 cm~'(m)

ve_(CH, ,CHy) at 28802968 cm~\(s)
6C——H amisym(CHB) at 1463 Cm_l(w)
Sc_t1 sym(CHy) at 1384 cm™!(w)

ve_c at 1057 cm™'{w)

Di-isopropyl ketone

Branched
hydrocarbon
(N, = 8y

Note. (vs) very strong; (s) strong; (m) medium; (w) weak.

¢ Determined by HRGC analysis.

volves an H™ extraction from a —~CH,- and
from a —CH, group of the linear or branched
carboxylate ion, respectively, the higher E;
observed in the case of the isomolecules can
be explained by the lower basicity of the
hydrogen of the methyl group.

5. Origin of Cy Intermediate Surface
Species and Desorbed Products

C; intermediate surface species formed
upon isobutanal adsorption on the ZnCr ox-
ide surface differ from the corresponding
ones suggested in the case of n-butanal ad-
sorption.

No direct evidence for existence of the
correspondent of species B, on the catalyst
surface has been obtained, since no Cg alde-
hydes have been detected among the de-
sorbed products.

On the other hand, the desorption of large

amounts of di-isopropyl ketone during iso-
butanal TPSR indicates that the correspon-
dent of species B, is present on the surface.
This intermediate species (species D, of Fig.
11) is formed by condensation of an iso-C,
carboxylate molecule (which can be formed
at room temperature upon aldehyde adsorp-
tion on oxidic surfaces (32)) with an isobuta-
nal molecule (route XXV), possibly accord-
ing to the mechanism previously discussed
for linear molecules. Decarboxylation of
this species (route XXVII) is believed to
result in the desorption of di-isopropy! ke-
tone (Ty = 310°C). Unlike in n-butanal
TPSR, no C,; olefins have been detected
through decarboxylation. This result can be
explained considering that the H* hydrogen
atom present in the intermediate surface
species D, of Fig. 11 is sterically hindered
by the two neighboring methyl groups and
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TABLE 2

TPSR of Isobutanal on ZnCr Oxide: Analysis of the Products Desorbed in the Range 250-350°C and
Condensed in the CS, Trap at —196°C

FTIR Proposed
features identification
ve—y(CH;,CH;) at 2915-2979 cm~!(s) C; Ketone

ve—g at 1727 cm™(s)

8¢t antsym(CH3) at 1468 cm™!(w)
Sc_ syu(CHy) at 1381-1354 cm™(w)
vec(C—CO—C) at 1105 cm™(w)

ve_y(CH,,CH,) at 2891-2943 cm™!(s)
Yoo at 1724 cm™'(s)

8¢ anisym(CHy) at 1470 cm ™ (w)
Sc_tt yyn(CH) at 1384 cm™'(w)
ve_(C—CO—C) at 1021 cm™'(m)

ve_g(=CH,) at 3100 cm~'(w)
ve_u(CH,,CH,) at 2885-2977 cm™(s)
Yoo at 1724 cm™(vs)

ve_c at 1627 cm™(w)

BC—H antisym(CHS) at 1459 Cm_l(m)

c—n sym{CH3) at 1382 cm™'(m)
sorbance at 1280 cm ™~ (w)
_c(C—CO—C) at 1046 cm~(s)

psorbance at 988 cm™~'(w)

ye—n(=CH,) at 922 cm~'(m)

ve_y(CH,,CH,) at 2888-2974 cm~!(s)

Voo at 1724 cm™1(s)

B¢t anisym(CH3) at 1467 cm™'(m)

Bo—p sym(CHy) at 1381-1361 cm™'(w)
ve_o(C—CO—C,C—C) at 1115 cm~!(w), 1023 ¢cm™!(w)

Di-isopropyl ketone

C; Unsaturated ketone

C; Ketone

Note. (vs) very strong; (s) strong; (m) medium; (w) weak.

is not acidic enough to be involved in dehy-
dration. Accordingly the decomposition of
species D, produces only di-isopropyl ke-
tone and not branched C, olefins.

The desorption of di-isopropyl ketone in
isobutanoic acid TPSR provides evidence
for the presence of the intermediate surface
species D, depicted in Fig. 11. Indeed, de-
carboxylation and keto-enol tautomerism of
species D, (route XXVIII) eventually re-
sults in the evolution of di-isopropyl ketone.
The presence of solid particles in the gas
phase during isobutanoic acid TPSR, as pre-
viously reported (see Section (b)3), made
the accurate determination of the di-isopro-
pyl ketone peak temperature difficult. How-

ever, it appears that, as in the case of linear
molecules, C, ketone desorption during al-
dehyde TPSR occurs at slightly lower tem-
peratures as compared to acid TPSR. Spe-
cies D, is formed via condensation of two
isobutanoic acid molecules followed by de-
hydration (route XXVI), according to a
mechanism similar to that suggested for n-
butanoic acid, and corresponds to species
B, in Fig. 5. The small amounts of di-isopro-
pyl ketone detected during isobutanoic acid
TPSR as compared to 4-heptanone during
n-butanoic acid TPSR are explained by the
slow rate of the dehydration step, which also
accounts for the absence of C, branched
olefins.
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F1G. 10. FID-TPSR traces obtained after isobutanoic
acid adsorption at 35°C on ZnCr oxide. (a) Overall
FID-TPSR trace; (b) isobutanoic acid; (c) di-isopropyl
ketone; (d) propylene; (e) aromatics; (f) unidentified
species; (g) butenes; (h) Cs hydrocarbons.

(c) ADSORPTION OF LINEAR C,
OXYGENATED MOLECULES ON
PorasstuM-PROMOTED ZnCr OXIDE

Previous results point to a lower reactiv-
ity of iso-molecules with respect to the cor-
responding linear ones. Accordingly, linear
C, oxygenated compounds have been se-
lected for a TPSR investigation on the ef-
fects of alkali addition to the ZnCr oxide
system.

isobutanoic acid isobutanal
X1 di-isopropyl ketone hxv
Xxvit XXVII
H. CH CH, CH, CH CH.
T § e e
TR 5k d b %
ch OH c N
° % 4%
X M
D, D,

Fi1G. 11. G4 proposed intermediate surface species
formed upon isobutanal and isobutanoic acid adsorp-
tion on ZnCr oxide and products desorbed thereform.
Symbols as in Fig. 4.
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F1G. 12. FID-TPSR traces obtained after 1-butanol
adsorption at 35°C on the K-doped ZnCr oxide. (a)
Overall FID-TPSR trace; (b) I-butanol; (c) propylene;
(d) aromatics; (e) Cs hydrocarbons; (f) methane + eth-
ylene; (g) 4-heptanone.

1. I-Butanol TPSR on ZnCr Oxide + K,O

The TPSR traces obtained after 1-butanol
adsorption are shown in Fig. 12. Two main
peaks are evident: a low-temperature peak
associated with 1-butanol evolution (Ty =
110°C), and a high-temperature peak associ-
ated with the desorption of propylene (T
= 400°C) + CO, (monitored by TCD), and
of minor amounts of methane, ethylene, bu-
tenes, Cs hydrocarbons, aromatics, and 4-
heptanone. Experiments performed in a dif-
ferent TPSR apparatus equipped with a
quadrupole UTI 100C mass spectrometer
for on-line analysis of the desorbed prod-
ucts confirmed the results of Fig. 12 and
further showed two H, desorption peaks
with Ty =~ 220 and 400°C. The two peaks
are probably associated with the oxidative
dehydrogenation of butoxy to butoxylate
species (reaction (8) and/or reaction (9)):

CH,CH,CH,COO,, + H, (8)
CH,CH,CH,CH,0,, + OH,,
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Fi1G. 13. FID-TPSR traces obtained after n-butanal
adsorption at 35°C on the K-doped ZnCr oxide. (a)
Overall FID-TPSR trace; (b) n-butanal; (c) 2-ethyl-2-
hexenal; (d) 1-butanol; (e) 4-heptanone; (f) C; linear
olefins; (g) propylene; (h) toluene; (i) Cs hydrocarbons;
(I) butenes; (m) methane + ethylene.

— CH,CH,CH,C0O0,, + 3/2H, (9)

and to the dehydrogenation—decarboxyla-
tion of butoxylate species leading to propyl-
ene (reaction (6)), respectively.

2. n-Butanal TPSR on ZnCr Oxide + K,O

Three main peaks are evident in the over-
all FID-TPSR trace obtained upon n-buta-
nal saturation on the sample (Fig. 13). The
first peak is associated with the evolution of
n-butanal, 2-ethyl-2-hexenal, 1-butanol, and
4-heptanone; the second peak with Ty =
280°C is primarily caused by the desorption
of 4-heptanone and, to a lesser extent, of Cg
ketones (not reported in the figure); and the
third peak with Ty = 400°C corresponds to
the evolution of C, linear olefins, propylene,
toluene, Cs hydrocarbons, butenes, meth-
ane, and ethylene. TC data showed CO, cor-
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responding with the

region.

high-temperature

3. n-Butanoic Acid TPSR on ZnCr Oxide

+ K50

n-Butanoic acid TPSR on the alkali-doped
ZnCr oxide sample (Fig. 14) results in a low-
temperature desorption peak closely resem-
bling that observed on the unpromoted ZnCr
oxide (see Fig. 3). Much more pronounced
were the peak with T, = 355°C, associated
with 4-heptanone desorption, and the shoul-
der at =400°C, associated with propylene
evolution. Also monitored in the high tem-
perature region were 2-pentanone and tolu-
ene, along with CO, detected by TCD. Con-
trary to n-butanoic acid TPSR on the
unpromoted sample, the formation of solid
particles was not observed.

The FID-TPSR traces of n-butanoic acid
obtained with different initial coverages of
the adsorbate are shown in Fig. 15. It is
apparent that by lowering the initial cover-
age the desorption of 4-heptanone is af-
fected markedly whereas the amount of pro-
pylene evolved decreases only at very low
coverages. This indicates that C, carboxyl-
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FiG. 14. FID-TPSR traces obtained after n-butanoic
acid adsorption at 35°C on the K-doped ZnCr oxide.
(a) Overall FID-TPSR trace; (b) n-butanoic acid, (c) 4-
heptanone, (d) propylene; (e) 2-pentanone; (f) toluene.



416
Iy
El
3
[ 7]
n
[
o]
Q
N
[0
—
250
. 200
e 150
T 100
50
0
X . . .
00 200 300 400 500

Temperature (°C)

Fi1G. 15. FID-TPSR traces obtained after different
initial coverage of n-butanoic acid on the K-doped ZnCr
oxide. (a) saturation coverage; (b) § saturation cover-
age; (c)  saturation coverage; (d) 3 saturation coverage.

ate species, leading to propylene + CO,,
are formed at the strongest surface sites,
whereas Cg carboxylate species which give
rise to 4-heptanone are produced only after
saturation of these sites. Moreover, the
peak temperature of 4-heptanone, like that
of propylene, does not depend on the initial
coverage, which indicates that the desorp-
tion of 4-heptanone is controlled by decom-
position of its adsorbed precursor (first-or-
der decomposition kinetics).

(d) CATALYTIC FUNCTIONS OF THE
UNPROMOTED AND K-PROMOTED ZnCr
OXIDE AND THEIR RELEVANCE UNDER

HAS CoNDITIONS

1. Aldol condensation reactions occur
over ZnCr oxide according to both the *‘nor-
mal’’ mode, as reflected by the formation
of 2-ethyl-2-hexenal during n-butanal TPSR,
and to the ‘‘oxygen retention reversal’
mode, as indicated by the formation of Cg
ketones. Aldol condensations of branched
molecules do not occur, since no Cg alde-
hydes were detected during isobutanal
TPSR.

No significant effects of alkali addition

LIETTI ET AL.

were apparent on aldol condensations,
based on the amounts of 2-ethyl-2-hexenal-
desorbed during n-butanal TPSR. Indeed, it
appears that the presence of alkali metal
ions is not essential to catalyze this class of
reactions.

Thus, the TPSR data support the mecha-
nism for chain growth during HAS based on
crossed condensations of aldehydes (26, 3),
which however do not take place on >CH-
groups (27), making 8-branched oxygenates
the terminal species of the chain growth
mechanism and therefore the most abundant
products, as actually observed. Further-
more, aldol condensations with oxygen re-
tention reversal are involved in ketone pro-
duction under HAS as well (21).

Notably, aldol condensations both in the
“‘normal’’ and in the ‘‘oxygen retention re-
versal’’ mode have been observed also in
continuous flow microreactor experiments
at atmospheric pressure in the temperature
range 360-405°C over the same K-promoted
catalyst as used in this work (45).

2. Ketonization reactions, involving both
linear and branched molecules, were also
apparent under TPSR conditions. Our re-
sults are consistent with proposed mecha-
nisms (21, 40, 41) which invoke a reaction
between a carboxylate species and an alde-
hyde or acid molecule. As discussed below,
carboxylate species are involved also in de-
carboxylation reactions leading to olefins.
Ketonization reactions were greatly pro-
moted by the addition of alkali metal ions to
the catalyst: during both n-butanal and n-
butanoic acid TPSR the amount of desorbed
4-heptanone was markedly enhanced. How-
ever, the influence on Ty is the opposite: Ty
was shifted from 303°C down to 280°C in n-
butanal TPSR and from 333°C up to 350°C
in n-butanoic acid TPSR. This is consistent
with the fact that different combinations of
catalyst functions are involved in the de-
sorption of 4-heptanone starting from pre-
cursors B, (dehydrogenation + decarboxyl-
ation + ketoenol tautomerism) and B,
(decarboxylation + ketoenol tautomerism),
so that different rate-limiting steps are in-
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volved in the decomposition kinetics of the
above species.

Although large quantities of 4-heptanone
and di-isopropyl ketone were formed during
TPSR of linear and branched C, oxygenates,
ketones are typically only minor products
of HAS over modified high-temperature
methanol catalysts (<2-3% w/w of the lig-
uid products). The apparent contradiction is
solved by considering that a strong ketoni-
zation reactivity is effective also under typi-
cal synthesis conditions, but chemical equi-
librium is approached between ketones and
primary alcohols according to the stoichi-
ometry (46).

R,CH,0H + R,CH,0H =

R—CO—R, + CO + 3H, (10)

In fact, the small content of ketones in the
HAS product mixture at moderate to high
pressures is consistent with the unfavorable
inverse cubic dependence of their equilib-
rium concentrations on the total pressure.
The departures from thermodynamic equi-
librium observed at low temperatures and
short contact times further suggest that re-
action (10) is associated with the consump-
tion of ketones rather than with their forma-
tion (46). Therefore an alternative route
leading directly to the formation of ketones
should exist during HAS: this probably in-
volves aldol-type condensations with oxy-
gen retention reversal, as previously dis-
cussed.

3. Decarboxylation was one of the most
evident functions of the ZnCr oxide system
indicated by TPSR experiments with 1-buta-
nol and n-butanal (28, 29). TPSR of linear
and branched acid molecules, together with
IR, have provided direct evidence that ole-
fins originate under TPSR conditions mainly
from decomposition of carboxylate species.
The present study further indicates that iso-
carboxylate species are more stable toward
decarboxylative decomposition than the
corresponding linear ones.

Decarboxylation of n-butyrate ion to pro-
pylene and CO, occurs to a lesser extent
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over the K-promoted ZnCr oxide catalyst,
as reflected by the lower amount of de-
sorbed propylene, and at a higher tempera-
ture (400 vs 380°C). Such results agree with
the results of a previous TPD study of iso-
propanol on an alkali-doped ZnO catalyst
(38), and with the greater stability of basic
carboxylate species.

The decarboxylation function revealed by
TPSR may play a role in the undesired for-
mation of hydrocarbons during HAS over
similar catalysts. Notably, the adverse in-
fluence of alkali promotion on the decarbox-
ylation function parallels the decrease in the
selectivity to olefins and hydrocarbons ob-
served in HAS upon adding K- or Cs-metal
ions to ZnCr oxide catalysts (/7).

4. The observed formation of carboxylate
species following adsorption of linear alco-
hol and aldehyde molecules, as well as the
desorption of C, ketones, requires a dehy-
drogenation function. The results of isobu-
tanol, isobutanal, and isobutanoic acid
TPSR confirm that this dehydrogenation
function is effective also with branched mol-
ecules, while detection of aromatics (tolu-
ene) among the products of TPSR over K-
doped ZnCr oxide, along with the formation
of 4-heptanone and propylene, indicates
that the dehydrogenation reactivity is still
effective after the addition of potassium.

A complementary hydrogenation func-
tion of the ZnCr oxide system had been pre-
viously inferred from the desorption of 1-
butanol and butenes during n-butanal TPSR
(29): it is confirmed in the present study
by the evolution of isobutanol and butenes
during isobutanal TPSR. As already sug-
gested for the case of 1-butanol and con-
firmed by IR, a disproportionation reaction
of isobutanal leading to isobutanol and iso-
butanoic acid is likely to operate at low tem-
peratures.

The hydrogenation—dehydrogenation
functions revealed by the TPSR study are
quite effective under HAS conditions as in-
dicated by the close approach to chemical
equilibrium between aldehydes and primary
alcohols and between ketones and second-
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ary alcohols (46, 47). It is worth noting,
however, that chemical equilibrium is not
approached in the hydrogenation of olefins
to the corresponding paraffins (9).

5. The formation of C, linear olefins, Cg
dienes, and butene observed during n-buta-
nal TPSR involves a dehydration step (29).
Furthermore, the formation of 2-ethyl-2-
hexenal from intermediate surface species
B, during n-butanal TPSR requires a dehy-
dration function. During isobutanal TPSR,
butenes, but no C, linear olefins and Cg
dienes, were observed, due to the different
reactivity of this molecule. Therefore, the
dehydration function is confirmed, although
less evident, by the TPSR of branched oxy-
genated molecules.

Upon addition of potassium to the cata-
lyst, Cq dienes were no longer detected, and
a reduction in the formation of butenes and
C, linear olefins was noted. Thus, alkali pro-
motion of ZnCr oxide significantly de-
pressed the dehydration function.

Like decarboxylation, dehydration may
be partially responsible for the formation of
hydrocarbons during HAS. Indeed, one of
the most relevant effects brought about by
addition of alkali metal ions under real syn-
thesis conditions is the decrease of the dehy-
dration function of unpromoted ZnCr oxide,
as evidenced in the lower productivity to
ethers (11, 27).

6. The TPSR study showed the presence
of a hydrolysis function on both the unpro-
moted and K-promoted catalyst which is ex-
ploited in the desorption of isobutanol from
isobutoxy intermediate, and is in line with
previous indications collected during n-bu-
tanal and 1-butanol TPSR (28, 29). A similar
function, namely alcoholysis, can be in-
voked to explain the formation of ethers
from alkoxide species and of methyl esters
from carboxylate species in HAS. It is worth
noting that the esterification route appears
to be suitable for the generation of both
methyl formate and higher methyl esters (as
opposed to the carbonylation of alkoxide
species which can explain the formation of
methyl formate but not of higher methyl es-

LIETTI ET AL.

ters), and is also consistent with the prevail-
ing thermodynamic constraints on the con-
centrations of methyl esters (46).

7. As already discussed, the migration of
the C=C double bond is responsible for a
number of isomers of both olefins and oxy-
genated unsaturated compounds during n-
butanal TPSR (29). In addition, keto enol
tautomerism is involved in the desorption
of 4-heptanone, di-isopropyl ketone, and Cq
ketones. The isomerization function oper-
ates over both unpromoted and alkali-pro-
moted ZnCr oxide.

CONCLUSIONS

A number of characteristic chemical func-
tions of the unpromoted ZnCr oxide catalyst
have been identified by the TPSR study,
namely aldol-like condensation (also with
oxygenretention reversal), decarboxylation
and decarboxylative condensation, hydro-
genation—-dehydrogenation, dehydration,
and hydrolysis along with isomerization and
cracking. Alkali addition results in lowering
the dehydration and decarboxylation func-
tions, enhances the functions responsible
for the formation of C, ketones, and appar-
ently has no significant effect on aldolic con-
densation reactions leading to aldehydes.
Such results are in line with the variations
observed in the HAS product distribution
changing from the unpromoted to the alkali-
promoted catalyst. On comparing these data
with information obtained by catalytic tests
performed under real synthesis conditions
and by thermodynamic analysis, a strict cor-
respondence is noted between the charac-
teristic chemical functions indicated by the
TPSR analysis and those operating during
HAS. However, in the synthesis some of the
associated chemical reactions are limited by
chemical equilibrium so that the concentra-
tions of related compounds are eventually
very small. This is the case of condensa-
tion—decarboxylation reactions leading to
ketones and of hydrogenations of aldehydes
and ketones to the corresponding alcohols.

The TPSR technique has also provided
direct information on the surface reaction
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mechanisms involved in the alcohol chain
growth and in the formation of other minor
products, such as ketones, secondary alco-
hols, and hydrocarbons. In particular, the
mechanism of chain growth leading to C;,
primary alcohols involves a series of
crossed aldolic condensations of aldehydic
molecules. Such a mechanism is effective
on both unpromoted and K,0O-doped ZnCr
oxide catalyst. Comparison of n-butanal and
isobutanal TPSR data reveals that branched
oxygenates behave as terminal species in
the alcohol chain growth, which explains
the abundance of isobutanol in the reaction
mixture.

Condensation reactions followed by de-
carboxylation are also involved in the evolu-
tion of ketones. This mechanism operates
on both linear and branched molecules, as
well as on aldehydic and acid molecules,
and is markedly enhanced by alkali addition.
Formation of ketones occurs also by aldol-
like condensations with oxygen retention re-
versal. Under typical HAS conditions, both
mechanisms are effective; however, the for-
mer route is associated with the consump-
tion of ketones due to different operating
conditions, whereas the latter route is re-
sponsible for their formation. Thermody-
namics dictate low equilibrium concentra-
tions of ketones at high pressures: this
eventually accounts for the small amounts
of ketones detected in the product mixture
obtained over alkali-promoted high-temper-
ature methanol catalysts.

TPSR and IR have confirmed the crucial
role played by carboxylate species in the
formation of olefins via decarboxylation re-
actions, which represents a possible route
for the origin of hydrocarbons in the synthe-
sis. Carboxylate species are also involved
in ketonization reactions and in the forma-
tion of methyl esters.

Formation of hydrocarbons occurs also
by dehydration of alcohols.

The lower reactivity of branched com-
pounds toward decarboxylation and dehy-
dration indicates that such species are far
less involved in successive reactions as
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compared to linear compounds, in line with
their terminal character in HAS.
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