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Mechanistic aspects of the higher alcohol synthesis (HAS) over a K,O-promoted ZnCrO catalyst
are investigated by temperature-programmed surface reaction (TPSR) of C; oxygenates (1-propanol,
n-propanal, and n-propanoic acid) and by flow microreactor experiments of 1-propanol, 3-penta-
none, and 2-butanone. A number of chemical functions are identified by the TPSR study, including
hydrogenation—dehydrogenation, ‘‘normal’’ and ‘‘reversal’’ aldolic-type condensations, ketoni-
zations, ‘‘reversal’’ a-addition, dehydration, decarboxylation, and cracking. On comparing the data
with those obtained during flow experiments over the same catalyst, a strict correspondence is
observed between the chemical functions indicated by the TPSR study and those prevailing under
steady-state conditions. However, under these conditions some of the associated chemical reactions
(namely hydrogenation and ketonization) appear to be limited by chemical equilibrium and the
peculiar reactivity of the different species participating in the reactions is appreciated. TPSR and
continuous-flow experiments lead to the identification of a general reaction network for C, oxygen-
ate molecules, based on the following routes; (i) hydrogenation/dehydrogenation reactions of oxy-
genate molecules; (ii) aldolic-type condensations of aldehydes and ketones, both in the normal and
in the reversal mode, leading to the formation of higher aldehydes and ketones; (iii) ketonization
reactions, leading to the formation of ketones and CO,; (iv) reversal a-addition reactions, which
result in the formation of 2-ketones; (v) dehydration of oxygenates, and particularly of secondary
alcohols, leading to the formation of olefins. Olefins may also be formed by decarboxylation of
surface carboxylate species. The reactivity of the species participating in the various reactions is
discussed on the basis of their molecular structure, and results are compared with catalytic tests
performed under HAS conditions. It is found that the reaction pattern identified in the present study

basically describes the data collected under pressure.

INTRODUCTION

It is well known that the synthesis of
methanol and higher alcohols from carbon
monoxide and hydrogen (higher alcohol
synthesis, HAS) is effectively catalized by
alkali-promoted high-T and low-7 methanol
synthesis catalysts (/-11). The origin of C,
oxygenates over modified low-T Cu-based
catalysts has been recently clarified by Klier
and co-workers (5, 12—/4) and by Elliott and
Pennella (/5-18). Mechanistic aspects of
the HAS over modified high-T methanol cat-
alysts were investigated in the early litera-
ture (/9-23). More recently the mechanism
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of the HAS over unpromoted and K,O-pro-
moted ZnCrO has been investigated by tem-
perature-programmed  surface reaction
(TPSR) (24-27) and by diffuse reflectance
FT-IR spectroscopy (DRIFT) (28) of linear
and branched C, oxygenate molecules (alco-
hol, aldehyde, and acid). The reaction prod-
ucts formed during TPSR experiments have
been explained by invoking the presence of
C, and C; surface intermediate species (al-
koxide, aldehyde, and carboxylate). The ex-
istence of these species and their stability
with temperature have been confirmed by
DRIFT experiments. The results indicated
that aldolic-type condensations (also with
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oxygen retention reversal), hydrogena-
tion—-dehydrogenation, dehydration, decar-
boxylation, and decarboxylative condensa-
tion reactions are effectively catalyzed by
ZnCr oxide. TPSR experiments performed
over K,O-promoted ZnCrO further indi-
cated that upon alkali addition the dehydra-
tion and decarboxylation functions are re-
duced, aldolic-type condensations are not
significantly affected, and decarboxylative
condensations are markedly enhanced.

The comparison of TPSR results and ex-
periments performed under HAS conditions
showed that a strict correspondence exists
between the major catalyst functions re-
vealed by TPSR and those operating under
synthesis conditions. Thus the TPSR tech-
nique has proved itself a powerful tool for
obtaining direct information on the reaction
mechanism operating in the HAS and on the
nature of the intermediate surface species
involved in the HAS. The same catalyst
functions were reported to operate over
alkali-promoted low-T methanol synthesis
catalysts as well (5, 12, 15, 17) so that the
chemistry involved in the HAS over low-
T and high-T modified methanol catalysts
seems to be basically the same. Indeed, the
differences between the two types of cata-
lysts concerning the relative amounts of
some classes of oxygenated products are
readily explained by considering the influ-
ence of the different reaction temperature
on the chemical equilibria prevailing in the
HAS (30).

In the present study the TPSR investiga-
tion over K,O-promoted ZnCrO catalyst has
been extended to C, oxygenates, namely 1-
propanol, n-propanal, and n-propanoic acid.
The TPSR study of C; oxygenate molecules
was designed to provide information on the
reactivity of C; molecules as compared to
C, species and eventually to confirm and
generalize the catalyst functions previously
assessed in the case of C, molecules. In this
work continuous-flow experiments of 1-pro-
panol at atmospheric pressure have also
been performed to obtain data under steady-
state conditions. Finally, since ketones
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were produced in significant amounts, flow
experiments were also performed with 3-
pentanone and 2-butanone as reagents. All
of these data, together with previous data
obtained either at atmospheric pressure or
under actual synthesis conditions, are dis-
cussed with the purpose of identifying the
reaction network of C, oxygenates in the
HAS and to differentiate the reactivities of
the different oxygenates.

METHODS

The K,O-promoted ZnCrO catalyst 3%
K,O w/w) was prepared by the incipient
wetness impregnation method starting from
a commercial ZnCrO system (Zn/Cr atomic
ratio = 3/1, BET surface area = 120 m?/g,
phases identified by XRD ZnO and
ZnCr,0,) and using a CH;COOK solution.

Continuous-flow experiments at atmo-
spheric pressure were performed in a quartz
tubular fixed-bed microreactor (i.d. 7 mm).
Gas-flow rates were controlled by Brooks
mass flowmeter/controllers; liquid reagents
were admitted to the reactor through a dedi-
cated heated line by means of a saturator
held at constant temperature. In a typical
experiment, 160 mg of catalyst were loaded
into the reactor and prereduced in situ at
450°C for 30 min with He + 80% H,. Then
the catalyst temperature was set to the de-
sired value and the liquid reagents were fed
to the reactor. The total gas-flow rate was
100 Nce/min of He + 80% H, and the liquid
reagents were fed to the reactor at a rate of
0.8—1.0 wl/min. The analysis of the reaction
products was performed by on-line gas chro-
matography using three columns in a paral-
lel arrangement: an OV 1 25-m-long capillary
column (0.32 mm i.d.) with high phase thick-
ness (3 um) connected to a F.1. detector for
analysis of hydrocarbons and oxygenates, a
packed Porapak column (i.d. 5 mm, L = 4
m) operating at 120°C and connected to a
T.C. detector for the analysis of CO, and
H,0, and a packed 5-A molecular sieve col-
umn (i.d. 3 mm, L = 1 m) operating at room
temperature for analysis of CO.
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TPSR experiments were performed in the
same apparatus used for catalytic activity
runs. The catalyst (160 mg, 120-200 mesh)
was reduced with H, + 20% He at 450°C for
30 min, heated in He at 470°C to remove
physisorbed hydrogen, cooled to 35°C, and
saturated with pulses of the adsorbate. Then
the catalyst temperature was increased lin-
early (8 = 10.5°C/min) in flowing He (Q =
60 cc/min) up to 470°C and the desorption
spectra were recorded. The experimental
procedure of TPSR runs was described in
detail elsewhere (25). For the present study
the analysis section of the TPSR apparatus
was enhanced by splitting the gases exiting
the reactor into two streams: one entering a
multiple-loop gas sampling valve (Valco),
which allowed several on-line GC analyses
of the product mixture, and the other being
connected to a quadrupole mass detector
QMD (UTI 100 C) coupled with an IBM AT
Personal Computer, which scanned the 1-
110 AMU range at 10 AMU/s. The above
arrangement allowed simultaneous on-line
GC and QMD analyses of the reaction prod-
ucts. The identification of reaction products
was based on GC retention times and on
GC-MS analysis of the liquid product ob-
tained by condensation of the gases exiting
the reactor in a liquid nitrogen-cooled trap
containing few microliters of CS, and lo-
cated immediately downstream of the reac-
tor (25).

The desorption profiles of the single spe-
cies were obtained as detailed in the follow-
ing. For each product identified by GC anal-
yses, a characteristic mass fragment was
selected and the corresponding QMD profile
was chosen to represent its evolution with
temperature. Then, on the basis of on-line
GC analyses performed at various tempera-
tures, the QMD profiles were scaled in order
to reflect the effective product composition
of the gases exiting the reactor. When differ-
ent species with the same characteristic
mass fragment desorbed simultaneously,
this procedure was not attempted and the
desorption spectra were obtained by staged
interpolation of the discrete experimental
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points provided by on-line GC analysis us-
ing cubic spline functions.

Chromatographic helium and hydrogen
and Aldrich Chemicals ppa 1-propanol, »n-
propanal, n-propanoic acid, 3-pentanone,
and 2-butanone reagents were used.

RESULTS
I-Propanol TPSR

The overall 1-propanol FID-TPSR trace
and the desorption profiles of the single
products from K,O-promoted ZnCrO are
presented in Fig. 1. The overall trace con-
sists of a low-temperature peak (Ty =
120°C) associated with 1-propanol evolution
and in a high-temperature peak (T =
425°C), which originates from desorption of
propylene (T, = 421°C), 3-pentanone (Ty
= 420°C), 2-butanone (T; = 420°C), meth-
ane (T, = 448°C), ethylene (Tyy = 428°C),
butenes (T, = 400°C), benzene (426°C), and
toluene (412°C). Figure 1 also reports the
desorption of hydrogen (T, = 216 and
414°C), CO (Ty = 435°C), CO, (Ty =
437°C), and water (which extends over the
whole 7-range).

n-Propanal TPSR

Figures 2A and 2B show the overall
FID-TPSR trace and the profiles of the main
desorbed species upon adsorption of n-pro-
panal on K,O-promoted ZnCrO. Three main
peaks are evident in the overall trace: (i) a
low-temperature peak with maximum at Ty
= 78°C associated with the desorption of the
parent molecule (n-propanal, Ty = 78°C), 2-
methyl-2-pentenal (T, = 82°C), 1-propanol
(T = 85°C), and 3-pentanone (T = 78°C);
(ii) a peak with maximum at Ty = 250°C
associated with the evolution of 3-penta-
none (T, = 278°C), 2-methyl-1-penten-3-
one (Ty = 235°C and shoulder at 280°C), 1-
propanol (T, = 200 and 250°C), 2-methyl-
2-pentanal (Ty; = 265°C), and a species that
has been identified by GC-MS as unsatu-
rated methylcyclopentanone; (iii) a high-
temperature peak with maximum at 7y =
408°C originating from desorption of C,—Cq
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Fi1G. 1. TPSR traces obtained upon 1-propanol ad-
sorption at 35°C on K-promoted ZnCr oxide. Solid
lines, QMD signal; lines with triangles, interpolated
experimental points from GC analysis. (a) Overall FID
trace; (b) 1-propanol (AMU 31); (c) propylene (AMU
41, x2); (d) 3-pentanone { X 2); (e) 2-butanone (X 2);
(f) methane (AMU 16, x2); (g) ethylene (AMU 26,
% 2); (h) butenes { x2); (i) benzene (AMU 78, x2); (1)
toluene (AMU 91, x2); (m) hydrogen (AMU 2); (n) CO
(AMU 28); (0) CO, (AMU 44); (p) water (AMU 18).
Traces (m)—(p) are not scaled with respect to the other
desorption profiles.

hydrocarbons (methane, ethylene, propyl-
ene, butenes, pentenes, hexadienes), 2-bu-
tanone, and aromatics (benzene, toluene,
xilenes). In addition, a few more products
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have been identified, including phenols and
methylcyclohexanones.

The QMD desorption profile of methane
(Ty = 450°C), hydrogen (Ty = 290 and
405°C), water (Ty = 100°C and shoulder at
200°C, and Ty, = 400°C), and carbon dioxide
(Ty = 405°C) are shown in Fig. 2B.

n-Propanoic Acid TPSR

The overall FID-TPSR desorption trace
and the desorption profiles of the main spe-
cies obtained upon adsorption of n-propa-
noic acid on K,O-promoted ZnCrO are
shown in Fig. 3. A pronounced high-temper-
ature peak (T = 343°C), associated with
the evolution of 3-pentanone (T, = 343°C)
and minor amounts of 2-butanone (T, =
372°C) is apparent in the overall FID-TPSR
trace. A broad low-temperature peak (T =
100°C), associated with the evolution of n-
propanoic acid, and a shoulder at Ty =
430°C, which originates from desorption of
C,~C; hydrocarbons and aromatics are also
evident. Figure 3 also illustrates the desorp-
tion peaks of CO, (Tyy = 334°C), H, (Ty =
433°C), CO (T, = 443°C), and water (a
broad peak that extends over the whole T-
range).

1-Propanol Flow Microreactor
Experiments

The results of continuous-flow experi-
ments with 1-propanol as reagent are re-
ported in Table 1. The conversion of 1-pro-
panol is already high at 360°C with C,y_,
ketone (3-pentanone), C, aldehyde (propa-
nal), and C,y aldehyde (2-methylpentanal)
as the most abundant products. Minor
amounts of Cy,, aldehyde (2-methylpro-
panal), Cy_., and C,y primary alcohols
(2-methyl-1-propanol and 2-methyl-1-penta-
nol), Cs .1, Coy, and Cy . ketones (3-hep-
tanone, 2-methyl-3-pentanone, and 2-buta-
none, respectively), C,y_, secondary
alcohol (3-pentanol), and C,-Cs hydrocar-
bons are also observed along with 4-methyl-
3-heptanone. In addition to the species
listed in Table 1, CO and CO, are formed to
a significant extent. Trace amounts of other
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Fi1G. 2A. TPSR traces obtained upon n-propanal adsorption at 35°C on K-promoted ZnCr oxide.
Symbols as in Fig. 1{A). (a) Overall FID trace; (b) n-propanal (AMU 58); (c) 2-methyl-2-pentenal; (d)
l-propanol (AMU 31, x8); (e) 3-pentanone (X 2); (f) 2-methyl-1-penten-3-one (% 2); (g) 2-butanone
(% 4); (h) phenols (X 5); (i) cyclo-hexanone ( x 2); (1) methyl-cyclo pentanone (x 2); (m) ethylene (X 5);
(n) propylene ( X 2); (o) butenes (X 4); (p) pentenes ( X 4); (q) hexadienes ( X 10); (r) benzene ( X 20); (s)
toluene (x4); (t) xilenes (x2). (B) (a) methane (AMU 16, x8); (b) water (AMU 18); (c) hydrogen
(AMU 2); (d) CO (AMU 28); (e) CO, (AMU 44). Traces (b)-(e) are not scaled with respect to the other

desorption profiles.

oxygenate species were detected by
GC-MS analysis of the condensed product,
including 2,4-dimethylpentanal, 2-methyl-2-

pentenal, 2-hexanone, 3-methyl-2-hexa-
none, 4-methyl-3-hexanone, 3-methyl-2-
butanone, 2,4-dimethyl-3-pentanone, 2-

methyl-1-penten-3-one. On increasing the
reaction temperature, the conversion of 1-

propanol increases and it is almost complete
at 405°C. The concentrations of propanal
and 2-methylpentanal decrease with tem-
perature, which parallels the changes of the
corresponding primary alcohols 1-propanol
and 2-methyl-1-pentanol. The concentra-
tions of all the ketones display an opposite
behavior and increase with temperature.
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FiG. 3. TPSR traces obtained upon n-propanoic acid
adsorption at 35°C on K-promoted ZnCr oxide. Sym-
bols as in Fig. 1. (a) Overall FID trace; (b) 3-pentanone
(AMU 57); (¢) n-propanoic acid (AMU 74); (d) 2-buta-
none (AMU 72, X 10); (e) methane (AMU 16, x 10); (f)
ethylene (AMU 26, x10); (g) propylene (AMU 41,
x 10); (h) butenes ( x 10); (i) pentenes (x 10); (1) ben-
zene (AMU 78, x 10); (m) toluene (AMU 91, %X 10); (n)
CO, (AMU 44); (0) hydrogen (AMU 2); (p) CO (AMU
28); (g) water (AMU 18). Traces (n)-(q) are not scaled
with respect to the other desorption profiles.

The formation of hydrocarbons is favored
by raising the temperature.

The results indicate that ketones (particu-
larly 3-pentanone) represent by far the most
abundant products formed from 1-propanol
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over K,O-promoted ZnCrO at atmospheric
pressure. To gain a better insight into the
role of ketones as intermediates during 1-
propanol flow runs a series of experiments
have been performed with 3-pentanone and
2-butanone as reagents.

3-Pentanone Flow Microreactor
Experiments

Table 2 reports the results of 3-pentanone
continuous-flow experiments. It appears

TABLE 1

Continuous Flow Microreactor Runs of 1-Propanol
over K,O-Promoted ZnCrO

Products Temperature
360°C  385°C  405°C
Alcohols
1-Propanol 11.0 1.4 0.2
2-Methyl-1-propanol 1.4 0.6 0.7
2-Methyi-1-pentanol 3.1 1.2 0.3
3-Pentanol 04 0.4 03
15.9 3.6 1.5
Aldehydes
Propanal 20.0 4.9 2.0
2-Methyl-propanal 3.9 7.3 5.0
2-Methyl-pentanal 12.6 7.5 22
36.5 19.7 9.2
Ketones
3-Pentanone 36.9 45.4 40.3
3-Heptanone 2.7 5.1 5.3
4-Methyl-3-heptanone 1.9 3.1 2.7
2-Butanone 1.3 5.4 9.6
2-Methyl-3-pentanone Lt 5.8 10.1
439 64.8 68.0
Hydrocarbons
Methane — — 0.1
Ethane — 0.1 0.2
Ethylene — 0.1 0.2
Propane — — 0.2
Propylene 0.5 0.8 1.2
Butenes — 0.1 1.1
Pentenes — 0.2 09
0.5 1.3 3.9
Others 3.2 10.6 17.4

Note. Feed: He 19% + H, 79% + 1-propanol 2%;
flow rate = 100 Ncc/min; P = 1 Atm; catalyst
weight = 160 mg. Results are given as products weight
percentage on a (CO, + H,0) free basis.
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TABLE 2

Continuous Flow Microreactor Runs of 3-Pentanone
over K-Promoted ZnCrO

Products Temperature
360°C  385°C  405°C
3-Pentanone 88.0 78.8 76.7
2-Butanone 1.4 3.1 4.0
3-Methyl-2-butanone 0.3 0.9 1.2
2-Methyl-3-pentanone 2.9 7.5 8.5
3-Pentanol 1.3 0.8 0.7
C;—-C; hydrocarbons 0.8 1.4 2.3
Butenes 0.5 1.7 2.0
Pentenes 4.6 5.6 4.8
Others 0.7 0.7 0.5

Note. Feed: He 19% + H, 79% + 3-pentanone 2%;
flow rate = 100 Ncc/min; P = 1 Atm; catalyst
weight = 160 mg. Results are given as weight percent-
age on a (CO, + H,0) free basis.

that the reactivity of 3-pentanone is much
lower than that of 1-propanol. The main re-
action products are pentenes, 3-pentanol,
and other oxygenates and hydrocarbons
(namely 2-butanone, 2-methylbutanone, 2-
methyl-3-pentanone, C,—C; hydrocarbons
and butenes). On increasing the reaction
temperature, the formation of 2-butanone,
2-methyl-3-pentanone, and hydrocarbons is
favored, whereas 3-pentanol is produced to
a lower extent. Accordingly the mole ratio
3-pentanone/3-pentanol  significantly in-
creases with temperature (3-pentanone/3-
pentanol = 68 at 360°C, 98 at 385°C, and
110 at 405°C).

2-Butanone Flow Microreactor
Experiments

Table 3 shows the results of 2-butanone
continuous-flow experiments. Butenes are
the most abundant products; minor amounts
of 2-butanol, 3-pentanone, 3-heptanone,
and S5-methyl-3-heptanone are also de-
tected. The conversion of 2-butanone de-
creases with temperature; similar trends are
observed in the formation of 2-butanol and
of butenes. The amounts of 3-heptanone and
5-methyl-3-heptanone also decrease with
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temperature, whereas 3-pentanone and pen-
tenes are slightly enhanced.

DISCUSSION
Reactivity of K,O-Promoted ZnCr Oxide

A comparison between the TPSR spectra
presented in this work with those obtained
upon adsorption of linear C, oxygenates
over the same catalyst and reported in a
previous paper (27) indicates that similar
catalyst functions are involved in the reac-
tion/decomposition pathways of C; and C,
alcohols, aldehydes and acids over K-pro-
moted ZnCr oxide. Indeed it appears that:
(i) Cy alcohols, Cy and Cy_; olefins, and
C,n_ ketones are the primary species ob-
tained upon adsorption of 1-propanol and 1-
butanol; (ii) Cy alcohols, Cy and C,,, alde-
hydes, Cyand Cy_, olefins, and C,5, Cop_ g,
and Cy | ketones are desorbed in the case of
n-propanal and #-butanal; and (iii) Cy acids,
Cy_, olefins, and C,5_, and Cy, ketones
are formed in the case of n-propanoic and
n-butanoic acid.

The desorption of the different products
during TPSR of linear C, oxygenates over

TABLE 3

Continuous Flow Microreactor Experiments of
2-Butanone over K-Promoted ZnCrO

Products Temperature
360°C  385°C  405°C
2-Butanone 67.5 72.3 73.4
2-Methyl-butanone 0.2 1.1 2.1
3-Pentanone 1.1 1.4 1.9
2-Methyl-3-pentanone 0.1 0.3 0.3
3-Heptanone 1.2 0.6 0.4
5-Methyl-3-heptanone 0.8 0.4 0.2
6-Methyl-3-heptanone — 0.1 0.1
2-Butanol 1.9 1.4 I.1
C,-C; hydrocarbons 0.8 1.4 2.3
Butenes 23.1 18.4 15.6
Pentenes 1.5 1.5 1.5
Other 1.8 1.1 1.0

Note. Feed: He 19% + H, 79% + 2-butanone 2%;
flow rate = 100 Ncc/min; P = 1 Atm; catalyst
weight = 160 mg. Results are given as weight percent-
age on a CO, + H,O free basis.
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the same catalyst has been previously ex-
plained by invoking the deésorption/decom-
position of C,-C,, intermediate surface
species (27) whose presence, on the cat-
alyst surface, has been confirmed by
DRIFT-FTIR experiments (28). These spe-
cies include C, and C; alkoxide, carboxyl-
ate, and molecularly adsorbed aldehyde
molecules. The corresponding C; and C,
species are likely involved during TPSR of
C; oxygenates. Accordingly (i) a surface C,
aldolintermediate is involved in aldolic-type
condensation of two n-propanal molecules
and accounts for the formation of C,, alde-
hyde (2-methyl-2-pentanal) and C,, ketone
(2-methyl-3-pentanone); (ii) dehydration or
hydrolysis of a C; alkoxide intermediate
originates the C, olefin (propylene) or the
Cy alcohol (1-propanol), respectively; (iii)
decarboxylation of a C; carboxylate species
leads to ethylene desorption; and (iv) decar-
boxylation of a C, carboxylate intermediate
is responsible for the desorption of the C,,, _,
ketone (3-pentanone). The origin of the
Cu . ketone (2-butanone) in n-propanal and
n-propanoic acid TPSR is not yet com-
pletely understood: this point will be ad-
dressed in the following sections.
Additional minor species have been iden-
tified among desorbed products, including
methane, aromatics, and ketones. They are
likely formed either by decomposition of
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heavy surface intermediates or by consecu-
tive reactions of the primary desorbed prod-
ucts. Thus the formation of methane at high
temperature may be explained by cracking,
whereas aromatics (benzene and toluene)
are possibly produced by aromatization of
light olefins.

The results of flow microreactor experi-
ments of 1-propanol, 3-pentanone, and 2-
butanone compare well with TPSR data of
C, and C, oxygenate molecules as far as the
nature of the reaction products are consid-
ered, indicating that the same chemical reac-
tions and associated catalyst functions ac-
count for both transient (TPSR) and steady-
state (flow microreactor runs) conditions.
Thus it appears that the following chemical
routes, as schematically represented in Fig.
4, are effectively catalyzed by a K,O-pro-
moted ZnCrO catalyst.

(a) Alcohol dehydrogenation (step I in
Fig. 4):

primary alcohol — aldehyde + H,

(e.g., l-propanol — n-propanal)

(b) Normal aldolic-type condensation
(step II + N in Fig. 4):

2Cy aldehyde — C,, aldehyde + H,0

(e.g., 2-n-propanal — 2-methylpentanal)

i\ N T R M v R,
RECHECH'CHO*— RECIZH-CH-CHO —Pl?éicl-c}'i-(:H3 = R;CE"‘-CI"—CH3
0~ 0 " OH
I | r,cHO v L R0
R-CH-= JLR—CH-CH :I R-CH-CHO ——F—P R-CH-C-R olefins
i CHCH, Ho ' 21 % 4 12 aRcho ' 2| 2
’ OH : 0
a v
l IV1L H, O
R-CH-C-CH R-CH-CH-R
1 2 ” 3 1 2 i 2
0 OH

Fi1G. 4. Reaction pattern for HAS over K-promoted ZnCr oxide.
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(¢) Reversal aldolic-type condensation
(step II + R in Fig. 4):
2Cy aldehyde — C,y ketone + H,0
(e.g., 2-n-propanal —
2-methyl-3-pentanone)
(d) Aldehyde or ketone hydrogenation
(step I and IV in Fig. 4):
aldehyde + H, — primary alcohol

(e.g., 2-methylpentanal —
2-methyl-1-pentanol)

ketone + H,— secondary alcohol

(e.g., 3-pentanone — 3-pentanol)

(e) Ketonization (step I' in Fig. 4):

2Cy aldehyde + O —
Con_1 ketone + CO, + H,

or

2Cy acid —
C,y_iketone + CO, + H,O + Oy,

where (1) represents a lattice oxygen atom
(e.g., 2-n-propanal or 2-n-propanoic acid —
3-pentanone)
(f) Reversal a-addition (step « in Fig. 4):
Cyaldehyde + C,— Cy,  ketone
(e.g., n-propanal — 2-butanone)
(g) Alcohol dehydration (steps III and V
in Fig. 4):
Cy alcohol — Cy olefin
(e.g., 1-propanol — propylene)
(h) Decarboxylation
Cy acid — Cy_,; olefin + CO,

(e.g., n-propanoic acid —
ethylene + CO,)

Reactions (a)-(h) are discussed in detail in
the following.
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Hydrogenation/Dehydrogenation of
Carbonylic Molecules

The presence of aldehyde/primary alco-
hol and ketone/secondary alcohol pairs
among the products of flow experiments in-
dicates that the dehydrogenation of alcohols
to the corresponding aldehydes as well as
the hydrogenation of carbonyl compounds
to the corresponding alcohols are effectively
catalyzed under the experimental condi-
tions of the present study. Indeed all the Cy
primary alcohols originated from C, alde-
hydes detected in 1-propanol flow microre-
actor runs have been observed among the
reaction products, including 1-propanol/
propanal, 2-methyl-1-propanol/2-methyl-
propanal, and 2-methyl-1-pentanol/2-meth-
ylpentanal (see Table 1). On the other hand,
secondary alcohols have been detected only
when ketones are present in significant
amounts: accordingly 3-pentanol has been
observed only during 1-propanol and 3-pen-
tanone flow experiments (where 3-penta-
none is present in large amounts; Tables 1
and 2), whereas 2-butanol has been detected
only during 2-butanone flow experiments
(Table 3). Figures 5 and 6 compare the par-
tial pressure ratio K, of the aldehyde and
ketone hydrogenation reactions, respec-
tively, evaluated from the experimental con-
centrations of reactants and products, with
the corresponding equilibrium constant K.,
estimated from thermodynamic relation-
ships, for the aldehyde/primary alcohol and
ketone/secondary alcohol pairs identified
among the reaction products. Equilibrium is
clearly established at the conditions of the
present study for both aldehyde and ketone
hydrogenations:

Cy aldehyde + H, & Cy primary alcohol
Cy ketone + H, & Cy secondary alcohol

Deviations from thermodynamic predic-
tions are apparent at temperatures below
405°C: they are of positive sign in the case
of n-propanal hydrogenation and of negative
sign in the other cases, indicating that 1-
propanol is dehydrogenated to the corre-
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FiG. 5. Comparison between partial pressure ratio
K, and equilibrium constant K., for aldehydes/primary
alcohols equilibria: (a) 2-methyl-propanal + H, — 2-
methyl-1-propanol. (b) n-propanal + H,— 1-propanol.
(c) 2-methyl-pentanal + H, — 2-methyl-1-pentanol.

sponding aldehyde, whereas other alcohols
are produced by hydrogenation of the corre-
sponding aldehydes or ketones. It is worth
noting that the low concentration of second-
ary alcohols in the liquid product is dictated
by the values of the equilibrium constants
of ketone hydrogenations, which are one
order of magnitude lower than those of alde-
hyde hydrogenations.

The hydrogenating/dehydrogenating ca-
pability of K,O-promoted ZnCrO is also ap-
parent during TPSR experiments: 1-propa-
nol is formed in n-propanal TPSR already at
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low temperature, whereas at high tempera-
tures the desorption of aromatics and hydro-
gen in l-propanol, n-propanal, and n-propa-
noic acid TPSR is indicative of the
occurrence of dehydrogenation reactions.
Furthermore, a dehydrogenation step is
likely involved in the formation of carboxyl-
ate species from the corresponding alkoxide
and aldehyde molecules, as discussed
below.

The hydrogenation/dehydrogenation
functions revealed by this study were also
apparent in TPSR and flow experiments of
C, oxygenates over the same catalyst
(24-28) and are quite effective under HAS
conditions: this is indicated, e.g., by the
close approach to chemical equilibrium be-
tween aldehydes and primary alcohols and
between ketones and secondary alcohols
(29, 30) and by the fact that similar changes
in product distribution are observed upon
addition of, e.g., ethanol or acetaldehyde to
the (CO + H,) mixture (30).

It is noteworthy that the strong hydro-
genating/dehydrogenating reactivity of the
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FiG. 6. Comparison between the partial pressure ra-
tio K, and equilibrium constant K, for ketones/second-
ary alcohols equilibria: (a) 3-pentanone + H, — 3-
pentanol. (b) 2-butanone + H, — 2-butanol.
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ZnCrO catalyst is not apparent in the hydro-
genation of the olefins to the corresponding
paraffins. Indeed the experimental partial
pressure ratios of the hydrogenation reac-
tions of ethylene and propylene are lower by
orders of magnitude than the corresponding
equilibrium constants.

ALDOLIC-TYPE CONDENSATIONS
(a) “‘Normal” Aldolic-type Condensation

The formation of large amounts of 2-
methyl-2-pentenal and water in n-propanal
TPSR is supportive of aldolic-type conden-
sation of n-propanal followed by dehydra-
tion of the aldol intermediate (A):

CH,

2CH,CH,CHO — CH,CH,CHCHCHO —
|
OH
(A)

CH,

|
CH,CH,CH=CCHO + H,0

The same catalytic function is likely in-
volved in the formation of 2-methylpentanal
in flow experiments of 1-propanol. In this
case, the presence of hydrogen at high tem-
perature favors the hydrogenation of the in-
ternal C=C bond of 2-methyl-2-pentenal to
give 2-methylpentanal: this is proved by
flow experiments performed with 1-propa-
nol in pure He where large amounts of 2-
methyl-2-pentenal and other unsaturated
compounds were formed.

Aldolic-type condensations are believed
to generate quite a few other reaction prod-
ucts among those detected in I-propanol
flow experiments. Thus condensation of a
C, oxygenate intermediate (possibly a spe-
cies related to formaldehyde) with n-propa-
nal is invoked to explain the presence of
remarkable amounts of 2-methylpropanal:

HCHO + CH,CH,CHO + H,—

CH,CHCHO + H,0

|
CH,
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The nature and the origin of the C, interme-
diate have not yet been completely under-
stood. In a series of flow experiments per-
formed with 1-propanol + methanol feed
mixture (1-propanol/methanol = 1 by vol-
ume) a significant increase of 2-methylpro-
panal was observed, suggesting that metha-
nol is first dehydrogenated to a C, reactive
species (possibly formaldehyde), which
then participates in the chain growth via
condensation reactions. Concerning the ori-
gin of the C, intermediate, it is worth men-
tioning that evidence has been collected for
the occurrence of ketonization reactions
leading to ketones and CO, on unpromoted
and K,O-promoted ZnCrO catalysts (see
Section 3) (24-28). It has been proposed
that CO, originates from a surface formate
(17), which could be likely hydrogenated by
surface hydrides to formaldehyde or metha-
nol. Indeed recent TPD and flow microreac-
tor experiments of formic acid over the same
K,O-promoted ZnCrO catalyst confirmed
that surface formate species are hydroge-
nated to formaldehyde and methanol at T >
200°C (31). Thus in the following we refer to
formaldehyde as a possible C, intermediate
species participating in aldolic-type conden-
sations. The possibility that CO (which is
detected among reaction products) might be
involved in the formation of formaldehyde
or methanol at atmospheric pressure has
been ruled out since no significant changes
in the product distribution have been ob-
served by replacing the H, + 20% He carrier
gas with CO + H, (CO/H, = 1).

In addition to 2-methylpentanal and 2-
methylpropanal, other species can be
formed via aldolic-type condensations dur-
ing n-propanal TPSR and 1-propanol, 3-pen-
tanone, and 2-butanone flow microreactor
runs, as schematically depicted in Table 4.
All of the aldehydes and ketones detected
among the reaction products may be in-
volved in aldolic-type condensations. How-
ever, different reactivities are expected for
the various carbonyl species on the basis
of their molecular structure. The carbonyl
species are considered as electrophilic or
nucleophilic reactants.
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TABLE 4

Schematic Representation of Electrophilic and Nu-
cleophilic Species Involved in Aldolic-type Condensa-
tion Reactions and Products Originating Therefrom Ac-
cording to the ‘“‘Normal’’ and ‘‘Reversal’” Modes

Electrophilic Nucleophilic Products originating
molecules molecules from aldolic-type
condensations
Normal Reversal
mode mode
_ C C
CC% CCﬁ CCCC(”Z CCﬁCC
(o} (e}
(a) 03]
CC% CC({(?E CCCCWCC CCCC(H?CC
[0} (¢] (¢] o
(b) (m)
_ C C
CC(“I CCﬁC CCCCﬁC CC(HZCCC
(6] O O (6]
(c) (n)
_ C C
CC(ﬁ CC(HZCC CCCC%CC CC%CCCC
(6] [0} (e} (¢}
(d) (0)
_ C C
ﬁ CC(H? CC% (HICC
(6] O O O
(e) (p)
ﬁ CCWE Cclc|cc CCCC(ui
[0} [0} [0} 0
() (q)
_ C C
(”Z CC(“ZC CCﬁC ﬁCCC
[0} O 0] 0
(g) (r)
_ C R C
ﬁ CCﬁICC CC%CC ﬁCCCC
o} (0] o} (o]
(h) (s)
C _ CcC CccC
CC% CCﬁ CCCC% CCCcCe
[0} (o} (o]

(1) ®

(al) Electrophilic reactants. In Table 4
only aldehydes are regarded as electrophilic
reagents. Indeed all the expected products
of aldolic-type condensations involving al-
dehydes as electrophilic reactants have
been detected in I-propanol flow experi-
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ments (Table 4, species a—i). On the con-
trary only minor quantities of 5-methyl-3-
heptanone (Table 3), the expected product
of self-condensation of 2-butanone, have
been detected during 2-butanone flow ex-
periments and no aldolic-type condensation
product of 3-pentanone (Table 2) has been
observed during 3-pentanone flow experi-
ments.

The relative amounts of species a—i (Table
4) observed in l-propanol flow experiments
call for a different reactivity of linear and
branched aldehydes as electrophilic re-
actants. In fact minor amounts of 2,4-di-
methylpentanal (species i) are formed from
2-methylpropanal as electrophilic agent and
no products have been detected originating
from 2-methylpentanal again as electro-
philic species, in spite of the reasonably high
concentrations of these reagents. This indi-
cates a much lower reactivity of 2-methyl-
branched aldehydes as compared to linear
aldehydes. It is believed that the methyl sub-
stituent in the « position with respect to the
carbonyl group decreases the electrophilic
character of the molecule, due to steric and
electronic factors.

(a2) Nucleophilic reactants. Linear C,,
aldehydes (n-propanal) and linear ketones
are listed in Table 4 as nucleophilic re-
actants. Condensations involving a-
branched nucleophilic agents have been
ruled out on the basis of the observed prod-
uct distribution and in line with previous
results of 2-methylpropanal TPSR (27) and
of chemical enrichment experiments with i-
butanol added to the CO + H, mixture (32).
In both cases no evidence was collected in
favor of cross aldol-type condensation of
2-methylpropanal. The presence of
branching in the a-position with respect to
the carbonyl group is expected to prevent
the formation of the carbanion.

The results of 1-propanol, 3-pentanone,
and 2-butanone flow experiments indicate
that ketones participate as nucleophilic spe-
cies in aldolic-type condensation reactions,
which eventually accounts for the formation
of 3-heptanone (species b) and 3-methyl-2-
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hexanone (species ¢, 2-butanone + n-pro-
panal), 4-methyl-3-heptanone (species d, 3-
pentanone + n-propanal), 3-pentanone
(species f) and 3-methyl-2-butanone (spe-
cies g, 2-butanone + formaldehyde), and 2-
methyl-3-pentanone (species h, 3-penta-
none + formaldehyde).

It is noteworthy that any asymmetric ke-
tone (e.g., 2-butanone) may originate, upon
hydrogen abstraction, two distinct nucleo-
philic species: indeed aldolic-type conden-
sation of 2-butanone with n-propanal results
in the formation of 3-heptanone (species b)
and of 3-methyl-2-hexanone (species ¢). The
greater amounts of 3-heptanone as com-
pared to 3-methyl-2-hexanone observed
during 1-propanol flow experiments indicate
that hydrogen abstraction occurs preferen-
tially on the —CHj; group rather than on the
—CH,~ group. The same argument applies in
explaining the small amounts of 4-methyl-3-
heptanone (species d, the expected product
of condensation of n-propanal with 3-penta-

CH,
|
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none) obtained in I-propanol flow experi-
ments. Indeed the reactivity of the methyl
group of 2-butanone in the formation of the
carbanion is higher than that of the methyl-
ene group in 3-pentanone and this eventu-
ally accounts for similar concentrations of
3-heptanone and 4-methyl-3-heptanone in
Table 1 in spite of the much greater concen-
tration of 3-pentanone.

(b) “Reversal’’ Aldolic-type Condensation

It has recently been proved by experi-
ments with labeled molecules that aldolic-
type condensation reactions over Cs-pro-
moted low-T methanol catalyst can occur
in a particular fashion, quoted as ‘‘oxygen
retention reversal’’ or simply “‘reversal’’ (3,
12,15, 17, 33). The mechanism of the rever-
sal mode (Path II + R in Fig. 4) is based on
the retention of the anionic oxygen of the
aldol intermediate (A) and on the hydroge-
nation of the carbonyl group, and eventually
accounts for the formation of ketones:

CH,
l

2CH,CH,CHO — CH,CH,CHCH,CHO — CH,CH,CCH,CH,

|
OH

(A)

The desorption of significant amounts of 2-
methyl-1-penten-3-one (the expected prod-
uct of the reversal aldolic condensation of
n-propanal) at 160-320°C with the evolution
of 2-methyl-2-pentenal (which originates
from normal aldolic-type condensation) dur-
ing n-propanal TPSR clearly shows that
both reversal and normal aldolic-type con-
densations operate over K,O-promoted
ZnCrO catalyst. The occurrence of two de-
sorption peaks of 2-methyl-2-pentenal fur-

[
O OH

CH,
|
i CH3CH2CCH=CH2 + H20

I
OH

ther suggests that different active sites are
present on the catalyst surface: one, respon-
sible for ‘‘normal’’ aldolic-type condensa-
tion, is active already at low temperature,
whereas the other site possibly stabilizes the
aldol intermediate and promotes the reverse
mode. Since it has been proposed that al-
dolic-type condensation with oxygen reten-
tion reversal is specific of alkali promoters
[5, 12], the second site could likely be asso-
ciated with K,O.
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The occurrence of reverse aldolic-type
condensation reactions over K,O-promoted
ZnCrO is further supported by the results
of 1-propanol flow experiments considering
that significant amounts of 2-methyl-3-pen-
tanone have been detected (Table 1). 2-
Methyl-3-pentanone can be formed by hy-
drogenation of 2-methyl-1-penten-3-one
which in turn originates from the reverse
condensation of two molecules of n-propa-
nol. Note that although 2-methyl-3-penta-
none is also the expected product of ketoni-
zation reaction involving 2-methyl-propanal
and n-propanal (see next section), this can-
not apply to TPSR measurements (where 2-
methyl-1-penten-3-one was observed) since
2-methyl-propanal was not detected in this
case.

The presence of other ketones in flow ex-
periments can be explained by the occur-
rence of aldolic-type condensations with ox-
ygen retention reversal too. Table 4 shows,
for all the species involved in normal aldolic-
type condensations, the expected reverse
products. It is worth noting that almost all
of the reverse products have been identified
among the reaction products; species that
have been detected in trace amounts or have
not even been detected (e.g., 4-methyl-3-
hexanone and n-pentanal, species n and q,
respectively) originate from poorly reactive
agents.

As previously illustrated for 2-methyl-3-
pentanone, other routes may be responsible
for the formation of the products of reverse
aldol-type condensations, including ketoni-
zation reactions. In a few cases the other
route may be the normal aldolic-type con-
densation reaction, since both normal and
reversal modes lead to the same species
(e.g., 3-heptanone, species b in Table 4).

KETONIZATION REACTIONS

In line with previous suggestions pro-
vided to explain the desorption of C,5 _ ke-
tones + CO, during TPSR of C, linear and
branched oxygenates (24-28), the desorp-
tion of 3-pentanone during TPSR of i-propa-
nol, n-propanal, and n-propanoic acid can
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be associated with the decomposition of a
surface C, hydroxy carboxylate intermedi-
ate (B):

CH,

|
CH,CH,CHCHCOO,,, —

|
OH

(B)
CH;CH,CCH,CH, + CO,,, + H,,

|

0]
where (a) represents an adsorbed surface
species. According to the above scheme,
equimolar desorption of 3-pentanone and
CO, is expected. In our experiments, cali-
bration of the mass spectrometer was not
attempted, which prevented comparison of
the amounts of CO, and 3-pentanone de-
sorbed.

The formation of the surface intermediate
(B) may involve surface oxidation by lattice
oxygen of the aldol intermediate (A) or, al-
ternatively, condensation of a molecularly
adsorbed aldehyde with a surface carboxyl-
ate species or condensation of two carboxyl-
ate species (27). In the case of I-propanol
TPSR the carboxylate species is likely
formed by oxidation of surface alkoxide spe-
cies. Spectroscopic evidence has been pro-
vided for the presence and reactivity of such
carboxylate species (25, 28). As in the case
of C, linear oxygenates the desorption of the
C,n_; ketone occurs at different tempera-
tures in TPSR runs with 1-propanol (420°C),
n-propanal (78 and 278°C), and n-propanoic
acid (343°C) since different surface interme-
diate species are believed to participate in
the desorption process (25, 27). It should be
noted that formation of the C,y_, ketone
occurs in the low-T region in the case of
n-propanal TPSR, as observed also for n-
butanal (25, 27). In this case 3-pentanone
may originate from aldolic-type condensa-
tion followed by decarbonylation of the al-
dol intermediate. CO was actually not de-
tected; however, this may be due to its
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TABLE 5

Aldehydic Molecules Involved in Ke-
tonization Reactions and Products Origi-
nating Therefrom

Aldehydic molecules Product
CCﬁI CCﬁ CC%CC
0 (0] 0
C C
CCC CCC cccece
I | Il
(6] (6] 0
C C cC
CCﬁ CCﬁ CC%CC
0 0 0
C C
CCCCC CCﬁ CCCCﬁCC
¢} (6] 0
C C c C
CCCCﬁ CCﬁ CCCC(HZCC
(0] (0] (6]

concentration being below the detection
threshold of the mass spectrometer.

The formation of 3-pentanone in flow ex-
periments is believed to occur with similar
mechanisms (route I' in Fig. 4). 3-Pentanone
is the most abundant reaction product in the
investigated temperature range: this indi-
cates that ketonization is one of the major
catalytic functions of K,0-promoted ZnCrO
under the conditions of the present study.
As a matter of fact, all the expected ketones
originating from ketonization of the de-
tected aldehydes have been observed, as
summarized in Table 5. Comparison of Ta-
ble 5 with Table 4 suggests that ketonization
represents an alternative route for the syn-
thesis of ketones with respect to reverse
aldolic-type condensation reaction.

Thermodynamic analysis shows that the
formation of ketones by ketonization under
HAS conditions is limited by the inverse
cubic dependence of the partial pressure ra-
tio on the total pressure according to the
stoichiometry:
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R,CH,0H + R,CH,0H &
R,CR, + CO + 3H,
I
0

The departures from thermodynamic equi-
librium at low temperatures and short con-
tact times further indicate that ketones are
consumed via ketonizations and that they
are formed via reverse aldolic-type conden-
sations (30). This eventually provides addi-
tional evidence in favor of the relevance of
aldolic-type condensations with oxygen re-
tention reversal over high-7T-modified meth-
anol catalysts.

Ketonizations of carboxylic surface inter-
mediates and aldolic-type condensation re-
actions with oxygen retention reversal in-
volving aldehydic molecules have also been
invoked by Elliott and Pennella to explain
the formation of C,,, and C,5_, ketones ina
series of experiments performed with linear
primary alcohols (ethanol, I-propanol, 1-bu-
tanol) at 285°C and 1 to 65 Atm over CuO/
ZnO/Al,O; catalyst (/7).

REVERSAL a-ADDITION

a-Addition with oxygen retention rever-
sal (ORR) mechanism (identified in the fol-
lowing as reversal a-addition) is proposed
to account for the formation of 2-butanone
during I-propanol flow microreactor runs.
Reversal a-addition is regarded as a reaction
between a C, oxygenate species (indicated
as CO) and a Cy aldehyde to originate the
Cuy., 2-ketone (route « in Fig. 4):

CH,CH,CHO + CO + H,—
CH,CH,CCH,

I
)

Evidence has been provided for the exis-
tence of a linear chain growth step via C,
addition in the synthesis of higher oxygen-
ates over a Cs-promoted Cu/ZnO catalyst
(12, 5). The proposed mechanism involves
the nucleophilic attack at the a-carbon of an
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adsorbed aldehydic intermediate by a for-
myl species to originate a linear Cy,, al-
dehyde.

In our case, formation of the Cy_, 2-
ketone during 1-propanol flow-microreactor

H HCCH,CH,

I
C=0 0
| |

Since the retention of the aldehydic oxygen
recalls the mechanism of aldolic-type con-
densations with oxygen retention reversal,
«-addition has been regarded as a reversal
reaction. As for aldolic-type condensation,
the alkali promoter may play a role in the
proposed mechanism by stabilizing the oxy-
gen of the carbonyl species and thus origi-
nating the ketone molecule rather than the
aldehyde. The formation of the Cy, | ketone
(2-pentanone) has also been observed dur-
ing n-butanal TPSR (27) and flow-microre-
actor experiments (3/) over the same K-
doped catalyst.

The formation of Cy_, ketones by rever-
sal a-addition apparently contrasts with re-
sults over Cu-based catalysts reported by
Klier and co-workers (5) and by Elliott and
Pennella (17). However, such differences
may be rationalized in view of the unequal
conditions adopted in the various experi-
ments. Reversal a-addition is favored: (i) by
high temperatures (the concentration of 2-
butanone in 1-propanol flow experiments is
higher at 405°C); (ii) by the presence of the
alkali promoter (the products of reversal
a-addition were not detected over an unpro-
moted ZnCrO catalyst (35)); and (iii) by a
low pressure (thermodynamics limit ketone
concentrations in the product mixture under
HAS conditions due to the reverse of ketoni-
zation reactions (30)). All of these favorable
conditions were met in our experiments. On
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experiments may involve a related mecha-
nism; however, in this case the Cy_, dioxy-
genate species (C) apparently loses the oxy-
gen of the formyl species rather than that of
the aldehydic compound:

I
0 0

|
|| 0

CH,CH,CCH,

(©)

the other hand, Elliott and Pennella (/7) per-
formed 1-propanol flow-microreactor ex-
periments at low temperature (285°C) over
an unpromoted CuO/Zn0O/Al,O, catalyst,
whereas Klier and co-workers (5) operated
with a Cs-promoted catalyst but at low tem-
peratures (250-300°C) and high pressure
(7.6 MPa). Thus, in both cases the occur-
rence of reversal o-addition is expected to
be of minor importance, which eventually
accounts for the different results obtained
over ZnCrO catalyst.

The nature and the origin of the C, oxy-
genate intermediate, which participates as
nucleophilic reagent in the reaction, has not
been completely clarified yet. Methanol ad-
dition to 1-propanol feed, as previously
mentioned (see aldolic-type condensations),
does not result in a significant increase of
2-butanone. This eventually rules out the
direct participation of methanol or formal-
dehyde in this reaction. However, as pre-
viously discussed, the C, reactive interme-
diate may originate from an oxygenate C,
species that is formed during ketonization
reactions. As a matter of fact, 2-butanone
evolution in both n-propanal and n-propa-
noic acid TPSR runs paralieis CO, desorp-
tion (see Figs. 2A, 2B, and 3). This indicates
that the nucleophilic character of the C, in-
termediate is more likely associated with
surface species produced from decarboxyl-
ation reactions (which originate ‘‘native”
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CO,) than with species produced from meth-
anol, as suggested also by the results of the
runs with methanol addition to the feed. The
same C, nucleophilic surface species is pos-
sibly involved in the formation of the first
carbon—carbon bond in the chain growth
mechanism: aspects related to the C; — C,
step are presently under investigation in our
labs (37).

The expected products of reversal a-addi-
tion on 2-methyl branched aldehydes,
namely 3-methyl-2-butanone (from 2-meth-
ylpropanal) and 3-methyl-2-hexanone (from
2-methylpentanal), have been observed in
amounts smaller than 2-butanone. This may
be explained by invoking an inhibiting effect
of B-branching on reversal e-addition. Simi-
lar conclusions have been reached by Nu-
nan et al. (5), which attributed the absence
of significant amounts of those products that
would result from linear C, growth over 8-
branched aldehydes to electronic and steric
restrictions. Small amounts of 2-butanone
were also observed in 3-pentanone flow ex-
periments. This raises the question whether
2-butanone might be originated from 3-pen-
tanone during 1-propanol flow-microreactor
runs. Indeed the ratio 3-pentanone/2-buta-
none in 3-pentanone flow experiments is
much higher than that in I-propanol flow
experiments: accordingly an alternative
route that accounts for the formation of 2-
butanone should operate, and this is be-
lieved to be reversal a-addition over n-pro-
panal.

DEHYDRATION

The results of 1-propanol low-microreac-
tor experiments indicated that 1-propanol
is dehydrated to propylene, whereas bu-
tenes and pentenes are apparently formed
at the expense of C, and C; oxygenates (e.g.,
2-butanone, 2-methyl-1-propanol, and 3-
pentanone). Also, the data obtained with 2-
butanone and 3-pentanone (Tables 2 and 3,
respectively) pointed out that these mole-
cules undergo dehydration reactions to a
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significant extent. Dehydration reactions
probably also involve alcohol molecules in
the case of 2-butanone and 3-pentanone flow
experiments. Indeed secondary alcohols
have been detected only in minor amounts
due to thermodynamic constraints, but
rapid hydrogenation/dehydrogenation equi-
librium is likely established on the catalyst
surface so that alcohol molecules are always
available for consecutive reactions. Be-
sides, TPSR data provide further evidence
for the occurrence of dehydration reactions:
indeed propylene and water were observed
to desorb during TPSR of 1-propanol and »-
propanal (Fig. 1 and 2). Also, a dehydra-
tion step is involved in the formation of 2-
methyl-2-pentenal from the corresponding
aldol intermediate.

Bowker et al. (34) explained the forma-
tion of olefins during 1-propanol and 1-buta-
nol TPD from ZnO by invoking a dehydra-
tion mechanism based on abstraction of 3-
hydrogen atom (H™) from an alkoxide spe-
cies. Accordingly, abstraction is easier from
amethyl group rather than from a methylene
group, due to electronic factors. The same
mechanism is likely to operate over the
ZnCrO surface. As a matter of fact, results
obtained during flow experiments (Tables 1,
2, and 3) indicated the following order of
reactivity toward dehydration: 2-butanone
(abstraction from one methyl and one meth-
ylene group) > 3-pentanone (abstraction
from 2 methylene groups) > 1-propanol (ab-
straction from one methylene group). It can
be concluded that a dehydrating function
is effective over ZnCrO-based catalysts in
spite of alkali addition: such a catalyst func-
tion operates essentially at the expense of
2-alkanols and secondary alcohols rather
than of primary alcohols.

Dehydration may be partially responsible
for the formation of hydrocarbons during
HAS. In this respect it is worth noting that
addition of alkali to unpromoted ZnCrO is
effective in suppressing the production of
ethers, whereas hydrocarbons are still pro-
duced although in minor amounts (8, 30).
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OTHER REACTIONS
Decarboxylation

A decarboxylative step is expected to op-
erate in ketonization reactions, which even-
tually results in the combined production of
CO, and ketones.

The desorption of ethylene and CO, at
high temperature in 1-propanol, n-propanal,
and n-propanoic acid TPSR indicates that
decarboxylation also operates in the forma-
tion of Cy_, olefins from C, carboxylate
species. Previous TPSR and IR investiga-
tions of linear and branched C, oxygenates
(alcohols, aldehydes, and acids) provided
evidence that olefins originate from carbox-
ylate species under TPSR conditions (24,
25, 27). This function may account at least
partially for the formation of hydrocarbons
during HAS conditions.

Water—Gas Shift Reaction

The presence of CO among reaction prod-
ucts is explained by considering the occur-
rence of the water—gas shift reaction involv-
ing CO, and H,.

Cracking Reactions

The formation of methane and of light hy-
drocarbons in TPSR and flow-microreactor
experiments may be explained by cracking
of heavier intermediates formed on the cata-
lyst surface. As a matter of fact the catalyst
discharged at the end of TPSR and flow-
microreactor experiments was partially
fouled, as indicated by its blackish color.

CONCLUSIONS

A number of chemical functions of the
K,O-promoted ZnCrO catalyst have been
identified by the TPSR study of 1-propanol,
n-propanal, and n-propanoic acid, including
hydrogenation—dehydrogenation, normal
and reversal aldolic-type condensations,
ketonizations, reversal a-addition, dehydra-
tion, decarboxylation, and cracking. This
corroborates and generalizes most of our
previous conclusions based on TPSR exper-
iments of C, oxygenates over the same cata-
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lytic system and provides additional evi-
dence for reversal a-addition which was not
discussed in details previously. On compar-
ing these data with those obtained during
flow experiments of 1-propanol, 3-penta-
none, and 2-butanone at atmospheric pres-
sure a strict correspondence is observed be-
tween the chemical functions revealed by
the TPSR study and those operating at
steady-state conditions. However, under
these conditions some of the associated
chemical reactions appear to be limited by
chemical equilibria; in addition, the differ-
ent reactivity of the species participating in
the numerous chemical reactions can be ap-
preciated.

Both TPSR and continuous-flow experi-
ments converge in identifying a general re-
action network for the chain growth to
higher oxygenates, based on the following
routes:

(1) Crossed aldolic-type condensations of
aldehydes and ketones, which proceed in
both the normal and the reversal modes.
Higher aldehydes are produced in the first
case and ketones are produced in the latter
during condensations of two aldehydes;
condensations involving ketones always re-
sult in the formation of higher ketones. Only
aldehydes (linear and branched) participate
in aldolic-type condensation reactions as
electrophilic molecules. Both linear C,, al-
dehydes and linear ketones can be involved
as nucleophilic species, aldehydes showing
higher reactivity than ketones. Branching in
the two position reduces the reactivity of
electrophilic reagents and prevents the par-
ticipation of both aldehydes and ketones as
nucleophilic species in aldolic-type conden-
sations.

(2) Ketonization reactions, involving al-
dehydic or carboxylate surface species and
leading to the formation of ketones and CO,.
Alsoin this case the presence of substituents
in the a-position with respect to the car-
bonyl group hinders the reactivity of the
reagents.

(3) Reversal a-addition reactions, which
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involve the participation of aldehydic mole-
cules and of a C, nucleophilic species and
lead to the formation of 2-ketones. C, spe-
cies are believed to be associated with nu-
cleophilic oxygenated C, species originated
during decarboxylation reactions.

Under flow-microreactor conditions, nor-
mal aldolic-type condensations and ketoni-
zation reactions dominate the chain growth
mechanism at low temperatures (360°C),
whereas at higher-temperature ketoniza-
tion, reversal aldolic-type condensation and
reversal a-addition are responsible for the
formation of remarkable amounts of higher
ketones.

It is worth noting that almost the same
chemical functions have been invoked by
Elliott and Pennella (17) to explain the prod-
uct distribution obtained by passing 1-pro-
panol over a CuQ/ZnO-based catalyst at
atmospheric pressure. However reversal
a-addition has not been reported, and sig-
nificant amounts of esters have been de-
tected. As previously discussed, this is pos-
sibly related both to the lower temperature
used in this case (285°C) and to the lack of
the alkali promoter on the catalyst. These
results eventually indicate that the chemis-
try involved in the formation of higher oxy-
genates over both low-T Cu-based catalysts
and high-T ZnO/CrO catalysts is basically
the same.

In addition to the chain growth mecha-
nism reported above, oxygenates are also
involved in the following reactions:

(1) Hydrogenation equilibria involving
primary alcohols/aldehydes and secondary
alcohols/ketones pairs. The signs of the de-
viations from chemical equilibrium ob-
served at low temperatures indicate that car-
bonyl compounds are intermediates in the
chain growth process whereas alcohols are
produced by subsequent hydrogenations;

(2) Dehydration of oxygenates, and par-
ticularly of secondary alcohols, leading to
the formation of olefins. Olefins may also be
formed to a certain extent by decarboxyl-
ation of surface carboxylate species.
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On comparing the reaction pattern identi-
fied in the present study with information
obtained by catalytic activity tests and
chemical enrichment experiments per-
formed with various oxygenates under real
synthesis conditions (/0, 25, 27, 36), a strict
correspondence is noted between the char-
acteristic chemical functions revealed by
the TPSR and flow-microreactor data and
those determining the product distribution
observed in HAS. This indicates that the
reaction network of Fig. 4 is adequate to
describe the reactions occurring under pres-
sure as well. However, due to the different
operating conditions, in the synthesis the
relevance of some of the characteristic reac-
tions is limited by chemical equilibria so that
the concentration of related compounds are
eventually very small. This is, for example,
the case of ketonization reactions, which
occur to a large extent during TPSR and
flow experiments but are strongly depressed
under pressure, and of hydrogenation reac-
tions of aldehydes and ketones to the corre-
sponding alcohols. The reaction network re-
ported in Fig. 4 has provided the basis for
the development of a mechanistic kinetic
model for the distribution of C,, oxygenate
products in the HAS, which can account
quantitatively for over 50 compounds in the
reaction product mixture as function of con-
tact time, temperature, pressure, and feed
composition,
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