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The preparation, activation, and catalytic behavior of a Zn;Mn, ,Cr; K, oxide catalyst re-
ported in the early literature for the synthesis of higher alcohols has been investigated by means of
chemical analysis, XRD, IR, DTA-TG, SEM, surface area measurements, and flow reactor experi-
ments. Evidence has been collected in support of the following points: (1) Reaction of basic
carbonates of Zn and Mn with a solution of K,CrQ, at about 70-80°C (final pH 8.5) occurs through a
redox mechanism; drying at =100°C of the resulting mass provides a catalyst precursor made of a
core formed by a phase with a spinel structure and basic zinc carbonate covered by a shell of
a-K,CrO,4 and possibly KHCOs;. (2) Basic Zn carbonate and KHCO; are decomposed upon activa-
tion at 400°C. (3) The spinel-like phase is stable under N, upon activation at 400°C, whereas it is
transformed into a phase with a rock salt-type structure, with related ZnO segregation, upon
activation at 400°C in H,; reoxidation in air induces the reverse transformation. (4) Calcination at
1000°C always gives rise to a phase with a tetragonal symmetry typical of Zn'Mn}"O,. A lumped
kinetic treatment of the catalytic activity data indicates that this catalyst behaves similarly to a
commercial ZnCrO catalyst impregnated with K,O, but for an overall reduction of activity due to a
lower surface area. Characterization of the catalyst after the activity runs provides data very
similar to those obtained from the characterization of catalyst samples activated under a reducing

atmosphere. © 1988 Academic Press, Inc.

INTRODUCTION

Catalysts of industrial interest for the
direct synthesis of methanol and higher
alcohols from CQO,—H, mixtures generally
belong to one of three classes: (i) alkali-
promoted higher-temperature methanol
synthesis catalysts (e.g., ZnO-Cr,0; +
K,0); (i) low-temperature copper-based
methanol synthesis catalysts modified with
alkali promoters (e.g., Cu~ZnO-Cr;0; +
K,0, Cu-ZnO-ALO; + K,0); (iii) modified
Fischer-Tropsch catalysts (e.g., MoS;~
CoS + K,0, alkalinized Cu—Co-based cata-
lysts).

Interest in the direct synthesis of alco-
hols from CO, and H, has grown recently
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since the mixture produced in this reaction
has become attractive as a component for
gasoline blends, particularly as an octane
booster. The literature (/-19) provides an
overview of the large volume of work that
has been done on this subject in recent
years. However, this reaction has been
known for many years, and important con-
tributions were published early (20-27).
Among these, the work of Frohlich and co-
workers (20, 21) deserves to be mentioned.
These authors investigated several cata-
lysts prepared by reacting different mix-
tures of basic carbonates of Zn and Mn with
a solution of K,CrO, and concluded that the
optimal catalyst corresponds to the molar
proportion ZnMn,; Cr; Kz (27). This
catalyst was used in a series of experiments
aimed at investigating the controlling mech-
anism of formation of higher alcohols.

120



PREPARATION OF A ZnMnCrKO CATALYST

Nevertheless, the chemistry underlying
the preparation and activation of the cata-
lyst, as well as the nature of the gaseous
products formed during the reaction, was
not addressed properly. Indeed, a clear un-
derstanding of the preparation and activa-
tion steps could provide a basis for im-
proved formulations of related catalyst
systems. Also, the formation of gaseous
products, namely CO,, CH,, and other hy-
drocarbons, is of great relevance to indus-
trial implementation of a process for higher
alcohol synthesis, where typically after
condensation of the liquid products the gas-
eous stream is first washed of CO, and
then recycled to the synthesis reactor (4,
18, 19).

In the present paper we report the results
obtained during the investigation on the
preparation and activation under different
conditions of the catalyst precursor.re-
ported by Frohlich and Cryder. The cata-
Iytic behavior and the characterization of
the catalyst discharged after activity runs
are also addressed.

METHODS

Preparation and activation of the catalyst
were investigated through the following
steps: (i) preparation of the basic carbon-
ates of Zn and Mn; (ii) reaction of basic
carbonates of Zn and Mn with a solution of
K-chromate, followed by drying at =100°C;
(iil) activation at 400°C under inert (N,) or
reducing (H,) atmospheres; (iv) calcination
at 1000°C; (v) reoxidation of the reduced
samples. Also, water was added to the sam-
ple dried at =100°C and an insoluble por-
tion was separated from the solution. Both
samples were dried at =100°C, and then ac-
tivated at 400°C under N, or H, atmo-
spheres; some were also calcined up to
1000°C. The sequence of operations in-
volved in the preparation/activation study
is summarized in Fig. 1 and described in the
following. Samples in Fig. 1 and in the fol-
lowing text are identified with notations in-
dicating the sample number, the activation
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temperature, and the corresponding atmo-
spheres: e.g., II4H10A indicates sample 11
activated at 400°C under H, and further
calcined at 1000°C.

Preparation of the basic carbonates. The
basic carbonates of Zn and Mn were precip-
itated at room temperature (RT) from the
solution of Zn(NQOs), - 6H,0 (Carlo Erba
RPE) and Mn(NOs), - 4H,O (Fluka PPA) in
the molar ratio 1:1.1, using a solution of
(NH,),CO; (20% w/w) and under stirring.
The white precipitate (final pH 7.5) was
washed, filtered, and dried at =100°C (sam-
ple ).

Reaction of the basic carbonates of Zn
and Mn with the K-chromate solution. The
basic carbonates of Zn and Mn were made
into a thin paste with water, and a solution
of K chromate was added at T = 70-80°C to
obtain a catalyst with the final atomic ratio
Zn/Mn/Cr/K = 1/1.1/1.03/2.06. The color
of the suspended particles changed from
white to yellowish and finally green-brown-
ish. The precipitate was dark, and the pH of
8.5 was measured. The resulting mass was
dried first on a hot plate, and then in an
oven at =100°C; further repeated additions
of water, followed by drying at ~100°C, re-
sulted in sample 1I11A. From a portion of
this sample, after addition of water, filtra-
tion, and drying at ~100°C, samples III1A
and IV1A were obtained.

Activation at 400°C under inert or reduc-
ing atmosphere. Samples 111A, II11A, and
IV1A were activated at 400°C (heating rate
= 120°C/h, hold 2 h) under inert (N;) or
reducing atmospheres (H,/N; mixture with
hydrogen content increasing from 5% up to
100%), and then allowed to cool under N,
down to RT by switching off the oven. The
cooling typically lasted 12 h. When reduc-
ing atmospheres were used, before dis-
charging at the open air the samples were
exposed at RT to an atmosphere of slowly
increasing oxygen content, from 0.19% up to
20%, to prevent pyrophoric effects.

Calcination at 1000°C. Samples III4N
and II4N were activated in air at 1000°C
(hold 2 h) and allowed to cool to RT by
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PREPARATION OF A ZnMnCrKO CATALYST

switching off the furnace. The cooling typi-
cally lasted 18 h.

Reoxidation of the reduced samples.
Samples I114H and II14H were reoxidized in
air at 400°C (hold 2 h), 600°C (hold 2 h), and
1000°C (hold 2 h). The cooling procedure
specified above was followed.

Characterization of the catalyst samples.
The samples were characterized by chemi-
cal analysis, X-ray diffraction, IR spectros-
copy, DTA-TG, SEM, and surface area
measurements.

Zn, Mn, and K contents were determined
by atomic absorption using a Perkin—Elmer
303 instrument. The Cr content was mea-
sured by manganometric titration, and the
CO, content was determined by gas evolu-
tion. X-ray powder diffraction patterns
were collected using a Philips PW 1050/70
vertical goniometer and PW 1730 genera-
tor. IR spectra were recorded on a Perkin—
Elmer 457 instrument with the KBr pressed
disk technique. DTA-TG data were ob-
tained with a Mettler 2000 instrument typi-
cally operating with a heating rate of 20°C/
min,

A Jeol scamning electron microscope
equipped with an X-ray microprobe was
used to obtain information about the sur-
face and bulk composition of the dis-
charged catalyst. Catalyst surface areas
were determined with a Carlo Erba Sorpto-
matic Series 1800 instrument with a BET
dynamic system.

Flow reactor experiments. All catalytic
activity runs were performed with the same
catalyst sample (14.9 g) in a copper-lined
tubular reactor at P = 85 atm using a H»,/CO
= 2/1 feed mixture. A description of the
experimental setup and the analytical pro-
cedures is given elsewhere (8). Due to diffi-
culties in the quantitative gas chromato-
graphic analysis of the reaction products,
C,: hydrocarbons were estimated from the
H,0 balance by attributing to their forma-
tion the amount of H,O + CO, exceeding
that stoichiometrically corresponding to
oxygenates and methane found among the
products. Although approximate, this pro-
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cedure enables an acceptable estimation of
the catalyst selectivity to hydrocarbons,
which has often been overlooked in pre-
vious studies concerned with higher alcohol
synthesis. When the catalyst was dis-
charged at the end of the activity runs,
sticking of the particles was observed, due
to the high content of K in the catalyst.

RESULTS AND DISCUSSION

Preparation of the Basic Carbonates of
Zn and Mn

The first step in the preparation proce-
dure consists of obtaining the basic carbon-
ates of Zn and Mn.

Chemical analysis confirmed that Zn and
Mn have been thoroughly precipitated, and
that the CO, content (29%) was lower than
would be expected (34%) if neutral carbon-
ates had been obtained.

The XRD powder pattern is very close to
that published in the literature for MnCO;.
The refined lattice parameters are a, =
4.733 A, ¢y = 15.422 A and the goodness of
fit, expressed as R,,, is 9.6%. They com-
pare very well with the values given for
MnCO:; (aq = 4.777 A, ¢y = 15.67 A) with a
slight contraction in the direction of ZnCQOs;
(ap = 4.651 A, ¢, = 14.98 A). The IR spec-
trum also gives evidence only of MnCO;
rhodhocrosite (Sadtler Standard Spectrum
1754).

DTA-TG analysis under N, atmosphere
showed two endothermic peaks (Tpax =
270°C and 396°C), both with associated
weight loss. These temperatures compare
well with the decomposition temperatures
of Zn5(OH)6(CO3)2 (Tmax = 266°C) and
MnCO; (T, = 410°C). However, the
weight loss associated with the first peak is
smaller than that expected if the whole Zn
had been present as basic zinc carbonate,
whereas the opposite was measured for the
second peak. This further suggests that
Zn?* ions have been partially incorporated
in MnCO;.

Altogether these data indicate that sam-
ple 11A is made up of a mixture of (Zn,
Mn)CO; and Zns(OH)4(CO3),. The lack of
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TABLE 1
Results of Chemical Analysis for Samples II1A, III1A, and IV1A

Sample* Zn? Mn? Cre K? COy¥

Expected Found Expected Found Expected Found Expected Found Expected Found
mA 0.22 0.21 0.242 0.24 0.227 0.219 0.453 0.41 0.08
A — 0.20 — 0.24 — 0.06 — <0.01 —_ 0.016
IVIA — <0.01 — <0.01 —_ 0.16 — 0.41 0.08

< Basis assumed for the mass balance calculation: 0.2 g atom of Zn.

¢ Atomic absorption.
¢ Manganometric titration.
4 Gas evolution.

detection of the typical X-ray lines of
Zns(OH)s(COs), may be due to the poor
crystallinity of this phase, whereas the de-
tection of the typical IR bands of this com-
pound at 1380 and 1500 cm™! is prevented
by the strong absorption of MnCO; in the
same region.

It is worth noting that when zinc carbon-
ate is precipitated in the absence of Mn at
the same pH value (7.5), Zns(OH)s(CO3), is
observed in both XRD and IR spectra, with
only traces of Zny (OH)¢CO; - H,0, in line
with literature data (28).

eZn0
* Zr*Mn,Cn3cto,

o i :

Reaction of the Basic Carbonates of Zn
and Mn with the K-Chromate Solution

Table 1 shows the results of the chemical
analysis of samples II, 111, and IV dried at
=100°C.

The insoluble portion (sample IIT1A)
contains all of the Zn and Mn, approxi-
mately one-third of Cr, traces of K, and
small amounts of CO, as compared with the
stoichiometric quantities measured in sam-
ple I1.

The X-ray pattern of II11A (Fig. 2) shows
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F1G. 2. X-Ray diffraction patterns of the insoluble
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portion dried at =~100°C and after activation under
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FiG. 3. IR spectra of the insoluble portion dried at
~100°C and after activation under different conditions
(sample II11A): (a) typical (full line) and (b) enhanced
(dashed line) loading.

only the characteristic peaks of a phase
with a spinel structure, isotypic with
ZnCr,04 (ASTM Fiche 22-1007). The calcu-
lated cell parameter (a = 8.34 A)is slightly
higher than the value reported in the litera-
ture for ZnCr;0, (a = 8.3275 A), which in-
dicates a small expansion of the unit cell.

The IR spectrum of II11A (Fig. 3) shows
(i) a couple of bands at 500 and 600 cm™?,
attributable to the presence of a phase with
a spinel structure (29); (i) a weak band at
about 930 cm~! associated with Cr(VI) in
small amounts (30); (iii) a couple of bands
at 1350 and 1500 cm™!, barely manifest,
which can be associated with the presence
of the basic carbonate of Zn in small
amounts (Sadtler Standard Spectrum 1743).
The characteristic bands of MnCO;/(Zn,
Mn)CO; at 1400 cm~! were absent.

The DTA-TG curves in N, and H,; of
III1A are given in Fig. 4. A small weight
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loss was recorded under inert atmosphere
above 200°C (Fig. 4a), and can be attributed
to the decomposition of Zns(OH)¢(COs3),.
An additional complex process globally
exothermic with associated weight loss at T
> 200°C was measured only under H, (Fig.
4b), and can be related to the reduction of
Mn?** to Mn?* accompanied by a phase
transition from a spinel-like to a rock salt-
type structure (see below). In line with IR
results, no decomposition process of
MnCOs/(Zn,Mn)COs is evident.

The above results suggest that the reac-
tion between the basic carbonates of Zn and
Mn and the K-chromate solution proceeds
according to the redox mechanism

3Mn** + Cr®* — 3Mn** + Cr?*

to the almost complete consumption of
Mn?*. This picture is consistent with (a)
the complete consumption of MnCOs/
(Zn,Mn)CO; evidenced by DTA-TG and IR
measurements; (b) the content of Cr in sam-
ple II11A; (c) the presence of a phase with a
spinel structure slightly expanded as com-
pared with ZnCr,04 [the ionic radii (Zn?>T™)

{a)

om(;g;gO)

100

DTG‘

00
praffENDO
JEXO

D76

Ti*C

FiG. 4. DTA-TG curves of the insoluble portion
dried at =100°C (sample III1A): (a) in N,, (b) in H,.
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Fi1G. 5. X-Ray diffraction patterns of the soluble por-
tion dried at ~100°C and after activation at 400°C in
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= 0.74; Zn2*VD = (.89; Mn*+* VD = (.785;
Cr3+D = 0,755 A) and the octahedral site
preference energies (Zn>" = —31.6; Mn** =

Roo 100 800 600 400 200
WAVENUMBER (em)
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A HEOS /€O species

* u-KZCrO‘

X Reduced Cr(V]) species

F1G. 6. IR spectra of the soluble portion dried at
~=100°C, and after activation at 400°C in N,, Hy: [VIA
(top), IV4N (middle), IV4H (boltom).
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3.1; Cr3* = 16.6 kcal/g atomic weight) (31,
32) indeed suggest the structural formula
ZnTETR[Mn!l!, CriPCT0,); (d) the presence
of residual amounts of Zn;(OH)¢(CO;), not
involved in the formation of the phase with
the spinel structure.

The chemical analysis of sample IVIA
confirmed that the soluble fraction contains
two-thirds of the chromium [in the form of
Cr(VI)], almost the whole amount of K, and
part of the CO; as compared with the corre-
sponding quantities in sample 11, whereas
Zn and Mn are almost absent. The XRD
pattern of IVIA (Fig. 5) shows the charac-
teristic lines of «-K;CrO, together with
other unidentified peaks. The IR spectrum
(Fig. 6) confirms the presence of a-K,CrO,
as well as of carbonate/bicarbonate spe-
cies. The DTA-TG curves of sampie IVIA
are given in Fig. 7. The continuous weight
loss between 100 and 200°C is possibly
associated with the decomposition of
KHCO;. The complex effect, globally exo-
thermic, with associated weight loss mea-
sured only under reducing atmosphere and
above 450°C can be related to the reduction
of a-K,CrQ;,.

On the whole the data referring to sample

FiG. 7. DTA-TG curves of the scluble portion dried
at =100°C (sample I¥V1A): (a) in Na, (b) in Hj.
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Fic. 8. X-Ray diffraction patterns of the untreated catalyst precursor dried at ~100°C and after

activation under different conditions.

IV1A confirm that Cr that has not reacted
according to the redox reaction proposed
above is present in the solution in the form

» 20! (Mn, CriSeto,

* a-K,Cr0,

u Rock salt type phase
a HCO;/CO%’species

ma * #

1600 1400 1200 1000 800 600 400 200
WAVENUMBER (em™)

F1G. 9. IR spectra of the catalyst precursor dried at
=~100°C and after activation under different condi-
tions.

of Cr(VI), and that drying of the solution at
=100°C results in the appearance of o-
K,;CrO4 and in the formation of possibly
KHCO;.

The chemical analysis of sample 1I11A
(Table 1) and the XRD and IR characteriza-
tions (Figs. 8, 9) confirm that it is 2 mixture
of samples III1A and IV1A. The DTA-TG
curves of sample II1A (Fig. 10) exhibit a
continuous weight loss extending to 400°C,
without marked thermal effects, which can
be related to the decomposition of both
KHCO; and Zns(OH)s(CO3),. Two exother-
mic peaks at 410 and 470°C were measured
only under reducing atmosphere. Such
peaks are associated with the reduction of
Mn?*t and Cr%* and occur at temperatures
different from those observed for samples
III1A and IV1A, possibly because of differ-
ent sample morphology and/or interaction
between the components.

Based on the solubility of the different
species, and the drying procedure of the
slurry, it seems reasonable to hypothesize
that sample II1A is made of a core
formed by ZnTETRMn!,Cri)9<T0, +
Zns(OH)¢(COs), covered by a shell made of
a-K,CrO4 and KHCO;. Indeed, X-ray mi-
croprobe inspection of the sample after ac-
tivity runs confirmed that the surface is en-
riched with Cr and K (see below).
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F1G. 10. DTA-TG curves of the untreated catalyst
precursor dried at =100°C (sample II1A): (a) in N,, (b)
in H,.

Activation of the Catalyst Precursor at
400°C under N,

The X-ray pattern (Fig. 2) and the IR
spectrum (Fig. 3) of sample III4N show
the presence of a spinel-like phase
Zn(Mn,Cr),0, practically unaltered com-
pared with that observed at =100°C (a =
8.34 A; a couple of IR bands at 500 and 600
cm™!Y), the presence of Cr(VI) (IR band at
~930 cm '), and the decomposition of the
residual amount of Zns(OH)¢(CO3); (ab-
sence of IR absorption bands in the region
1300-1500 cm™!). Also, no crystalline ZnO
was detected by X-ray diffraction.

X-Ray and IR data for sample IV4N
(Figs. 5, 6) show the presence of well-crys-
tallized o-K,CrO4. A marked decrease in
carbonate/bicarbonate species is also ap-
parent based on comparison of the relative
intensities of the characteristic IR bands.
This can be associated with the decomposi-
tion of KHCQ;, which is expected to occur
between 100 and 200°C, from the DTA-TG

FORZATTI ET AL.

results already discussed in the previous
section.

The characterization of sample 114N
(Figs. 8, 9) confirms that it is actually a mix-
ture of samples ITI4N and IV4N.

The bulk of these data indicates that
activation at 400°C under N, results in
decomposition of both KHCO; and
Zns(OH)¢(COs),, whereas the phase with a
spinel structure and «-K,CrO, are almost
unaltered.

Activation of the Catalyst Precursor at
400°C under H,

XRD and IR data of the insoluble portion
activated under H, at 400°C (sample 1114H
in Figs. 2 and 3) show the transformation of
the spinel-like phase into a rock salt-type
phase (a = 4.35 A; characteristic IR band
centered at about 500 cm™1), together with
the appearance of crystalline ZnO. Crystal-
line ZnO, which is formed under reducing
atmosphere and not under inert atmo-
sphere, is likely to originate from segrega-
tion of Zn2* ions from the spinel-like phase
ZnTET[Cr,Mn]9°T0,, due to phase transi-
tion. Small amounts of carbonate-bicar-
bonate species are also evident, whereas
Cr(VI) is absent.

Characterization of sample IV4H (Figs.
5, 6) showed (i) the disappearance of the
characteristic XRD lines of o-K;CrQy; (i)
the appearance of new unidentified XRD
peaks, and a new IR band at 540 cm~! with
a shoulder at 600 cm™!, which can be as-
signed to reduced Cr(VI) species; (iii) the
presence of an IR band at 890 cm™! with a
lower relative intensity, associated with
CrOj~ species. Carbonate/bicarbonate spe-
cies were also detected (IR bands at 1500—
1300 cm™1).

These data indicate that activation of the
soluble portion at 400°C under H, results in
reduction of a-K,CrO,, which is also in line
with DTA-TG data discussed in the pre-
vious section.

XRD and IR spectra of sample 1I4H
(Figs. 8, 9) confirm that it is actually a mix-
ture of I1I14H and IV4H; only the reduced
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FiG. 11. X-Ray diffraction patterns of the catalyst precursor and of the insoluble portion after

calcination at 1000°C.

phase of «-K;CrQO,4 appears to be less crys-
talline, as suggested by the absence of the
characteristic XRD lines.

Calcination of the Catalyst Precursor
at 1000°C

This treatment was given to samples
I114N and 114N to study the thermal stabil-
ity under oxidizing conditions of the cata-
lyst precursor.

The XRD and IR spectra of III4N10A
and [I4N10A are presented in Figs. 11 and
12, respectively. It is apparent that calcina-
tion at high temperatures produces a distor-
tion of the original phase, with a spinel
structure from a cubic symmetry toward a
tetragonal symmetry due to the Jahn—Teller
distortion induced by the octahedral coor-
dination of Mn3* ions. This results in an X-
ray pattern resembling that of Zn'Mni'Q,,
which presents a tetragonal structure
(ASTM Fiche 24-1133), and in a couple
of characteristic IR bands at 515 and 620
cm™!,

Reoxidation of the Samples Activated
under H,

Reoxidation with air at 600°C of sample
III4H induces the reverse transformation

& THGN10A
o]
HI4HI0A
Qo
/ <
0 90
I14N10A
[\ﬂ/
# 20!, Crigcto, )
Iy, 11
Q
zd M0, type 114H10A
.u-KECrO‘
< Crivl)
*
%00 k00 1200 W00 800 500 @0 2o

WAVENUMBER (cm1)

FiG. 12. IR spectra of the catalyst precursor and the
insoluble portion after calcination at 1000°C.
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(b)
C,.~ products
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o Oxygenates

X Hydrocarbons
(estimated)

*fe Conversion of entering CO
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FiG. 13. Effect of contact time on C, products (a) and C;, products (b) obtained from CO and H,.
Reaction conditions: T = 400°C, P = 85 atm, H,/CO = 2/1.

from the rock salt-type phase to the spinel-
like phase (¢ = 8.36 A), with the lattice
reincorporation of crystalline ZnO. This is
clearly shown by XRD and IR data (Figs. 2,
3); Cr (V) species are also formed in small
amounts. The partial reincorporation of
Zn** ions is observed already at 400°C,
where larger amounts of Cr(VI) species are
detected by IR.

Transformation from the rock salt-type
structure to the spinel phase and the associ-
ated reincorporation of ZnO were also ob-
served by reoxidizing sample II14H at 400°C
(Figs. 8, 9).

Further oxidation of both samples 1114H
and II4H at 1000°C induces a distortion of
the spinel structure from the cubic symme-
try toward a tetragonal symmetry (Figs. 11,
12), in analogy with the results already dis-
cussed for samples IHI4N10A and II4N10A.

Flow Reactor Experiments

During the activity runs a large variety of
products were identified, including metha-
nol, water, CH;, CO,, a few higher satu-
rated and unsaturated hydrocarbons such

as ethane and ethylene, and C,~C;y linear
and branched alcohols. Among these,
1-propanol and isobutanol were present in
the greatest amounts. Aldehydes, and to a
lesser extent ketones and esters, were also
detected.

The results of the runs exploring the ef-
fect of the space velocity are presented in
lumped form in Fig. 13. It is apparent that
the formation of methanol is faster than the
formation of alcohols. With growing resi-
dence time methanol tends to the concen-
tration corresponding to chemical equilib-
rium, while the percentage of CO converted
to alcohols eventually equals that con-
verted to methanol. Such behavior is in line
with a stepwise reaction pattern where
methanol formation is fast, and C,; alco-
hols are formed by a slow condensation of
CH;OH-related C; adsorbed species fol-
lowed by faster C, B-additions.

The selectivity of CO to CH,4 and higher
hydrocarbons is relevant. The origin of
higher hydrocarbons is not completely un-
derstood yet: their formation could possi-
bly be explained by invoking a Fischer-
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Tropsch reaction, or a consecutive
dehydration of alcohols, or a combination
of both mechanisms.

Finally, it should be noted that the con-
sumption of CO to CO, soon becomes pre-
dominant as the contact time is increased.
Thermodynamic considerations confirm
that the CO, content in the reaction prod-
ucts also approaches the chemical equilib-
rium value of the water—gas shift reaction.

The curves for methanol and C,, oxygen-
ates in Fig. 13 are similar in shape to those
reported by Frohlich and Cryder. How-
ever, these authors observed greater CO
conversions to methanol (=4.5%) and to
higher alcohols (=10.5%) because of the
higher reaction pressure (200 atm versus 85
atm in this work).

Concerning the distribution of alcohols
observed among the reaction products, the
percent conversion of CO follows the order
Cs. alcohols > propanols > butanols > eth-
anol, like most of the data reported by
Frohlich and Cryder.

In Fig. 14 the effect of temperature on the
main classes of reaction products is illus-
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FiG. 14. Effect of temperature on the products ob-
tained from CO and H,. Reaction conditions: P = 85
atm, GHSV = 8000 h—!, H,/CO = 2/1.
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trated. An increased temperature promotes
the formation of all species but methanol,
whose concentration exhibits a maximum.
The subsequent drop at higher tempera-
tures likely results from both the tempera-
ture dependence of the controlling thermo-
dynamics and the enhanced formation of
heavier products.

A single run was performed at T = 400°C
and GHSV = 8000 h~! with 3% CO, added
to the feed mixture. A significant drop in
the yield of C;+ products was observed, the
corresponding higher alcohol productivity
falling from about 40 to about 8 g/h L.,;. A
similar effect had been noted over a
ZnCrKO catalyst (8), and can be explained
by the inhibiting action of water directly ex-
perienced by Frohlich and Cryder if one
considers that the addition of CO, to the
feed results in the formation of H,O due to
the reverse water—gas shift reaction.

Kinetic Analysis

The data demonstrating the effect of
space velocity (Fig. 13) have been given the
same lumped treatment previously applied
to a more extended set of activity data ob-
tained over a commercial ZnCrO catalyst
impregnated with 3% K,O (8). According
to the following approximate kinetic analy-
sis, whose detailed development is dis-
cussed in Ref. (8), the complex reaction
network of the higher alcohol synthesis is
described on the basis of the five following
reactions (or pseudoreactions):

CO + 2H, « CH;0H (1)

CH;O0H + (N, — DCO + 2(N. — DH, —
HA + (N. — DH, 0 (2)

CO + H,0 & CO; + H, (3)
CO + 3H2 i CH4 + Hzo (4)
HA — OL + H,;0O (5)

Here, HA and OL are two pseudocompo-
nents representative of an alcohol with N,
carbon atoms and of an olefin with N, car-
bon atoms, respectively. The rate expres-
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sions associated with each reaction step are
as follows:

r = ki(pcopt, — Pcuson/K1) (6)
r2 = kypcuyon/(1 + Kwpuyo) (7
rs = ky(pcopu,0 ~ Pco,pu,/Kz)  (8)
rs = kapu, 9
rs = ks(pua)"? (10)

The rate equations contain six adaptive pa-
rameters. The two appearing in r; (k;, Kw)
are heavily correlated, since both contrib-
ute to determine the rate of alcohol forma-
tion. In the present work the parameter Kw
was fixed at the same value estimated for
the ZnCrKO catalyst (8.84 atm™!. Based on
the analysis of the products of all runs the
average carbon number N, of the C;, oxy-
genated products was found not very sensi-
tive to the operating conditions, and the
mean value (4.0) was used in the calcula-
tions. A pseudohomogeneous, isothermal
plug-flow reactor model was assumed, and
the parameter estimates obtained by
multiresponse nonlinear regression (8). An
adequate fit of the experimental data was
achieved after the optimization procedure,
resulting in average percentage errors in the
range 7-15% for all responses. These were
the outlet mole fractions of the observable
products, namely, CH;OH, C,. oxygen-
ates, CO,, CH4, and H,0O. Based on inde-
pendent estimates of the experimental error
and on the degree of approximation in-
volved in the analysis, this level is regarded
as acceptable. The goodness of fit can be
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visually evaluated from Fig. 13, where the
solid lines represent model predictions of
percentage CO converted to various prod-
ucts.

The calculated estimates of the kinetic
parameters are reported in Table 2, where
they are compared with the corresponding
estimates obtained over the ZnCrKO cata-
lyst (8). The surface areas of the two cata-
lysts after activity runs are also given. It is
apparent by inspection of Table 2 that the
ratios of the kinetic parameters of the two
catalyst are close to the ratio of the surface
areas, the only exception being the rate
constant of methanol formation. This esti-
mate, however, is ill-determined, since
chemical equilibrium is already approached
even at the highest space velocity.

Thus, the results of the kinetic analysis
indicate that the activity data for the
ZnMnCrK-oxide system can be rational-
ized within the same kinetic treatment pre-
viously applied to data obtained over a
ZnCrKO catalyst, which suggests a more
general validity of that approach. The ob-
served differences in the estimates of the
Kinetic constants provide evidence that the
catalyst specific surface area plays an im-
portant role in the higher alcohol synthesis,
higher areas favoring greater yields of alco-
hols.

Characterization of the Catalyst after
Activity Runs

X-ray diffraction patterns of the catalyst
after activity runs are presented in Fig. 15
(sample A). As a reference, the XRD spec-

TABLE 2

Parameter Estimates for the Lumped Kinetic Model of Higher Alcohol Synthesis, Eqs. (6)-(10)

Catalyst ky k2 ks ks ks Ky BET
surface area“
(m?/g)
ZnCrMnKO 3.5 x 108 2.0 X 1073 5.1 % 107+ 3.4 x 107 8.1 x 1074 8.84 15.3
(present work)
ZnCrO + (8) 4.3 x 1077 3.0 x 1073 1.3 x 1073 1.0 x 103 9.7 x 107*  8.84 41.

a Measured after activity runs.
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FiG. 15. X-ray diffraction patterns performed after activity runs of the ZnCrMnKO catalyst (sample
A) and of the catalyst obtained by removing the soluble portion of the precursor (sample B).

trum recorded after an activity run of the
sample obtained by washing the catalyst
precursor in order to remove the soluble
portion (a-K,CrOy4 and carbonate species)
is also presented in the same Figure (sam-
ple B). For both samples, crystalline ZnO
and a phase with a rock salt-type structure
(estimated cell parameter a = 4.4 A for
sample A, a = 4.3 A for sample B) are evi-
dent. Sample A exhibits additional lines,
which can be associated with the presence
of a-K,CrO4 and with reduced o-K,CrO4
materials (see Fig. 4).

The IR spectra showed a broad absorp-
tion centered at 500 cm !, associated with a
rock salt-type phase and with reduced Cré*
species, and a shoulder at 600 cm~!, which
reveals a partial reoxidation of the sample
due to an incipient rock salt-type — spinel-
like phase transformation. All of these data
are in line with results of the characteriza-
tion work performed on similar samples ac-
tivated under H, at 400°C.

Table 3 shows the results of the chemical
analysis performed by X-ray microprobe in-
spection on the discharged catalyst pellets
and on the same pellets finely ground. The
results indicate that the surface layers
(depth =1 um) are enriched with both K
and Cr. This is in agreement with the ex-

pectations based on the catalyst prepara-
tion and activation procedures discussed in
previous paragraphs.

On the whole, these data indicate that un-
der reaction conditions the catalyst consists
of a core made mainly of a rock salt-type
phase and crystalline ZnO, and of a surface
enriched with Cr and K.

CONCLUSIONS

The present work enabled us to reach the
following conclusions:

1. The procedure adopted for the prepa-
ration of basic carbonates of Zn and Mn
results in a mixture of (Zn,Mn)CO; and
Zns(OH)¢(CO3),.

2. The reaction between the basic car-
bonates of Zn and Mn and the K,CrQ, solu-
tion involves the redox mechanism

TABLE 3

Results of the Analysis by X-Ray Microprobe on the
Discharged Catalyst

Cr/K  Mn/K Zn/K

Catalyst pellets after activ- 0.49 0.38  0.17
ity runs (14-20 mesh)
Ground pellets (>325 mesh) 0.57 0.64 0.285
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3Mn?* + Cré* — 3Mn’* + Cr3*

and proceeds to the almost complete con-
sumption of Mn?*. A spinel-like phase with
the formula Zn2+*TETR(Mn3+ Cr3+)9€70, is
formed already at this stage.

3. The catalyst precursor obtained after
drying at =~100°C is made of a core formed
by the spinel-like phase and basic zinc car-
bonate covered by a shell of a-K,CrO4 and
possibly KHCOs.

4. Activation at 400°C in N, results in the
decomposition of both KHCO; and
Zns(OH)s(COs3),, the phase with the spinel
structure and a-K,CrQO, being practically
unaltered. Further calcination at 1000°C in-
duces a distortion in the spinel phase from a
cubic symmetry toward a tetragonal sym-
metry, typical of Zn"Mn}'O,.

5. Activation at 400°C in H; results in the
reduction of Mn** to Mn?* with a phase
transformation from a spinel-like to a rock
salt-type structure and related ZnO segre-
gation, as well as in the reduction of
a-K,CrO,. The phase with the rock salt
structure is pyrophoric.

6. Reoxidation of the reduced samples at
600°C results in reincorporation of ZnO and
in the related reverse phase transformation
from the rock salt-type structure to the
spinel structure. Further calcination at
1000°C induces a distortion of the spinel-
like phase toward a tetragonal symmetry.

7. In flow reactor experiments the
ZnMnCrK-oxide catalyst was found to pro-
mote the direct synthesis of methanol and
higher alcohols from CO and H,, in line
with early data. Remarkable selectivities to
gaseous products (CO,, CHy, C;. hydro-
carbons) were also observed.

8. The activity data could be described
on the basis of a lumped kinetic scheme
including five individual reaction steps,
namely, formation of methanol and water—
gas shift reaction (both limited by chemical
equilibrium), chain growth to higher alco-
hols, methanation, and formation of higher
hydrocarbons. Comparison with the results
of a similar kinetic treatment of activity
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data obtained over a ZnCr-oxide catalyst
promoted with 3% K,O indicates a similar
behavior of the two catalytic systems, the
greater activity of the latter resulting appar-
ently from a higher specific surface area.

9. Characterization of the ZnMnCr-ox-
ide catalyst after activity tests has shown
the presence of crystalline ZnO and of a
phase with a rock salt-type structure. In
addition, the surface is enriched with Cr
and K.
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