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A kinetic analysis has been performed of higher alcohol synthesis over Z n - C r - O  + 15% Cs20 
(w/w) using a reaction network strictly based on mechanistic evidence. This includes crossed aldol 
condensations of aldehydes and ketones and stepwise CI linear additions, both occurring in normal 
and "oxygen retention reversal" modes, as well as reversible ketonization reactions, and is consis- 
tent with chemical equilibrium constraints affecting the following reactions: methanol synthesis, 
water-gas shift, hydrogenation of carbonyl compounds, ester formation, and ketonization. Kinetic 
assumptions include reversible equilibrium adsorption of the reacting species on the catalyst sites, 
equilibrium of the CI intermediates with CO/H2, and competition of water in adsorbing on the 
active sites. In line with available chemical data, different reactivities are attributed to the species 
participating in the chain growth process depending on their molecular structure (aldehydes versus 
ketones, linear versus branched). Using nine rate parameters, the model successfully describes the 
concentrations of 20 primary alcohols and ketones (and of the species related by chemical equilibria) 
as functions of contact time, temperature, pressure, and feed composition. The formation of about 
50 additional compounds in trace amounts is also predicted, which are indeed not detected in the 
synthesis products. The parameter estimates show that aldol condensations are one order of 
magnitude faster than C~ additions, indicate a greater reactivity of aldehydes than ketones, attribute 
a significant role to reverse ketonizations in the chain growth process in parallel to aldol condensa- 
tions, and demonstrate the specific inhibiting action of water on condensations with oxygen retention 
reversal and ketonization. The apparent activation energies are very small for aldol condensations, 
~63 kJ/mol for C 1 linear additions, and -155 kJ/mol for ketonizations. © 1992 Academic Press, Inc. 

INTRODUCTION 

The direct synthesis of mixtures of metha- 
nol and higher alcohols (designated higher 
alcohol synthesis, HAS) is effectively cata- 
lyzed by alkali-promoted methanol synthe- 
sis catalysts, operating either at low temper- 
ature (1-5, 11) or at high temperature 
(6-11). 

The overall kinetics of HAS over a 
K-doped Zn-Cr oxide system have been 
treated on a lumped basis, the higher alco- 
hols being regarded as a single pseudocom- 
ponent with average carbon number (8). A 
full description of the reacting system, how- 
ever, requires a complementary approach 
aimed at modeling the kinetics of alcohol 
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chain growth and the resulting distribution 
of C2+ oxygenates. 

Kinetic treatments of the HAS product 
distributions have been proposed as exten- 
sions of the well-known Anderson- 
Schulz-Flory approach to the kinetics of 
the Fischer-Tropsch (FT) reaction. In this 
respect, the pioneering paper of Smith and 
Anderson (12), first presented a kinetic 
model describing C2+ alcohol product distri- 
butions, obtained over a commercial Cu/ 
ZnO/AI203 methanol synthesis catalyst pro- 
moted with 0.5% K~CO3. It was proposed 
that the chain growth to higher alcohols oc- 
curs by one- or two-carbon addition at either 
the/3 or the a carbon atom of the growing 
alcohol intermediate, the species formed be- 
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ing primary and secondary alcohols, respec- 
tively, i.e., the major classes of oxygenate 
products detected. Key kinetic assumptions 
included: (i) irreversible growth steps; (ii) 
termination of the chain growth process by 
irreversible desorption; (iii) first-order reac- 
tion rates with respect to the concentration 
of the growing intermediate, with rate con- 
stants independent of chain length; and (iv) 
steady-state conditions for all surface inter- 
mediates. It was found that the proposed 
scheme could describe quantitatively the 
observed alcohol distributions, and the val- 
ues of the parameter estimates showed that 
a-addition was the slow step of the synthe- 
sis. However,  the results were not discussed 
in terms of possible chemical mechanisms 
for the two main pathways of chain growth. 

Smith et al. (13) have modified such a 
scheme to account for the synthesis of 
Cl-C6 alcohols and methyl esters. Based on 
three mechanistic steps, including C1 linear 
growth,/3 condensations of C~-C3 oxygen- 
ates and ester formation reactions, good 
agreement was claimed between model pre- 
dictions and experimental distributions of 
C2+ oxygenates obtained over unpromoted 
and Cs-promoted Cu/ZnO. A modified, ex- 
tended version of the Smith-Anderson ki- 
netic treatment has also been applied to 
model the C2+ alcohol distribution obtained 
over an alkali-promoted Zn-Cr oxide high- 
temperature methanol synthesis catalyst 
(14). However,  experimental evidence, at 
variance with two major assumptions of the 
Smith-Anderson approach, namely the irre- 
versibility of all reaction steps and the 
pseudo-steady-state assumption for the con- 
centrations of adsorbed intermediates, is 
now available. 

Results of chemical enrichment experi- 
ments performed over both low-T (12, 3) and 
high-T (7, 14) modified methanol synthesis 
catalysts indicate that oxygenates added to 
the feed stream effectively participate in 
chain growth steps, which proves that the 
assumption of termination by irreversible 
desorption for the reaction products is in- 
valid. This conclusion is also strongly sup- 

ported by the fact that the methanol synthe- 
sis reaction as well as reactions involving 
ketones and primary alcohols ("ketoniza- 
tion" reactions) approach chemical equilib- 
rium under HAS conditions (15, •6). 

While the pseudo-steady-state assump- 
tion leads one to calculate an alcohol prod- 
uct distribution invariant with contact time, 
it is well known that the selectivities to vari- 
ous C2+ alcohols change significantly with 
contact time (2). 

On the other hand, our understanding of 
the mechanistic features of the HAS over 
modified methanol synthesis catalysts has 
been greatly enhanced in recent years. 

Ktier and co-workers (3, 5, 17, 18) and 
Elliott and Pennella (19, 20) have indepen- 
dently investigated the mechanisms of C2 
and higher oxygenates synthesis over Cs- 
doped and undoped Cu/ZnO catalysts by 
isotopic labeling experiments: their results 
converge in showing that formation of the 
first C-C bond occurs through coupling of 
two C 1 oxygenate species related to metha- 
nol, while the successive faster chain 
growth to higher alcohols is dominated by 
aldol-type condensations, which are also re- 
sponsible for the formation of ketones. 

Regarding modified high-temperature 
methanol synthesis catalysts, consisting of 
mixed oxides of Cr, Zn, and/or Mn pro- 
moted with K or Cs, mechanistic features 
of the alcohol chain growth and of the re- 
lated side reactions have been studied by 
temperature-programmed surface reaction 
(TPSR) techniques (21-24), IR spectros- 
copy (25), and chemical enrichment experi- 
ments (7, 14). The thermodynamic frame- 
work of the HAS has been systematically 
investigated a posteriori, and the classes of 
chemical reactions limited by chemical equi- 
librium have been identified (15, 16). The 
bulk of these data, together with specific 
information collected by continuous flow 
microreactor experiments using various ox- 
ygenate-containing feeds, has been eventu- 
ally incorporated into a comprehensive re- 
action network for the HAS over high-T- 
modified methanol synthesis catalysts, 
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which accounts qualitatively for its exten- 
sive spectrum of products (26). 

Based on such a reaction scheme, it is the 
purpose of the present paper to develop a 
kinetic treatment of the HAS over alkali- 
promoted high-T methanol synthesis cata- 
lysts, which overcomes the shortcomings of 
previous attempts, maintains a strict corre- 
spondence with the chemical aspects of the 
HAS as determined by independent mea- 
surements, and takes advantage of the con- 
siderable amount of mechanistic informa- 
tion that has been recently collected. 

E X P E R I M E N T A L  

The kinetic runs were performed in a Cu- 
lined fixed-bed tubular reactor, using a Cs- 
promoted Zn-Cr oxide catalyst. The experi- 
mental setup has been described in detail in 
previous papers (8, 10, 16). 

The catalyst (Zn/Cr atomic ratio = 1/1) 
was prepared by coprecipitation from solu- 
ble salts, followed by filtering, washing, and 
drying at 110°C. The catalyst precursor was 
activated in N2 at 400°C and then impreg- 
nated with 15% of Cs20 (w/w) by the wet 
impregnation technique. Before the activity 
runs the catalyst was prereduced in the reac- 
tor in flowing H2-N 2, with H2 content and 
temperature progressively increased from 2 
to 100%, and from room temperature to 
400°C, respectively. XRD spectra of cata- 
lyst samples after the kinetic runs showed 
the existence of a microcrystalline spinel- 
like phase related to ZnCr204 and of better 
crystallized ZnO. 

The analysis of the reaction products was 
specifically improved for the purposes of the 
present work, since the accurate quantita- 
tive estimation of oxygenates up to C7-C8 
was recognized as essential to the kinetic 
analysis. Most of the various products were 
identified by GC-MS and GC-FTIR analy- 
ses on a sample of reactor effluent collected 
during a standard run (21). The identifica- 
tion of a few compounds was confirmed by 
adding known standards to the mixture of 
reaction products and analyzing it by high- 
resolution gas chromatography. 

T A B L E  1 

S u m m a r y  of  R e a c t i o n  C o n d i t i o n s  

for  the  K ine t i c  R u n s  

T (°C) P (MPa) GHSV (h i) H J C O  feed % CO 2 feed 

365 
385 8.6 8,000 1/1 0 
405 

385 8.6 8,000 1/1 0 
15,000 
20,000 0 
25,000 3 

405 8.6 8,000 1 / 1 0 
405 8.6 8,000 1/2 0 

1/1 
2/1 
4/1 

405 8.6 8,000 1 / 1 0 
10.1 

The analysis of the condensed products 
was performed after each run using a GC 
equipped with capillary columns. Response 
factors were mainly estimated from the anal- 
ysis of synthetic mixtures similar to typical 
mixtures of reaction products. When sam- 
ples of a specific compound were not avail- 
able, its response factor was determined by 
comparison with other similar species. The 
total number of detected products included 
typically over 100 compounds. A sample 
analysis of products of a typical run is pre- 
sented in Ref. (16). 

Experimental conditions for the kinetic 
runs are given in Table 1. The data allow 
identification of the effects of space veloc- 
ity, CO2 feed content, H:/CO feed ratio, 
reaction temperature, and reaction pressure 
on the product distributions. 

No catalyst deactivation was apparent 
from replicated runs in standard conditions 
at the end of the kinetic experiments. 

D E V E L O P M E N T  O F  T H E  K I N E T I C  M O D E L  

1. Reaction Network  

The identification of the major chemical 
routes involved in the HAS over alkali- 
promoted high-T methanol synthesis cata- 
lysts has been the subject of a recent investi- 
gation in our laboratory, and will be re- 
ported in a companion paper (26). Here we 
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FIG. 1. Schematic representation of the equilibria 
prevailing under typical HAS conditions among the 
classes of oxygenated products. 

briefly outline the main results to be in- 
cluded in the present treatment. 

The thermodynamic analysis of the HAS 
product mixture (16) indicates that the gas- 
phase concentrations of the oxygenated spe- 
cies are related through various equilibrium 
constraints, as schematically shown in Fig. 
l, including: 

(a) hydrogenation equilibria between pri- 
mary alcohols and aldehydes (I), secondary 
alcohols, and ketones (II); 

(b) esterification equilibria between 
methyl esters, primary alcohols and metha- 
nol (I + I I I  + IV); 

(c) ketonization equilibria between ke- 
tones and aldehydes ( I I I +  V). In case of 
deviations from equilibrium, ketones typi- 
cally exceed their equilibrium values, be- 
having as reactants in ketonization reactions 
and being decomposed into lower oxygen- 
ates, which further participate in the chain 
growth. 

The methanol synthesis reaction (VI) and 
the water-gas shift reaction (VII) are also 
essentially at equilibrium under typical HAS 
conditions. 

Superimposed on this thermodynamic 
constrained background is a kinetic con- 
trolled chain growth mechanism, which is 
dominated by the two following chemical 
routes (see Fig. 2): 

(a) aldol-type condensations of carbonyl 

compounds, occurring according both to the 
"normal" mode (fiN) and to the "oxygen 
retention reversal" mode (flORR) (5, 17); in 
the ORR mode, the aldol intermediate of 
the condensation undergoes hydrogenation/ 
dehydration of the carbonyl group and re- 
tention of the anionic oxygen rather than 
dehydration with loss of the hydroxyl 
oxygen; 

(b) stepwise Cradditions on the carbonyl 
carbon atom, which are also assumed to oc- 
cur both in the normal (aN) and in the rever- 
sal (OtORR) mode (18); in particular, this 
route, with RICCHO replaced by HCHO in 
Fig. 2, is responsible for the first C-C bond 
formation of the chain growth process 
(C1 ~ Cz step). 

In the resulting chain growth scheme illus- 
trated in Fig. 2 the contribution to the distri- 
bution of higher oxygenates associated with 
reversible ketonizations (F) has also been 
included. According to this scheme, ketones 
are generated by aldol condensations and by 
C1 additions, both occurring with the oxy- 
gen retention reversal mechanism, while 
they are partially decomposed by reverse 
ketonizations. Notably, in Fig. 2 and in the 
following treatment the species participat- 
ing in the chain growth are indicated con- 
ventionally as primary alcohols and ke- 
tones. Actually, primary alcohols and 

RzCCCOH • 
IRI R R1 

6 e o 

R I CC HO R2COH + CCCOH 

II 
RICCCOH 4a' [ RICCCHO 1%t~ RiCCC 

RICCOH+ CCOH 

FIG. 2. Schematic representation of the chain growth 
mechanism in HAS. For clarity, hydrogen atoms have 
been omitted in the molecular formulas. 
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aldehydes, as well as secondary alcohols 
and ketones, are kinetically indistinguish- 
able because of the hydrogenation equilibria 
mentioned above. The choice of primary al- 
cohols and ketones results from their greater 
abundance in the products as compared to 
aldehydes and secondary alcohols, respec- 
tively. 

An important role in determining the 
product distribution is played by the wa- 
ter-gas shift (WGS) reaction, which is re- 
sponsible for the low water content of the 
HAS product mixture. In fact, while the 
stoichiometry of each growth step involves 
formation of H20 molecules, these are in 
good part converted with formation of CO2. 
Large CO2 feed contents are known to ad- 
versely affect the overall carbon selectivity 
to C2+ alcohols (8), and also exhibit specific 
effects on the distribution of oxygenated 
products (16).  

The formation of hydrocarbons and 
ethers has been neglected since only minor 
traces of such compounds were detected. 

The mechanism in Fig. 2 provides the ba- 
sis for the kinetic treatment of HAS illus- 
trated in the following sections. 

2. K i n e t i c  A s s u m p t i o n s  

2.1.  Equilibrium adsorption on the cata- 
lyst surface is invoked for all species partici- 
pating in the chain growth, 

0 i = K a d C i O *  , (1) 

where C i and Oi are the concentrations of 
species i in the gas phase and at the catalyst 
surface, respectively, while Kad represents 
an adsorption equilibrium constant equal for 
all species, and O* is the surface concentra- 
tion of free sites. The assumption of adsorp- 
tion equilibrium is consistent with the 
reversible desorption of several HAS prod- 
ucts demonstrated by chemical enrichment 
experiments where intermediate products 
were added to the reactor feed, as well as 
with the various chemical equilibria prevail- 
ing under HAS conditions. 

2.2.  Based on the thermodynamic analy- 
sis of the HAS, it is further assumed that 

methanol, COz, and H20 are at equilibrium 
with CO + H 2 throughout the catalyst bed. 
As a consequence of assumptions 2.1 and 
2.2, then, all C 1 species, either adsorbed or 
in the gas phase, are essentially at equilib- 
rium with each other. For the purposes of 
the kinetic description, this makes unneces- 
sary any assumptions on the specific nature 
(e.g., formate, formyl, formaldehyde, meth- 
oxide, methanol) of C 1 intermediates in- 
volved in the chain growth steps. 

2.3.  Aldol condensations and Ca linear ad- 
ditions are regarded as irreversible steps 
with first-order kinetics in the surface con- 
centration of one reactant and in the gas- 
phase concentration of the other (Eley- 
Rideal mechanism), 

rij = k i jOiCj ,  (2) 

which is compatible with the chemical na- 
ture of the reaction mechanisms. The re- 
sulting rate expression, 

k i j K a d f i C j  (3) 
rij = 1 + ~mKadfm + KwCn2 o ' 

where competition of water for adsorption 
on the active sites of the catalyst has also 
been included by introducing a specific ad- 
sorption equilibrium constant K w, can ac- 
count for the observed inhibiting effect of 
the reaction products on the rates. The local 
HzO concentration was estimated from the 
equilibrium of the WGS reaction. 

Preliminary regression results showed 
that saturation effects were negligible for 
aldol condensations and Ca linear additions 
occurring in the normal mode, but were sig- 
nificant for reactions with oxygen retention 
reversal. Also, it was found that in the ORR 
case the adsorption of water dominates the 
denominator in Eq. (3). Accordingly, the 
following rate expressions were assumed in 
the kinetic analysis of aldol condensations 
and Ca additions: 

Normal mode: ris = kisKadCiCs (4) 

k i jKadCiCj  (5) 
ORR mode: ris - 1 + KwCn2 o 
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2.4. The rate expression for ketonization 
reactions, which are limited by equilibrium 
(16), is based on similar kinetic assump- 
tions, but accounts also for the reverse re- 
action 

Fij,ket = krOketClPH2- k_FOiC  j 

cic~ 
Cket P HzC 1 gket ,ij 

= krKadC~PH2 1 + KwCHz o (6) 

In Eq. (6), Kket,ij is the equilibrium con- 
stant for the ketonization reaction with stoi- 
chiometry involving a ketone + methanol 
to give the two lower alcohols i and j, e.g., 

H 2 + CHaOH + CH3(CO)CH2CH 3 ~,~ 

C2HsOH + C3H7OH. (7) 

Based on independent observations that 
ketonizations and ORR reactions are simi- 
larly inhibited by CO2-rich syngas and simi- 
larly promoted by alkali-metal addition to 
the catalyst, the same parameter Kw used in 
the kinetic expression for ORR condensa- 
tions, Eq. (5), has been used in Eq. (6) for 
ketonization reactions. 

3. Reactivities o f  the Species 
Participating in Chain Growth 

The rate constants k~ in Eqs. (4), (5) have 
been differentiated on the basis both of the 
type of the reaction and of the nature of 
the reacting molecules, as illustrated below. 
The resulting set of kinetic parameters is 
defined in Table 2. 

3.1. Aldol condensations. Such reactions 
involve a nucleophilic and an electrophilic 
reactant and may occur according to either 
the normal or the ORR mode. 

Based primarily on TPSR and flow mi- 
croreactor data, in the present kinetic treat- 
ment it is assumed that both C:÷ aldehydes 
and ketones can act as nucleophilic species, 
whereas C~-C4 aldehydes have been consid- 
ered as possible electrophilic reactants (26). 

Aldehydes and ketones have been as- 
signed different reactivities as nucleophilic 
agents by introducing a factor 1), defined as 

the ratio of the rate constant for ketones to 
the rate constant for aldehydes (ks. N) in aldol 
condensation reactions. On the basis of lit- 
erature indications for homogeneous reac- 
tions and of data obtained in microreactor 
experiments over a Zn-Cr-O + K catalyst 
(26), it is expected that ~ < I. Based on 
TPSR results and on the outcome of chemi- 
cal enrichment experiments with/-butanol 
added to the CO + H 2 feed, condensations 
involving a-branched nucleophilic agents 
(e.g., i-butanal, 2-methylbutanal) have been 
excluded. 

Due to possible steric effects, the reactiv- 
ity of nucleophilic species with B-branching 
with respect to the carbonyl group (e.g., 
3-methylbutanal) has also been differenti- 
ated by introducing a specific rate constant, 

kfl,B" 
Concerning the electrophilic reactants, 

the same reactivity has been assumed for 
all the linear aldehydes, independent of the 
carbon number, while for 2-methylpropanal 
the influence of the methyl substituent in the 
a-position on the electrophilic character of 
the molecule with respect to the reactivity 
of straight chain aldehydes is described by 
means of a factor qb: 

k#,i-  c4 = (i). (8) 
k#,N 

The ratio of the rate constant for ORR 
aldol condensations (kfl,ORR) to the rate con- 
stant for "normal" condensations (ks.N) has 
been regarded as a fixed parameter, ['~ORR, 
independent of the reacting species. A single 
exception is made when the nucleophilic re- 
agent is a compound with a methyl group 
in a-position with respect to the carbonyl 
group (e.g., ethanol, acetone). In this case, 
a specific enhancing effect for the ORR reac- 
tions is manifest over alkali-promoted cata- 
lysts, as revealed by literature data (5). This 
is accounted for by using a specific rate con- 
stant, k~, E . Finally, ORR aldol condensa- 
tions involving i-butanal as the electrophilic 
species have been ruled out since no clear 
evidence was available for their occurrence 
(26). 
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Kinetic Parameters Used in the Description of the Oxygenate Product Distribution 
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Nucleophilic reactant Electrophilic reactant Rate constant 

Aldol condensations (fl): N mode 
R1CH2CHO HCHO--nC3CHO k~,N 

C--C--CHO • k~,N 

CH3CHO HCHO--nC3CHO 
C--C---CHO 

t 
c 

RI~HCHzCHO HCHO--nC3CHO 
C--C--CHO 

C H 3 C O C H 2 R  HCHO--nC3CHO (on --CH2--) 
(on CH3--) 

(on --CH2--) 
(on CH3--) 

C1 linear growth (a): 
HCHO 

C--C--CHO L 
c 

RICHO 
RI--C--CHO I 

c 

Ketonization (F): 
RICH2CHO RzCHO 

ORR mode 
~ORR k~,N 

k~,N kfl,E 
kt3,y ~ k~,E 

k~,s ~ORR k~,B 
kB,B 

kB,N ~ ~ORR kfl,N 

d~ k~, N 

N mode ORR mode 
k~ ~0RR k~ 
0i) k a (I) ~ORR ka 

kr 

3.2. C l linear growth. These reactions in- 
volve a common Cl nucleophilic species and 
different electrophilic intermediates (18). 
While all the aldehydes were assumed to 
participate in this class of reactions, C1 lin- 
ear additions on ketones were ruled out on 
the basis of chemical enrichment experi- 
ments. The same reactivity, represented by 
the rate constant k s , has been attributed to 
all the electrophilic intermediates, but for 
species branched at the a-position with re- 
spect to the carbonyl group (e.g., i-butanal), 
for which a specific rate constant (k~x) has 
been introduced in consideration of possible 
electronic or steric effects. It has been fur- 
ther assumed that 

k~,B/k~ = k ~ , i _ c 4 / k B . y  = (I~. (9) 

This implies that the presence ofa  substit- 
uent in the a-position of an aldehydic re- 
agent affects similarly its electrophilic char- 
acter in aldol condensations and in C~ linear 
additions. 

Also, the same parameter ~ORR defined for 
aldol condensations has been applied to rep- 
resent the ratio of the rate of Cl addition in 
ORR mode to the rate in normal mode (ka,OR R 
= ~'~ORR ka). A significant exception is pro- 
vided by the C1 --~ C2 step, for which we have 
assumed that only the ORR mechanism pre- 
vails. In fact, the normal mechanism would 
require in this case an unfavorable 
H-abstraction from the carbonylic carbon: 

HCHO + -HC~---O--~ 

[_ OCH2CHO] -oH-) [ C H 2 ~ C ~ O ] .  

For higher intermediates, hydrogen 
atoms in fl-position become available, 
whose abstraction results in the formation 
ofa  C ~ C  bond conjugate with the carbonyl 
group: 

CH3CHO + - H C ~ O  --~ 

[ O(CH3)CHCHO] --OH 

[CH2~_~_CHCHO] +H2, CH3CH2CHO. 
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3.3. Ketonization reactions. It has been 
assumed that all of the aldehydes participate 
in ketonizations. However, condensation of 
two at-branched aldehydes (e.g., i-butanal) 
have been excluded, based on TPSR evi- 
dence (23, 24). Also, we assume that the 
molecular structure of the species partici- 
pating in these reactions does not affect the 
rate of reaction, so that only one rate param- 
eter (kr) needs to be introduced. 

In summary, a total of nine independent 
rate parameters (k/3,N, k/~,B, k#, E , ~'~orr, ~'~, k~, 
@, k r, K w) are required for the proposed 
kinetic description of the HAS system. 

4. Reactor  Model  and 
Distribution Equations 

For the calculation of the model re- 
sponses, a simple isothermal pseudohomo- 
geneous plug flow reactor model, 

d C  i NRi 

-- ~a Oimrim' i = 1,N c 
d(1/GHSV) m-I 

(10) 

was adopted, where Ci is the concentration 
of species i, GHSV is the space velocity, 
NRi is the number of reaction steps involving 
species i, and Vim is the stoichiometric coef- 
ficient of species i in mth reaction. Isother- 
mal operation was assumed based on the 
essentially flat measured axial T-profiles. 
Molar contraction of the reacting mixture 
was neglected, the overall CO conversion 
being always below 15%. 

Fourteen C2÷ primary alcohols and six 
ketones were identified in the C2-C7 range 
as the major products obtained in the HAS 
over the Cs-promoted Zn-Cr-O catalyst 
and were selected as the experimental re- 
sponses of the kinetic analysis. Such com- 
pounds are listed in Table 3 along with their 
concentrations in the products of a typical 
kinetic run. 

Determination of the 20 model responses, 
however, requires calculation of the related 
concentrations for a number of other com- 
pounds participating in the chain growth 

T A B L E  3 

Exper imenta l  Responses  Used in Kinetic  Model ing 

of the HAS Over  Cs-Promoted Z n - C r - O  Cata lys t  

Reaction conditions: T = 385°C, P = 8.6 MPa, 

GHSV = 8000 h - l ,  % CO2 feed = 0. 

i Species Ci/Cmethanol 

1 Ethanol  1.33 × 10 -2 

2 1-Propanol 4.69 × 10 -2 

3 1-Butanol 3.28 x 10 -3 

4 1-Pentanol 1.64 x 10 -3 

5 1-Hexanol 5.30 × 10 -4 

6 2-Me-l-propanol  1.05 x 10 -1 
7 2-Me-l-butanol  6.04 x 10 3 

8 2-Me-l-pentanol  5.13 x 10 -3 

9 2-Me-l-hexanol  1.52 × 10 -3 
10 3-Me-l-butanol  9.50 x 10 -4 

11 3-Me-l-pentanol  2.30 x 10 -4 

12 4-Me-l-pentanol  6.80 x 10 -4 

13 2,3-diMe-l-butanol  7.80 x 10 -4 

14 2,4-diMe-l-pentanol  3.17 x 10 -3 

15 2-Butanone 9.80 × 10 -4 

16 3-Pentanone 1.66 x 10 -3 

17 3-hexanone 2.30 x 10 -4 

18 3-Me-2-butanone 4.60 x 10 -4 

19 2-Me-3-pentanone 1.88 × 10 -3 

20 2,4-diMe-3-pentanone 3.30 x 10 -4 

network. Thus, for a model solution integra- 
tion of a set of Nc = 42 material balance 
equations had to be performed. 

The mass balance equations (10) were re- 
arranged dividing through by C1 to eliminate 
the concentration of the C1 species, replac- 
ing C i with Yi = Ci/CI ; i.e., the outlet con- 
centrations of the oxygenates ratioed to the 
methanol concentration. Correspondingly, 
the rate parameters were redefined as 

/~N ---- k /LNgadC1 

fib = k~.BKadCl 

/~E = k /LEKadCl  (1 1) 

at = k ~ g a d C  1 

[" = kr  gadClPH2 

A w = K w C  1 . 

Considering also the ratios of rate constants 
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~"~, ~-~ORR, (I), a total of nine kinetic parame- 
ters is used. In the above expressions, C~ is 
taken to be constant along the reactor axis 
because of the equilibrium assumption for 
methanol. 

In the mass balances for primary alcohols, 
terms associated with the generation of the 
corresponding aldehydes were neglected, 
since the concentration of such species was 
generally lower by one order of magnitude 
for thermodynamic reasons (16). In the case 
of mass balances for ketones, however, the 
contributions due to the formation of the 
corresponding secondary alcohols were not 
negligible and were accounted for by incre- 
menting the net rate of ketone formation by 
(1 + SK). Here, SK represents the average 
expected molar ratio (secondary alcohol/ke- 
tone) based on hydrogenation equilibria. 
This factor was estimated a priori from ther- 
modynamic data as a function of tempera- 
ture and hydrogen partial pressure, a typical 
value being SK = 0.4 at T = 405°C, P = 
8.6 MPa, HJCO = 1/1 (16). Likewise, the 
equilibrium constants for ketonization reac- 
tions Kket,ij appearing in Eq. (6) were esti- 
mated from thermodynamic relations (27). 

The existence of mass- and heat-transport 
limitations was investigated a posteriori by 
diagnostic calculations (28). The results ex- 
cluded interphase C- and T-gradients for our 
experimental conditions. Concerning resist- 
ances to intraporous diffusion, they were 
found to be negligible for Cl-linear growth 
(a) and ketonization (F), of small extent for 
fly and/3B aldol condensations, and strong 
for fiE condensations (e.g., C2 --9 C3 step). 
These results are consistent with the relative 
magnitudes of the rate parameters, as dis- 
cussed in the following. In view of the other 
approximations introduced, we did not at- 
tempt to account specifically for such diffu- 
sional effects, which may cause fiN,/3B, and 
particularly fie (and the corresponding acti- 
vation energies) to be underestimated. 

5. Parameter Estimation 

The set of 42 mass balance equations 
(10) was integrated numerically by a self- 

adjusting stepsize ODE solver based on the 
implicit algorithm of Gear (29). 

The optimal estimates of the nine kinetic 
parameters were determined by multire- 
sponse nonlinear regression, using a specific 
optimization routine (30) based on several 
combined search procedures that ensured 
quick convergence. The task was minimiz- 
ing the weighted squared deviations be- 
tween calculated (3~ij) and experimental (Yij) 
exit molar concentrations of the 20 primary 
alcohols and ketones indicated in Table 3, 
ratioed to methanol concentration, and 
summed over all the kinetic runs. Each devi- 
ation was weighted with an estimate of the 
reciprocal variance of the corresponding re- 
sponse (s~), obtained from few replicated 
runs. 

20 N 

S = Z Z (Yij - Yij)2/s2i • (12)  
i = l j = l  

We recall that S (Eq. (12)) exhibits a X 2 
distribution with 20N - 9 degrees of free- 
dom if s2 is replaced by o- 2, the expected 
value of s 2. However, due to the limited 
number of replicates available, the esti- 
mates of the error variance are to be re- 
garded as very crude approximations of 
o -2 . The model adequacy was then evaluated 
essentially from the overall goodness of fit 
and from the physical consistency of the 
parameter estimates. 

R E S U L T S  A N D  D I S C U S S I O N  

1. Data Fitting 

The histogram in Fig. 3 illustrates a typi- 
cal model fit of the experimental ratios Ci/ 
C1. 

Inspection of Fig. 3 indicates that the ob- 
served distributions of C2+ oxygenates can 
be quantitatively represented by the kinetic 
treatment of the present work. With respect 
to the complexity of the reacting system, 
and to the degree of approximation of the 
treatment, the goodness of fit appears to be 
satisfactory, in particular considering that 
the measured concentrations cover about 
three orders of magnitude. Errors are gen- 
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erally below 20%, with the exceptions 
of 1-hexanol, 2-methyl-l-hexanol, and 
3-methyl-l-pentanol, which are underesti- 
mated by roughly 40-50%. However, 
1-hexanol and 3-methyl- l-pentanol are pres- 
ent in very small amounts, their concentra- 
tions being close to the experimental uncer- 
tainty. 

Figure 4 shows how the kinetic treatment 
is able to handle the experimental effect of 
contact time on the concentrations of the 
oxygenated products at T = 385°C. Only 
the most representative species are shown 
in the figures. The values of the kinetic pa- 
rameters are given in Table 4. Notably, lin- 
ear species (ethanol, 1-propanol, l-butanol, 
and 1-pentanol) approach a pseudo-steady- 
state behavior, but branched species (2- 
methyl- 1-propanol and 2-methyl- l-butanol) 
do not. 

Figure 5 indicates that also the effects of 
CO2 addition to the syngas are correctly ac- 
counted for by the present treatment, which 
predicts a specific inhibiting influence of 
CO2 on the yields of products (e.g., 
/-butanol), which do not undergo further sig- 

Yi=Ci/Cmethano] 
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0.t0 
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5 i  • l-.~ntmol 
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I 
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FIG. 4. Effect of contact  t ime on the distr ibution of  

C2+ oxygenates  over  the Z n - C r - O  + 15% Cs20 (w/w) 
catalyst .  Reaction condit ions:  T = 385°C, P = 8.6 

MPa, H2/CO = 1/1, feed CO 2 = 0. Paramete r  values  
as in Table 4. 
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TABLE 4 

Estimates at T = 385°C and Apparent Activation 
Energies of the Kinetic Parameters for the Reaction 
Network of HAS Chain Growth 

Parameter Estimated value Apparent activation 
at 385°C energy (kJ/mol) 

fin ( h - I  × l0 4) 2.23 15.5 
f lB(h -1 × 10 4) 1.00 - 3 . 8  
fie ( h - t  × 10-4) 26.6 15.9 
ct (h 1 X 10 4) 0.384 64.9 
F (h -]  × l0  4) 6.38 153.6 
f~ 0.406 - 5 5 . 2  
~ORR 0.923 22.6 
qb 0.116 - 2 9 . 7  
Aw 9.32 300.1 

Note. Reaction conditions as in Figs. 3, 7, and 8. 

nificant aldol condensations. On the con- 
trary, the concentrations of linear species 
(e.g., ethanol, l-propanol, I-butanol), 
which are not only formed but also con- 
sumed through aldol condensations, behav- 
ing essentially as intermediates in the chain 
growth, are marginally affected. 

The observed strong reduction of the 
overall productivity of C2+ oxygenates is 
explained by the inhibiting action of water 
on the ORR mechanism, which is fully re- 
sponsible for the Cj ~ C2 growth step. 

The present treatment cannot provide a 
global description of the product distribu- 
tion as a function of the feed H2/CO ratio 
or of the reaction pressure. In fact, the 
H 2- and CO-partial pressures affect the 
concentration of methanol, which is in- 
cluded in the definition of the rate parame- 
ters (Eqs. (11)). Furthermore, variations of 
the H2 partial pressure modify the ratio of 
aldehydes to primary alcohols, as deter- 
mined by hydrogenation equilibria. This 
also affects the estimates of the rate con- 
stants (e.g., c~, fiN, f i E ,  f i B )  appearing in 
rate expressions written in terms of alcohol 
concentrations rather than those of alde- 
hydes, which are the true reactants. How- 
ever, when the kinetic treatment was ap- 
plied individually to each kinetic run 
corresponding to the different H2/CO feed 
ratios and reaction pressures considered, 
an adequate fit of the single data set was 

obtained in all cases, with rate parameters 
exhibiting regular dependences on the ex- 
perimental settings (see Table 5), which 
confirms the absence of incongruous situa- 
tions in the process of data fitting. 

It is also worth noting that the spectrum 
of oxygenates accounted for by the present 
model includes also aldehydes and second- 
ary alcohols, related by hydrogenation equi- 
libria to primary alcohols and ketones, as 
shown in Fig. 1. Since such equilibria are 
actually approached under HAS conditions, 
an accurate prediction of the concentration 
of a primary alcohol (or of a ketone) results 
also in a successful prediction of the corre- 
sponding aldehyde (or secondary alcohol), 
simply on the basis of the relevant equilib- 
rium constant. The same considerations 
apply to methyl esters, which are also sub- 
ject to the chemical equilibria discussed pre- 
viously. Thus, it is concluded that the pres- 
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FIG. 5. Effect of COz-feed content on the distribution 
of C2+ oxygenates over the Z n - C r - O  + 15% Cs20 
(w/w) catalyst. Reaction conditions: T = 405°C, P = 
8.6 MPa, GHSV = 8000 h l, H2/C O = 1/1. Parameter 
values as in Table 5 for H2/CO = 1/1. 
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TABLE 5 

Effect of H2/CO Feed Ratio on the Estimates of the 
Kinetic Parameters 

Parameter  H2/CO feed 

1/2 1/1 2/1 4/I  1/1 a 

fin (h 1 x 10 4) 2.76 2.14 2.07 1.78 3.25 
f l a ( h  - I  × 10 -4) 1.16 1.04 1.14 1.26 2.81 
fie ( h - I  × 10-4) 46.2 30.6 22.4 14.9 32.7 
ct (h - I  × 10 -4) 0.95 0.58 0.51 0.47 0.53 
F ( h  - t  x 10 -4) 18.2 18.6 16.9 18.8 17.1 
12 0.13 0.28 0.31 0.44 0.41 

0.08 0.09 0.10 0.12 0.21 
A w 4.14 0.97 = 0  =0  0.03 

Note .  Reaction conditions: T = 405°C, P = 8.6 MPa,  GHSV = 8000 

h - l ,  % CO 2 feed = 0. 12ORR was fixed at 1.04, as obtained from the 
analysis of  data at H2/CO = 1/1, to prevent instabilities in parameter 

estimation. 
a p  = 10.1 MPa,  GHSV = 15,000 h - I .  

ent kinetic treatment is able to account for 
the concentrations of about 50 observed C2 + 
oxygenates: within the degree of approxi- 
mation adopted, the resulting description of 
this complex product distribution appears 
to be quite close to reality. All the major 
detected oxygenates up to C7 are described 
by the kinetic analysis. 

An additional validation of the kinetic 
treatment is provided by inspection of the 
model predictions for about 50 additional 
compounds not included in the experimental 
responses of the regression. In fact, for sev- 
eral of them (e.g., acetone, 2,4-dimethyl-3- 
hexanone) the absence of the corresponding 
chromatographic peak parallels a very low 
model prediction for its outlet concentra- 
tion, which is indeed below the measure- 
ment threshold of our analytical facilities 
(~2 ppm). 

Altogether, the kinetic analysis accounts 
for about 95% w/w of the total condensed 
products. 

2. Analysis o f  the Parameter  Estimates 

Several remarks are in order upon exam- 
ining the values of the rate parameters in the 
second column of Table 4. 

1. The rate constant for C~ linear addition 
(o0 is nearly an order of magnitude smaller 

than fiN, the rate constant for normal aldol 
condensations. Since the rate of the C 1 --> 
C2 step is proportional to (OL~'~ORR) and ~ '~ORR 

is of order unity, the mechanism responsible 
for the first C-C bond formation is consider- 
ably slower than the ensuing condensations 
and represents the rate-determining step in 
the alcohol chain growth. 

2. C 1 a-addition and C i fl-addition to a 
branched chain are remarkably slower than 
those to a linear one (qb ~ 1), because of 
electronic effects on the electrophilicity of 
the reactants or possibly because of steric 
hindrances. Steric and/or electronic effects 
adversely influence the rate of aldol conden- 
sations, too, as suggested by the comparison 
between 138 and/3N (fib < /3N). 

3. The rates of aldol condensations with 
normal and ORR modes are comparable, as 
shown by the value of ~'~ORR close to unity. 

4. The very high value of/3E indicates a 
striking enhancement of the condensation 
rate in ORR mode associated with the C 2 --> 
C a step. Such an effect provides quantitative 
support to the data of Klier and co-workers 
(5), who observed a high C3/C2 ratio in the 
products of HAS over a Cs-promoted Cu/ 
ZnO catalyst and attributed it to a relatively 
higher rate of the C 2 --> C 3 condensation 
step, specific of Cs-promotion. Similar re- 
sults have been noted also in the case of 
high-temperature methanol synthesis cata- 
lysts (26). 

5. In line with the chemistry of aldol con- 
densations and with results of flow microre- 
actor experiments with C a and C 4 oxygen- 
ates (26), the reactivity of aldehydes is 
greater than that of ketones, as shown by 
the value of 12 less than unity. 

6. The positive sign of F confirms that 
ketones act as reactants in ketonization re- 
actions, in agreement with the observed de- 
viations from equilibrium (16). Its large 
value indicates that such reactions contrib- 
ute significantly to the chain growth 
process. 

7. The inhibiting effect of water on ORR 
condensations and ketonizations is remark- 
able, as shown by the value of A w , and, in 
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conjunction with the WGS equilibrium, is 
responsible for the reduced productivity of 
C2+ oxygenates observed with CO2-rich 
feed streams. 

In Table 5, the rate constants/3N,/3 E for 
aldol condensations and a for C~ linear addi- 
tions decrease with increasing Hz feed con- 
tent. This effect is related to a corresponding 
decrease of the concentrations of aldehydic 
reactants due to the modification of hydro- 
genation equilibria. As shown in Fig. 6, the 
estimates of such rate constants from Table 
5, once divided by C~ (i.e., the measured 
concentration of methanol), are inversely 
proportional to the H2 partial pressure. 
When the rate constants of reactions involv- 
ing ketones (D/3 N , 12/3 E) were plotted as in 
Fig. 6, however, no dependence on PH2 was 
apparent. In fact, in this case the concentra- 
tions of the actual reagents (i.e., ketones) 
were used in the rate expressions. The rate 
parameter for ketonization, F, and the rate 
constant ratio • are virtually unaffected by 
changes of syngas composition and 
pressure. 

The influence of PH2 on fiB and on Aw is 
less clear, as a greater uncertainty affects 
the estimates of such parameters. In the 
case of/3 B , this is due to the limited number 
of responses affected by changes of its 
value. Concerning Aw, while reliable esti- 
mates could be secured from analysis of the 
series of runs with varying contact time and 
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FIG. 7. Effect of reaction temperature on the esti- 
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C O  2 feed content, which exhibited signifi- 
cant changes of the H20 concentration in 
the products, strong correlations were noted 
with other parameters (DORR, F) in the case 
of regression on single runs. 

Figures 7 and 8 illustrate the influence of 
the reaction temperature on the parameter 
estimates, which could all be satisfactorily 
correlated by Arrhenius plots for the three 
T-levels considered. The corresponding es- 
timates of the apparent activation energies 
are also presented in Table 4. 

It should be recalled that the rate parame- 
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ters as defined in Eq. (11) incorporate also 
the T-dependences of the adsorption equi- 
librium constant and of the methanol con- 
centration, as well as that of hydrogenation 
equilibria in those cases where the concen- 
trations of primary alcohols instead of alde- 
hydes have been used in the rate expres- 
sions. Assuming an inverse dependence of 
/3N on PH, as suggested by Fig. 6, 

flNKHPI-I2 
k'~, N - Kae, Ct  (13) 

with k~,y the intrinsic rate constant for aldol 
condensations and Kr~ the equilibrium con- 
stant for aldehyde-alcohol hydrogenation. 
Then, 

E~. N = Eapp,~. N + AHH -- AH~as - AHc., 
(14) 

where Et~,N and Eapp,t3,N are the intrinsic and 
apparent activation energies of normal aldol 
condensations, respectively, AHn is the en- 
thalpy change of aldehyde hydrogenation 
reactions, AHa~ is the enthalpy of adsorption 
of the aldehydic species onto the catalyst, 
and d~Hc, is the enthalpy of formation of 
methanol from CO + H 2 . Based on the fol- 
lowing estimates, 

-63  -< AH H --< -88  kJ/mol (27) 

--59 ~- AHao s ~ - 8 8  kJ/mol (31, 32) 

AHc, = - 102.1 kJ/mol (27) 

we obtain 71 -< E~. N -< 142 kJ/mol. The 
same considerations apply to the apparent 
activation energies of f a  and fiE, which are 
calculated in the range 54-142 kJ/mol, and 
of a 121-193 kJ/mol: thus, the estimates 
of the true activation energies of these rate 
parameters are positive in all cases, and ex- 
hibit plausible values for heterogeneously 
catalyzed reactions. 

The three rate constants for aldol conden- 
sations (BIN, /~a, and •N,K = ~flN, where 
fiN, K is the rate constant for aldol condensa- 
tions involving ketones) share lower activa- 
tion energies than those of the other paths, 
confirming that such reactions are relatively 
easy and fast under HAS conditions. How- 

ever, the estimates of the activation energies 
for B-condensations are likely to be underes- 
timated because of internal diffusional intru- 
sions, particularly in the case of BE. On the 
contrary, a significantly greater value has 
been found for the activation energy of the 
C1 addition reactions, another indication 
that the C1 ~ C2 step is the real bottleneck 
in the alcohol chain growth process. 

Figure 8 shows that the ratios of rate con- 
stants ~'~ORR ~-- /~N,ORR/fN and fiE/fiN are  not 
significantly affected by the reaction tem- 
perature, as expected. 

The apparent activation energy of ketoni- 
zation reactions is quite large. The existence 
of a sharp temperature threshold for the on- 
set of ketone formation has been demon- 
strated by TPSR runs with C 4 oxygenates 
over a similar catalyst (24, 25). 

According to Eq. (ll), the value of the 
adsorption enthalpy of water onto the cata- 
lyst can be obtained subtracting AHc, 
(= - 102.1 kJ/mol at 400°C) from the tem- 
perature coefficient of A w in Table 4. The 
resulting figure ( -198 kJ/mol) compares 
reasonably well with published data for the 
heat of dissociative adsorption of H20 on 
metal oxide surfaces with strongly ionic na- 
ture. For example, values in excess of 151 
kJ/mol have been measured calorimetrically 
on calcium oxide (33). 

CONCLUSIONS 

A kinetic treatment of HAS over Cs-pro- 
moted Zn-Cr oxide that overcomes limita- 
tions affecting previous attempts has been 
developed. It is now well known that the 
mechanism of alcohol chain growth over 
modified methanol synthesis catalysts is 
intrinsically different from the mechanism 
of the Fischer-Tropsch reaction, so that di- 
rect extension of the classical FT kinetic 
approach to the HAS seems inappropriate, 
and a specific approach is called for. 

The reaction scheme incorporated in the 
present work takes advantage of the latest 
mechanistic findings on HAS and is fully con- 
sistent with the thermodynamic analysis of 
HAS product mixtures. Furthermore, by as- 
suming adsorption equilibrium for the re- 
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agents, and releasing the pseudo-steady- 
state assumption for the concentrations of 
the intermediates, a description of the re- 
acting system that is closer to the physico- 
chemical reality of the synthesis over modi- 
fied methanol catalysts is generated, 
involving reversible reaction steps as well as 
significant effects of contact time on the 
product distribution. 

Considering also the relevant chemical 
equilibria, the model predicts the distribu- 
tion of about 100 higher oxygenates as a 
function of contact time by means of nine 
adaptive parameters. For about 50 of these 
species a comparison is possible with data 
obtained from the analysis of product mix- 
tures. With a few exceptions, the errors are 
comparable with the experimental uncer- 
tainty of the data. 

The estimates of the kinetic parameters 
are consistent with the chemistry and the 
mechanistic features of the synthesis. In 
particular, the different reactivities in aldol 
condensations exhibited by molecules with 
different structures (e.g., ketones versus al- 
dehydes), as reflected by the parameters re- 
quired in the kinetic description, are found 
to be in line with available chemical data for 
homogeneous reactions and with indepen- 
dent mechanistic studies. The estimates of 
the temperature coefficients for the parame- 
ters are also acceptable. On this basis, the 
present treatment is able to accommodate 
the experimental influence of contact time, 
temperature and CO2-feed content on the 
C2+ product distribution over a wide range 
of conditions. In its present form the kinetic 
model cannot account for the effects of 
changes in the feed H2/CO ratio or in the 
total pressure. Nevertheless, the model is 
able to fit the product distributions of indi- 
vidual runs, with kinetic parameters varying 
as functions of H 2 partial pressures and of 
methanol concentration. The decrease of 
the parameter estimates with increasing PH, 
are consistent with the role of reactants at- 
tributed to aldehydic compounds in the 
chain growth mechanism. 

In conclusion, the present work confirms 
the capability of the proposed reaction net- 

work, developed from independent mea- 
surements, and of the associated kinetic 
treatment to interpret on a quantitative basis 
the experimental complexity of HAS. The 
analysis also supports the existence of a 
chain growth route involving reverse keto- 
nizations, which parallels the main route 
based on aldol condensations. 

Notably, information can be extracted 
from the present treatment concerning the 
relevance of the various paths in the chain 
growth network. In particular, it is apparent 
from the results in Table 4 that the overall 
productivity to C2+ products can be in- 
creased only by reducing the activation bar- 
rier of the CI addition reactions involved in 
the first C-C bond formation and operating 
under conditions that prevent the inhibition 
of water on such reactions. 
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