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CHAPTER 3

DIRECT CATALYTIC SYNTHESIS OF HIGHER
ALCOHOLS FROM CARBON MONOXIDE
AND HYDROGEN

GG. Natta

Inatitute of Industrial Chemistry, Polytechnie of Milan, Italy

U. Colombo

“G. Donegani” Research Institute, Novara, Italy
and

I. Pasquon

Polytechnic of Milan, Italy

INTRODUCTION

In Volume 111 Chapter 8 of this treatise the catalytic synthesis of higher
aleohols from CO and . with the use of modified methanol eatalysts was
not considered, although ordinarily this syvnthesis of higher alcohols is
helieved to be closely related to that of methanol. However, the difference
in the mechanisms of the two reactions and the existence of several other
processes for the synthesis of higher alcohols justify a separate treatment.

The problem of obtaining higher aleohols by a catalytic process has been
approached by many authors from a number of different angles. The syn-
thesis has been performed by several methods. This, and the lack in the
literature, of a sufficient number of detailed research results which could
have served as a basis for the clarification and the understanding of this
matter, make it very dificult to review this field. The authors of this
chapter have attempted a systematie treatment of the subject but wish to
point out that the searcity of experimental work has made it almost im-
possible to present a unified picture of the problems involved in the catalytic
synthesis of higher aleohols.

The various processes for obtaining higher aleohols from CO and Hy may
be sehematically divided into three grovps:
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132 CATALYSIS

(1) Synthesis by processes and catalysts derived from those used in the
synthesis of hydrocarbons (F° ischer-Tropsch, Synthol, isosynthesis, Synol).

(2) Synthesis with modified methanol atalysts.

(3) Synthesis from (0O, 1, and olefins (oxosynthesis).

The processes belonging to the first group are closely connected with the
Fischer-Tropsch process and with isosynthesis. This is clear particularly if
the tyvpes of catalysts used, the reaction pressures, and the supposed reac-
tion mechanisms are considered. It is obvious that a detailed discussion of
higher aleohol synthesis by these processes cannot be separated from that
of the synthesis of hydrocarbons from CO and H, . The authors are there-
fore referring the reader to the various chapters on Tischer-Tropsch syn-
thesis and isosynthesis in Volume IV of this series of books on “(atalysis”
for related information on the formation of higher alcohols.

The synthesis of higher aleohols in the presence of modified methanol
catalysts is o more definite process, which therefore lends itself to a more
complete treatment. In particular, this chapter will consider the catalysts
containing:

(1) a component which is selective for the synthesis of methyl aleohol;

(2) one or more promoters or activating agents specifie for the synthesis
of higher alcohols and, possibly,

(3) one or more stabilizing agents, whose presence in the catalyst strue-
ture increases the catalyst life.

The oxo synthesis was originated in Germany during World War Il as a
process for the production of higher aleohols®. The first catalysts used were
similar to the cobalt-base catalysts commonly employed in the Fischer-
Trop<ch hydrocarbon synthesis. The provess for the production of higher
aleohols was practically divided into two consecutive stages, namely, the
direet synthesis of aldehydes from CO, I, and olefins, and the hydrogena-
tion of the aldehyvdes to aleohols®. Later, with the general use of catalysts
composed of cobalt carbonyl compounds, oxosynthesis has been directed
toward the production of many classes of organic compounds, and is
actually such a fundamental process as to require a separate treatment.
For a diseussion of the synthesis of higher aleohols by this process, reference
should be made to Chapter 2 of this volume.

Among the proposed methods for the synthesis of aleohols from olefins,
the Zicgler process has assumed reeently a considerable interest. This
process# is hased on the addition of oxygen by metai-alkyl compounds to
form aleoholates™ which react with water to give the corresponding aleo-
hols, Such alkyl-metallic compounds, and partienlarly alkyl-aluminum,
may be prepared through exchange reactions hetween triethylaluminum or
tri-isobutyvlaluminum and the olefins produced from CO and T with the
Fischer-Tropsch proces<. The alcohols obtainable with this process are
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different from those obtained through the hydration of olefins in the pres-
ence of acid catalysts, because these latter are secondary alcohols, whereas
the Ziegler process leads to primary alcohols.

This process for the production of aleohols is closely connected with the
other Ziegler-type catalytic processes, and therefore will not be considered
in this chapter.

HistoricaL REVIEW

At the beginning of this century, Sabatier and Senderens published the
results of their first experiments on the catalytic synthesis of methane from
CO and H.*. Several years later the Badische Anilin und Soda Fabrik
patented its process of catalytic hydrogenation of carbon monoxide'. While
Sabatier and Sanderens had worked with reduced nickel or cobalt oxides as
catalysts, the B.A.&S.F. catalysts consisted of alkalized oxides of cobalt
or osmium. With these catalysts, in experiments performed at 100 to 200
atm. and 300 to 400°C, a prevailingly liquid product is obtained, which is
a mixture of aleohols, aldehydes, ketones, acids and other organic com-
pounds. B

While the research work of the B.A.&S.F. was later developed toward
the synthesis of methanol, progress in the synthesis of higher alcohols was
noticeable in 1923-24 when Fischer and Tropsch developed their “Synthol”
process!®: 14.15. 18 The reaction between CO and H. was performed at pres-
sures ranging from 100 to 150 atm. and at temperatures of 400 to 450°C,
in the presence of an alkalized iron oxide catalyst. The product was a mix-
ture of aleohols, aldehydes, ketones, acids and other compounds.

These early results disclosed the wide field of the different organic syn-
theses from CO and H, . This subject was later developed along three dis-
tinet lines, namely, the synthesis of hydrocarbons, the synthesis of alco-
hols, and oxo synthesis.

The scientific and industrial importance of this matter was so clearly
appreciated that in many laboratories experimental research on the subject
was undertaken. Some interesting results have, accordingly, been achieved
in the interpretation of the reaction mechanisms and in the understanding
of this type of heterogeneous catalysis. The industrial development of the
synthesis, however, initially proceeded rather slowly; significant progress
could be achieved from the industrial point of view only after the solution of
the many difficulties involved, such as the separation of the reaction prod-
ucts, and above all the preparation of highly selective and durable catalysts.

The discovery of the ZnO and Cr,Oy-base catalysts represents a decisive
step in the selective synthesis of aleohols from CO and H, . The first high
yields in the synthesis of methanol from CO and H. were obtained at rela-
tively high pressures in the presence of catalysts of this type?. It was soon
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learned that these catalysts, when modified through the addition of salts
or oxides of alkaline metals, brought about the formation of liquid end-
products, consisting mainly of aliphatic alcohols?- 7. 18. 30, From this point
on, the industrial synthesis of higher alcohols from CO and H; and that of
methanol have followed two different paths, with the latter assuming a
more important position than the synthesis of higher alcohols.

The direct synthesis of higher alcohols assumed considerable importance
in Europe in the period 1935-1945. In fact, while with the more frequently
used process of olefin hydration only secondary alcohols are obtained, the
direct synthesis from CO and H, gives a mixture of primary aicohols, most
of which are of the non-linear type. Primary isobutylaleohol, which is the
main product of the synthesis, has been used in Germany for the produc-
tion of pure isobutylene, which in turn is an interesting intermediate of the
syntheses of isooctane and of Oppanol elastomers®,

Recently, the extensive development of oxo synthesis has brought to the
front the industrial synthesis of alcohols through the hydrogenation of
aldehydes. The direct catalytic synthesis of aleohols from CO and H, has
thus lost much of its original interest. A reason for this is to be found in the
fact that, while the produets of the reaction of oxo synthesis from olefinic
hydrocarbons are mainly the isomeric aldehydes containing one carbon
atom more than the original hydrocarbon, the synthesis of alcohols from
CO and H. leads to complex mixtures of aleohols and it is very difficult to
diret the reaction toward the formation of a few special end-products.
Therefore it may be concluded that the high cost of the separation and
purification processes has been responsible for the slowness of the indus-
trial development of the direct synthesis of higher alcohols from CO and
H, , after the development of oxo synthesis. Nevertheless in the last part of
World War II and in the years which followed, the I.Gi. Farbenindustrie
and the Ruhrchemie in Germany succeeded in the realization of the “Synol”
process®, which substantially represents a last stage in the evolution of the
synthesis of primary linear higher alcohols from CO and H,®. However, it
must be pointed out that the low pressures of synthesis and the type of
catalysts used for the synol process place it closer to the Fischer-Tropsch
hydrocarbon synthesis than to the classical high pressure synthesis of aleo-
hols from CO and H; with zine or chromium-base catalysts.

THERMODYNAMIC CONSIDERATIONS

The foilowing over-all reactions may be considered, which lead to the
formation of alcohols starting from CO and H, :

2nH; + nCO = C,Hyt OH + (n — 1)H.O (1)
(n + HH: + (2n — 1)CO = C,Hyp OH + (n — 1)CO, (2)
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The free energy variation of Eq. (1) in the temperature range of 600 to
1500°K may be calculated from the following equation:

AGY = —38.386n + 11.008 4+ 09820 = 0.140)

150 T Kcal/mole (3)

In Figure 1 the values of AG®/n are reported as functions of the absolute

AGYn

car=
22
20

Kcol/ mole

| | |
600 700 800
Temperoture °K

Figure 1. Free energy variation with temperature for the synthesis of alcohols,
an-olefins, and n-paraffins from hydrogen and carbon monoxide.
———— reactions leading to aleohols nCO +2nH, - > C,Hy,  OH + (n — 1)H.O
—_——— " “ “ an olefins nCO+ 2nH; — C,H., + nH:0
————— “ “ “ n paraffine nCO + (2n + 1)H: — C,Hspy= + nH:0
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temperature, for several fixed values of n. The calculation of such values
for n > 1, has been made according to the group contributions method,
using the values reported by van Krevelen and Chermin®. The results
which are generally obtained with this method are accurate within 40.6
Keal/mole. The degree of accuracy in our specific reactions is certainly
much higher.

The free energy variations for reaction (2) may be readily calculated
from Eq. (3), adding to the AG® of reaction (1), for any given value of n,
the AG® of the conversion reaction (4), multiplied hy (n — 1):

AGYy, = —8.514 4+ 0.771T X 10~ Keal/mole
for 6O0O°IX < T < 1500°K.

Since the free energy of reaction (4) is negative in the temperature range
of the higher alcohols synthesis, reaction (2) is thermodynamically favored
with respect to reaction (1) (Iigure 2).

It may be deduced from the curves of Figures 1 and 2 that at a given
temperature the stability of higher alcohols increases with the number of
carbon atoms in their molecules. I'rom the above reported data it may be
calculated that the temperatures at which the free energies are zero, range
respectively from 535 to 620°K for reaction (1), and from 590 to 700°K for
reaction (2) for each value of n higher than 1.

With alkalized methanol catalysts the synthesis of higher alcohols oceurs
generally at temperatures above 400°C. It is therefore necessary in view of
the considerable volume contractions of reactions (1) and (2) to operate
the synthesis under high pressure.

Such simple considerations are obviously not sufficient to justify the ex-
perimental conditions under which the synthesis of higher alcohols is per-
formed. In fact, several possible reactions between CO and H,, competi-
tive to the synthesis of higher alcohols, have lower AG® values in the
temperature range of interest. This is particularly true for the Fischer-
Tropsch synthesis:

20, 4 nCO = C,Ha, + nH.0 (5)
@r 4+ DH; + nCO = C,Hanye + nH0 (6)

In fact, from the data given by van Krevelen and Chermin, the following
formula may be deduced in the case of reaction (5) leading to a-n-olefins:

e i 5 3.2¢
8Gw _ AG oy imigly = 9547 _ 3200
n n n n

T.107*
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This difference becomes zero for T = 200°K, while for temperatures above
200°K, — AG?Q)/H is hlgher thall - AG?l,/n .
Similarly, it may be calculated, for reaction (6) leading to n-paraffins:

AGY, _ AGH, _ 2406 003
n

= + 07

n n n

These considerations are sufficient to make necessary the use of highly
selective catalysts in the synthesis of higher alcohols.

It should be pointed out that reactions (1) and (2), which lead to higher
alcohols, occur with volume contractions which are slightly higher than

AGYn

Kcal/mole

| ] |
600 700 800
Temperature °K

o

Figure 2. Variation with temperature of for the reaction

(n + DH; + (2n — HNCO = C,H2 \OH + (n — 1)CO;
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those of reaction (5) and (6), leading to hydrocarbons. In fact the volume
contraction for reactions (1) and (2), expressed as volume ratio between the
reactants and products, is equal to 3, while those of reactions (5) and (6)
are respectively equal to 3n/(n 4+ 1) and (3n + 1)/(n + 1), which are
both lower than 3.

As will be shown in the following paragraph, the various processes for
the synthesis of higher alcohols lead to the exclusive formation of certain
types of alcohols with linear or branched structures. Not even in this re-
spect may any conclusion from general thermodynamic considerations be
drawn. It is, in fact, known that the variations of standard free energy for
a typical isomerization reaction (7) have very low values:

CH.OH = (CH;),CH—(CH.),« — CH,OH (7)
AGS) = —1.355 4+ 0.258.T.102 *

CHy — (CHa),s

The AG® of reaction (7) assume the following values: T = 525°K,
AG® = 0; T = 600°K, AG® = +0.195; T = T00°K, AG® = +0.455; T =
800°K, AG® = 40.705 Keal/mole.

The low value of the slope d(AG®)/dT for reaction (7) prevents one from
caleulating with sufficient precision the temperature at which one isomer
becomes stable with respect to another, until very accurate data become
available.

As 1ar as the other possible reactions are concerned between CO, H, and
their reaction products, we shall consider in this paragraph only those that
will be involved in the reaction mechanisms proposed .

CH;OH + CO — CH.COOH (8)
AG®g) = —33.23 4 3.69.7T.102

CH,0OH 4+ CH,OH — C,H;OH + H,0 )
AGT) = —16.18 — 0.014.T.10-2

CH.0 + CH,0 — CH,(OH) — CHO (10)
AGSw) = —16.88 + 2.95.T.10-2

* This formulu is approximate. In this respect it is sufficient to point out that such
a formula may be applied to any isomerization reaction of the following type:

CH;—CH.—CH,—...—CHs—X — CH;—CH.,—.. .—CH(CH;)—...—CH.,—X
or ulso:
CH;—CH,—CH.—...—CHy;—X — CH;—CH,—. . .—CH(X)—...CH,—CH,

t The AG® values for methano! have been culeulated from references 25, 51, and 66.
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CH;(CHa),_2 — CHO + H; — CH;3(CHy),—» — CH,OH (11)
AGLy = —17.24 + 299.T.10*

In Figure 3 the values of AG® for these various reactions are plotted as a
function of absolute temperature.
In the temperature range 600 to 800°K the reaction free energies are

.§ AG®

el CHEH+ CHyOH = CHy OH+H0

1 ] 1
600 700 800
TEMPERATURE  °K
Figure 3. Variation with temperature of AG® for some reactions involved with or
competitive to the synthesis of higher alcohols.

negative for reactions (8) and (9), and slightly positive for reactions (10)
and (11). However, since the latter reactions occur with volume contrac-
tions, these too may be considered as possible when operations are carried
out at high pressure.

As a conclusion, it may be stated that both the nature and distribution
of products obtained in the synthesis of higher alcohols depend mainly
upon the particular characteristics of the catalysts employed and upon
kinetic factors. Therefore, these general thermodynamic considerations are
not sufficient to establish the possible steps of this synthesis.
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REMARKS oN THE Catanyric SYNTHESIS oF HIGHER ALCOHOLS
FroM CO anp H,

When the synthesis of methanol from CO and H; is performed with a
normal selective catalyst, the formation of low quantities of higher alcohol
may be noticed. The concentration of these higher alcohols varies according
to the type of catalyst used and to the physicochemical conditions under
which the reaction is operated. Means for inhibiting the formation of
higher alcohols include the use of very pure ZnO catalysts (as, for example,
Zn() from zine acetate obtained by solution of pure Zn in acetic acid) and
operation at low temperatures and high space velocities. Under such con-
ditions the formation of higher alcohols is negligible®®. If, instead, the
catalyst is prepared by precipitation with alkali of zinc hydroxide or of
basic zine and chromium carbonates, the formation of much higher quan-
tities of higher alcohols is noticed. This is probably to be attributed to the
promoting action of the traces of alkaline ions adsorbed on the surface of
the catalyst and not entirely eliminated in the filtration and in the washing
of the precipitates®.

Another way of enhancing the formation of higher aleohols is the use of
substantial amounts of strongly basic substances. If, for example, ZnO is
treated with a solution of potassium dichromate, a catalyst is obtained
after reduction of chromium to Cr*++ containing potassium zincate and
potassium chromite whick promote the synthesis of higher alcohols®.

A conziderable production of higher alcohols is obtained as a rule when
a catalyst selective for the synthesis of methanol is activated with a pro-
moter containing cations of strongly basic character. Also, the alkalization
of certain catalysts originally non-selective for the synthesis of methanol
leads to the formation of higher alcohols from CO and H, . This is shown
in the synthesis of higher alcohols with alkalized iron or iron oxide cata-
lysts, which are initially selective for the synthesis of hydrocarbons®. In
the synthesis of hydrocarbons with the Fischer-Tropsch process, during
operations at temperatures over 200°C and at high or medium pressures
with iron-base catalysts, small amounts of oxygenated compounds, includ-
ing higher alcohols, are obtained?2.

The formation of higher aleohols, mainly of the branched type, is ob-
served when the high-pressure synthesis of hydrocarbons is performed at
relatively low temperatures with thorium oxide-base catalysts (isosyn-
thesis)®- %, More recently the Badische Anilin and Soda Fabrick has in-
troduced the use of a catalyst consisting of a mixture of alkalized titanium
and zirconium oxides®. With this latter catalyst a liquid reaction product
is obtained, containing 20 to 25 per cent isobutyl alcohol together with
other higher alcohols. Other types of catalysts employed in the synthesis of
higher alcohols from CO and H, will be considered in the following para-
graphs. .
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The mechanism of the synthesis of higher alcohols appears to be ex-
tremely complicated, and possibly connected with a series of reactions con-
secutive to the synthesis of methanol. This side of the synthesis will be
discussed in detail in the course of this chapter.

EFFECT OF THE NATURE OF PROMOTERS

From the consideration of the data available in the literature, concern-
ing the influence of the alkaline promote1s upon the activity of the catalysts
used for the synthesis of higher alcohols, it may be concluded that the
relative influence of the various promoters is practically independent of the
type of the catalysts used. The activating character of such promoters ap-
pears to be rather a function of their basicity*. This behavior is shown par-
ticularly by the cations of the metals belonging to the first semigroup of
group 1 of the periodic system; their promoting activity is closely re-
lated with their basicity, which increases with an increase in the atomic
weight. =

Fischer and Tropsch!®: ' 1* were probably the first authors who pointed
out that the yield of higher alcohols in the synthesis from CO and H , per-
formed with alkali-activated iron-base catalysts, increases with the basic
character of the promoters. In the following years Natta and Strada®® ob-
tained similar results in the higher alcohols synthesis with ZnO-base cata-
lysts, and found that the highest yields of alcohols were obtained by the
use of catalysts containing potassium, rubidium or cesium ions®. A few
years later Morgan and his co-workers performed a systematic in-
vestigation of the quantitative influence of the addition of five different
alkali ions to a chromium oxide-manganese oxide eatalyst employed in the
synthesis of alcohols®. The results obtained by these workers are shown in
Table 1. It may be observed that the presence of Li*, Na+ or Kt (added as
hydroxides) leads to a decrease of the over-all reaction yield (expressed as
per cent of converted gas in each passage through the catalyst), whereas
this is not observed when Rb* or Cs* are present.

A consideration of the content, in the reaction product, of compounds
insoluble in CaCl, solutions indicates that the concentration of higher
alcohols, in the liquid end products, increases with the addition of alkaline
promoters in the order: Li, Na, K, Rb, Cs. The best catalyst among those
tested by Morgan and his co-workers contains 9.8 per cent Rb*. A further
increase in the rubidium content of this catalyst does not appear to bring
a substantial variation of the yield. These results were confirmed later by
Taylor®, who worked with a Cr;0-MnQ catalyst, and found that the
best yields in higher alcohols were obtained when the catalyst was pre-
treated with RbOH.,

* It is therefore obvious that the cations used ux promoters should not be easily
reducible to metals, because such reduction would destroy their basic character.

—
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Table 2 shows some recent interesting results obtained by Runge and
Zepf, who studied the cffects of alkaline promoters upon the performance
of a ZnO-Cr,0; catalyst®. The data reported in Table 2 were obtained,
with each catalyst under the best tested conditions of pressure and tem-
perature. According to these authors, the sodium-activated catalyst ap-
pears to be slightly superior to that containing potassium. This apparent

TABLE 1. INFLUENCE OF THE ADDITION OF ALKALI IONS UPON THE PERFORMANCE
ofF A CHroMiuM OXIDE-MANGANESE OXivE CATALYST?

Per cent Overall I:;l;';;:t A it Volume per-
(i | e | Serdon conver: et verted | arbon s | S | Vo
wedes | of added | M1 EER | MON | product "‘Ifguff","s‘ g‘;’gg"m; insoluble in | CaCls soln.
alkali | through | (g/m) | %) | ‘other | MeOH (g%) | iy (ec/h)
catalyst \;:(‘)?-l 5 &
— — 3.5 | 6.2 80.5 2.8 13.0 0.3 0.2
Li 3.4 2.7 47 76.9 3.8 21.7 3.55 157
6.7 2.6 45 73.7 3.2 20.3 6.26 2.8
10.1 2.3 10 71.7 3.6 249 4.42 1.8
Na 2.8 2.4 |43 63.9 5.0 32.9 12.8 5.5
6.3 | 1.2 |21 55.0 | 2.6 37.9 144 3.0
9.8 1.0 17 50.1 2.1 39.4 14.05 2.4
K 1.5 2.7 47 81.8 2.8 16.4 0.63 0.3
3.9 2.2 39 60.8 5.5 38.4 12.80 5
4.9 1.9 33 50.7 5.9 48.6 21.50 .1
5.7 1.6 29 53.0 4.3 42.9 18.60 5.4
8.4 1.4 24 52.2 3.6 43.4 17.50 4.2
11.9 1.5 27 49.0 4.3 46.3 23.00 6.2
Rb 2.3 3.4 61 75.5 5.2 23.1 4.65 2.8
1.4 | 3.5 |62 67.2 | 7.7 33.1 17.8 8.8
9.8 | 3.0 |53 49.7 | 8.4 16.0 28.7 15.2
Cs 1.8 3.5 62 79.5 3.6 16.2 1.53 1.0
3.8 3.0 53 82.1 3.8 18.8 1.58 0.8
8.9 | 3.3 |58 63.7 | 8.3 37.5 16.4 9.5

discordance with the above mentioned alkalinity rule is probably to be
related to the higher water content in the product obtained with the
sodium activated catalyst.

As has already been pointed out, the various investigators who studied
this field agree substantially in concluding that the most active promoters
for the production of higher alecohols are Cs*, Rb*, K+. From a practical
point of view, the high cost of rubidium and cesium has prevented their
employment in the industrial processes: therefore almost all the catalysts
used for the industrial synthesis of higher alcohols from CO and H, contain
potassium.
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A generalization of the basicity rule could lead to useful conclusions con-
cerning the possible employment of other metals as promoters for the
higher alcohol synthesis. In these reactions for which dry catalysts are
used, it is preferable to refer the basic strength to the dissociation heat of

TaBLE 2. EFFECT OF ALKALINE PROMOTERS UPON THE PERFORMANCE OF A
ZNO-CRr:05 CATALYST EMPLOYED IN THE SYNTHESIS OF ALCOHOLS®™

Fractions Obtained in
the Distillation of

Catalyst activated with®

Product™ Li Na ‘ K Rb i Cs
Tops 0.9 0.6 | 0.4 0.5 | 0.8
CH,OH 10.4:45.9 | 44.6:49.8 l 53.5;57.4 | 46.6;50.9 | 47.4:52.2
€ 4.6) 1.6 ‘ 3.5 3.8 1.0
o 0.5 0.9 1 08 | 16 1 1.0
Isobutylaleohol 8.1 12.5 10.3 15.2 | 15.6

(primary) !
Cs; (amyl alco- 0.6 0.9 1.1 | 1.7 1.3
hols) |
Intermediates 0.3 0.5 ‘ 0.9 l.ﬁ‘i‘ E 1.11
eH 0.5/, 1.2\, . 1.0 1.3 Lt
C: os(>! | 13> | 19054 | 2i3(%3 | 992
Residue 0.5 2.5 2.3 1.1 1.5
Intermediates 157 1.7 § e 2.5 2.4
2,4 + distillation
loss
H.0 41.1 28.7 23.3 18.8 18.3
Yield, expressed 0.585 0.985 0.882 0.980 1102
in liters per
hour per liter of
catalyst

* The compositions of the catalysts, expressed in weight percentages, before the
reduction of Cr0; to Cr.0; , were the following:

moles.

Zn0:Cr0;:Li.0 = 55.0:36.1:0.
Zn0:Cr0;:Na.0 = 56.1:34.1:0.
Zn0:CrO;: K. = 55.5:35.6:0.

32

59
96

Zn0:Cr03:Rb:0 = 55.0:35.5:1.90
Zn0:Cr0;:Cs,0 = 54.5:33.7:2.20
As it may be noticed, the alkali contents are equal in all catalysts, if measured in

** The concentrations of reaction products are expressed in weight per cent.
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the carbonates into COs + oxides. This criterion is justified considering
that in the conditions of the synthesis of higher alcohols, uncombined
hydroxides are certainly not present in the catalysts. In Table 3 the ioniza-
tion potentials of the corresponding metals are also indicated. These values
are closely related with the reducibilities of the oxides.

A more complete and correct comparison of the activities of catalysts
activated with the different promoters should take into consideration the
differences in reducibility of metal oxides and their selectivities for the
various reactions (dehydrogenation, dehydration, hydrocarbon synthesis,

TaBLE 3
R I o

Li } 5.36 LioCOs 5.1
Na [ 5.12 Na2CO, 76.9
K : 4.32 K.COy | 93.5
Rb 4.16 Rb:CO;4 96.7
Cs 3.87 Cs2C0;4 99.5
Mg 7.61 MgCO, 29.0
Ca 6.09 CaCO, 42.5
Ba 5.19 BaCO, 63.9
Cu 7.68 CuCO, 11.1
Zn ‘ 9.36 ZDCO: 17.1
Mn [ 7.41 ‘ MnCO; 27.9
Fe i 7.83 - FeCO; 21.0
Co | 7.81 : CoCO, 21.5
Cr : 6.74 | — —

* The ionization potential values were tauken from the book “‘Spectrochemical
Procedures” by C. k. Harvey (A. IR. L. Glendale, Calif. 1053)—The values of disso-
ciution heats were tauken from reference 47.

ete.). However, if only the alkaline and alkaline earth metals are con-
sidered, their promoting activity for the synthesis of higher alcohols may
be considered as closely connected with their basic strength. The low basic
strength of ZnO and Cr0; is probably the cause of the almost complete
absence of higher alcohols in the synthesis of methanol with ZnO or Zn0O-
(0. base catalysts free from alkali. It can be assumed that chromium
oxide, Cr0y , presents a lower basic strength than ZnO, since the neutral
chromium carbonate, Cr{CQOy);, is not known. The other metal oxides
listed in Table 3 exert a relatively favorable influence for the formation of
higher alcohols. From a qualitative point of view, this influence seems to
depend upon their basic strength. This assumption is corroborated by the
conclusion of Strada®  that magnesium oxide is a more effective pro-
moter for a zinc-oxide catalyst than manganese oxide.
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A differentiation of the various promoters according to their basic
strength does not appear to be valid for certain catalysts of slightly basic
character which, however, favor the formation of higher alcohols without
the aid of alkaline promoters. A striking example of this kind of catalyst
is offered by thorium oxide, the well known catalyst of isosynthesis®: #- 12,
The basic strength of ThO. is very low: the corresponding neutral carbonate
is not stable and only the acid carbonate is known®. It may be convenient
to note at this point that the activaling influence of alkaline metals in the
synthesis of higher alcohols is probably associated with an analogous pro-
moting action upon the conversion of water gas's:

. CO+ H.O= H, + C()z

Activated zinc oxide (particularly if obtained by decomposition of the
neutral zine carbonate, smithsonite) can also be considered a catalyst for
the conversion of water gas. However, its activity for this reaction grows
when it is pretreated with alkali (particularly with K.C0;)*.

From the data given by Morgan and his co-workers”® with an alkali-
activated Cro0:-MnO eatalyst, it may be coneluded that the yield in higher
alcohols inereases, up to a certain limit, with the amount of alkali present
in the catalyst. This is particularly true with a rubidium or cesium-
activated catalyst. The results of Morgan and co-workers were substantially
confirmed by other authors who tested different catalysts. For example,
the already mentioned catalysts tested by Natta and Strada show yields of
higher aleohols inereasing with the content of the alkali acting as promoter.

Frolich and Lewis'™, working with potassium-activated chromium steel
catalysts, have reached conclusions in disagreement with those of the above
mentioned authors. In Figure 4 the production curves obtained by Frolich
and Lewis are reported as functions of the K.O content in the catalysts. It
may be seen that the yields of higher alcohols present a minimum for a K.0
content of 5 per cent, and that the best yields are obtained with catalysts
containing small amounts of I.0). The apparent singularity in the behavior
of these catalysts may be considered as due to difierences of constitution
and probably differences in the mechanisms of the reactions.

In conclusion, it has to be pointed out that the method of preparation of
the catalysts appears to be very important for their evaluation in the syn-
thesis of aleohols. Therefore the results obtained by different investigators
cannot be strictly correlated. This limitation has to be kept in mind when,
for example, the relatively high yields of higher alcohols obtained by Runge
and Zepf® with ZnO-Cry0, eatalysts containing small amounts of alkali
oxides are considered.
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Figure 4. Influence of the amount of promoter (K,0) present in a eatalyst upon
the yields in gaseous, aqueous, and oily products (From Ref. 18).
Catalyst = chromium steel turnings
Temperature of synthesis: 330°C
Pressure of synthesis: 254 atm.
Gas composition: CO/H, = 40:60
Space velocity: 400-2000

{EVIEW OF THE CATALYSTS PROPOSED FOR THE SYNTHESIS
or HicHEr Avcormons

The data available in the literature are indeed very scarce. Furthermore,
it has to be pointed out that all the experiments reperted in the literature,
and particularly those published hefore 1950, were performed in apparatus
in which probably a good constancy of the temperature in all the parts
of the catalyst was not obtainable because of the difficulty of obtaining
isothermal conditions for highly exothermic reactions operated under pres-
sure. As may be seen from the work of Natta and co-workers™ a constancy
of temperature (within 2°C) along all the catalyst is obtainable only with
relatively limited space velocities and with very low ratios of catalyst vol-
ume to the area of the surface of the surrounding thermostat walls.




DIRECT CATALYTIC SYNTHESIS OF HIGHER ALCOHOLS 147

ZnO-Base Catalysts with Alkaline Promoters

Pure zine oxide, with the addition of only alkaline compounds, is not
suitable for the preparation of durable catalysts for the synthesis of higher
alcohols. The reasons for this are quite obvious when one bears in mind what
is already known on the aging of Zn0) employed for methanol synthesis®®.
This oxide, however, being a | ase for most of the catalysts used in alcohol
synthesis, has a paramount importance in this field.

Natta and Strada®, examining some Zn0 catalysts, found that those ob-
tained from caleined smithsonite® were very active catalysts, both in the
synthesis of methyl alcohol and higher aleohols. Caleined iron-free smith-
sonite, when operating at high pressures and at temperatures not exceeding
380 to 390°C; on mixtures of CO and H., produces by itself only MeOH.
If, however, the synthesis is operated at temperatures over 400°C, this
catalyst also produces small amounts of water and of methyl ether, result-
ing from the dehydration of methanol. When the reaction is performed in
the same experimental conditions, but at slightly higher temperature (t =
300 to 420°C), after the catalyst has been impregnated either with alkali
hydroxide or with other salts of alkaline metals, a mixture of aleohol is
obtained. Impregnation of the catalyst is carried out very casily by soaking
the caleined smithsonite, whose porosity is very high, with a solution of the
alkaline salt.

As already stated, Natta and Strada® # have studied the activity of
sine oxide from smithsonite, impregnated with variable amounts of some
potassium salts (Figure 5). From the careful exumination of the products
obtained with the use of such catalysts, these authors concluded that the
average composition of the reaction product after the first few hours of per-
formance does not substantially depend upon the kind of tested anion
combined to the alkali metal (hydroxide, carbonate, organie salts). Oper-
ation with such a catalyst at 400°C, 250 atm. with a CO:H, ratio of 1:2
yiclded a raw product with about 20 per cent of higher alcohols, the princi-
pal component of which was isobutanol.

ZnO and Cr.O. Base Catalysts with Alkaline Promoters

In this group may be feund the catalysts which have been mostly applied
not only for the synthesis of methanol from CO and H. but also for the
synthesis of higher aleohols. Frolich and Lewis™ studied several catalysts,
composed of oxides of the following elements: Cr-I Fe-Cr-K; Zn-Cr-K,
Ba-Cu. These authors noticed that the best results are obtained with
Zn-Cr-K eatalysts; in particular they have found that the best vields of
higher aleohols were obtained with a catalyst prepared by reduction of a

* Smithsonite is neutral ZnCO; mineral, containing other divalent metal oxides
as impurities in solid solution.
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mixture of zine oxide, ammonium dichromate, and potassium carbonate.
Operating with such a catalyst at 490°C, 240 atm. with a space velocity of
2000, they reported obtaining a raw product having the following volume
composition: methanol 17.8 %, ethanol 2.3 %, propionic alcohols 33.4 %,
butyl aleohols 2.5%, amyl alcohols 9.0%, and water 35.6 %. However,
owing to the fractionation method used by these authors, the above data
should not be considered as completely reliable.
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Figure 5. Influence of the anion bonded to the alkaline promoter upon the con-
version of earbon monoxide and upon the stability of the catalysts employed in the
svnthesis of higher aleohols. (From Refs. 33 and 53)

Catalyst: ZnO from calecined smithsonite
Temperature of synthesis: 400°C
Pressure of synthesis: 250 atm.

Gas eomposition: CO/H, = 1/2.2

The data obtained by Runge and Zepf* who experimented with catalysts
impregnated with the different alkaline components, have already been
mentioned. The best results (see Table 2) were obtained by these authors
in experiments carried out at a temperature of 440 to 445°C, with a pres-
sure of 250 atm. and a space velocity of 20,000. The composition of the
input gas was approximately 5:1 Ha: CO.

It is to be noticed that such experimental conditions correspond closely
to those which may be deduced from the operating data of an industrial
plant set up in Germany by the 1.G. Farbenindustrie for the synthesis of
isobutanol®.
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Catalysts Containing Oxides of Zinc, Manganese, Chromium
Activated with Alkaline Promoters

From the examination of seventeen types of catalysts, Frolich and Cry-
der'® noticed that the best performances were given by catalysts obtained
through reduction of mixtures of basic carbonates of zine, chromium, and
manganese containing potassium carbonate. The molar composition of such
catalysts was as follows:

Zn:Mn:Cr = 1.00:1.10:1.03.

The activity of such catalysts was very high and uniform even in long tests
and the products obtained contained low amounts of acids and aldehvdes.
The composition of the products obtained varied considerably according
to the space velocity of the feed gas. The values for the individual produe-
tions of C,-Cy aleohols are not reported here beeause of the very low sep-
arating power of the fractionation methods then used.

Catalysts Containing Cu, ZnO, Cr.0; Activated with Alkaline
Promoters

The presence of Cu requires, for maintaining the life of the catalyst, that
the synthesis be operated temperatures lower than when ZnO-Cra();
catalysts are employed. Pospechov'® has studied a catalvst having the
following molar composition: 82 o Cu, 165 Zn0), 290 Cra0; . Such a cata-
Jvst was prepared through the reduction of a mixture of the hydroxides,
obtained by reaction of the nitrates with NaOIL The addition of 0.1 to
5.0 mole per cent of K0 imparts to the catalyst a very remarkable activity,
Pospechov has obtained at a temperature of 200°C and a pressure of
100 atms. with a catalyst of this type activated with 0.1 mole per cent of
IGO0 a mixture of aleohols containing up to 223 per cent hy weight of
ethanol. Tt should be pointed out that, contrary to what oceurs for the
catalysts so far examined, in this case the production of relatively high
amounts of ethanol is observed. This result may be connected with the
relatively low temperature of synthesis, .\ similar result i= reached with the
e of a CuO-MgO (or Zn)) catalyst® when employed at temperatures
above 100°C and pressures above 0 atny,

Another eatalyst of this type, prepared by slowly heating (from 100 to
100°C") an equimolecular mixture of Zn(O1,, Ca(OIh. and I Cr(CaO) ]
SO was reported to be very durable and active for the synthesis of
isobutanol®, The vield of isobutanol obtained with this eatalyst was 50 per
cont, while the over-all vield of other higher aleohols was 15 per cent, when
it was operated at H007C and at 150 atm, Aecording 1o Sueta and Niwys?
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the activity and durability of this catalyst may be considerably improved
through the addition of small amonuts of Ca0.

Catalysts Containing Copper and Oxides (or Salts) of Zinc, Chro-
mium, Manganese, Calcium, Lead, Aluminum, Thorium, etc.
Activated with Alkaline Metals

Several types of catalysts were proposed, containing two or more of the
above listed metallic oxides. One such catalyst may be prepared by adding
CaCs to a mixture of Zn0 and Cr:0; . Such a catalyst was employed by
Nagishi®* who obtained a liquid product containing higher alcohols. The
addition of small quantities of ThO: increases the yield of butanol up to
values over 18 per cent of the total liquid product, without, however, vary-
ing the amount of methanol obtained. A catalyst having essentially the
same properties may be conveniently prepared by melting a mixture of
Zn0 and CaCr,O7%.

As was previously mentioned, the Cr:05-MnO-base catalysts, which were
also proposed by the L.G. Farbenindustrie*, were particularly studied by
Morgan and his co-workers?. These authors determined experimentally
the influence of the five alkaline metals upon a catalyst of this type. The
best results were obtained when the catalyst was activated with 9.8 per
cent or more rubidium. In particular, the product obtained with the cata-
lyst containing 15 per cent Rb had the following composition (expressed in
percentage, as referred to the initial carbon): 42 % methanol; 38 % higher
aleohols; 15 % aldehydes, acetals (and probably ketones); 1% acids; 2%
methane; 2% carbon dioxide.

A catalyst containing Cu, Cr, I, whose composition was Cu:Cr: K =
1:4:1.97, examined by Tahara and co-workers*® ¥, who operated at 490°C
and 180 atm., with gases having a CO:H. volume ratio of 1:2 flowing at
the rate of 700 1/h over 80 ml of catalyst, was reported to give yields of
isobutanol as high as 37 per cent of the total liquid reaction product. This
appears to be amazingly high. However, due to the high temperature of
synthesis, the catalysts of this type show a poor resistance to aging,.

Bocherova, Dolgov and co-workers*: *: 8 have studied the influence of
the presence, in ZnO-base catalysts, of the oxides of lead, aluminum, va-
nadium, ete. These authors operated, in general, in the following experi-
mental conditions: temperature, 350 to 450°C; pressure, 150 to 250 atm.;
gas composition, CO:H, = 1:1; space velocity, 5-6000. They operated
with the following catalysts:

(1) 4Zn0. PbO; PhO. Zn(OH); ; 4Zn0.Pb0.0.2Zn(0K); ; 4Zn0.PbO
0.2Zn(0K).CdO

(2) 4Zn0.V,05. KOH; 8Zn0). V.0, KOI

(3) Zn0.ALO;. KOH
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(4) Alkali zincate with the addition of SbyOs ; V205 ; Ca(OH): ; MnO,

(5) 8Zn0.Al(OK);.0.1V:05

(6) Ca(OH), + KOH

(7) SZn()..-\l(()ll);g.().l\'-_:();,.().l.\IU();;.H]\'()".

The catalysts of group (1), containing Pb0), have given very low yields of
higher alcohols, at all the temperatures tested, as could be predicted from
the ease with which the lead oxides reduce.

The alkali vanadates of group (2) have given higher yields than the
catalysts of groups (3), (4) and (6), but lower than those of groups () and
(7). The eatalyst 8Zn0. AI(OK):.0.1V,0; has given a production of 225 ml
of liquid compounds per cubic meter of gas. The total vield in alcohols is
G0 per cent, with a concentration of 35 per cent of higher aleohols in the con-
densate product, along with 60 per cent of methanol. The condensate was,
as usual, present in two strata, one of which was aqueous, the other, oily.
Qualitatively the aqueous condensate consisted of MeOH, EtOH, and
isopropanol, while the oily condensate contained a mixture of propanol
with butanols (mainly with primary isobutanol).

Among the several other catalysts which have heen proposed by the
various investigators for the synthesis of higher aleohols from CO and .,
the following should he mentioned:

(1) The eatalysts containing ZnO-Cu0-1.0 proposed by Patart®

(2) A catalyst consisting of equal weights of K.CO3, V205, and CuQ,
which has vielded at 480°C a product containing 40 < MeOH, 25 ¢ 1=0bu-
tanol, 20% 1.0, and 15 % other higher aleohols and esters®,

(3) The catalysts containing large amounts of one or more components
which act as hydration catalysts rather than as hydrogenation catalysts.
An example of this class of catalysts is the eatalyst CdO-Cr.02,

Catalysts Containing Cobalt

Such catalysts differ from those mentioned above beeause they contain
a metal of the iron group and because of the fundamentally different nature
of the products obtained. While the modified methanol catalysts lead
mainly to the formation, among the other higher alcohols, of primary 150~
butanol, the catalysts containing Co give rise to the formation of high
amounts of ethanol, even if the synthesis is operated at high temperatures.
Taylor®™ was probably the first investigator who observed the formation of
substantial amounts of ethanol when using a eatalyst containing Cu, Mn
and Co. The highest vields in ethyl aleohol (up to 22 per cent with respect
to the condensate product) were obtained by Taylor with a catalyst pre-
pared by adding 0.1 g eq. of CoS to a mixture of 1 g eq. CuO 4+ 1 g eq.
MnO. The reaction was operated at 40°C and 200 atm. with a space veloce-
ity of 200,000.
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High vields in ethanol (20 per cent of the total condensate product) were
also obtained with the use of a eatalyst prepared from Co(NOj):, Zn-
(Mn6y). and KMnO, . With this group of catalysts the higher alcohols
obtained are prevailingly of the linear type, whereas with modified methanol
catalysts they appear to have mainly branched molecules.

Klyukvin and his co-workers®® have obtained very high yields of ethanol
operating with a eatalyst composed of Zn0:Co0 = 3:1. In fact, when the
reaction was performed at 320 to 330°C and 120 atm., yields of ethyl alco-
hol were obtained up to 39 per cent of the condensate products.

TasLe 4. PERFORMANCE OF AN ALkaLt-ActivaTEp* Zn0-Cri0;
CaTaLyst a5 A Fuxcriox or Tive
Temperature of synthesis: 400°C
P’res=ure of =vnthesis: 400 atm
Space veloeity : 29,000
Feed gas composition: CO = 15-20%; H, = 52-60%; CH, = 18-22%,; CO. = 2-4%,

Pn}:i‘:l!cutlinn s Per cent ‘ Per cent Pff cent ' Per cent
e 100 o lsholsln Acklein| e | Watesn
. catalyst) | } ‘ | Product E
1st Day of performance 1630 ‘ 0.850 i 78.0 i 0.4 | 2.2 18.5
16th = “ e 1580 0.855 75.0 0.4 1.8 21.0
et v u 1420 0.865 | 726 ‘ 0.2 | 1.7 | 24.0

* The eataly=t was impregnated with 129 by weight of potassium acetate.

YestsTANCE OF THE CaTanysts 1o Acing axp Polsoxs

While the eatalysts employed in the industrial synthesis of methanol
have a life which may reach one year or more of actual performance, those
employed for the synthesis of higher aleohols are not very resistant to aging,
and their activity deereases rapidly with time. Natta tested several alkali-
activated methanol catalysts for the synthesis of higher alcohols, and
noticed that their activity deereased remarkably with time. A typical
example of this behavior is given by a Zn0-Cry0y catalyst activated with
12 per cent by weight of potassium acetate. This catalyst has shown a
higher resistance to aging with respeet to analogous catalysts activated
by different potassium compounds (K.COy or KOI); however, its ac-
tivity decreased considerably with working time.

In Table 4 some unpublished data obtained by Natta are given, con-
cerning the performunee of a plant which had heen designed for the syn-
thesis of methyl alecohol, but which for a certain period was used for the
synthesis of higher aleohols. In such experiments the production of metha-
nol was still as high as 23 of the over-all aleohol production. The amount of
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isobutanol produced was about 50 per cent of the total production of
higher alcohols.

The low resistance to aging of certain catalysts which have been em-
ployed®®: ¥ for the synthesis of higher aleohols in a rather high temperature
range has already been pointed out.

Natta and Strada® % have studied the influence of the type of anion
bonded to the promoting alkaline metals upon the resistance to aging of
the catalysts for higher aleohol synthesis. These authors have tested in
particular a series of Zn() catalysts prepared from caleined smithsonite, ac-
tivated with different potassium salts, such as KOI, K.C0y, HCOOK,
CH,COOK, CoH,COOK, CsH;COOK, C,H,COOK. The experimental re-
sults obtained by these authors are reported in Figure 5. Tt is clear that the

TaBLE 5. AMoUNTS 0F Farry Acipg Coxrtaxen ix Hicner Arconol CaTanysts
FrROM CaLcizgn SuiTisoNtTE, REFERRED TO THE Cararysts’ WenGHT=.

Working temperature: 100 4207C

Per cent -« | : B Hicher -
Type of Promoter |’|.'nri¥;|ulrr £ 1{!)::;“‘ 1<.:\1m|\- Nature -:\f“\\!a\t i;\]i;undan:

Catalyst
KOH 17.5 3.34 3.0 1.24  acetie, propionie
K.CO; 23.5 6.65 1.92 7.89  acetie, propionic
HCOOK 23.1 5.70 0.51 1.77  acetic, propionic
CH;CNOK 20.6 1.59 2,140 10.90 propionic
CL.H,COOK 231 2.55 0.62 13.05  propionic, butyrie

1 1.50 0.31 2.32  butyric, valeric

LH;COOK 32,

resistance to aging is not uniform for the eatalysts having  different
promoters. The catalysts activated with potassium formate or acetate are
more durable than those activated with potassium hydroxide or carbonate.
We shall consider later on the possible causes for this lower resistance of
the catalysts activated with KO or K:C0O; . The cataly=ts activated with
citiier Call;COOLK, CHCO0K, CHCC YOI show a limited resistance to
aging; their durability is lower the longer the carbon atom chain.

In general, it may be stated that the low melting points of most of
the alkaline salts favor the recrystallization of the ZnO. This appears to
be one of the causes of the generally low aging resistance of the higher aleo-
hol catalysts. Another factor which seems to contribute to the low dura-
hility of higher aleohol eatalysts ix the filling of the catalyst pores by high
molecular weight reaction products,

Natta and Strada® have reported that ZnO eatalysts contained, after a
normal performance, relatively high amounts of fatty acids, In Table 5 are
indicated the amounts of the different fatty acids contained in a series of
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higher alcohol catalysts prepared from caleined smithsonite impregnated
with different potassium salts.

It may be of some interest to point out that Natta and Strada did not
notice the presence of fatty acids in catalysts that had operated at 430 to
1450°C.

Other authors®: # reported the gradual elimination by thermal decom-
position of formic acid from the catalysts activated with alkaline formates.

In catalysts activated with alkalinz salts of fatty acids, the formation of
fatty acids with higher molecular weights than the starting ones has been
noticed. The formation of such acids on the catalyst is probably one of the
main reasons for the aging of the catalysts activated with KOH or K.CO; .
Let us consider for example a typical KOH-activated methanol catalyst.
Owing to the reaction

Zn0) + 2KOH — Zn0:Ks + 110

the ZnO at its surface is transformed into potassium zincate. The conseen-
tive formation of the organic potassium salt takes place through the zincate,
with the formation of Zn().

The transformation of K. into organic potassium salts is accompanied
by a volume increase of about 156 per cent. The organic salts thus formed
have, on an average, the molecular weight of the potassium acetate; their
formation results in a reduction of the pore volume. The activation of Zn0)
with K,CO, leads to eatalysts which are more active and resistant than
those activated with KO According to Natta and St rada®, asimilar cause
is responsible for the stronger promoter action of the potassium acetate
when used as activator for ZnO) catalysts.

Several faetors may influence this effect: the type of Zn0O used, the pos-
sible presence of other promoters, the pore size distribution and the me-
chanical behavior of the catalyst.

It has already been mentioned that the copper-containing catalysts have
2 lower resistance to aging than ZnO) catalysts.

Tahara and his co-workers®:  have tested a copper-chromium catalyst
activated with K.CO, o and having the composition:

o

Cu0:Cr0)y: KyCOy = 1:4.72:2.80.

At 490°C they noticed a considerable reduction with time of the amount
of liquid reaction products obtained. After 48 hours of performanee such
volume was only 43 per cent as large as initially. In the same test, the
isobutyvl aleohol concentration in the liquid dropped from 57 to 30 per cent
after 10 hours, and to 24 per eent after 100 hours, with a corresponding in-
crease of the methanol coneentration,
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Jrrecr oF ToE ComrosiTiox ofF ReEactinGg Gases

Stoichiometrically, the synthesis of higher aleohols requires two volumes
of hydrogen for one volume of carbon monoxide, according to the reaction:

nCO + 2ni = C. . O + (0 + 1O (1)

It is, however, obvious that the volume ratio CO I, = 14 must not be
presumed to be the optimum, either for the input gas or the circulating gas.
During the reaction the concentration of I in the gas increases as a re-
sult of the earbon monoxide conversion reaction brought about by the
water formed in reaction (1):

CO 4+ 11,0 = CO. + 1L (2)

The oceurrence of reaction (2) is particularly evident when the reaction is
performed continuously with recyele of the reacting gases.

If reactions (1) and (2) are combined, the following equation is obtained
for the higher aleohol synthesis:

2n — 1HCO + (n + DIL = C I, O + (n — 1HCO, (3)

The carbon dioxide forn:ed in reaction (3) is very soluble in the liquid reac-
tion products; therefore, the hydrogen concentrution in the gaseous phase
inereases. This is shown, for example, by the performance data of an TG,
FFarbenindustrie isobutanol plant, in which the 1I. CO ratio varies from
1.8 in the input gas to 2.6 in the eirculating gas®.

While inn the above mentioned isobutanol plant the input gas composition
corresponds to a 1L, 'CO ratio of 1.8, in the Synol process the same ratio is
approximately 1.0, Since the reaction is heterogeneous, the rate of the
over-all process of higher alcohol formation depends mainly on the con-
centration of the reactants adsorbed by the eatalyst. It i< obvious that the
coneentrations in the adsorbed phase do not necessarily follow the stoichio-
metrie ratios of the reactants in the gas phase,

Only few data are available coneerning the influence of the CO: . ratio
upon the higher aleohols synthesis with modified methanol eatalysts, On
the contrary extensive studies have been reported for the synthesis of meth-
anol™. ** Bocharova and co-workers® studied the synthesis of higher alco-
hols with a catalyst of the following composition: SZnO, AHOIO, . 0.1V.0; .
They reported that the CO-Ts ratio of 121 is the most satisfactory. Such a
conclusion s, from a qualitative point of view, in agreement with the re-
stilts obtained by Natta and Rigamonti™) who reported that the best vields
of higher aleohols are found when the COCIL ratio in cireulating gases is
higher than the stoichiometrie ratio.

It appears clear that a high partial pressure of carbon monoxide favors
the formation of high molecular weight compounds. This matter wil! be
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discussed more thoroughly in the paragraph concerning the mechanism of
the synthesis of higher aleohols.

The presence of inert gases exerts an influence due to the decrease in the
partial pressures of the gases participating in the reaction.

A more remarkable influence is asceribed to the presence in the synthesis
gas of compounds which may take part in the reaction. One such com-
pound is, of course, water, which inhibits the formation of higher alcohols.
An excess of CO, which removes the water with the formation of COy | is
very favorable to the reaction. On the other hand, it should be noted that
the synthesis of higher aleohols may be also performed starting from hy-
drogen and ecarbon dioxide® 27,

When the svnthesis of higher aleohols is performed with the preliminary
addition of methanol, the results are practically identical to those obtained
when the reaction is operated with only CC and 1. . This is true also when
the synthesis of higher aleohols is realized by the use of CO and methanol
as the sole components of the starting gas. In the aforementioned 1.G. plant,
methanol is reeveled and is computed in the balanee as CO + 2H.™. Such
a way of operating the higher aleohol synthesis makes it possible to direct
the reaction toward the formation of larger amounts of higher aleohols
with respeet to methanol, as a consequence of the mass action effect of
11i~ compound. Tt is possible to work under such conditions that the amount
of methanol produced is equal to that which is converted to higher aleohols
in the consecutive reactions,

An analogous influenee is exerted by the presence of higher aleohols in
the starting gas used for their synthesis, For example, the presence of pro-
pyl aleohol in the input gas inereases considerably the yvield of isobutanol.
The presence of olefins in the reaction gas has a favorable effect on the
formation of higher alcohols. This scems to be attributed to the following
factors:

(1) A mass-aetion effeet; as olefins are produced in the secondary dehy-
dration reaction of higher' aleohols;

(2) A more direet effeet, beeause olefins may participate in the mecha-
ni=m of the higher aleohol formation.

I this connection, it has been claimed” that the vields of higher aleohols
can be inereased up to 11 per cent by the addition of as little as 1.2 per
cent (by volume) of ethylene to the input gas, when the synthesis is per-
formed with cobalt-base catadysts,

The presence, in the reaction gas, of other compounds, such as propioaic
aldehvdde or aeid, seems to lead to o higher yield of isobutanol. This has
heen noticed with the use of alkalized ZnO-Cr; catalysts) operating in
the nsnaal conditions of reaction GO0 atm., 430°04)%,
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Errecr or Srack VELOCITY

In the synthesis of methanol, the purity of the product may be inereased
by operating the reaction with inercased space veloeities, This is to be at-
tributed to a negative effect on possible consecutive reactions which | ad to
products other than methanol. The synthesis of higher aleohols has to be
operated with lower space velocities, in order to obtain sufficiently high
concentrations of the desired products. This is due to the fact that the for-
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mation of higher alcohols takes place through reaciions consecutive to the
synthesis of methanol.

The results obtained by Frolich and Cryder" are shown as an example
in Figure 6. These authors worked with a ZnO-NMn0-Cry03- 1,0 catalyst
and with a 1L:CO ratio in the circulating gas of 1.18. Tt may be further
observed that the concentration ratio between higher aleohols and methanol
in the reaction product inereases with the contact time, although the yield
in methanol is higher than the vields of *ts homologs.

However, considerations of a different nature have played an important
role in the choice of the space velocity for the synthesis of higher alcohols.
We have already mentioned the experiments of Runge and Zepf* who
operated with a ~pace velocity as high as 20,000 In the most recent in-
dustrial plants® the space velocities employed are of this order.

Errects 0F TEMPERATURE AND PRESSURE

The synthesis of methanol from CO and Iz is ordinarily operated at
temperatures of the order of 330 to 400°C with the most active catalysts,
and at even lower temperatures with such catalysts as CuO or Cu0-Zn0.

The synthesis of higher aleohols with modified methanol catalysts takes
place toan appreciable extent only when the reaction is operated at higher
temperatures. Some temperature data concerning the synthesis of higher
aleohols with maodified methanol catalysts have alr sady been reported in
this chapter. It may be here pointed out that, from a practical point of view,
the synthesis has to be performed at temperatures higher than 400°C,
owing to the inerease, with an inerease in temperature, of the yield of
higher aleohols with respect to methanol. The catalytie synthesis of aleohols
from CO and 1 leads mainly to methanol when temperature is maintained
below a certain limit; above this limit there is a sharp increase with tem-
peranure of the concentration of higher aleohols in the reaction products.
For example, for alkalized Zn0O-Cr0)y catalysts, this characteristic temper-
ature at which the coneentrat ion of higher aleohols is sharply increased is
about 390°CH.

CompostTiox OF TiE Propuer oF THE DirkerT SYNTHESIS
or Hicner ALconors

It may be stated that, when the synthesis is operated with alkalized
methanol catalysts, the production of a relatively high amount of methyl
aleohol cannot be avoided. In general, primary isobutanol is predominant
among the higher aleohols, while the coneentrations of ethanol, propanols,
and other higher aleshols, are mueh lower.

Detailed analyses of the product of this synthesis were performed by
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several authors, but in most of the cases the complexity of the reaction
product was such as to prevent the obtaining of precise, complete results,
The problem is further complicated by the influenee upon the nature and
distribution of reaction produects exerted by the type of catalyst, and by
the type and the amount of promoters employved. The composition of the
reaction products obtained with a given catalyst varies with the physico-
chemical conditions of the synthesis, narticularly  with temperature,
space velocity and gas composition.

Natta and Rigamonti*: * have reported the analytical data for the raw
product obtained on industrial tests performed with the use of a catalyst
prepared from caleined smithsonite activated by impregnation with potas-
sium acetate. The following higher alcohols were found in this produet:
Normal alcohols: methanol, ethanol, 1 proparol, 1 amyl alcohol
Branched alcohols: isobutanol, 2-methylbutanol, 2-methylpentanol, 2-

methylhexanol, 3-methylpentanol, isoamy! aleohol, 2 3-dimethyIbutanol
Secondary aleohols: isopropanol, ethyl isopropylmethanol, diisopropyl-

butanol, propyl-isopropylearbinol
Tertiary aleohols: tertiary butyriec and amyl alcohols.
As far as the relative amounts of aleohols produced, the analyvsi= of Natta
and Rigamonti shows that methanol is the most abundant, and that iso-
butanol is the prineipal higher alcohol, followed by n-propanol, 2 methyl-
butanol, ethanol, isopropanol, n-butanol, 2-methylpentanol.

The amount of isobutanol plus z-propanol i= as high as 65 per cent of the
over-all higher aleohols production.

In Tuble 6 the relative amounts of the individual higher aleohols pro-
duced are shown, referred to the total production of higher aleohols, a= re-
ported by Natta and Rigamonti®s.

The relative amounts of alcohols produced in the two different test= are
snubstantially identical. It should be further observed that among the
branched aleohols those with a methyl group in the 2-position are predomi-
nant. The higher content of this type of branched aleohols had also been
observed by Morgan and co-workers™ and by other investigators,

Tertiary aleohols =cem to be present in extremely low amounts in the
synthesis product. In fact, Natta and Rigamonti have noticed only quali-
tatively the presence of tertiary butyl and amyl aleohols.

The data found by the above mentioned authors are in good agreement
with the results obtained by Morgan and co-workers™, who operated the
synthesis of higher aleohols with eatalysts containing only oxides of man-
ganese, chromium, and alkaline metals. The following alcohols were iden-
tifiedd by these investigators: methanol, ethanol (traces), propanol, iso-
butanol, 2-methylbutanol, 2-methylpentanol, 2 f-dimethylpentanol.

The analytical data concerning the produet obtained by Graves® show
the presenee of an amazingly high amount of secondary aleohols (Table 7).
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HMowever, Graves does not indicate the nature of catalyst, the apparatus
used for the synthesis nor the concentration of lower aleohols (methanol,

ethanol, propanol),

Tanre 6. Comparative ProbreTions or Inpiviovan HGner ALconons witi
Avkanizen Zn0) Caranysrs*

Production

Alcohals
Test 1 ' Test 2
Fthanol 4.169%, 3.33%
n-propanol 11.59%, 13.12%
izapropanol 3.69% 2.629,
n-butanol 1.99% 1.78%
=obutanol 16.65%, 51.37%,
2 methyvibutanol 4.79%, 1.939%,
higher aleohols (hop. <107°C) 4.25%, 3.61%
higher aleohols (107°C < bop. < 1807 15.109, 14.98%,
higher alochols (h.p. > 180°C7) 7.18% 4.26%,

* These tests were performed under the following conditions:

Test 12 Catalyst, ealeined smithsonite, activated witn potassium acetate (9.3%
05 space veloeity, 17,0005 s composition, CO/IL, = 1; temperature, 400-420°C;
pressure, 400 atm.

Test 22 Catady=t, caleined smith=onite, aetivated with potassium aeetate (13.7%
WO spaee veloeity, 100005 gus composition, CO/IL = 45 temperature, 400-420°C;
pressure, 350400 atm.

Tawre 7. Hicner Arconons Inextivien BY Graves? Ix
THE REswcrion Pronver

Primary aleohols: 48537 Secondary aleohols; 31,37

Propunol Ixopropano!
I=obutanaol

2 methyibutanol J-methyl2 butanol

2-methylpentanol 2 4-dimethyl-3-pentanol
A-dimethylpentanol A pentanol®
nethylhexanol 2 pentanol*®

A-dimethylhexanol® 2methyl-3-pentanol*

o
2
2
2 methylheptanol®

* Produects whose identifieation was aneertain.

The vesults obtained by the varions investigadors show elearly that hoth
the nature and the canount of secondary reaction product depend upon the
tvpe of catalyst emiployed in the synthesis and upon the physicochemiceal
conditions of the reaction,

In general, several types of oxygenated compounds wre present among
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the reaction products: water, aldehydes, ketones, esters, acids. However,
while Morgan and co-workers® obtained over 13 per cent of aldehydes plus
ketones with an alkalized Mn-Creatalyst, Natta and Rigamonti® found
only 1 per cent of such compounds, with traces of ethers and hydrocarbons
and with higher concentration of esterified fatty acids.

Morgan and co-workers have identified in the reaction products fornuil-
dehvde, propionic aldehyde, and both hydroxyaldehydes and unsaturated
aldehydes.

Strada® has obtained in the higher aleohol synthesis o raw product with
1.08 per cent of free acidity and 1.58 per cent of fixed acidity (expressed as
propionic acid). This investigator has separated a continuous series of frac-
tions boiling up to 285°C". His results show that acetic acid was present in
a lower concentration (2.20 per cent of total acids) than butyrie acid (4.20
per cent of total acids).

MECHANISM OF ThE SyxtHEsIS oF HicnEr ALconorns
Several hypotheses have heen proposed to explain the mechanizm of this
synthesiz. The first of them is probably that of Fischer and Trop=ch", who

suggested that higher aleobols are formed from methanol through the fol-
lowing consecutive reactions:

CHLOH + CO - CILCOOH (1)
CILCOOH + . — CHLCHO + 11,0 2)
CHLCTO + 1. — C.H0H @)

and so forth for primary linear higher aleohols.

The acetie acid produced from methanol in reaction (1) s pactly trans-
formed into acetone, which i turn undergoes reduction to isopropylal-
cohol:

2CILCOOH — (CHLLCO + L0 + CO, o
(CH)00 + He — (CHCHOLL (3

A further addition of CO and 1 to isopropylaleohol leads to the formation
of isobutylaleohol.

Another interesting hypothesis was formulated by Natta®- 6 whose
starting point was the consideration that the formation of alkali salts of
fatty acids on the catalysts may be explained by their direet participation
in the mechanism of the synthesis. This hypothesis differs from that given
by Fischer and Tropseh beeause it implies that the eatalysts play a funda-
mental role in the formation of these intermediate fatty acid salts.
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According 1o Natta, the synthesis of higher aleohols takes place in the
following consecutive steps:
(1) Synthesis of methanol, eatalyzed by Zn0):

0O + 21L, — CILOIT

(2) Formation of potassium methylate, by reaction of methanol with
alkali or with alkali zineate*:

CILOI 4+ KOH = CILOK + ILO

OH
- /
CILOHI 4+ KoZnO, = CH;OK 4+ Zn

O

(3) Reaction of alkali methylate and CO with the formation of alkali
acetate:

CILOK + O — CILCOOK
(4) Hydrogenation of alkali acetate to alkali ethylate:
CILCOOK + 21, — ILO 4 Cull0R.

The water formed in the above written reactions provokes the hydrolysis
of the aleoholates, thus regenerating potassium hydroxide and giving rise
to the formation of ethanol. The portion of potassium ethylate which is
not hydrolized may react with carbon monoxide and give rise to the forma-
tion of potassium propionate, which in turn is casily reduced to potassium
propylate, by a reaction analogous to reaction (4). The formation of iso-
propyl aleohoi ix explained by admitting a thermal decomposition of
potassium acetate to give acetone, the reduction of which then leads to
izopropyl aleohol. The formation of acetone is catalyzed by zine oxide.

Several authors have noticed the presence of acetone, which is found in
higher coneentrations when the reaction is performed with an excess of
carbon monoxide. Similarly, the formation of secondary butylaleohol is as-
cumed to take place through that of methyl-ethylketone.

According to this mechanism, primary lincar higher aleohols could be

* The formation of alkali zineate takes place in the temperature range of the syn-
{hesis, in the reaction between ZnQ) and KOH or KaCOy

Zn0 + 2KOH — K.Zn(), + H.0

oY 4+ KOOy — KoZnQ. + ZnCO; (or ZnO + COy)
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formed by the direct hydrogenation of the sults of the corresponding fatty
acids. However, the slowness with which these salts are reduced makes it
possible that primary linear aleohols he formed at Jeast partially by the re-
duction of aldehydes, which are produced in the thermal decomposition of
mixtures of alkali formate and alkali salts of fatty acids:

HCOOK 4+ C HapCOOR — G, Haup CHO + KeL0: (1)
C HzpCHO + 15— CHa,  CILOH (2)

I'he hypothesis proposed by Natta is corroborated by the following experi-
mental data:

(1) When the higher aleohol synthesis is performed with Zn0 cataly=ts
activated with potassium formate or potassium acetate, the formation of
considerable amounts of methyl, ethyl and iopropy | aleohols is noticed.
Alnch smaller amounts of isopropyl aleohol are formed when the syithesiz
ix performed with Zn0 catalysts activated with potassium carbonates,

(2) At temperatures lower than 400°C and at high pressures, carbon
monoxide and hydrogen may be fixed by alkali activated ZnO-base catalysts
containing aleoholate, to give salts of fatty acids™

(33) Above 100°C, alkali salts of fatty ceuds are rapidly decomposed, in
the presence of hydrogen, according to the following reactions:

CHLCO0K 4+ 21 L oKOH 4+ CHLCTLOT
2CTHLCO0K — OO, 4+ CHECOCTH:
2(CHLCO0K + He — OOy + CULCHOTCH;

(H) Higher aleohol eatalysts tested by Natta and co-workers were found
o give optimum vields at about 100°C. Thix temperature value ix higher
than the corresponding optimum temperature in the synthesis of methanol.
It is interesting to note that the temperatare of 400°C corresponds to ef-
feetive equilibrinm conditions between the formation and decomposition
of fatty acid salts on the eatalyst surface.

(5) Alkali carbonates adsorbed by Zn0) or ZnCO; are partly reduced by
high pressure hydrogen, to allali formates™,

(6) Alkali hydroxides reaet with earbon monoxide 1o give formates,
These alkali formates are easily reduced by high pressure hydrogen to wive
methylates and methanol. The aleoholates react readily with earbon mon-
oxide, thus forming the salts of higher fatty acids. In the specilic ease of
methanol, its reaction with CO to give acetic acid in the presenee of certain
oxides or earbonates has Leen reported by several authors®,

(7) The decomposition of alkali salts of fatty acids explains the forma-
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tion of ketones and the production of secondary aleohols, such as, for ex-
ample, isopropyl and isobutyl aleohol.

The following reactions, which are assumed to tuke place with the partici-
pation of alkali formate, explain the formation of aldehydes and of primary
aleohols:

HCOOK + CILCOON — RK,CO; + CHLCHO
CH,CIHO + 11, — CH;CH,OH

It has been reported that the production of aldehydes and ketones is partice-
ularly high when the reaction is operated with a low concentration of
hydrogen.

(8) Zine oxide appears to be a very good catalyst for the following reac-
{ions:

20HL,CO0H — .0 + CO. 4+ CHCOCH,
CHL,COOH 4+ HCOOH — CH,CHO 4+ 11O 4 CO,

(1) In the reaction products, practically all the acids corresponding to
the aleohols formed in the synthesis®. # are present.

The hypothesis of the formation of higher aleohols through the direct re-
duction of fatty acids is apparently unable to explain the fact that in the
higher aleohols synthesis only low amounts of ethanol are produced. This
could be explained by elaiming that acetic acid, rather than reacting with
hydrogen to give ethanol, tends to react with other acids to give ketones
or acetaldehyde. Experimental evidence for this behavior of acetie acid is
lacking.

A satisfuctory hypothesis concerning the mechanism of the higher aleohol
synthesis should explain the fact that the main reaction products, other
than methanol, are isobutyl alecohol and n-propy! alcohol. If; according to
the above mentioned hypothesis, one assumes that these aleohols are formed
through the corresponding acids, one should conelude that secondary alco-
hols are adsorbed by the eatalyst more readily than primary aleohols or
branched aleohols. Also, one should assume that isopropyl wleohol (formed
in the reduction of acetone) reacts promptly with carbon monozide to give
isobutyric acid, which in turn undergoes reaction with alkali formate and
hydrogen to yield isobutyl aleohol.

It may be convenient at this point to note that also in “isosynthesis,”
which is operated with thorium-hase catalysts (not necessarily alkali-ne-
tivated) there is o similar reaction produet distribution, with low concentra-
tion of ethanol and relatively high conventration of isobutanol. The possible
absence of alkali in the isosynthesis catalysts is in apparent contrast with
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the hypothesis that assumes a direct participation of alkali salts in the
reaction mechanism. However, the structural ditferences between the ThO,
catalysts for “isosynthesis” and the alkali-activated Zn0) catalysts make a
direet comparison of these catalysts rather unreliable, Tt s, however, in-
teresting to refer to the hypotheses which have been proposed for the
mechanism of isosynthesis discussed in Chapter 5, Volume IV of the present
series of hooks on “Catalysis.”

An interesting hypothesis concerning the mechanism of the higher alco-
hols synthesis was proposed by Morgan, Hardy and Procter®. These in-
vestigators suppose that the formation of higher aleohols takes place
through an aldolic condensation of formaldehyde, wecording to the fol-
lowing scheme:

RCHO + R'CILCHO — RCH(OICHR'CITO —— Y

ROMT=CR'—CHO —2 R—CIl, ~CHR'—CHO e

R—CH.—CHR"——CH,OH

These authors base their hypothesis upon the fact that, among the con-
densation products obtained from CO and I i the higher aleohols syn-
thesis, they have identified & number of aldehydes, including unsaturated
and hyvdroxyvaldehydes*. The scheme proposed by Morgan and coworkers
i= uble to explain the formation of those primary alcohols, which have
actually been found among the products of the synthesis. In faet, it is
pussible to determine theoretically, from the above scheme, which of the
aleohols with 5, 6, 7, S or 9 carbon atoms may actually be formed in the
reaction.

For example, the following reactions explain the formation of the two
aleohols with 3 carbon atoms which have actually been observed among the
products of the synthesis:

CHL OIT
CILO 4+ CoLCHO — CHy— CHL - C1-cHo - e
¢l ()

| +2H,

o Cly= Pl —CH cCH— CH— CHLOH

CHL—=(CH,;
* Such hvdrosy -aldehy des are probably not of the hinear aliphatie type, but rather

of the type It CJllyOIDHCHO. However, the product obtained by Morgan had prop-
erties different from those of hydroxybenzaldehyde.
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CH(OH)CH;
—H.0

»

CILCHO 4+ C.1,CHO — CHy—CH—CHO
CH—CII, (2)
- Cl,—C—CHO —F2M | ol CH—CH,OH
|
CH.—CH,
CILCHO + CoCHO — CHCHOH) CH, CHO —— 10,
, (3)
— O ILcH=cneno — 2 ¢ H,CH, CH,—CHLOH

Similarly, 2-methylpentanol and 2, 4-dimethylpentanol may be produced
in the reactions:

CH;—CILCHO 4+ CH,—CH,—CHO —

CH;CHL,—CH(OH)—CH—CHO _—H:0
CI,
— CHi—CHy—CH=C—CHO 328 | 4)
|
CH,
¢H,— CH;—CH,—CH—CH.OH
CH,
B~ CH—CHE 4 CHar—CHe—CHO —
Cl,
CH;—CH—CH(OH)—CH—CHOo —H:0
ClI, CH,
2H (5)
s = CH—CH=C=CHO 2

| |
CH, CH,
CH,—CH—CH,—CH—CH,OH
i |
CH, CH,

Thix mechanism i able to explain the formation of compounds with 3
or more carbon atoms. However, this picture fails to explain the mechanism
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of the initial chain growth, starting from methanol. In fact, while it is
known that the reaction:

CH.0 + CHLO — CILOH--CHO

takes place in appropriate conditions, it seems very unlikely that this reac-
tion may occur under the conditions of the higher aleohol synthesis (high
temperature and very low partial pressure of CIL,O). Morcover, this
mechanism does not consider the formation of isopropyl alcohol and of
secondary butyl alcohol, which are always present in the reaction products,
In order to take into account the presence of such secondary aleohols, this
mechanism would have to assume the isomerization of normal aleohols.

The CO:H. ratio in the input gas has an influence upon the synthesis of
higher alcohols. Such influence is not fully understood if only the equilib-
rium:

aleohol & aldehyde + hydrogen

is considered. Tn this case a slight inerease in the temperature would be
sufficient to compensate for a diminution of the CO: 1. ratio and thus give
an equivalent equilibrium composition for the svstem aldehyde-aleohol.
While this mechanism is not satisfactory for the formation of higher aleo-
hols, it seems likely that the formation of certain aldehydes takes place
through an aldolic condensation. An example of this is given by erotonie
aldehyde, whose methylacetal was identified by Natta® in the top fraction
of the methanol reetification. Such aldehyde should be considered as formed
by the aldolic condensation of acetaldehyde.

An interesting hypothesis for explaining the mechanism of higher aleohols
formation is that of the condensation of lower aleohols. An hypothesis of
this type was first advanced by Guerbert® who advaneed it to explain the
condensation of aleohols to give higher aleohols in the presence of alkali
metals, in liquid phase,

The presence, in the products of higher aleohols synthesis, of certain
primary and secondary aleohols, and the exclusion of others which instead
may be formed in this type of condensation, was explained by Graves* who
assumed that:

(1) Higher aleohols may be formed in the intermolecular dehyvdration
between pairs of lower aleohol moleenles.

(2) Such dehydration may involve even a hydrogen atom bonded to the
carbon atom of methanol. However, the rate of this dehydration is lower
than the dehydration rate involving a hydrogen atom bonded to a see-
ondary carbon.

* Unpublishied results.
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(3) The condensation takes place with difficulty on methyl groups and
does not take place in CH groups. The majority of alcohols result from a
condensation on methylenie groups.

More recently, Nagishi??, after a thorough evaluation of the several
hypotheses advanced for explaining the mechanism of formation of higher
alcohols, considers the direct condensation hypothesis as the most reliable,
with the assumption that the methylic hydrogen reacts more readily when
the CH; group is in a-position. Another assumption of this author concerns
the possibility of an aldolic condensation between aldehydes and ketones
which are formed in the higher alcohol synthesis through secondary reac-
tions.

The first assumption made by Nagishi may be justified if the possible
reactions of condensation between two aleohols (chosen among methanol,
ethanol, n-propanol, isobutanol) are considered, which give rise to the
formation of amyl alcohols:

CH;

i
CH,OH + CH;—CH—CH;OH — CH;—C—CH.OH + H.0 (1)

(‘Il:l (‘Il;,

CH;—CH—CIL,OH 4+ HCH,OH —

|

CH;
; T . (2)
CH;—CH—CH,—CIH,OH + H,0

i,
CH,—CH,0H + CH,—HCH—CH,OH —
CH,—CH—CILOH + H,0 (3)
(",_,uf,
CHy—CH,—CILOH 4+ HCH,—CHOH —

. . . ; : (4)
CH;—CH,—CH,—CH,—CILOH + H.0

If the amyl aleohols which are actually produced in the synthesis of higher
aleohols are considered, the prevalence of 2-methyl-1-butanol (reaction 3)
is noticed, as well as the almost complete absence of n-amyl aleohol (reac-
tion 1), tert-butvlearbinol (reaction 1) and isoamyl aleohol (reaction 2).
It may therefore be coneluded in agreement with the condensation hypo-
thesis, that the T atoms of CH; and CH radieals react with more difficulty
than those of CHa, radicals. With this assumption Graves is able to explain
the prevalent formation of those primary aleohols identified among the
products of higher alcohols synthesis, up to octyl aleohols.




DIRECT CATALYTIC SYNTHESIS OF HIGHER ALCOHOLS 169

In & similar wiy the formation of the observed secondary higher aleohol
may be explained by the assumption that the condensation takes place with
the preferential loss of a hydrogen atom bonded to an « carbon; when this
condensation oceurs with the participation of secondary higher aleohols,
they lose their hydroxyl rather than their hydrogen.

This hypothesis is, however, in disagreement with the fact that higher
aleohols have never been obtained through the condensation of methanol.
The lirst step of the condensation hypothesis is thus missing:

CILOIT + CHOH — CHOH + 1.0

The presence, among the synthesis products, of a low concentration of
othanol does not appear to be a suflicient proof for the hypothesis of con-
densation of methyl aleohol.

The views of Graves are in substantial agreement with the earlier results
of Frolich and Cryder, who studied the behavior of the following gas
mixtures under the conditions of higher aleohol synthesis:

C1L,01L + 1 CHLOH + O CoHOM + Hy s CHOH + C.H;OH + Ha ¢
(Cally)0 + 1 3 CILCOOTT + H. 3 (CH)LCO + g CILCHO 4 1.
CILOI 4+ H.O 4+ 11,5 CILOH + O + CO.

These authors have obtained the following important results:

(1) The mixtures CHLOIL 4 CO and 1L 4+ CO have equivalent be-
haviors;

(2) When the reaction is operated with methanol-hydrogen mixtures
loss satisfactory results are obtained, because of the formation of large
amounts of water;

() The amounts of acid formed do not depend upon the presence of
('O in the initial mixture;

(4) Water acts as an inhibitor toward the synthesis of higher alcohols;

(5) The mixture ethanol-hydrogen gives rise to butanol + water, with
partial dehydration of ethanol to ethylene;

(6) When the reaction s performed with methanol-ethanol mixtures,
higher aleohols are obtained with a predominance of propanol;

(7) Dimethylether may not be formed starting from methanol alone;

(8) The mixture diethylether + hydrogen gives rise to the formation of
higher aleohols, with a predominanee of ethanol and butanol.

From these data Frolich and Cryder have reached the following con-
clusions:

(1) Methanol is an intermediate product in the synthesis of higher al-
cohols.
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(2) The formation of higher aleohols takes place predominantly through
the condensation of lower aleohols, with the following rate controlling reac-
tion:

2(‘1[;(”[ — (‘_)I[a()[[ + [[_l().

(3) Ethers do not appear to he intermediate products.

() The formation of esters takes place presumably through the con-
densation of aldehydes.

(5 Acids may be involved in the mechanism of the synthesis.

(6) The type of mechanism may be affected by the nature of catalyst,
and by other experimental conditions, such as CO: Ha ratio, pressure, ete.

However, hearing in mind the conditions of the experiments carried out
by Frolich and Cryder, one is not able to exclude the possibility that the
decomposition of the reacting gases under the synthesis conditions leads
to results which are not essential in the mechanism of this synthesis.

Several other hypotheses have been formulated by various investigators,
but none of them appears to be entirely satisfactory. For example, ischer
and Tropseh have supposed in one interesting paper' that the formation
of “Synthol” compounds is due to hydrogenation of formaldehyde con-
densation products. These authors presume that formaldehyde is the first
compound formed in the reaction of hydrogen with carbon monoxide when
metals are present as hydrogenation catalysts. This assumption is cor-
roborated by the actual presence of such compoundsin the reaction products
when the svnthesis is accomplished with iron-containing catalysts at rela-
tively low pressures. However, this hypothesis does not seem to be valid in
the cusc of catalysts not containing iron or other elementary metals. A
mechani=m has been proposed, according to which free methylene radicals
are formed, in the hydrogenation of carbon monoxide. These radicals
would easily condense to form olefins. The formation of higher aleohols
would take place through the hyvdration of these olefins. As pointed out by
Fischer and Tropseh, sueh an hypothesis appears to be very involved, con-
<idering algo the nature of aleohols which would be formed in this case. The
hypothesis of higher aleohol formation through the homologation of
methanol should Le seriously considered after the interesting experimental
work of Wender, Levine and Orehin®,) who synthesized ethyl aleohol
front methanol, hydrogen and carbon monoxide:

CILOIT + CO + 211 — Cul1;0H 4 1O

This hypothesiz is limited by the following experimental data:

(1) The homologation reaction has been accomplished only with cobalt-
hase catalvsts (earbonyl-cobalt ).

(2) The faet that methyl aleohol has a greater tendeney than ethanol
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towards homologation should agree with a relatively high concentration of
ethanol in the reaction products, but this is in contrast with experimental
evidence. Among the several other hypotheses which have heen proposed
for this synthesis, attention should be given to the mechanism of higher
aleohol formation with a reaction analogous to that of oxosynthesis. This
hypothesis was originated by the actual presence of traces of olefins in the
products of higher alcohol synthesis.

Natta and Ercoli* have shown that methyl alcohol may participate in
oxosynthesis reactions. Ia faet, these authors have produced acetaldehyde
from methanol, carbon monoxide and hydrogen, operating the reaction in
a temperature range (120°C) lower than that of the experiments of Wender,
Levure and Orchin®. It should be noticed that this synthesis could be con-
sidered as belonging to the oxosynthesis type, if the formation of free
methylene radical through dehydration of methanol is assumed.

This hypothesis is limited by the two considerations which were listed
above for the hiomologation of methanol. In fact, oxosvnthesis reactions
require the presence of cobalt-containing catalysts. Moreover ethyl alcohol
15 practically absent from the reaction products of higher alcohol synthesis.
This Jatter circumstance might be explained by postulating « rapid dehy-
dration of ethanol in the physicochemical conditions of the synithesis and
the consecutive formation of higher molecular weight products from
ethylene. There is still another evidence against this hypothesiz. In the
oxosynthesis of propyvlene, over a relatively large temperature range,
n-hutyrie aldehyde is formed as the principal produet rather than isobutyrie
aldehyde, whereas isobutyl aleohol is one of the main products of higher
aleohol synthesis.

Coxcrusioy

From this review of the results achieved by the various investigators in
the direct synthesis of higher alcohols from hydrogen and carbon monoxide,
the following considerations can be made:

(1) The synthesis of higher alcohols is always to be related to the pres-
ence of strongly basic substances,

(2) When the reaction is operated at temperatures above 400°C with
Zn0O-base catalysts, higher alcohols may be produced together with neth-
anol. Among the higher alcohols, isobutanol and n-propanol are formed
in relatively high proportions.

(3) When the synthesis is performed with catalysts containing certain
transition metals (in particular, metals of the iron group) the formation of
higher aleohols takes place at temperatures considerably below 400°C.,
With catalysts containing Fe, Co, or Cu, the formation of higher alcohols
with an unusually high content of ethanol has been noticed.

() When the reaction is performed with catalysts containing metals of
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the iron group (or with Th(.) hydrocarbons are formed together with
higher aleohols.  When, on the contrary, Zn()-base catalysts are employed,
in the absence of iron group metals and of a dehydrating catalyst (like AlOy),
the formation of hydrocarbons is almost totally prevented.

From the above statements it may be concluded that different reaction
mechanisms are to be considered for various possible cases:

(a) When iron group metals (or ThO,) catalysts are employed, the pre-
sumable reaction mechanism is strictly connected with the Fischer-Tropsch
synthesis*, and the reaction goes probably from the formation of methylene
groups to that of olefins and to aldehydes through oxo reactions on these
olefins. Aleohols eould then be formed through the reduction of aldehydes.

(b) When ZnO-base catalysts are employed the production of alcohols
is not connected with the formation of hydrocarbons. In these circum-
stances, the necessity of using strongly alkaline promoters is a decisive fac-
tor in favor of the reaction mechanisms by which the catalytic action of
alkali plays a decisive role. The reactions of aldolic condensation, and per-
haps the condensation of alcohols with aldehydes are also possible for the
conditions under which the synthesis is usually performed. However, the
presence of salts of fatty acids in catalysts preemployed in the synthesis of
higher alcohols and the results obtained in the hydrogenation of such fatty
acid salts with alkalized ZnO catalysts are in favor of the reaction mechan-
ism proposed by Natta.

It should be noted that the temperature range of the higher alcohols
synthesis with ZnO-base catalysts (400 to 450°C) represents the limit for
the stability of the majority of oxygenated organic compounds. This affects
undoubtedly the equilibrium of many of the reactions involved in the
mechanism and probably favors some 1somerization reactions. Under these
conditions, the thermodynamic factors probably play a more important role
than at lower temperatures, and therefore they may exert a considerable
influence on the composition of the end product.

The possibility should be considered, that the presence of relatively high
amounts of branched compounds, which is noticed in the synthesis of higher
alcohols, as well as in the isosynthesis process for the production of hydro-
carbons, is partly due to the fact that many isomerization equilibria are
shifted at higher temperatures towards the formation of branched molecules.

While in the industrial synthesis of methanol it is possible, with the use
of highly selective catalysts, to obtain a pure compound as end-product
with very high yields, this is not feasible in the direct synthesis of higher
aleoho's from CO and H. . The formation of alcohols is due to a chain of
reactions which eannot practically be arrested at a definite step. There is

* For a thorough treatment of this subject, see Chapter 3, Vol. IV of this treatise,
written by Dr. R. B. Anderson.
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therefore the formation of a complex mixture of reaction products, among
which primary aleohols are predominant but not the only ones present.
This i1s the main reason for the gradual deerease of interest in the industrial
synthesis of higher aleohols from CO and H, compared to other proe-
esses such as, for example, those derived from oxosynthesis or from the
aldolic condensations followed by hydrogenations.
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