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GENERAL INTRODUCTION 

The potentialities of catalysis were foreseen by Ostwald 

when he prophesied that a scientific knowledge and control of 

catalytic phenomena would lead to immeasurable results tech­

nically (1). This prophecy has been fulfilled, for to-day 

the importance of catalysis in science and industry is recog­

nized by chemists everywhere. 

The petroleum industry in particular has assisted greatly 

in this development and has made notable contributions. Cata­

lytic methods have been developed for the cracking of complex 

petroleum molecules into simpler high-grade aviation fuels; 

for polymerizing smaller hydrocarbon molecules to form larger 

molecules of high anti-knock value in the gasoline range; for 

adding simpler saturated molecules to unsaturated molecules 

to form valuable fuels by processes of catalytic alkylation, 

and these processes in their turn demanded catalytic processes 

of isomerization, involving the changing of molecules to other 

configurations more valuable as fuels. 

With the advent of World War II the technical importance 

of catalysis was further emphasized by the multiple demands 

made upon chemical industry by the Armed Forces. One of the 

most pressing of these demands was for the manufacture of syn­

thetic .rubber. Considering the eventual curtailment of its 



natural rubber supply, the United States Government at the out­

set of hostilities launched a gigantic synthetic rubber program 

under the auspices of the Office of Rubber Reserve. Two aims 

of this program were to develop a process by which adequate 

quantities of an essential raw material, styrene, could be pro­

duced, and to find new methods by which styrene as well as 

styrene homologues could be made, so that auxiliary supplies 

and improved co-polymers might eventually be created. The 

more important of these tasks, namely, securing an adequate 

supply of monomeric styrene for GR-S, was solved with the Dow 

Process for the catalytic conversion of ethylbenzene to styrene. 

An interesting account of the research work leading up to this 

process and a fitting tribute to those who helped in its de­

velopment has been given by the late Willard Dow of the Dow 

Chemical Company (2). 

The second task, carried on to a large extent at the labo­

ratories of the University of Illinois, showed that nuclear as 

well as side-chain substituents in the styrene molecule greatly 

altered the physical and chemical properties of the correspond­

ing co-polymere. For example, butadiene co-polymers of desir­

able solvent resistance, Improved tensile strength, better 

milling behavior and excellent balance between hysteresis heat 

rise and flex-cracking resistance were obtained if a properly 

substitued styrene instead of styrene itself was used in the 

GR-S recipe (3). On the other hand, attempts to find funda-



mentally new processes for preparing substitued vinyl aromatics 

were not successful. The present investigation is primarily 

concerned with the problem of finding a novel method of styrene 

synthesis, particularly by a catalytic vapor-phase process. 

The catalyst used was activated Morden bentonite, a Cana­

dian clay large quantities of which are readily accessible, and 

the reactants chosen were an acid anhydride and an aromatic al­

dehyde. This pair of substances was chosen because in theory 

styrenes might be obtained on pyrolysis as a result of either 

the intermediate formation of an a,p-unsaturated acid which 

would decarboxylate, or of a ketene from the anhydride which 

would react with the aldehyde, or of a direct condensation 

product which would break up in a suitable way under the influ­

ence of the catalyst. Each of these possibilities was investi­

gated on acetic anhydride-benzaldehyde mixtures, and a mecha­

nism was worked out which explains the experimental results 

and is In accordance with accepted theories put forward to ex­

plain similar reactions. In order to determine the scope of 

the pyrolysis, the reaction was applied to substituted aromatic 

and heterocyclic aldehydes and was used successfully for the 

preparation of a number of vinyl compounds. 



HISTORICAL INTRODUCTION 

Preparation of Vinyl Aromatic Compounds 

A survey of the literature shows that although quite a 

number of reactions may be resorted to for the synthesis of 

a particular styrene analogue, only five are available for 

the preparation of a large number of vinyl-substituted aro-

matics. A brief characterization of the essential features 

of these reactions is of both theoretical interest and in­

dustrial importance. 

In each case the overall reaction will be indicated 

by the appropriate chemical equation and by a short descrip­

tion of the basic experimental procedure. Those styrenes, 

which have been prepared by applying the essential features 

of the reaction under discussion, will then be tabulated. 

I. Decarboxylation of Cinnamic Acids 

ArCH=CHCOOH > ArCH=CHg + C02 

The starting materials may be obtained by heating an 

aldehyde of the aromatic series with the anhydride of an 

aliphatic acid in the presence of the sodium or potassium 

salt of the acid at 175-180°C. under reflux for five hours. 

They may also be synthesized by condensing malonic acid with 



aromatic aldehydes (5). This reaction is usually carried out 

in alcoholic solution at 100°C. and in the presence of dry am­

monia, or a primary or secondary amine, usually piperidine. The 

initially formed unsaturated malonic acid derivative usually 

undergoes decarboxylation in the course of the condensation and 

gives an a,p-unsaturated aromatic acid. Yields may be improved 

and the process period reduced from about four hours to two 

hours by using pyridine as solvent and a small amount of piperi­

dine as a promoter (6). 

Decarboxylation is carried out in the liquid phase. The 

acid is heated above its melting point in the presence of a 

trace of a polymerization inhibitor, and the corresponding 

styrene is isolated from the distillate. Some cinnamic acids 

tend to sublime without undergoing decarboxylation, and more 

favorable conversions are obtained if the reaction vessel, 

usually a Clalsen flask, is immersed in a heating bath which 

completely surrounds the bulb and extends a short distance up 

the neck. This arrangement also decreases polymerization 

losses caused by excessive heating and refluxing. 

If carried out in the presence of a basic solvent, such 

as quinoline, and copper powder or a copper salt, such as 

copper sulfate, as catalyst the reaction affords quite attrac­

tive yields in many cases. Losses from polymerization may be 

further reduced by dropping the quinoline solution of the acid 

slowly upon the hot copper powder at such a rate that no 



appreciable quantity of liquid is present in the reaction ves 

sel at any given moment. Although the presence of both the 

copper salt and the basic solvent is generally reported to be 

necessary for efficient decarboxylation, 4-vinylguaiacol may 

be obtained in practically theoretical yields from ferulic 

acid in the presence of quinoline alone (7). 

In spite of technical improvements and rather general 

applicability, the method is of no immediate industrial in­

terest because the starting materials are not available in 

commercial quantities. 



TABLE I 

Styrenes Obtained 

Decarboxylation of Cinnamic Acids 

Vinyl Compound 

p-Acetoxystyrene 
p-Aminostyrene 

m-Bromostyrene 

o-Chlorostyrene 
m-Chlorostyrene 
p-Chlorostyrene 
o-Cyano styrene 
m-Cyano styrene 

2,4-Dichlorostyrene 
3,4-Dichlorostyrene 
3,4-Dihydroxystyrene 

3,4-Dimethoxystyrene 
p-Dime thylamino s tyrene 

a-Ethoxys tyrene 
p-Sthylacetoxystyrene 
(3-Ethyl styrene 

o-Fluorostyrene 
p-Formyls tyrene 

o - Hy dr o xy s ty r e ne 

Isopropylstyrene 
Isopropyl-p-ethylstyrene 
Isopropyl-p-methylstyrene 
a-(2-Isopropyl-5-methyl)-

phenoxystyrene 
p-Isopropyl-a-methylstyrene 

o-Methoxystyrene 

m-Methoxystyrene 
p-Methoxystyrene 

% Yield 

37 
almost 

quantitative 

56 

50 
67 
50-54 
28.9 
51 

20 
22 
75 

10 
0 

Reference 

8 
9 

10 

10 
10 
10 
11 
12 

10 
10 
13 
14 
10 
10 

34 

65.5 
52 

57 
50 

quantitative 

67 

27 
75 

15, 16 
8 
17 

11 
18 

19 
20 
21 

17 
17 
17 
22 

23 

10 
11, 34 
24 
10 
17 



TABLE I (cont'd) 

Styrenes Obtained 
b ^ 

Decarboxylation of Cinnamic Acids 

8 

Vinyl Compound % Yield 

a-Me thoxystyrene 
3-Methoxy-4-ace toxy styrene 

(4-Vinyl guaiacolacetate) 
3-Methoxy-4-hydroxy styrene 

(Vinyl guaiacol) 

(3-Methylstyrene 
p-Methoxy-p-methylstyrene 
p-Methylacetoxystyrene 
p-Methyl-a-methylstyrene 

a-(a-Naphthoxy)s tyrene 
m-Ni tro s tyrene 

a-Phenoxystyrene 

a-(2,4-Dimethyl)phenoxystyrene 
a-(o-Methoxy)phenoxystyrene 

Styrene 

0 
25 
74 

almost 
quantitative 

19 

50 

0 
60 

almost 
quantitative 

almost 
quantitative 

38-41 
45.5 

Reference 

25 
7 

26 
27 
7 

28 
17 
17 
8 
23 

29 
10 
35 

29 

30 
31 

10 

32 
33 

a-p-Tolyloxystyrene 
a-o-Tolyloxystyrene 

p-Vinyls tyrene 
(p-Divinylbenzene) 

45 

29 
29 

18 



II. Simultaneous Decarboxylation and Dehydrohalogenation of 
p-Aryl-p-Halopropionic Acids 

ArCHBrCHgCOOH > ArCH=CH2 + C 0 2 + H B r 

N a 2 G 0 3 

The starting materials are usually synthesized by heating 

an a, p-unsaturated acid or its ester with glacial acetic acid 

saturated at 0°C. with hydrogen bromide. The reaction is 

carried out in a closed bomb at a temperature of 100°C. and 

usually interrupted after thirty minutes, longer reaction times 

or higher temperatures being avoided in order to prevent the 

excess hydrogen bromide from attacking the addition product* 

The crude p-aryl-p-halopropionic acid obtained on cooling may 

either be purified or heated directly with an excess of sodium 

carbonate. Steam distillation serves to isolate the correspond­

ing styrene from the reaction mixture. 

This method is of little practical value. The introduc­

tion of a molecule of hydrogen bromide into an unsaturated 

aromatic acid, which itself is prepared by a relatively in­

volved synthesis, is followed by its removal together with a 

molecule of carbon dioxide. Furthermore, dehydrohalogenation 

is not the only reaction taking place, for in addition to the 

vinyl compound there also Is obtained the corresponding 

S-phenyl-p-hydroxypropionic acid as well as Its lactone, and 

invariably some of the p-aryl-p-halopropionic acid escapes 

decarboxylation. 
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TABLE II 

Styrenes Obtained 
by 

Simultaneous Decarboxylation and Dehydrohalogenation of 
P-Aryl, p-Haloproplonic Acids 

Vinyl Compound % Yield 

p-Bromo styrene 

p-Chlorostyrene 

Isopropylstyrene 
Isopropyl-p-ethylstyrene 
Isopropyl-p-me thylstyrene 

o-Methoxystyrene 
p-Methoxystyrene 
o-Methoxy-p-ethylstyrene 
o-Methoxy-p-methylstyrene 
p-Methoxy-p-ethylstyrene 
p-Methoxy-p-methy1styrene 
p-Methylstyrene 
o-Methylstyrene 
m-Me thyls tyrene 
p-Methylstyrene 

o-Nitrostyrene 
m-Nitrostyrene 
p-Ni tro s tyrene 

Styrene 

Reference 

36 

36 

51 

10 
30 
29 

65 

17, 
17, 
17, 

17, 

44, 45 
44, 45 
44, 45 

34, 17 
34, 17 
34, 17 
34, 17 
44, 45 
17, 44 
17 
37 
38 
39 

40 
41 
42 

43 
17 
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III. Dehydrohalogenation of a- or p-Haloethyl Aromatic 
Compounds 

ArCHClCH3 
>. Base > ArCH=CHo + HC1 

ArCH2CH2Cl 

This method consists in heating the halogenated ethyl-

benzene with a dehydrohalogenating agent, such as pyridine, 

quinoline, ethanolamine or alcoholic potassium hydroxide and 

isolating the monomer from the reaction mixture by conventional 

procedures. In some cases dehydrohalogenation is carried out 

in the vapor phase. 

The starting materials may be conveniently obtained by 

(a) halogenating alkylated aromatics formed by Friedel-Crafts 

type of reactions, (b) interacting aromatic compounds with 

hydroxyhalides, or (c) treating a-phenylethyl alcohols with 

hydrogen chloride. 

Although the general nature of this method is evident, a 

serious limitation with respect to practical applicability 

arises from the fact that both the rate and extent of side 

chain halogenation are greatly influenced by the nature of the 

nuclear substituents present. Furthermore, careful control of 

conditions is necessary to have halogenation proceed in the 

side chain exclusively. If halohydrins are used as halo­

genating agents, dehydrohalogenation leads to the formation 

of positional isomeric styrenes which are separated only with 
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difficulty. Conversion of a-phenylethyl alcohols to the cor­

responding phenylethyl halides as intermediates in styrene 

synthesis is no longer resorted to because direct dehydration 

to vinyl aromatic compounds can be achieved quite efficiently. 

(Method IV). 

The disadvantages pointed out are encountered to a lesser 

extent in the synthesis of halogenated ethylbenzenes by the 

chloroethylation process. This reaction, discovered by Quelet 

and Ducasse, is a feasible method for the preparation of a 

number of a-chlorinated ethylbenzenes - and therefore of sub­

stituted styrenes - provided the aromatic nucleus is activated 

by the presence of strongly o-, p-directing groups, such as a 

methoxy or phenoxy group or both. The reaction itself is 

easily carried out. The phenolic ether, paraldehyde and con­

centrated hydrochloric acid are brought together at a temper­

ature of 0-10°C. A rapid stream of hydrogen chloride is passed 

for about one hour into this mixture, which is then poured onto 

crushed ice and extracted with petroleum ether. After washing, 

drying and removal of the ether, the chlorinated ethylbenzene 

is heated at a temperature of 100-1100>C. for five to six hours 

in the presence of pyridine, and the cooled reaction mixture 

is acidified with concentrated hydrochloric acid. After ex­

traction with ether, purification of the extract and removal 

of the solvent the residue is fractionated to yield the 

monomer. 
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Unfortunately, chloroethylation cannot be considered a 

practical route for the preparation of styrene derivatives 

used in making synthetic rubber, not only because it is limited 

to phenolic ethers, but also because in chloroethylation, just 

as in chloromethylation, two competing reactions are operative* 

Choosing anisole as an example, the overall reaction may be 

shown to proceed as follows: 

CH30C6H5 + CH3CHO + HC1 —•> CH30C6H4CHC1CH3 + HgO 

CH30C6H5 + CH30C6H4CHC1CH3 —-> (CH30C6H4)2CHCH3 + HC1 

The latter of these two reactions leads to the formation of a 

diarylethane by-product and In fact it is so serious that for 

obtaining optimum yields of the chlorinated ether chloroethyla­

tion can be allowed to proceed only until the concentration of 

the a-chloroethylanisole has increased to the point where the 

two reactions are consuming anisole at about equal rates. Ex­

tending the reaction time beyond this point results in an in­

crease of the by-product involving two aromatic nuclei. 

A further limitation imposed on this reaction is the rela­

tively low temperature at which it must be carried out in order 

to avoid pronounced tar formation from the paraldehyde. Hence, 

only the most highly reactive aromatic nuclei undergo chloro­

ethylation and even these give relatively low yields of mo­

nomers. The phenolic ethers which react best give styrene 

yields ranging from 35-50 per cent when based on unrecovered 

starting material. A single halogen in the aromatic nucleus 

causes sufficient deactivation to prevent reaction. Attempts 
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to chloroethylate o-, m-, and p-chloroanisole and o-, m-, and 

P-bromoanisole were unsuccessful. The only value of this 

method lies in that it may be tried for the preparation of 

styrene derivatives which are difficult to obtain by other 

syntheses. 
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TABLE III 

Styrenes Obtained 
by 

Dehydrohalogenation of a- or P-Haloethyl Aromatic Compounds 

Vinyl Compound 

3-Bromo-2-methyl-a-me thyls tyrene 
3-Bromo-4-methyl-a-methylstyrene 

Chlorostyrene 

m-Chlorostyrene 
p-Chlorostyrene 

4-Chloro-a-methylstyrene 
3-Chloro-2-methyl-a-methylstyrene 
3-Chloro-4-methyl-a-me thyls tyrene 
2, 3,4,5, 6, -Pentachlorostyrene 

o-Cyano styrene 
p-Cyano styrene 

3,4-Dimethoxystyrene 

2,4-Dime thy1s tyr ene 
2,5-Dimethylstyrene 
2,3-Dimethyl-a-methylstyrene 
3,4-Dimethyl-a-methylstyrene 
p-N, N-Dimethylsulf onami do styrene 
Divinylbenzene 

p-Ethoxystyrene 
p-Ethylstyrene 
p-Ethylstyrene 
4-Ethyl-a-me thyls tyrene 

p-Fluorostyrene 

5-Isopropyl-4-methoxy-2-methylstyrene 

4-Isopropyl-a-me thylstyrene 

o-Methoxystyrene 

% Yield 

18 
45 

92 
90 
92.5 
almost 

quantitative 
16 
26 
48 
60 
87 
57 
55 

6 

78 
8 
72 
67 
82 

70 
18 

71.5 

) 4 9 

73 

80 
40 

Reference 

46 
46 

47 
48 
49 
50 

46 
46 
46 
51 
52 
53 
53 

54 
69 
55 
55 
46 
46 
56 
48 

57 
58 
55 
46 
23 

59 

54 
60,79,80 

46 
57 

57 
61 
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TABLE III (cont'd) 

Styrenes Obtained 
by 

Dehydrohalogenation of g- or p-Haloethyl Aromatic Compounds 

. Vinyl Compound % Yield Reference 

m-Methoxystyrene 57 
p-Me thoxy styrene 32.8 54 

high 57 
40 62 

63, 64 
2-Methoxy-5-isopropyls/tyrene 30 65 
2-Methoxy-5-methylstyrene 34 54 

60, 79, 80 
4-Methoxy-3-methylstyrene 38 54 

60, 79, 80 
3,4-Methylenedioxystyrene 57, 66 
a-Methylstyrene 77 46 
p-Methylstyrene 67 
Methylstyrene 90 68 
p-Methylstyrene 73 55 

15 70 
4-Methyl-a-methylstyrene 60 46 

57 

p-Nitrostyrene 68-73 71 

p-Phenoxy styrene 17 54 

Styrene 75-80 
53 

1,3,5-Trimethylstyrene 
1,2,4-Trimethylstyrene 
o-Vinylstyrene 
m-Vinylstyrene 
p-Vinylstyrene 

72 
55 , 
74 

55 
55, 

75 
75 
7 6 , 

73 

78 

77 
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IV. Dehydration of a- or p-Arylethyl Alcohols 

A. Dehydration of a-Arylethyl Alcohols 

ArCH0HCH3 * ArCH=CH2 + HgO 

This method for preparing substituted styrenes has re­

ceived particular attention during the last few years In 

connection with the synthetic rubber program of the United 

States Government. The alcohols'may be obtained by (1) 

Grignard reactions, involving (a) substituted benzenes (aryl 

bromides or aryl iodides) or (b) aromatic aldehydes; also (2) 

by reductions of ketones, obtained by (a) acetylation of sub­

stituted benzenes, and (b) by oxidation of substituted ethyl­

benzenes. 

1(a). The dry ether solution of the substituted benzene 

is added slowly to an equimolar amount of magnesium turnings 

covered with dry ether. This operation usually requires two 

to three hours per mole of benzene solution because heating 

only to a gentle reflux is to be maintained during addition. 

In many instances the reaction does not begin spontaneously 

and is started by heating under reflux after a small volume 

of the benzene solution has been added. A few crystals of 

iodine may serve to catalyze the reaction. The mixture is 

then heated on a steam bath under reflux for an additional 

one to two hours, whereafter a solution of freshly distilled 

acetaldehyde in dry ether - cooled in ice to prevent loss of 
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aldehyde by vaporization - is added as rapidly as the condenser 

capacity permits. Usually about 1.5 mole of aldehyde is used 

per mole of benzene solution. After the addition is complete 

the mixture is kept under reflux for one more hour, then cooled 

m ice and the organic magnesium compound decomposed by the 

slow addition of a 25 per cent aqueous solution of ammonium 

chloride or dilute hydrochloric acid. The ether solution which 

separates is decanted and combined with the ether portions used 

to extract the aqueous layer. After washing, drying and remov­

al of the solvent the residual oil is rectified to yield the 

carbinol. 

1(b). A solution of methyl iodide in dry ether is added 

to an equimolar quantity of magnesium turnings covered with 

dry ether at such a rate that the solution keeps gently reflux-

ing. After continued stirring for about one hour an equimolar 

amount of freshly distilled aromatic aldehyde dissolved in dry 

ether is added dropwise, and the reaction mixture heated for 

an additional two to three hours, whereafter the complex formed 

is decomposed with iced dilute hydrochloric acid and the carbi­

nol isolated in the same manner as previously indicated. 

2(a). Acetyl chloride or acetic anhydride is added slow­

ly to a mixture of the substituted benzene and anhydrous alu­

minum chloride. Equimolar quantities of reactants are usually 

taken. After heating on a steam bath until copious fumes of 

hydrogen chloride can no longer be observed - in most instances 

about four hours per mole of reactant - the product is decomposed 
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with iced hydrochloric acid, and the oily material which sepa­

rates on standing is extracted. After a conventional purifi­

cation the residue is fractionated under reduced pressure. 

The Perrier modification of the Friedel-Crafts reaction (81), 

m which the hydrocarbon is added to a pre-formed complex of 

aluminum chloride and acetyl chloride in carbon tetrachloride, 

is reported to be advantageous for the preparation of acetone 

derivatives of alkylbenzenes. Less tar formation is encoun­

tered during the acetylation process than when the usual order 

of addition is employed, and therefore higher ketone yields 

are obtainable (82). 

Reduction of the ketone to the corresponding carbinol is 

carried out by dissolving the former in absolute isopropyl 

alcohol, adding aluminum isopropoxide (mole ratio about 1:2) 

and heating the mixture under gentle reflux on a steam bath 

for a period of about four hours (per mole of ketone), during 

which time the acetone formed and most of the excess solvent 

distil off. The progress of the Meerwein-Ponndorf reaction 

may be followed by testing the distillate for acetone with a 

0.1 per cent solution of 2,4-dinitrophenylhydrazine in hydro­

chloric acid. The residue is collected in an ice bath and 

hydrolyzed with dilute hydrochloric acid. The organic layer 

is extracted in the usual fashion and rectified. 

The ketone may also be reduced to the corresponding car­

binol by high pressure hydrogenation over a copper chromite 
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catalyst at about 100-150°C. Higher temperatures are avoided 

ince at about 180°C. complete reduction to the corresponding 

arylethane occurs. Not all ketones however are efficiently 

reduced by this treatment, and the Meerwein-Ponndorf reduction 

is the more general method. 

2(b). The synthesis of a-arylethyl alcohols starting with 

substituted ethylbenzenes is a rather novel method which has 

not been applied to a great extent as yet. It consists in 

oxidizing an ethyl aromatic compound with air in the presence 

of chromium oxide as catalyst to give the corresponding aceto-

phenone which is then hydrogenated to the analogous carbinol 

by standard procedures. 

Comparing the two fundamental methods used for the synthe-

sis of styrenes via carbinols the route preferably chosen is 

the one going by way of ketone reduction, probably because it 

avoids Grignard reagents whose use, of necessity, involves a 

certain amount of hazard. 

Dehydration of the alcohols to styrenes may be carried 

out in the liquid as well as in the vapor phase. The liquid-

phase process appears to be quite sensitive to the reaction 

conditions since considerable variations in yields of monomers 

are reported by various workers. The most commonly used re­

agent is potassium acid sulfate. The alcohol is introduced 

slowly - to prevent excessive foaming and polymerization -
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Into a flask containing about 1 per cent of the finely powdered 

fused dehydrating agent and a trace of polymerization inhibitor, 

such as p-tert.-butylcatechol, sulfur or hydroquinone. The 

flask is immersed in an oil bath maintained at a temperature 

of about 175-230°C. and is attached to a total-condensation 

partial-take-off fractionating column fitted with a receiver. 

The addition of one mole of carbinol usually requires one to 

two hours. Distillation is carried out under reduced pressure, 

and the organic layer obtained from the distillate which con­

tains water, monomer and unchanged starting material, is recti­

fied after it has been subjected to appropriate purification. 

Substituted a-arylethyl alcohols which have a strongly 

electronegative group, such as, a nitro- or trifluoromethyl 

group, In the meta position are more efficiently dehydrated 

in the presence of phosphoric acid or anhydride. In a few in­

stances slow distillation under reduced pressure causes dehy­

dration to occur. Tertiary arylmethylcarbinols are best de­

hydrated over acetic anhydride in the presence of a trace of 

sulfuric acid. Yields of styrenes are in general satisfac­

tory. If, however, the dehydration is carried out by heating 

the carbinol under reflux and in bulk and isolating the mo­

nomer by subsequent fractionation, considerable loss of prod­

uct through polymerization is inevitable. 

Dehydration in the vapor phase is the more efficient 

process. Activated alumina, thoria or tungsten oxide are the 
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catalysts most frequently used. The optimum temperature ranges 

from 250-450°C. Although some dlsproportionation occurs during 

pyrolysis to give the corresponding ethylbenzenes and aceto-

phenones (11, 54, 83, 84) 

A1203 
2ArCH0HCH3 > ArCH2CH3 + ArC0CH3 + H20 

250-450°C. 

the yields of styrenes reported are in general higher than those 

obtained by any of the liquid-phase reactions. 



TABLE IV 

Styrenes Obtained 
hy 

Dehydration of g-Arylethyl Alcohols 
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Vinyl Compound 

p-Acetoxystyrene 
(p-Vinylphenylacetate) 

p-Aminostyrene 

p-Benzyls tyrene 
o-Bromo styrene 
m-Br omos tyrene 

p-Bromo styrene 

p-Bromo-p-methyl styrene 

p-Bromo-p-ethylstyrene 

2-Bromo-4-trifluorome thyls tyrene 
d-p-sec.-Butoxymethylenestyrene 
m-sec.-Butylstyrene 
m-tert.-Butylstyrene 

p-n-ButyIstyrene 
p-tert.-Butyls tyrene 

p-Carbethoxystyrene 
(Ethyl-p-vinylbenzoate) 

p-Carbomethoxystyrene 
(Methyl-p-vinylbenzoate) 

o-Chlorostyrene 

m-Chlorostyrene 

p-Chlorostyrene 

o-Chloro-a-methylstyrene 

% Yield 

45 

20 

83.3 

low 
51 

40-44 

60, 80 
60, 80 
85 
85 
72.8 
47 
61 
40.4 
61.4 
70 
76 

5 
21 
49 

80-94 
70 
84 
80-94 
83 
23 
60 
86 
80-94 
30 
50 

Method Reference 

2(b 

2(a 

2(a 
Kb 
Kb 
Kb 
Ka 
Kb 
l ( a 
Kb 
Kb 
Kb 
Ka 
Ka 
Kb 
Ka 
2(a 
Ka 
Ka 
Ka 
2 ( a 
2 ( a 

2 ( b 
2 ( b 
2 ( b 

Kb 
Kb 
2 ( b 
Kb 
Kb 
Kb 
2(a 
Kb 
Kb 
Kb 
K b 

85 

82 

11 
86 
87 
87 
88 
88 
89 
89 
88 
89 
89 
89 
89 
90 
91 
92 
92 
92 
93 
82 

94 
94 
94 

95 
96 
49 
95 
96 
97 
97 
96 
95 
98 
99 
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Styrenes Obtained 
by 

Dehydration of g-Arylethyl Alcohols 
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Vinyl Compound 

m-Chloro-g-me thylstyrene 
p-Chloro-g-methylstyrene 
2,3,4,5,6-Pentachlorostyrene 
p-Cyanostyrene 

p-Cyclohexylstyrene 

2,3-Dichlorostyrene 

2,5-Dichlorostyrene 

3,4-Dichlorostyrene 

3,5-Dichlorostyrene 

2,4-Dichlorostyrene 

2,6-Dichlorostyrene 

3,4-Dichloro-g-me thylstyrene 
2,5-Dichloro-g-methylstyrene 
3,5-Diethylstyrene 
3,4-Dime thoxys tyrene 

2,3-Dimethoxystyrene 
2,6-Dimethoxystyrene 
p-Dimethylaminostyrene 

3,5-Dimethylstyrene 
3,4-Dimethylstyrene 
2,4-DimethyIstyrene 
2,5-Dimethylstyrene 

p-Ethoxystyrene 
p-2-Ethylhexylstyrene 
m-Ethylstyrene 

% Yield 

42 
77 
61 
71 
29 
87 
18 

44 

37 

83 
87 
63.7 

43 

33 

31.5 

85 
89 
83 

18 

60 
0 
45 
24-30 
87 
80 
71 
88.4 

69 
30 
93 

Method 

Kb) 
Kb) 
Kb) 
2(a) 
2(a) 
2(a) 
Ka) 

Kb) 
Kb) 
Kb) 
Kb) 
2(a) 
2(a) 
Kb) 
1(b) 
Kb) 
Kb) 
1(a) 
Kb) 
Kb) 
Kb) 
Kb) 
Kb) 
Kb) 
2(b) 
Kb) 
Kb) 
Kb) 
1(b) 
Kb) 
Kb) 
Kb) 
Kb) 
2(a) 
2(a) 
2(a) 

2(a) 
2(a) 
2(b) 

Reference 

99 
99 
51 
82 
100 
82 
92 

101 
102 
96 

102 
96 
82 
101 
102 
101 
102 
101 
101 
102 
101 
102 
99 
99 
82 
66 
54 
24 
103 
104 
105 
71 
106 
106 
106 
106 

82 
93 
82 
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Styrenes Obtained 
by 

Dehydration of g-Arylethyl Alcohols 
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Vinyl Compound 

p-Ethylstyrene 

P-Ethylstyrene 

o-Fluorostyrene 
m-Fluorostyrene 
p-Fluoro s tyrene 

4-Fluoro-3-trifluoromethylstyrene 
4-Fluoro-g-methyl-3-trifluoro-
me thyls tyrene 

2-Fluoro-4'-vinylbiphenyl 

p-n-Heptylstyrene 

p-Iodostyrene 
p-Isopropylstyrene 

o-Methoxystyrene 

p-Methoxystyrene 

3,4-Methylenedioxystyrene 

p-Methylstyrene 

o-Methylstyrene 
m-Methylstyrene 

p-Methylstyrene 

p-Methyl-3-trifluoromethylstyrene 

m-Nitrostyrene 

% Yield 

80 
83 
72 
78 

76 
80 
81 
89 
62 
70 
83 

73.3 

69 

60 

high 
65 

82 
85 

50 

83 
84 
71.8 
70 

Method 

2(a) 
2(a) 
2(a) 
Kb) 
Kb) 
Kb) 

Kb) 
Kb) 
Kb) 
2(a) 
Ka) 
Ka) 
1(a) 

2(a) 

2(a) 

2(a) 
Kb) 

Ka) 
Kb) 
Kb) 
Kb) 
2(a) 
Kb) 
Kb) 
Kb) 
Kb) 
Kb) 
Kb) 
Ka) 
Ka) 
Ka) 
2(a) 
2(a) 
2(a) 
Ka) 

Reference 

107 
82 
93 
107 
108 
58 

96 
96 
96 
110 
90 
90 
90 

110 

93 

71 
55 

11 
11 
86 
111 
82 
86 
112 
57 
113 
107 
108 
114 
105 
114 
82 
107 
93 
90 

25 2(a) 105 
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Styrenes Obtained 
by 

Dehydration of g-Arylethyl Alcohols 

Vinyl Compound 

p-Phenoxystyrene 

o-Phenylstyrene 
(o-Vinylbiphenyl) 

m-Phenylstyrene 
(m-Vinylbiphenyl) 

p-Phenylstyrene 
(p-Vinylbiphenyl) 

% Yield 

24 
70 
55 

Method 

2(a) 
2(a) 
Ka) 
2(a) 
2(a) 

Reference 

54 
82 
115 
116 
116 

82 2(a 

btyrene 

m-Tri fluorome thyls tyrene 

2,4,6-Trimethylstyrene 

o-Vinylbenzylacetate 
(p-Acetoxymethylenestyrene) 

p-Vinylbenzylalcohol 
4-Vinylguaiacol 
p-Vinylstyrene 

75 
90 

53.7 
79 
79 

55 

38 

83 
81 

Ka 
l(a 

Ka 
l(a 
l(a 
2(a 

2(b 

2(b 
Kb 
2(b 
2(a 

116 

107 
117 

105 
90 
110 
78 

85 

85 
27 
82 
118 
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B. Dehydration of p-Arylethyl Alcohols 

ArCH2CH20H — £ 5 5 — > ArCH=CH2 + HgO 

The alcohols, usually obtained by way of Grignard reac­

tions from substituted benzenes, are heated with anhydrous 

potassium hydroxide and the monomers isolated by fractiona­

tion; or the alcohols are dropped slowly onto the dehydrating 

agent in a partially evacuated system and the monomers are 

collected In a cooled receiver. In general, p-arylethyl al­

cohols give purer products than the g-isomers (54, 11). 

Acidic dehydrating agents are not effective and lead to for­

mation of ethers rather than styrenes (119). 

Although no longer of importance in styrene synthesis, 

this method is of historical interest insofar as the first 

approach to the problem of making monomeric styrene on an in­

dustrial scale involved a process leading through ethylbenzene, 

a mixture of g- and p-chloroethylbenzenes, and p-phenylethyl 

alcohol (2). 



TABLE V 
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Styrenes Obtained 
by 

Dehydration of 3-Arylethyl Alcohols 

Vinyl Compound 

(o-,-p-)Bromo s tyrene 

(o-,-p-)Chloro s tyrene 

2,4-Dimethylstyrene 

p-Ethylstyrene 

p-Fluorostyrene 

o-Methoxystyrene 

m-Me thoxys tyrene 

o-Methylstyrene 

m-Me thyls tyrene 

p-Methylstyrene 

p-Phenoxys tyrene 

Styrene 

m-Trifluoromethylstyrene 

p-Vinylstyrene 

% Yield 

22.5 

69.4 

69 

high 

77 

almost 
quantitative 

72 

Reference 

120 

120 

121 

122 

90 

11 

54 

123 

123 

124 
123, 125 

54 

125 

119 

90 

127 
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V. Dehydrogenatlon of Ethyl Aromatic Compounds 

ArC2H5 > ArCH=CH2 + H2 

This reaction is carried out at elevated temperatures, 

both as a thermal or catalytic vapor-phase process. Most 

references to conditions, catalysts and yields are contained 

in the patent literature. Although characterized by high 

conversions as well as high yields, catalytic dehydrogenatlon 

cannot be applied indiscriminately to any ethyl aromatic com­

pound, because substituents are prone to attack by the cata­

lyst. Thus, dehydrogenatlon studies made on nuclear-substi­

tuted chloroethylbenzenes conducted on a pilot plant scale 

have not been successful (128). 

TABLE VI 

Styrenes Obtained 
by 

Dehydrogenation of Ethyl Aromatic Compounds 

Vinyl Compound 

3,5-Dimethylstyrene 

a-Methyls tyrene 
o-Methylstyrene 
p-Methylstyrene 

p-Phenylstyrene 132 

Styrene 133, 134, 135 

Reference 

129 

130, 
129 
129 

131 
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Bentonites 

Bentonites are naturally occurring clays deposited widely 

throughout the United States, Russia, Italy, Japan, Germany 

and Poland. In Canada large beds occur in the Western Provinces, 

especially near Morden, Manitoba, where the clay is mined and 

processed by Pembina Mountain Clays Limited. A yield of about 

6,000 tons may be recovered from one acre (136). Somewhat 

smaller deposits are found near Princeton, B.C. and in the 

Red Deer River Valley near Drumheller, Alta. 

Bentonites are generally considered an alteration product 

of glassy volcanic ash or turf following its deposition in 

water, the more basic material of the original ash being re­

moved by leaching or solution leaving the colloidal silica and 

alumina behind as bentonite. These clays are largely composed 

of montmorillonite, an aluminum hydrosilicate of the general 

formula (Mg,Ca)Al203.5SI02.nH20 where n is approximately 5. 

X-ray studies have shown (137) that montmorillonite is 

made up of superimposed layers of silica and alumina built in­

to a lattice-like structure as visualized by Pauling (138). 

The water normally associated with montmorillonites In nature 

disposes itself regularly in layers between the silicate skele­

tons whose characteristic interlayer spacings may be accurately 

measured. In addition to silica and alumina other metals such 

as iron, calcium, magnesium, sodium and potassium may be 
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present as oxides. Canadian bentonites contain but small 

amounts of such impurities which often alter quite drasti­

cally the catalytic activity of natural clays. 

Morden bentonite, according to analyses carried out by 

the Department of Mines and Resources (139) shows the follow­

ing average composition: 

TABLE VII 

Composition of Morden Bentonite 

Unactivated Acid Activated Regenerated 

SiO 61.70 71.73 72.95 

Alo0- 22.87 19.66 19.84 
d o 

Feo0,_ 4.89 0.87 0.28 
2 3 

CaO 2.13 0.59 0.53 
MgO 4.78 4.08 3.68 

Other Bodies 3.63 3.07 2.72 
by 

difference 
100.00 100.00 100.00 

Loss on , , 24.94 22.28 2.77 
Ignition(a) 

(a) In each case, the ignition was carried out 
at 1700°C. for 2 hours. The loss includes un-
combined moisture and water of hydration. 
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Compared with data (140, 141, 142, 143, 144) on benton­

ites of other countries the outstanding characteristics of 

Morden bentonite are a low silica .-alumina ratio, a high per­

centage of combined water and low percentages of alkaline 

earth substituents. 

The variable composition of bentonites from different 

sources is clearly reflected in their physical properties. 

Their colors may vary from white, grey, yellow to green and 

brown. When wet many are waxy and greasy, others are hard 

and brittle. A characteristic property of all bentonitic 

clays however is their remarkable adsorbent power (145). 

Bentonites are seldom used in the raw state but are 

usually activated by boiling with dilute acid for several 

hours. After filtration and thorough washing the filter 

cake is broken up, dried and pelleted. This processing 

greatly enhances their catalytic and adsorbent properties. 

According to Oulten (146) the acid treatment removes metal­

lic atoms (mostly aluminum) from the lattice leading to the 

formation of a more porous structure and therefore to a 

larger surface area for a given particle size. This effect 

may also be noted, during activation of Morden bentonite, for 

the aluminum as well as the calcium and iron contents of the 

crude mineral are considerably higher than those of the acid 

activated clay. In addition, ionic exchange reactions are 

thought to take place during activation, with calcium, iron, 
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magnesium and aluminum ions of the raw bentonite being re­

placed by hydrogen ions (147). 

Although more fundamental research is necessary for a 

detailed understanding of the mechanism of activation and of 

catalysis in general, the enhancement of catalytic activity 

by such acid treatment is well recognized and explains the 

widespread present use as well as the promise of aluminum 

hydrosilicates in industry. Activated bentonites have been 

used as carriers in organic vapor-phase reactions such as 

cyclization of aliphatic compounds (148) as catalysts for 

condensing ethylene and hydrogen sulfide to form mercaptans 

(149), for sweetening petroleum oils (desulfurizing), (150) 

for decomposing hydrogen peroxide and isopropyl alcohol (151), 

and for the refining and bleaching of mineral oils (136). 

The use of aluminum hydrosilicates in vapor-phase catalysis 

has recently been very much extented, and this tendency is 

not surprising since aluminum oxide as well as silica, their 

chief components, have each been employed in this way for 

many years with excellent results. 

Morden Bentonite as a Vapor-Phase Catalyst 

This University in 1942 began to investigate the activity 

of Morden bentonite in several types of reactions and it was 

found that the clay, if properly prepared, is an efficient and 

versatile vapor-phase catalyst. The compounds studied so far 

and the reactions observed by the various research workers are 

listed in Table VIII. 
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Ionic and Free Radical Mechanisms In Catalysis 

Although catalysis in both organic and inorganic reac­

tions was recognized more than a hundred years ago, our knowl­

edge of catalytic phenomena is to-day still largely uncoordi­

nated, and no single theory has been formulated to interpret 

adequately the heterogeneity of a vast number of experimental 

facts. From the various viewpoints on the intricate mechanism 

of catalysis, two, however, slowly crystallized into well-

founded concepts that have been generally accepted. We are 

to-day agreed that catalytic reactions in the liquid as well 

as in the vapor phase may proceed by either an ionic or a free 

radical mechanism. 

These theories need not be reviewed here in any detail, 

but it seems desirable to give a brief account of the features 

which are of primary importance for an understanding of the 

role played by hydrous aluminum silicates in vapor-phase ca­

talysis. 

The Ionic Mechanism 

Achalme (109) in 1912 approached the problem of how cata­

lysts act by considering their electronic characteristics, and 

on the basis of experimental work concluded that a substance 

acts as a catalyst if it is capable of either supplying elec­

trons to a system or removing electrons from it. About ten 

years later, this concept of electron transfer was more clearly 
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defined bv a u T~- • _ 
W U.XM. Lewis in his electronic theory of acids and 

ases (158), according to which an acid is a substance capa-

6 ° f acceP«-ng a share in a lone electron pair from a base 

to form a covalent bond, and a base is a substance capable of 

donating a share in a lone electron pair to an acid. Acidic 

behavior therefore does not depend upon the presence of any 

particular element, such as oxygen as Lavoisier had believed, 

or a proton as Br/nsted and Lowry had postulated. A common 

Friedel-Crafts type catalyst, such as aluminum chloride, may 

be shown to exhibit typical acidic properties and not to 

differ fundamentally from H-acids in its catalytic behavior. 

In fact, it may often be replaced by such acids - hydrogen 

fluoride, sulfuric acid or phosphoric acid - in Friedel-Crafts 

and similar reactions (159). 

The concepts of the electronic theory of acids and bases 

were successfully applied to explain such reactions as alkyl-

ation of aromatic nuclei (159, 160, 161, 162), dehydration of 

alcohols (163), esterification of aldehydes (Cannizzaro reac­

tion) (164, 165), condensation of carbonyl compounds (166, 167), 

halogenation of aromatic compounds and alcohols (168, 169, 170, 

171) and acylatlon of aromatic esters (172, 173, 174, 175, 176). 

The common and important feature of all these reactions lies in 

the formation of intermediate carbonium ions, and it is the 

function of the catalyst, which may be an H-acid or not, to 

produce these carbonium ions in high concentrations. 
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These ideas were not entirely recognized by Turkevich 

and Smith (177) who made a kinetic study of the double bond 

migration in normal alkenes, using a variety of catalysts, 

both liquid and solid, and also determined the rate of ex­

change of radioactive hydrogen and tritrium in the olefin-

catalyst system. They found that isomerization occurred not 

as the result of the addition of a proton to the double bond 

with the formation of a carbonium ion but as the result of a 

two-way hydrogen transfer initiated by the catalyst. Con­

sidering, for example, the interconversion of butene-1 to 

butene-2 in the presence of phosphoric acid, a catalyst mole­

cule is visualized as moving toward a hydrocarbon molecule in 

such a way that one of the hydroxyl hydrogen atoms of the 

acid approaches a terminal carbon atom of a butene-1 molecule 

while the non-hydroxyl or "double bonded" oxygen atom ap­

proaches the carbon atom once removed. On breaking away from 

this activated complex the catalyst may take with it the hy­

drogen atom once removed but leave a hydrogen on the terminal 

carbon atom. 
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The acid therefore acts as both a donor and acceptor of 

hydrogen atoms, the hydrogen lost by the hydroxyl is gained 

by the "double bonded" oxygen. Instead of phosphoric acid 

other acids, such as sulfuric acid, silicic acid or perchloric 

acid may be used. Similarly, the action of solid catalysts, 

such as moist aluminum chloride or aluminum bromide, is inter­

preted as resulting from HA1C14 or HAlBr4, and the catalytic 

activity of hydrous aluminum silicates is postulated to result 

from the presence of silicic or aluminosilicic acid in these 

catalysts. "The critical demand on the catalyst is that it 

be able to furnish a hydrogen and accept a hydrogen at a dis­

tance of about 3.5 A, which is the distance separating the 

hydrogen of the first and third carbon atom in an aliphatic 

chain". This requirement for catalytic activity is met by 

the acids enumerated, all of which may therefore easily form 

undistorted activated hydrocarbon-catalyst complexes. Other 

processes are similarly explained by this "Unitary Theory of 

Catalytic Hydrocarbon Reactions", which is based upon the 

spacial inter-relationships of catalyst and substrate and so 

attempts to explain catalytic specificity. Polymerization, 

for instance, is visualized as a hydrogen transfer between 

two olefin molecules, alkylation is formulated as a hydrogen 

transfer from a paraffin to an olefin and cracking is con­

sidered the reverse of alkylation. A carbon-carbon bond is 

broken as the catalyst (silicic acid or aluminosilicic acid) 

removes the hydrogen from one carbon and transfers it to a 
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carbon atom once removed. 

A somewhat similar mechanism was suggested by Ciapetta 

(178) for the alkylation of saturated hydrocarbons by olefins 

in the presence of sulfuric acid as catalyst, while a more 

rigorous treatment of this hydrogen donor-acceptor mechanism 

with particular reference to vapor-phase catalysis was given 

by Hansford (179), who used a synthetic silica-alumina cata­

lyst in a number of cracking experiments on n-butane. He 

noted that relatively small amounts of adsorbed water raised 

the efficiency of the catalyst considerably, and he concluded 

that some sort of interaction of this water with the hydro­

carbon undergoing catalysis must occur. This was substantiated, 

for when deuterium oxide instead of water was adsorbed on the 

catalyst and the same experiments were carried out on n-butane, 

spectrophotometric analyses showed considerable amounts of deu­

terium in the cracked products as well as In the unconverted 

n-butane. 

The exchange which had taken place was believed to be 

ionic in nature because it occurred with adsorbed water, and 

Hansford therefore postulated that adsorbed water can accept 

a proton from a hydrocarbon, so that a negative hydrocarbon 

ion Is formed. This ion may rearrange under the influence of 

the catalyst and at elevated temperatures to form a branched 

structure (isomerization) or it may decompose (cracking) to a 

smaller ion of similar structure and a hydrogen deficient 
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fragment. Neutralization of the carbanion with a proton from 

the catalyst occurs to generate a stable molecule. Thus, an 

attempt is made to correlate the chemical nature of the cata­

lytic surface and catalytic activity. 

The catalytic behavior of clays composed of hydrated alu­

minum silicates may be explained in the same manner, since they 

"have the characteristic of attracting to their surface with 

great force a film of water which is mutual with the adjoin­

ing particle" (180). The average thickness of this film 

-5 amounts to about 3 x 10 cm. and its stability has been shown 

not to be influenced by pressures as high as 800 kilograms per 

square centimeter. 

Silica-alumina catalysts, the most effective catalysts 

used in the petroleum Industry, are in general prepared from 

hydrogels (silica gel) and hydrous oxides (aluminum hydroxide) 

both of which are only slightly active as cracking catalysts. 

It becomes therefore necessary to assign to the silica-alumina 

combination a definite function that is not present in either 

component alone. 

The silica hydrogel which is usually first formed when 

preparing a synthetic silica-alumina catalyst may be pictured 

to have the following structure: 

OH OH OH 
I ! I 

- Si - 0 - Si - 0 - Si -
I I I 
0 0 0 
I I I 

- Si - 0 - Si - 0 - Si -



As a result of the deposition of alumina by simple Impregna­

tion water is split out between the aluminum hydrate and an 

hydroxyl group of the silica gel surface, 

OH 

OH 
I 

- Si - 0 - Si - 0 - Si -
I I I 
0 0 0 

the aluminum coordinating with the adjacent hydroxyl oxygen. 

This coordination weakens the attraction of the hydrogen by 

the oxygen, and the high activity of silica-alumina catalysts 

toward hydrocarbon reactions taking place at acid surfaces, 

e.g. alkylation, isomerization, polymerization, cyclization 

and cracking, is thought to be associated with these hydrogen 

ions (181, 182, 183, 184, 147). 

This interpretation of catalysis received strong support 

when the presence of hydrogen ions in a clay cracking catalyst 

of the montmorillonite class (Filtrol) was demonstrated by a 

physico-chemical titration method (182). A known weight of 

catalyst was titrated with alkali in the presence of a salt 

solution and the course of neutralization followed by a glass 

electrode-calomel cell. A 5 per cent aqueous sodium chloride 

solution was found to facilitate greatly the exchange of so­

dium Ions for hydrogen ions held at the base exchange centers 

of the montmorillonite. This investigation also showed that 

protons exist in the clay over the entire range of 
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catalytically important cracking temperatures - room tempera­

ture to about 1560°F. - and that their concentration is zero 

once the catalyst has started to sinter. 

Carrying this work a step further, Thomas (183) assigned 

a position to this acidic hydrogen within the lattice struc­

ture and explained its nature and function. The physical 

picture given to the catalyst surface differs from that of 

Hansford, but agrees in that catalytic activity is also thought 

to be due to the acidic hydrogen Ion associated with the cat­

alytic surface. Application of this concept to hydrocarbon 

reactions taking place in the vapor phase over acidic cata­

lysts showed that many high temperature catalytic processes, 

e.g. cracking of paraffins, olefins and naphthenes, alkyla­

tion and dealkylation of aromatic compounds, polymerization 

and depolymerization, isomerization and dehydration, may all 

be regarded as carbonium ion reactions with no fundamental 

difference from those which occur as acid catalyzed liquid-

phase processes (185, 186, 187, 188). 

Considerable support for the close relationship between 

homogeneous and heterogeneous catalysis may be found in the 

literature. For instance, alkylation of aromatic nuclei and 

dealkylation of alkyl aromatics may be carried out in the 

vapor phase over aluminum-silicate catalysts and naturally 

occurring clays (156, 189, 190, 191, 192) or in the liquid 

phase in the presence of sulfuric acid (193, 194), hydroflu-
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oric acid (195), metallic halides of the Friedel-Crafts type 

(152, 194, 196, 197, 198, 199, 200) or phosphoric acid (201). 

Acylation of heterocyclic nuclei, e.g. thiophene and furan, 

may be carried out as a liquid phase process using hydriodic 

acid, hydrogen fluoride or zinc chloride as catalyst, and it 

may also be achieved in the vapor phase with naturally occur­

ring clays of the montmorillonite family or synthetic aluminum 

silicate catalysts (202, 203). Secondary and tertiary alco­

hols may be efficiently dehydrated in both the liquid and the 

vapor phase in the presence of acidic catalysts, e.g. sulfuric 

or phosphoric acid and synthetic or natural aluminum silicates 

(163). Similarly, isomerization and polymerization of olefins 

may take place in the liquid phase in the presence of typical 

Friedel-Crafts catalysts or strong acids as well as in the 

vapor phase in the presence of aluminum silicates or activated 

clays (204). Gayer (205) used acid activated floridin to pol­

ymerize propylene at 350°C. A synthetic silica-alumina cata­

lyst gave similar results. Alkalis and ammonia were found to 

poison the catalyst. Burk (206) commenting on the mechanism 

of catalytic polymerizations writes: "Whether the polymerizing 

action of such materials as clays and silica is also to be 

attributed to the acid reaction of these materials is an open 

question". Hay, Montgomery and Coull (207) studied the iso­

merization of hexene-1 in the vapor phase and found that ef­

fective catalysts were those capable of supplying hydrogen 

ions, such as synthetic silica-alumina catalysts or acid-
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treated clays. Ciapetta, Macuga and Leum (208) reported an 

investigation on the catalytic depolymerization of butylene 

polymers. The catalysts used were attapulgus clay and syn­

thetic silica-alumina, both producing a gas fraction consist­

ing almost entirely of C4 hydrocarbons. The mechanism of de­

polymerization is explained in terms of the carbonium ion 

theory. Similarly, Moldowsky and Bezedel postulate an ionic 

mechanism for the dealkylation of aromatic hydrocarbons in 

the vapor phase over an activated bleaching clay (209). 

In brief, vapor-phase reactions in the presence of po­

rous solid acidic catalysts appear to be closely allied to 

similar reactions which always require the presence of an 

acidic catalyst but which can occur at lower temperatures. 

Acidic catalysts exist in many forms, including solid metal 

halides, such as ferric chloride, boron fluoride, stannic 

chloride or aluminum chloride with or without various pro­

moters and supports, liquid sulfuric acid, phosphoric acid 

and hydrofluoric acid, porous solids impregnated with acidic 

substances, acidic mixtures of refractory oxides, such as 

the present commercial cracking catalysts and acid-treated 

clays. These substances all register acidity either intrin­

sically or in contact with water, and they may all be con­

sidered as either direct sources of protons required for the 

formation of carbonium ions or as electron donors which serve 

to generate positive ions by formation of intermediate addi­

tion complexes. The ions formed by either of these two paths 

then react further to give stable products. 
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The Free Radical Mechanism 

Just as the ionic mechanism was initially utilized to 

explain the behavior of liquid phase systems, the free rad­

ical mechanism was first applied to reactions taking place 

in solution. Gomberg (210) in 1900 discovered the dissoci­

ation of hexaphenylethane into triphenylmethyl free radicals, 

and about 30 years later Paneth and Hofeditz (211) prepared 

methyl free radicals. In 1934 Rice and his collegues (212) 

showed that at temperatures of 800°C. or over the thermal 

decompositions of the vapors of a whole range of stable or­

ganic compounds, such as paraffin hydrocarbons, ethers, al­

cohols, aldehydes and ketones yield methyl and ethyl free 

radicals, and attempts were soon made to account for their 

occurrence and characteristic features. These attempts were 

extremely fruitful. To-day the free radical chain theory as 

amplified by Kossiakoff and Rice (213) serves to predict the 

product distribution of a large number of thermal decomposi­

tions (214). A diagnostic test (215) for the existence of 

a free radical mechanism comprises the addition of traces of 

nitric oxide to the system and thereby inhibiting markedly 

the rate of the reaction. Nitric oxide, itself virtually a 

free radical, will act as a chain terminator by combining 

instantly with neutral radicals to produce normal molecules. 

Significantly, nitric oxide does not reduce the rate of a 

free radical reaction to zero but lowers It to a finite value 

which often remains constant for at least a tenfold variation 
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in concentration. As the nitric oxide concentration is still 

further increased however, the reaction velocity rises again 

and in very high concentrations nitric oxide is regarded as 

a positive catalyst. Alkyl nitrites may be conveniently used 

as a source of nitric oxide in vapor-phase reactions since 

they decompose on heating in accordance with the equation (216) 

2 RCHgONO --> 2 NO + RCHO + RCHgOH 

The free radical theory was extended from its original 

field of application to heterogeneous systems when it was no­

ticed that metals, such as nickel, platinum, palladium, cop­

per and iron, can be used to advantage for bringing about at 

moderate temperatures many chemical reactions which, in the 

absence of any catalyst, proceed only as high temperature ho­

mogeneous gas reactions by free radical mechanisms. These 

reactions include hydrogenation, dehydrogenatlon, oxidation 

and dehydration. It is interesting to see how these processes 

which appear so different physically may often be explained 

by the same fundamental theory, namely the formation and re­

action of free radicals. Thus nickel and tungsten surfaces 

can bring about the atomic exchange reaction between hydrogen 

and deuterium (217), an exchange also found to occur on alu­

minum silicate surfaces (179) but assumed to be of an ionic 

nature. Many other substances, such as methane, ammonia and 

alcohols, undergo deuterium exchange on metallic surfaces, 

and dissociation to atoms and radicals has also been suggested 

in these cases (218, 219, 220). 
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Hydrogenation on metallic surfaces is another type of 

reaction which affords many examples of free radical mecha­

nisms (221). Bremner and Keys, on the other hand, assumed 

an ionic mechanism for the hydrogenation of furfuraldehyde 

over a copper-alumina catalyst (222) which they regarded as 

a Lewis acid, that is, an electron acceptor. Formation of 

alkyl radicals on metal surfaces was found to occur during 

catalytic hydrogenation reactions accompanied by polymeri­

zation of olefins (223). Similarly, dehydrogenations of 

hydrocarbons by means of sulfur or selenium (224, 225) have 

been shown to be reactions of atomic rather than ionic type, 

and naturally occurring clays have also been used for this 

type of reaction. Styrene in 40 per cent overall yields, 

based on a 50-hour process period, was obtained by passing 

ethylbenzene over bauxites (226), and the same reaction oc­

curred when Morden bentonite was used as catalyst (152). 

Greensfelder and Voge (184) who investigated the catalytic 

cracking of a large number of hydrocarbons, postulated that 

vapor-phase free radical type reactions occur over catalysts 

that are non-acidic. For instance, cetane was shown to crack 

over quartz chips and activated carbon, a non-acidic, highly 

active catalyst, via free radicals, according to the Rice-

Kossiakoff theory. Activated alumina, a weakly acidic cata­

lyst displayed a mixed type of cracking, intermediate to that 

encountered over strongly acidic oxides and activated carbon 
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with respect to both rate and product distribution. 

Colloidal clay particles behave in many ways as true 

crystals (227) and much evidence has been accumulated to show 

that catalytic activity is to be found at crystal edges or at 

interfaces between different crystals at which there is a dis­

orderly array of atoms (228). Another equally important fea­

ture of active surfaces is to be seen in the fact that they 

all possess loosely bound electrons which can be either re­

leased to an adsorbed molecule or used to bind it, by a co-

valence, to the surface. Metals like sodium, potassium, zinc 

and aluminum liberate electrons even under the influence of 

ordinary visible light, provided their surfaces are fresh and 

clean. This property of electron emission is not confined, 

however, to metals. Significant research being currently 

carried out at the University of Wisconsin has revealed that 

naturally occurring clays also possess this property to a very 

considerable extent (229). Clays of strong catalytic activity 

were all found to exhibit a marked degree of electron emission, 

and the quantitative measurement of this property is thought 

to lead to a desirable method for catalyst evaluation. Although 

these features of natural clays could be used as a working 

basis for studies of reaction mechanisms, no fundamental ap­

proach has as yet been made in this direction. Morton (157) 

assumed a free radical mechanism for the pyrolysis of 1,1-di-

phenylethane over Morden bentonite, and Stinton (139), using 

the same catalyst, postulated a chain reaction for the 
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dehydration of butanone, supporting his view by studying the 

effect of nitric oxide addition to the liquid feed. Small 

amounts caused a marked decrease in conversion, while beyond 

a certain concentration (1 per cent) conversion increased 

again. This behavior is characteristic of free radical re­

action systems. 



EXPERIMENTAL 

Apparatus 

Apparatus for Catalysis 
(Figures 1 and 2) 

A reactor system for continuous flow experiments was 

constructed. It was of simple and efficient design. 

The reactor consisted of a 1 1/4-inch inside diameter 

stainless steel pipe 40 inches long and bearing two short 

side arms as inlets. It was heated by three coaxial, 550-

watt cylindrical heating elements wound on 12-inch alundum 

cores (Hoskln FD-303 oversize). The uppermost element, cov­

ering the preheating section, was operated independently 

while the two lower ones were wired in both series and par­

allel to heat the catalyst bed. Control was manual, guided 

by variable autotransformers. Asbestos high-temperature pipe 

covering, two inches thick, was used for insulation purposes. 

A 14-gauge wire chrome1-alumel thermocouple, 24 Inches long 

(Fisher Scientific 13-909) and housed in a thin-walled stain­

less steel well, was used in conjunction with a Hoskins pyrom­

eter (Fisher Scientific 13-906) to record the temperature at 

any point throughout the preheating section and the greater 

portion of the catalyst bed, which comprised 220 cc. of acti­

vated Morden bentonite supported by a perforated stainless 
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steel liner. A 6-inch section above the catalyst was packed 

with quartz chips as heat exchangers for more efficient va­

porization. 

The feed system could be used for charging solids as 

well as liquid reactants. 

When the material to be pyrolyzed was a solid at room 

temperature it was melted and fed into the reactor from a 

calibrated cylinder wound with nichrome wire, jacketed and 

heated about 15°C. above the melting point of the reactant, 

the temperature being controlled by an external rheostat. 

Displacement of the melt was achieved by exerting on a mer­

cury reservoir a constant pressure of 10 p.s.i., maintained 

by the mercury head in a pressure regulator T-tube. The feed 

rate was adjusted by stopcock manipulation, the required a-

mount of mercury to be delivered in unit time having previ­

ously been determined by calibration. This arrangement was 

found to give a very satisfactory control of liquid input. 

Steam, which was used in some experiments as a diluent, was 

generated by feeding water into a vaporizer, the liquid be­

ing displaced by dropping mercury at a constant rate from a 

suitably placed reservoir. Flow rates could easily be ob­

served on a rotameter and conveniently be regulated by stop­

cock adjustment. 

This simple system was also used for the introduction 

of liquid reactants into the catalyst tube. A constant 
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head of mercury was maintained in the lower reservoir by ad­

mitting mercury from the upper one at a rate equal to that 

with which the feedstock was introduced into the reactor. 

Purified nitrogen was used in some experiments as carrier 

gas. It was led through a sulfuric acid trap in order to 

insure constant flow rates and metered into the reactor 

through a flow meter after being freed from oxygen and mois­

ture by passage through Fieser's solution (sodium hyposul-

flte) and a tower containing Drierite. 

The apparatus for collection of products was of conven­

tional type. The hot vapors issuing from the catalyst cham­

ber were quenched during passage through a Friedrichs con­

denser attached to the reactor outlet by means of a Neoprene 

rubber stopper, and the condensate was collected in a cooled 

receiver, fitted to the condenser by a ground joint. Gaseous 

products made their exit from the condenser through a side 

arm, passed through a cooled trap, a drying tube, a bubbler 

and a Fisher Precision Wet Test Meter from where they were 

vented. 
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Figure 1 

Pyrolysis Apparatus 
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Legend for Schematic Diagram of 
Pyrolysis Apparatus 

1 Thermocouple 
2 Thermowell 
3 Reactor Tube 
4 Insulation and Heaters 
5 Quartz Chips 
6 Catalyst 
7 Stainless Steel Gauze 
8 Asbestos Gasket 
9 Inlet Tubes 
10 Water Vaporizer 
11 Thermometer 
12 Mercury Inlet Tube 
13 Jacketed 250 ml. Burette 
14 Mercury Reservoir 
15 Mercury Safety Head 
16 Pressure Gauge 
17 Rotameter 
18 250 ml. Burette 
19 Nitrogen Supply 
20 Condenser 
21 Liquid Receiver 
22 Gas Drying Tube 
23 Trap 
24 Dewar Flask 
25 Bubbler 
26 Wet Test Meter 
27 Manometer 
28 Gas Sampling Bulb 
29 Gas Flow Meter 
30 Sulfuric Acid 
31 Fieser's Solution 
32 Drierite 
33 Glass Wool 
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Appara tus f o r Gas A n a l y s i s 

Use was made of a m o d i f i c a t i o n of t he s t a n d a r d type of 

Bone and Wheeler Appara tus c o n s i s t i n g of a U- tube , water 

j a c k e t e d and backed by a m i r r o r s c a l e , f o r measurement of 

t h e gas p r e s s u r e a t c o n s t a n t volume. Absorp t ion of gases 

was c a r r i e d ou t i n a s t a n d a r d b e l l - s h a p e d dome, connected to 

t h e U- tube by c a p i l l a r y t u b i n g . Mercury was the conf in ing 

l i q u i d . 

The v a r i o u s gases were absorbed , i n the order l i s t e d , 

by t h e f o l l o w i n g r e a g e n t s : 

Reagent Gas Absorbed 

Cone, p o t a s s i u m hydrox ide s o l u t i o n Carbon d ioxide 

Bromine w a t e r Unsa tura ted hydrocarbons 

A l k a l i n e p y r o g a l l o l s o l u t i o n Oxygen 

Ammoniacal cuprous c h l o r i d e 
s o l u t i o n fo l lowed by cuprous 
s u l p h a t e , p - n a p h t h o l s o l u t i o n Carbon monoxide 

A c o p p e r - o x i d e s low-combust ion f u r n a c e , kept a t 2 6 0 - 2 7 0 ° C , 

was used f o r hydrogen d e t e r m i n a t i o n s and s a t u r a t e d hydro­

c a r b o n s were de te rmined by b u r n i n g i n oxygen over a glowing 

p l a t i n u m c o i l . 

F r a c t i o n a t i n g Columns 

Two columns were a v a i l a b l e f o r d i s t i l l a t i o n s , a l a r g e 

Stedman column and a s m a l l Whitmore-Fenske column, b o t h of 

which were u s e d f o r t h e a n a l y s i s of l i q u i d p r o d u c t s . The 
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Stedman column was 90 cm. long and of 1.5 cm. inside dia­

meter. It had a rated efficiency of fifty theoretical plates 

and was specially suitable for the distillation in vacuo of 

high boiling liquids. It was used for the purification of all 

starting materials. The small Whitmore-Fenske column had pre­

viously been constructed and tested in this department. It 

was 45 cm. long, had an internal diameter of 1.0 cm. and was 

packed with single turn glass helices of 0.24 cm. diameter. 

It had a small hold-up and high efficiency (157). Both col­

umns were heated electrically and controlled by powerstats. 

They had stillheads of the total-condensation partial-take-off 

type with stopcocks suitably arranged to regulate the reflux 

ratio. They could both be operated successfully at atmos­

pheric as well as reduced pressure. 

Preparation and Regeneration 
of the Catalyst 

The bentonitic clay, a gift from Pembina Mountain Clays 

Limited of Winnipeg, Manitoba, was activated according to the 

method outlined by Gallay (136). The dry material as received 

was boiled gently for five hours in a 20 per cent aqueous solu­

tion of sulphuric acid. The volume of concentrated acid used 

was one-half the weight of the clay being activated. The mix­

ture was stirred from time to time to keep it thoroughly dis­

persed, and water lost by evaporation was periodically re­

placed. After cooling, the slurry was diluted to four times its 
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original volume, filtered and then washed with distilled wa­

ter until the filtrate gave only a faint test for sulfate 

ions. The clay was then dried for twelve hours at 110°C, 

broken up and screened into pellets of from 4 to 8 mesh. 

Before being used for pyrolytic studies the dried material 

was placed into the reactor and heated to 500°C. while a 

slow stream of moist air, generated by applying mild suction 

to the reactor outlet, was passed over it. During this treat­

ment about 8-12 ml. of water collected, which had a faint 

greenish tinge, gave a positive test for iron and sulfate 

ions and was strongly acidic. Such freshly activated cata­

lyst has been reported (156, 157) to behave differently than 

regenerated catalyst, and in order to compare and co-ordinate 

the experimental results more readily only those data have 

been recorded which were obtained with the use of regenerated 

catalyst. 

This catalyst was prepared by a process of re-activation 

which had to be carried out regularly after each run. It 

served to restore the efficiency of the catalyst which was im­

paired during pyrolysis as a result of the formation and grad­

ual accumulation of carbon, resinous sludges and poisons. Re-

moval of these deposits was achieved by heating the catalyst 

* fiOP-630°C. while a slow stream of moist air 
for 7-8 hours to 60C-e>ou o. 

„as d ra T O .-_• It. T,e t e x t u r e was not ailo.ed to rise 

„oula «_n Sinter an, iose its activity. Since resenerat.on 
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was a strongly exothermic process the air stream was kept be­

low 30 1. per hour for at least 3 to 4 hours after which time 

it could gradually be increased to 100 1. per hour. This mode 

of regeneration was found to remove very efficiently all car­

bonized material and polymeric residues from the catalyst sur­

face, as ascertained by an occasional visual inspection. Cat­

alytic activity tests showed that when generation was properly 

carried out a single charge completely retained its activity 

for 8 to 10 consecutive runs. 

Operation of the Catalysis Apparatus 

The experimental procedure embraced three operations: 

(a) The controlled introduction of the charging * 

stock into the catalytic apparatus, 

(b) Vaporization of the liquid feed at constant 

temperature when entering and while passing 

through the reactor, 

(c) Cooling and collection of products including 

gaseous constituents. 

The freshly activated catalyst was placed in the reactor 

and heated gradually to 500°C. while a slow stream of moist 

^ M- Then 50 cc. of acetic acid were py-air was passed over it. i^ien ov 

i ..v. flofowct regenerated immediately. For all rolyzed and the catalyst regent<*_• 

experiments 220 ... of catalyst (90-34 g.) »ere used and un­

less otherwise specified only regenerated catalyst ... 

employed for pyrolytic studies. 
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Before making a run the reactor was gradually brought 

to the desired temperature, tested for leaks and thoroughly 

flushed with nitrogen. Then operation of the feed system 

was started. After a fore-run of about 20-25 cc. had col­

lected the receiver was changed, time and temperature read­

ings were taken, the gas volume was recorded and the level 

of the calibrated feed reservoir noted. Readings were taken 

at 5-minute intervals throughout the run in order to check 

uniformity of conditions for the entire operation. 

After 100 cc. of feed had been passed over the catalyst 

the volume of gas generated was recorded and the reactor 

emptied with a slow stream of nitrogen. Liquid products, 

condensed by passage through a Priedrichs condenser, col­

lected in a cooled receiver, and gaseous products were vented 

after passage through a Fisher Precision Wet Test Meter. A 

sample of the gaseous products was collected during the mid­

dle of a run in an evacuated sampling bulb connected to the 

gas line. This operation was carried out very slowly in 

order to maintain atmospheric pressure in the system. In 

several experiments a dry-ice acetone trap was used to con-

dense low boiling gases. 
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Purification of Reagents and Analytical Procedure 

Acetic anhydride, obtained from Shawinigan Chemicals Ltd., 

was distilled over phosphorus pentoxide and the fraction which 

boiled at 139.1-139.8°C. was used for pyrolytic studies. Its 

physical constants were: 

B.P. (corr.) 139.6°C, n20 1.3902, d20 1.082 
D 4 

Benzaldehyde, (N.F. Grade) supplied by Merck & Co. Ltd. , 

was ex t rac ted with a 5 per cent aqueous sodium carbonate solu­

t ion , washed with water u n t i l neut ra l , dried over Drieri te 

and d i s t i l l e d under reduced pressure in an atmosphere of n i t ro ­

gen. The mater ia l which boiled at 75-75.7°C. at 16 mm. pres­

sure showed the following physical constants: 

B.P. ( co r r . ) 179.2*C, n20 1,5453, d20 1.046 

I t was s tored in the dark, in small, t ight ly stoppered amber 

colored b o t t l e s . 

Iwo runs were carr ied out using equimolar quanti t ies of 

s t a r t i n g m a t e r i a l s , one at a low temperature (SOO-C.) in order 

to a s c e r t a i n whether d i r e . t condensation of the reactants did 

occur, and one a t an elevated temperature ( « 0 « 0 . ) In order to 

determine the types of compounds formed and to develop appro-
-, <<, This mode of attack gave very 

p r i a t e procedures for ana lys i s . This mod 

i n t e r e s t i n g r e s u l t s from the s t a r t . 

A t 650<C. the products formed on pyrolysis consisted of 

. lower one, which was eas i ly i den t i f i ed as pure 
two l a y e r s ; a lower o i« , 
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water and an upper one, which consisted of benzene, toluene, 

ethylbenzene, styrene and unchanged benzaldehyde (Table IX). 

Pyrolysis at 200°C, that is, at a temperature just about 

sufficient to vaporize the aromatic component, gave a single 

product layer from which only one aromatic compound - disre­

garding the recovered benzaldehyde - could be isolated. This 

aromatic compound was the desired product, styrene (Tables XI 

and XII). 

In order to gain information regarding the non-aromatic 

phase, aliquots of the products were analyzed in the follow­

ing manner: 

1. A 1.0-g. sample of the total liquid products was titrat­

ed with 1 N sodium hydroxide solution and the total acidity 

of the products calculated in terms of acetic acid. 

2. A 35.0-g. sample of the total liquid products was care­

fully fractionated at atmospheric pressure. Distillation 

started at 110°C. and was continued up to a temperature of 

120°C, whereafter an aliquot was titrated against 1 N sodium 

hydroxide. Prom the data obtained the total weight of acetic 

acid in the total liquid products could be calculated. By 

subtracting the weight of acetic acid thus determined from 

the total weight of acetic acid previously found and by con­

verting the difference into the acetic anhydride equivalent, 

the weight of unchanged acetic anhydride in the total liquid 

products could be calculated. 



63 

It was found that the aqueous layer consisted of 11.7 g. 

of acetic acid and 31.8 g. of acetic anhydride. The total 

weight of the non-aromatic fraction was therefore 43.5 g. 

The weight obtained by subtracting the weight of aromatics 

isolated from the total weight of liquid products would amount 

to 42.9 g. (Table XI; Run 17). This type of analysis consti­

tuted a sound approach toward obtaining information regarding 

the distribution of acetic acid and acetic anhydride in the 

non-aromatic fraction of the products, as will become more 

evident after the pyrolyses of acetic acid and acetic anhy­

dride over Morden bentonite have been reported (Tables XXVI 

and XXX). 

The procedure adopted for isolation of the aromatics 

consisted in treating the products with dilute aqueous sodium 

carbonate solution and extracting with ether. The neutrali­

zation, an exothermal process, was always carried out after 

the pyrolyzate had been cooled with ice in order to prevent 

styrene losses by polymerization. The ether layer was washed 

with water until neutral, dried over calcium chloride, and 

after removal of the solvent the residue was fractionated un­

der reduced pressure in an atmosphere of nitrogen. In order 

to avoid excessive polymerization of the styrene during dis­

tillation 2 to 3 per cent of hydroquinone was used as stabi­

lizer, and purified a-methylnaPhthalene, B.P. 241-243°C, 

served as booster for a more complete rectification. In spite 

-• -a rU<«Mllation residues on the average of these precautions dlstuxa^iou 

amounted to about 10 per cent (Table X). 
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TABLE X 

Pyrolysis of Equimolar Benzaldehyde-Acetic Anhydride Mixture 
over Morden Bentonite 

Composition of Feed 

Benzaldehyde 51.0 % by wt. 
Acetic Anhydride 49.0 

Volume Pyrolyzed: 100 ml. 
Feed Rate: 2.0 cc./min. 
Catalyst Volume: 220 cc. 
Temperature: 400°C. 

Weight of Liquid Products 89.1 g. 
Gas Evolved 10.4 1. 
Weight of Aromatics 48.6 g. 

Composition of Aromatics 

Benzene 1*3 % by wt. 

Ethylbenzene 14-1 

Styrene 3 2 # 7 

Benzaldehyde 42-l 

High Boiling Material 9.8 
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A more accurate analysis of the products could be carried 

out by distilling the dried aromatics under reduced pressure 

from a Claisen flask to which 0.2 per cent of p-tert.-butyl-

catechol had been added as a polymerization inhibitor. Ali­

quot s of the distillate, which had been collected in a dry-ice 

acetone trap, were then titrated for styrene according to the 

procedure outlined by Williams (230). 

This method, before being adopted for product analysis, 

was tested on mixtures of known styrene concentrations in the 

presence of benzaldehyde, toluene, benzene and ethylbenzene, 

and it was found that styrene could be determined to within 

t 0.4 per cent of the theoretical value. An attempt to ana­

lyze the products for unconverted aldehyde according to the 

method of Seyewetz and Bardin (232) was not successful. This 

method, which is based upon reaction of the aldehyde with ex­

cess sodium sulfite and titration of the alkalinity developed 

against standard sulfuric acid, always gave low results when 

tested on mixtures of known benzaldehyde concentration in the 

presence of styrene, ethylbenzene, toluene and benzene, the 

average deviation from the theoretical value amounting to 

3 to 4 per cent. The method was abandoned and the values for 

the aldehyde reported were obtained by subtracting from the 

total weight of the distillate all fractions whose percent­

ages had been accurately determined by either titration 

(styrene) or fractionation at atmospheric pressure (benzene, 

toluene, ethylbenzene). 



RESULTS AND DISCUSSION 

Determination of Optimum Conditions for Pyrolysis of 
Benzaldehyde-Acetic Anhydride Mixtures 

over Morden Bentonite 

Effect of Temperature 

Before studying the effect of temperature on the reaction, 

100 cc. of an equimolar acetic anhydride-benzaldehyde mixture 

was passed through the reactor whose central section was filled 

with 250 cc. of quartz chips as an inert contact material. At 

a temperature of 400°C. and a feed rate of 2 cc. per min. only 

0.6 1. of gas was formed and only unconverted benzaldehyde 

could be recovered from the aromatic portion of the products. 

Similarly, when pyrolyzing acetic anhydride alone under 

identical conditions, 0.3 1. of gas was evolved and only 

5.2 per cent of acetic acid could be isolated from the reaction 

products by fractional distillation. Hence, both the benzal-

dehyde-acetic anhydride mixture as well as acetic anhydride 

were but slightly decomposed, particularly since formation of 

acetic acid during pyrolysis of acetic anhydride may also take 

place by hydrolysis if moisture is present in the reactor or 

if no precautions are taken to exclude moisture during subse­

quent treatment of the products. In this experiment no such 

precautions had been taken. 

*7 
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These results show that formation of styrene by pyrolysis 

of benzaldehyde-acetic anhydride mixtures over Morden bentonite 

is a heterogeneous reaction which takes place at the catalytic 

surface exclusively and is uninfluenced by the walls of the re-

actor system. 

A study of the experimental data (Tables XI and XII) shows 

that the optimum yield of styrene, based upon the total weight 

of aromatic products isolated, is obtained at a temperature of 

500°C. At 200°C, i.e. only 20°C. above the boiling point of 

the aldehyde, the reaction is particularly clean-cut, leading 

to the formation of styrene only. At about 250°C. formation of 

ethylbenzene begins, becoming more and more pronounced with 

rise in temperature until at and above 600°C. it constitutes 

the reaction of greatest magnitude. Appearance of ethylbenzene 

is caused by a disproportionation reaction which accompanies 

the condensation reaction and which leads to hydrogenation of 

the side chain of the styrene molecule. This reaction occurs 

almost invariably during high temperature catalytic reactions 

leading to the formation of styrenes, particularly when acti­

vated alumina or aluminum hydrosilicates are used as catalysts. 

Marvel and Hein (11) encountered it during the pyrolysis of 

l-(p-benzylphenyl)-ethanol and l-(o-methoxyphenyl)-ethanol, 

Frank and Adams (54) noticed it during pyrolysis of l-(4-phen-

oxyphenyl)-ethanol and Marvel and Overberger (233) found it to 

be the only reaction occurring during pyrolysis of m-N-methyl-

aminophenylmethylcarbinol. Morton (157) obtained styrene 
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contaminated with A-H-.TTTK«V,-„_ 
u witn ethylbenzene when pyrolyzing 1,1-diphenyl-

ethane over Morden hAnfA^n. • 
luoraen bentonite m an iron tube and showed that 

pyrolysis of equimolar styrene-benzene mixtures at 500°C. led 

to the formation of ethylbenzene. He Interpreted this hydro­

genation as a "reaction between the styrene and any hydrogen 

formed from side chain decomposition", a reaction also postu­

lated by Han-Ying Li (234) who carried out the same pyrolysis 

over an acidic white clay at 600°C. 

In order to determine the magnitude of this hydrogenation 

reaction in the stainless steel reactor used throughout this 

investigation, Morton's experiment was repeated, but instead 

of taking styrene-benzene mixtures pure styrene was used as 

feed stock. Furthermore, the pyrolyses were carried out at 

lower temperatures, namely 300 and 400°C. (Table XIV). The 

products from the pyrolyses were dried over calcium chloride 

and fractionated in an atmosphere of nitrogen under reduced 

pressure, using hydroquinone as polymerization inhibitor. The 

compounds obtained were identified by determining their main 

physical constants and comparing the values found with those 

in the literature. It is to be noted that, in spite of the 

use of nitrogen as carrier gas during pyrolysis, considerable 

material losses could not be prevented. 

Morton's results were confirmed. Styrene was partly 

broken down to benzene and partly converted to ethylbenzene. 

However, from the experimental data one may conclude that 
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hydrogenation probably does not solely "depend on the presence 

of available hydrogen from side chain decomposition", but is 

also caused by a more complete breakdown of some aromatic 

nuclei. If hydrogenation of the styrene molecule would in­

volve destruction to carbon and hydrogen of some of the side 

chains only, one would expect a proportion of benzene much 

larger than that found in the styrene, ethylbenzene, benzene 

mixture obtained on pyrolysis. Actually, at both 300° and 

400°C. only a small percentage of benzene, as compared to 

that of ethylbenzene, was isolated from the reaction products. 

It is of interest to note that Tonks (155) was also forced to 

assume the total breakdown of some aromatic nuclei in order 

to account for the products obtained on pyrolysis of anilines 

over Morden bentonite at temperatures ranging from 300 to 400°C 

Another potential source of hydrogen in the reaction under in­

vestigation is, Of course, the acetic anhydride which is ef­

ficiently attacked by the catalyst at a temperature of 300°C. 

(Table XXVI). 

At 400°C. some benzene and at higher temperatures both 

benzene and toluene are formed. The small amount of benzene 

obtained at 400*0. may result from a partial breakdown of 

either styrene or benzaldehyde molecules or both. Toluene, 

as well as benzene, are known to be products of the pyrolysis 

of ethylbenzene over Morden bentonite at temperatures above 

400°C. (152). They also form when benzaldehyde is passed 

over the clay at and above 400<>C. (Table XV). 
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Apparently the two reactions occurring in this instance 

are 

C6H5CH0 - C6H6 + CO 

C6H5CH0 + 2H2 - C6H5CH3 + HgO 

Again the hydrogen necessary for conversion of the aldehyde 

to toluene may form as the result of the total breakdown of 

some aromatic molecules. Good evidence for the latter reac­

tion was the isolation of water during distillation of the 

pyrolysis products which had not been thoroughly dried. 

Furthermore, increase of toluene formation with temperature 

was found to go parallel with an increase of the material lost 

by drying the total liquid products prior to distillation. 

It is to be noted that recovery of the aromatics obtained 

by pyrolysis of acetic anhydride-benzaldehyde mixtures is maxi­

mal at 400°C. Below this temperature some material apparently 

remains in the catalyst bed, because insufficient gas is 

evolved for carrying the pyrolysis products through and out 

of the reactor, while at higher temperatures severe cracking 

of the feed stock and all primary reaction products sets in as 

evidenced by the greatly increased gas evolution. 
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Effect of Nitrogen as Carrier Gas 

The effect of nitrogen diluent on the pyrolysis of equi­

molar benzaldehyde-acetic anhydride mixtures may be evaluated 

from the results shown in Table XVI. 

By comparison with the data given in Tables XI and XII 

it is seen that in each case the weight of aromatics isolated 

from the reaction products exceeds that obtained in similar 

runs carried out in the absence of any diluent. At the low 

temperature of 200°C. a still faster stream of the carrier 

gas appears to be necessary for more complete product re­

covery. Another beneficial effect resulting from the presence 

of nitrogen in the system is the increase of the styrene con­

tent in the aromatic products. This effect is particularly 

pronounced at the lowest temperature used. In the absence 

of the carrier gas most of the material retained in the cata­

lyst bed apparently consists of styrene or styrene polymer. 

However, while at the low temperature the increased styrene 

content of the aromatic fraction obtained is caused by the 

more complete sweep of the reactor during pyrolysis, the in­

creased styrene content of the products from pyrolyses car­

ried out at higher temperatures results primarily from a 

corresponding decrease in ethylbenzene formation. Evidently, 

„ /Mi-MA-nt- there is. because of the short-when using nitrogen diluent tnere i&, 

ened contact times, not only less chance for reactant as well 

as product molecules to break down but also less chance for 
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any hydrogen once formed to effect hydrogenations. For this 

same reason conversion of the aldehyde in turn is not in­

creased, and benzene not yet formed at 400°C. The main ef­

fects of the nitrogen diluent on the reaction, therefore, 

are carrying the organic vapors more efficiently out of the 

catalyst bed, thereby insuring more favorable products re­

covery, shortening the contact times, and reducing the ex­

tent of undesirable side reactions, such as hydrogenation of 

styrene to ethylbenzene and formation of benzene. The desir­

able conversion of the aldehyde itself, however, is also slight' 

ly inhibited. It is evident that these two opposite effects 

will have to be taken into account in order to secure maximum 

styrene yields. 

A study of the experimental data (Tables XI, XII, XVI) 

shows that in spite of the higher percentage of styrene in 

the aromatic products obtained at 500°C. the process is more 

efficiently carried out at a temperature of 400°C. Thus, 

the theoretical yield of styrene per single pass based upon 

the original weight of benzaldehyde amounts to 34.5 per cent 

at 400°C. (Table XI, Run 16), 35.1 per cent at 500°C. (Run 14) 

in the absence of nitrogen diluent, and 40.3 per cent at 

400°C. (Table XVI, Run 30), 40.4 per cent at 500°C. (Run 28) 

in the presence of nitrogen diluent. These differences, which 

lie within the limits of experimental errors, will become more 

apparent if it is realized that the unchanged benzaldehyde 

may be recycled with acetic anhydride in each case. Mien 
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considering the conversion efficiency of the process, it will 

be found that the 34.5 per cent styrene obtained in the ab­

sence of nitrogen diluent at 400°C. represents 57.7 per cent 

of the theoretical yield obtainable at a conversion of 59.7 

per cent. The 35.1 per cent styrene obtained at 500°C. re­

presents only 45.6 per cent of the theoretical yield obtain­

able at a conversion of 76.9 per cent. Similarly, the 40.3 

per cent styrene obtained in the presence of nitrogen diluent 

at 400°C. represents 70.6 per cent of theory at a conversion 

of 57.2 per cent while the 40.4 per cent styrene obtained at 

500°C. corresponds to only 56.1 per cent of theory at a con­

version of 72.1 per cent. Further experiments were therefore 

performed at 400°C. i.e. at the temperature at which the proc­

ess may be carried out most economically. 
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Effect of Space Velocity 

An increase in the space velocity, defined as the volume 

of liquid feed in cubic centimetres per hour per 10 cc. of 

catalyst, caused the per cent conversion to fall off steadily. 

Thus at a space velocity of 2.7 the aromatic fraction con­

tained 41.8 per cent of unchanged benzaldehyde, and the con­

version efficiency was reduced by 11.3 per cent when the 

space velocity was increased to 10.9. The effects observed 

are similar to those noticed when nitrogen was used as a 

carrier gas, since high space velocities of necessity are 

equivalent to short contact times. At a space velocity of 

1.4, however, conversion fell below that attained for a space 

velocity of 2.7. Evidently, in this case the long contact 

time caused carbonization and fouling of the catalyst, a tend­

ency which is especially pronounced at higher temperatures but 

apparently also operative at very slow feed rates. 

It can be seen from the experimental data given in 

Table XVII and plotted in Figure 4 that formation of styrene 

is greatly dependent upon the space velocity. Low space ve­

locities (prolonged contact times) favor the more efficient 

breakdown of the reactant and product molecules during their 

passage through the catalyst bed and thus enhance undesirable 

side reactions, while high space velocities favor styrene 

formation at the expense of possible side reactions but also 

decrease the conversion efficiency with which the process 
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may be carried out. As a result of the interaction of these 

reaction trends the styrene yield passes through a maximum. 

At low space velocities a relatively large proportion of the 

styrene is converted to ethylbenzene while at high space ve­

locities less styrene is formed because conversion in general 

is decreased. 
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Effec t of Ratio of Reactants 

The r e s u l t s ob ta ined by varying the r a t i o of the r e ­

ac t an t s for the p y r o l y s i s of benzaldehyde-acet ic anhydride 

mixtures a r e shown i n Tables XVIII to XXI. 

The exper iments were arranged so tha t the same weight 

vof aldehyde was fed i n t o the r e a c t o r in u n i t time but the 

weight of a c e t i c anhydride passed over the ca t a ly s t in un i t 

time was i n c r e a s e d by d e f i n i t e amounts from run to run . A 

s imi la r s e r i e s of experiments was ca r r i ed out in which the 

same weight of a c e t i c anhydride was fed in to the reac tor in 

un i t time but the weight of the aldehyde increased progres­

s ive ly from run t o r u n . I t was found tha t styrene y ie lds 

increased when the a c e t i c anhydride-benzaldehyde r a t i o was 

inc reased . This impor tan t r e s u l t wi l l be fur ther discussed 

when the mechanism of the r e a c t i o n i s to be explained. 

From Tables XVIII and XIX i t can be seen tha t increased 

ace t i c anhydr ide concen t r a t i ons lead not only to higher 

y ie lds of s t y r e n e i n the aromatic products but a l so to higher 

convers ions . As the concen t ra t ion of the a c e t i c anhydride i n 

the feed s tock i s inc reased from 49.0 to 70.6 per cent the 

conversion of the aldehyde i s increased by 3.3 per cen t . 

This i s s u r p r i s i n g i n s o f a r as the higher conversion (62.0 

^ • ™ - « i W a t a feed r a t e cons iderably f a s t e r than per cent ) i s o b t a ined &i> <x J.»* 
- c;p v r>er cent convers ion a t the e q u i -that which gave only 58.7 per ceni, 

•-- cs¥^r-r>(*r\e> v i e l d caused by the molar r a t i o . The i n c r e a s e i n s ty rene y i e i a 
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more efficient conversion of the aldehyde is still further 

enhanced by the progressive decrease of ethylbenzene forma­

tion with faster feed rates (Pig.5). This experimental re­

sult is renewed proof that the disturbing hydrogenation re­

action may be suppressed by shorter contact times. Further­

more, benzene is no longer detected in the reaction products 

at a feed rate equal to or higher than 2.4 cc./min. But 

again the limitations imposed by shorter contact times when 

using increased acetic anhydride concentrations become ap­

parent, since the per cent styrene yield appears to level off 

and approach a maximum value. 

The gas evolution also indicates these reaction trends. 

The total volume of gas per mole of styrene formed increases 

with increasing acetic anhydride concentration in the feed 

because of increased conversion, and particularly because 

most of the hydrogen gas formed instead of attacking the 

monomer side chain escapes the reactor as a result of the 

decreased contact times. Optimum conditions for styrene 

production therefore appear to be high concentrations of 

acetic anhydride in the feed stock and fast rates of through­

put. Ihus, when using a molar ratio of anhydride to aldehyde 

equal to 3:1 and a feed rate of 3.8 cc./min. the aromatic 

pyrolyzate was found to contain 53.7 per cent of styrene. 

*. AO 8 oer cent of the theoretical yield ob-
This represents 80.o pei UC71A 

tainable at a conversion of 61.3 per cent. 
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Pyrolysis of Benzaldehyde-Acetic Anhydride Mixtures 
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For molar ratios of acetic anhydride to benzaldehyde 

less than unity the yield of styrene decreases continuously 

(Tables XX and XXI). Conversion of the aldehyde falls off 

with increased feed rate, and the rate of gas evolution drops 

steadily. Farther relations between styrene formation, con­

centration of reactants and contact times are given in 

Table XXII. 

The free space of the catalyst bed was measured by evacu­

ating a 100 cc. sample of catalyst and determining the amount 

of water required to just cover the material. It was found 

that 78 cc. of reaction volume were available per 100 cc. of 

catalyst. 

The data calculated show that when the aldehyde concen­

tration is kept constant the styrene yield increases with the 

vapor space velocity and is directly proportional to the vol­

ume of acetic anhydride vapor present in the reactor at any 

given moment. Although an increase in feed rate of necessity 

shortens the contact times of both components it is seen that 

with increasing acetic anhydride concentrations the contact 

times of the benzaldehyde decrease more rapidly than those of 

the acetic anhydride. For molar ratios of acetic anhydride to 

benzaldehyde less than unity and feed rates so adjusted as to 

keep the acetic anhydride concentration constant the styrene 

yield is seen to be inversely proportional to the vapor space 

velocity and also inversely proportional to the vapor volume 
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of the aldehyde in the reactor at any given moment. Again 

the faster feed rates shorten the contact times of both com­

ponents but it is seen that with increasing benzaldehyde con­

centrations the contact times of the acetic anhydride decrease 

more rapidly than those of the aldehyde. These results will 

be more fully interpreted when the mechanism of the reaction 

is to be discussed. Assuming for the moment that reaction 

requires co-ordination of the anhydride with the catalyst, it 

follows that increased acetic anhydride concentration will 

tend to favor reaction, and assuming further that the aldehyde 

also may co-ordinate with the surface - and thereby block 

"active centers" at the surface - it follows that increased 

aldehyde concentrations will tend to inhibit reaction. The 

co-ordination may be visualized to involve the carbonyl groups 

of the reactants. Hence, an advantage of 2:1 by the anhydride 

over that of the aldehyde exists when using molar quantities 

of reactants. 

Accepting the fundamental assumptions made so far, it 

follows that all experimental conditions tending to facili­

tate the co-ordination of acetic anhydride molecules with the 

•u „0 inr-KPflqina the acetic anhydride catalytic surface, such as increasing wis 

• m *,_ /.n-Hneive to styrene formation, and all concentration, will be conducive a , 

experimental conditions tending to inhibit co-ordination or 

acetic anhydride -denies ,1th the surface, such as increas­

ing the paraldehyde concentration, .ill suppress styrene 

formation. 
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Considering the effect of contact time in this way it 

is evident that if the contact time of the aldehyde is re­

duced more rapidly than that of the anhydride, styrene 

formation will be favored, and, conversely, if the contact 

time of the anhydride is reduced more rapidly than that of 

the aldehyde, styrene formation will be inhibited. These 

conclusions are in accord with the data given in Table XXII 
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Effect of Process Period 

The question of how long a catalyst retains its activity 

above a certain level is an important one to industry. It 

cannot yet be answered on the basis of theoretical consider­

ations. The nature of the catalyst as well as the nature of 

the reaction play an important role and the safest way to de­

cide whether a catalyst is suitable for a particular reaction 

is to find out by appropriate experimentation. This approach 

s chosen and the most Important variable, the process period, 

s studied at two different temperatures (Table XXIII). 

wa 

wa 

A total volume of 240 ml. was pyrolyzed - in addition to 

a fore-run of 25 ml. which was discarded - and product sam­

ples each corresponding to 80 ml. of charging stock were col­

lected and analyzed for styrene. It was found that monomer 

formation decreased with time, particularly during the initial 

phases of the pyrolysis but appeared to level off somewhat 

during the later stages. The reduction of catalytic activity 

was more marked at the higher temperature. Evidently, at more 

elevated temperatures when relatively large volumes of gases 

are generated and disproportionation reactions are more pro­

nounced carbonization of the catalyst occurs at a faster rate 

and catalyst deactivation proceeds therefore more rapidly. 

The results obtained are conveniently plotted (Figure 6) 

so as to indicate the per cent styrene contained in the 
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aromatic fraction at any time. Thus, when pyrolyzing the 

equimolar mixture for two hours at 375°C. the aromatic frac­

tion isolated will contain about 31.7 per cent of styrene, 

the overall decrease in styrene yield amounting to about 

4.2 per cent during the last eighty minutes of the process 

period. Similarly, when operating at 525°C. for two hours 

the aromatic fraction isolated will contain about 30 per cent 

of styrene and the decrease in styrene yield amount to about 

8.7 per cent during the last eighty minutes of the pyrolysis. 

The results obtained are in accordance with the decreased 

gas evolution in unit time, signalling less conversion. Again, 

the rate at which gas formation falls off is a function of the 

process period and of the temperature at which the pyrolysis 

is carried out. The higher the temperature the more rapid the 

decrease of gas formation, and the longer the process period 

the more slowly the decrease of gas formation in unit time. 

Hence, the gas evolution also indicates the more rapid de­

crease of catalyst activity at more elevated temperatures, and 

the gradual decrease at any temperature with time. 

This work has illustrated the importance of using equal 

feed volumes for pyrolytic studies when experimental data 

are to be compared. 
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PROCESS PERIOD (MIN) 

Figure 6 

Pyrolysis of Equimolar Benzaldehyde-Acetic Anhydride Mixture 
Process Period vs. Yield 
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Effect of Catalyst Volume 

It was found that the per cent conversion of the alde­

hyde increased steadily with increasing amounts of catalyst 

(Table XXIV). Only when 220 cc. of catalyst were used could 

a small amount of benzene be isolated from the reaction prod­

ucts. It appears that a fairly large volume of catalyst is 

necessary to obtain satisfactory conversion and that a criti­

cal volume is required for a normal predictable behavior of 

the system. When using only 55 cc. of catalyst conversion 

was extremely low, and the product distribution differed 

markedly from that obtained when 220 cc. of catalyst were 

employed. When using 110 cc. of catalyst conversion was 

still very low but the product distribution resembled more 

closely that of similar runs with 220 cc. of catalyst. It 

would therefore appear that a definite amount of catalyst 

must be taken so that pyrolysis may occur to a certain ex­

tent according to a definite pattern. 

The weight of the aromatic fraction recovered decreased 

as the catalyst volume was increased, and since the types of 

aromatic products obtained when using 55 cc. or 110 cc. of 

catalyst are the same and nearly equal in molecular weight, 

the loss of aromatics may be directly related to the volume 

of catalyst used. This phenomenon is not surprising since 

catalysis involves processes of adsorption and desorption 

which are equilibrium processes that seldom go to completion. 
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Effect of Nitric Oxide 

Isoamyl nitrite was added with the acetic anhydride-

benzaldehyde mixture into the reactor so as to yield 1 per 

cent by weight of nitric oxide assuming complete decompo­

sition. This concentration was chosen because it had been 

used by Stinton (139) to depress most effectively the vapor-

phase dehydration of butanone over Morden bentonite. 

The aromatic products were analyzed by fractional dis­

tillation under reduced pressure and in an atmosphere of 

nitrogen. No benzene could be isolated, and the high-boiling 

fraction exceeded 10 per cent (Table XXV). Conversion of the 

aldehyde, however, was nearly the same as that obtained with 

similar runs carried out in the absence of nitric oxide 

(Table X). For this reason no further pyrolyses aimed at 

detecting the presence of free radicals in the system were 

performed. 
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TABLE XXV 

Effect of Nitric Oxide on the Pyrolysis of a 
Benzaldehyde-Acetic Anhydride Mixture 

over Morden Bentonite 

Composition of Feed 

Benzaldehyde 49.1 % by wt. 
Acetic Anhydride 47.0 
Isoamylnltrite 3.9 

Volume Pyrolyzed: 100 cc. 
Feed Rate: 2.0 cc./min. 
Catalyst Volume: 220 cc. 
Temperature: 400°C. 

Weight of Liquid Products 85.6 g. 
Total Gas Evolved ' 10.9 1. 
Weight of Aromatics 45.1 g. 

O"1 

Composition of Aromatics 

Ethylbenzene 17.7 £ by wt. 

Styrene 

Benzaldehyde 

30.2 

41.2 

High Boiling Material 10.9 
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Pyrolysis of Acetic Anhydride over Morden Bentonite 

Since acetic anhydride was one of the reactants used in 

this investigation its pyrolysis was also studied. The anhy­

dride, purified as previously described, was passed over ac­

tivated Morden bentonite at various temperatures and found to 

be effectively decomposed by the catalyst (Table XXVI). The 

products were fractionated at atmospheric pressure and found 

to consist of acetic acid, acetone, water and unchanged ace­

tic anhydride. The actual percentage of water in the prod­

ucts was determined by subtracting from the total weight of 

distillate collected from 98 to 120°G. the weight of acetic 

acid as found by titrating aliquots with standard alkali. 

At the lowest temperature employed, namely 200°C, 

84.6 per cent of the anhydride could be recovered unchanged, 

while at 400°C, 97.1 per cent had reacted. At the latter 

temperature the yield of acetic acid was maximal (Figure 7), 

and it is interesting to note that this temperature was also 

found to give optimum styrene yields when pyrolyzing acetic 

, _ A «4,+,i-.»a Since benzaldehyde itself anhydride-benzaldehyde mixtures. 

,. v.4.1 - stacked by the catalyst at 400°C. - see was only slightly attacKea uy 
=->* mPntal evidence had shown that Table XV - and since experimental evi 

+ ̂  anhvdride did not react in the ab-
benzaldehyde and acetic annyaria 

-, 4- it seems reasonable to believe that 
sence of the catalyst, it seems 

, _ the anhydride and the aldehyde during 
interaction between the anny 

Morden bentonite is initiated by change xn 
pyrolysis over Morden D»U 

-< „nhvdride at the catalytic surface. 
the more reactive anhydride 
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100-

90-
• ACETIC ANHKDRIDE 
o ACETIC ACID 
• ACETONE 
• WATER 

200 300 400 500 
TEMPERATURE C°C) 

Figure 7 

Pyrolysis of Acetic Anhydride 
Temperature vs. Yield 
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In addition to illustrating the maximum in the acetic 

acid formed, Figure 7 shows that the percentage of water in 

the products increases steadily with temperature. Formation 

of water may result from dehydration of the anhydride as well 

as from its primary reaction product, acetic acid, according 

to the equations 

(CH3C0)20 -, CHgCOOH + CH2=C=0 
1 
1 CH2=G=0 + H20 

*- 2CH2=C=0 + HgO 

Dehydration of acetic anhydride as well as of acetic 

acid often serves to generate ketene. High temperatures, 

800-1000°C, are required for thermal decomposition to take 

place (126). Morden bentonite, which is known to be an effi­

cient dehydration catalyst, apparently brings about this reac­

tion at a much lower temperature. 

Figure 7 further shows that the percentage of water 

formed increased only slowly with increases in the pyrolysis 

temperature up to 450°C. A much more abrupt increase then 

set in which remained obvious to 600°C. The reason for this 

behaviour is to be seen in the interaction of water with un­

changed acetic anhydride during passage through the reactor. 

This interaction will continuously decrease in magnitude as 

the temperature is raised and more and more of the anhydride 

is decomposed. Hence, the peculiar shape of the graph illus­

trating the amount of water contained in the products at any 

temperature between 300 and 600°C. 



109 

One must realize, however, that the catalyst itself which 

was always activated by passing a stream of moist air through 

the reactor may also supply some of the water needed for this 

reaction. It is known that water adsorbed by aluminum-sili­

cate catalysts during activation may subsequently react during 

pyrolysis (179) and this effect is particularly pronounced at 

low temperatures (236). 

Still another possibility of water removal from the prod­

ucts, particularly at lower temperatures, lies in a potential 

interaction with ketene. Unfortunately, in none of the runs 

carried out, could any ketene be detected. A dry-ice acetone 

trap failed to remove any condensate and no acetanilide could 

be isolated when passing the product gases through a cooled 

aniline trap. Hence, ketene may be considered an intermediate 

reaction product which is further decomposed, possibly to eth­

ylene and carbon monoxide. The high percentage of these two 

gases, identified by a general gas analysis (Table XXVI), and 

the isolation of ethylene dibromide when passing the erases in­

to a bromine solution, strongly suggest that this type of de­

composition does take place. 

The fact that no ketene could be identified in the reac­

tion products does however not eliminate the possibility of 

acetic acid formation by reaction of the unsaturated gas with 

water. At lower temperatures in particular, some ketene may 

react non-catalytically with the water present in the system 
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in preference to being decomposed by the catalyst. 

At 450°C. severe cracking of the anhydride and its main 

reaction product, acetic acid, begins, the gas evolution in­

creases greatly and the water content of the products rises 

rapidly. Apparently, the intermediate ketene is now decom­

posed further to carbon monoxide and hydrogen (Table XXVI) as 

well as carbon. It is to be noted, however, that carbon mon­

oxide may also arise from the interaction of the water formed 

during pyrolysis and the carbon deposited on the catalyst: 

H20 + C • CO + H2 

Occurrence of t h i s water -gas r e a c t i o n was observed by Gleason 

during p y r o l y s i s of cyclohexanol over Morden bentoni te (153). 

The carbon monoxide, i n t u r n , may r e a c t with some of the water 

p resen t i n t h e system and generate carbon dioxide and hydrogen: 

CO + H20 > C02 + Hg 

or i t may be p a r t l y converted to carbon d ioxide : 

2 CO + C02 + C 

/1co\ Tt 5 o evident that the com­as postulated by Wasson (152). It is eviae 

1 4 a Ureases greatly with temperature plexity of the pyrolysis increases gr* * 
4-4 r» rtf the various reaction intermedi-because of the Interaction of the variou 

ates. 

_ trace or acetone cou W » detected In _ . product, ob­

tained at *,„".. and Ketone ,i.l- SraduaU, increased up to 

a temperature or .00-0. Acetone ^ „ t«~* ^ either 
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direct decarboxylation of the anhydride or by decarboxylation-

dehydration of its primary reaction product, acetic acid. At 

600°C. the acetone formed is further decomposed - possibly to 

allene and water or to ketene and methane, as found by Wasson 

(152). 

The experimental data suggest that the following reac­

tions may occur during pyrolysis of acetic anhydride over 

Morden bentonite. 

/ 

2 (CH 3 C0) 2 0 

2CH3C0CH3 + 2C0 

2CH2=C=0 + 2CH4 

2 CH3C00H 

4 + 2 C 0 2 

2 CH2=C=0 

Z^2C0 + CH2=CH2 

^ 2 C 0 + 2H2 + 2C 

C0CH3 + HgO + C0 2 

2CH2=C=CH2 + H 2 0 Z >2CH2=C=0 + 2H20 
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Pyrolysis of Acetic Acid-Benzaldehyde Fixtures 
over Morden Bentonite 

Since acetic acid was found to be the main product of the 

pyrolysis of acetic anhydride over Morden bentonite, the possi­

bility of styrene formation from acetic acid-benzaldehyde mix­

tures was investigated. 

The acetic acid used was reagent-grade material purchased 

from Shawinlgan Chemicals Ltd. Its physical constants were: 

B.P. (corr.) 118.0°C, n 2 0 1.3719, d20 1.049 
D 4 

A trial run showed that the same compounds as those ob­

tained by pyrolysis of acetic anhydride-benzaldehyde mixtures 

were formed, and in order to obtain a close comparison with 

these experiments the standard volume of both catalyst and 

charging stock was used, the same feed rate (0.02 mole per min*) 

was employed and the same analytical procedure followed. 

The optimum temperature for styrene formation was found 

to be 400°C. i.e. the same temperature at which highest yields 

of styrene were obtained when pyrolyzing acetic anhydride-

benzaldehyde mixtures. 

When carrying out the catalytic reaction at 300°C. the 

aromatics isolated from the pyrolyzate contained only 3.3 per 

/fT) vlo YYVTT) Evidently, insufficient gas cent of styrene (Table XXVii;. ^v-uc *> 

was evolved at that temperature to prevent excessive polymeri­

zation of the monomer during its passage through the catalyst 

bed. 
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At 400°C. a more favorable material balance was obtained 

and 20.3 per cent of the aromatics consisted of styrene (Run 56). 

Similar phenomena were observed during pyrolyses of acetic an­

hydride-benzaldehyde mixtures (Tables XI and XII). 

In an effort to improve the monomer yield several runs 

were carried out by increasing progressively the acetic acid 

concentration in the feed but keeping the rate of throughput 

of the aldehyde constant (Table XXVIII). This increase was 

accompanied by an increase in styrene concentration in the aro­

matic products (Table XXIX). Thus, when using an acetic acid-

benzaldehyde mixture of molar ratio 3:1 the aromatics contained 

33.1 per cent of styrene, or 12.3 per cent over that obtained 

when pyrolyzing an equimolar mixture. 

This value compares favorably with that (16.5 per cent) 

obtained when pyrolyzing acetic anhydride-benzaldehyde mix­

tures of comparable composition under similar conditions 

(Tables XVIII and XIX). But, on the other hand, even for a 

molar ratio of acetic acid to benzaldehyde equal to 4:1 the 

per cent yield of styrene per single pass accounted for 

2.8 per cent less of the aromatics than that obtained under 

similar conditions with an equimolar acetic anhydride-benzal­

dehyde mixture (Table XII; Run 16). 

Again a limiting value for the styrene yield appears to 

be approached because the pyrolytic conditions chosen called 

for faster feed rates with increased acetic acid concentration. 
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Reducing the r a t e of throughput but keeping a l l other variables 

constant would probably not favor conversion of the aldehyde to 

styrene bu t , judging by the r e s u l t s of previous experiments, fa­

vor i t s conversion to ethylbenzene ins tead. 

Pyrolys is of Acetic Acid over Morden Bentonite 

Since s tyrene could be obtained by passing acet ic acid-

benzaldehyde mixtures over Morden bentonite , the pyrolysis of 

acet ic acid i t s e l f was studied in order to throw addit ional 

l igh t on the mechanism involved. Was son (152) had found that 

decomposition to methane and carbon dioxide was the main reac­

tion taking place in t h i s pyrolysis and that acetone, water and 

acet ic anhydride made up the l iquid products. No quant i ta t ive 

determination of the products , however, was made, nor was the 

react ion inves t iga ted systematical ly over a wide enough temper­

ature range. Of p a r t i c u l a r i n t e r e s t in the present study was 

the q u a n t i t a t i v e determination of ace t ic anhydride and i t s r e ­

l a t ion to s tyrene y ie lds from ace t ic acid-benzaldehyde mixtures. 

The l i q u i d r eac t ion products were f rac t iona l ly d i s t i l l e d 

and the var ious f rac t ions determined as in the case of the ace­

t i c anhydride pyro lyza tes . The experimental data given in 

Table XXX i l l u s t r a t e both strong s i m i l a r i t i e s t o , as well as 

f-.«m the r e s u l t s for the vapor-phase r eac -marked d i f fe rences from, tne res.u_u 

tion of a c e t i c anhydride over Morden ben ton i t e . 
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Comparison of the two pyrolyses (Figures 7 and 8) shows 

that the formation of water and of acetone may be represented 

by graphs of similar characteristics. But whereas the percent­

age of water in the products from the pyrolysis of acetic acid 

is greater than that from the anhydride, the reverse is the 

case for acetone. This trend suggests that acetic acid Is more 

effectively dehydrated than acetic anhydride, and that the for­

mation of water is the reaction of greatest magnitude when ace­

tic acid is pyrolyzed over Morden bentonite at temperatures ex­

ceeding 400°C.j a finding which is in disagreement with V/asson's 

result that decomposition of the acid to carbon dioxide and meth­

ane constitutes the chief reaction. Wasson distilled the liquid 

products and considered the first fraction of distillate as con­

sisting of acetone and water, and the second fraction as con­

sisting of acetic acid. No temperature ranges for the distilla­

tion are given and it would appear that his second fraction was 

still rich in water. 

The formation of acetone from acetic acid may take place 

in accordance with the equations 

2 CH-C00H >(CH3C0)20 + H20 

•»CH COCHg + C02 

CH C0CH- + C0g + HgO 

In either case condensation of two acetic acid molecules has 

to precede acetone formation and ketone yields must of neces­

sity be smaller than those obtained when passing acetic anhy­

dride directly over the catalyst. 
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Another important difference between the pyrolysis of 

acetic anhydride and acetic acid over Morden bentonite is the 

relative rate of disappearance of the reactant from the prod­

ucts. Thus the pyrolysis of acetic anhydride at 400°C. causes 

97.1 per cent conversion whereas pyrolysis of acetic acid at 

this temperature leads to only 20.1 per cent conversion. Con­

sidering that Morden bentonite is an efficient dehydration cat­

alyst (see Table VIII) the observed experimental results may 

be adequately explained. The rapid fall of acetic anhydride 

concentration in the products has been discussed already and 

was interpreted as resulting from a thermal hydrolysis of re­

actant molecules by the water formed during reaction. Hence, 

the acetic acid concentration increases, reaching a maximum 

value at 400°C. When pyrolyzing acetic acid the dehydrating 

action of the catalyst leading to the formation of acetic an­

hydride and water according to the equation 

2 CH3CO0H *• (CH3C0)20 + HgO 

will also be reduced in magnitude as a result of the inter­

action of the products during their passage through the re­

actor. This interaction, which may even proceed non-cata-

lytically, will lead to the re-formation of acetic acid, and 

hence the concentration of the acetic acid in the products 

must fall off slowly, as was found to be the case. In con­

trast to Wasson's results no acetic anhydride could be iso­

lated at temperatures 100°C. below or above 400°C. 
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The general trends of 4-1̂  *. 
rends of the two vapor-phase reactions may 

therefore be summarized a* -p̂ n 
6 d a S f o l l o w s . when passing acetic an­

hydride over Morden benton-i*** «+. +. 
6 n t 0 n i t e a t temperatures up to 400°C. 

hydrolysis caused bv the wnfor, *» _• , 

oy tfte water formed during pyrolysis con­

verts unchanged reactant to acetic flMH Q ^ 
dceuic acid ana so decreases the 

concentration of reactant molecules in the system, when py­

rolyzing acetic acid under similar conditions interaction of 

anhydride and water formed during pyrolysis, regenerates ace­

tic acid and so increases the concentration of reactant mole­

cules in the system. Furthermore, this increase in acetic 

acid concentration in the system may be enhanced in each case 

by the interaction of two of the reaction products - ketene 

and water. 
2 CH-COOH - (CH3C0)20 + H-0 

/ \ 
2CHg=C=0 + 2H20 CE-.COOH + CH2=C=0 

Considerable experimental evidence for such interaction was 

found when benzaldehyde and ketene were pyrolyzed over Morden 

bentonite. 

At temperatures higher than 400°C. the per cent decrease 

of acetic acid in the products obtained on pyrolysis both of 

acetic acid and of the anhydride may be represented by graphs 

resembling each other very closely. In each case the acetic 

acid, either as reactant or as primary reaction product, is 

progressively decomposed to give water, which may be collected 

and the intermediate ketene which is broken down further. 
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More direct evidence for these conclusions could be se­

cured If one were to pyrolyze acetic acid in the presence of 

a substance which is unaffected by the catalyst but would re­

act with the acetic anhydride formed during pyrolysis. One 

such substance is benzaldehyde and styrene formation during 

pyrolysis of acetic acid-benzaldehyde mixtures may be visu­

alized as the interaction of the aldehyde with the anhydride 

formed by dehydration of the acid. It is interesting to note 

that styrene formation occurred when pyrolyzing an equimolar 

acetic acid-benzaldehyde mixture at 300°C. (Table XXVII), and 

the yield obtained could, theoretically, be increased by the 

amount of styrene-polymer remaining in the catalyst bed-

Acetic acid itself is practically unchanged when passed over 

the catalyst at this temperature (Table XXX). Hence, the ex­

perimental results obtained when pyrolyzing it together with 

benzaldehyde would indicate that even at 300°C. the acid actu­

ally Is partly converted to the anhydride but the anhydride 

quickly re-forms acetic acid by reaction with the water of de­

hydration. Many dehydration as well as condensation reactions 

studied by previous workers were most efficiently carried out 

at temperatures ranging from 250-350°C. (152, 154, 155). 

Only at 400°C. oould a small amount of acetic anhydride 

be isolated from the reaction products. At higher temperatures 

the acetic acid itself and any anhydride which may still be 

formed from it are effectively attacked and dehydrated to ke­

tene and water, while passing through the catalyst bed. 
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Distinct evidence for this reaction trend was the formation 

of two product layers during pyrolysis of acetic acid or ace­

tic anhydride-benzaldehyde mixtures carried out at more ele­

vated temperatures. Formation of two product layers could 

even be observed at 400°C. during the initial stages of py­

rolysis when the catalyst displayed highest activity. Further 

experimental evidence against direct condensation of acetic 

acid and benzaldehyde to form an intermediate addition com­

pound will be given later. 

Pyrolysis of Cinnamic Acid over Morden Bentonite 

Since acetic anhydride and benzaldehyde are the react­

ants used in the Perkin synthesis of cinnamic acid, and since 

cinnamic acid by decarboxylation in the liquid phase (10, 32, 

33) as well as in the vapor phase by non-catalytic thermal py­

rolysis (237) forms styrene, the question of whether or not 

cinnamic acid was an intermediate reaction product of the py­

rolysis of acetic anhydride-benzaldehyde mixtures had to be 

investigated. For this purpose a product aliquot from runs 

carried out at 200 and 300°C. was made alkaline with sodium 

carbonate and steam distilled to free it of volatile aro­

matics. The residual solution, when filtered hot by suction 

and acidified with hydrochloric acid, did in neither case show 

the slightest precipitate of cinnamic acid. 

Some theoretical considerations based upon experimental 
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data would also make cinnamic acid a doubtful intermediate 

in the pyrolysis of acetic anhydride-benzaldehyde mixtures 

over Morden bentonite. It is known that the Perkin synthesis 

can only be carried out in the presence of a basic catalyst 

(238) and after much controversy regarding the reaction mecha­

nism it is now generally believed that the basic catalyst 

enolizes the anhydride. The enolate anion then condenses with 

the aldehyde to form an anion in which the negative charge is 

located on the oxygen atom. This anion takes up a proton from 

the medium forming the intermediate "aldol", which loses water 

to give cinnamic-acetic anhydride, and the mixed anhydride, by 

subsequent treatment, is converted to the unsaturated acid 

(239, 240). Morden bentonite, however, is not a basic cata­

lyst and experiments to be described later show that the ef­

ficiency with which the vapor-phase pyrolysis of acetic anhy­

dride-benzaldehyde mixtures can be carried out decreases when 

the catalyst is impregnated with basic reagents. Furthermore, 

the Perkin reaction does not proceed when acetic acid-benzal­

dehyde mixtures are used as reactants, whereas the vapor-phase 

pyrolysis of such a mixture over Morden bentonite does yield 

styrene (Table XXVII). 

However, since both these considerations and experimental 

results do not by themselves disprove the possibility of a 

transient existence of cinnamic acid as a precursor of styrene, 

the catalytic effect of Korden bentonite on cinnamic acid it­

self was investigated. 
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The experimental conditions were adjusted so as to favor 

the decarboxylation reaction if it were to take place. A 

6.5 per cent solution of cinnamic acid (Eimer & Amend, Reagent 

Grade, M.P. 133°C.) in benzene was prepared and 100 cc. were 

passed over the catalyst at a temperature of 200°C. and a feed 

rate of 2.0 cc. (0.00088 moles of cinnamic acid) per minute. 

Only 0.09 1. of gas were evolved, yet from 89.2 g. of feed 

only 80.9 g. of liquid products were obtained. Evaporation 

of a sample of the pyrolyzate on the steam bath left no resi­

due. All the acid had apparently stayed in the catalyst bed. 

This fact became evident when a slow stream of air was passed 

through the system in order to activate the catalyst, for dur­

ing the process crystals of cinnamic acid were swept out of 

the reactor and collected In the small suction flask attached 

to its exit. It was also noticed that activation of the cata­

lyst was not accompanied by any sharp temperature rise and in 

consequence only negligible carbonization had occurred during 

pyrolysis. In order to evaluate quantitatively the amount of 

cinnamic acid which could be recovered the experiment was re­

peated. Although a slow stream of nitrogen was used as carri­

er gas, the same observations were made - no cinnamic acid nor 

styrene could be detected in the products - but the applica­

tion for one hour of gentle suction to the system caused 3.1 g. 

of pure cinnamic acid (M.P. 133°C.) to collect in a dry-ice 

acetone trap. More cinnamic acid could probably have been re­

covered if the catalyst had been removed from the reactor 
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at completion of the run and subjected to extraction. How­

ever these results were thought to prove sufficiently that 

cinnamic acid is not an intermediate reaction product of the 

pyrolysis of acetic anhydride-benzaldehyde mixtures over 

Morden bentonite and no further low temperature experiments 

were carried out. 

Minute amounts of crystalline material could also be 

collected in similar fashion during activation of the cata­

lyst with a stream of air after the pyrolysis of acetic 

anhydride-benzaldehyde mixtures at 2Q0°C. Purification of 

this material, however, showed that it was benzoic acid formed 

by oxydation of the aldehyde which had remained adsorbed on 

the catalyst. 

Since decarboxylation of cinnamic acid is a feasible 

method of styrene preparation, the suitability of Morden ben­

tonite for this type of reaction was investigated. 

Melted cinnamic acid could not be pyrolyzed by itself at 

300°C. because the reactor clogged after about 40 cc. had, 

passed through it. In order to prevent this disturbing fea­

ture the reaction was carried out at a more elevated tempera­

ture (525°C.) and steam was used as diluent (Table XXXI). 

The experimental setup devised for feeding the melted acid 

into the reactor at a constant rate has been described ear­

lier. The products were collected in a flask which was at­

tached directly to the reactor exit and provided with a reflux 
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TABLE XXXI 

Pyrolysis of Cinnamic Acid over Morden Bentonite 

Volume of Cinnamic Acid Pyrolyzed: 100 cc. 
Peed Rate of Cinnamic Acid: 1.5 cc./min. 
Peed Rate of Water: 1.5 cc./min. 
Volume of Catalyst: 220 cc. 
Temperature of Reactor: 525°C. 
Temperature of Cinnamic Acid Fed: 145°C. 

Weight of Aromatic Products 62.3 g. 
Gas Evolved 16.8 1. 

Composition of Aromatic Products 

Benzene 7.5 % by wt 
Toluene 2«9 
Ethylbenzene 44.6 
Styrene 36.7 
High Boiling Material 8.3 

Composition of Gaseous Products 

Carbon Dioxide 51.9 % by vol 
Alkenes ~" 
Carbon Monoxide <*'•& 
Hydrogen *-*• 
Alkanes 
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condenser in order to rvr-»Ptr<--n4- u- •> . 
^o prevent blocking of the system by any 

unchanged cinnamic acid A-PH-__---

B ctmxc ac__a. After separation from the aqueous 

layer the aromatics were dried and fractionated under reduced 

pressure in an atmosphere of nitrogen. Treatment of an ali­

quot in accordance with the procedure recommended for the iso­

lation of cinnamic acid from the products of the Perkin reac­

tion showed that all of the acid had been converted. Some 

was broken down to benzene and a small amount of toluene could 

also be identified. Since ethylbenzene constituted the main 

reaction product, most of the styrene formed by decarboxyla­

tion of the acid was apparently hydrogenated. This reaction 

has been discussed earlier but appeared to be of particularly 

great magnitude in this instance. Evidently, some of the wa­

ter used as diluent interacts with the carbon deposited on 

the catalyst during pyrolysis, and in accordance with the equa­

tion 

H2° + C ~ C0 + H2 

forms carbon monoxide and hydrogen which may a t t ack the mo­

nomer s i d e c h a i n . The l a rge propor t ion of carbon monoxide in 

the gaseous p roduc ts i s f u r t h e r support for the water-gas r e ­

a c t i o n which was a l s o observed by Gleason (153). 

The format ion of to luene may be caused by a free r a d i c a l 

type of d e a l k y l a t i o n of the ethylbenzene as found by Wasson 

U 5 2 ) C6H5CH2CH3 C6H5CH2- + CHg' 

C 6
H 5 C H 2 # + C V + H 2 * C 6 H 5 C H 3 + C H 4 
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and t h e s m a l l amount of s a t u r a t e Q I « 4-u__ _, _. _ 
actuura-Ges m the gaseous p r o d u c t s i s 

f u r t h e r e v i d e n c e t h a t such nv&r* fln ,-.<_«,_+• 
UXICLU bucn o v e r - a l l r e a c t i o n may o c c u r . 

P y r o l y s i s of Acetone-Benzaldehyde Mixture 
over Morden Ben ton i t e 

I n t e r p r e t a t i o n of the expe r imen ta l r e s u l t s ob t a ined when 

p y r o l y z i n g a c e t i c anhydr ide o r a c e t i c ac id over Morden ben­

t o n i t e ( T a b l e s XXVI and XXX) made i t impera t ive to assume the 

i n t e r m e d i a t e f o r m a t i o n of k e t e n e . Hence, s t y r e n e format ion 

may a l s o o c c u r a s a r e s u l t of the i n t e r a c t i o n of ke tene and 

the a l d e h y d e , t h e i n t e r m e d i a t e l a c t o n e genera ted being subse ­

q u e n t l y d e c a r b o x y l a t e d i n accordance wi th the fol lowing s e ­

quence of r e a c t i o n s «. 

C6H5CH0 + CH2=C=0 > C6H5C~° * C6H5C H = G H2 + C 0 2 ' 

H2C-C=0 

In order to provide some experimental evidence for the 

assumption made, a mixture of acetone and benzaldehyde (mole 

ratio equal to 1.5) was passed through the reactor filled 

with copper wire spirals and quartz chips. These substances 

are known to be non-catalytic toward ketene (241) which is 

formed during pyrolysis in accordance with the equation 

CH3COCH3 ^ CH2=C=0 + CH4: 

The reaction was carried out at 625°C. in order to pre­

vent considerable breakdown of the aldehyde and at the same 

time obtain sufficient ketene to detect any styrene in the 

liquid products if it were to form according to the above 
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equation. Prom 130 ro r\? ***** i 
-toy cc . of feed (per cent by weight composi­

t i o n : acetone 4 5 . 1 , aldehvrtA R_I a\ 
• 4., axaenyde 54.9) passed through the reac­

tor a t a r a t e of 1.0 cc r,A-r> TH*̂  rsc ~ 
-L.U cc. per min., 95.6 g. of l iquid products 

were obta ined . After being dried over calcium chloride, 

40.0 g. on careful d i s t i l l a t i o n at atmospheric pressure gave 

15.7 g. acetone, 3.9 g. benzene, 14.1 g. benzaldehyde and 

6.3 g. high bo i l ing mater ia l . A 53.0 g. sample was fract ion­

a l l y d i s t i l l e d under reduced pressure and two fractions col­

l ec t ed . One, t o t a l l i n g 28.3 g. , consisted of acetone and 

benzene and the other , t o t a l l i ng 20.5 g. , consisted of un­

changed benzaldehyde. D i s t i l l a t i o n was discontinued when a 

f a i n t l y yellow sol id c rys ta l l i zed a t the condenser. After 

ex t r ac t ion of the column with ether and removal of the solvent, 

1.8 g. was obtained which could be recrys ta l l ized from alcohol. 

A melt ing point of 60.1°C. suggested that the solid was benzoyl 

acetone• 

Using the values for acetone and benzene obtained by a t ­

mospheric pressure d i s t i l l a t i o n , and those for benzaldehyde 

and benzoylacetone obtained by vacuum d i s t i l l a t i o n , the over­

a l l per cent composition of the t o t a l l iquid products may be 
given as fo l lows: 

Acetone 39.3 

Benzene 9.8 

Benzaldehyde 38.7 

Benzoylacetone 3.4 
Hi^h Boiling Material 8.8 
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Tile gaseous products, 20.8 _., leaving the flask in which 

the liquid products collected, passed through an aniline trap 

cooled in ice and 7.2 g. of acetanilide could be isolated ac­

cording to the procedure outlined in Organic Syntheses, Vol.1, 

p.332. Hence, about 2 g. of ketene which were generated had 

passed through the system unreacted with the aldehyde. 

The absence of styrene in the liquid products and the 

presence of ketene in the gaseous products was therefore a 

clear demonstration of the non-reactivity of ketene toward 

benzaldehyde. The experimental results are in line with 

Staudinger's observation that ketene fails to add to quinone 

and produce a (3-lactone (242). Condensation of ketene and 

benzaldehyde has already been attempted as a liquid-phase proc­

ess and various catalysts have been used as condensing agents. 

Hurd used potassium acetate as a catalyst and reported isola­

tion of the (3-lactone decarboxylation product, styrene, from 

this reaction (243). However, judging by the wording of his 

paper the yield obtained must have been exceedingly small. 

The styrene he isolated was contaminated with benzaldehyde 

and a derivative had to be prepared to insure its identifica­

tion. Yet the melting point reported for the dibromide (61°G.) 

is 13°C. below that given in the literature (74-75°C). It is 

puzzling also that he collected the unchanged benzaldehyde be­

fore taking off the styrene fraction. 

Other experimental facts appear to indicate that inter-
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mediate lactone formation probabl- H ™ O - _ 
jyroDaoiy does not occur to any ap­

preciable extent. Ben7alrta^^a -4. •, ̂  . 
ranzaldehyde itself is not attacked when 

passed over Morden bentonite at 200°C. Similarly, when ace­

tic anhydride is pyrolyzed over Morden bentonite at this tem­

perature only 0.4 1. of gas i s evolved per mole of reactant, 

and no ketene can be identified in the gaseous products 

(Table XXVI). But when pyrolyzed together as an equimolar 

mixture (Table XI) 3.6 1. of gas are evolved per mole of feed 

or 7.2 1. per mole of acetic anhydride used. Again, no ketene 

can be identified as one of the gaseous products, and it is 

reasonable to assume a more direct condensation between the 

anhydride and the aldehyde. 

Pyrolysis of Benzaldehyde and Ketene 
over Morden Bentonite 

Although the non-reactivity of ketene toward benzaldehyde 

during thermal pyrolysis was demonstrated by the previous ex­

periment, this non-reactivity need not necessarily exist when 

the reaction is carried out as a catalytic vapor-phase process. 

Accordingly, ketene and benzaldehyde were pyrolyzed together 

over Morden bentonite. The gas was generated by pyrolysis of 

acetone using a ketene lamp* and was passed through two water-

cooled condensers and a trap kept at -20°C. in order to sepa­

rate it from any acetone before entering the reactor. 

* vfoin«d from the Physical Chemistry Laboratories 
^ ^ _ r „ £ U S •?£> . O.J. « _ a « to wno* grateful 
acknowledgement Is expressed. 
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The actual amount of gas produced in unit time was deter­

mined prior to starting the main run by passing it for five 

minutes through 50 ml. of 2N potassium hydroxide solution and 

subsequently titrating the unused alkali. By this method of 

analysis the lamp was found to deliver 0.39 moles of ketene 

per hour. 

The reaction was carried out at 400°C, the aldehyde was 

fed into the reactor at a rate of 1.0 cc. per minute, and a 

total volume of 70 cc. was pyrolyzed. The products (70.6 g.) 

showed an acid reaction toward litmus, and titration of an 

aliquot against standard alkali indicated the equivalent of 

2.9 per cent of acetic acid in the pyrolyzate. Careful dis­

tillation at atmospheric pressure of a 20.0-g. sample per­

mitted the isolation of 0.7 g. of material boiling from 

56-60°C. and having a refractive index of 1.3590 at 20°C. 

Hence, unless it had persisted in the ketene stream, acetone 

was formed during pyrolysis. From 60-120°C, 0.9 g. of cloudy 

distillate was collected which had an acidic reaction toward 

litmus and the characteristic odor of acetic acid. 

The remainder of the products was neutralized with sodium 

carbonate and extracted with ether. After removal of the sol­

vent, washing with water and drying, fractional distillation 

showed that it had the following per cent by weight composi-

tion: 
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Styrene 2^7 

Ethylbenzene 3 6 

Benzaldehyde 83.4 

High Boiling Material 11.3 

Hence, styrene formation did occur, but since both acetone 

and acetic acid were also products of the reaction, acetic 

acid or acetic anhydride formation by interaction of the 

ketene with water present in the system, may possibly have 

preceded styrene formation. One potential source of water 

is the catalyst itself which was always activated with a 

stream of moist air. Strong experimental evidence for this 

assumption is the much higher percentage of acidity (8.7 per 

cent) shown by the products collected from 25 cc. of fore-run. 

The experiment did therefore not fulfill its real purpose. 

The desired information could possibly be obtained by using 

scrupulously dried reagents, pre-treating the catalyst for a 

long time with dried air and taking all possible precautions 

to exclude the ingress of moisture to the system. 

The percentage of styrene formed, however, was relative­

ly small and the strong decomposition of ketene over Morden 

bentonite was clearly seen by the evolution of 58 1. of gas 

in which no unchanged ketene could be detected. These obser­

vations strongly suggest that styrene formation by the pyroly­

sis of acetic anhydride- or acetic acid-benzaldehyde mixtures 

over Morden bentonite does not depend upon the formation of 

an intermediate lactone. 
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Pyrolysis of Equimola-n R^-, -, _, , 

s-4_____^Stgs:.T
e;5'Anhydrlde 

Cata lys ts other than K ™ ^ 0 „ U 
•cnan korden bentonite were used for the 

pyrolysis of benzaldehyde-acetic . n ^ » ^ . • *. 
j o a w n c antiydride mixtures not only 

in order to evaluate the i r efficiency, but also to obtain in­

formation regarding the mechanism of the react ion. The cata­

lys t s employed are given in Table XXXII. 

In a number of cases these catalysts were heated before 

use for 5-6 hours a t 500°C. while a slow stream of moist a i r 

was passed through the reac tor . Such treatment has been re ­

ported to bring the eff ic iencies of freshly activated and r e ­

generated c a t a l y s t to nearly the same level (155). A few ex­

periments were a lso ca r r ied out in which Morden bentonite was 

used as a c a r r i e r . Impregnation was accomplished by covering 

regenerated ca t a ly s t with an aqueous solution of known concen­

t r a t i o n of e i t h e r sodium hydroxide or sodium aceta te . After 

standing for twenty*four hours the excess of solution was 

drained off and the water evaporated in order to compute the 

weight of reagent adsorbed by the ca ta lys t . 

Without exception the ca ta lys ts used gave the same type 

of compounds and hence the same procedure of analysis could 

always be followed. The inves t iga t ion further showed that 

ca ta lys t s of near ly the same chemical composition differed 

greatly i n t h e i r a c t i v i t y and ca ta lys t s of nearly the same 

ca t a ly t i c a c t i v i t y differed grea t ly in chemical composition. 
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The condition of the various catalysts prior to use for 

pyrolytic studies is shown in Table XXXIII and the composition 

of the products given in Table XXXIV. 

As found by previous workers (155, 156, 157), freshly ac­

tivated Morden bentonite was more efficient than the regener­

ated catalyst (Runs la and 16). The gas evolution was noted 

to be higher and product recovery was therefore less favorable. 

The difference with regard to catalytic behavior became still 

more marked when comparing the per cent by weight composition 

of the products. Superior performance of the freshly acti­

vated catalyst led to higher conversion of the aldehyde, yet 

the yield of styrene obtained ¥/as low because a large portion 

of it was hydrogenated to ethylbenzene. 

When a 10 per cent aqueous solution of sodium hydroxide 

instead of sulfuric acid was used for activation the catalyst 

lost much of its efficiency (Runs 2a and 3a). Less gas was 

evolved and the aromatic products contained a large percentage 

of unchanged benzaldehyde. It was found, however, that the 

freshly activated catalyst was not as efficient as the reacti­

vated one. Conversion was 5.4 per cent less and styrene for­

mation reduced by 3.4 per cent. This behavior will be ex­

plained when experiments with impregnated catalysts are to be 

described. 

Raw white clay was found to exhibit catalytic activity. 

Again, conversion efficiency of the crude material was higher 
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and the styrene yield lower** f̂ or, 4-^ *. 
o j «xu lower than that obtained when using re­

activated clay (Runs 4a and 5a). 

Synthetic silica-alumina was the most active of all cat­

alysts tried. This catalyst is widely used in the petroleum 

industry for the production of high octane gasoline and its 

efficiency as a cracking catalyst may be evaluated from the 

composition of the products. Both the fresh as well as the 

reactivated compound yielded benzene, toluene and a large 

percentage of ethylbenzene (Runs 10a and 11a). It would ap­

pear, therefore, that this catalyst is not desirable for the 

preparation of styrene by pyrolysis of acetic anhydride-benz­

aldehyde mixtures but it would be valuable for the preparation 

of ethylbenzene and possibly substituted alkylbenzenes by this 

process. 

Air-treated and regenerated silica gel showed very simi­

lar catalytic performance (Runs 6a and 7a). The regenerated 

material was found to be slightly less effective and this may 

have been due to a decrease in surface area and pore volume 

occurring during activation of the catalyst at 600-630°C. (244). 

Activated Alumina F-l was found to be slightly less effec­

tive than the silica gel, yet showed similar product distribu­

tion (Runs 8a and 9a). 

Activated Alumina F-10 was found to be the most suitable 

catalyst for the styrene reaction (Runs 12 and 13a). The 
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yield was 13.5 per cent higher than that obtained with reac­

tivated Morden bentonite (Run 16) which was the second best 

catalyst used. No toluene and only a small amount of benzene 

was formed. Hence, cracking did not occur to a large extent. 

The 51.8 per cent yield of monomeric styrene represents 

68.8 per cent of the theoretical yield obtainable at a con­

version of 68.0 per cent. 
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Pyrolysis of Equimolar Benzaldehyde-Acetic Anhydride 
Mixture over Synthetic Silica-Alumina 

The results when using synthetic silica-alumina as cata­

lyst for the pyrolysis of benzaldehyde-acetic anhydride mix­

tures (Tables XXXIII and XXXIV) showed that only low yields 

of styrene could be realized in spite of high conversions of 

the aldehyde. In an attempt to direct the activity of this 

catalyst toward styrene formation an experiment was carried 

out in which a larger volume (200 cc.) of feed was employed 

and the products corresponding to each 100 ml. of feed were 

collected and analyzed separately. It was found (Table XXXV) 

that the second 100 cc. fraction gave a much more satisfacto­

ry recovery than the first and that the aromatic portion con­

tained a larger percentage of styrene, less benzene and no 

toluene. It also contained a larger percentage of benzalde­

hyde, which indicated the gradual deactivation of the catalyst 

with time. 

These results show the existence of marked differences 

with regard to the catalytic behavior of synthetic silica-

alumina and activated Morden bentonite. Whereas the effec­

tiveness of the activated natural aluminum silicate for sty­

rene formation was found to decrease with time (Table XXIII 

and Figure 6) the effectiveness of the synthetic catalyst for 

styrene formation was found to increase. Synthetic silica-

i , ff,,,ftnt cracking catalyst, apparently breaks alumina, an efficient cr-tu±ixn& j 

_. 4- onH reaction intermediates to a greater down the reactants and reaction 
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extent than Morden bentonite and hence ethylbenzene formation 

by hydrogenation of styrene molecules constitutes the chief 

reaction as long as the catalyst retains its activity at a 

high level. Carbonization accompanying pyrolysis gradually 

reduces the activity of the catalyst and as a result the hy­

drogenation reaction decreases also, but because it decreases 

at a faster rate than the reaction leading to the formation 

of styrene, the yield of the latter compound increases. It 

is evident however that there will be a maximum value because 

conversion of the aldehyde also is seen to fall off with time. 
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Relation between Catalyst Acidity and 
— Catalyst Activity 

As indicated in the historical part of this thesis, many 

heterogeneous vapor-phase reactions catalyzed by acid surfaces 

are, fundamentally, cases of general acid catalysis. This 

point of view has gained particular recognition by petroleum 

chemists because silica-alumina, silica-magnesia and acid-

treated clays, all of which show strong surface acidity, are 

the most effective cracking catalysts. 

Since a variety of catalysts were used in this investiga­

tion, an attempt was made to measure their relative acid 

strength and correlate it to catalytic activity (Table XXXVI). 

Two methods were used for this purpose. 

Method I;- Ten grams of catalyst were shaken mechanically 

with 50.0 ml. of distilled water for eighteen hours at a tem­

perature of 30°C. Daring this process all of the clay cata­

lysts were extensively disintegrated. The silica-gel catalyst 

appeared to fracture when quenched with water and considerable 

heat of wetting was evolved. The alumina catalysts disinte­

grated only slightly and the synthetic silica-alumina catalyst 

remained almost completely intact. After settling for a fur­

ther twelve hours 20 ml. aliquots were removed and titrated 

either with 0.1 N sodium hydroxide or 0.1 N sulfuric acid so­

lution, using either phenolphthalein or methyl orange as indi­

cator. Some samples which had not perfectly cleared were cen-

trifuged prior to analysis. 
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R____lts:- It was found that 1.0 g. of freshly activated 

Morden bentonite neutralized about 0.5 mg. of sodium hydrox­

ide. This acidity cannot be regarded as an intrinsic proper­

ty of the catalyst because it depends upon the thoroughness 

with which the acid-treated clay is washed. It is extremely 

difficult to remove the residual adsorbed mineral acid by 

washing. Thus, when 1200 g. of catalyst were prepared by the 

conventional procedure of activation and washed with 63 1. of 

distilled water, samples of the aqueous extract still showed 

a slight acidic reaction and precipitation with barium chlo­

ride. 

Prior to its use for pyrolytic studies, 220 cc. of this 

catalyst when heated to 600°C, lost 10.0 g. of water which 

was strongly acidic and gave a heavy precipitate with barium 

chloride. These observations are in conformity with the re­

sults recorded in Table XXXVI which show that the titratable 

acidity of regenerated catalyst is considerably less than 

that of freshly activated catalyst. 

Morden bentonite which had been activated with a 10 per 

cent aqueous sodium hydroxide solution neutralized 12.5 mg. 

of sulfuric acid per g. of clay. This large figure indicated 

strong retention of residual alkali which had not been removed 

by washing with distilled water. 

"Activation" had been carried out by gently boiling 400 g. 

of the commercial bentonite powder with 600 cc. of a 10 per cent 
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aqueous sodium hydroxide solution for four hours, keeping the 

suspension agitated and replacing from time to time the water 

lost by evaporation. The slurry was then diluted with 10 1. 

of water, most of which could be decanted after twenty-four 

hours. After filtration and washing with an additional 10 1. 

of water, the material was processed in the same manner as 

described for the acid activated clay. 

Prior to use for pyrolytic studies, 220 cc. of this cat­

alyst, when heated to 400°C, lost 10.3 g. of water which was 

neutral toward litmus, indicating that no sodium hydroxide 

had come off the surface, but still gave a very faint cloudi­

ness with barium chloride. 

After regeneration the titratable alkalinity of the cat­

alyst was reduced to 0.8 mg. per g. of clay. This pattern of 

behavior was opposite to the general trend toward decrease in 

acidity of the catalyst once it had been used and reactivated. 

Both silica gel and activated alumina F-10 showed very 

low acidity and activated alumina F-l exhibited even titra­

table alkalinity. Yet in conformity with all other catalysts, 

except the sodium-hydroxide-activated bentonite, the activated 

aluminas, as received, were more acidic than the reactivated 

compounds. 

Synthetic silica-alumina was found to exhibit distinct 

titratable acidity. Since this catalyst does not undergo any 
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acid treatment during manufacture, its acidity is apparently 

real and an intrinsic property of the compound (244). 

Method II;- The catalysts were heated at 550°C. for one 

hour in a muffle furnace and after they had cooled in a des­

iccator, exactly 2.0 g. were weighed out and shaken with 

50.0 ml. of 0.1 N sodium hydroxide in an atmosphere of nitro­

gen for one hour at 30°C. It was noted that again the natu­

ral clays disintegrated to a greater extent than the synthet­

ic catalysts and again the synthetic silica-alumina was least 

affected by this treatment. After standing for twelve hours 

10.0 ml. aliquots were titrated with 0.1 N sulfuric acid using 

phenolphthalein as indicator. Samples which had not suffi­

ciently settled were centrifuged in well-stoppered centrifuge 

tubes prior to analysis. 

Results;- According to this method of analysis none of 

the catalysts showed alkalinity. Even Morden bentonite which 

had been activated with a 10 per cent sodium hydroxide solu­

tion became now an acidic catalyst, neutralizing 3 mg. of 

sodium hydroxide per g. of clay. This result showed that 

activation with a 10 per cent solution of sodium hydroxide 

had not entirely destroyed the acidity of the bentonite cata­

lyst. After regeneration its acidity was more than doubled. 

Activated Alumina F-l now also had acidic properties and 

in conformity with the direct titration procedure, as well as 

with the behavior of all other catalysts - except the sodium-
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hydroxide-activated bentonite - the acidity of the fresh cat­

alyst exceeded that of the reactivated compound. 

Further study of the experimental data recorded in 

Table XXXVI showed that without exception a particular 6ata-

lyst exhibited greater catalytic activity if it displayed a 

greater degree of acidity and this relationship applied not 

only to one particular catalyst but to a number of catalysts 

provided they belonged to the same class. Thus, comparing 

the acidity and catalytic activity of the silica-alumina cat­

alysts used, it can be seen (Table XXXVII) that the catalyst 

which is least acidic is also the one showing least catalytic 

activity. In this table synthetic silica-alumina, which save 

the highest conversion, was used as the reference catalyst 

(100 per cent catalytic activity). The acidity-activity rela­

tionship did not show up as clearly with regard to the acti­

vated aluminas because these catalysts were subjected to air 

treatment prior to pyrolysis (Table XXXIII) whereas their 

acidities (Table XXXVI) refer to the state in which they were 

received. 

Observations of similar nature were made by Thomas (147) 

who activated samples of montmorillonite clay with hydrochlo­

ric acid solutions of different concentrations and then de­

termined the catalytic activities of the preparations in ac­

cordance with a standardized test (245). He found that the 

activity of the catalyst increased with its acidity but fell 
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off after it had reached a maximum. The present investigation 

has extended this observation to a number of catalysts and the 

results should serve to strengthen the novel concepts regard­

ing the mechanism by which clays and clay-like catalysts are 

believed to act. 

It is to be noted that silica gel, which had shown a very 

low acidity when titrated directly, was found to be the most 

acidic of all catalysts when tested in accordance with Method II. 

Yet in spite of this high acidity it displayed only little cat­

alytic activity. Thomas, on the basis of an idealized atomic 

structure of montmorillonite, proposes the existence of both 

strongly acidic and weakly acidic hydrogen ions and suggests 

that only the strongly acidic type reflect the observed cata­

lytic activity (147). Alkali treatment would not differenti­

ate between strongly and weakly acidic hydrogen ions and titra­

tion would therefore show the sum of the two. On this basis, 

silica gel would contain a large percentage of weakly acidic 

hydrogen ions. 

Activated Alumina P-10 showed both greater activity and 

acidity than the F-l grade. The chemical composition of these 

two activated aluminas is very nearly the same (246) and would 

offer no clue regarding their differing catalytic activities, 

yet it is important to note that during the process of manu­

facture the F-l grade does not undergo acid activation, where­

as the P-10 grade material is subjected to a treatment with 

hydrochloric acid (247). 
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Comparison of the two methods of analysis shows that de­

termination of catalyst acidity by Method II made the relation­

ships detected by Method I more evident. It is to be under­

stood, however, that these relationships are only semi-quanti­

tative in nature, because the acidities determined are but 

relative values, depending on the experimental procedure chosen 

(temperature, concentration of the alkali, time of shaking, sol­

vent etc.), and catalysts in turn will display different degrees 

of activity depending upon the type of reaction for which they 

are used. Deans, for instance, found that Morden bentonite 

catalyzed the conversion of p-cymene to toluene (72 per cent) 

while activated alumina and silica gel were both inactive (156). 

Pyrolysis of Equimolar Benzaldehyde-Acetic Anhydride Mixture 
over Sodium Hydroxide-Impregnated Morden Bentonite 

Previous experiments (Tables XXXIII and XXXIV) had shown 

that activation of Morden bentonite with a 10 per cent aqueous 

sodium hydroxide solution had produced a catalyst which was 

much less efficient than the normal activated clay. In addi­

tion, certain anomalies were observed regarding the activity 

of the freshly activated catalyst when compared with that of 

the regenerated catalyst. In order to explain the discrepan­

cies encountered experiments on sodium-hydroxide-impregnated 

catalyst were carried out. 

o n o l v 7 Ad for styrene only and it was The products were analyzed lor auji 

. «rt/q̂ im-Vivdroxide concentration at the found that with increasing sodium-hydroxide 

r the vields of styrene fell off (Table XXXVIII). 
catalyst surface the yields ui * j 
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The i n i t i a l dec rease i n s tyrene y i e l d when using a 4 per cent 

sodium-hydroxide-impregnated Morden ben ton i te amounted to only 

4.4 per c e n t . I t became more marked (14 per cent) following 

the second impregnat ion of the c a t a l y s t and again decreased 

only s l i g h t l y when t h e sodium hydroxide concent ra t ion was i n ­

creased from 7 to 13 per c en t . 

The e x p l a n a t i o n was found when 1 .0-g. samples of the t o ­

t a l l i q u i d p roduc t s were t i t r a t e d with 0.5 N a l k a l i , for these 

analyses showed t h a t i n s p i t e of the decreased c a t a l y t i c a c t i v ­

i t y , as i n d i c a t e d by the s t e a d i l y f a l l i n g r a t e of gas evolut ion, 

the a c i d i t y of t h e t o t a l l i q u i d products did not change mate r i ­

a l l y . Apparen t ly some of the sodium hydroxide was removed from 

the c a t a l y t i c su r f ace dur ing p y r o l y s i s , probably by r eac t ion 

with a c e t i c a c i d to form sodium a c e t a t e and water . The exper i ­

mental da ta would i n d i c a t e t h a t t h i s r eac t ion occurred p a r t i c u ­

l a r l y du r ing the f i r s t run when the a l k a l i was not yet s t rongly 

incorpora ted i n t o the c r y s t a l l a t t i c e s of the c a t a l y s t . 

. This phenomenon must a l s o have occurred during pyro lys is 

when the a l k a l i a c t i v a t e d Morden benton i te was used (Tables 

XXXIII and XXXIV) and i t would expla in why the regenerated c a t ­

a l y s t d i s p l a y e d a s t r o n g e r a c i d i t y , and a l so g rea t e r c a t a l y t i c 

a c t i v i t y , t h a n the f r e s h l y a c t i v a t e d c a t a l y s t . 

The same c a t a l y s t was used for a l l t h r e e runs c a r r i e d out 

with sodium-hydroxide- impregnated Morden b e n t o n i t e . The a l k a l i 

concentration a t i t s su r face was c a l c u l a t e d wi thout t a k i n g in to 
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account any losses that occurred during pyrolysis. For this 

reason the values for the alkali concentration are given to 

the nearest per cent only. 

Pyrolysis of Equimolar Benzaldehyde-Acetic Anhydride Mixture 
over Sodium-Acetate-Impregnated Morden Bentonite 

Impregnation of Morden bentonite with sodium acetate, the 

classical catalyst for the Perkin reaction, did not enhance 

the quality of the clay for producing styrene by pyrolysis of 

benzaldehyde-acetic anhydride mixtures (Table XXXIX). 

The reaction was carried out at 300°C. in order to sup­

press decarboxylation of any cinnamic acid if it were to form 

during pyrolysis. 

It was found that in spite of the higher gas evolution, 

as compared to a similar run carried out with acid-activated 

Morden bentonite (Tables XI and XII; Run 15), conversion of 

the aldehyde was practically the same. Apparently the sodium-

acetate-impregnated clay favored decomposition of the anhy­

dride. When removed from the reactor after the normal process 

e_o*rtr_ thP clav was still black and carbonized. There of regeneration tne ciay w«.o 

_-i_Mv_lv large percentage of high boiling material, 
was also a relatively i<"bc FDJ-

^..TJ v,ft isolated from 30.0 g. of No cinnamic acid, however, could be isolate 

4-~_~«4-_.ri n n accordance with the pro-liquid products which were treated in accoraan 

* v. ,-<=n-i«tinp- the unsaturated acid from the eedure applied when isolating rae 

products of the Perkin reaction. 
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TABLE XXXIX 

Pyrolysis ^Equimolar Benzaldehyde-Acetic Anhydride Mixture 
over Sodium-Acetate-l^Tv^^o 4-^ n_ nf^n A ^-impregnated Bentonite 

Composition of Feed 

Benzaldehyde 51.0 % by wt. 
Acetic Anhydride 49.0 

Volume Pyrolyzed: 100 cc. 
Feed Ra te : 2.0 cc . /min . 
C a t a l y s t : 220 cc . Morden Bentonite 

conta in ing 17.8% E CE,C00Na 
Temperature: 300°C. v 

Weight of Liquid Products 88.0 g. 
Gas Evolved 7 .1 1 . 
Aromatics 47.7 g. 

Composition of Aromatics 

Ethylbenzene 7.0 % by wt. 

Styrene 22.8 

Benzaldehyde 60.3 

High Boi l ing Mater ia l 9.9 
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Pyrolysis of Substituted Aromatic and Heterocycli 
Aldehyde-Acetic Anhydride Mixtures 

over Morden Rflr.^n1tr 

in an attempt to determine the scope of the vapor-phase 

reaction described above and also to accumulate additional 

experimental evidence regarding the reaction mechanism, the 

pyrolysis of seven substituted aromatic aldehydes and two 

heterocyclic aldehydes in presence of acetic anhydride was 

investigated. In all cases, except m-nitrobenzaldehyde, 

equimolar mixtures of reactants were used, and the pyrolyses 

all carried out under standardized conditions. 

FJhen chlorobenzaldehydes and toluic aldehydes were used 

the liquid products were treated in accordance with the gener­

al procedure of analysis, and these pyrolyses have therefore 

been omitted from a detailed discussion. Many of the runs 

were repeated in order to obtain sufficient material for de­

termining the main physical constants of the various products. 

In some cases the vinyl compounds were further characterized 

by carbon-hydrogen analyses and the preparation of derivatives 

(Table LVII). 

All liquid aldehydes were purified by distillation under 

reduced pressure and in an atmosphere of nitrogen through the 

Stedman column prior to use. Sources of supply and the phy­

sical constants of the purified compounds are given in 

Table XL, and the results of the various pyrolyses listed in 

Tables XLI-LVI. 
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TABLE XLIII 

Pyrolysis of Equimolar m-Chlorobenzaldehyde-Acetic Anhydride 
Mixture over Morden Bentonite 

Composition of Feed 

m-Chlorobenzaldehyde 57.9 % by wt. 
Acetic Anhydride 42.1 

Volume Pyrolyzed: 100 cc. 
Feed Rate: 2.1 cc./min. 
Catalyst Volume: 220 cc. 
Temperature: 400°C. 

Weight of Liquid Products 89.9 g. 
Gas Evolved 11.9 1. 
Weight of Aromatics 62.2 g. 

Distillate 93.5 % by wt. 
High Boiling Material 6.5 

r.nmpnflitlon of Distillate, 

m-Chloroethylbenzene 10.9 % by wt. 

m-Chlorostyrene 36.2 

m-Ghlorobenzaldehyde 32.9 

Percent m-Chlorostyrene in Aromatic Products 52.5 
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TABLE XLV 

Pyrolysis of Equimolar p-Chlorobenzaldehyde-Acetic Anhydride 
Mixture over Morden Bentonite 

Composition of Feed 

p-Chlorobenzaldehyde 57.9 % by wt. 
Acetic Anhydride 42.1 

Volume Pyrolyzed: 100 cc. 
Feed Rate: 2.2 cc./min. 
Catalyst Volume: 220 cc. 
Temperature: 400°C. 

Weight of Liquid Products 90.3 g. 
Gas Evolved 11.1 1. 
Weight of Aromatics 59.8 g. 

Distillate 93.9 % by wt. 
High Boiling Material 6.1 

Composition of Distillate 

p-Chloroethylbenzene 10.1 % by wt. 

p-Chlorostyrene 47.8 

p-Chlorobenzaldehyde 42.1 

Percent p-Chlorostyrene in Aromatic Products 44.9 
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TABLE XLVII 

Pyrolysis of Equimolar m-Methylbenzaldehyde-Acetic Anhydride 
Mixture over Morden ftAn+-.rm •*+»__ 

Composition of Feed 

m-Methylbenzaldehyde 54.0 % by wt 
Acetic Anhydride 46.0 

Volume Pyrolyzed: 100 cc. 
Feed Rate: 2.2 cc./min. 
Catalyst Volume: 220 cc. 
Temperature: 400°C. 

Weight of Liquid Products 85.5 g. 
Gas Evolved 8.8 1. 
Weight of Aromatics 50.8 g. 

Distillate 95.9 % by wt 
High Boiling Material 4.1 

Composition of Distillate 

Toluene 2.3 % by wt. 

m-Methylethylbenzene 14.4 

m-Methylstyrene 29.7 

m-Methylbenzaldehyde 53.6 

Percent m-Methylstyrene in Aromatic Products 28.5 
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TABLE XLIX 

P y r o l y s i s of Equ imola r p -Methy lbenza ldehyde-Ace t lc Anhydride 
Mix tu re over Morden Ben ton i t e 

Compos i t ion of Feed 

p-Methy lbenza ldehyde 54 .0 % by wt . 
A c e t i c Anhydride 46 .0 

Volume P y r o l y z e d : 100 c c . 
Feed R a t e : 2 . 2 c c . / m i n . 
C a t a l y s t Volume: 220 c c . 
T e m p e r a t u r e : 400°C. 

Weight of L iqu id P roduc t s 86 .8 g. 
Gas Evolved 9 .3 1 . 
Weight of Aromat ics ol.o g. 

Distillate ^ _ 9J . | * ** wfc* 
High Boiling Material ~.v 

reposition of Distillate 

2.8 % by wt. 
Toluene ' 

p-Methylethylbenzene 15.1 

p-Methylstyrene 35«° 

p-Methylbenzaldehyde 47.1 

Percent p-Heth^rene in Aromatic Products 34.0 
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TABLE LI 

Pyrolysis of Equimolar p-Methoxybenzaldehyde-Acetic Anhydride 
_ Mixture over Morden Bentonite 

Composition of Feed 

p-Methoxybenzaldehyde 57.1 % by wt. 
Ace t i c Anhydride 42.9 

Volume Pyrolyzed: 100 cc . 
Feed R a t e : 2.2 cc . /min . 
C a t a l y s t Volume: 220 c c . 
N i t r o g e n : 10 l . / h r . 
Temperature: 400°C• 

Weight of Liquid Products 93.2 g. 
To ta l Gas 15.8 1 . 
Weight of Aromatics 52.3 g. 

Composition of Aromatics 

(by d i s t i l l a t i o n under reduced pressure) 

p-Methoxybenzene 7.6 % by wt. 

p-Methoxyethylbenzene 8.0 
p-Methoxystyrene 16 .3 

p-Me thoxybenzaldehyde 59.8 

High Boi l ing Mater ia l 8 .3 
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P y r o l y s i s of m - N i t r o b e n z a l d e h y d e - A c e t i c Anhydride 
M i x t u r e over Morden Ben ton i t e 

The r e s u l t s when p y r o l y z i n g a mix tu re of m - n i t r o b e n z -

aldehyde and a c e t i c a n h y d r i d e over Morden b e n t o n i t e a r e g iven 

in Table L I I I . A mola r r a t i o of a ldehyde to a c e t i c anhydr ide 

equal t o 2 : 3 had t o be u sed i n o r d e r to d i s s o l v e the a ldehyde . 

The p r o d u c t s were n e u t r a l i z e d w i t h sodium c a r b o n a t e , ex ­

t r a c t e d w i t h e t h e r and a f t e r washing and d ry ing s u b j e c t e d t o 

f r a c t i o n a l d i s t i l l a t i o n unde r reduced p r e s s u r e . From 48 .2 g. 

of a r o m a t i c s t h e r e was o b t a i n e d 1.4 g . of n i t r o b e n z e n e , 1.7 g. 

of m - n i t r o e t h y l benzene and 5.4 g . of m - n i t r o s t y r e n e , the r e ­

mainder c o n s i s t i n g of unchanged m-n i t robenza ldehyde and h igh 

b o i l i n g m a t e r i a l . 

The main p u r p o s e of t he exper iment was to d e t e c t any m-

n i t r o c i n n a m i c a c i d i n t h e p r o d u c t s of t he p y r o l y s i s s i nce i t 

has been r e p o r t e d t h a t t h i s a c i d r e s i s t s conven t iona l d e c a r ­

b o x y l a t i o n methods ( 1 0 ) . However, when the p roduc t s ob ta ined 

from an i d e n t i c a l r u n were t r e a t e d i n accordance wi th the usu­

a l p r o c e d u r e f o r i s o l a t i o n of a , (3 -unsa tu ra t ed a romat ic a c i d s 

p r epa red by t h e P e r k i n r e a c t i o n , no m - n i t r o cinnamic a c i d could 

be d e t e c t e d . Hence, t h i s expe r imen t , l i k e t hose a l r e a d y p e r ­

formed, would a l s o i n d i c a t e t h a t a ( 3 - a r y l a c r y l i c a c i d i s no t 

l i k e l v a s a n i n t e r m e d i a t e r e a c t i o n p r o d u c t d u r i n g the p y r o l y -

s i s . No p r e c e d e n t f o r t h e s y n t h e s i s of m - n i t r o s t y r e n e by a 

con t inuous v a p o r - p h a s e p r o c e s s c o u l d be found i n t h e l i t e r a t u r e . 
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TABLE LIII 

Pyrolysis of m-Nitrobenzaldehyde-Acetic Anhydride 
Mixture over Morden Bentonite 

Composition of Feed 

m-Nitrobenzaldehyde 49.7 % by wt. 
Acetic Anhydride 50.3 

Volume Pyrolyzed: 100 cc. 
Feed Rate: 2.1 cc./min. 
Catalyst Volume: 220 cc. 
Nitrogen: 10 l./hr. 
Temperature: 400°C. 

Weight of Liquid Products 89.0 g. 
Total Gas 18.7 1. 
Weight of Aromatics 48.2 g. 

Composition of Aromatics 
(by distillation under reduced pressure) 

Nitrobenzene 2.9 % by wt. 

m-Nitroethylbenzene 3.5 

m-Nitrostyrene 11.3 

m-Nitrobenzaldehyde and 
High Boiling Material 82.3 
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Pyrolysis of Equimolar Furfuraldehyde-Acetic Anhydride 
Mixture over Morden Bentonite 

A volume of 100 cc. of the equimolar mixture (48.5 g. 

furfuraldehyde, 51.5 g. acetic anhydride) was passed over 

the catalyst at 400°C. and at a rate of 1.8 cc. per minute. 

A slow stream of nitrogen (10 1. per hour) was used as carri­

er gas. 

The liquid products were neutralized in the cold with 

sodium carbonate and extracted with ether. The extract 

after washing with a small quantity of water was dried over 

calcium chloride and then carefully fractionated at atmos­

pheric pressure. Hydroquinone was used as polymerization 

inhibitor. The distillation, conducted up to a temperature 

of 110°C, gave 6.3 g. of distillate which consisted of 0.9 g. 

of 2-methylfuran, 3.7 g. of 2-ethylfuran and 1.7 g. of 2-vinyl 

furan. 

When the aromatics (45.4 g.), obtained from a run car­

ried out under similar conditions, were distilled under re­

duced pressure (600 mm.), their per cent by weight composi­

tion was found to be as follows: 

2-Methylfuran 3*5 

2-Ethylfuran 6.2 

2-Vinylfuran 14.4 

2-Furfuraldehyde 63.7 

High Boiling Material 12.2 
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No attempt was made to characterize the high boiling 

tar. It consisted probably to a large extent of polymer­

ized vinylfuran because the distillation had to be carried 

out at high reflux ratio and at not too low a pressure in 

order to obtain satisfactory separation of 2-ethylfuran 

from the vinyl compound. 
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pyrolysis of Equimolar Thiophenealdehyde-Acetic Anhydride 
Mixture over Morden Bentoni te 

A volume of 100 c c . of the equimolar mixture (52.3 g. 

thiophenealdehyde, 47.7 g. a c e t i c anhydride) was passed over 

the c a t a l y s t a t 400°C. and a t a r a t e of 1.9 c c . per minute . 

A slow stream of n i t r o g e n (10 1 . per hour) v/as used as c a r r i e r 

gas. 

From 90.1 g. of total liquid products, 49.5 g. of aro­

matics were obtained. Fractional distillation at atmospheric 

pressure up to 150°C. gave 7.5 g. of distillate consisting of 

2.0 g. of thiophene, 1.7 g. of 2-methylthiophene, 2.5 g. of 

2-ethyl thiophene, and 1.3 g. of 2-vinylthiophene. 

Using hydroquinone as polymerization inhibitor, the aro­

matics, isolated from a run carried out under identical con­

ditions, were distilled under reduced pressure and found to 

have the following per cent by weight composition: 

Thiophene 2.5 

2-Methyl thiophene 4.1 

2-Ethylthiophene 6.1 

2- Vinyl thiophene 12.0 

2-Thiophenealdehyde 66.5 

High Boiling Material 8.8 

It was noticed that the gas evolved during these runs 

had a strong odor of hydrogen sulfide and when passing it 

through a silver nitrate solution (10 g. in 25 cc.) 2.1 g. 
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0f silver sulfide was obtained. Hence, ring rupture had oc­

curred during pyrolysis. This phenomenon was also noticed by 

Hartough (202) during the vapor-phase pyrolysis of acetic an­

hydride-thiophene mixtures over aluminum silicate catalysts. 

He obtained only low yields of acetylated products. In ad­

dition to this tendency of thiophene to undergo ring rupture, 

it is known to be a catalyst poison because the free-electron 

pairs of the sulfur atom take part in the formation of strong 

covalent bonds by which the molecules are held at the surface 

(248). 
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pyrolysis of Equimolar Benzaldehyde-Propionic Anhydride 
^ ^ _ _ Mixture over Morden Bentonite 

The propionic anhydride used was supplied by Brickman & 

Company, Montreal. I t had the following physical cons tan ts : 

B.P. , (°G. c o r r . ) 165; n^° 1.4033; dj° 1.013 

and was used without fur ther pu r i f i c a t i on . 

A volume of 100 cc . of the equimolar mixture (44.9 g. 

benzaldehyde, 55.1 g. propionic anhydride) was passed over 

the catalyst a t 400°C. and a t a r a t e of 2.3 cc. per minute. 

The pyrolyzate (85.5 g.) a f t e r treatment in accordance 

with the adopted procedure yielded 54.3 g. of products which 

on fractional d i s t i l l a t i o n under reduced pressure and in an 

atmosphere of n i t rogen gave four f r ac t ions . 

Fraction 1 (5 .3 g . ; B.P. 100-105°C.) consisted of d ie thyl -
ke tone . 

Fraction 2 (10.4 g . ; B.P. 150-_67°C.) was not definitely-
i d e n t i f i e d , but judging by the boi l ing po in t s , 
r e f r a c t i v e indices and behavior toward bromine 
shown by the indiv idual subfract ions, i t ap­
peared to be a mixture of n-propylbenzene and 
a l ly lbenzene , the l a t t e r being formed as a r e ­
s u l t of the isomerizat ion of 6-methylstyrene 
which was i s o l a t e d and iden t i f i ed . Such isomer­
i z a t i o n i s known to occur in the vapor phase 
over clay c a t a l y s t s (249, 250). 

Fraction 3 (26.5 g . j B.P. 167-176°C.) represented a mixture 
of isomeric p-methylstyrenes. 

Fraction 4 (6 .7 g . ; B.P. -76-185°C.) was unchanged benzal­
dehyde and high bo i l ing ma te r i a l . 

0 » r e f r a c t i v e ind ices of the ind iv idua l f r ac t ions making 

up Fraction 3 increased gradual ly from 1.5431-1.5500. 
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A fraction of 3.3 g. collected at 61.5°C. (10 ram. pressure) 

had the following physical constants: 

B.P. (°C. corr.) 174; n20 1.5492; d20 0.911 

These values closely approximated those given in the 

literature for the high boiling isomer of p-methylstyrene. 

An aliquot of this sample was titrated for unsaturation 

according to the method outlined by d'Alelio (231) and found 

to be 99.8 per cent pure. 

The dibromide was prepared in accordance with the pro­

cedure given by Rugheimer (251) and after four recrystalliza-

tions from ethanol and drying under vacuum over phosphorus 

pentoxide Its melting point was 68.0-68.3°C. The melting 

points recorded in the literature range from 64-68°C. (252) 

but none of the authors elaborates on the purification of 

the compound prior to the melting point determination. 

A Carius analysis gave 57.31 per cent bromine (Theo­

retical 57.50 per cent). 

Further characterization of the vinyl compound was 

carried out by determining its ultraviolet absorption spec­

trum using a Beckmann quartz photoelectric spectrophotometer, 

(see Figure 9). Maximum absorption, -f=16310, occurred at 

250 mu., that is, in the region where conjugated alkyl sub­

stituted benzene derivatives absorb with an extremely high 

intensity. T.W. Campbell et al. (253) reported the extinction 



185 

coefficient of the trans-compound at 249 mu. as equal to 14710. 

Their sample, obtained by rearrangement of allylbenzene with 

potassium hydroxide in butanol, was however contaminated with 

some cis-isomer. By treating the mixture on a chromatographic 

column and subjecting the product to careful fractionation, 

they believe they obtained the pure trans-isomer for which 

they give the following constants (254): 

B.P. 177-178°C; n25 1.5468; £ 17850 
D 249 mu. 
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Pyrolysis of Equimolar Benzaldehyde-Butyric Anhydride 
Mixture over Morden Bentonite ^ ^ ^ 

The anhydride used was supplied by Eastman Kodak & Co. 

It had the following physical constants: 

B.P. (°C. corr.) 191; n*0 1.4168; &20 0.992 

and was used without further purification. 

A volume of 100 cc. of the equimolar mixture (40.1 g. 

benzaldehyde, 59.9 g. butyric anhydride) was passed over the 

catalyst at 400°C. and at a rate of 2.7 cc. per minute. 

The pyrolyzate (84.7 g.) after neutralization with sodium 

carbonate solution and extraction with ether yielded 51.3 g. 

of products, which were washed until neutral and dried over 

calcium chloride. Distillation under reduced pressure and in 

an atmosphere of nitrogen gave four fractions. 

Fraction 1 (4.9 g.; B.P. 140-150°C.) consisted of heptanone-4. 

Fraction 2 (18.1 g.; B.P. 170-185°C.) was not subjected to 
further analysis, but judging by the boiling 
points, refractive indices, and behavior toward 
bromine shown by the individual subfractions it 
probably contained a large percentage of buten-2-
ylbenzene and buten-3-ylbenzene. 

Fraction 3 (20.4 g.; B.P. 185-199°C.) represented a mixture 
of isomeric buten-1-ylbenzenes (p-ethylstyrenes). 

Fraction 4 (2.1 g.; B.P. 199-210°C.) was high boiling material 
and not identified. 

The refractive indices of the individual fractions making 

up Fraction 3 increased gradually from 1.5290-1.5428. A frac­

tion of 3.9 g. collected at 66.4°C. (5 mm. pressure) had the 
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following p h y s i c a l c o n s t a n t s : 

B.P . (°C. c o r r . ) 197; n 2 0 l # 5 4 1 8 ; d20 0.910 
9 D ' 4 

These values closely approximated those given in the litera­

ture for the high boiling isomer of p-ethyls tyrene. 

The dibromide was prepared according to the procedure 

given by Radiszewski (255) and after four recrystallizations 

from ethanol and drying over phosphorus pentoxide its melting 

point was 71.5-71.8°C. The melting points recorded in the 

literature range from 67-71°C. (17, 107, 255). 

A Carius analysis gave 54.59 per cent bromine (Theo­

retical 54.73). 

The ultraviolet absorption spectrum of the vinyl compound 

was also determined and it was found that maximum absorption 

(£=17520) occurred at exactly the same wave length at which 

p-me thyls tyrene absorbed with greatest intensity (see Figure 9). 

The absorption curve itself was very nearly the same as 

that of the lower homologue with regard to shape and spectral 

intensity, which observation is in agreement with Ramart-Lucas' 

finding (250), that lengthening the side chain of p-methylsty-

rene modifies but slightly the ultraviolet absorption. This 

author prepared p-ethylstyrene by dehydration of 4-phenyl-l-

butanol at 500°C. over infusorial earth and obtained a mixture 

of all three butenylbenzenes, the buten-1-ylbenzene (p-ethyl­

styrene) making up the largest fraction. 
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The Mechanism of the Reaction 

The direct analogy which may so often be drawn between 

acid-catalyzed homogeneous liquid-phase reactions and heter­

ogeneous processes occurring in the vapor phase at acidic sur­

faces cannot be extended to include the interaction of benzal­

dehyde and acetic anhydride. The liquid-phase reaction, which 

has been studied by Man, Sanderson and Hauser (256), yields 

benzylidene diacetate. It is carried out at 0-5°C. and only 

minute amounts of boron trifluoride (etherate) are required 

to effect condensation. 

The reaction has not yet been applied to substituted aro­

matic aldehydes and a detailed mechanism remains still to be 

proposed. It is reasonable, however, to assume that the con­

densation proceeds by the same mechanism as similar aliphatic 

aldehyde-acid anhydride condensations which are assumed to in­

volve ionic intermediates (257). 

Valuable information regarding the mechanism of the vapor-

phase process may be gained by comparing it with another liquid-

phase reaction, the Perkin synthesis of a,p-unsaturated acids 

(Table LVIII). 
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It is seen that the yields of styrene, methylstyrenes 

and chlorostyrenes, vary in the same manner as those of the 

corresponding cinnamic acids obtained by the Perkin synthesis. 

These results would indicate that the activity of substituted 

benzaldehydes in the vapor-phase process reflects similar 

trends observed in other reactions involving the carbonyl 

group. A methyl group in either the meta- or para-position 

decreases the yield and a halogen in any position increases 

the yield, the effect being strongest for the ortho, less for 

the meta and weakest for the para isomer. 

Since it was shown in the experimental portion of this 

thesis, however, that cinnamic acid is not an intermediate 

in the vapor-phase process, another common characteristic 

must be found in order to account for the experimental results. 

It Is fairly well established that the Perkin synthesis of 

acrylic acids is an ionic reaction, and the historical part 

of this thesis has enumerated many examples of, and data on, 

contact catalytic reactions which can be interpreted on the 

basis of intermediate ionic states, similar to those occurring 

in homogeneous catalytic reactions. 

Unfortunately, in spite of the considerable support which 

may be drawn from the literature, this view has not yet re­

ceived the general attention it deserves. The pyrolytic proc­

ess which has now been studied strengthens this view because 

with its aid the process can be extensively correlated with a 
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classical liquid-phase reaction that has been the subject of 

much research for nearly 100 years and whose mechanism is 

generally considered ionic in nature. 

It was shown that the vapor-phase reaction does not take 

place in the absence of a catalyst nor in the presence of an 

inert contact substance, such as pure silica. It proceeds 

readily however at acid surfaces, and since a correlation 

between catalyst acidity and catalyst activity was found to 

exist one is encouraged to conclude that the hydrogen ions 

associated with the catalytic surface are most likely the 

sites where reaction is initiated. 

It was also found that silica gel (SiO =99.7 per cent) 

as well as activated alumina (Al 0 =99.0 per cent) catalyzed 
Ct O 

the vapor-phase process. Hence, neither silicon nor aluminum 

atoms are to be regarded as fundamental requirements for the 

reaction to take place. The only common feature of all posi­

tive catalysts used was their acidity. 

Another possibility regarding the catalytic action of 

aluminum silicates remains to be considered. It has been 

postulated (264) that their adsorptive power and catalytic 

activity are associated with the oxygen atoms whose distance 

(2.50 A) within the crystal lattice is close to the distance 

between alternate carbon atoms in a zigzag hydro carbon-chain 

(2.54 A). This postulate cannot explain, however, why other 

similar structures, such as the micas or talc, which contain 
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the same type of silica-oxygen bonds, are catalytlcally in­

active; nor does it account for the increase in catalytic 

activity caused by acid treatments. 

Of the two aluminas investigated, the one which had 

been acid-treated gave considerably higher conversion. This 

greater activity may be interpreted on the basis of experi­

mental work carried out by Graham and Thomas (263). These 

workers believe that hydrous alumina is a co-ordinated struc­

ture made up of A1-0-A1 and A1-0-A1 linkages. Anions may 

H 

form complexes with the aluminum ion in acid solution by ap­

proaching the A1-0-A1 link at the surface, breaking the alu-

H 
minum-oxygen bond 

A" - Al 0-A1 
H 

and thereby converting the "ol" group A1-0-A1 into a "hydroxo" 

H 
group which reacts readily with a proton from the medium. It 

follows that alumina which has undergone this type of acid 

activation will contain a higher concentration of hydrogen ions 

at its surface than the unprocessed material. This inference 

has been confirmed, since the titratable acidity of the freshly 

activated as well as of the regenerated acid activated alumina 

was considerably higher than that of the unprocessed sample 

under identical test conditions (Table XXXVI). 

Accepting then the conclusion that the hydrogen ions at 

the catalytic surface are the ultimate sources of activity, 
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the reaction mechanism becomes a case of general acid cataly­

sis and may be visualized as an acid catalyzed "aldol11 conden­

sation. 

The first step toward reaction of an aromatic aldehyde-

aliphatic anhydride mixture would be co-ordination of the an­

hydride with the catalyst, whose acidity facilitates the loss 

of a proton and enolizes the reactant. The proton adds to the 

negatively charged oxygen of the aldehyde, whose positively 

charged carbon atom subsequently becomes attached to the 

"carbanion*1 held at the solid surface by covalent bonds. The 

complex thus formed is of transient existence only, breaking 

up into its most stable components, i.e. styrene, acetic acid 

and carbon dioxide: 

CH_C 
// 0 

3 \ 
CH_C 

/ 
0 

3 * 0 

+ HA 
(Catalyst) 

H" + 

0:HA 
:CH<" 

2 0 

3 *0 

H + + C6 H5< 
H 

0 

0:HA 
:CHj>(/" 

> 

C H 3 % ) 

H ,0:HA 
Cz-HcC —CHp-C 

6 5 \ 2 > 

OH CH~-C; 
3 ^0 

Activated Complex 

C6H5CH=CH2 + CH3C00H + C02 + HA 
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Considerable evidence that the reaction investigated has 

the most characteristic feature of an acid-catalyzed aldol 

condensation (condensation of the aldehyde with the alpha meth­

ylene group of the anhydride) is afforded by the isolation of 

the p-substituted vinyl compounds, p-methylstyrene or p-ethyl-

styrene, when pyrolyzing propionic anhydride or butyric anhy­

dride-benzaldehyde mixtures over Morden bentonite. 

Very little is known regarding the intimate mechanisms 

of aldol-condensations (265, 266, 267) and the various inter­

mediate steps assumed are always only suggestive of the course 

these reactions may follow in order to give the products they 

actually yield. In none of these reactions do the experimen­

tal facts prove by themselves the intermediate stages visual­

ized; yet it is equally important that they also do not offer 

any contradictions to the existence of such stages. 

A great deal of valuable Information regarding the mecha­

nism of the reactions studied may be gained from the results 

obtained when the pyrolysis was carried out under such mild 

conditions that potential side reactions were reduced in both 

number and magnitude. Thus, at 200°C. styrene was the only 

aromatic product formed during pyrolysis of the equimolar 

benzaldehyde-acetic anhydride mixture (Table XII), and acetic 

acid together with unchanged acetic anhydride, were the only 

non-aromatic components (see pages 62 and 63). However, if 

the acetic acid had been formed solely in accordance with the 
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equation 

E3WV"2 (CH-,C0)o0 + C^H^CHO >- Ĉ H,-CH=CĤ  + CELCOOH + CO, 

only 2.1 g. would have been obtained, instead of the 11.7 g., 

actually found In the aqueous phase. The "excess11 of 9.6 g. 

would have to be reduced by the amount of acetic acid corre­

sponding to the weight of styrene retained by the catalyst, 

since it was found that the monomer was less efficiently re­

moved from the reactor than either acetic acid or anhydride 

at a temperature of 200°C. (Table XI). Taking the data when 

nitrogen was used as carrier gas (Table XVI), the "excess11 

acetic acid would amount to 7.7 g. Even this value Indicates 

that acetic acid formation must take place by other reactions 

as well. Very likely it arises by a mechanism analogous to 

the one leading to styrene formation. Some protons, formed 

by co-ordination of one carbonyl group of the anhydride with 

the catalyzing surface, may become attached to the oxygen of 

the other carbonyl group which has not co-ordinated with the 

surface: 

C H 3 < 
0 

/ 0 HA •^ H + + 

CH3C^ (Catalyst) 
0 

:CH2-<* 
0:HA 

CH^-C^ 3 ^, 
0 

CH-COOH + CH =C=0 + HA 
3 <* 

The intermediate ketene is decomposed further, or it reacts 

with adsorbed water from the catalyst to form acetic acid. 
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Die last named in the presence of benzaldehyde may enter the 

reaction cycle leading to styrene formation. 

Furthermore, acetic acid formation may occur as a result 

of direct hydrolysis of some acetic anhydride molecules by 

both structural and retained water from the catalyst but the 

amount obtained cannot be due to such interaction exclusively 

(see Table XXVI; Run 56). 

Strong experimental support for formation of the postu­

lated intermediate complex comes from the composition of the 

gas evolved during pyrolysis (Table XIII). When the cataly­

sis of the equimolar benzaldehyde-acetic anhydride mixture 

was carried out at low temperature, carbon dioxide made up 

the largest portion of the gas. Since not even a trace of 

acetone was detected in the liquid products, decarboxylation 

could not possibly have affected the anhydride but only the 

intermediate condensation product. The presence of carbon 

monoxide and unsaturates in the gaseous products showed that 

the side reaction leading to the formation of acetic acid and 

ketene did occur, and the small quantity of hydrogen found 

indicated that even at 200°C. the total breakdown of some re­

actant molecules also took place. 

Another interesting observation in accord with the pro­

posed mechanism relates to the gas volumes generated during 

pyrolysis (Table XI; Figure 10). It was found that at both 

200 and 300°C. the volume generated per mole of feed was 
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Temperature vs. Gas Evolved 



199 

greater during pyrolysis of equimolar benzaldehyde-acetic 

anhydride mixtures than that generated during pyrolysis of 

acetic anhydride alone (Table XXVI). The difference was 

particularly marked at 200°C. and became less at 300°C. At 

higher temperatures this trend reversed. This result is im­

portant because at any given temperature acetic anhydride 

alone was found to be more effectively attacked than the aro­

matic aldehyde (Tables XV and XXVI). Apparently, In the 

presence of the aldehyde reaction occurs with greater ease, 

the polarized carbonyl group enhancing the reactivity of the 

catalyzing surface concerned with the removal of a proton 

from the anhydride. Hence, under mild conditions both for­

mation and decarboxylation of the intermediate complex con­

stitute the chief reactions which may be recognized by the 

nature of the liquid as well as gaseous products. 

At higher temperatures the reaction becomes increasingly 

complex because the reactants and primary products are attacked 

further in accordance with the data reported earlier. However, 

the aromatic aldehyde as well as the aromatic products of the 

pyrolysis are not attacked as efficiently by the catalyst as 

are the acetic anhydride and its reaction products. It is for 

this reason that at a temperature slightly above 300°C. the 

rate of gas evolution during pyrolysis of the benzaldehyde-

acetic anhydride system starts to increase more slowly than 

that occurring during pyrolysis of the anhydride at comparable 

temperatures (Figure 10). 
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The effect of the aldehyde on the pyrolysis is still 

more strikingly demonstrated by comparing the gas volume 

generated from the anhydride with that from the anhydride-

benzaldehyde mixture, based in each case upon 1 mole of 

acetic anhydride. Such comparison also graphically repre­

sented in Figure 10, is justifiable because only negligible 

amounts of gas may be expected to be evolved during pyroly­

sis of benzaldehyde over Morden bentonite at temperatures 

up to 400°C. (Table XV). 

Further evidence supporting the proposed reaction mecha­

nism comes from the pyrolysis of acetic anhydride-benzaldehyde 

mixtures of molar ratio greater than 1 (Table XVIII). It was 

found that the volume of gas generated, when feeding 100 ml. 

of reactants, increased from 10.8 1. for the equimolar mixture 

to 12.2 1. for the mixture of mole ratio equal to 2.5. The 

volume fell slightly below this value for pyrolysis of a mix­

ture of molar ratio equal to 3.0. Such direct comparison Is 

not really justified because of the varied composition of the 

feeds. When basing the comparison, however, on the volume of 

gas which would be generated if enough of the reactants were 

pyrolyzed in order to yield 1 mole of styrene in each case -

assuming that this could be done without altering in any way 

the reaction conditions which existed when pyrolyzing 100 ml. 

of feed - the gas evolution is seen to increase steadily with 

increased acetic anhydride concentration in the feed over the 

entire concentration range investigated. Considering the fact 
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that no interaction of the reactants occurs in the absence of 

the catalyst, it can be suggested with considerable experimen­

tal backing that co-ordination of the acetic anhydride with 

the surface constitutes the rate-controlling step for the pyro­

lytic reaction. 

Comparison of the composition of the gaseous products re­

veals that more carbon dioxide is evolved during pyrolysis of 

the benzaldehyde-acetic anhydride mixture made up of 1 mole of 

aldehyde and 3 moles of anhydride than during pyrolysis of the 

equimolar mixture (Tables XIII and XIX). This again indicates 

that, with increasing acetic anhydride concentration in the 

feed, formation of the intermediate complex is enhanced and 

constitutes the main reaction. The percentages of alkenes and 

carbon monoxide, on the other hand, are less than those found 

in the gaseous products obtained by pyrolysis of the equimolar 

mixture. Evidently the side reaction leading to the formation 

of acetic acid and ketene has been reduced in magnitude. Since 

a higher percentage of hydrogen was also found to be evolved, 

it would appear that even at the faster feed rate (3.8 cc./min.) 

complete breakdown of some reactant molecules and reaction in­

termediates occurs but that the hydrogen formed does not attack 

the monomer as efficiently because of the shorter contact time. 

This consideration also explains the decrease of ethyl­

benzene formation noted with increase in acetic anhydride con­

centration (Table XIX; Figure 5). 
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It has already been pointed out that the aldehyde by vir­

tue of its high proton affinity may also co-ordinate with the 

surface. Such co-ordination decreases the rate of the reac­

tion and increases in magnitude whenever the concentration of 

the aldehyde Is increased or its contact time prolonged. Both 

these phenomena have been observed (Table XXII). But the al­

dehyde will also be favored In its competition for space on 

the catalyzing surface if it contains substituents such as a 

methoxy or nitro group, or atoms, such as sulfur or oxygen, 

which are capable of similar co-ordination. This phenomenon, 

too, was confirmed experimentally. p-Methoxybenzaldehyde, 

2-thiophenealdehyde, 2-furfuraldehyde and m-nitrobenzaldehyde 

gave only low yields of the corresponding vinyl compounds. 

These results strongly suggest that formation of a co­

ordinated complex of the acetic anhydride with the catalyzing 

surface constitutes the rate-controlling step, which assump­

tion is supported further by the observation that optimum 

styrene yields are obtained at the same temperature, namely 

400°C, when using different aldehydes for pyrolyses under 

otherwise similar conditions (Tables XII and XLI). At this 

optimum temperature for styrene formation acetic anhydride 

itself gave maximum yields of acetic acid (Table XXVI) whose 

formation may be explained in terms of an ionic mechanism also. 

Finally, the postulated mechanism is in accord with the 

experimentally observed fact that the acidity of the catalyst 

determines the efficiency with which the reaction may be 
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carried out. It was found that pre-treatment of the catalyst 

with a mineral acid increased its activity, whereas pre-treat­

ment with a base decreased its activity. Hence the character­

istic effect of the catalyst appears to be the increase in 

concentration of the acidic group necessary for reaction, i.e. 

to function as a potential proton reservoir. 



SUMMARY 

1. The synthesis of twelve vinyl aromatic compounds was ac­

complished by the pyrolysis of binary mixtures of an aro­

matic aldehyde and the anhydride of an aliphatic acid over 

a variety of catalysts. These compounds were: 

Styrene 
o-Chlorostyrene 
m-Chlorostyrene 
p-Chlorostyrene 
m-Me thylstyrene 
p-Methylstyrene 
p-Methoxystyrene 
m-Nitrostyrene 
2-Vinylfuran 
2-Vinylthiophene 
p-Methylstyrene 
p-Ethylstyrene 

m-Hitrostyrene has been obtained for the first time by a 

continuous vapor-phase process. 

2. Optimum conditions for the pyrolysis, studied on benzal­

dehyde-acetic anhydride mixtures, required high ratios of 

the anhydride, a temperature of about 400°C, the use of 

nitrogen as carrier gas, and rapid feed rates. Activated 

Morden bentonite was used as catalyst in this investigation. 

When pyrolyzing an equimolar mixture at 400°C. and at a 

feed rate of 2 cc. per minute per 220 cc. of catalyst, 

38.3 per cent of the aromatic products consisted of sty­

rene. mis yield could be increased by 4.3 per cent when 

using nitrogen as carrier gas and be further improved by 
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increasing the acetic anhydride ratio in the feed. With 

pyrolysis at the same temperature, but with a benzalde­

hyde-acetic anhydride mixture of molar ratio equal to 0.33 

and a feed rate of 3.8 cc. per minute, the aromatics con­

tained 53.7 per cent of styrene. This recovery represents 

80.9 per cent of the theoretical yield obtainable at a con­

version of 61.3 per cent. 

Ethylbenzene could be isolated as a hydrogenation product 

at all temperatures in excess of 200°C. Its formation 

from styrene was favored by low space velocities, highly 

active catalysts, and elevated temperatures. These varia­

bles also favored the decomposition of the aldehyde to 

benzene and toluene. 

With Morden bentonite as catalyst styrene yields were de­

pendent on the process period. They fell off with time, 

particularly during the initial stages of pyrolysis and 

at more elevated temperatures. When synthetic silica-

alumina was used as catalyst, styrene yields were found 

to increase with time over a certain interval in spite of 

a steady, gradual decrease in the conversion. 

3. Benzaldehyde-acetic acid mixtures on pyrolysis over Morden 

bentonite yielded the same types of compounds as benzalde­

hyde-acetic anhydride mixtures. On passing equimolar 

quantities over the activated clay at 400°C, using a feed 

rate of 1#6 cc. per minute per 220 cc. of catalyst, the 
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styrene obtained comprised 20.3 per cent of the total aro­

matics. A four-fold increase in acid concentration in the 

feed brought the yield up to 35.5 per cent, which is only 

slightly below that obtained by pyrolysis of an equimolar 

acetic anhydride-benzaldehyde mixture. 

4. Acetic anhydride yielded mainly acetic acid, when pyro­

lyzed over Morden bentonite, the maximum yield of 72.2 per 

cent being obtained at 400°C. At higher temperatures de­

hydration was the chief reaction. Ketene, which was proba­

bly formed, decomposed to ethylene and carbon monoxide, 

and further to hydrogen and carbon. Acetone was also iden­

tified as a reaction product. 

5. Acetic acid, when passed over Morden bentonite, was only 

slightly attacked at 300°C, but efficiently dehydrated 

at higher temperatures. The same products as those ob­

tained by pyrolysis of acetic anhydride were formed. Only 

at 400°C. could a small amount of acetic anhydride be iso­

lated. 

6. Cinnamic acid was unaffected by Morden bentonite at 200°C, 

but when pyrolyzed at 525°C. in the presence of water va­

por it was converted to ethylbenzene (44.6 per cent), sty­

rene (36.7 per cent), benzene and toluene. 

7. Ketene, which can be generated by passing acetone over 

copper turnings and silica chips at 625°C, was found to 
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be unreactive toward benzaldehyde when an acetone-benzal-

dehyde mixture was pyrolyzed under similar conditions. 

8. Ketene and benzaldehyde, when passed together over Morden 

bentonite at 400°C, yielded a small quantity of styrene 

as well as ethylbenzene. Direct condensation of the re­

actants was doubtful, however, because acetic acid and 

acetone were also products of the pyrolysis, and inter­

action of the unsaturated gas with water adsorbed by the 

catalyst probably preceded styrene formation. 

9. In addition to Morden bentonite silica gel, synthetic 

silica-alumina and activated alumina catalysts were in­

vestigated. It was found that the activity of the various 

catalysts was related to their acidity. Within a given 

class (aluminum silicates, or activated aluminas) the more 

strongly acidic catalysts showed stronger catalytic activi­

ty. Only silica gel, in spite of its marked titratable 

acidity, did not display high catalytic activity. Hydro­

chloric acid activated alumina was found to be the most 

suitable catalyst for the pyrolysis. It gave 51.8 per cent 

of styrene, representing 68.8 per cent of the theoretical 

yield obtainable at a conversion of 68.0 per cent. 

10. The activity of methyl- and chloro-substituted benzalde-

hydes during pyrolyses with acetic anhydride was found to 

be similar to the trends observed in familiar liquid-phase 

condensations involving the carbonyl group. A methyl group 
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decreased and a chloro group Increased the yield of the 

corresponding styrene from the reaction, the effect be­

ing strongest for the ortho-, less for the meta-, and 

weakest for the para-positlon. 

11. Pyrolysis of benzaldehyde together with anhydrides of 

acetic acid homologues yielded p-substituted styrenes, 

thereby providing additional evidence for an ionic 

mechanism for the reaction in accordance with the general 

theory of acid catalysis. 



CLAIMS TO ORIGINAL RESEARCH 

1. The first preparation of vinyl aromatic compounds by the 

pyrolysis of binary mixtures of an aromatic aldehyde and 

the anhydride of an aliphatic acid over a variety of cat­

alysts. 

2. The first preparation of styrene by pyrolysis of benzal­

dehyde-acetic acid mixtures over activated Morden benton­

ite. 

3. The first preparation of m-nitro styrene by a continuous 

vapor-phase process. 

4. The first reported study of the pyrolysis of benzaldehyde 

over activated Morden bentonite. 

5. The first reported study of the pyrolysis of acetic anhy­

dride over an aluminum hydrosilicate catalyst. 

6. The first catalytic vapor-phase pyrolysis of cinnamic acid. 

7. The first observation that ketene and benzaldehyde do not 

condense in the vapor phase over copper and silica. 

8. The first preparation of ethylbenzene by pyrolysis of an 

equimolar benzaldehyde-acetic anhydride mixture over syn­

thetic silica-alumina. 
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9. The first determination of a semi-quantitative relation­

ship between the activity and acidity of bentonitic clays 

and the first observation that such relationship exists 

with regard to activated aluminas. 

10. The first mechanism suggested for the catalytic vapor-

phase condensation of aromatic aldehydes and aliphatic 

anhydrides. 
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