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lU'thur Newcombe Bourns 

THE VAPOUR-PHASE DEHYDRATION OF BtlTANEDIOIB 

aotlvated MDrden Bentonite has been investigated as a 

vapour-phase catalyst for the decompositIon of three 

butanediols and butanedlol-2,3 diacetate. 

Butanedlol-2,3 at low temperatures gave 85 per cent 

yIelds o~ butanone-2, with Isobutyraldehyde and the 1&0­

butyral ot butanediol-2,3 as by-produots. 4t high temper­

atures, gaseous deeomposition occurred p%Qduclng small 

yIelds or butadiene increasIng to 14.9 per cent in the pres­

ence or water vapour. 

BUtanedlol-e,3 dlacetate gave ~lerly acetic aold, 

butanone-2, and butadlene. Highest yields (57.5 per oent) 

of the 41ene were obtained at low temperatures and at tast 

teed-rates. 

Butanediol-l,4 at low t~perature& gave praotically 

theoretical yields ot tetrahydroturan. At high temper­

atures, propene, butene and formaldehyde were formed wl~ 

a small amount ot n-butyraldehyde and condensation produots. 

Butanedlo1-l,3 gave butadiene {maximum yield 28.8 per 

cent 1, propene and butene. Increase in temperature and 

dilutIon with water inereased gaseous deoompositlon. but 4&­

creased the butadiene content ot the gas. n-Butyraldehyde, 

I-butenol-4, n-butyral ot butanedlo1-1,3 and rormaldehyde 

were also tormed. 



GENERAL IN'fRODUCTION 

High-temperature, vapour-phase oatalysis is a new tleld 

in organ1c Chemistry. Pyrogenic reactions had received oon­

s1derable attention betore it was'realized that tactors other 

than temperature must be considered. It was not until 1900 

that lpatiett was 4etlnitely able to show that, at high temp­

eratures, a oatalyst could intlnence the course ot a de­

composition and torce the react10n to go in one direction. 

It soon became ev1dent that oatalysis could be used tor _he 

industr1al synthesis or numerous organic materials and rap1. 

advanoes were made. -roday, many chemical processes and 1n­

dustries are based on the nse ot catalysts under con41tlons 

ot high temperature. Tbe crack1ng ot high boiling petroleum 

components has been developed into an exact science. Poly­

merizatIon and isomerization ot hydrooarbons are important 

industrial prooesses. The production ot oletins, aleohols, 

ketones, aldehydes, esters and a variety ot other types ot 

organ1c' compounds are produoed by vapour-phase catalytic 

react1ons. 

The dehydration ot alcohols to olefine rece1ved early 

1nvest1gatlon. Catalysts such as act1vated alumina, clay­

l1ke substances, phosphoric aCid, phosphorIc anhydride, and 

the metal phosphates proved to be part1cularly effIcient. 



2 

It soon became evident that dihydrio alcohols (glyools) 

could also be used as a fruitrul source for the production 

of organic materials. In the case of these compounds, it 

was found that the removal ot one molecule of water resulted 

in the formation of cyclic oxides, aldehydes, ketones or 

mixtures of the same. MOreover, the removal ot two molecules 

of water resulted in the formation of diene hydrooarbons. 

The nature of the products obtained was dependent not only 

upon temperature but also upon the catalyst used. 

The isomeric butanediols (butylene glycols) proved to 

be of partioular interest. Since these compounds oontain 

four oarbon atoms, the mono-dehydration products include the 

ketone, butanone-2 (methyl ethyl ketone), and the aldehydes 

n- and 1so- butyraldehyde. The oyclic oxide, obtained only 

in the case at butaned101-1,4 (1,4-butylene glyool), is 

tetrahydrofuran. Butanone-2 and tetrahydrofuran are of 

great practical importance beoause ot their excellent solvent 

properties. Butanone-2 is used in place ot acetone where 

a less volatile solvent is required. Tetrahydrofuran is 

useful in the refining ot hydrooarbon oils and also as a 

solvent tor lacquers and varnishes. The removal of two 

molecules of water tram the straight-chained butanediols 

results in the formation ot the dlolefln, butadiene. The 

importance of the latter product requires little oomment. 

The fall of the lblay Peninsula J resulting in t.he loss 

of almost our entire source of natural rubber, initiated the 
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present synthetic rubber program. It was decided, at an 

early stage, to concentrate on the production or GR-S {Buna 

sl, a copolymer or butadiene and styrene. This initiated, 

in its turn, an exhaustive investigation ot all possible 

methods, both new and old t f'or the production or butadiene 

(I). One of' the first methods considered was the direct 

dehydration or butanediol-2.3 (2,3-butylene glycol). This 

compound can be obtained in good yields trom grain by a 

special f'ermentation process~ 

The investigation, described in this thesis, began with 

a. study ot the dehydration ot this glycol to butadiene by a 

high-temperature catalytic method. It soon became eVident, 

however, that the direct dehydration ot butanediol-2,3 (2,3­

butylene glycol) would not give practical yields ot the 

dioletin. The work was then extended to a study ot the de­

composition ot the corresponding diacetate and f'Urther to 

the dehydration ot butanedlol-l,3 (l,3-butylene g~yool) and 

of butanedl01-1,4 (1,4-butylene glycol). The investigation 

was begun at the instigation of' the Nat10nal Research 

Council ot Qanada and carried on in close cooperation with 

the Division ot Applied Biology. 

Investigation was not restricted, however, to the pro­

duction at butadiene tram these compounds. The mono-dehy­

dration ot the glyools, in partioular the dehydration of' 

butanediol-2,3 to butanone-2, and ot butanediol-l,4 to tetra­

hydroturan, was also studied. The theo~etical implicat10ns 



involved in the decomposition of these compounds proved to 

be of considerable interest. Consequently, the work was ex­

tended so as to include a study of the actual mechanisms 

involved in the dehydration of the three glycols and the de­

composition of the 2.,3-butylene glycol diacetate. 

The catalyst used throughout this investigation was 

activated MOrden bentonite. This material is a Canadian clay 

mined at MOrden, Manitoba, and can be obtained in consider­

able quantities at a relatively low cost. MOrden bentonite 

as a vapour-phase oatalyst has been investigated In this 

University by several workers (2,3,4). Wassonts work (3) 

on the dehydration ot alcohols and ketones has shown this 

clay to be a particularly efficient dehydration catalyst, 

more efficient even than activated alumina. This fact, com­

bined with the availability of the material, contrIbuted to 

the ohoice of MOrden bentonite as the catalyst in the present 

Investlga tion. 



HISTORICAL INTRODUCTION 

Dehydration ot Butanediols 

The discovery in the last century that isoprene, on 

standing or under the influence ot certain reagents, poly­

merizes into an artificial rubber (5) marked the beginning 

ot synthetic rubber chemistry. It was soon tound that other 

dioletlnlc hydrocarbons could be made to polymerize into 

rubber-like masses, and numerous synthetic methods tor these 

compounds were investigated. One ot the earliest processes 

was developed by Matthews, Strange and Bliss in 1912 (6). 

and consisted ot the dehydration of primary, secondary or 

primary-secondary glycols to buta.dlene a.nd its homologues. 

This was followed by extensive research on the conversion of 

glycols to dioletlnic hydrocarbons. 

Although the dehydration ot O(-glycols to aldehydes and 

ketones has been subject to much theoretical investigation, 

it has only been in recent years that glycols in general have 

been considered as a practical source tor carbonyl compounds. 

Comparatively little investigation has been carried out C?n 

this process, however, and the method has not been able to 

compete with other processes tor the synthesis ot these 

materials. The formation ot cycliC oxides, which occurs in 
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the dehydration of glycols, in which the hydroxyl groups are 

separated by four or more carbon atoms, has also only re­

cently received consideration. 

In the following pages, a comprehensive survey will be 

given of the previous work on the dehydration and decomposition 

of butanediol-2,3 and its diacetate, butanediol-l,4 and 

butanediol-l,3. In general, only the high-temperature cat­

alytic studies will be reviewed. However, when of particular 

interest, certain liquid-phase dehydrations will also be men­

tioned. 

Butanediol-2,3 and its Diacetate 

Of the three butanediols (butylene glycols), butanedlo1­

2,3 has received the least attention. Previous to the present 

synthetic rubber program, studies on butanediol-2,3, for the 

most part, had been restricted to mono-dehydration. Several 

attempts to produce butadiene from this oompound have been 

reported, but in all cases, only mono-dehydration products 

were obtained. 

The dehydration of the 2,3-g1ycol to methyl ethyl ketone 

was first reported by Krassoutsky (7) in 1903 during an in­

vestigation of the dehydration of~-glycols and the isomer­

ization of substituted ethylene oxides to aldehydes and 

ketones, 

Gutner and Tischtscheoko {8}, in an attempt to determine 

the mechanism of the conversion of 2,3-dichlorobutane to 
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butadlene over various catalysts in the presence ot steam, 

studied the behaviour of 2,3-butylene glycol under the same 

conditions. They obtained mainly methyl ethyl ketone as 

well as a little butadlene. 

Langedijk (9), in a review article on methyl ethyl ke­

tone published in 1938, listed the dehydration of butanediol­

2,3 as one of the methods for the production of this ketone. 

Details of the process, or literature references, were not 

given, however. Recently a process has been patented (lO) 

describing the liquid-phase dehydration of glycols to alde­

hydes and ketones. The conversion of butanediol-2,3 to 

methyl ethyl ketone is given as an example. 

Recently, Akabori (11) has investigated the mono-dehy­

dration of the 2,3-glycol in the presence of twenty-five per 

cent sulphuric acid and obtained an aldehyde, isobutyraldehye, 

in addition to the expected product, methyl ethyl ketone. 

The mechanism of these changes will be discussed later. 

Denive11e (12) carried out the dehydration of butanediol­

2,3 with a variety of catalysts, incl.uding sulphuric aCid, 

phosphoric aCid, phosphoric anhydride, basic oxides, and 

zinc chloride, in an attemPt to produce butadiene. In all 

cases methyl ethyl ketone only was obtained. 

At the onset ot the present synthetic rubber program, 

efforts to obtain butadiene directly from the butanedlol-2,3 

were renewed. The glycol could now be obtained very cheaply 
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from grain (13) and consequently was a most desirable start­

ing material. This investigation was conducted in the united 

States by the Northern Regional Research Laboratories at 

Peoria, Ill., and by Joseph E. Seagram & Sons Inc., Louisville, 

Ky. The work in this University was carried on concurrently. 

A report from the Northern Regional Laboratories (14) dis­

closed that seventy catalysts in all had been studied in the 

course of their research on the direct dehydration of the 

glycol. One-pass yields of butadlene seldom reached more 

than twenty per cent, the main product being methyl ethyl 

ketone, with methyl vinyl carbinol and butylene oxide as 

possible by-products. These laboratories then turned their 

attention to the decomposition of butanedlol-2,3 diacetate 

to butadlene. 

The conversion of the diacetate of the glycol to buta­

diene was first reported in a British patent granted in 1938 

(15). The process consisted of the passage of the diacetate 

or butanedlo1-2,3 over quartz chlps or unglazed earthenware, 

rings, contained in a quartz tube, at a temperature of 500­

5~O~C. A 90 per cent yield of butadiene was claimed using a 

recirculatlng process. 

Denlve11e (12) studied the decomposition of the diacetate 

over kaolin at temperatures ranging from 350-575°C. Good 

yields of butadiene were obtained at the higher temperatures. 

(Actual percentages were not given). Over quick lime, however, 

he found that the diacetate decomposed to methyl ethyl ketone 
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and 2,3-butylene oxide. 

The Northern Regional Laboratories (14) investigated the 

straight pyrolysis of the diaeetate o~ butanediol-2,3 quite 

thoroughly. They determined the optLmum conditions of the 

decomposition and were able to obtain 80 per cent conversions 

to butadiene at 550°C. and at teed rates ot 15 gramsper minute. 

Liquid products consisted ot acetic acid and unsaturated 

esters, including the acetate ot methyl vinyl carbinol and the 

enol acetate ot methyl ethyl ketone. a repass of the liquid 

products increased the yield to 83 per cent, while a repass ot 

the isolated esters gave a total yield ot e8 per cent. 

The research of the Joseph E. Seagram Laboratories con­

firmed these results (16). They reported a 55-65 per cent 

yield of butadiene, increased to 75 per cent on recycling, 

using a one and one-half inch unpacked stainless steel pipe, 

at a temperature of 600°0., and teed rates of one-halt pound 

per hour per foot. Using an all glass apparatus, 75 per cent 

yields were obtained, inoreased to 80 per oent on reoycling_ 

Butanediol-l,4 

The butanediol-l,4 was the last of the three butylene 

glycols to receive consideration as a practical source for 

the production of organic materials. This was primarily due 

to the tact that, up until recent years, this compound could 

not be obtained readily enough to Justify its use as an 

intermediate in organic synthesis. Two methods of preparation, 
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recently patented, have brought the glycol into the class 

of available materials. The first (l7) consists of the 

high-pressure catalytic hydrogenation of the esters ot 

succinic acid, as for example, butyl succinate. The second 

process (16), ot even greater importance, involves the 

hydrogenation of 1,4-dihydroxybutyne-2 under conditions ot 

high pressure over a variety of catalysts. The latter com­

pound can be obtained easily by causing acetylene and for­

maldehyde to react in the l1quid phase, under a pressure ot 

twenty-tlve atmospheres, and in the presence ot acetylenlc 

compounds of the heavy metals in Groups I and 11 of the 

Periodic System. 

This glycol has been studied in respect to both its 

mono-dehydration and di-dehydration products. With 1,4­

glycols, however, it has been found that the mono-dehy­

dration products are not carbonyl compounds but cyc11c 

oxides; the butanedlol-1,4 thus yielding tetrahydroturan. 

The di-dehydration product Is, as expected, butadlene. 

Considerable work has been done on the liquid-phase 

dehydration of butanediol-l,4 to tetrahydroturan. One method 

involves the heating of a mixture of the glycol and catalyst 

to such a temperature that a mixture of tetrahydroturan and 

water distills off. By refluxing the glycol with thirty-two 

per cent sulphuric acid for two hours and distilling, Hurd 

(19) obtained a seventy-six per cent yield of tetrahydrofuran. 

Othev liquid catalysts, which have been investigated, are 
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thionyl chloride (20), and oxygenated acids of phosphorus, 

suoh as otho-, meta-, and pyro-phosphorio aoid (21). Nu­

merous solid oatalysts .have also been used. Patents (22,23) 

have been granted tor suoh solid oatalysts as oxideso-r 

silicon (silica gel), aluminium, zinc and thorium; sulfates 

of aluminium and oopper; neutral phosphates of aluminium, 

iron, cerium and silver; chlorides of aluminium, magnesium, 

oalcium and zinc; silicates of aluminium (bleaching earths), 

as well as solid organio aCids. 

The vapour-phase dehydration of butylene glycol is an 

excellent example of the influence of temperature and 

cstalyst on the course of a reaction. Two very similar. 

patents (24), describing the vapour-phase dehydration of the 

glycol to both tetrahydrofuran and butadiene, have been 

granted. For the sake of convenience, these will be con­

sidered together. 

Tetrahydrofuran was obtained in almost theoretical 

yields at temperatures ranging from 200-350°0. with such 

catalysts as cuprous oxide, aluminium Oxide and ohro~ium 

oxide. At higher temperatures the tormatlon ot propylene 

and formaldehyde was favoured. Temperatures as high as 

450°C. were used in the case of alkali and alKali earth metal 

salts, suoh as, oalcium chloride, calcium carbonate, and 

aluminium phosphate, the most tavourable temperature for 

tetrahydrofuran formation being from 400-450°0. 

Acidio catalysts or catalysts whioh react acid under 
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the conai tions of the reactIon, as tor example:, primary 

sodium pyrophosphate, oaloium phosphate, an. acidic oxides 

of tungsten and molybdenum, were also used tor the product-
f) 

ion ot tetrahydroturan at temperatures below 350 C. At 

higher teMperatures, however, the formation at butadiene was 

favoured, the opttmum conditions tor this produot ranging 
o 

from 300-400 C. and yields of 25-60 per cent were obtained. 

A later patent {25} desoribes a process whereby a 95 per 

cent yield of butadiene was obtained by passing 1,4-butylene 
o

glycol, together With steam, over oaloium phosphate at 280 C., 

followed by reoyoling the tetrahydrofuran for.med In the first 

pass. 

It my be mentioned that tetrahydroturan has also been 

dehydrated to butadlene (261. !he oatalysts employed were, 

in general, those which yield butadiene in the dehydration 

of butanedlo1-1,4. Yields ranging trom 65-70 per cent were 

obtained. 

Butanedlo1-1,3 

Ot the three butanediols, the 1,3-isomer has received 

the greatest amount of study. The glycol is readily ob­

tained by the hydrogenation ot aoetaldol (2?) which is pre­

pared by a prooess involving either ethyl alcohol or acety­

lene as the starting material. Recently, the oorresponding 

diacetate ot this glyool has been obt~ined as a by-produot 

In the production ot ethyl aoetate by the Tishohenko 
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reaction lZb). This may possibly be applied to the in­

dustrial production of l,3-butanediol itself. 

Patents (Z9) have been granted on the mono-dehydration 

of the l,3-glycol to methyl ethyl ketone over catalysts 

comprising one or more of the heavy metals in Groups I and 

VIII of the PerIodic System, with or without activatIng 

agents, and supported on carrier substances. However, it 

is by the ai-dehydration to butadiene that butanediol-l,3 

has attained its importance. 

It is beyond the soope of this thesis to present a 

complete review of the lIterature on the productlon of buta­

dlene from this glycol. Innumerable patents have been 

granted on this process, using a wide varIety of catalysts 

under varying conditions. The following table adapted from 

a review article by Gamna and Inouye (30), with several 

additions, permits an adequate survey of th1s work. 



lABLE I 

.catalyst 

liuminium oxide 

Ferric oxide on kaolin in KOH 

Sulphuric acid lS 

Calcium sulphate 

Anhydrous iron sulphate 

Sulphonic aCids or aromatic hydrocarbons 

Primary sodium phosphate 

Sodium. phosphate impreg. wi th g~ H3P04 plus 
water vapour 

Primary sodium phosphate w1 th graphite 

Anhydrous primary sodium phospha te, primary
n-butylamine phosphate, ant graphite 

Sec-calcium phosphate, sec-ammonium phosphate,
and graph1te 

Sec-calcium phosphate, ammonium oxalate, ani 
pr1ma.ry ammonium phospbate 

ilciji phosphates such as ImgP04' Na2HePg07, 
Ca-{HgP04)g with potassium or ammonium alum 

Neutral pyro- and ortho-phosphates o~ magnesium
and alkaline earth metals 

TemR.o 
O • 

300 

300 

140-200 

350 

300-400 

180-240 

270 

270 

250 

260 

320-330 

260 

200-300 

400 

~ Yield 

19.4 

40.1 

80 

24 

60 

78 

85-90 

85-90 

90 

90 

90 

90 

80 

90 

-Rererence 


31 


31 


32 


31 


33 


34 

35 

36 

35 

35,37 

3:5 

37 

38 
~ 

35 

http:pr1ma.ry


TABLE I .(cont' d) 

CatalYst Temp_· c. " Yield 


~cid bismuth ortho-phosphate with graphite 320-330 90 


Acid cerium phosphate on pumice 320-330 90 


Cerium phosphate and water vapour 90 


Red phosphorus, l.O~ on pumice 300 99 


Red phosphorus plus mono-sodium phosphate 250-300 98-99 


Red phosphorus and potassium alum 270 98 


Phosphorus pentoxlde on kaolin 500 37 


Phosphorus oxychloride 0.2% 300-350 85 


Volatile derivatives of phosphorus as POC13 , 

PC13, and tri-ethyl phosphate 300-350 90 


Reference 


35 


35 


39 


40 


40 


40 


31 


41 


42 


I-' 
en 
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The yields of butadiene may be increased considerably 

by reclrculating the liquid produets.. lfellman (43) has 

patented a process whereby the liquid products are fraction­

ated to yield a oonstant bOil1ng mixture ot I-butenol-4 and 

water. Catalytic dehydration or this mixture increases the 

conversion to butadiene from 70 or 80 per cent to 90 or ~5 

per cent. 

It is interestir~ to note the effect or water as a 

diluent in the dehydration of l,3-butylene glycol. Several 

patents (44.45) have been taken out on this process. The 

results are summarized in the following table. 

TABLE 11 

Catalyst. Temp.G C• 	 Parts ot Butadiene per
100 parts of glycol 

100% 60% 30~ 
gllcol glycol glycol 

Activated alum1na 300 27 33 66 

.Uumln1um silicate 270-280 The yield is increased 
30-30 per cent by
addition of water. 

Bed phosphorus on pum1ce 270-280 49 63 72.5 

Phosphoric acid on pumice 290 55.3 60 65 

Thorium nitrate 300 The yield is increased 
30-35 per cent by 
addition of water. 
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Theoretical Consld~ratlons on the Dehydration 
ot Glycols 

Dehydration of ~-Glycols 

General Considerations 

The dehydration of ~-glycols to aldehydes and ketones 

is a classical example of moleoular rearrangement in organio 

chemistry. Extensive studies have been made of the mechanism 

ot the dehydration process itself, and also of the factors 

whioh influence the resulting rearrangement, in an etfort to 

predict the nature of the carbonyl compounds ob-tained. It is 

beyond the scope ot this thesis to attenpt a complete survey 

of these investigations. An outline of the various theories 

that have been enunciated will be given, including the per­

tinent evidence that has been accumulated either in their 

favour or disfavour. It must be borne in mind, however, that 

almost all theoretical studies on ~-glycols have been carried 

out Ip the liquid phase. Consequently, mechanisms which 

serve to explain these dehydrations do not necessarily hold 

tor the same reactions carried out in the vapour state. 

Nevertheless, conolusions drawn concerning the mechanism of 

liquid-phase dehydrations may be of great value in a con­

sideration ot the vapour-phase reactions, which are the 
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subject o~ this thesis. 

In 1860, Flttig (46) observed that the glycol, pinacol, 

when heated with sulphuric aCid, will undergo a rearrangement 

to form a ketone, pinacolone. 

} 

Since this discovery, numerous examples ot the so-called 

pinacol-pinaeolone rearrangement have been studied. Glycols 

of the general formula 

in which Rl' Rf' B3,and R4 are hydrogen atoms, aliphatlc or 

aromatic groups, have been prepared and made to undergo a 

dehydration reaction. 

It can readily be seen, that in the case of symmetrical 

glycols of the type BR(aOH). (aOH}RIi~ two ketones may be ob­

tained depending, apparently, upon what Tlffeneau l4?) calls 

the relative "migration aptitude" of the groups Rand R, 
thus: 

In the ease of unsymmetrlcal glycols of the type 

RR(COH}.C(OH)RR, the product on dehydration will depend upon 
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which hydroxyl group is eliminated in the dehydration pro­

cess. This in turn, will depend, apparently, upon what 

Meerwein (47,48) calls the relative "capacity affinity· of 
, 

the radicles Rand R. The greater the "capacity affinity" 

or the radicles tor the carbon atom to which they are bound, 

the smaller will be the affinity between that carbon atom and 

its attached hydroxyl group_ Consequently, in the dehy­

dration process, this hydroxyl radicle will be eliminated. 

For glycols of the type RlR2C{OH).C{OH)R3R4, the resulting 

products will depend on both the #affinity capacity· and the 

"migration aptitude tt ot the groups concerned. 

Tlffeneau (49), McKenzie (50), Bachmann (51) and others 

have carried out extensive wolic on the relative "affinity 

capacity and ~igration aptitude· of various radioles. An 

understanding of the dehydration process itself, however, is 

necessary in order to suggest a theoretical basis tor the 

results of these investigations. 

Mechanism of the Dehydration Process 

A carefUl examination of the many theories which have 

been proposed to explain the dehydration Of~-glycols shows 

that they may be divided into two groups. The first type of 

theory assumes that some form of intermediate is involved in 

the reaction. This intermediate may be of such a type that, 

if the proper conditions could be realized, actual isolation 

would be possible. PostUlated intermediates have been cyclo­

propane rings, oyolic ethers and olefinio oompounds. On the 
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other hand, the intermediate may take the form of a non-isol­

able free radicle, carbanion. or carbonium ion. The theories 

of the second type are based on an electronio meohanism which 

does not involve the formation of intermediates during the 

course of the reaotion. 

Intermediate compounds:- One of the earliest meohanisms 

was pICposed by Erlenmeyer (52) in 1881. He assumed an inter­

mediate oyolopropane ring to be formed in the first step of 

the reaotion, followed by.a rupture of' the ring in a different 

position from which it was formed. For pinaool this may be 

expressed thus: 

It was first shown by Montagne (53) and later by doree 

(54), that ~ch a mechanism was not in agreement with the re­

sults observed during the dehydration of aromatic glycols. 

Montagne studied the rearrangement at p, p', pI, it-tetra­

chlorobenzpinaool into the oorresponding ketone. The product 

oontained only para chlorine while, acoording to the Erlen­

meyer mechanism, the meta ohlorine isomer should have been 

formed. 

Breuer and Zinoke (55) postulated in 1879 that an inter­

mediate oyolio ether (oxide) is formed during the dehydration 

prooess. Acoording to these workers, the reaction can be 

expressed as follows: 
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R" 11 
R-C-C-R 
R/ .. 

A considerable amount of evidence has been accumulated 

against this theory, however, and it has been generally 

disc:::lrded. 

Eltekow (56) has shown that> certain cyclic ethers are 

converted into glycols under conditions customary for pinacol 

rearrangement. Furthermore, Meerwein (57) has pointed out 

th'it very otten oxides will not always lead to the same ke­

tonic product as does the corresponding glycol. Meerburg 

(58) has concluded that ethylene oxides are not formed as 

intermediates by comparing the rates of rearrangement of 

certain glycols and their corresponding oxides. ~ comparison 

of the results, in the case of tetrachlorobenzpinacol and 

its oxide, show that for both compounds the reaction is of 

first order, and the rate of reaction is slower for the oxide. 

An intermediate olefinic compound l~s been postulated 

by several workers in the case of primary-secondary, bl-second­

ary, and secondary-tertiary glycols. This mechanism, named 

by Tiffeneau (59) "vinyl dehydration", can be expressed as 

follows: 

R~ /R
C=C 
I "H 
OH 

Tlffeneau (60) has presented very strong evidence for this 

intermediate based on the fact that the dehydration product 
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from sym-anlsylphenyl glyool Is ketonic. Since the "migration 

aptitude" of aromatic groups has been shown to be greater than 

that of hydrogen (51), an aldehyde is the expeoted product. 

This discrepanoy, he explains on the basis of vinyl dehy­

drat ion In whioh the hydrogen of the hydroxyl group under­

goes migration thus: 

ilthough it has been shown'that an olefini.c mechanism 

does not hold tor certain molecular rearrangements, direot 

evidence against this theory in the oase of the dehydration 

of ~-glyeols is laoking. _~parently Wallis (52) ~ssumes that 

the rearrangement of phenolic ethers to alkyl phenols and the 

rearrangement of N-alkylated anilines to alkyl anilines is 

comparable to the rearrangEment or o(-glycols, and uses evi­

dence which is unfavourable to the olefinic mechanism in the 

1"ormer rearrangements l63,54} as evidence against a simillar 

meohanism in the latter rearrangement. 1le take exception to 

this view, however, and hold with Ingold (65) that an ole­

finic mechanism remains a possibility. 

From this discussion, it would appear that little de­

pendence can be placed on the hypothesis of intermediate 

compounds such as cyclopropane and ethylene oxide rings in 

the dehydration of glycols. It is possible that inter­

mediate olefinic compounds (vinyl dehydration) may occur in 

the case of glyools containing at least one hydrogen atom 



23 

attached to an hydroxyl-bearing c:l.rbon a tom. This theory, 

however, can not be applied in the case of bi-tertiary 

glycols, and it would appear that one must search further 

in order to find an adequate explanation for these reactions. 

Free radicles an.d ions as intermediates:- Tiffeneau 

(66) was the first to apply the conoept ot free valences to 

the pinacol rearrangement. He formulated the mechanism of 

dehydration in the following manner: 

R............ /R R"" /R R ............ 

0-0 ---7- (i-O ---1 R-O-O-R 

R/ I I "R R/ I I "R . R./' 11 

OH OH -0 0 

Meerwein (67) adopted the Tiffeneau concept of free 

valences and was able to show detinitely that the elimin­

ation of water was the first step, tollowed by the migration 

of an R group. He postulated the same form of intermediate 

as Tiffeneau, and assumed that the rearrangement of this 

intermediate to product occurs at such a speed that the 

ethylene oxide has no chance to form. Both workers oonsider­

ed this rearrangement to be intramolecular, in oontrast to 

an intermolecular rearrangement involving intermediate com­

pounds. 

In the Tiffeneau meohanism, the hydrogen atom, which 

unites with the eliminated hydroxyl group to form water, 

comes from the adjacent hydroxyl group. It is possible, 

however, for glycols in whioh one or more ot the B radicles 

is hydrogen, that the elimination may occur between an 
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hydroxyl group and a hydrogen attached to the adjacent 

carbon a tom. For example: 

/R
R-C-C H 

jl 'H 
o 

This is essentially a vinyl dehydration without the actual 

formation ot an olefinic double bond. 

MOlecules having free valences may be considered as 

either free radicles or ions. Very striking evidence 

against the intermediate formation of free radicles is found 

in the investigations ot Wallis (68), who studied the re­

arrangement of a number of oompounds in the presenoe of 

triphenylmethyl. This compound is known to unite W1 th other 

tree radioles to form addition produots. Since in all cases 

the normal product was ObtaIned, Wallts concluded that the 

rearrangement does not involve free radIcles or that, it 

present, these radicles are never entirely tree from the 

molecule. 

The studies of McKenzie and others (6e) on oertain 

optically-actIve plnacols and amino glycols supply 

additional evidence against the formation ot free radicles. 

These workers found that in many eases the optical activity 

was maintained during the dehydration process. If the 

asymmetriC carbon atom were to exist at any time In the ro~ 

of a free radicle. this would not be possible, since it has 

defInitely been shown (70) that tree radicles can not main­

tain an asymmetrio confIguration. 
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Caution must be exeroised, however, in applying this 

evidence against tree-radicle formation to the oase of 

vapour-phase dehydrations. Although the conditions used in 

the present investigation for the dehydration of butanediol­

2,3 to butanone-2 were extremely mild, free radiole inter­

mediates might readily be involved. 

The possibility ot the migrating radicle assuming the 

form ot a carbonium ion is also exoluded by the previously 

mentioned studies on optically active glycols. An in­

vestlga tion by llallls and Adams (70) has shown that carbonium 

ions ~2:1~1 ~ in the absence ot a special meohanism leading 

to Walden inversion, are optically unstable. It is only when 

the radicle assumes the form 0:1' a carbanion [R2:i~J -that the 

spatial arrangement is stable enough to maintain its asym­

metric oonfiguration. 

Haworth (7l) has postulated the migration of such a car­

banion in the pinacol rearrangement. lie represents the 

oourse ot the reaction as follows: 

It is seen that the first step is the elimination of water 

leaving an open sextet on the carbon atom from which the 

hydroxyl group was removed. This is followed by the migration 
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of an R ion with its electron pair. 

Serious objection to this meohanism is found in the 

results ot McKenzie, Roger and Wills (50). They tound that 

certain optically-active glycols, in wbich the eliminated 

hydroxyl group Is attached to the asymmetric carbon atom, 

retain their activity during the dehydration process. This 

would not be possible if this carbon atom were to exist at 

any time as an open sextet. 

From the preceding discussion, it would seem that the 

hypothesis of an inter.mediate, either of a compound, tree 

radicle, or ion, is inadequate in explaining the mechanism 

ot the dehydration otc(-glycols. Wallis (72) makes the 

folloWing comment ooncerning this problem: 

"The tailure of these interpretations as explanations 
ot the mechanism of molecular rearrangement is due to the 
fact that the investigators who proposed them did not re­
alize that such reactions are o~ten dependent on the proper­
ties inherent in the molecules themselves, and for that 
reason can not take place in a step-by-step fashion, but 
must be continuous processes which involve simple displace­
ments or transfer of electrons from one atom. to another 
within the molecule." 

The electronl0 meohanlsm:- The applioation ot the 

electronlc concept of valenoe to intramoleoular rearrange­

ment Is due to Vfultmore (73). Accordlng to hlm, the struoture 

at organic molecules which undergo intramolecular rearrange­

ment can be represented by the following formula: 

••,,- • -Bo • X·'· 
4;.t:L. .. .... .. . . 


in which X is a strongly eleotronegative atom, and A and B 

are neither electronegative or eleotropositive. In chemical 
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reaction, X is eliminated together with its shared pair of 

electrons leaving the fragment :A:B. This fragment may.... 
stabilize itself by adding another negative ion Y to form 

the compound :X:B:Y:. On the other hand, if one of the.. .... 
groups attached to either A or B is hydrogen, the fragment 

may lose a proton to form an olefin. A third possibility 

must also be considered. If the fragment :A:B is of such.... 
a nature that B has a greater affinity for electrons than 

A, an electron pair, together with its accompanying atom or 

group, may shift so as to leave A with an open sextet. 

---~> "..{:·B:... .. 
This will then be followed by the addition of the negative 

ion Y to fonn the rearrangement product YAB. 

Applying this ooncept to the dehydration of O(-glyools, 

Whitmore (73) explains the reaction in the following manner. 

The more reactive hydroxyl group is eliminated accompanied 

by its shared electrons, leaving an open sextet which Is 

completed by the rearrangement of an R radicle. The re­

arranged fragment can then re-add the hydroxyl ion followed 

by the elimination ot water, or it may stabilize itself by 

the loss of a proton, both processes leading to the final 

product. This mechanism may be expressed as follows: 
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It should be noted that this is not an ionic mechanism, 

in which the group R mlgrates as a carbanion. Ihitmore (74) 

suggested that the half-life of the postulated fragment is 

in the vicinity ot 10 
-~ 
se~, while

, 

the half-life of an ordinary 

ion is 10·7'sec. In :fact J one can assume that the open sextet 

never does exist as such, but that the removal of the hy­

droxyl group With its electron pair and the rearrangement or 

the R radicle can occur simultaneously. This would explain 

why certain optically active glycols on rearrangement retain 

their activity. 

This theory also forms a theoretical basis for the 

relative "affinity capacitles tt and "migration apt1tudes" ot 

various groups (75). In the case of unsymmetrical glycols 

of the type RRC(OH).C(OH)RR, the hydroxyl group eliminated 

will be that to Which is attached the more electronegative 

groups, since tbis hydroxyl Will have negative polarity. 

Furthermore, in the case ot symmetrioal glycols ot the type 
, ,

RRC{OH).C{OH)RR, the more electronegative group will undergo 

migration, since the carbon atom to whioh it migrates tends 
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to exist as an o~en sextet on elimination ot an hydroxyl 

ion. 

Again, it must be emphazied that these conclusions are 

based on liquid-~hase reactions I;tnd oan not with certainty 

be a~plied to those carried out in the vapour phase. How­

ever, Eglott, Hulla and Komarewsky (76), in a consideration 

ot the mechanism involved in the vapour-phase isomerization 

ot alkanes, make the following interesting suggestion: 

"!he observed formation ot over 50 per cent of isomers 
in several catalytic isomerizat1ons ot alkanes oan not be 
overlooked, since such yields appear high tor a statistical 
redistribution of fragments, including free radicles. . 

Much more reasonable than this theory appears to be the 
one which postulates that under the influence of a powerful
oatalyst the interatomic bonds ot the alkane are loosened 
sufficiently to allow a rearrangement ot the molecule as a 
whole to a thermodynamioally more stable form by the slippage 
ot atoms or grou~s without their ever completely leaving the 
sphere of intluence ot the molecule as a whole." 

This statement is essentially an extension of the lfuitmore 

hy~othesis to high-temperature catalytic reactions. The 

concept ot the slippage of atoms or groups is extremely 

fruitful in consideration ot rearrangement reactions carried 

out in the vapour phase. 

Dehydration ot){-Glyools 

1~ far as the writer is aware, no theoretical studies 

have been made on the catalytio dehydration ot~-81ycols. 

InvestigatIon for the most :part has been restricted to the 

practical production of dioleflns from butanediol-1,3 and 

its homologues. This reaction t it would appear, merely 
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involves the elimination of two water moleoules resulting in 

the :formation of two double bonds. In the dehydration of 

butanediol-l,3 itself) the organic liquid products contain, 

for the most part, I-butenol-4 (43). It can be assumed then, 

that the first step in the dehydration process is the elimin­

ation otthe secondary hydroxyl group along With a hydrogen 

from the terminal carbon atom, followed by a further dehy­

dration of the resulting unsaturated alcohol to form buta­

diena. 

This is turther substantiated by the tact that I-butenol-4 

will yield butadlene when passed over catalysts which de­

hydrate the glycol to the diene. 

Nagai l31J has found that when butanediol-l,3 is passed 

over such catalysts as alumina, s11ica gel, or aluminium 

silicates, the gas evolved contains considerable quantities 

of unsaturated hydrocarbons other than butadlene. These 

unsaturates, he eo~cludes, are a mixture of propene and 

butenes since they are absorbed by 67 per cent sulphuric 

acid. No attempt, however, was made to determine the exact 

quantities ot each oletin, nor was a mechanism. postulated to 

account for their formation. 

From Table I ot the preceding section on the dehydration 

of butanediol-l,3 to butadlene, it was seen that the most 

efficient catalysts for diolefin :formation were phosphorus, 

metal phosphates, and volatile derivatives ot'phosphorus. 
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Catalysts such as alumina and iron oxide, on the other hand, 

gave appreciably lower yields of butadiene. It would appear 

that these latter sUbstances favour a reaction producing 

mono-olefine. 

Reterence has also prev10usly been made to the mono­

dehydration ot butanedlol-l,3 to methyl ethyl ketone. This 

reaction was carried out in the vapour phase at reduced 

pressure and n-butyraldehyde was tonned as a by-product. 

Further investigatIon on the mono-dehydration ot 1,3­

glyoo1s was carried out by Beat! and Mattei (77). These 

workers studied the dehydration Of pentanediol-1,3 over 

kaolin, alumina, and phosphorus. Over kaolin and alumina an 

aldehyde-ketone mixture was obtained, while over phosphorus 

the dehydration product was pentadiene. They concluded that 

the tormation ot the carbonyl oompounds arises through an 

intermediate oyolic ether Whioh, being unstable, rearranges 

to the :final product. This reference is available only in 

the abstract and further details are ~ck1ng. 

The problem of the meohan1sm of bot.h the mono- and di­

dehydration ot butanediol-l,3 will be fUrther discussed in 

a later sectIon of this thesis. 

Dehydrat10n ot ¥' -Glycols 

The dehydration ot~-glyools also has been. studied only 

in respect to its application in the practical production ot 

other organiC compounds. Rowever, trom the results given in 

several :.patents (24) covering the conversion ot butane4101-1 J 4 
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and 1ts homologues to tetrahydroturans and diolef1ns, 

several conclusions may be made. 

Basic oxides, neutral salts, and acid1c catalysts at 

the lower temperatures faTour the eliminat10n of a water 

molecule between the two hydroxyl groups, resulting in the 

ring closure and the formation of a f1 ve-membered hetero­

cyc11c ring. The stability of flve-membered rings in con­

trast to the relative instability of three- and four-membered 

rings (78) accounts for ring formation in the case of the 

l-glycols. 4t higher temperatures, it would appear that 

basic and acidic catalysts behave differently. The former 

favour carbon-carbon fission resulting in the formation ot 

propylene and formaldehyde. The acidic catalysts, on the 

other hand, produce butad1ene. Whether these gaseous products 

arise directly from the glyool or through the intermediate 

formation of tetrahydrof'uran is open to question. The 

mechanism of these reactions will be discussed more fully in 

a later section at this thesis. 
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Bentonltes 

The oatalyst used throughout this present investigation 

was Morden bentonite. A brief desoription of bentonltes in 

general followed by an outline of work previously oarried out 

in this University on Morden bentonite as a vapour-phase 

oatalyst will now be given. 

Bentonite was first desoribed by Knight in 1898. It is 

a colloidal olay, whose partiole size 11es between lo-aoOmu. 

(79). This clay, whioh has been. derived from the alteration 

of voloanio ash or turt, is usually largely oomposed ot mont­

morillonlte. Mbntmorillonite, an hydrous aluminium silioate 

ot the general formula (Mg,Ca )0.Ala03.5SiOa.nHaO where n= 5­

7, is a massive clay-like SUbstance showing an X-ray pattern 

ot kaollnlte and may be composed of that mineral enclosing 

colloidal pa.rtioles W1 thin the struoture (80). 

Bentonites are deposited widely in the United States, 

Western Canada, Italy, Japan, Germany, Russia and Poland. 

Many of the deposits are too thin to be worked economically, 

but Mbrden bentonite occurs in a large bed in Manitoba with 

a total thickness of eight feet. A yield of 6000 tons may 

be recovered from one acre (81). 

Bentonites consist chiefly ot hydrous alum1nium si11cate 

and they usually cantain small amounts ot oxides of alkalis 

and alkaline earths. They have no narrow chemical composition 
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and theIr physIcal propertIes are not constant. UOrden 

bentonIte analyzes for approxImately twenty per cent alumlna, 

forty-tive per cent s11ica, and for traoes of terric oxide, 

magnesIum oxides, and calc1um oxlde. About twenty-tive per 

cent is lost on ignlt10n re~re.entlng adsorbed water and 

water ot crystallizatlon (82). 

Bentonltes are seldom used as catalysts in the raw 

state but are usually actlvated by boillng the clay with 

dIlute sulphuric acid tor several hours, rollowed by filter· 

Ing, washing, drylng, and screening to the desired mesh (83). 

Bentonltes have tound important Industr1al uses 1n re­

oent years. Gallay (Sl) used bentonltes to ref1ne and bleach 

petroleum and tatty 011s and found Mbrden bentonlte to be 

superlor to many earths belng imported into this country. 

Benton1tes have been used as catalyst carrlers In a tew or­

ganic vapour-phase reactlons, as for example, the cyclization 

ot allphat1c compounds in the presence of bentonite and ox­

ides ot vanadium, neodymium, or tantalum (84). They have 

also been used as catalysts themselves In the desulphur1z­

atlon ot petroleum 011s (85). 

In recent years, clays in general have tound increas­

Ing use in a great variety ot hIgh-temperature catalytIc 

reactlons. An investIgation was begun 1n th1s University to 

determine the catalytlc activity at ibrden bentonite in 

several types or organic react10ns (2,3,4). 

A summary ot the types ot compounds studIed and the 



35 

main reactIons observed Is as rollows: 

COmPound Type of Reaction 

Aliphatlc alcohols Dehydration 

Aliphatlc and cyclic ketones Dehydration and fission to 
carbon monoxide and olefinic 
hydrocarbons. 

Aliphatic acids Fission to saturated hydro­
oarbons and carbon dioxide. 

Aromatic hydrocarbons Dealkylation 

Wasson (3) in particular studied the dehydration of 

primary, secondary, and tertiary aloohols over MDrden benton­

ite. Pentanol-l was dehydrated almost completely to isomeric 

pentenes. At temperatures ranging from 300-400°0. and at teed 

rates of one to two cubic centimetres per minute. the pen­

tenes were obtained in 85-93 per cent yield. This yield was 

slightly higher than that obtained by other workers using 

activated alumina (86,87). Pentanol-3 was dehydrated to form 

olefinic hydrocarbons under somewhat milder conditions than 

the primary isomer. Pentene-2 (cis and trans) was obtained 

in yields ranging from 93-95 per cent at temperatures of 275­

350°0. and feed rates of one to two cubic centimetres per 

minute. The dehydration was quite complete with only small 

amounts of the alcohol remaining unchanged. Pentanol-3 has 

been dehydrated over alumina by Leenderste, Tulleners and 

Waterman (SS) at 380-400°0, A yield orSl per cent ot pen­

tene-2 was obtained. This would indicate that bentonite is 

superior to alumlna in the dehydration of secondary alcohols. 
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The tertiary-isomer, 2-methylbutanol-2 (dimethyl ethyl 

carbinol) was also studied. It was found to produce two 

olet'1ns. 2-methylbutene-2 and 2-methylbutene-l, in yields 

of 92-94 per oent at temperatures of 300-400°C. and feed 

rates of one to two eubio oentimetres per minute. This 

again indicates the efficient dehydration aotion ot Mbrden 

benton1te. 

\fasson has also studied the aotion ot Morden bentonite 

on the aliphatlc ketones, aoetone and methyl isobutyl ke­

tone, as well as the cyolio ketone, eyclohexanone. Two re­

aotlons were observed in the case ot acetone. The first in­

volved the eliminatIon of a moleoule of water to form allene. 

This reaotion was predominate at the lower temperatures, 
o

particularly at 350 C. At higher temperatures, large quan­

tities of methane, ethylene and carbon monoxide were formed. 

These gases were assumed to arise through the formation of 

ketene and methane followed by deoomposition of the ketene 

to oarbon monoxide and ethylene. 

OH300CH3 CH2=C=0 + CH4 

2CH~C=O 200 + CH~OH2 

In the case of methyl isobutyl ketone the same two ' 

types ot reaotion were observed. At the lower temperatures 

part of the ketone was dehydrated to form the diene, 4-methyl­

pentadiene-l,3. 



CH3COCH2CH (CH3 ) 2 ----I> CHz:-C=CHCH(CH3)2 + H2 0 

CHa=C=CHCH {CH3la ----7 CH2=CH-CH=C(cH312 

as the temperature was progressively increased, however, 

quantities of isobutylene, methane and carbon monoxide were 

formed. This reaction was thought to involve the inter­

mediate t"ormatlon of a ketene derivative and methane followed 

by decomposition of this ketene to oarbon monoxide and iso­

butylene. 

CH3COCR2CH(CH3)2 --~> 014 1- {CH3 h~CHCH=C=-O 

{CH3)2CHCH=C=0 {CR3)2C~CH2 + CO 

Cyclohexanone was also dehydrated by passage over 

MOrden bentonite, the main prodUct at temperatures up to 

500°0. being the dloletin, oyolohexadiene-l,3. Yields were 

small, however, with the greater part of the ketone passing 

through unananged. At higher temperatures, cracking to 

gaseous products was found to occur. 

It is to be noted that the dehydration of ketones to 

dioleflns has rarely been observed. The results or Wasson's 

investigation on these three ketones indicate that Mbrden 

bentonite is exceptional in its dehydration activity. 

The decomposition of acetio acid over this bentonite 

has also been studied. In the case of this oompound, the 

main reaction is fission to carbon dloxide and methane, with 

dehydration to acetic anhydride and formation of aoetone 

occurring only to a slight extent. 

Several workers in this department have round Mbrden 
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bentonite to be efficient as a dealkylation catalyst for 

substituted aromatic hydlOcarbons. Deans (2) obtained ex­

cellent yields at toluene by passing p-cymene over this 

catalyst at a temperature at 500°C. MOrton (4) has round 

that l,l-dlphenylethane can be converted to styrene and 

benzene in good yields by passing the compound together 

with water vapour over Morden bentonite at 550°C. and at 

rates of one to three cubic centimetres per minute. 

From this survey, it would appear that MDrden bentonite 

is highly active for both dehydration reactions, and re­

actions involving carbon-ta-carbon fission. It was because 

at its high dehydration activity that Morden bentonite was 

chosen as a catalyst in the present investigation. 



EXPERI.ME11TAL PROCEDUREl3 AND DISCUSSION OF Rl!SULTS 

Apparatus 

Catalysis Apparatus 

Two types or catalysis apparatus were employed in the 

present investigatIon. The first was an all-glass apparatus 

consisting or a separate preheater and a hor1zontal furnace. 

The second apparatus had the preheater incorporated into the 

rurnace itselr, which was of the vertical type with an iron 

catalyst tube. °A description or each type together with the 

advantages and disadvantages of each will rollow. 

The all-glass apparatus is shown in FIgure I. A is a 

constant-level mercury reservoir from which mercury is red 

into a graduated chamber, B, containing the liquid under in­

vestigation. The conneoting tubing is capillary and the rate 

of flow is regulated by means of a stop-cock. The meroury, 

by dIsplacement, rorces the liquid into the preheater, C. 

The preheater consists of a 250 m.l. flask immersed in an 

electrIcally-heated oil-bath which is maintained at a temp­

erature surficient to vaporize the liquid as it passes from 

the graduated chamber. The preheater is connected to the 

catalYst tube, D, by a tube wound with Nichrome ribbon and 
Q

maintained at a temperature 30-40 C. above the boiling point 
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of the ~iquid. The cata~yst tube is made of No.l72 Pyrex 

resistant glass. It is 100 a.m. in length by 1.5 c.m. inside 

diameter and is contained in a s~lghtly inclined electrical 

furnace, E. This furnace consists of two oversize Hoskins 

F.D.303 heating elements arranged so as to permit operation 

in series or in parallel. The heating elenents are surround­

ed by a 36 inch section of asbestos pipe-covering, two and 

one-halt inches in thiokness, tor insulation purposes. A 

chromel-alumel thermocouple is placed in the turnace and 

Lmmediately outside the catalyst tube. The oatalyst tube is 

connected by means of a Short adapter to a Frederich condenser, 

F, which is titted with a receiver, G, for liquid products 

and has an outlet, H, tor gaseous products. The gaseous pro­

ducts pass through a small bubbler trap, I, into the gaso­

meter.;r. A. gas sample tor analysis is taken during the 

course of a run into an evacuated gas sampling tube, K, at 

such a rate that a small portion of the gas still passes 

through trap I, thus maintaining atmospheric pressure in the 

apparatus. 

This type ot apparatus is suitable only in the case ot 

low-boiling liquids and at the lower teed-rates. Liquids 

boiling higher than 180°0. cannot be vaporized conveniently 

by means of an oil bath and, in general, for all liquids 

feed-rates of over four cubic centimetres per minute cause 

a liquid build-up in the preheater vessel. This type ot 

catalyst tube, however, has the advantage of low holdup, 
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non-interference in the catalysis reaction, and convenience 

in the recharging and reactivation of the catalyst. 

For the higher boiling compounds studied in this in­

vestigation, and at the ta~ter feed-rates, the vertical­

type furnace was employed.* This apparatus is shown in 

Figure 11. A is, as previously described, a constant-level 

mercury reservoir from which mercury can be fed into the 200 

o.c. graduated vessels, Band C, Which contain the liquid to 

be studied and water, respectively. (The vessel C only was 

used in the case of water-vapour runs involving a liquid 

with Which water is immiscible). These feeders are connect­

ed by capillary tubing to th e catalyst tube, DJ 'Whioh con­

sists of a one-inoh iron :pipe, forty-two inches in length, 

and suspended vertically. A T-coupling Is attached to the 

upper end and is fitted with one-inch nipples to aooomodate 

the feeder capillaries and the thermocouple, L, which Is 

inserted inside the tube. The lower end of the tube is 

connected by means of a union to a one-quarter inch iron 

tube of which a four-inch length is water-jaoketed. The 

remaining length is ourved to make contact with a Frederioh 

condenser which is connected to reoeivers for gas and 

liquid products as described in the all-glass apparatus. 

The lower portion of the catalyst tube Is paoked with 

the catalyst, immediately above which is placed the metal 

junction of the thermocouple L. This thermooouple is 

*This turnaoe was designed and constructed by Marton and 
Nioholls (4). 
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suitably insulated and surrounded by ~umice or steel-wool 

which serves as a heat-trans~er medium ror the vaporization 

and preheating ot the material before its entry into the 

catalyst. Another thermocouple, M, is placed outside the 

catalyst tube with the metal junction lying about two-thirds 

up the column of catalyst. With this arrangement, it Is 

possible to measure the temperature ot the vapours entering 

the catalyst, and also that ot the main body of the catalyst 

itself. The turnace, K, consists ot three Hosklns heating 

elements surrounded by asbestos pipe-insulation. The top 

heater is separately controlled to maintain any desired heat 

input tor vaporization and preheatlngot the va~ours. The 

two lower heaters are wired in series and in parallel, and 

are maintained at any desired temperature for the catalytic 

reaction. 

Gas Analysis Appara~s 

Since a study ot gaseous products played an important 

part in this investigatIon, it was tound desirable to oon­

struct more acourate Gas analYSis ~pparatus than had been 

used in previous catalytic studies in this UnIversity. .A. 

Bone and Wheeler apparatus was constructed for the general 

gas analysis, While a special apparatus was constructed tor 

butadlene analysis. 

Bone and Wheeler Apparatus:- This apparatus, shown in 

Figure III, is a moditication ot the standard type ot Bone 



4-5 

A 


fiGURE III 


BONE AND WHEELER GAS ,4J.~YSIS APPARATUS 




46 

and [fueeler Apparatus described by Grice and Payman (89). 

It consists essentially or t"our min parts, namely, a U-tube t 

At Which is water jacketed and baoked by a mirror scale for 

measurement ot" the gas, an absorption dome, B, connected to 

the U-tube by oapillary tubing and inverted over a mercury 

trough, a copper-o:x:lde slow-combustion 1'urnace, et and a 

platinum -'col1 slow-combustion pipette, D. The copper-oxide 

:t"Urnace is an addition to the standard apparatus, while the 

platinum '-coil pipette is substituted tor an explosion 

pipette. 

The gas is measured at constant volume and passed into 

the absorption dome, where it is treated with various re­

agents. The reagents for the various gases are listed below 

in the order in which they are used. 

TABLE III 

Reagent Gas absorbed 

Concentrated KOH solution Carbon dioxide 

Sulphuric aoid 67~ a Isobutylene 

Sulphuric acid 90% b All other unsaturates exoluding
ethylene 

Bromine water Ethylene 

Alkaline pyrogallol solution Oxygen 

Ammoniacal cuprous chloride 
solution Carbon monoxide 

a.This concentration ot" sulphuric acid was used by
Dobrjanski (90) t"or separating isobutylene from other olefins. 
Davis and Schuler (91) have shown that isobutylene is ab­
sorbed eighty times faster than butene-2 with 7~ sulphuric 
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acid which, in turn, is absorbed f'aster than propene or 
butene-S. In our experience, 67% sulphurio acid absorbs 
some butadiene as well as isobutylene, but gives an analysis
withln one to two ~er cent of the actual value. 

b.Davls and Sohuler (91) have shown that ethylene is only 
very slowly absorbed by 90% sulphurio acid. 

For hydrogen determination, the oopper-oxide tube is 

evacuated by Toepler ~ump aotion and the gas passed over the 

oxide at 250-270 ete. , followed by re-evacuation and measure­

ment of the residual gas. This Is repeated until no fUrther 

contractlon occurs. Saturated hydrocarbons are 4etennined 

in the usual manner by oombustlon over a glowing platinum 

coil. 

Butadlene Apparatus:- A prolonged study of Universal 

011 Products Apparatus tor butadIene analysis tailed to give 

satistactory results. A modification ot an apparatus de­

signed by Cambron at the National Research CounCil, Ottawa, 

(93) Was then constructed. It is based on the Diels-Alder 

reaction between butadiene and maleio anhydride. The ap­

paratus Is shown in Figure IV. It consists ot tour main 

parts, namely, a gas sampling tUbe, At provided with a 

mercury levelling-bulh, a drying tube, B, a water-jacketed 

gas measuring-burette, Ot with a mercury levelling-bulb, and 

and Orsat gas absor~tion ~ipette, D, surrounded by an elec­

trically-heated water-jacket and provided with a leTelling 

bulb. 

In operation, the tirst step involves the chargIng ot 

the Orsat pipette with maleic anhydride. The water 
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surrounding the pipette Is heated to bolling, and the mer­

cury levelling-bulb is detached above the stop-cock E. 

Stop-oocks F and G are turned so as to connect the plpette 

with the measurlng bUrette, and two to three grams or molten 

anhydride are drawn lnto the pipette by slowly lowerlng the 

burette levell1ng-bulb. The plpette levelling-bulb ls again 

oonnected to the plpette. Tbe anpydrlde is then ralsed to 

the ma~ K and the stop-cook F turned so as to connect the 

bulb H With the burette. 

The drying tube and oaplllary tublng to stop-cock G 

are evacuated by foepler pump action, and G ls turned to 

connect the burette wlth the bulb H. The burette levelllng­

bulb is raised untll a little mercury !Lows beyond the stop­

cock I, which ls then olosed. A ,as sample is now passed 

slowly rrom the sampling tube A lnto the burette and measured 

at atmospheric pre-ssure. (l'or saDlplescontalnlng over 90 

per cent butadlene the gas is diluted with approximatel, an 

equal volume ot air taken in at r). !he gas ls then passed 

into the abso~tlon pipette. Atter ten to rlrteen minutes, 

the gas ls returned to the measuring burette, the malel0 

anhydride being raised to the level K as betore. Thls pro­

oess is repeated untll DO further absorption ot gas ocours. 

A:rter the tinal pass, the gas in the oonnecting oapillary 

ls displaced bJ alloY1ng the meroury trom H to tlo, down to 

the stop-oock G. The rinal gas volume 18 then measured. 

The tirst gas sample serves only to saturate the maleic 
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anhydride with soluble hydrooarbons other than butadlene. 

This is followed by analysis of' another sample from A, the 

oontraotion in volume this time being due to the removal of 

butadiene alone. Two suooessive samples following the 

·saturation sample" were found to check within one per cent. 

A single maleic anhydride charge may be used for several 

different butadiene determinations. However, before each new 

analYsis, a preliminary saturation must be made. Arter dis­

carding the maleic anhydrid~, the pipette is washed with 

acetone and dried. After two oharges of anhydride, the ap­

paratus becomes quite dirty and both the pipette and measur­

ing burette are cleaned by filling wlth cleaning solution. 

Fraotionation Columns 

In previous work carried out at this University, the 

liquid ~oducts were separated into main fractions by dis­

tillation in a modif'led Claisen flask, followed by a fract­

ionation of oombined similiar fraotions from sucoessive runs 

for identifioat1on purposes. For this invest1gation, a more 

accurate method of analysis was required. It was decided to 

attempt to construot a fractlonatlon oolumn wb..ich bad the 

following oharacteristios: 

1. A reasonably small hold-up, not greater than ten per 

cent of the liquid being fractionated which usually amounted 

to 50-70 c.c. 

2. ~\n efficiency which would enable adequate separation and 

identIfication of the various oomponents in one fractionation. 
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3. A high rate of through-put, so as to permit the tract­

ionation of a 50 c.c. sample in ten to twelve hours. 

Two fractionation oolumns were constructed. The first 

column was 10 m.m. internal diameter and had a packed section 

38 c.m. in length. It was packed with single turn wire he­

lices, 3/64 inch in diameter, made from B.&S.No.40 Nirosta 

Stainless Steel 1lire, manufactured by Driver-Harris Company, 

Harrison, N. ~.* This wire was wound into spirals on a steel 

shaft, 3/64 inch in diameter, and the spirals were cut length­

wise by a fine pair of scissors into single turn helices. In 

packing the column, care was taken that all helices were sep­

arated from one another and passed into the column approxim­

ately one at a time. The column head was of the total con­

densate, partial take-off variety. In order to attain maximum 

efficiency, care must be taken to insure com;plete wetting of 

the packing throughout the distillation. This was accom­

plished by a preliminary flooding. 

The efficiency of this column was determined using a test 

mixture of n-heptane and methylcyclohexane (94). The holdup 

was determined by a method described by Tongberg, Quiggle and 

7enske (9S). The efficiency and holdup values at various 

through-put rates under total reflux are listed below: 

*This type of Dacking was the suggestion of Dr. R.W. Schiessler 
of Pennsylvania state College 

http:B.&S.No.40
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TABLE IV 


Reflux Rate 
o.c./hr. 

Liquid
Holdup 0.0. 

No. of Theoretioal 
Plates 

H.E.T.P. 
in o.m. 

30 45.7 .83 

60 5.1 46.2 

90 6.7 43.2 .88 

From this data, it is seen that the column fulfils the 

requirenents ot efficiency and holdup. In fact, this 

H.E.T.P. value is one of the lowest reported in the liter­

ature. However, the rate of through-put was extremely low. 

It was round very difficult to operate the column at ref'lux 

rates faster than 60 c.c. per hour and even at this rate 

flooding oocurred with oertain liquids. Operating at a suit ­

able reflux ratio~ little more than 2 o.c. per hour could be 

taken oft. Because ot this fact, the column was not con­

sidered suitable for the analysis of the liqUid products tTom 

individual runs. It was used, however, to great advantage in 

the separation and identif'ica tion of very small and closely 

boiling components. 

A small glass helices column was then construoted tor the 

analysis of products from individual runs. This column was 

45 a.m. in length by 10 c.m. internal diameter and was packed 

with single-turn slass helices 3/32 inch in diameter, The 

column head was of the total condensate, :partial take-oft 

type. Preliminary flooding was made to insure complete 

wetting Of the packing during a distillation. Data on the 
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ef"f"lcieney and holdu:p of this column are listed below. 

TABLE V 

Reflux Rate Re:t"lux Liquid No. of" Theoretical H.E.T.P. 
c.e. 	12er hr. Rat 1.0 Holdul2 c.c. Plates in c.m. 

96 Total 5.0 30 1.5 

240 Total 	 23 2.0 

360 Total 5.5 	 22 2.0 

240 20:1 	 14 3.2 

From 	this data it was seen that the glass helices column ful­

fils 	the requirements of through-put and holdu:p. E:ff"iciency 

has been sacri:ficed, but was found adequate :for most s8:Par­

ations required in this investigation. 

Preparation of the Catalyst 

A swn:ple of MOrden bentonite was obtained from the 

Pembina Mountain Clays Company of" l,l1nnlpeg. * It was light 

brown in color and very finely powdered. It readily passed 

through a 200-mesh soreen. 

The bentonite was activated aooording to a method out­

lined by Gallay (81). The material was treated with a 

twenty-percent aqueQUs solution of" sulphuric aoid of" such a 

volume that the weight of concentrated acid was fif"ty per 

oent of the weight or the clay being reactivated. This mix­

ture was boiled gently for three hours with :frequent stirring 

insuring an even dispersion throughout. after cooling, the 

slurry was diluted to three times its VOlume, filtered. and 

*This sample was the gift of the Pembina Mountain Clays Company, 
whioh we hereby acknowledge with thanks. 
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the clay washed thoroughly. In order to insure a catalyst 

of unifonn actIvity from successive activations, the washing 

was continued until the acidity of the wash-water was ap­

proximately one-fiftieth normal. The moist cake was dried 
o 

at 110 C. fb r twelve hours, broken up, and soreened to a 

material ranging from 4 to 8 mesh. The catalyst was then 

ready f'or use. 

Atter a catalysis run, the catalyst usually carried 

some deposited carbon which impaired its activity. This 

carbon was removed and the activity restored by passing air 

slowly over the catalyst at a temperature of 550-600·0. tor 

five to eight hours. A small decrease in activity compared 

to fresh catalyst Was found after the first reactivation. 

Subsequent reactivations caused no change •. On the other 

hand, if the reactivation process is carried out too rapidly 

causing high local heating as the carbon is oxidized, or if 

the tempera tare of the furnace Is allowed to rise above 

700°0., sintering or the catalyst results and its activity 

Is greatly Impaired. In order to obtain comparable results, 

a reactivated catalyst Was used for each run of this in­

vestigation. A single charge of oatalyst was reaotivated 

six to eight times before recharging. 

Through the courtesy of the Department at Mines and 

Resources an analysis of the unactivated, activated and re­

activated MDrden bentonite was obtained. The results ot 

this analysis are as follows: 
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ANALYSIS OF .I4O.RDD BEN'l'ONITE 
A.Jr'fER IGNITION a. 

UilactiYated Activated Reactivated 
d 

BIOs 61.6'1 71.73 72.93 

ll2~ 22.86 19.68 19.84 

1"820:5 4.89 0.87 0.28 

Cao 2.18 0.51 0.53 

UgO 4.77 4.08 3.68 

Other Bodies 
(by di fferenoe ) 3.64 3.15 2.73 

a. The Ignition was carried out at 1700°C. ror two hours­
Lossincluded uncomblned moisture and water ot hydration.
'rhe loss on ignition tor the unactlvated sample was 24.94~, 
ror the activated 22.28~t and tor the reactivated 2.77~. 

It would appear that ~he activation process removes the 

greater portion of the iron and calcium content at the clay 

as well as a small portion of the aluminlua content thus 

increasing the oatalytic surface. The drop in activity in 

the reactivated catalyst Is probably due to sinterlng during 

heat treatment. 
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The Dehydra~ion of Butanediol-2,3 over 

Activated Morden Bentonite 


Source and Purification of Butanediol-2,3 

The laevo form. of butanedtol-2,3 was chosen for this 

investigation. This was due to the fact that the Division 

of A.pplied Biology of the National Research Council, Ottawa, 

has developed a method for the production o:t this glycol 

from wheat starch. This method involves cooking the wheat 

and fermenting it by a soil organism known as &erobacillus, 

which acts directly on the starch to produce laevo-butane­

diol. The glycol was obtained from two sources, the 

Northern Regional Research Laboratpry, Peoria, Ill. and the 

National Research CounCil, Ottawa.* 
The material used in the catalysis investigation was 

purified in the following manner. The glycol was diluted 

with an equal volume of water and 200 grams of calcium oxide 

per litre of solution added. This mixture was heated on a 

steam bath for several hours with occasional snaking. The 

hydrated oxide was removed by filtration, and the greater 

portion at the water removed by sLmple distIllation. The 

material was finally fractionated and the fraction having 
" 20 20the constants b.p. 177 a., d4 0.992, nD 1.4312 was used for 

the catalysis investigati on. Wilson and Lucas (96) have 

*Ue hereby acknowledge with thanks the generous gift ot 
samples of' laevo-butanediol-2,3 from the Northern R-egional
Research Laboratory ot the U.S. Bureau of L~rlcultural 
Chemistry and Engineering and the Division of .1.pplied Biology 
of the National Research Council. 
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reported a boiling point of l76.7°C. tor the laevo glycol. 

Density and retraotive index oontents were not given, how­

ever. 

Prooedure 

In the investigation with butanediol-2 t 3 the horlzontal­

type ot oatalysis apparatus was employed. Forty grams (ap­

proximate volume 105 c.c.) ot activated Merden bentonite 

was used in eaoh catalyst run. The oatalyst was placed in 

the catalyst tube and held in place by two small plugs ot 

glass wool. The temperatQre or the rttrnace was raised to 

500°C. and held there tor one hour, whereby the greater por­

tion of the water contained in the oatalyst was ranoved. 

The furnace was then quiokly adjusted to the desired 

temperature and maintained throughout the course ot the run. 

The glyool in the graduated chamber B was displaoed by mer­

oury from the reservoir A and regulated to the desired rate. 

The liquid flowed into the preheater which was maintained at 

220°0. The vaporized material then passed into the catalysis 

tube and over the activated bentonite. The liquid products 

were condensed in the Frederich condenser while the gaseous 

products passed through the outlet H. A fore-run of 15-20 

o.c. Was made, during Yll.iop. time the temperatures and rate 

were given final adjustment. The liquid receiver was then 

changed and the run oarried out under carefully regulated 

oonditions. The rate ot gas evolution was measured in a 2­

litre oalibrated vessel by displaoement of water previously 
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saturated with carbon dioxide. The rate was determined 

several times during the course of a run by measuring the 

volume of gas evolved during the passage of a given amount 

of liquid glycol measured in B. The amount usually Varied 

from 10-15 c.c. depending upon the rate at gas evolution. 

A gas sample for analysis was collected in the sampling tube 

K at about the middle of the run. 

i"he liquid products oonsisted of two layers I an uP:Per 

organic layer and a lower aqueous layer. The organic layer 

was salted out, separated, and dried by the addition of a 

little sodium sulphate. Because of the considerable mutual 

solubility of butanone-2 and water, a large quantity of the 

drying agent was required to accomplish complete drying at 

the organic layer. Complete drying was not attempted, how­

ever, as it would involve excessive losses. The drying 

agent was removed by fil trat10n, and the organio liquid giv~n 

a preliminary distillation through an ordinary Claisen flask. 

The produot was separated into three fraotions, the major 

fraction distilling below 150°0., a small traction between 
c150-200 C., and some tarry residue. The lower boiling 

fraction was then carefully fractlonated in the small glass 

helic~column. An inert booster, p-eymene (b.p.l77°C.). was 

added to keep distillation losses at a minimum. In the case 

of small and closely boiling oomponents further traction­

ation was accomplisl1ed usi~ the wire heliceS oolumn. The 

boiling pOint, refractive index, and density were taken of 
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the purified products. In all cases, where the physical 

constants were not in close agreement with literature values, 

due to difficulties in purification, derivatives were pre­

pared for further identification. 

The gaseous products were analyzed in the Bone and 

"Wheeler Apparatus. A separate analysis was made for buta­

diene content. For the determination of individual olefins, 

a typical run was made in which the gaseous products were 

passed into liquid bromine. The resulting dlbromides were 

washed, dried, and given a preliminary vacuum distillation. 

The material boiling below 85°0. at 50 mm. was carefully 

fractionated under reduced pressure using p-bromotoluene 

(b.p. 90°C. at 50 mm.) as an inert booster. The identity 

of the saturated hydrocarbons was determined by passing the 

gas, from which carbon dioxide and unsaturated hydrocarbons 

had previously been removed, through a series of cold traps. 

The first trap was mintained at -80°0. for the condensation 
oof butane and propane, the second was maintained at -110 O. 

for ethane, and the third trap was immersed in liquid air 

for the condensation of methane. 

Results and Discussion 

The various temperatures and feed -rates at which the 

dehydration of butanediol-2,3 was investigated, together with 

the amounts of liquid and gaseous products obtained, are 

given in Table VII. In this Table, the runs are divided into 

two groups, low-temperature non-gaseous and high-temperature 



TABLE VII 

DEHYDRtiTION OF BUTANEDIOL-2,3 OVER A.CTIVATED MORDEN BENTOmS 

Low-tmnperature Non-~seous Runs 

Run lfurnace Rate Glycol T:otal Liquid Organ1c Aqt1eons Vapour Products '!otal 
No. °0. c.c.!m1n. PrOducts-S· taler-s- Laler-s· and 10ss-s:. Gas-l.S· 
15 225 1 100 99.5, 79.3 20.2 0.5 

11 275 1 ].00 100.0 79.0 21.0 0.0 

16 225 :5 100 99.5 80.5 19.3 0.5 --­
12 275 :5 100 99.2 79.2 20.0 0.8 

1.3 350 :5 100 94.7 74.3 20.4 5.3 small 

H1Sh-temperature Gaseous Runs 

3 450 1 100 88.3 62.1 26.2 11.7 2.88 

4 550 1. 100 76.7 46.5 30.2 23.3 11.20 

6 650 1 100 58.0 29.3 27.7 42.0 24.00 

7 700 1. 100 39.5 12.3 27.2 60.5 38.00 

100 82.1 55.8 26.3 17.9 5.305 550 3 

28.4 12.008 650 3 100 71.6 45.4 26.2 

35.7 20.00 ~9 700 3 100 64.3 37.0 27.3 0 
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gaseous runs. One rate is considered at a time in order to 

show more clearly the effect of tempe~dture upon the re­

action. 

The analysis of the organic liquid products, expressed 

in per cent composition, ls shown in Table VIII. Five 

fractions were obtained in addition to a. thiok tarry residue 

remaining after the preliminary distillation. (A small 

residue, formed by polymerization during the fractionation, 

was found to remain with the booster. This was included in 

the residue percentage). Fraction I, distilling below 60°0.) 

was present only in traces and was not identified. Fraction 

2, boiling between 60-70°0. (mainly at 64-66°0.) consisted 

of isobutyraldehyde, identified by its physical oonstants 

and by the preparation of a derivative. Fraction 3, collect­

ed between 7?-82°C. J the major! ty of which d istl1led at 79­

80
o 
C., was practically pure butanone-2. Fraction 4, dis­

tilling between 125-145°0. with a flat in the distillatlon 

ourve at 137-138°0. in the oase of the lower temperature 

runs, was found to consist mainly of the oyolic acetal formed 

by the condensation of the glycol with isobutyraldehyde. 

This compound was identified by synthesis and by hydrolysis 

to the glycol and Isobutyraldehyde. Fraction 5, distilling 

over a oontinuous range ot 100 Centigrade degrees, could not 

be separated into any single component. It was believed to 

be a complex mixture of high boiling condensation products 

from butanone-2 similiar to that found by Mltchell and Reid 



TABLE nIl 


ANALYSIS OF ORGANIC LIQUID PRODUCTS FROM BUTANEDIOL-2,3 EX.E'RmSED AS PER CENl" OOMPOSITION 


Low-tem~eratur. Non-saseo:us Runs 

Run 
No. 

Total Organic
Layer Analyzed-g. 

~. 
-60°0. 

2. 
60-'10°C. 

3. 
7'1-82°0. 

4. 
125-145°0. 

5. 0 

150-250 C. 
6. 

Residue 
1n~ in ~ in ~ in ~ ln~ in ~ 

15 79.3 1.8 3.0 85.7 4.7 2.0 2.6 

11 79.0 3.4 5.7 83.9 2.1 3.2 1.7 

16 60.5 1.7 2.6 85.5 6.2 ~.4 2.6 

12 79.2 2.0 6.5 84.5 2.8 2.0 2.2 

13 74.3 4.9 13.0 75.5 ~.8 1.4 3.4 

His,a-tepmerature Gaseous Runs 

3 62.1 3.8 '1.3 73.8 2.9 5.1 8.0 

4 46.5 6.7 6.1 68.6 3.8 7.5 7.3 

6 29.3 3.3 3.7 73.5 2.2 8.9 8.4. 

'1 12.3 2.0 3.0 69.0 3.0 8.0 15.0 

5 55.8 3.7 8.3 74.9 1.4 5.0 6.7 

8 45.4 5.0 5.7 79.3 1.4 3.6 5.0 

9 37~O 3.3 4.9 80.0 1.6 3.7 6.4 en 
to 
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(97) When butanone-2 is passed over silica gel. 

In order to show more clearly the effect of variation 

in temllerature and feed-rates, the three main organic liquid 

fractions; Fraction 2, isobutyraldehyde; Fraction 3, but­

anone-2; and Fraction 4, the cyclic acetal; are expressed in 

lIer cent of the theoretical yield in Table IX. The number 

of moles of water eliminated per mole of the glycol is also 

given. The yields were calculated with the assumption that 

the dried material can be considered as an aliquot samllle of 

the original organic layer. This allllears justifiable for 

two reasons. In the low-temperature runs, no trace of un­

changed glycol was detected, and the weight of the aqueous 

layer was exactly one mole per mole of glycol dehydrated. 

Furthermore, on mixing pure butanone-2 and water in molar 

lIrollortions, it was found that the weight of the undried 

upper layer was approximately the weight of butanone-2 in 

the mixture. Consequently, it 1It)uld aPlIear tha t the weight 

of undried organic layer from the glycol runs closely 

approximates the true weight of organic products. 

The analysis of the gaseous products expressed in 

volume per cent and the per cent yield of butadiene are 

given in Table X. The saturated hydrocarbons were found to 

cons 1st of methane and ethane only by the cold trap con­

densation method. They were determined quantitatively by 

combUstion analysis. 

The results of the 'fractionat10n of the olefin 



Run 

No. 


15 


11 


16 


l2 


l3 


3 


4 


6 


7 


5 


8 


9 


FUrnace 
°C. 

225­

275 


225 


275 


350 


450 


550 


650 


700 


550 


650 


700 


Rate 
a.c. 

Lmin. 

1 


1 


3 


3 


3 


1. 

1 


1 


1 


3 


3 


3 


TABLE IX 


nELDS OF LlQ.UID PRODUCTS FROM BUTANEDIOL-2. 3 RUNS 

Low-t~perature Non-saseous Runs 

60-70°C.Fract. 7'-82°C.Fract. l.25-145°C.Fract. 
~ Yield as 1so- t$- Yield as f,. Yield as 
but;y:ra1dehlde Butanone-2 Clclla Acetal. 

3.0 85.0 4.7 

5.6 82.9 3.2 

2.6 86.0 6.2 

6.5 8~.7 2.8 

la.l 70.1 1.7 

High-temperature Gaseous Runs 

5.7 57.3 2.2 

3.6 39.9 2.2 

1.4 26.9 0.8 

0.45 10.3 0.45 

5.8 52.2 1.0 

3.2 45.0 0.8 

2.3 36.9 0.7 

Moles 
o't' water 
Removed 

1.00 

1.05 

0.97 

1.00 

1.02 

1.31 

1.51. 

1.39 

1.36 

1.31 

1.31 
~ 

1.36 .. 



TABLE X 

ANALYSIS OF GASEOUS PRODUCTS FROM BUTANEDIOL-2,3 Rl'1R3 

General GaB Analysis in Volume Per cent 

Run CO2 CO B2 CH2=OH2 Other U'nsat s • Saturates 
No. including 'rotal CH4 C2H6 

Butadien. 

3 17.4 14.7 0.0 2.2 43.3 19.2 3.5 15.8 

4: 7.3 16.7 4.1 3.0 39.1 28.3 10.4 17.9 

6 1.7 27.2 11.6 5.0 27.8 25.1 12.5 12.5 

'1 1.9 2'1.2 14.1 6.2 20.6 26.4 17.0 9.3 

5 6.7 19.2 2.5 2.7 43.3 24.1 9.0 15.1 

8 2.7 20.1 6.6 4.6 39.7 24.9 14.5 10.4 

9 2.1 24.6 11.5 6.5 31.5 23.8 14.9 8.6 

Buta4t.ne Analysis 

Volume Yield 
~ 1/; 

5.3 0.8 

4.2 2.0 

4.2 4.1 

4.4 6.7 

8.5 2.2 

8.4 4.3 

7.6 6.1 

~ 
01 

http:Buta4t.ne
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dibromides formed from a run carried out at 650Q O. and at 

a teed-rate ot one cubic cent1metre per minute, are shown 

in Graph I. Examining this graph, it is seen that the first 

flat 1n the temperature and refractive index curves appears 

at 52°0. and nfiOl.537, respect1vely. This corresponds to 

1,2-dibromoethane. The second flat, occurring at 58.5°0. 

and nE0l.5200 is l,2-dibromopropane. A third flat is tound 

at 64.5°0. and nB0l.5l0l and corresponds to 1,2-d1bromo-2­

methyl-propane (the dibromide of lsobutylene). Both the 

temperature and-refractive index curves rise With gentle 

slopes between 72-77°0. and nfi0l.5llQ-l.5150. This corres­

ponds to a mixture ot racemic and meso 2,3-dibromobutane. 

The l1terature reports the meso torm boiling at 73°0. at 

50 mm. and nE01.5l16. The racemic torm has a boiling point 

ot 75.6-75.8 Q O. at 50 mm. and nB°l.S147. Beyond this tract­

ion, both temperature and retractive index rise rapidly to 

that ot the booster. By caretul analysis ot the two curves, 

a close approximation ot the relative amounts ot the indiv­

idual dibromides can be made. 

1,2-dibromoethane 10.4 

1, 2-d1 bromopropane 34.4 

1.2-dibromo-a~methyl-propane 22.4 

2,3-dibromobutane 32.8 

As tar as the writer is aware this method has not 

previously been used as such tor the quantitatiTe estimation 

of olefinic hydrooarbons. I:Iurd {gel analyzed an ethylene, 

http:75.6-75.8Q
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propylene, and isobutylene mixture by converting the olefins 

into dibromides and tractionating them into two component 

mixtures. ·Ea.ch mixture was analyzed by the index of re­

fraotion method, using synthetic two oomponent mixtures tor 

reference. 

Three runs were carried out in the presence or 

water vapour. These were investigated in respeot to gaseous 

products only, since the solubility of the organic liquid 

products in the large volume of water present made a quan­

titative liquid analysis impossible. Thecondltlons of the 

reaotion and the analysis of gaseous products are shown in 

Table lI. 

The physical constants found tor the products obtained 

in the dehydration of the glycol together with the literature 

values are shown in Table XII. In certain cases, derivatives 

were formed tor further identification. 

Considering the low-temperature non-gaseous runs, it is 

seen from Table VII that the glycol is completely converted 

to mono-dehydration products and one mole of water is elimin­

ated per mole of glycol. Gaseous products do not form until 

a temperature of 450°C. is reached and considerable quantities 

not until 550
Q 

C. From Table IX, it is seen that yields of 

84-86 per cent butanone-2 are obtained at temperatures at 

225°C. and 276°0. and at feed-rates of 1 and 3 c.c. per minute. 

At 350°C., however, the yield ot this ketone is reduced to 

70.1 per cent. At 225Q C., the main by-product Is the cyclic 



TABLE 
i 

AI 

DEHYDRATION OF BUTANEDIOL-2.3 OVER ACTIVATED MORDEN BENTONITE 

IN "r.HE PRESENCE OF '!lATER VaPOUR 


a.
Run Furnace Rate Glycol Water Total 
No. °C. e.c./mln. g. g. gas-l. 

14 650 2 100 100 11.20 

17 700 2 100 100 27.20 

18 700 3 100 200 15.40 

General Gas Ana1~sis in Volume Per oent Butadiene Analysis 

Run CO2 CO Ha CHz=CH2 Other Unsats. Saturates 
No. inoluding Total OH4 CaR6 Volume Yield 

Butadiene % % 
14 2.5 17.4 7.7 5.6 43.4 21.5 14.9 5.6 13.5 5.8 

17 1.9 17.9 13.8 6.5 34.1 23.5 15.0 7.5 7.7 8.4 

18 1.8 15.4 15.0 6.7 45.0 13.9 8.5 5.4 24.0 14.9 

a. This is the total rate including glycol and water. 
.,Ch 



UBL!lIl 
IDENTIFICATION or mODUCTS ]ROM THE DEHYDRATION OF BU'l'ANEDIOL-2,3 

COJnl)ound Boiling De:tbty
Point 0 c. 

Isobutyraldehyde Given 
:round 

8:5 
64-65 

0.794 
0.'198 

2,4-dinitrophenyl­
hydrazone 

Given 
Found 

Butanone-2 Given '19.6 0.805 
Found 79.6 0.804 

Water Given 100 0.998 
:round 100 0.996 

Isobutyra1 o't 
butanedlo1....2,3 

Givena • 
Found 

139 
136-139 

0.80'0 
0.893 

1.2-Dlbromoethane Given 
:found 

52/50 mm. 
52-53/50 mm. 

1,2-Dlbromopropane Given 
Ibund 

141.6 
141.8 

1.'85t~:!
1.916 

Isobutylene dibromide Givenb• 
:round 

65/50 mm. 
64.5/50 mm. 

1.79°(26)
1.'161 

2.3-Dlbromobutanes meso 
rac. 

Given 
Given 
Found 

'13/50 mm. 
76150 mm, 
72-77/50 mm. 

1.77S(25)
1.784 (8:))
1.777-1.782(25) 

Tetrabromobutane Given 
l'oun4 

a. '1'l:l.ese val.ues are t'or the product synthesized in the liquid phase. 

Rer.ISdex
nB 


1.3'130 
1.3'14'1 

1.3'108{15.9)
1.3707(15.9) 

1.3333 
1.3337 

1.4095 
1.4078 

1.5379 
1.5373 

1.5803 
1.5199 

1.5108 
1.5101 

1.5116 
1.5147 
1.5110-1.5147 

Deriv.Jle1t. 
PointOC. 

1815 
183-183.5 

118-119 
117-118 

'I 

b. These nlues are tor a synthesized product, literature values being in disagreement with
themselves. 

0 
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acetal ~ormed by the elimination of water between iso­

butraldehyde and the glycol. 

CH3CHOH 
)I + O=CHCH(CH3)2

CH3CHOH 

As the reaction temperature is increased, less of the cyclic 

acetal Is formed since the glycol is converted completely 

to carbonyl compounds before acetal formation can occur. As 

far as the writer is aware, this acetal has not been pre­

pared before. It is interesting to note, however, that 

Backer (99) obtained the acetal of butanediol-2,3 and but­

anone-2 by passing the glycol over alumina, in an attempt to 

produce butadiene. 

At higher temperatures, increasing amounts of iso­

butyraldehyde are formed, amounting to as much as 12 per cent 

at 350°C. Above this temperature, the yields of both the 

ketone and aldehyde are reduced due to decomposition into 

gaseous products. Graph 11 shows the effect of temperature 

on the yields of these products. 

Turning to a consideration of the high-temperature de­

composition, it is seen that increasing quantities of water 

are eliminated and gaseous products are formed. Table X 

shows that at the lower temperatures over forty per cent of 

the gaseous products are unsaturated hydrocarbons other than 

ethylene, the remainder consisting mainly of carbon mon­

oxide, carbon dioxide, and saturated hydrocarbons. As the 

temperature is increased, the percentage of unsaturates 
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decreases, while increasing amounts at hydrogen, carbon mon­

oxide, and ethylene are tonned. Less carbon dioxide, however, 

is tormed at the higher temperatures. The volume ot the 

saturated hydrocarbons remains about the same above 550°0., 

while the ratio at methane to ethane increases greatly with 

increasing temperature. An increase in the teed-rate from 

1 c.c. to 3 c.c. per minute is approximately the same as a 

decrease in temperature ot 100 Centigrade degrees. 

Butadiene yields are small. A slightly lower percent­

age in the gas evolved is tound at the higher temperatures, 

but an increased decomposition causes the butadiene yield to 

rise with temperature. An increase in feed-rate increases 

the per cent composition of butadiene in the gas, but owing 

to a smaller evolution of this gas, the over-all yield re­

mains apprOximately the same. 

From Table XI, it is seen that the addition of water 

vapour greatly affects the course at the high-temperature 

decomposition. As expected, the volume of gaseous products 

is decreased in the water-vapour runs, owing to a decrease 

in oatalyst oontaot time. On the other hand. the percent­

age ot unsaturated hydrooarbons (other than ethylene) Is 

greatly increased. At 700°C. and at a rate of 1 c.c. per 

minute, the gas evolved from a dry runanalyzes for 20.6 

per cent unsaturates, the addition of one volume of water 

increases this to 34.1 per cent, while the addition of two 

volumes gives 45 per cent. The butadiene content of the 
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gas increases accordingly. The gas from the 700°0. dry run 

contains 4.4 per cent butadiene. When one volume of water 

is used, this increases to 7.7 per cent, and for two vol­

umes to 24.0 per cent. The over-all butadiene yield is 6.7 

per cent, 8.4 per cent and 14.9 per cent respectively. The 

highest yield obtained by the Northern Regional Research 

Laboratories With any catalyst was about 20 per cent. (14) 

The mechanism of the dehydration process will now be 

considered. In the dehydration of butanediol-2,3, water may 

be eliminated in two ways. A molecule of water may be formed 

by the removal of a hydroxyl group and either a hydrogen 

atom from the second hydroxyl group or a hydrogen atom 

attached to the carbon a tom containing the second hydroxyl 

group_ In either case, a carbonyl ty~e of compound will re­

sult. On the other hand, water may be eliminated between a 

hydroxyl group and a hydrogen from the terminal methyl 

group, resulting in the unsaturated alcohol, methyl vinyl 

carbinol. The removal of a second molecule of water in the 

same manner will :produce butadiene. 

In the low-temperature, non-gaseous runs, carbonyl com­

pounds only are obtained, the main product being butanone-2 

with small quantities of isobutyraldehyde. Both of these 

products may arise according to the following reaction. 
o 
11 

~CH3COH2CH3 
CH3yH-yHCH3 ---+ rCH3cH-YHCH31 0 

OH OH L 6.... J~~OH(CH3)2 
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A water moleoule is eliminated between one hydroxyl group and 

the hydrogen atom 01' the second hydroxyl group, this being 

followed by the migration of a hydrogen atom to form but­

anone-2, or by the migration 01' a methyl group to torm iso­

butyraldehyde. The "migration aptitude" 01' hydrogen is known 

to be greater than that of a methyl radicle (lOO), which will 

explain the large proportion 01' ketone in the reaction pro­

duct. On the other hand, butanone-2 may arise trom a differ­

ent mechanism. 

CH3CH-cprCH3 ---f fcH364HCH3] ----JCH3~CH2CH3 
bH OH l OH' 

This is essentially a "vinyl dehydration". It is to be 

noted that butanone-2 only can be formed by this reaction. 

Sinoe considerable quantitIes of isobutyraldehyde are 

formed in the dehydration process, it would appear that the 

first meohanism is the correct one. The possibility must be 

recognized t however t that the two types 01' reaction may be 

gOing on simultaneously, the first producing both ketone and 

aldehyde, the seoond ketone alone. Nevertheless. if the 

"vinyl dehydration" reaction were to take place to any great 

extent, then the ratio of Isobutyraldehyde to butanone-2 

formed by th e first react! on Is greater than would be expeot­

ed tram the relative "migration aptitudes" at the hydrogen 

atom and the methyl radicle as observed in the rearrangement 

of other glycols. This is particularly evident at 350°0. 

where a ]2.1 per cent yield of the aldehyde was obtained. 

Further evidenoe against the "vinyl dehydration" 
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mechanism is found by analogy with the decomposition of the 

oorresponding diacetate over MDrden bentonite. In addition 

to butadiene, butanone-2 and isobutyraldehyde were obtained 

in considerable quantities while unsaturated esters were 

present only in traces. These oarbonyl oompounds can only 

be formed by the elimination of acetic anhydride between the 

two acetate groups. In the absence of water causing hy­

drolysis, this anhydride was isolated. Vfuile this analogy 

to the dehydration. of butanediol-2,3 may be open to oriticism, 

in the writer's opinion, it is a more direct argument against 

vinyl dehydratlon than that furnished by 1fallls (62) in a 

oonsideration of the rearrangement of phenolio ethers and 

alkylated anilines. 

Whether the dehydration reaction involves the fornntion 

of free radicles or oocurs through an electronio meohanism, 

as postulated by Wb.itmore for the liquid-phase reaotion, is 

open to question. It might be added, however, that the con­

cept of a slippage of atoms or groups without the existenoe 

at any time of an intermediate independent radicle may well 

apply to the rearrangement of butaned!ol-2,3 in the vapour 

phase over bentonite. 

Turning now to a consideration of the high-temperature 

gaseous runs, the fOllowing question arises. Axe the high­

temperature decomposition products formed direotly from the 

glycol, or are they formed through the intermediate for­

mation of mono-dehydration products? In view of Wasson.s 
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results on the dehydrat10n of ketones, 1t is possible that 

the small amount of butadiene in the gaseous products does 

not arise direotly trom the glycol, but from a dehydration 

of butanone-2 to methyl allene, followed by isomerization to 

butadiene. 

CR~2COCH3 ) CH3CH=C=CHS 

CR3CR=C=CR2 ) CH;t= CHCH-CHa 

Consequently, the investigation was extended to a short study 

of the dec~sit1on of butanone-2 over aotivated WOrden ben­

tonite. It was hoped that this work might assist in estab­

lishing the most tavorable oonditions tor the dehydratIon ot 

the glyool to butad1ene, and also might assist in establishing 

the meohanism of the high-tempera~red.composition. 

Tbe various conditions used in the butanone-2 decom­

position and the analysis ot the gaseous products are given 

in Table IlII. Liquid products were also analyzed and found 

to contain, besides unchanged butanone-2, considerable amounts 

of isomeric pentenes and hexenes. From these results, it is 

seen that bentonite does remove water tram the ketone molecule. 

~t 550·0. and at a feed-rate ot 1 c.c. per min. as much as 

0.5 mole of water was obtained per mole ot butanone-2. Methyl 

allene oould not be isolated, however, and butadiene is pres­

ent only in very small amounts. The gaseous products contain 

a smaller percentage ot unsaturated hydrocarbons than the gas 

eyolved under slm1liar oonditions in the case ot the glycol, 

While larger quantities of carbon monoxlde and saturated hy· 

drocarbons are tormea. Isobutylene Is one ot the major 



'fABLE nIl 

DECOMPOSITION OF BU'!'ANONE-2 OVER ACTIVATED MORDEN' BENTONITE 

Run Furnace Bate Ketone 'total Llqu.1d Organio Aqueous Vapour Produots Total 
No. ·C. c.c·imin. ,. Products ,. laler ({. Lazer g. and loss S· Gas 1. 

21 450 1 80.4 72.0 68.0 4.0 8.4 3.16 

19 550 l. 80.4 52.1 42.2 9.9 28.3 10..00 

10 650 1 BO.4 40.7 31.'1 9.0 39.7 30.00 

22 550 2.5 80.4 70.0 63.9 6.1 10.4 5.75 

23 650 3 80.4 54.5 49.7 4.8 25.9 12.80 

70 650 O.8plus 80.4 plus 
1.!R20 122.0 H2O -- 14.83 

General Gas Anallsis 1n Volume Per oent Butagjene 4n~~ysis 

Run CO2 CO H2 CHZ=CHs 180- Other Unsat s. Saturates Volwn. Yield 
Nd. butene including Total CH4 C21i& f; % 

Bu~~d~!le 

21 43.4 12.4 0.0 1.5 14.8 10.6 15.9 3.4 12.5 4.3 0.5 

19 18.2 15.3 4.8 2.7 14.4 14.2 30.1 14.1 16.0 1.7 1.0 

20 5.3 15.8 13.1 5.7 12.0 9.5 37.0 25.5 11.7 3.7 4.4 

22 23.1 17.8 l.9 2.3 15.2 l2.5 26.1 11.9 14.2 3.1 0.7 

23 8.0 17.8 5.9 5.9 11.1 10.8 35.5 25.1 10.4 3.6 1.8 

70 1.7 12.4 10.2 4.9 4.0 37.3 29.4 11.2 7.4 ....:I 
m 
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components of the unsaturated hydrocarbons. 

Very little work has been done on the vapour-phase de­

eo~osltion of butanone-2. Hurd (101) tound that, under the 

influence ot heat alone, the ketone torms small quantities 

o~ ketene and methyl ketene. Mitchell and Reid (97) studied 

the deoomposition ot butanone-2 over silica gel. They ob­

tained high-boiling oondensation products accompanied by con­

siderable gas tormation. this gas gave an analysis closely 

approximating that found by passing the ketone over bentonite 

in the present investigation. 

Ba.ed on an analogy with Wasson's results with other 

ketones, and supported by the tact that a considerable amount 

of water was obtained in the liquid produots, one may assume 

tha t one reaction involved in the decomposition of butanone-2 

over bentonite is a dehydration to methyl allene (butadiene­

1,2). That this does not isomerize to butadiene-I,3 is not 

surprising. Slobodin (102) has tound that methyl allene, 

when passed over f10rldin at 245-330°0., yields a small amount 

of ethyl acetylene and only traces or butadlene. Furthermore, 

Hurd and Meinert (l03) have found troma non-catalytic treat­

ment of methyl allene at 500-550°0., that a oomplete deoompo­

sition is effected in 36 seconds, the decQmposltion produots 

cons istlng of carbon, hydrogen, methane t ethane. propene, 

alIenee, aoetylenea, and liquids ot a polymeric nature. !his 

would account for the tact that methyl al1ene could not be 

iaolated and only traces or butadiene were formed. 
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Other reactions appear to occur s~ultaneously with 

the dehydration reaction. These inyolve the formation ot 

carbon monoxide, carbon dioxide, oletins inolud1ng iso­

butylene, and large quantities or saturated hydrooarbons. 

Wasson's hy~othe81s, involving the intermediate tormation 

ot a ketene derivative tollowed by its decomposit10n to car­

bon monoxide and an oletin, does not provide an adequate ex­

planation tor the t"orDl!l tIon ot these products, particularly 

tor the large quantity ot carbon dioxide, and the bran.ched­

ohain oletin, isobutylene. A more complete investigatlon 

ot the decomposition ot butanone-2 is necessary betore offer­

ing a mechanism tor the se changes. 

Although the analysis ot the gaseous products obtained 

trom butanone-2 d1tters oonsiderably trom the aualysis ot 

the glycol gaseous products, it must be remembered that in 

the oase ot the glycol the decomposition ocours in the 

presenoe ot one mole ot water. That water oan greatly in­

orease the unsaturated hydrooarbon oontent ot the gas at the 

expense at other components was shown clearly in the results 

obtained in the glycol water-vapour runs. Accordingly, a 

butanone-2 run (Run 70, Table XIII) was carried out in the 

presence ot suoh a volume ot water that the same dIlution was 

realized as in the case ot a glycol run oarried out 1n the 

presence ot one volume ot water. It was tound that both the 

total unsaturated content of the gas and the butadIene con­

tent compared tavorably wIth that tound in the case ot this 
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glyool water-vapour ran. This would strongly indicate that 

at high temperatures the gaseous -deoomposition takes plaoe 

through the intermediate mono-dehydration produots. 

It must be remembered that superimposed ~on the de­

oomposition of the inte~ediate butanone-2 in the glycol runs, 

a small amount of isobutyraldehyde is also undergoing decompo­

sition. Net (l04) has shown that isobutyraldehyde at high 

tanperatures deoomposes to oarbon dioxide. hydrogen, methane, 

ethane, ethylene, and propylene. 

On the basis ot these results, it would appear that the 

butadiene was tormed through the intermediate ketone in both 

the dry-glycol and the water-glyool runs. ~e effect of 

water vapour in increasing the butadiene oontent ot the gas 

is diffioult to explain. Patents (l05) have been taken out 

tor the use ot water vapour in reducing char formation on 

vapour-phase oatalysts, thus maintaining their aotlvity. 

Furthermore. it may be pointed out that because ot its low 

molecular weight, a small weight ot water greatly increases 

the volume ot vapour passing over the oatalyst, oonsequentl7 

decreasing catalyst oontact time. It is probably by this 

latter effect that water inoreases the butadiene y1eld. The 

methyl allena tormed trom the intermediate ketone in the oase 

ot a dry glyoo1 run decomposes almost entirely to other 

products. However, in the presence o~ water vapour, It ls 

possible that the contaot time Is so decreased that part of 

the allene is not decomposed but rearranges to butadlene. 

Although it is known that at 300°C. over floridin this 
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rearrangement occurs only to a s1ight extent, the oourse of 

the reactIon may be entirely different at 650-700°C. over 

bentonite and in the presence of water vapour. 

The results of this investigation on the direct dehy­

dration of butanediol-2,3 over activated MOrden bentonite 

confirm the work of the Northern Regional Laboratories and 

others in showing that this method cannot be used for the 

practical production of butadlene. On the other band, it 

has been shown that excellent yields of butanone-2 may be 

obtained by a low-tanperature dehydration of the glycol over 

bentonite. A yield ot 65 per cent has been obtained and it 

is possible that this mjght be increased to as high as 90 

per cent by working on a larger scale. A definite limitation 

in the yield is seen, however, in the formation of sma11 

quantities ot isobutyraldehyde and the oyclic acetal. 

This method for the conversion ot butanediol-2,3 to 

butanone-2 has the advantage of an extremely cheap catalyst, 

low temperatures, and fast rates ot through-put. Whether 

this method can be used tor the industrial produotion of 

butanone-2 depends. in the writer's opinion, entirely upon 

the availability of the butanedIol-2,3. Recent reports trom 

the NatIonal Research Councl1 indicate that this glycol can 

be produced oheaply and in large quantities by making use of 

our large wheat supplies. It is conceivable that by this 

method, Canada can manutacture large quantities of this very 

use~ul and, at present, relatively scarce material. 
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!he Decomposltion ot Butanedlo1-2,3 Dlacetate 
over Activated Mbrden Bentonite 

Preparatlon ot the Dlaceta~e 

At thIe stage ot the ~ve8tisat10., an adequate supply 

or laevo butanediol-2,3 could DOt be obtained tor the prep­

arat10n ot the laevo diaee'kte. Material ns obtain.cl, 

however, trom the Heyden Chemical Corporat10n, N .... York, 

conaist1ns ot a mixture ot the meso and 4extro forma, tbe 

maSor port10n being meso. ""'0 methods w.re examined tor the 

prepara;tloa ot the dlacetate. '!he t1rst was a method re­

ported DY the JOrthern Resional Research Laborator1es (14, 

106) and oonslsted ot the reactlon ot acetic acld and the 

glycol In the presenoe ot a small amount ot oonoentrated 

sulphurlc aoi4•. lsoprop71 aoetate was used as an entralner 

11quid, and the nter tormed In the esterification prooess 

Wa. remoTed continuouslr b7 azeotropio distillat1on. Upon 

tractlonatlon, a oonstant bol1ing material was obtained nth 

a h1gh and varyIng retractive index. A saponifloation 

equivalent was determined aooording to the method ot Redemann 

and LuOllS (107) and touncl to be 97.1, while the theroetieal 

value ror the diacetat. is 87.0. This, together w1th the 

high retract1ve 1ndex, indIoated the preseuce ot a consider­

able quantity or mono-acetate. 

The seoond method, e~loylng aoet10 anhydr1de, was 

essentlall;y that described by 1(1180n and Lucas (96). 

http:obtain.cl
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Forty-tive grams of butanediol-2,3 was mixed with 117 grams 

of acet1c anhydride and one to two drops ot sulphuric aci4 

was -adde4., '!he temperature of the mixture rose vel'f slowly 
o 

over the oourse ot tive to ten minutes to 40-50 O. At this 

point, a violent reaction was found to occur, the temper­

ature rising almost instantaneously to the boiling point ot 

the anhydride, necessitating exterul eooline: in an ioe 

bath. 'this reactioa subsic1ed in a tell' minutes and the mix­

ture was allowed to stand Without turther cooling. In some 

instances an inltial heating to 40°C. was necessary 1n order 

to start the reactlon. Several lots were treated in the 

above manner, combined, and alloll'ed to stand tor, twenty-t'onr 

hours. The me.terial was then tractiona.ted through a three­

toot lb.!tmore-Jrenske column, packed with 3/32 inch glass 

helices, under reduced pressure and a produot boiling at 

76°0. at 50 mm. lI'as obtained in a y1eld ot 88 per cent. 

!his material bad the tollowlng constants: b.P.7S0 192°0., 

d:5~.021, ~51.4121 ana a saponltlcatlon equivalent et 8'1.1. 

Ilust.in and Wood (loe) report the :tollowing physical oon­

stants tor the pure meso isomer ot butanediol-2,3 diacetate: 

c1i5l.021, nti51.4122. !he theoretical saponification equly­

alent ls 8'1.0. 

Procedure 

!he horlzontal-tne oatal:ysis tu.rnace was used ror the 

lI'ork on this co~und carried out at the slow teed-rates, 

while tor the taster feed-rates, the vertical-type turnace 

http:Ilust.in
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was fmllll01ed. Pwn1ce was t'1rst used as a heat-transter 

med1um in the preheater ot the vert1cal furnace, hav1ns been 

tound sat1stactory tor hydrocarbon stud1es In th1s Un1versity. 

In the case ot the diacetate, however, it was found to be 

entirely unsatlsfaotory, oaus1ng extens1ve oarbon1zation and 

the .yolution ot' large volumes ot hydrogen. Steel wool was 

then employed and save sat1atactory results. 

Tarying amounts ot the catalyst were e~~oyed in the 

investigation ot the 4iacetate. Betore use, water ftS re­

moved trom the oatalyst by a prelim1nary heat1ng to 500°0. 

The procedure followed in the case ot the dlae.tate runs 

carried out In the hor1zontal-type turnaee was essentIally 

that prevlously desoribed tor butanedlo1-2.3. 101' the work 

involving the vertical-type turnaee, the tollow1ng procedure 

was employed. The t'Urrtace temperatu!'. was t'1rst adjusted so 

that both ther.moGouples registered the desired temperature 

tor the rttn. The .iacetate was then passed into the catalyst 

tube from the sra4ttated veasel B and, in the case ot the 

water -vapour rans, water was passed into the tube trom the 

vessel O. Shortly atter the entry ot the liqu1ds into the 

catalyst tube. a drop 1n temperature was reg1stered ln the 

top thermocouple L. Additional heat was then sup:p11ed to 

the preheater element. This was 80 adjusted that the vapours 

enter1ng the catalyst were at a temperature no lower than 

30°0. below the desired run t«nperature. Care was taken, 

however. to prevent over-heat1nc In the preheater ~on. or the 

turnace caus1ng pre-oracklng ot the ..ter1al berere its entry 
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1nto the catalyst. In the case ot the very tast teed-rates, 

add1t1onal heat was also supplied to the lower heat1ng el­

ements in order to ma1ntain the catalyst at the desired 

tenperature. A tore-run ot 25-35 c.o. was required in order 

to establ1sh equilibrium conditIons. Gas and liquid prOducts 

were collectea and measured as described In the 1nvesti­

gatlon ot butane41ol-8,3. 

The liquid produots contained a large quantity ot d1s­

solved gas ot high butadiene content. !his was removed by 

heating the liqu1d to boiling under a retlux condenser eon­

nected to an aspirator bottle Inverted over a water trough. 

The l1quid was refluxed until sas was no longer evolved. 

!his gas was measured and analJzed tor bulad1ene oontent 

only. The liquid products were given a preliminary dis­

tillation and separated into a traotion distilling below 

aoo·c. and a tarry residue. The 'iatillate was then care­

t'llllJ tractlonated In the small glass-helices column using 

the f1acetate itselt as an inert booster. When unchanaed 

diaeetate was present in the lutuid produots, it was deter­

mined by collecting tractions up to the boiling pOint ot the 

ester and measur1ng the volume ot residue remaining in the 

pot. '!'he wire-helices column was used ror the separation and 

identitication or 8mall and closely boi11ng components. The 

boiling pOint, density, and retractiv, index were determ1ned 

tor eaoh component. Ihen these constants did not check 

0108e11 with the lIterature values, derivatives were tormed 
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for turther identirleatlon. The gaseous produ~ts evolved 

In the catalysis runs were analyzed In the Bone and Wheeler 

apparatus. A separate analysis was made tor butadiene con­

tent. 

~esults and Discussion 

The conditions or each run and the amount of liquid 

and gaseous pr'oduots obtained are g1ven 1n ~ble XIV. This 

tabulation inoludes the dry runs using both the horlzontal 

and vertical-type furnaoe, as well as oertain runs oarried 

out in the presenoe or water vapour. Liquid produots are ex~ 

pressed as the net weight atter the removal or the dissolved 

gases. ~is sas Tolume Is added to the volume or ,as evolved 

to give the total gas produced In each run. 

The analysis ot llquid products expressed ,in pe;r oent 

oomposltion Is glven in table XV. light tractions were ob­

tained in addltion to a small amount ot tarry residue re­

maining atter the preliminary distillation. ~aotion 1, 

boiling at 54-58°0., consisted malnly ot aoetone which was 

identified by its physioal constants and by the preparat10n 

ot a derivative, dibenzylidene acetone. Fraction 2, d1s­

tilling between 62-68°0. and present only in traoes, was 

Identl!'ied as isobutyraldehyde by the tormation ot a 2,4­

dlnitrophenrlhydrazone. Fraotion 3, dlstilling at 71-74
D e., 

was an azeotropl0 mixture ot butanone-2 and water. Thls 

azeotrope contains 33 mole per oent (10 »er oent by weight) 

or water and has a bol1ing point or 73.5°C. (109). 



TABLE nv 
DECO:MJ?OSI'I.'ION OF BUTANEDIOL-2. 3 DIACE'l'ATE OVER AC'fIYATED JroBDD IJIl'fONITE 

Run Catalyst FUrDaee Bate Diacet- ket Vapour Gas Gas in liq. Total 
No. g. 00. e.c. ate Liquid ~ducts ~olTed Products Gas 
__.____. ___.. _. _ /m,j,a. £. Produets g. and loss g. 1. 1. 1. 

HOrizontal Glass Yurnace 

26 50 400 3.6 100 81.5 18.5 5.03 3.0 8.03 

25 50 450 3.6 100 61.3 30.7 12.65 1.5 14.15 

24 50 450 1.0 lOO 156.3 43.7 23.00 0.5 23.50 

Vertioal Iron Furnace 

39 50 450 6.0 100 84.1 15.9 5.83 4.10 9.93 

38 50 500 10.0 100 '13.9 26.1 8.00 3.~ 11.55 

36 90 450 6.0 100 73.5 26.5 11.25 2.'15 14.00 

34 90 490 10.0 ].00 70.9 89.1 13.'15 1.6 15.35 

33 90 500 6.0 100 46.1 23.9 29.158 0.45 30.03 

Water Vapour Runs uslps Iron FUrnaoe 

36 90 100 I.Oa • 100 plus 172.4 19.6 ll.OO 11.00 
92 R20 

37 90 500 2.0a • 	 100 plus 165.2 36.8 18.00 18.00 
102 HeO 

~ a. This Is total rate inoluding 	diacetate and water. 



T.ABI.;I xv 

ANALYSIS 07 LIQ,UID PRODUCTS FROM BOTANEDIOL-2, 3 DIACErATE 

EXPRE9SED .AS PER cmT COMPOSITION 

RUN TOTAL 1 (I 26 3 4 5 6 'I 8 9 
et 	 ClNo. LIQUID 54-58 c. 62-68 c. '12_75" c. 77-81°C. 90-1100 C. 116-120 c. 137-140

(Ic. 18'1-192 C. Residue 
g. Acetone Isobutyr- Butanone Butanone water Organic Acetic Acetic Unchanged % 

% 	 aldehyde Azeotrope % Layer Acid Anhydride Diacetate 
% % % % % % % 

Horilzontal Glass Furnace 

26 81.5 4.0 0.9 1.3 12.8 1.9 56.0 1.9 17.4 3.8 

25 69.3 5.8 1.2 17.0 1.6 2.2 60.0 9.4 2.8 

24 56.5 7.1 1.2 22.4 7.5 3.0 54.3 4.4 

Vertical Iron Furnace 

39 84.1 2.. 4 0.8 11.2 1.8 63.8 4.6 13.0 2.4 

38 73.9 3.0 1.3 5.0 4.6 2.1 77.1 4.2 2.7 

35 73.5 5.9 1.4 4.7 11.0 2.5 67.9 3.8 2.8 

34 70.9 6.2 1.2 20.0 2.2 66.7 3.7 

33 46.1 11.2 1.8 16.6 20.2 5.1 39.8 5.4 

water Vapour Runs Using Iron Furnace 

36 172.4 1.2 0.9 10.7 50.3 0.3 34.5 2.1 0) 
fD 

37 165.2 1.9 0.6 9.2 59.2 28.1 0.9 



90 

lraction 4, obtained only in the cases in which all the water 

1n the liquid ~roduets was removed in traction 3, distilled 

at 77-81o C. and consisted ot butanone-2. This ketone, trom 

both Fractions 3 and ., was identi~1ed by 1ts physical oon­

stants. Fraction 5, boi11ng over a continuous ranee trom 

90-110°C., consisted ot two layers 1n the case ot runs in 

which the tormation ot water was large. For those runs in 

whioh all the water was reaoved 1n the azeotroRlc mixture, 

this traction oonsisted ot one phase only. Repeated tract­

1onation ta1led to isolate any single oomponent, but the boil­

ing po1nt range and tbe olor ot the material indicated that 

it oonsisted ot a mixture ot unsaturated esters. Fraction 6, 

the ma1n traot1on ot the 11quid produets, distilled at 116­

120°C. and was identif1ed by its physioal constants as 

acetic acid. Fraction 7, Obtained only in the two runs in 

which no water was tormed in the reaction, distilled at 137­

l39°C. and was aoet10 anhydride. !his compound was ident­

iried by its physioal constants and by the tormation ot a 

derivative, aoetan111de. Fraction 8, distIlling at 187­

192°C., was unchanged butanediol-2.3 dIacetate. 

In 2able XlI. the major liquid oomRQnenta are expressed 

as per oent ot the theoretioal yield in order to show more 

clearly the ettect ot temperature. teed-rates, and the amount 

ot catalyst. !he ratio or the yields ot butadiene to but­

anone-2 are also given. this ratio will receive turther con­

sideration later. 



'fABLE XVI 

YIELD OF PRODUCTS FROM BUTANEDIOL-2, 3 DIACMATE WNS 

Run Catalyst FUrnaoe Rate acetone Acetic Acid Butanone-2 Butadiene Ratio ot 
lIo. g. °a. e.c./min. as ~ Yield as ~ Yield as ~ Yield a.s ~ Yield Buta.dlene to 

Butanone-2 

Horizontal Glass FUrnace 

26 50 400 3.6 9.6 65.0 27.0 35.5 1.32 

25 50 450 3.6 11.8 59.1 27.4 34.3 1.25 

24 50 450 1.0 11.8 43.6 26.6 26.7 0.96 

Vertical Iron Furnace 


39' 50 450 6.0 5.9 '16.2 22.3 47.3 2.12 


38 50 500 10.0 6.5 Sl.0 15.8 57.5 3.64 


35 90 450 6.0 12.8 70.8 24.8 49.9 2.01 


34 90 490 10.0 13.0 67.2 29.9 47.1 1.5'1 


33 90 500 6.0 15.2 30.0 16.2 35.3 2.18 


Water Va120ur Runs usiy Iron Furnace 


36 90 500 6.0 6.1 84.5 38.8 30.4 0.78 U) 
.... 
37 90 500 2.0 9.2 66.0 32.1 24.7 0.77 
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~e analysis at the gaseous products in volume per cent 

is given in 'fable XVII. From the absorption analysis, It Is 

seen that the unsaturated hydrooarbons oonsist mainly ot 

butadiene and isobutylene. A preparation and traotionatlon 

ot the olefin dlbrom1des was not attempted. It must be 

pointed out that while a general gas analysis was determined 

tor the gas evolved only, the volume per centot butadiene 

expressed In 1able XVII includes the butadiene content ot 

both the gas evolved and the gas dissolved in the liqu1d 

products. !he dissolved gas has a very high butadiene con­

tent. Consequently, 1n runs 1n whioh the amount ot dissolved 

gas was large, the peroentage ot butadlene expressed In this 

table Is larger than the value given tor the total olefIn 

content ot the gas. 

The physical constants ot the pro4uets obtained and the 

derivatives tor.med in this investigation, together with the 

literature values, are t'oun(1 in ~able xnII. 

From these results, it Is seen that variations In temp­

erature, teed-rates, and the amount ot oatalyst greatly 

affected the course of the reaction. Under the more drastic 

conditions ot higher temperatures, lower teed-rates, and 

with larger wnounts ot catalyst, the percentage of butanone-2 

in the liquid products was increased, as shown in ~able XV. 

This percentage is caloulated from the azeotropic traction 

and the pure butanone-2 traetion. The effect of temperature 

·is seen by comparing Runs 26 and 25. Both runs were carried 



~.yu.E XVII 


ANALYSIS OF GASEOUS PRoroC'l'S FROM BU'l'ANEDIOL-2.3 DIACE'rA'fE RUNS 


~:n€l)ral Gas AnalY$is Inl'olume Peroent Butadiene Ana1lsis 

Rl1n COe CO Ra ~:OH2 180- Other Saturated Volume Yield 
No. Butene Unsats.Inol. Hydro- ~ 'f. 

Bu~adlene oarbons 

HorIzontal Glass JUrnace 

86 32.2 '1.0 0.0 0.0 3.0 51..1 8.3 58.1 35.6 

25 23.8 21.4 0.0 0.0 10.3 30.7 13.5 31.7 34.3 

24 28.1 22.9 0.2 o.e 12.3 19~2 14.9 14.3 25.7 

YertIcal Iron Y~naoe 

39 2l..6 11.7 0.0 0.' 1.2 53.2 11.9 &2.4 4'1.3 

58 sO.O S.2 0.0 0.2 1.2 60.4 10.0 65.2 57.5 

3'5 22.9 14:.1 0.0 0.6 0.9 50.8 9.5 4&.7 49.9 

34 22.0 18.0 0.0 0., 4.0 43.1 9.8 40.2 47.1 

33 21.6 28.6 0.4 0.8 4.5 24.' 19.5 15.4 35.3 

Wate.r Ta;22ur Runs usiy Iron Furnace 

13.7 20.0 5.2 0.9 47.2 11.9 36.2 30.4 tD36 (H 

37 16.9 23.2 13.'7 1.0 29.'1 14.3 lB.l 24.7 



'rABU XVIII 

IDENTIFICATION OF PRODUCTS FROM !HE DECOMPOSITION OF BOTANEDIOL-2,3 DIACETATE 

Compound 

Acetone 

Dlbenzy1idene acetone 

Butanone-2 

laobutyra1dehyde 2.4­
dinitrophenylhydrazone 

Water 

Aoetio acid 

Acetic anhydride 

acetanil1de 

Butanediol diaoetate 

Tetrabromobutane 

Given 
Found 
Given 
Found 

Given 
Found 

Given 
l'cnmd 

Given 
Foun4 

Given 
Found 

Given 
:round 
Given 
li'ound 

Given 
Found 

Given 
FOund 

Boiliq
PointOC. 

56.5 

56-57 


79.6 
79.6 

100 

100 


118.1 
117...118 


140 

137-139 


191.5 

Den~bty 
d, 

0.792 

0.'194 


0.804 
0.804 

0.998 
0.998 

1.049 
1.046 

1.Q21~~gl

1.021 

Ref. 6ndex 
n~ 

1.3592 
1.3602 

1.3804 l15•9 )
1.3S07(15.~) 

1.3333 
1.3343 

1.3718 
1.3719 

1.3904 
1.390'1 

(25!1.4122(25
1.4121 

Deriv. Melt. 
Point °c. 

111-112 

111-112 


183 

182-183 


114 

114-115 


118-11.9 to
117-118 fill. 



out using 50 grams ot catalyst and at a teed-rate of 3.6 

e.c. per min. Bun 26, at a temperature of 4000 e., yielded 

a liquid produot oontaining 14 per cent butanone-2; while 

Run 25, at a temperature ot 450°0., save a product contain­

ing 16.9 per oent butanone-2. The etfect of deoreasing feed­

rates is seen by a oomparison ot Runs 3g, 26 and 24, which 

were all carried out using 50 grams ot catalyst and at a 

te.D1J?erature ot 450°C. Run 39, at a teed-rate of 6 c.c. per 

min., gave 11.2 per oentbutanone-2; Run 26. at 3.6 c.c. per 

min., gave 16.9 per cent; while Run 24, at 1 c.c. per min., 

yielded 20.4 per oent butanone-2 in the liquid products. 

~e ettect of increasing the waount ot oatalyst is seen 

trom Runs 39 and 35. Each run was oarried out at 450°0. and 

at a teed-rate of 6 0.0. per minute. Run 39, using 50 grams 

ot catalyst, gave 11.2 per cent butanone-2, while Run 35, 

using 90 grams ot oatalyst, gave 15.3 per oent ketone. The 

same efteot is seen by co~ring Runs 38 and 34 which were 

carried out at 500°C. and at 10 0.0. per Ddnute. The former, 

using 60 grams ot catalyst, gave 9.1 per oent butanone-2 in 

the liquid products; the latter, us1ng 90 grams of catalyst, 

gave 18.0 per cent. The same trends are seen from !able XJI 

in Which butanone-2 is expressed as percentage yield. Some 

discrepancy is seen in the case ot the 500°C. runs due to 

extensive deoompos1t1on ot the ketone into gaseous products • 

.:\. turther examination ot these rons at various con'" 

ditions of tenperature, teed-rates and catalyst shows that 
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under the more drastic conditions increasing amounts or 

acetone and water were also rormed. Gn the other hand. 

under milder conditions, a larger per cent (both per oent 

composition and per cent yield) 01' acetic acid was obtained. 

This was to be expected since, under ~e more drastic con­

d1tions, a greater decomposIt1onot the acid into acetone 

and gaseous products occurred. It was only under extremely 

mild conditions that acetic anhydride and unchanged dl­

acetate were obtained. The addition 01' water vapour, on the 

other hand, lncreased the yield of butanone-2, wh11e acet1c 

acid was also increased at the expense ot the acetone y1eld. 

TUrning now to a consideration 01' the gaseous products 

as shown in Table XVII, it is seen that the ettect of vary­

ing conditions was as pronounced as In the case 01' the liquid 

products. ~e unsaturated hydrocarbon eontent ot the gaseous 

products was greatest under the milder conditions, namely, 

the lower tempera tu.res. t'aster teed-rates, and smaller aDlounts 

01' oatalyst. !Urther.more~ under these conditions, the un­

saturates conta1ned the smallest percentage at isobutylene 

and the largest percentage ot butadlene. The amounts ot car­

bon monoxide and saturated hydrocarbons, on the other hand, 

were greatest under the more drastic conditions. 

A very slgniticant polnt 1s demonstrated by the ratio 

ot the percentage yield or butadlene to that or butanone-2 

under vary1ng conditions as shown ln Table XVI. It has been 

shown above that under the milder conditions ot temperature, 

rate and catalyst, the hig-hest yields ot butadiene and the 
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lowest yields ot butanone-2 were obtained. Consequently 

the ratio ot butadlene to butanone-2 was greateat under 

these cond! tions. Expressed cl1tterently. as 'the severity 

or the reaction conditions was increased butanone-2 was 

tormed at the expense or butadiene. One exoeption to this 

is tound in the case ot Run 33. In this run, the conditions 

were so severe that a large portion ot the ketone was de­

composed to gaseous products, thus increasing the ratio even 

though the yield of butadlene was extremely small. From 

these results, it would appear that the decomposition at 

butanediol-2,3 diacetate over MOrden bentonite involves two 

competing react1ons, the first producing butadiene and the 

second produoing the carbonyl compounds, butanone-2 and 180­

butyraldehyde. 

The ettect ot MOrden bentonite on the decomposition ot 

the diacetate is very surprising. The results ot the in­

vestigation ot the Northern Eegional lesearch Laboratories 

(14) and the Research Laboratories ot ~oseph E. Seagram (16) 

have shown that the non-catalytio pyrolysis or the alaeetat. 

produoes butadiene in yields ot 80-90 per cent at temperatures 

above 500°C. Below this temperature, oonsiderable quan­

tities ot unsaturated esters, in part1cular the acetate ot 

methyl vinyl carb1nol, are tormed. Carbonyl compounds, on 

the other hand, are not obtained. Tbe course at the pyro­

geniC reaction oan be expressed as follows: 



Under the Influence ot MOrden bentonite, another re. 

action ocours involving the formatIon ot butanone-2 and Iso­

butyraldehyde. This reaction can only take plaoe by the 

eliminat10n ot acetic anhydride. tollowed by the Ddsratlon 

of a hydrogen atom to produce the keton., or ot a methyl 

group to produce the aldehyde. 0 

~rrll-t rar.-IfHCH,-I ~~~CH3 

0-0 C-O ............. CHCH(CR3)S 


~c 1m3 & 
In the absence or water oausins hydrolysis acetic anhydrIde 

was isolated. It is interesting to note that Denivelle (lS) 

obtained 2,3-butylene oxide and butano~.-2 by a deoomposition 

ot the dlaeetate OTer oalcium oxlde. 

In the oase of the non-catalytIc decomposition. con­

siderable quant1tIes ot the unsaturated esters were obtained 

even at temperatures as hIgh as 500°C. The Northern Reg10nal 

Research LaboratorIes obtained an 80 per cent yield otun­

saturated esters at 450Q C•• and eTen at 500°C. as much as 

20 per cent ot these esters remained unconverted to butad1ene. 

From the results of the present investigat10n 1t would 'appear 

that bentonite is a catalyst for the removal ot acetate 

groups, since It was only at 400°0. and at the taster teed-
orates at 450 c. that unchanged dlaoetate was obtained. under 
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all conditions only traces of the unsaturated esters could 

be isolated. Since it was tound that a higher yield ot 

butadiene relative to butanone-2 could be obtained at the 

lower temperatures, it was hoped that this catalyst would 

yie14 butadiene with good conversion at temperatures much 

lower than the pyrogenic reaction. However, betore the 

over-all butadiene yield reached eo per cent, considerable 

quantities ot unchanged dlacetate were recovered. and the 

efteet of an Increase in the ratio ot the aIoletin to car­

bonyl compounds was counteracted by the etfect ot decreasing 

conversions. Thus in ~ 39, oarrled out at 450°0. at a 

teea-rate ot 6 c.o. per minute and 50 grams ot catalyst, the 

butadlene content in the gas was 62.4 per cent, while the 

over-all yield ot the dioletin was reduced to 47.3 per cent 

because of incomplete conversion at the dlacetate. A re­

duction in teed-rates at these lower temperatures increased 

the yleld ot butanone-2. 

~e products other than butadiene, butanone-2 and i80­

butyraldehyde can easIly be explained. Acetic acid results 

trom the reaction producing butadiene and also by the hy­

drolysis ot the acetic anhydride tormed in the ketone-alde­

hyde producing reaction. The acetic aoid then undergoes two 

reactions. The major reaction involve8 a cracking to methane 

and carbon dioxide. 

Th1s is oontlr.med by the large amount ot carbon dioxide and 
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saturated hydrocarbons present in the gaseous products. A 

minor reaction involves the formation of aoetone trom two 

mOlecules ot the aoid. 

The tormation of carbon monOxide an« isobutylene re­

sults, apparently, through the same reaotion whioh acoounts 

for their formation In the hIgh temperature decomposI tiOD ot 

butanediol-2,3. ~t Is, they arise from the deoomposition 

ot intermediate oarbonyl compounds, or from the deoomposition 

ot some unstable tragment intermediate in the formation ot 

these carbonyl oompounds. 

Since the ettect of increased teed-rates (deoreased 

catalyst oontact t1me) Was to increase the yIeld of butadiene 

relative to butanone-2, one would expeot that the added water 

in the water-Yapour runs would greatly increase this ratio. 

Aotually the butanone-2 yield was increased at the expense 

ot butadiene. This indicates that the d1acetate upon enter­

ing the fUrnaoe in the presenoe ot water vapour underwent 

a partial hydrolysis to butanediol-2,3 betore undergoing 

further deoomposition. 
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The Dehydration of Butanediol-l,4 over 

Activated MDrden Bentonite 


Preparation of Butanedlo1-l,4 

Butanediol-l,4 was not available commerCially and had 


to be synthesized tor the present catalysis study. It was 


prepared by the high-pressure hydrogenation of diethyl suc­


cinate. This ester was prepared by a method similiar to 


that described in the literature tor the preparation at 


diethyl oxalate (110). It involved the prolonged heating 


Of a mixture ot sucoinic acid and ethyl alcohol. The water 


. tormed in the esteritication reaction was removed continu­

ously using carbon tetrachloride as an antrainer liquid. 

The ester was caretully tractionated betore being used in 

the hydrogenation reaction, and the pure material gave the 

following physical constants: b.p. 108°C. at 13 mm., and 
20 .

nD 1.4199. 

Diethyl succinate was hydrogenated over oopper-ohromium 

oxide according to a method described by Adkins (lll).· 

!hree moles (523 g.) ot pure ester and hydrogen were allowed 

to react under a pressure ot approximately 300 atm. at 250°C. 

tor one-halt hour over 30 g. at copper-chrom1um oxide. The 

reaction mixture was then allowed to cool under the pressure 

at hydrogen. The catalyst was removed by filtration and the 

* Gratetul acknowledgement is herebr made to Dr. d. M~ Pepper
9t this University who oarried out the hydrogenatIon reaction. 
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e~h71 alcohol rormed in the reaction removed by a rap1d 

traetionation. Very earetul rractionatlon or the high boil­

ing material through a three-foot stedman oolumn gave 7.5 g. 

ot bU~71 alcohol, 14 g. ot butyralaetona, 5 g. ot unohanged 

diethyl suocinate" and 200 g. (80" yield) of blltanediol-l,4. 

It was tound the higher the pressure of hydrogen used and 

the shorter the reaction tIme, the smaller were the quantities 

ot by-products tormed. ~he physical oonstants ot the purif­

ied material were: b.p",CSO 230°0., eliOl.016 and n~Ol.4459. 

The tollowlng constants have been reported In the literature: 

b.P.760 230°C•• diOl.01CS, nnOl.4467 (112). 

Procedure 

The vertical-type catalysis tUrDaoe was used in the in­

vestigation ot the dehydratIon of blltanedlol-l,4. One hun­

dred grams at activated Mbrden bentonite .as used tor each 

run. ~e prooedure employed was essentially the same as that 

used tor the vertical-turnaoe runs in the study ot butaned101­

2,3 d1aoetate. In the case or the lOll-temperature runs 111 th 

butaned1ol-l,4, particularly those oarried out in the prox­

imity or the boiling pOint, the temperature ot the preheater 

had to be caretully adjusted so that the vapours enter1ng the 

oatalysts were at a teD1l,)erature no higher tbaa th.e desired 

run temperature. FurtherDlOre, the preheater temperature had 

t& be held oonstant throughout the course ot a run in order 

to maintain a constant hold-up ot liquid glyool in the pre­

heater. In the oase ot the water-vapour runs, the glycol 
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and water, being miscible. were passed into ~e catalysis 

tube together from vessel B. ~he gas evolved at the hIgher 

temperatures was passed through a water trap tor the ab­

sorption ot saseous formaldehyde escaping entrainment in the 

liquid Pl"oducts•. 

!he liquid prOducts obtained trom the low-temperature 

runs consisted ot' one phase only and mainly o:f a mixture ot 

tetrahydroturan and water. By salting-out with sodium 

chloride, the liquid products were separated into two layers. 

The .mixture was cooled to -40°C. Yhereby the salt solution 

:froze to a solid mass and the organic layer was then decanted. 

~18 served to minimize the mutual solubility ot the two 

layers. On meltIng. ~he salt solut1on was extracted with 

small portions of diethyl ether in order to remove the remain­

ing organio material. !he ether extracts were combined with 

the organic layer and dried over sodium. sulphate. '1'he drying 

agent was removed by tiltration and washed with a little an­

hydrous ether. These washings were combined w1th the tiltrate. 

The ether solution ot the organiC products was given prelimin­

ary distillation and separ;ated into a traction distilling 

below l30oC. and a small amount at h~gh boiling residue. The 

distillate was then carefully tractionated 1n the small glass 

helices,olumn using isoamyl aoetate, b.p. 142.5°0., as an 

inert booster. Employing this technique, it was round that 

the total 108ses involved in alloperatlons 4id not ex.eed one 

to two grams or the organio liquid products. 
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In the case of the high-temperature runs, 40Qoe. and 

higher, the liquid products consisted ot two layers. A 

weighed sample was taken from each layer ror tormaldehyde 

determination. The aqueous layer was salted out and extracted 

wl~ ether, while the ethereal solution ot the organic layer 

was dried tollowed by a preliminary distillation. In this 

distillation. the product was separated into three tractions, 

the major traction distilling below l20°C., a traction be­

tween 120-S00oC•• and some tarry residue, The first traction 

was tractlonated in the glass-helieesoo1umn. Identification 

ot liquid products was made _y physical constants and by the 

formation of der1vat1ves. 

'!'he gaaeous products were analyzed in the Bone and 

llheeler Ap18ratua. A sePlrate analysis was made for buts.­

diene eontent. For the determInation of individual olefins, 

a typical run was made in ~ich the gaseous produots were 

passed into liquid bromine. The resultIng dIbromides were 

tractiouated under reduced pressure as prevIously described. 

The formaldehyde present in the liquid products trom 

the h~h-te.mperature ~ns was delected by the resorcinol 

test. FUrther Identlt"ioation was made by the preparation of 

a derivative. methylene-di-,8 -naphthol. A quantitative cl8­
the 

terminatIon of formaldehyde was made ot/organic layer, the 

aqueous layer and of the water in the absorption trap. The 

method e~lo1ed was the hydrogen peroxide method described 

by Baywood and Smith (113). 
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Results and Discussion 

!he various temperatares and teed-rates at which the 

dehydration ot butanedlo1-l,4 was investigated, together with 

the amounts ot liquid and gaseous products obtained are given 

1n ~able XIX. In this ~able, the !Uns are divided into 10.­

temperature non-gaseous, hi8h-t~perature g,aseou8 an4 hlgh­

temperature wa tar-vapour runs. 

!he analysis ot tha organic liquid produots expressed 

1n per cent com~ltion Is given in fable IX. In the 10.­

temperature runs, tollowing the removal ot diethyl ether, 

three tractions .ere obtained. !Taction 2, the major traction 

and boiling at 64-66°C., was practically pure tetrahydroturan 

identitied by its physioal constants. Fraction 1, boiling 

beloy 64°0., and lraction 3, boiling between 67-1300 C., .ere 

present only to the extent ot two to three pBr cent. The 

lower boiling traction was undoubtedly a mixture ot diethyl 

ether and tetrahydroturan. !he higher boiling fraction was 

not Identified. 

Four tractions, in addition to a considerable amount ot 

residue, were obtained t~ the liquid products ot the high­

taaperature runs. Fraotion 1, boiling below 64°C. was present 

to an appreoiable extent only in the case ot the 500°C. dry 

run. Even in "his run only one SraJI. .as obtained whIch was 

not Identit1ed. Fraotion S, dIstilling between 64-6SoC.,was 

tetrahydroturan. Fraction 3, distilling betw.en 74-7SoC., 

was n-butyraldehyde, IdentirIed by Its bolling point and by 



TABIJr nx 

DEHYDRATION OF BUTANEDIOL-l,4 OVER A.CTIVATED MORDEN BENTONITE 


Low-temperature Non-gaseous Runs 


Run Furnace Rate Glycol Total Liquid Organiob·Aq~eOU8b·Vapour Products Total 

No. °c..!,. c.c.lm.1.n. g. ~o<1ucts-g._Ui.Yjl)J:'.:"K. Ui.y~r-g. apd loss-g. _ Gas-l. 


42 250 1 60 59.6 47.8 11.8 0.4 --­
43 250 :5 60 60.0 48.3 ll.7 0.0 --­
45 300 1 60 59.7 48.3 11.4 0.3 --­
41 300 3 60 59.7 48.5 11.2 0.3 

H1gh-te~ll)era ture Gaseous Runs 

45 400 1 60 56.2 42.8 13.4 3.8 .73 

47 4.50 1 60 50.4 34.9 15.5 9.6 5.50 

44 500 1 60 SO.7 9.3 20.6 29.3 12.29 

Water Vapqur Runs 
a. 

Run Furnace Rate Glyool Water Total 
No. QC. c.c.L!!in. Gas-l.S· S· 
48 500 2 60 60 8.75 

49 500 3 &0 120 13.50 

a. This is the ~otal rate including glycol and water. i 
b. The amount of aqueous layer was obtained by weighing this layer atter extraction and sub­
stracting the weight of salt added during the salting-out process. The amount of organic
layer was the difference between the amount of aqueous layer and the total liquid products. 
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AN.lLYSIS OF ORGANIC LIQ.UID PRODUCTS :moM BUTANEDIOL-l,4 DRY RUNS 

Per cent Composition Per cent Yield 

Low-tem~eEature Non-saseous Runs 

Run Org.Prod.a • 1. 2. 3. 0 4. 
No. in g. -64°C. 54-66°e .. 6'1-130 C. Residue Apparent Y1eld otb 

In fa 1n 'Id 1D S in ~ Tetrahydroturan • 

42 46.7 0.6 96.7 1.8 0.9 92.8 

43 46.6 0.6 16.5 1.9 1.0 92.1 

46 46.7 0.7 16.9 1.4 1.0 92.7 

41 46.8 0.. '1 96.3 1.8 	 1.a 91.4 

ru.~h-tem..pf:trature Gaseous Runs 

Run Org.Prod. 1. 2. 3. 4. 5. 
BO. in g. -64°0. 64-66°0.. "4-76°a. 7e-2000t.. Residue Apparent Yield at 

in ~ .. 1n "- _ in.S__.. _---.J.ll~ 1n " fet.l!lQydroturan 

45 40.5 0.9 as.5 3.0 4.6 3.0 73.4 

47 32.7 --­ 80.8 2.3 la.7 4.3 :54.1 

44 8.8 12.:5 16.6 7.8 38.6 24.5 3.1 

a. 	 This column gives the total we1ght ot the orsanic rractions obtained atter tractlonatlon. 

b. 	 This yield is calculated trom the actual weight of the tetrahydroturan obtained atter 
fractionation without any allowance tor losses in drying and distillation. .... 

o 
~ 
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the preparat~on of the 2.4-4inltrophenylhydrazone. Fraction 

4, distilling over a continuous range trom 76-200 C., could 

not be separated into any single component even by the most 

caretttl traotlonation in the wire-heliees column. It was 

thought to consist ot a complex mixture ot oondensation prod­

ucts ot rormaldehyde and tetrahydroturan. 

Table XX also give8 the apparent yield ot tetrahydro­

fUran. This yield is caloulated t'rom the actual weight or 

tetrahydroturan obtained atter traetionation and does not 

take into account any losses which occur during the working 

up ot the liquid produots. Since in the loy-temperature runs, 

no gas was tormed and no unchanged glycol could be detected, 

it would appear that tor these runs the value expressing the 

p~r cent tetrahydroturan in the organio llquid products is 

a closer approximation to the true yield than Is the 

"apparent yield ft • 

The analysis or the gaseous products expressed in volume 

per cent and the per cent yIeld or butadlene are given in 

Table XXI. The results ot ~e traotionatlon ot the oletln 41­

bromides, tormed trom the gaseous products evolved In Run 44, 

are given in Graph Ill. The major tractIon, distilling at 

58.5~C. at 50 mm. and with a retractive index ot nE01.5200, 

was 1.2-dibromopro:pane. A emall amount of meso and racemic 

2,3-dibromobutanes was also round, indicated by a lis. 1n the 
.. 

t anperature curve to 73 C. and a dro~ in the retract1ve 1ndex 

curve to nB01.5125 where small flats were obtained. From 

th1s graph, 1t can be est1mated tbat the oletins conta1ned 



TABLE m 
ANALYSIS OF GASEOUS PRODUCTS FROM BUTANEDIOL-l,4 RUNS 

General Gas Analysis in Volume Per cent Butadiene Analysis 

Dry Runs 

Run CO2 CO Ha CH2:C~ 1so- Other Saturated tf, ~ 
No. Butene Unsats.inc1. Hydro- in Gas Yield 

Butadiene Carbons 

45 2.9 6.2 5.7 2.3 0.0 '11.0 11.9 7.3 0.2 

47 8.1 7.1 12.0 1.6 0.0 62.8 8.0 8.9 1.9 

44 3.6 13.6 6''-5 2.7 0.0 60.7 il.O 2.0 1.0 

Water Vapour Runs 

48 4.1 5.1 6.8 1.0 0.0 77.7 3.9 13.0 4.5 

49 5.2 4.8 9.3 1.0 0.0 75.9 2.8 15.1 8.0 

..... 
o 
to 
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75-80 per cent propene, the remainder oonsisting mainly o~ 

butenes. 

The physical oonstants ot the proaucts obtained and the 

derivatives tormed in this investigation, together with the 

llterature values are found in Table IllI. 

'fable XXIII gives the results at the torma1dehy-de cle­

termInations tor the high-temperature runs. '!'he theroetical 

amount ot t'orma1dehyde based on the amount ot propene tormed 

is also given. 

'.[tABLE XlIII, 

Run 
No. 

Am.otQlt ot 
CH20 tound g. 

Theoretioal Amount 
ot CHIO g.a. 

45 1.3 0.6 

4'1 

44 8.0 

48 

49 11.0 

a. ,This was caloulated assuming that the oletins contain 
8'0 per cent propene. 

A small amount ot n-but,raldehyde In the organl0 layer was 

tound to g1 ve high results tor the tormaldehyde anal,sis ot 

the dry runs. In the case ot the water runs, however, the 

error due to n-butyraldehyde was small slnce almost all the 

rormaldehyde was in the aqlleOl18 layer. The signit'lcance ot 



fiBLE XXII 

IDENTII'ICATION OF mODUCTS FROM THE DEHYDRA.TION OF BUTANEDIOL-l,4 

Compound 


Tetrahydroturan G1ven 
:round 

n-Butyra1dehyde Given 
:round 

2,3-D1n1tropheny1­
hydrazone 

Given 
Founel 

Water G1ven 
:round 

l,2-D1bromopropane G1ven 
B"ounf 

2,3-D1bromobutane rae. 
meso 

G1'Ven. 
Gi'Yen 
Found 

Tetrabromobutanfl Given 
I'ounel 

J"orma1dehyde
methylene-d1-# -
naph'tho1 

eaven 
Found 

a. Mixed me1t1ns po1nt. was made. 

Bo1l1ng 
Po1nt °C. 

65.6-65.8 
56.7 

75 
74-76 

100 
100 

141.6 
141-1,(2 

73/50 m..
"'/'60 _.
73-75/50 _. 

Dens1ty
die 

O.ass 
0.887 

0.;98 
0.998 

1.933 
1.921 

Be~.IndexnRo 

1.4073 
1.40'13 

1.3333 
1.3340 

1.5203 
1.5201 

1.5116 
1.514'1 
1.5125-1.5150 

Deriv.M8lt. 

Po1nt °C. 


122 
122.6....123.~· 

118-119 
117-118 

189-192 
190-192.5 

.... 
.... 

N 
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o~ these results wIll be discussed later. 

From a consideration ot the results obtained in the low­

temperature rans, it is seen that one mole of water was re­

moved per mole ot glycol an4 practically theoretical y1elds 

of the mono-dehydration produot, tetrahydroturan, were ob­

tained. Even at a tem@erature ot 250°C. (only 20°C. above 

the boiling point of the glycol) no unchanged butanedl01-1,4 

was recovered and tetrahyd1'Oturan lfas obtained in a 93 per 

cent y1e14. 

These results compare taTorably with those obtained by 

other workers (24) tor ~he dehydration ot butanedlo1-1,4 to 

tetrahydroturan in the presence ot various catalysts. It 

would appear that the dehydration over )lordea bentonite is 

as etficient and takes plaoe at as low an operating temper­

ature as tor any catalyst p~ev1ously investigated. Activated 

alumina is as effioient as bentonite at the low-temperatures 

but is more expensive. Catalysts such as caloium chloride 

and primary calcium phosphate require much higher temperatures. 

MOrdeD bentonite, on the other band. oombines the teatures ot 

a very cheap and readily available catalyst and a low temper­

ature of dehydration. 

The results ot the higher temperature work sholf definitely 

that MOrden bentonite cannot be used as a catalyst tor the 

production ot butadiene tram butanediol-l,4. This was not 

unexpected since basic catalysts have previously been shown 

to be unsatistactory tor this reaction (24). From 1able XIX 

it ls seen that little decompOsition into gaseous products 
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occurred unt1l a taaperature of 450°C. was reached, while 

considerable quantities ot gas were obtained only in the case 

ot Run 44 carried out at aoo°c. The amount at water removed 

in the reaction increased with temperature, however, wh1le 

the y1eld of organic liquid products was considerably de­

creased. From the results obtained in the water-vapour runs, 

it is seen that one Tolume ot water decreased the amount at 

gaseous decomposition, possibly through a decrease in catalyst 

contact ~ime. On the other hand, it is seen that two volumes 

ot water increased the amounts at gaseous decomposition, 

possibly through an increase in catalyst activity. 

'fhe liquid analysis ot the high-temperature l'U.DS dift­

ered oons iderably trom that tbund in the lOll-tem.perature work. 

A small amount ot n-butyraldehyde was lso1ated, while a oon­

siderable quantity ot high-boiling material was obtained. At 

500°C., this latter material comprised the greater portIon ot 

the liqu id p ro4uets. The yield ot tetrahydroturan decreased 

With increasing temperature. The etfect of temperature upon 

the per cent yleld ot tetrahydroturan, the per cent o~ water 

eliminated (two moles being theoretical). and the per cent at 

gaseous deoomposi tion is shown in Graph IV. The percentage 

decomposition was calculated assuming that one mole of ole­

finic hydrooarbons is equiv.alent to the decomposition ot one 

mole ot the glycol. 

The liquid products trom the water-vapour runs were not 

analyzed quantitatively because ot the large volume or water 

present. It was tound, nevertheless, that considerably more 
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tetrahydroturan and less high-boiling material were obtained 

in the ]resence or water vapour at ~OOoa.than in the oase 

ot the dry glyool runs at the same temperature. 

The gas evolved in the high-temperature runs consisted 

ohiefly ot unsaturated hydrocarbons which were tound to oon­

ta1n over 75 per cent propene, the rema1nder being mainly 

butene-B. Saturated hydrooarbons were present to the extent 

ot 8-11 per cent in the dry runs, while varying quantities 

ot' oarbon d10xide, carbon monoxide and hydrogen were also 

tormed. A.t the hlgher tElll~raturest the unsaturated hydro­

oarbon content ot the gas decreased. The presence ot water 

vapour. on the other hand, increased the volume ot unsaturated 

hydrocarbonseonsiderably. Butadiene was present to a very 

small extent in the dry rune inoreasins to 15 per cent when 

two volumes ot water was used at 500°C. The maximum. over­

all yield ot butadiene obtained was 8.0 per oent. 

F'ormaldehyde was present in very small amounts in the 

case of the dry glycol rans. When water vapour was used, 

however, the ~ount or formaldehyde approached the theoret­

ical amount calculated on the assumption that one mole ot 

formaldehyde Is tormed for every mole ot propene produced. 

)"rom these results, it 18 evident that at low temper­

atures one molecule of water is el1minated to rorm a cyclic 

ether, tetrahydroturan. 

) 
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As the temperature is inoreased, it would appear that 

this ring undergoes fission. If this fission occurs at a 

carbon to oxygen linkage, then a fragment is formed which 

may stabilize itself by the migration ot a hydrogen atom to 

to~ n-butyraldehyde. H 

Since n-butyraldehyde was isolated, it is apparent that this 

react10n actually does occur to some extent. 

It, on the other hand, a oarbon-to-carbon bond is also 

broken, either simultaneously with or following the carbon 

to oxygen bond fission, the moleoule will separate into two 

fragments. This would result in the formation ot propene 

and formaldehyde. 

That this actually oocurs is shown by the formation ot a 

large quantity ot propylene in the gaseous products. 

FOrmaldehyde, however, was not present in appreoiable 

quantities in the case of the dry runs. This can be ex­

plained by the reDlOval ot formaldehyde by two reactions. 

The first reaction involves a decomposition of the aldehyde 

to oarbon monoxide, hydrogen, carbon dioxide, and methane. 

By non-oatalytic pyrolYSis, Bone and Smith (114) have shown 

that the main decomposition products ot formaldehyde are 
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carbon monoxide and hydrogen, while under certain conditions 

considerable quantities o~ carbon dioxide and methane are 

also formed. The mode ot the deoomposition ot this aldehyde, 

or of the-CB2o-tragment which is intermediate in the for­

mation ot the aldehyde, may be entirely difterent. 

The second reaction which may contribute to the renoval 

ot formaldehyde is a condensation reaction between tormal­

dehyde and tetrahydrofnran involving the elimination of water. 

This is su~ported by the fact that at higher tanperatures 

considerable quantIties ot high-boiling ~roduct8 were obtain­

ed. Furthermore, the large amount of" aqueous layer obtained 

at these tan~eratures would indicate a dehydration reaction 

not explained by the above decomposition to gaseous products. 

This is turther supported by the tact ~hatJ in the case at 

the water-vapour runs, muoh larger amounts ot tormaldehyde 

and tetrahydrofuran and smaller amounts at the high-boiling 

material were obtained than in the case of" the dry runs 

carried out under the same temperature conditions. The for­

mation at ~ro~ylene and formaldehyde trom butanediol-l,4 

over basic catalysts has previously been observed (24). The 

results also are consistent with the high -temperature de­

composition of open-chain ethers which produce an aldehyde 

and. a paraffin (lIt>, 116 ). 

The butadiene formed in the reaction may arise directly 

from the glycol or from tetrahydroturan since both oompounds 

bave previously been shown to give h1gh yle1ds of butadlene 

over acid catalysts. !he ettect ot water in increas1ng the 
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butadlene yield may be due to a reduction of contact time. 

Since it ls dlr~icult to explain the presence or butenes in 

the dry runs excepting by a hydrogenation of butadiene, it 

is possible that water, by reduoing the catalyst contact 

time, reduces the extent ot this reaction. 
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!he Dehydration of Butanediol-l,3 oyer
ActIvated MOrden Bentonite 

Source and Purification ot Butanediol-l,3 

Great difficulty was enoountered In obtaining oom­

merclally adequate supplies ot this glycol. Although Ger­

many is reported to manutaoture large quantities of this 

compound tor the production of butadlene, butanediol-l,3 is 

not used In any industrial process on this continent. The 

glyool finally was obtained in limited quantities trom 

Shawinigan Chemicals Limited,* where it Is produced as a by­

product in the manutacture ot ethyl acetate from acetalde­

hyde (28). This material was received in a tairly pure torm, 

having been tractionated through a Stedman column in the 

Researoh Laboratories of Shawinigan Chemicals Limited, and 

was used In this investigation without further puritleation. 

The physical constants ot this product were: b.P.760 207.5­
o a020208 C., dl 1.002 and 1t4 1.4404:. '!'he tollowing values have 

o 20
been reported in the literature: b.p.760 205-208 C •• 44 1.026 

and nn9.01.4418 (117). 

Procedure 

The vertical-type catalysis apparatus was used tor the 

investigation of butanediol-l,3. Each run was oarried out 

using one hundred grams ot catalyst. The procedure employed 

* Grateful aoknowledgment is made to Shawinlgan Chemicals 
Limited tor a sample ot purlfled butanediol-1,3. 
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was essentially the same as that used in the study or 

butanediol-l,4. It was found that the greatest care must 

be taken to prevent overheating in the preheater zone ot the 

catalysls tube. In a normal run, in Which the glycol vapours 

entered the oatalyst sllghtly below the desired run tamper­

ature, the evolved gases oontained 94-98 per cent unsatur­

ated hydrocarbons. A slight overheating in the preheater, 

however, reduced the unsaturated content to below 90 per cent, 

while considerable ~antities 01' hydrogen were formed. In 

the oase 01' the water-vapour runs, the glycol and water, being 

miSCible, were :p!lssed into the oatalysttube together from 

vessel B. The amount of oarbon deposited on the catalyst at 

the end ot a dry butanediol run was tound to be much greater 

than tor any oompound previously studied under the same temp­

erature oonditions. ~ls necessitated a long and oarefUl re­

activation. 

The liquid products obtained from the dry glyool runs 

oonsisted et two layers. The organic layer was separated by 

the salting-out and extraction technique as previously des­

cribed tor butanedlol-I,4. ~e materi.al was then dried using 

a small quantity Of anhydrous sodium sulphate. Beoause ot 

the oonsiderable mutual solubility 01' water and the principle 

organic liquid product, l-butenol·' (allyl carbinol},a large 

quantity 01' the drying agent was required to accomplish com­

plete drying Of the organic layer. Complete drying was not 

attanpted, however, since it would involve excessive losses. 

Following the drying process, the organio liquid product was 

http:materi.al
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treated as 1n the butaned101-2,3 diacetate runs ror the re­

moval ot dissolved gas. This gas was measured and analyzed 

tor butadlene content only. 

A preliminary distillation was made in which the or­

ganic liquid produots were s~arated into three traotions, 

the major traction distilling below 170°C., a traction 4is­

tilling between 170-220°0., and a small amount of tarry res­

idue. The lower boiling fraction was then oarefully fract­

ionated in the glass-helices column USing the 1.3-g1yool 

itself as the inert booster. In the ease of one run carried 

out at 2'15°0., a oonsiderable traction distilling at 200­

210°C. was obtained in the preliminary distillation. This 

was identified as unchanged butanedlol-1,3. The liquid prod­

ucts obtained trom tb! glyool water-vapoUl" mns were not an­

alyzed since the solubility of' the organio layer in the large 

volume or water present made a quantitative analysis impossible. 

rormaldehyde was deteoted in the liquid products by the 

resoroinol test and a derivative, methylene-dij8-naphthol, 

was prepared for further ident.1f'ioation. Three methods. the 

iodometric, the hydmgen peroxide, and the sodium cyanide 

method were tried tor the quantitative dete~ination of for­

maldehyde. High results were obtained in each case sinoe it 

was f'ound tlat the considerable amount ot n-butyraldehyde 

present Interterred in the analysis. The results obtained, 

however" indicated that the amount of formaldehyde produced 

was greatest in the case of the water-vapour runs. 

The gaseous products were analyzed in the Bone and 
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Wheeler Apparatus while a separate analysis was made ror 

butadlene oontent. The gas evolved from a number ot runs 

was passed into a carbon tetrachloride-bromine solution. The 

tetrabromobutane separatIng out was filtered oft. rollowed by 

the removal of the oarbon tetrachloride. ~e product was 

given a preliminary dist1llation and the rraction distIlling 
4> 

below 85 C. at 50 mm. was fractionally distilled. 

Results and Discussion 

The various teed-rates and temperatures at whIch dry 

butanediol-l,3 was investigated together with the amounts or 
llqnid and gaseous products obtained are given in ~ble XXIV. 

The candi tions ot the water-vapour runs are given in 'fable 

XXV. These were oarried out at various teed-rates, temper­

atures and water dilutions. WIth the exoeption ot Run 67, 

the teed-rates were such that the aRount at glycol passing 

into the catalyst tube was one cubic centimetre per minute at 

all dilutIons. 

~ble XXlt gIves the analysis at the liquid 

products obtained trom the dry glyool runs expressed in per 

below 60 C. and present in extremely small amounts, 

cent composition. Eight rractlons were obtained in addItion 

to a small amount ot tarry residue. FractIon 1, distll1lna 
o gave a 

pOsItive test with Tollen's reagent but was not further Ident­

1fied. Fraction 2, distIlling between 60-70 
D 

C. consisted 

ma1nl, ot n-butyraldehyde identified by the formation ot the 

2,4-41nitrophenylhydrazone. It also oontained a considerable 



'rA-BLE XXI V 

DEHYDRATION OF BUTANEDIOL-l,3 OVER ACTIVATED 140RDEN BENTONITE 
DRY RUNS 

Bun Jru.rnaee Rate Glycol '.fetal Liquid Organio Aqueous Vapour Products Total 
No. • C. C.C.f!1X1! ,. Products ,. Laler s· Laler ,. and loss s- Gas 1. 

53 250 1 80 62.6 46.5 16.1 3'1.4 5.57 

54 300 0.4 80 49.'1 24.1 25.6 50.3 11.32 

5'1 300 1 80 54.4 29.5 24.9 45.6 9.80 

69 325 0.6 80 52.3 24.5 27.S 4'1.'1 11.70 

56 325 1 80 51.7 84•• 26.8 48.3 11,15 

58 325 2 80 54.1 29.'1 24,4 45.9 9.'10 

59 325 3 80 61.6 40.i 20.7 38.4 6,96 

SS 350 1 80 49.9 21.8 88.1 50.1 12.75 

.. f-' 
M 



'fABLE XXY 


DE8:YDRATION OF BUTANEDIOL-l,3 OVER A.OTIVATED MDRDEN BENTONITE 

IN THE PRl!.EENCE OF WATER VAPOUB 

Bun !Urnace Total Ratea • Glycol Water 

No. o c. a.e./min. I! ,. 

67 275 2 80 240 


62 300 2 80 eo 

64 300 3 80 160 


66 300 4 80 240 


61 325 2 80 80 


65 385 3 8Q 160 


Total Liquid

Products S. 


299.2 . 

136.6 

218.9 

289.6 

133.9 

214.9 

Vapour Produets 
and loss g. 

20.8 

23.4 

21.1 

30.4 

26.1 

25.1 

a. This rate includes the total rate ror both the glycol and water. 

~otal 
Qas 1. 

10.00 

9.33 

11.47 

12.60 

13.35 

13.53 

.... 
M 
01 



'fABLE XXVI 

ANALYSIS OF ORGANIC LIQUID PRODUOTS FROM THE BUTANEDIOL-l,3 

DRY BUNS EXPRESSED .AS PER CENT aOMPOSI'l'IOB 


Run Total Liq. 1. 2. 3. 4. 5. 6. 7. ° 8. 0 

No. Analyzed g. -60·e 60-70°C 'lO-75°C 80-100°0 112-116° C 15'1-164°0 164-200 C 200-210 C Residue 
in 1! in ~ in ~ in ,; in ~ in S in ~.in " in " 

53 46.5 1.1 2.0 3.5 33.0 14.1 2.0 39.S 4.4 

54 24.1 -...- 11.8 10.5 8.4 27.8 29.4 4.2 7.8 

...-....57 29.5 3.1 18.1 •• 6 4.2 42.6 11.5 8.1 2.3 

69 24.5 21.5 15.1 8.4 35.2 5.6 B.4 5.6 

56 24.9 --- 13.0 V.8 6.5 30.4 1'1.4 17.5 5.3 

-.-..--.58 29.7 1.S 20.2 16.7 7.0 31.0 7.3 9.4 6.'1 

~--...-. 8.859 40.9 1 ..4 20.2 22.9 9.4 29.8 7.7 5.6 

---.--.,..55 21.8 ".9 23.2 9.9 8." 23.2 lS.7 4.4 '1.4 

N""" 01 
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quanti~y of water and would appear to be an azeotro~lc mix­

ture ot water and the aldehyde. Fraction 3, distillIng be­

tween 70-75 
D 
C., oonsisted ehiefly of n-butyra1dehyde contam­

inated with other unidentifiable products. Butanone-2 was 

expected in this fraotion but careful refractionation in the 

wire-helices column failed to isolate any of this ketone. 

FractIon 4, bolling between 80-100
GI a., consisted mainly ot 

the water remaining in the organic products after the 4rying 
o 

treatment. Fraction 5, dIstIlling at 112-116 C. wi tb tbe 

major portion at 113.5
<11 

C. , was I-butenol-4, Identified by its 
•physical oonstants. fraction 0, distilling between 157-164 C. 

With a flat at 161.3-161.5
Cl 

C., was the oyolio acetal formed 

by the condensation o~ one mole ot n-butyraldehyde with one 

mole of the glycol. This was identified by a oomparison of 

its physical constants with those ot the acetal synthesized 

in the liquid :phase. This acetal was prepared by refluxing 

one mole of the glycol and one mole ot n-butyraldehyde 1n the 

presence of a small amount of 40 per cent sulphuric acid tor 

tifteen hours, followed by neutra11zation and fractionation. 
o 

Fract~on 7, distilling between 164-200 C., could not be sep­

arated into any single component. Fraction 8, consisting of 

unchanged butaned101-1.3, was obtained only in the case o~ 

Run 53. It was noted that during tractlonation a consider­

able amount ot a White amor:l2hous so11d collected on the cold 

finger or the tractlonation oolumn head. This was identified 

as paraformaldehyde. 

In order to show more olearly the effect ot varying 
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conditions on the yields or the li~id products, Fractions 2 

and 3 oonsidered as n-butyraldehyde an4 Fraction 5 as 1-butenol 

-4 are expressed as per cent ot the theoretical yield in Table 

XXVII. 'lhis table also g1ves the number ot moles o't water per 

mole ot glycol eliminated in the dehydratIon reaction. 

The analysis ot the gaseous produots expressed In volume 

per cent and the per oent yield ot butadiene are given In 

Table XIlIII tor the dry glyool runs and in Table XXIX for the 

runs oarried out in the presence ot water vapour. It Is seen 

that the gaseous products conta1n trom 94-100 per cent unsat­

urated hydrooarbons with only traoes ot other gaseous produots 

being present. One exception to this Is tound in Run e. ot 

the water-vapour runs where an overheated preheater caused the 

evolution ot a considerable quantity ot hydrogen. 

The 	 results ot the tractionatlon ot the dlbromides are 
o 

shown in Graph V. The major traction, distilling at 59.5 C. 

at 50 mm. and ~01.5202, was l~2-dibromopropane. A small 

amount ot mesa and racemiC 2,3-dlbromobutanes was also obtained, 

indlcated by a gentle slope in the te~erature curve between 

72-73·C. at 50 mm. and in the retractive index curve at nE0 

1.5120-1.5140. From this graph it can be estimated that the 

mono-olefins in the evolved gas oonsist of 85-90 per cent 

propene and 10-16 per cent butene. 

The identification ot products, both liquid and gaseous, 

Is shown In Table xxx. 
It Is seen trom Table XXIV that. in the case ot the dry 

glycol runs, the extent o-r gaseous decomposition was greatest 



T;U3LE XXUI 


nELDS OF LIQ,UID PRODUCTS mOK BUTANEDIOL-l,3 !mY RUNS 


Run IUrnaoe 
lb. GC. 

53 850 

5. 300 

57 300 

69 385 

56 325 

56 325 

59 325 

55 350 

Rate 
c.c./lI1n. 

1 

0.4 

1 

0.6 

1 

2 

3 

1 

60-75•C. Fraota. 

~ Yield as 


. n+Bptnaldehlde 


8.2 

8.3 

12.8 

14.0 

8.9 

1'1.1 

87.5 

11.3 

118-116°C. F.raet • 
~ Y1'81d as 

1-BUteno1-4 

23.7 

10.3 

19.6 

13.5 

11.8 

14.4 

19.0 

7.9 

Moles or Water 
ltemo'l'ed 

1.01 

1.60 

1.56 

1.74 

1.67 

1.53 

1.30 

1.76 

I-' 
t\') 
co 



~MLE nvIII 


ANALYSIS OF GASEOUS PRODUCTS FROM BtrrANEDIOL-l,3 DRY RUES 


General Gas Anal:rsis in Volume Pet cent Butadiene Ana1ysi. 

Run 
Ho. 

FUrnace 
0 C. 

Rate 
e.c. 

COS CO CRJ=CRZ Other Unsats. 
Including 

Hydrogen
and Sat. 

Volume 
'$ 

Yield 
~ 

lm.1n~. Btttadien~ _I:!Y~~c~~'pons 

53 250 1 0.0 0,0 0.4 99.6 0.0 65.9 18.4 

54 300 0.4 1.3 0.5 0.4 ifS.; 1.9 49.8 26.3 

57 300 1 0.9 0.7 9.2 97.2 1.0 54.3 26.'1 

19 325 0.6 2.0 0.3 0.9 H.l 2.7 42.S 24.S 

5& 325 1 1..6 1.0 0.2 95.7 1.5 4:6.6 26.1 

58 325 2 2.0 0.7 0.5 94.8 2.0 47.1 23.0 

59 325 3 1.6 0.5 1.0 94..6 2.1 46.3 16.8 

55 350 1 s.s 1.2 e.8 91.8 z ... 3'1.0 23.7 

..., 
(l1 
o 



-r4l3t! PIX 

ANALYSIS OF GASEOUS PRODUC'fS mOll BUTABEDI 0L-1, 3 

I'ATE VAPOtm BtQIJ 


General Gas Analysis in Volume 'ep cent Bntadiene ARalysia 

Bun FUrnace Ra,. 002 CO CH£ OBa Other lInsats. Hydrogen Volume Y1eld 
No. 0 C. o.c./m1n. illUding and Sat. tj ~ 

Glyool RIO Butadiene Hydrooarbons 

67 275 0.5 1.5 0.5 0.2 0.2 1'.9 1.2 57.7 29.0 

62 300 1 1. 0.6 0.2 0.3 98.0 1.0 55.6 25.1 

64 300 1 2 1.3 0.2 0.4 91.7 1.3 50.0 28.8 

66 300 1 3 1.4 0.4 0.4 aa.1a • 9.7 41.5 26.3 

61 325 1 1 1.9 0.4 0.4 95.4 1.9 40.3 2'7.0 

65 325 1 2 1.5 0.2 0.5 95.1 2.5 40.8 27.7 

a. '!he lowering in unsaturated hydrooarbon, content was due to overheating 1n the preheater. 

...., 
CA ..... 
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TABLE XIX 

IDENTr:nCATION OF PRODUCTS FROM BUI'ANEDIOL-1.3 

Compound 

n-Butyraldehyde 

2,4-Dlnitropheny1­
hydrazone 

Water 

1-Butenol-4 

n-Butyral ot 
butanedlo1-1,.3 

1,2-Dlbromopropane 

2,3-Dlbromobutane 	 rac. 
meso 

~etrabromobutane 

Formaldehyde
Kethylene-dl­
naphthol 

Given 

Found 

Given 
Found 

Gi 'ten 
::round 

Glven 
Found 

Givena. 

Found 

Glven 
Found 

Given 
Glven 
Found 

Given 
Found 

Given 
Found 

Bol1ing
Polnt QC. 

75 
72-78 

100 
100 

114 
113.5 

161.5 
161.3-161.5 

141.6 
141 

73/50 mm. 
77/50 mm. 
72-76/50 mm. 

Denslty 
d20 

4 

0.998 
0.998 

0.853 
0.850 

0.913 
0.915 

1.933 
1.929 

Retr.lndex Derlv.Me1t.
nEO Point °C. 

1.3843 
1.3894 

122 
122.5-123.5 

1.3333 
1.3337 

1.4209 
1.4210 

1.4235 
1.4254 

1.5203 
1.5202 

1.5116 

1.514'1 

1.5120-1.5140 


118-119 
117-118 

1.89-192 
191-193 ..., 

CIiI 
CIiI 

a. These values are tor the product synthesized 1n the liquid phase. 
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at the h1gher tem,Peratures and at the slower teed-rates. 

The same effect of increased temperatures Is also shown In 

!able XXV Whloh gives the extent of gaseous decomposition of 

the glycol in the presence of water vapour. Furthermore, in 

the case or the water-vapour runs, the gaseous decomposition 

was greatest at the higher dilutions. This would indicate 

that the effect ot water In maintaining the aotivity of the 

catalyst by preventing carbonization was greater than the 

effect of a deoreased catalyst oontact time. It was noted 

that, in t,he ease ot the dry butanedio1-l,3 runs, the amount 

ot oarbon cl8posited on the oatalyst was abnormally large. 

In tact, with the other compounds studied, the oarbonization 
o 

at temperatures below 350 C. was almost negligible, While in 

the case or the 1,3-g1yool, carbon was deposited in oonsider­

able quantities. It has generally been conaidered that water 

acts by means ot the water-gas reaction in removing oarbon 

tram the oatalyst. It would appear, however, that in the 

case of butanediol-l,3. water vapour prevents a decomposition 

of formaldehyde to oarbon and water. This is supported by 

the tact that, in the water vapour runs, much less oarbon 

and much larger quantities of tormaldehyde were tormed. This 

will receive further discussion later. 

The ettect ot temperature and teed-rates upon the com­

position and yields of the liguid products is shown in Tables 

XXVI and XXVII. It 1s seen that, in general, the paree.ntage 

ot n-butyraldehyde (Fractions 2 and 3) in the liquid products 

increased with t~pera~uret While the over-a11 y1eld ot this 
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compound increased accordingly. The percentage of' l-butenol­

4 in the liquid products decreased only slightly with increas­

ing temperatures. The over-all yIeld of this unsaturated 

alcohol, on the other hand, was decreased considerably at the 

higher temperatures. The amount ot water elUjJ.inated trom the 

glycol also increased with temperature. The etfect of an in­

creased teed-rate, on the other mnd t was to increase the 

yield ot both n-butyraldehyde aDd l-butenol-4. The amount ot 

water eliminated, as exPected, decreased with increasing reed­

rates. Great difficulty was found in obtaining an. accurate 

analysis ot the liquid products due to inadequate drying. 

Consequently, deviations in these trends were frequently en­

countered. 

TUrning now to a oonsideration ot the results ot the 

analysis ot gaseous products as given in Tables XXVIII and 

XXIX, it is seen that, in the case of both the dry and water­

vapour runs, the gases consisted almost entirely ot unsat­

urated hydrocarbons. Only traces ot other components were 

present. Considering first the analysis of' the gas evolved 

in the dry glycol runs, it is seen that the unsaturated hy­

drocarbon content decreased slightly with increasing temper­

ature. ThUS, at 250 
o· 

O. and 1 c.c. per minute. 99.6 per cent 

unsaturates were obtained decreasing to 91.8 :per cent at 
o

350 C. and at the same teed-rate. The percentage butadiene 

in the gas, on the other hand. was greatly eftected by in­

creasing tEID.:peratures. This is seen by a comparison 01' Runs 

53:, 57.~56 anll 55 which were each carried out at a reed-rate 
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at 1 c.c. per min. Run 53, at 250
o e. , gave 65.9 per cent 

butadiene in the gaseous produots; Run 57, at 300
o e. , gave 

54.3 per cent; Run 56, at 325
Q 

C., gave 46.6 per cent; while 

Run 55, carried out at 350o e., turnished only 37.0 per cent 

butadiene in the gaseous products. 

The over-all yield ot butadlene, in the case of these 

runs, increased With temperature to a maximum ot 26.7 per 
o 0 

cent at 300 C •• decreasing to 26.1 per cent at 325 C., and 
o

to 23.7 per cent at 350 C. This would indicate that at first 

the effect ot an increased gaseous decomposition at the 

higher temperatures ....as greater than the etfect at a re­

duotion In the butadiene content ot t.he gas. Abq,{e 300 
o 

C., 

however, the la. tter etfect became predominate. This is shown 

more clearly in Graph VI in which tenperature is plotted a­

gainst .Per cent gaseous decompos Ition, per cent butadiene con­

tent in the gas, and the over-all butadiene percentage yield. 

The ettect ot teed-rate upon the butadlene content of 

the gaseous products was not nearly as pronounced as the 

temperature ettect. A slight increase in butadiene content 

was obtained at the higher teed-ratee J while the over-all 

butadiene yield was reduced considerably due to a reduction 

in the extent of gaseous-product formation. 

Turning now to a consideration ot the analysis ot the 

gaseous products trom the water-vapour runs t it is seen that 

an increase in the ratio ot water to glycol decreased the 

butadiene oonten t ot the gas. This is shown by a cODt,Plrlson 

of Runs 57, 62, 64 and 66 whiohwere carried out at 300°0. 
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and at a teed-rate or 1 c.c. or glycol per minute. Run 57, 

without added water vapour, gave a gaseous produot oontain­

ing 54.3 per cent butadiene; Run 62, using one volume or 
water per volume ot glycol, gave 53.6 per cent; Run 64, 

using two volumes or water, gave 50.0 per oen~; while Run 

66, with three Tolumes ot water, gave4l.5 per cent butadlene 

in the gaseous products. The over-all yield ot butadiene, 

on the other hand, increased to a maximum ot a:l.8 per oent 

using two volumes ot water, decreasing again to 26.3 per 

cent with three volumes. The ettect ot increased dilution 

on the extent ot gaseous decomposition, the butadiene con­

tent ot the gas, and the over-all butadiene yield is shown 

in Graph VII. It is to be noted that the pOints on this 

sraph are plotted trom values obtained trom the gas evolved 

only and do not inolude dissolved gases whioh were not an­

alyzed in the ease ot the water-vapour runs. 

As tar as the writer is aware, the decomposition ot 

butanedlol-1.3 at high tanperatures over dehydration catalysts 

has not been studied W1 th respeot 10 the mechanism ot the 

decompOsition reactions. NUmerous patents have been taken 

out covering the production ot butadiene trom this glyool. 

However, no mention was made concerning the nature ot the by­

products tormed in this reaction. 

Recently Nagai (51) investigated the dehydration ot 

butanedlol-l,3 over alumIn1um oxide and various clay eatalys~. 

It was round that, tor the most part. less than fifty per cent 

ot the gaseous products consisted ot butadiene, the remainder 
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being mono-olerins whloh were considered to be a mixture 

of propene and butene. The results of the present investl­

gation compare with the results ot this worker both with re­

s»ect to the extent of the gaseous decompositlon and the 

butadlene content of the gas. It has been shown, moreover, 

that the mono-oletins consist nalnly ot »ropene with only 

very small amounts ot butenes belng present. Furthermore, 

formaldehyde Is also tormed In the reaction while a con­

siderable ~ount ot carbon is deposited on the catalyst at 

the expense of the formaldehyde yIeld. 

From a consideration of tne mechanism of the decompo­

sition of butanediol-l.3 over activated MOrden bentonite, 

several oonclusions may be made. It would appear that the 

butadiene formed in the reaction results from the elimin­

ation of one molecule of water rrom the secondary-hydroxyl 

grou» and a hydrogen from the tenn1nal methyl group to form 

the unsaturated alcohol, l-butenol-4, this being rollowed 

by turther dehydration to butadiene. 

CH3CHOHCHZCH20H ~ QHi'"CHt.:m2~OH } cmg"' CHCH=CH2 

This is supported by the tact that oonsiderable quantities 

of the unsaturated alcohol were isolated. Furthermore, it 

has previously been shown that I-butenol-4. in the presenoe 

of dehydration oatalysts, produces butadiene (43). 

A second reaotion which ocours in the decomposition of 

this glycol over bentonite involves the t'ormation ot n-buty­

ra1dehyde. By an analogy w1th the dehydration ot the 2,3­

and the l.4-g1yoo1, 1t would appear that this aldehyde 
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results from the elimination of one water molecule between 

the two hydroxyl groups. This mode of dehydration may first 

result in the formation of a four-membered oxide ring, 

followed by a carbon to oxygen fission and the rearrangement 

of a hydrogen atom to fo~ the aldehyde. 

CH3C(HCHa~1l ---4 ~t~~Cmlll---"", CE3CH2CE2CHO 
OH OR [ 0 J 

On the other hand. the rearrangement may occur without an 

actual ring closure as in the case of the mono-dehydration 

ot butanediol-2,3. 
....-­

CH3~CHIl~Ha --4 rcH3f~6r21 -4 CH~2CH2CHQ 
OH OR L ...bj 


In either case, by this mode of dehydrat1on, it is also 

possible to explain the formation ot propylene and formal­

dehyde. This would irivolve carbon-to-oarbon fission s1m1l1ar 

to that occurring ln ~he de~sition or tetrahydroturan to 

the olefin and aldehyde. This mechanism tor the formation 

of these compounds is turther supported by the work ot Barbot 

(llS). This worker has shown that the dlethyl substituted 

four-manbered cyclic ether decomposes under the influence ot 

heat as follows: 

Et2CO" OHa= 01I2 
EteC-CH2" CHaO 

On the other hand, a serious argument against this 

mechanism ~or the formation ot propylene and formaldehyde 
,

Is seen trom the results ot Dojarenko (119) and Prevost (120). 
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Dojarenko studied the decomposition o~ the unsaturated al ­

cohol, I-bu'enol-4, over aluminium oxide and obtained only 

traoes o~ butadiene, the main products be1ng propylene, car­

bon and water. Formaldehyde was not identified and the in­

vestigator discarded the idea that formaldehyde might be 

intermediate in the formation of carbon and water on the 

basis that this aldehyde, at high temperatures, is known to 

decompose to oarbon monoxide and hydrogen. A fallacy 1n this 

argument can be pointed out, however. The mode ot the de­

composition ot the -CHa-O- tragment as it is first tormed 1n 

the reaction (nascent :formaldehyde) may be entirely different 

trom the decomposition of a stabIlized tormaldehyde molecule. 

This assumption, that formaldehyde is an intermediate in 

the formation ot carbon and water produced by the decomposltien 
, 

or butenol-4. is supported by the results ot Prevost with 

this unsaturated alooholll, '1"4i8 worker studied the: decompo­

sition over aluminium oxide of the unsaturated aloohols ot 
.."" the type RCHOmm=CH2, in which R is a hydrogen atoDt, or a 

methYl .. ethyl or vinyl group_ It was round that, in all oases, 

only traoes at dioletins and water were tormed, the main prod­

ucts being an aldehyde and propylene. 

RORO ... OH3OH=QH 

!he mechanism o:f this reaotion could not be explained, however. 

From these results on the deoomposition of l-butenol-4, 

it is seen that one can equally as well explain the formation 

of formaldehyde and propylene in the decomposition of' 
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butanedio1-1,3 through the intermediate formation of the un­

saturated alcohol. How this intermediate alcohol decomposes 

to the final produots, however, is difficult to explain. 

It would appeart then, that there are two possible 

meohanisms for the deoomposition ot butanedio1-l,3 to propylene 

and formaldehyde. The first lnvo~ves the elimination of water 

between the two bydro~yl groups, with or without ring closure, 

rollowed by carbon-to-carbon fission to propylene and formal­

dehyde. J.i'ach ot these steps is explicable by analogy 1f1th the 

deoomposition of the 1,4-glycol to the same products. Further­

more, it Is difficult to explain the formation of n-butyr­

aldehyde excepting through this mode of dehydration. The 

second mechanism involves the eliminat10n of the first mole­

cule of water between the secondary hydroxy.l and a hydrogen 

from the terminal methyl group to give l-butenol-4, which 

then decomposes to the aldehyde and mono-olefin. This mech­

anism has the advantage in that it involves an isolable in­

termedlate. 

It is difficult to postulate a mechani~ tor this de­

composition of I-butenol-4 to formaldehyde and propylene. 

It is possible that the unsaturated linkage by an inductive 

effect sufficiently weakens the bond between the hydroxyl­

bearing carbon atom and its adjacent oarbon to cause a car­

bon-to-carbon tission. The resulting -CH2OH radicle oould 

then lose hydrogen to for.m ~onnaldehyde followed by an add­

it10n ot this hydrogen to the CHg:caCB2- radicle to torm 

propylene. Another possibillty is that the decompositIon 
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occurs through the same intermediate as postulated in the 

tirst mechanism tor the glycol decomposition. This would 

involve the addition ot the hydrogen of the hydroxyl group 

across the double bond to to I'm. the tragmen t C.H3YHCH2YH2 
. ._.0 

whioh then decomposes by carbon:- to- oarbon t lssion to form­

aldehyde and propylene. 

The ettect ot water 1n increasing the gaseous decom­

position ot the glycol can be explained on the basis that 

water prevents carbonization on the catalyst. This is sup.... 

ported by the experimental tact that in the case ot water­

vapour runs a smaller amount of carbon and a larger amount 

ot tormaldehyde was obtained. On the other hand, increased 

dilution was tound to deorease the butadiene content of the 

gas. Furthermore, the relation between butadiene content 

and the extent at gaseous decomposition at various dilutions 

compared closely with the same relation found at various 

temperatures. This is shown clearly by a comparison at Graphs 

VI and VII. It is to be noted that this eftect of water 

vapour in decreasing the butadiene content of the gaseous 

products is in direct contradiction to the claims of various 

patents on the use ot water in the production ot butadiene 
I 

(44,451. 



1. aotivated MDrden Bentonite was investigated as a 

oatalyst ror the vapour-phase dehydration or three butane­

dl01. namely. butaned101-2,3, butanedlo1-1,4, and butane­

dl01-1,3, and as a catalyst tor the decomposition or 
butanedlol-2,3 dlaeetat•• 

2. 'rhe dehydratlon ot butanedlol-2,3 was studied at 

taaperatures ot 225-700°0. and at various teed-rates, wlth 

and wlthout the add1tion or water vapour. At low tem~r­

atures, 225-3S0°C., high yields (a maximum of 8S per cent) 

ot butanone-2 as well as small amounts ot lsobutyraldehyde 

and the cyclic acetal, the isobutyral of butanedlo1-2,3, 

were obtained from the dry glycol. At 225°C •• the cyolic 

acetal was the main by-product, while at 350°C., isobutyr­

aldehyde was formed to the extent ot 12.1 per cent. The 

effect of Increased feed-rates was slight. ~t high tanper­

atures, 450-700°0., decomposition to gaseous produots was 

found to occur. Only small yields ot'butad1ene (2-7 per 

cent) were obtained from the dry glycol while th1s yield 

was increased to 14.9 ~r cent in the presence ot two Yol­
o umes ot water at 700 C. The extent ot the gaseous aecompo­

si t10D was greatest at the h1gher temperatures and the slower 
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:teed-rates. The mechanism. or the low and high temperatures 

has been discussed. 

3. !he decomposition ot butane4iol-2,3 diacetate was 
o

investigated at t~peratures ot 400-500 C. and at various 

teed-rates in the dry state and in the presence o:t water 

vapour. Various quantities ot catalyst were used. The 

main products were aoet1c acid, butanone-2, isobutyraldehyde 

and butadiene. Secondary p~ducts, both liquid and gaseous, 

were tormed by fUrther decomposition or aoetic acid and the 

carbonyl eompounds. under the more drastic eonditions ot' 

high temperatures, slow feed-rates and with increasing 

amounts ot oatalyst, butanone-2 was tormed at the expense ot 

the butadlene yIeld. A mechanism was suggested tor the t'or­

mat10n ot these products. 

4. Butaned1ol-l,4 was studied at temperatures or 250­
o 

500 C. and at variOUS teed-rates, with and Without the add-
o 

itioR ot' water 'Vapour. At the 1011f1r tEm:peratures, 250-300 C., 

praotically theoretical yields or tetrahydroturan were 00­
o

tained at all teed-rates. At higher temperatures. 400-500 C., 

decomposition to gaseous products was found to occur, the 

main products being propylene and formaldehyde. The liquid 

products, in addition to water and tetrahydrotttran, contained 

a small amount or n-butyraldenyde and high-boiling conden­

sation products. An increase in tenperature greatly in­

creased the extent ot gaseous decomposition. Butadlene was 

obtained in an 8.0 per oent yield in the presence of water 

vapour. A mechaniaR ~r these reactions has been considered. 
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4. Butanediol-1 J 3 was investigated at tanperatures 
e 

ot 250-360 C. and at ditferent feed-rates bo~h in the drT 

state and in the presence of various amounts ot water. The 

liquid products consisted ot water. n-butyraldehyde, 1­

butenol-4, and the n-bu~yral ot butanedlol-1,3. The gaseous 

products consisted malnly ot propylene and butadlene. For­

maldehyde was dissolved in the liquid products and carbon 

was depos1ted in considerable quant.i ties on the catalyst. 

The extent ot gaseous deco~ltlon increased with te~er­

ature and with water d1lut1on while the butadlene content 

of the gas decreased. A. maxlmum y1eld of m.8 per cent was 
•obtained at 300 C. Using two volumes ot' water. Inereased 

teed-rates inereased the butadlene content at ~he gas but 

greatly decreased decompositlon to gaseous produots. A 

mechanlsm tor these reactlons has been postulated. 



CLUE TO ORIGINAL RESEARCH AND CONTRIBtrTIOm TO KNOWLEDGE 

It is claimed that the work reported in this thesis 

oonstitutes: 

1. 	 The first reported study of the vapour-phase dehydration 

ot butanediol-2,3 over an aluminium silicate oatalyst. 

2. 	 The tirst reported study ot the dehydration ot butane­

diol-2,3 oyer any oatalyst in which the by-products 

have been thoroughly investigated. 

3. 	 An original oontribu'tion to 'the study or the mechanism 

of the rearrangement. orCX-glycols. 

4. 	 An original contribution to the knowledge ot the 

oatalytio activity ot aluminium silicates aoquired by a 

stndy of the deoomposition ot but8nedlol-2,3 4iacetate. 

5. 	 The first reported vapour-phase study ot the dehydration 

ot butanediol-l,4 over an aluminium silicate catalyst. 

6. 	 The first reported study ot the catalytio pyrolysis ot 

butanedlol-1,3 in which all produots have been thoroughly 

investigated. 
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