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Ph.D. Chemistry

Arthur Neweambe Bourns
THE VAPOUR-PHASE DEHYDRATION OF BUTANEDIOQOLIS

Aotivated Morden Bentonite has been investigated as a
vapour~-phase ecatalyst for the decomposition of three
butanediols and butanediol-2,3 diacetate,

Butanediol-2,3 at low temperatures gave 885 per cent
yields of butanone-2, with isobutyraldehyde and the iso~-
butyral of butanediol-2,3 as by~produects., At high temper~
atures, gaseous decomposition oceurred praducing small
yields of butadiene inereasing to 14.9 per cent in the pres-
ence of water wvapour.

Butanediol-g,3 diacetate gave chlefly acetic acid,
butanone~2, and butadiene. Highest yields (57.5 per cent)
of the diene were obtained at low temperatures and at fast
Teed~rates.

Butanediol-l,4 at low temperatures gave practically
theoretical yields of tetrahydrofuran. At high temper-
atures, propene, butene and formaldehyde were formed with
a small amount of n-butyraldehyde and condensatién products.

Butanediol-l,3 gave butadiene (maximum yield 28.8 per
cent}, propene and butene. Increase in temperature and
dilution with water inereased gaseous decomposition but de-
creased the butadiene eontent of the gas. n-Butyraldehyde,
l-butenol~-4, n-butyral of butanediol-l,3 and formaldehyde

were also formed.



GENERAL INTRODUCTION

High~-temperature, vapour-phase oatalyaié is a new field
in organic chemistry. Pyrogenic reactions had received con~
siderable attention before it was realized that factors other
than temperature must be considered. It was mot until 1900
that Ipatieff was definitely able to show that, at high temp~-
eratures, a catalyst could influence the course of a de-
composition and force the reaction to go in one direection,
It soon became evident that catalysis could be used for the
industrial synthesis of numerous organic materials and rapid
advances were made, Today, many chemical processes and in-
dustries are based on the use of catalysts under conditions
of high temperature. The cracking of high boiling petroleum
components has been developed into an exact science. Poly-
merization and iscomerization of hydrocarbons are important
industrial processes. The production of olefins, alcohols,
ketones, aldehydes, esters and a variety of other types of
organic compounds are produced by vapour-phase catalytic
reactions.

The dehydration of alcohols to olefins received early
investigation. Catélysts such as activated alumina, clay-
like substances, phosphoric acid, phosphoric anhydride, and
the metal phosphates proved to be particularly efficient,



It soon became evident that dihydrie alcohols (glycols)
could also be used as a fruitful source for the production
of organic materials. In the case of these compounds, it
was found that the removal of one molecule of water resulted
in the formation of cyclic oxides, aldehydes, ketones or
mixtures of the same. BMoreover, the removal of two molecules
of water resulted in the formation of diene hydrocarbons,
The nature of the products obtained was dependent not only
upon temperature but also upon the eatalyst used.

The isomeric butanediols (butylene glyeols) proved to
be of particular interest. Since these compounds contain
four carbon atoms, the mono-dehydration products include the
ketone, butanone-2 (methyl ethyl ketone), and the aldehydes
n- and iso- butyraldehyde. The c¢yeclic oxide, obtained only
in the case of butanediol-l,4 (1,4-butylene glycol), is
tetrahydrofuran. Butanone-2 and tetrahydrofuran are of
great practical importance because of their excellent solvent
properties. Butanone-2 is used in place of acetone where
a less volatile solvent is required. Tetrahydrofuran is
useful in the refining of hydrocarbon oils and also as a
solvent for lacquers and varnishes. The removal of two
molecules of water from the straight-chained butanediols
results in the formation of the diolefin, butadiene. The
importance of the latter produet requires little comment.

The fall of the Malay Peninsula, resulting in the loss

of almost our entire source of hatural rubber, initiated the



present synthetic rubber program. It was decided, at an
early stage, to concentrate on the production of GR-S (Buna
S), a copolymer of butadiene and styrene. This initiated,
in its turn, an exhaustive investigation of all possible-
methods, both new and old, for the production of butadiene
{1). One of the first methods considered was the direct
dehydration of butanediol~2,3 (2,3-butylene glycol). This
compound can be obtained in good ylelds from grain by a
special fermentation process.

The investigation, described in this thesis, began with
a study of the dehydration of this glycol to butadiene by a
high-temperature catalytic method, 1t soon became evident,
however, that the direct dehydration of butanediol-2,3 (2,3~
butylene glycol) would not give practical yields of the
diolefin. The work was then extended to a study of the de~
composition of the corresponding diacetate and further to
the dehydration of butanediol-l,3 (1,3-butylene glycol) and
of butanediol-l,4 (1,4-butylene glycol). The investigation
was begun at the instigation of the National Research
Council of €anada and carried on in close cooperation with
the Division of Applied Biology.

Investigation was not restriected, however, to'the pro-

duction of butadiene from these compounds. The mono-dehy-

dration of the glycols, in particular the dehydration of
butanediol-2,3 to butanone~2, and of butanediol=-l,4 to tetra-

hydrofuran, was also studied. The theoretical implications



1nvolvéd in the decomposition of these compounds proved to
be of consliderable 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=-
compogition 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 catalyst has been investigated in this
University by several workers (2,3%,4). Wasson's work (3)
on the dehydration of alcecohols and ketones has shown this
elay 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 choice of Morden bentonite as the eatalyst in the present

investigation.



HISTORICAL INTRODUCTION

Dehydration of Butanediols

The discovery in the last century that isoprene, on
standing or under the influence of certain reagents, poly-
merizes into an artificial rubber (5) marked the beginning
of synthetie¢ rubber chemistry. It was soon found that other
diolefinic hydrocarbons could be made to polymerize into
rubber-like masses, and numerous synthetie methods for these
compounds were investigated. One of the earliest processes
was developed by Matthews, Strange and Bliss in 1912 (8),
and consisted of the dehydration of primary, secondary or
primary-secondary glycols to butadiene and its homologues.
This was followed by extensive research on the conversion of
glycols to diolefinic hydrocarbons.

Although the dehydration of X=glycols to aldehydes and
ketones has ﬁeen subject to much theoretical investigation,
it has only been in recent years that glycols in general have
been considered as a practieal source for carbonyl compounds.
Comparatively little investigation has been carried out on
this process, however, and the method has not been able to
compete with other processes for the synthesis of these

materials, The formation of cyclic oxides, which oceurs in



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-l1,3. In general, only the high-temperature cat-
alytic studies will be reviewed. However, when of paiticular
interest, certain liquid-phase dehydrations will also be men-

tioned.

Butanediol~-2,3 and its Diacetate

0f the three butanediols (butylene glycols), butanediol-
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 compound have been
reported, but in all cases, only mono-dehydration products
were obtained,

The dehydration of the 2,3-glycol to methyl ethyl ketone
was Tirst reported by Krassoutsky (7) in 1903 during an in-
vestigation of the dehydration of X-glycols and the isomer-
ization of substituted ethylene oxides to aldehydes and
ketones.

Gutner and Tischtschenko (8), in an attempt to determine

the mechanism of the conversion of 2,3-dichlorobutane to



butadiene over various catalysts in the presence of stean,
studied the behaviour of 2,3-butylene glycol under the same
conditions. They obtained mainly methyl ethyl ketone as
well as a little butadiene.

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 (10)
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.

Denivelle (12) carried out the dehydration of butanediol-
2,3 with a Variety'of catalysts, ineluding sulphuric acigd,
phosphoric aeid, phosphoric anhydride, basic oxides, and
zine chloride, in an attempt to produce butadiene. 1In all
cases methyl ethyl ketone only was obtained.

At the onset of the present synthetic rubber program,
efforts to obtain butadiene directly from the butanediol-2,3

were renewed. The glycol could now be obtained very cheaply



from grain (;5) 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 fhis University was carried on eoncurrently.
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
glyeol., One-pass yields of butadiene seldom reached more
than twenty per cent, the main produect 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 butanediol-2,3 diacetate

to butadiene.

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
of butanediol-2,3 over guartz chips or unglazed earthenware .
rings, contained in a quartz tube, at a temperature of 500-
550°Cs A 90 per cent yield of butadiene was claimed using a
recirculating process.

Denivelle (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



and 2,3-butylene oxide.

The Northern Regional Laboratories (14) investigated the
straight pyrolysis of the diacetate of butanediol-2,3 quite
thoroughly. They determined the optimum conditions of the
decomposition and were able to obtain 80 per cent conversions
to butadiene at 550°C, and at feed rates of 15 gramsper minute.
Liquid products consisted of acetic acid and unsaturated
esters, including the acetate of methyl vinyl carbinol and the
enol acetate of methyl ethyl ketone. A repass of the liquid
products increased the yield to 83 per cent, while a repass of
the isclated esters gave a total yield of 88 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, inereased to 75 per cent on recycling,
using a one and one-half inch unpacked stainless steel pipe,
at a temperature of 600°C., and feed rates of one-half pound
per hour per foot. Using an all glass apparatus, 75 per cent

yields were obtained, increased to 80 per cent on recycling.

Butanediol-l, 4
The butanediol-l,4 was the last of the three butylene
glycols to receive consideration as a practieal source for
the production of organic materials. This was primarily due
to the fact 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 (17) consists of the
high-pressure catalytie hydrogenation of the esters of
succinic aeid, as for example, butyl succinate. The second
process (18), of even greater importance, involves the
hydrogenation of 1l,4-dihydroxybutyne-2 under conditions of
high pressure over a variety of catalysts. The latter com-
pound can be obtained easily by cauéing acetylene and for-
maldehyde to react in the liquid phase, under a pressure of
twenty-five atmospheres, and in the presence of acetylenie
compounds of the heavy metals in Groups I and II of the
Periodiec System.

This glyecol 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 cyclie
oxides; the butanediol-1,4 thus yielding tetrahydrofuran.
The di-dehydration product is, as expected, butadiene,

Considerable work has been done on the liquid-phase
dehydration of butanediol-l,4 to tetrahydrofuran. O©One method
involves the heating of a mixture of the glycol and catalyst
to such a temperature that a mixture of tetrahydrofuran 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.

Other liquid catalysts, which have been investigated, are
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thionyl chloride (20), and oxygenated acids of phosphorus,
such as otho-, meta-, and pyro-phosphoric acid (21). Nu-
merous solid catalysts have also been used. Patents (22,23)
have been granted for such solid catalysts as oxides of
silicon (silica gel), aluminium, zinc and thorium; sulfates
of aluminium and copper; neutral phosphates of aluminium,'
iron, cerium and slilver; chlorides of aluminium, ﬁagnesium,
calcium and zine; silicates of aluminium (bleaching earths),
as well as solid organic acids.

The vapour~phase dehydration of butylene glycol is an
excellent example of the influence of temperature and
citalyst 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°C. with such
catalysts as cuprous oxide, aluminium oxide and chromium
oxide. At higher temperatures the formation of propylene
and formaldehyde‘was favoured. Temperatures as high as
450°C. were used in the case of alkali and alkali earth metal
salts, such as, calcium chloride, calcium carbonate, and
aluminium phosphate, the most favourable temperature for

tetrahydrofuran formation being from 400-450°C.

acldie catalysts or catalysts which react acid under
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the conditions of the reaction, as for example, primary
sodium pyrophosphate, caleium phosphate, and acidic oxldes
of tungsten and molybdenum, were also used for the product-
ion of tetrahydrofuran at temperatures below 555’6. At
higher temperatures, however, the formation of butadiene was
favoured, the optimum conditions for this produet ranging
from 500-40006. and yields of 25-60 per cent were obtained.

A later patent (25) describes a process whereby a 95 per

cent yield of butadiene was obtained by passing 1,4~butylene
glycol, together with steam, over calcium phosphate at 28000.,
followed by recyeling the tetrahydrofuran formed in the first
pass.

It my be mentioned that tetrahydrofuran has also been
dehydrated to butadiene (26). The catalysts employed were,
in general, those which yleld butadiene in the dehydration
of butanediol-l,4. TYields ranging from 65~70 per cent were

obtained,

Butanediol~-1l,3

Of the three butanediols, the 1l,3-isomer has received
the greatest amount of study. The glycol is readily ob-
tained by the hydrogenation of acetaldol (27) which is pre-
pared by a process involving either ethyl alcohol or acety-
lene as the starting material. Recently, the corresponding
diacetate of this glycol has been obtained as a by-produet
in the production of ethyl acetate by the Tishchenke
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Teaction (2t)., This may possibly be applied to the in-
dustrial production of 1,3-butanediol itself.

Patents (29) have been granted on the mone~-dehydration
of the 1,3-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
ageﬁts, and supported on carrier substances. However, it
is by the di-dehydration to butadiene that butanediol-1,3
has attained its importance.

It is beyond the scope of this thesis to present a
complete review of the literature on the production of buta-
diene from this glycol. Innumerable patents have been
granted on this process, ﬁsing 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 this work.



Latalyst

Aluminium oxide

Ferric oxide on kaolin in KOH

Sulphuric acid 1%

Caleium sulphate

Anhydrous iron sulphate

Sulphonic acids of aromatiec hydrocarbons
Primary sodium phosphate

Sodium phosphate impreg. with 2% HzPQ4 plus
water vapour

Primary sodium phosphate with graphite

Anhydrous primary sodium phosphate, primary
n~-butylamine phosphate, and graphite

Sec-calcium phosphate, sec—ammonium phosphate,
and graphite

Sec~-calcium phosphate, ammonium oxalate, and
primary ammonium phosphate

Acid phosphates such as KHgPO4, NagHgP2Orp,
Ca(HgPO4 )z with potassium or ammonium alum

Neutral pyro- and ortho-phosphates of magnesium
and alkaline earth metals

Tempf €.
300

300
140-200
350
300-400
180-240
270

270
250

260

. 320-330

260

200-300

400

1

% Yield Reference
19.4 31
40.1 31
80 32
24 31
60 33
78 34

85-90 35

85-90 36
g0 35
90 35,37
90 35
80 27
80 38
a0 151


http:pr1ma.ry

TABLE I (cont'd)

Catalyst
Acid bismuth ortho-phosphate with graphite

4eid cerium phosphate on pumice

Cerium phosphate and water vapour

Red phosphorus, 1.0% on pumice

Red phosphorus plus mono-sodium phosphate
Hed phosphorus and potassium alum
Phosphorus pentoxide on kaolin
Phosphorus oxychloride 0,2%

Volatile derivatives of phosphorus as POClg,
PClz, and tri-ethyl phosphate

Temp.°® C. % Yield Reference
320-330 g0 35
320-330 g0 35
90 39
300 99 40
250-300 98-99 40
270 a8 40
500 37 31
300-350 85 41
300-350 90 42

ST
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The yields of butadiene may be increased considerably
by recirculating the liquid products. Wellman (43) has
patented a process whereby the liquid products are fraction-
ated to yield a constant boiling mixture of l-butencl-4 and
water. Catalytic dehydration of this mixture increases the
conversion to butadiene from 70 or 80 per cent to 90 or 95
per cent,

It is interesting to note the effect of water as a
diluent in the dehydration of 1,3-butylene glycol., Several
patents (44,45) have been taken out on this process. The |

results are summarized in the following table.

IABLE 1T
Catalyst Temp.°C. Parts of Butadiene per
100 parts of glycol
100% 80% 30%
glycol glycol glycol
Activated alumina 300 27 33 65
Aluminium silicate 270-280 The yield is increased
30-35 per cent by
addition of water.
Red phosphorus on pumice 270-280 49 63 72.5
Phosphoric acid on pumice 290 55.3 60 695
Thorium nitrate 300 The yield is increased

30-35 per cent by
addition of water.
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Theoretical Considerations on the Dehydration
of Glycols

Dehydration of «=Glycols

General Considerations

The dehydration of X-glycols to aldehydes and ketones
is a classical example of molecular rearrangement in organie
chemistry., Extensive studies have been made of the mechanism
of the dehydration process itself, and also of the factors
which influence the resulting rearrangement, in an effort to
predict the nature of the carbonyl compounds obtained. It is
beyond the scope of this theslis to attempt a complete survey
of these investigations., An outline of the wvarieus theories
that have been enunciated will be given, including the per=-
tinent evidence that has been aceumulated either in their
favour or disfavour. It must be borne in mind, however, that
almost all theoretical studies on o(-glycols have been carried
out in the liquid phase., Consequently, mechanisms which
serve to explain these dehydrations do not necessarily hold
for the same reactions carried out in the vapour state.
Nevertheless, conclusions drawn concerning the mechanism of
liquid-phase dehydrations may be of great value in a con-

sideration of the vapour-phase reactions, which are the
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subject of this thesis.
In 1860, Fittig (46) observed that the glycol, pinaeol,
when heated with sulphuric acid, will undergo a rearrangement

to form a ketone, pinacolone.

| 0
CH CH CHz_ |
&\C—C:: . CHz— C-C—CHz
CHz | | “CHg CHx
OH OH

Since this discovery, numerous examples of the so-called
pinacol-pinaecolone rearrangement have been studied. Glycols
of the general formula
R1 R3
\‘C——C//

Re” | | OBy
OH OH

in which Ry, Rs, Rg,and R4 are hydrogen atoms, aliphatiec or
aromatie groups, have been prepared and made to undergeo a
dehydration reaction.

1t can readily be seen, that in the case of symmetrical
glycols of the type RE(COH).(COH)RR, two ketones may be ob~
tained depending, apparently, upon what Tiffeneau (47) ealls
the relative "migration aptitude" of the groups R and R,

thus:

otz
R R ,//////* R
ﬁ/?—?\ﬁ R’ ﬁ
OH OH \\\\\\ﬁ R C-C-F
R/
In the case of unsymmetrical 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, apparéntly, upon what
Meerwein (47,48) calls the relative "capacity affinity" of
the radicles R and R, The greater the "capacity affinity"
of the radicles for the carbon atom to whiech 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 RjRsC(OH).C(OH)RzR4, the resulting
products will depend on both the "affinity capacity"™ and the
"migration aptitude® of the groups concerned.

Tiffeneau (49), McKenzie (50), Bachmann (51) and others
have earried out extensive work oh the relative *"affinity
capaclty and ™migration aptitude™ of various radicles. 4an
understanding of the dehydration process itself, however, is
necessary in order to suggest a theoretical basis for 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, c¢yelic ethers and olefinic compounds. On the
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other hand, the intermediate mamy take the form of a non-isol-
able free radicle, carbanion, or carbonium ion. The theories
of the second type are based on an electronic mechanism which
does not involve the formation of intermediates during the
course of the reaction.

Intermediate compounds:~ One of the earliest mechanisms

was proposed by Erlenmeyer (52) in 1881. He assumed an inter-
mediate eyclopropane ring to be formed in the first step of
the reaction, followed by a rupture of the ring in a different
position from whiech it was formed. For pinacol this may be

expressed thus:

0
CHz.  _OH CHz OB CHa_
c—¢  — “Se—g” = — CHz—C—CHg
CHg | ] CHs CHS CHa \CH3 CHz
OH CHg

It was first shown by Montagne (53) and later by Acree
(54), that such a mechanism was not in agreement with the re-
sults observed during the dehydration of aromatic glycols.
Montagne studied the rearrangement of p, ¥, ¥, D -tetra-
chlorobenzpinacol into the corresponding ketone. The product
contained only para chlorine while, according to the Erlen-
meyer mechanism, the meta chlorine isomer should have been
formed.

Breuer and Zincke (55) postulated in 1879 that an inter-
mediate cyclic ether (oxide) is formed during the dehydration

process. According to these workers, the reaction can be

expressed as follows:
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0
R /R R I
T Te—¢ —) R c—C—
R | }\\R Gp\\R ,
~ OH OH

A considerable amount of evidence has been accumulated
against this theory, however, and it has been generally
discarded.

Eltekow (56) has shown that certain cyélic ethers are
converted into glycols under conditions customary for pinacol
rearrangement. Furthermore, Meerwein (57) has pointed out
that very often oxides will not always lead to the same ke=
tonic produect as does the corresponding glycol. Meerburg
{(58) has concluded that ethylene oxides are not formed as
intermediﬁtes by comparing the rates ofvrearrangement of
certain glycols and their corresponding oxides. A 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 has been postulated
by several workers in the case of primary-secondary, bi-second-
ary, and secondary-tertiary glyeols. This mechanism, named

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

follows:
R R R R R _R
Se—¢” —  ec—e’ — o H
H | |OH | OH ll NH
OH OH OH 0

Tiffeneau (60) has presented very strong evidence for this

intermediate based on the fact that the dehydration product
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from sym-anisylphenyl glyeol is ketonie. Since the "migration
aptitude®” of aromatie groups has been shown to be greater than
that of hydrogen (61), an aldehyde is the expected product.
This discrepancy, he explains on the basis of vinyl dehy-
dration in whieh the hydrogen of the hydroxyl group under-
goes migration thus:
CHz0CgHg4. ~ _CgHs CHz0CgH4 =~ CgHg CHz0CgHg. —CgHs
//C-*C\\ S "~ C¢=¢C — H;;C——C
H™| | H H I H I
CH OH OH 0

Although it has been shown that an olefinic mechanism
does not hold for certain molecular rearrangements, direct
evidence against this theory in the case of the dehydration
of ot~glycols is lacking. aipparently Wallis (62) assumes that
the rearrangement of phenolic ethers to alkyl phenols and the
rearrangement of N-alkylated anilines to alkyl anilines is
comparable to the rearrangement of o(~glycols, and uses evi-
dence which is unfavourable to the olefinic mechanism in the
former rearrangements (63,64) as evidence against a similiar
mechanism in the latter rearrangement. We 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 etliylene oxide rings in
the dehydration of glycols. It is possible that inter-
mediate olefinic compounds (vinyl dehydration) may occur in

the case of glycols containing at least one hydrogen atom
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attached to an hydroxyl-bearing carbon atom. 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 and ions as intermediates:- Tiffeneau

(66) was the first to apply the concept of free valences to
the pinacol rearrangement. He formulated the mechanism of

dehydration in the following manner:

c—¢. —— .e—¢_ — R—C—C—R
R7| | R R [>) rT |
OH OH —0 0

Meerwein (67) adopted the Tiffeneau concept of free
valences and was able to show definitely that the elimin-
ation of water was the first step, followed 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 consider-
ed this rearrangement to be intramolecular, in cecontrast to
an intermolecular rearrangement inveolving intermediate com-
pounds.

In the Tiffeneau mechanism, 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 which one or more of the R radicles

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

carbon atom. For example:

H _R i _R _R

_¢—-c¢ — __€—C — R-C—CTH

R | | DEH R | | MH I NH
OH OH OH 0

This is essentially a vinyl dehydration without the actual
formation of an olefinie¢ 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 of Wallis (68), who studied the re-
arrangement of a number of compounds in the presence of
triphenylmethyl., This compound is known to unite with other
free radicles to form addition products. Since in all cases
the normal product was obtained, Wallis concluded that the
rearrangement does not involve free radicles or that, if
present, these radicles are never entirely free from the
molecule,

The studies of McKenzie and others (69) on certain
optically~active pinacols and amino glycols supply
additional evidence against the formation of free radicles.
These workers found that in many cases the optical activity
- was maintained during the dehydration process. If the
asymmetric carbon atom were to exist at any time in the form
of a free radiele, this would not be possible, since 1t has
definitely been shown (70) that free radicles can not main-

tain an asymmetrie configuration.
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Caution must be exercised, however, in applying this
evidence against free-radicle formation to the case 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 radicle inter-
mediates might readily be involved.

The possibility of the migrating radicle assuming the
form of a carbonium ion is also excluded by the previously
mentioned studies on optically active glycols. 4an in-

vestigation by Wallis and Adams (70) has shown that carbonium
+
R
ions |Rp:C |, in the absence of a special mechanism leading
Rz

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

—

1
the radicle assumes the form of a carbanion |Rp:C:| that the
Rz

spatial arrangement is stable enough toc maintain its asym-

metrie configuration.

Haworth (71) has postulated the migration of such a car-
banion in the pinacol rearrangement. IHe represents the

eourse of the reaction as follows:

R Ry R _Rj + _R _R

\c—cf Ly e —3 _C—C—R] —» R—C—C_R)

R | | Ry R | *+> Ry R | R] | Ry
OH OH 0= 0~ 0

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 mechanism is found in the
results of McKenzie, Roger and Wills (50), They found that
certain optically-active glycols, in which 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 cpen sextet.

From the preceding discussion, it would seem that the
hypothesis of an intermediate, either of a compound, free
radicle, or ion, is inadequate in explaining the mechanism
of the dehydration of X-glycols. Wallis (72) makes the
following comment concerning this problem:

"The failure of these interpretations as explanations
of the mechanism of molecular rearrangemsnt is due to the
fact that the investigators who proposed them did not re-
alize that such reactions are often 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 0 another
within the molecule.™”

The electronic mechanism:- The application of the

electronic concept of valence to intramolecular rearrange-
ment is due to Whitmore (73). According to him, the structure
of organic molecules which undergo intramolecular rearrange-
ment ean be represented by the following formula:

d:B:xe
in which X is a strongly eleetronegative atom, and A and B

are neither electronegative or electropositive. In chemical
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reaetion, X is eliminated together with its shared pair of
electrbns leaving the fragment %i@i. This fragment may
stablilize itself by adding another negative ion Y to form
the compound :i:H:¥:. 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 :E;ﬁ is of such
a nature that B has a greater affinity for electrons than
A, an electron palr, together with its acecompanying atom or
group, may shift so as to leave A with an open sextet. |

aw - *

Xt B ——» 4:B:
This will then be followed by the addition of the negative
ion Y to form the rearrangement product YAB.

Applying this concept to the dehydration of (X-glyecols,
Whitmore (73) explains the reaction in the following manner.
The more reactive hydroxyl group is eliminated acecompanied
by its shared electrons, leaving an open sextet which 1s
completed by the rearrangement of an R radicle. The re-
arranged fragment can then re-add the hydroxyl ion followed
by the elimination of 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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. R R R R RE
H:0:€:G:R — H:0:§:€:R —— H:Q:C:¢:R
R:Q: R
L BR 4—E§:%] .. RR
H:0:C:§:R ——— H:0:g:C:R
R :0:R
-gt+ ~H.0

. R R Hz/

t0::1C:CIR

2

It should be noted that this is not an ionic mechanism,
in which the grbup R migrates as a carbanion. Whitmore (74)
suggested that the half-life of the postulated fragment is
in the vieinity of 10 'see, while the half-life of an ordinary
ion is ldﬁ%ec. In fact, one can assume that the open sextet
never does existras such, but that the removal of the hy-
droxyl group with its electron pair and the rearrangement of
the R radicle ean occur simultaneously. This would explain
| why certain optiecally active glycols on rearrangement retain
their activity.
| This theory also forms a theoretical basis for the
relative "affinity capacities™ and "migrafian aptitudes” of
various groups (75). In the case of unsymmetrieal glyecols
of the typ§ RRC (OH).C (OH )RR, the hydroxyl group eliminated
will be that to which is attached the more electronegative
groups, since this hydrdxyl will have negative polarity.
Furthermore, in the case of symmetrical glycols of the type
REC(0H).C(OH)RR, the more electronegative group will undergo

migration, since the carbon atom teo which it migrates tends
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to exist as an open sextet on elimination of an hydroxyl
ion.

Again, it must be emphazied that these conclusions are
based on liquid-phase reactions and can not with certainty
be applied to those carried out in the vapour phase. How-
ever, Egloff, Hulla and Komarewsky (76), in a consideration
of the mechanism involved in the vapour-phase lsomerization
of alkanes, make the following interesting suggestion:

*The observed formation of over 50 per cent of isomers
in several catalytic isomerizations of alkanes can not be
overlooked, since such yields appear high for a statistieal
redistribution of fragments, including free radiecles. A

Much more reasonable than this theory appears to be the
one which postulates that under the influence of a powerful
catalyst the interatomie bonds of the alkane are loosened
sufficiently to allow a rearrangement of the molecul® as a
whole to a thermodynamieally more stable form by the slippage
of atoms or groups without their ever completely leaving the
sphere of influence of the molecule as a whole."

This statement is essentially an extension of the Whitmore
hypothesis to high-temperature catalytic reactions. The
concept of the slippage of atoms or groups is extremely

fruitful in consideration of rearrangement reactions carried

out in the vapour phase.

Dehydration of £ -Glycols

As far as the writer is aware, no theoretical studies
have been made on the catalytic dehydration of[?-glycols.
Investigation for the most part has been restricted to the
practical production of diclefins from butanediol-1,3 and

its homologues. This reaction, it would appear, merely
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involves the elimination of two water molecules resulting in
the formation of two double bonds. In the dehydration of
butanediol-l,3 1itself, the organic liquid products contain,
for the most part, l-butenol-4 (43)}. It can be assumed then,
that the first step in the dehydration process is the elimin-
ation of the secondary hydroxyl group along with a hydrogen
from the terminal carbon atom, followed by a further dehy-
dration of the resulting unsaturated aleohol to form buta-
diene,

CHzCHOHCHpCHEoOH —# CHg= CHOHpCHROH — CHg=CHCH=CH,

This is further substantiated by the fact that l-butenol-4
will yield butadiene when passed over catalysts which de~
hydrate the glycol to the diene.

Nagai (31) has found that when butanediol-1,3 is passed
over such catalysts as alumina, silica gel, or aluminium
silicates, the gas evolved contains considerable quantities
of unsaturated hydrocarbons other than butadiene. These
unsaturates, he concludes, are a mixture of propene and
butenes since they are absorbed by 87 per cent sulphurie
acid. No attempt, however, was made to determine the exact
quantities of each olefin, nor was a mechanism postulated to
account for their formation.

From Table 1 of the preceding section on the dehydration
of butanediol-1,3 to butadiene, it was seen that the most
efficient catalysts for diolefin formation were phosphorus,

metal phosphates, and volatile derivatives of phosphorus.
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Catalysts such as alumina and iron oxide, on the other hand,
gave appreciably lower ylelds of butadiene. It would appear
that these latter substances favour a reaction producing
mono-olefins,

Reference has also previously been made to the mono-
dehydration of butanediol-l,3 to methyl ethyl ketone. This
reaction was carried out in the vapour phase at reduced
pressure and n-butyraldehyde was formed as a by=-product.

Marther investigation on the mono-dehydration of 1,3~
glycols was carried out by Beati and Mattei (77). These
workers studied the dehydration of pentanediol-l,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 formation of the carbonyl compounds arises through an
intermediate oyclic ether whiech, being unstable, rearranges
to the final product. This reference is available only in
the abstract and further details are lacking.

The problem of the mechanism of both the mono- and d4i-
dehydration of butanediol-l,3 will be further discussed in

a later section of this thesis,

Dehydration of ¥ -Glycols
The dehydration of ¥ =-glycols also has been studied only
in respect to its application in the practical production of
other organic compounds. However, from the results given in

several patents (24) covering the conversion of butanediol-l,4
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and its homologues to tetrahydrofurans and diolefiné,
several conclusions may be made. i

Basic oxides, neutral salts, and acidic catalysts at
the lower temperatures favour the elimination of a water
molecule between the two hydroxyl groups, resulting in the
ring closure and the formation of a five~membered hetero=-
cyeliec ring. The stability of five-membered rings in con-
trast to the relative instabllity of three-~ and four-membered
rings (78) accounts for ring formation in the case of the
Y-glycols. At higher temperatures, it would appear that
basic and acidic eatalysts behave differently. The former
favour carbon-carbon fission resulting in the formation of
propylene and formaldehyde. The acidic catalysts, on the
other hand, produce butadiene. Whether these gaseous products
arise directly from the glycol or through the intermediate
formation of tetrahydrofuran is open to question. The
mechanism of these reactions will be discussed more fully in

a later section of this thesis.
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Bentonites

The catalyst used throughout this present investigation
was Morden bentonite. A brief description of bentonites in
general followed by an outline of work previously carried out
in this University on Morden bentonite as a vapour-phase
catalyst will now be given,

Bentonite was first described by Knight in 1898, It is
a colloidal clay, whose particle size lies between 10-200mu.
(79}, This clay, which has been derived from the alteration
of volcanie ash or turf, is usually largely composed of mont-
morillonite. Montmorillonite, an hydrous aluminium silicate
of the general formula (Mg,Ca)0.41203.55102.nH20 where n= 5~
7, 18 a massive clay~-like substance showing an X-ray pattern
of kaolinite and may be composed of that mineral enclosing
colloidal particles within the structure (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 Morden bentonite occurs in a large bed in Manitoba with
a total thickness of eight feet. A4 yield of 6000 tons may
be Tecovered from one acre (81).

Bentonites conmsist chiefly of hydrous aluminium silicate
and they usually cantain small amounts of oxides of alkalis

and alkaline earths. They have no narrow chemical composition
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and their physieal properties are not eonstant. Morden
bentonite analyzes for approximately twenty per cent alum;na,
forty~five per cent silica, and for traces of ferric oxide,
magnesium oxides, and calcium oxide., About twenty-five per
cent is lost on ignition representing adsorbed water and
water of erystallizatiom (82).

Bentonites are seldom used as catalystsiin the raw
state but are usually activated by boiling the e¢lay with
dilute sulphurie¢ acid for several hours, followed by filter-
ing, washing, drying, and screening to the desired mesh (83).

Bentonites have found important industrial uses in re-
cent years. Gallay (81) used bentonites to refine and bleach
ﬁetroleum and fatty oils and found Morden bentonite to be
superior to many earths being imported into this eountry.
Bentonites have been used as ecatalyst earriers in a few or-
ganie vapour-phase reactions, as for example, the cyclization
of aliphatie compounds in the presence of bentonite and ox~
ides of vanadium, neodymium, or tantalum (84). They have
"also been used as catalysts themselves in the desulphuriz-
ation of petroleum oils (85).

In recent years, clays in general have found inereas-
ing use in a great variety of high-temperature catalytic
reactions. An investigation was begun in this University to
determing the catalytic activity of Morden bentonite in
several types of organic reactions (2,3,4).

A summary of the types of compounds studied and the
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main reactions observed is as follows:

Compound Type of Reaction
Aliphatie alcohols Dehydration

Aliphatic and eyclic ketones Dehydration and fission to
carbon monoxide and olefinic
hydroearbons.

Aliphatic aeids Fission to saturated hydro-
carbons and carbon dioxide.

Aromatiec hydrocarbons Dealkylation

Wasson (3) in particular studied the dehydration of
primary, secondary, and tertiary alcohols over Morden benton-
ite. Pentanol-l was dehydrated almost completely to isomeric
pentenes. At temperatures ranging from 300-400°C, and at feed
rates of one to two cubiec centimetres per minute, tha'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°C, and feed rates of one to two cubic centimetres per
minute. The dehydration was quite complete with only small
amounts of the aleohol remaining unchanged. Pentanol-3 has
been dehydrated over alumina by Leenderste, Tulleners and
Waterman (88) at 380-400°C. A yield of 81 per cent of pen-
tene-2 was obtained. This would indicate that bentonite is

superior to alumina 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
olefins, 2-methylbutene-2 andvz-methylbutene-l, in yilelds
of 92-94 per cent at temperatures of 300-400°C. and feed
rates of one to two cubic centimetres per minute, This
again indicates the efficient dehydration action of Morden
bentonite.

Wasson has also studied the action of Morden bentonite
on the aliphatic'ketones, acetone and methyl isobutyl ke-
tone, as well as the cyelic ketone, cyelohexanone. Two re-
actions were observed in the case of acetone. The first in-
volved the elimination of a molecule of water to form allene.

CHzCOCHy —— CHp=C=CHg + Hp0
This reaction was predominate at the iower temperstures,
particularly at 350°C. At higher temperatures, large quan-
tities of methane, ethylene and carbon monoxide were formed.
These gases were assumed to arise %trough the formation of
ketene and methane followed by decomposition of the ketene
to carbon monoxide and ethylene.

CH3COCHz — % CHp=C=0 + CHg

2CHg=C=0 —— 2C0 + CHg=CHp

In the case of methyl isobutyl ketone the same two
types of reaction were observed. At the lower temperatures
part of the ketone was dehydrated to form the diene, 4-methyl-

pentadiene-1,3.
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CHzCOCHoCH (CHgly —— 3 CHgp~ €=CHCH(CHz)p + HpO
CHp=C=CHCH(CHzlg ———— CHg=CH-CH=C(CHz )z
As the temperature was progressively increased, however,
quantities of isobutylene, methane and c¢arbon monoxide were
formed. This reaction was thought fo involve the inter-
mediate formation of a ketene derivative and methaﬁe followed
by decomposition of this ketene to carbon monoxide and iso-
butylene,
CHzCOCHgCH(CHz)p —+ CHg + (CHz)gCHCH-C=0
(CHz )gCHCH=C=0 ———— (CHz)gC=CHg + CO
€yclohexanone was also dehydrated by passage over
Morden_bentonite, the main produect at temperatures up to
500°C. being the diolefin, cyclohexadiene-1,3. Yields were
small, however, with the greater part of the ketone passing
through unchanged. At higher temperatures, cracking to |
gaseous products was found to occﬁr.

It is to be noted that the dehydration of ketones to
diolefins has rarely been observed. The :esults of VWasson's
investigation on these three ketones indicate that Morden
bentonite ig exceptional in its dehydration aetivity.

The decomposition of acetie acid over this bentonite
has also been studied. In the case of this compound, the
main reaction 1is fission‘te carbon dioxide and methane, with
dehydration to acetic anhydride and formation of acetone

occurring only to a slight extent.

Several workers in this department have found Morden



bentonite to be efficient as a dealkylation eatalyst for
substituted aromatic hydrocarbons. Deans (2) obtained ex-
cellent yields of toluene by passing p-cymene over this
catalyst at a temperature of 500°C. Morton (4) has found
that 1l,1-diphenylethane 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 bf one to three cubic centimetres per minute.

From this survey, it would appear that Morden bentonite
is highly active for both dehydration reactions, ;nd re-
actions involving carbon-to-carbon fission. It was because
of its high dehydration activity that Morden bentonite was

chosen as a catalyst in the present investigation.



EXPERIMENTAL PROCEDURES AND DISCUSSION OF RESULTS
Apparatus

Catalysis Apparatus

Two types of catalysis apparatus were employed in the
present investigation. The first was an all-glass apparatus
consisting of a separate preheater and a horizontal furnace,
The second apparatus had the preheater incorporated into the
furnace itself, which was of the vertical type with an iron
catalyst tube. " A description of each type together with the
advantages and disadvantages of each will follow.

The all-glass apparatus is shown in Figure I. A is a
constant-level mercury reservoir from which mercury is fed
into a graduated chamber, B, containing the liquid under in-
vestigation. The connecting tubing is capillary and the rate
of flow is regulated by means of a stop-coek. The mercury,
by displacement, forces 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 sufficient 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

maintained at a temperature 30-40°C. above the boiling point
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of the liquid. The catalyst tube is made of No.l72 Pyrex
resistant glass. It is 100 ¢.m. in length by 1.5 e.m. inside
diameter and is contained in a slightly 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 elements are surround-
ed by a 36 inech section of asbestos pipe-covering, two and
one-half inches in thickness, for insulation purposes. i
chromel~-alumel thermocouple is placed in the furnace and
immediately outside the catalyst tube. The e¢atalyst tube is
connected by means of a short adapter to a Frederich condenser,
F, which is fitted with a recelver, G, for liquid products
and has an outlet, H, for gaseous products. The gaseous pro-
ducts pass through a small bubbler trap, 1, into the gaso—
meter, J. A gas sample for 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 of apparatus is suitable only in the case of

low=-boiling liquids and at the lower feed-rates, Liquids
boiling higher than 180°C. cannot be waporized conveniently
by means of an oil bath and, in general, for all liquids
Teed=-rates of over four cubic centimetres per minute cause
a liquid build-up in the preheater vessel. This type of

catalyst tube, however, has the advantage of low holdup,
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non~-interference in the catalysis reaction, and c¢onvenience
in the recharging and reactivation of the catalyst.

For the higher boiling compounds studied in this in-
vestigation, and at the faster feed-rates, the vertical-
type furnace was employed.* This apparatus is shown in
Figure II. 4 is, as previously described, a constant-level
mercury reserveir from which mercury can be fed into the 200
c.c. graduated vessels, B and C, which contain the liquid to
be studied and water, respectively. (The vessel € 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 the ceatalyst tube, D, which con~
sists of a one-inch 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 accomodate
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-guarter inch iron
tube of which a four-inch length is water~jacketed. The
remaining length 1is curved to make contact with a Frederich
condenser which is connected to receivers for gas and
liquid products as described in the all-glass apparatus.

The lower portion of the catalyst tube is packed with
the catalyst, immediately above which is placed the metal

Junction of the thermocouple L. This thermocouple is

*This furnace was designed and constructed by Morton and
Nicholls (4),
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suitably insulated and surrounded by pumice or steel-wool
which serves as a heat-transfer medium for the vaporization
and preheating of the mterial 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 of the vapours entering
the catalyst, and also that of the main body of the catalyst
itself. The furnace, K, consists of three Hoskins heating
elements surrounded by asbestos pipe-insulation. The top
heater is separately controlled to maintain any desired heat
input for vaporization and preheating of the vapours. The
two lower heaters are wired in series and in parallel, and
are maintained at any desired temperature for the catalytiec

reaction.

Gas Analysis Apparatus

Since a study of gaseous products played an important
part in this investigation, it was found desirable to con~
struct more accurate Gas Analysis Apparatus than had been
used in previous catalytlc studies in this University. A
Bone and Wheeler apparatus was constructed for the general
gas analysis, while a special apparatus was constructed for
butadiene analysise.

Bone and Wheeler ipparatus:- This apparatus, shown in

Figure III, is a modification of the standard type of Bone
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and Wheeler Apparatus described by Grice and Payman (89).
It consists essentially of four main parts, namely, a U-~tube,
A, whicﬁ is water Jacketed and backed by a mirror scale for
measurement of the gas, an absorption dome, B, connected to
the U-tube by capillary tubing and inverted over a mercury
trqugh,'a copper-oxide slow-combustion furnace, €, and a
plaﬁinum-rcoil slow-combustion pipette, D. The copper-oxide
furnace is an addition to the standard apparatus, while the
platinum ~coil pipette is substituted for 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 IIT
Reagent Gag Absorbed
Concentrated KOH solution Carbon dioxide
Sulphuriec acid 67% & Isobutylene
Sulphuric acid 90% b All other unsaturates excluding
ethylene :
Bromine water Ethylene

Alkaline pyrogallol solution Oxygen

Ammoniacal cuprous chloride
solution Carbon monoxide

a.This concentration of sulphuric acid was used by
Dobrjanski (90) for separating isobutylene from other olefins.
Davis and Schuler (91) have shown that isobutylene is ab-
sorbed eighty times faster than butene-2 with 70% sulphuric
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acid whieh, in turn, is absorbed faster than propene or
butene~2. 1In our experience, 67% sulphuric aeid absorbs
some butadiene as well as isobutylene, but gives an analysis
within one to two per cent of the actual value.

b.Davis and Schuler (91) have shown that ethylene is only
very slowly absorbed by 90% sulphuric acid.

For hydrogen determination, the eopper-oxide tube is
evacuated by Toepler pump action and the gas passed over the
oxide at 250-270°C., followed by re-evacuation and measure-
ment of the residual gas. This is repeated until no further
contraction oceurs. Saturated hydrocarbons are determined
in the usual manner by combustion over a glowing platinum
coil.

Butadiene Apparatus:- 4 prolonged study of Universal

0il Produets Apparatus for butadiene analysis falled to give
satisfactory results. A modification of an apparatus de-
signed by Cambron at the Bational Research Council, Ottawa,
(93) was then constructed. It is based on the Diels~ilder
reaction between butadiene ahd maleioc anhydride., The ap-
paratus 1s shown in Figure IV. It c¢onsists of four main
parts, namely, a gas sampling tube, 4, provided with a
mercury levelling-bulb, a drying tube, B, a water-jacketed
gas measuring-burette, C, with a mercury levelling-bulb, and
and Orsat gas absorption pipette, D, surrounded by an elec-

trically-heated water-jacket and provided with a levelling

bulb.
In operation, the first step involves the charging of

the Ofsat pipette with maleic anhydride. The water
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surrounding the pipette is heated to boiling, and the mer-
cury levelling~bulb is detached above the stop-coek E.
Stop~cocks F and G are turned so as %o connect the pipette
with the measuring burette, and two to three grams of molten
anhydride are drawn into the pipette by slowly lowering the
burette levelling-bulb. The pipette levelling-buldb is again
connected to the pipette. The anhydride is then raised to
the mark K and the stop-coek F turned so as to eonnect the
bulb H with the burette.

The drying tube and eapillary tubing to stop-cock G
are evacuated by Toepler pump action, and G iz turned to
connect the burette with the bulb H. The burette levelling-
bulb is raised until a little mercury flows beyond the stop-
cock I, which is then closed. A gas sample is now passed
slowly from the sampling tube A into the burette and measured
at atmospheric pressure. (For samples containing over 90
per cent butadiene the gas is diluted with approximately an
equal volume of air taken in at J). The gas is then passed
into the absorption pipette. After ten to fifteen minutes,
the gas is returned to the measuring burette, the maleie
anhydride being raised to the level K as before. This pro-
cess is repeated until no further abéorption of gas ocours,
After the final pass, the gas in the connecting capillary
is displaced by allowing the mercury from H to flow down to
the stop-cock G. The final gas volume ig then measured.

The first gas sample serves only to saturate the maleie
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anhydride with soluble hydrocarbons other than butadiene.
This is followed by analysis of another sample from A, the
contraction in volume this time being due to the removal of
butadiene alone. Two successive 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. After dis-
carding the maleic anhydride, the pipette is washed with
acetone and dried, After two charges of anhydride, the ap?
paratus becomes quite dirty and both the pipette and measur-

ing burette are cleaned by filling with c¢leaning solution.

Fractionation Columns

In previous work carried out at this University, the
liquid products were separated into main fractions by dis-
tillation in a modified Claisen flask, followed by a fract-
ionation of combined similiar fractions from successive runs
for identification purposes. For this investigation, a more
accurate method of analysis was required. It was decided to
attempt to construct a fractionation column which had the
following characteristics:
1. A reasonably small hold-up, not greater than ten per
cent of the liquid being fractionated which usually amounted

2. An efficliency which would enable adequate separation and

identification of the various components in one fractionation.
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Se A high rate of through-put, so as to permit the fract-
ionation of a 50 c¢.c. sample in ten to twelve hours.

Two fractionation columns 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 Wire, manufactured by Driver-Harris Company,
Harrison, N. J.* 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. 1In
packing the column, care was taken that all helices were sep-
arated from one another and passed intoc 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, ecare must be taken to insure complete 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 methylecyclohexane (94). The holdup
was determined by a method described by Tongberg, Quiggle and
Fenske (95). The efficiency and holdup values at various

through-put rates under total reflux are listed below:

*This type of macking was the suggestion of Dr. R.W. Schiessler
of Pennsylvania State College
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TABLE 1V
Reflux Rate Liguid No. of Theoretical H.E.T.P.
c.c./hT. Holdup ¢.c. Plates in c.m.
30 -—— 45,7 «83
60 5.1 46.2 <82
20 6.7 43.2 .88

From this data, it is seen that the column fulfils the
requirements of efficiency and holdup. 1In 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 found very difficult to operate the column at reflux
rates faster than 60 c¢.c¢. per hour and even at this rate
flooding occurred with certain liquids. Operating at a suit-
able reflux ratio, little more than 2 c¢.c. per hour could be
taken off. Because of this fact, the column was not con-
sidered suiltable for the analysis of the liguid producis from
individual runs. It was used, however, to great advantage in
the separation and identification of very small and elosely
boiling components.

4 small glass helicescolumn was then constructed for the
analysis of products from individual runs. This column was
45 c¢.m. in length by 10 c.m. internal diameter and was packed
with single-turn glass helices 3/32 inch in diameter, The
column head was of the total eondensate, partial take-off
type. Preliminary flooding was made to insure complete

wetting of the packing during a distillation. Data on the
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efficiency and holdup of this column are listed below.

TABLE V
Reflux Rate FReflux Liquia No. of Theoretical H.E.T.P.
¢.c, per hr. Ratio Holdup c.c. Plates in c.m.
96 Total 5.0 30 1.5
240 Total - 23 2.0
360 Total 6.5 22 | 2.0
240 20:1 —-—— 14 3.2

From this data it was seen that the glass helicescolumn ful-
fils the requirements of through-put and holdup. Efficieney
has been gsacrificed, but was found adequate for most separ-

ations required in this investigation.

Preparation of the Catalyst
A sample of Morden bentonite was obtained from the
Pembina Mountain Clays Company of Winnipeg.* It was light
brown in color and very finely powdered. It readily passed

through a 200-mesh screen.

The bentonite was activated according to a method out-
lined by Gallay (8l1). The material was treated with a
twenty-percent aqueous solution of sulphuric acid of such a
volume that the weight of concentrated acid was fifty per
cent of the weight of 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,
which we hereby acknowledge with thanks.
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the clay washed thoroughly. In order to insure a catalyst
of uniform 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
at 110°C. for twelve hours, broken up, and screened to a
material ranging from 4 to 8 mesh. The catalyst was then
Teady for use.

After a catalysis run, the catalyst usually carried
some deposited carbon which impaired its activity. This
carbon was removed and the aétivity restored by passing air
slowly over the catalyst at a temperature of 550-600°¢. for
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 temperature of the furnace is allowed to rise above
700°C., sintering of 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 catalyst was reactivated
six to eight times before recharging.

Through the courtesy of the Department of Mines and
Resources an analysis of the unactivated, activated and re-
activated Morden bentonite was obtained. The results of

this analysis are as follows:



TABLE VI

ANALYSIS OF MORDEN BENTONITE
AFTER IGNITION &

Unactivated Activated Reactivated

810 61.67 71.73 72.93
Alp0s . 22.86 19,68 19.84
Fep Oz 4.89 0.87 0.28
Ca0 2.18 0.51 0.53
Mg0 4.77 4.08 3.68

Other Bodies
(by difference) %.64 3.15 2.73

a. The ignition was earried out at 1700°C. for two hours.
Loss inecluded uncombined moisture and water of hydration.
The loss on ignition for the unactivated sample was 24.94%,
for the activated 22.28%, and for the reactivated 2.77%.
It would appear that the activation process removes the
greater portion of the iron and ealcium content of the clay
as well as a small portion of the aluminium eontent thus
increasing the eatalytic surface. The drop in activity in
the reactivated eatalyst is probably due to sintering during

heat treatment.
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The Dehydration of Butanediol-2,3 over
Activated Morden Bentonite

Source and Purification of Butanediol-2,3

The laevo form of butanediol-2,3 was chosen for this
investigation. This was due to the fact that the Division
of Applied Biology of the National Research Council, Ottawa,
has developed a method for the production of this glycol
from wheat starch. This method involves cooking the wheat

and fermenting it by a soil organism known as gerobacillus,

which acts directly on the stareh to produce laevo-butane-
diol. The glycol was obtained from two sources, the
Northern Regional Research Laboratory, 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 wvolume 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 shaking. The
hydrated oxide was removed by filtration, and the greater
portion of the water removed by simple distillation. The
material was finally fractionated and the fraction having
the constants b.p. 177°C., 6200.992, n§01-4512 was used for

the catalysis investigation. Wilson and Lucas (96) have

*We hereby acknowledge with thanks the generous gift of
samples of laevo-butanediol-2,3 from the Northern Regional
Research Laboratory of the U.S. Bureau of igricultural
Chemistry and Engineering and the Division of 4ipplied Biology
of the National Research Council.
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reported a boiling point of 176.7°C. for the laevo glycol.
Density and refractive index contents were not given, how-

€VET,

Procedure

In the investigation with butanediol-2,3 the horizontal-
type of catalysis apparatus was employed. Forty grams (ap-
proximate volume 105 c¢.c.) of activated Morden bentonite
was used in each catalyst run. The catalyst was placed in
the datalyst tube and held in place by two small plugs of
glass wool. The temperature of the furnace was raised to
500°C. and held there for one hour, whereby the greater por-
tion of the water contained in the catalyst was removed.

The furnace was then quickly adjusted to the desired
temperature and maintained throughout the course of the run.
The glycol in the graduated chamber B was displaced by mer-
cury from the reservoir A and regulated fto the desired rate.
The liquid flowed into the preheater which was maintained at
220°C., The vaporized myterial then passed into the catalysis
tube and over the activated bentonite. The liguid products
were condensed in the Frederich condenser while the gaseous
products passed through the outlet He A fore-run of 15-20
c.c. was made, during wvhich time the temperatures and rate
were given final adjustment. The liquid receiver was then
changed and the run carried out under carefully regulated
conditions. The rate of gas evolution was measured in a 2-

litre calibrated vessel by displacement 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 of gas evolution.

A gas sample for analysis was collected in the sampling tube
K at about the middle of the run.

The liquid products consisted of two layers, an upper
organic layer and a lower aqueous layer. The organic layer
was salted out, separated, and dried by the addition of a
little spodium 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 of
the organic layer. Complete drying was not attempted, how-
ever, as 1t would involve excessive losses. The drying
agent was removed by filtration, and the organie liquid given
a preliminary distillation through an ordinary cléisen flask.
The product was separated into three fractions, the major
fraction distilling below 150°C., a small fraction between
150~200°C:, and some tarry residue. The lower boiling
fraction was then earefully fractionated in the small glass
helices column. An inert booster, p-cymene (b.p.177°C.), was
added to keep distillation losses at a minimum. In the ease
of small and closely boiling components further fraction-
ation was accomplished using the wire heliceScolumn. 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 purifiecation, derivatives were pre-
pared for further identifieation.

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 dibromides were
washed, dried, and given a preliminary vacuum distillation,
The material boiling below 85°C, 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 maintained at -80°C. for the condensation
of butane and propane, the second was maintained at -110°¢.
for ethane, and the third trap was immersed in liguid air

for the condensation of methane.

Results and Discussion

The various temperatures and feed -rates at which the
dehydration of butanediol-2,Z was investigated, together with
the amounts of liquid and gaseous products obtained, are
given in Table VII. 1In this Table, the runs are divided into

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



TABLE VII

DEHYDRATION OF BUTANEDIOL-2,3 OVER ACTIVATED MORDEN BENTONITE

Low-temperature Non-gaseous Runs

Run Furnace Rate Glycol Total Ligquid Organic Aqueons Vapour Products Total
No. °C. c.c./min, -8 Products~-g. layer-g. lLaver-gz. and loss—ge. Gag=l.
15 225 l 100 9905 79.3 2002 005 -
11 275 1 100 100,0 79.0 21,0 0.0 ———
16 225 3 100 99,5 80.5 19.3 0.5 -
12 275 3 100 99,2 79.2 20,0 0.8 -
13 350 3 100 94,7 74,3 20,4 53 small

High-temperature Gaseous Runs

3 450 1 100 88.3 62.1 26.2 11.7 2.88
4 550 1 100 76,7 4645 30.2 2343 11.280
6 650 1 100 58.0 29.3 27.7 42.0  24.00
7 700 1 100" 39.5 12.3 27,2 80,5 38,00
5 550 3 100 82.1 55.8 2643 17.9 5.30
8 650 3 100 71.6 45.4 26.2 28.4 12.00
9 700 3 100 6443 3740 27.3 3547 20,00

09
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gaseous runs. One rate is considered at a time in order to
show more clearly the effect of temperature upon the re-~
action.

The analysis of the organic liquid products, expressed
in per cent composition, 1is shown in Table VIII. Five
fractions were obtained in addition to a thick 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°¢C.,
was present only in traces amd was not identified. Fraction
2, boiling between 60-70°C. (mainly at 64-66°C.) consisted
of isobutyraldehyde, identified by its physical constants
and by the preparation of a derivative. TFraction 3, collect-
ed between 77-82°C., the majority of which distilled at 79~
80°C., was practically pure butanone-2. Fraction 4, dis-
tilling between 125-145°C. with a flat in the distillation
curve at 137-138°C. in the case of the lower temperature
runs, was found to consist mainly of the eyclic 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 continuous range of 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 Mitchell and Reid



TABLE VIII

ANALYSIS OF ORGANIC LIQUID PRODUCTS FROM BUTANEDIOL~2,3 EXPRESSED AS PER CENT COMPOSITION

Low-temperature Non-gaseous Runs

Run Total Organic 1. 2. 3. 4. S. 6.
No. Iayer inalyzed-g. =-60°C., 60-70°C., 77-82°C, 125-145°C. 150-250°C. Residue
in % in % in % in % in % in %
15 79.3 1.8 3.0 85.7 4,7 2.0 2.8
11 79.0 3ed 5.7 83.9 2.1 3.2 1.7
16 80.5 1.7 2.6 85.5 6.2 1.4 2.6
12 79.2 2.0 8.5 84.5 2.8 2.0 2.2
13 74.3 4.9 13.0 75.5 1.8 1.4 3.4
High-temperature Gaseous Runs
3 62,1 3.8 7.3 73.8 2.9 5.1 8.0
4 46.5 6,7 6.1 6846 3.8 7.5 7.3
6 29.3 3e3 3.7 73.5 2.2 8.9 8.4
7 12.3 2.0 3.0 69.0 3.0 8.0 15.0
5 55.8 4 8.3 74,9 1.4 5.0 6.7
8 45.4 5.0 5.7 79.3 1.4 5.6 5.0
9 37.0 3.3 4.9 80,0 1.6 3s7 64

39
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(27) when butanone-2 is passed over silica gel.

In order to show more clearly the effect of variation
in temperature and feed-rates, the three main organiec liquid
fractions; Fraction 2, isobutyraldehyde; Fraction 3, but~
anone~2; and Fraction 4, the éyclic acetal; are expressed in
per 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 sample of
the original organic layer. This appears 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
proportions, it was found that the weight of the undried
upper layer was approximately the weight of butanone-~2 in
the mixture. Consequently, it would appear that 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
consist of methane and ethane only by the cold trap con-
densation method. They were determined quantitatively by
combustion analysis.

The results of the fractionation of the olefin



TABLE IX

YIELDS OF LIQUID PRODUCTS FROM BUTANEDIOL-2,3 RUNS

Low~temperature Non-gaseous Runs

Run Furnace BRate 60-70°C.Fract. 77-82°C.Fract. 125-145°C.Fract. Moles
No, °C. CeCo % Yield as Iso- % Yield as % Yield as of water
/min, butyraldehyde Butanone-2 Cyclic Acetal Removed
15 228 1 3.0 85.0 4.7 1.00
11 275 1 5.6 82.9 3.2 1.05
18 228 3 2.6 8640 6.2 0.97
12 275 3 6.5 83.7 2.8 1.00
13 350 3 12.1 70.1 1.7 1.02
High-temperature Gaseous Runs
3 450 1 5.7 57.3 2.2 1.3
4 550 1 3e6 39.9 2.2 1,51
6 650 1 l.4 26,9 0.8 1.39
7 700 1 0.45 10.3 0.45 1.36
o 860 3 5.8 52.2 1.0 ' 1.31
8 650 3 3.8 45.0 0.8 1.31
9 700 3 2.3 3649 0.7 1.36

9



TABLE X
ANALYSIS OF GASEQUS PRODUCTS FROM BUTANEDIQL-2,3 RUNS

General Gas Analysis in Volume Per cent Butadiene Analysis
Run COg co Hp CHp=CHz Other Unsats. Saturates Volume Yield
No. including Total CHgq CgHg % %
Butadiene
3 1l7.4 14.7 0.0 2.2 43,3 19.2 3.5 156.8 5.3 0.8
4 7.3 16,7 4.1 3.0 39.1 28,3 10.4 17,9 4,2 2.0
6 1.7 27.2 11.6 5.0 27.8 25.1 12.5 1l2.5 4.2 4.1
7 1.9 27.2 14.1 8.2 20,6 2644 17.0 9.3 4.4 6.7
5 6.7 19.2 2.5 2.7 43.3 24.1 2,0 15.1 8.5 2.2
8 2.7 20.1 6.6 4,6 39.7 24,9 1l4.5 10.4 8.4 4.3
9 2.1 24.6 11.5 6.5 31.5 23,8 14,9 8.6 7.6 6.1

g9
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dibromides formed from a run earried out at 650°C, and at
a feed-rate of one cubic centimetre per minute, are shown
in Graph I. Examining this graph, it is seen that the first
flat in the temperature and refractive index curves appears
at 52°C. and ng01.537, respectively. This corresponds to
1,2~dibromoethane. The second flat, occurfing at 58.5°C.
and n%ol.szoo is 1,2-dibromopropane. A third flat is found
at 64.5°C. and nf01.5101 and corresponds to 1,2-dibromo-2-
methyl-propane (the dibromide of isobutylene). Both the
temperature and refractive index curves rise with gentle
slopes between 72-77°C. and n£01.5110-1.5150. This corres-
ponds to a mixture of racemic and meso 2,3~-dibromobutane.
The literature reports the meso form bolling at 73°C. at
50 mm. and n§°1.5116. The racemic form has a boiling point
of 75,6-75.8°C. at 50 mm. and nf®1.5147. Beyond this fract-
ion, both temperature and refractive index rise rapidly to
that of the booster. By careful analysis of the two curves,
a close approximation of the relative amounts of the indiv-
1dual dibromides can be made.
l,2-dibromoethane 10.4
1l,2-dibromopropane 34.4
1,2-dibromo-2emethyl~-propane 22.4
2,3-di bromobutane 32.8
As far as the writer is aware this method has not
previously been used as such for the quantitative estimation

of olefinie hydrocarbons. Hurd (98) analyzed an ethylene,
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propylene, and isobutylene mixture by converting the olefins
into dibromides and fractionating them into two component
mixtures. ZEach mixture was analyzed by the index of re-
fraction method, using synthetic two component mixtures for
reference.

Three runs were carried out in the presence of
water vapour. These were investigated in respect to gaseous
produects only, since the solubility of the organic liquid
products in the large volume of water present made a gquan-
titative liquid analysis impossible., The conditions of the
reaction and the analysis of gaseous products are shown in
Table XI.

The physical constants found for 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 for 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°C. From Table IX, it is seen that yields of
84~86 per cent butanone-2 are obtained at temperatures of
225°C, and 275°C. and at feed-rates of 1 and 3 e¢.c. per minute.
At 350°C., however, the yield of this ketone is reduced to

70,1 per cent. At 225°C., the main by-product is the cyclic



TABLE XI

DEHYDRATION OF BUTANEDIOL-2,3 OVER ACTIVATED MORDEN BENTONITE
IN THE PRESENCE OF WATER VAPQOUR

e

Run Furnace Rate Glyeol Water Total
No., OCO G.c.jmin. e 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 Analysis in Volume Per cent Butadiene Analysis
Run COg co Hg CHg~CHg Other Unsats. Saturates
No. including Total CHgq CpHg Volume  Yield
Butadiene %
14 2.5 17.4 7.7 5.6 43.4 2l.5 14.9 6.6 13.6 5.8
17 1.9 17.9 13.8 6.5 34,1 23,5 16,0 7.5 7.7 8.4
18 1.8 15.4 15,0 6.7 45,0 13.9 8.5 S.4 24.0 14.9

&

This is the total rate including glycol and water.

69



Compound

TABLE XIT
IDENTIFICATION OF PRODUCTS FROM THE DEHYDRATION OF BUTANEDIOL-2,3

Boiling Danséty Rer.Igdex Deriv.Melt.
Point °C, ag n Point°C.
Isobutyraldehyde Given 85 0.794 1.3730
Found 64-65 0.798 1.3747
2,4~dinitrophenyl~ Given 183
hydrazone Found 183~-183.5
Butanone~2 Given 79.6 0.805 1.37082%5'93
Found  79.6 0,804 1.370715.9
Water Given 100 0,998 1,3333
Found 100 0.998 1.3337
Isobutyral of Given®* 139 0.890 1.4095
butanediol-2,3 Found 136-139 0.893 1.4078
1,2-Dibromoethane Given 52/50 mm., 1.5379
Pound 52~53/50 mm. 1.5373
1,2-Dibromopropane Given  141.6 1.925%25) 1.5203
Found  141.8 1.916489 1.5199
Isocbutylene dibromide Given®* 65/50 mm. 1.790 ) 1.5108
2,3-Dibromobutanes meso Given  73/50 mm. 1.775(25) 1.5116
rac. Given  76/50 mm, 1.784(25) 1.5147
Found  72-77/50 mm.  1.777-1.782(25}  1.5110-1.5147
Tetrabromobutane Given 118~119
Found 117-118
a. These wvalues are for the producet synthesized in the liquid phase. <
o

b. These values are for a synthesized produect, literature values being in disagreement with

themselves,
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acetal formed by the elimination of water between iso-
butraldehyde and the glycol.
CHzCHOH GH5CH-0\\

+ 0=CHCH(CHz)g — _
CHzCHOH CHzCH-0

CHCH(CHgz)p

As the reaction temperature is increased, less of the cyclic
acetal is formed since the glycol is converted completely

to ecarbonyl compounds before acetal formation ean oecur. 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 II 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 remsinder consisting mminly of carbon mon-

oxide, carbon dioxide, and saturated hydrocarbons. Aais the

temperature is increased, the percentage of unsaturates
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decreases, while increasing amounts of hydrogen, carbon mon-
oxide, and ethylene are fomed. Less carbon dioxide, however,
is formed at the higher temperatures. The volume of the
saturated hydrocarbons remains about the same above 550°C.,
while the ratio of methane to ethane 1ncreases greatly with
increasing temperature. An increase in the feed-rate from
lc.ce to0 3 c.c. per minute is approximately the same as a
decrease in temperature ofleO Centigrade degrees.

Butadiene ylelds are small., A slightly lower percent-
age in the gas evolved 1is found at the higher temperatures,
but an increased decomposition causes the butadiene yield to
rise with temperature. An increase in feed-rate inereases
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 of the high-temperature
decomposition. As expected, the volume of gaseous products
is decreased in the water-vapour runs, owing to a decrease
in catalyst contact time. On the other hand, the percent-
age of unsaturated hydrocarbons (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 run analyzes 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°C, 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 butadienevyield is 6.7
per cent, 8,4 per cent and 14.9 per cenf respectively. The
highest yleld 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 atom containing the second hydroxyl
group. In either case, a carbonyl type of compound will re-
sult. Un 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 butadiens.

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 rollowéng reaction.
/)FH380H20H3
CHgGH-GHCHg —> [CHS?H-?HCEis] 0

OH OH 0. \\*ECCH(Cﬂs)z
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A water moleculs is eliminated between one hydroxyl group and
the hydrogen atom of the second hydroxyl group, this being
followed by the migration of a hydrogen atom to form but-~
anone-2, or by the migration of a methyl group to form iso-
butyraldehyde. The ™migration aptitude" of hydrogen is known
to be greater than that of a methyl radicle (100}, which will
explain the large proportion of ketone in the reaction pro-
duct. On the other hand, butanone-2 may arise from a differ-

ent mechanism,

H OH OH
This is essentially a "vinyl dehydration®. It is to be

; f
CHSCH"C'HCﬁg — l}3H3C"(§HCH5] —3CHzCCH2CH3

noted that butanone-2 énly can bhe formed by ﬁhis reaction.
Since considerable quantities of iscbutyraldehyde are
formed in the dehydration process, it would appear that the
first mechanism is the correct one. The possibility must be
recognized, however, that the two types of reaction may be
going on simﬁltaneously, the first producing both ketone and
aldehyde, the second ketone alone. Nevertheless, if the
"vinyl dehydration™ reaction were to take place to any great
éxtent, then the rétio of isobutyraldehyde to butanone-2
formed by the first reaction is greater than would be expect-
ed from the relative "™migration aptitudes™ of the hydrogen
atom and the methyl rédicle as observed in the rearrangement
of other glycols. This is particularly evident at 350°C.
where a 12.1 per cent yield of the aldehyde was obtained.

Further evidence against the "vinyl dehydration®
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mechanism is found by analogy with the decompositidn,of the
corresponding diacetate over Morden bentonite. In addition
to butadiene, butanone-2 and isobutyraldehyde were obtained
in considerable quantities while unsaturated esters were
present only in traces. These carbonyl compounds 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. %Vhile this analogy

to the dehydration of butanediol-2,3 may be open to criticism,
in the writer's opinion, it is a more direct argument against
vinyl dehydration than that furnished by Wallis (62) in a
consideration of the rearrangement of phenolic ethers and
alkylated anilines.

Whether the dehydration reaction involves the formation
of free radicles or occurs through an electronic mechanism,
as postulated by Whitmore for the liquid-phase reaction, is
open to question. It might be added, however, that the con-
cept of a slippage of atoms or groups without the existence
at any time of an intermediate independent radicle may well
apply to the rearrangement of butanediol-2,3 in the vapour
phase over bentonite.

Turning now t0 a consideration of the high~temperature
gaseous runs, the following question arises. d4re the high-
temperature decomposition products formed directly 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 dehydration of ketones, it is possible that
the small amount of butadiene in the gaseous products does
not arise directly from the glycol, but from a dehydration
of butanone-~g2 to methyl allene, followed by isomerization to
butadiene.
CHzCHoCOCHy ———  CHzCH=C=CHg
CHaCH=C=CHp ——  CHg= CHCH=CHg

Consequently, the investigation was extended to a short study
of the decomposition of butanone-Z over activated lorden ben-
tonite. It was hoped that this work might assist in estab~
lishing the most favorable econditions for the dehydration of
the glyocol to butadiene, and also might assist in establishing
the mechanism of the high-temperature decomposition.

The various conditions used in the butanone-2 decom-
position and the analysis of the gaseous produects are given
in Table XITI. Liquid products were alsc 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 from the ketone molecule.
At 550°C. and at a feed-rate of 1 e¢.c. per min. as much as
0.5 mole of water was obtained per mole of butanone-2. Methyl
allene could not be isolated, however, and butadiene is pres-
ent only in very small amounts. The gaseous products contain
a smaller percentage of unsaturated hydrocarbons than the gas
evolved under similiar conditions in the case of the glyeol,
while larger quantities of carbon monoxide and saturated hy-

droecarbons are formed., Isobutylene is one of the major



TABLY XII1

DECOMPOSITION OF BUTANCNE-2 OVER ACTIVATED MORDEN BENTONITE

Run Furnace Rate Ketone Total Liquid Organie Aqueous Vapour Products  Total
No. °C. c.C./min. g Produets g, layer g, layer g. and loss g, Gas 1.
21 450 1 80.4 72.0 68.0 4.0 8.4 3.16
19 550 1 80.4 52.1 42.2 9.9 28,3 15.00
80 650 1 80.4 40.7 31.7 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
70 850 C.8plus 80.4 plus

1.2Hg20 122.0 Hp0 - - - - 14.83

General Cas Analysis in Volume Per cent Butadiene Analysis
Run €0, CO Hp CHg=CHpy 1Iso- Other Unsats, Saturates Volume Yield
No. butene  ineluding Total CHy CgHg %

Butadiene

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 5.3 185.8 13.1 5.7 12,0 8.5 37.0 25.5 1l.7 3.7 4.4
g2 23.1 17.8 1.9 2.3 15.2 12.5 26.1 11.9 14.2 3.1 0.7
23 8,0 17.8 S.9 5.9 11l.1 10.8 35.5 25.1 10.4 3.6 1.8
70 1.7 12.4 10.2 4.9 4,0 373 29.4 -- - 11.2 7.4

84
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components of the unsaturated hydrocarbons.

Very little work has been done on the vapour-phase de-
composition of butanone-g. Hurd (101) found thét, under the
Influence of heat alone, the ketone forms small quantities
of ketene and methyl ketene, Mitchell and Reid (97) studied
the decomposition of butanone-2 over silica gel. They ob-
tained high-bolling condensation products accompanied by con-
siderable gas formation. This gas gave an analysis closely
approximating that found by passing the ketone over bentonite
in the present investigation.

Baaed on an analogy wlth Wasson's results with other
ketones, and supported by the fact that a congiderable amount
of water was obtained in the liquid products, one may assume
that one reaction involved in the decomposition of ﬁutanone-a
over bentonite is a dehydration to methyl allene (butadiene-
1,2). That this does not isomerize to butadiene-1,3 is not
surprising. Slobodin (102) bas found that methyl alleme,
when passed over floridin at 245-330°C., yields a small amount
of ethyl acetylene and only traces of butadiens. Furthermore,
Hurd and Meinert (103) have found from a non-catalytic treat-
ment of methyl allene at 500-550°C., thaf a complete decompo-
sition is effected in 36 seconds, the deeomposition products
consisting orvcarbon, hydrogen, methane, ethane, propene,
allenes, acetylenes, and liquids of a polymerie nature. This
wvould account for the faet that methyl allene could not be

isolated and only traces of butadiene were formed.
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Other reactions appear to oceur simultaneously with
the déhydration reaction. These involve the formation of
carbon monoxide, ecarbon dioxide, olefins including iso-
butylene, and large quantities of saturated hydrocarbons.
Wasson's hypothesis, involving the intermediate formatiom
of a kétene derivative followed by its decomposition to car-
bon monoxide and an olefin, does not provide an adeguate ex-
planation for the formation of these products, particularly
for the large quantity of carbon dioxide, and the branched-
chain olefin, isobutylene. A more complete investigation
of the decomposition of butanone-2 is necessary before offer-
ing a mechanism for these changes.

Although the analysis of the gaseous products obtained
from butanone-2 differs considerably from the analysis of
the glycol gaseous products, it must be remembered that in
the case of the glycol the decomposition occurs in the
presence of one mole of water. That water éan greatly in-
crease the unsaturated hydrocarbon content of the gas at the
expense of other components was shown c¢learly 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 of such a volume of water that the same dilution was
realized as in the case of a glycol run carried out in the
presence of one volume of water., It was found that both the
total unsaturated content of the géa and the butadiene con-~

tent compared favorably with that found in the case of this
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glycol water-vapour run. This would strongly indicate that

at high temperatures the gaseous decomposition takes place
through the intermediate mono-dehydration products.

It must be remembered that superimposed upon the de-
composition of the intermediate butanone-2 in the glycol runs,
a small amount of isobutyraldehyde is also undergoing decompo-
sition. Nef (104) has shown that isobutyraldehyde at high
temperatures decomposes to carbon dioxide, hydrogen, methane,
ethane, ethylene, and propylene,

On the basis of these results, it would appear that the
butadiene was formed through the intermediate ketone in both
the dry-glyecol and the water-glycol runs. The effect of
water vapour in increasing the butadiene content of the gas
is d@ifficult to explain. Patents (105) have been taken out
for the use of water wvapour in reducing char formation on
vapour~phase catalysts, thus maintaining their activity.
Furthermore, it may be pointed out that because of its low
molecular welght, a small welght of water greatly inereases
the volume of vapour passing over the catalyst, consequently
decreasing catalyst contact time. It 1s probably by this
latter effect that water inereases ﬁhe butadiene yield., The
methyl allene formed from the intermedlate ketone in the case
of a dry glycol run decomposes almost entirely to other
produets. IHowever, in the presence of water vapour, it is
possible thét the contact time is so deereased that part of

the allene is not decomposed but rearranges to butadiene,

Although 1t is known that at 300°C. over floridin this
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rearrangement occurs only to a slight extent, the course 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 butadiene. On the other hand, it
has been shown that excellent yields of butanone-2 may be
obtained by a low-temperature dehydration of the glycol over
bentonite. A yield of 85 per cent has been obtained and it
is possible that this might be inoreased to as high as 90
per cent by working on a larger scale. A definite limitation
in the yleld is seen, however, in the formation of small
quantities of isobutyraldehyde and the cyelic acetal,

This method for the econversion of butanediol-2,3 to
butanone-2 has the advantage of an extremely cheap catalyst,
low temperatures, and fast rates of through-put. VWhether
this method can be used for the industrial production of
butanone~2 depends, in the writer's opinion, entirely upon
the availability of the butanediol-2,3. Recent reports from
the National Research Council indicate that this glycol can
be produced cheaply and in large quantities by making use of
our large wheat supplies. It is concelivable that by this
method, Cangda can manufacture large quantities of this very

useful and, at present, relatively scarce material.
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The Decomposition of Butanediol-2,3 Diacetate
over Activated Morden Bentonite

Preparation of the DPlacetate

At this stage of the investigation, an adequate supply
of laevo butanediol-2,3 could not be obtalned for the prep-
aration of the laevo diacetate. Material was obtained,
however, from the Heyden Chemical Corporation, New York,
consisting of a mixture of the meso and dextro forms, the
ma jor portion being meso. !ﬁe'mcthods wefe examined for the
preparation of the diacetate. The first was a method re-
ported by the Northern Regional Research Iaboratories (14,
106) and consisted of the reaction of acetic acid and the
glyéol in the presence of a amall amount of concentrated
sulphuric acid. Isopropyl acetate was used as an entrainer
liquid, and the water formed in the esterification procesgs
was removed continuously by azeotropiec distillation. Upon
fractionation, a constant bolling material was obtained with
a high and varying refractive index. A saponifiecation
equivalent was determined according to the method of Hedemann
and Lucus (107) and found to be 97.1, while the theroetical
value for the éiacetate is 87.0. This, together with the
high refractive index, indicated the presence of a consider-
able quantity of mono-acetate. |

The second method, employing acetic anhydride, was
essentially that described by Wilson and Lucas (96).
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Forty-five grams of dutanediol-2,3 was mixed with 117 grams
of acetie anhydride and one to two drops of sulphuric acid
was added. The temperature of the mixture rose very slowly
over the course of five to ten minutes to 40-50°C. At this
point, a violent reaction was found to occur, the temper-
ature rising almost instantaneously to the boiling point of
the anhydride, necessitating external c¢ooling in an ige
bathe This reaction subsided in a few minutes and the mix-
ture was allowed to stand without further cooling. In some
instances an initial heating to 40°C. was necessary in order
to start the reaction. Several lots were treated in the
above manner, eombined, and allowed to stand for twenty-four
hours. The material was then fractionated through a three-~
foot Whitmore-Fenske column, packed with 3/32 ineh glass
helices, under reduced pressure and a product boiling at
76°C. at 50 mm. was obtained in a yield of 88 per cent.

This material had the following constants: b.D.ngq 192°C.,
a2°1,021, ng%1.4121 and a saponification equivalent of 87.1.
Winstein and Wood (108) report the following physical con-
stants for the pure meso isomer of dutanediol~2,3 diacetate:
a§5l.oai, n§§1.4122. The theoretiecal saponification equiv-
alent is 87.0, |

Progcedure
The horizontal-type catalysis furnace was used for the
work on this compound carried out at the slow feed-rates,

while for the faster feed-rates, the vertical-type furnace
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was employed, Pumice was first used as a heat-transfer
medium in the preheater of the vertiecal furnace, having been
found satisfactory for hydrocarbon studies in this University.
In the case of the dlacetate, however, it was found to be
entirely unsatisfactory, causing extensive carbonizatlion and
the evolution of large volumes of hydrogen. Steel wool was |
then employed and gave satisfaetory results.

Varying amounts of the catalyst were employed in the
investigation of the diacetate. Before use, water was re-
moved from the catalyst by a preliminary heating to 500°C,
The procedure followed in the case of the diacetate runs
carried out in the horizontal-type furnace was essentially
that previously described for butanediol-2,3. For the work
involving the vertical-type furnace, the following procedure
was employed. The furnpace temperature was first adjusted so
that both thermocouples registered the desired temperature
ror the run, The dlacetate was then passed into the catalyst
tube from the graduated vessel B and, in the case of the
water -vapour runs, water was passed into the tube from the
vessel C., Shortly after the entry of the liquids into the
eatalyst tube, a drop in temperature was registered in the
top thermocouple L. Additional heat was then supplied to
the preheater elemant. This was so adjusted that the vapours
entering the catalyst were at a temperature no lower than
30°C. below the desired run temperature. Care was taken,
however, to prevent over-heating in the preheater zone of the

furnace causing pre-cracking of the material hefore its entry
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into the catalyst. In the case of the very fast feed-rates,
additional heat was also supplied to the lower heating el-
ements in order to maintain the catalyst at the desired
temperature. A fore~run of 25-35 c.c. was required in order
to establish equilibrium conditions. Gas and liquid products
-were collected and measured as described in the investi-
gation of butanediol-2,3.

The liquid products contained a large quantity of dis-
solved gas of high butadiene content. This was removed by
heating the liquid to boiling under a reflux eondenser con-
nected to an aspirator bottle inverted over a water trough,
The liquid was refluxed until gas was no longer evolved,
This gas was measured and analyzed for butadiene content
only. The liquid products were given a preliminary dis-
tillation and separated into a fraction distilling below
200°C, and a tarry residue., The distillate was then care-
Tully fractionated in the small glass-heliceseolumn using
the diacetate itself as an inert booster. VWhen unchanged
diacetate was present in the liguid produocts, it was deter~
mined by collecting fractions up to the boiling point of the
ester and measuring the volume of residue remaining in the
pot. The wire-~helicescolumn was used for the separation and
identification of small and closely boiling components. The
boiling point, density, and refractivé index were determined
for each ecomponent. When these constants did not echeck

elosely with the literature wvalues, derivatives were formed



87

for further identification. The gaseous products evolved
in the catalysis runs were analyzed in the Bone and Wheeler
apparatus. A separate analysis was made for butadiene con-

tent.

Results and Discussion

The conditions of each run and the amount of liquid
and gaseous products obtained are given in Table XIV. This
tabulation includes the dry runs using both the horizontal
and vertical-type furnace, as well as certain runs carried
out in the presence of water vapour. Liquid products are ex~-
pressed as the net weight after the removal of the dissolved
gases., This gas volume is added to the volume of gas evolved
to give the total gas produced in each run.

The analysis of liquid products expressed in pe;4eent
eomyosition 1s given in Table XV. Eight fractions were ob-
tained in addition to a small amount of tarry residue re-
maining after the preliminary distillation. Fraetion 1,
boiling at 54-58°C., consisted minly of acetone whieh was
identified by its physieal eonsténts and by the preparation
of a derivative, dibenzylidene acetone. Fraction 2, dis-
tilling between 62-68°C. and present only in traces, was
identified as isobutyraldehyde by the formation of a 2,4~
dinitrophenylhydrazone. Fraction 3, distilling at 71-74°C.,
was an azeotropic mixture of butanone~2 and water, Thi#
azeotrope contains 33 mole per cent (10 per cent by weight)

of water and has a boiling point of 73.5°C. (109].



TABLE XIV
DECOMPOSITION OF BUTANEDIOL~-2,3 DIACETATE OVER ACTIVATED MORDEN BENTONITE

Run Catalyst Furnace Rate Diacet- Net Vapour Gas  Gas in liq. Total
No. g. °Ce  CeCe ate Liquid Products Evolved Products Gas
/min. . Products g. and loss g. 1. 1. 1.

Horizontal Glass Furnace

26 50 400 3.6 100 8l.5 18.5 5.03 3.0 8,03
25 50 450 5.6 100 69.3 50,7 12.65 - 1.5 14.15
24 50 450 1.0 100 56.3 43,7 23,00 0.5 23,50

Vertical Iron Furmace

39 50 450 8.0 100 84.1 15.9 5.83 4,10 9,93
38 50 500 10.0 100 73,9 26,1 8.00 3.55 11,55
35 20 450 8.0 100 73.5 26.5 11.85 2,75 14.00
34 90 490 10,0 100 70,9 29.1 15,75 1.6 15.35
33 20 500 6.0 100 46.1 25,9 29,58 0,45 30,03

Water Vapour Runs using Iron Furnace

36 90 500 6.0%° 100 plus 172.4 19.6 11.00 11.00
92 HpO

37 90 500 2.,08° 100 plus 165.8 36.8 18,00 18.00
' 102 HgO

a, This 1s total rate including diacetate and water.



TABLE XV

ANALYSIS OF LIQUID PRODUCTS FROM BUTANEDICL~2, 3 DIACETATE
EXPRESSED AS PER CENT COMPOSITION

RUN TOTAL 1, 2, 3 4, 5 | 6 7 8 9
No. LIQUID 54-58 C, 62-68 Co 72-75C. 77-81 C. 90-110 C. 116-120 Co 137-140 C. 187-192 ¢, Residue

e Acetone Isobutyr- Butanone Butanone Water Orgeanic Acetic Acstic Unchanged %

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

Horizontal Glass Furnace
26 8l.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 - 2.8 60,0 - Se4 2.8
24 5645 7.1 1.2 22.4 - 745 3.0 54,3 - - 4.4
Vertical Iron Furnace
39 84,1 2.4 0.8 - 1l.2 - 1.8 63.8 4,6 13.0 2.4
38 739 3.0 1.3 5.0 4.6 - 2.1 .1 - 4,2 2.7
35 7345 5.9 1.4 4,7 11.0 - 245 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 %
37 165.2 1.9 0.5 9.2 - 59.2 - 28,1 - - 0.9
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Fraction 4, obtained only in the cases in which all the water
in the liquid products was removed in ¥raction 3, distilled
at 77-81°C. and consisted of butaneneoz. This ketone, from
both Fractions 3 and 4, was identified by its physical con-
stants. Fraction 5§, boiling over a continuous range from
90-110°C,, consisted of two layers in the case of runs in
vhich the formation of water was large. For those runs in
which all the water was removed in the azeotropie mixture,
this fraction consisted of one phase only. Repeated fract~-
ionation failed to isolate amy single component, but the boil-
ing point range and the odor of the material indicated that
it eonsisted of a mixture of unsaturated esters. Fraction 6,
the main fraction of the liquid produéts, distilled at 116~
120°C., and was identified by its physieal constants as

acetic acid. Fraction 7, obtained only in the two runs in
which no water‘wgs formed in the reaction, distilled at 137~
139°C, and was acetie anhydride. This compound was ident-
ified by its physical econstants and by the formation of a
derivative, acetanilide. Fraction 8, distilling at 187~
192°C., was unchanged butanediol-2,3 diacetate,

In Table XVI, the mafor liquid components are expressed
as pef cent of tﬁe theoretical yield in order to show more
clearly the effect of temperature, feed-rates, and the amount
of catalyst. The ratio of the yields of butadiene to but-

anone~2 are also given. This ratioc will receive further con-

sideration later.



TABLE XVI

YIELD OF PRODUCTS FROM BUTANEDIOL~2,3 DIACETATE RUNS

Run €atalyst Furnace Rate Acetone  aAeetie Aeid Butanone-2 Butadiene Ratio of
No. g. °c. c.c./min. as % Yield as % Yield as % Yield as % Yield Butadiene %o
7 Butanone-2

Horizontal Glass Furnace

26 50 400 3.6 2.6 65.0 27.0 38.6 1.32
25 50 450 36 1l.8 59.1 27.4 34.3 1.25
24 50 450 1.0 11.8 43.6 26.6 25.7 0.96

VYertical Iron Furnace

39 50 450 6.0 5,9 76.2 22.3 47,3 2.12

38 50 500 10,0 6.5 8l1.0 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 1.57
33 90 500 6.0 15.2 30.0 16.2 35.3 2.18

Water Vapour Runs using Iron Furnace
36 90 500 6.0 6.1 84,5 38.8 30,4 0.78

16

37 20 500 2.0 9.2 66.0 32.1 24,7 0.77
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The analysis of the gaseous products in volume per cent
is given in Table XVII. From the absorption'analysis, it is
seen that the unsaturated hydrocarbons consist mainly of
butadiene and isobutylene. A preparation and fractionation
of the olefin dibromides was not attempted. It must be
pointed out that while a general gas analysis'was determined
for the gas evolved only, the volume per cent of butadiene
expressed in Table XVII ineludes the butadiene content of
both the gas evolved and the gas dissolved in the liquid
products. The dissolved gas has a very high butadiene con-
tent. Consequently, in runs in which the amount of dissolved
gas was large, the percentage of butadiene expressed in this
table is larger than the value given for the total olefin
econtent of the gas.

The physieal constants of the products obtained and the
derivatives formed in this investigation, together with the
literature values, are found in Table XVIII,

From these results, it is seen that variations in temp- -
erature, feed-rates, and the amount of catalyst greatly
affected the course of the reactions Under the more drastiec
conditions of higher temperatures, lower feed-rates, and
with larger amounts of catalyst, the percentage of butanone~2
iﬁ the liquid products was increased, as shown in Table XV.
This percentage is ecalculated from the azeotropic fraction
and the pure butahone~2 fraétion. The effect of temperature

‘is seen by eomparing Runs 26 and 25. DBoth runs were carried



PABLE XVIT

ANALYSIS OF GASEQUS PROIUCTS FROM BUTANEDIOL~-2,3 DIACETATE RUNS

General Gas Anglysis in Volume Per cent

Run €0, co Hp CHp=CHy; Iso- Other Saturated
No. Butene Unsats.Incl. Hydro-
Butadiene carbons _
Horizontal Glass Furnace
86 32.2 7.0 0.0 0.0 3.0 5l.1 €.3
25 £3.8 2l.4 0.0 0.0 10.3 30.7 13.5
24 28,68 22,9 0.2 0.8 12,3 19.2 14,9
VYertieal Iron Fyrnace |
39 21.6 11.7 0.0 0.4 1.2 53.2 11.9
38 20.0 8.2 0.0 0.2 1.2 60.4 10.0
35 22.9 1l4.1 0.0 0.6 0.9 50.8 9.5
34 22.8 18,0 0.0 0.4 4.0 43.2 8.8
33 2l.6 28,6 0.4 0.8 4.5 24,9 19.5
Water Vapour Runs using Iron Furnace
36  13.7 20,0 5.2 0,9 47.2 11.9
37  1l6.9 £23.2 13.7 1.0 29,7 14,3

Butadiene Analysis

Volume Yield
%
58.1 35.6
31.7 34.3
14.3 25.7
‘62.4 47.3
65.2 7.5
46,7 49,9
40,82 47.1
15.4 35,3
6.8 30.4 g
18.1 24.7



IDENTIFICATION OF

TABLE XVIII

PRODUCTS FROM THE DECOMPOSITION OF BUTANEDIOL~Z2,3 DIACETATE

Compound Boiling Donzbty Ref. Sndex Deriv. Melt.
Point°C. a nﬁ Point °C.
4
Acetone Given 56,5 0,792 1.3592
Found 56-57 0.794 1.3602
Dibenzylidene acetone Given 111l-112
Found 111-112
Butanone-~g Given 79,6 0.804 1.3804
FPound 79.6 0.804 1.3807
Isobutyraldehyde 2,4~ Given 183
dinitrophenylhydrazone Found 182-183
Water Given 100 0.998 1.3333
| Found 100 0.998 1.3343
Acetlc aeid Civen 118.1 1.049 1.3718
, Found 117-118 1.046 1.3719
Acetic anhydride Given 140 1.3904
Pound 137-13¢ 1.3907
Acetanilide Given 114
Founa 114-115
Butanediol dlacetate Given --- 1.021232 1.4122
Found 191.5 1.021'2 1.4121
PTetrabromobutane Given 118~-119
Found 117-118

8
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out using 50 grams of catalyst and at a feed-rate of 3.6
c.c. per min, Bun 26, at a temperature of 400°C., yielded

a liquid product containing 14 per cent butanone-2; while
Run 25, at a temperature of 450°C., gave a product contain-
ing 16,9 per cent butanone~28. The effect of decreasing feed-~
rates 1s seen by a eomparison of Runs 39, 25 and 24, which
were all earried out using 50 grams of ecatalyst and at a |
temperature of 450°C. Run 39, at a feed-rate of 6 c.c. per
min., gave 11.2 per cent butanone-2; Run 25, at 3.6 c.c. per
min., gave 16,9 per cent; while Run 24, at 1 e.c. per min.,
yielded 20.4 per cent butanone~2 in the liquid products.

The effect of increasing the amount of eatalyst is seen
from Runs 39 and 35, Each run was earried out at 450°C, and
at a feed-rate of 6 e.c¢c. per minute. Run 39, using $0 grams
of catalyst, gave 11l.2 per cent butancne-2, while Run 35,
using 90 grams of catalyst, gave 15.3 per cent ketone. The
same effect is seen by comparing Runs 38 and 34 which were
carried out at 500°€, and at 10 c.¢. per minute. The former,
using 50 grams of catalyst, gave 9.1 per cent butanone-2 in
the liquid products; the latter, using 90 grams of eatalyst,
gave 18.0 per cent. The same trends are seen from Table XVI
in whieh butanone-2 is expressed as percentage yield., Some
discrepancy is seen in the case of the 500°C. runs due to
extensive decomposition of the ketone into gaseous products.

A further examination of these runs at various con-

ditions of temperature, feed-rates and catalyst shows that
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under the more drastie econditions inereasing amounts of
acetone and water were also formed. ©On the other hand,
under milder conditions, a larger per cent (both per cent
composition and per cent yield) of acetic acid was obtained.
This was to be expected since, under the more drastic con-
ditions, a greater decomposition of the aeid into acetone
and gaseous products occurred. It was only under extremely
mild conditions that acetic anhydride and unchanged di-
acetate were obtained, The addition of water vapour, om the
other hand, increased the yield of butanone~-2, while acetic
acld was also increased at the expense of the acetone yleld.

Turning now to a consideration of the gaseous products
as shown in Table XVII, it is seen that the effect of vary-
ing conditions was as pronounced as in the case of the liquld
produets. The unsaturated hydrocarbon eontent of the gaseous
products was greatest under the milder conditions, namely,
the lower temperatures, faster feed~rates, and smaller amounts
of catalyst. Furthermore, under these conditions, the un-
saturates contained the smallest percentage of isobutylene
and the largest percentage of butadiene. The amounts of ear-
bon monoxide and saturated hydrocarbons, on the other hand,
were greatest under the more drastic conditions.

A very significant point is demonstrated by the ratio
of the percentage yield of butadiene to that of butanone=-2
under varying conditions as shown in Table XVI. It has been
shown above that under the milder conditions of témperature,

rate and catalyst, the highest yields of butadiene and the
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lowest yields of butanone~2 were obtained. Consequently
the ratio of butadiene to butanone-2 was greatest under
these conditions. Expressed differently, as the severity
of' the reaction eonditions was increased butanone-2 was
formed at the expense of butadiene. One exception to this
is found in the ecase of Rup 33. In this run, the conditions
were so severe that a large portion of the ketone was de-
composed to gaseous products, thus 1ncrea$ing the ratic even
though the yield of butadiene was extremely small. From
these results, it would appear that the decomposition of
butanediol-2,3 diacetate over Morden bentonite involves two
competing reactions, the first producing butadiene and the
second produoing the carbonyl eompounds, butanone-2 and iso-
butyraldehyde.

The effect of Morden bentonite on the decomposition of
the diacetate is very surprising. The results of the in-
vestigation of the Northern Regional Research laboratories
(14) and the Research Laboratories of Joseph E. Seagram (16)
have shown that the non-catalytie pyrolysis of the diacetate
produces butadiene in yields of 80-90 per cent at temperatures
above 500°C., Below this temperature, eonsiderable quan-
tities of unsaturated esters, in partieular the acetate of
methyl vinyl ecarbimol, are formed. Carbonyl eompounds, on
the other hand, are not obtained. The course of the pyro-

genic reaction can be expressed as follows:



533?11‘?3333 __ CHg"—' G:H-QHGH;; _—) CHg_- €H- CH=CH2
0
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0=¢ ¢=0 =0
HzC CHg CHy
ﬁhder the influence of kMorden bentonite, another re-
aection oceurs involving the formation of butanone-2 and iso~-
butyraldehyde. This reaction ecan only take place by the
elimination of acetic¢c anhydride, followed by the migration

of a hydrogen atom to produce the ketone, or of a methyl

group to produce the aldehyde. 0
| - u
cﬁszﬁ—gacﬂs—) [cnsgh gacaﬂ——) CHpCClE,CHg
| .
0=C C=0 T CHCH(CHz)g

In the abaeﬁoe of water causing hydrolysis acetiec anhydride
was isolated. It is interesting to note that Denivelle (12)
obtained 2,3-bufylene oxide and butanohe~2 by a decomposition
of the diacetate over calecium oxide. |

In the case of the non-catalytic decomposition, con-
siderable quantities of the unsaturated esters were ohﬁained
even at temperatures as high as 500°C., The Northern Reglonal
Research Iaboratories obtained an 80 per cent yield of un-
saturated esters at 450°C,, and even at 500°C. as mueh as
20 per cent of these esters remained unceconverted to butadiene.
From the results of the present investigation it would ‘appear
that bentonite is a catalyst for the removal of acetate
groups, since it was only at 400°C. and at the faster feed-

rates at 450°C, that unchanged diacetate was obtained. Under
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all eondltiéns only traces of the unsaturated esters could
be isolated. Since it was found that a higher yield of
butadiene relative to butanone-2 could be obtained at the
lower temperatures, it was hoped that this catalyst would
yield butadiene with good conversion at temperatures much
lower than the pyrogenic reaction. However, before the
over-all butadiene yield reached 60 per cent, considerable
quantities of unchanged diacetate were recovered, and the
effect of an increase in the ratio of the dlolefin to ear-
bonyl compounds was ecounteracted by the effect of decreasing
conversions. Thus in Bun 39, earried out at 450°C. at a
feed-rate of 6 c.c. per minute and $0 grams of catalyst, the
butadiene content in the gas was 62.4 per cent, while the
over-all yield of the diolefin was reduced to 47.3 per cent
because of incomplete conversion of the diacetate. A re-
duection in feed-rates at these lower temperatures increased
the yield of butanone-2.

The products other than butadiene, butanone~2 and iso-
butyraldehyde can easily be explained., Acetic acid results
from the reaetion producing butadiene and also by the hy-
drolysis of the acetic anhydride formed in the ketone=-alde~
hyde producing reaction. The acetie aecid then undergoes two
reactions. The major reaction involves a cracking to methane
and carbon dioxide.

CHzCO0gH ——  CHg + COg

This 1s confirmed by the large amount of carbon dioxide and
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saturated hydrocarbons present in the gaseous products. A
minor reaction involves the formation of acetone from two

molecules of the acid.

2CH3COgH —— CH@COCH3 + COp + HpO

The formation of carbon monoxide and isobutylene re-
gsults, apparently, through the same reaction which acecounts
for their formation in the high temperature decomposition of
butanediol-2,3. That is, they arise from the decomposition
of intermediate oarbonyl compounds, or from the decomposition
of some unstable fragment intermediate in the formation of
these carbonyl compounds,

Since the effect of inereased feed-rates (deoreased
catalyst contact time) was to increase the yield of butadiene
relative to butanone~2, one would expect that the added water
in the water-vapour runs would greatly increase this ratio,
Actually the butanone~2 yield was increased at the expense
of butadiene, This indicates that the diacetafe upon enter-
ing the furnace in the presence of water vapour underwent '
a partial hydrolysis to butanediol-~2,3 before undergoing

further decomposition.
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The Dehydration of Butanediol-l,4 over
Activated Morden Bentonite

Preparation of Butanediol-l,4

Butanediol-1,4 was not available commereially and had
to be synthesized for the present catalysis study. It was
prepared by the high-pressure hydrogenation of diethyl sue~
cinate. This ester was prepared by a method similiar to
that deSeribed‘in the literature for the preparation of
diethyl oxalate (110). It involved the prolonged heating
of a mixture of sucéinic acid and ethyl aleohol. The water
- formed in the esterification reaction was removed continu-
ously using earbon tetrachloride as an entrainer liquid.

The ester was carefully fractionated before being used in
the hydrogenation reaction, and the pure material gave the
following physical constants: b.p. 108°C. at 13 mm., and
n%01.4199;

Diethyl sucoinate was hydrogenated over ocopper-chromium
oxide according to a method described by Adkins (111).*
Three moles (523 g.)] of pure ester and hydrogen wers allowed
to ieact under a pressure of approximately 300 atm. at 250°¢C.
for one~-half hour over 30 g. of copper-chromium oxide. The
reaction mixture was then allowed ta cool under the pressure

of hydrogen, The catalyst was removed by riltration and the

* Grateful acknowledgement is hereby made to Dr, J, M. Pepper
of this University who carried out the hydrogenation reaction.
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ethyl aleohol formed in the reaction removed by a rapid
fractionation. Very careful fractionation of the high boil-
ing material through a three-fpot Stedman column gave 7.5 g.
of butyl alecohol, 14 g, of butyralactone, 5 g. of unchanged
diethyl succinate, and 200 g. (80% yield) of butanediol-l,4.
It was found the higher the pressure of hydrogen used and

the shorter the reaction time, the smaller were the gquantities
of by-preducts formed. The physicalrconstants of the purif-
ied material were: b.p,7g0 230°C., dZ°1.016 and nf®1.4459.

The following eonstants have béen reported in the literature:

b.Depgo 230°C., 45%1.016, nf1.4467 (112).

Procedure

The vertical-type catalysis furnace was used in the in-
vestigation of the dehydration of butanediol-l,4. One hun-
dred grams of activated Morden bentonite was used for each
run. 7The procedure employed was essentially the same as that
used for the vertical-furnace runs in the study of butanediocl-
2,3 diacetate. In the case of the low-temperature runs with
butanediol-1,4, ﬁarticularly thoge carried out in the prox-
imity of the boiling point, the temperature of the preheater
had to be carefully adjusted so that the vapours entering the
catalysts were at a temperature no higher than the desired
run temperature. Furthermore, the preheater temperature had
to be held constant throughout the eourse of a run in order
to maintain a constant hold-up of liquid glycol in the pre~-

heater. In the case of the water-vapour runs, the glycol
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and water, being miscible, were passed into the catalysis
tube together from vessel B. The gas evolved at the higher
temperatures was passed through a water trap for the ab-
sorption of gaseous formaldehyde escaping entrainment in the
liquid products.

| The 1liquid products obtained from the low-temperature
runs consisted of one phase only and mainly of a mixture of
tetrahydrofuran and water. By salting-out with sodium
chloride, the liquid products vere separated into two layers.
The mixture was gooled toc ~-40°C, whereby the salt solution
froze to a s0lid mass and the organlie layer was then decanted.
This served to minimize the mutual solubility of the two
layers., On melting, the salt solution was extracted with
small portions of diethyl ether in order to remove the remain-
ing organiec material. The ether extracts were combined with
the organie laier and dried over sodium sulphate. The drying
agent was removed by filtration and washed with a little an~
hydrous ether. These washings were combined with the filtrate.
‘The ether sclution of the organie products was given prelimin-
ary distillaticn.and separated into a fraction distilling
below 130°C, and a small amount of high boiling residue. The
distillate was then earefully fractionated in the small glass
helicesgolumn using isoamyl acetate, b.p. 142.5°C., as an
inert booster. ZEmploying this technique, it was found that

the total losses involved in all operations did not exceed one

to two grams of the organie liquid products.
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In the case of the high-temperature runs, 400°€, and
higher, the liquid products consisted of two layers. A
weighed sample was taken from each layer for formaldehyde
determination. The aqueous layer was salted out and extracted
with ether, while the ethereal solution of the organic layer
was dried followed by a preliminary distillation. In this
distillation, the product was separated into three fractions,
the major fraction distilling below 120°C,, a fraction be-
tween 120-200°C,, and some tarry residue, The first fraction
was fractionated in the glass~heliceSeolumn. Identification
of liguid products was made by physical constants and by the
formtion of derivatives.

The gasecus products were analyzed in the Bone and
Wheeler Apparatus. A separate analysis was made for buta-
diene eontent. For the determination of individual olefins,
a typiecal run was made in which the gaseous produots were
passed into liquid bromine. The resulting dibromides were
fracticonated under reduced pressure as previously described.

The formaldehyde present in the liquid products from
the high~temperature rmns was detected by the resoreinol
test. TFurther identification was made by the preparatiom of
a derivative, methylene~di~/# -naphthol. A quantitative de-~
termination of formaldehyde was made or/ggganic layer, the
aqueous layer and of the water in the absorption trap. The
method employed was the hydrogen peroxide method described
by Haywood and Smith (113].
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Results and Discussion

The various temperatures and feed-rates at which the
dehydration of butanediol-l,4 was investigated, together with
the amounts of liquid and gaseous produets obtained are given
in Table XIX. In this table, the runs are divided into low-
temperature non-gaseous, high-temperature gaseous and high-
temperature water-vapour runs.

The analysis of the organie liquid produets expressed
in per cent composition is given in Table XX. In the low~
temperature runs, following the removal of diethyl ether,
three fractions were obtained. Fraction 2, the major fraetion
and boiling at 64-66°C., was practieally pure tetrahydrofuran
identified by its physical constants, Fraction 1, boiling
below 64°C., and Fraction 3, boiling between 67-130°C,, were
present only to the extent of two toe three per cent. The
lower boiling fraction was undoubtedly a mixture of diethyl
ether and tetrahydrofuran. The higher boliling fraction was
not identified.

Four fractions, in addition to a considerable amount of
residue, were obtained from the liguid products of the high-
temperature runs. ZFraction 1, boiling below 64°C, was present
to an appreciable extent only in the case of the 500°C., dry
run. Even in this run only one gram was obtained which was

not identified. Fraction 2, distilling between 64~66°C.,was

tetrahydrofuran. Fraction 3, distilling between 74-76°C,,
was n-butyraldehyde, identified by its boiling point and by



TABLE XIX

DEHYDRATION OF BUTANEDIOL-l,4 OVER ACTIVATED MORDEN BENTONITE

Low-temperature Non-gaseous Runs

Run Furnace Rate Glyeol Total Liquid erganicb'Aqueouab'Vapour Products Total
No. °c. c.c./min, - Products-g. layer-g., layer-g. and loss-g. Gas-1,
42 250 1 60 59.6 47.8 11.8 0.4 -
43 250 3 60 60.0 48.3 11.7 0.0 ——
46 = 300 1 &0 59.7 48.3 11.4 0.3 -
41 300 3 60 59.7 48.5 11.3 0.3 ——
High~-temperature Gaseous Runs
45 400 1 60 56,2 42.8 13.4 348 73
47 450 1 60 50.4 34.9 15.5 9.6 5.50
44 500 1 80 30,7 9.3 20.6 29.3 12.29
Water Vapour Runs
Run Furnace Rate a.Glycol Water Total
No. °C. c.co/min. g, '8 Gas-1l.
48 500 2 60 60 8.75
49 500 3 60 120 13.50

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

b. The amount of aqueous layer was obtained by weighing this layer after extraction and sub-
stracting the weight of salt added during the salting-out process.

901

The amount of organie

layer was the difference between the amount of agueous layer and the total liquid products.



TABLE XX

ANALYSIS OF ORGANIC LIQUID PRODUCES FROM BUTANEDIOL~1,4 DRY RUNS

Per cent Composition

Low-temperature Non-gaseous Runs

Per cent Yield

Run Org.Prod.a‘ 1. 2. 3e 4.

No. in g. -64°C. 64-66°C, 67-130 C, Residue Apparent Yield ofy,
in % in % in % in % Tetrahydrofuran

42 46,7 0,6 96.7 1.8 . 0.9 92,8

43 46.6 0.6 36,5 1.9 1.0 ga.l

46 46,7 0.7 96,9 1.4 1.0 92.7

41 46,82 0.7 9603 1.8 1.2 91,4

High-temperature Gaseous Runs

Run Org.Prod, 1. 2. 3e 4. 5.

No. in g. -84°C., 64-66°C, 74-76°C, 76-200°C, Residue Apparent Yield of
in % in § in % in % in % Tet drofuran

45 40,5 0.9 88,5 3.0 4.6 3.0 73.4

47 52.7 - - 80.8 203 12.’7 405 5401

44 8,8 12.5 16.6 7.8 38.6 24.8 3.1

&

b.

This column gives the total weight of the organic fractions obtained after fractionation.

This yield is caleculated from the actual weight of the tetrahydrofuran obtained arfter
fractionation without any allowance for losses in drying and distillation.

L0T
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the preparation of the 2,4~-dinitrophenylhydrazone. Fraction
| 4, distilling over a continuous range from 76-200 €., eould
not be separated into any single component even by the most
careful fractionation in the wire-helieces column. It was
thought te consist of a ecomplex mixture of condensation prod-
ucts of formaldehyde and tetrahydrefuran.

Table XX also gives the apparent yield of tetrahydro-
furan. This yield is calculated from the actual weight of
tetrahydrofuran obtained after fractionation and does not
take into aceount any losses whieh ococur during the working
up of the liquid products. Since in the low-temperature runs,
no gas was formed and no unchanged glyeol eould be detected,
it would appear that for these runs the value expressing the
Per cent tetrahydrofuran in the organic liquid products is
a closer approximation to the true yield than is the
"gpparent yield®,
| The analysis of the gaseous products expressed in volume
per cent and the per cent yleld of butadiene are given in
Table xxi. The results of the fractiomationm of the olefin di-
bromides, formed from the gaseous products evolved in Run 44,
are given in Graph III. The majJor fraction, distilling at

58.5°€C. at 50 mm. and with a refractive index of nﬁol.azoo,

was 1,2-dibromopropane. A small amount of meso and racemie
2,3-dibromobutanes was also found, indicated by a rise in the
temperature curve to 75°C. and a drop in the refractive index

curve to nﬁ01.5l25 where small flats were obtained. From
this graph, it e¢an be estimaﬁed that the olefins contained



TABLE XXI
ANALYSIS OF GASEOUS PRODUCTS FROM BUTANEDIOL-1,4 RUNS

General Gas Anglysis in Volume Per cent Butadiene Analysis

Dry Runs
Run COg co Hy CHp=CHp Iso- Other Saturated % %
No. Butene Unsats.incl. Hydro= in Gas Yield
Butadiene Carbons _
4:5 209 6.2 507 2.3 ooo 7100 1109 703 002
47 8.1 7.1l 12.0 1.6 0,0 62.8 8,0 8.9 1.9
44 3.6 13.6 65 2.7 0,0 60,7 11.0 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 S5.2 4.8 Se3 1.0 0.0 75.9 2.8 15.1 8.0

80T
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75-80 per cent propene, the remainder consisting mainly of
butenes.

The physical constants of the products obtained and the
derivatives formed in this investigation, together with the
literature values are found in Table XX1I.

Table XXIII gives the results of the formaldehyde de-
terminations for the high~temperature runs. The theroetical
amount of formaldehyde based on the amount of propene formed

is also given.
TABLE XXIII

FPORMALDEHYDE ANALYSIS

Dry Runs
Run Amount 6r Theoretical Amount
No. CHgO found g. ___of CHp0 g.2-
45 1.3 0.8
47 2.9 3.7
44 2.3 8,0

Water Runs
48 604 7.3
49 6.5 ‘ 11.0

a. This was calculated assuming that the olefins contain
80 per cent propene.

A small amount of m-butyraldehyde in the organie layer was
found to g;ve high results for the formaldehyde analysis of
the dry runs. In the case of the water runs, however, the
error due to n-butyraldehyde was small since almost all the
formaldehyde was in the aqueous layer. The significance of



TABLE XXII
IDENTIFICATION OF PRODUCTS FROM THE DEHYDRATION OF BUTANEDI OL-~l,4

Compound Boiling Density Ref.Index Deriv.Melt.
Point °cC. dio nﬁg Point °C.
Tetrahydrofuran Given 65.6-65.8 0.888 1.4073
n-Butyraldehyde Given 75
FPound 74-76
2,3-Dinitrophenyl~ Given 122
hydrazone Found ' 122,5-123.5°°
Water Given 100 0,998 1.3333
Found 100 0.998 1.3340
1,2-Dibromopropane Given 141.6 1,933 1.5203
Found 141-~-142 1.929 1.5201
2,3-Dibromobutane rae, Given 73/80 mm. 1.5116
meso  Given 77/50 mm, 1.5147
Found 73~-7%5/50 nm, 1.5125-1.5150
Tetrabramobutane Given 118-119
Pound 117-118
Formaldehyde
methylene-di-Z - Given " 189-192
naphthol Found 190-192.5

a. Mixed melting point was made.

31T
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of these results willl be discussed later.

From a consideration of the results obtained in the low-
temperature runs, it is seen that one mole of water was re-
moved per mole of glycol and practically theoretieal yields
of the mono-dehydration product, tetrahydrefuran, were ob-
tained. Even at a temperature of 250°C. {only 20°¢. above
the boiling peint of the glycol) no unchanged butanediol-l,4
was recovered and tetrahydrofuran was obtained in a 93 per
cent yield.

These results compare favorably with those obtained by
other workers (24) for the dehydration of butanediol-l,4 to
tetrahydrofuran ih the presence of various catalysts. It
would appear that the dehydration over Morden bentonite is
as efficient and takes place at as low an operating temper-
ature as for any catalyst previously investigated. Activated
alumina is as efficient as bentonite at the low-temperatures
but 1s more expensive, Catalysts sueh as calcium chloride
and primary calcium phosphate require much higher temperatures.
Morden bentonite, on the other mand, combines the features of
a very cheap and readily available catalyst and a low temper~-
ature of dehydration,

The results of the higher temperature work show definitely
that Morden bentonite eannot be used as a catalyst for the
production of butadiene from butanediol~l,4. This was not
unexpected since basic eatalysts have previously been shown

to be unsatisfactory for this reaction (24)., From Table XIX

it is seen that little decomposition into gaseous products
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ocourred until a temperature of 450°C. was reached, while
congiderable quantities of gas were obtained only in the case
of Run 44 carried out at 500°C., The amount of water removed
in the reaction increased with temperature, however, while
the yield of organiec liquid products was considerably de~
creased. From the results obtained in the water-vapour runs,
it i1s seen that one volume of water decreased the amount of
gaseous decomposition, possibly through a decrease in catalyst
contact time., On the other hand, it is seen that two volumes
of water increased the amounts of gaseous decomposition,
possibly through an increase in gatalyst activity.

The liguid anslysis of the high~temperature runs diff-
ered considerably from that found in the low-temperature work.
A small amount of n-butyraldehyde was isolatéd, while a con~-
siderable quantity of high-boiling material was obtained. At
500°C., this latter material comprised the greater portion of
the liquld produets. The yield of tetrahydrofuran decreased
with increasing temperature. The effect of temperature upon
the per cent yield of tetrahydrofuran, the per cent of water
eliminated (two moles being theoretical), and the per cent of
gaseous decémpositien is shown in Graph.Iv. The percentage
decomposition was calculated assuming thét one mole of ole-
finic hydrocarbons is equivalent to the decomposition of one
mole of the glycol.

The liquid products from the water-vapour runs were not
analyzed quantitatively because of the large volume of water

present. It was found, nevertheless, that eonsiderably more
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tetrahydrofuran and less high-boiling material were obtained
in the presence of water vapour at 500°C, than in the case
of the dry glycol runs at the same temperature.

The gas evolved in the high-temperature runs consisted
chiefly of unsaturated hydrocarbons which iere found to con-
tain over 75 per cent propene, the remainder being mainly
butene~-2. Saturated hydrocarbons were present to the extent
of 8-11 per cent in the dry runs; while varying quantities
of carbon dioxide, carbon monoxide and hydrogen were also
formed. At the higher temperatures, the unsaturated hydro-
carbon content of the gas decreased. The presence of water
vapour, on the other hand, inoreased the volume of unsaturated
hydrocarbons eongiderably. Butadiene was present to a very
small extent in the dry rnné inereasing to 15 per cent when
two volumes of water was used at 500°C. The maximum over=-
all yield of butadiene obtained was 8.0 per cent.

Pormaldehyde was present in very small amounts in the
case 6f the dry gljeol runs. When water vapour was used,
however, the amount of formaldehyde approached the theoret-
ical amount caleulated on the assumption that one mole of
formaldehyde is formed for every mole of propene produced.

From these results, it is evident that at low temper-
atures one molecule of water is eliminated to form a ecyclie
ether, tetrahydrofuran.

CHpCHgCHeCHz —)  CHe-CHp
OH OH &Ege CHg



117

As the temperature is increased, it would appear that
this ring undergoes fission. If this fission oceurs at a
carbon to oxygen linkage, then'a fragment is formed which

may stabilize itself by the migration of a hydrogen atom to

form n-butyraldehyde. H
l/’_g S
?Hf?ﬁa { ?Hg‘ eﬂz} (I)Hg-C}Iz
— —
CHp CHg ‘cHp cuY CH CHg
Mo o Yo

Since n-butyraldehyde was isolated, it is apparent that this
reaction actually does ocecur to some extent.

If, on the other hand, a carbon-to-carbon bond is also
brokeh, either simultaneously with or following the carbon
to oxygen bond fission, the molecule will separate into two
fragments. This would result in the formation of propene

and formaldehyde.

CHg~CHg CH5 CHp
I 1% — 1 F % — CHpO + CHp=CHCHz
CHp CHp 6H3 CHyp
\~/ \ ¢

0 o

That this actually occurs is shown by the formation of a
large quantity of propylene in the gaseous products.
Formaldehyde, however, was not present in appreciable
quantities in the case of the dry runs. This can be ex~-
plained by the removal of formaldehyde by two reactions,
The first reaction involves a decomposition of the aldehyde
to earbon monoxide, hydrogen, carbon dioxide, and methane.

By non~eatalytic pyrolysis, Bone and Smith (114) have shown

that the main decomposition products of formaldehyde are



118

carbon monoxide and hydrogen, while under certain eonditions
considerable quantities of carbon dioxide and methane are
also formed. The mode of the decomposition of this aldehyde,
or of the-CHpO- fragment which is intermediate in the for-
mation of the aldehyde, may be entirely different.

The second reaction which may contribute to the removal
of formaldehyde is a condensation reaction between formal-
dehyde and tetrahydrofuran involving the elimination of water.
This 1is supported by the rfact that at higher temperatures
considerable quantities of high-boiling products were obtain-
ed, Furthermore, the large amount of aqueous layer obtained
at these temperatures would indicate a dehydration reaction
not explained by the above decomposition to gaseous products.
This is further supported by the fact that, in the case of
the water-vapour rns, much larger amounts of formaldehyde
and tetrahydrofuran and smaller amounts of the high-boiling
material were obtained than in the case of the dry runs
carried out under the same temperature conditions. The for-
mation of propylene and formaldehyde from 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 (115,116 ].

The butadiene formed in the reaction may arise directly
from the glycol or from tetrahydrofuran since both eompounds
have previously been shown to give high yields of butadiene

over acid eatalysts. The effect of water in inecreasing the
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butadiene yield may be due to a reduction of contact time.
Sihce it is difficult te explain the presence of butenes in
the dry runs excepting by a hydrogenation of butadiene, it
is possible that water, by reducing the catalyst contact

time, reduces the extent of this reaction.
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The Dehydration of Butanediol-1,3 over
. Activated Morden Bentonite

Source and Purification of Butanediol=-l,3

) Great diffieulty was encountered in obtaining com-
mercially adequate supplies of this glycol. Although Ger-
many is reported to manufacture large quantities of this
compound for the production of butadiene, butanediol-l,3 is
not used in any ifdustrial process on this continent. The
glycol finally was obtained in limited quantities from
Shawinigan Chemicals Limited,* where it is produced as a by-
produet in the manufacture of ethyl acetate from acetalde-
hyde (28). This materlal was received in a fairly pure form,
having been fractionated through a Stedman eolumn in the
Research Laboratories of Shawinigan Chemicals Limited, and
was used in this investigation without further.purirication.

The physical constants of this product were: b.D.pgq 207.5~
208°C., diol.ooa and n§°1.4404. The following values have
been reported in the literature: b.p.ngo 205’203000: 5201-035
and n}°-51.4418 (117).

Procedure
The vertical4type catalysis apparatus was used for the
investigation of butanediol-l,3. Eaech run was carried out

using one hundred grams of eatalyst. The procedure employed

* Grateful acknowledgment 1s made to Shawinigan Chemicals
Limited for a sample of purified butanediol-~l,3.
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was essentially the same as that used 1n the study of
butanediol-l,4. It was found that the greatest care must

be taken to prevent overheating in the preheater zone of the
catalysis tube. In a normal run, in which the glycol wvapours
entered the catal&st slightly below the desired run temper-
ature, the evolved gases contained 94-98 per cent unsatur-
ated hydrocarbons. A slight overheating in the preheater,
however, reduced the unsaturated content to below 20 per cent,
while eonsiderable quantities of hydrogen were formed. In

the case of the water-vapour runs, the glycol and water, being
miscible, were passed inte the catalyst tube together from
vessel B. The amount of carbon deposited on the eatalyst at
the end of a dry butanediol run was found to be much greater
than for any compound previously studied under the same temp-
erature conditions. This necessitated a long and careful re-
activation,

The ligquid& produets obtained from the dry glycol runs
consisted of two layers. The organic layer was separated by
the salting-out and extraetion technique as previously des-
cribed for butanediol-l,4. The material was then dried using
a small quantity of anhy8rous sodium sulphate., Because of
the considerable mutual solubility of water and the prineiple
organic liquid product, l-butenol-4 (allyl carbinol),a large
quantity of the drying agent was required to accomplish com~
plete drying of the organic layer. Complete drying was not
attempted, however, since it would involve excessive losses.

Following the drying process, the organic liquid product was
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treated as in the butanediol-2,3 dlacetate runs for the re-~
moval of dissolved gas. This gas was measured and analyzed
for butadiene content only.

A preliminary distillation was made in which the or-
ganie liquid products were separated into three fraetions,
the major fraction distilling below 170°C., a fraction dis-
tilling between 170-220°C,, and a small amount of tarry res-
idue. The lower boiling fraction was then carefully fract~
ionated in the glass~helices golumn using the 1,3-glyecl
itself as the inert booster. In the ecase of one rum carried
out at 275°C., a considerable fraction dlstilling at 200-
210°C, was obtained in the preliminary distillation. This
was identified as unchanged butanediol~l,3. The liquid prod-
ucts obtained from the glycol water-vapour runs were not an-
alyzed since the solubility of the organic layer in the large
volume of water present made a quantitative analysis impossible.

Formaldehyde was detected in the liquid products by the
resorcinol test and a derivative, methylene-di-A-naphthol,
was prepared for further identification. Three methods, the
iodometrie, the hydrogen peroxide, and the sodium cyanide
method were tried for the quantitative determination of for-
maldehyde. High results were obtained in each case siﬁee it
was found that the considerable amount of n-butyraldehyde
present interferred 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 for
butadiene content. The gas evolved from a number of runs
was passed into a earbon tetrachloride~bromine solution. The
tetrabromobutane separating out was filtered off, followed by
the removal of the carbon tetrachloride, The produet was
given a prel iminary distillation and the fraetion distilling
below 85 C. at 50 mm. was fractionally distilled.

Results and Discussion

The various feed-rates and temperatures at whieh dry
butanediol~l,3 was investigated together with the amounts of
liguid and gaseous products obtained are given in Table XXIV.
The conditions of the water=vapour runs are givem in Table
XXVY. These were carried out at various feed-rates, temper-
atures and water dilutions. With the exception of Run 67,
the feed-rates were such that the amount of glycol passing
into the e¢atalyst tube was one cubic centimetre per minuﬁe at
all déilutions.

Table XXVI gives the analysis of the liquid
produets obtained from the dry glycol runs expressed in per
cent composition. Eight fractions were obtained in addition
to a small amount of tarry residue. PFractionm 1, distilling
below 60’ C. and present in extremely small amounts, gave a
positive test with Tollen®s reagent but was not further ldent-
ified, Fraction 2, distilling between 60-70° C. consisted
mainly of n-butyraldehyde identified by the formation of the

2,4-dinitrophenylhydrazone. It also contained a considerable



PABLE XXIV

DEHYDRATION OF BUTANEDIOL~1,3 OVER ACTIVATED MORDEN BENTONITE

DRY RUNS
Bun Furnace Rate Glycol Total Liquid Organie Aqueous Vapour Products  Total
Ko, °C. ec.oc./min, g, Products g, layer g. layer g. and loss g. Gas 1.
53 250 1 80 62.6 46.5 16.1 37.4 5.857
54 300 0.4 80 49,7 24.1 25.6 50.3 11.32
57 300 1 80 54.4 29.5 24,9 45.6 8.80
8¢g 323 0.6 80 S52.3 24.5 27.8 47.7 11.70
56 325 1 80 51,7 84.9 26.8 48.3 11.15
S8 323 e 80 54,1 29,7 24.4 45.9 $.70
59 328 3 80 6l1.6 40.9 20.7 38.4 6,96
55 350 1 80 49,9 21.8 28,1 50.1 12.78
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TABLE XXV

DEHYDRATION OF BUTANEDIOL-1,3 OVER ACTIVATED MORDEN BENTONITE
IN THEE PRESENCE OF WATER VAPOUR

Run Furnace Total Rate®® Glycol Water ‘TPotal Liquid TVapour Products Total
No. °C, c.c./min. e g Produets g, and loss g. Gas 1.
67 275 2 80 240 299.2 20,8 10.00
62 300 2 80 80 136.6 23.4 9.33
64 300 3 80 leé0 218,.9 21.1 11.47
66 300 4 80 240 282,6 30.4 12,60
61 325 2 80 ' 80 133.9 26.1 13.33
65 385 3 80 160 £214.9 25,1 13.53

a. This rate includes the total rate for both the glycol and water.
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TABLE XXVI

ANALYSIS OF ORGANIC LIQUID PRODUCTS FROM THE BUTANEDIOL-1,3
DRY RUNS EXPRESSED AS PER CENT COMPOSITION

Run Total Lig. 1, 2, 3. 4. 5. 6. 7. 8.
No. inalyzed g. -60°C 60-70°¢ 970-75°C 80-100°C 112-116"C 157-164°C 164- -200°C  200-210 °c Residue
in 4 in 4 in % in % in % in % in ¢ in ¢ in %

S3 46.5 - 1.1 2.0 3¢5 33.0 14.1 2,0 39.8 4.4
54 24.1 —-—— 11.8 10.5 8.4 27.8 29.4 4,2 ,—— 7.8
57 29.5 3el 18.1 8.8 4.2 42.6 11.5 8.1 - 2.3
69 24,8 —- 21.5 158.1 8.4 35.2 5.6 8.4 amew 5.6
56 24.9 - 13.0 ¢.8 6.5 30.4 17.4 17.5 el 5.3
58 29,7 1.8 20.2 16,7 7.0 31.0 7.3 9.4 ———— 6.7
59 40.9 1.4 20.2 22.9 9.4 29.8 7.7 5.6 ——— 2.8
55 21.8 4,9 23.2 2.9 8.4 23.2 18,7 4.4 o 7.4

93T
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guantity of water and would appear to be an azeotropie mix-~
ture of water and the aldehyde. Fraction 3, distilling be-~
tween 70-75 €., consisted echiefly of n-butyraldehyde contam-
inated with other unidentifiable products. Butanone-2 was
expected in this rraction but eareful refractionation in the
wire~helicescolumn failed to isolate any of this ketone.
Fraction 4, boiling between 80-100°c., consisted mainly of
the water remaining in the organie products after the drying
treatment. Fraction 5, distilling at 112-116 C. with the
major portion at 113.5 C., was l-butenol-4, identified by its
physical eonstants. Fraction 6, distilling between 157-16470.
with a flat at 161.3-161.5 C., was the eyeliec acetal formed
by the condensation of one mole of n-butyraldehyde with one
mole of the glycol. This was identified by a comparison of
its physieal econstants with those of the acetal synthesized
in the liquid pbase. Thls acetal was prepared by refluxing
one mole of the glyeol and one mole of u-butyraldehyde in the
presence of a small amount of 40 per cent sulphurie acid for
fifteen hours, followed by neutralization and fractionation.
Fraction 7, distilling between 164-20006., could not be sep-
arated into any single component. Fraction 8, consisting of
unchanged butanediol-l,3, was obtained only in the case of
Run 53. 1t was noted that during fractionation a consider~
able mnouﬁt of a white amorphous solid collected on the cold
Tinger of the fractionation ecolumn head. This was identified
as paraformaldehyde,

In order to show more e¢learly the effect of varying
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conditions on the ylelds of the liquid products, Fractions 2
and 3 considered as n-butyraldehyde and Fraction 5 as l-butenol
~4 are expressed as per cent of the theoretiecal yield in Table
XXVII. This table also gives the number of moles of water per
mole of glycol eliminated in the dehydration reaction.

The analysis of the gaseous products expressed in volume
per cent and the per cent yleld of butadlene are given in
Table XXVIIT for the dry glyecol rums and in Table XXIX for the
runs oarried out in the presence of water vapour. It is seen
that the gaseous products contain from 94~100 per cent unsat-
urated hydrocarbons with only traces of other gaseous products
being present. One exception to this 1s found in Run 64 of
the water-vapour runs where an overheated preheater caused the
evolution of a considerable gquantity of hydrogen.

The results of the fractionation of the dibromides are
shown in Graph V., The major fraetion, distilling at 59.5°C.
at 50 mm, and ngol.szoa, was 1,2-dibromopropane. A small
amount of meso and racemic 2,3~-dibromobutanes was also obtained,
indicated by a gentle slope in the temperature curve between
72-73 C. at 50 mm. and in the refractive index curve at ngo
1.5120-1.5140. From this graph it can be estimated that the
mono-olefins in the evolved gas consist of 85~90 per cent
propene and 10-156 per cent butene.

The identification of products, both ligquid and gaseous,
is shown in Table XXX.

It is seen from Table XXIV that, in the ocase of the dry

glycol runs, the extent of gaseous decom@osition was greatest



T XXVII

YIELDS OF LIQUID PRODUCTS FROM BUTANEDIOL~-1,3 DRY RUNS

Run Furnace Rate 60-75°C. Fracts. ll@»llﬁfc. Fract, Moles of Water
No. °C. ¢.c./min, % Yield as % Yield as Removed
, _n-Butyraldehyde l1-Butenol-4

53 850 l 2.2 23.7 1.01
54 300 0.4 8.3 10.3 1.60
57 300 1 12.8 19.6 1.56
69 328 0,6 14.0 13.5 1.74
56 325 1 8.9 11.8 1.67
58 328 e 17.1 ' 14.4 1,53
59 325 3 27.5 19.0 1.30
55 350 1 11.3 7.9 1.76

63T



T XXVIIY

ANALYSIS OF GASEQUS PRODUCTS FROM BUTANEDIOL~1,3 DRY RUNS

General Gas Anslysis in Volume Per cent Butadiene Analysis
Run PFurnace Rate Cog €0 CHg=CHp Other Unsats. Hydragen Volume Yield
No. ¢, c.C. including and Sat, % %
/min, Butadiene  Hydrocarbons

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 95.9 1.9 49.8 28.3
57 300 ) 0.9 0.7 9,2 97.2 1.0 54.3 26.7
69 325 0.6 2.0 0.3 0.8 %4.1 2.7 42.2 24,8
56 385 1 1.6 1,0 0.2 85.7 1.5 46.6 26,1
58 325 e 2.0 0.7 0.5 94.8 2.0 47.1 23.0
59 3258 3 1.6 0.5 1.0 94.6 2.1 46.3 l6.2
58 350 b 2.8 1.2 0.8 9l.8 B.4 37,0 23.7

081



TABLE TxIx

ANALYSIS OF GASEOUS PRODUCTS FROM BUTANEDIOL~1,3
WATER VAPOUR RUNS

General Gas Analysis in Volume Fer cent Butadiene Analysis
Run Furnace Bate COp CO CHF CHy Other Unsats.  Hydrogen Volume Yield
No. °c. c.c./min. ingluding and Sat. % 4
Glyocol HﬁO Butadiene Hydrocarbons

67 275 0.5 1.5 0.5 0.2 0.2 97.9 1.2 57.7 29,0
62 300 1 1. 0.6 0.2 0.3 98,0 1.0 53,8 25,1
84 300 1 2 1,3 0.2 0.4 96,7 1.3 50,0 28.8
66 300 1 3 1.4 0.4 0.4 88,1%* 9.7 41.5 26.3
61 325 1 1 1.9 0.4 0.4 95.4 » 1,9 40.3 27.0
66 385 1 2 1.6 0.2 0.5 85.3 2.5 40.8  27.7

a. The lowering in unsaturated hydrocarbon gontent was due to overheating in the preheater,

18T
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TABLE XXX

IDENTI FICATION OF PRODUCTS FROM BUTANEDIOL-1,3

Compound Boiling Density Refr.Index Deriv.Melt.
Point °C. dzo n%Q Point °C,
n-Butyraldehyde Given 75 1.3843
Found 72~78 1.3894
2,4~-Dinitrophenyl- Given 122
hydrazone Found 122.5-123.5
Water Given 100 0,998 1.3333
Found 100 0.998 1.3337
l1-Butenol-4 Given 114 0.853 1.4209
Found 113.5 0.850 1.4210
n-Butyral of Given =  161.5 0.9153 1.4235
butanediol-l,3 Found 161.3-161.5 0.915 1.4254
1,2-Dibromopropane Given l141.6 1.933 1.5203
Found 141 1.929 1.5202
2,3-Dibromobutane rae. Glven 73/50 mm., 1.5116
meso Given 77/50 mm. 1.5147
Found 72-76/50 mm. 1.5120-1,5140
Tetrabromobutane Given 1i8-119
Found 117-118
Formaldehyde Given 189-192
Methylene-di- ~ 121-193

naphthol

Found

a. These values are for the product synthesized in the liquid@ phase.

2eT1
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at the higher temperatures and at the slower feed-rates.
The same effect of increased temperatures 1s also shown in
Table XXV which glves the extent of gaseous decomposition of
the glycol in the presence of water vapour. Furthermore, in
the case of the water-vapour runs, the gaseous decomposition
was greatest at the higher dflutions. This would indiecate
that the effect of water inm maintaining the activity of the
catalyst by preventing carbonization was greater than the
effect of a decreased catalyst contact time. It was noted
that, in the ecase of the dry butanediol-l,3 runs, the amount
of carbon deposited on the catalyst was abnormally large.
In fact, with the other compounds studied, the earbonization
at temperatures below 350 C. was almost negligible, while in
the case of the 1,3-glycol, ecarbon was deposited in consider-
able quantities. It has generally been considered that water
acts by means of tﬁe water-gas reaction in removing carbon
from the catalyst. It would appear, however, that in the
case of butanediol-1,3, water vapour prevents a decomposition
of formaldehyde to earbon and water, This is supported by
the fact that, in the water vapour runs, much less carbon
and much larger gquantities of formaldehyde were formed. This
will receive further discussion later.

The effect of temperature and feed-rates upon the com-
position and yields of the liquid products is shown in Tables
XXVI and XXVII. It is seen that, in general, the percentage
of n-butyraldehyde (Fractions 2 and 3) in the liquid products
inecreased with temperature, while the‘over~all yield of this
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compound increased acccrdingly; The percentage of l-butenol-
4 in the liquid products decreased only slightly with inereas-
ing temperatures. The over-all yield of this unsaturated
alcohol, on the other hand, was decreased considerably at the
higher temperatures. The amount of water eliminated from the
glycol also increased with temperature. The effect of an in-
creased feed-rate, on the other land, was to inerease the
yield of both n-~butyraldehyde and l-butenocl-4. The amount of
water eliminated, as expected, decreased with inoreasing feed-
rates. Great di fficulty was found in obtaining an accurate
analysls of the liquid products due to inadequate drying.
Consequently, deviations in these trends were frequently en-
countered.

Turning now to a consideration of the results of the
analysis of 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 of unsat-
urated hydrocarbons. Only traces of other eomponents 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‘0. and 1 e.c¢c. per minute, 99.6 per cent
unsaturates were obtained decreasing to 91.8 per cent at
350°C. and at the same feed-rate. The percentage butadiene
in the gas, on the other hand, was greatly effected by in-
creasing temperatures. This is seen by a eomparison of Runs

53, 57, 56 and 55 which were each carried out at a feed~rate
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of 1 e.c. per min. Run 53, at 256’6., gave 65.9 per cent
butadiene in the gaseous produets; Run 57, at 300°C., gave
54.3 per cent; Run 56, at 325 C., gave 46.6 per cent; while
Run 55, carried out at 350°C., furnished only 37.0 per cent
butadiene in the gaseous products.

The over-all yield of butadiene, in the case of these
runs, increased with temperature to a maximum of 26.7 per
cent at 5oo°c., decreasing to 26.1 per cent at 32536., and
to 23.7 per cent at 350°C, This would indlcate that at first
the effect of an increased gaseous decomposition at the
higher temperatures was greater than the effect of a re~
duction in the butadiene content of the gas. Above 306’6.,
however, the latter effect became predominate. This is shown
more clearly in Graph VI in which temperature is plotted a-
gainst per cent gaseous decomposition, per cent butadiene con-
tent in the gas, and the over-all butadiene percentage yleld.

The effect of feed~rate upon the butadiene content of
the gaseous products was not nearly as pronounced as the
temperature effect. A slight lnerease in butadiene ocontent
was obtained at the higher feed-rates, 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 of the analysis of the
gaseous products from the water-vapour runs, 1t is seen that
an inerease in the ratio of water to glycol decreaged the
butadiene content of the gas. This is shown by a comparison

of Runs 57, 62, 64 and 66 whichwere carried out at 300°C,
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and at a feed-rate of 1 c.c. of glycol per minute. Run 57,
without added water vapour, gave a gaseous product contain-
ing 54.3 per cent butadiene; Run 62, using one volume of
water per volume of glycol, gave 53.6 per cent; Run 64,
using two volumes of water, gave 50,0 per cent} while Run
66, with three volumes of water, gave4l.5 per cent butadiene
in the gaseous produects. The over=-all yield of butadiene,
on the other hand, inereased to a maximum of 28.8 per cent
using two wolumes of water, decreasing again to 26,3 per
cent with three wvolumes. The effect of inereased dilution
on the extent of gaseous decomposition, the butadiene con-
tent of the gas, and the over-all butadiene yield is shown
in Graph VII. It is to be noted that the points on this
graph are plottéd from values obtained from the gas evolved
only and do not include dissolved gases which were not an-
alyzed in the case of the water-vapour runs,

As far as the writer is aware, the decomposition of
butanediol-1,3 at high temperatures over dehydration eatalysts
has not been studied with respect to the mechanism of the
decomposition reactions. MNumerous patents have been taken
out covering the production of butadiene from this glyeol.
However, no mention was made concerning the nature of the by-
products formed in this reaction.

Recently Nagai (31) investigated the dehydration of
butanediol~l,3 over aluminium oxide and various clay catalysts.
It was found that, for the most part, less than fifty per cent

of the gaseous products consisted of butadiene, the remainder
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being mono-olefins which were considered to be a mixture

of propene and butene. The results of the present investi-
gation ecompare with the results of this worker both with re-
spect to the‘extent of the gaseous decomposition and the
butadiene content of the gas. It has been shown, moreover,
that the mono-olefins consist mﬁinly of propene with only
very small amounts of butenes being present. Furthermore,
formaldehyde is also formed in the reaction while a con-
siderable amount of carbon is deposited on the catalyst at
the expense of the formaldehyde yleld.

From a consideration of the mechanism of the decompo-
sition of butanediol-l,3 over activated Morden bentonite,
several conclusions may be made. It would appear that the
butadiene formed in the reaction results from the elimin-
ation of one molecule of water from the secondary-hydroxyl
group and a hydrogen from the teminal methyl group to form
the unsaturated aleohol, l-butenol~-4, this being followed
by further dehydration to butadiene.

CHzCHOHCHgCHo0H — CHg=CHCHgCHgOH ——) CHg™ CHCH=CHgp
This is supported by the fact that eonsiderable quantities
of the unsaturated alcohol were isolated. Furthermore, 1t
has previously been shown that l-butenol-4, in the presence
of dehydration ecatalysts, produces butadiene (43).

A second reaction which ocours in the decomposition of
this glycol over bentonite involves the formation of n-buty-
raldehyde. By an analogy with the dehydration of the £,3-
and the l,4-glycol, it 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 dehydraticn 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 form the aldehyde.
VR
GHS?HCHQ?HQ ) CHaC&CH&CHa} _) mscﬂafﬁacﬂo
OH OH 0
On the other hand, the rearrangement may oceur without an
actual ring closure as in the case of the mono-dehydration

of butanediol-g,3.

CHS(;:HGHg(iHa ) CHS‘?HOHSEH‘? — CHzCH,CH,CHO
CH JH o
In either case, by this mode of dehydration, it is also
possible to explain the formation of propylene and formgl-
dehyde. This would involve carbon-to-carbon fission similiar
to that occurring in the decomposition of tetrahydrofuran to
the olefin and aldehyde., This mechanism for the formation
of these ecompounds is further supported by the work of Barbot
€118). This worker has shown that the diethyl substituted
four-membered c¢yclic ether decomposes under the influence of
heat as follows:
EtpgC-CHp-CHp ——> EtpC0 + CHp=CHp
N 7 — =
0 EtpC=CHp + CHg0
On the other hand, a serious argument against this
mechanism.tor the formation of propylene and formaldehyde

is seen from the results of Dojarenko {119) and Prevost (120).
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Dojarenko studied the decomposition of the unsaturated al-
ecohol, l-butenol-4, over aluminium oxide and obtained only
traces of butadiene, the main products being propylene, ecar-
bon and water. Ebrmaldehyde’was not identified and the in-
vestigator discarded the idea that formaldehyde might be
intermediate in the formation of carbon and water on the
basls that thls aldehyde, at high temperatures, 1s known to
decompose to carbon monoxide and hydrogen. A fallaey in this
argument can be pointed out, however. The mode of the de-
composition of the -CHp-0- fragment as it is first formed in
the reaction (nascent formaldehyde) may be entirely different
from the decomposition of a stabilized formaldehyde molecule.
This assumption, that formaldehyde is an intermediate in
the formation of carbon and water produced by the decomposition
of butenol-4, is supported by the results of Prevost with
this unsaturated aleohoﬁ%?ﬁThis worker studied the decompo-
sition over aluminium oxide of the unsaturated alecohols of
the type RCHOHég;cﬁz, in which R is a hydrogen atom, or a
methyl, ethyl or vinyl group. It was found that, in all ecases,
only traces of diolefins and water were formed, the main prod-
ucts being an aldehyde and propylene.
RCHOHCHpCH=CHg ——)  RCHO + CHzCH=CH
fhe mechanism of this reaction could not be explained, however,
From these results on the decompesition of l-butencl-~g,

it is seen that one can equally as well explain the formation

of formaldehyde and propylene in the decomposition of
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butanediol-},3 through the intermediate formation of the un~
saturated alcohol. How this intermediate alecohol decomposes
to the final produets, however, is difficult to explain.

It would appear, then, that there are two possible
mechanisms for the decomposi tion of butanediol~l,3 to propylene
and formaldehyde. The first invoives the elimination of water
between the two hydroxyl groups, with or without ring closure,
followed by carbon-to-carbon fission to propylene and formal-
dehyde. ZFach of these steps is expliesable by analogy with the
decomposition of the 1,4-glycol to the same products. Further-
more, it 1s difficult to explain the formation of n-butyr-
aldehyde excepting through this mode of dehydration. The
second mechanism involves the eliminatlion of the first mole-
cule of water between the secondary hydroxyl and a hydrogen
from the terminal methyl group to give l-butenol-4, which
then decomposes to the aldehyde an@ mono-olefin. TFhis mech-
anism has the advantage in that it involves an isolable in-
termediate.

It is difficult to poétulate a mechanism for this de~
composition of l~butenol~4 to formaldehyde and propylene.

It is possible that the unsaturated linkage hy an inductive
effect sufficlently weakens the bond between the hydroxyl-
bearing earbon atom and its adjacent carbon ta cause a car-
bon-to~carbon fission. The resulting ~-CHpOH radicle could
then lose hydrogen to form fomaldehyde followed by an add-~
ition of this hydrogen to the CHp=CHCHg~ radicle tc form
propylene,  another possibility is that the decomposition
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oceurs through the same intermediate as postulated in the
first mechanism for the glycol decomposition. This would
involve the addition of the hydrogen of the hydroxyl group

across the double bond to form the fragment Gﬂsgﬁcﬂnga
H o o

which then decomposes by carbon-to-carbon fission to form-
aldehyde and propylene,

The effect of water in inereasing the gaseous decom-
position of the glycol can be explained on the bhasis that
water prevents carbonization on the catalyst. This is sup-
ported by the experimental fact that in the case of water~
vapour runs a smaller amount of carbon and a larger amount
of formaldehyde was obtained. On the other hand, inecreased
dilution was found to deorease the butadiene content of the
gas. Furthermore, the relation between butadiene content
and the extent of gaseous decomposition at various dilutions
compared closely with the same relation found at various
temperatures. This is shown clearly by a comparison of Graphs
VI and VII. It is to be noted that this effect 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 of water in the production of butadiene

(44,45).



SUMMARY

1. Aecetivated Morden Bentonite was investigated as a
catalyst for the vapour-phase dehydration of three butane-
diols namely, butanediol-2z,3, butanediol-l,4, and butane-
diol-l,3, and as a catalyst for the decomposition of
butanediol-2,3 diacetate.

2. The dehydration of butanediol-2,3 was studied at
temperatures of 225-~700°C. and at various feed-rates, with
and without the addition of water vapour. At low temper-
atures, 225-350°C., high yields (a maximum of 85 per cent)
of butanone-2 as well as small amounts of isobutyraldehyde
and the cyclie acetal, the isobutyral of butanediol-2,3,
were obtained from the dry glycol. At 225°C., the cyeclie
acetal was the main by-product, while at 350°C., isobutyr-
aldehyde was formed to the extent of 12.1 per cent. The
effect of increased feed-rates was slight. At hich temper-~
atures, 450-700°C., decomposition to gaseous products was
found to occur. Only small yields of butadiene (2-7 per
cent) were obtained from the dry glycol while this yield
was increased to 14.9 per cent in the presence of two vol-~
umes of water at 700°C. The extent of the gaseous deeompo-

sition was greatest at the higher temperatures and the slower
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feed~rates. The mechanism of the low and high temperatures
bas been discussed.

3. The decomposition of butanediol-2,3 diacetate was
investigated at temperatures of 400-506’0. and at various
feed-rates in the dry state and in the presence of water
vapour. Various quantities of catalyst were used. The
main products were acetiec acid, butanone-2, isobutyraldehyde
and butadiene. Secondary products, both liquid and gaseous,
were formed by further decomposition of acetic acid and the
carbonyl eompounds. Under the more drastic conditions of
high temperatures, slow feed-rates and with increasing
amounts of eatalyst, butanone~2 was formed at the expense of
the butadiene yield. A.mechanism.was suggested for the for-
mation of these products.

4, Butanedicl~-l,4 was studied at temperatures of 250~
500 C. and at various feed-rates, with and without the add-
ition of water vapour. At the lower temperatures, 250~300f0.,
practically theoretical yields of tetrahydrofuran were ob-
tained at all feed-rates. At higher temperatures, 400-500°C.,
decomposition to gaseous products was found to occur, the
main products being propylene and formaldehyde. The liquid
produets,'in addition to water and tetrahydrofuran, contained
a small amount of n~butyraldehyde and high-boiling conden=-
sation produets. An increase in temperature greatly in-
creased the extent of gaseous decomposition. Butadiene was
obtained in an 8.0 per cent yield in the presence of water

vapour. A mechanism for these reactions has been considered.
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4, Butanediol-l,3 was investigated at temperatures
of 250-35@rC. and at different feed-rates both in the dry
state and in the presence of various amounts of water., The
liquid produets consisted of water, n-butyraldehyde, 1-
butenol-4, and the n-butyral of butanediol-l,3. The gaseous
products consisted mainly of propylene and butadiene. For-
maldehyde was dlssolved in the liquid products and c¢carhon
was deposited in considerable quantities on the catalyst.
The extent of gaseous decomposition inecreased with temper-
ature and with water dllution while the butadiene content
of the gas decreased. A maximum yield of 28.8 per eent was
obtained at 300 C. using two volumes of water. Increased
feed-rates inecreased the butadiene content of the gas but
greatly decreased decomposition to gaseous products. A4

mechanism for these reactions has been postulated,
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The first reported study of the dehydration of butane~
di0l-2,3 over any catalyst in which the by-products
have been thoroughly investigated.

An original contribution to the study of the mechanism

of the rearrangement of X-glyecols.

An original contribution to the knowledge of the
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