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ABSTRACT.

Catalytic dehydrogenation of butene in the presence of air has been studied at reduced pressures.
Preliminary experiments performed with varied proportions of butene and air over Crp03-Al;03-Cu catalyst
at 15-30 mm. of Hg. and 440-500°C. indicated interaction of the hydrogen, formed through dissociation
of butene, with oxygen of the air to a limited extent with slight increase in the yield of butadiene. Use of
ratio of air to butene greater than 1 : 1 was detrimental to the reaction. Quantitative study of the velocity
of reaction was carried out at 520-600°C, and 160-230 mm. of Hg. From a comparison of the experimental
values for the degree of dissociation of butene with the theoretical values, it was found that equilibrium in
butene-air system was not attained. However as a result of the interaction of oxygen with hydrogen pro-
duced by dissociation, it has been possible to secure yield of butadiene-1,3 up to 34-99, at 550°C. and
165 mm. of Hg.

Studies on the dehydrogenation of butene over various catalysts and under different
operating conditions revealed to a great extent the limitations under which the reaction has
to be carried out. In this reaction, besides the specificity of the catalyst, consideration of
temperature and pressure are of particular importance. For example, at atmospheric pressure,
the primary dehydrogenation of butene proceeds only to a limited extent and the yield of
butadiene does not exceed 149, at 560°C. The reaction temperature cannot be increased
above this limit due to the occurrence of secondary reactions. Experiments carried out at
the low pressures of 10-50 mm. and between 440° and 500°C. gave butadiene in yields which
corresponded with equilibrium conditions but such low pressure reactions, excepting for their
theoretical importance, are not of much practical value. - In view of the great technical value
of this reaction, it was felt necessary to investigate the possible methods of effecting an equili-
brium shift of the reaction, favourable to the formation of butadiene, at total pressures which
are industrially workable.

The essential condition in causing a shift of the reaction

CH3-CH,-CH=CH, = CHy=CH-CH=CH, + H, .. o
2H,+0,=2H,0 . . oo

to the right involves removal of hydrogen obtained as reaction product simultaneously with
its formation on the catalyst surface. This may be done by selective interaction of hydrogen
with molecules like oxygen, carbon monoxide, carbon dioxide and certain unsaturated hydro-
carbons such as acetylene, ethylene, etc.

The possibility of employing air for selective oxidation of hydrogen, formed in the
dehydrogenation reactions with beneficial effects, can be seen from the work of Forlich and
Wiezevich (1935). They dehydrogenated propane by using 709, air in a copper reactor at
600°C. and obtained a conversion of 75-809%, unsaturated hydrocarbons consisting of propylene
and ethylene. Further, it is also known that hydrogen can be removed from gases rich in
olefins by selective oxidation with air or oxygen in the presence of a catalyst such as copper
oxide with practically no simultaneous loss of hydrocarbon constituents (1934). Therefore, it
seemed possible to effect the simultaneous dehydrogenation of butene to butadiene and oxidation
of hydrogen with air provided a suitable catalyst is found. And such a catalyst can be expected
among the complex ‘oxide-metal’ type. A few experiments have therefore been carried -out
with mixtures of butene and air using different types of catalysts. Of the several catalysts
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tried, the one composed of CryO; (80%)-Al,0g (5%)-Cu (15%,) has been found to be most
efficient. Quantitative measurements of the velocities of the simultaneous reactions (1) and (2)
over this catalyst have been carried out at the pressures of 160-230 mm. and 520-600°C., to
determine the effect of air in increasing the degrees of dissociation of butene, and how far these
values compare with the theoretical values, if equilibrium could have been attained.

EXPERIMENTAL.

Material: Butene was prepared by the dehydration of n-butyl alcohol over activated
alumina at 400°C.

Catalyst: Chromium oxide-alumina (5%,) promoted by 159, copper was dried at 550°C.
and 0-5-0-2 mm. of mercury and used in all the experiments. The method of its preparation
is given in Part I.

Apparatus and Procedure: The arrangement of the apparatus for the preésent investigation
was ossentially the same as given in Fig. 1 (Part I). For the purpose of controlling pressures in
the range of 160-230 mm. in the system, a capillary leak-control was provided in the bottle B.
The gas-holder A, was filled with a mixture of butene and air (ratio 1 : 1). Before starting an
experiment the system was evacuated and the catalyst was heated to the desired temperature.
After this, the butene-air mixture from the gas-holder A, was released through V, into the
reaction chamber with simultaneous regulation of the capillary leak in B, so that a steady rate
of flow of the gas at a desired pressure was maintained in the system. Under this regulated
condition, the reaction was allowed to proceed for some time after which the actual observations
were taken. As usual, the gaseous reaction products were collected in the liquid air trap 7',
and analysed for butene, butadiene-1,3 and water.

Water: Water collected in the trap 7, was found contaminated with hydrocarbons and
therefore could not be estimated by any direct method. An indirect method involving estima-
tion of acetylene formed by the action of water on calcium carbide according to the equation :—

CaCy+2H,0 = Ca(OH),+CoH, was used.

Results: The yields of butadiene-1,3 obtained on dehydrogenation of butene mixed with
air, over Cry05-Al303-Cu catalyst at 440-500°C. and 15-30 mm. of mercury are given in Table I.

TasrLe I.
o . Ratio of Yield of
No. Temp. °C. Pressure in mm. Air: Butens. butadieno, 9.
1 440 18 50 : 50 30-0
2 440 15 50 : 50 30-2
3 470 28 54 : 46 38-2
4 470 27 34 ; 66 41-3
5 500 30 39 : 61 474
6 500 30 50 : 50 465
7 500 30 66 : 34 37-8
8 500 30 70 : 30 31-6

On comparing the above result with those obtained with pure butene over the same catalyst
(vide Part I, Tables V, VI, VII) it will be seen that an increase of 4:8%, in the yield of butadiene
has been secured at 500°C. and 30 mm. pressure by using about 409, air. This increase in the
yield of butadiene may be due to two causes: (i) occurrence of the reaction [2], and (ii) lowering
of the partial pressure of butene by air. That the reaction [2] had taken place was confirmed
by observing formation of water along with butadiene. The last four experiments indicate
that use of more than an equivalent volume of air is detrimental to the formation of butadiene.
From these experiments it is not however clear whether the use of air had any beneficial effect
on the dehydrogenation reaction as a whole because the extent of increase in the degree of
dissociation, considering the lowering of partial pressure of butens, is small.

It was hoped that simultaneous dehydrogenation and removal of hydrogen from butene
with air in the ratio 1 : 1 over Cr;03-Al,03-Cu catalyst at 160-230 mm. and between 500-550°C,
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might result in yield of butadiene which would have technical significance. These are condi-
tions where, as shown in Part I, dehydrogenation of pure butene does not attain equilibrium.
Data for some typical experiments are given in Table II. From the data given in Table II,
we have calculated the exact volumes of butadiene, butene, water vapour and the remaining
gas (Table III), that contributed to the total pressure of the reaction for the experiments per-
formed at 520°C. and 550°C. Experiments made at 600°C. were vitiated through the occurrence
of secondary reactions and therefore have not been included in the table.

TasrLe II.
Reactions: CH3-CHy-CH =CH,pe2CH,,=CH-CH =CH,+H, . . . .o [
2Hy+0.222H,0 .. .. 23

Catalyst: CryOg (80%)-Alg03 (59%)-Cu (159%,)
Butene to air = 1 : 1; Duration of each expt. is approximately one hour.

Exp. {Exp. |Exp. [Exp. |Exp. Exp. Exp. |Exp. {Exp. |Exp. |Exp. |Exp.
1 2 3 4 5 6 7 8 9 10 11 12
1. Temperature, °C. .. 520 | 520 | 520 | 520 | 520 | 550 | 550 [ 550 { 550 | 530 { 600 | 600
2. Pressure in mm. of Hg .. 160 | 190 | 200 | 225 | 230 | 160 | 165 | 200 | 225 | 225 | 165 | 225
3. Total vol. of gas passed, c.c. | 560 | 500 | 615 | 550 | 590 | 630 | 710 | 790 | 750 | 685 | 650 | 760
4. Vol. of butene-butadiense,
collected, c.c. .. 245 1230 | 282 | 245 } 267 | 286 { 295 | 344 { 332 | 305 | 276 | 306
5. Space velocity * .. 516393 |49-2 {447 47.2}50-3| 56-8| 62-9] 59-6 | 53-8 51-5 [ 60-7
6. Yield of butadiene, % on the
total vol. of butene-
butadiene collected oo | 25-11 235 22412401179} 335(349%27-9129-0;31-6] 320} 282
7. Vol of acetylene formed, c.c. | 14-6 | 12-0 | 14-1 | 126} 10-6 | 27-6} 31-0 | 26-8 | 25-0 | 23-6 | 19-2| 15-3
8. Loss of butene on the vol.
passed, %, .. 125 80, 83109} 94| 93] 16-8}12-7}11.5{10-9|15-1}19-2
* Volume of the gas at N.T.P. passed per c.c. of the catalyst per hour.
Tasre III.
Experiment Nos. 1 2 3 4 5 6 7 8 9 10
1. Vol. of butene, c.c. .. | 1835 | 176 218-8 1 186-2 } 219-4 | 190-2 | 191-9 | 248-1 | 235-7 | 2086
2. Vol. of butadiene, e.c. ..} 6l:5) 540 63-2] 588} 476§ 95-81103-1}{ 959 { 96-3| 964
3. Vol. of water vapour corres.
ponding to the vol. of C;H
formed, c.c. .. o 292 2404 283 252 21.2} 552 620 536} 50-0) 47-2
4. Vol. of remaining gases, c.c. .. | 207-9 | 268-0 | 3284 | 296-0 | 310-8 | 328-0 | 365-1 | 410-5 | 396-3 | 368-1
5. Total vol. of the gases, c.c. .. | 572-1 ] 522-0 | 638-6 | 566-2 | 599-0 | 669-2 | 722.1 | 808-1 | 778-3 | 7203

Asgsuming that no hydrogen has been removed by combination with oxygen, which is not
actually the case as shown in horizontal column 3 (Table IV), the minimum partial pressure of
butadiene in the system if equilibrium were established could be calculated from extrapolated
values of Kp at these higher temperatures from the equation,

K. = PButadiene X PHQ _ [PBuJadieueJZ
p=

P Butene p Butene

The extrapolated value of Kp at 520° is 0-015 and at 550° is 0-03. The degree of dissociation
of butene calculated on the basis of this minimum value of partial pressure of butadiene, are
given in Table IV as «, calculated from Kp.
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TapLE IV.
. Pry Total P Experi- | Calculated
Expg;’;ment Peyg PcyHe (001;1;359 dl‘:gggir&ge meIr)xta,l value of w | Prge0 | Temp. °C.

butadione).| systom. value of &. | from Kp.
1 513 17-2 17-2 857 0-25 0-34 8-2 520
2 64-1 19-7 19-7 103-5 0-23 0-31 8.7 520
3 68-5 19-8 19-8 108-1 0-22 0-30 8-8 520
4 74-0 23-4 23-4 120-8 0-24 0-29 10-0 520
5 84-2 18-3 18-3 120-8 0-17 0-29 8-2 520
6 455 22-9 22.9 91-3 0-33 0-44 13:2 550
7 43-8 23-6 23-6 91-0 0-35 0-44 14-2 550
8 61-4 237 23-7 108-8 0-27 0-40 13-3 550
9 68-1 279 27-9 123-9 ¢-29 -39 14:5 550
10 65-2 30-1 30-1 125-4 0-31 0-36 147 550

On comparing the experimental values for « with the theoretical values even on the assump-
tion that no hydrogen has been removed by oxidation, a marked difference is observed. This
indicates that reaction [1] did not attain equilibrium in butene-air system. However, the
beneficial effect of air in the dehydrogenation reaction will be apparent if we compare the
present results with those obtained by Grosse, Morrell and Mavity (1940) on the dehydrogenation
of butene to butadiene-1,3 over chromium oxide-alumina catalyst at reduced pressure, viz.
0-25 atmosphere and 600—650°C. A portion of their data is reproduced below:

Dehydrogenation of Butene.

) Yield of
Expf;;ment Temp. °C. Pressure in mm. [ Contact time sec. butadiene Carbon wt. per-

single pass, %. contage of charge.

2 600 190 0-70 22:0 11-2
4 600 168 0-34 21-4 4-8
5 600 197 0-12 13-4 15

From the data of Grosse ef al, it will be seen that they obtained only 21-4%, yield of
butadiene at 600°C. and 168 mm. pressure and therefore the present yield of 359, butadiene at
550°C. and a total pressure of 160 mm. is of considerable technical significance [Experiment 7).
This improved yield of butadiene in butene-air system is evidently due to a shift of the reaction
[1] through the occurrence of the reaction [2]. The extent of interaction of hydrogen produced
by dissociation of butene with oxygen of the air, may be seen from the partial pressures of
water vapour given in Table IV.

My best thanks are due to Sir J. C. Ghosh for his kind interest in the work.
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