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STUDY OF THE HYDROGENATION AND
DOUBLE BOND MIGRATION
OF 1-BUTENE ON NICKEL CATALYST"

By

Yoshimitsu AMENOMIYA®¥®
(Received November 10, 1960)

Abstruct

1. The hydrogenation and double bond migration of 1-butene on reduced nickel catalyst
were followed by means of gas chromatography over the ranges respectively of the partial
pressure of hydrogen from 8 to 50 mmHg and of that of butene from 40 to 180 mmHg mainly
at 0°C, and at —30°C, —20°C, 100°C and at 198°C as well. The rate of hydrogenation was
thus found to be of the first order in hydrogen and zeroth order in butene at 0°C. The rate
of double bond migration was the order of 0.5 and 0.6 with respect to hydrogen and l-butene
respectively at 0°C. The order of reaction of hydrogenation was found unity both for
hydrogen and butene at 198°C.

The activation energies of hydrogenation and double bond migration were found to be
11.8 and 7.2 Kcal respectively between —30° and 0°C at ca. 40 mmHg hydrogen partial pressure
and ca. 35 mmHg butene partial pressure. That of hydrogenation was reduced however to
—5.6 Kcal at temperatures above 100°C at the same partial pressures of reactants; the
appropriate optimum temperature of hydrogenation was estimated at 31°C.

2. The mechanism proposed by HORIUTI and POLANYI (Trans. Faraday Soc., 30, 663, 1164
(1934)) and developed by HORIUTI (This Journal 6, 250 (1958) for ethene was extended to

butene as:
1
CHy — CH;— n
= cne
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The structure of the above scheme was constructed according to HORIUTI’s method by which
the above experimental results were explained semi-quantitatively.

3. The difference of the experimental results of TWIGG (Proc. Roy. Soc., A 178, 106 (1941),
Disc. Faraday Soc. No. 8, 152 (1950)) and DIBELER and TAYLOR {(J. Phys. Chem., 55, 1036
(1951)) from those of the present author in the order of reaction and activation energies was
accounted for with reference to the location of temperature range of measurement relative to

#) This work was reported in Shokubai (Catalysis), Vol. 2, No. 1 P. 1 {1960) in Japanese.
#¥) Tokyo Institute of Technology, Meguroku, Tokyo, Japan, present adress: National
Research Council, Ottawa, Canada.
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the optimum’temperature mentioned in 1. in the light of the above structure.
It was further predicted that at sufficiently low temperature the activation energy should
be the same for hydrogenation of every olefin on the nickel catalyst.

Introduction

The hydrogenation of olefins over reduced metal catalysts have been studied
by many investigators and various mechanisms for this catalytic reaction have
been proposed by them. Exchange reaction with deuterium and isomerization
of higher olefins which take place simultaneously with hydrogenation have been
increasingly studied along with the recent development of analytical methods.

The isomerization associated with the catalyzed hydrogenation in the presence
of nickel catalyst was first reported by Twicc” in 1941. Since then, the
isomerization of butene was investigated by TwicG?® himself and DIBELER and
TAYLOR® together with exchange reaction using a nickel filament as catalyst,
and they found the same order of reaction for hydrogenation and double bond
migration (abbreviated to DBM in what follows), that is, the order of reaction
of 1/2 with respect both to hydrogen and 1-butene partial pressures in either
case. The activation energies of the exchange, hydrogenation and DBM were
determined respectively as 9.0, 2.5 and 5.9 Kcal by Twicc” over the temperature
range between 76 and 126°C, and as 7.1, 2.0 and 5.0 Kcal by DIBELER and
TAvYLOR® over the temperature range between 60 and 135°C.

The isomerization as well as the exchange is expected of course to provide
important informations for elucidating the mechanism of the hydro- genation
of olefin. However, the order of reaction observed by Twicc® and DIBELER
and TAYLOR® were not accounted for by the mechanisms so far proposed
inclusive of that advanced by Twicc® himself.

Horwrtr and Poranyr®® concluded the mechanism of catalyzed hydro-
genation of olefins in the presence of metallic catalysts and suggested in accordance
with the mechanism that the hydrogenation should be accompanied by DBM
as well as the exchange reaction as verified later by TwicG et al. HorTi™
formulated the mechanism statistical mechanically and accounted for the experi-
mental results of ZUR STRASSEN®, concluding that the rate-determining step of
hydrogenation was the adsorption of hydrogen on the surface at lower temperature
but the combination of adsorbed ethyl radical with adsorbed hydrogen atom
at higher temperature; the optimum temperature of hydrogenation was thus
accounted for as the temperatnre, where the rate-determining step switched over
from one to the other. Analogical extension of the mechanism to higher olefins
predicts that the optimum temperature decreases with increase of molecular
weight of olefins as shown in §18. Hence it is possible that Twicc and
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DiBELER and TAvYLOR have determined the activation energy over a temperature
range around the optimum temperature, where very small or even negative
activation energy and a fractional order of reaction are expected as deduced
in §18.

The analogical extension of the mechanism leads to the conclusion, on the
other hand, that the activation energy of hydrogenation on nickel catalyst must
be common to olefins at sufficiently low temperature, where the adsorption of
hydrogen determines rate. However, TwiGG obtained 8.2, 6.0, 3.3 and 3.3 kcal
as the activation energies of the catalyzed deuteration of ethene, propene, 2-
butenes and Zso-butene respectively over the temperature range from 55 to 120°C
in the presence of nickel filament. This indicates again that the temperature
range of the observation was around the optimum temperature, since then the
observed activation energy should decrease as the optimum temperature shifts
from higher to lower temperature with increase of the molecular weight of
olefin.

The present work has been devoted to the experimental investigation of
the hydrogenation and DBM of 1-butene in the presence of nickel catalyst
with particular stress on that at low temperature with the purpose of elucidating
the above subject in question. Isomers of butene were analyzed by means of
gas chromatography. The experimental results were analyzed for the rate of
DBM by a different method from that of TwicG et @/, which did not require
100% of 1-butene as material.

Chapter 1. Experimental

§1. Catalyst

The catalyst was about 5% nickel by weight supported on a-alumina.
The a-alumina was prepared by heating activated alumina (200 mesh) of Wako
Pure Chemicals Ltd., Tokyo, for 2 hrs at 1300°C, and checked by X-ray diffrac-
tion for the absence of 7-alumina. Nickel was precipitated by ammonium carbonate
from nicke nitrate solution in which a-alumina was suspended. The above nickel
solution was prepared by dissolving metallic nickel of International Nickel Corp.
in pure nitric acid. The precipitate was heated on a water bath for 30 min,
filtered, washed, pelleted and dried at 110°C. The pellet of catalyst was broken
to small pieces for use.

§2. Reactants

Cylinder hydrogen was purified by passing it through calcium chloride,
palladium asbestos at 350°C, sodium hydroxide, and liquid nitrogen trap to
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remove a trace of water. :

Butenes were prepared by dehydration of »-butyl alcohol over plain alumina
or alkali added alumina. Butene mixture which contained 30-5095 2-butenes
was prepared with plain alumina kept at 350°C at LHSV (liquid hourly space
velocity) below 0.6. Another mixture which contained more than 909 1-butene
was obtained with alkali added alumina (3% alkali) kept at 350°C at ca. 1.0
LHSV*.

Butene mixtures prepared as above were dried over sodium hydroxide,
twice distilled into dry ice-alcohol trap and evacuated, and finally condensed in
liquid nitrogen trap and evacuated. These mixtures contained less than 1%
of impurities consisting of C, and C, hydrocarbons and butane, which were
neglected in calculating the compositions of butene mixtures.

§ 3. Apparatus and Experimental Method

The apparatus was made of hard glass as illustrated in Fig. 1. The reaction
system incorporated an U-shaped reactor and a circulating pump of centrifugal
type which was operated by an outside magnet. The gas was circulated rapidly
in the reaction system through C, W, T, and R to prevent the reaction from
being controlled by diffusion. The inlet side of the reactor was given of zigzag
shape as shown in Fig. 2, lest the catalyst should be cooled by the rapid flow
of gas.

Pump

} Pump
S
¢ p P % 3
r U Ts
ni L
° L' L2 BC
U
M,
Fig. 1. Apparatus.
H,: Reservoir of hydrogen C: Circulation pump
B : Reservoir of butene M: Motor
M;, M;: Manometer Bag: Gas burette
P,, P,: Gas pipette S: Serum cap
R: Reactor F: Furnace or bath

T,, Ty, T3: Liquid nitrogen trap

— 4 —



Study of the Hydrogenation and Double Bond Migration of 1-Butene on Nickel Catalyst

Front view Side view

Fig. 2. Reactor.

The catalyst was placed at the bottom of the reactor R, which was heated by
an aluminum block furnace or a glycerin bath. The temperature of the furnace
or the bath was controlled by an electronic controller and measured by a chromel-
alumel thermocouple inserted in the block or the bath. The volume of the
reactor was about 30 cc.  Two kinds of the reaction system were employed; one
of them had the volume of about 220 cc and the other about 360 cc. The
latter reaction system was used only for the measurement of activation energies.

Before use the catalyst was heated up to 400°C in wvacuo, and reduced
with 500 mmHg of purified hydrogen circulated over the catalyst for 2 hrs at
the same temperature. A trace of water produced by reduction was removed
by the liquid nitrogen trap T,. The pressure decrease of hydrogen could not
be observed practically after the first 30 minutes. The catalyst thus reduced
was now evacuated to 107%-107° mmHg for 30 minutes at 400°C, and left to
cool to the temperature of a run.

A run was conducted as follows. Hydrogen and butene were measured
manometrically in the pipette P, and P, respectively and mixed. The mixture
was introduced into the evacuated reaction system W, T, and C in Fig. 1, and
the run was started by openning the taps of the evacuated reactor R after the
pump was set operating.

The hydrogenation was followed by the total pressure by means of the
manometer® M,. The ratio of the total pressure in the system W, C and T,

*) The amount of n-butane produced was determined both by the decrease of total pressure
and the gas chromatographic analysis. Both the values agreed with each other within experi-
mental error, whereas the former procedure was generally practiced. This evidences on
the other hand that no other reaction than hydrogenation and DBM occured. Further
evidence of the latter conclusion is provided by the gas-chromatographic data that no
formation of higher or lower hydrocarbon than those of C, was detected except at higher
temperatures above 120°C.
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before communicating R, to that after the communication was preliminarily
determined at each reaction temperature using hydrogen. The initial total
pressure of the run was calculated by dividing the pressure in W, C and T,
observed before the communication by the above ratio. After a recorded time
the reaction was stopped by closing the taps of R. The resultant gas in W,
C and T, was led to the liquid nitrogen trap T, and uncondensable gas was
pumped off. The condensable component was now transferred by distillation
into T and then collected in Bg by evaporation. A portion of the gas in Bg
was taken out through the serum cap S by a small syringe and analyzed by
means of gas chromatography.

After the run the catalyst was evacuated for 20 minutes at the reaction
temperature and left at room temperature with 300 mmHg of hydrogen. Just
before the next run the catalyst was kept at 390°C for 20 minutes in the same
hydrogen and then evacuated for 30 minutes at the same temperature.

The efficacy of circulation was checked beforehand as follows. It was
observed that the reaction rate increased with pump speed (rpm) below a cirtain
critical value but not beyond it and that the critical value increased with increase
of the amount of catayst. Rates were measured at sufficiently high pump speed
above the critical value.

TaBLE 1. Contents of butenes before and after circulation

Content of butenes

No. of ‘ Circulation .
Runs time initial final Difference
(min) Il leg) 1L
114 6 91.77 91.43 —0.34
115 75 90.30 89.49 — 0.81
116 14.5 90.32 90.05 — 0.27
117 39 86.21 85.37 —~0.84
118 11 78.93 78.58 - 0.35
119 8.3 70.85 70.53 —0.32
120 135 85.58 85.81 -+ 0.23
121 29 81.65 81.58 —0.07
127 9.3 83.81 88.69 —0.12
158 1 90.60 90.30 —0.30

Dissolution of butenes into grease was also preliminarily investigated. Table
1 shows the results of an experiment in which a mixture of butenes and hydrogen
was circulated in the reaction system for several minutes. The initial or the
final content of butenes in the mixtuse is shown in the third or the fourth
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column respectively of the Table. The difference between the initial and final
butene content in the mixture was so small that the dissolution of butenes into
grease could be neglected.

§4. Analysis

The analysis of reactant and resultant gas was conducted at room tempera-
ture by means of a home-made gas chromatographic apparatus of thermal con-
ductivity type with platinum filaments in conductivity cell using columns of
dimethyl formamide on alumina (7-9 m) or triisobutylene on celite (5m) and
dioctyl phthalate on celite (3 m) in series. Hydrogen was employed as carrier
gas, and the composition of gas was determined directly from the areas of
chromatogram without correction. This procedure is justified by the coincidence
of the quantity of butane thus determined with that observed by manometer.

Chapter II. Results

§ 5. Hydrogenation

Hydrogenation rate was found to vary so slowly with the lapse of time
in each run that its extent in the first minute could be practically taken as
the initial rate of hydrogenation.

Table 2 and Fig. 3 show the results obtained by maintaining butene pressure
constant (about 94 mmHg) and varying hydrogen pressure from 8 to 50 mmHg
at 0°C. The activity of catalyst did not run down in this experiment conducted
at comparatively high partial pressure of hydrogen. The initial rate determined
as above was plotted against the partial pressure of hydrogen in Fig. 3, which
showed that the rate of hydrogenation was proportional to the partial pressure

TaBLE 2. Effect of hydrogen pressure on the rate of hydrogenation
temperature: 0°C, catalyst: 0.042g.

No. of [ Initial hydrogen Initial butene

! Initial rate

Runs pressure pressure ‘ '
I (mmHg) (mmHg) (mmHg/min)

166 1445 : 94.1 ; 135
167 i 8.0 | 94.5 \ 1.7
169 ! 50.1 93.7 ‘ 13.1
170 ‘ 497 94.7 ! 124
171 ‘ 327 | 94.2 9.3

172 31.4 ‘ 93.8 ; 9.0




Journal of the Research Institute for Catalysis

of hydrogen. The reactant hydrocarbon in the above experiment contained

91.19 of 1-butene, 1.4% of irans-2-butene, 3.1% of cis-2-butene, and 4.49%
of n-butane.

T

15

10

T

Initial rate of hydrogenation (mmHg/min)

i | | { |

0 10 20 30 40 50

Initial pressure of hydrogen (nmHg)

Fig. 3. [Initial rate of hydrogenation~hydrogen pressure.

catalyst: 0.042g, temperature: 0°C,
initial pressure of butene: 93.7~94.7 mmHg

Table 3 and Fig. 4 show the results obtained by maintaining hydrogen
partial pressure constant at about 19 mmHg and by varying butene partial
pressure from 40 to 180 mmHg at 0°C. Some deactivation of the catalyst was
observed in the course of this experiment. The effect of butene partial pressures
on the rate of hydrogenation was deduced under the circumstances as follows

TasrLe 3. Effect of butene pressure on the rate of hydrogenation
temperature: 0°C, catalyst: 0.071g

No. of Initial butene Initial hydrogen Initial rate Mean initial
Runs pressure pressure rate
(mmHg) {(mmHg) {mmHg/min) {(mmHg/min)
159 404 187 10.6 91
164 40.6 18.9 7.5
160 83.3 19.1 11.6 9.3
163 82.0 22.6 7.1
161 124.5 184 8.9 85
162 123.4 188 8.1
158 179.7 19.3 8.0 5.9
165 181.8 19.4 37
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10—

Initial satc of hydrogenation (mmHg/nin)

050 100 150" 200

Iniuial pressure of  butene (mmHg)

Fig. 4. Initial rate of hydrogenatibn~butene pressure.
' catalyst: 0.071 g, 'temperature : 0°C,
initial pressure of hydrogen: 19 mmHg.

from the results of a series of runs conducted at a similar condition except
in the partial pressure of butene. Those pairs of runs were picked up from
the series, as shown in Table 3, which had equal sum of numbers of the runs
in the series and each consisted of runs of approximately equal initial partial
pressures respectively of butene and hydrogen (ca. 19 mmHg). The mean initial
rate of each pair was now taken as appropriate to the respective means of
butene partial pressures, free from the effect of the deactivation of catalyst,
and plotted against the latter as shown in Fig..4. The Figure shows that the
rate of hydrogenation is approximately independent of the partial pressure of
butene below 120 mmHg, but strongly retarded by butene above 120 mmHg,
The composition of the reactant hydrocarbon in the above experiment was
67.49 of 1-butene, 18.5% of trans-2-butene, and 14.19%5 of cis-2-butene.

It follows that the rate r, of hydrogenation is expressed for butene partial
pressure below 120 mmHg, as

7, = k,P" (P*<120 mmHg) , {5.1)

where P" and P® are the partial pressures of hydrogen and butene respectively
and %, a constant. This indicates that the surface of the catalyst is practically
unoccupied by butene under the pressures below 120 mmHg.

Fig. 5 shows log P* of a single run plotted against time. The excellent
linearity obtained is in confirmity with (5.1) alternatively induced from the
observation of initial rates.
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2.0r

Conversion

0.5- 96.6%

| | 1

0 1 2 3 4 5 6
Reaction time (min)
Fig. 5. log PH ~¢.
catalyst: 0.145g, temperature: 0°C, initial pressure of hydrogen :
51.6 mmHg, initial pressure of butene: 78.0 mmHg, butane pro-
duced: 49.9 mmHg (conversion of hydrogen: 96.62)

§ 6. DBM (Double Bond Migration)

The results of experiments on DBM are shown in Table 4, where the
notations are defined as

P? . vpartial pressure of hydrogen

P® . partial pressure of total butenes

P'"%: partial pressure of 1-butene

P*~%: vpartial pressure of trans-2-butene

PeB: partial pressure of cis-2-butene

Pr®: partial pressure of 7-butane

and their initial values are designated by suffix 0. We have by definition
PB — Pl—B+Pt*B+P;~B
P{=P "+ P+ P8
Groups I, II etc. in Table 4 refer each to a number of runs which were
conducted at approximately the same initial partial pressures of hydrogen and
butene but for different reaction time. The increase 4P* % of P*® was me-
asured several times during the run by the decrease of total pressure, although
the Table shows just 4P*® at the reaction time i.e. at the end of the run;
the increase 4P'5, AP*® and AP°™® respectively of P'~® P*® and P°%,
shown in the Table are those at the reaction time, too, as determined by gas
chromatographic analysis of the resultant gas of the run.



TABIE 4.

Double bond migration

temperature: 0°C, catalyst: 0.030g

Initial Initial total Initial . Increase of component
Grou No. of hydrogen |pressure of | 1.butene reafctxon —{dPYdt), |— dP'-B[dt), (dP~B]d8),
P Rung| Pressure butenes pressure time | APn~B| 4P'-B | 4pt-B | jPc-B (dPR]dzth,
P (mmHg) | PP (mmHg) |Pi-B(mmHg) (min) | (mmHg)|(mmHg) (mmHg)| (mmHg)| mmHg/m n)(mmHg /min)
204 24.7 2 .3 2 1. — 20 X — 0.
I 0. 25 23 + 1.8 + 0.2 0.1 49 5.4 L1
205 24.4 25.5 23.5 3 + 46 |— 45 0 — 0.1
213 246 45.1 41.6 1 + 27 |— 30 | +0.2 + 0.2
211 25.0 454 419 0.75 8. —11.3 . X
11 > + 89 L7 +08 123 16.4 1.33
208 247 45.5 42.0 1 + 106 | —129 | +17 + 0.5
200 25.0 45.1 41.6 2 +132 |—136 | +0.8 — 0.3
4, 69.9 X 1 11. — 16.7 K
I 212 24.8 64.5 + 117 +34 | +16 16.0 %.1 1.63
210 24.6 69.9 64.5 2 + 183 |—279 | +-65 + 3.1
203 25.1 100.1 2.4 1 48 |— 77 A .
v v * FLT 41l 112 20.9 187
202 25.1 100.0 92.3 156 |+ 125 [—18.0 | 4 40 +15
.4 . 2. 2 3.0 |— 87 . .
v 218 10 99.8 92.1 + 3.0 4+ 3.3 + 25 6.0 133 299
219 10.4 100.0 92.3 5 4+ 51 |—143 | +53 440
A ) . 2. —16.1 .
VI 221 377 100.4 92.7 + 125 6 4 2.2 + 1.5 131 195 1.49
220 37.9 99.7 92.0 2 + 178 |—222 | +29 + 1.5
X . . . 11.3 |- 139 . .
VII 217 63.0 100.1 92.4 0.75 [+ 113 +13 | +13 156 220 1.41
222 63.5 101.3 93.5 2 +263 |—-286 | +20 | +03

16D 1937N U0 2unng-T fo uouviSipy puog 21qno( puv uoyvusdoiplry ayy fo Lpmg
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r Fig. 6 shows 4P"® etc. increasing with
| time of group IV in Table 4 as an example.
The curve of 4P*"# of run No. 202 was
first drawn from data not fully given in
Table 4; those of 4P "%, AP'~% and 4P°*®
were now constructed by plotting —4P*"®
5 etc. of run No. 202 against the reaction
time given in Table 4 and those of run No.
203 against the time, which corresponds, in
accordance with the curve of 4P* % drawn
as above, to the magnitude of 4P*® of run
No. 203. This procedure is based on the
assumption that the ratio of the activity
of DBM to that of hydrogenation remains
constant, if the activities themselves were
varied. The initial rates —(dP"/d¢), and
0 i 5 —(dP'"®/dt), of hydrogenation and the de-
— Time (min) crease of 1-butene are determined, as shown
Fig. 6. Pressure change of butane in Table 4, respectively as the initial slopes
and butenes with time. of 4P" 5. and 4P -curves thus constructed
CafIYSt20~03Og’ temBPerﬂture=0°C, as exemplified with reference to Fig. 6.
Py=251mmHg, P§=100mmHg. It follows that DBM proceeds simul-
taneously with hydrogenation, from the result shown in Fig. 6 that 2-butenes
increase at the initial stage of the reaction in spite of the decrease of the total
amount of butenes.
The content of 1-butene in the reactant is however in excess over that in

15-

e,

10

——> Pressure” change

B
iy

4Pt

TaBLeE 5. Composition of reactant and equilibrium
composition* at 0°C.

‘ Reactant Equilibrium
(%) (26)
1-butene 92.3 2.0
trans-2-butene 2.1 784
cis-2-butene 45 19.6
n-butane 1.1
Total X 100.0 100.0

* Equilibrium composition was calculated from Selected Values of
Physical and Thermodynamic Properties of Hydrocarbons and
Related Substances. Rossini, Carnegie Press, 1953.
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TaBLE 6. Reaction of 1-butene on reduced nickel in
the absence of hydrogen

temperature: 0°C, catalyst: 0.057 g, reaction time:
45 min, no pressure change was observed

Reactant Product
- (mmHg) (mmHg)
1-butene 1429 | 143.8
trans-2-butene 54.1 52,7
cis-2-butene 447 452
n-butane 0 0
Total | 2417 2417

equilibrium at 0°C as shown in Table 5, which affirms the thermodynamic
feasibility of DBM to proceed. Table 6 shows the result of a run in the
presence of reduced nickel at 0°C that DBM did not proceed in the absence
of hydrogen within the experimental error of gas chromatographic analysis, in
conformity with that of Twice? or DIBELER and TAvyLorR®. Table 7 shows
the result of a run of 1-butene and hydrogen in contact with a-alumina, that
neither hydrogenation nor DBM was catalyzed by a-alumina i.e. the supporter
of nickel. Tt is hence concluded from the present experiment, that DBM is
catalyzed by nickel in the presence of hydrogen. '

TaBLE 7. Reaction of the mixture of hydrogen

and 1-butene on a-alumina
temperature: 0°C, a-alumina: 0.704 g, reaction time:
10 min, partial pressure of hydrogen: 28.8 mmlg,
no pressure change was observed.

‘ Reactant Product
(mmHg) (mmHg)
1-butene 56.3 56.5
trans-2-butene 2.8 2.7
cis-2-butene 3.2 32
n-butane 0.6 05
Total | 629 ‘ 629

The order of reaction of DBM with respect to butene was determined
from the results at constant hydrogen partial pressure of about 25 mmHg and
at different butene partial pressure at 0°C, which were picked up {rom Table 4 as

— 13 —
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shown in Table 8. The consistent value of (dP'~®/d¢), unaffected by the change
of catalytic activity should be obtained by multiplying (dP'~®/dt),/(dP"[dt),,
unaffected as assumed above by similarly unaffected value of (dP"/dt),.

TaBLE 8. Effect of 1-butene pressure on the rate
of decrease of 1-butene

temperature : 0°C, catalysf; 0.030 g

. I - Correction
N;;n:f Im“;?iiéiﬁié’ge“ Imgrael:slsﬁlgene /Wl (%Hﬁéf,—”‘ f:gttfv’;t;f re=(a)%(8)
PP (mmHg) | Pi~B(mmHg) |mmHg? (a) (b)
204, 205 245 | 234 4.84 1.11 0.989 1.10
3(1’% 08 24.8 4138 6.47 1.33 0.979 1.30
210, 212 247 | 64.5 8.03 1.63 0.968 1.58
202, 203 25.1 923 9.61 1.87 0.946 177

The value of (dP"/dt),, from which the effect of change of catalytic activity
was eliminated as in §5, is shown in Table 3 and Fig. 4. The corrected
value of (dP®/dt), decreases slightly with increase of butene pratial pressure
even below 120 mmHg as seen from Fig. 4. Table 8 shows the ratio (&) of
the value of (dP%/dt), to that at zero butene partial pressure as derived from
the result of Fig. 4. The product » of (b) and (a)=(dP*®/dt),/(dP"/dt), shown
in Table 8 is now the fraction of (dp'~"/dt), over (dP"/dt), at P?=0 unaffected

s mmg by the change of catalytic activity.

2 40 60 80 100 The product 7 is plotted in Fig. 7
against P, ® as well as its square root,
which shows that 7 varies linearly with
Y Pi-B. The intercept 0.36 of the
straight line of r vs Y PI"® on the
ordinate gives now the ratio of the
hydrogenation rate of 1-butene to that
of total butenes. Admitting that the
hydrogenation rate is approximately con-
stant independent of P® or P'® the
excess 7., of 7 over 0.36 should be the
rate of DBM, which is proportional to

N

0.36

™o

4 6 8 10 . ;
e the square root of 1-butene pressure, 1. e.
7. oC PI—B 0.5 . 1
Fig. 7. r~Pi5 and r~/P}B m e (PT) (6. 1)
temperature: 0°C The order of reaction of DBM
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TaBLE 9. Effect of hydrogen pressure on 7,
temperature: 0°C, catalyst: 0.030 g

No.of | PE | PP ne | apesjag, [R5 [ (b

Runs m'an { mmHg mmHg/mm (dPH/dl)o mmHg/min |mmHg/min mmHg/min
218, 219 | 10.4 ‘ 99.9 2.56% \ 2.22 I 5.68 0.92 4.76
202, 203 ‘) 25.1 100.0 6.17% 1.87 ‘ 11.54 2.22 9.32
220, 221 i 37.8 ( 100.1 9.30% “ 1.49 i 13.90 3.34 10.56
217, 222 ’ 63.3 | 100.7 l 15.60 i 141 1 22.00 5.61 16.39

# Calculated from (5-1) and 15,60 mmHg/min at p=63.3 mmHg.

with respect to hydrogen partial pressure was now deduced as follows from
the results at constant butene partial pressure (about 100 mmHg) and hydrogen
partial pressure ranging from 10 to 63 mmHg at 0°C, which were picked up
from Table 4 as shown in Table 9. The upper three data in the column of
r, in Table 9 were calculated on the base of %, in (5.1) appropriate to
the value of 7, in the last row. These values of 7, are multiplied by
(AP B/dt),/(dP?/dt), to obtain the rate —(dP'~®/dt), of decrease of 1-butene at
the constant catalyst activity as shown in the third last column of the Table.
Subtracting from the latter value of the overall rate —(dP'~®/dt), of decrease
of 1-butene, the rate 0.36 r, of its decrease due to hydrogenation, the rate 7,
of DBM is determined as:

(dP*|dt),
(dP?/d), "

Vo = —0.36 , (6.2)

as shown in the last column of Table

N

9. The plot of logr, against log P"
shown in Fig. 8 yields a straight line
with the slope of 0.6.

We have thus in conclusion 0 ! IR i

"f.O 1.2 1.4 1.6 1.8 2.0

= b (PP (P18 (6.3) fog £y
where £k, is the appropriate rate Fig. 8. logrm~log F&.
constant. temperature: 0°C

§7. Temperature Dependence of Reaction Rate

Table 10 shows the initial rate of hydrogenation observed at different
temperatures between —30 and 198°C. The directly observed value of the
initial rate given in the third last column of the Table was corrected for the
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TaBrLe 10. Rate of hydrogenation
catalyst: 0.023g, f=1.0759

No. of ‘ Temperature F23 P8 Initial rate Fr Correiciet(ei initial
Runs | C) (mmHg) | (mmHg) |(mmHg/min) (mmHg/min)
260 0 397 347 59 1.00 (5.9)
o7 —~ 33 39.3 336 0.2 1.16 0.23
272 0 39.3 344 39 1.25 49
273 - 33 39.3 344 0.2 1.35 0.27
274 — 195 39.3 345 09 1.45 13
275 0 39.8 348 36 1.56 5.6
276 -~ 195 39.6 345 0.9 1.68 15
277 0 400 35.0 2.9 1.81 5.2
278 120 405 34.9 41 1.95 8.0
279 198 406 35.5 11 2.10 2.3
280 100 406 35.1 43 2.26 9.7
281 — 207 39.1 34.3 05 243 1.2

regular deactivation of the catalyst by multiplying by f*, where n was the
number of run and f the factor of deactivation for a run, which was fitted
to several measurements of the initial rate at 0°C (Nos. 269, 272, 275 and 277)
inserted here and there in the series. of runs. The initial rates thus corrected
are shown in the last column of Table 10 and plotted against the reciprocal of
absolute temperature in Fig. 9.

Table 11 shows (dP'"®/dt), which was measured simultaneously with 7,
in the runs given in Table 10 at 0 and ca. —20°C, the appropriate value of
(dP**ldt),)(dP"[d¢), and that of r,, calculated from them by (6.2). The value
of r, is plotted in Fig. 9 as shown by a chain line.

TaBLE 11. Temperature dependence of 7,
catalyst: 0.023 g

No. of Runs Temperature (dP-B/dt)y 4 rm
C) (@P"/dt)o (mmHg/min) | (mmHg/min)

275 0 115 56 4.4

277 0 115 52 4.1

276 — 195 1.39 15 1.6

281 — 207 142 1.2 1.3
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+ T L r Il ‘4 ! r

4.5 4.0 3.5 3.0 2.5 2.0 1.5
1/TXx10°

0.1

Fig. 9. Temperature dependence of reaction rate.
F8 = 39-40 mmHg, P%= 34-35 mmHg

The rate of hydrogenation increases rapidly with temperature between
—30 and 0°C, but decreases slowly above 100°C as shown in Fig. 9, the
appropriate activation energies being 11.8 and —5.6 Kcal/mol respectively. The
optimum temperature is located on the intersection at 31°C of the two lines
in Fig. 9. The activation energy of DBM was found to be 7.2 Kcal from the
slope of the chain line in Fig. 9.

§8. Reaction at High Temperature

A trace of iso-butane was found in the product at high temperatures above
120°C, whereas no isomerization of carbon skelton was observed at temperatures
below 0°C. The result obtained at 198°C is shown in Table 12 as an exmple.

The total pressure of hydrocarbons decreased by 4.8% through the reaction
as shown in Table 12, which could not be attributed to the dissolution into
grease according to §3. This should be due to polymerization to higher
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TaBrLE 12. Distribution of hydrocarbons in the product at 198°C.

catalyst: 0.023g, FP'=406mmHg, reaction time: 16.3 min
mmHg

Total : cis~-

C3H, CsHs\ iso- ﬂ*C4Hw‘ 1-C,H, qt:‘ans—
C,H . 2-C,H,

‘pressure C.H, ‘ CzHe ‘ 2-CH;

Product

Reactant [ race 0.10 | o1or 09 | 895 | 45 |
|
| |
|
|

— 003 009 0.16 tracei 12.4 74

hydrocarbons possibly accompanied or by cracking to lower hydrocarbons.
The cracking took place actually as evidenced by the increase of total amount
of C;, and C, hydrocarbons through the reaction. Methane was not detectable,
if formed at all, because it could not be condensed by liquid nitrogen trap.
Neither the polymerization was ascertained because higher hydrocarbons than

=40.6 mmHg
75r P =355 mmHg

70

Total pressurc  (mmHg)

0 5 10 15

Time {min)

Fig. 10 (a). Decrease fo total pressure with time at 198°C.

160

log PM orlog PP

Time (min)

Fig. 10 (b). Fit of rate equations.
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C, did not practically elute the gas chromatographic column.

Fig. 10 (a) shows the decrease of the total pressure with time. The
order of reaction of hydrogenation was determined by fitting the above data
severally to the rate equations (1), (2) and (3), Z.e (1) r=k,P", (2) o=k, P?,
(3) r,=k,P"P®, respectively integrated as (1), (2) and (3), i.e. (1) log PP =
Cit—Ca, (2) log P2==Cyit—C,, (3) log P*—log P?=Cst—C, where k,, C, etc.
are constants, ¢ the reaction time. The partial pressures were derived from
the total pressure observed neglecting its decrease mentioned above. The left
side of (1), (2) and (3)" were respectively worked out from the partial pressures
thus obtained and plotted against time as shown in Fig. 10 (b). The Figure
indicates distinctly that the rate law (3) is confirmed exclusively by the experi-
ment, i.e. that the hydrogenation at the high temperature is of first order with
respect both to hydrogen and butene.

As mentioned in §6 the content of 2-butenes in the product increases
along with the progress of hydrogenation to approach the isomeric composi-
tion of butene in equilibrium. The compositions of the products at different
temperatures are shown in Table 14, and the corresponding equilibrium compo-

TapLe 13. Equilibrium composition of #-butenes®
Temperature 1-butene trans-2-butene cis-2-butene total 2-butenes
(C) (%) (22) (22) ()

0 2.0 784 19.6 98.0
100 45 66.2 29.3 95.5
198 9.0 59.5 31.5 91.0

# Caleulated from Selected Values of Physical and Thermodynamic Properties of

Hydrocarbons and Related Substances.

Rossini, Carnegie Press, 1953.

TaBLE 14. Composition of butenes in product
catalyst: 0.023g, P§: 39.7-41.1 mmHg, PF: 34.7-35.5 mmHg

No. of Hydrogen trans-2-| cis-2- | total-2- | (total-2-butenes)*
R Temperature | . cumed 1-butene butene | butene | butenes m

nS o 7 o, o, o, o, :

! cC) (%) (6) | (28) | (98) | (2) (25)
Reactant — — 90.3 45 52 9.7 —

269 0 35.8 834 9.4 7.2 16.6 9.9

268 100 316 78.2 124 94 21.8 228

279 198 29.8 35.2 40.5 24.3 64.8 712

* (tolal 2-butenes)r expresses total 2-butenes in equilibrium at each reaction tem-
perature, which was shown in the last column of Table 13.
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sition at each temperature in Table 13. The notation (total-2-butenes), in
Table 14 represents the content of total 2-butenes in equilibrium, which is
given in the last column of Table 13. Table 14 shows the content of 2-butenes
approaches rapidly to that in equilibrium with rise of temperature, notwith-
standing the smaller extent of hydrogenation at higher temperature than at lower
temperature, i.e. that 7, increases with temperature more rapidly than #, does.
The results obtained in the present experiment are summerized in Table 15.

TaBLE 15. Order of reaction and activation energy

Low temp. (<0°C) |High temp. (>>100°C)
. [Order of reaction (PR (PB)p (PR)t(pB)t
Hydrogenation
{ Activation energy 11.8 Kcal —5.6 Kcal
L fOrder of reaction {PHjo.6(p1-Bjo.s
Isomerization
1-butene—2-butenes | Activation energy 7.2 Keal

Chapter III. Discussion
§9. TWIGG's Mechanism
Twicc® has proposed the following mechanism for the catalyzed hydro-
genation of ethene in the presence of nickel catalyst:
(3)

(1) +H, (
C.H, = CH,-CH, — CH, -— CH,-CH,
@ | | Y
Ni Ni CH, H

|
6, Ni Ni

0, 0,

Ni
This mechanism leads to the relations at the steady state

‘. :[ 23 ]—
ki (k+E)

03::[‘_Jéé17ﬁ}m]%a,
kolko+ k)
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where 0., 8, and 0, are the surface concentration of adsorbed ethene, adsorbed
hydrogen atom and adsorbed ethyl radical respectively, k, etc. are the rate
constants of steps (1) etc., and P" the partial pressure of hydrogen. He tried
to interpret his experimental results of the hydrogenation and DBM of 1.butene
on the base of the reaction scheme corresponding to the above one of ethene.
Assuming that the rate of DBM is the same as that corresponding to the step
(6) in which adsorbed butyl radical dissociates into adsorbed butene and hydrogen
atom and that ,=1 at low temperature, he derived the rates of hydrogenation
and DBM in terms of the similar notations as

ra= k0= (L5 ) oo b, P

4 7

1
2

g — [ Rksks \F puiky 1
r,,b_/esoa_(m) (P20, = k., (P™)
where %, and k,, were the rate constants of hydrogenation and DBM respectively.
The rate law observed by Twicc himself® and DiBELER and TAYLOR®, however,
were such that 7,:==£,(P%)% (P and r,,==k..(P™)% (P'®), which disagreed with
the above theoretical conclusions.

The results obtained by the present author suggest on the contrary as
shown in §5, that the adsorption of butene was very weak even at 0°C over
the pressure region used by Twicc and DIBELER and TAYvLOR, hence that
#,=KP'*® instead of §,==1, where K is a constant. It follows that

rus B PP
Pt b (PRE o8

which fits in neither with their result nor with that of the present author.
§ 10. HORIUTI and POLANYVs Mechanism

Horwti”® successfully explained zZUrR STRASSEN’s results® on the base of
the scheme of Fig. 11 (a) proposed by Horiuti and Poranyr® ®, by means of
statistical mechanical analysis. The reaction scheme of butene may be formulated
analogously to that of the ethene hydrogenation, as shown in Fig. 11 (b), where
DBM occurs througn the steps [, and II, forwards, and then II, and I,
backwards. The present discussion will be simplified assuming that adsorbed
1-butene and adsorbed 2-butenes are created and consumed by the relevant steps
with equal opportunity and the same is true with the other pair of isomeric
intermediates, ¢.e. the primary and secondary butyl radicals, hence isomeric
intermediates and steps concerned may be lumped together as shown in Fig. 11 (c).
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CH,=CH, 2> CHZ—CHz

CH,-CH,

{ }——)m CH,~CH

H, _—,- 3 3
H

*

(b)
lﬂ
CH2=CH—CH,-CH;"—‘>'CH2‘CH'CH2"‘CH3 CHz CHZ_CH2 ~-CH 11l
x ok

I,
In,, S
CH,~CH = CH-CH, —%CH,-CH-CH-CH, ’6 Hu-CH-CHy-CH,
L B 1 UL CH,-CH,-CH,-CH,
H, ——> { :I

(¢)

4 I
% * C,H
H l’—’*4 T, o,
H,-I—"»{*
H
*

Fig. 11. Reaction schemes of hydrogenation of ethene and butene.

The scheme of Fig. 11 (c) is, however, formally identical with that of
Fig. 11 (a) for ethene. On this basis the present experimental results will be
analyzed in the following sections in accordance with the HormuTr’s method

for ethene.

§11. Condition of Steady Reaction

The rate Vg of the steady reaction of Fig. 11 (c) is written as
Ve = o({L)—%(L) = o(l,)—o(l,) = 3(I)—B(Il) = o(IIl)—»(IIl), (11.1)
where 7(S) and %(S) are the forward and backward rates of the step .S respec-

tively. The rates T(S) and ©(S) are given statistical mechanically as

§(E)) I
e e

Cw W)= L, (1L 1)

7(S) =&(S)
where
R(S)= P*‘S’/P“‘” (11.3)

P9, pF° and p*® are the BoLTzMANN factors of the chemical potential, of
the initial, final and critical complex of the step .S respectively, & or A the
BoLTzMANN or the PrLANCK constant and 7" the absolute temperature; pi®®
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and pF® represent the particular values of p® and p™ in the case, where
every step but S is in equilibrium. It is obvious from (11.2) that £(S) repre-
sents the rate of the forward reaction of the step .S in the particular case,
where pi®:=pl®.

Denoting hydrogen and butene in gas by H and B respectively, PI® s
written as

Prw=p®, P =pt, plP=(p )Pt PV =P (11. 4)
We introduce now the quantities 7(H), 7(C,H,), 7(CH,) and I" defined as

T(H) :(PH)I/Z/PH((L) , T(C4H5) :PB/PC.HQ(G)

T (C4H9) :PB (pﬂ)x/z/PC.Hg(a), F :P}z(IID/PF(HD :PBPH/P .
where (a) denotes the adsorbed state and A butane in gas. The quantity 7(H),
for example, is the relative activity of H(a) referred to the absolute activity of
H(a) at the particular state, where all steps in Fig. 11 (c) which derive H{a)
from the reactant H+B are respectively in equilibrium.

The rates T(S) and ©(S) are expressed by (11.2), (11.4) and (11.5) as

P(L)=R(L), BI)=%(L), I)=7rCH)rHK{I)

(L) = 7(C,H,) r(H) &(I1I) (11. 6)

B

9

} (11.5)

L)=7CH)®(L), %) =71HSL), 2(1I)=7CH)g(L)
III) = g (L) .
Hence (11.1) is written as
V=@ (L)(1~T7(CH,) = & (L) (1 —7 (H))
= @ (II)(r (H)7 (C,H,) =7 (C,H,)) =& (L) (7 (H) 7 (C.Hy)—I').
The factor p*® is written for a step occuring on a surface as®

PEO = GrOgE©Q (11. 8)

} (11.7)

where 6 is the probability of a site o5 for the critical complex 3*(S) of

10}

the step S being unoccupied, G** the number of sites ¢¥ per unit area of the

surface; ¢*® is the BoLTzmaNN factor of the reversible work ¢* i.e. that at

statistical equilibrium required to bring up a critical complex *(S) from its

standard state to set it up in a definite, preliminarily evacuated site ¥ , 7.e.
g*® = exp(—e*O/RT) .

And p" and p® are expressed as®

PH — QH/NH , PB — QB/NB , (1]“ 9)

— 23 —
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where Q" and Q" is the partition function of a single gaseous molecule in unit
volume, N" or N*® the concentration in gas of hydrogen or butene respectively.
Defining Ky, as

kT

Ky =5 G*9¢* 6,5 , (11.10)
@ (S) is written by (11.3), (11.4), (11.8), (11.9) and (11.10) as
RU)=KMLIN®*/Q®, G(L,)=KyL,)N"/Q" }
G(ID) = K IDNENP2/Q¥QP) 2, &(IID)=K([IHN*N"/Q®Q".
' (11.11)

We have on the other hand from (11.7)

Ve JHFA—T(CH) _ 1—7(HF _ rHF7(CHy)—7H)7(CH,)

7(HP/% (L) 1/8(1,) 7(H)/® (1)
_ TH)7(CH)—T _ 1—T
1/% (1) THP/Q (L) + 1/ (L,) + 7(H)/% (1) + 1/@111) ’
(11.12)
hence
1—r_rHr, 1 r®, 1 (11.13)
Ve &) @) «d) eI
or

1-I' _ rHye* 4 Q" ., TH)QYQ QU Q"
Vs KyL)N®  KyI)N®  KyII)(N¥N® K, IIN'N®’
(11. 14)
according to (11.11).

§ 12. Rate-Determining Step
The quantity " is given according to (11.5) and (11.9) as®
P 1

r—=_+£ .1

rPips K,
where P", P® and P* are the partial pressures of hydrogen, butene and butane
respectively under the condition of the experiment, K, the equilibrium constant
expressed by pressure. Table 16 shows the values of I' calculated by the above

equation for the condition P*=P"=P*=10 mmHg. It is obvious that I" is
negligibly smaller than unity, although positive by definition, z. e.

0<I'<1 (12. 1)
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TaABLE 16. I’
PA=pPH=pPB=10 mmHg

Temperature ‘K “ 298.16 E 300 t 400 ‘ 500
i ‘ B
Kp* | sd0x10% 2a7x10% | 9.80%10° 3.64 %108
405%10-1 ‘ 1,02 10-1 / 2.75%10~*

r ‘ 2.94%10-17

* Kp was calculated from Selected Values of Physical and Thermodynamic Properties
of Hydrocarbons and Related Substances. Rossini, Carnegie Press, 1953.

It follows, on the other hand, from (11.7) and (12.1) along a line of
reasoning formally identical with that in the case of ethene hydrogenation®,
that

Ve>0, 1>7(CHy), r#H), 7(CH,>0, (12.2)

Vi/1—)<g(S), S=I1,,1,, I,II, (12. 3)
Vs/(1—T") approaches R (), as ®(r) grows less than all other @(S)  (12. 4. a)
and conversely that

R(S) of step S other than r grows infinitely larger than ®(r), as
Q(r), approaches Vg /(1—-1I). (12.4.b)

Step » will be called the rate-determining step, as ®(r) is sufficiently small
compared with all other ®(S).

The rate-determining step 7 is now decided on the basis of the experimental
data in what follows.

We have from the equation of the first and third members of (11.7) and
the second equation of (11.11)

Vs/N" = K(I,)(1—71(H)})/ Q" (12.5)

Assuming that the surface of catalyst is practically bare under the butene
pressure below 120 mmHg as suggested by the experimental results of § 5, both
G*(S’@”:x;(o) and ¢**® may be taken constant at constant temperature. It follows

from (11.10) that K,(S) is constant irrespective of partial pressures in gas phase.
The present experiment shows, on the other hand, that the rate Vi was pro-
portional to the partial pressure of hydrogen or to N® both over the regions
of lower and higher temperatures. The left side Vg/N® of (12.5) should hence
be constant at constant N® independent of N®. Therefore, 7(H) on the right
side of (12.5) must be either constant independent of the partial pressure of
hydrogen, or far smaller than unity.

— 25 —
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First consider the case that 7(H) is constant. Multiplying the both sides

of (11.14) by N, we have
Vs RxI)JN® Kyl Ky(II)N* Ky () N®
(12. 6)

The left side N"(1—I")/Vy of the above equation is practically constant in-
dependent of hydrogen pressure according to (12.1). Therefore, the first and
third terms on the right side of (12.6), which depend on N™ must be negligibly
small compared with the other terms, 7.e.

L QU , Q@ (12.7)

Vs Ky )N Ky(II)N°N® ’
or by (11.11)

1 — 1 1
V. eM) e (12.8)

As Vs is independent of N*® at low temperature, the second term on the right
side of (12.7) or (12.8) must be practically negligible there, 7. e.

Ve = Q). (12.9)
If 7(Hf<1, the same equation as (12.9) is derived from (11.7). It follows
from (12.4b) and (12.9) that I, is the rate-determining step at lower temperature.
At higher temperature, where Vg is proportional to NU"N®, the first term
on the right side of (12.7) or (12.8) must practically vanish, 7.e. as
Vs = @) . (12. 10)

The rate-determining step is III at higher temperature as deduced from (12.10)
and (12.4.b).
§13. 7(CH,)

The quantity 7(C,H,) will be determined for the case that Vy=@(I,) at
lower temperature.

It follows from (12.4.b), (12.9) and (12.10) with reference to (12.1) that
& (I,)> Vg both at lower and higher temperature, hence from the equation of
the first and second members of (11.7), that

7(CH,) =1 (13.1)
Equation (11.7) reduces now to the form
Vs=8) =8 1I)(rH)—7(CH)=aI)({H)"(CH)—I). (13.2)
— 26 —
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We have from (13.2),

& (L)/® (1) =7(H)—7(CH,), (13. 3)

@L)/e)=7rH) 7(CHy)-1I", (13. 4)
which is solved for 7(C,H,) as

RIII) \

1CH,) = 2@ 1+ / HI (14T A 1. (13.5)

Ignoring 'R (I1I)/% (L) compared with unity*’, we have
= s r fOF
7(CH,) 28T | 1+‘/1+4@( L)% [ | ° (13. 6)
§14. »,

Let ©(II,) and %(Il,) be the forward and backward rates of II,, where
i=a, b, ¢, as indicated in Fig.11(b). The rates T(II) or ©(II) is the overall
rate of formation both of primary and secondary butyl radicals from adsorbed
1- and 2-butenes or its reversal respectively as seen from the comparison of (b)
and (c¢) of Fig. 11, so that we have

(L) +3(L) +3(1L) =3(1I)
o(IL)+ (L) + (L) =3(l) . | (14.1)
We have in accordance with §10
B(IL) =3 (Il,) =35 (I)x \
CBIl) =3(I)(1—a), f (14.2)
and
% (I1,) = % (I)yC l
o(IL) = o(Il) = o(I)(1—9)C, | (14.3)

where x is the mole fraction of adsorbed 1-butene in total adsorbed butenes,
y is the mole fraction of primary butyl radical in total butyl radicals, and C
a constant, which is determined from (14.1) and (14.3) as

hence

*) It is shown in §15 that I'® (III)/®(Ip) is extremely small compared with unity.
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BUIL) = (10 ¥

(14. 4)
%(Hb):a(nc):a(n)é_:_y.
Similarly we have
77(111) F(D)y ]
14.5
S =70 (1—y), | (14.5)

where % (IIIa) and T(II,) are the forward rates of III, and III, indicated in
Fig. 11 (b).

The conditions of steady reaction are now stated with respect to secondary
butyl radical and overall butyl radical, ignoring %(III), which is extremely small
as compared with F(II) or ©(II) as shown in § 16, as

Z(1L,)—v {1,y + 23 (1L,)—o(Il)—(1—y)3(11I)=0, (14. 6)
T(II)—o(II) = B(I1I) . (14.7)
We have from (14.2), (14.4) and the above equations,
X yly—=1) _
(H)( 2 z/) BID Y =0, (14. 8)

The same conclusion is arrived at from the steady condition with respect to
primary butyl radical.

The rate r,, is now that of the unidirectional formation of 2-butenes from
1-butene through II, and II, minus the rate of its reversal. The former uni-
directional rate is given by apportioning the rate F(Il,) of the unidirectional
supply of secondary butyl radical from 1-butene to the reverse rate of II, by
multiplying 3(IL,) by the fraction of »(II,) over the total rate ©(II,)—o(II,)—
(1—y)Z{III) of the consumption of secondary butyl radical. Formulating the
latter unidirectional rate similarly, we have

\ 2 (1)

o (IL) —3(I
H(y) + o () +(1—g)B([0) " () +5 (L) +(1—g)3 )’

or eliminating 7(II,), w(II,) and Z(III) from (14.2), (14.4), (14.7) and the above
equation,

1 = B(IT)—

3 (1) % (11) <_3_x—-1>
ron = 2 . (14. 9)
F)(2—y)+o()y

The rate 7, is now expressed in terms of &®(S) to deduce the order of

— 28 —
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reaction of DBM. The rate o(II) is given at lower temperature; where I,
determines the rate, according to (11.6) and (13.6), as

%(H):%ﬁ(—u/um, (14. 10. a)
where
£ = R (0@ (1) & (II1) . (14. 10. b)

The rate r,, must, however, be smaller than T(II)®, while & (I;)=7, by (12.9)
at the specified condition. It follows that

—2:—””<—-1+}/l+4/c2. (14.11)
I3
As the right side of (14.11) increases monotonously with &, 4" is necessarily

larger than 4x% which satisfy the equation

2r,,
s

= —1+/1+4s% .

Table 17 shows the numeral value of 4x% which is calculated from the observed
values of 7, and 7, in Tables 8 and 9.

Since 4x% is about 26 at least, as shown in Table 17, 4x° is larger than
26. Neglecting on this ground both the unities on the right side of (14.10. a),

TaBLE 17. 4k%

Initiz;lrélsys(lilrr%gen Initial 1-butene pressure 4
PP (mmHg) P8 (mmHg)

24.5 23.4 25.73
24.8 41.8 39.96
24.7 64.5 63.96
25.1 92.3 86.42
104 99.9 126.7
25.1 100.0 87.36
37.8 100.0 52.58
63.3 100.7 45.79

*) Equation (14.9) is written as

3 B(II)

S ) | (1.

" ( 2% ) SN I—g <5y )
The first and second factors on the right side of the above equation are both smaller
than unity, because <1 and y<1, hence rm<%(IL).
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we have approximately™®’
o(Il) = @ I) v & (L)/S (I1D) ,
and from (13.6) similarly

(14.12)

T(C4H9) = /@(L))/@(ITI) . (14- 13)

The quantity 7(H) is given by (13.4) and the above equation, neglecting I, as

rH) =y e @)/edI) . (14.14)
It follows from (11.6), (13.1) and the above two equations, that
(Il =% (1) . (14. 15)
Equation (14.9) is hence simplified by the above equation as
3 1\ m
=({Zax—— )20 14.1
o= (Sra——)), (14.16)

which states that 7, is proportional to 7(II), hence that the order of reaction
of DBM is the same as that of the reversal of II. There exist, on the other

hand, the following relations according to (11.11):
1

RI,)x PP, @(I)oc (PE)Z(P5), @RIII)oc PIP-B, (14.17)
Hence we have from (14.12) and (14.16)
7, o< (IT) oc (PR -2 (P -B)s | (14. 18)

which agrees excellently with the experimental result (6.3). The order of
reaction is just insignificantly changed as shown in Appendix, if deduced without
the above approximation which leads to (14.16).

§ 15. Structure of Hydrogenation

HoriuT! determined the so-called structure of the hydrogenation of ethene
which accounted for various experimental results, by evaluating & (I,), £(II) and
@ (III) statistical mechanically”. This method will be applied to deduce the
structure of hydrogenation of 1-butene on the basis of the scheme of Fig. 11 (c).

The rate §(S) is expressed statistical mechanically as

& (L))o = (% (Lo)o/p) exp (— 4% (1,)/RT) , (15. 1. 1)
S(ID/p = (R(I])./p) exp (—4*<(I)/RT), (15. 1.1I)
S(I)/p = (R(IT1)../p) exp (— 4*(I)/RT) (15. 1. TII)

#)  Determination of the order of reaction of DBM without this approximation will be given

in Appendix.
— 30 —
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where
& (Lo)e/p = PUIQZ, (15. 2. 1,)
S(I0./p = PP QRQuE, (15.2.11)
@ (IIL)../o = PPP"/Q5QY | (15. 2. T1T)
and P = Ze%eG*“”@uxg « is a constant common to all ®(S) at least in order

of magnitude, provided that the catalyst surface is not very heavily covered;
Ty is the average temperature over the temperature range in question, which
is taken as 373°K in the present treatment; 4*¢ (S) is the activation energy of
the elementary reaction S or the excess of the partial molal enthalpy of the
critical complex of S over that of the set of molecules of the reactants, which
is transformed into the initial complex of .S through steps other than the step
S in question, 7.e. B for I,, B+1/2-H for II and B+H for III, where B or
H denotes a butene or hydrogen molecule in gas; P" and P® are the partial
pressures of hydrogen and 1-butene in mmHg respectively. % and Q% are
the partition functions @* and Q® in (11.9) transcribed as

Qb — £Ty (2amPc Ty 8z (27’ Ty)"* ¢, (15.8.B)
1333 R’ n®
n o #Ty (a6 Ty 4zl Ty g (15. 8. H)
1333 I h*

so that P" and P® defined by (11.9) are invariantly expressed as P®/Q% and
PH/Q% in the neighbourhood of T=7Ty, where m® or m® is the mass of
respective molecule, I® the geometric mean of three principal moments of inertia
of 1-butene, I™ the moment of inertia of hydrogen; the vibrational partition
function was taken as unity both in the cases of 1-butene and hydrogen on the
ground that the smallest vibrational wave number involved™ is 400 cm™'. Trans-
cribed partition function Q% and QF calculated by the above equations are
shown in Table 18 in comparison with that of ethene given by Horwtr®.

TarLe 18. @%, @Q=, @% (E: Ethene) TasrLe 19. log &(S)e/?
Tx=373’K Pi=40 mmHg; PP=35 mmHg
Hydrogen Ethene \ 1-Butene S log R(S)w/P

r |

m | 3.347%10-2 ‘\ 4.659X10-2% | 9,319 10-23 Iv — 8.422

In Is It 0.466 < 10— ‘ 5467 x10-117 | 1.53x10-14 II -—19.540
i

k --23.751

|

e, ‘},,Q‘}’,‘ 105710 - 3.939%x10% | 7.461x10 11
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Table 19 shows the value of log &(S)./? calculated by (15.2) for the
condition of the experiment described in §7 on the basis of the values of
Q% and Q% in Table 18.

The structure of the hydrogenation was constructed as follows: log & (I,)/°
was first plotted against 1/7 in Fig. 12 with the value of log & (I,)../¢ in Table

19 and the observed value 4*¢(I,)=11.8
Kcal. The steady rate Vg of hydro-
genation must now coincide with & (I,)
and & (III) at lower and higher tempera-
ture respectively in accordance with
(12.9) and (12.10), hence ®(I.)- and
% (III)- lines, which inclination differ
in sign when plotted against 1/7,
should intersect approximately at the
optimum temperature, which was lo-
cated at 31°C in the present experiment.
On this ground @ (III)-line in Fig. 12
was drawn by connecting the point at
31°C on ®(I,)-line with the point of
log ®(III)../° by a straight line. - The

- activation energy 4*s(III) was thus
found to be —9.5Kcal from the slope of
Fig. 12. log ®(S)/e~1/T. this line, which differred from the ob-

served activation energy —5.6 Kcal at higher temperature. This difference may
be due to the rapid flow of reactant gas at room temperature into the reactor
at high temperature, which would lower the temperature of the catalyst from
that of the thermostat® the more, the higher is the latter temperature, hence
gives rise to too small an absolute value of the activation energy. On this
ground, the value —9.5 Kcal of 4%¢ (III) will be used in the following discussion.

The activation energy, 4%*s(m) of DBM is expressed according to (14.16),
(14.12), and (15.1) as

U

log &(s) /p

1/T %10

Ae(m) = A% (IT)+ —é—d*e (Ib)—% A¥(IT). | (15. 4)

Hence, the activation energy 4*¢(Il) is calculated at —3.5 Kcal from the observed
values of d%*s(m)=7.2 Kcal and 4%¢(l,)=11.8 Kcal, and 4*¢(IIl)=—9.5 Kcal
determined above. The §(II)}line was constructed as in Fig. 12 on the base
of this value of 4*¢(II) and of log & (I)../? given in Table 19.

*) Cf §3.
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It is now shown that the condition TasLE 20. QIII)/R 1)
'@ (II)<K(I,)<€1 assumed with regard
o (13. 6) holds on the basis of the struc- Temperature R (IIT)/$ (T)

ture constructed above. Table 20 shows

the value of & (III)/®(1,) calculated by a
(15.1) from the value of log R(S)./¢ in
Table 19, hence that '@ II)/%(1,) is
smaller than 107", inasmuch as I" is 2.94 x 107" at 25°C and smaller at lower
temperature as reviewed in §12.

0°C 5.27x10-?
-850 4.17X10°

§16. Determination of Ve ¥(H), ¥(CH,)

The steady rate Vg, 7(H) and 7(C,H,} are derived from the structure just
determined as follows. Equation (11.7) is written, according to (13.1), as

Vs=g(L)(1—7H)) = @11)(r (H)—7(C,H,) = @ () (r(C.H,) - 7 (H)—TI').
(16.1)
Neglecting I' as compared with unity by (12.1), we have from the above
equation
Ve= 1 . (16. 2)
1 7"’(H) L1
&1, «dAI) SII)
The values of Vg and 7(H) are determined by (16.2) and the equation Vg=

@(L,)(1—7H)) of the first and the second members of (16 1) from the values

~ of &(S) calculated as in the foregoing section.
The value of 7 (C,H,) is now determined by the equation of the second and

last members of (16.1), 7. e

@)  1-r®Hp, I (16. 3)
& (I11) 7(H) T(H)

7(C,H,) =

from the value of 7(H) determined above.
The rates (1) and v (II) are expressed by (11.6) and (13.1) as
(I =gINrH), zI0)=eIAn)r(CH,), (16. 4)

by which their values are calculated as shown in Table 21 and Fig. 13 for
the present experimental condition P"=40 mmHg, P®=35mmHg of hydro-
genation. The Table shows also that % (III) calculated by (11.6) is extremely
small as compared with Z(II) and o(II). ‘

As shown in Fig. 13, the steady rate Vj lies, on the structure diagram,

_33__



TaBLE 21.

Vs, 7(H), 7(CH,), %(IL), (1), $(III), 7,
PH =40 mmHg, PB=35mmHg

£C — 23 0 27 57 87

T°K 250 273 300 330 360
®(In)/e 1738 10-10 1.356 %1019 9,623 101 581610~ 2,344 1016
(/e 3162 %10~ 1.828%10-17 1.022x10-17 5.995% 10-18 3.802x 1016
B (IIT)/p 3715%10-16 7143x10* ¥ 1.475%10~17 346551018 1.023x10-1
Vi/o 1.737%10-1 1.315%10-18 4070 10-18 2130 10-18 8.040310-19
7 (H) 0.02340 0.1710 0.7600 0.9815 0.9983
7(CJHy) 0.01998 0.1067 0.3626 0.6274 0.7802
B(IT)e 7.39910-10 3126 10-1 7.767x10-18 5.8845¢10-1¢ 3.796X 10-1¢
o (I1)/e 6.318 1010 1.950<10-18 3.706 10~ 18 3.761x 1018 2.966 x 10-18
B(IIL)/e 209 x10-% 319 x10-% 597 x10-% 120 x10-2 L51 x10-
y 0.603 0.574 0.548 0.576 0.214

5 (11? (gl_)(;/)ﬁ_;ﬂl)y 0.209 0.224 0.233 0.223 0.214

TP 1.320%10-1 4369 10-19 8638 10~19 8.387x 10~ 6.421 X101

S1sCpIv)) L0f anpusuy youvassy oyp fo jpuinop
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Fig. 13. Structure of hydrogenation of 1-butene.
F=40 mmHg, PF=35mmHg.

below the lowest $(S) according to (12.3) and practically coincides with the
latter, as the lowest §(S) grows lower than all other &(S) according to (12.4.a)
and (12.1). The deviation downwards of Vs from the lowest one occurs, when
more than one lowest §(S) are alike in magnitudes. Apart from & (I,) shown
to be situated high above other §(S), the relative height of Vg is located ge-
nerally as follows. If §(I,) and §(III) are sufficiently low compared with & (II)
and coincident with each other, we have 2Vy=8&(I,)=%(III) from (12.6) and
(11.11). The steady rate Vg deviates thus from the value of & (I,)=%(III) by
the factor 2, while it approaches the lowest value, as one of & (I,) and G(III)
increases above the other according to (12.4.a).

If @(I,), RII) and K(III) are coincident with each other, we have from
(16.2)

24+7rH) Vs=8(L,) =8 (1I) =R {II).
This equation states that Vj deviates downwards from the common value of

__35__
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b¥
.

@ (1,), ®II) and §(III) by a factor 2+7(H), which lies between 2 and 3 according
to (12.2). In accordance with (12.4.a), the steady rate V approaches the
lowest ®(S), as it decreases below the other two.

Summing up, Vj is given in general by the lowest §(S) except in the
case of two or three §(S) being lowest and alike in magnitudes, where Vg
rounds off below the lowest §(S)lines around their intersection as exemplified
by Fig. 13.

§17. Rate 7, of DBM Derived frbm the Structure

The rate 7,, of DBM as well as y is calculated as shown in Table 21
from the values of F(Il) and v (II) given in the same Table by (14.8) and (14.9),
assuming that x equals the mole fraction 0.903 of 1-butene in the gas used in
the present experiment. C

Fig. 13 shows 7, as well as T(II) and %(II). We see from the Figure
that Z(II) equals % (II) practically at sufficiently high and.low temperatures, so
that 7,,=(3x—21)%1)=0.192%(II) according to (14.16).

Fig. 13 shows, besides, that the value of r,/Vs increases from 0 to 100°C
and further from 100 to 198°C. This explains the experimental result shown
in Table 14, that the composition of butenes in the product approaches to that
in equilibrium with increase of the temperature. The observed intersection of
the r,- and r,-curves shown in Fig. 9 is also reproduced by the theoretical
conclusion derived from the structure in Fig. 13.

§18. FExplanation of Experimental Results of
DIBELER and TAYLOR

Fig. 14 shows the structure of hydrogenation of 1-butene constructed on
the base of the value of log £(S)./¢ calculated for the experimental condition
of DiBELER and TavLor (P¥=P®=50 mmHg) given in Table 22 and 4*¢(S)
in §15. The steady rate Vg was derived from the structure similarly as in
§16 as shown in the Figure. Fig. 14 shows that the rate-determining step
switches over from I, to III in the temperature range from 60 to 135°C of
the DiBELER and TAYLOR’S experiment, and accounts qualitatively for the
extremely small activation energy (2.0 Kcal) observed by them as compared
with that obtained by the present author (11.8 Kcal), although the activation
energy is slightly negative according to the Figure at higher temperature of the
range.

The order of reaction of hydrogenation is obtained by differenciating In Vg
of (16.2) with respect to In P¥ or In P*, as
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TasLe 22. log H(S)./0
Pi=PB=50 mmHg

2
% S log R (Se/0
1
I —  8.3251
=30 0 50 100 150 200°C
4 3 2 II — 19.3363
1/T X10*
Fig. 14. Structure of hydrogenation 111 — 23.4989
of 1-butene, ]
Pi=PB=5) mmHg
1, TH) _ar() 1, 1
9ln Vg __&=l) 2g(I) olnPRgl) G(III) (18. 1. H)
dlnP% 1 : oo

Vs

or

dInVs f/or(H) 1 1 (/1
dln P*® l(alnPB T(H> @(II)+8%(III)J Ve

The differencial coefficient 87 (H)/d In P" or o7(H)/d In P® in the above equations
is obtained by differenciating the equation

1 B S (P

(18.1. B)

e o . _ , (18. 2)
SL)1—rH) s @A) KOOI
derived from (16.1) and (16.2), with respect to In P" or In P%, as
1 1 T (Hy? L TH)
orH) @) ) 1—rHy 2 (18.3. H)
olnP" 1 27 (H) ’ o
gII)  e@)1—7rHfy
or
or(H) _ s r(H) 1 1 2r(H)
In P® —<$F(II) T QI >/<SC%(II) K (L) (1—r @) 18.3.B)

The differencial coefficient 97 (H)/é1n P* or a7(H)/dln P® is calculated by
(18.3. H) or (18.3.B) from the values of $(S) and 7(H) determined similarly
as in §16, hence 9ln Vg/dIn P or 6ln Vg/oln P is determined by (18.1. H)
or (18.1. B) as shown in Table 23 at 21 and 48°C.
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TaBLE 23. 3lnVg/31n P¥, 5ln Vg/oln P8
i \
Tempera- | g 1,)/0 @@ | @@ | r(H) |alnVsalnPR| 3ln Vsln PP
21°C 1.318x10'7 | 6.026x10' | 6.026x10' | 0.4500 0.88 0.30
48°C 251210 | 1.000%x10'7 | 2.512x10'*| 0.9062 0.66 0.89

The Table shows that both the order of reaction of hydrogenation with
respect to hydrogen and butene are less than unity, which conforms qualitatively

with the DIBELER and TAYLOR’S experimental results that V was proportional
1

to (PH)E (PP,

§ 19. Explanation of Experimental Results of TWIGG

Fig. 15 illustrates the structure of hydrogenation of 1-butene appropriate
to the experimental condition of TwiGG on the base of log &(S)./® calculated
for the condition as in Table 24 and
values of 4*¢(S) given in §15. The
optimum temperature is estimated at
21°C from the Figure, and the step III
governs the rate according to (12.4.b)
as seen from the Figure over the tem-
perature range from 65 to 126°C of
the Twicc’s experiment. It follows
that the order of reaction is unity both

log§t(s)/p

=30 0 50 100 150 200°C )
1 3 2 for hydrogen and butene, as readily
TX10° derived from (11.11) and (12.10), and
Fig. 15. Structure of hydrogenation the activation energy is negative, which

of -butene.
PH=]18=10,7 mmHg

does not quantatively reproduce the
experimental results of Twicc. Never-
theless, the latter experimental results might be qualitatively accounted for by

TaBLE 24. log B (S)./0 TaBLE 25, Activation energy of
Pi=PBE=10.7 mmHg deuteration of olefin
S log & (S)eo/0 Olefin Activation energy
In — 89947 ethene 8.240.5 Kcal
ene 6.0
I — 20,3407 bropen
2-butenes 3.3
11 —24.8331 iso-butene 3.3
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the small activation energy (2.5 Kcal) and the fractional order of reaction
deduced from the structure in the neighbourhood of the optimum temperature
similarly as in § 18.

Twicc observed besides, as shown in Table 25, the activation energies
of deuteration of ethene, propene and butenes on nickel catalyst between 55
and 120°C, which decreased with increase of the molecular weight. This effect
may be accounted for on the basis of the structure of olefin hydrogenation as
follows. The excess of the partial molal enthalpy 4*¢(S) of the critical complex
over that of the appropriated set of the molecules® may be taken not much
affected by the substituent of the hydrogen atoms of ethene, which makes the
difference of olefins. The magnitudes of 4*z(I,), 4*<(II) and 4*¢(III) determined
for butene in this work approximately confirms the above expectations as com-
pared with those for ethene®. It is inferred on its basis that & (II) and & (III)
are lowered relative to ®(1,), without changing the relative height of & (II) and
@ (III), with increase of the molecular weight of olefin, since the moment of
inertia increases rapidly with increase of the molecular weight to decrease & (II)
and K(III) by the same factor as seen from (15.1), (15.2) and (15.3). This
factor amounts ca. 2x10° for the transition from ethene to 1-butene as seen
from Table 18. It follows as seen from Fig. 15 that the optimum temperature
lowers and the inclination of Vj against 1/7, i.e. the activation energy at
a fixed temperature around the optimum decreases, in accordance with the
behavior of Vy discussed in § 16, with increase of the molecular weight quali-
tatively in accord with the observation of TwicG?.
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[ Appendix]
Order of Reaction of DBM

The order of reaction DBM has been derived in §14 with an approxi-
mation leading to the relation that T(Il)=%(II}. The derivation will be given
below without the approximation.

The order of reaction dln r,/0In P of DBM is developed according to
(14.9) as

*) Cf §15.
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dlnr, _dlng(l) + olnw(Il) 1
dln P olnP olnP II)(2—y)+o(Dy

f0o(Il) o, v 00o(M) 0y o)
“Lam P Y oY mp SR (AT

where P is the partial pressure of reactant, 7.e. hydrogen or 1-butene. The
differencial coefficients dy/0 In P, d1n T{II}/dIn P and d In2(II)/dIn P in the
above equation are expressed as follows. Differenciating (14.8) with respect to
In P, we have

=lyr—1) W) —p—y) (L —y) ZLL /

amP “Elenp 2 Y)amp)/
[{on—9— T\ — (20 —1) 51D
l<2y 23 >z411) (2y 1)141DJ . (A. 2)

Expressions of Z(II) of (11.6) yield on differenciation with respect to In P
with reference to (13.1)

oo (Il) 6%(11) 7 (H) + or (H) @ (I1) (A. 3)
6lnP olnP dlnP ’

0o(Il) _ o%D) .~ pyy, OTCHY) o pp A4
olnP olnP (CH) dlnP (), A4

where 97(H)/dIn P is given by (18.3) or (18.5) for P=P" or P=P"® respec-
tively, and o7(C,H,)/oIn P is expressed by differenciation of the equation of
the second and third member of (16.1) with respect to P¥ or P? as

orCHy) _ or(H) 1,0 g pp &)

oln P" dlnP® 2 & (II)
+or) S TEH 1 ey, (A. 5)
gl olnpP* 2
or(CH,) _ or(H) _ 5 QL) or(H)
omP® oo PB+T(H) 7(C.H,) +27 (H) &) oln P (A.6)

The values of 7(H) and 7(C,H,) are determined according to §16 on the one
hand, and those of T{II), 2(II) and y according to §17 on the other hand
respectively for the experimental condition in question. The differencial
coefficient 81ln r,,/01n P" is now evaluated for the condition by (A.5), (18.3.H),
(A.3), (A.4), (A.2) and (A.1), and dInr,/6ln P® by (A.6), (18.3.B), (A.3),
(A.4), (A.2) and (A.1).

The order of reaction of DBM is calculated as shown in Table 26, on
the base of & assumed to be the same as that in gas (:=0.903), and the values
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TaABLE 26. 3In#,/InP

PH mmHg 37 (mean) 25

PE mmHg 100 58 (mean)
R (Tblers/0 1.254 1018 8.471 X101
R (I)grs/0 5.023 %10~ 2,395 10~
R (I1T)g75/0 1.888x10-18 7.402x10-%7
T (H) 0.0961 0.1275

7 (C,Hy) 0.0685 0.0883
B(I)/e 4.827x 10718 3.054 X 1018
% (I)fe 3.441x10-1 2.115x10-1¢
y 0.589 0.585

3In 7m/5 In PH 0.44

2 1ln rn/o1n PB 0.51

of P" and P® taken respectively the means in the course of experiment de-
scribed in §6.

It is shown in the Table that the calculated orders of reaction are coincident
satisfactorily with observed ones, verifying that the underlying reaction scheme
accounts for the experimental results.
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