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ABSTRACT

The catalytic hydrogenation of 2-butyne has been
studied in a constant volume static system over nickel, cop-
per, cobalt, iron, homogeneous nickel-copogr alloy powders
and pumice supported iron. |

The orders of the reaction with respect to initial
pressures of tﬂe reactants, activation energies and frequen-
cy factors for various catalysts have been determined. The
order of reaction with respect to hydrogen is one and nearly
independent of temperature, while the order of reaction with
respect to 2-butyne is slightly negative and temperature de-
pendent except for copper where it is zero and temperature
independent. The activation energies for nickel, copper and
cobalt are 9.13, 6.5 and 33.5 k cal/mol respectively. The
activation energy for the alloy catalyst varies from 6.5 to
9.2 k cal/mol.

The catalytic activities of pure metals are

Ni ) Co » Fe ) cCu.

For nickel-copper alloy series, the activity in-
creases with small additions of copper., passes through a
maximum for about 10% copper and then decreases on further
addition of copper. Correlation has been made between the
catalytic activity and holes in the d band of the catalyst.

An extensive study of the product analysis has been




(ii)

made over all catalysts except over supported and unsupported
iron. The effect of various variables such as catalyst
composition, initial pressure of reactants and reaction X
temperature on selectivity have been discussed. A possible

mechanism has been proposed.
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I _INTRODUCTION

Wartime industrial investigations yielded a variety of
novel catalysts, selected wholly by empirical methods. The
published reports revealed the almost total ignorance of the
precise role played by the solids in heterogeneous catalysis.
A survey of the relevant literature, including patents, in
1943 showed that the kinetic studies for the most part were
uncorrelated with the electronic and geometric characteris-
tics of the catalysts.

The kinetics of homogeneous catalysis have been con-
siderably advanced in recent years by the introduction of free
radicals and radical ions. Broad analogies, drawn between
homogeneous acid catalysed reactions and similar heterogeneous
processes at the surface of some oxide insulators containing
protons, encourage the view that the same intermediate parti-
cles are active in both. Less well defined relations suggest
identical species at the surface of metals. Recent publica-
tions concerning the catalytic activity of pure metals and al-
loys in hydrogenation and dehydrogenation reactions and related
observations on the adsorption, catalytic activity and other
physical properties of the catalyst surface indicate that a
definite correlation must exist between the structure of the
solids and their catalytic activity. Though considerable

work has been done in the last decade, the mechanism of hetero-



geneous catalysis is not as yet very clearly understood. Re-
cently, kinetic studies have been undertaken on the alloy ca-
talysts with a view to find if any correlation exists between
the catalytic activity and geometric and electronic parame-~
ters of the catalyst.

The transition metals of the eighth group, in com-
bination with metals of first group form generally solid so-
lutions (binary compounds of varying composition) conmonly
called alloys. Despite the similarities in the structure of
some alloys, a remarkable range of electronic properties are
displayed. The electronic properties of these are involved
in the basic chemisorption steps which in turn subsequently
effect the catalytic activity.

In the last few years, the activity pattern shown
by one of the alloy system (nickel-copper) in the hydrogena-
tion reaction has aroused considerable interest, and quite
controversial results have been reported. The cause of these
discrepancies in the results has not been explored yet.

Though the hydrogenation of the acetylenes (acetylene
and methylacetylene) over supported and unsupported metals
and their alloys has been studied extensively in the past,
very little has been published about the hydrogenation of 2~
butyne over supported and unsupported metals. Nothing has

been reported about the hydrogenation of 2-butyne over metal



powders and their alloys.

The catalytic hydrogenation of 2-butyne (di methyl-
acetylene) was studied in a static constant volume system
over unsupported nickel, copper, cobalt, iron and nickel-
copper alloys and iron supported on pumice.

The object of the present study of the catalytic hy-
drogenation of 2-butyne was -

1) to study the kinetics of the reaction over nickel, cobalt,
copper, iron and nickel-copper alloys and to evaluate the
activation energies, frequency factors and relative acti-
vities.

2) to find whether the geometric and electronic structures of
these metals are related in any way to their catalytic ac-
tivities and to correlate, if possible, the results of
other investigators over the alloy series.

3) to compare the kinetics of 2-butyne hydrogenation with that
of methylacetylene, over the same type of catalysts.

4) to postulate a possible mechanism of the reaction based on
the detailed product analysis and,

5) to find the effect of different operating variables, such
as, temperature, concentration of reactants, composition
of alloys on the course of reaction, selectivity and con-

version.



II LITERATURE SURVEY

The literature on the catalytic hydrogenation of hy-
drocarbons over supported and unsupported metals and their al-
loys is quite voluminous and is beyond the scope of this re-
view. The first part of this review is devoted ﬁainly to the
published literature dealing with the experimental work done
on the hydrogenation of hydrocarbons of the acetylene series
(acetylene, methylacetylene and ethylacetylene). The second
part deals with the preparation of the catalysts and the re-
sults obtained from the hydrogenation of hydrocarbons over
nickel-copper alloys catalysts and a discussion of different
theories suggested to correlate the catalytic activity with
several parameters of nickel-copper alloy system. The last
part is devoted to a brief review of the results obtained in

the catalytic hydrogenation of 2-butyne.

(A) LITERATURE RELATED TO ACETYLENE SERIES: -

In the hydrogenation of acetylene over reduced nickel
powder, Sabatier and Senderens (1) observed the formation of
higher hydrocarbons in addition to ethane and ethylene. Later
investigators (2 to 8) reported varying yields of these pro-
ducts on nickel catalysts. Sheridan (9) reported a zero order
reaction with respect to acetylene and a first order with re-

spect to hydrogen. While de Pauw and Jungers (10), using




hydrogen in excess, reported a negative order (0.5) with re-
spect to acetylene and first order with respect to hydrogen,
Bond (li) reported a two rate expression for nickel-pumice
.catalyst. Subsequently Bond and Mann (12) confirmed the ear-
lier findings of Bond (1l1).

Sheridan (13) found an activation energy of about 12
k cal/mol over pumice supported palladium catalyst. Tamaru
(14) reported the hydrogenation of acetylene over palladium
catalyst to be taking place in two steps. Bond, Dowden and
Mackenzie (15) studied the hydrogenation of acetylene over
alumina supported palladium catalysts and found that the selec-

P
CoHy

tivity ( S8 = ) could be increased to more than

C2H4 + C2H6

96% by using hydrogen/acetylene ratios greater than two. A
selectivity of the order of 0.86 was observed over platinum-
alumina catalyst. Sheridan (16) reported a negative order
with respect to acetylene over pumice supported platinum ca-
talysts. Sabatier and Senderens (17) found that cobalt was
active only at temperatures higher than 180° ¢ and that the
main product was ethane. Similar orders of reaction with
respect to hydrogen and acetylene were observed as over nic-
kel. Bond and Mann (1l8) investigated the kinetics of the re-
action over supported and unsupported cobalt catalysts. 1In

each case the order with respect to hydrogen and acetylene

was one and zero respectively. Using iron-pumice catalysts,




Sheridan (13) obtained reaction orders similar to those over
nickel. Sheridan and Reid (19) also studied the reaction of
acetylene with hydrogen over pumice supported rhodium, ruthe-
nium, iridium and osmium catalysts. They found that the re-
action orders were similar to those for nickel pumice cata-
lysts and that iridium showed a poor selectivity. In the hy-
drogenation of acetylene over nickel-copper and nickel-cobalt
alloys, Bond and Mann (18) observed that the catalytic activity
for pure nickel was the highest.

Bond and Sheridan (20) studied the hydrogenation of
methylacetylene over pumice supported nickel, palladium and
platinum catalysts. For hydrogen-methylacetylene ratios 0.4
to 6.0, they found that in case of nickel catalyst the orders
of reaction at 91o C were the same as for acetylene hydrogena-
tion at about 60o C. Recently, Mann and Naik (21) have repor-
ted the reaction of hydrogen and methylacetylene over supported
and unsupported nickel. They observed a zero order reaction
with respect to methylacetylene and positive order of more than
one with respect to hydrogen. Mann and Khulbe (22) have repor-
ted the reaction over unsupported nickel, iron and cobalt and
nickel-copper alloys (23). A maximum in the activity composition
diagram was observed for the alloy containing 20% copper. Pos-
itive orders of reaction (0.45) with respect to methylacetylene

have been reported in the case of pure copper and the alloy con-



taining 75% copper.

Meyer and Burwell (24) studied the gas phase reaction
between deuterium and ethylacetylene using 0.3% palladium on
alumina as catalyst and reported the products to consist of
l-butene (99.1%) cis and trans -2-butene (each .2%) and n-
butane (.5%) only. The reaction was highly selective in the
sense that very little n-butane was obtained in the product
as long as ethylacetylene remained unreacted. Isomcrization
and further addition of deuterium to l-butene occurred only
after the alkyne was completely removed. Recently Mann and
Khulbe (25, 26) have reported the hydrogenation of ethylace-
tyleﬁe over supported and unsupported nickel, cobalt and ‘'iron
catalysts. They observed that while the order with respéct
to hydrogen was one and nearly independent of temperature, it
was negative with respect to ethylacetylene and temperature
dependent. In the case of iron powder, the orders of the re-
action could not be determined due to the deactivation of the

catalyst slowly.

(B) LITERATURE RELATED TO NICKEL-COPPER ALLOYS

Long, Frazer and Ott (27) demonstrated that nickel-
copper alloys could be prepared by coprecipitating the metals
as hydroxides from the solution of mixed ions; these were
then reduced to metals with hydrogen. The lattice parameters

were found to be identical with those of alloys formed by



melting the metals together. Subsequent investigations of
Best and Russell (28), Hall and Alexander (34) confirmed the
earlier findings of Long, Frazer and Ott.

Best and Russell (28) modified the method of Long et
al (27) by using ammonium bicarbonate to coprecipitate the
nickel-copper ions as carbonate. The dried precipitate was
calcined at a temperature of 400° Cc and reduced in a stream
of hydrogen.

Harold et al (29) prepared nickel-copper silica alu-
mina catalyst by impregnating various supports with aqueous
solutions 6f nickel and copper salts to the point of incipient
wetness. The catalysts were then oven dried at 115o C for 18
hours and calcined at 500o C for 24 hours.

Granular alloys were prepared by Takeuchi et al (30)
by mixing ﬁhe solutions of nickel and copper in appropriate
amounts and evaporating the mixed solutions to dryness and
igniting it to metal oxides in a furnace at 500° c. Massive
alloys were élso prepared by completely melting nickel and
copper in a furnace.

Sachtler and Dorgelo (31l) prepared nickel copper al-
loy films in three ways.

1) by evaporating an alloy wire from a supporting tungsten
tantalum filament.

2) by simultaneous evaporation of two pieces of pure metals



or of an alloy from a tungsten cup heated by high energy
electron bombardment.

3) Dby successive evaporation of two metals from different
sources followed by heat treatment to homogenize the film.

Gharpurey and Emmett (32) deposited thin films of nic-
kel in high vacuum and then superimposed thin films of copper.
Sintering the films for few hours in 5 c.m. pressure of hydro-
gen at 300o C appeared to yield a homogeneous alloy. Campbell
and Emmett (33) prepared thin films by evaporating nickel di-
rectly from a heated wire and evaporating copper from an elec-
trically heated tungsten support.

Hall and Alexander (34) studied the formation of nic-
kel-copper alloys by the low temperature reduction of mixed
oxides with hydrogen. They have shown that even when two ox-
ide phases were present originally, subsequent reductions
formed a single metallic phase at the surface of the catalyst.
The studies made by Takeuchi et al (35) with an electron dif-
fraction showed that the concentration of nickel at surface
of the granular nickel copper alloy differs from that of the
internal material.

In the hydrogenation of benzene over nickel-copper and
their alloys, Long, Frazer and Ott (27) observed that nickel
catalyst had the highest activity and the catalyst containing

28% copper was the least active. The activity rose slightly
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as the concentration of copper in the catalyst increased from
54% to 79%. Pure copper did not hydrogenate benzene. Emmett
and Skau (36) found that the hydrogenétion of benzene over
nickel free copper powder did not take place even at 200° ¢
but on the addition of as much as 0.001% nickel, small activ-
ities were observed. Hall and Emmett (37) have reported spe-
cific activities and apparent activation energies for a series
of nickel-copper alloys for the hydrogenation of benzene. The
maximum activity appeared to be for the catalyst containing
75% nickel. Pure catalyst was as active as the one containing
45% nickel. Recently Condenhead and Masse (38) reported sim-—
ilar trend in the variation of specific activity and the ap-
parent activation energy with the composition of nickel in
the nickel-copper alloys as reported by Hall and Emmett (37).
Rienacker and Bommer (39) observed a marked drop in
the catalytic activity for the alloy containing between 80.2%
and 80.8% copper for ethylene hydrogenation over nickel-cop-
per alloy foil. Best and Russell (28) studied the hydrogena-
tion of ethylene over nickel-copper powder and found maximum
activity in the copper rich region (approximately 60 atom per-
cent of copper). Hall and Emmett (40) and Hall and Hassell
(41) showed that hydrogen had a poisoning effect on nickel
catalyst and a promotional effect on nickel copper alloys.

They found two maxima in the activity, one in the nickel
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rich region and the other in the copper rich region. The work
of Gharpurey and Emmett (32) partly supported the work of Hall
and Emmett (40). Campbell and Emmett (33) observed that the
rate of reaction in the hydrogenation of ethylene over nickel-
copper films in the temperature range 0 to 21o C over catalysts
containing 5 to 20% nickel was 7 to 15 times greater than that
for pure nickel. In the 25-35% nickel region, the activity was
nearly the same as that for pure nickel. The reaction was first
order with respect to hydrogen and was independent of ethylene
pressure for the alloys. The results of Takeuchi et al (30)

in the hydrogenation of ethylene over two different series of
nickel-copper alloys (massive and granular alloys, prepared by
physical and chemical methods respectively) were different

from other investigators. The activity of granular pure nic-
kel was highest. Takai et al (42) have reported the liquid
phase hydrogenation of acetone, allyl alcohol and maleic acid
over nickel copper powder. In all the three cases, the activ-
ity for hydrogenation reached a maximum at the catalyst compo-
sition of more than 95% nickel and then decreased with the in-
creasing copper concentrations. Takai and Masaki (43) studied
in detail the liquid phase hydrogenation of acetone over nic-
kel-copper powders at 600 C. They reported that the specific
activities were almost proportional to the specific surface

of the catalysts in all cases except for the existence of small
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maxima for the alloys containing 30 and 70% nickel. No such
maximu was observed by Bond and Mann (18) in the acetylene
hydrogenation. They found that the activity for nickel was
highest and that while at high temperatures 4 band hole con-
centration determined the activity, the situation became more
complex at low temperatures. The activation energy increased
with increasing copper content of the nickel-copper alloys.
Mann and Khulbe (23) have reported the hydrogenation
of methylacetylene over nickel copper powders. The order of

reaction with respect to hydrogen was one and nearly tempera

ture independent. The order of reaction with respect to me-
thylacetylene over nickel was zero to slightly negative and
temperature dependent. The order with respect to methylace-
tylene was positive (about .5 %+ .05) for copper and nickel-
copper alloy containing 75% copper. The overall activation
energy varied between 9 and 21.2 X cal/mol. The maximum ac-
tivity was observed in the nickel rich region. The selectiv-
ity for propylene production and polymerization effécts in-
creased with increasing copper concentrations.

According to Beeck (44), who postulated that a cor-
relation existed between the catalytic activity of the metals
and their lattice parameters, the activity of th¢ nickel-cop-
per catalysts would be expected to increase markedly between

pure nickel and copper. Hall and Emmett (40), Gharpurey and
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Emmett (32) and Lyubarskii et alv(45) also observed a marked
increase in the catalytic activity in ethylene hydrogenation
on nickel being alloyed with small amounts of copper. They
attributed this to the hydrogen exercising a poisoning ef-
fect on pure nickel and a promotional effect on alloys.

Sachtler and Jongepier (46) have concluded from
their studies on ethylene hydrogenation that nickel-copper
alloy films at intermediate composition between 3% and 80%
copper equilibrates at 200°C and such solid phases were pro-
duced in which the phase containing higher copper concentra-
tions was exposed on the surface of the catalyst. The second
phase (containing lower percentage of copper) was presumably
buried within the catalyst and did not appear on the surface.
Sachtler and Dorgelo (31l) obtained experimental evidences re-
garding the consistency in the composition of the surface by
work function measurements of the alloys through photoelectric
techniques. They concluded that the catalytic activity did not
appear to change much over this regioﬁ. The work of Best and
Russell (28), Hall (47), Campbell and Emmett (33) casts
doubt on the general validity of this conclusion.

Recently Takeuchi (48) studied a number of nickel-
copper alloy catalysts prepared by different methods. They
suggest that this activity factor is due to the imperfection

of the crystal. Takeuchi et al (54) studied the catalytic
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activity and electric resistance of evaporated nickel-copper
films. The dependence of hydrogenation catalytic activity and
electric resistance of nickel-copper films on the composition
of the films were investigated. The film was prepared by the
evaporation of nickel and copper metals and their alloys into
a substrate cooled by liquid oxygen. The maximum activity for
the hydrogenation of ethylene was always in the alloy region
of the film, irrespective of the order of deposition when the
film was treated at 30o C. However, the maximum activity
shifted to that of pure nickel when the treatment temperature
was about 250° C. The electric resistance of 50% nickel was
always maximum.

Tetenyi et al (49) prepared ten samples of nickel by
different methods and obsefved that while their lattice para-
meters were nearly equal, the specific surface areas were dif-
ferent. The rates for the dehydrogenation of cyclohexane, iso-
propanol and tertiary butanol were nearly the same. According
to Tetenyi et al (49) the method of the catalyst preparation
actually influences both the specific surface and the cataly-
tic activity to an appreciable extent. In another paper (50)
they have reported that the degree of hydrogen adsorption,
heat of adsorption and equilibrium constant of adsorption were
also influenced to an appreciable extent by the method of

catalyst preparation.
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Takeuchi et al (30) have concluded that the amount of
hydrogen adsorbed, the heat of adsorption and the catalytic
activity for the granular alloy catalyst were related to the
concentration of nickel at the surface. The activity of
massive alloys may be interpreted on the basis of Dowden's
theory (51).

Takai and Yamanaka (42) observed that the ability of
nickel metal to adsorb hydrogen increased with increasing
amounts of copper with a maximum for an alloy containing 80%

of copper.

(C) LITERATURE RELATED TO 2-BUTYNE:

Meyer and Burwell (55) studied the reaction of deu-
terium and 2-butyne over alumina supported palladium catalyst
and observed that the main product was cis-2-butene 2, 3, d2.
They proposed a possible mechanism for the reaction. Phillip-
son, Wells and Gray (56) have studied the kinetics and reported
the product distribution for the gas phase hydrogenation of
2-butyne catalysed by alumina supported iron, cobalt, nickel,
copper, rhodium, iridium and platinum at temperatures ranging
between 100 and 200° c. The yield of cis-2-butene was always
high (more than 75%) and small amounts of trans-2-butene and
l-butene were formed as initial products for all the metals
investigated except copper. n-Butane appeared as initial
product in minor amounts over noble metals only. while the

order of reaction with respect to hydrogen was one for nickel,

|
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cobalt and copper, it varied with respect to 2-butyne from
zero (cobalt and copper) to slightly negative (-0.3 for nic-
kel). An activation energy of 12 + 2 kK cal/mol was evaluated.
Similar kinetic features were observed over the noble metals.
Webb and Wells (57) studied the reaction of 2-butyne with hy-
drogen and deuterium over alumina supported ruthenium and os-
mium at temperatures varying between 80 and 150° Cc. The orders
of reaction with respect to hydrogen and 2-butyne were one and
zero respectively. Activation energies of the order of 10 to

12.5 k cal/mol were obtained.



17

IIT EXPERIMENTAL

Experiments were carried out in a static constant
volume reactor. The reactor consisted of a pyrex glass ves-

sel, approximately 25 c.c. volume and was connected to a high

vacuum system.

A. APPARATUS:
The apparatus consisted of five sections
1) Hydrogen purification and storage
2) 2-butyne purification and storage
3) Reactor and temperature controls
4) Reaction product analysis
5) High vacuum
The experimental apparatus used in the study of the

reaction is shown schematically in figure 1.

B. PURIFICATION OF REACTANTS:

1. Hydrogen.

Hydrogen (Linde Co.) was purified by passing it at a
rate 20 cc/min through the glass thimble containing palladium -
asbestos catalysts at a temperature of about 2000 C to convert
the residual oxygen in the previously evacuated connecting tube
and the oxygen present as an impurity in the cylinder hydrogen,
to water vapor. Water vapor thus formed was condensed in the

liquid nitrogen trap. The purified hydrogen was first rejected
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Figure 1
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for ten minutes through the vacuum pump and then stored in the

hydrogen storage vessel or used directly for reduction of the

catalysts.
2. 2-butyne.

The liquid 2-butyne was filled in the distillation
flask after rinsing the flask thoroughly with it. The air
left in the distillation flask was removed by connecting it
to the vacuum line after solidifying the 2-butyne at liquid
nitrogen temperature. 2-butyne was purified by successive
distillation, and rejecting the head and tail fractions. It

was subsequently stored in the storage vessel.

C. PREPARATION OF THE CATALYST:

(i) Metal powders.

Standard normal nickel and copper nitrate solutions
were prepared using analytical reagent grade Ni(N03)2.6H20
and Cu(NO3),.3H50. Copper nitrate solution contained some
acetic acid to avoid hydrolysis. Nickel nitrate and copper
nitrate solutions were mixed in appropriate ratios to yield
the required nickel-copper alloys of desired composition.
Powdered reagent grade ammonium bicarbonate was added at room
temperature to the mixture of the nickel-copper solutions un-
til a permanent turbidity appeared. The solution was stirred
while ammonium bicarbonate was added. Subsequently a solution

of 17 gm of bicarbonate, dissolved in 100 cc of water was
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added and stirred for another 10 minutes. The precipitate
was allowed to settle over night, washed with hot water to
remove the nitrate ions. The precipitate was first dried at
60° ¢ and left over night at 105° c. The basic carbonate
thus formed was broken into small lumps and calcinated at a
temperature of 600° C in a muffle furnace for aporoximately

6 hours.

Iron and cobalt powders were similarly prepared from

their respective nitrate solutions.

(ii) Supported iron catalyst.

Pumice stones supvwlied by the Fisher Scientific Co.,
Ltd. were crushed and 20 to 40 mesh sizes selected for the
catalyst supvort. Pumice granules were first boiled with
concentrated hydrochloric acid for about 30 minutes and were
then washed with warm distilled water several times until the
addition of silver nitrate solution did not show any precipitate.
The cleansed pumice granules were then dried over night in an
oven at 105° cC. The solution containing the required weight
of metal was added to the pumice granules. The impregnated
material was dried at 105° C and subsequently calcined at 600°

C in a muffle furnace for 12 hours.

D. REDUCTION AND STABILIZATION OF CATALYST:

A weighed amount of the catalyst was placed at the
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bottom of the reaction vessel and the vessel sealed. The
reaction vessel containing the catalyst was evacuated until
a high vacuum was obtained. The temperature of the vessel
was raised to 400° ¢ and a stream of hydrogen (80 ml/min)
was passed through the reaction vessel for 24 hours. ' The
stream of hydrogen was stopped and the reaction vessel al-
lowed to cool to room temperature in about 200 mm of hydro-
gen.

In the present study, the catalyst was aged by hy-
drogenating 2-butyne over the catalyst for sufficient time

at room temperature until the catalyst attained constant ac-

tivity.

E. EXPERIMENTAL PROCEDURE:

Once the catalyst in the reactor was stabilised, the
reactor temperature was adjusted to the required value by
means of a Fisher proportional temperature controller. The
reactor was evacuated and a hard vacuum obtained. The re-
quired amount of hydrogen was introduced into the reactor and
the connecting lines evacuated for about three minutes. Soon
after the admission of the required amount of the second re-
actant (2-butyne) into the reactor, the change of pressure
with time was measured by the mercury manometer connected to
the reaction vessel. In order to make the second and subse-

quent runs, the reactor was again evacuated for several minutes
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and the procedure repeated. The runs were made at random to
nullify the effect of any change in the activity of the cata-
lyst.

For a particular temperature, a number of runs were
taken by changing the hydrogen pressure while keeping 2-butyne
pressure constant at 50 mm of Hg. These runs gave the order
of reaction with respect to hydrogen. Similar procedure was
followed to obtain the order of reaction with respect to 2-
butyne by keeping the hydrogen pressure fixed at 50 mm and
varying 2-butyne pressures. The change of temperature during
the reaction was within % O.lo C.

Runs were taken at five different temperatures, u-
sually on five successive days. After completing the runs
at a temperature, the catalyst was kept in about 200 mm hy-

drogen before starting the next series.

F. ANALYSIS OF THE PRODUCTS:

A series of runs Wwas carried out with each catalyst
except for supported and unsupported iron.

The gases were analysed by a gas chromatograph (Aero-
graph Model P-90 A-3). A 20 ft column packed with dimethyl-
sulpholane supported on A/W chromosorp P (60-80 mesh) was used

° i a th
to separate the hydrocarbons at 35 C. Helium was used as e
carrier gas and flowed through the column at a flow rate of

80 ml/min. Hydrogen was measured with the help of the Toepler
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pump. Hydrogen was transferred to a series of calibrated
bulbs at different pressures.

After the pressure had fallen to the desired extent,
the reactor was connected to the glass trap kept in liquid
nitrogen and the condensable products condensed. The non-
condensable hydrogen was transferred to the bulbs with the
help of the Toepler pump and the pressure of unreacted hydro-
gen measured. The glass trap was disconnected from the reac-
tor and Toepler pump and the condensed products transferred
to the sampling glass loop maintained at room temperature.

A definite volume (5 ml) was injected into the chromatograph
and the product composition determined. The product distri-
bution was obtained for different temperatures, pressure

drops and initial reactant pressures.
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IV _RESULTS

The experimental results obtained in the course of
the study of the reaction of 2-butyne with hydrogen over nic-
kel, copper, cobalt, iron and nickel copper alloy catalysts
can be divided for convenience into (1) Kinetics of the re-

action, and (2) Distribution of the products and selectivity.

1. KINETICS:
The kinetic studies of the hydrogenation reactions
usually involve the determination of the following:
a) Shape of pressure fall-time curves,
b) Orders of reaction with respect to the reactants.

c) Activation energy.

a) Shape of pressure fall-time curve.

Bond (11) studied the pressure fall-time curves ob-
tained in the hydrogenation of acetylene over several nickel
catalysts. He classified the observed pressure fall-time
curves as follows:

Type I. Zero order reaction, the rate being. constant up to
a pressure fall nearly equal to the initial pressure of ace-
tylene. Such curves were obtained when acetylene was first
admitted into the reaction vessel and the initial hydrogen/

acetylene ratios were greater than two (figure 2).
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Type II A. A Dbroken curve consisting of two linear portions
of different rates. The inflection occurred after a pressure
fall equal to one half of the initial acetylene pressure.
Such curves were observed when the hydrogen/acetylene ratios
were greater than two and the reactants were premixéd (figure
2).
Type II B. A broken curve consisting of a curved portion fol-
lowed by a linear portion. Such curves were observed when
hydrogen/acetylene ratios were greater than two and hydrogen
was admitted first into the reaction vessel. The break oc-
curred after the pressure had fallen by an amount equal to one
half of the initial pressure of acetylene (figure 2).
Type II C. Similar to type II A, but the inflection occurring
after a pressure fall equal to about five-sixths of the ini-
tial acetylene pressure. This type of curve was observed when
the premixed reactants were added to acetylene pretreated cata-
lyst (figure 2).
Type III. First order reaction in hydrogen. Such curves were
obtained when hydrogen/acetylene ratios were less than two,
and acetylene was admitted first into the reaction vessel
(figure 2).

The kinetic form of these curves depend on the hydro-
gen/acetylene ratios, the order of reactants, if added separa-

tely, the pretreatment of the catalysts, if the reactants are
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added together and the type of the catalysts.

b) Order of reaction.

A surface reaction between two substances involves
interaction between two adsorbed molecules, the adsorption
occurring on neighbouring sites. For the reaction occurring
between reactants A and B whose initial pressures are P, and

Pp respectively, the overall initial rate (ro) equation could

be written as

ro, = k (2a) ()" feeeeaeee (D)

where n and m are reaction orders with respect to A and B
respectively and k the specific reaction rate constant.
For hydrogenation of 2-butyne the initial rate equa-

tion (ro) could be written as

ro =k (Bry)  (Boym ) eeeeenn (2)

Rewriting the equation (2),

log ro = log k + n log PH2 + m log PC4H6 ceeeea (3)
The orders of reaction n and m can be determined by

keeping the initial pressure of one of the reactants constant

and varying the other. Series of experiments were performed

to determine the order of reaction, n and m by the initial

rate method. The reaction order with respect to hydrogen was

obtained by using a fixed initial 2-butyne pressure (50 mm)

and varying initial hydrogen pressures at several temperatures.
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Similarly reaction order with respect to 2-butyne was obtained

by using a constant initial hydrogen pressure (50 mm) and vary-

ing the pressure of 2-butyne. Such orders of reactions were

tained for all the catalysts.

c) Activation energy.

An increase in the reaction temperature frequently
causes a marked increase in the rate of reaction. The most
satisfactory method for expressing the influence of tempera-
ture on reaction velocity is the one used by Arrhenius fol-
lowing Vant Hoff's equation:

k = A exp (- E/RT) (4)
where k = the rate constant at TOA, A = the frequency factor
and E = the energy of activation. When the reaction occurs

between A and B, an equilibrium exists between A + B and the

ob-

activated complex. The energy difference between the adsorbed

molecule and the activated complex is known as apparent energy

of activation. There may be several activated complexes in ex-

istence at a given time in the reaction system, but only those

with the energy E are capable of forming products directly.
A, the frequency factor for the reaction, is defined
as the product of a true collision number (Z) and the proba-
bility factor. The factor exp (-E/RT) is recognized as the
Boltzman factor for the fraction of system having energy in

excess of the value E.



29

A plot of log,,k or ln k against the reciprocal of
the absolute temperature T gives usually a straight line. The
energy of activation for various catalysts were obtained from

the slope of these lines.

2. PRODUCT DISTRIBUTION AND SELECTIVITY :

The hydrogenation of 2-butyne usually takes place ac-

cording to the following sequence.

H
2
CH; -C=C -CH; —3 CHy - CH = CH - CH; (cis or trans -2
butene)
CH3 - CH2 - CH2 - CH3

Several products, besides cis or trans-2-butene and
n-butane could form during the reaction depending on the na-
ture of the catalysts used and other operating conditions
prevailing. However, in the present study over different
catalysts only l-butene was formed in addition to the nor-
mally formed 2-butene and butane.

Selectivity is defined as

P_.
c1s—C4H8
S =
jipbutene * Pputane
where Pojs—butene = Pressure of cis-2-butene, mm Hg. Pp,tane

= PC4H10 = pressure of n butane, mm Hg. 3~ Ppytene = Pcis Cy4Hg

+ Ptrans CyqHg + Pl—C4HQ- Pl-C4H8 = pressure of l-butene mm Hg.

Ptrans-cy,Hg = pressure of trans-2-butene - mm Hg.

q
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3. REACTION OVER NICKEL POWDER:

(a) KINETICS

The experimental data obtained for the hydrogenation
of 2-butyne over nickel powder (.075 gm as oxide) are given
in Table 1.

The rate of reaction over fresh catalyst was quite
fast in the beginning at room temperature but it got deacti-
vated with each successive run. The catalyst was stabilized
only after about 30 runs. The reaction had a measurable rate
at 40° C. The pressure-fall time curve at 40° C for wvarious
initial reactant ratios (PHZ/PC4H6 = ﬁ) are shown in figure
(3A). 1In the initial stages pressure decreased linearly with
reaction time. The initial rate r, was obtained from the slope
of such lines. A Type III pressure time curve similar to those
obtained by Bond (11) for acetylene hydrogenation over nickel
pumice were obtained.

The dependence of initial rates on the initial hydrogen
and 2-butyne pressures at different temperatures is shown in
figures (4,5A & B). The order of reaction with respect to hy-
drogen was always one and temperature independent (figure 5A).
Though the order of reaction with respect to 2-butyne was zero
at lower temperatures, it became gradually slightly negative
with increasing temperatures (figure 5B). The results are con-~

sistent with the results of most of the investigators for the
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hydrogenation of methylacetylene over nickel (22, 23) and of
l-butyne over nickel powder (25, 26). Phillipson et al (56)
observed a negative order of reaction (=0.3) with respect to
2-butyne in the hydrogenation of 2-butyne over alumina sup-

ported nickel. The overall reaction rate can be expressed as
-.15 + .15

ro =k (Cryt (Poymg) M0 E

Plots of loglO of specific rates (Table 1) obtained
from figure 4 against the reciprocal of absolute temperatures
was good straight line over a wide range of temperatures (fi-
gure 6) satisfying the Arrhenius equation. An apparent acti-
vation energy of 9.13 k cal/gm mol and frequency factor 2.98 x

lO+5 min_l/gm were obtained.

(b) SELECTIVITY

The reaction products were analysed for different re-
actant ratios (E) at various pressure falls at several tempera-
tures. Experimental results are given in Table 1. Special at-
tention was paid to the manner in which the observed yield of
cis-2-butene depended on the operating variables.

All the three butenes (cis-2-butene, trans-2-butene
and l-butene) and n-butane were observed as initial products
of the reaction under all operating conditions. Cis-2~butene
was always the major product.

(i) The course of reaction:-

The course of the reaction was followed by analyzing
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the products of the reaction after various pressure falls for
hydrogen -2-butyne ratio of 1 and 2.4. The results are given
in Table (1). The distribution of products and the selectivi-
ty during the course of reaction are shown in figure 7A and 8.
(ii) Dependence of selectivity on pressure fall:-

For hydrogen -2-butyne ratio of 1 (50 mm of each re-
actant) the selectivity was nearly independent of pressure fall.
In the case of hydrogen -2-butyne ratio 2.4 (120 mm of hydrogen
and 50 mm of 2-butyne) the selectivity was independent of pres-
sure fall up to a pressure fall of 35 mm after which it de-
creased due to the further hydrogenation of cis-2-butene and
formation of trans-2-butene. The yield of cis-2-butene was
maximum at 35 mm pressure fall.

(iii) Dependence of selectivity on the initial pressure of
hydrogen

The dependence of selectivity upon hydrogen pressure
was studied at 50o C keeping 2-butyne pressure at 50 mm and
varying the hydrogen pressures between 50 mm and 120 mm. The
products were analyzed at 20 mm pressure fall in all cases.

The selectivity was independent of the initial hydrogen pres-

sure up to 100 mm and then decreased slightly (figure oA).

(iv) Dependence of selectivity on the initial 2-butyne pres-
sure

The dependence of selectivity upon 2-butyne pressures
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was studied at 50° cC keeping hydrogen pressure constant at
50 mm while varying 2-butyne pressures between 50 mm and 136
mm and analyzing the products at 20 mm pressure fall. The
selectivity increased with increasing 2-butyne pressures
(figure 9A).
(v) Dependence of selectivity on the temperature:~

The temperature dependence of selectivity was studied
at hydrogen —-2-butyne ratios of 1 (50 mm of each reactant) and
2.4 (120 mm of hydrogen and 50 mm of 2-butyne) between 40° C
and 80° c. The products were analyzed for a 20 mm pressure
fall. No significant change in the selectivity with tempera-

ture was observed. (figure 9B)

4. REACTION OVER 90% NICKEL AND 10% COPPER ALLOY POWDER:

(a) KINETICS

The experimental data for the hydrogenation of 2-butyne
over the alloy powder containing 90% of nickel and 10% of cop-
per (.075 gm as oxide) are given in Table (2). The reaction
had a measurable rate at 40° C.

Figure (10A) shows the kinetic form of pressure fall-
time curves for various hydrogen/2-butyne ratios at 40O C.

The curves consisted of two linear portions. In the first re-
gion the order of reaction was one. For hydrogen -2-butyne

ratios of less than twoj; the second rates (decreased rate)
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were observed when the pressure had fallen by an amount nearly
equal to half of the initial 2-butyne pressure. However, for
hydrogen -2-butyne ratios greater than two the increase in the
second rate were observed at pressure drops nearly equal to
half of the initial 2-butyne pressures. These curves (Type I
and II) were similar to the curves obtained by Bond (1ll) in
the hydrogenation of acetylene over nickel pumice catalyst.
The dependence of initial rates upon the initial hy-
drogen pressures at various temperatures is shown in figure
(10 B). The order of reaction with respect to hydrogen was
one and temperature independent (figure 11A). The order of
reaction with respect to 2-butyne was zero but became slight-
ly negative at higher temperatures (figure 11 B). The over-

all reaction rate can be expressed as

-.03 £ .03
r,. = (P

1 P
o Hp) = (FC,4Hg)

The plot of loglO k against the reciprocal of absolute tempera-
ture was a good straight line over a wide range of temperature

(figure 12) satisfying the Arrhenius equation. The derived ap-
parent activation energy and frequency factor were 6.5 k cal/gm

4 .o=1 .
mol and 1.17 x 10 min /gm respectively.

(b) SELECTIVITY

(i) Course of reaction

The course of reacton was followed by analyzing the
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the products of the reaction at various pressure drops for
hydrogen -2-butyne ratio of 1 (PH2 = PC4H6 =50mm) and 2.4

P
( H2 = 120 mm, PC4H6 = 50 mm) at 50° C. The results are given

in Table 2.

The distribution of products at different Pressure
falls for a reactant ratio 1 is shown in figure (7B). The
major product of the reaction was cis-2-butene but in the ini-
tial stages very small amounts of trans-2-butene, l-butene and
n-butane were also formed.

The distribution of products at various pressure falls
for hydrogen -2-butyne ratio of 2.4 is shown in figure (13).
Though the major product was cis-2-butene, small amounts of
trans-2-butene, l-butene and n-butane were also formed in the
initial stages of the reaction. At a pressure fall of nearly
35 mm, while the amount of the cis-2-butene in the product
started decreasing, trans-2-butene and n-butane started in;
creasing in the same proportion. The amount of. l-butene in
the product increased slightly up to a pressure fall of 35 mm
and then decreased with further pressure falls.

(ii) Dependence of selectivity on the pressure fall

For hydrogen/2-butyne ratio of 1 (FPH, = 50 mm, Pc m/ =
50 mm) the selectivity was nearly independent of pressure fall
(figure 7B). For hydrogen/2-butyne ratio of 2.4 though the

selectivity was independent of pressure fall up to a pressure
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fall of 35 mm, it decreased rapidly after this due to the fur-
ther hydrogenation of cis-2-butene to n-butane and also pos~
sibly due to isomerization of cis-2-butene to trans-2-butene
(figure 13).
(iii) Dependence of selectivity on the initial hydrogen pressure

The dependence of selectivity on the initial hydro-
gen pressures was studied by keeping a fixed 2-butyne pres-
sure (50 mm) and varying hydrogen pressures. The products
were analyzed at 20 mm pressure fall. Selectivity was con-
stant up to an initial hydrogen pressure of about 100 mm and
then decreased slightly (figure 14A4).
(iv) Dependence of selectivity on 2-butyne pressure

The dependence of selectivity on the initial pres-
sure of 2-butyne was studied at 50° C by keeping the initial
hydrogen pressure fixed at 50 mm and varying initial 2-butyne
pressure between 50 mm and 150 mm and analyzing the products
for a 20 mm pressure drop. Though the selectivity increased
slightly with increased 2-butyne pressures initially, it be-
came independent of initial 2-butyne pressure (figure 14A).
(v) Dependence of selectivity on temperature

The dependence of selectivity on temperature was
studied for hydrogen/2-butyne ratios of 1 (PH2 = 50 mm,
PCyHg = 50 mm) and 2.4 (PH, = 120 mm, PcyHg = 50 mm). The

products were analyzed for a pressure fall of 20 mm.

Though selectivity was nearly independent of temperature
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for hydrogen/2-butyne ratio of 1 (curve I, figure 14B), for

a ratio of 2.4 it decreased rapidly after 70° ¢ (curve IT1,

figure 14B).

5. REACTION OVER 80% NICKEL AND 20% COPPER ALLOY POWDER:

(2) KINETICS

The experimentai data obtained for the hydrogenation
of 2-butyne over the alloy catalyst containing 80% nickel and
20% copper (.075 gm as oxide) are given in Table (3).

After the activity of the catalyst had stabilized the
reaction had a measurable rate at 50o C. The pressure fall-
time curves at 60° c are shown in figure (15A) . The curves'
consisted of two linear portions similar to the pressure fall
time curves observed in the hydrogenation of 2-butyne over the
alloy catalyst conﬁaining 90% nickel and 10% copper.

The dependence of the initial rate on the initial hy-
drogen pressure at various temperatures is shown in figure (3B).

The order of reaction with respect to hydrogen was one
and independent of temperature (figure 16A). The order of re-
action with respect to 2-butyne was zero and became slightly
negative with increasing temperatures (figure 16B). The over-

all rate equation can be expressed

1 05 * .05

ro = k (FHy) " (FeyHg) ™"

Plots of loglO of specific reaction rates against reciprocal
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of the absolute temperatures was a good straight line satis-
fying Arrhenius equation (figure 15B). The derived apparent
energy of activation and frequency factor were 7.69 k cal/mol

and 4.863 x 10% min_l/gm respectively.

(b) SELECTIVITY:

(1) Course of the reaction:

The distribution of products during the course of
reaction for hydrogen/2—butyneiratio of 1 (50 mm of each) is
shown in figure (17A). 1In the initial stages of the reaction
trans-2-butene was the main product. The maximum amount of
trans-2-~butene was found when the pressure had fallen nearly
equal to 10 mm after which it decreased (curve III). At this
stage, the formation of cis-2-butene startéd. 1-butene was
formed only after a pressure fall of 15 mm.

Figure (18) shows the distribution of the products
during the course of the reaction for a hydrogen/2-butyne
ratio of 2.4 (PH2 = 120 mm, PC4H6 = 50 mm). The main product
in the initial stage was cis-2-butene which reached a maximum
value at about 30 mm pressure fall. In the initial stages,
the formation of trans-2-butene was very small but after a
pressure drop of 20 mm, it started increasing and reached a
maximum value at 55 mm pressure fall (curve III). Though

the amount of n-butane was less in the initial stages, it

increased with increasing pressure falls (curve V).
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(ii) Dependence of selectivity upon pressure fall:

For a hydrogen/2-butyne ratio of 1 (PH2 = 50 mm,

PC4H6 = 50 mm), the selctivity was nearly zero at 10 mm pres-
sure fall due to the trans-2-butene being the main product in
the initial stages of the reaction. After 10 mm pressure fall
the formation of cis-2-butene increased and the selectivity in-
creased rapidly with increased pressure falls (figure 17A, curve
vI).

For hydrogen/2-butyne ratio of 2.4, the selectivity was
independent of pressure falls initially, it decreased for pres-
sure falls greater than 30 mm (figure 18, curve VI).

(1ii) The dependence of selectivity upon hydrogen pressure:

The dependence of selectivity upon hydrogen pressure
at 40° C was studied by keeping 2-butyne pressure fixed (50 mm)
and varying hydrogen pressures. The reaction products were an-
alyzed at 20 mm pressure drop. Selectivity increased with in-
creasing hydrogen pressures up to a pressure of 90 mm and then
levelled off (figure 19A).-

(iv) The dependence of selectivity upon 2-butyne pressure:

The dependence of selectivity upon 2-butyne pressure
was studied at 40° C by analyzing the reaction products for a
20 mm pressure falls, keeping initial hydrogen pressure at 50
mm. The selectivity increased with 2-butyne pressures reaching

a maximum value at initial 2-butyne pressure of 80 mm, beyond
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which it was constant (figure 1927, curve II).
(v) The dependence of selectivity upon temperature:

The dependence of selectivity upon temperature was
studied by analyzing the products at 20 mm pressure fall, for
hydrogen/2-butyne ratios of 1 (50 mm of each reactant and 2.4
(PH2 = 120 mm, PC4H6)= 50 mm) .

For a hydrogen/2-butyne ratio of 1, the selectivity in-
creased initially with increasing temperatures andthen it be-
came nearly temperature independent.

For hydrogen/2-butyne ratio of 2.4, the selectivity
initially decreased rapidly from .85 to .425 with increasing

temperatures and then became independent of temperature (figure

19B, curve I).

6. REACTION OVER 70% NICKEL AND 30% COPPER ALLOY POWDER: i

(a) KINETICS:

The kinetics of the hydrogenation of 2-butyne over al-
loy catalyst containing 70% nickel and 30% copper was studied
in the temperature range 50o - 80° c. The experimental data
obtained are given in Table (4). The shape of pressure time
curve was similar to those obtained over nickel catalyst (fig-
ure 20).

The dependence of initial rates on initial hydrogen
pressures is shown in figure (21B). The order of reaction with

respect to hydrogen was one and was independent of temperature

N
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(figure 22A). The order with respect to 2-butyne was zero
and became slightly negative at higher temperatures (figure
22B) . The overall rate equation was

ro = k (PHz)l (PC4H6)-O.03 + 0.03
Plot of log;g of specific rate constants against the recipro-
cal of absolute temperature was a good straight line (figure
21A) over a wide range of temperatures satisfying Arrhenius
equation. The derived apparent activation energy and frequency

factor were 7.1 k cal/mol and 6.466 x lO3 min_l/gm respectively.

(b) SELECTIVITY:

(i) Course of reaction

The distribution of products during the course of re-
action for hydrogen/2-butyne ratio of 1 (50 mm of each) at 70°
C is shown in figure (17B). The main product of the reaction
was cis-2-butene, the amounts of which increased nearly linear-
ly with increasing pressure falls. In addition to cis-2-butene,
small amounts of trans-2-butene, l-butene and n-butane were al-
so formed. The amounts of these increased slightly as the re-
action progressed.

The distribution of products for various pressure drops
for a hydrogen/2-butyne ratfio of 2.4 (PH2 = 120 mm, PC4H6 = 50
mm) is shown in figure (23). Though the main products were cis-
2-butene, trans-2-butene and l-butene, small amount of n-butane

was also formed in the initial stages. The maximum
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amounts of cis-2-butene and trans-2-butene were formed at
pressure falls of about 40 mm and 50 mm respectively (curve
II and III).
(ii) Dependence of selectivity upon pressure fall

The reaction products were analyzed at different pres-
sure falls at 70° C for hydrogen/2-butyne ratios of 1 and 2.4.
For hydrogen/2-butyne ratio.of 1, the selectivity decreased
slightly after a pressure fall of 30 mm. For hydrogen/2-bu-
tyne ratio of 2.4, the selectivity decreased linearly with
pressure fall in the range of 10 - 51 mm pressure fall (fig-
23, curve VI).
(iii) Dependence of selectivity upon initial hydrogen pressure:

The dependence of selectivity on the initial hydrogen
pressure at 70o C was studied by keeping 2-butyne pressure at
50 mm and varying hydrogen pressures between 50 and 120 mm and
analyzing the producté at 20 mm pressure fall. The selectivity
was observed to be constant up to an initial hydrogen pressure
of 75 mm and then decreased, reaching a constant value at 100
mm (figure 24A).
(iv) Dependence of selectivity upon 2-butyne pressure

The dependence of selectivity at 70° ¢ was studied by
having a fixed hydrogen pressure (50 mm) and varying initial
2-butyne pressure between 50 and 120 mm analyzing the products

at 20 mm pressure fall. Selectivity increased initially at
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lower initial 2-butyne pressure and then became constant be-
yond 60 mm initial 2-~-butyne pressure (figure 24A, curve II).
(v) Dependence of selectivity upon temperature

The effect of temperature on the selectivity was
studied at hydrogen/2-butyne ratios of 1 (PH2 = 50 mm, PC4H6 =
50 mm) and 2.4 (PH2 = 120 mm, PC4H6 = 50 mm) over a wide range
of temperatures, analyzing the products at 20 mm pressure fall.

While the selectivity was independent of temperature
for hydrogen/2-butyne ratio of 1 (figure 24B), for a ratio of

2.4, it decreased between 40 and 70° C beyond which it was

nearly constant with temperatures.

7. REACTION OVER 50% NICKEL AND 50% COPPER ALLOY POWDER:

(a) XKINETICS

The experimental data obtained for the hydrogenation
of 2-butyne over the alloy catalyst containing 50% nickel and
50% copper (.075 gm as oxide) are given in Table (5). The re-
action had a measurable rate at 50o ¢ after the catalyst was
stabilized. The pressure time curves at 50° ¢ for various re-
actant ratios were similar to those obtained in the hydrogena-
tion of 2-butyne over nickel powder (figure 25A).

The dependence of initial rate upon initial hydrogen
pressure was studied between 50 and 92° ¢ (figure 26B). The
order of reaction with hydrogen was one and temperature inde-

pendent (figure 27A). Figure (27B) shows the dependence of
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initial rate on 2-butyne pressure in the temperature range of
o o '

507 C to 927 C. Though the order of reaction with respect to

2-butyne was zero at lower temperatures it became slightly ne-

gative at higher temperatures. The overall rate equation thus

can be written as

_ p_,1 p -0.02 * 0.02
ro =k (Hy)" (TCyHg)

Plot of loglo of specific rate agains£ the reciprocal of abso-
lute temperature was a good straight line over a wide range of
temperature satisfyihg Arrhenius equation (figure 28). The
derived apparent activation energy and frequency factor were

9.212 ¥ cal/gm mol and 9.38 x 104 min~1/ gm respectively.

(b) SELECTIVITY

(i) The course of reaction:

Figure (29A) shows the distribution of products at
various pressure falls during the course of the reaction for a
hydrogen/2-butyne ratio of 1 (50 mm of each) at 130° ¢. cCis-
2-butene was the main product but a small amount of trans-2-
butene and l-butene were also formed.

Figure (30) shéws the distribution of the products
during the course of the reaction for a hydrogen/2-butyne ra-
tio of 2.4. Cis-2-butene was the major product. It attained
a maximum value at 30 mm pressure drop and then it decreased.
The decrease in the pressure of the cis-2-butene was greater

than the formation of trans-2-butene, l-butane, and n-butane,
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indicating that cis-2-butene was being polymerized at higher
pressure falls.
(ii) Dependence of selectivity upon pressure fall:

Though the selectivity was independent of pressure
falls for hydrogen/2-butyne ratio of 1 (PH2 = PC4H6 = 50 mm),
it was constant up to 30 mm pressure fall and then it decreased
slightly for hydrogen/2-butyne ratio of 2.4 at 130° c.

(iii) Dependence of selectivity upon hydrogen pressure:

The dependence of selectivity upon initial hydrogen
pressure was studied at 130° ¢ by keeping initial 2-butyne
pressure fixed at 50 mm and varying initial hydrogen pressures
between 50 mm and 120 mm. The products were analyzed at 20 mm
pressure fall. The selectivity was independent of hydrogen
pressure (figure 31A, curve I).

(iv) Dependence of selectivity upon initial 2-butyne pressure:

The dependence of the selectivity upon initial 2-butyne
pressure was studied at 130° C by keeping initial hydrogen pres-
sure fixed at 50 mm and varying 2-butyne pressures between 50
mm and 130 mm and analyzing the products at 20 mm pressure drop.
The selectivity first increased slightly and then became indepen-
dent of 2-butyne pressures (figure 31A, curve II).

(v) Dependence of selectivity upon temperatures:
The dependence of selectivity upon temperature was

. P = F =
studded for hydrogen/2-butyne ratio of 1 (TH, = C,Hg 50 mm)
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and 2.4 between 54° ¢ and 130° ¢ and analyzing the products at
20 mm pressure drop. The selectivity increased slightly with

increasing temperatures  (figure 31B).

8. REACTION OVER 25% NICKEL AND 75% COPPER ALLOY POWDER:

(a) KINETICS

The experimental data obtained for the hydrogenation of
2-butyne over the alloy catalyst containing 75% éopper and 25%
nickel are given.in Table (6). The shape of pressure time curve
was similar to those obtained in the hydrogenation of 2-butyne
over nickel powder (figure 25B).

The dependence of initial rates upon initial hydrogen
pressures is shown in figure (26A}. The order of reaction with
respect to hydrogen was found to be one and independent of tem-
perature (figure 32A). The order of reaction with respect to
2-butyne was zero at lower temperatures and became slightly ne-
gative at higher temperatures (figdre 32B). The overall rate
equation can be written as
-0.03 £ 0.03

P 1 P
r, = k ( H2) ( C4H6) =

Plot of log of specific rate against reciprocal of absolute

10
temperature resulted in a good straight line over a wide range
of temperature satisfying the Arrhenius equation (figure 33).

The observed apparent activation energy and frequency factor

_ 3 . =1 .
were 8.95 k cal/gm mol and 4.242 x 10 man /gm respectively.
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(b) SELECTIVITY:

(i) The course of reaction

Figure (29B) shows the distribution of products at
different pressure falls for hydrogen/2-butyne ratio of
(50 mm of each) at 100o C. Though the main productswas cis-
2-butene small amounts of trans-2-butene and l-butene were
also formed. Figure (34) shows the distribution of products
for hydrogen/2-butyne ratio of 2.4. In addition to the cis-
2-butene, small amounts of trans-2-butene and l-butene were
also formed. The amount of l-butene formed increased slight-
ly with increased pressure fall.
(ii) Dependence of selectivity upon pressure fall

The dependence of selectivity upon pressure fall was
studied at 100° C for hydrogen/2-butyne ratio of 1 (50 mm of
each reactant) and 2.4 (PH2 = 120 mm, PC4H6 = 50 mm) by an-
alyzing the products at different pressure falls. At both
reactant ratios the selectivity was found to be independent
of pressure fall.
(iii) Dependence of selectivity upon initial hydrogen pressure

The dependence of selectivity upon initial hydrogen
pPressure was studied at 100° c by keeping the initial 2-butyne
pressure fixed (50 mm). Tﬁe products were analyzed for a 20

mm pressure drop. The selectivity was found to be independent

Oof initial hydrogen pressures (figure 353).
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(iv) Dependence of selectivity upon 2-butyne pressure

The dependence of selectivity upon initial 2-butyne
pressure was studied at 100° ¢ by maintaining the initial
hydrogen at 50 mm and varying 2-butyne pressure between 50
mm and 100 mm by analyzing the products at 20 mm pressure
drop. The selectivity was found to be independent of initial
2-butyne pressure (figure 353).
(v) Dependence of selectivity upon temperature

The dependence of selectivity upon temperature was
studied for hydrogen/2-butyne ratios of 1 and 2.4 for a wide
range of temperatures by analyzing the products at a 20 mm
pressure drop. In both the cases the selectivity was found

to be temperature independent (figure 35B).

9. REACTION OVER COPPER POWDER:

The experimental data obtained for the hydrogenation
of 2-butyne over copper powder are given in Table (7). After
the catalyst was stabilized, the reaction had a measurable
rate at 200o C. The pressure fall time curves were found to
be similar to those observed in the hydrogenation of 2-butyne
over nickel powder (figure 36)

Figure 37 shows the dependence of initial rates upon
the initial hydrogen pressures between 200° ¢ and 250° c. The
order of reaction with respect to hydrogen was always one and

independent of temperature (figure 383 . The order of reaction
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TIME (min)

Figure 36 —~ Pressure-time curves
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Figure 38 - Dependence of order of reaction upon
temperature
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Figure 39 - Arrhenius plot,

copper powder
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with respect to 2-butyne was always zero and temperature in-
dependent (figure 38B).
The overall rate equation can be represented as

P, 1 (P 0
r, = k ( H2) ( C4H6)

Plot of log10 of specific :eaction rates against reciprocél
of absolute temperature was a good straight line over the en-
tire temperature range (figure 39 ) satisfying the Arrhenius
equation. The derived activation energy and the frequency

12 . -1
factor were 33.5 k cal/gm mol and 4.515 x 10 min ~/gm re-

spectively.

(b) SELECTIVITY

(1) The course of the reaction:

Figure ( 4CB) shows the distribution of products for
hydrogen/2-butyne ratio of 1 (PH2 = PC4H6 = 50 mm) af 240° c.
Only cis-2-butene was obtained in the product. Figure (41)
shows thé distribution of the products at various pressure falls
for hydrogen/2-butyne ratio of 2.4.( H, = 120 mm, PeyHg = 50 mm).
In the initial stages the only product was eis-2-butene but at
higher conversion (pressure drop) small amounts of trans-2-bu-
tene and l-butene were also formed.

(ii) The dependence of selectivity upon pressure fall
The dependence of seiectivity upon pressure fall was

studied at 240° ¢ by analyzing the products at various pres-
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sure falls for hydrogen/2-butyne ratios of 1 (50 mm of each
reactant) and 2.4 (PH2 = 120 mm, PG4H6 = 50 mm). The selec-
tivity was indépdﬂent of pressure fall in both cases.
(iii) Dependence of selectivity upon initial hydrogen pressure
The dependence of selectivity upon hydrogen pressure
was studied at 240° ¢ keeping 2-butyne pressure fixed at 50 mm
and varying hydrogen pressures. The products were analyzed for
a pressure fall of 20 mm. The selectivity was one and indepen-
dent of initial hydrogen pressure.
(iv) Dependence of selectivity upon initial 2-butyne pressure
The dependence of selectivity upon initial 2-butyne
pressure was studied at 240o C keeping hydrogen pressure fixed
at 50 mm and varying 2-butyne pressure over a wide range and
analyzing the products for 20 mm pressure fall. The selectivi-
ty was one and independent of initial 2-butyne pressures.
(v) Dependence of selectivity upon temperature
The dependenceiof selectivity upon temperature was
studied for hydrogen/2-butyne ratios of 1 (PH2 = pC4H6 = 50 mm)

and 2.4 (PH, = 120 mm, PcyHg = 50 mm) between 200° C to 250° C.

Selectivity was one and independent of temperature.

10. REACTION OVER COBALT POWDER:

(a) KINETICS
The experimental data for the hydrogenation of 2-butyne

over cobalt powder (0.75 gm as oxide) are given in Table (8).
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The reaction had a measurable rate at 40° C over the
stabilized catalyst. The observed pressure fall-time curves
at 49° C were similar to those obtained in the hydrogenation
of 2-butyne over the catalyst containing 90% nickel and 10%
copper (figure 42B).

Figure (42A) shows the dependence of initial rates upon
initial hydrogen pressure. Figure (43A) shows that the order
of reaction with respect to hydrogen was always one and tempera=
ture indepéndent. Figure (43B) shows the dependence of initial
rate upon the initial pressure of 2-butyne. The order of re-
action with respect to 2-butyne was zero and became slightly
negative with increasing temperatures. The overall rate equa-
tion can be represented as
r = x (PHZ)l‘(PC4H6)—O°08 + 0.08
Plot of 1oglo of specific rate constant against reciprocal of
the absolute temperature was a good straight line satisfying
Arrhenius equation (figure 6B ). The derived apparent activa-

tion energy and frequency factor were 6.5 k cal/mol and 6.608

3 -1
X 10 min /gm respectively.

(b) SELECTIVITY :

(i) The course of the reaction
Figure (40B) shows the distribution of the products

with pressure' fall for hydrogen/2-butyne ratio of 1 (50 mm of
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each) at 90° €. 1In addition to cis-2-butene, small amounts
of trans-2-butene, l-butene and n-butane were also formed in
the initial stages of the reaction. The amount of l-butene
in the product was greater than either n-butane or trans-2-
butene. Figure (44) shows the distribution of the products
with pressure fall for a hydrogen/2-butyne ratio of 2.4 (PH2
= 120 mm, PC4H6 = 50 mm. Cis-2-butene was the major product
of the reaction. In addition to cis-2-butene, small amounts
of trans-2-butene, l-butene and n-butane were also formed.
(ii) Dependence of selectivity upon pressure fall
The dependence of selectivity upon pressure fall was
studied at 900Cbe analyzing the products at different pressure
falls for hydrogen/2-butyne ratios of 1 and 2.4. While for hy-
drogen/2-butyne ratio of 1 the selectivity decreased slightly
with pressure fall, for hydrogen/2-butyne ratio of 2.4, it was
constant till a pressure fall of 30 mm and thereafter decreased.
(iii) Dependence of selectivity upon initial hydrogen pressure
The dependence of selectivity upon initial hydrogen
pressure was studied at 90° C keeping 2-butyne pressure con=
stant at 50 mm and varying initial hydrogen pressures and ana-
lyzing the products at 20 mm pressure drop. Selectivity was
independent of hydrogen pressure (figure 45A, curve I).

(ivs) Dependence of selectivity upon initial 2-butyne pressure

The dependence of selectivity upon initial 2-butyne
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pressure was studied at 90° ¢ by using a fixed hydrogen pres-
sure and a wide range of 2-butyne pressures. The products
were analyzed at a pressure fall of 20 mm. The selectivity
initially increased slightly with pressure fall and then be-
came constant (figure 45A, curve II).
(iv) Dependence of selectivity upon temperature

The dependence of selectivity upon temperature was
studied for hydrogen/2-butyne ratio of 1 (50 mm of each re-
actant) and 2.4 (PH2 = 120 mm, PC4H6 = 50 mm) and analyzing
the products at 20 mm pressure drop. Selectivity was indepen-

-

dent of temperature (figure 45B).

11. REACTION OVER IRON POWDER®*

2bout 0.2 gm of iron oxide was reduced in the reactor.
It was observed that the iron catalyst lost its activity in
successive reactions. The continuous deactivation of the cata-
lyst made the study of the reaction almost impossible. The
catalyst regained 90% of its activity by being left over night
in about 200 mms of hydrogen.

Bond and Wells (60) observed that the mercury vapors
present in the system deactivated the palladium catalyst in
the hydrogenation of acetylene and ethylene. Also Mann and
Khulbe (26) in the study of l-butyne hydrogenation over iron
powder observed that the reaction started at 130o C. However,

they could not make any kinetic study due to the deactivation
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of the catalyst.

In order to observe the effect of temperature on
poisoning, a series of runs were carried out. It was observed
(ro)m+n

that the curves obtained on plotting 1oglo against

To/m+1
the log10 of number of runs were parallel but the rate of de-
activation decreased with increasing temperature (figure 46),
where m is the number of runs taken before the particular set

started and n is the number of runs taken in that set.

12, REACTION OVER PUMICE SUPPORTED IRON:

The hydrogenation of 2-butyne was studied on 0.5 gm
of pumice supported iron catalyst (5% Fe). Though at room temper-
ature the catalyst was very éctive, it deactivated rapidly from run
to run. In general behaviour, it was similar to unsupported iron.

(ro)m+n against 10g,q of run

On plotting loglo

(I‘o)m+1 ]
number, it was observed that the rate of deactivation decreased
with increasing hydrogen/2-butyne ratios (figure 47A). Also the

rate of deactivation decreased with increasing temperatures for

hydrogen/2-butyne ratio of 1 (figure 47B).
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V__DISCUSSION

The different types of curves obtained in the present
study over different catalysts are given in Table (11l) and are
also shown in figure (49).

In the hydrogenation of 2-butyne over cobalt and nickel-
copper alloys containing 10% and 20% copper the observed pres-
sure fall-time curves consisted of two linear portions (Curve
ADE and Curve AFG) of different rates for hydrogen/2-butyne ra-
tio of less than two and greater than two, at all temperatures.
In the first region (AD and AF) the order of reaction was al-
ways one. For hydrogen/2-butyne ratios of less than two, the
rate of pressure fall (region DE) started decreasing after the
pressure had fallen by an amount to half of the initial 2-bu-
tyne pressure. This decrease in the rate is possibly due to
the pretreatment of the catalyst with hydrogen.

For hydrogen/2-butyne ratios greater than two, the rates=
of pressure fall accelerated (FG) after the pressure had fallen
by an amount equal to about half of the initial 2-butyne pres-
sure. In the region (AF) the main product was cis-2-butene with
very small amounts of trans-2-butene, l-butene and n-butane,
whereas after rapid acceleration, region FG, the main process
was the further h&drogenation of cis-2-butene to n-butane. This
is also supported by the fact that at a pressure drop of 30 mm

(at reactant ratio 2.4) the amount of cis-2-butene formed was
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maximum and then declined due to the further hydrogenation.

Similar type of curves were observed by Mann and Khulbe
in the hydrogenation of methylacetylene (23) over nickel-copper
alloys and in the hydrogenation of l-butyne over supported and
unsupported nickel cobalt and iron (26). Bond and Wells (59)
also observed similar type of curves while investigating the
kinetics of acetylene hydrogénation over platinum catalyst.

Bond (l1) has classified the observed pressure-time
curves into different categories based on his studies on the
hydrogenation of acetylene over nickel pumice. Recently Mann
and Naik (21) and Mann and Khulbe (22,23) studied the hydro-
genation of methylacetylene and l-butyne over group eight me-
tals and discussed in detail the various factors effecting the
kinetic form of these curves. No such pressure-time curve
studies are reported for 2-butyne hydrogenation. Hence; no
direct comparison of the pressure time curves obtained in this
work can be made with any published work.

The kinetic form of the pressure fall time curve de-
pends on the nature and more significantly on the concentration
of species in the reactive layer on the surface of the catalyst.
when the massive reaction begins. It also depends on the order
of admission of the reactants into the reaction vessel, pre-
treatment and method of preparation of the catalyst.

The order of reaction with respect to hydrogen was
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always one and was independent of temperature. This is in
agreement with the findings of several investigators.

The order of reaction with respect to 2-butyne was
slightly negative and dependent on temperature for all cata-
lysts except copper for which it was zero and independent of
temperature. The negativity of the order of reaction with
respect to 2-butyne increased with increasing temperatures.
Similar behavior was observed by Mann and Khulbe (23) in the
hydrogenation of methylacetylene over nickel powder and in
the hydrogenation of ethylacetylene over supported and unsup-
ported nickel, cobalt and iron (26). Phillipson et al (56)
also observed a negative order (-0.3) in the hydrogenation of
2-butyne over nickel and zero order over copper and cobalt.
However, no mention has been made regardihg the temperature
dependency of the order of reaction.

The zero to slightly negative order with respect to
2-butyne and a positive order with respect to hydrogen indi-
cate that the former was strongly adsorbed on the surface of
the catalyst and its surface coverage was extensive whereas
hydrogen was weakly adsorbed by comparison and its surface
coverage was correspondingly low.

An increase in temperature decreases the concentration

of reactants in the reactive layer. Since 2-butyne was more
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strongly adsorbed on the surface than hydrogen it is possi-
ble that with increasing temperatures the desorption of the
former would be less than the latter, resulting in decreased
hydrogen/2-butyne ratios on the surface. Hence, the order
with respect to 2-butyne would become more negative with in-=
creasing temperatures.

In the chemisorption of ethylene over nickel surface,
Jenkins and Rideal (62) observed that when ethylene was first
admitted into the reactdon vessel over the fresh catalyst, it
was easily adsorbed on the surface. However, very little a-
mount of ethylene was adsorbed after repeated evacuations.

Catalyst Adsorption Adsorption after Adsorption after suc-—

(initially) first evacuation cessive evacuations
Ay 65 2.0 0.5
By 110 1.0 nil

The adsorption of ethylene could be as follows

CH2—(i?H2
C~,H, + 2 Ni i
274 Ni Ni
i = CH .
or C2H4 + 4 Ni ?H 0+ 2 g Ni
Ni Ni

From the above Table, it is clear that on the admis-
sion of ethylene, a part of the surface became covered with
some acetylenic or ethylenic residue, and hence, no further
adsorption even after repeated evacuations. On studying the
chemisorption of hydrogen over these catalysts (pretreated
with ethylene) it was observed that 80% of the surface was

covered with the acetylinic residue.
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In the hydrogenation of ethylene over nickel and cop-
per catalysts, Tuul and Fransworth (61l) observed that the cata-
lysts were deactivated slightly during the reaction, However,
a marked increase in the activity was observed the following
day.

Similar behaviour was observed in the present study.

It is clear from figure (48 ) that the rate of deactivation

was very fast at hydrogen/2-butyne ratios of less than one and
it decreased with increasing reactant ratios indicating that

the greater is the formation of the complex residue, greater

the amount of 2-butyne in the reaction mixture. At higher tem-
peratures the rate of desorption of 2-butyne increased resulting
in a certain decrease in the rate of formation of the complex
residue.

It can be concluded from the foregoing discussions that
2-butyne was adsorbed on the surface of the catalyst resulting
in the formation of some type of complex residue. This could
not be removed even by repeated evacuations and was responsible
for marked decrease in the activity of the catalyst. Since the
overnight treatment of the catalyst in about 200 mm hydrogen
reactivates it, there is a further reason to believe that some
type of complex residue exists. The complex was hydrogenated
during the overnight treatment of the catalyst in hydrogen.

The rate of reaction expressed in mm Hg per unit time,
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per unit weight of the metal can be used in correlating the
activity of the metals provided that all the catalysts are
prepared in the same manner. Since the rate of reaction is
dependent on reactant pressure, temperature and composition,
it is not suitable to correlate the catalytic activity. How-
ever, the overall rate constant (specific reaction rate) which
depends on temperéture only can be taken as the parameter to
correlate the activity. Since the overall rate constant de-
pends on temperature, it is necessary to use a reference tem-
perature Ty for all the caﬁalysts. Such overall rate constants
per unit weight or per unit surface area can be calculated at
a particular reference temperature from Arrhenius plots.

Considering the overall rate constants k as a measure
of the catalytic activity, the order of the catalytic activities
for pure metals was in the following sequence

Ni>»Co>Fe>Cu.

Iron was compared on the basis of its initial rate
onty as systematic investigation over iron could not be carried
out due to its rapid deactivation with each run and its regain-
ing most of its activity on overnight exposure to about 200 mm
of hydrogen in the reaction vessel.

In the case of nickel-copper catalysts. the activity
increased rapidly with small percentage increase of copper in

d-
the alloy reaching a maximum at nearly 10% copper. Further a
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dition of copper decreased the activity progressively. The
activity of catalyst containing 60% copper was nearly the
same as that of pure copper powder (figure 50).

Chemical, geometric and electronic factors play an
important role in establishing the activity of a particular
catalyst. Sabatier (63) suggested that the mechanism for the
metal catalysts like nickel might involve a chemical factor
namely the nickel hydride. At present it has become customary
to speak of the reactants as chemisorbed intermediates and not
specifically as metallic hydrides. Sachtler and Fahrenfort
(64) in the catalytic decompoesition of formic acid found that
if the heat of the formation of various metal formates was
plotted against the temperature at which some particular re-
action could be observed, a volcanic shaped curve was obtained.

Taylor (65) introduced the idea of active points which
were later known as the differentAfaces of the catalysts. Ba=
landin (66) suggested that the activity of catalysts depended
to a large measure on the presence of correctly spaced groups
of atoms to accomodate the various reactant molecules. He
proposed that for the hydrogenation of benzene, properly spaced
face centered cubic metals which hydrogenate benzene should not
be active catalysts for hydrogenating 5 and 7 membered rings.
Long et al (27) found that only those bimetallic alloys of nic-

kel, cobalt and iron which have a face eentered cublc structure
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were actually capable of causing the conversion of benzene to
cyclohexane at temperatures below 200o cC.

In the present study while copoer catalyst (1 gm)
having a face centered cubic structure was active only over
200° C, nickel and cobalt (2075)gm) both having face centered
cubic structure, were very active even at room temperatures.
Iron having a body centered cubic structure (.2 gm) was much
more active than copper.

Beeck (44) made a systematic study of ethylene hydro-
genation on evaporated metals and related the activities of
the catalyst to their crystal parameters (figure 51A ). Based
on the postulation of Beeck, the activity of copper (a = 3.61°A)
should be much hagher than nickel (a = 3.528o A) and the activ-
ity of the alloy series should increase markedly with increasing
copper composition. The results of the present investigations
are contrary to this.

Boudart (67) suggested that the variation of the activ-
ity of metals for the hydrogenation of ethylene could be corre-
lated with Paulings (52) percentage d-character. Schuit (70)
suggested an even better correlation by taking into account
the valency of the metals on the Pauling theory. Considering
Beeck's suggestion of the activity of metals being a function
of either parameter, the activity of copper would be greater

. i iders
than nickel and lesser than rhodium. However, if we consid
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the suggestion that the activity is a function of percentage
d-character, the activity of copper would be lower than that
of nickel (figure 51B). Also the activity of nickel-copper
alloys should decrease with decrease in percentage d-charac-
ter (Table 1). For pure metals the activity should be in the
following sequence
Ni(40) > Fe (39.7) > Co (39.5) > Cu(35.7)
where as in the present study the activity was found to be in

the following order

Ni > Co > Fe > Cu.

The activities of nickel and cobalt were more or less
equal but iron was active at higher temperatures.

Dowden on the basis of the d-band theory concluded
that the activity of the transition metals is due to the holes
in the d-band. According to this, the activity pattern of
these metals should be

Fe (hd = 2.2)> Co (ha = 1.7) > Ni (0.6) >cu (hd = 0.0)

According to Dowden (51), when a transition metal having
holes in d-band (eg.nickel) is alloyed with another which can
donate electrons (eg. copper) at 2a certain composition, the
holes in the 4 band are completely £illed. The catalytic ac-—
tivity of such alloys should drop to a negligible value.

Dowden and Reynolds (53) in their experimental work on

the hydrogenation of benzene and styrene observed that the ac-—
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tivity of the alloy catalyst decreased regularly with increa-
sing copper content to a negligible value at about 40% copper
(figure 53). Reynolds (68) also observed that in the hydroge-
nation of benzene, decomposition of formic acid and methanol
over nickel copper, the specific activities of the catalysts
decreased with increasing copper content. Best aﬁd Russell
(28) in the hydrogenation of ethylene found that the addition
of copper to nickel increased the activity of nickel catalyst
by a factor of 10 or more. The differences in the results are
due to the fact that the results of Best and Russell (28) were
obtained for the metals prepared with the reduction of homogene-
ous solutions of the metal oxides whereas those of Dowden and
Reynolds were for metal foils prepared from homogeneous alloys.
Hall and Emmett (40) in the hiydrogenation of ethylene observed
that the activity of nickel copper alloys cooled in helium
could be correlated with the percentage d-character whereas
the activity of nickel catalysts pretreated with hydrogen in-
creased with slight addition of copper. Addition of more than
80% copper caused a rapid decrease in the activity. They sug-
gested that hydrogen has a poisoning effect on pure nickel.
Results obtained by Gharpury and Emmett (32) in the hydrogena-
tion of ethylene on evaporated alloy films were in agreement
with the work of Hall and Emmett. These results cast doubt

on the general validity of Dowden's theory.
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Takai and Yamanaka (42) in the ligquid phase hydrogena-
tion of maleic acid, acetone and allyl alcohol over nickel-cop-
per alloys observed an increase in the activity on addition of
small amounts of copper. The activity pattern for the catalysts
containing 5-60% copper could be interpreted on the basis of
Dowden's theory. They also observed that the ability for the
adsorption of hydrogen was maximum for the alloy containing 80%
copper. On addition of further amounts of copper to nickel,
the adsorption capacity decreased rapidly. The activity pat-
tern observed by Takai and Yamanaka is similar generally to
the one observed in the present investigations.

Takeuchi (48) in the hydrogenation of ethylene and ben-
zene observed that though the activity pattern dbserved over
massive nickel-copper alloy was similar to the one predicted by
Dowden, it was quite complicated over granular alloys. Oa stu-
dying the structure of granular alloys with the help of an elec-
tron microscope, it was observed that the surface composition of
these alloys was different from the interior. They concluded
that the amount of hydrogen adsorbed, the heat of adsorption
and the catalytic activity of granular alloys were related to
the concentration of nickel at the surface.

Recently Takeuchi et al (54) studied the catalytic ac-
tivity for the hydrogenation of ethylene and electrical resis-

i l -
tance of nickel copper film prepared by evaporation of metals
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They observed that the catalytic activity was maximum in the
alloy region at about 50% Cu in the alloy irrespective of the
order of deposition of the two metals. When the treatment
temperature was 250o C, the maximum activity shifted to that

of nickel. The electrical resistance of 50% copper alloy was
always maximum. The increase in the treatment temperature al-
ways resulted in a marked decrease in the electrical resistance.
They have suggested that while considéring the activity of the
metals, due consideration should be given for the lattice im-
perfections of the film.

The work of Takeuchi et al (35) and Tetenyi et al (50)
indicates that the method of the preparation of the catalyst
and treatment temperature influences both the specific surface
and the catalytic activity.

However, if the homogeneous alloy catalysts are prepared
in the same mannerj on the basis of holes in the d-band, accor-
ding to Bond and Mann (18) there can be three activity patterns
(figure 53 ). 1In case of 'A‘, there is a progressive decrease
in the activity as the concentration of holes in the d-band
falls until it becomes zero at 60% of copper. Hydrogenation of
styrene on nickel copper foils by powden and Reynolds (53) and
hydrogenation of ethylene and benzene on massive nickel-copper
alloys (prepared by completely melting the metals) by Takeuchi

et al (35) confirms this pattern. In case€ of 'B', it is sug-
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gested that as d-band is filled, the binding strength decreases
and the activity increases reaching a maximum before the d-band
is completely filled. This type of pattern has been confirmed
by Couper and Eley (69) in the para hydrogen conversion over
palladium-gold alloys, Hall and Emmett (37) in the hydrogenation
of benzene, Takai and Yamanaka (42) in the liquid phase hydro-
genation of maleic acid, acetone and allyl alcoholaand Mann

and Khulbe (23) in the hydrogenation of methylacetylene and

the present study over nickel-copper alloys prepared by the
reduction of the homogeneous exides. However, the maximum ac-
tivity was observed in each case at a different composition of
the alloy indicating that the molecular structure of the reac-
tants may also play some important role in the activity of the
catalyst. In case of 'C', the activity of the catalysts is
independent of the concentration of holes in d-band so long as
there are some~holes in the d-band. The result of Rienacker

and Bommer (39) for the hydrogenation of ethylene on nickel cop-
per foils at 500° C confirms this pattern.

On the basis of pattern 'B' (figure 53 ), the activity
of pure metals in the present study can also be explained. As
the number of holes in the d=band decreases, the activity in-
creases and at no holes the activity suddenly decreases to zero.
According to this view the activity of these metals should be

in the following sequence
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Ni > Co > Fe > Cu
which is in agreement to the activity pattern observed in
the present study.

Due to the unstable nature of iron catalyst, its en-
ergy of activation could not be calculated. In the case of
copper-nickel alloys, the activation enefgy first decreased
from 9.1 k cal/mol‘(for nickel) to 6.5 k cal/mol (for 10%
copper alloy) and then increased slightly initially with in-
creasing amounts of copper. For nickel copper alloys contain-
ing more than 75% copper, the activation energy increases
very rapidly with increasing concentration of copper (figure
50). Similar trend has been cbserved by Mann and Khulbe (23)
in the hydrogenation of methylacetylene over nickel-copper
alloys catalysts. The activation energy for cobalt was 6.5 k
cal/mol. It appears that there is no simple relationship be-
tween the energy of activation and other parameters.

Appendix (A) shows the values of frequency factor,
logjg A with lattice parameter, percent d-character and d
holes. It appears that there is no simple relationship be-
tween the frequency factor and other parameters.

The selectivity and the amount of polymerization for
the catalyst were found to depend on temperatureinitial pres—
sure of the reactants and pressure fall. In order to visualize

the effect of the copper compesition on the selectivity and
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polymerization on a comparable basis, these have been calcula-
ted for a temgerature of 80o C. The results are given in Table
(12, 13) and figure (54).

The selectivity decreased slightly with the increasing
amounts of copper reaching a minimum for 30% copper (figure 54).
For amounts greater than 30%, the selectivity increased with
increasing copper concentrations. Mann and Khulbe (23) in
the hydrogenation of methylacetylene over nickel-copper alloys
observed that the selectivity always increased with increasing
amounts of copper.

While the percentage of l-butene formed in the pro-
ducts increased with increasing amounts of copper, the amounts
of cis-2-butene decreased slightly with increasing copper com-—
position. No l-butene was formed over copper. The effect of
the copper concentration in the alloy on the formation of n-
butane and trans-z—butene was barely noticeable.

The extent of polymerization increased with copper
concentration. Similar behaviour was observed by Mann and
Khulbe (23) in methylacetylene hydrogenation.

A study of the kinetics of the reaction and the
product analysis of the hydrogenation of 2-butyne over
nickel copper, cobalt and nickel copper alloys shows a
close similarity between each other. Hence, it is pos-
sible that reaction takes place by a similar mechanism over all

the catalysts. The results obtained largely confirm that there
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is much similarity in the reaction of hydrogen with 2-butyne

and methylacetylene in most of the aspects except for the |

formation of some isomeric butenes in case of 2-butyne hydro-
genation.

In the present study, with few exceptions, the major
product was cis-2-butene over all the catalysts. However, in
the initial stages of the reaction, very small amounts of
trans-2-butene, l-butene and n-butane were also formed. Meyer
and Burwell (55) studied the addition of deuterium to 2-butyne
on alumina supported palladium catalysts. They observed that
the exchange reaction gave exclusively cis-2-butene 2, 3 dj.
Phillipson et al (56) also observed the four products in the
hydrogenation of 2-butyne over alumina supported cobalt, nic-
kel, iron and copper catalysts.

The stronger adsorption of 2-butyne on the surface of
the catalyst as compared to the corresponding butenes is of
much importance in determining the nature of the mechanism.
Yates and Lucchesi (71) suggest that the molecule of 2-butyne
is generally strongly adsorbed on alumina catalyst parallel
to the surface. The adsorption of 2-butyne molecule on the

surface of the catalyst can be represented as:

mn

c-CHy I
* (a)

-C = C-CH I
or CH3 E I 3

CH3-C = C-CH5 + 2% — > CHa-C

*—



123

In the present study in addition to cis-2-butene, small amounts
of trans-2-butene and l-butene were also observed. The formation
of isomeric butenes may be attributed to the following reactioms.
a) The direct addition of atomic or molecular hydrogen to the

reactant molecule followed by immediate desorption of alkenes.
b) Isomerization of the reactant.
¢) Isomerization of alkenes between the initial formation of
alkenes and its desorption.
d) Addition of atomic or molecular hydrogen.
Hydrogen is adsorbed on the two active sites with

dissociation as follows:

H, + 2% 28 (B)
%
The adsorbed hydrogen then reacts with adsorbed 2-butyne

forming the half hydrogenated state;

- —C=C- [ c
Cliy-C20-CHy  + H . CHg cay + (*) (c)

* %

The half hydrogenated state may react with an adsorbed

hydrogen atom to form cis-2-butene.

CHB—?
*

et m——

- - * D
CHB-CHTCH CHg + 2(*) (DY

*

- H
CH CH3 + |

k=1l

Equation (A) and (B) describes the adsorption of the
reactants at a pair of adjacent sites. Such adsorption takes

place for a given pair of sites. When the surface 1s extensively
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covered with the adsorbate requiring two adsorption sites, single -
sites will remain vacant. Hydrogen adsorption may take place
non-competitively at such sites.

In the catalytic hydrogenation.of ethylene on the surface
of nickel catalyst, Jenkins and Rideal (62), while discussing
chemisorption on the surface, have shown the following picture

of a catalyst surface in the presence of a hydrogen ethylene

mixture;
Sites occupied by occupied by hydrogen unoccupied
02H4 complex as pair
242 24 24
83.4% 8.3% 8.3%

By taking 100 sites surrounded by a guard ripg to eliminate the
end effects, they found that the percentage of the sites occu@ied
by C2H4 complex, hydrogen as pair and single were 78, 13 and 9%
respectively.

These single sites are capable of activating a mole-
cule of hydrogen. Bond and Wells (59) have.considered this type of
mechanism in the hydrogenation of acetylene over platinum catalyst.
The adsorbed hydrogen molecule then reac?s with an adsorbed

2-butyne molecule

trans-2-butgne

-

|
CHB-CTC-CH . AN CHE—f C-CHy +
[

3 1

*% * or cis-2-butene (E)

l-butene could not be produced by this direct route.
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b) Isomerization of the reactant:

The adsorbed 2-butyne either could isomerize to 1-2,

butadiene, H
CH.-C = C-CH,—— CH.=C - C-CH, —> CH,-C = -
* ¥ * * * *
or to l-butyne
THa-f = CH-CH3 ——— CH T C-CHZ-CH3 (G)
* * . * %

or to 1l-2butadiene through indirect route

-C. = C-CH -
CH3 3 CH3

~C CH-CHB'.'E_.HZC=C=CH-CH3 (H)
\ +H |
5 3

%*

* =1l

* *

The further hydrogenatioﬁ of these productsrcould
produce l-butene., If the mechanism postulated above is trﬁe,
then 1-2butadiene and l-butyne should be present in the product.
However, no other products pbesides -n-butane, cis and trans-2-
butene and l-butene were observed.

Other investigators (56,57) have also observed the
formation of cis and trans-2-butene, n-butane and l-butene in
the hydrogenation of 2-butyne over alumina supported cobalt, iron,
nickel and copper. Phillipson et.al.(56) observed a further
product in addition to n-butenes and n-butane over rhodium and
iridium catalyzed reactions. Though the concentration of this

was about 2 to 3% in the product, yet it could not be completely
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jdentified. The hydrocarbon appeared to give a parent ion at

m/e = 54 in the mass spectrometer, indicating that it was an
isomer of the reactant. However, gas chromatography showed that it
was neither l-butyne nor 1l-3butadiene. They assumed that it was
probably 1-2butadiene. They concluded that this molecule ‘must

have been present in the adsorbed state on the surface. Its non-
appearance in the product for the reaction over Fe, Co, Ni, Cu

and Pt catalyét involves the assumption that its desorption rate
over the metals was too slow for it to be produced in detectable
quantities.

Mann and Khulbe (26) in the hydrogenation of l-butyne
over supported and unsupported Ni, Co and Fe observed only four
products ( threz butenes and n-butane). In the hydrogenation of
acetylene (19), methylacetylene (72) and ethylacetylene (73),
iridium shows a poor selectivity for ethylene, propylene and
butenes. They suggested that the mechanism over iridium catalyst
may be different from other catalyst.

c) Isomerization of butene

Bond, Webb and Wells (74) have studied the hydrogena-
tion of n-butenes catalyzed by alumina supported ruthenium and
osmium. They have proposed the following mechanism for isomeriz-

ation of butenes.
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-C = C-C +H { =L~ - =& - -CH=
CH f’ | Hy —— CH3 CH~CH,~CHg-m—=> CH,-CH,~CH=CH,
*

b }|I -H Y “H 37727
_Hl +H *
CH _ ~H
52 C T 0cu,
*

With the few exceptions, it was observed (Table 4) that when
tans-2-butene was formed, n-butane appéared as a.product‘which
provide some evidencg/forthe alkyl mechanism. Fpom the other
studies of the hydro-isomerization of butene (34), one would
except trans-2-butene/l-butene ratios greater than one in the pros&
duct but in the present study, trans-2-butene/l-butene ratios
~were less than one. It appears therefore that butene isomers
were obtained by some other mechanism. It is possible that the half
 hydrogenated state converts into a radical before it could
react with another atom of hydrogen.

CH-CH, + (*) ——— 'CHB-C?—C‘H-CHB s (%) (i)

1 3
* * *

CH-~-
H3 ?
* :
which on further hydrogenation gives butenes as follows

CHy - & - CcH - cay + B — cis or trans-2-buteme  (J)
| |
¥* ¥*

CH—CH2-0H3 (k)

In the early stages of 2-butyne hydrogenation, small amounts of

n-butane were observed. This would have come from the farther

hydrogenation of butenes
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CH,-CH = CH-CH
375 3
*- - \\ _28 CH,-CH,-CH,-CHy + 3(*) (L)
CH2 T CH-CH2-0H3
*

The result obtained in the deuterium exchange reaction of

2-bupyne over rhodium; supports this mechanism. The deuterium
distribution was as follows at 25% removal of the reactant.
d d

a da

o 43 d dz 4 dg-dg dy dg
cis-2-butene 1.3 23.7 73.1 1.7 0.2 0.0 0.0 0.0 0.0
trans-2-butene 2.2 24.1 60.5 8.1 3.2 1.8 0.1 0.0 0.0

l-butene 2.0 10.7 43.8 3.1 5.1 2.1 0.2 0.0 0.0

Similar distribution was obtained by Webd and Wells (57)
over ruthenium and osmium. The addition of deuterium or hydrogen
in step (K) should be nearlyaequalvresulting in a nearly equal
percentage of d, and dj products of 1-butene. Considering that
2-butyne was strongly adsorbed, its surface doverage was high
and that of weakly adsorbed hydrogen to be correspondingly low,

the following mechanism is proposed:

B, + 2(%) 1 —~ 2 ' (1)
-1 K *
CHB_C = C-CHB +  (**) kZZ . CHB-C T C—CH5 (2)
- * %
K i (3)
CH3-C = C-CHz + Hp = > CHi5~C 1 ci-ciz +
x* * "5 * *
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Assuming that kl>>k_l and k.3>>k_3 as suggested by Bond and Wells
(59), from equations (1) and (3), rate of adsorption of hydrogen

= klPHa(**) + k3P ©

H2 04H6

where OC H6 is fraction of surface covered by O4H6‘

A
Since quH6 —_— ], éue to strong adsorption of
2-butyne and the concentration of single and pair of sites remai-
ning constant for a certain pressure of 2-butyne at a particular
temperature, the rate of adsorption of hydrogen would be propor-
tional to the fraction of the surface covered by hydrogen (OH)
as Oy = [ Ky (**) + k3] PH2

°H ol PHZ

k
-C=2¢ - 4 . CH. - C = CH - CH, + (*) (&)
CH; - C i C - CHs + B 37 3
% % % k "'Ll' * %
CH, - C = CH - CH, + § —=2— CH; - CH = CH - CH5 * 2(*) (5
301 3 3 |
* * * *
CH-C—CH—CH+(*)—E§——‘CH-C.§-CH-CH+(*) (6)
> 11 5 = 2 1 1 2
* % k"—6 * * )
-8 2?7 s og— G - CH, - CHy, + 2(*) (7)
CH3 ? - fH - CHB + ? - CH3 ? 2 3
* * * "7 _ *
. : kg (unstable) (@
- - - = - CH., - CH +
CE, c‘; CH, - CHzy ——— > CHp 3 CH 2 3
* 1-b§tene

Step (5) and (8) are not shown reversible as (1) butene formed

in these steps was desorbed and was replaced by 2-butyne and

(2) adsorbed butene so formed was further nydrogenated to n-butane.
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Rate of formation of 0458 from equations (5) and (8)

= ke © © v kg 8, 2 " (9)
5 “C,H, "H 8 “C,Hg 2

where 604H7 and ecqﬁs are surface covered by 04H7 and C4ﬁ8

respectively. Applying steady state assumption for CqH7, 4ﬁ7
and 04H8 :
P + k, © ©

k, © | =k ., © 8y *+ k) ©
3 7C Hg TH, 4 JC He VH -3 9% ®, °m CH [*]

k. © . +k, 0. o 1L* - k .0, 8[=] (10)
5 104H7 'H 6 CH | 6 C4H7

From equations (6) and (7)

. | 2
k. © [s] + x.,e,s [*] k6,8 [ + K, 0556
----- (11)
k- 6. e 0. - k e, o [*]2 = ko O~ 2 (12)
7 Pc,f, VH -7 ¢, Hg | . °8 "C Hg

Combining equations (11) and (12) with (10) the rate of formation

of 04H8

_ . ° e P
= kS eC H eH + k8eCL|.H8 k3 CL[.H6 H

iy 2

o r o ]
- k.3 %, 1, oy * ¥y "¢ m, "H b "CpHo

e (13)

If ky © P, >>k_, © Oy
3 C H H. 3 VC,Hy
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and k, © 0.> k © [*]
4 “C Hy "BT "=k "C, H,

The rate of reaction = k

kP + k,© o

~ P as © )
HZ’ C4H6 ——i

1.
The order of reaction reduces to first order, which is in
agreement with the experimentally obtained order (Table 3).
The observed negative order in 2-butyne may be
due to the fact that at high pfessures, the molecules form a
more ordered array on the surface, thus reducing the number
of vacant sites, alternatively an increase in 2-butyne pressure

may enable it to compete more effectively with hydrogen for the

surface,
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VI CONCLUSIONS

A detailed kinetic study and the product analysis of
the hydrogenation of 2-butyne over nickel copper, cobalt, sup-
ported and unsupported iron and nickel-copper alloy catalysts
was carried out in a static system over a wide range of tempe-
ratures and reactants ratios.

The observed pressure time curve in the hydrogenation
of 2-butyne over nickel, copper, cobalt and nickel copper al-
loys were similar to those observed by Mann and Khulbe (23) in
methylacetylene hydrogenation over nickel copper alloy cata-
lysts.

The observed order with respect to hydrogen was al-
ways one and independent of temperature. Though the oxrder
with respect to 2-butyne was zero and became slightly negafive
with increasing temperatures, for coOpper it was independent of
temperature.

The energy of activation for nickel copper alloys was
between 6.5 and 33.5 k cal/mol. No direct relationship between
the energy of activation and the copper composition in the al-
loy was observed.

The relative activities of the metals were in the fol-
lowing sequence

Ni ) Cod Fe > Cu

The activity increased on the addition of small amounts
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of copper to nickel increasing to a maximum for the catalyst
coﬁtaining 10% copper:.bn further additions of copper, the
activity decreased. The activity pattern in the nickel-cop-
per alloys could be explained on the basis of holes in d band.

The products obtained in the hydrogenation of 2-butyne
were only cis-2-butene, trans-2-butene, l-butene and n-butane.
The main product was cis-2-butene. No direct relationship be-
tween the selectivity and the composition of copper in the
nickel copper alloys existed. The following sequence was ob-
served for the selectivity of cis—-2-butene over metals

Cu ) Fe ) Ni ) Co
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VII RECOMMENDATIONS

Though the detailed study of the 2-butyne hydrogenation
over nickel, iron, cobalt, copper and nickel copper alloys con-
firms the earlier suggestions of a direct relationship between
the catalytic activity and d holes in the catalysts, the method
of the preparation of the catalyst and the molecular structure
of the reactants play an- important role in governing the activi-
ty of a particular reaction over the various catalysts. In or-
der to obtain a better correlation for the catalytic activity
and explain the reaction mechanism more clearly, it is suggested
that the following further jnformation should be collected.

(1) The hydrogenation of 2-butyne should also be studied over
cobalt, nickel, iron, copper and nickel-copper alloys prepared
by various other methods. This would explain the variation of
the catalytic activity with the method of the preparation of
the catalysts.

(2) The hydrogenation of 1-butyne, 1:2 putadiene and 1:3 buta-
diene (isomers of 2-butyne) should pe studied over the same
catalysts to determine the effect of the structure of the re—
actant on the catalytic activity.

(3) A study should be made over platinum-copper alloys to find
out clearly the role played by d-band holes in catalysis.

(4) The reaction of deuterium with 2-butyne should be studied

over the catalysts in order to obtain further information re-
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garding the reaction mechanism.

(5) The nature of adsorbed 2-butyne species should be deter-

mined by infrared and N.M.R spectroscopy.

(6) The nature of the polymers should be determined if pos-

sible.
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Table 1l.

Weight of the catalyst

APPENDIX B

Equivalent weight of metal =

Results for nickel powder catalysts

0.0750 gm.
0.05895 gm.

l).Dgpendence of initial rate (ro, mm Hg/min) upon initial
reactant pressure

P

Run No T©¢

ounh W H

23
24
25
26
27

33
34
35
36
37

43
44
45
46
47

40.0

54.0

67.0

73.0

83.0

C4jHg = 50 £ 2 mm

P
Hy

52.0

70.0
114.0
136.0

84.0
176.0

52.0
176.0
90.0
44.0
64.0
110.0

54.0
120.0
75.0
68.0
38.0

50.0
72.0
100.0
90.5
30.0

52.0
61.0
48.0
80.0
71.0

0.45
0.55
0.90
1.05
0.65
1.30

0.95
2.65
1.50
0.70
1.00
1.70

1.75
3.00
2.00
1.75
1.00

1.75
2.45
3.20
3.05
1.30

2.40
2.90
2.10
3.60
3.30

P, =50 £ 1 mm

Run No

= O W

-

19
20
21
22

28
29
30
31
32

38
39
40
41
42

48
49
50
51

T%c

40.0

54.0

67.0

83.0

Pastg

50.0
150.0
105.0

76.0
125.0

50.0
105.0
130.0

80.0

65.0

50.0
80.0
105.5
70.0
60.0

50.0
100.0
78.0
68.0
60.0

50.0
105.0
85.0
70.0

0.50
0.50
0.52
0.52
0.50

0.95
0.95
0.88
0.98
0.95

1.75
1.70
1.55
1.80
1.75

2.00
1.85
1.95
1.75
2.00

2.40
1.80
2.00
2.20
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Table 2. Results for 90% Ni, 10% Cu alloy catalyst

Weight of the catalyst = 0,0750 gm.
Equivalent weight of metal = 0.05904 gm.

1) Dependence of initial rate (r,, mm Hg/min) upon initial
reactant vpressure

P P .
o P o P

Run No T~ C Hoy o Run No T°C CyqHg o
76 40.0 50.0 1.15 82 40.0 50.0 1.15
77 70.0 1.60 83 40.0 1.20
78 100.0 2.25 84 60.0 1.20
79 80.0 1.80 85 85.0 1.20
80 60.0 1.35 86 120.0 1.20
81 40.0 0.90
87 44.0 50.0 1.30 92 44.0 52.0 1.30
88 91.0 2.40 93 75.0 1.50
89 71.0 1.90 94 81.0 1.45
90 40.0 1.00 95 95.0 1.50
91 61.0 1.60 96 31.0 1.55
97 51.0 51.0 1.70 197 51.0 50.0 1.70
98 - 70.0 2.25 102 30.0 2.10
99 31.0 1.05 103 60.0 2.00
100 62.0 2.00 104 63.0 2.05
101 41.0 1.35 105 84.0 2.00
106 62.0 51.0 2.45 106 62.0 50.0 2.45
107 29.0 1.38 111 70.0 2.45
108 60.0 2.65 112 103.0 2.40
109 41.0 1.80
110 21.0 0.95
113 70.0 49.0 2.75 113 70.0 50 2.75
114 59.0 3.25 118 40 2.85
115 70.0 38.0 2.10 119 70.0 71.0 2.85
116 30.0 1.65 120 105.0 2.85

117 19.0 1.00
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Table 3. Results for 80% Ni, 20% Cu alloy catalyst

Weight of the catalyst
Equivalent weight of metal

0.0750  gm.
0.05914~ gm.

1) Dependence of initial rate (rg, mm Hg/min) upon initial
reactant pressure (mm Hg)

PeuHg = 50 + 2 mm Hg Py, = 50 + 1 mm Hg
(o} P P
Run No T% C Ho ry Run No T©OC CaHg 14
141 50.0 45,0 0.90 141 50.0 50.0 0.90
142 50.0 0.90 149 92.0 0.90
143 105.0 2.10 150 130.0 0.85
144 85.0 1.70 151 81.0 0.90
145 65.0 1.25 152 62.0 0.85
146 100.0 2.00
147 75.0 1.50
148 120.0 2.40
153 60.0 50.0 1.60 153 60.0 50.0 1.60
154 60.0 1.85 159 76.0 1.55
155 100.0 3.25 160 125.0 1.55
156 90.0 2.90 161 88.0 1.55
157 75.0 2.50
158 40.0 1.30
162 77.0 50.0 2.40 162 77.0 50.0 2.40
163 60.0 2.80 168 60.0 2.40
164 65.0 3.20 169 70.0 2.45
165 30.0 1.50 170 94.0 2.40
le66 42.0 2.00 171 130.0 2.40
167 75.0 3.90
172 85.0 30.0 2.00 173 85.0 50.0 3.15
173 50.0 3.15 178 125.0 3.00
174 62.0 4.00 179 75.0 3.10
175 76.0 6.00 180 98.0 3.10
176 85.0 40.0 2.60
177 55.0 3.60
181 95.0 50.0 4,50 181 © 95.0 22'8 i:g%
182 60.0 5.50 187 e al20
183 20.0 1.90 188 20 4.30
184 30.0 2.80 189 . y
185 40.0 3.40

186 55.0 5.00
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Table 4. Results for 70% Ni, 30% Cu alloy powder

Weight of the catalysts = 0.0750 gm.
Equivalent wéight of the metal = 0.05924 gm.

1) Dependence of initial rate (mm Hg/min) upon initial reactant

pressure
PC4H6= 50 + 2 mm Hg PH2 = 50 £+ 1 mm Hg
lo] P (o] P
Run No TY C H2 ro Run No T~ C C4H6 ro

216 50.0 50.0 0.25 222 50.0 50.0 0.25
217 80.0 0.50 223 82.0 0.25
218 115.0 0.70 224 130.0 0.25
219 100.0 0.60 225 100.0 0.25
220 65.0 0.40

221 135.0 0.80

226 60.0 50.0 0.45 231 60.0 50.0 0.45C
227 115.0 1.00 232 110.0 0.45
228 60.0 0.50 233 85.0 0.40
229 82.0 0.70 234 70.0 0.45
230 100.0 0.90 235 60.0 0.45
236 70.0 51.0 0.60 241 70.0 50.0 0.60
237 85.0 1.05 242 98.0 0.60
238 119.0 1.30 243 115.0 0.60
239 66.0 0.80 244 66.0 0.60
240 60.0 0.75 245 82.0 0.60
246 75.0 50.0 0.70 246 75.0 50.0 0.70
247 70.0 1.00 251 100.0 0.65
248 84.0 1.30 252 115.0 0.65
249 60.0 0.95 253 135.0 0.65
250 34.0 0.50 254 70.0 0.70
255 81.0 74.0 1.25 255 8l.0 50.0 0.85
256 50.0 0.85 260 100.0 0.82
257 34.0 0.65 261 145.0 0.80
258 81.0 55.0 0.95 262 81.0 80.0 0.84

259 64.0 i.10 263 64.0 0.84
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Table 5. Results for 50% Ni, 50% Cu alloy catalyst

Weight of the catalyst
Equivalent weight of the metal

0.075 gn.
0.05944 gm.

1) Dependence of initial rate (rn, mm Hg/min) upon initial
reactant pressure

PeyHg = 50 + 2 mm P, = 50 + 1 mm Hg
Run No T° ¢ PH, ro Run No T° ¢ PeuH, 1o
292 50.0 50.0 0.18 292 50.0 50.0 0.18
293 124.0 0.45 297 70.0 0.18
294 149.0 0.55 298 135.0 0.18
295 80.0 0.30 299 100.0 0.18
296 99.0 0.40
300 63.0 50.0 0.37 300 63.0 50.0 0.37
301 124.0 0.95 305 70.0 0.37
302 96.0 0.70 306 130.0 0.37
303 74.0 0.50 307 100.0 0.35
304 60.0 0.45
308 74.0 50.0 0.46 308 74.0 50.0 0.46
309 130.0 1.30 313 94.0 0.46
310 70.0 0.65 314 120.0 0.46
311 96.0 0.90 315 76.0 0.46
312 80.0 0.75 316 60.0 0.46
317 82.0 50.0 0.65 317 82.0 50.0 0.65
318 89.0 1.20 322 70.0 0.65
- 319 100.0 1.35 323 115.0 0.65
320 72.0 0.80 324 90.0 0.65
321 40.0 0.52
325 92.0 40.0 0.80 325 92.0 50.0 1.00
326 51.0 1.00 330 150.0 0.94
327 66.0 1.30 331 80.0 0.98
328 82.0 1.80 332 64.0 1.00

329 60.0 1.20 333 120.0 0.96
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Table 6. Results for 25% Ni, 75% Cu alloy catalyst

Weight of the catalyst = 0.2250 gm.
Equivalent weight of the metal = 0.17904 gm.

1) Dependence of initial rate (rn, mm Hg/min) upon initial
reactant pressure

P |

CyHe = 50 % 2 mm Hg Hy = 50 + 1 mm Hg
Run No T° C I—I2 re Run No ™ ¢ PC4H6 rg
360 59.0 50.0 0.30 360 59.0 50.0 0.30
361 120.0 0.55 365 150.0 0.30
362 80.0 0.35 366 100.0 0.30
363 100.0 0.45 367 70.0 0.30
364 65.0 0.30
368 70.0 50.0 0.35 368 70.0 50.0 0.35
369 100.0 0.65 373 100.0 0.35
370 120.0 0.80 374 70.0 0.35
371 80.0 0.55 375 140.0 0.35
372 65.0 0.45
376 80.0 50.0 0.50 376 80.0 50.0 0.50
377 100.0 0.95 381 100.0 0.49
378 80.0 0.75 382 120.0 0.50
379 70.0 0.65 383 g84.0 0.50
380 120.0 1.10
384 90.0 50.0 0.60 384 90.0 50.0 0.60
385 120.0 1.35 389 70.0 0.60
386 100.0 1.20 390 166.0 0.59
387 g80.0 0.90 391 150.0 0.58
388 65.0 0.75
392 100.0 60.0 1.10 392 100.0 50.0 0.90
394 50.0 0.90 398 70.0 0.90
395 75.0 1.70 399 90.0 0.88
396 97.0 2.50 400 115.0 0.88

397 40.0 0.70 401 135.0 0.86
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Table 7. Results for copper powﬁer cataiysts

Weight of the catalyst = 1.0000 gm.
Equivalent weight of the metal = 0.7990 gm.
1) Dependence of initial raté'{rn, mm Hq/ﬁin)lﬁbén.ihitial
reactant pressure

PC4H6 = 50 + 2 mm Hg

(o]

(o)

Run No. T C EHZ ro Run No. T C PH2 ro
428 200.0 85.0 0.10 433 220.0 50.0 0.35
429 120.0 0.15 434 128.0 0.85
430 150.0 0.20 435 100.0 0.67
431 185.0 0.25 436 65.0 0.50
432 138.0 0.15 437 115.0 0.75

PH2 = 50 + 1 mm
PC4H6

438 230.0 50.0 0.50 438 230.0 50.0 0.50
439 100.0 1.00 443 80.0 0.50
440 150.0 1l.65 444 140.0 0.50
441 130.0 1.25 445 100.0 0.50
442 109.0 1.20

446 240.0 50.0 1.20 446 240.0 50.0 1.20
447 113.0 2.75 451 105.0 1.20
448 100.0 2.45 452 130.0 1.20
449 80.0 1.95 453 67.0 1.25
450 68.0 1.85

454 250.0 39.0 2.05 455 250.0 50.0 2.05
455 50.0 2.05 459 35.0 2.00
456 108.0 4.00 460 78.0 2.05
457 78.0 3.05 461 107.0 2.05

458 30.0 1.15
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Results for cobalt powder catalyst

Weight of the catalyst

Equivalent weight of the catalyst

.0750 gm.
.0590 gm.

1) Dependence of initial rate (mm Hg/min) upon injtial

reactant pressure

CoHg =

Run No T°c

487
488
489
490
491
492

497
498
499
500
5@1

506
507
508
509
510

514
515
516
517
518
519

523
524

525
526
527

49.0

60.0

69.0

80.0

90.0

50 + 2 mm

P
Hy

50.0
100.0
80.0
62.0
40.0
120.0

50.0
90.0
70.0
60.0
41.0

50.0
41.0
58.0
69.0
80.0

50.0
61.0
70.0
88.0
26.0
40.0

50.0
60.0

41.0
31.0
21.0

Py
Run No

487
493
494
495
496

497
502
503
504
505

506
511
512
513

514
520
521
522

523
528

529
530
531

50 + 1 mm

o P
T C C4H6

49.0

60.0

69.0

80.0

90.0

90.0

50.0
70.0
110.0
125.0
84.0

50.0
110.0
200.0

75.0
225.0

50.0
105.0
70.0
88.0

50.0
78.0
130.0
100.0

50.0
130.0

100.0
90.0

(o]

0.75
0.74
0.68
0.75
0.76

1.00
1.10
0.98
1.00
1.00

1.30
1.25
1.30
1.30

1.80
1.80
1.80
1.75
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Table 9. Results for iron powder catalyst
Weight of the catalyst =
Equivalent weight of the metal =

1)

0.200
.1398

gm
9 gm

Dependence of initial rate (ry, mm Hg/min) upon number

of runs (nl) at R (Hy/CygHg) = 1.0

Temperature = 115° ¢
Run No. n ro (ro)n/(ro)l Run No.* n T, (ro)n/(ro)l
554 1 1.40 1.0 558 1 1.25 1.00
555 2 1.05 0.75 559 2 0.90 0.72
556 3 0.85 0.60 560 3 0.75 0.60
557 4 0.60 0.40 561 a 0.50 0.40
562 5 0.50 0.40
Temperature = 140° ¢ Temperature = 161o C
563 1 2.90 1.00 570 1 4,00 1.00
564 2 2.30 0.79 571 2 3.10 0.775
565 3 1.80 0.62 572 3 2.65 0.662
566 4 1.60 0.55 573 4 2.35 0.587
567 5 1.45 0.50 574 5 2.30 0.575
568 6 1.40 0.48
569 7 1.30 0.45
Temperature = 180° c
575 1 3.80 1.0
576 2 3.15 0.83
577 3 2.50 0.66
578 4 2.70 0.71
579 5 2.25 0.59
580 6 2.30 0.60
2) Product distribution at 140° C o
PH2 50 mm PC4H6 50 mm
Run No. Pressure of the product stream (mm Hg) .
H2 C4H6 1—C4H8 t-C4H8 C—C4H8 C4H6
581 20.0 0.25 0.25 0.25 19.50 20.50 0.963
582 20.0 0.25 0.25 0.25 19.50 20.50 0.963
583 20.0 0.25 0.25 0.25 19.00 21.00 0.962

* Runs were taken on next day.
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Table 10. Results for iron-pumice (5%) catalyst

Weight of the catalyst
Equivalent weight of the metal

<2 gm
.00699 gm

1) Dependence of initial rate (r,, mm Hg/min) upon number of
runs (nl) at 30° c

_ (P 30 .
R = (Hy/fcH =25 = 60 R = (50/50) = 1.0
Run No. n T (x )/ (x ) Run No. n ro (rgy) ./ (rg)y
584 1 0.8 1.00 588 1 2.95 1.000
585 2 0.5 0.62 589 2 2.00 0.678
586 3 0.4 0.50 590 3 1.65 0.559
587 4 0.3 0.38 591 4 1.35 0.458
592 5 1.20 0.407
593 6 1.10 0.373
R = (100/50) = 2.0 R = (150/50) = 3.0
594 1 3.05 1.000 599 1 3.40 1.000
595 2 2.15 0.705 600 2 2.60 0.765
596 3 1.85 0.607 601 3 2.50 0.735
597 4 1.65 0.541 602 4 2.05 0.603
598 5 1.50 0.492 603 5 1.85 0.544

2) Dependence of initial rate (mm Hg/min) upon number of runs
(nl) at R = 1 :

Temperature = 50° C Temperature = 70° c
604 1 2.60 1.000 609 1 7.4 1.000
605 2 1.70 0.654 610 2 5.5 0.74
606 3 1.45 0.558 611 3 4.7 0.635
607 4 1.30 0.500 612 4 4.0 0.540
608 5 1.11 0.423 613 5 3.5 0.473
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APPENDIX C

Sample Calculation (For 80% Ni, 20% Cu alloy catalyst)
1) Equivalent weight of the metal
Weight of the catalyst taken = .0750 gm.

Weight of nickel oxide in the catalyst = .075 xf%%

20

Weight of the copoer oxide in the catalyst = .075 x 100

Equivalent weight of the metal

_ 80 58.71 . 0.75 x 20 . 63.55 _
= 075 x 700 * 77T ¥ T 100 ¥ 79.55 —0-05914 gm

2) Calculation of energy of activation (E)

Using equation 4 and figure 15 B

= —E_ . = =1.040 - (-1.712) x 103 = -1l.68 x 103
2.303 x R 2.7 - 3.1

E = 1.68 x 1.9872 x 2.303 x 10> cal/mol

7.69 k cal/mol

3) Calculation of overall rate constant k(60) and the fre-~

gquency factor

1 3 -1
From figure 15B at 60° C (F x 10~ — 3.0 K )
The value of log10 k = -1.553
Rate constant k = 0.028 per min
='96%%%Z—'= .4743 per min/gm.
= 451&; = .2071 per min per sg. meter.
2:29
lo =T .67605 = -~.32395
glO
1 - log, A - —2
°910 910 2.303 RT
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3
lodyq A = —.32395 + 7.69 x 10

5 303 x 1.9872 x 333 4.6897

A = 4.863 min~ 1/gm.

4) calculation of selectivity for Run Number 211
Initial hydrogen pressure = 50 mm
Initial 2-butyne pressure = 50 mm

Pressure of the product stream (mm Hg)

0.5 1.0 0.0 15.0 26.5
S = 15. 0 = _]é_._g = .909

15.0 + 1.0 + 0.5 16.5

51 mm of C,H. (in the reactor) at 80° ¢ = 47.0 mm at room
temperature (24° c).
butyne lost = 47.0 - (26.5 + 1.0 + 0.5 + 15.0)
= 47.0 - 43.0 = 4.0

Percent polymerized =-%;96 % 100 = 8.51.






