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ABSTRACT

The catalytic hydrogenation of alliene has been studied in a
constant volume static system over silica supported group VIII transi-

tion metals, copper and copper-nickel alloy.

The order of reaction with respect hydrogen was always one and

was independenﬁ of temperature. On Pt, Pd and R inﬁlection point
occurred in the initial rate - initial-hydrogen pressure!plot after
which the rate increased. The orders of reactibn in fg;/accelerated
region were 2.0, 1.8 and 1.5 respectively. The order of reastion with

respect to allene was always zero. The activation energy varied between

3.4 to 16.4 k cal/mole.

-

On the basis of the product analysis, these catalysts can be ‘

categorized as:

a} active for comsecutive reaction (Ni,Ni-Cu,Cu), A*B>C

N . \‘\ /B
b) active for simultaneous reaction Aﬁﬁﬁc
- e |

Only iron and cobalt cafqusts were active for the isomerization
reaction. Nearly equal activity and energy of activatior (11.8 and
J
11.2 k cal/mole) suggested that in che presence of metal the support
was active for the isomeri:i;}on reaction.

Two types of hydrogen”adsorption were observed on -these catalysts:

i) chemisorbed hydyogen which could be removed on evacuation at room

temperature

ii) chemisprbed hydrogen which could not be remotved by evacuation at

room temperature.
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For allene hydrogenation reaction, the activity pattern was

fairly close to the H/M factor (total number of hydrogen atoms adsorbed

on each atom of metal). LJ//”’/_E\\

Activity Pd>RhzPe>Ni>Co>Ru>Cu>Ir
B/M Pd>Pt*Rh>Ni>Co>Ir>Ru>Cu

Infrared studies showed the presence of CH9=p—CE2 species as the
‘ = %

X
initial adsorption of alleme. The proposed mechanism, based on the
N

-

product analysis and infrared studies, explains the kinetics of the

reaction.
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1. ZINTRODUCTION

In the field of heterogeneous catalysis, a fundamental understanding
of the factors that affect catalytic activity and selectivity are of
paramount import#nce. This can be approached through z knowledge of the
reaction mechanism. Due to the complexity_ of the phenomenon at the sur- - -
face of the catalyst, the correlation developed .initially must be empir-
ical. However, before such a correlation can be formulated, one needs a
better method of determining specific rate constant and reaction mechanism
from experimental data.

In the case of solid catalyzed gas phase reactions, thg-convention—
al approach is to measure the dependence of the reaction rate on the
reactant pressures. From various postulated mechanisms, reactiom rate
expressions are derived in terms of the surface coverage of differeat ‘
species, a relationship between the surface coverage and the partial
pressure of a reactant is then assumed. A comparison of the expressions
of the reaction rate as a function of'partial pressures derived from the

_postulated mechanisms is then made with the experimentally found relat-
ionship in order to ascertain the real mechanism. This method is often
ingufficient.

The kinetics of homogeneous catalysis have been considerably ad-
vanced in recent years by the introduction of free radicals and radical
ions. Broad analogies, drawn between homogeneous acid catalyzed react-

{ons and similar heterogeneous process at the surface of some oxide insula-
fors containing protons, encourage the view that the same intermediate

particles are active in both. Less well defined relations suggest



-

identical species at the surface of metals. Recent publications concern-
ing the catalytic activity of pure metals in hydrogenation and dehydro-
genation reacticns and related observatious on the adsorption, catalytic
activity and other physical properties ;; 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 heterogeneous catalysis is not
as yet very clearly understood. |

Hydrocarbons may undergo processes of dehydrogenation, isomerization
and deuterium exchange on the surface of metal catalysts. In addition
to that, unsaturated hydrocarbons may be hydrogenated or may‘undergo cis-
trans isomerization or double bond migration. All these processes are
considered to ensue from a state of chemisorption on the metal surface.
As a consequende, techniques by which the structures of chemisorbed
hydrocarbon speciles may be determined, have assumed great importance in
elucidating mechanisms of chemical reactions occurring at surfaces.

Infrared spectroscopy has been of great help in the structural
determination of molecules. Its applicatiod to the study of surface
chemistry has provided one of the most direct means of observing the
interactions and perturbations that occur at the surface during adsorp-
tien, and determining the structure of the adsorbed species.

Though the hydrogenation, adsorption and infrared studies of un-
saturated hydrocarbons (olefins and acetylenes) over supported and
unsupported metals and their alloys have been studied extensively in the
past, very little has been publisbﬁ@ about the hydrogenation of allene

over supported and unsupperted metals.



The catalytic hydrogenation of alleme aimed at more detailed and

.systematic investigation, especially of the kinetics of the reaction,r

for which purpose, use has been made of the greater control afforded by a

: 3
static reaction system. The complexity of the reaction has demanded

frequent full amalysis of the gaseous products and the surface of the

catalyst during the course of the reaction.

The objects of the present study of the catalytic hydrogenation,

isomerization, adsorption and infrared studies of alleme were:

L

2)

3)

4)

5)

6)

7)

8}

to study the kinetics of the reaction over silica supported group

VIII transition metals, copper and copper-nickel alloy and to

évaluate the activation energies, frequency factors and relative

activities;

to find whether the geometric and electromic structures of these

metals are related in any way to their catalytic activities and

to correlate, with the results of other investigations;

to compare the kinetics of allene hydrogenation with that of methyl-
acetylene, over the same type of catalysts; - ‘
to study the isomerization reaction (allene-methyl-

acetylene};

to obtain low pressure adsorption isotherms;

to calculate metal surface area, dispersion (fraction of the metal
exposed on the surface) and H/M (total number of hydrogen atoms
adsorbed on each atom of the metal);

if possible, to correlate amount adsorbed, dispersion or B/M with
the catalytic activity;

to investigate the nature of adsorbed species of allene and, if

possible, to identify the intermediate compound of the reaction;



9)

10)

to propose a possible mechanism based-on the detailed product
analysis and infrared studies;

to find the effect of different operating variables such as temp-
erature, concentration of the reactants on the course of the re-

action and the selectivirty.

S
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2. LITERATURE SURVEY y

The literature on catalysis has_been recently enriched by the
publication of books By Sir Eric iideai-(l), Thomson and Webb (2) and Ander-
son (3). An enormous amount of work has been carried out on the hydrogen-
ation of olefinic and acetvlenic compounds on metals (4,5). Also,
extensive work has been carried out on the infrared studies of the adsorbed
§tate, to understand the reaction mechanism (6). The literature on the
catalytic hydrogenation of unsaturated hydrocarbons is quite voluminous
and is beyond the scope of this review. The first part of this Chapﬁer
deals with a brief review of the published literature on the experiﬁen-
tal work dome on the hydrocarbons of the acetylenic series (acetylene,
methylacetylene and ethylacetylene). The second part deals with the
hydrogenation of allene. The third part deals with the hydrogenation of
olefins and diolefins. The fourth part summarizes the results of the o
isomerization of acetylenes and allenes. The fifth part deals with the ‘
hydrogen adsorption and metal surface area measurements. The last part ‘
deals with the adsorption and infrared studies of umsaturated hydrocar-

bons.

2.1 LITERATURE RELATED TO ACETYLENE SERIES

]

In the hydrogenatiom of acetylene over redu;ed nickel powder, Saba-
tier and Senderens (7) observed the formation of higher hydrocarbons in
addition to ethane and ethyl;ne. Later investigators (8-12) reported
varying yields of these produc;s. Sheridan (13) reported the reaction
to be a first order with respeék to hydrogen and negative and zero order

_ with respect to acetylene oggf platinum and nickel, respectively. While

de Pauw and Jungers (14), using hydrogen in excess, reported a negative

— | | L



{-=0.5) order with respect to acetylene and first order with respect to
hydrogen, Bond (15) reported a two rate expression for nickel-pumice
catalyst. Subsequently, Bond and Mann (16) confirmed the earlier find—
ings of Bond (15).

Tamaru (17) reported the hydrogemation of acetylene over palladium
catalyst to be t&king place in two steps. Bond.et al (18) studied the

hydrogenation of acetylene over alumina supported palladium catalyst and

f(p.  +P
CoH, Gl Collg

to more than 96% by using hydrogen/acetyleme ratios greater than two.

observed that the selectivity [%-P {] could be increased

Bond and Mann (19) investigated this reaction over supported and unsupp—
orted nickel and cobalt, and obseéved that the activity for pure nickel

was maximum.. Sheridaﬁ and Reid (20) also studied the reaction of acety-
lere with hydrogen over pumnice Supported‘rhodiﬁﬁ,.ruthen;pm, iridium and

=
osmium catalysts. They found that tle reaction orders were similar to
—— . ..
those observed for nickel pumice catalysts and that iridium showed a
poor selectivity. i

¥ -

Bond and Sheridan (21)~ studied the hydrogenation ‘of methylacetylene
over pumice supported nickel, pall;dium and ;iatinum catalysts. For
hydrogen/methylacetylene ratios of 0.4 to 6.0, t?ey found that in the
case of gickel catalyst the order_of reaction at 91°C was the same as that
For acetflgne hydrogenation at about 60°C. Mann and Naik (22) and Mann
and\ Khulbe (23) studied this reaction over supported and unsupported
grou VIII transition metals, copper and nickel-copper alloy powders.’
They observed that the order of reaction with respect to hydrogen was
always about one and the order with geSpect to methylacetylene was zero

and temperature iEEE;;ndent except for nickel, cobalt and.platinum pow—

ders, where it was slightly negative. For copper and some of the alloys,



the order with respect to methylacetylene was +0.5. The apparent acti-
vation energy varied between 6.2 to 21.2 k cal/mole.

Meyer and Burwell (24) studied the gas phase reaction between
deuterium and ethylacetylene over a palladium-alumina (Pd=0.3%) catalyst and
reported that the deuteneted products were l-butene (99.1%), cis and trans-2-
butene (each 0.2%) and n-butane (0.5%) only. Isomerization and f&rther
addition of deuterium to l-butene océurred only after th; alkyne was
completely removed. Mann and Khulbe (23) haﬁe‘reported the hydrogenation
of ethylacetylene over supported and unsupported metals. In the case of

iron powder, detailed study could not be made due to the slow deactiva-

tion of the catalyst. )

2.2  LITERATURE RELATED TQ ALLENE HYDROGENATION

Though an énormous amount of work has been done on thé hydrogena-
tion of olefinic and acetylenic compounds over the transition metals, ————
very 1little work has been done on the hydrogenation of allenic compounds‘
due partly to the complexity of the reaction. The double bond system -
C=C=C is a highiy strained ome. It resembles the acetylenic system in
that the addition to the first C=C bond is more exothermic than a like
adéition to the C=C which remai#s after the opening of the first (26).
Hence, associative chemisorption of allene is expected to be stronger
than that of propylene, juét as acetylene is more strongly adsorbed on
metals than ethylene (13). Therefore, the hydrogenation of allene is
expeﬁted to yield propylene relatively free from propane until most of
the allene has been consumed. Such selective hydrogenation would not
normally be.expected in diolefins in which the double bonds are more

widely separated as a result of the first addition being faster than the



second and not of selective adsorption of diolefins.

Bond and Sheridan (21) have studied the hydrogenation of aliene
over pumice supported nickel, palladium and platinum catalysts. The
orders of reaction were.oﬁe and zero with respect to hydrogen and allene
respectively. The observed activation energies were 12.9, 12.3 and 17.1
k cal/mole for nickel, palladium and platinum, respectively.

The selectivity observed in the first stage of the reaction has
been reported for most of alumina supported group VIII metals (27,28).

Mann and To (29) studied the catalytic hydrogenation of allene
gver pumice supported group VILI metal catalysts. The orders of reaction
weée one or slightly higher and zero with respect to hydrogen and allene
respectively and the activation energy varied between 3.0 and 17.4 k cal/
mole. The catalytic activities of the metals were in the following
sequence:

Pt>Pd>Rh>Ir>Ni>Co>Fe>Ru>0s
While selectivity was found to decrease with increasing initial hydrogen
pressure, it increased with increasing temperature for pumice supported
nickel catalysts.

Mann and Tiu (30) observed the reaction to be first order with
;eSpect to hydrogen and zero order with respect to allene over nickel,
iron and cobalt catalysts. Recently, Mann and Shah (31) studied this
reaction over unsupported nickel-copper alloys and palladium, platinum,
iridium, rhodium, ruthenium and osmium catalysts. The orders qf react-
ion with respect to hydrogen and allene were always one and zero, res-
pectively. The energy of activation varied between 5.61 to 11.77 k cal/

mole for the nickel-copper alloy system. The activation energy for

platinum, iridium, palladium and rhodium were 17.7, 9.1, 6.4 and 17.4



k cal/mole, respectively. The catalytic activity of the unsupporteg
metals were in the following sequence:

Pd>Ir>Rh>Pt>Ru,0s
While selectivity was highest with palladium and rhodium, it was leasg

with iridium.

2.3 LITERATURE RELATED TOQ DIOLEFINS

The hydrogenation of 1,3-butadiene has been studied in the gas
phase as well as in the liquid phase over the metal catalysts of the
eighth group (24,27,28,32). In the case of gas phase hydrogenationm, the
orders of reaction with respect to hydrogen were mostly one except for
palladium and platinum catalysts, for which the orders were 1.7 and 1.3,
respectively. The orders with respect to l,3-butadiene were mostly
zero, with a trend to be slightly negative for nickel, palladium’ and
platipum. Phillipson et al (32) observed that the hydrogenation of 1,3-
butadiene to butene w%s very selective. Two types of catalyst behaviour
were obtained: type A in which the yield of l-butene was high and the
trans-cis ratio in the 2-butene was low (about 1-2) and type B in which
the yield of 1-butene was léw and trans-cis ratio was high (about 4-11).
Iron, copper, cobalt and nickel catalysts reduced below 350°C showed
type A behaviour whereas cobalt and nickel reduced above 400°C showed
type B behaviour.

The palladium catalyzed hydrogenation of 1,2-butadiene at room
temperature has been studied both in the gas phase using a flow system
(24) and in the liquid phase using a solvent (33). The product distri-
bution for the gas and liquid phase reaction showed that the solvent had

substantially no effect upon the reaction mechanism.

—
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2.4 LITERATURE RELATED TO ACETYLENE-ALLENE ISOMERIZATION

While the isomerization (double bond migration) of olefins, diole- §
fins and substituted diolefins (34-42) have been studled extensively,
very little has been reported about the acegylene-allene isomerization.

On treatment of acetylenic compounds with a base, hydrogen from a
propargylic methylene group migrates to the triple bond carbon atom,
thus giving allenic compounds or on further migration, a mixture of
acetylenic compounds including allene derivatives. - The a]k9xiqe4catal-‘
yzed rearrangement of ethylacetylene to dimeﬁhylacetylene was &escribed
as a prototropic rearrangement with methylallene as an intermediate (42).
The postulation of an allenic intermediate in this process was supported
by the rearrangement of Isopropylacetylene to 3-methylbuta-1,2-~diene
catalyzed by KOH-ETOH at 170°C, the subsequent formation of 2-alkyne
being impossible in this case. The fact that t-butylacetylene was un-
changed under comparable conditions also provides confirmation of this
postulation (43). In his review, Iwai (44) has summarized acetyleme-
allene isomerizaticm.

Chang and Kokes (45) have studied the isomerization of methylace-
tyvlene over zinc oxide. The kinetics of the first half of alleme iso-
merization to methylacetylene could be represented fairly well by first
order. The infrared studles show a similarity.between the adsorbed
state of allene and methylacetylene indicating the same adsorbed species

.

for both the compounds.



2.5 ADSORPTION

While studying the adsorptiqn of hydrogen on zinc oxide, Kokes and
Dent (46) observed two types of adsorbed hydrogen at room temperature:
Type I - chemisorbed hydrogen which could be removed on evacuation at
room temperature; Type II - Fhemisorbed hydrogen which could not be re-
moved even after several ﬁOurs of evacuation at room temperature. In
the hydrogenation of ethylene on Zn0 using deuterium as a tracer, they
also observed that hydrogen chemisorbed reversibly (Type I) on a limited
~number of sites with the formatien of ZnOH and ZnH and reacted with
ethylene to form ethane. Non-removable chemisorbed hydregen (Type II)
played a passive role at room temperature. It did neither participate
as a reactant nor contr;bute to inérared bands. Type I and Type II ad-
sorption isotherms for hydrogen were also observed by Sholten and Mont-
foort €47) onm zinc oxide and by Komers, Amenomiya and Cvetanovic (48)
on silica supported platinum at 25°C. By using the temperature pro;
grammed desorption (TPD) technique, Tsuchiya et al (49) obserﬁed four
different states of chemisorbed hydrogen on platinum black, at -100, -20,
90 and 300°C. These various states were referred to as o, B, vy and ¢
respectively. The structure for §arious adsorbed hydrogen species has

been classified as follows:

¥

B LB-H ? er

{ - ~ / A
Pt Pt Pt Pt Pt Pt
(o) (8) () ()

The results of TPD of hydrogen from platinum films, studied by
Stephan et al (50), revealed the existence of three different adsorptiomn

states:
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1 a very weakly bounded vy state (at 120 °K) and

2) two more strongly bounded states BL,(ZOO °K) and 8, (330 °k).
Recently, Dixon, Barth, Kokes and Gryder (Sl) studied the hydrogen

adsorption isotherms at 295 and 77°K on wet and dry catalyst samples.

They obtained five kinds of hydrogen adsorption isotherms on alumina

supported platinum. b

Type I. Reversibly bounded (infrared inactive) mostly on the support at
77°K.

Type 1L. Irreversibly bounded at 77°K (infrared inactive) on the cata-

_ lyst previouSly_unexposed to hydrogen.

Type III. Reversibly bounded at room.temperature with an infrared ab-
sorption band at 2060 cm—l. . )

Type IV. Adsorbed at 77°K on samples containing Type V hydrogem with an
infrared band at 2120 cm_l-

Type V. Adsorbed at 295°K but not at 77°K (mecessary for the adsorption
qf Type IV). .
qhey have associated Types II, III, IV and V to v, 8, « and &

states observed by Tsuchiya, Amenomia and Cvetanovic (49) on platinum

black. Toya (52) conbidered the hydrogen platinum system theoretically

and predicted the existeqce of two types of adsorbed hydrogen atoms om

the surfa;e, r and s type, corresponding to weak and strong adsorption

proposed by Eischenes and Pliskin (53). Using microcalorimetric (54)

and infrared techniques (55), Primet et al showed that at room tempera-

ture two forms of adsorbed hydrogen could be observed on a platinum-

alumina catalyst.
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Clewley, Lynch and Flanag#n (56), while studying-the chemisorption
of hydrogen on oxygenated platinum black, obtained adsorption isotherms
at pressures below 50mm. This type of chemisorption was tentatively
assigned to additional weak chemisorption which usually occufé following
the completion of strongly held monolayers. Dala Betta (57) observed
that while silica and alumina supported ruthenium catalyst evacuated at

temperatures of 500, 400 and 300°C for 2 hrs. gave identical uptakqs of
hydrogen, the one evacuated at 200°C for 2 hrs. showed an uptake which
was smaller by 7%Z. It is suggested that the evacuation at 400°C for

two hours is sufficilent to remove the adsorbed hydrogen. .

Brooks and Christopher (58) estimated metal surface area of nickel
powder and nickel supported on different zeolites.by obtaining hydroggn
désofptién isotherms at 250°C. The irreversible hydrogen retention at
100 mm hydrogen pressure was attributed to chémisorption on nickel sur-
face. Nickel catalyst areas estimated from hydrogen chemisorption and
nickel crystallite size determined by x-ray diffraction line broadening
were in good agreement. Vannice, Beﬁsoﬁ and Boudart (59) studied
gravimetrically and volumetrically the adsorption of hydrogen and oxygen
as well as the reaction of hydrogen with adsorbed oxygenr on platinum
black. The amount of hydrogen adsorbed on a reduced and evacuated sur-
face was the same as it was on a2 pre-oxidized surface. The ratio of
adsorbed hydrogen and oxygen atcoms to surface platinum atoms was close
to unity at room temperature and a pressure of 50 torr. Dalla Betta (57)
studied the hydrogen adsorption isotherms on unsupported and silica
supported ruthenium catalysts. At pressures of about 120 torr and 21°C,
the adsorption on ruthenium metal was consistent with a surface stoich-

iometry of Ru -H. A good agreement was obtained between particle size
s
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distribution observed by electrormicroscopy and particle size c;lculated
from hydrogen adsorptiom. Sinfelt-and Yates (60) obatined hydrogen ad-
sorption isotherms at room temperature for low préssures (up to 20 torr)
by expanding a known amount of hydrogen gas in the adsorption #hamber.
The volume of gas adsorbed was calculated employing ideal behaviOur><::7
Hydrogen uptake was estimated at zero pressure. The'H/M and O/M (total
number of gas atoms adsorbed on each atom of metal) ratio on silica

supported ruthenium, rhodium, iridium, palladium, platinum, cobalt,

nickel, osmium and iron were nearly equal in each case.

2.6  INTRARED STUDIES

In the past decade, infrared spectrosc;py has been extensively
applied to the study of the surface speciles formed during. the adsorption
of hydrocarbons and during their interaction with hydrogen on supported
metal catalysts (6,61).

The spectrum of adsorbed hydrogen on platinum supported on vy alum—
ina consisted of two bands at 2105 and 2055 mm-l (53). On repeating the
experiments with deuterium, bands appeared at 1512 and 1480 cm_l, corres-
ponding to the two bands observed for adsorbed hydrogen. The structure
favoured by Piliskin and Eischens for the two types of adsorbed hydrogen

atoms was:

-! B E B

lw { | ~Bs |

Pr—Hs —}E' or P TPt
where Hw and Hs refer to*:;:lly and strongly adsorbed hydrogen atoms
respectively.

The infrared spectra of ethylene on nickel supported on Cab-0-5il

(63) showed that the adsorption could be assoctative or dissociative
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depending on experimental conditions. Associative chemisonption of ethy-

lene was obtained at 35°C when a pre-adsorbed layer of hydrogen had been
left on the nickel surface. When ethylene was chemisorbed pn bare n?ékel
surface, dissociative chemisorption was obtained. The infraxed syéztrum
of ethylene on various metals was studied by Little, Sheppard and Yates
(62). However, they were not able to obtain a spectrum of initially ad-
sorbed species on nickel.

The adsorption of ethylene on bare platinum-silica catalysts (63~
68) at room temperature leads to spectra in which associatively boﬁaed
structures were predominant. Bonds ascribed.to dissociatively adsorbed
species were also observed. On the admission of hydrogen to the ethylene
precovered sﬁrface, ethane was observed in the gas phase, and the inten-
sity of the spectrum increased. This had been interpreted as indicating
the formation of surface carbides im the initial adsorption. On increas-
ing ﬁﬁe temperature to 95°C, bands corresponding to surface n-butyl
groups were observed together with the appearance of butane in the gas
phase. It was suggested that the Ca species were the result of random
polymerization of dissociatively adsorbed ethylenic residue.

The spectra of ethylene adsorbed on nickel (66—68) showed close
similariijﬁggto those observed with platinum silica. Adsorption of
ethylene %n 'bare' palladium-silica produced only weak bands (6). These
bands indicated the presence of speciles with double bond character,
together with surface methyl and methylene groups. Infrared studies of
this reaction have also been made on rhodium (69) and zinc oxide (70,71).-

On silica supported nickel, palladium and platinum (72), adsorp-—

tion of acetyleme on the 'bare' surface gave rise to bands ascribed to

o
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olefinic species and surface alkyl groups (=CHE-, CH, and —CH Addifion

2 3)-

of hydrogen resulted in an|intensif£cation of the spectra and the appear-
ance of new bands corresponding to surface alkyl groups of average
structure CH3(CH2)n— where n34 for platinum and n=3 for nickel. The
spectra of acetvlene with metals ﬁn different supports (73,74) were very
simila£ to those obtained with silica supported metals.

Sheppérd {75) studied the chemisorption of propylene and methyl-
acetylene on silica supported platinum. Propylene was considered to be
‘adsorbed by a dissociative mechanism rather than the associative mech-
anism. Heéhylacetylene produced weak absorption bands, which suggested
the occurrence of some olefinic and some saturated groups. Kokes et al
%45,70,71) studied the adsorption of propylene, allere and methylace-—
tylene on zinc oxide. They assigned the spectra to a @ alkyl and propa-
rgyl 5p;cies. ' "

The results of all these studies are often used to deduce mechanism
of catalytic reaction although there are no special investigations
directed to the study of the relationship between surface compounds )
spectroscopically observed and intermediates of certain heterogemeous
catalytic reactions. Thus, the spectfoscopic data have not been, so
far, successfully used for elucidating the reaction ﬁechanism of cata-
lytic process or supported metals. Recently, Palazov et al (76) have
tried to use infrared spectroscopic data to investigate the_mechagism of
some catalytic reactions of the hydrocaébons on metals by investigating
the behaviour of surface compounds spectroscoplcally observed under

carefully selected experimental conditions. They have suggested that

the C-C bond rupture in the hydrogenolysis of paraffins was the rate con-

trolling step. -
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3. EXPERIMENTAL RESULTS

3.1 Apparatus

3.1.1 Kﬂé&mdvsis
i

H i -

The experiments were performed in a constant volume statiec conventional

-

high vacuum system. The schematie diagram of the apparatus is given in
Fig. 1.
The apparatus essentially consisted of five sectioms.

1) Eydrogen Section . .

This section comsisted of a hydrogen cylinder supplied by Linde
Company, connected to a Deoxo purifier supplied by Engelhard Industries
Inc., which in turn was connected to a cylindrical tube (glass thimble)
containing palladium asbestos catalyst which was surrounded by an elec-
tric furnace. The glass thimble was comnected to a 3-litre hydrogen
reservolr via a liqﬁid N2 trap.

2} Allene Sectiom

This section consisted of an allene eylinder, supplied by Mathesen
Coﬁpany of Camada Ltd., comnected to two fractionating bulbs which in
turn were connected to two hydrécarbon reservoirs.

3) Reactor Section

This section consisted of a pyrex cylindrical rea$tor (capacity
about Soﬂf' connected through pyrex tubes and stopcocks|to the hydrogen
and hydrocarbon section. The reactoxr was connected . to & Mercury mano-—

meter which facilitated the measurement of the change of pressure with

timer/b The reactor was surrounded by a furnace which was heated by nichrome

wirés apped on the outside of lower section of a ceramic tube. The
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Figure 1
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reactor temperature was controlled by a temperature controller, coupled
with variac and actuated by an irom-constantan thermocouple placed inside
the furnace near the wall of the reactor. A Honeywell Pyr-0-Vane temp-
erature controller was used to control the‘temperature of the furnace
surrounding the reactor during the reduction of the cgtalyst. A Fisher
proportional temperature contro was used to control the reactor
temperature while performing the exXperiments. The temperature of the
catalyst lying in the bottom of the reactor was measured by plac;ng the
iron-constantaﬁ thermocouple at the bottom of the reactor. The thermo-

couple in turm was connected to a Honeywell potentiometer.

4) Product Anslysis Section .

v ~

This section consisted of a trap comnected to the reactor and also
connected through a 3-way valve to the Toepler pump, supplied by Eck and
Krebs Inc., and the gas sampling valve. The Toepler pump was comnected
to an oil pump. The hydrocarbons were analyzed by means of a Hewlett
Packard Research Gas Chromatograph employing 16'x1/4" columm at 35°C ‘_—
packed with 30% dimethylsulpholane on acid washed 20-60 mesh chromosorb .

. P. Helium was used as the carrier gas (25 cc/min).

5) High Vacuum System

The main high vacuum system consisted of a Duoseal vacuum pump,
an oil diffusion pump and two liquid nitrogen traps (before and after
the oil diffusion pump) connected to the entire system in series. The

vacuum was measured by a N.R.C. Thermocouple gauge.

3.1.2 Adsorption and Infrared

The hydrogen, hydrocarbon and high vacuum sections were essentially

the same as they were for kinetiecs. Vacuum was measured by means of an
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ion gauge supplied by Ion Equipment Corporation, California. The reactor
consisted of a cylindrical tube (5"x1" dia.) of stainless steel {(volume =
65.0253 cc). The vacuum tightness between the body of the cell and the
salt windows (Can) waé realized with Vi;on—o—rings positioned with a metal
flange as shown in Fig. 2. The cell was connected to the system with glass
metal joints and stopcocks lubricated by Apezone M grease. The cell was
heated externally by nichrome wires wrapped around the cell using Alundum
cement as an electrical imsulator. To protect~0—rings and salt crystals
from elevated temperatures, the ends of the cell were cooled by-water J
jackets. The temperature of the gatalyst was measurec b; using a chromel-
alumel thermocouple placed inside the cell near the pellet protector.
Adsorption section (Fig. 2z) consisted of a doser of known volume (Appendix
:E). Pressures were measured by means of a 90P3 MKS Baratron Pressure
meter, with a sensitivity of leO_atorr. Reference side of the pressuyre
head was connected to a high vacuum system. The adsorption and infrared
studies were made on the same catalyst sample in the form of a pellet
(31" dia.) pressed at 4000 pounds. A Perﬁin Elmer 421 dual grating speét-
rophotometer was used to record the infrared sgectra of the surface of
the catalyst. The.die (Fig. 2y) was made of FNS steel, machined in proper

form and hardenmed at high temperatures. The surface of the die was polished

to a fine mirror.

3.2 THE PURIFICATION OF THE REACTANTS

3.2.1 szrogen

The hydrogen gas from the cylinder was purified by passing it slowly
(20cc/min) chrough a Deoxo purifier, silica gel and a reactor (glass
thimble) containing 10% palladium asbestos catalyst at 250*C. The

palladium asbestos catalyst converted the traces of oxygen into
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water vapour. The hydfogen gas was then dried by passing it through a
liquid nitrogen trap which removed the water vapéur and the condensible
impurities. The purified hydrogen gas was subsequently stored in a 3-
litre hydrogen reservoir previously evacuated.
3.2.2 Allene

Chemicalif pure allene from the c¢ylinder was introduced into one of
the fractionating bulbs previously evacuated and allene was condensed
using liquid nitrogen. The uncondensed gases were pumped ‘off. The con-
densed allene was gently heated and the middle fraction was recondensed
in the second bulb by means of dry ice after pumping off the head and tail
fractions. The second bulb was then gently heated and the middle fraction
containing dry allene was analyzed by gas chrom;tograph for the presence
of impurities. The distillation process was repeafed until the analysig
showed no detectable impurities. Dry allene was stored in 2 previcusly ‘

evacuated reservoir.
h)

3.3 PREPARATION OF THE CATALYSTS

Metal catalysts containing 5% metal were prepared using Fisher
Scientific Co. certified Ni(NOB)Z; 6H20; Co(N03)2, 6H20; Fe(N03)2, 9H20
and Cu(NOB)Z’ HZO' These contained less than 0.05% metals as impurity.
Pd, Pt, Rh, Ru, Ir-and Os were prepared from Pd(NO3)2, PtCl,, RhCl3,
RuClB, Ir(NHa)Cl6 and 0s0
Laboratories (New York, U.S.A. and had research grade purity (% impurities

4 respectively. These were supplied by K&K

not defined)). Silica (EH-5) was supplied by Cabo; Corporation, Boston.

It was heated at 650°C for about 12 hrs. prior to its use. 0.5 gm of the
desired compound was dissolved in about 100 ccs. of acetone or water. This
solution was added to the required amount of silica powder. The slurry thus
obtained was stirred and dried at room temperature. The impregnated catalyst

was then crushed inte fine powder.
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3.4 REDUCTION OF THE CATALYST

The reaction vessel containing the catalyst was sealed and evacuated
until a high vacuum (lO—Atorr for kineties and 10_6corr for adsorption
and infrared studies) was obtained. A stream of hydrogen (80 cc/min) was
passed through the reactor and the temperature raised slowly to 400°C
in about 12 hrs. and then maintained constant for 24 hrs. The stream of
hydrogen was stopped and the reaction vessel was allowed to cool to room

temperature in about 200 mm Hg of hydregen.

3.5 EXPERIMENTAL PROCEDURE

3.5.1 Kinetics

The catalyst was aged by hydrogenating allerne over the catalyst for
sufficient time at room temperature untill the catalyst attained comstant
activity. The.reactor temperature was adjusted to required value by
means of a Fisher Proportional Temperature Controller. The reactor was
evacuated and a hard vacuum obtained. The required amount of allene was
introduced inte the reactor. Soon after the admission of the required
amount of the second reactant (hydrogen) into the reactor, the change of
pressure with time was measured by the mercury manometer c;nnected to
the reaction vessel. In order to make the second and subsequent rums,
the reactor was again evacuated for several minutes and the procedure
repeated. The runs were made at random to nullify the effect of any
change in the activity of the catalyst. For a particular temperature, a
number of runs were taken by changing the hydrogen pressure while keeping

the allene pressure constant at 50 mmHg. These runs gave the order of



—26-

reaction with respect to hydrogen. Similar procedure was followed to
obtain the order of reaction with respect to allene by keeping E}e hydrogen
pressure fixed at 50 me Hg and varying allene pressure. TQe change of temp-
erature during the reaction was within 0.1°C.

Runs were taken at several temperatures. After completing the rums
at a pargicular temperature, the catalyst was kept in about 200 mm EHg of

hydrogen before starting the next series.

3.5.2 Analysis of the Products

A series of rums-were carried out with each catalyst except for
iron and osmium. Hydrocarbens were analyzed by the gas chromatograph
using helium as the carrier gas. Hydrogen was measured with the help of

-

the Toepler pump by transferring it to a series of bulbs calibrated at

*

different pressures.

After the pressure had fallen to the desired extent, the reactor
was coannected to the glass trap kept in liquid anitrogen. The non-con= ‘
densable hydrogen was transferred to the bulbs. The glass trap was dis-
connected\fxom the reactor and the Toepler pump and the condensed products
transferred to the sampling glass loop maintained at room temperature.
A definite volume (5 w{) was injected into the chromatograph and the pro-

duct compositionvdetermined. The product distribution was obtained for

different temperatures, pressure drops and initial reactant pressures.

3.5.3 Isomerization

1

The catalyst was reduced after studying the kinetics and evacuated

for four hours at 450°C and then cooled to room temperature under vacuum.

—
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The catalyst was aged by introducing alleme (50 mm). The reactor was
connected to the liquid nitrogen trap after 30 minutes. Allowing suff-
icient time for condensation, the trap was discomnected and the gases

were analyzed as described in Section'3.5-2- When a constant activity

(same distribution) was obtained, the desired temper;ture was maintained

with the help of temperature controller. Definite amount of allene (50 mmilg)
was introduced in the reactor and the gas was analyzed after & cer-. -

tain time. The same amount of gas was introduced again and tﬁe analysis

was made at different time intervals. Runs were made for different

allene pressures, to obtain the order of reaction with respect to initial

allene pressure, and at several temperatures.

3.5.4 Adsorption
About 100 mgof the catalyst was pressed at a pressure of 4000 i
pounds. A good pellet was selected for the adsorption and infrared stu—w |
dies. The pellet was placed in the sample cell anﬁ another pellet of
pure silica (equivalent weight of silica present in the catalyst pellet)
was placed in the reference cell. Both cells were sealed by placing the
calcium fluoride windows at the ends. The system was evacuated until a
hig vacuum (10-6torr) was obtained and the catalyst was reduced by the
method described in Section 3.4. Silica was treated similar to
the catalyst. After reduction, the catalyst was degassed fof 4 hrs. at
450°C and cooled to Toom temperature under vacuum. The cell was dis-
connected from the doser and the evacuation system by closing the stop-
cocks. Hydrogen was introduced Iin the doser and the pressure measured

by means of the pressure metg§. Hydrogen from the doser was expanded
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into the cell by opening the valve between the doser and the cell. After
waiting for sufficient time, the equilibrium pressure was measured and
the cell was again disconnected from the doser. The hydrogen pressure

in the doser was increased. The adsorption procéss was repeated again
for several times to obtain a low pressure adsorption isotherm. The cell
was evacuated for 4 hrs. at room temperature and adsorption isotherms on
hydrogen exposed surface were measured. After reducing the catalyst,
adsorption isotherms of allene and propflene on bare catalyst surfaces

were measured.

3.5.5 Infrared Studies

In the ;nitial stages of the investigation, reduced platinum cata-
lyst, when degassed for more than 1/2 hr. at 400°C ylelded a sharp band
at 2060 cmﬂlat pressures of 10_6torr. On introducing pfgpylene into the
cell, the band shifted to a lower freq#éncy. Addition of deuterium had
no effect on the intensity of the 2060 cmﬂlband. The absorptiem band at
2060 cm_lwas probably -due to CO or some carbonyl compounds originating

" from an unidentified gﬁurce. Hydrogen gas was analyzed for the presence
of CO and the system checked for small lezks. These measures could not
identify the source of contamination as hydrogen was free of CO and no
leak in the system could be detected. A fine shining'film {(mirror) de-
posited on the window when the temperature of the cell was increased to
more than 700°C. Apparently, the contaminating material was evaporating
under vacuum and at high temperatures from th? cell body (stainless

f
steel). After evacuating the cell for weekg/ét 700°C, no film deposition

on the window was observed. With a reduced platinum-silica catalyst,
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the cell was evacuated again for 8 hrs. at 400°C. e infrared spectra

showed no absorption band at 2060 cm_% To reddce the chances of any
possible contamination due to prolonged hedting at higher temperatures
about 100 mmof dry heliuﬁ was introduced in the cell every hour for a
few minutes. The cell was cooled te 205°C in the presence of helium and
then evacuated for 30 minutes at 200°C before cooling to room temperature
unéer vacuum. _

o

Following the a&gorption isotherms, sample and reference cells

were connected and the catalyst was reduced and evacuated for 4 hrs. at
400°C, cooled to room temperature under vacuum. Arn inIfrared spectrum of
the bare surface was taken between 4000 and 1300 cm-l. Hydrogen at diff-
erent pressures was Introduced and spectra recorded. The cell was evacu-
ated and the spectrum was recorded again. Similar steps weTe repeated
for allene and propylene. After initial adsorption and evacuation, small
doses of hydrogen were introduced in the cell and spectra recorded for
all the doses of hydrogen or at different time intervals. The iE%tru-

ment (infrared spectrophotometer) setting was keptsame for all infrared

studies and the details of the setting are given in Appendix D.
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4. INTERPRETATION OF THE DATA

The kinetics of allene hydrogenation and isomerization were studied

with the purpose of determining the following parameters.

4.1 Shape of Pressure-Time Curves

Bond (15), YEile stggying the acetylene hydrogenation over pumice
— .

supported nickel catalyst, found that the shape of the pressure-time
curves depended on:

a) the initial hydrogen to acetylene ratio

b) the pretreatment of the catalyst:

c) the order of admission of the reactants.

The observed pressure-time curves were ciassifed as follows.

Type I. Zero oxder reactioem, the rate being constant up to 2 pressure

fall about equal to the imitial acetylene preséure. .

Type IIA. A "borken" curve, consisting of two linear portions of diff-
erent rates.

Type LIB. A "bréken" curve, consisting of a curved portion (order greater
than’ zero) followed by a linear porticﬁféﬁfro order).

Type IIC. Same as Type I1IA, but the break occurring after a greater
percentage of reaction.

Typé III. TFirst order in hydrogen, such curves were, observed when ace—{
tylene was admitted first and the initial H,/C,E ratio was less

272
than two. -

g
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4.2 INITIAL RATE EXPRESSION AND THE ORDERS OF THE REACTION

While studying the hydrogenation of ethylene over a supported cata-
lyst, Schuit and Reijen (77) used a "Power Law' rate expression for

correlating their data for a general bimolecular reaction:

™

Y * ’
aA +~bp —~— (AaBb) -— Products - (4.1)

The "Power Law" rate expression for the rate of reaction may be

written as:

k) —%
r°=k(PA)m(PB)n , : S D)
where
r, = the rate of reaction b
k = the rate constant
m,n = the orders of reaction wi;h respect to A and B, respectively

PA’PB = the pressures of A and B, respectively.

The "Power Law' r;te expression was used to correlate the kinetic
data of the present study of allenme hydrogenation and to express the
initial rate of the reaction in the following form.

Taking the natural logarithm of both sides of Equation (4.2):

log r, = log k+n log Py +m log Po oy . (46.3)

2 374
Several experiments'were conducred to determine m and n by the
initial rate method. In all cases, allene was admitted first to the re-—

actor.

-
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4.3 THE ACTIVATION ENERGY

It is well known that the specific rate comstant k is a function
of the temperature. It was Arrhenius (78) who folowing Van't Hoff‘
grrived at an.expression relating the specific rate constant with the
temperature namely:

k= A exp (- %E) ' | (4.4)
\

where

k = the specific rate comstant at TX

A = frequency factor
E = apparent activation energy for the reaction
R = universal gas constant -

A and E are assumed constants for a given reaction.

Taking the natural logarithm on both sides of Equation (4.4):

E

Z.303RT (4.5)

log k = log A -

By determining the specific rate constants at various temp®ratures
and plotting £n kor log k against the reciprocal of the absolute temper-
ature, a straight line relationship has been observed for wvarious
reactionms. fhe gradient of the line is (-E/RT) or (-E/2.303R) from
which the activation energy can be computed. The frequency factor can

be determined from the intercept or using Equation Y4.5). -
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.

4.4 @.onucr DISTRIBUTION AND SELECTIVITY _ -

.

The hydrogenation of allene uSually takes place according to the

followingfsequence:
e T L
Propylene Propane

Allene (4.6)°

Several productg, besides propylene and probame, ;ould form during
the reaction depending op the nature of the catalyst. However, in the
present stu&? oveé coﬁalt catalyst, only methylacetylene was detected in‘
addition to the normally formed propylene and propane.

Selectivity is defined as:

Ppropvlene .
S=3% +P +P : : (4.7
propylene ~propane methylacetylene :

where : -
Ppropyiene = preséure of propylene, mm ng

= pressure of propane, mm Hg - i

Pmethylacetylene = pressure of methyl?cetylene, mm Re.

P .
propane

4.5  ADSORPTION !
Low préssure adsorption isotherms of hydfogen, al;ene and propy-
lene‘were measured with the purpose of determining:
1) amounts of gases adsorbed at foom temperature
2) to calculate mesal surfage area
3) to calculate disperéion or H/M rartio
4) 4if possible, td éorrelate:these parameters with the catalytic

~ activity.

L%
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1) ° Adsorption Isotherms

-~

The adsorption isotherms were measured volumetrically. In a pre-
oZlibrated doser, a particular gas was introduced at a known pressure.’

<<;he doser was connected to the reactor. After waiting for sufficient

v —

time (for adsorption), equilibrium pressure was measured. The doser was
disconnected from the reactor and the same process was repeated several

times. All the adsorption studies were made at room temperature (25:1°C).

Suppose Vl, Vz, Pn’ ? _and P; represent the volume of the doser,

nc

volume of tﬁe reactor, pressure of the gas in the doser before expansion,
‘caICulated preséure of the gas after expansion or before adsorption and
pressure of the gas after édsorption (equilibrium pressure) for nth dose,
respectively. * -~

Assuming ideal gas bgpaviour at room temperature:

PV, = BV, - ‘ (4.8)

For the first dose: . A

PV, = Plc(Vl+V?) y ‘(4.9)

\ Vl - .
P, = P, =V P , (4.10)

172
where
V. = !
T vl+v2

25°CY = -p!?
The amount of gas adsorbed at (V1+V2) and (25°C) PlC Pl

SR S o R

For the second‘doseg the pressure of the gas to be expanded:

= -
P, =P1 .



- ' = ’
@BV = P ()

or

= - 1
Poe = Vp(Py-Py)

Actual calcualted pressure before adsorption - B, +P'.

v = -+ L M
Amount adsorbed ( T,T) Pz Pl Pz Tm Hg
=V -p! - v

The total amount of gas adsorbed after the second dose

= _ply _ pt _ pt
VT(PZ Pl) Pz + vTPl Pl

For the nth dose, the pressure of the gas to be expanded‘

- Pt
VT(Pn Pn~l)

and

= “_pt
Pnc vT(Pn Pn—l)

The actual calculated pressure = P__+ P' _.
nc n-1

The amount adsorbed for the nth dose

P + P! - 7!
nc n-1 ol

= _pt 1 - pr
VT(Pn Pn—l) + Pn-l Pn

The amount of gas adsorbed after the nth dose

n n n
=V r (P -P'_ Y+ L P'_ - T p!
T -1 n n-1 n=1 n-1 n=1 n

The a2mount adsorbed in terms of pressure at total volume (V1+V2)
‘and temperature T(25°) can be converted to volume adsorbed (cc STP)/gm

employing the following relationship:

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

.

)’_
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P.V PV

11 )

T - —':IZ—E N - (h-lg)
1l 2

The volume adsorbed at P;

-

_ 273 apount adsorbed '1''2 (4.20
293 7 760 . .7 cat.wt. : -20)

(_//Using Equations (4.18).and (4.20),'volumes adsorbed at equilibrium
pressure P; were calculated to get the adsorption isotherms in the press—

ure range (0-20m).

4.6 CALCULATION OF METAL SURFACE AREA AND DISPERSION

The total suFface area is of primary importance for many catalysts,
notably for various oxides. Supported metal catalysts, however, have
distinct different cﬁaracteristics in that the principal reactive sites
are considered to be on the surface of the metal phase which may be dis-
tributed in a discontinuous fashiem, partially covering the oxide

support. Although nitrogen surface area measurements are adequate Lo

measure the total surface area, more specialized techniques are normally
required to measure the metal surface area of the supported metals.

The technique (to measure the metal surface area) falls into two
principal categories: those which determine the effective metal particle
size distribution from which the metal surface area can be calculated
(1ight microscopy, electron microscopy and x-ray diffraction line
broadening) and those which determine the metal surface aréa directly
(chemisorption of a gas which occurs with a high degree of specificity
on metal surfaces but not on oxide surfaces).

The chemiéorption techniques have a very definite advantage over

the particle size techniques since the metal surface is measured directly
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by adsorptioé\fszthe gas phase of an adsorbed molecule which, in mény
instances, closely resembles in size, shape and chemical'reactivity to
the molecule of interest. Chemisorption techniques essentially require
that—such gas adsorption conditions bé selected under which physical
adsorption does not occur as a variable and intermediate component on
the metal phase. In addition, cerrection must be made for any adsorpqion
component of the given gas on the oxide suppﬁrt. These difficulties can
be overcome by obtaining the adsorption isotherms at very low pressures
and estimating the gas uptake at zeTo pressure.

_The gas chemisorption data can be used to estimate the metal sur-
face area, dispersion D defined as the fraction of the total number of
metal atoms which are at the surface of the metal par;;hles, and H}H

defined as number of hydrogen atoms adsorbed per metal atom, by making

certain assumptions and employing the following relationships.

2V x

Surface metal per gm of catalyst = 7 &= = (4.21)
2.24x10
2
Metal surface area = VNUA Z mzlgm (4.22)
(2.24x10 " )x10
total number of metal atoms on the surface ~

total number of metal atoms in the catalyst

total number of hydrogen atoms adsorbed
total number of metal atoms in the catalyst

2V

=

4 (4.23)
2.24x10 % wt. of metal present in the catalyst

where 2

V = volume (STP) of the gas adsorbed per gm

M = atomic weight of the metal
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N = Avogadros mumber

g = effective molecular coverage area. as cm2 per adsorbed molecule

(.1.2:\'.10_16 per molecule of hydrogen and 6x10_16 per atom of

hydrogen)
2.24x10§ = molecular volume in cm® at STP of an ideal gas.

Assumptions:
1 ﬁydrogen is ;dsorbed dissociatively
2) each atom of hydrogen is adsorbed on single metal atom-exposed
on the surface of the cataljst |

3) total hydrogen uptake at zero pressure accounts for the mono-

layer coverage of the catalyst surface.

4 7  INFRARED STUDIES

The interpretation of the spectra of chemisorbed species must be
carried out'by reference- to fhe spectra ;f model compounds of known;
structuré (53). Many spectra of hydrocarbons have been analyzed in de-
tail (79) and conclusions particularly with respect to intensities have
been reviewed by Wexler (80). The usual assignments of the adsorbed
bands in the infrared spectra are given in Table 4.1. \

Sheppard and Ward (72) have discussed some of the criteria for
using the assignments for the qualitative interpretation of the spectra
of chemisorbed molecules and have concluded that such assignments are
generally valid except possibly for the functional group which is
attached directly to the metal which may be shifted to a somewhat iower
frequency. The spectra of chemisorbed specles appear to fall somewhere

between those of the hydrocarbons and the metal alkyl compounds.
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TABLE 4.1
Infrared frequency for hydrocarbon grouping.

GROUP FREQUENCY (cm—l) ASSIGNMENTS
C=CH 3300-3250 . vCH
C=CH, 3080=10 : vCH., (as)
~2980 vCHz (s)
~C=CH~ 3025=10 vCH
CH3—C 29555 . vCHB(as)
2870%5 vCHy (s)
14625 SCH3 (as)
1380 5CH (s)
_c ) 2927#5 ' vCH, - (as)
CH, 285525 VCH, (s)
~C -1467 SCHY,
/'C )
CH=C 289010 vCH
~c
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5. RESULTS

5.1 Kinetics

The experimental results for the kinetic study are giﬁen in Appen-
dix B.

The-prESSure time curves.observed were of Ty%e III (Fig. &) for
all the catalysts except for Pt where Type I and Type II (Fig. 3b) were
observed. The shape-of the curve was independent of inmitial hydrogen to
allene ratio. ;

The orders of hydrogenation reaction were mostly one and zefo w{th
respect to hydrogen and allene respectivelf and independent of the temp-
erature. Hence, the initial rate of reactaon fo; the hydrogenation of

allene over the series of the catalysts studied may be expressed as:

L 0.0
r =k PH (PC q ) . _ (5.1)

e 2 “3%

5.1.1 Reaction Over Nickel Catalyst

The experimental data obtained for the hydrogenation of allene
over nickel catalyst (0. 02158 gm) are glven in Appendix B, Table B-1.
In the beginning, the rate of reaction over fresh cacalyst was
very fast even at room temperature but it dgsgpased with each successive
run. The catalyst was stabilized only after about 100 runs. The reaction
had a measurable rate at 70°C. Type III pressure-time curve (Fig. 32)

‘ similar to those obtained by Bpnd (15) for acetylene hydrogenation over
nickel pumice and Mann and Khulbe (él) for 2-butyme ﬁydrogenation over
nickel powder weée observed. l

The dependence of initial rates on the initial hydrogen and allemne

pressures at different temperatures is shown in Figs. 4, 5 andd6. The
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T=110-5 °C

mm / min

RATE

INITIAL

P T !_! ' 4

50 100 200
HYDROGEN PRESSURE mm Hg

Fig. 5. Dependence of initial rate on initial hydrogen
pressure (Ni catalyst).
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mm/ min .
n
(o)
]

RATE
S
I

05

ANITIAL

50 100 . 200
ALLENE PRESSURE, mm Hg

Fig. 6. Deperdence of .initial rate on initial allene
pressure (¥i catalyst).



order of reaction with Tespect to hydrogen was always one and temperature
independent. ‘The order of reaction with respect to allene was always zefo. .
The results are consistent with most of the investigations for the.allene
hydrogenation (21,30,31).

The influence of the temperature on the specific rate is shown in

the Arrhenius plot (Fig. 7) from which the activation energy and the fre—
)

-

quency- factor were calculated to be 10.8 kcal/mole and 1.75x10 min_l/gm,

F

respectively.

" "§imilar results were obtained with other catalysts -and are given’

in Table 5.1.

TABLE 5.1 ;
. - Results of allenme hydrogenation on different
N catalysts.
CATALYST TEMP. RANGE TYPE OF PRESSURE- ORDER OF E
°C : TIME CURVES REACTION k cal/mole
* H Allene
2
Ni , 70-110 : 111 " 1.0 0.0 10.81
Cu-Ni 97-142 111 1.0 0.0 5.63
Cu 98-145 . IIT . 1.0 0.0 7.94
Rh 20-50 111 . 1.0 0.0 - 3 7.73
Co 50-80 111 1.0 0.0 8.64 .
Ir 193-260 111 1.0 0.0 8.89

5.1.2 . Reaction Over Platinum Catalyst

The experimenfal data obtéined for the hydrogenation of allene

. on platinum catalysts are given in Appendix B, Table B-4.

The catalyst was stabilized at 74.5°C and the reaction was szﬁéied
'between 74.5 and 150°C. Figs. 8 and 9 show the dependence of initdial
rate on initial hydrogen pressures. An inflection point was obtained at

temperatures over 84°C. Similar results were cbtained by Bond (15) and

-
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INITIAL RATE "
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H
]

o
1

T=745 “c.

r" F
@

o - 50 g0 . ‘150

- INITIAL PRESSURE OF HYDROGEN mm Hg,

Fig. 8. .Dependence of initial rate on initial hydrogen pressure
(Pt catalyst). T
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H
o
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T=105 °C

\

D T=74-5°C

0-4h :
T=100°C

02

h 1 L1 q‘g-qg‘ L]

20 - 50 100
INITIAL "HYDROGEN PRESSURE mm. g

Fig. 9. Dependence of initial rate on jnitial pressure of
hydrogen (Pt catalys t).



Bond. and Mann (16) while studying the hydrogenation of acetylene on Ni-

pumice, agﬁ nickel powders. They attributed these results to a complex

-

rate equation: : ~

P

a8 _p0
T kAPHZ * kB(PHZ Pnz) (5.2)

where kA and k.B are the rate constants in the first and second stages of

/
the reaction and PE is the inflection point (mmE,). This (P; ) was
P - . 2
. . . o]
nearly equal to ZPCZBZ, However,. in the present case, PHZZPaIlene de

creased with temperature. Assuming an existence of two different rate

expressions, one be¥ore and the other after the inflection point, the

.

order with respect to hydrogen was one and twb, respectively. This kine-
tic behaviour is discussed in the next Chapter. Fig. 10 shows the depen-

dence og\ihigzal rate on initial alléne pressures. The calculated aﬁpar-

ent activation emergy was 16.4 kcal/gm mole. ‘ Q}

-

|

.

Palladium and ruthenium catalysts showed similar kinetic behaviour. | ‘
THe results obtained with Pt, Pd and Ru are taﬁulated below, where‘mland m'

~
-

- TABLE 5.2 : @
Kinetic results obtained with Pt, Pd and Ru.

CATALYST | TEMP. RANGE TYPE OF PRESéURE- - m{a |m'|E E

@ A B

¢ . TRE CURVES k cal/gm mole
Pt 75-115 I and II 1.0l0.02.0 | 16.4 16.4
Pd 0-40 III1 1.0]0.0|L.8 8.0 3.4

Ru . 55-100 IIT . 1.0J0.0|1.5. 5.64 4.0

are the orders of reaction with respect to hydrogen, n is the order of
reaction with respect to allene. EA'and Eg are the calculated ap;iffgﬁ

energy of activation before-and after the inflection point.



mm / min

RATE
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l_50-

{ )
4-0—- »
— 0 o0—0—5 — —O— T=105 °C
00 O0—0—0——— T=100 °C
2:0p- ' _
Qo5 0—0 O T=95°C
-0— : |
oo—ro—o0—0—— T =84 °C
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.1 1 $ 1 1 1-

50 100 200 400

INITIAL ~ ALLENE ~ PRESSURE mm Hg

Fig. 10. Dependence of initial rate on initial prcssure'of‘allene
(Pt catalyst).
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5.2 SELECTIVITY -
The reaction products were analyégd for different reactant ratios
(R) at variou; pressure falls and at several temperatures. Expgrimengslx
"results are given in Appendix B. Special attenéion‘was paid t; the manner

in which the observed yield of propylene depended on the operating varia-

bles. Selectivity has been defined as expressed by Equatilon (4.7).

5.2.1 Nickel Catalyst

1) Course of Reaction. The course of reaction was followed by
analyzing the products of the reaction after various pressure falls for
hydrogen allene ratios of 1 and 2. The distribution of the products and
the selectivity during the course of reaction are shown in Figs. 1lla and
11b.

2) Depepdence of Selectivity on the Initial Pressure of Hydrogen.

The dependence of selectivity upon hydrogen pressure was studied
at different temp%Fatures (91 to 1263C) keeping allene pressure at 50 mm
and varying the hydrogen pressure between 40 and 160 mm. The products
were analyzed at 20 mmpressure fall in all cases. The selectivity was
independent of the inmitial hydrogen pressure up to 100 mmand then &e—
creased sligﬁtly (Fig. 12b). The decrease in the selectivity increased
with increasing temperatures. . - ‘

3) Dependence of the Selectivity om the Initial Allene Pressure.

The dependence of tﬁe selectivity upon allene pressures'uas studied
at 120°C keeping hydrogen pressure constant at 501mmwhile.varying allene
pressure between 40 and QbTmnand-analyzing the products at 20um1pre§sure

£311. The selectivity was independent of allene pressures (Fig. 12a).
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Fi 1. Proﬁuct distribution during the course of rcgc:ion (Rithtalyst).
B I = allene, 11 = propylene, 111 = propane, IV = sclectivity.
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b = QO '_{543_;15
S r\ _ A
0-9%< ’ ! 1 L X
N 60 100 140
' ALLENE PRESSURE mm Hg .

Fig. 12. Decpendaznce of selectivity

J _ |
g T=1I0 °C
0-8~ AT=100 °C
OT=91 °C
1 1 8 2 'n 8
- 60 100 40
F 4 .
-“YDROGEN PRESSURE mm Hg
410
R=2
7,/_\
R=3
]
100 120 140
TEMP . °C

(¥i catalyst).
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4) Dependence of the Selectivity on the Temperature. The temper-
ature dependence éf the selectivity was studied at hydrogen-allene ratio
of 1, Z_and 3 (PC3H4-50mm)between 91 and 120°C. The produc;s were
analyzed for a 20 mmpressure-fall. No significant change in the select-
ivity with the temperature was obs;rved for reactant ratios of i and 2.

For a reaétant ratio of 3, the selectivity decreased linearly with the

teﬁperature (Fig. 12¢).

5.2.2 Nickel-Copper Alloy (95% Ni and 5% Cu)

Fig. 13 shows the distribution of products, reactants and select-—
ivity during the course of reaction for reactant ratios of 1, 2 and 3

(PC H =50 mm) at 142°C. The initial product of the reaction was propylene.
374 :

Small amounts of propane were obtained at higher pressure falls due to ‘

further hydrogenation of propyleme. The selectivity was independent of

- allene pressure but decreased sharpiy with increasing_hydrogen pressures.
Fig. l4a shows the dependence of the selectivity with initial hydrogen
pressures at various remperatures. Fig. 14 b shows the dependence bf the
selectivity on temperature for reactant ratios of 1, 2 and 3. The sel-
ectivity increased with increasing temperatures for reactant ratios of

2 and 3.

5.2.3 Copper Catalyst

The only product from the hydrogenation of allene on copper was
propylene and the selectivity was independent of the variables studied.

Fig. 15 shows the results of the product analysis for R=1 and 2 at 145°C.

+
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- )

40

T=145 °C

mm Hg
e

30

PRESSURE

20

10

0 10 20 30 40 50
PRESSURE  DROP mm Hg

Fig. 15. Product distribution during the course of reaction
(Cu ca.alyst). I = allenme, 11 = propylene.
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5.2.4 Platinum Catalyst

Fig. 16 shows the product distribution and the selectivity dur;ng
the course of the reaétion at 100°C for reactant ratios of 0.5, 1, 1.5
énd 2.0. Tﬁe-figure shows that the initial products of the reaction were
both propylene and propane. The formation of propane increased with
increasing hydrogen pressures. Fig. 17 shows the variation of the sel-
“ectivity on initial hydrogen pressure at different temperatures. The
-selébtivity increased slightly with increasing temperatures, but for
reactant ratios gf 1.5 and 2 at temperatures of 100 and 105°C, a sudden

drop in the selectivity was observed (Fig. 18a).

5.2.5 Palladium Catalyst

The initial products for the hydrogenation of allene over 5% pall-

adium at 40°C were propane and propylene for reactant ratios of 1 and

2.15 (.P =50-mm). The selectivity was nearly constant for a reactant ‘

C3H4

ratio of 1 and decreased slightly during the course of reaction for a
reactant ratio of 2.15 (Fig. 19). The selectivity increased‘slightly
with increasing allene pressures (Fig. 20a) and decreased with increasing

hydrogen pressures (Fig. 20b) at all temperatures.

/‘\\ "
iflifouthenium Catalyst
b
v

N
7 L ngT'iiﬂéhows the distribution of the products during the course
e - .
s /‘:_..-

,0f the reaction for R=1, 1.5 and 2 at 100°C. The yie}ds of propylene

7’

e
//4’ and propane were nearly the same for all ratios. The selectivity was

—— " g .
nearly independent of all the operating variables (Fig. 22).
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1-0
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Fig. 17. Dependence of selectivity on ;nitial pressure
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5.2.7 Iridium Catalyst

-

The distribution of products was studied at 260°C for reactant
ratios of 4, 5 and 6 (PC H =50 mm) . For reactant ratios of 6, formation
374 ’
of propylene decreasdd after a pressure drop of 50 mm (Fig. 23c) due to

the further hydrogenation of propyleme. The selectivity was nearly in-

dependent of initial reactant pressures and temperatures (Fig. 24).

5.2.8 Rhodium Catalyst

Fig. 25 shows the distribution of the products for reactant ratiocs
‘ <
of 1 and 2 at 50°C. The selectivity was nearly independent of pressure

fall, reactaat ratios, initial reactant pressures and temperatures

(Fig. 26).

5.2.9 Cobalt Catalyst

Fig. 27 shows the distribution of produc%s and selectivity during
the course of reéﬁtion at 80°C. The selectivity was nearly equal for
all the ratios. At higher allene pressures, sméil amounts of methylacetyl-
, ene were obtained due to which the selectivity decreased (Fig. 28a) but

it was constant with increasing hydrogen pressures—ex\femperatures

(Fig. 28b).

5.2.10 Osmium and Iron Catalysts

4

Due to the continuous deactivating nature of the catalysts, the
product analysis was not studied in detail. However, products for a few

runs were analyzed: propylene and propane were formed during the reaction

over both the catalysts. . ‘ ’
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" Fig. 25./ Product disrribution during the coursec rf reaction (Rh

_catalyst). 1 = allenc, 11 = propylener, II? = PropanR,,

IV = sclectivity. P
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5.3  ISQMERIZATION ‘ : ARCrS

Preliminary studies of allene isomerization over unsupported and

Eitigf subported_copper, éig&fl-éopper alloy and the transition metals of

!

oup VIII, showed~that only silica supported iromn aﬁa cobalc were active

- for the isomerization _reaction.

Equilibrium between allene and met@ylgcefylene was studied over
szlica supported 5% iron (wt=0.67585 gm)catalysts between 165 to 200‘C.l
Starting with a pure sample of allene (50 mm), the distribution of iso-
mers was iollowed by analyzing the samples at various time intervals.
The resu%;s of these studies ;re given in‘Appendix_F.. The analysis

o

6 -
showed that the equilibrium gould be obtained in about 12 hrs. and the

: V.

equilibrium values were nearly constant within the 'studied temperature

range (Fig. 29). Similar values were obfained for the equilibrium dis-
tribution when methylacetylene was taken as the reactant (Table C.2) and

the samples were analyzed after a time interval of 12, 24 and 36 hrs.

5.3.1 Kinetics over Iron Catalyst

Varying amounts of allenme were introduced into the rggctor.and the .
samples analyzed after various time intervals. No pressure change yas v
observed durijg the course of reaction thus eliminating the presence ;f
polymerization reaction. Analysis showed the presence of only two com-*
poueﬁs, i.e. allene and methyiacetylene, tﬁi; removing the ?ossibility
qf the fraémentation_of either isomer. The results of the isoderization
of allene over iroq catalysts .are given in Table C.3. To establish the ¥

kinetics, results were analyzed using’‘two different approaches.

- »
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-

A) Assuming a-first order reversible reaction -

—

allene /——= wmethylacetylene : -+ b (5.3)

and .using the following equation to calculate the rate of reaction

. - .

- P 1-y -
A e
r = (1- — £n : A
_ye) € Y-¥, (5-4)
where
r = initial rate of isomerizatzzghn&action
v = fraction of zllene left after time ¢
yef= fraction of allene at equilibrium
PA = initial pressure of allene, mm
t = time, min.
The rate of reaction was fairly constant for all the runs. A
typical analysis is given in Table 5.3. E
~ -
k TABLE 5.3.
Calculation of initial rate of isomerization.
T=135%C P =502 mm
. allene
TIME A M A+M 4 A M T, T, T.
. i i ave i
nin mm mm
graph
1/2 40.9 | 0.3 41.3 | 99.25| 0.75 | 0.6206
3 40.1 2.2 42.3 94.87 5.13 0.74651 0.6861 ] 0.71
5 42.0 3.4 45.5 92.49 7.51 0.7148
5/2 38.6 4.7 43.3 89.13 | 10.87 0.6723
10 39.5 6.2 45.7 86.43 | 13.57 0.6762

B) Initial rate method

Partial pressures of methylacetylenes were plotted against time and
. .
the initial rates were determined by drawing a tangent on the pressure

-

time curves at t=0 (Fig. 30). The dependence of initial rate on inirial

pressures is shown in Fig. 31. The order of reaction was calculated to be



METHYLACETYLENE mm Hg.
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T=135%
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Fig. 30. Methylacetylene pressure with time (Fe catalyst).
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0.8 (1) and was temperature independent. The apparent energy of activ- .

ation was calculated to be ;1:8Ltcal/mole (Fig. 32). The initial rate

. 4
expression can be written as:

1

ro =k Pallene

5.3.2 _Cobalt Catalyst .

Similar results as observed for iron catalysts were obtained on
;obalt catalysts (Table C.4). Assuming a first order reversible reaction,
fairiy constant reaction rates were calculated. Fig. 33 shows the methyl-
acetylene presﬁre—time curves for hifferent initial allene pressures at_
116°C. Fig. 34 showslthe dependence of initial rate om-initial allene

pressures. The order of reaction was one. Apparent energy of activation

was calculated to be 11.2k cal/gm mole. ‘ ‘

5.4  ADSORPTION STUDIES

10% nickel catalyst pallet (wt=0.05483 gm)was placed in the cell
and was reduced at 400°C. After reduction, the cell was evacuated for
6 hrs. at 400°C and was cooled toe room temperature under vacuyum.

Curve I, Fig. 35, shows the adsorption of hydrogen at room temper—
ature on freshly reduced catalysts. Following to the last point shown
for run I, the catalyst was saturated with 100 mmof hydrogen for 12 hrs.
and was.evacuated for 6 hrs. at room temperature. Curve I1 gcircles)
shows the adsorption of hydregen on hydrogen saturated cataiysts. 'The
cell was again evacuated for 12 hrs. at 400°C and cooled to Toom temp-
erature under evacuation. Adsorption isotherms on freshly reduced and
hydrbgen saturated catalysts were obtained by repeating the above pro-
cedure. Curve I and I1 (triangles Fig. 35) show the reproducibility of

data.
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Fig. 32. Arrrenius plot (isomerization).
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Fig. 34. Dependence of initial rate on initial-ﬁ:cssure

of allene (isomerizationeof allenc on Co

catalyst). .
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10

cc(STP) /gm

VOL. ADS.

6: R 1

0 5 10 _ 15
ALLENE PRESSURE mm 'ig '

Fig. 37. Adsorption isotherms of al.ene.
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Fig. 33. Adsorption isotherms of propylene.
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These and ther results (46,47) show that the hydrogen adsorpticn
is of tﬁo types: Type I - chemisorption-which is removed by.evaeuation
at rToom temperature; Type 1II - chemisorption‘qhich is not removed by '
evacuation at room tempera;ure; |

Figs. 35, 36a, 36b, 37 and 38 show the total adsorption of hydrogen,
weakly adsorbed hydrogen, strongly adsorbed hydrogén, adsorption isotherms

of allene and propylene on-various catalysts, respectively.

5.5  INFRARED. STUDIES :

Inf;areﬁ.stpdies were carried out for all the catalysts following
t?e adsorption studies and reduciﬁg the catalyst at 400°C;\until ae ab-
sorption bands were observed for hydrocarbon groups or the spectra res-
embled with t%e base line. To balance the bands due to the Support, all
' studies were carried out w%th a silica pellet (tfeatéd similarl% with
the catalysts in the reference cell. Reasonably straight base linelwas

-

cbtained in the interested.freqﬁency'range éor all the catalysts.

5.5.1 Nickel Catalyst

~+

No absorption bands were-observed for adsorbed hydrogen at room

X Eempera£ure on:nickelﬁggtalysts (wt=0.075gm). Fig . 39, Curve LI shows
the spectrum of adsorbed allene (15mmsaturated for 12 hrs.). Abso:péioﬁ
bands at 3076 and 2§85 cm_lrepresent the asymmetric and symmetric CH
stretching in C=CH2 group where as bands at 2900 and 28£sO_cm—l are
assigned to lowered (as) and (s) CH, stretching due to thé attachment
with surface nickei. ‘Bands at 2920 and 2845 ém—lare assigned to CH,
stretching mode in hydrocarbons. The aqsbfption bands at.1627 and

1427 mﬁ;lrepresent a C=C stretcﬁing and =CH2 deformation mode. The_bands
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at 1800 and 1325 cm-lmay be due to the overtone of =Cﬁ2 deformation in
. e
the lower frequency. Evacuation had no effecf/an the spectrum.
Stepwise addition of hydrogen (PH =10 and 20mm) -~to the evacuated

2
sample of adsorbed allene resulted in the appearance of new bands at

2957, 2875, 1450 and 1370 cmfl”which are assigned to different modes of
the C$3 group (Fig. 39, curves III and IV). The bands at 2902 and
ZS&me_lshifted to 2920 and 2943cm-% The spectra obtained for the

e
hydrogenated species of allene on nickel resembled the one obtained for
surface hydrogenated products of chemisorbed propylene attached to nickel
atoms (72). Nearly equal intensities of the bands at 2920 and 2957cm-l
suggest the presence of CH3(CEZ)2—M group (85).

Fig. 40a shows the spectra of adsorbed propylene (10 mm) and after
evacuation. Absorption bands at 2955 and 2875cm‘lbelong to the asymme—
tric and symmetric stretching vibration of the CH3 group. The hydro-
genation of surface species produced 2 more intense spectra (Curve III)

which could be ascribed to a propyl group attached te the metal atom.

(CHB(CHZ)Z—M’ Ref. 82).

5.5.2 Nickel-Copper Alloy

The spectra of adsorbed allene on nickel-copper alloy (wt.=0.08 gm,
silica=0.674 gm) were similar to the one'obtained for nickel catalysts.
Fig. 41 shows the spectra of adsorbed allene for various pressures.

At very low pressures (Pallene=0.02nmh curve II) absorption bands were
also observed at 2960, 2875 and 1360cm-l which indicates the presence

of CE3 group may be due to the self-hydrogenation of alleme. Evacuation
had no effect on the spectra. Fig. 42 shows the spectra of adsorbed

allene and stepwise addition of hydrogen. Fig. 43 shows the spectra of
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adsorbed allene and 30 mm of hydrogen at different time intervals (curve
I1I, Ar=2 hr., curve III, At=13 hr.). Fig. 40b shows the spectra of

adsorbed propylene and effect of hydrogen.

5.5.3 Copper Catalyst

.. Fig. 44 shows the spectra of adsorbed allene.GQCurves II, Il and‘
IV show the spectra of alleme at pressures of 100, 200 and 300 mm satur-
ated for 12 hr-. While no abgorption bands were observea in the 1owef
frequency range, weak absorption bands were observed in the CH stretching
range. Evacuation had no effect on the spectra. Due to poorly defined
spectra, it is very difficult to assign any structure to the adsorbed
_ species. Addition of hydrogen (10, 20 or 30 mmig) vielded an intense
spectra (curves IV, V and VI) resembling the one obtained for hydrogen-
ated allene on nickel. No absorption bands could be obtained for

adsorbed propylene or hydrogenated propylene.

5.5.4 Cobalt Catalyst

Fig. 45 shows the spectra of adsorbed allene (c;rves IT to V) on
cobalt catalysts (wt.=0.100.gm,silica=0.0865 gm). No bands were observed
at lower frequency ranges. As the pressure of allene increased, bands
appeared at 3076, 2980, 2900 and 2834 cmd% Curve V shows the spectrum
of 30 mmof allene sa;urated for 24 hrs. The spectrum was similaf to the
one obtained for nickel catalysts. Eyécuation had no effect on the
spectra. Curves VI and VII show the spectra on addition of 30 mudg of h,
after % hr. and 12 hr . Curve VIII shows the spectra after heating
sample VIL at 250°C for % hr. The bands due to C=CH, group (3076 and
2480 cm-l)disappeared completely on heating the sample. Fig. 46 shous

the spectra of adsorbed propylene before and after hydrogen addition.



Fig. 44.
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Infrared spectra of allene on Co catalyst.

I - base line, allene: 1Y - 1 mm; IIT - 2 mm;

IV -~ 5 ra; V - 30 mm; Hydrogen: 30 mm; VI - st=k hr.;
VII - At=12 hr; VIII - spectra of sample VIL after
heating it for % hr. at 250°C.
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F:i'.g. 46. Spectra of adsorbed propylene.
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111 - adsorbed propylene + 30 mn HZ.
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Nearly equal intensity of bands at 2920 and 2955::1:1-l iﬁdicatzs the
LESs |

presence of CH3(CH2)2fM species. ”“"‘“//

5.5.5 Rhodium Catalyst

At low pressures, no absorption bands for adsorbed allene were
observed. However, saturating the catalyst with 10.5mm pressure of allene
for 24 hr . yielded the spectrum shown in Fig. 47z, curve II. Saturating
the catalyst with 100 mm of allene for 72 hr. yielded an intense spec-
trum (curve III) with absorption bands at 3076, 2982, 2902 and 2838 cm_l.
Evacuation had no effect on the spectra. Additiom of 157m hydregen at
room temperature yielded curves IV and V (4t=) hr., 4t=12 hr.). Fig. 47a

shows the spectra of 100mmHg of propylene saturated for i2hr. (curve II)

and the effect of hydrogen additionm (curve 111).

5.5.6 Palladium Catalyst

Fig. 48 shows the spectra of allene (300 mm Hg) saturated fer 72 hr.
before and after evacuation (curve TI). No absorption bands were ob-
served in the lower frequency range. The addition of 30 mmof hydrogen i
at room temperature yielded more intense spectra with two new bands at
2958 and 2873 cm-l(ﬂt=% hr., At=12 hr.). While saturating the catalyst

with propylene (100 mm) produced no bands, on heating the catalyst with

15 mHg of propylene and 15 mmHg of hydrogen gave a spectrum shown in

Fig. 48b (curve II}. Evacuation had no effect on this spectrum.

5.5.7 Platinum Catalyst

Fig. 49a shows the spectra of adsorbed hydrogen on platinum cata-
-1
lysts. Two bands were observed at 2115 and 2055 cm | With increasing

pressures of hydrogen, the band at 2115 cmilbecame sharper. These bands
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disappeared comple{ely on degassing the catalyst for a few min;tes at
room temperature. Introduction of deuﬁerium {200 mm) to the hydrogen

(200 mm) exposed éample resulted in a decrease Iin the intensities of these
bands, and appearance of two new bands at 1520 aéd 1480cm~l(Fig. 49b)
suggesting the bands to be due,not to molecular hydrogen or deuterium

but to adsorbed atomic hydrogen on the surface. Fig. 49c shows the
spectra of allene (200:mm)saturatedlfor 72 hrr  (curve II) and after

evacuation. Curves II] IV and V show the effect of H2 (30 mm) after a

time interval of 6, 12 and 24 hrs. at room temperature.

5.5.8 Iridium Catalyst

While no absorption bands were obtained for adsorbed allene, a
mixture of allene and hydrogen when heated to 200°C yielded the spectra

shown in Fig. 50 (curve II - P =3:mn,PH =30 mm, curve 1I1I;

”

-

P =15mm, P =15mm). On evacuation, all the bands disappeared. On
allene Hz

addition of hydrogen {15 mm) to the evacuated sample, curve II was repro-—

allene

duced.

L . . .
As the transmittance was poor, no infrared studies could be carried

on Ru, Os and Fe catalysts.
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2800 3000
FREQUENCY cm™!

)

Infrared spectra of allene and hydrogen mixture

at 250°C. :
I — base line; II - allene=3 mm, H2=30 wm ;

II1 - alleae=15 mnm, H,=15 mm.
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6. DISCUSSION

The kinetic form of the pressure drop-time cupve depends on the nature
and more significantly on the concentration of the épecies, in the reac-
tive laver, 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, pretreatment of the catalyst and the method of the
prepération of the catalyst.

Bond (15) has classified the observed pressure-time curves into
different cacegég;es, which is based on the hydrogenation of acetylene
over nickel pumice. Mann and To (29), Mann and Tiu (30 aq? Mann and
Shah (31) observed type III curves on pumice supported group VIII trans-
ition metals and unsupported group VIII transition metals and nickel-
copper alloy catalysts.

In the present study, type III curves (Fig- 3b) were observed for
all reactant ratios except for platinum where type II (Fig- 3a) curves
were observed for the reactant ¢ /}os less than 1.5. For a reactant
ratio greater than 1.5, the pre Sure-time curves consisted of two linear
portions (Fig. 3a), the rate ( r) increased in the second portion due
to the further hydrogenation of propylene which is supported by the fact
that after a certain pressure drop, the pressure of pro;ylene'decreased
in the product stream whereas the pressure of propane increased (Fig. 16).

The ordexr of reaction with respect to hydrogen was always one,
which is in agreement with the findings of other works (24,30,31). 1In
the case of platinum, palladium and tuthenium catalysts: in the initial
rate-pressure plot, an inflection point occurred after which the rate

increased (Fig. 8). In the hydrogenation of acetylene on nickel catalysts,

Bond (15) and Bond and Mann (16) observed type 111 pressure—time curves
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when acetylene was added first and the initial hydrogen/acetylene ratio

was less than about 2. For an initial hydrogen/acetylene ratioc greater

than 2, type I pressure-time curves were obtained. An accelerated initial

rate was obtained as soon as the pressure-time curves changed its shape.

For type ILI curves, the order was always 1 and the initial rate was ex-

pressed as:

i

-3 T Ka Ty (6.1)

2

It was concluded that type I curves were due to a complex rate

equation expressed as:

_ 4

<

where sz was hydrogen pressure in mm Hgat which inflection occurred. P;
was nearly equal to two folds of acetvlene pressure. The calculated
values of kA/kB increased markedly with ircreasing temperatures. In the
present study, irrespective of initial hydrogen/allene ratics, type II

curves on platinum and type III curves on palladium and ruthenium were

obtained. The values of PO k,, ky and L:B/kA are given in Table 6.1.

H »
2
It is clear from the table that while P; is dependent on rtemper-
2
ature, p° /P_. decreased from about 2 to 1 within the studied temper-
H2 allene

arure range. In the case of platinum, kB/kA decreased with inecreasing
temperature while on palladium and ruthenium, k.B/kA increased with in-
cfeasing temperature.

For platinum, the rate of formation of propylene (Fig. 16) was

nearly constant for all the ratios of PH /P , but the rate of forma-

2 allene

tion of propane increased with increasing reactant ratlos or initial

hydrogen pressures (PC H
374

2

=50-mm). While the reactant ratio was equal to 1.5,

= 1 _p©
e " ka Pyt kB(PHZ 7)) (6.2)

‘i
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TABLE 6.1
Calculated values of k,, kB and kB/kA'
=50%
Pallene 50=] mm
CATALYST | T°C kéxlo?' k.x102 | kx10® | x./k, PO /P 0
A B 1\B A H, " allene H2
84 3.3 1.1 2.2 2.0 1.9 95
Pr 94 5.45 2.23 3.22 1.405 1.17 58.5
100 8§.65 3.7 4.95 1.33 0.92 46
105 10.65 4.65 6.0 1.295 0.90 45
10 2.8 1.525 1.275 0.834 2.0 100
Pd 20 4.6 2.0 2.6 1.3 1.66 83
30 7.4 2.5 4.9 1.96 1.18 59
65 2.45 1.22 1.23 1.008 2.3 115
Ru 75 3.225 1.475 1.85 1.254 1.8 90
85 3.85 1.7 2.15 1.264 1.5 75
100 5.0 1.875 3.125 1.667 1.14 57

the amounts of propylene and propane formed were nearly equal at R=2.0
the main product was propane. In the hydrogenmation of allene on pumice
supported platinum, Bond and Sheridan {21) observed that at a reactant
ratio of 1.0, the rate of formation of propylene and propane was cons-—
tant till al} allene was removed and after that prog$ylene started to
hydrogenate. It appears that for reactant ratios less than 1.0, the rate ‘
was governed by the formation of propyleme and for higher reactant
ratios, the rate was governed by the formation of propane directly from
allene.
Assuming a simple rate expression with nth order with respect to

hydrogen, the rate expression could be written as:

&8 _ 41 p2
T dt Py (6.3)
2
or
dpP

_ n ‘
~dc (RAPH2+kBPH) (6.4)
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The values for n, from the initial rate method, ‘were calculated to
Qé 2.0, 1.85, and 1.5 for platinum, palladium and ruthenium, respect-

ively.

The zero order with respect to allene and posicive order with res-
pect to hydrogen indicate that while the former was ;trongly adsorbed on
the surface and its surface coverage was extensive, the latter (hydrogen)
was weakly adsorbed gnd its surface coverage was low. The relative
strength of adsorption of the reactants is alsoc supported by the low
pressure adsorption isotherms of allene and hydrogen.

In the chemisorption of ethylene over nickel surface . g¥enkins and
Rideal (83) observed that 80X of the surface was covered with acetylene
residue. 1In the hydrogenation of ethylene, Tuul and Fransworth (84) ob-

served that the catalyst deactivated slightly during the course of re-

action. However, a marked increase in the activity was observed the

following day on treating the catalyst overnight with hydrogen. Khulbe
(85) observed similér behaviour for the hydrogemation of 2-butyne over
pumice supported iron catalysts. In the present investigation, iron and
osmium catalysts deactivated continuously with each successive run.

The continuous deactivation of the catalyst even at higherltemperatures
(>200°C) made it impossible to study the kinetics.

The rate of reaction expressed in mm Hg per uanit time per unit metal
weight can be used in correlating the activity of the metals provided
all the catalysts are prepared in the same manner. Since the rate of
reaction is dependent on pressure and temperature, it is not suitable to
correlate the catalytic activity. Considering the k,,q (specific rate

constant at 100°C/m2) as a measure of the catalytic
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activity, the order of the catalytic activities for metals was in the
following sequence: . : LY

Pd>Rh>Pe>Ni>Wi-Cu>Co>Ru>Cu>Ir

Since iron and osmium deactivated continuously, the activity of
these metals could not be compared.

Many attempts have been.made in the past to explain the variation
in the catalytic activities of the‘yetals. In order to get 3 proper per—
spective with respect to the new trends in correlating the catalvtic
activity with different parameters, it may be well to review the various
theories that have been proposed as to the properties of solids.that are
impertant in making them active as catalysts.

Sabatier (S86) suggested that the mechanism for the metal catalysts
like nickel might involve a chemical factor namely the nickel hydride.

At present, it has been customary to speak of the reactants as chemi-
sorbed intermediates and not specifically as metallic hvdrides.

Taylor (87) while proposing the theory of active centres considered
that in heterogeneous catalysis only certain points on the surface of a
metallic catalyst were active for 2 given reaction. Subsequently, active
centres were given geometric interpretation and were considered to be
the corners or edges of crystals. Later, they came to be interpreted as
representing the different faces of crystals. Balandin (88) suggested
that the activity of the catalyst aepended to a large measure on the
presence of correctly épaced groups of atoms to accommodate the various
reactant molecules. He proposed that for the hydrogenation of beﬁzene,

properly spaced face centred cubic metals, which hydrogenate benzene,

should not be active catalysts for hydrogenating 5 and 7 membered rings.
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Long et al (89) found that only those bimetallic alloys of nickel, cobalt
and iron which had a face centred cubic structure were actually capable

of causing the conversion of benzene to cyclohexane at temperatures below

e
-

200°c.
Beeck (90) made 2 systematic study of ethylene hydrogenation on
evaporated metals and related the activities of the catalysts to their

crystal parameters. Fig. 51 shows the plot of log klOO against lattice
distance for the hydrogenation of allenme. With the exception of copper
and iridium, 2ll the metals lie in a smooth curve with a2 maximum for
paliladium. If the activity depended on lattice parameters, then the
act;vity of iridium catalysts should be nearly equal to platinum or
thodium or it should be greater tﬁan nickel or coppér whereas iridium
was the least active catalyst.

Boudart (91) suggested that the variation of the activity of metals
for the hydrogenation of ethylene co&idﬂbe correlated with Paulings (92),
percent—-d character. Considering Boudart's view, the activity of iridium
should be greater than rhodium. However, if log klOO is plotted against
percent-d character (Fig. 52}, with the exception of iridium, all the
metals lie on a smooth curve. The activity increases reaching a maxi-
mum and then decreases. To (93) alsc observed a dofie shaped curve for
the hydrogenation of allene on pumice supported group VIII transition
metals. The activity was in the following sequence.

Pt>Pd>Rh>Ir>Ni>Co>Fe>Ru>0s
The activity of unsupported transition metals (31) was in the following
sequence.

Pd>Ir>Rh>Pt>Ru,0s
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Fig. 51. Dependence of loglok on lattice distance
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These results and present investigations show a close similaricy
in the catalytic activity of supported and unsupported metals to those
o§tained by Mann and Khulbe (23) for methylacetylene hydrogenation.
Palladium was found to be most active catalyst for allene and methylace-
tylene hydrogenation. Pumice supported palladium was less active than
platinum, which indicates that the support also plays some part in the
catalytic activity.
There seems to be no simple correlation between E, A and other
physical properties of the catalystf
r Activity variation shown by a series of relatéd catalysts may be
due to ejther a variation in the frequencylfactor or the activation
energy or in both. For'a given reaction over a series of related cata-
lysts, the relationship between the activation energy E and the frequency
factor A is of great significanmGe. It is usually of the form: ‘
log A = mE + C _ - (6.5)
and is referred to as "compensation effect" (4), while an increase in
the value of log A at constant E implies a higher rate, an increase in E
at constant log A implies a lower rate. Simultaneous increase or decrease
in E and log A tend to compensate the rate. a
For the hydrogeﬁation of allene, the Arrhenius parameter for sili-
ca supported transitioﬁ metals (Fig. 53) can be correlated by the '
equation: . J//J!
log & = 0.6E - 0.9 (6.6)
On the basis of the analysis during the course of reaction, these
catalysts can be classified into the following two categories:

1) active for consecutive reactions like

rl
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2) active for simultaneous reactions like

>

B

c

Nigkel, copper and nickel-copper alloys fall in the first category
as the initial product of the reagtion was propylene. When a major
amount of allene was removed, formation of propane started with the
hydrogenation of propylene.. Other catalysts fall in the second category
where propane and propylene both were the initial products of the reactiom.

Fig. 54 shows the variation of selectivity with pressure drop.

For a reactant ratio of one; the selectivity was almost independent of
pressure fall except for platinum where it decreased slightly with pre-
sdure ffll. For a reactant ratio of two, the selectivity decreased after
a pressure fall of about 50 mmdue to the further hydrogenation of propy-
lene into propane. Fig. 55 shows the variation oé selectivity with
initial hydrogen pressure at two different temperatures. In the case of
platinum and palladium, the sélectivity decreased sharply with increas-
ing amounté of hydrogen. It 1s clear from the analysis of the products
during the course of reaction for.different reactant ratios that the
rate of formation of propane increased and rate of formation of propylene
was constant with increasing reactant ratlos resulting in a decrease in
the selectivity with increasing hydrogen pressures. The selectivity of
nickel-copper alloy catalysts increased with increasing temperatures.

It 1s possible that the rate of desorption of propylene increased more

compared to that of allene, with increasing temperatures, resulting in
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lesser chances for adsorbed propylene to hydrogenate into propane.

Kamentzy and Markovich (94) calculated isomerization equilibrium

for the isomerization of allene.

at different temperatures by the statistical methed using specipdscopic
data obtained by Linnett and Avery (95) for alleme, and by Crawford (96)
for methylacetylene, and the heat of hydrogenation obtained by Kistia-
kovsky and co-workers (26). The values of equilibrium constants and the
percentage of allene in equilibrium mixture at various temperatures are

tabulated below. ‘

TABLE 6.2
Equilibrium constants for allene-methylacetylene isomerization.

T”K//f_ﬁ K : % of allene /

355 15.5 6.0

473 . 9.9 10.0

673 5.5 15.3

773 4.7 17.4

873 §.2 19.2 i

At 200°C, the equilibrium mixture should contain about 90% methyl-
acetylene. Slobodine (97) stu&ied the equilibrium of allene-methylacet-
vlene isomerization‘by passing these substances over'"floridine" between
167 and 350°C. Starting with methylac%tylene as the initial subsﬁance,
the resulting mixture contained about 61.5 to 67.8% methylacetylene at
325°C. On the other hand, starting with allene as the initial substance
except at 325°C, the resulting mixture contained a much lower percentage

of methylacetylene. -However, at 325°C, the resulting mixture contained
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about 61.5 to 67.8%7 of methylacetylene. As the methylacetylene content
of the resulting mixture was much lower than 61.5% except at 325'&, it

is doubtful whether the true equilibrium had been reached even at 325°C.
No direct determination of the allene content of the gixtures were carried
out. The polymerization and decomposition reactions must have proceeded
to a considerable extent and their products diluting the resulting mix-
ture. It seems, therefore, quite natural that the methvlacetylene con-
tents of the mixture were, in all cases, lower than the theoretical wvalue.
Cordes and Gungler (98) obtained an equilibrium mixture containing 20%
allene and 80% methylacetylen; at 300°C by heating these isomers as the
initial substance in the presence of activated charceoal. In the present
study, starting with allene or methylacetyleme, an equilibrium mixture
containing about 16% allene and 84% methylacetylene was obtained in the
studied temperature range.’ This is fairly close to the calculated values
(94).

On the basis of the equilibrium data calculated by Kamenetzy and
Markovich (94), Bond and Sheridan (21) suggested that the reaction
should occur on supported or unsupported métals. In the hydrogenation
of allene on pumice supported nickel, palladium and platinum'(2l), they
could not obtain even traces of methylacetylene. Though the rearrange-
ment of allenes and acetylenes could be obtained by different means,
nothing has been reported about allene-methylacetylene isomerization
reaction catalyzed by supported or unsupported metals. Hence, no direct
comparison can be made. However, Kokes et al (70,71) observed a first

order methylacetylene—allene isomerization reaction catalyzed by ZnO.

In the present study, sllica supported iron and cobalt were found
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to be active for the isomerization reaction. In the hydrogenation of
allene on silica supported cobalt catalysts, traces of methylacetylene
were observed at higher allene pressures. No such mention is made by
previous workers (21,23,29,31,31) in the hydrogenation of allene or
methylacetylene.

The order of reaction for isomerization was always ome. In the
case of cobalt, the initial rate determined by pressure-time curves was
slightly lower than the initial‘ifie calculated by using Equation (5.4).
While, in the former case the initial rate was obtained for the formatiom
of methylacetylene, in the latter case it was calculated for the disappear-
ance of allene which was slightly more due to the polymerization. The
energy of activation was calculated to be 11.8 and1l.2 k cal/mole for
iron and cobalt, respectively. The activity (defined as the rate cons-
tant per gm of the catalyst for initial alleme pressure of 50 mmat 127°C)
was nearly equal for irom and cobalt catalysts. No direct comparison
can be made with other catalysts or their physical characteristics as
only iron and cobalt were active for the reaction. i

The thermal isomerization of alkadienes apparently involve "detach-

ment" of hydrogen (99).

2 2 2

H.C=C=CH, === [ﬁ6=E:cﬁ +H] = HC=C-CH,

=C=C— =C=C=CH.+h|= =C=C=
H,C=C ? CH3E=£[H2C C ? Cﬁjﬂqemﬁzc ? ? CH2

CH, Ciiy H CH,

2

When allene was heated with ether and sodium at 100°C, allene
vielded the sodium derivative of methylacetylene 97 . Allene,rtreated
for 12 hrs. at 160 to 170°C with alcoholic potash, gave methylacetylene

and ethyl isopropenyl ether (intermediate product) together with unreacted
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- .
allene (43). @
H2C=C=CH2 HS OH.—'—"]:IZC"(ll—CI*I3 — HCSC—CH3+C2H50H
%t

The reaction path for the base catalyzed acetylene-allene isomer-
izarion is presumed to be (44):

RCH,~C=CH+B «==3RCE-C=CH + HB

RCH=C=CH, + B

On Zn0, Kokes (70,71) observed that a) adsorbed methvlacetvlene
‘gives an OH band and a hydrocarbon species characterized in part by a
band at lSBSCm_l; b} l-deuterio methylacetylene adsorbs to give an OH
band rather than OD band; c) identical spectra for adsorbed allene and
methylacetylene. These results show that hydrogen was removed from the
CH3 group of methylacetylenme by yielding'é band at 1865cm~1(CH2-C=CH)
which was too high to be a simple double band. Also, it was- much lower
in frequency than that for the tripie bond in gaseous methylacetyleme

(2142 cm-l)- Dynamic (at different time intervals) infrared spectra of

CH3—CECD on Zn0 suggests the reaction to be taking place as:

-H
CH,~C=CD (g) ——— Eﬁé;'éﬁﬁ (1833 ca )
+H
+1 " -H
T T —H
CH=C-CDH = CH,=C=CHD
+E -D H +D
caéLCéCH (1865 cm )

For many years, 1t was generally believed that the support was
inert and simply acted as a carrier for the metal in a finely divided

high area form. There are now growing evidences that the support may

A
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not be inert but may influence the catalytic activity in any of several
ways:

a) it may interact chemically with the metal thereby modifying the
- properties of the metal - -

b) the support may exert an influence on the actual structure of

the metal

¢} the support may act either as a source of reactive intermediates

or as a seat of reaction, through the migraﬁion of adsorbed
species between metal and support.

The phenomenon of surface migration between metal and support
"Spill-over" (100) has been shown to be of particular importance with
hydrogen on supperted metals. Altham and Webb (101) who used tritium
and radiocactive approach to monitor the extenf of hydrogen spill-over on
platinum-~silica and platinum alumina catalysts, observed that in the ab- ‘
sence of platinum, neither alumina nor silica was active for olefin ex-
change at temperatures below 250°C. However, when the metal was preseat,
both silica and‘;lumina possessed an appreciable activity for olefin and
‘hydrogen exchange at ambient temperatures, although neither oxide was
active for clefin hydrogenation. )

Evidence for the participation of the support in the reaction of
olefins and acetylenes over supported metals have beenobtained by the use of
catalyst poisons. Webb and MacNab (102) have studied the hydrogenation,
hydroisomerization and deuterium exchange of 1-butene over rhodium-
silica in the temperature range 0-69°C. The catalysts were progressively
polsoned with mercury. The extent of mercury coverage was measured by a

radiocactive counting technique. While the rate of hydrogenation and
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deuterium exchange decreased with inereasing mercury coverage, the rate
of 1-butene 1isomerization remained constant up to a fractional coverage
(BHg) of about 0.8. These results can be satisfactorily interpreted by
considering the hydrogenation and l-butene exchange to be confined to
the surface of metals only, and the isomerization occuring on the suppogz
and involving the migration of hydrocarbon from the metal to the support.
Since in the absence of rhodium, silica itself showed no isomerization
activity in the temperature range studied and the reversible adsorption
of l-butene on silica did not occur to any appreciable extent, rhodium
must have therefore activated the surface of silica by adsorbing the
hydrocarbon which then migrated to the support before undergoing reaction.

In the present study, silica showed no activity for the isomefiz-
ation reaction. The absence of the isomerization reaction on pure metals
suggests that me;als are not active for this reaction. Thus, it can be
assumed that the isomerization reaction occurs on the surface of silica
activated by metals. The nearly equal activity and energy of activation
for both the catalysts suggests that the reaction occurs on the same act-
ive site and that the rate determining step is also the same: Consider—-
ing all the above-mentioned assumptions, the isomerization reaction can
be represented as follows:

k
a

Allene (g) & allene (adsorbed on metal)

Ky K “‘ K

-H
[CH —CECE]— &—= ailene (adsorbed on silica)
+H

CH.—C=CH (ad'sorbed)—,\c:ﬁB-cEcn (gas)



Two types of adsorbed hydrogen were obtained on all the catalysts;
Type I, chemisorbed hydrogen which could be removed by evacuation at room
temperature, Type II, which could not be removed cven after several hours
of evacﬁation at room temperature. Similar behaviour of ﬁz adsorption on
Zn0 was observed by Sholten and Montfoort (47), Kokes and Dent {46) and on
silica supported platinum at 25°C by Komers et al (48). The amount of
hvdrogen adsorbed on silica suppoFted platinum was less than the amount of
hydrogen adsorbed in the present study. The lesser amount of hydrogen ad-
sorbed ,on the catalyst surface could be due to the treatment of the catalyst
at 650°C. The amount of strongly held hydrogen was nearly comstant in the
pressure range studied.

Different types of adsorbed hydrogen were observed by several workers
(49,50,51). Recently, Dixon et al (51) while studying the adsorption iso-
therms at 295 and 77°K on wet and dry catalyst samples, have obtained five
kinds of hydrogen adsorption on alumina supported platinum.

The present study ZOuld reveal only two types of adsorbed hydrogen
since ali the adsorption studies were made at room temperature. Type Il
adsorption covers all metal surface and can not be removed by pumping at
room temperature. Fig. 35b shows the amount of strongly held hydrogen on
the surface and is independent of hydrogen pressure. Different tfpes of
hydrogen adsorbed on catalyst surface, observgd by several workers at very
low temperatures, are removable at room temperature by degassing the cata-
lyst for a few minutes.

The following table shows the amounts of gases adsorbed (CC(STP)/gm)
on various silica supported catalysts at 10 mm pressure and 25x1°C.

There seems to be no simple relationship between the amount of gas

adsorbed to the catalytic activity or the physical properties of the metals.



TABLE 6.3
Amounts of gases adsorbed. T=25°C, P=1l0 mmHg
CATALYST | TOTAL HYDROGEN | WEAKLY ADS. [ H_ | Allene | Propylene
ADSORPTION HYDROGEN
CC(STP)/gm CC(STP) /gm ) CC(STP)/gm | CC(STP) /gm
Ni 3.35 2.50 0.85 - 5.2
Co 2.85 1.50 1.35 4 13.5 4.0
Fe 1.10 1.10 0 5.4 7.4
Pd 2.85 2.85 0 16.0 3.35
Rh 2.55 2.05 0.50 §.15 4.55
Ru 2.05 1.35 0.70 4.55 3.40 -
Pt 2.00 1.15 0.85 3.08 2.55
Ir 1.55 1.30 a.25 3.70 3.05
Os 1.35 1.25 0.10 - 5.40 4.40
Cu 1.55 1.25 0.30 8.55 7.55
Ni-Cu 4.55 2.45 2.10 - 3.80

In the present investigation, the method used to obtain the low

pressure hydrogen (up tol1l5 mm) adsorption isotherms at room temperature ‘
was similar to the one used by Sinfelt and Yates (60). The hydrogen
uptake was obtained by extrapclating the linear portion of the isotherm
to zero pressure thus avoiding the contribution of physical adsorption
and adsorption of hydrogen by the support. Table 6.4, page 124, shows
the results of these calculations.

Table 6.5, pg-l24,shows the catalytic activity (kIOO per square
metre per gm of the catalyst) dispersion and other metallic properties

of group VIII transition metals.



TABLE 6.4
Metal surface area and H/M calculated from adsorption isotherms.
T=25x1°C
CATALYST | TOTAL VOLUME QF | NO. OF H ATOMS | METAL ON METAL SURFACE! H/M
Ho ADSORBED AT ON THE SURFACE | SURFACE AREA
ZERO PRESSURE x10-19 x10% w2/ gm
CC STP/gm gm
Ni 2.25 12,103 117.94 7.262 0.24
Co 1.50 9.682 94.73 5.809 0.19
Fe 0.10 0.538 4.99 0.323 0.01
Pd 1.85 9.951 175.75 5.971 0.35
Rh 1.55 §.338 139.92 5.003 0.28
Ru Q.45 2.421 41.34 1.453 0.08
Pt 0.96 5.164 167.22 3.098 0.33
Fr 0.44 2.367 75.51 1.420 0.15
Qs 0.30 1.614 50.95 0.968 0.10
Cu 0.55 2.958 31.20 1.775 0.06
Wi-Cu 3.50 18.827 184.22 11.297 0.37
TABLE 6.3

Dispersion and other properties of group VIII metals

METAL SPECIFIC H B, o H % ATOMIC RADIUS
ACTIVITY M = = (92) AD
M M

First Triad

Ni 11.18x10°2 .24 .16 .18 4O 1.24
Co 3.587x10-2 .19 .05 .14 39.5 1.25
Fe - .01 .01 .0 39.7 1.24
Second Triad
Pd (1) 5.772 .35 .35 46 1.37
pd (II) 9.48 -
Rh 9.05x10-1 .28 .29 .09 50 1.34
Ru (1) 3.83x10'l .08 .06 .02 50 1.32
Ru (I1) 1.51x107

Third Triad
Pr (1) 4.5%x107L .33 .05 .29 44 1.38
Pr (II) 1.007
Ir 9.35x10-3 .15 .10 .05 49 1.35
Os - .10 .07 .03 49 1.34

M(I) and M(II) represent reactions before and after the
inflection peoint.
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The results of the present investigation<g>tffnt a clear pattern
of the catalytic behaviour of the group VIII transition metals for the
hydrogenation of allené. Considering the triad of ruthenium, rhodium
agd palladium in the second long period of the Periodic Table, it can be
noted that the catalytic activity increases from left to right, i.e.
Ru<Rh<Pd. Furthermore, the increase in the activity is accompanied by
an increase in the dispersion or H/M ratio- Exactly'analogous behaviour
ie observed with cobalt and nickel, from the triadlof iron, cobalt and
aickel, i.e. nickel is more active than cobalt, agﬁ with iridium and plat-
inum from the triad of osmium, iridium and platinum. The most striking
observation is the extremely high activity of palladium compared to other
transition metals of group VIII, the difference amounting to 2 factor of
102 to 103. At room temperature (afterl5 mm of hydrogen pressure), pall-
adium absorbs a large amount of hydrogen vielding H/fd ranging from 1
to 4 at 20 to4&00 mmﬁhydrogen pressure (103). The high sorption value
may be responsible for extremely high activity of palladium.

1f the catalytic activity depends on the dispersion of the metal,

the catalytic activity of transition metals of group VIII should be in

~

the following decreasing sequence: ~

s

Pd>Pt>Rh;Ni>Co>Ir>Ru>Os>Fe
which is in fairly good agreement to the observed one.

Platinum silica catalysts with 200 mm hydrogen at room temperature
vielded a sharp absorption band at 2115cm-l and a shoulder at 2055cm_l-
On increasing the hydrogen pressure, the band at 2115 cn ! became sharper

i

and more intense compared to the band at 2055¢m +, Both bands dis-

appeared completely on degassing the catalyst for a few minutes at room



temperature. This is in full agreement with the findings of Dixon et
al (104). Repeating the experiments with deuterium, two absorption bands
were obtained at 1520 and 1&80cm_% If one of these bands could be
3ssigned.to the molecular hydrogen or deuterium adsorbed on the catalyst
surface, the addition of a mixture of hydrogen and deuterium should give
rise to an absorption band between these frequencies, due to the forma-
tion of HD. Introducticon of D2 to the sample exposed to hydrogen resulted
in a decrease in the intensity of the bands at 2115Cm:Iand 2055 et and
the appearance of two new bands at 1520 and l&SOcm_{ This suggests that
these bandé were not due to thé adsorbed molecular hydrogen or deuterium
on the surface. It can, therefore, be concluded that hydrogen adsorption
takes place with the dissociation of hydrogen molecules. These adsorbed
species of hydrogen on,platinuﬁ silica catalysts can be assigned to as
Type III and Type IV observed by Dixon et Al (51,104} on Pt-A1203 cata-
lysts.

The bands observed for clemisorption of allene on nickel catalysts
are gifen in Table 6.6.

Evacuation at room temperature had no effect on the spectra. Ab-
sorption bands at 5076 and 2985 cm~twere assigned to fundamental
asymme:ri; and symmetric CE stretching in C=CH2 groups (6,72). These

bands are forbidden in gaseous alleme (105). The absorption bands near

2900 and 2835 cm~lwere assigned’ to -CH, or H groups by Eischens
| -C-CH
M i 2
MM

and Pliskin (53). Sheppard and Ward (72) obtained spectra of different
ethyi, propyl and-n-butyl compounds of tin and iron.

The spectra of these compounds consistently showed prominent bands
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TABLE 6.6.
Infrared frequencies (observed) for allene chemisorption
in nickel.
Allene Allene adsorbed +Hp
Frequency en™l Group Group
3076 C=CH, (as) reduced )
2985 C=CH2 (s) reduced
2957 _ C-CH3(as)_
29%9 : CH2 {as)
2902 -CH -
12 (as) 2875 CH3 (s)
e 2843 CH, (s)
2840 sh -CHE
2
1< s)
M
1800 SCH2 overtone reduced
1627 c=C reduced
1450 Sy (as)
1425 =CH2 deformation reduced
1370 5033 ( s)
1325 Day gae overtone of
_8CH,¥at lower
frequencies
sh = shoulder
as = asymmetric . “

s = gymmetric
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in the 2920 .and 2895cm—lregion and weaker ones between 2835 and 2815cm-1:

The former was attributed to a —CHZ-M group representing either a lowered

\)CH2 asymmetric stretching or a raised \JCH2 symmetric fundamental com-

pared with hydrocarbons. The latter was associated to a 5CH2 overtone.

[

In the present case, bands near 2900 and 2840¢m-lrepresent a lowered

CH2 as. and s. fundamental respectively due to the attachment with the sur-
face nickel atoms. The absorption band at 1627cmvlrepresents a C=C in

a monosubstituted hydrocarbon (6} whereas the band at 1427cm_lrepresents

a =CH2 deformation mode. Absorption bands at 1800 and 1325Cﬁ_lumy be

the overtone of =CH2 deformation in the lower frequency range. Absence

of a band near 30256m-l(%eﬁ—) removes the péssibility of dissociative
adsorption of allene. If the following structure is given to‘fhe ad-

sorbed species of allene, the bands observed are consistentlfo the ex-

pected bands. ),-' ‘
CHZ ~

I

C-CH

| N

-

’ Stepwise addition df hydrogen to the evacuated sample decreased
the intensity of the bands at 3076, 2895,-1627‘and lAZScm_% Heating
the sample in 2 hydrogen atmosphere‘resulted in the complete disappear-
ance of these bands. New bénd§ with large intensities at 2955, 1450,
lB?Ccm-land a weak band at 2875cm-l;ppeared on additien of hydrogen
to the adsorbed allene sample. These bands are assigned to different
modes of CH3 group (Table 4.1). The bands at 2900 and Zaaocm-lshiftéd

to 2920 and 2843cm-lwhich represents the asymmetric and symmetric vib-

-~
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' ration modes of >CH2 group. Tﬁg§§pectra obtained for the hydrogenated
gpecies of aliene on nickel wa§ similar to the one observed by Sheppard
and Wérd (7é) for surface hydfoéenation products of chemisorbed propylene
attachfd‘to nickel at;ﬁ. While taﬁggg the spectra of different dialkyl
compounds of platinum, Morrow (82) observed \)(as)CHZIua;CH3 equal to Q.83
for a propyl group. Nearly equal intensities of:the bands at 2920 and
2955cm—lsuggests the presence of CH3(CHZ)2 group as su;face hydrogena-
ted product of allene chemisorbed on nickel.

The spectra of chemisorbed and hydrogenated propylene on nickel
silica was similar to the ome obtained for surface hydrogenated species
of allene on nickel-silica. |

At 1qw pressures, no absorption bands were observed for chemisorbed
allene on Pd and Rh. As the amount of allene adsorbed was much less than
nickel or cobalt, it seems that at low ﬁrgssures the.concentration of
the adsorbed species was not sufficient to be observed by infrared: Eow-
éver, at higher pressure, the spectra of adsorbed.allene consisted of
four bands (3070, 2580, 2895 and 2835cm_l). Addition of*h&drogen had -
an effect similar to the one observed om nickel. Thesetédnds indicate
the'same adsorbed species of allene on Pd and Rh. The spectrum obtained
after inkrial adsorption was weak and poorly defined on Pt. Although

- the observed bands occurred at positions similar to those obtained on
palladium, the weakness of the spectrum makesf;t unreliable to estimate
the surface composition from the results. After hydrogenation, an in-
tense_spectrum in the region 3000 to 2800cm-1'was obtained apd'the

. -l
nearly equal intensity of the bands at 2955 and 2920cm ~ suggests the
v .

same hydrogenated species as observed on palladium or nickel. From the
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great intensity increase on hydrogenation, it is clear that initial
adsorption on this metal gives rise to a much higher“propor:i;n of surface
‘carbides or other hydrogen-deficient surface grouping, i.e. tgat a_high
tdegree of dissociative adsorption haf/?éiurred. Sheppard and Ward (72)
and Clark (73) observed very weak spéctra'for initial adsorption of acetyl-
ene on platinuﬁ supported on silica and porous glass. Similar behaviour
was observed on copper catalysts.

The zero order ir allene and the positive order.in hydrogen show

that the former was the more strongly adsorbed reactant and that its sur-

-
-

face coverage was high, whereas hydrogen was weakly adsorbed, by comparison

and its surface coverage was correspondingly low.\\Cbhsider the following

equations: . ‘ ' : .
i"
ky H _ )
H2 + 2= ‘__."_T'_\_ 2 N (1)
L
‘ ko
kZ
. = -— ’
C3H4 = CH, (i, cI:H2 2
k_; i
B
N ky- B
H 3 ) i s
CE, = C - CE, + <~ ¢H,=C - CH, + + - (3}
} 2 l [ 2 X 2 3 . .
*» -3

Equations (1) and (2) describe the adsorption of eaéh reactant at a pair
of adjacent vacant sites. Such adsorption takes place competitively for
a gi;en pair of sites. When a surface is Highly covered with adsorbate
réquiring two adsorption sites, single sites will remaiq vacant. Adsorbed

hydrogen atoms and adsorbed allene will compete for these single sites.
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Hydrogen adsorption may take place at such\sites, as shown in Eqn. (3),

by a quasi-Rideal Eley mechanism. Alternatively, the sites of?adso§§tion
may be a pair of adjacent metal atoms, if these are not available for |
alléne adsorpéion because of the operation of some geometric factor (i.e.,
either the adjacent metal atoms form a forbidden lattice spaci&é or the
introduction of a further allene molecule would produce intolerable inter-
molecular repulsioms). Thus, the requirement of the 'single site’ in

~ step (3) is that it must be capable of activating a hydrogen moleCuie.
Bond and Wells (106) have considered this type of mechanism in the hydre-
genation of acetylene over platinum catalyst. They showed that step {3
is irreversible and the concentration of weakly adsorbed hydrogen molecule
is proportional to the hydrogen pressure. Tﬁese adsorbed hydrogen molecules
react with an adsoébed allene molecule according to step (3). Langmuir
equation can not be us;d to relate the surface coverage of hydrogen, GH,
to its pressure in the gas phase. TFor the adsorption process:

H

rate of hydrogen consumption = kiPH2E*1-+k36033a[*] PH2 =KP ) (&)

since GC ﬁ"'7L and the concentration of single sites and of pair of
374
sites will be constant for a given allene pressure at 2 given temperature.

Consequéntly, the hydrogen surface coverage is directly proportionral to

hydrogen pressure.

-

The hydrogen atom from step (3) either reacts with an adsorbed

’,

allene molecule giving half-hydrogenated state of reacts with other species.

k- : .
= c - H=—2 =c - + 2 ' 4
CH, cI: f}12+_ i F— CH, (I: CHy 2 (4)
- -
L
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From the stepwise addition of hydrogen to adsorbed allene, it is
clear that as the intensity of the bands representing the CH3 group in:
.creases, the intensity of the bands representing C=CH2 group decreases
indicating that the half;hydrogenated state from step (3) Is unstable and

it reacts with a vacant site and changes its structure.

k : ‘ -
5 . . ‘ :
cuz=cl:-cn-3+*-——>cu?_—(i;cﬂ3- , (5
* |- * ; :

The half-hydrogenated state formed in step (3) or the radical formed in

step (4) then reacts with a neighbouring hydrogen atom or molecule. .From

.step (3), the nearest reactant is a hydrogen atom which further reacts

with the half-hydrogenated state or the radical.
k

6
= - — = - -
CH2 C - CHy +H ci, = CH ‘ CH3(g) + 2 (6)
- -
k
7
CH2—C—CH3+H "'_'>CH2—CH—CH3+2* N
| © |7
™ -+ * * *
CH, = cH - CH3(g)

Steps (5), (6)-and (7} are not shown reversible as THz -C - CH3

* -+
formed in step (5) either reacts with a hydrogen atom to form adsorbed

propylene which deadsorbs from the surface to give gaseous propylene
leaving two adjacent sites for the adsorption of allene or the radical
reacts with another radical to from polymer.

* The rate of formation of propylene from steps {6) and (7)

D

<
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k.8 g+ k, & 6

- ' S (B)
6Cqlig H 77 "CoHo H K_/

. . o .
where 6, 3H5 and 6* C3H5 are surface covered by’ C3HS and C 3 5 respectively.
Applying steady state assumption for C3H5 and C.BHS’
- 2
k6., P, + k8 8 6. 8. [«]+x 8 [«1°
3 C3H& HZ 4 CBH& H 3 c H H 4 CBHS
Fkef. o [+ x 6 (©
5 C3H 6 C3H5 H P ’
L]
kb o [*] = k6. .8 (D)
5 03H5 7 CBHS H
Combining Eqns. (B) and (D),
=k -+
rate LGGCSHBGH kSGC3H5[*]
- N
= [k g +k5[ ]] (E)
5 .
From Eqn. (C), -
kBPH+k46H
2
Bcu. = Tre [olrx. 6 (F)
» -
R SN 3 SR s N L
Substituting the value of 6. 4 in Eqam. (E),
375
. RBPHé+k46H
rate = [k 6 +k5[j] ©)

0, [A+i_, [] 2+k5 [T+,

: 2
1€ kb kD> o[k, [«]

i1
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+
k3Puz kO

rate

[k3+k J PH?.

«?P
H,

The order of reaction reduces to firé; order which is in agreement
with the experimentally obtained order.

On other catalysts, the initial products of the reaction were bgth
propane and propyleng. The formation of propane may be from the hydro-

genation of adsorbed propylene.

v -
=t ks .
- - + = - - + 2
THZ TH CH3 CH2 CHZ CH3 » (8)
* - * k—s * )
g L e
- - + - _° - .
fﬁz CH2 CH3 e CH3 CH2 - CHB(g? + 2 €))]
-«* .
Total rate of allene consumption
“xf.. .6, +k .. 8, +%x, 0 6 (#)
6 C3hs H 7 C3HS H 9 C3H7 H
Rate of formation of propane
= k., @ 6 ' (1)
9 0337 H

Applying steady state assumption for C3H7 and C3H6

2 .
v g =k 6. [*] + k.8, .8 : &)
8'CyH H -8 CgHy 9°C4H, H
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k0. . 8, +k 6. [+ Tk 6 . 8 (K)
7 C3H5 H -8 C3H7 7 C3H5 H

On addéition,

kb ., 8, = k0. 8
9 C3H7 H ) 7 CBHS H
=%k_#8 [*] (L)
5 CBHS
From Eqns. (H) and (L),
total rate = k6 8. + 2k_6 [*] (98]
. 6‘C3H5 H 3 C3H5
1
Substituting the valve of &_ . from Eqn. (F),!
€385
kY [ 5[ ]] k3pH.2+k49H
= | k.8 +2Zk1*
T |6 2
: k_g8ul*l+x_, [4] +k5[*] b
2
it kseﬁ?>k—36}1[*]ﬁ‘_-a['] +ks[*]
Total rate = kBPHZ + k48H N )
=kP, P
B H
the equation reduces to first order.
2
1£ k_, []% >> k[l rigby + x 56,0
[k68H+2k5[*ﬂ [ ©
Total rate = —————— |k,F +k9} 0
k_jﬂz 3 H2 4 H

S
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1l
=
Jg+)
+
I
+d

(P)
1, T *2m

+
[kZ klPHJPHZ

When the contribution due to the first term (k,P; ) is much more than

2
the contribution due to the second term (klPH ), the equation reduces to
: 2

a second order reaction which is in full agreement to the present findings.
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7. CONCLUSION

The catalytic hydrogenation and iéomerization of allene over silica
supported transition metals, Cu and Cu-Ni alioys, was investigated over
a wide range of temperature and the initial reactant ratios in a cons-
tant volume reactor.

\ Tﬁe orders of_reaction were mostly one and zero with respect to
hydrogen and allene respectivel§ and were independent of temperature.
In the case of Pt, Pd and Ru, in the initial rate - initial hydrogen
pressure plot, an inflection point occurred after yhich the rate accel-
erated. The order; of reaction in the acce%iﬁaggd)region were 2.0,-1.8
and 1.5, respectively.

The apparent activat}on’energy for £he first ordexr reaction varied
between 3.4 to 16.4 k cal/mole and for the second order reaction it was
16.4, 8.7 and 3.4 on Pt, Ru and Pd, respectively. There seems to be no
simple relation between energy of activation and other parameters of the
catalyst. A satisfactory "Compensation effect” appears to exist for
allene hydrogena?igg}and the Arrhenius pérametef can be correlated as:

log A =-936E - O.é
The catalytic_activity was in the following sequence:

Pd>Rh>Pr>Ni>Ni-Cu>Co>Ru>Cu>1rx

On the basis of analysis, these catalysts pan’be categorized as:
a) active for consecutive reaction

HZ H2

Allene ™ Propylene —° FPropane

b) active for simultanecus reaction

Propylene

. H
Allene <fi; laz
. 2H

2 Propane

|
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oy

Nickel, copper a;a nickel—cbpper alioy fall into the firgt cate-
gory wheré only propylene was obtained as the initial product of the
rgaction; other catalysts fall into the second category.

Only iron and cobalt were active for the iSOmerization reaction.
Nearly equal activity and ehergy of activation (11.2 and 1l1.8 k cal/mole)
~ suggested that the support, in the presence of metal, was.active for iso-
merization reaction. \\

Exgept for palladium and iron, two types of hydrogen adsorption
were obtained on gll catalysts:

1) chemisqrbég hydrogen which could be removed on evacuating at

room temperature ’

2) chemisorbed hydrogen which could not be removed on evacuation

at room temperature.

The amount of different gases adsorbed was in the following
sequence: .

H2 Ni~Cu*Ni>Co = Pd>Rh>Ru>Pt>Ir = Cu>0s>Fe

Allene . P§>Co>Cu>Rh>Fe,Os>Ir>Ru>Pt

Propylene Fe>Ni>Rh>Os>Co>Cu—ﬁi>Cu>Ru>Pd>Ir>Pt

The dispersion or H/M was in the following sequence:

Ni-Cu>Pd>Pt>Rh>Ni>Co>Ir>0s>Ru>Cu>Fe
Fognggzzgfﬁlll transition metals, the activity pattern was fairly close

-~

’éo,the dispersion.

- CHZ=C-CH2 .
Infrared studies showed the presence of L i and CHB(Cﬁz)z—*

species as the initial adsorption and hydrogenated products of allene on

the surface. -
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A possible mechanism, based on the reaction product analysis,
infrared studies of adsorption and hydrogenation of allené over all the
catalysts investigated has been postulated. The mechanism satisfactorily

explains the observed kinetics of the reactiom.

-
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8. SIGNIFICANT CONTRIBUTIONS

The present investigation "Hydrogenation, isomerization, adsorptiomn

and infrared studies of allene on silica supported transition. metals of

group VIII copper and copper-nickel alloy" has been of great importance

in the understanding of the reaction mechanism and catalytic activity of

various catalysts. In summary, the following significant contributions

.

are made by the present study:

1)

2)

3)

4)

5)

6)

v

For the first time, the isomerization of allene to methylacet-

yvlene in the presence of metal catalysts (silica supported

cobalt and iron) has been observed.

For the first time, using infrared teéﬁniques, the following

structure has been assigned to the adsorbed species of.allene:
| cH

2=T' )
*

*—0O

The propbged mechanism for the hydrogenation reactidéyku;ly.

explains the kimetic behavidur of the reaction om silica s&ﬁp—

orted metals.

The follo?ing sequence is observed for the caéalytic activity

of different catalysts for the hydrogenation of allene:
PA>RE>Pr>Ni>Ni-Cu>Co>Ru>Cu> 1t

Tﬂz catalytic acﬁivity can be correlated to H/M.

ifhese catalysts can be divided into two groups:

i) catalysts active for .comsecutive reaction (Ni,Ni-Cu,Cu) -

ii) ecatalysts active for simultaneous reaction (P4,Pt,Ru,Rh,

‘Co and Ir).
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9. RECOMMENDATIONS' -
Though the detailed study of allene hydrogenation over group VIII
transition metalq suggested the dependence ‘of aétivity on dispersion or
H/M ratio, the method of preparation,'suppo;% and molecular structure play
an important role in governing the actiVity of the catalyst for a parti-
cular reaction. In order to obtain a better correlation of the activity
and to explain the reaction Pechanism'gore closely, it is suggested that
the folléwing studies should be made:-

1) Hydrogenation of allene ;ver thége catalysts prepared by difff
erent methods. 'This would expléin the variation of the activity
with the method of p}eparation of the catalysts.

25 Hydrogenation of allene, adsorption and infrared studies on
these metals on-other suéports.

3) The reaction of allene with deuterium iﬁ order to obtain fur-
ther information regarding the reaction gechanism.

4) .Adsorption and infrared studies of partially deuterated allene
iﬁ order to_éonfirm the nature of the adsorbed species.

5) More information of the adsorbed state éhould be collected by
EPR, NMR and tracer techniques. '

_ 6) Hydrogenation, adsorption, EFR Qnd infrared studies of the
isomers (methylacetyleme and cyclopropyleme) and partially

H

deuterated compounds of these isomers should be made.
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TABLE A-1

Physical characteristics of the catalysts.

CATALYST LATTICE LATTICE “ ATOMIC
STRUCTURE PARAMETER CHARACTER RADIUS
‘A (52 *A
e
Ni f.c.c 3.49 40.0 l.é&
Co f.c.c. 2.51. 39.5 1.25
c.p.h. 4.10
Fe b.c.c 2.85 39.% . L.24
Pd f.c.e 3.85 46.0 1.37
Rh f.c.c 3.82 50.0 1.34
Ru c.p.h 2.68,4.27 50.0 1.32
Pt f.c.c 3.91 44.0 1.38
Ir f;c.c. 3.82 49.0 1.35
Os c.f.h 2.71,4.32 49.0 1.34
Cu pc.c 3.61
Cu-Ni —f.c.c.
f.c.c. = face-cubic centres
b.c.c. = body-cubic centre
c.p.-h. = close—-packed hexagénal

o




Properties of the catalysts used.,
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TABLE A-2

CATALYST E k100 A log A s H/M

: k cal/mole |min~i/gm | min “/gm n®/gm
Ni 10.81 0.s119 | 1.75x10% | 6.242 | 7.262 0.24
Co 8.64 0.2084 | 2.4x10° 4.38 | 5.809 0.19
Fe - - - - 0.323 | 0.0l
Pd 8.0 566.19 | 2.75x10’ | 7.43 [s.971 0.35
Pd_ 3.4 32.10 || 3.06x10° | 2.48 - -
Rh 7.73 2528 | 1.53x10° | 5.184 | 5.003 | 0.28
Ru 5.64 0.556 | 1.1x10° 3.049 | 1.453 0.08
Ru 4.0 0.2203 | 4.8x100 | 1.686 | - -
Pt 16.4 3.120 | 1.27x10°0 | 16-10 | 3.098 | 0.33
Pt 16.4 1.420 | 5.77x10° | 9.76 - -
Ir 8.89 0.0133 | 2.1x10° 3.33 ] 1.420 0.15]
0s - - - | - 0.968 | 0.10
Cu 7.94 0.0961 | 4.31x10° | 3.63 |1.775 | 0.06
Cu=Ni 5.63 55585 | 1.1x10° | 3.045 |11.297 | 0.37
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TABLE B-1
Nickel-Silica Catalyst

Weight of ;ba_catalyst = (0.02585gm
Weight of feduced catalyst = 0.02158gm

" B-1.1 Dependence of initial rate on hydrogen pressure.

PC3H&-50t1 mm Hg
IEMP Py o, .| IEMP q, r,

*C mmﬁg um/min *C mmBg mm/min

70 . 49.5 0.45 80 45.5 0.50

71.0 0.65 " 50.0 0.55

88.5 0.80 61.0 0.65

96.5 0.90 71.5 0.75

114.0 1.00 90.0 0.95

145.0 1.30 110.0 1.20

91 50.0 0.70 100 - 42.0 0.75

71.0 0.95 49.5 - 0.90

80.0 1.15 70.0 1.20

90.0 1.25 89.0 1.45

131.0 1.80 111.0 1.95

1 130.0 2.30

110.5 25.0 0.55 110.5 74.5 1.70

39.0 0.90 100.0 1.20

50.0 1.15 113.0 .. 2.55

63.0 1.45 142.0 3.20

155.0 3.50

4
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B-1l.2. Dependence of initial rate on allene pressure.
PH2-50t1 mm .
TEMP Pe gy T, TEMP Py ~F,
c 374 C 374 .
: m/min m/nin
mm mm
80 50.0 0.55 91 50.0 0.70
75.0 0.55 .. 55.0 0.70,
117.5 0.55 . 70.0 0.75
102.5 0.75
125.0 0.75 .
100 49.5 0.90 110.5 50.0 1.25
75.0 0.90 71.0 1.25
100.0 0.90 85.0 1.25
152.5 0.90 100.0 1.25
125.5 1.25
B-1.3 Summary‘of the results.
TEMP 1/Tx10° a 2 1x10% log k E
°C o1 =1 - k cal/mole
°K- min ~/gm
70 | 2.9155 1.0 0.0 0.90 -2.1458
80 2.8329 1.0 " 0.0 1.05 ~1.9788 *‘
91 2.7473 1.0 0.0. 1.37 -1.8633 10.81
100 2.6810 1.0 0.0 1.75 -1.7570
110.5 2.6076 1.0 0.0 2.30 -1.6289
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Product distribution during the course of reaction.

B-1.4.
T=120°C P . =501 mm
C,H,
P, =501 mm P =100+1 mn
H., H,
Sl el S| S | = [Css T | S | ©

11.0| 0.0 s.g| 31.0] 1.0 | 3.0{0.0 3.3 | 36.9 | 1.0

20.0| 0.0 5.5 2s5.5| 1.0 | 7.5]0.0 6.0 | 34.0 | 1.0

32.5| 0.2 | 15.8| 17.7| 0.99{10.0|0.4 7.0 | <32.0 | 0.95

43.0] 0.2 | =20.0 8.7 0.99|20.0 0.6 11.3 | 25.7 | 0.95

51.5| 0.6 | -24.7 3.0 0.98/30.0]1.5 16.5 | 18.0 | 0.91

62.5| 3.0 | 22.4 0.4| o0.88l41.5]3.0 25.0 | 12.0 | 0.89

) 60.0 | 7.9 23.3 3.9 | 0.75

"B-1.5 Dependence of-selectivity on initial reactant pressure.

P =50+1 mm, AP=20:mm
C,H,

T°C| P B . :

8, |C3% | C3% T, | S T | Py, |Cafg| C3f |C3% | S

120 [148.5] 2.5 | 8.44] 27,09 0.77 110 51.0 [0.3L[ §.22 |25.91 /9,97*

128.5] 1.75| 10.44 | 27.88] 0.83 99.0 |0.77} 11.78 [24.73 /0.9
112.0| 0.96 | 10.67] 29.06 | 0.92 149.0 |2.50] 10.67 |25,13] 0.81
101.5| 0.77| 9.50] 25.75| 0.94 |~

87.5f 0.581 16.89 | 27.88] 0.96 '< -

62.5! 0.20 12.00] 25.92} 0.98 s

TOL| %4.5| 0.40 |p 8.11] 28.11] 0.96 | 91| 51.5 [0.20| 10.67 [29.05) 0.98

101.0| 0.77{ 11.11| 29.06} 0.94 100.0 |0.77| 11.38 [29.45} 0.94
157.00 2.40| 9.55] 29.257 29.25 151.0 |1.0 | 11.78 | 28.00 0.92

PH2=50tl_g3,AP=20' mn

P P ,

C.H, C3H,

1501 88.010.2 1 6.4 1 59.5 | 0.97 |120] 41.0 0.3 | 16.0 [27.5 ] 0.98
76.01 0.2 | 8.2 | 48.3 | 0.98 80.010.2 | 9.7 |51.5 | 0.98
61.0]0.1 | 9.1 ] 36.5 | 0.99

- 2
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TABLE' B-2

Weight of the catalyst = 0.02500gm
Weight of the reduced catalyst = 0.02092gm

B-2.1. Dependence of initial rate on initial hydrogen pressure.
?C B =5021 mm
374 ‘
TEMP PH T, TEMP PH T
c 2 | um/min c 2 mmfmin
o} mm
97.0 50.0 0.55 109.5 50.5 0.75
B 80.0 0.90 77.0 1.10
109.5 1.15 101.5 1.45
135.0 1.45 127.0 1.80
148.0 |. 1.65 146.0 2.05
121.0 50.0 0.90 131.0 50.5 1.10
65.0 1.20 60.0 1.30
. 75.0 1.85 65.0 1.50
96.0 | 1. 77.0 1.70
110.0 2.20 94.0 2.15
142.5 47.5 1.25 142.5 99.0 2.50
70.0 1.75 123.0 2.90
99.0 2.25
B-2.2. Dependence of initial rate on initial allene pressure.
P, =50+1 mm
H
2
TEMP P r TEMP P ) T
*C CBH& mm?min ‘C CBHA mmymin
mm mm
1109.5 50.0 | 0.75 121.0, 50.0 0.90
75.0 0.75 4L 72.0 0.90
105.0 0.75 102.5 0.90
- 130.0 0.90
131.0 50.0 1.10 142.5 50.0 1.25
75.0 1.10 100.0 1.25
100.5 1.10 150.5 1.25
150.0 1.10 199.5 1.25
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B-2.3. Summary ‘of the results.
TEMP 1/Tx10°] - n | mw | kx10% log k E
C .k—l ‘ min-]./sm - k cal/mOIE
97.0 2.7031 | 1.0 0.0} .1.10 - ~1.9568
109.5| 2.6132 1.0 { 0.0 1.40 -1.8539 ‘|
121.0 2.5385 1.0 | 0.0 1.82 -1.7399 5.63
131.0 2.4372 1.0 | 0.0 2.22 -1.6378 !
142.5 2.4074 1.0 | 0.0 2.55 -1.5935
B-2.4. Product distribution during the course of reactien. .
T=142°C, P, , =50:lmm :
374 : .
P, =50:2'mm Py =150:1 =2
2- 2
:ﬁ C,Hg CoH, C,E, S 82 |'CEg C4He cH, | . s
5.0 | 0.0 3.4 37.0 { 1.0 5.0 0.4 4.9 38.6| 0.93
10.0 | 0.0 6.0 30.0 | 1.0 10.0 0.8 8.0 | 35.4| 0.91
15.0 | 0.0 - B.5 27.0 | 1.0 20.0 1.9 14.2 28.3| 0.88
'20.0 | 0.0 10.8 24.0 | 1.0 30.0 2.7 21.1 18.9 ) 0.88
41.0 | 0.0 21.5 5.0 { 1.0 41.0 4.2 25.6 11.0 | 0.86
51.0 5.8 26.9 9.5} 0.82
2.0 | 0.0 2.5 40.0 | 1.0 28.0 0.6 21.0 22.0| 0.97
10.0 | 0.2 8.5 35.0 | 0.98 { 35.0 | 1.1 24.0: | 16.5} 0.95
16.0 | 0.2 11.5 29.1 | 0.98 | 43.0 1.9 [25.8 8.7 0.93
20.0 | 0.2 16.0 26.7 | 0.99 | 54.5 |' 3.6 29.3 4.7 1 0.89
B-2.5. Dependencé of selectivity on initial reactant pressure.
' Pom =50+1 mm, AP=20:mn i Y.
34 _ -
TEMP | P S TEMP | P s TEMP P S
c | % e | B2 “c B o
mn e m |
97.0| s0.0l1.0 | 109.5| 50.0 |1.0 |121.0 | 50.0 | 1.0
150.0 | 0.84 100.0 | 0.96 . | 100.0 | 0.96
150.0 { 0.86 . 150,0 | 0,87
131.0f 50.0( 1.0 142.0 | 50.0 1.0- {142.0 | 150.0 | 0.88
100.0 { 0.98 100.0 | 0.99 .
150.0 | 0.90 133.0 | 0.97
PE =50:; mmn
TENP P s TEMP P S TEMP P, -|~-8S
c Caf, | e €38, < | S
m ’ mm
142.0| 50.0 - 1.0 | 142.0 | 130.5 | 1.0 | 142.0 |-178.5 1.0
96.0 £1.0 ] 150.0 1.0




TABLE B-3
Copper-Silica Catalyst

' - 1)
Weight of the catalyst =,0.11271gm
Weight of the reduced catalyst ='0.09886gm

B-3.1l. Dependence of initial rate on initial reactant pressure.

PC H =50x] mm :

3%
~me | r, = ] =F B0 | T
°C 2. m/min ‘Cc 2 0.
. . ; ‘| mn/min
mm mm .
98.0 51.0 L 0.45 115.0 48.5 | 0.75
69.0 0.60 . = , 77.5 1.25
~583.0 0.85 o 100.5 1.65-
130.0 1.15 . 126.0 2.00
166.0 1.50 166.0 2.65
v 125.0 51.5 1.15 *135.0 | 50.5 1.35 ,
- 57.0 . 1.25 , 76.0 1.90
98.0™ .2.15 93.0 2.40
186.0 4.05 ) ot a11t.o 2.75
140.0 | 3.05 _ 145.0 3.60 .
~. 145.0 | 30.0 1.10 145.0 . | 91.0 1 2.90
NE ~56.0 - 1.80 . 120.0w | 3.80 |
65.0 2.00 - ..
P =50:1m :
By
- TEMP Pew % TEMP -} P g s
,°C 374 c: 34
mm/min . : m/ain
mm ] . mm
115.0 50.0 0.75 125.0 |, 50.5 1.15
1 4 101.5 0.75 : 98.5 1.16
R 150.0 {  0.75 149.5 1.15
© luss.o| so.0 | 1.3s_|  ws.ol s 170 |
99.5 1.45 E 88.5 1.70
- 4 : 150.0 1 = 1.35 | 126.5 1.70
» -
s s
Q.
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B-3.2. ' Summary of the results.
TBP | 1/Tx10° a |- m kx10° log k E
c -.Kfl min-l/gm ‘lk cal/mole
98 2.695 1.0 0.9 -2.046
115 2.577 1.0 | 0.0 1.30 -1.886 .
125 2.513 1.0 0.0 2.15 -1.668 7.94
135 2.451 1.0 0.0 2.50 -1.612
145 2.398 1.0 0.0 3.20 ~1.497
. ’ N
B-3.3. Product distribution during the céurse of reaction.
T=145C, P y =501l m
- 3
Py =50£l.um -~ P, =100sl.mm
2 2
AP C,Hg C4Fg cji, | s [ [CgHg | Csfg C3H, S
10.0 | 0.0 5.0 32.5 | 1.0 {10.0| 0.0 | 5.0 | 35.0 | 1.0
20.0 | 0.0 9.0 56.0 | 1.0 |20.0] 0.0 | 12.0 | 29.0 | 1.0
30.0 | 0.0 15.0 17.0 | 1.0 [39.54 0.0 | 24.0 | 12.5| 1.0
40.0 0.0 21.5 6.0 | 1.0 |55.0] 0.9 35.0 2.0 1.0
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TABLE B-4
Platinum—-Silica Catalyst

Weight of the catalyst = 0.02580gm ~
Weight of the reduced catalyst™= 0.02488gm -

B-4.1. Dependence of initf%l rate on initial pressure of hydrogen.

P =50:1 mm -
C.H, "
TEMP - P r P r - P T
c H2 0 HZ .0 H2 o.
74.5 35.5 0.25 66.5 | 0.42 107.0 | 0.65 .
50.0 0.35 84.5 | 0.52 |- 136.0 | 0.95
84.0 18.0 0.22 70.0 1 0.75 118.0 | 1.82
- 36.0 0.42 . 78.5 | 0.85 143.0 | 2.60
50.0 0.57 -] 102.0 | 1.25
94.0 -. 9.5. 0.25 ° 50.0 | 1.15 78.0 | 2.40
29.5 0.70 53.0 | 1.25 99.0 | 3.60
36.5 0.85 62.0 | 1.50 119.0 | 4.70
44.0 1.00 70.0 | 2.00 .
100.0 5.0 0.20 |. 41.0| 1.60 |. 69.0 | 3.70
16.0 0.60 48.0 | 1.75 80.5 | 4.70
25.0 0.95 51.5 | 2.15 - :
31.5 1.15 61.5 | 3.00 «
105.0 10.0 0.50 28.0 | 1.70 }  61.5 | 3.75
14.5 0.65 42.0 | 2.00 65.0 { 4.15
22.0 1.00 51.0 | 2.60 74.5 | 5.15
26.5 1.20 . 57.0 1 3.25
/

It s
-
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B-4.2. Dependence of initial rate-on initial pressure of allene.

PHZ'Sgtlmm
TEMP P x TEMP P T
“c CqH, am)min c 38, °
o o mm/min ]
- S
84.0 50.0 0.57 ~94.0 44.0 1.20
88.0 0.55 50.0 1.15 ~
1133.5 0.57 74.5 1.15
| 194.5 0.57 100.0 1.15
41.0 0.57 200.0 1.15
100.0 45.0 2.20 105.0 43.5 2.70
50.5 2.15 ‘ﬁ 50.5 2.60
174.5 2.15 . 198.0 2.60
100.5 2.15 68. 2.60
136.5 2.15 10945 2.60
B-4.3. Sun.nnary of the results.
TRMP l/Tx103 o n k:\:.'LO2 Llog, E
°C e—1 q k cal/mole
X -
74.5 | 2.8776 1.0. 0.0 0.675 -2.1703
84.0 | 2.8011 1.0 0.0 1.1 —1.9382 16.4 -
2.0 3.3 -1.4812
54.0 | 2.7247 1.0 0.0 2.35 -1.6286
2.0 - 5.45 -1.2634
100.0 | 2.6809 1.0 0.0 3.7 —1.4315
2.0 8.65 -1.0628
105.0 | 2.6455 1.0 0.0 4.6 -1.3370
: 2.0 10.65 -0.9725
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B-4.4. Product distribution during the course of reactiom. '
T=100°C; P 4 =501 mm _ ’
376
= + =
‘ ?Hz 251 mm PH2 753:1 mm
AP ;CBHS Csz ?3H4 S | AP C3H8 C3H6 CBH& ]
2.0 0.5 2.0 40.0 0.8510.0} 2.0 8.0 31.5 0.78
7.0 0.6 4.0 37.0 0.84(20.0] 3.5 10.5 27.0 0.76
12.5 1.0 6.5 35.0 0.83] 30.01 5.5 15.5 20.0 0.73
17.0 1.5 9.0 31.0 0.83 | 40.0] 7.5 19.0 154.0 0.72
21.5 2.0 10.6 28.0 0.84 | 50.0 | 11.0 20.0 7.5 0.64
e 57.5|15.5 17.0 6.5 0.52
75.0 {30.0 10.0 5.0 0.25
Py =50*1 mm Py =100x1 mm
2 : 2
2.5 0.5 2.0 41.5 0.79] 7.0110.0 4.0 6.0 0.30
5.0 1.0 4.0. j 38.5 0.791 10.5 | 12.5 4.0 | *31.5 0.24
12.0 1.5 5.3 36.0 0.77 | 20.0|16.3 3.2 26.0 0.14
‘1 15.% 2.0 7.8 33.0 10.761 30.0 |18.7 | ~ 3.0 21.0 0.14
20.0 2.5 9:0 30.5 0.77 | 50.0 | 25.0 2.0 //25?& 0.08
30.0 4.5 14.0 24.0 0.75] 60.0 | 29.0 1.7 11.0 0.06
45.5 6.7 21.0 11.0 0.76
B-4.5. Dependence of selectivity on initial reactanl pressure.
) PC H =50+1 mm, AP=20 mm
374
T HZ S T H2 S T HZ S
85 " 25.0) 0.76 85 25.0 | 0.81 100 25.0 0.82
50.0| 0.72 50.0 | 0.78 50.0 0%
75.01 0.69 75.0 | 0.73 70.0 0.74
100.5| 0.66 161.0 | 0.70 75.0 0.75
91.0 0.76
101.0 0.15
105 25.01 0.85 75 25.0 | 0.71
50.0] 0.80 50.0 | 0.65
s59.0(0.55 | ™ 75.5 | 0.62
75.0% 0.24 99.5 | 0.59
98.01 0.01
P, =50+x1 mm
)
T C3H, : T 1 C3Hy : ¢
100 20.0 0.67 gﬁo 60.0 0.80 -
30.0 0.75 75.0 0.80 '
40.0 077 120.0 0.81
50.0 0.78 :

P
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TABLE B-5

Palladium Silica Catalyst

Weight of the catalyst = 0.00025gm
Weight of the reduced catalyst = 0.00017gm

B-5.1. Dependence of initial rate on initial hydrogen pressure.
PC " =50x1 mm
? 374 -
E}
?9éP H2 ro Hz ro HZ T,
- mm om/min mm mm/min fivini] nm/min
0.0 53.0.| 0.60 9s.0| 1.101 115.0| 1.35
50.0 0.90 153.0 1.75
10.0 50.0 0.75 123.0 2.20 102.0 1.60
84.0 1.30 164.0 3.30
69.5 1.05 140.0 2.60
20.0 27.5 0.55 64.5 1.35 120.0 3.35
50.0 1.00 90.0 2.00 140.0 4.30
57.0 1.15 106.0 2.70
30.0 22.5 0.65 50.0 1.40 - 94.0 4.20
35.0 1.00 71.0 2.50 110.0 5.40
41.5 1.15 50.0 3.20 118.0 6£.00
B-5.2. Dependencé of initial rate on initial allene pressure.
P, =501 mm
By
TEMP C3H4 T, T C3H& ro T CBHA o
10.0 65.0| 0.80 [20.0 70.0 | 1.00 | 30.0 76.0 1 1.40
. 90.0-]1 =0.75 100.0 | 1.05 100.0 | 1.40
£ 121.5| .0.75 125.0 | 1.00 155.0 { 1.40
i 145.51 0.75 150.0 | 1.00
B-5.3. Summary of the results. »
TP | 1/Tx10° m n. K 15g, E
'; .K—l mindl k cal/mole
0 0.6630 1.0 0.0 1.15 -1.9388
10 3.5335 1.0 0.0 1.575 -1.8162 7.21
1.8 2.8 -1.5524 &
, 20 3.4129 1.0 0.0 2.0 -1.6985 3.4
1.8 |- 4.6 -1.3368
30 3.3003 1.0 0.0 2.5 -1.6016
v 1.8 7.4 -1.1304
-8
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B-5.4. Product distribution during the course of reaction.
T=40C, PC H =501 mm
374
PHZISOtl i Hz-lOOtl mm
AP C3H8 C3H6 CBHA S AP C3H8 C3H6
mm - mh
Tim mm TIm mm mm
2.5 0.3 2.2 " 48.5 | 0.87 | 4.0 1.5 2.4
7.0 0.6 4.8 44.0 | 0.88 |12.0 2.9 5.6
20.0 2.2 .1 13.4 30.7 {0.86 (20.0 4.8 8.4
27.0 3.0 16.8 26.2 j0.85 {30.0 8.4 12.0 /,QG 0
35.5 3.7 22.4 19.3 | 0.86 [38.0 | 11.2 | 14.5
47.0 14.8 14.5
58.5 | 20.1 12.0
B-5.5. Effect of initial reactant pressure on selectivity.
PC H =501 gm, 4P=20 mm
374
Tflé? H2 S Hz S H2 S
mm mm ‘
40 52.0( 0.86 79.0 | 0.7& 1 0.57
68:0| 0.79 | 102.0 | 0.64 | ™1 0.41
30 50.0) 0.87 160.0 | 0.55
101.51 0.75 225.0 | 0.50
20 54.01 0.88 157.0 | 0.71
104.01 0.79 194.0 § 0.66
P =501 mm, AP=20-mm
5
TT.:IMP C3H4 T.ﬂ@ S
c c
mm ]
40 50.0 0.86 20 0.98
91.5 3 Q.96
152.0 .96
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TABLE

B-6

Ruthenium-Silica Catalyst

Weight of the catalyst -0.i0900gm
Weight of the reduced catalyst = 0.09706gm

B-6.1. Dependence of initial rate on initial hydrogen pressure.
%‘H =50+1 mm
36 0
.TgﬁP H2 T, H2 r, HZ ro ’
om mn/min T mm/min mm mm/min
65.0 49.5 0.60. 100.0 1.20 150.5 2.25
) 65.5 0.80 120.0 1.50 165.0 2.60
80.0 0.85 135.5 1.90
53.0 | . 75.5 0.75 130.5 1.30 160.0 1.60
100.0 1.00 144.5 1.42
75.0 40.0 0.60 70.0 1.05 120.5 2.25
50.0 0.75 85.0 1.25 140.0 2.90
62.0 0.90 105.0 1.75 160.0 3.55
85.0 35.0 0.60 61.5 1.05 114.5 2.80
45.0 0.75 85.0 1.65 130.0 3.45
50.0 0.85 100.0 - 2.25 150.0 4.15
100.0 21.0 | ~0.40 50.0 1.00 89.5 2.70
30.0 | 0.57 60.5 1.25 115.5 3.70
"40.0 0.75 69.5 1.70 125.5 | "4.45 N
8-6.2. Dependence of initial rate on allene pressure.
P, =50x1lmm
Hy
TFMP C3H4 ro _T?%P C3H& ro T?ﬁ? C3H4 ro;
¢ mm nm\/min mm m /min f)c & mm/min
75.0 50.0 0\75 85.0, 40.5 0. 100.0 38. 1.00
59.5 | 0475 50.5 0.85 50.5 | 1.00
88.5 1 0.75 899.5 0.87 100.5 1 0.98 -
129.5 | 0.75 160.5 0.85 160.5 | -0.98
153.5 | 0.75 ' 203.5] .1.00

-
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B-6.3. Summary of the results. .
TEP | 1/Tx10° | = n K log, E
‘' .Kfl k cal/mole
53.01 3.0488 1.0 0.0 1.0 -1.9996
65.0] 2.9585 1.0 0.0 1.22 -1.9132
1.5 2.44 -1.6125
75.0}1 2.8735 1.0 0.0 1.475}1 . -1.8309
1.5 0.0 3.136 -1.5033 5.64
85.01 2.7932 1.0 0.0 1.70 -1.7692 &
b 1.5 3.84 -).4153 4.0
100.0] 2.6809 |-1.0 | 0.0| L1.875[ -1.7267
1.5 5.037 | -1.2976
= \ ‘
5-6.4. Product distribution during the course of reaction.
T=100°C, PC q =50+1:tm
3%
H2 AP C3H8 Q3H6 C3H4 S AP C3H8 C3HG CBHQ S
so| 5.0l o0.6.] 3.0} 37.1| 0.82{30.0} 3.2 | 15.1 | 20.1 | 0.82
+1 [14.5 1.9 7.8 30.7 0.80 | 46.5 5.0 22:6 7.6 0.82
20.0 | 2.2 9.9 26.9 | 0.81
75 110.0 1.0 5.0 34.9°| 0.841 30.0 3.7 15.3 20.5 0.81
+1 |20.0 2.7 11.2 25.8 0.81 40.0 4.4 19.4 14.4 0.82
100} 3.5 0.6 2.8 36.4 0.81] 30.0 3.5 15.3 19.7 0.81
1 [10.5 1.3 5.8 33.0 0.82] 40.0 4.3 19.4 13.5 0.82
20.0 | 1.9 9.5 | 27.6 | 0.81}52.0] 6.0 25.2 5.7  0.81
B-6.5. Effect of reactant pressure on selectivity.
PC3Ha=SOil"m,API=20'mm o |
T?g? H, s B, s E, 5
it mm m
100.6 | S0.0 (~0,81 | 100.01 0.82 | 160.0 | 0.7Z}
76.0 0.80,] 108.0 0.82°
86.0 0.84 130% ¢ 0.81
85.01 56.0 | 0.82 | 123.5) 0.8l
103.0 | 0.79 {149.0] 0.81
75.0 48.5 0.80 100.5 0.81
50.0 0.81 157.0 0.82
P.. =50=1-mm, AP=20-mm
) ‘ . ,
TFEP -C3H4 S C3H4 S C3H4
100.0 50.0, 0.81 100.0 0.81 151.0 Q.81
75.0 0.80 1?0.0- 0.81 156.0 0.82
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TABLE B-7
Iridium Catalyst

Weight of the catalyst = 0.03100gm
Weight of the reduced catalyst = 0.02913gm

2

/‘_l

B-7.1. Dependence of initial rate on initial hydrogen pressure.
PC B =50%1.5wm .
374
TEEP Hz r, HZ T, H2 r0
mm mm/min mm o /min mm mm/min
205.0 110.5 0.60 176.0 "TE4€L\ 248.0 1.50
153.0 0.95 200.0 ? 1.2
193.01 74.5 0.30 180.0 .85 T1300.0 1.40
124.5 0.55 232. 0 .10
370.0 | 100.0| ©0.80 180°5| 1.45 | 234.0 | 2.00 ~,
130.0 1.05 6.0 1.60 .
230.0| 120.0 1.15 4 195.5 1.95 272.5 2.70
. 160.0 | 1.60 /I 250.0) 2.45
0.01 100.0 1.55 198.5 3.20 300.0 4.85
140.0 2.25 250.5 4.00
B-7.2. Dependence of initial rate on allene pressure.
P =20022 mm
H2 S .
TFMP C3Ha T, T?MP C3H4 T T?MP C?’H[+ T,
C c . c .
m mm/min mm mm/min b mm mn/min
220.0 | 200.0 1.70 230.0 50.0 | 1.95 | 260.0 49.0  3.10 |
105.5 1.65 100.5 | 1.983 115.0  3.10
50.5 1.70 150.5( 2.00 142.5  3.05
150.5 1.63 215,011 1.95 199.0 3.10
B-7.3. Summary of the results.
frpe |1/mx10° | = n kxc10° Log, E
‘C ~x-1 min~L/min k cal/mole
193.0 | 2.1459 | 1.0 0.0 0.475 -2.3227
1205.0 2.0920 | 1.0 g.0 0. -2.2213
7760+ 2.0283 | 1.0 0.0 0.78 -2.1035 8.89
230.0 | 1.9880 | 1.0 | 0.0 1.100 -1.9581
260.0 | 1.8761 | 1.0¢ 0.0 1.660 -1.7794

£
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B-7.4. Product distribution during the course of reaction.
T=260°C, Pc - =50%1 mm
374
H2 AP CSHB C3H6 C3HA ) AP CBHB C3H6 C3H
200 3.5] 0.5 3.0 37.5| 0.86] 34.5| 2.6 { 17.1 | 14.0 0.87
#1 1 11.5) 1.1 7.6 26.110.871 46.5} 3.7 | 22.7 6.5 0.86
20.0 1 1.1 9.0 25.81 0,89
250 4.0 0.2 1.5 28.81 0.88) 30.0] 2.2 | 13.6 | 16.7 0.86
*1 1 20.0| 1.6 20.0 21.01 0.86] 44.01 3.7 | 19.8 6.5 0.84
300| 10.0| 2.0 4.5 28.01 0.69] 50.0| 7.7 | 15.9 7.6 0.67
1 | 20.0| 3.0 6.5 22.5|0.68] 74.57 20.2 9.5 3.0 0.32
30.01 3.5 12.0 18.0{0.77 | 84.5] 24.5 4.1 2.6 0.14
B-7.5. Effect of reactant pressures on selectivity.
P =50%1 mm, AP=20 mD
C5H, ‘
TEMP H TEMP | H S TEMP H s
. 2 0 2 . 2
c C c
mm T . mo
230.0 | 154.5| 0.88] 245.0|156.0 | 0.88 260.0| 100.0 | 0.90
199.0; 0.86 200.0 1 0.87 150.0 | 0.90
232.0| 0.85 244.0 1 0.84 200.0 1 0.89
) - 250.0 | 0.86
300.0 | 0.68
P.. =200z1 mm, AP=20 mm
)
'I.'E;I(':IP, C3H£i S C3H& S 03H4 5 .
/\\ IIIFI_V mm mm
260.0 53.0 0.89 105.0 0.90 271.0) 0.88¢
©| e2.0,] 0.89 150.0 | 0.90} ",
<0 0.90 204.5 | 0.90
y
L .
N
-~
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TABLE

B-8

Rhodium Catalyst

Weight of the catalyst = 0.02509gm
Weight of the reduced catalyst = 0.02341gm
8-8.1. Dependence of initial rate on initial hydrogen pressure.
PC u =50+1 mm
3%
. |TEMP H
o 2 Yo B %o 2 T
mm om/min mm mm/min mm mm/min
20.0 | 55.5 0.40 . 98.5 g.70 143.0 1.02
65.0 0.50 104.0 0.74
30.0 49.0 0.54 102. 1.10 153.0 1.65
75.0 0.85 128. 1.35 :
140.0 51.0 0.80 92.0 .96 116.5 1.85
68.0 1.10 96.0 1.02
50.0 | 50.5 1.17 79.5 1.80 100.0 2.27
60.0 1.38 97.0 2.20 124.5 4 2.75
B-8.2. Dependence of initial rate on initial £1)lene pressure.
P, =50%lmn
. 'Hz . "
T?%P 031-1‘,4 . T, C3H& T ’ C3H&- T -
mm wn/min om mm/min mmn mm/min
30.0 50.0 0.54 103.5 0.54 182.5{ 0.55
66.5 0.55 149.0 0.54 .
40.0 50.5 0.80 127.5 0.80 192.5| 0-80
99.5 0.80 150.5 0.80 '
50.0 50.0 1.17 98.0 1.17 205.0 1.17
79.5 1.16 125.0 1.17
B-8.3. Summary of the reéults.
L1
e | A/Tx10° | m a R E
°C KT mia~> k cal/mole
20.0 | 3.4129 1.0 0.0 0.71 -2.1543
30.0 | 3.3003 1.0 0.0 1.07 -1.9701 .73
40.0 | 3.1948 1.0 0.0 ; 1.58 -1.8008 :
50.0.] 3.0959% 1.0 0.0 2.27

-

-1.6350
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B-8.4. Product distribution during the course of reaction.

- T=S0°C, P =501 mm
G,
5 ‘p_ m50:lmm ' P, =100+.mm
iy - Ha
ii C,Hy C,l, C,H, 3 ?P C,Hg ToHg TH, 3
3.5| 0.3 3.3 | 42.8] 0.91] 2.0 | 0.2 | 2.0\ 43.9 | 0.93
10.0| 0.6 | ‘7.6 36.4 ¢ 0.92] 7.0 0.6 5.6 36.6 0.91
20.0 | 1.3 14.4 29.5| 0.92| 10.0 | 0.8 9.0 37.5 0.92
30.0] 1.8 21.6 19.3| 0.92| 20.0 | 1.3 | -13.8 28.0 0.91
44,01 2.7 30.4 6.81 0.92| 30.0 | 2.2 23.3 18.2 0.91
40.0 | 2.5 27.6 10.2 0.91
51.0 | 4.3 34.6 3.4 0.89
B-8.5. Effect of initial reactant pressure on selectivity.
?C H =50+1 mm :
374 :
TEMP H, S TEMP H, S TEMP H, 3
‘C ‘C *C o
30.0 50.0 | 0.92 | 40.0 52.5 | 0.92 | 50.0 47.5 | 0.94
63.5 | 0.88 101.0 ] 0.91 53.0 | 0.94
103.5 | 0.88 148.0 | 0.91 73.5 ] 0.94
148.0 | 0.88 100.0 | 0.92
117.0 { 0.94
. P32=50tl mm
TE.I{P C3B‘L; S TE.MP ) C3H'a S TEMP C3H4 s
c . c o
30.0 50.0 | 0.92| 40.0 50.0 | 0.92] 50.0 50.0 | 0.94
110.0 | 0.94 101.5 | 0.9 100.0 | 0.94
157.0 | 0.94 152.01 0.96 166.0 | 0.94
s/

.
b ir e
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TABLE B-9
Cobalt Catalyst

Weight of the catalyst = 0.59670gm
Weight of the reduced catalyst = 0.41259gm

B-9.1. Dependence of initial rate on initial hydrogen pressure.
P = 50+1 mm -

| CaH,
H .
TE%P 2 %o HZ To Hz : ro
om mm/min m mm/min mn mm/min
50.0 50;5 0.67 . 60.0 0.75 114.0 1.57.
150.0 2.00 204.5 2.72 .
55.0 50.0 1.05 70.0 1.40 90.0 { - 1.90 -~
105.5 -2.10 145.0 2.85
60.0| 50.0 1.30 52.5 | . 1.86 77.5 2.00 "
105.0 2.75 153.0 {. 3.85 201.0 5.20
70.01 40.0 1.45 50.5 1.85 53.0 1.95 ’
" 67.5" 2.45 84.0 3.10 .
80.0 37.0 1.50 50.0 2.05 L '52.5 2.15
58.5 | 2.40 105.0 4.30 12¢.0 |- 5.25
B-9.2. Dependence of initial rate on initial allene pressure.
: P =50+1 mm . e
THy )
IE%P ] CSH& ro | C334 ro -C3Ha ro
“m mz/min mm om/min mm mm/min
50.0 75.0 1 0.67 115.5|  0.67 .130.5| 0.67
-150.0 ¢+ 0.67 '
60.0 68.5 1.35 8791 1.30 ¢ +113.5 1.35
— 142.5 1.35 171.0] . 1.35 .
8§0.0 -77.0 1.50 . 99.5§ 1.50 129.5 1.50
184.0 | 1.50 | s :
' B-9.3. Summary of the results. .
TEMP llTxlO3 m n klei_ Log; E
°C ‘xt . | min k cal/mole
50.0 | 3.0958 1.0 0.0 1.325 -1.8772
55.0 3.0022 1.0 _,JQJl—«’\JQ%ﬁi} =1,6985 .
60.0. 2.9410 1/0 0.0 2. ~1.5846 8.64.
70.0 | 2.8740 | 1N b 0.0, | 3.650 | -1.4373 ot
80.0 2.8351 1/04 0.0 4.100 -1.3868




-168-

B-9.4. Product distribution during the course of ‘reaction.

T=80°C, P =50+1 mm
CBH&
PH2=50tlmm' PH7=lOOthm
AP C3HS : C3H6 | C3H& S AP CSHS C3H6 C3H4
mm om mm mm mm | mm
3.0] 0.2 5.2 1 39.2 | 0.96 5.0 0.3 6.4 | 38.4 0.95
9.0} 0.3 6.8 35.1L 1 0.95 | .10.0 0.5 9.7 | 34.0 0.95
20.0! 0.7 | 15.7 | 25.4 | 0.96 | 20.0 1.0 |18.6 | 24.6 0.95
30.0] 0.8 | 20.6| 19.0 | ©.96 | 30.0 1.2 |26.277 16.8 0.95
39.0f 1.0 | 26.8} 12.3 ] 0.96 | 40.0 1.6 |34.2 8.2 0.95
55.0] 1.4 | 35.0 1.1 | 0.96 | 49.0 3.9 [36.2 3.4 0.80
B-9.5. Effect of initial reactant pressure on selectivity.
PC B =5021 mm,-AP=20 mm
374 ) .
T?ﬁ? H2 Hz S Hz S
mm mm m
50.0| .~ 49.0{ 0.95 | 101.0 0.95 | 151.0 | 0.96
k0.0 50.0| 0.96{ 100.0 | 0.96 | 149.0 | 0.95
70.0 52.01 0.96 | 100.0 { 0.96 | 145.0 | 0.96
80.0 50.07 0.96 74.0 1 0.96| 102.0} 0.95
155.5| 0.9%4
p_'=50:1 wm, AP=20 mm
K, -
TI;."!C':IP PC3HA(A) CBHS C3H6 C3H&(A) ‘ CBHA(M) S
e mm puvie mm
mm
80.0 77.5 0.68 13.61 5040 0.25 0.94
102.5 0.68 12.78 72.05 0.50 0.92
146.0 0.68 10.72 | 110.50 1.00 0.86
120.0 0.68 10.31 | 106.00 1.00 0.86
“‘\;’
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APPENDIX C

RESULTS OF ISOMERIZATION REACTION
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TABLE C-1

C-1.1. Isomerization equilibrium on iron catalyst.
‘Weight of the catalyst = 0.&585gm

Pallene_so.:2 mm

=r] t | A M TEMP T A M

*C min A A *C nin pA %
165 1 96.0 4.0 200 0.5 88.4 11.6
2 94.0 6.0 3 64.7 35.5
3 92.2 7.8 10 39.0 61.0
5 86.1 13.9 15 35.5 64.7
10 76.8 23.2 20 30.2 69.8
15 | 70.7 | 29.3 30 26.2 | 73.8
30 57.3 42.7 120 16.5 83.5
240 17.0 83.0 2490 16.4 83.6
360 16.5 83.5 360 16.2 83.8
480 16.0 §4.0 480 l6.1 83.9
I 600 15.7 84.3 600 16.1 83.9
720 15.7 84.3 720 16.1 83.9
175 0.5 91.4 2.6 185 0.5 S4.4 5.6
2 90.7 9.3 3 79.5 20.5
6 78.0 22.0 10 |- 57.8 42.2
10 70.8 29.2 15 50.0 50.0
20 55.5 44.5 20 43,2 56.8
30 66.4 33.3 30 33.3 66.7
480 16.0 84.0 360 16.5 83.5
600 .| 16.0 84.0 480 16.0 85.0
720 16.0 84.0 600 16.0 84.0
720 16.0 £84.0

A = allene, M= methylécetylene

C-1.2. Distribution of isomers with methylacetylene as the inicial

substance.
PM=50i2 prees
TEMP t A M TEMP |- A M
eC min % A *C A %
175 720 | 15.3 | 84.7 200 16.0 84.0
. 1440 15.8 184.2 16.0 84.0.
2160] 15.8 184.2 16.0 84.0 -

| N
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C-2.1. ¥Kinedcs of isomerization on iron catalyst.

Weight of reduced catalyst

0.35688gm.

T=115°C
P A A T o
mi o o ave graph
0 42.41 1.2 197.2 0. 0.24 0.25
+2 44.7) 1.7 95.4 0.
42.5! 3.8 [91.6 0.
39.4| 5.0188.1 0.
T=1
P t A M AM oM T T
A ave graph
0.5 { 40.9 1 0.3} &41.2 g9.2| 0.8 0.62
x2 3 | 0.1 | 2.2 42.3 94.9| 5.1 0.75 10.69 0.71
S L az2.0 ] 3.4 45.4 92.5| 7.5 0.72
7.5 | 38.6 | 4.7 | 43.3 89.11 10.9 0.67
10 39.5 | 5.2 | 45.7 86.4 { 13.6 0.68
75 7 | 62.1 | 1.6 ] 63.7 97.7 | 2.3 0.74
*2 4 1 60.5 | 3.0 63.5 95.2 | 4.8 0.78
6 | 58.3 | 4.6 | 62.9 92.6| 7.4 0.81 0.77 0.80
g | 58.1 6.0 64.1 90.8 | 9.2 0.78
9 {57.2 ) 6.5| 63.7 89.8 | 10.2 0.71
15 | 54.0 110.0 | 64.0 84.4 | 15.6 0.74
100 3 1 80.4 | 2.1 ] 82.5 2.5 1.06
2 4 | 77.2 v 4.0 8l1l.2 5.0 1.04
& | 77.2 5.6 | 82.8 6.7 0.97 0.99 0.98
8 | 76.5 | 6.8 | 83.3 §.2 0.88
. 10 | 74.9 | 7.5 | 82.4 9.0 0.79%
125 15 | 92.9 [1l.2 | L04.1 0.7 0.80% B
x2 10 | 95.2 } 9.3 | 104.5 8.9 0.98
105.7 | 0.6 | 106.3 0.6 2.49% 1.13 1.15
2.5 |102.0 | 3.1.1105.1 3.0 1.28
4 | 97.4 | 4.7 J102.1 4.6 1.20
6 | 97.4 | 6.2 | 103.6 1.07
T=145°C
30 .5 | 42.8 | 0.3 43.1 0.7 1.24 -
=2 2 t 40.6 | 2.2 | 42.8 5.6 1.12
4 | 38.8 | 3.6 | 42.4 9.7 1.09 1-13 1.20
5 | 38.6 | 5.0 | 43.6 1.4 1.07
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T=155°C -
N A M A+M %A ™ | T T.ve T raph
om min mm mm mm
50 0.25 | 40.5) 0.4 40.9 | 98.9| 1.1 1.73% | .
£2 2| 39.0] 3.1 42.1 1 92,8 7.2 1.57 1.39 1.45
51 36.3| 5.2 41.5| 87.51]12.5 1.41 |
1 6.5 361y 7.4 41.5| 82.1}17.9 | .29 -
gl 33.11 8.7 51.81 79.2120.8 1.25
5 6.2 59.7] 3.3 63.0 | 94.71 5.3 1.73
=2 6.4 1 55.7) 6.8 62.5 | 89.1] 10.9 1.83 1.76 1.80
6| 53.21 9.6 62.8 | 84.7115.3 1.77 ) :
s| s50.7112.2 62.9 | 80.7 | 19.2 1.73 e
100 | 0.75| 80.4| 1.9 32.3| 97.7| 2.3 2.51
+2 2| 78%0| 5.0 83.0 | 94.0] 6.9 2.56 2.43 2.55
4.5 75.4] 9.3 g4.7 | 89.0} 11.0 2.21
125 = 89.9] 15.4 | 105.3 | 85.4| 4.6 7.82
+2 4| 94.2]10.3 | 104.5| 90.1f 9.9 2.74 2.76 3.05
2| 99.0| 5.3 1 104.3| 95.0( 5.0 I 2.72
—
c-2.2. Summary of the results.
TEMP 1/Tx103 T~ ~ log r/? E -
°C ox-1 k cal/mole
— 1115 2.5773 0.24] - -2.3177 ] ~
135 2.4510 0.69 -1.8626 11.8
145 2.3923 1.13 -1.6460| = ' .
155 2.3364 1.39 -1.4590 -
~ -3 .
Logk at 1/T=2.5x10 or at 127°C -2.050

§.912x1073min ™t
.0250min~1/gm

*k

nouou

!
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A

Allene isomerization on cobalt catalyst.
Weight of the reduced catalyst = 0.89513.

T=80°C PAESO:me
P t A A+M A M T T T
A min mm mm mm/min ave G
mm mm/min | mm/min
30.5 2.0 45.17 0.31 %} 99.31 | 0.69 0.17
50.5 5.5 JA46.73 0.75 98.35 1.65 0.15 0.144 1.25
50.0 10.5 44,05 1.26 §97.22 2.78 0.13
52.01 15.0 45.17 1.90 | 95.96 | 4.04 0.14 .
50.0 34.0 40.37 3. 44 52.00 5.00 0.13
T=580°C
Py t A A+M A ZM r T T
mm min mm mm : mm/min ave G .
mm/min | mm/min
51.0 2.0 45.17 0.63 98.6 1.4 0.36
49.0 5.0 42.93 1.00 97.7 2.3 0.23 0.20
51.5 10.0 44.07 1.88 95.9 4.1 0.22 .
51.0 20.0 42,19 3.57 92.2 7.8 0.21 0.246
50.0 30.0 38.52 5.00 88.5 1.5 0.21
100.0 - 2.0 90.50 1.15 98.75 2.3 0.63%
99.0 1+ 5.0 gg.22| 2,301 97.46 | 2.54 0.51
99.0 160 |° 87.22 3.13 96.54 3.46 0.33 0.375 0.35
§99.0 20.0 81.20 5.63 93.51 6.49 .33 . :
9.0 30.0 78.20 §.13 90.58 9.42 0.33
124.5 5.0 103.76 2.19 97.93 2.07 0.52
124.5 10.0 102.26 3.75 96.56 3.44 0.44 0.453 0.45
124.5 30.0 98.00 6.28 §3.93 6.02 0.40
T=100°C
PA t A A+M %A M T Tave G
min mm mm om/min | mm/min| om/min
om g
49.5 1 1.0 43.8 0.3 43.20f 0.7 0.35
51.0 3.0 44 .44 0.94 45.38) 2.07 0.36
49.5 5.0 43,89 1.56 45.45) 3.43 | 0.35 0.343 0.35
49.5 10.0 40.37 2.81 43.18 6.51 0.34
50.0 20.0 38.15 4.69 42.84110.95 0.30
75.0 2.5 65.92 1.25 67.17F 1.86 0.56
75.0 1 5.0 66.30 1 "2.50 68.80] 3.63 | 0.56
74.5 | 10.0 $2.20 | 3.75 65.95| 5.69 | 0.44 0.500 0.43
74.5 21.0 57.0 7.26 64.26]11.30 C.44
97.0 3.0 8§6.47 1.75- £8.221 1.99 0.65
98.5 5:0 86.47 1 2.50 88.97( 2.81} 0.57 0.590 0.56
100.0 | 10.0 84.21 ) 4.76 88.971 5.35 | 0.55
100.0 | 20.0 81.20 | 8.51 90.31]10.51 | 0.51%
126.5 2.0 109.77 1.25 110.02] L. I 0.72
125.0 | 5.0 | 103.00 | 2.63 | 105.63} 2.50 | 0.63 ¢ 53 0.65
125.0 10.0 102.25 5.00 107.25| 4.70 0.6l
125.0 20.0 98.20 8.76 106.96) 8.20 Q.54 %
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. 4
T=116°C
P, t |1 A M AR % A M t rav g
o min mm ™m mm i mm/min mm/min‘ mm/min
51.5 2.5 42,224 1.50 43.72 7| 96.57 3.42 1 0.70
o0 | o | 40i00 |21 | 42.19 | 94.80 | 5.20) 0.67
49.0 6.0 38.52%] 3.25 41.77 | 92.00 7.78 1 0.68
51.0 | 10.0 | 38.50 5.26 43.76 | 97.98 | 12.02 | 0.66 | 0.646 | 0.700
50.0 | 12.5 35.90 6.07 42.00 | 85.55 | 14.45 | 0.63
50.0 | 25.0 29.63 9.70 39.33 | 75.33 | 26.67 | 0.358
50.0° | 15.0 | 35.56 6.58 | 42.44 | 83.79 | 16.21] 0.60
75.5 2.0 | 65.55 1.88 67.43 | 97.76 3.24 | 0.86
75.5 4.0 | 64.81 3.00 67.81 | 95.57 4.43 | 0.86
75.0 6.0 | 61.11 | 4.26 65.47 | 93.48 6.52 | 0.83 -
2e's | s.o | 60.37 | 5.32 | 65.69 |91.90 | 8.10} 0.81 0.830 ) 0.750
76.0 | 10.0 | 58.89 6.88 65.77 | 89.54 | 10.46 | 0.85
75.0 | 20.0 | 52.96_111.50 63.46 | 82.16 | 17.84 | 0.75 ™
102.0 2.0 | 88.72 2.41 | 91.13 | 97.35 2.65 | 1.35
102.0 | 4.0 | 85.71 | 4.07 §9.78 | 95.47 4.53 | 1.19
95.0 6.0 | 81L.20 5.27 86.45 | 93.92 6.08 | 1.05
99.0 8.0 78.95 6.88 85.83 | 91.98 g.02 | 1.05 | 1-090 | 0.950.
f""’__\ 000 1100 | 7506 | sia3 | 87.07 |90.66 | 9.3} 1.00
100.5 {20.0 69.93 |13.45 83.38 {83.87 | 16.131 0.90
125.5 7.0 |106.01 2.88 |108.89 | 97.35 2.65 ] 1.68
125.0 | 4.0 |105.26 4.88 |109.15 | 95.57 4.43 | 1.42 .
“TT26.5 | 6.0 |103.00 | 6.26 109.26 194.27 | 5.73 1 1.25 | 1.267, |1.200
125.5 8.0 95.25 7.76 |107.01 | 92.75 7.251 1.18
125.5 | 10.0 96.99 9.01 . |106.00 |91.50 8.50 | 1.11
124.5 |20.0 90.22 |15.01 |105.23 |85.73 | 14.27 ] 0.96
125.5 |30.0. | 85.71 [20.26 |105.97 |80.88 19.12 | 0.88

C-3.2. Summary of the results.

7
(ET 1/Tx10° rg - | z/P log r/P E
°C ox-1 mm/min min~l k cal/mole
- 80 2.8329 0.125 0025 -2.60206 “
g0 2.7548 0.20 .004 -2.39794 i1.8
100 2.6810 0.35 .007 ~2.15490 :
116 2.5707 0.70 .014 -1.85387

log k at 1/T=2.5x10° or at 127 = -1.645

K = 0.023min7}
¥k=0.0253 min +/gm

A

s



\\.

RESULTS
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£
.

SETTING OF THE SPECTROPHOTOMETER -

Slit program program {1000)

Gain 4
Attenuator speed 1100
Scan time 10 x 32
Suppression 6

Scale " linear
Source current 0.8 Amps.

Spectral slit width

The approximate spectral slit width may be determined from the

13

following egquations.

mn
1. Sin & = -
v - TN
T~
2 o ™,
cosk v's : :
2. sy = F(s) 2 + Cos 6
na nf ~,
>
8 = the angle of diffraction .
n = grating lines per centimeter ) “\“\\ AN
o . -1 -
Av = spectral slit width in cm
13 = monochromator focal length
m = grating order
v = frequency, c:m-l at which &v is determined
a = effective aperture of the collimated beam
ol = mechanical slit widcth in centimeters
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F(s) = A function of £1it width which has a value of approximately

/"'E}.Q at extremely narrow slits. *For a slit opening such that
[

ey

t {the first term of Eqn. (a) abproaches the Rayleight term

A

E( 2b(dn/dx
with reasonable accuracy, F(s) shall be considered as a

cé&s\tant equal to 0.5.
N

), the value of F(s) approaches 0.5 For simplicity,
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APPENDIX E

SAMPLE CALCULATIONS



Ni—Siiica Catalyst

-140-

E-1. Weight of reduced catalvst

IT.

Weight of silica = WS

Weight of compound used = W
com

Total weight = WS + W =W

com C
M

molecular weight of compound

A

atomic weight of metal

M gmof compound contains = A gm of metal

W will contain = % x W

com com

After reduction, total weight should be:

A
(WS + M wcom)
- A
WC—': (WS + M “com

W gm catalyst is reduced:

W A
W= W (WS N wcom)
c
For Ni
. .02585 58.71
= TEEsTo 37876 (40 290,81

Il

.02158.

*\\ ;

J

x 0. 3#874//

Catalyst = 5% metal by\ﬁézgzz\\\\___;’/fﬁ\‘ﬁx

Weight of (silicatmetal) =

20

= wt. of silica x 19

of silica gg_x wr
X g .

wt.
total wt.
1.45112 _ 20 _ o
T 57588 X 19 * (08 T

Reduced wt. =

.02158gm.

(weight of silica +

§§ X wt. of silica)

of catalyst used
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Calculation of Emergy of Activation (E)

Using Eqn. 4.5 and Fig. 7

< 10° = 2.36x10° S

Slope = =

___E .5
2.303xR .2

(o] L]

3

£=2.363 x 2.0 x 2.303 x 10” = 10.8 k ¢ /mole.

Calculation of overall rate constant (kloo)\and frequency factor.

3 7/

From Fig. 7 at 100°C or (1/T=2.6801x10 ~)

the value of log, k=-1.7565 = 2.2435

z = 2
klOO .01752
.01752

_ _ . =1
loo/gm = 57158 0.8119%min /gm

k

E
loglok.— loglOA - RT

E
loglOA = loglok + RT ‘

10.81x103

0.8119 + T 3865%(300+273)

log, ga = 6.242

A= l.?leO6 min—llgm . -

Calculation of selectivity data given in Table B-1.3.

p, =100=1mm, Pg y =50+.5 m, AP=60 mm

2 374

_23.3

=633 07°

S
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E-5. Adsorption Studies

E-5.1. Volume of the deser (Vd)

Volume of Hg calibrated loop = Vl = 15.6600 cc-
Pressure of He in the Hg calibrated loop = Pl

Pressure after expansion in the doser = P

(3%

Plvl = P2V2 = P2 (Vl+volume of the doser)

= Pz(vl-a-vd) .
_P‘)

) P
\ A . 1T
- VaT e, " VYTV T

Several runs were taken and the average volume of the doser was

calculéted to be 25.2103 ce-

£-5.2. Volume of the cell

A

Nitrogen or helium gases at known pressures were introduced in
the doser and the gas was expanded in the cell. Following the
same procedure (to calculate the volume of the doser), the volunme

of the cell was calculated to be 65.2053 cc.

E-5.3. Using the following program, the amount of the gzs adsorbed

at a particular pressure was calculated using Eqns. 4.8 to 4.20.

L

E-5.4. TFrom Fig. 35, the volume of hydrogen adsorbed at zero pressure
equals 2.25 cc (STP)/gm.
_2vM
Surface metal per gm. of catalyst = 2. 24%10

_ 2x2.25x38.71 _ =4
= 5410 = 117.94x10 gm .
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-

-

PROGRAM TO CALCULATE AMOUNT OF GAS ADSORBED

Nomenclature

WET = Weight of the éatalyst

P(J) . = Pressure before expansion

PR(J) = ‘Fessure at equilibrium (after adsorption)

“INE PRES = P(N) - Initial pressure _ -

PRE INCR = Pressure in;;ease N
~

PRE EXPD = Expanded pressure g

PRE CAL = Calculated pressure after expansion

PRE DIF = Difference of calculated p:eéSure dnd actual pressure

Vv ADIO+3 = Volume adsorbed x 103 cc (STP)

ACéU PRE = Actual pressure

TOT V AD = Total volume adsorbeq at actual pressure

V/G,M = Volume adsorbed per gm of the catalyst x 103

—_J

-
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2VNo
2. 24x10%)x10%

Metal surface area =

. 23 _
 2x2.25x(6.202x10°3) x6x107 8 2rem
N (2.24x10%)x10% E

')

= 7.262m"/gm

y - H_ 2

M 7 24%10% wt.of metal present in the catalyst

_ 2x2.25x58.71 -
T 2,24x104x.05
= 0.24.





