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ABSTRACT

Yery little work has been doas in the past on the hydro~
geastion of mathyl scetylens using catalyats other than nickel, psllas
dium and platisum metals. The kinetics of the hydrogenation of methyl
acetylens have been inveatigated in & constant velume static system
ca supported irea, cebalt, nickel, ruthenium, rhodiam, palladism,
osmium, iridium sod platinum catalysts and unsupported aicksl, in
order to confirm aad extend the previous work and to reconcile the

apparent diffsrence iu bebaviour between the catalyst preparatious,

On the basis of the effect of the initial pressures of re«
actants on the initial vates, the order of reaction with ﬁ-pcct to the
reactants’ initial pressures, the overall rate equations, the dependence
of the rate constants upon temperature and the activation eaergios for

various catalysts bave been detarmined, The sctivation energies for

pumice supported iron, cobalt, aickel, rhodium, palladium, iridiwn
and platinum are 14.00, 13,30, 16,75, 8.60, 10.30, 9.15 and i2.85
kcal per mole respectively, The activation energy for nickel kisaale

gubr catalystis 13,95 kcal per mole and for unsupported nickei, it
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varies from 17,16 w0 19, 99 keal per mole,

The catalytic activities of the pumice supported metals

ared
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Correlations have been made batween the catalytic
activity and geomatric and electrenic stmcture of metale and

also between the Arrhenius parameters.

As extensive study of the product snalysis hae bsen
reade over a slckelpumice catalyst, The effscte of various varie
ables, such 8 initial pressure of resctants and reaction temperaturs,

have besn discussed. A possible mechanism bas been proposed,
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I INTRODUCTION

Catalysis is now the keystone of the structure of several
major chemical industries, These industries at some stage use
catalyste for increasing the yleld, or getting the desired by-product,
As & result of this, heterogensous catalyais which was designated as
an art in the past, has arousad considerable scientific intereet in

the last 50 years,

The catalytic hydrogenation of unsaturated hydrocarbons
is of great theoretical and industrial importance, In the past, the
hydrogenation of olefins over group VIII metal catalysts, has been
studied by several authors, Though a considerable amount of work
has been done on acetylene hydrogenation, the hydrogenation of
methyl acetylene, the second one in the acetylene-series, has baen

much neglected in the past,

The catalytic hydrogenation of methyl acetylene was
studied in & static constant volume system, over all the trangition
meiais of group Vi
nickel catalysts, for & wide range of temperatures and reactant ratios.

The object of the detaiied siudy of the caialyiic hydrogeasiion
of methyl acetylene was:

(1) to extend previous work on pumice supported nickel, palladium

§ the apparent diffe-

and piatinum ceiniysis with a view 10 rcondill

rences in bahaviour among various catalysts,
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{2) to study the behaviour shown by all the metals of the series

and to determine their relative activities,

(3) to find if the slectrenic stractars of the metals is related in

any way to the catalytic activity, asd finally

(4) to fiod a possible mechanism by studying the detailed product

analysis over & pamice-supportsd nickel catalyst.
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U1 LITERATURE SURVEY

Hydrogenation of unsaturated hydrocarbons e & subject
of almost recent study. Thres tvpos of hydregezilion reactions -
double bond, triple bond and aromatic rings « have been studied,
Hydragenation of double bond is easiest, triple bond is still more
difficult and sromatic ring, by ar, the most difficult. For hydroge~
nation of double bond unsaturated hydrocarbons, voluminous work
bas been reportes iz Mterature; more for sthylens and less for
propylene. The hydrogenation of acetylenic bonde bas been greatly
asglected in comparison with the very large volume of work conceraing
the problems of olefin hydrogenation (1), Reascans for this neglect
are not, however, {er to seek, The reactions are more complicated,
and it ia frequently found that acetylenes act as catalyst poision (2},
Howaver, a number of papers dealing with the hydrogenation of acetylene
have appeared rocently. This reaction is very similar to the hydroge~
astion of
ture related to the hydrogenation of methyl acetylene being suprisingly
vory scarce; the literature pertaining to the hydrogenation of acetylens

is reviewed firet, followed by a review for methyl acetylene,

L Literature Related to Acetylens
The industrialistis interent in the catalytic hydroxanation

of acetylene reviewsd here is of quite long standing. Considersble
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effort has been devoted to the prohlems of obtaining high ylelds of
ethylene from scetylene by hydrogenation. Ethylene so obtained is
more costly than that produced from the cracking of aatursl gas,

§o the method of obtaining ethyleae by hydrogenation of acetylems (3)
s mostly of theorstical interest, and is only utilized when other

sources of ethylens &re not available,

Nicksl as Catalyst

Sabatier and Senderens (4) sbsezved considerable for~
mation of higher hydrocsrbons over reduced nickel powder, at room
temperature, in addition to ethylene and ethane. Later investigators
(5 6, 7, 8 9, 10, 11, i12) reported widely varying yields of thene
products. Most of them studied the products, without paying much
attention to the kinetics of reaction. The differences among the
results of these invu&gaton were due to difierences in the reaction
conditions and difficulties encountered in controlling the variables in

& flow aystem,

For accurste studies and greater control, Sheridan (13)
employed a static system. The overall initial rate equation at 79°C

over a nickel-pumice catalyst was

ek pg) B ) )

LY} ]
2 vt
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where o = initial zate, mm, Hg., per minute

k = overall rate constant, per minate

P“z = initial pressure of hydrogen, mm. Hg.
and Pc s initial pressure of acetylens, mm. Hg.

P
He also found that for equimelar mixtures of reactants, the ratio
of sthylene to sthane in the product was abeut six. Using hydrogea

{2 excoss, dePauw snd Jungers (14) found the kinetics of the form
1} 0, 5
r s R(P,) P ) (2)
° Hz Czl-lz

While Bond {15) reported a "two rate expression" over a nickele
pumice catalyst, Bond and Mann (16) confirmed the earlier findings

of Bond (15) over various nickel catalysts and nickel powders.

Paliadium se Catalyst

Palladiume-Silica catalyst was employed in Germany
during World War Il for the preduction of ethyleas from acetylens (3).
Sheridas (17) found an activation energy, E, of about 12 keal, per
mole over palladium-pumice catalyst. Tamaru (18) reported the
hydregenation of acetylens over palladiume-catalyat, taking piace
in two distiact steps. Bond, Dowden and Mackensie (19) studied the

hydrogenation of scetylene over & polladium-alumine catalyst, and

found that the selactivity of the veagtion (ratio of ethyiene {0 eihyisas

plus ethane formed in the product)
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could be increased to more than 96% by using greater than two fold

sxcess of hydrogen over acetylene,

Platinum as Catalyst

COver platinum-pumice catalyst at 73°C, Sheridan (20)
reported the kinetics of reaction as

‘-z .007

£, " & (PH ) (PC H) {3)

: A
Over platinumealumina catalyst, the selectivity was 0.86 (19),

Gobalt as Catalyst

Sabatier and Senderens (21) found that cobalt was active
above 180°C and the main product was ethane. Shecidan (17) re-
ported that the reaction arders were similar to nickel, Repid deacw
tivation of the catalyst prevented systematic study. Bond and Mann
(22) investigated the kinetics of reaction over cobalt-pumice and

cobalt-powder. In cach case, they obtained the rate expression:
i v
g Py (4)

rouk(F
é g2

Rhodium as Catalyst

snervidan and Reid (23) studied the reaction at 50° - 190°C
over rhodiumepumice cafalyst, The reaction orders were similar te

those {or nlckel-pumice catalyst, The selectivity wes 1.0 (19).



Iridium ag Catalyet

Sheridan and Reid (23) found that the iridiume~pumice
catalyat had @ smaller but distinct activity at sbout 175°C.  The
oxders éf"uactim were similar to those over rhodium. Iridium
catalyet became deactivated fast. The high yield of ethane, over

partially deactivated catalyet, indicated a poor selectivity.

Iran as Catalyst

Using ironepumice catalyst, Sheridan {17) investigated
the reaction orders, which were similar to these over aickel. Re-
action orders, dstermined by Bond and kiann {22), were in agres-

ment with Sheridaa's rasults,

Ruthenium as Catalyst

Sheridan snd Refd (23) investigated the reaction over a
vutheniumepuraice catalyst. They found that the raaction was very

slow. svan 2 286° (. According to them the extremely smell cata-

lytic activity was due to its being poisoned rapidly.

The behaviour of osmiume-pumice catalyst was similax
to the ruthenium~pumice catalyst, except that the former was slightly

saore active (Z23).



il. Literature Felated to uethyl acetylene

_ Although catalytic hydrogenation of acotyliu on group
Vil mml; has been studied by several investigators during last
fifty years, there appesrs to be only one published report on methyl
acetylens hydrogenation (24) over pumice supported nickel, palladium
and platinum catalysts, The orders of reaction were first and saro
with respect to hydrogen and methyl acetylens. The overall apparent
activation energies wore 14,2, 16,5 and 17,3 k cal. per mole respec~
tively. A careful seirch of the literatare revealed no further informae
tion. In view of lack of data reported on the kinetice of methyl acetylene
hydrogenation, a detailed investigation, aver all the metals of group VIII

supported on pumice and a number of nickel catalysts, was underteken,
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IV EXPERIMENTAL

AR SR

L Apperatus
Experiments were carried out in & static system at
censtant volums, is a cylindrical Pyrex vessel, connected tos

standard high vacuum system.

The spparatus consisted of four main sections: $a
section for the parification, storage and exhisust of hydrogen,
(i) & section for the purification, storage sad exhaust of metayl
acetylens, (1) 8 section for the study of the kinetics of hydrogens~
tion reaction and {iv) & section for the analysis of the reaction
products. A view of the apparatus is shown in Figure l. Figure 2

is the schomatic drawing of the apparstus.

(1) Hydrogen Ssction:

The hydrogen section consisted of a hydrogen cylindez
conaected to & 145 mm. long, &5 mm. O.D, gines thimbie, & coa-
tained 20 gms of palladiumeasbestos (5% palladium) catalyst, supplied
by the Flsher Scientific Ce,, Ltd. The tube containing the catalyst
was surrounded by an electric furnace whoss temperature could be
controlled te + 1°C. The hydrogen then passed through & trap kept
2 liquid nitresen temperature befors being collected ina conventionsl

§ ltre reserveir,
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(2) sethyl acetylene Section:

The methyl acetylens section consinted of & cylinder
of methyl acetylene connected to a tube containing anhydzous silica
gol and thn to & -ylm of two small traps. Methyl acetylene was
purified by fractional distillation and stored in a 3 litre spherical

reservoly,

(3) Resctor Section:

The resctor section was counected to hydrogen and me-
thyl acetylone sections through 2 mm, Pyrex capillary tubss and
stop cocks, wherever necezsary. The cylindrical Pyrex resction
vessel was so designed as to keep the dead dpace to 8 minimum. B
had a capacity of 36 ml, and was attached to» morm#y magometer
which measured the decrease in pressure as a function of time, A
high temperatare tubular furnace surrounded the reactor., The lurndce
was heated by nichrome wires, wrapped on the outside lower section
of 8 ceramic tube, The reactor temperature was controlled by a
Honsywell Pyr~O«Vane temperature indicator and controller, coupled
with a variac, and sctuated by an iron-constantan thezmocouple located
inside the furnace, next to the wall of the reactor, The temperature
of the catalyst lying at the bottom af the reaction vesssl was mesaured
by pikting the iren-constaatsn themmocouple, ot the bettom of the

reactor.

N
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The maln vacuum system, capable of an ultimate vacuum
of 5x to“ mm. Hg., consisted of & mercury diffusion pump 82d &

Duo Seal Vacuum pump in series,

(%) Product Analysis Section:

The analysis section consisted of & Miodel 25 Gas Partl~
tloner and & sne millivolt Recorder, both supplied by the Fisher
Sclentific Ca., Ltd. The reactien producta {from the reactor were
trasaferred to 8 iiquid nitrogen trap, svaculted previcusly. Later
the products were removed and injected into the Ges Partitionsr, by
means of & gas sampling valve. The pressurs of each gas ia the

product stream was recorded by the Recorder.

I  Purification of Reactaats

(1) Hydrogem:

The minimum hydrogen content of Linde hydrogen ges
cylinder used was 55.8%. it comtaiasd 1acs than 10 ppm of watey and
less than 10 ppm of oxygen. The rest of the impurities were nitrogen

and arson and had no effect over the resction, The water and caygen

argo
contants of the hydrogen gas were removed by passing it at & very slow

rate (10 mi. per minute) over palladiume-ashestos catalyst at 0% G, ‘
The oxygen in the hydrogea was thus converted to water, The purified

dry hydrogen was stored in a five-litre reservoir, The hydrogen wis

kept in the reservoir for act moere thax 15 deys, when it was pumped
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out and & new batch purified and collected in the reservoir.

() Motigl acotylone:

Ressarch grade methyl scetylens supplied by the Matheson
of Canada Ltd. was purified by passing through & glass tube containing
ashydrous silica gel, at a rate of i0 ml, per minute, 1 was then con~
densed in one of the two traps by means of liquid nitrogen. The gas was
released on genile warming. The head and tail {ractions were rejocted
and the middle fraction condensed {n the second trap by dry ice, In
doing se, the undesirable impusities like water and acetylene were
removed. The secood trap was warmed apd the middle fraction contsi.
ning pure dry methyl acetylene was collscted and stored in the 3 litre
reservolz, Miethyl acetylene, like hydrogen, was kept ia the reservoir

for not more than 15 days.

Il Preparation of Catalysts

The kinetics of the catalytic hydrogenation of methyl acety.
iene were investigated over transition metals of group VUL, supported

on pumice and & sumber of supported and unsupported nickel catalyots.

{1) mom agalysts

As the catalytic compoaents were very active, "a low-ares

carrier", i.e,., pumice was selected. It was necessary to obiain

L
kinstic data under such conditions that the effectiveness factor of catalytic 1
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particles, E A* (25) would approach unity. This was accomplished
by decreasing the particle sise and using catalyst with large snd
well-connected pores. The use of pumice, an inert porous suppert
of 20-40 mesh sine and low surface srea (26, 27) ruled out the

possibility of diffusion in the pores contralling the reaction rats.

All the pumice supported catalysts were prepared ina
similar fashion by a slightly modified Ciapetta and Plank technique
(28),

Twe to five mm. dlameter pumice granules, supplied
by the Fishor Sclentific Co., Ltd., were crushed and 20 - 40 mesh
sises selected for catalysts' support. The pumice granules were
aext boiled for 30 minutes in concentrated hydrochloric acid &0
expel the trapped air and to clean the surface. They wers washed
with warm distilled water several times till silver aitrate solution
gave no precipitate, indicating that chloride ions were completely
ramoved. The pumice stones were dried, thereafter, They had no

effect on reactants at 350° C,

All the pumice supported catalyste contained 10% of
metal by weight, They were prepared by impregnating and evaporating
solutions containing the caleulated weight of analar grade chemicals,
in the presance of pumice. While iron, cobalt and nickel catalysts
wore prepared {rom their nitrates, ruthenfum, rhodium, psliadium

and piatinum catalysts were prepared {rem thelr chlorides. These
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chemicals were obtained from the Fisher Scientific Co., Ltd.
Iridium catalyst was prepared from iridic ammonium chloride,
supplied by K and K Laboratories, Ine. Osmium catalyst was

propared {rom scid osmic, supplied by Fisher Scientific Co., L4,

The impregnated material was dried at 105°C for 15

hours and then calcined at 600°C in & muffle farnace for 6 hours,

Nickel kieselguhr catalyst was supplied by Chemetron,

Loulsville sad contained 50% nickel by weight.

A known amount of supported catalyst was always
placed inside the resctor. The catalyat was activated by reducing

- it in & 20 ml, per minuie stream of hﬁmgon {or 24 hours, at 400°C.

(2) Metallic powder Catalyste

{) Nickel powder (I} - This was prepared by heating &
kaown amount of nickel-oxalate, supplied by K and K Laboratories,
inc., &k 460° G in seaction vessel n situ for 2 bours followed by rg-

duction in 8 stream of purified hydrogen for 24 hours.

{ii) Nieksl powder {15} « This was prepared {from Analar
grade nickelenitrate, supplied by Ficher Seientific Co., Ltd. A
known amount of nitzats wulhuud at 400°C in reaction vessel in situ
for & hours, followed by reductionina stream of purified hydrogen

for 24 hours.
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(i) Nickel powder (II) - Basie aickel carbonate wis
coprecipitated from & solution containing kaswn amouat of aickel
aitrate, in presence of ammitum hydrogen carbonate, The resulting
precipitate was dried at 105°C for 15 hours and calcined at 0°C
for 6 hours, A knows amount of it was reduced in the reaction vessel

at 400° C for 24 hours, in a 30 ml, per minute stream of purified

hydrogen.
IV General Reactien Procedure

The redctor containing the reduced catalyst was heated
at the required tamperature and evacuated, till & hard vacuum was
cbtained. Afser hydrogen was sdmitted into the zeactor, the connscling
lines between the resction vessel and storags vessels were evacuated
by pumplug for 3 minutes, The second reactant, methyl acetylene,
was then admitted. Soon after the admission of the second reactant,
the rate of reaction was followed by messuring the change in pressare,
as indicated by a mercury manometer with time. Aiter completion of
each m. the reaction vessel was evacuated for 10 miaates. At the

ond of & serien of runs, the catalyst wis 1afs aver ususlly in 100 mm.

of hydregen, until the next series of runs were performed,

The initial hydrogen pressure, P“ , was varied in the
‘ 2
range oi 15 ~ 130 mm, sad the initial pressure of meinyi aceiyieas,

Pogy » W8 malntained st 30 mm, Gensrally the time wad noted ‘
34
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unti] the preasure change in the manometer, «dP, was eguivalent

to the initia) pressure of methyl acetylens. The runs were made at
random in order to nullify any effects dus to changes in the catalyst
sctivity. The change of temperature during the reactions was within
+ 0.1°C, All the runs ata prﬁcwr tempersture were completed
on the same day. The catalyst was found to be initially very active

and reached & coustant value after 3«4 mns,

Rans were taken at 5 different tsmpsratures, generally,
ia § successive days, This series sllowed a determination of hydrogen
pressure dependency. A similar series of runs wers made to detarmine
methyl acetylens pressure dependency, whers initial methy} aceiylene
pressure, P C.H.* was wvaried, keeping initial hydrogen pressure, Puz'

34
generally constant at 60 mm.

V. Analysis of Products
A geriss of resctions were carxied out on & nickel~pumice

cataiyst and e producis wess analyzed by means of & Model 25 Fisher

Gas Partitioner,

The Gas Pariitioner was set on top of 2 Model 27 Fishex
Thermal Stabilizer which regulated the texmperature within the Partitioner
sufficiently well to eliminate flactuations due to changes in ambient
temperature, The temperatirs of the Thermal Stabilizer was maine

tained at 50°C. The Gas Pastitioser employed two columas, connected

il
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in sories. Colammn 1 was 12¢lang and was packed with 30% hexa~
rmethyl phosphoramide (HMPA) on 60 - 80 mesh Fisher Columpak,
Column 2 was 13* loag and was packed with activated 13X Molecular
Sieve. Pushebution contzols of the Partitionsr enabled the chauge

in the sensitivity of the instrument at will. The Pastitioner was
used in conjunction with a ons millivolt Fisher Laboratory Recorder,
By sdjusting the chart speed, sharp fod narrow peaks for all the
gases wore cbisined, The compositions of various gaess, with an

accuracy of ¢ 0,2%, were determined by measuring the peak heights,

The selection of 8 carzier gas, for the analysis of
gescous mixtures of propane, propylens, methyl acetylene sod nydro-
gen, proved a very arduous and complicated task, Although argon
and nitrogen gave kigh censitivity for hydrogen, their sensitivity with
propane and mathyl acetylene were low and non Jinear as the thermal
conductivities of argon and nitrogen were very near to those of the two
hydrocarbons. Although We shermeal candustivite of hallum was much
different fram sll the hydrocarbons, yet the anslysia of hydrogen

presented a very complicated problem.

At bigher concentrations of hydrogen, hadison (29) obtained
a negative and sametime a double peak, Pletsch (30) and Schmauch and
Dineratein (31} found that such a preblem could be solved by adjusting

the size of the sample loop and flow rate of helium and thereby keeping

-
i



w2 e
the coacentrations of hydrogeén very low in comparison to helium,

With & volume of the sample Joop as 5 ml. and 3 flow
rate of helium a5 §3 ml. per minute, & positive linear poak was

obtsined for hydrogen.

Calibzation curves for propans, propylens and methyl
acetylens are glven in Figure 3. Figuze 4 gives the calibration
curve for hydrogen. A typical analyeis of products (Run Number

458) is given in Figure 5.
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¥ RESULTS OF KINETIC STUDIES

W

The experimental dats, obtained for the catalytic hydro-
gonation of mathyl scetylene over vdxtm'uulym. are given is
appendix B. Ths preseures were messured with the manomster with

an sccuracy of ¢ 0.5 mm. Hg.

Kinstic studies of the hydrogenstion resction over each

catalyst invelved three distinct steps!

1. Bhape of pressure-time cuIves
Gver » aickel-pumice, for acetylene hydrogenation, Bond

(15) found that the Kinetic form of pressure-time curves depended on

(1) tho initial hydrogent acetylene ratios,

{11} the order of admission of resctants, if added weparstely,
and (i4) the pretreatment of the catalyst, if the reactants were
added m.‘h‘to

He classified the obearved types of pressure-tms curves
as follows:
Type It seroeorder reaction, the rate being constant up to & pressure

{all about squal to the initial acetylene pressure. Sach curves were

observed when ascetylene was admitted fizut, provided that the initial

hydrogen: acetylene ratios were greater than about two,

i
I
i
i
i
i
|
!
|
!
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Type lIA: & breken curve, conaisting of two linear portioas of
different rates, The inflexion occurred after & pressure fall equal

to sbout onaehalf of the iaitial scetylens pressure, The initial kydros
wu_unyku ratics were slways ;M than about two and type HA
Curves were sbisined, only when & premixture was used and if there
ad been & hydregen pretrestment befere the first run, or if excess

of hydrogea Wi ramaiasd {rem the provious sxperiment.

Type [1B: ® broken curve, consisting of 8 curved portion (order
greater thas 5810} followed by 8 linsir {sere order) portion. Such
carves were chtained when the faitial hydrogen: acetylene ratios were
groater than two and hydrogen Was admitted firat into the reaction
vesssl. The break ccourred siter & prassure {all squal to about dne«

nalf of the initial scetylene pressurs.

Typs ICi  os type LA, but with the inflexion occurring sfter & greater
perceniage resciion. The {aflexion ogcurred after a pressuré fal}
ogqual to sbout five~sixths of the initial acetylens preasurs. Type fne
curves were cbiained with the premixtare following acetylens trestment

tor 10 minates, Hewsver, the tnitinl hydrogen: aceiylens ralies were
greater thas two,

Typs Ul first-order reaction in hydregea. Such curves were obisined
with initial hydrogen: acetylens ratios joss than sbout two, Acetyime

was admitted firat into the reaction vessel.

i R S SN A £ ST T4 ST« T
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Examples of various pressuze-time curves are shown
in Pigure 6.

Fer mothyl acetylens hydrogenation, the pretreatment
of each catalyst remained the same snd the reactants were added
separately, The pressure-time curves for diiferent initial hydrogen:

methyl acetylens ratics were studied for ench catalyst.

II. Overall rate squations

A surface resction betweea two substances lavolves,
{nteraction between two adsorbed molecules, the adeosption occurring
on neighbouring surisce sites (32). For reaction occurring between
reactants A and B, whose initisl pressuies Are P A and Pn respectively,

the overall initlel rats equations could be written a4

x Y
" K (PA) (Pa) (3)

where x sad y are order of reaction with respect to A and B xespec-
dvely, Far hydvegenation of metiyl acetylens, equation 5 could be

written 83

= iID
""

- x ¥y

2 3

In this work, the overall {nitial rate equations of the form

of equation 6 were found out {or sach catalyst.
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i1, Activation Energies

The temperature variation of the rate constant is related

to the activation snergy by the Arrhenius equation (33)
x s Aexp, (+E/RT) 7

where k is:the rate constant 8t T °K,

Asad E are paramsters, which ars assureed to be constants for &
given zesction. Arrhenius considered that the activation easzgy, K,
represented the energy difference between the reactants and aa actis
vated species, prasumably a tautomer, which has & structurs intere
mediate between those of the resctants snd products, but has & weakness
in & particular vibration lsadiag to its decomposition (34), although in
many ways it is & normal molecule. Activation energy is the minimum
energy diffezence between the reactants and the teansition state and s
generally calisé as the height of the ensrgy barrier opposing the reaction.
System whese snergy is greater than the sctivetion energy can surmmunt

the barrier.

Applicstion of the above soncept far & Boltamann distribution
of ensrgies leads to the expogeniial form in which B eceurs in the
Arrbenius equation, The pre-expontatial factor A isd constant of

integration in the differential form of the Arrheaius equation:

d {log ’k)/é‘!’ = x/n'ra (%)
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A is often divided into & trus collision sumber 2 multiplied by a
probability facier P. Kquation 7 involves the assumption that the
sctivation energy 40ss not vary with tempsrature. The activation
energy is o thermodynamic quantity which sheuld vary with tempe-
rature just as the heat of resction does (35) and 50 equatien 7 is st
best but & gosd sppreximation. Deviations are quite small for gas
phase reactions (36); oaly in a fow instances they are readily detect~

ammmuuumot«ummmmm.

I methyl scetylene hydrogenaticn, using equation 7,
when log, & was plotied against 1/T, invariably a straight lae of
gradiont -E/2,303R was obtaiued for each catalyst. Within the
particular rangs of temperature employed, no detectable deviation
was observed. Activation energy, £, was calculated from the slopes
of the plots of log,, k against 1/T. The kinetic bebaviour of each
catalyst is deacribed below, in detail for nickel pumice, and brisfly

for others.

1) Nickelepumice catalyst
Experimental data obtained for the hydrogenstion of methyl

scetyleae over pumice supported nickel catalysts are given in Table 1,

The reaction had » messurable yate at 80°C. When the

catalyst attaiosd & constaut activity, the series of runs were faken.
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The shape of pressure-time curves ebserved at 88° C, for initial
hydrogen: methyl acetylens ratios, R, af 1, 2a0d 3 are showa in
Figurs 7. They resembled type IIA curves sbtained by Boad (15}
for acetylens hydrogenstion. The slepe of the first linsar curve

gave initial rate, £,

The resction order with respect to hydrogen was ob«
tained by using & constaat initial methyl scetylens pressure and
varying the hydrogen pressures, to give hydrogent methyl acetylens

ratios between 1 and 6, a8 5 different temperatures between 50° and

85°C. The reaction order with respect to mathyl acstylens was
similazly cbtalned by using & conatant initial hydrogen pressurs and

varylag methyl acatylene pressares, Rewriting aquation &, j
PR R S
o Hz 0,34

as lnw ¥, * logmh + xlogy, Paz + ylog,, Pc H (9)

34

it would be seen that the orders of reaction, uand y, could ke chiained
by kesping the initial pressuze of one resctant constant and varying the

other. The logarithmice of the reaction rage constants wers then calcue

lated at diffezent temperatuzes.
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The initial rate depandence on the initial hydrogen
pressure and methyl acetyleas pressure at 80°C is shown ia Figure
8. Yeor nickel pumice catalyst, the order of reaction with respect
to hydrogen was 1.14 ¢ 0.02 and with respect to methyl acetylens

sero, The aversll initial rate was representsd by the equation

0

.14+ 0,08
5" k(PH ) - (?C H‘) (10)

2 3

Mothyl acetylens was more strongly adsorbad than hydrogen.

Tae Arzheaius plot of log, .k against 1/T for the
redction between the temperature range of 50° = 88°C is given in
Figure 9. Anactivation energy of 16.75 kcal, per mole was obtained

{rom the slope of the line. A sample calculation is given in appendix D.

2) Nickel kieselgubr catalyst
This catalyst was mich mare active than nickel-pumics,
due to large differsnce {n crystalline sise (16). The reaction appesred

{ast even at room temperature,

The kinetics were atudied from 5 to 48°C. The sxperi~
mental data chtained are given in Table 2. The pressure-time curves

were similaz to those obtained for uickel-pumice, The orders of ree
action with zespect to both the sesctants were determined from the in-

fluence of initial pressures on initisl zates. Figure 10 showa he eifest

|
|
!
i
|
i
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of initial pressures on iuitial rates. The order whs xero with respect
to methyl acetylens, The order varisd from 1.98 to 1.55 with respect
1o hydrogen, presumably dus 10 bigh seasitivity of tae catalyst. The

initial rate eqoation wae
1,765 ¢ 0,215 0
r ok (P ) - ®. ) (a1)
° Hz C,H‘
The Arrhenius plot for determination of activation saergy
{s shown ia Figure 1}, An sctivation ensrgy of 13.95 kcal, per mole

was obiained.
3) Nickel-powder () catalyst
The results for this catalyst are Msted in Tuble 3,

Msasurable rates weys shesrved at 72°C. A series of

rupé were taken in & temperature range from 72° to 108°C, after the

catalyst bad attained a constant activity. The pressure-time curves

wezre similar to those obtained for supported nicke] catalysts. !

The ezdars of reaction with roapict to hydrogen and methyl
acetylene were determined {zom the influence of varying the initial
pressure of gae while keeping the other conatant, on ihe inltial rates.
Figure 12 shows the results of such variations at 90°C. The orders

with respect 1o hydrogen varied betwssa 1,29 and 1.15. The orders

wese sere with respact to methyl aceiylme, oWV, the crdars with

respect to methyl scetylens were slightly negative for higher pressures.

K
|
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The rate equition was

0

) GE
H‘

1.22 4 0,07
*o " M!'Hz’ ‘PCB

The activation eaezgy, E, was determined from the
Azrvhenius plot shown in Figure 13, An activation enorgy of 18,58
kcel, per melo was found over aicksl powder (I) catalyst.

4) Nickel-powder (I1) catalyst

1o ordes to find if the kinstics and activation energies
would vary considerably for the same metal catalyst prepared from
different compeunds, the kinstics of the reaction were investigated

for the nickel powder prepared from aickel nitrate,

Meagurable reaction was cbserved at 46°C. After the
catalyst attained constant activity, the series of runs were taken,

The results are given in Table 4,

The pressurs-time curve consiated of two linear portions
of different rates and resombled that obtained for pickel-pumice cath~
lyst. The ordoers of reaction with respect to both the reactants were
deiermined frsin the {nfluence of initisl pressures on the {nitinl rates.
Figure 14 shows the results for nickel catalyst at 60°C. The orders
with respect to hydrogen varied from 1.2 to 1.0, decreasing with

wmad &'

decrease of teraperature, But the orders with respact te methyi aceiy-
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lene slways remained sezo. The rate equation for the reacticn wis

Jeg ol 0
r,» kiP Pou! (13
° 1) CyHy

From the Avrhesius plot of log, K sgeinst 1/Tx 10,
as showa ia Figure 15, an activation suergy of 17,16 keal. por mels

e ohinimed,

Both the aickel-powder catalysts wehaved in 8 similar
fashion. m activity, the orders of yesction with respect to hydrogea
and the activation enorgy Were tittle higher for the sickelopowder (D

catalyst, prepered frem plckel oxalate, As compared to other catalysts.

5) Nickel-powaer catalyst

fs the hydrogenation of acetylens over nickel powdez,
the catalyst was poisoned when acetylene was admitted fizst (16}, =
order to verify if the findings of the acetylens hydrogenation on aickel

powder would be trus for methyl acetylene hydrogenation as well,

kinetice were investigaied oves alcks! prwdar ahtainad from basic
nicksl carbonate, coprecipitated from & solution of nickel nitrate in

presencs o smume ammantum hvdrogea cazbonate.

Measurable reaction rates were chaerved at 60°C. Runs

were taken whan constant activity was attained by the catalyst. The

results ave given in Tabie 5. Limsar preasure time curves, similar
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to other nickel catalysts, wers obiained. The order with respect
to hydrogen was betwesn 1.3¢ aad 1,16 and decressed with decreased
temperatures. The order with respect to methyl acetylens was always

gore. The owersil rate squation was

rg " By ) 0 )

1.254 0.09
° ®e u"

3
From the Arrhenius plet of log) & agatnst 1/T, sa

activation enesgy of 19,99 koeal, per mols wis svelusted, Figure 16

shows the effect of initial pressures of hydrogen and methy] acetylene

on initial xates at 66°C. The Asrhesius plet is shown in Figure 17,

Unlike the {indings of Poad and Mana (16) on tht catalytic
hydrogenation of scetylene over uasupported nickel, when methyl azety-
lene was admitted first into the reaction vessel, the catalyst did not
lose activity fast, However, the comparable activity of the catalyst

was higher whea hydrogen was admitted firat.

& 5~
e

i ted salladium catalyst was studied between §0° and 315
Below 80° C, the resction was slow and it wag difficuls to messurd the

rates accurately. Table 6 gives the results obtained for pslladiume

punice catalyst.
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Pressurs-time curves having two linear portions, with
different slopes, were obiained snd resembled those obtsined for
aickel-pumice catalyst. The orders of zesction were 0,94 ¢ 0.03
and sero with respect to hydrogen asd methyl acetylens respectively.

The overall reaction rate was saprassed by the equation

(1%

0.9¢ ¢ 0.09 0
g By Pou,)

3
The Arrhenius plot of log, Kk Against 1/T geves
straight Mine fram whose slope &a activation snergy of 10,3 keal, par

mole was evaluated.

Figure 18 shows the effect of initial prassures of reactants

on initial rates at 94°C. The Arrhenius plot is shown in Figure 19.

i} Platinuzospumice catalyst

Over platinumepumice catalyst, measurable rates were
observed at 51°C. A series of rons werd taken in & range of 61° to
133,5°C, after the catalyst had attained the constant activity, Ali the

results are given in Table 7.

Ths forma of pressure-tine curves were similar to thove
obtained for sickel~pumice catalyst. The orders of reaction were de-
termined from the initial rate data. fhe orders were 1,87 ¢ 0.02 with

roupect to hydrogen, and =0, 50 with mespest i mathyl aceiyiend.

HREIVEPI~3. <2
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Figure 20 shows the effect of reactants’ preveurss on initial rates
at133.5°C. The overall rate equation was

r, * X “’Hz’ 1,874 0,02 (Pcsa" «0.5 16

It seoms likely that the reactions occurred through the
{ateraction of sdjaceatly adserbed metbyl acetylene and hydragsn.
Maethyl acetylons was not 88 strongly adeosbed on platinum as o8
other cotalysts. It appears that hydrogen was sble to displace methyl
acetylene from the suzfsce when the former was present ia sufficient
excess. This was in sgresment with observations of Sheridan (20) for

the hydrogenatian of acetylens over piatinumepumice catalyst.

The Arrhentus plot of lnmh against 1/T e shown in
Figure 21, From the slope of this plet, as activation energy of 12,85

kcal, per mole was evaluated.

8) Cobalt-pumice catalyst

Measazable rates were auserves only above S7°C, When
the catalyst attained & constant activity, @ series of runs were taken.
The resuits aze givei in ’z‘ab!; 8,

After the runs were taken at three different temporatures,

the catalyst lost its activity. Aay further increase {n ternporature did

not increass he initisl rates. The decompusiiicn sterisd at 390° C.
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However, the kinstic analysis was based on runs taken
at three different temperatures. Pressure-time curves similar to
nickel-pamice catalyst were obtained, The orders were always 2.6
with respact to hydrogon aad sero with respect to methyl acetylene.
Figure 13 shows the effect of initial pressures of reactants on initial
rates 88 105°C. The overall initial rate equation was of the form |

2.6 0
r s k{P,) {4 ) an
o Hz C’H‘

implying & remarkably high adsorption of hydregen.
Figure 23 shows the Arrhenius plet of logmk ageinst
1/T. From the slope of this plot, &n activation energy of 13,30 keal.

per mole was evaluated.

9) Rhodi\m-gumtcc catalyst
Measurthle rates were observed at 60°C, Runs were
taken at four different temperatureés, in & raage of 60° t0 104°C. The

resuits are given is Tavis 7.

The forms of pressure-time curves were similar to those

obtained for mickeispumice caialyst. Tha ordars of reaction with

respect to hydrogen and methyl acetylene were 1.5 snd sero respsctively.

There was no temperature depsndence of the orders of reaction, Figure

sesanres of reactants on fnitial rates at

 {nitial presaus

Zé showo he @iteci i

90°C. The everall {nitial rate equation was

I s AT T EI R RO L s
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The Arczhenius plot of lqwh sgainst 1/T is shown in
Figure 25. As sctivation energy of &, 60 kcal. per mole was obtained

from the slope of the line.

10) Iridiumepumice catalyat

With iridium-pumice catalyst, messurable rates were
observed at 56.3°C. When the catalytic activity became constant,
the series of runs wore taken, The experimental results are given in

Table 10. The runs were taken at four differeat temperatures.

The pressure-time curves obisined with iridiume-pumice
catalyst, were similar to those with aickelepumice catalyst, The
orders with respect to hydrogen and methyl acetylens were 1. 24 sad
sero respectively. Figurs 26 shows the sffect of initial pressures of

sesctaais on inttial rates at 100.8°C., The overall rate expression

P Y
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1.24 0
r s kP, ) (P ) (19)
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Tae Arrhealus plot of log, Kk againet i/T is shown ia

Figure 27, For the temperature range of 56.5° 10 116.2°C, it was

a straight lize. The alops of thie line gave An activation energy of

9.15 kcal, per mols.
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Sheridaa (23) observed that the iridium-pumice cataiysts
were readily deactivated fan the acetylens hydrogenation and that the
rhodiumepumice catalysts were more active than the {ridiumepumice
catalysts, In case of methyl acetylens hydrogesation, it wes feund
that the iridium was more active than rhedium and the catalytic acti+

vity for bath remained conetant for sufficient period.

11) lro-pumice catalyst
Over irenspumice catalyst, messurable reaction did nat
occur below 185°C. When the catalytic activity became constant, the

series of runs were taken, The results sre given in Table 11,

frou behaved very similar to nickel catalysts, in agresment

with the observations of Shezidan (17) for acetylens hydrogenttion.

The oxders of reaction with respect to hydrogen and methyl
acetylens were 1,28 and sexo respectively, Figure 28 shows the effect

of initial pressures of reactants on initial rates at 185°C, The overall

ate dquation was

1.33 (

p_ (20)

SR “a’ c,a)

Figure 29 shows the Arrhenlus plot of log k againat 1/T.

From the slope of the line, an activation enszgy of 14.0 kcal. per maole
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Like cobalt-pumice catalyst, the iron-pumice catalyss
lost its catalytic activity after the russ were takea at thres different
temperatures. Any further incresse of temperature above 226°C,
did not increase the initial rates. The decomposition nmd at SNC.

The catalytic activity of iron-pumice was less thaa that of cobalte

pumice,

12 and 13) Ratheaiumepumice ani Osmium-pumice catalysts

| Sheridan (23) observed that ruthenium sud oamium were
very less sctive sven ot 348° aad 210°C respectively for acetyleas
nydregenation. The catalytic activity of esmium was alightly ht’ghdi_ -
than that of ruthenium. Howeves, Sheridan (23) could not make any

systeinatic studies on these two catalysts for acetylens hydrogeaatisa.

For methyl acetylens hydrogenation, pumice supported
ruthenium and esmium catalysts were slightly active at temperatuzes
higher than 270°C, Fusther, the sctivity of these catalysts decrensed
sapidly sad thaw sat deactivated withix 24 heurs or so. Since thess
catalysts lost their catalytic sctivity very raoidly, 8 systematic study

could not be undertaken.

Howsver, with an initial hydrogent mothyl scetylme raties

of five, the fall of activity (initial rates) ageinst tine Was noted 5 until

ealest harama camoletely inactive, The shape of the pressurs~

Ao s
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time curves wess different frem thoss cbisined for nickel-pumice
catalyst. They were lineax for the firat stages of reaction. Towards
the end of the renction, the fall in pressure graduslly beacame slewer.
At 8 Iate stage, the rate did not incrense. Farkss and Farhas (37)

uad obtained such pressurs-time curves {er hydrogemracetylans mixtures
over platimam, Alse Cremer, Koorr aad Plieninger (38) obtained such
curves for hydregencacetyleas miztures ovex palladium, These curves

were identical with type Ul curves obiained by Bond (15) for acetylms

hydrogenation eves aickel-pumice camlyst.

The slepes of firat linear portions of the pressure-time

curves, ."‘ W rates.

| 2 gm. of rutheniumepumice (0.1778 gm. of ruthenium)
c&ﬁlyl.t_g;ﬁ;u. initial rate of 7 mm, Hg. per minute, when the temps-
rature was 260°C, The faitial rates decrensed rapidly and the catalyst
became inactive sfter 43 hours, The results are given in Table 12,

Figure 30 ahows the time dependence of the initial rates.

With 2 g, of osmiumepamice {0.1802 gm. of osmium)

catalyst, rune wers taken at 296°C, The initial rate was 6 mm. Hg.

por mizute in the begimaing and decsoassd vesy repidly. The catalyst

became completaly deactivated after 24 hours, Results of tims depen~

deace cn isitial rates are given in Tebis 13, Figure 3] shows the effect

of time on initial xates.
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The initial ration of reactants were five for both the
catalysts, Hance the tesnperature smployed acd the initial rates,
walght fer weight, shtained saabled te conclude that ruthoraium
wes slightly more sctive than osmium, Hewever, both wers uas

suitable for detailed kinetic atudies.
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vl RESULTS OF PRODUCT ANALYSES

The overall rats equatieas were found 16 be selely
dependent en the initial pressures of reactants for all the cata-
lysts, Excopt platiciza-pumice catalyst, the initial rates for
all other catalysts were independent of msthyl acatylens pressure
and decressed slightly with incrense of methyl acetylans pressurs.
The {aitial s equation susgested that methyl sestylone was
streungly chomisorbod on the surisce of e catalyst.

Although the rate oquations for all but platiaum cata~
lyst were idonticul, the activation eneygies wors difforest. Thers-
fore the rate contrelling steps could net be the same, though the

same mechaxism might be cperating.

While hydrogeasting acetylons over sickel powder,
Sabatier and Senderens {4) recerded formation of sthylens, othane

and higher hydrocatbons, Boad and Sheridan (24) hydrogenated
methy! acetylens aver pumies sussorted nickel and platinum cata~
lysts. They found propylens, propeus and polymers as preducts,
They ceuld aot detect propans over palladiua-jumice catelyst.

They did aet investigate the kinetics of ine reaciion syssematically

and &id aot atudy some of the varisbles, like the sffect of temperature

w
T‘

on products,
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In the present work, 8 very systematic product anslyuis

was made over & nickel-pumice catalyst.

L Tue coures of senctien i
The courss &f reaction was investigated, using the same F
amount of sichelspumice catalyst as was used for kinstic studies. |
The tempersurs smployed was 97°G. An squimelsr mixture of ré=
actants (90 mm. of each) was slways used, The course of reaction
wes fellowed by messas of asalysis afier various falls in pressures,
aiter the catalyet had attained 3 constant sctivity. The results aze

given in Teble 14 and the sample calculstions are given in appendix D.

Figures 32 sod 33 show the courss of reaction. The |
{ormation of propylene was 3.4 times that of propane &t all stages. ;
The selectivity varied from 0. 15 to 0. 80, Lose of methyl acetylene
was always slightly higher than that of hydrogen. Recoveries of hydro-

gen and methyl acotylene were abovs B4% and 6% respectively,

[I. Effect of initial pressuse of hﬁ;g‘u on the galas

The dependence of yislds on the initial pressure of hydrogen

was stadied at 97°C. Whiie the iaitial mathyl scetylene pressure was

kept constaat 8¢ 30 mm., she initial hydrogen pressure was always } |

varisd, Products ware ansiysed, when the total pressure fall was equal
to the initial methyl gcetylone pressure. The resalts sre glvenin

Table 15,
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The overall rate equation 10 suggested that the rats
would increass with incresse of initial hydrogen pressure, 508
study of the effect of initis] hydrogen pressures on products was
desired to correlase the products and the selectivity with the

initial retios of resctants,

igher ratios of reactants lowered the propylens:
propans ratios in the product. Figure 34 shows 3 plot of propylene
and pupno yiskds (ss perceatage of methyl acetylens not recoversd)
agatnst initinl ritios of veactaats. With the increase of initial retios
of reactants, yield of propans increased sud that of propylens decreansd.
When the lultial ratio of reactents was . 25, yieMs of propylene and

propane were equal and each was 33. 5%,

An identical bebavicur was gbasrved when acetylece was
hydrogenated over rhetium-pamice catalyst (23). Howsver, whan
acetylens was hydrogensted over plckelepumice catalyst (13), yields

of ethvlene and ethane incressed in & parsllel masner.

Figure 35 shows the offect of initial ratios of reactants
an partisl pressures of propylens aad propané ju the product stream.
Figures 368 and 35D show the effect of initial zatios Gi resctants on
propylene: propane rutios and on seleciivity respectively. The stlecti-
vity § decrenved with the increased initial ratios of hydrogen: methyl

acetylene K. The results were fod iuto tae camputer 8ad the squaiion
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was obtained to give the best fit of the data, In Figure 36, while
the experimental points are indicated by the open circles, the sclid

1. Efisct g M m mg;im pressuze on the ;gcm

The inftis} methyl scetylens pressurs depondence of
yiold was studied 81 97°Chy maintaining 8 constant {nitial hydroges

pressure of % =, and varying the initial methyl acetylens pressurs,

The products ware saslysed after resction took place for oné minuts,

for each rud, Results of snalysis aré given in Table 16,

Propylens: propns zatios in the products varied {rom

2.70 t0 3,09, Tbe seloctivity ranged betwosn 0.73 und 0,75, lngreass

of initial methyl scetylene pressuré increased the loss of methyl scaty.

lene ang decreased the {oss of hydroges.

Figure 37 shows the effect of initisl methyl acetylons

pressures on polymer formation, The amount of polymers increassd

with methyl scetylese pressurs, giving & sonlinear relationskip. The

polymers aus ssrened polaoned the catalyst, decrediing 5 initial rate

at the same temperature. In agreement with the kinstic studies, it was

aow confizmed that for higher initisl methyl scetylens pressure, the

initial rats wouid deczeass.
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Iv. Effect of ratare o0 )

The temperatare dependence of the yields was studied
with an equimelar mizture of seactants (%0 mm, of sach). The
preducts wors ssalysed u several temperatures, for s uul pressure

{all of 45 mm, The results sxe givea in Table 17,

With incressed temperatares, the amoust of propylens
and propans ia the preduct stream m:m rapidly. But the proe
pylenst propine raties and the selectivity increased, Figure 36 shows
the affect of tamperetures on partial pressuxes of propylsas and pro«

pans in the producksiresm.
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VRl DISCUSSIONS AND CORRELATIONS

M

I Activity of Catalyste.

Tue rate of reaction exprossed in millimeters of mercury ;
pot-mmnumvmmanmN considered as one of the ;
best methods available for comparing the catalytic activity of the cata- E
lysts, provided all the catalysts are prepared in the same masner on
the same support. However, the rate of reaction thus expressed is not
suitable for being used 85 & pazameter for correlations, since the v
action rate is & fanction of temperaturs, pressare sod composition. B
is possible to calculate vie overall rate cmtut; (per minute per gram).
The parameter & depends on temperatars and uot oo prevaure (except

perhaps at & very high preasure) or composition.

Since the oversll rate conmati depends on temperaturs,

it Ls cacessary to use & reference texnperature T for all the catalysts.

Seieciing the reference temperature 8s 80°C, rate constants

ks wers either intrapolated or axtrapolated from the Arvhenias plot. The
rate conatants wers sxpsrimentally found to increass proportionsily with
sha amaunt of metal present in the catalysts, Knowing ths proportionality
{actor, the oversll rats constants ks por minute per gram weight of metal
for various metals were calculated. Such valuss are given in Table 18

and the sampie chiciiaticns axe aivon in appeudis o

.
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Consldering the overall rate constant % a» a mensure
of the catalytic activity, it would appesar that the oxder of catalytic
activity for pumice supported catalysts ist :

R>Pa>m>x:>m>co>h>au>0a

Ruthenium and cemivm were compared ca the basls of their initial
rates, as systematic investigation for thede two metals could not be
made dus to their rapid deactivation. According to Sheridaa (23),

the order of activity, for scetylene hydrogenation over pumice suppore
ted catalysts, wast

FA>Pt~NI, Rh > Co > Fe > Ir # Ry, Os

Platinum, palladium, nickel, iridium aad rhodlum were
found to be most active catalysts for hydrogensting methyl acetylene,
All these motals have {sce-centred cubic structure, Ruthenjum and
osmium were least active, Both bave close-pacied hexagonsl structure,

Cobalt miaht contain crystals of both these structures (39) and its acti-

vity was presumably due to the cubic form. Iron is the only metal

baving & body~centred cubic structure, It bad thus & smaller activity

than face~centred cubic meials and cebalt, Mavimum activity in each

horizontal row of group Viil metals, occurred in the column of aickel,

palladium and platinum. This was in agreement with the cbesrvations of

Sheridan and Reld (23) for acetylene hydrogeantiaa.

,




I Geometric Factor

Differences in the catalytic activities can be explained
in terms of geomstric factor, In 1929, Balandin {40) proposed that i
a group of properly spaced atoms ouly oo & certain plane of the metal
might be responsible for the catalytic activity, Heriagton (41) snd S
Sheridan (42) censidered the geometry of tha associatively adsorbed

state of acetylens and shed further light on such apatial considerstions. |

Bond lengths for Acetylens and methyl acetylens are sams, Hence, 88

analogous discuseion can be made for methyl acetylene hydrogenaticn,

From the knowledge of carbon-metal distances and car«
bon-carbon distance, optimum motal-metal distances caa be calculated.
The optimum metal-metal distances for nickel, palladium and platinum
are 3.33, 3.43 and 3,43 :\ respectively. Planes having metal-metal
distances very near to these values axs puitable for adsorption of me«

thyl acetylene. Available metale-metal distances for these metals in

*
veilahle matale

(110) planse are 3. 50, 3,91 and 3.85 A respiciively, Available mem
metal distances in other planes are much different. Therefore, (110)

planes of face-cenize cuble matale are favourable for adsorption of

methyl acetylens. The catalytic activities of platinum, palladiusm, nickel,
tridium and rhodium are attzibuted to these metals' favourable metale

Lm tea JR AL
-~ -y

meial distaaces o {110} planes.

(1070) plaves of cobalt, ruthenium and osmium resemble

the {110) planes of face-centred cubic motels, But the metal-metal

e

3
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distances ia (IOTO) planes for cobalt, ruthenium and esmium 376

411, 4,27 8ad 4.31 & respectively. These distances axe much

longer than the optimam metalometal distances are aré probably
too long 0 be spenned by sdoorbed methyl scetylens without
considersble straia.

m Elsctresis Factor
nruuumucmmmmmua

heterogenceus catalysis wsually isvelve the cmnhtlin of the

strength of surface bonds with the nature of m‘ chemical bonds
in motals, in the light of the theory of metale, The theory of
metals, developed by Pauling (¢3, 44, 45), regavds the metallic

bond as invelving & resoasnce petween covalent and ionic bonds

formed betwesa the iadividual atoms, The resonsnce forms in

Hthium, for oxample, sre given 88

gb&:‘aﬁi&’mw@y {*ég’;rfgh"*&:‘fq"“i":lvz\ T FETY S -
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In order for this resonsnce to be possible, the atom must be capsble

of forming & sirsstars of the type - {1 - which in turn requires iad

atom to have &0 available orbital,
a vacancy which can receive an

known 8¢ the metallic orbital,

The metallic orbital conaists of

electron and then share it wiih & Geighbouring atom.
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As sn example, the schems ic Teble 19 represents e

e

electronic configuration of nickel, In mickel A structure, there are
two unpaired d electrons, whereas in nickel B, there are no unpaired

electrons, From the experimental velues of the magaetic moment,

nickel consists of 30% of A form and 70% of B form. I pickel A,
there are two d slectrons and altogether six orbitals arve iavalved
in bonding. B sickel B, there are three d eloctrons and seven
orbitals (empty p osbital is the metallic orbital) are involved in

bonding. Therefore, the psrcentage decharacter in nickel is given

by

2 3
30:6*70:&7:40%

similarly, percentage d-character for group VIIL metals

have been calculated. Table 20 shows the percentage d- character

of these motals.
According to Pauling (45), the number of empty atomic

s dacreasss as the d-band is filled. Assuraing that the surface

ozbital

states are related to the electronic configuration of the bulk of the

metals, metals with high percentage d-characters will have less

orbitals availabie ior bonding with the adsorbate and will have nigh

activity.
Attempt 50 find & correlation batween the catalytic activity

crs was made &9 anily &

of metals and their percentage GechRrach 1960

by Besck (46). Using the results obtained for sthylens hydrogenation

o motal films 8§ §°Cy b pletted logaritha of activity against per= "‘

PREPURIPIR SN Y v5 7 1 8
— —————————R
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A smooth nonlinear curve was obtained and metals with higher

percentage d-character were more active, Schuit's modificae

R RS A o 99 =
PR RN 34 LA 2 AT

tion (47) of plotting logarithm of activity against percentaje d-

character x metallic valency {mproved the situstion and & linedr

plot was obtained, again activity increasing with the increased

T PP S ) o)

percentage decharacter x metallic valency.

TSI

However, Beeck's correlation appeared to be poor

whea Kemball's (40) results for ethylene hydrogenation over

i e T ———— < X,

metal films at ~100°G and results of Schuit and van Reijea (49)

for ethylens hydrogenation over silica supported metals at 0*C

were used, Also, Peeck's corselation of activity order did aot

follow the percentage decharacter for propane deuteration.

Further, Beeck's correlation suffered & serious set back when

Sheridan and Reid (23} considered acetylene hydrogenation over

varions pumice supported metal catalysts, They plotted logarithm

of activity against percentage d-character, A maxima was reached

for palladium, Unlike the findings of Beeck for ethylene hydrogenation,

rhodium with bighest percentage d-character was found not  have

B was less active than palladium, piatinum

Further, ruthenium,

the highest aciivity.

and nickel which lesser percentage d-character.

osmium and iridium with higher percentage d-character than alckel,

palladivm, platimam, cobait and iron Wi lawer in aciiviy. =¢°

Besck's (46) correlstion dié act include ruthenium, osmium, cobalt




RN

-84

and iridium; thers doss not AppesT to be enough reasons for sccepting
his postulation thet catalytic activity is directly dependent on percens
tage d-charactor. The same reasonings are applicable to Schuit's
{47) modification, Thely correlation is limited to their own work oo

sthylene hydrogenation over 3 limited aumber of group VIl metal films.

it appears that Besck's correlation is of aot much sigaifie
cance for methyl acetylene hydrogenation oves pumice supporied cata~
lysts, since plcksl, palladivm aod platinum with lesser percentage
d-charzacter than ruthenium, osmiomy rhodium and iridium were muoch
more active, lron and cobalt with parcentage d- charscters closs 0

nickel weze loss active than atckel.

Emmett (50) correlated Kamball's (51) resulte of activation
energy agsinst percentage d-character, for ammonia deuteration oveT
metal films. A linear plot was cbtained, the activation energy decressed
with increased percentage d-character, However, Kemmball's {51) work

did not include cobbil, iridivis, euthenium and osmium. Also iron,

- ———

aickel and platinum wers {ar away from the sequence,

For methyl acetylens hydrogenstica Over supported metal
catlysts, activation energy Was plotted against percentage decharaciss.

A nonlinear piot shown in Figure 13, was obtained, The activation energy

decseased with incressss percentage d-character. However, cobalt and
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iron fsll out of emooth sequence. The possible explanations are:
(1) cobalt and iren do not have face-cantred cuble structures like
other metals and {2) activation enezgias for cobalt and iron were

detormined in 8 sauch higher tamperature yange,

However, no suitable theory has been established as
yet o explain the dependence of catalytic activity on geometric
and electronic facter (32, 53).

IV Compeassticn Effect |

Variations of activity defined by the cverall zeaction
rate constant K shown by & series of related catalysts, such as &
series of different metala or & given msial trosted in & variety of
ways, may be due to the variations in activation energy E or in the
pre~exponentisl factor A or in both simultansously. The frequently
observed relstionship between activation energy E and the pre-expo

aential factor A is of the form

loggh * mE +c {22)

and is referzed to as 8 "compensation effect. When logm Ai is

plotted against Ei' m and ¢ are slops ané intezcept reRpOCH VY.

(1) An incresse in log‘ o A at constant sctivation ensigy

& implise & Wghss 3342, {2} an increase in activatios energy B 8¢ con-

stant log, A implies 8 Jower rate and {3) simultaneous incressse or
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decrease in both tend to compensate {rom the atand point of the

sate. (1) and (2) are "no compensation offects”. (3) has & “come

pensation effect®. For methyl acetylene hydrogenation, both acti-
vation energy And the pre-exponential facter wers varisble, "Come

pensation offect" is, thezefore, anticipated.

Since veristions in the catalytic activity is best studied

at & reforencs tamperature (54), mw A valuss were chtained at

80°C. These values bave been tabulated in Table 18. Plots of 10§, Ai
agsinst activation snergies 818 shoWR separately for nickel catalysts

in Figaye 408 and for pumice sapported catalysts ia Figure 40D,

Linear plots were cbtained for both CASSS. The olopov and intercept
for Figure 40s weze 0. 50 and 1, 80 respectivaly. The Arrhenius
parameters for pickel catalysts can be corsolated by the {ollowing
equationt

logyo A, ® 050 B+ 1,80 (23

The slope and intercepi f57 Tigurs 40b wers 9,75 apnd
.2, 50 respectively. The Arshenius orameters for pumice supported
cataiysts can S corralated by the equaticn

Bond sod Mann (22) have found the following corresponding

equations for acetylene hydrogenationt

|
-
:
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o Ni-kieselguhr
o Ni-pumice
A Ni- power |

a Ni-powderl
A Ni-powder T
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logyy A, * 048 E; ¢ 0,40 (25)
tog g A, = 055 By 1,50 (26)

v  Reaction Meochasism

RO O et

The sstablishment of & machanism for & heterogonsous
catalytic reaction ic more difficult and of greater complexity thea &
homogensous resction. The malo redson for thie ie that io casé of s
heterogensous reaction, the surface is 8a active participant and has
to be considered as & reactant. The concentration of the active surisce
in the steady state is not direcily accensible. Further, the normal
state of the fres suzface mAY be disturbed when adsorption occurs on
it. The transition state of 8 heterogsacdus reaction is more difficult

to define both in geometric and energetic terms, than that of a hamde

geneous reaction. Therefore, the reaction mechanism of & hetero-

genegus reaction is ususlly explained by the results over simplified
modeis.

Although the hydrogenation of olefine results in ssturated
products contaizing the same pumber of carben atoms, hydrogenation
of acetylenss is accompanied by the {ormaiicn of polymers with the un~

saturated and patursted products. flence, the resction mechanism for

aceiylenss! b.ydrogonlﬁon pecomes shll more complicated. For acety~

lene hydroganation, Bond and Wells (65) suggosted thres types & <
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mechanisms. Their discussions are based on the experimental

observations and deductions obtained for acetylene deuteration.

There appears to be 0o published data on methyl
acetylens deuteration. Therefore, in this work, a8 astampt has
been made to suggest & mechanism based oa product analyses
over aickel-pumice catalyst and by anslogy with those postulated

by Sheriden (42) for acetylens hydrogemation.

The results of the kinetic investigations show that
stroagly adsorbed methyl acetylens sud weakly adsorbed kydrogen
are involved in the steps, determining formoation of propylene,
propane and higher hydrocarbons (polymers). Adsorption of
methyl acetylsas follows an "assoclative mechanism”, analogous
to adsorption of acetylens. Gaseous methyl scetylene and hydrogen

are sdsorbed at the catalyst surface, The resctions may be repre«

sented as:
ﬁ,Can Cﬁi-i‘:zﬁ;‘:-{fnf'.ﬁ {n
» L
(adsorbed methyl acetylens)
HoH+ 2%z 2H an
(sdsorbed mydrogen atom)

catalvst atom,

ere ® représsnis

v
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Reactios between adserbed rasthyl acetylens and

hydrogen may eccar a8 {ollows:

%c.ﬁ:- ?uhtu ﬂ,c-t’:-‘mﬂl.‘ | (un
‘mtp\luwnkn sdsorption of hydrogen on the

sarface of the metal, the concentration of hydzogen stems ‘

on the suziace weuld be low, The luitial renction (IN) may

therefore be yepressuted by the squatien

H,C-G . Cfﬂir-ﬂ-ivﬂ,c-?a cuaut {tv}
¢ ¢ '
(half-hydrogeasted atate)

{mplying that the adserbed hydrogem atown rensted immedistely
with an adeorbed methyl scetylene molucuh to form a ball-

nydrogenated state

The sctivation energy for methyl a_wmvlag hydro»
genation on ulckcl-;mntcc catalyst was censtant jo the tempe-
rature range of 50° » 88°C, Products wers apalysed st 97°Cat
which temperature the activation enexgy sony be assumed to be
the same, Gometancy of Ws =:'.!-.'e.:!ea saergy and abaence of
hydrogen exchangs reactions {24, 37) reduced the possibility for
the reveraibility of reaction (IV), Thereford, the zeaction may be

raprenented &%

l

P - LY $ X
H:c c‘;aﬁ;uu}!nusc G * miah’z V) ‘
s ® € ®
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The hal{-hydrogenuted state, an adsorbed radical,

NSRRI R R RS

would resct with an sdsorbed hydrogen atom to form gaseous pro=

pylene:

H’C-is C.Hz{' He H3c'1' Gﬂzé' A v

(Propylens)

The adeorbed radical would further isomerise into &

free radical:

— : .
Hac- (.\‘. a CH‘Z L g HBC. i- T’Iz {vi)

*

(free radical)

The free radical would resct with an adsorbed hydrogen atom to give

adsorbed prapylease:
j iﬂ +H = HC-T (THE'I'* {vir)
(adsorbed propylene)
Propane was formed in ihe saxly stagez &t of methyl acetylene

hydrogenation, This would bave come fram the further hydrogenation of

i 1
.Co » 1X
H,C » + CH, + 2H = HC- G GH, ¥ ¢ (x)
s H

Ll
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Propane can not be formed {rom re-adsorption of gas~
evas propylens oo planec becsuse methyl acetylens is moxe stronghy
adsordbed. Ner can it be formed from re-adserption of propylens oa
planes which can ot adsord methyl acetylens, otherwise no sslecti-
vity would be obaerved where the rate of propylens hydrogenation is
{astes than the rate of methyl acetylens hydrogc_innu. Propans is
eventuslly formed by the hydrogenation of adsorbed propylens as rve-
~ presented o {IX), The selectivity i cantrolled by the reacticn {(vih)

and by the rate of evaporatios of propylene from the surface,

When msthyl acetylens was hydrogensted, polymers were

formed. The free radical formed in {VIL), {nitisted the polymerisation

with adsorbed methyl acetylene molecules.

HyC f- Cil{z+ l-isC-i - Qi Polymers (x)
*
Mathyl acetylene hydrogenation produced less polymers
than acetylene hydrogenation. Pond and Sheridan {£4) enilmated sters
effects of the methyl group in adsorbed methyl acetylene. They belioved
that the steric effects might prevent sxisasive galymerisation in the |

chamisorbed layer. Also physically adsorbed methyl scetylens might

cause polymerizatica.

Al
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This work agrees with the obgervations of Bond and
sheridan (24) as it explains the reasans for the increass of the
polymers with incressed {nitial methyl acetylene pressure. It
appears that the concentration of the phyuany-;duo:btd mdhyl
acetylens was not affected by the tempersture, Hence the yleld

of polymer wae found to be almost independent of temperature,

Polymerisation is probably initisted by the free
radicals in the chemisorbed layer and then proceeds through me-

thyl acetyleas adsorbed in the van der Waal's layer.
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Vill CONCLUSIONS

The kinstics of methyl acetylens hydrogenation Over ;
the transition metal catalysts of greup ViLl, supported on pumice ﬂ
é
B

and several other supported and unsuppested nickel catalysts,

bave been iavestigated in 8 static systsm over 3 wide rengs of

temperature and reactant ratios.

The initisl rate equation dependad on the initial hydrogen

pressures for all the catalysts except platioumn, in which case it

depended on the {aitial pressures of mathyl acetylene As well.

The catalytic activities of the pumice supported catalysts

for metayl acetylens wydrogenstion were is the sequence:

Pt PP Ni > Ir PR > (o >Fe #Ru> 08

The face~centred cubic metals appesred to be most active. Such

high activity bas been explained in terms of me

tal-metal distances,

Like acetylene hydrogenation and propane deuteration,

the order of catalytic activities did not follow the percentage d-

charscter for methyl acetylene hydrogenation.
The Arrhenius parameters, sciiveticn energy £ and the
Therefore,

pro-expoaontm factor A were variable in this work,

" campenaation affects" wese expected and equations relating the pré«

exponential factors and the activation energies have peen evaluaisd, ﬁ




O%‘

The initial rate equations suggested that the reaction
took place due to vadjacent adsorptioa” of both the reactants,

methyl scetylens being more strongly adsorbed than hydrogen.

A peseible resction mechanism has been postulated

based on the product analyses over & aickelepumice catalyst.

It bas been proposed that the adsorbed methyl acetylens
molecule sad the sdsorbed hydveges atom react and form a half-
hydrogenated state, which further hydrthn to form gaseous
propylens. The adsorbed balf hydrogensted species could also
exist in fres radical forms which farther hydrogenate to gasecus

propane and also initiste polymerisation.
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IX RECOMMENDATIONS

M

The systematic study of methyl acetylene bydrogenation
marks a mile stons {n the history of catalysts, for it fills 3 geping
ased in the field of catalytic hydrogenation of unseturated hydrocarboas.
However, certain informaticas are still needed to explain the mechh=

alsm more formly.

(1) The study of selectivity ia very importsat {rom the industrialist’s

polat of view, basides academic interest. Selectivity is a function of
the nature and state of the catalyst, the temperaturs and toe initisl
pressures of the reactants, FHence, 8 thorough study over all the

catalysts should be made to find the highest selective catalyst.

(1i) The deuteration of methyl acetylene over all the catalysts should

be investigated to obtain informations on the reversibility of adsorptien

of the reactants.

e SR s T

(141) Nature of adsorbed methyl acetylene species should be determined

Ry o

by infrared apectroscopy. Also nature of polymers should be détermined.

{iv) Toobtaina better unified knowledge, the wozk should be extended

{0 more metals, supported and unsupported, particularly on noiié

metals,

A
I
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CyHy

Gyl

CyHg
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% NOMENCLATURE

reactant A

R MR 1 E4y 22

prasexponential factor {n Arrhenius equation

FSRATIREAE

reactant B

intercept in the plot of compensation effects
pressure fall, mm. Hg.

activatien energy, kcal per mole

sffectiveness factor of catalyst particles

overall reaction rate constant, min”)
overall reaction rate constast, min™? )
slope in the plot of compensation effect
probability factor in Arrbenius equation

pressure of reactants

initial acetylene pressurs, mu. Hg.

initial methyl acetylene pressurs, mm, Hg.

pressure of propyisas, o Ha.

pressure of propaneo, mm. Hg.
inittal hedrogen pressure, . Hg.

gee constant, cal, per mole per degree Kelvin
initial hydrogen: methyl scetylens ratio

initial zeaction rate, mm. Hg. per minuts

—————-—J
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gelectivity, propylene: propylene + propane
temperature, K

order of veaction with respect to bydrogen
order of reaction with zeapect t0 hydrocarbon

collision sumber in Arrhanius squatios |

reactant A
reactant B
catalyst §
initial

reference
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Amnﬂx A

Calibration and typicsl analysis curves
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Tabls 1 Eesults for nickel-pumice catalyst

Waight of catalyst = 3 g
Equivaleat amount of sickal » 0.117T g

(1) Jnitial methyl acetylons prassuze = 304 | mm. Hg.

Temperature Run sumber aitial hydrogea  Initial mate

i + pressure mm. Hg./mia,
B N

50 1 30 0.3
2 45 9.80

3 105 ' .00

4 75 1.3)

] 138 2.6b

6 % 1.50

7 120 2.10

6 8 4% 1.36
9 61 1,90

10 106 8,00

1n - 1% 3.00

H 90 3.15

13 }20 6.00

14 150 7.59

- 138 7.00

68 16 16 9,80
17 30 1.80

18 60 4,50

19 38 3.00

20 75 5.60
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ble 1 inued}

Run sumber Initis} hydrogen  fuitial reie
prossure mm, Hg./mis.

M'”‘
3 9 1.1
b ¥ 120 10,50
a3 138 1.5
2 105 . amn
1] 134 24,00
26 104 21.90
a1 121 3,00
28 14 13.00
29 9 16,00
3 43 6,50
3 59 9,50
32 15 .10
33 29 4.5
34 96 U,
35 15 2,10
36 47 15,90
37 30 7.25
38 76 24,00
39 &0 17.00
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(i) Iaitial kydrogen prosaure * 60 & 1 mm, Hg.

Temperaturs Run aumber tnitial mathyl Initial rete

*c scotylsne mm, Hg. /min,
prassurs
am——— _ ] Hy. .. S
5 40 3 1.30
4] 9 1.00
42 9 1.00
43 151 0. %
4é 1 1.80
45 120 0,98
& 46 4% 9,60
47 60 9.50
48 7 9,50
49 150 9.3
50 180 8,90
51 30 10,00
{iii) Summssy S5 Raauite
Tomperature « y leggk 3. 19 Activatien
c pghy | seny
& s
50 1.15 0 .2.08  3.094 16,70
62 1.14 W67 2,988
68 1.15 o458 2.9
&2 1.1 ¥ Co.n,es 2,835

88 to i!‘i -9._50 3. 770




emke

forx od | 2 $

Welght of catalyst = 0.2 ¢m
Equivalent smoust of nickel = 0,048 gm

() tnitisl saothyl acetylens pressurs & 304 ) mm. Hg.

Temparature Run sumber Jnitisl hydrogen laltinl mate |
‘¢ pressure s, Hg /mis. 4

$ 52 1% 9,80
83 121 7.08

M 138 8.00

55 194 4.9

56 9% 3.66

57 &0 1.50

58 4 2.62

89 45 0.93

39 () 0 2.00
61 62 6.87

62 ] 8,28

63 45 3,18

64 15 0,52

68 9 10,50

43 66 7e 14,8
67 45 6,28

68 60 13,00

69 15 1,33

70 31 5909




e N3 < oL
Todle 2 {Contimed) B
Temperature Run sumber nitial hydrogen  Initial rate
‘¢  pressurs mm. Hg. /mia. ,
“ n 5 15.00
7 62 13.00 L
7 34 7.00
% o 950
15 13 337 'f
7 4 1,38
(i) Iaitial hydrogen pressurs = ¢ ¢ 1 mm. Hg.
Temperature Run numbey Initial methyl Initial sate
*C acetylens mm. Hg /min.
pressure
U ¥ 8
39 11 az b4
78 91 6.6
9 60 6.4
80 120 6.2
8 151 6.6
64 82 2 17,30
83 60 17,10
g4 28 17,30
85 30 17,35
86 15 17,95
87 73 17.90
|




e pealimels
1.9 <3 % 3,597 13,94
1.5 O 1.9 3,205
1.16 J. ¥ 3164

). 68 »1. 78 3.115
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Table 3 Results for sicksl-powder(t)
Weight of catalyst = 6 gms
Equivalent amount of aickel s 0.1826 g
(1) Initial methyl scstylens pressure = 30 ¢ | mm. Hy.
Tempersturs Rus aumber iaitisl hydrogea  lnitial zate
°C pressure mm. Hg./min.
72 s 30 0.65
8 45 1.25
90 151 4.50
9 105 3,00
92 125 3. %
93 35 2.4
94 15 2,16
35 60 1.7
78 96 30 1.7l
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Tabla 3 (Centinusd)
Temperature Rub number Initial hydrogen  Iniiial mate
'c pressare mm. Hg./mis.
- S HEe e

% 103 150 0,00
104 30 .95
108 4 50
106 138 18,00
107 120 16,00
108 58 600
109 1 8,50
110 90 11,00
133 105 14,00

99 112 91 25,5
113 16 19.0
114 §5 12,0
118 ou 18,9
116 30 5.0

108 117 76 25,5
118 16 3.9
119 30 9.0
120 0 .0

121 44 17.0
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Ta

3 (Contimu

(it) Initia) hydrogen pressurs = 60 ¢ 1 mm. Hg.

78

%0
9
198

1,15

1.49

1.28
1.28
1,15

y  logygk L 107 Activation
’ ¢ K") anergy
'.‘p 85‘ 2.898 !8. 56
"lp 682 Zp 849
~1,110 2.688
*a‘. ?és 2, 625

Run number fnitial methyl tnitisl rate
scetylene mm, Hg./min.
pressurs
mM gn

1) » 6.3
123 60 6.1
U 46 6.3
125 9 5.1
126 i2l 6.3
121 150 5.7
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L’c!_l_g 4 Reaults for M-gﬁn (L]

Woight of catalyst = 3 gms .
Squivalent ameunt of sickel = 0. 604 gm

() Initial saethyl acetylens pressurs » 30 4 } mm. Hp.

Temperature Ruk aumber Initis) hydzogen  Initial rate

'C pressure mm, Hg./mia,
46 122 120 1.9
123 50 0.45%
134 30 0.84
129 3 9.32
126 80 0,70
127 1% 0.16
128 60 0,5¢
50 129 45 1.30
1% 57 1,80
131 11 2.30
13 i10 .50
133 130 4,30
1M 284 3.30
135 94 2.80
136 30 0,70
137 17 0.50
60 138 162 11,00
139 137 9.25
140 120 8,59
141 ie a.48

142 16 0.83 ‘

143 31 1,60
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Table 4 _(Contimed)

Hlun aumber [nitial hydrogen  Initial ate
pressure mm. Hg. /min,

w20 HEo
144 41 3,00 |
145 6) 4,00 o
146 85 5,40 ;
147 9 6,80 5
14 % 15,00 1
149 15 1,60
150 % 3,70
151 %0 615
192 60 9.00
153 80 14,50
154 100 15.50
156 90 18,00
156 80 16,50
157 15 2,00
158 31 5.20
159 40 6,50
163 60 13.00

(i) Initial hydrogen pressure & 60 + 1 mm. Hg.

Temperators Rup numbss Initial methyl Initial rate

‘C acetylene mm, Hg. /min.
pressure
e . 2= —
60 161 60 3.9
162 31 '
163 152 3.5




x Y
1.0

1.1

1.1 0
1.2

1.2 0

o180 »

Table 4 _(Cootimaed)
Run wwmber Initial methyl Initial rate 3r5
agetylene mm. Hg /mis |
pressure
mn. EI. .
164 100 5.8
165 45 3.1
l" 6‘ 13.00
166 45 ‘3050
167 52 13.70 |
168 150 12.0 i
169 il 12,90 |
110 % 13,00

10, % 1a0) actwtion
Y eneryy
3 T
e P
A8 3135 17,16
=214 3.096
.35 3,00

«1. 2} Z. 958

'10‘5
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{(Mathyl acetylens admitted firet)

Waight of nickelous nitrale = 3 g
&Mnhntmtddem s 0,604 gm

(i) Initial methyl acetylene pressure = 30 + } o, Hg,

Temperature Rus number Initial hydrogen  Initial rets

°C pressure wm, Hg, /min.
- mm. Hy.

60 nm . 45 1.8
172 LY .10
173 77 3.0
174 145 4,70
178 126 5.5
176 104 3,23
177 9% 2,60

66 178 15 0.73
1719 120 6. 50
180 3 1.60
isl 48 &9
182 60 4,00
1683 100 6. 75
184 23 5,50

n 185 149 20,90
186 135 18,00
187 120 16,50
188 59 6,28
189 4 8,50
19 104 14,00
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Table § {Contimaed)

Temperaturs Run aumber Initisl hydrogen  lnitial rats
*c pressure mm. Hg./min
mm M . —
191 1§ 2,20
192 43 4.4
193 9% 11,00
] 194 15 3.7
198 73 21,78
196 31 9,00
197 A4 14,50
198 60 22,00
(i) Initial hydrogen pressuze = 601 1 mm, Hg.
Temperature Fun aumber Initisl methyl Initial sate
°C acetylens mm, Hg,/min.
pressure
| T HEe
66 199 60 .80
200 45 3,80
201 122 3,70
202 151 3,65
203 30 4.00
88 204 30 .00
208 150 33.00
206 121 25.00
07 (3 23, 50
208 105 23,5
299 46 23.70

y B



x

1.16

1.8
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Teble 6_Results fov palladouser pumice eatalyst o
Weight of catalyst » 0.5 gm
Equivalent amaunt of palladium » 0.0448 gm

W mwMylumw’tdnﬂ s 3041 mon Hg.

Tomperaturs  Run sumber faitial bydrogen  fnitial sute

*C presmrs mm, He /min.
) e %% 7.5
311 0 $.00
M 30 .75
213 1 6.5
14 44 4,00
315 i 1,00
94 26 il 2,28
2117 &0 5,00
218 30 6,75
219 41 9,90
2% 50 11.50
izl 59 13,50
i 76 17,50
109 223 30 10.00
224 4b 15.00
228 &6 18.50
226 37 8,00
221 9 2.5

y B
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Table & (Contiseed)
Temperature Rus number Initial hydrogen  Initial rate
‘c presaure mn., Hg. /min.
118 a8 19 9.50
229 1 13.00
% 13 $,00
F3 )1 « 15,0
in 60 23,5
b3 1) % 38.0

(1) Mnidal hyiregea prossure * 6 & | mes, Hy.

Tompareturs Run aumbey fnitial methyl Initisl rate

‘c scetylens mm, Hy./min.
pressure
— BB
% 3 60 4.1
23 -} ) 15.1
236 76 12.8
237 % 13.8
238 122 13.¢
118 239 60 23.7
240 46 0
&4l 32 24.5
242 30 28.7
24) 40 24.2

244 108 3.0
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= 14

0.9

9 0.97 0

109 0.9

118 0.9 0

BESCPIR TR e
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Table 7 Results for m-wo catalyst

Welght of catalyst » 0.0l pm
mmmdmm s 0.000094 g

) uwmﬁmwmm » 3041 mm Hy

*C Prosmre mm. Hg /mis.
e s TR .
6l s 15 0.9

b 59 0.5
a1 120 1.50
248 30 1,37
4y 133 3.48
%0 198 }.68
76 a5t 50 0.8
52 105 2.83
283 120 5.9
254 134 .00
255 15 1.8
256 152 6.30
251 58 1.0
Z58 168 6.60
9% 259 3 1,88
260 7% 3,17
261 108 1,80
262 150 12.60
263 45 1.30
264 14 3.47
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Tadle ? (Continced)
Rua sumber Initial hydrogen  Initial rete
prossure mm, Mg, /min
AR, g- J

T 1 9.19 |
266 58 .3
261 90 5.00
i 119 21,50
269 156 35,40
n . 10.00 |
an 138 32.00
2n 90 14.19
an 104 18, 60
i 108 34,00
215 75 17.00
216 120 39,80
m 135 45,70
218 60 13.00
19 11 2.50
280 X6 1.00

{1f) Initial hydrogen pressure & 60 ¢ 1 mm. Hg.

Tesapereture Run namber Initial methyl Initinl rete
G acetylene min, Hg/mbn
pressure
9 281 T 2.50
282 46 2.60 |
83 60 i.30




Temperature Kun number Initial methyl Initial rate
*C m . mme "‘q/ﬁ!‘o
proasuse
i 178 .90
28 93 1.60
b1 132 1.40
133,9 B 148 3.60
288 )} 12.50
28 45 1.00
2% 15 5.20
1| 120 4,30
a9 )} 2.10 ;
(%) Summery of Resslis
Temperatare x y i 107 logyk  Actition
'C o Kvl) eoergy
x »
- L P o
61 tv“ 3,@93 ‘3; “l 33.85
7% 3485 2.865  =2.600
96 ‘t “ '0.5’9 zpvlo ..Zp 209
124 1.87 2.512 .1, 744
133.5 l‘ 35 '00” 3."563 "!y‘;‘-?"
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8 Results for coblib~ o catalyst

Weight of catalyst = 0.00129 g
Equivalent ameunt of cobaii = U.8051 4 g

i

() Iaistad saothyl Boetylens pressurs ﬁ_!ﬁg_l mm, Hg.

Tesaperaturd Rua samber Initiol hydrogen  Initial rats

'c prassure ﬂ"‘w’ﬂﬁ/hﬂuk
" 293 150 2.9
2% i 200
295 120 1.50
29 104 - 1.00
91 %1 0.8%
105 298 135 6.5
29 156 6.00
300 13 3,50
301 105 2,50
302 % b.80
303 6k 0.80
17 304 iy =80
30 134 6.50
3@5 150 16,00
307 60 878

308 90 2.20

T e

e et e S
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Jable 8 (Coatimued)

(i) Initial hydregen pressure o 120 ¢ | mm. Hy

Tempersturs Run sumbey

*C
st
108 309
B
sl
312
1§ )
(i) Summary of Results
Tomperature T
'c
1] 2.6
108 iLé 0
117 .6

&, 645 v, 880
l« 5“ "“u &58

Initis] methyl Initial rate
acetylene mm. Mg, /min.
presaure
30 .5
61 3.6
45 3.50
92 3,00
120 3.20
1 3 .
Fx 107 log Mk Activation
‘.qu.’ .”l""
3.1 »5, 260 13.%

A
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Table 9 Resalts for rhedlame

Weight of catalyst = 2 gm
Equivaleat amount of shodinm = 0,179 gm

(1) Iaitial methyl acstylens pressure & 30 4 1 mm. Hg.

artremsem——
Temperstuze Run sumber faitial hydrogen  luitial rate
o pressure mm. Hg./min.
- mm., Hg. |
0 34 30 0.40
318 4% 9.9
36 60 1,00
k1% 76 1. 70
s 104 2.1
319 121 3.0
320 136 4.90
18,5 b ¥i 150 10.50
322 90 5,00
323 135 8.5
324 { 3.33
s 60 .50
326 1i8 T80
3217 105 6.00
38 46 1,66
30 329 148 13,5
3% 105 7.50
sl 61 4,00
33 119 10.00
393 % 6.3 -
334 76 4. 50
335 134 14,00

e e A
. s
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Iable§ (Centinued)

Tomperaturs Run aumber Initial hydrogen  Initiaj rate
°C pressuze mm, Hg./mis
am. Hy. N

% 46 2,50

m 40 1.8

104 3 150 2.9

3 ) 108 12,00

340 45 3.5

M4 138 19.99

M2 ! 10,00

43 15 8.00

M4 120 15.00

348 60 5. 75

{tl) Initial bydrogen pressurs = 60 & 1 mm. Hg.

Temperaturé Eun number Initia} methyl Initinl rate

°C acetylans mm. Hg. /mie.
preaguss
mm, B
- AN S—————
%0 Mb .11 2N
387 4t 2.50
348 75 2.30
349 & 2.5
350 111 2.40
351 | 106 2,40
352 159 2,40




Initlal hydrogen  Initial rate
pressure mm, Hg. /mia.

m&.

46 2,5
40 1.18
150 2.9
108 12.00
48 3.%50
138 19.99
1 10.00
15 8.90
120 15.00
&0 5,76

{4) Iniiiel hydrogsn pressurs = 60 ¢ } mm. Hg.

Temperaturs Run aumber Initial methyl Initial vase

*c acetylens mm, Hg./min,
pressurs
- P ———— M—.v e —
9 346 L} 2,10
M7 - 2.50
348 75 2.30
349 2.50
350 §i 2.40
353 106 Z.40
152 159 2,40




Table 9 !E.‘-‘M
Temperaturs Run number Initial methyl Initial vate
' acetylens mm, Hg /min.
pressure
M H wiasavied
110 3 k) | 8,00
154 & 1.50
355 (1) 7.50
356 131 7.20
387 150 7.00
358 92 7.5
(1) Sesmayy ef Results
Temperatars % ;L legr Actiwtie
‘c ¢ kY nergy
60 L3 3.003 «2,898 8.60
73.5 3.5 l;&“ -3' u3
104 .6 2.652 «1,904

110 0
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Tabls 10 Results forl

umepumice catalyst

Weight of catalyst = 2 gme

Equivaleat amoust of iridiom » 0.1804 gm

() Iaitial methyl scetylens

prossurs = 304 ) mm. Hg.

8.8

100.8

Ran sumber

M

360
36
02
363
364
365
366

367
368
369
3
m
m
373

M
375
376
L Yk
318
379

360

Baitial hydrogen  loitial reie
preswure mm, Hg. /mis.
152 5.9
»* 9.9
1s 2,6
199 3.25
128 3.9
51 .20
% 1%
162 33,50
3% 2.5
48 32,00
13¢ 2.5
106 14.50
o8 4,00
" 4.3
16 13.59
34 3.20
1 6,50
82 9.00
131 19.00
1ad 18,50
57 6.00

e A

e N et St e ]



taisis} hydrogen

presmure

(48) Nﬂnlgylmupnnun . ﬂ:_tm Hg.

100.8

366
387
386
389
390
391
392
393
394

9%
396

Mitial methyl
acetylens
groasure
e B

61

32

5

9

120

K}

46

9
o
Y-

Initial rate
mm, Hg./min

17,9
65
%9,00
‘Q“
3,00

Initial rate
mm, g /mo

4.2
4.5
4.2
4.0
3.9

6.2
4.0
6.3

5.6
b4

5.9
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x vy 32 10} loggk  Actiwties
¢ ‘d‘ onzgy
1.2 3.0  =3.09 918 .
‘o “ 3. .l' .‘o “.

e O 2,678 -1.398
1.3 2.569 »1.1%5
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Table 11 Results for ironepumice catalyet

Weight of catalyst = 0.016 gm ;
Equivalent smount of iren 3 0.00l4 gm 4

() Initial methyl scetylene pressure = 304 1 mm. Mg

Termperaturd Rum aumber titial bydrogen  Initial mte

*C preisure mm, H§.
e e N -
188 397 6 0.4
198 150 1.33
11 104 0.83
400 136 1.2
401 120 1,00
402 ' 90 0. 64
198 403 150 5,00
404 105 1,28
408 75 0.80
406 60 0.60
407 a6 0.50
226 408 150 3,00
409 31 0.50
410 136 2,00
a1} 143 N

(1§} Initia) hydsogen pressure = 120 ¢ 1 mm. Hg.

Temparature Rup number Initial methyl initial sate
*G pcstylene mm. Hg /mats.
prossure =
mm. . A |
185 €12 122 1.00
413 LU 1.10




Fable 1} (Continued)
Rup samber  nitial methyl  Initiad sate
acetyleas min, Hg./min, A
pressure
- mm. Ny
414 150 0.9
418 ”" 1.9

(1) Summary of Resulis

= y
L 0
1.28
.28

¢ K" energy
i - k cal/mele
z’ l“ .z. “z “0“
2.120 «2.4%0

2.025 .2.211
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Table 12 Results for rutheniamepumics catalyst
Weight of catalyst s 2 gms

v
iy
B
-
H
v
bR
oA
-
B "Vl
N
e
N
i
3
N
o
i

Equivalest amount of ruthenium = 0.1778 g ' g
Temperatare . W°C
toitial hydrogen pressure s 15041 mm Hg.
Liial methyl sostyless proseure o 303 1 mm. Hg.
Ran pembes Time, Hours itial rate

"y ) 7.
ae 0.8 6,75
419 1.0 619
420 1.5 4.5
421 | 2.0 4,85
22 2.9 3.5
623 3.0 - 2.5
24 48 2,50
425 5.0 2.5
426 6.0 2,00
A1 1.0 .30
428 1.5 1.50

429 8.0 1.0
11.0 1.25

"‘ ‘l.s 1025

! 432 12.0 1.00
433 3.6 1.00
i 434 14.0 8.75
435 23.0 0
E 23,5 0




.l4] -
T 13 Results for J e catalyst

Weight of catalyst = 3 gms
Equivalent ameunt of esmium » 0.1802 gm

Tempareture s 399G
Initial hydrogen pressurs « 15041 mm. Hg.
Initial methy} acstylons pressuse ¢ 3+ | o Hyo

i
i
B

i

x

1

i

Lo

[

[

v

i
X
A
i
|
&
It
i)
&
ot
i
.

Fun number Time, Hours Initial rate
437 B | 6.0 y
438 0.9 6.00
439 1.0 5,78 3
440 1.9 5,25
41 3.0 45
YY) 5.0 3.5
443 5.5 3,50
44 6.0 .20
445 6.5 3,00
446 9.5 2.5
441 10.9 2.5
48 10.5 2,00
249 11.6 &0
450 11.5 1.5
451 3.5 1.00
482 24.0 0

453 24,5 0
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sample Calculations
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1. Calculation of activation energy £ for nickel pussice catalysts

Using squation 7 and Figure )

Sloge » .ﬁﬁ . o3.66x10°

Es &“ll":l.”lll-“ﬂﬂ’”ﬂd‘
. l.“:l.”l:l.’lmalmm
¢ 16.75 heal por mole

1 R Caleulations of preducts for Ran Numbez 456

tnitisl hydragen pressere & 9,0 mm
Iaitial mathyl scetylene presenre = 9,0 mm

Totsl pressure of product stream s Total initial pressures of

reactaats « Total pressure iall # 1805 » 175 mm

Gases recorded from the preduct streami

Hydrogea s 82,0 mm
Propans s  lOmm
Dyacviens s Y0mm
Mothyl scotylens » _§0.0mm
Total 166.0 mm
Polymers Mdﬂhm«l . 175,06« 166,80 = %.0mm

RS T AR R

N S ant s sors wreeu o £ P AL o

"
7
4
<
.",:1.
~
Tk
(4

i

o
{o
&l
."'{;'.
ps
3
<
. o
7,
¥
i
i
-,
i
44
¥
o
gl
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1. Caleulation of activation enszgy E for nickel pumice catalyst:

Using squation 7 sad Figars %

Slepe = "‘i.'!%‘i . —3.“:!0’

Es &“ll.‘:!.”lul.’lﬁoﬂ’unﬂo
o 3,66 x 3,300 x 1,907k cal por mele
o 16,75 heal por mele

demuum Run Namber 4541

Initial hydzogon prossure & 9.0 mm
Initial methyl Acotylons pressurd = 9.0 mm
Toml pressure of pro_hct stzeam s Total initial pressures of

:mm«»m.xpmmuu s 1805 » 175 mm

Gases recorded (o the product streaml

Hydrogen s 82.0mm
Propans s lOmm
Deasviens s S0mm

Total 166.0 mmm

Polymers {by difference) = 175,80« 164.0 = %.0mm
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Hydrogen balances

Unreaviad hydrogen s 82,0mm
Hydroges uosd to form propans = 1.0x2 = 2.0mm

Hydrnuudutompu"m » 3.0x1le _JOQmm
Tetal 1.0 mm

Hydregom lost = 90.0 $7,0 = 0 mm

Hydrogon recovered = %’% » 300 96.7% :

M }7

Methyl acstylens balance: :
Um methyl acetylens s §0.0 om

Methyl acetylens used to fore propane = 1.0 mm

Methyl acetylons used to form propylens = _3.0 mm
Totsl 84.0 mm

Msethyl acetylens lost = 90,0 » 86,0 = 6.0mm

Methyl scetylenc recovered © %4% x100 = 93.3%

Propylens! Propane in product » %;,2 = 3.0

&!-ggﬂt!! S = % = Q. ?s
VT dew

L Cslculation of oversll rate constant % and the logarithmic pree
expanential factor logyq A at 80°C, for nickel-pumice catalysii ‘

From Figars 3, 3t 80°C, the intrapetated value of leg,, rate

constant = «1.02
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Rate constant k = 0.09549 per mimte

Welght of nickel in the catalyst « 0.1777gm

Overall mW censtantk = °.°: a 0.5395 per minuts per gram

ugu‘i . +0,2680
logy k = 10854 * TRYRT
£ 10.75510° cal por mole
3

‘ $1%18 _ .
m“A n «0,2600 ¢ -J-—-F-Lr-—'rfz.”3’ ~S$72 % 95 s «0.2680 + 10.57

= 10.102

SN i B RS R

SRR

A Eii e
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Table 13 Elsctronic configuration of ulckel

Forms Number of eutsy electrons Rescnance  Percentage
: - ratio d~charactor
— M 8 -
NLA M‘l” NI %
" Avsulniminni!
40.0
‘ﬂul_‘w
m ’ ' [ L) L] ‘. L[] [} e 10

. Electron involved in hending
0 Empty orbital

Table 20 Percentage d-charaster of Group VIl metals

Iron Cobalt Nicked
{39.7) {39, 8) {40.0)
Rutheniam Rhodium Palladiuwn
Qsmium Iridium Platiauvm
i49,06) (49.0) {4¢.9)






