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The Xlneties of the hydrogenation of allene over runicee
supported transition metals of group VIII was studied over a

wide range of temperature and pressure An a statis constant

volume reactor,

The orders of reaotlons wlth respect to the reactantst
initlal pressures, the overzll rate equations, thg dependonce
of the rate constants upon temperatures, the activablon energies,
and frequency factors for various catalysts have been determined.
The activation energles for pumice supported palladium, platinum,
cobalt, ivon, nickel, rhodium, ruthenlum, iridium, and osmiunm
are 13, 17.38, 1079, S436, 7477, 9ebe 2,97, 5025, and ko7
keal/mole, respectively.

lhe cately®ic actlvitios of the punice supported catalysbs
are

PE2Pa>ih>Ip>ni > 0> Fe>hu>08

Attenpts have been nade to ezxplaln the variation in the
aetivity of the catalysts tased on the considerations of geoe

Bovric ond the clesvronic structurcs of mebtals, and clsoe on Ghe

Arrheniveg peracelors.

in extencive obudy of Cho nroduet enzlyelic hac boen done

over niclielepunice catolyst, speclal atvbenndon vas nald So the
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manner in which the observed ylelds of propylene and propane
were dependent upon experimental variables end the fundamental
factors governing the observed degrees of selectivity for
propylene formation. A possidle mechaniem has been postulated.
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Catelytio hydrogenation of hydrooartons has tesn eztensivse
1y studied in the last daoade. in spito of the many laportant
edvances at both the thsoratical and experizsntal lavels of the
sudbject, the mature of the catalytie reastion on tho catalyst
surface of the mechsnisms by whlch they funotien are atill not A
vory olear. The nmature of the haterogensous reaction can hast be
understood if the reastente wnderszo two oF n0re $t8pS.

Though extensive studles have bLeen done on the catalytio
hydrogenation of sostylenic and olefinic conpounds, the hylrogens-
tion of the allenic compounds has hesn muoh negleoted,
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The catalytic hydrogenation of ellens wae stvrdied n o

static constant voluze systes, over 2040 mosh punics supperled

bzl

rancitien =atals of group VIEL for o wido rongs of tempopatuzd

ond geostant zobicse
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tand streotuze of the metal, end

3. to formlste @ possible mschenien of the voasction froa
the Gotsiled analysis of the resotion prefusts over a
panies supported niskel catalyst.
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The hydrogensticn of allenio compounds has recsived very
11tt1s ettention in comperiecn wAth the enormeus work dome on the
hydrogunaticn of olefins. Part of the reason for Chis is undeudtedo
1y the grester ccaplezity of the resstion. The hydrogenstien of
dlolsfins presents many featurss snd ms'm; protless of & kind,
essentially different fren thoss ensomntersd in the Aydrogemation
of zonosglofine; Thus, & disno will ganerally hydrogenate to give
both zono-olsfin snd paraffin, end tho eystem may show any dogree
of prefersnce for 9ither prodwot depsnding upon the tcatalyst and

conditions used:

Tho Binstics of tho hydvegenaticn of ollems howe boan
gtudled by Pond and Sherdden (1) wsing pumlcs-supported nickel,
polictten, cnd plotinm cotelyotos In ecch ooso o ondono of
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soonticns w350 fornd o to f8zet wAth Foopsob Go hydoogim, cal
epprorinatoly cevo with zoopab to clloms, &ndlcebing stoeeg ole

cozpticon of tho Zabtor £ tho cicdlesdty of Chis sonoicn Co Ghod
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Tho kinoties of the hydrogenation of miztures of bydre-
carbons end ellens (U) have bewn stuled ovor nickel, palladium,
end platinum oatalysts. Addsd propans was found to have no appres
olablo effeot on the hydrogenation of allenes With acetylens, the
hpdrogenation of allens wms found to U9 somswhal suppressed over
nickel catalyst at 76%é It was found frem ths resulle obtained
from the hydrogsnation of miztures of acetylens and methylascetye
lens {5), that esstylems, methylesstylens, end ellens ave much
more etrongly sdsorded on the mstals than propene. Furthermore,
the sdoorption of ssetylens, mothylaootylene, and sliens must te
neariy of the sane onder of magnitude eiunes none can entively
prewent ths others from teing simnltanacusly hydrogemateds

The gas phese hydrogonabicn of i, 3J-tutadicns has heen
otediod ovep il of tho group VILT metals (6.7), nd tho vosslicn
7 oles toum obudled dn tho 13quid phose usling Cho greup VEIL

ootels 48)s In tho caso of tho goo phooo hydweguasticn, tho e
domo of vosstioms with Toopost Go bydvogss woro wootly Cud, B
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»ight along eash of the transition motals.

The gas phase deuteration of 1,3-tutadiens cver pallsdivume
aluming catalyet has been studied in a flow system at 409 (6).
Similarity betwson albyns end diene hydrogenation was observed.

The pallsdium~cutalyzed hydrogenstion of 1,2-tubadiene at
roon teapsrabture has been investigstod both in the gas phase, use
ing & flove=syaten (6), end in the 11quld phase using a selvent (il). w
Similarity totwesn the produot distributiens for the diffevent
phsses shows that the solvent was substantially without affest
upon the resstion mechanism,

| The hydrogsnation of 1,3~ emt 1.be=oyolchezediens (12) has
boen investigated end gomo eotivation encrsies are vepordsds The
raantion of cyolopmmbedieone end of 1.N-opoichozeficns with dembes
Tiun ovor ovapomatod dpen £3lms boo aleo boon briofly cbudied(dld),
b ¢ho eochondons opo nst Chorougnly coboblichode

Tho 13quidd phaco hydrogennbien ¢f covoral mabsthtuded

i
!

tabodlencs, S=nobhyitatadiceo (I0)s 3. 3e=pcatodicas {38, 2.3=

Aesthylel, Sptatodienn (36) kas olco boen dnvosticatcle



Experiments were carried out in a statio syetem of aouse

tant volums in e oylindrical pyrez vesssl approziuately 85 mi,
comnsoted to a standard high vacuuas systez. The apparatus ceasizbed
essentially of five secticuss _
1. Hydrogen purification and storago:s Thig ssotion coemsisted of

1 hyérogen oylinder, supplied by Linda Cos w

1 Deoxo purifie®, supplied by Engslhard Induatries Ins.

1 pellsfiluneasbsstos catalyst vessel

1 1iquid nitrogsn trap
! 1 Solitre hydrogen storage vessol
2, Allens purification amd of
" 1 cllceo eylinder, cupplied by Hothsgen Cog
2 fzeobicneblng tnlts

g1 Thie scction consisted of

Loyl

2 3e=litzo ollono obopage vesecols
3o Boostor cnd torporoburo ccnbzol: Thic costion ecnoloted of
h i pysez weosblon woocol

furanoo vdth honBing olominG

g g

Fachop Hedol &b Seopsmobuso oonbeollcr
2 Honopuolld PymeOsVcne tooporabuso ecabuelics
1 Oeoogeoll DeloRd 8705 potoaSicmabon
Lo Anndyslo of 20 sooolicn poclnotor Ihic cogblen cencloted of
1 eoplor T, cuppdicd by Eol ool EEobs, Iule
1 PAchen Dodod 291 goo powbilicnow



1 Pichor thormal stabillzer
1 oil pump
1 Picher yecordor
S; High vaoumz This seotion consisted of
1 mevoury diffusion pump
1 oll pump
2 1iquid nitrogen trap
1 Hodel 2+ vesustat

A schematic dlegran of the apparatus is given in Pig,. Lo

Bydpogen gas ctntaining Crace coomts of tator end ezygon
vag purified bty pasoing it slsuly over paliediunsaobonten catelyet
ot 200% Peliadim=asbostos catalyos ecuvostod any c=yECa G0
totors Hlscgen woo owbcequsatly pesocd thoeugh o Biguid nltzopin
toay, Thowo ol enter mos mzovedsand tho gao otered im o Se318T

chozegs veooole Trace cmounls of ndtrozen w20 fored Co bo pIoooalb

i oo hydrescn gote Simso nitpogen hod wd offces en the Feooticn

Go T obrdicd, 48 vos ust mamessafl Omen Gho hgdDogtn 400

2 o A?nnr? P’
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pizegen otovage vessol
P = gllene atorege vessoel
¢ = tenpsrature controlloer
D = mereury diffusion pump
= potenticusterx
F » frasticnating tulbs
G » pirvor soale |
B =« thormal etabilizer
1 = ges pertitionsr
E » resorder

&«

L = Toepler pup . |
Hyo Mo Mg Hy, » zercury manowsters
Pgo Py @ oL1 vaouua pumps

B » peacticn vossgel

S = pallediuz-aobentes vascold

P90 Tge %‘3 = Yiquid ndbzogen Srops
V @ Veguctad
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out end the condensed ellene gently hested. Tho head ond tail
fractions of the condensed sllene were punped out. The middle
poticn wms condensed further in the seoond fraotionating tulb.
The second trap was then gontly warmed end the middle fraction

conteining the purified allene stored in the allene storage '

vassol.

The kinstics of the hydregenation of allene wers tnvese
tigated over all the group V'I'I‘._i;_ motals, Granular pumice (2040
uesh) was selocted as the carrier materlal due to their betng \
inert and porcus. The surface 'ém of pumice is very small (less
than 0.1 sq. om/gn). |

Punice stones,supplied by ho Picher Solentific Coe, itde, |
woro orushed and 20«00 mosh slzon selected for catalyst support. N
Fumice gramulos voro toiled with concentrated hydrochloric oold
for cbout 30 pinwtes, ond washed with vorm dictilled vator covee
ral ticoo unbll the cddition of o m;w; eolublicn did wot schow eny
proeldpitato. Tho clesused punice gramules vaze then dricd ovore
gt 4n en oven at 105%C,

421 entolyste, ozcopd comium, woro proparad by Clopobts

107 wors ealoined ot 495°¢ for 13

w.,
&
g
&
&5
£
gnd
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-
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O
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cx.‘
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cfﬁ

hours, ond roduced ab 2009C for 28 houmo. fhe Teauired orpuat of
solutlcn conbolning &ho zegulred weicht of matod wag added o
tho pendco pronalos. The miEtEE0 tac oblvesd and ovaporatad ko
drynooo in en ovon ob 105%C. 15 oo fusthor caleinsd ot 6909 in

a mffle furzneo for 1§ hevwo. hilo 4oon, Cotndse ond nlchkol

o
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catalysts were prepared from Cholr nitrates, rathenium, shodium,
pallediua, end platinum woze prepared from thelr chlorides, Irte
dtum catalyst was prepaved from iridio szmoniwm chloride,

The abtove method was not applicabls for the properaticn
of omiun catalyst bessuse cemium readily scubined with oxygen to
form the volatile totrozide even at room tomperaturs (19, 20).
Ammoniwm chlorosmate was ohosen becanss 1t does not decompose bas
low 170°C, end could ba wvedused to osmlum spomge when heated in
hydrogen (19, 20). The required amount of equecus solution of
aumonivm ehlomnnﬁto'm edded to the pumics granules. Thuyxmtum
¥80 KePt in @ wArm water bath, and dried 1n a etream of mitrogen,

Sash frosh catalyst comple plased into tho peacticn vezsold
oo oublocotcd Co rofuoticn ond obobillgabicne Fho poasticn ‘v@@ml
contalining 0o catolyct vao ovastunted wntil o high Toswm w6
obininel. Tho tomsoratiuse of the ropobor uas £aledd end molntained
ot L00Ve, Stmoonm of hydwozen woo thon odnitleds dator vapous oF
ESL vopsap formcd oo onmpollcd by tho hydsogen otromne Aftcs 2%
borse, tho flovw of bydvogen woo otoppcd ond the weocol clidered

Bo ceol Co zoon GoupoTaluzd.

Senbadicabion of tho cabolyet too cchicved by hypdnoocante
Ang olicno ovor Oho ootnliyad for o cufficdcnt pomied of S4mo of

50693, until no Furthor dzop AR CoGivisy g oboorodes AR elattalilrnit

N
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were stabilized by adding 30 mm Hg of ellens to 120 mm Hg of
hydrogen in the reaotion vessel, in the bottom of which the
catalyst lay,

The number of runs required to get a constant activity
of the catalyst greatly depended on the nature of catalyst it~
self. Different catalysts required different numbers of runs
to stabilize. The aging curve of nickel-pumice catalyst 1is
shown in Appendix A,

E. Experimental Procedure

Waen the catalyst was stabllized, the reaction y‘esﬁél

was evacuated untll a high vacuum obtained. One of the reactante -

vas admitted first and the connecting lines betueen the reactor

and the storage vessels were evacuated. The second react-anﬁ: was .

then edmitted. The progress of the reaction was followed manGw .

pmetrically. After the desired conversion was achleved, ths -

contents of the reaction veseel were transferred to the enaly~

tical section of the apparabus.

A Toopler pump tremsferred the products to the sompling
volve of the Figher goa paftitionero Helium vos used 00 o cop=
rier gas. The gas partibtloner omployed o columns conneobed
in corlog. Column one vag 1% £% long and packod with 307 HIPA

on 60-80 mosh Fichor Columapalt, Column tuo wes 83ft long activate
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ed 134 moleoular sieve. The gas partitioner vas nounted on the
top of o thernel stabllizer, the temporature of which wss
naintained at 30°C. A Pisher laboratory recorder was used in
conjunctlon with the gas partitioner. Callbrations of allene,
propylene, propane and hydrogen were made by measuring the
pregsuras of each compound cscupylnz the empty reaction vassel
a.'nzl' then paasing the gas through the gas partitioner. The peak
heights %hus recorded for varicus pregsuras wers then plotted
(Fank haight szainst pressure).



msntal Fesults obtaSned for the hMemMea
of allene over pumiceesupportsd group VIII metals are given in
fppsndix Be

xmme cwex m' the hydregonation yesotion mvoma
e do%mimum of m fouonxng kinstic pmmtorm

Bond (21) oheerved that for the scetylens hyiropsration
DYSY mm:.-m« mtalyem uha kinetic form of msmﬂm
E ourves dopended en |
1« the initte) hydrogen : asstylene matio
"2, the protroatment of tho catalyot, if the Tosotonts wore
efidol bogother, and
3o tho oxlor of cddition of tho P
Ho olaspificd Sho &3};@& of pESamECsGlne CUFTSE a0
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reentants ware pranized, or if ozcess hylrogom hed

#d from the previcus run,

Typo I1Bs A obroken® ourve, consisting of a curved porticn
(oxdsr greator then zoro) followsd bty a linear {(zezo
order) porticais Such ourves were obmmﬂ. uhan‘hy&mw
gen vas admittod first to the Tesstion vessel, and
hydmn 1 .esstylens Fatio was greater than w0

typo LICs As Type LIk, bab with the bresk coourting after a
greatsr pommtasa sesotion. Sush curves wers observed
when presized Tesotents were sduitted into the res
sotion vessel follewing acotylens treatsent.

Type 151s Pirsteorter reaction in hydrogen, Sush surves wewe
obsorved when aoatylens was added fivst and the
hydrogen ¢ eootylens ¥ablo was loso then Gxos

Re Oicrn of Rosabiens .
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Powsr rete law has basn used to corrolate the dots of
the pressnt investigationss I¢ has been found %o be mmm-;
tory for the caloulation of the kinetic paramstsra for the

presoure ranges used. Por the hydmgemtlm oi‘ an.ene. maap
tion I could e mzm a8

r

N 'y
Q"k pgaP

Bwntmg mmtim I‘I

losroalegkq-xhgi’azﬁylog?cj% II‘V”V.,‘._-'A"
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by keeping ﬂvs initiad pressure of one of the raaatmza congs
- tanb mxﬁ varying the other.
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@rﬁm a& rapotions m hydngan by tho initiolerato m@%ha@g
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0indloriy obtoined by uomr; o conckont indbind wydessen
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A pi6t of In k or 1oz x ezainet 1/? glives o ofveicht
lino @ velationship shich hes beem found to hold for a leves
nuzder of wesotions, The enovays Bo ocalled the enorey eﬂ‘

' mnwtam. ie datamzmﬂ fmm noasuranonts of ‘the mmifm |
reontion rats w.mm aﬁ tm o DOrs ﬁmamtnms by mm-. |
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- ﬂm fmﬂmm faator, A, Tepvements the mm frequanay

.*mr mmmm mtmea two resstant molecules, 1mmﬂm of
-mm ‘Shoy pussess saffislent energy or not. The Tesstion
- mm &amﬁa on the product of A end exp («fi:/ar}.

Arrheniug sugpestad that in ovary eyaten an mutubﬂm
mm botwsen norma) snd ¢ aotives molecules, and that m}x
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A plot of In k op 1oz k azainst /P gives & obraleht
lires 2 velationship whiech hao tewm found ©o hold for a lavee
nuaber of resstions. the ensvgy, B, called the enezay of
cotivation, is Reternined fron noasureasats of the specfio
resotion rats constant at two or mors Somperaturans by umin-

2 tho 6lops «B/R of the stratsht line. |
The fyequéinoy festor, A, repmesents the max frequency

of seounter between twv pesstent molecules, irpespective of

shathar Shey possess :msTiolont energy or not%. ihe re
reite Sapendx an the prodnot of A and erp (=5/MT).

Arvhonius sugrectad that in evary systes
axiatol Bedwsen pormal and * cotiver moleoules, &nd that only

b ion,

the latter sould tekw part in chemlesl wemstions B wepresents _
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r2a0ticn.

A end I wore assumad to Yo constant for the progent
worke Temporatura vanges which satisfled this agsumpbtion wore

ohosen to study the resctions.
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The experimsntal data obltained for the hydrogenation

of allene ovar 0.5 gn of palladiunmepunice catslyst (5.09% B3)

 The resstion hed e measurable rate ab 2L.5%: The
srepsure fell « tine nurves observed at J19C for the varicus
rativs of inibial iy

S A e

gen pressure to initial allens pressurs
are showri in Hg.. % It gen be seen thet the présaure dsoresses
linaariy with resction Eise at the initiel stage. Tis nibial
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l‘!m exporimsntal data obtained for the hydrogenation

of allene ovar 0.5 m of pallsdiumepunice catalyst (9,097 ka)
m glm in I'able 10 o

'fhe mtim ha:‘l 2 mmumh rate et 21.5%C
presaure- fﬂl - ﬁm nnms obsorved at 3190 for the varicus
. ratios of mvm pyirogen pressure to lnitlal sllene pregme
. are shown 30 Figy 26 Tt oan be ssen that the pressure deoreases
. Zteemrdy with Feaotion tim ot the inttial stsges The inttlal
ratan, ”u' m ﬂma ‘te obtained from thoe elopas of these lines,
B EETesting ¢ aurves vesenbled Typo LII corves obtained by
i }‘9&&. QEM for aaefma% hydrogenation.

Lo N A A SRR RSNy bt

: m m?wﬁm polng, =iy, domobos tho ond of the £img%
R 733{33’ m e wgafmfmw of tho cocend otanvs & pRSS 0F AP,
s:mum@ mmm Ezry' rogon procsurs (Pige 3) chous dhab «0P,

e ':ﬂmﬁw Mm&lv *m;h 08tk hydrosen proCoUTROe

O *«cml M@. ‘%‘elwa (26) zxdo o obwdy of tho polocalng eof
.‘.2:“.:2 s} mi‘::\?i’su b7 mezeury vasse fop Gho hydwogenatlcn of
R 0205 J"f:::c us& ot "Jiﬂ,f::,oa Bo mch phoncmnes ©oo sboogved 0 U0

cu\:;::: Cf puooiat A

' P v - )] ~ ¢ comy EaBam O
( Tho Copcndonss of Gho Anddiolk mobo an Gho inlGicd

* —~—ry R - - - D e x] [l 'y g——n
hylmeota oad CALCED PUOOCUsCS of woTicas Tomnarabies Ac oRe

'] el e £a%s - i 5] 53 e
an Mae Mo Tho ondor of zoasbicn wg como wilh Zoopcet o olicne



o | e

ey

e a s e
oot NS

Pro

PO
o
4

O
i

ot

J
<
»

H
N R

Time , min

0
Fig, 2 Pressure-time curves over palladium-pumice at 31 C



RN b
ERR .m <F

21

-0

e egmLK o mies aemen an s

E IO W SRS i o R e S e e e T e g ..,»r».\rl_;&vaﬁ.r%)\z}iﬁ,&«(z»f../;..?]zl)\}\]!tll,llN

o TR

i

\




H

. - )

j S

e i -1

"3 = ] £

&2 oiin 23
[ e D00

i3 ] 53

= =2 ]

v g et o o
taALGw

G
e
IR
\
“e.,

s oy

“~

i

a.( L

came

/31°c
G
?
s
[
2k
O
iy
na

~ & i . - mﬂv T av.m.w..»./\,w, v ' c. ..mlx.m . - . .. -n.
h.v > S c— 50 m i 1 - = m,nm ; o
= o 2% TEITS = o
o 0 Y, BEL <2} 7 S i
>a BB 5 5 W E L
e [#] — . s <go! s unn:(... o
; b = : &
« C./‘ N mﬁu “m@ w ') = g9
N RSN O ? D o oo
. . - R ) ! G . ~ﬂ 0
. ./Q o o / & A S £’
¢ . ;«.A.V L/ eey €3, =1
// . D kS o o B
®) i m (A0 . D 3
s, rince

o

— . i

" o .
& o e
.- Ke] . b

s1oy  ul D

s RS e e R S S




23

anf ono with rospsct to hydropen. Tho ovorall zats ogunticn
could thuz bo cenyaszed ea

i 0
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The Arrbentus plot of log k azsinst 1/Z govs a straight
1100, &n estivatlon enorgy of 13 kesl/mole ani a freuspey
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hydrogen and allene progscures o chowm in Plgure 7 end Figoro
8, wospeotivily. The ordors of resetions a¥e one with respect
gen and gevo cr silghtly nmktva cama) with respoot

o slimms. The omn mee eqmmm mat

A wX (Pnz) (Pcsﬁa}n N i (3) a

 whers 0 18 between 0 and ~0.0%

A plet of log k agatnst i/f (Pigare §) eave a straight -

1lne over o wide tempezatuye rengs. An sctivation enevgy of

| 17:38 wsal/ols and o frequency fastor of b.ns x ao“’ = Hg/

0ns goan of 0,008 cotaltepmsies catelpet gavo O Ee3e |

contol Osta obtolnsd oo givon &n Tablo J. Tho chapos of tho
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allene are one and zero, Tespectively. The overall initial
rate eqﬁation WAS

0

Figure 11 shows the Arrhenius plot of leg ¥k against
1/T. An activation energy of 10.79 keal/mole, end a frequency

6
factor of 2.249 x 10 mn Hg/minegn-Co were obtained.

. Remckion Over Iridium (Ir):

dith 2 g of 9.097 irldium-pumice catalyst, neasurable

rates were ohserved atb 2500. When the catalytic activity

became constant, & series of runs were taken., The experimental

ragults are given in Table lt, The shapes of the pressure-time
eurves vere gimilar to those obtelned over palladium-punlice

catalyst,

The dependence of the initial rates on the inltlal
hydrogen end allene pressures at 31°C are showm in Figure 12
The orders of reactions wewe 1.0 with respect to hydrogen and

gers with respect to allene. The overall rate equation was

o 1 0
v, =k (Py,) (PC3Hn) | (&)

15  The Arrhenius plot is shown in Yigure 13, in activabion
ernergy of 5.25 keal/mole and a frequency factor of 5,012 x 303

wn lg/min-gm-Ir were evaluabed.
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3
The activity of freshly reduced irvidiun-catalyat foll
to 207 of ite initial value during the first ten exporiments,
The use of high partial pressures of hydrozen tended to astie
vate the catalyst reversibly, while higher mowiial vressures

of allene often suppressed activity.

%, Reaghion Over Irem

The kirnetics of the hydrogenation of allene over 2 gn

“of 20% ironepunice catalyst was studied inm the tsmperature

rangs of 74% ts 116%., nelow 740C, the reaction rate was too
slow to be measured. The experimental dats thug obtalned are

siven in Table 5. The shapes of the pressure-time curves were

- similar Go thoss obtaeined over palladiumscatalyst.

The depandense of the initial rates on the initial |
hydrogan and alleno pressurcs ic shown 4n ¥igure 1l, The high
order of remoblon, 1.65, with rospest to hydrogen, indieated
stronz adsorption of allenc on the surfase of the catalyst.

The overall sabts eguation w1as

06 ° ) '\’.J . . :

#igure 15 chous the Aszienlug plet. It cexn be coen

fnat ghove 960;':,, the linzar volobionchip helwesn log k ond
/T Qoos not hold. I% appoaro that boyond G4%:, whe cotolyst
seareed gotbing deactivated, Thic pheaonsnon 12z obssrved by

several workers {27,28), for the hydwogenation of ethylenc

p
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over cotaltecatalyst. Che £21ling=off of the catalytic activity
at hisher temperature was attributed to the dagorption of the

reactants.

nelow 5692, the Arrhenius plot (Figure 15} mave an
aotivation energy of 6.36 keal/mole, end a fraguency factor
4 .

a? Y.221 ¢ 13 == Hg/ nin-gn.re.

P« Agagtion Jver Rigk:

“he kinotics of the hydropenation of &llenc over 1.5 gm
of 9.09% nickel-pumioes ocatelyst was studied over & tanperature
range of 8% %o 130@@. the experimentsl results are glven in
Table 6.

»% hydrogen @ allens ratios loss than avout tue, the
forng of proggura-tine owrves (PFiguro 16} wowa similar to thoco
obtained for pallodiumemunice oatalyeb {Vyva (1L}, At hydrogon %
allone ratloc gecater than about Huo, the curven uerad ginilag
¥n thace obtained for plstinume-rumice catalyst [Typa 1}, Uickele
males catalyst wme very stablo in 1¢0 aotivity. fwvon after foup

weoks o use, 1t raiatained o censtant askivity.

Tho initinl rote=dependenco on the indtial hydorcn

o)

»8 allene proscures 1o choim im Plguve 17, The ordors of rIi@e

£

flen were cme and cora wAth zosmeet to hvdrogen ond allend, KGe

aocsively. fho ovexoll mabe camation s
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stuly of the hydrozeneticn of ellens over cne gran of 9.0%9
ruthaniumepuaios cabalyst. Though tho pressure-tims curves
vere similar ©o thoss obiained for platinmepumice catalyst
(Type I), the relative rates over rutheniwmecataolyst weve mich
slowey than platimam. Also, vuthenium catalyst lost its aoti-
vity rapidly. lo msssurable reastion rabes were obsorved when
the investigabion s repeated for 819C, the Seaporature at
whish the first messurabdle reastion rate was obssrved.

mmumm?maamemmm
tively. The opdere of resotions with vespeot to hydrogen and
allens were 1.0 and gewo (olighily megative, =0.0)). It appsavs

...ob

B = & (Ppo) qzﬁc,_mx ()

Tho Apzacalus plot ¢hom n Pigro 83 gove o cobivee
0len enopny of 2,07 Wenl/oolo cnl o fmoquansy footor of 29595
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atody of the hylwoganation of ellons ovor ono gren of 0.09%
ruthenium-pumice satalysts. Though the pregsure-bims cupves
vere simlliay to those oblained for platinumspunice catelyst
(fype 1), the relative rates over ruthenimmecatolyst wero mueh

 slowey than platinum. Also, ruthsnium catalyst lest its eoti-

ﬂw W.v N@ v'-i-:.-.‘;: i aa
the investigation was repeated for 81%, tha

wish the first msagurabdle resaotion rato wmas obaerved.

oo on initial hydregen and
allene pressures is shown in Pigure 21 and Figuve 22, saspece
tivoly. The orders of reastions with respsol to hydrogen and
allens ware 1.4 and zero (alightly nagetive, <0.03). It appears
that olleno 4o very ctrongly odsozbsd cn tho ontalyst ourfess.
the cverall reactiom wabo o bo CRpEOsEed

o ,
R G?e‘ga’ﬁ «P%W@ {6}
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too slowv to be measured, The ezporimental dats obtained ars

- given in Table 9,

Phenomenon of rapid resctivation, similar to the one
observed for ruthenium-catslyst, was noticed for osmiumepumice
catalyst as wsll. Though a measurable reaction rate was obe
served at a temperature as low as 60°C in the first instance,
no reaction wms ovserved under similar condition vhen the reage
tor temperature was dropped from 125°C to 60°C. This was probae
bly due to the sites on the catalyst surface, possibly made
available as a result of desorption of adsorbed allene at high

temperature, boilng rapidly covered by allene again at low teme
perature,

For osmiumecatalyst, the formz of the prossureetims
osurves wero sinmilar to those obtained for pallediume-gatalysb.
The initicl mbe-depondonce on Ctho inddisl hydregon end ollens
proocuros 4c chowmm in Figuwo 26, Tho ordezn of renctiens ulth
reopeot Go hydrogon apd ellone wers 0.9 and zoro, roopeodivoly

The gueroll rate con b2 oxprocsed by tho cquabion
2y = & () "7 (B, W)’ (9)

The Arzhoninc plob 4o chowm in Plpuro 25, An acbivadioa
enorgy of ULyS7 Teal/mele ond o froguonsy faotor of 1300 o= Hg/

Mierm=00 Uors ohitainod,
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The zeaotion produsts were anslyzed for differemt
zatiocn of reastants at differemt pressure-falle over o wide

T TOngc. BEperimental resulis ars given in Appsredix

szpeximntal varistles and the fu ‘ rovernin
the obesrved degrece of ealestivity for propylens formatiom.
Thyoughout this work, the Germ vsalsativity® hss baen used to
denote tho extent to widoh ollene ylelds propylane ap comparsd
to propans, Thus, selestivity is

{20}
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The rasotion profunts wore analyzed for difPevent
ratios of reastante at 4ifferent pressure-falle over 2 wide

el dagrees of selsotivity for propylems |
Thrgughout this eork, She Gora vseleotivity® Bas besn used %o
denote the extent %o which nllsns yields Props
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various falle in pressure for 1 : 1 and 2 : 1 of hydrogen
to allene ratios at 100°C, The results are given in Iables

10 and 11. The courge of resction is showm in Figure 26,

Dependence of Selectivity Upon Pressure Falls:

The dependence of selectivity upon pressure fall was
investigated at 40°C for a hydrogen to allene ratio of 3 for
gaveral pressuve falls, The ssleotivity was falrly constant
£111 the pressure had fallen by about 40 mm, when it started
dropping appreciably with further pressure fall., At a temporas
ture of 100°C and higher, the drop in the selectivity with
pressure fall was relatively less (Figure 27). In the early
otage of the reaction, the propylene formsd was several $iues

of the propane and hence the reaction was very selective.

Nepsndence of Seleebivity Upon the Inltial Pressurce of liydrogen

And Allenas

Tho dopondonoe of colcetlivity on tho initial hydropon
proscuze wae obtudled boducen M0°C and 1099C (Zoble 12). Vhilo
ani%iel alleno pYODTNED TR0 kopt cenotant ot 60 m Hg Chroughe
cub, Sho prossass of hpdvogen w2 varicd bobwocn 60 mm to 200

ma Hg (Mouze 28). Solcobislby dooreaccd vith inewcacing hydres

gon proccusog and all he ewnwvos UoTo £onoovo to Gho origin

cvop Bhe cablco zomgo of Uoaporaburo ond pwucnare studled.

B0 cieniflonnl variatica n the coloebivlity with inleinld
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allena pressures wes obuerved ab oo (Tatie 1%.

mdence of salestivity wms studled
for o hyarogen to allens matio of 3 batveen 40°% ana 130%.
Regalte thus oWtainsd ere given in Tadle 1%, Tho oslsotivilty
inoveasad vory zopldly of lower tempovature, and subsaguom
1svellad off in the highor temperature vange (Fisure 20).
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Hsny attempts have bass made in the past ¢o ezplain
tho tarietions in the eatalytic activities of the metals,
Dowden (30) suggested that catalysts should psrhaps be congle
dersd cn the duais of their elsatromic yroperties. In exder
to @st & proper perepscdive with respsot o the new tremds in
etudying the elestrenie property of catalysta, ¢ may to well
to voview tho varicus theories that have besn proposed as to
the propertices of eolids that are important in making them
astive as catalyets, The catalytio astivity would be veviewsd
in termo of the geometilo and tho alestrunio factorz. The pore
centage d-gharester and lattice dlgtance of the transition
nobials aro given in Taklo 2 of Apponddn Q.

Goamabvin Fankes

Eobabicy (31) in bip dopontond vool on ooatalyels eophoe
cieed thab tho moshonfen Uy thich o chrmicol scostica totoo
plogo cvop o notod noy 4nvolvo o chonlend foolsr. Eho 2opazlonco
cf cush o chemiead festop Dng elago Lot poeomicelde I0 Moo
kcocoo cuotozngy o cpenlz of $ho coootonto oo tolng chezlccotod

antoros280Ca0e

Tagler (52) eM0do goopooies DG Choony o2 @ oolas
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a geometric interprstation and were consldered to bs the
corners or edges of crystals. Later, they came to be inter-

proeted as representing the different faces of crystals.

One of the sarliest ;nterpretations of the catalytic
activity of metals in terms of a geometric factor was glven
by Baladin (33). He suggested that the agtivity of the cata-
lyst depended to 2 large meagure OB the presence of correctly
spaced groups of atoms to sccommodate the variocus reactant
molecules and their decomposition or reastion to form various
products. For the hydrogenation of alleme, only these metals
which have e face-centered cublo structure were found to be
active. Iren (a body-centersd motal), ruthenium end osmium
(both close-packed hezegonal matals) were found to be lees
active as catalysts for allens hydregenation.

Beeck (34) plotted log it of tho various metellie f£ilng
for cthylene hydrogenation as a function of the inter-atomie
distance in the metals, Pigure 30 shows the plot of log £
against lattice distamce for the hydrogenatien of allenc. Uith
tho exception of cobalt, all the metals £2ll en o cnoobh GUETC.

Plasinun wes found $o have the mezimun aelivity.

Figures 32 and 33 are the plets of latiico distonco
agoinst activation cnergy ond log A, BOSpeebively. It con o
seen Thab o general tendeney of motols, with laggen InGice

aioctonccs Go hovo lopgor cobivation cnorgics aull 203 L, caoboe
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tomlons, the varistion in Sho aublivatlion enopsy a2nd lop
A of cotalit and dwidius conid uob by ozpialined in fewms of
1attios specing enipe Furdhewsore, the mawied diffsrense in
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Por the hydrogenstion of allens, cotivation cnosgy
ey Sector bobh vary. Therofors, compensation offent

mts & plob of log & againgt B in Pigore W, gave @
elope of 0,88 and an intevoepd of «2.0. Tho Arsheniug parae

ty tho equation

5o Tesults lavgely eonfimm the reseablanse betwesn
the hydregenation of allene and that of ssotylens; The strenger
adgorptien of ths sllene then tho corpespending propy)
of oruolal Serortant
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The results of the kinetic investigations surgest
the following mechanism which is proposed to sxplain an order
of unity or higher in hydrozen and a zero or negative order

in allene:

Hy (gag) === 2 & (a)

I B H b
\ / \ %
D=C=C. (gag) —=  CaCeC ()
8 R e f L\u
L
where ¥ represents a catalyst atom. :

neaction between adsorbed allene and hydrogen nay

i scour as follows: :
i123=Q-CnHZ % II'I .3-—-_-?’HZC’—'-*I°CE§3 4+ 2 % (¢)
W% 2 , E

{halg=hydrogenated stato)
his implies that the adsorbod hydrogen meacted readily writh

the adsorted allene to formn g hplf-hydrogennted stote.

“he ectivation encrgy for ollene hydrogenation on
nlchol-pumlce cotelyet nuss constont for the tompsrature range
of 50%2 ~ 130%, by analony with ethylene, fiigs (37) cusgosted .
; that the possibility for the roversibility of reaection (¢) is

reqduced,

2

The half-hydrogennted stabe, on adoorbed radical, would

T
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geact with an adsorbed hydrogen ator to fomm gaseous propylens,

’LiBCoclizfmz + T —— H3C~§=CH2 + 2% )
# * '
i or it would further isomerize into a free radical:
|
X ! (] : =l =
HBC.?ncaz + HBC-{IZ ?hz (2)
% & %
j: (free radical)
The free redical would resct further with an adsorbed
{i hydrogen stom to give adsorbed propylens:
| H
H H, 4 H —= HaCeCeCH, + * ()
2
BN £
& <] & <@
3 In the carly stages of allene hydrogenation, a aomall

froction of propano uas found to form. Thisz uwould heve come

fron the furthor hydrogonatlon of réaction (i) s

i i
H.CeGaCH, 4 2 L—=iiCaCeCii, + &* ()

4 4 it

Another mechonism vhieh maybe possible for the hydrge

gonation of allene to nropylono ig ghowt in the folloiing stopds

ﬁzc:UGC'ia 4 i L'szSC:imj‘,hz . P (H)
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2ropane can not be formed from the re-adsorption of
gaseous propylene on the surface because of the stronger gade
sorption of allene on the cata‘yst surface. Therefore, selece
tivity is controlled by reaction (E) and by the rete of dee
sorption of propylene from the surfase.

Although ¢ 3 hydrocarbons alvays form the msjor produsts,
some 307 of the allene removed over nickel-pumice appears as
polymers. The free radical formed in reaotion (5) initiated
the polyuerization of the adsorbed allene moleouls to forms

1

|
u3€-(|3-(|2h2 ¢ Mzcrzfl:-fuz —— polymers (J)
& &

o @

Kistlakousky ond couorkers (29) found that 6.57 of the
reacted allene was converted to isohexane. iio attempt was nedo

to analyze the polymevs formed in the preosent work.

N
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Propane can not be formed from the re-adscrpticn of
gaseous propylene on the surfase because of the stronger ade
sorption of allene on the catalyst surface, Therefore, selecw
tivity is contrelled by reaction (Z) and by the rate of de=

sorption of propylene from the surfase.

Although C 3 hydrocerbons always form the major products,
some 307 of the allene removed over nickel-pumice appears as
polymers. The free radiecal formed in reaotion (Z) initlated
the polyuerization of the adsorbed allene moleonle to forms

-

i
Hsc-(I?-tiJHz + lﬁaczilfufﬁz —— polyners (J)

i & b

Kistielousky ond couorkers (29) fownd that 8.%7 of the
reacted =llene was converted to isohezans. lio attenpt was mode

to analyze the polymors formed in the present wnork.



praice supported trensition metals of group VIII was etndled
over & uwide vangs of temperature and pressuvs in a baloh

: paantor, %
Ssaotion orders were found ¢o be firet or highor with
respeot to $nitlal hpdrogen pressure and saro o slightly
nogative vith pespest to initial allene pressure. Alleno 18

thevefors more strongly adsorbsd than hydrogen on the catalytis
sarfase. |

The catelytic sstivity of the mumice supported cstalysto
uoFo 4n Che gequenss
Pe>Fa>Eh>Ep >N >C0o>Pe >RBu >0

%
F
=

i

4

3

Y

1

N

i

fa0nle wASh focoscontozed coblo gbzmoturo agpeozcd o
oot eotivo, thllo motals ulth clecclepasked hopegeand
D : otseotuso wore tho 10208 cobivo. Gecmobilo ciranbuzo of G
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a0 Cho 2080300 CE22A0T06

AoGATAly ©f catado 8o (ho catalysto coid o0 o
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A satisfeotery coempensation effest was found to exist for

the hydrogenation of allens,

The reaction was principally one of simple hydrogenation,
tut reduced polymers of allene were also formed. Selectivity
of propylene decreased with increased hydrogen to allene ratio,
end inereased pressure falls. It vaeried exponentlally with

temperature. up to 100°C.

A possible reaotion mechanism has been postulated based
on the product analysis over a nickel-pumice oatelyst.



sd43tional kinetls studles mugt be carried on othor
1ight olsfiag over the samo oSFles of catalysts so that the
nation of mitipls maaturated hydrocortuns oan te
vettor undorstosd.

Tuongh the gecaetric end electrenio atrustures of
catalyats wors found to heve notisssble effeots on the adsorpe
tien of allens, these wore nob cmlu@w end well .ommma.
Thorefore furbther woyk must bo dome on the hydrogenation of
meaturated hydrosaybons over 4ifferent compositions of alleys.
so as to supply informetion coneswning the depsndence of the
catalgtis sotivity on tho strustuwe of catalysta.

16 4o rocormsnied thab in Sho CRGiFSis oF gesienbs,

tho polyroos fosnnd chonld o dstomnincd and G20 patoze of G

cfrosiad Tonobont opodles ©o obudicl. Dectopstlen of alicno
chomld To Snoosticntod to Surthop olazdfy the pacoblen ooilioe

men o2 0llono bydoosonnbicds
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reaction temperature, %
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catalyst 3 of metal Chomlcsl Uged 3 &

by weight konl/mole wig/minegm

, -20tal.

iiepunice 909 H1(104) pabily0 7077 o205 2 109
Peepumioe 20 Pa(ti0s) pebliy0 9436 30221 2 20°
Coepunios 9..09 6'6{%%33}2.‘6%2%} 10,79 2209 2 106
Ptepunlos 909  PEC1,20%.6150 1733 %135 2 1039
Pdepusloe 9,09  PAcl, 13:00 6,879 x 103
fhepunice 9409 AMSLyaRily0 %60 1249 x 107 R
IPepusloe  9a09 (i) Fiy0 5025 5,032 x 107
inepunios 20 33140 Jy0 2,97 27545
Usepuaice 29 {7y,) g0 B.57 1e380 x 10



Table 2 Lattice Structures and Percentage
d=-Charasters of Transition lietals
Metsl  Lattice unit ce11!?¥) Percentage(25)
3 Structures  Slze A  liolecules  d-Character
8g Ca
f Pt focece 3491 b e ;0
Pd feCeCo 3.85 b b6,0
Bh  ficuCe 3482 b 50,0
Ir f.coce  3.82 b k9.0
N1 f.0e00 3449 b ko0
Fe bececs 2,85 2 39.7
0s copehte 2,71 4,32 2 49.0
Ru cepehs 2,68 4,27 2 50,0
Co £4CeCe 251 4,10 2 39.5
fo.coCo = face=cublc center )

be.CoCo = body=cubic center

C.Pohe = 6loses-packed hexegonel
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Ilable 1., (Continued)

Run o, Pemps,C Eilne. o Hg Eoa i liz/nin

20 31.0 © 330 5,00
21 k.0 700
22 5600 8460
23 a0 11,00
2l 62,0 1000
25 84,0 13,00 |
26 9k, 5 14,00 1-
27 130.0 19,00 ‘
28 40,0 33,0 9,00 =
29 45,0 10.80 &
30 65,0 12,80 =
3 53.0 11,00
32 74,0 1%.60
33 82,0 16,00

d 3 96,0 15,00

'; 35 100.0 20,00
36 117.0 20,50
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fable 1. (Continued)

2. Dependence of initial rate Io.0n. Anitial allens pressure:
Pp = 60 + 1 mm g

Temp,,OC
21,5

3.0

26,0

283Hb&-EE-§5
5640
46,0
3540
65.0
72.0
39.0

k9.0
60.0

7100
89.0
99.0
36,0
4340
5100
6505
5540
7920

Zoa T lig/nin
ke10
4,10
b.15
he15
4,10
4,80
k.85
4,80
b,82
k.33
b,82
k.85
bo90
4,90
4,90
k.85
&, 70

\

eV A

(&1

et
}331\‘

i
A
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Table 1. (Continued)

3. Summaey of the rasults:

Tempe, %  109m %! oz oy b lenk
2145 30395 1.09 0 0,60 «0,2219
26,0 34340 1,00 0 1,00 00000
31.0 34290 1,00 O 145 041618
36,0 34235 0.7 - 2,10  0.3222
10,0 3.195 1,00 - 2,45 043902

Activatien energy © = 13,00 keal/mole
Frequency factor A = 6.8785 ¢ 1010 mn Hg/min-gn metal

N
[
5
,




teight of catalyst = 0.1 e
Zouivalent weight of platinum = 0.008500 gn

BmFo.  DempeelC

% 112,0

55

6

s7

58 1385 0,72
59 162,0 089
60 18,0 0.76
62 20,0 105 1040
62 13340 0050
63 16500 120
i 183.5 0080
65 18540 0,69
65 16200 0070
67 12350 0160 1052
€ 5550 250
6o 16200 26529
70 2200 2,50
7L 11609 2,00
va LIS 2660
73 17405 Sali0

4.(‘
N
Lo
T

)]

,E-‘.séJl‘ [

."’.! i
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Iable 2., {(Continued)

Run kos Temp. ,9C Byypg mm Hp Toe R liz/min
74 137.0 7345 : 1,30
75 M5 1,30
76 81.0 1.75
7 92.5 1.80
78 107.0 2,40

79 101.0 2,130
8o 116.5 2,70
B1 147,0 30,0 1430
82 67.0 %)
23 kg5 2,140
84 36.0 1.90 =
85 78,0 4,90 ¥
86 90.5 5050

A

o
iz
5
!

i

a7 112.0 7.50

B e SRS Semlolemn Bt ML S At A A e g

@ 2. Dependence of initial rate r. on initial allenc pressure:
Vip = 60 & 1 m i
dun o, Temp.,2C

533“&° s Doe ki fr/nin

28 1160 Yoo 0043
89 %60 0043
o0 5765 0,02

91 63,0 Ooliz

52 7640 (R}

o e~
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fable 2, (Continued)

qun {0, femp., 0C §C3ﬂla m lig Losmm He/min

93 128,0 330 0.50

o 38e5 0.50

95 | 5140 0.5t

96 60.5 0.51

97 72,0 0450 g
98 112.0 #0 0.43 |
99 k2,5 0,43

100 4 5140 Oulely .
101 62,0 0,43 ﬁ;
102 7240 0.42 %
103 H40 042 ;5
106 80,0 .42 52

3o Summary of the resulis:

é Temps, %2 103/0,9%1 g T Xk log &
E 112,0 2,600 1,01 0 o05%  =1,268
L 120.0 2,545 1,00 =003 .062 =1,208
% 128,0 2,195 1,00 =003 o150  «0.82b
f 137.0 2,040 100 0 o175 <0.756
] 10570 2,390 1,09 0 .30 -0.65
| Activation onergy © = 17.38 keal/fmolo
Proquonsy factor A = 8,195 = 1010 ma tig/minegn netal




1, Dependence of initial rete r, on initial hydrogen pressures

Tfable 3. Results for Cobalt-Pumice Cabtalyst

velght of catalyst = 1,0 gm

Taulvalent amount of cobalt = 0.0909 am

o

CBHM,

= 60 + 1 mn dg

Temv.,oc

104,40

112,0

1160

_I:HE' ity .Zs ’
36,0

by, 0
5840
67.0
79,0
100.0
142,90
101.0
113.0
e 5
8640
1410
112.0
75
69,0
79.5
39,0

9950

-
[

D
-

>
o
LN
°
3

zc'

mm He/min

0.40
0455
0.72
0.86
1.00
135
1.90
1.70
2,40
1,80
2;00
3e§0
2,60
1,90
1.90
2,30

2@60
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128 82,5 2,05
129 86,9 210
130 102:0 2:50
131 %0 2530
132 12600 7140 1,20
133 590 1.4 =
1® 3.0 1.70
118 70,0 1,75
115 _ 99+6 2.10

157 1010 ée%

950 O1o0 2,08

0 PASAnk afdonn HECoEmEaL

w120 2 1 mig

o 1100 T a0

i r o or
k: J LA [Vo("")
2 T fr, o
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145
146
187
148
149
150
15

0 CET

&
a?

112,0

100

TGy T @ 10079 heal/omolo

ﬂ
""AD(..QQ«LQ

GJ o) Z;EC/‘D&R:

x
00111
00155
02190
002062

00235

oz k
=e95C6
=o8167
07213
=057
©o6209
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Velight of catalyst = 2 gm
Equivalent amownt of ividiun = 0.1018 gn

1. Dgpandence of 1nivial mave X~ on Anitial hraposen DRORsupay
it W ToRReC Byne BB.UB
156 25,0 2.0
157 : 8.5

158 52,3

163 31,0 30
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Table 4, {Continued)

Hun 0. Tenpe,°C Eron TS 2.1 ez /min
175 35.0 3845 0.97
176 52.5 1450
177 14040 10545 7450
178 13340 550
179 102,0 5,95
180 1000 3410
181 8945 2470
182 80,0 2.95
183 49.0 1.10 :
184 740 2.12
| 185 615 1.80
| 186 45,0 5105 1,91
; 187 9lk, 0 4,30
| 188 7000 365
189 72.5 3035
| 190 5940 2,00
| 191 o5 1o78
192 10340 5000

193 813'00 3090
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Tabla b, (Continwed)
~.on indinl ellens progmuve:
Bum, Koo TewBept  BoonpeMRS
195 25,0 6005
195 30.0
196 e
197 48,5
198 745
1 199 82.5
200 104,0
' 201 31.0 M0
202 3945
203 k9.0
20% b8.5
2n5 70,5
206 8100
207 93.0
, 208 35,0 9.0
209 3500
230 by 0
211 52,0 €050
212 695 380
215 30,0 8,00
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Table I, {Jontinued)

3. Svmmery of the rasultas
Tempe, 28 103@,"1{"1 X I

25,0 3355 110 0
.0 3.285  1.00 ©
3540 34245 1,00 =403
40,0 3.195 1,00 =
45.0 3145 1,00 =

Activation energy G = 5.25 keal/mole

4
«195
«205
210
+220
230

Fraquency factor A = 5,012 x 103 mn Hg/min-gn metal

e
>~
B
s
=

¥

N

i
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Pablo 5. Heoults fop Iroaerumtcs Cotalyst
Jodsht of eatalyst = 2 ga
Taulvalent amount of izon = 0,40
BN._pressure:
90334 = 60 § 1 m Hg :
Run Lo, Tg_mgnoc 232, rn He D 20 He/min
215 a0 9345 0,87 ;
216 17745 1,40 |
217 11540 1405
218 20645 1,70 B
219 14,0 1,10 >
220 138.0 1,00 :
221 8l 0 107.0 1435
222 97,0 1,10
| 223 , 90,0 1,08
3% 22l 7340 1,00
| 225 730 0,83
226 117.0 1650
227 131.5 1,70
228 9,0 117%.5 1050
229 101.5 1ol
230 93,0 1420
231 61.0 o70
232 83,0 1,00
233 760 0,60
255 725 0,78
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fable 5. (Continued)
Tun Mo. ’i‘emg.aoc EHE‘ mm_ e Doe 00 Hz/min

235 10k,0 133.5 2,15
236 12545 1,60
237 , 119.5 1650
238 . 105.5 1.20
239 A 9.5 1,08
20 87.5 0.95
241 : 78.0 0475
L2 6845 055
23 114.0 147.5 2420
24k 119.0 1,60
ohs 1040 1610
246 975 1,00
b7 139.0 2450
2k3 128,0 2,00

2, Dependence of inltial wate v, cn initlal allens pressure:

Py, = 60 + 1 mn lig

Jun "o, Temn, , °C 2. 5 il P mm_Hr/inin
2k9 - 70 4505 1,00
250 61,0 1,00
251 7045 1,01
252 545 0,96
253 37,0 0697
250 8145 0,99
255 89,0 293




99
c Table 5. (Continued)
‘ fun flo. Temp, ,°C Poqiye T A8 r,, mn Hg/mn
256 93.0 40.0 0499
257 3345 0.99
258 | 51.0 0,99
259 62.5 0,97
260 76,0 0.9k
261 88.0 0,96
262 104,0 0.97
263 114,0 77.0 1.75
264 4, 5 1.75
265 49,0 1.81 "
266 35.5 1,75
| 267 61.0 1,70
268 69+ 5 1,70
3, Summary of the resultss
Temp.,0c  109/0,%1  x b4 k log k
74,0 2,88 1,50 0 0,016 =1.7905
84,0 2.80 1,65 = 0,023 =1,6345
93,0 2.73 1,63 =03 0.035  ~1.k559
104,0 2,65 1.45 - 0,041 =1.3872
11L,0 2,59 1,40 0 0,048 =1.3566
Activation energy § = 9.36 keal/mole
Prequency factor A = 3.221 X 10% m Hg/min-gm-metal

S | S =
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Jable 6, Sesulis for lllckelePumice Catalyst

telght of catalyst = 1,5 an
Zguivalent amount of nickel = 0.1363 an

1. Dependenge of initial wat on inltial hydrogen qures

Pcaguﬂéoﬁim%

an lioe Ismp, . °c X . iis/nin
269 40.0 0,75
270 1020
2N 1,50
272 1,90
273 1,60
27 1,80
275 1,55 -
' 278 2,00
E 277 60,0 &, 00
273 olid
§ 27 115, 2,20
i 280 12640 2,40
3 281 122.0 2030
| 252 186,0 holid
‘ 263 1479 2013
2et 9165 16060
2G5 SENY b
206 7500 13505 Go70
207 122,0 3020
P 2510 7,10
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"‘ Iable 6. (Contimued)

4 Run No. Tenp.,°C Propm iin Tos il HE/min

289 7540 142,40 5020

290 8840 2,40

201 S 1,50

292 90,0 182,0 6.00

293 179, 5.50

20l ©120.0 4420

: 295 60.0 2,00

i 296 92,0 2,70

297 150, 3.85

§ 268 65.0 2,20

E! 299 100,0 180.C 7450

300 162,0 7400

‘ 301 61.0 2,90
302 120,0 1,20
303 92,0 3,70
304 150,0 500
305 1150 1770 8050
306 1840 9,00
369 118,0 650
308 60,0 1,50
369 ' 15640 .50
310 90,0 6,00

311 117.0 6,00
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Table 6. (Continued)

fun Noe TEDDe o °C Pyype mm HE Fos T2 Bp/min
N2 13040 1813, 0 12400
313 “ . 119.0 11.20
3L 6240 6450
15 125,0 12,00
316 15240 : 11,50
317 | 970 10.80
318 122,0 11,90

2, Dependence of initial rate r . on initial allene pressure:

Py, = 120 % 1 m Ke

Run lioe Terpe, °C Py 3ty m Hg T, Hg/min
319 40,0 3.5 1,50
% 320 69,0 1,50
! 321 85.0 1,50
§ 522 122,5 1050
i 323 | 395 1450
328 60,0 36,0 1085
325 59.0 1,85
: 326 87,0 2,00
327 119,90 1,95
- 328 32,9 2,00
329 7700 1690
330 7500 51,0 8,50
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Tavle 6. (Continued)

Run Hoe Tempe o3 Pogiys M BE  Too Ag/oin
N 750 50,0 8450
332 33.0 8«50
333 6349 850
3 8940 850

3. Sumary of the rasulbss

Terp.,0¢  109/n%1 2

¥ kB lezk

40,0 3.195 1.08 0 0.0725 =1.1397

60.0 3,000 1610 6 0147  =0.8327

7540 2,870 1,06 0  0.235  =0.6289

9040 2755 1,60 0 0.320  -0.hgho

100,0 2,690 0,58 o 0,400 =0.3979
11540 24575 0.93 = 0.700  =0.15%
£30.0 2,480 1,00 = 1,00 0,0009

Activation cnergy & = 7.77 keal/mole

¥reguency faetor & = 1.2045 x 105 mm Hp/minegm=netal




103

fable 7. lesulss for Rhodium-Fumice Cabalyst

veight of cabtalyst = 2 gm
iquivalent amount of rhodium = 0.1818

1, Dependence of initial rato r on initiel hydromen pregsuys:

Pc3ﬂb = 60 + 1 an ig

Run lios Tompay OC B, o B Ty Bm/md
335 2,0 30 150
336 , 4840 1495
337 5940 2,10
338 6740 2,50
339 770 2,80
0 97.0 3,30
31 £8.5 3,10
2 17,0 32,0 3e13
| 343 39,0 3013
% 3ty 53,0 2.85
| 35 6340 3.65
ﬁ 36 72,0 3695
f 37 85,5 o 58
]} 38 910 a0
| 39 1040 5,20
1 350 52,0 o0 1292
é 351 41,0 2029
| 352 a5 2070
353 6840 3012
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Table 7. (Continued)

nun Mo Temp. ,°C Pijp, ma Hg fge 7 Eg/min

354 5240 8L, 0 4,00
355 9340 I, 50
356 109.0 5,00
357 5748 33,0 3,65
358 42,0 2.85
359 7345 b3
360 68.0 17
361 59.5 3,90
362 3045 2,00
363 97.0 5051
36k 87,0 5.15
365 62,0 30,0 3.L5

| 366 13,0 420

B 367 5340 5,00

| 368 540 5,30
369 61.0 6,00
370 63,0 6.00
371 72,0 6,50
372 7%.5 7450
573 8500 7,55
37t 52,0 8.3

1 375 06,0 9,155

|

|

|

%
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2. Depgndence of initial xate T, on initlol nllenc pregsuyg:

Run Y0, Temps o °C Poguye ™ 38 T, TR Eg/min
376 42,0 305 2.78
377 k0,8 2,76
378 50.0 2,80
379 61.0 2.81
380 76.5 2490
381 86.0 2.81
382 71.0 ' 2.80
383 47.0 3240 6430
38 41.0 3.95
985 51.0 3.98
386 5945 1,10
387 7065 1,00
388 26,0 4,00
489 86.5 3,90
390 63,0 58,5 11,00
591 69.0 10,90
392 80,0 11,10
393 90,0 11,00
0% 99,0 10,80
595 51,0 11,00
306 39,0 1100

297 1845 11010
| 553 4100 11610
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table 7. (Uontinued)
3. Summary of the results:

tempa 0y 103/2.%7!  x x log It

X N4
42,0 30175 0.80 O 0.5 =0,3468
47.0 3.125 0,8t O 0,60  =0.2219
52,0 3.075 0.80 = 0.76 -5.1192
57,0 3.030  0.85 = 0,88  =0.0555
63.0 2.975 9,80 o 1,10  ~C.0W1b

Aotivatien Enerzy £ = 9.6 keal/mole

Frogueney Foctor A = 1.149 2 107 oo Hg/mn-gm-metall

-
~
-
»
-
4
1
3
“
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Welght of catalyst = 1 gn

Iquivalent amount of ruthenium = 0,20 gm

1. Dependence of initial rate r, on initial hydrogen pregsurs:

fun Ho. Pamp. . °C Py, o Hg ¥, mm Hg/min
399 8140 106.9 Q.40
400 11945 0.45
Loy 303.0 1.15
42 o 23040 0.75
403 ke 0.80
Lo 29145 0.95
405 16345 0.55
ob 100.0 1950 1,10
1o7 2110 1,20
109 18240 0090
109 ) 165.0 0,75
490- 15240 0.79
1814 8l 0 0,38
b2 13,0 203,0 1.75
b3 195.0 1665
! b 157.7 120
% B1g 179.6 | 1040
146 BT X 1410
% wo 171.6 1025
|
|
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Pable 8, (Continued)

Run Ho. TomPa o OC Pype 10 Hg To mm Hg/min
418 11540 180.0 0.92
k19 170.0 0.85
420 161.0 0,80
21 121.0 0450
22 152.5 0465
k23 131.5 0450
L2y 200.0 1,00
k23 130,0 138.0 065
426 2335 140
427 220.5 1,20
b28 203.0 1,10
29 179.5 0,90
&30 18,5 0,60
b31 1630 0,75 -
2, Dependence of indticl rote . or initial glleno presgure:
Piig = 120 & 1 =0 g
Jum o, Tenpes ¢ %3“3!}“ g Hg Tqo T Bg/oin
| 32 810 3600 2030
; 493 187,90 215
k b3 119,0 2:15
n35 1760 7025
H his 525 2,15
5 By 6660 2,20
|
|
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Pable 8. (Continucd)

Aun No. Tempa , %¢ Pogiye T HE  Toe M Be/nin
b38 115.0 50.5 2,50
439 67.0 2,25
&40 0.0 ' 2.20
kb3 ‘ 76.0 2.10
b2 - 87.0 2425
b3 35.0 2,30
bl ;&5.0 bls, 0 2450
by 34,0 2.10
b b6.5 2,05
bis7 55.0 2,00
4is8 6505 1.86
459 7840 1.86
150 92,0 1.87
!1 3, Sumary of the rosulis:
}\ TonDe s 03 103/0,%1  z p I loz k
vi 81,0 2,825 4.0 0 0,008 =2.097
f 1000 2.680 181 0 0,010 2,000
115.0 2,530 10 e 0 0,012 =1.939
13000 5580 1,35 = 0,013 =1.886
205,0 20590 180, «8.03 D010 =10810
Aotivotlon onezay ° = 2097 teal/mole
wpoquenoy fascbor A = 2075’-‘;5@1 Hg/ninegrennial
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Table B, (Continucd)

Amn Ho. Pompe , °C Pogiye ™ BE oo TR Bg/min
k38 115.0 5045 2050
439 67,0 2,25
Lho © ho,0 | 2,20
Ly ~ 9640 2.10
L2 - 87.0 2:25
b3 35.0 2030
ity 145.0 4,0 2450
Y 440 2410
&6 b6s 5 2,05
ka7 55.0 2,00
b8 65+5 1.86
b9 78,0 1,86
n 50 92,0 1,87
2. Summary of the ragulis:
Tompe.03  109/0%7 z I k loz &
81,0 2,825  1.b0 0 0,008  <Z.097
§ 100,0 2,680 Lh1 0 0,010  =2,000
11500 2,530 150 = 0012 =1.939
13000 2,80 135 = 0013 =1.886
145,0 2,390 150, 20,03 De016  =1.816

fotivablon onozgy B = 2057 Leal/mole

3 X » & - -~ 1' AT AT ). YA ¥ ~
Proqueney fastor A » 267545 73 Arr/mineznennlnd

0F @ d mmsiiteta e o e Samee e e
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Tahle 9, Resulbs for Cemun~Punica Catalyst

teight of catalyst = 1.275 o1
squivalent amount of osniun = 0,25 gn

1. Dependance of initial rate T, on initial hydrozen pressure:

chﬂh = 60 £ 1 mn Hg /2
Jun 10, PerpPas °C Pyye ™0 g Poe mn Jg/min
- —— o
4851 12,0 118,0 1,00 .
152 13240 1,00 :
k53 40,0 0420
sl 17240 150
b55 9545 0,45
L6 115.0 153.0 0,70
457 120.0 033 Li
\- 58 9540 0,32 i
i 159 320 0,09
f 5460 7740 0,17 |
5 h61 ' 185.0 0,80 E
3% 1462 51,0 0013 |
| 163 16540 2110 2,90
hel: 19905 1070
b5 1785 1,50
| b66 10540 Goles
>§ %67 85,0 036
| 155 1800 22640 5000
L6g § 598 9000
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Table 9. (Continued)

2un Mo Tenp.,°C Ppipe T ig Tgo T lg/min
SN S A
470 180.0 181.0 2400
h71 11}9.0 0.90
72 109.0 0.75
L73 : 975 0.40.
Lyl 200.0 206,90 1,60
175 2214,0 3,00
176 : 163.0 1,40
477 185,0 1.80
k78 180.0 1,60
179 128,0 1435
480 98,0 1400
2 24 _pressure:
Ty, = 1204 1 w2 i
| fun iioe 2emps o0 PG}WM Lg Tgo m idg/nin
484 1255 02 102
482 50e% 1601
1883 Tl 1,10
Al R - 1011
B35 1620 1009
136 1808 55 1080
137 BB 1,00
132 . 80,0 0,93
159 8600 5.9
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Toble 9. (Continued)

3, Suamary of the regulba:

rempo O 10%/n%t oz @z & ek

125,0 2,512 0.88 0  0.0105 <1.9031
14540 24392 0,90 = 0,01  =1.8539
16500 2,282 0.90 = 0,017  =1.7696
180,0 2,208 0.8 O 0,021  ~1.6778
200,0 2,110 0.93 =  0,0248 ~1.6056

Activation energy 3 & .57 keal/mole

Frequenoy factor A = 13,40 mn Bg/min-gn-metal

- T o
&L E R e aten i e e =




i
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Initial hydrogen pressure = 120 & 1 m Hg

Initiel allene pressure = 60 & 1 mm Hg

Run PT Preggure of Product Streams, mm g
Noe mn H H Cnall c I Polymer
8 2 38 336 BB“ all yg loat

490 50,0 75,0 0.8 27,0 L2 26.0

491 62.0 65.0 L3 36,1 0.9 2L, 5

ko2 b0,.0 84,0 0.6 21.5% 8.0 279

493 3045 90,0 0.6 i%e 15,0 2647

393 20.0 101.0 0.& 12.0 2165 26.1

bos 0.0 107.0 0.4 7.4 20.5 2207

8

- 06971

04969

0,972

0,968
0,968
03959



Initial hydrogen pressure = 60 + 1 m Hg |

Initisl allene pressure =60 ¢+ 1 m g

Run Pp S
No. me Hg H CaH ¢ H Polymar

f 2 O °Ff " itemetom) .
496 40,0 3640 0.3 22,6 155 2143 0.965
boy 0.0 a0 0.7 175 210 20,8 0,964
o8 20,0  B5.0 0.5 180 250 20,5 0,965
499

10.0 50,0 0.l 8.2 7.0  ibb 0,953



on_Ppoduct at 400°C

Initial allens pressure = 60 & 1 m Hg

Total pressure fall = 0 mm Hg

W

Run P _Pra , v b
No. mig B ¢ ¢ CaB Polymer
2 3H8 336 3 (allene lostz :

s00  186.0 140.0 0.8 19.0 72 32,0 09590

sor  19h.0 1240 0.7 168 11.0 32,5 0.9595
502 61.0 360 0.7 22 155 22,1 0.9710
503 920  59:0 0.7 236 122 2S5 0.9710
b 121.0 B0 0.6 215 8.0 2945 0.9710

505 150,06 123.0 0.7 20.5 9¢3 30.5 0.9670




Run

Noe

1318

Table 13, Effeot of Initisl Allons Propsurs
on Product ab gooc

Initinl hydrogen pressurs = 120 + 1 mn Hg
Total prassure fall = 25 m Hg

Po.u Progsure of Profuct Streams, IO He
3°h
m Hg Hp 03“8 CafHg CBH’& Polymer

(alleno 1ostz

566
507
508
509
510

1.5 920 0.5 10.5 ly,0 16.5
41,0 106,0 0.6 12.5 9.5 18.4

60.0 106.0 0.7 13.5 18.0 27.8
91.0 950 0.7 150 37.0 38.3
120.0 86,0 0.8 17.0 43,0 5902

0.5k )

0,954
0.953
0,961
0.955
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Table b, Bffect of Temporature on Produst

Inttial hydrogen prossure = 180 ¢+ 1 mn Ug
Initial allens presaure = 60 ¢+ L mn Hg
Total pressure fall = 30 m Hg

Run Tompe. progsurs of Product Stroams, mm BE 8
H0e oc By C e,  Cof Polymer
2 3H8 , 36 3 {allene lost)

S11 %0,0 123.0 3.0 16.0 20,0 21,5 0,821

512 60.0 110,0 2.5 16,0 15.1 264 0.8649

513 750 140.0 0.9 18,0 13.5 26 0,9528

51l 60,0 150.0 0.8 20.0 1,0 2502 0,9615

515 100.0 132.0 0.8 19.9 k.5 25.8 0.6620

516 11590 13800 007 1890 ‘ll}fos 2608 ’ 009626

517 130,80 1350 0.7 18.0 13.5 27.8 0.9626
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The following are the gample caleulations of the kinotio

parameters of the hydrogenation of allens,
1. [he neb welght of palladium used:

The reaction was studted over 0.5 gm of 9,00% palledivne
mumice catalysls The chemicai used in the preparation of the
catalyst was PdClz. since thé total wolght of the catalyst was
small, the neb weight of palladlum used can be taken as.O.S b4

G900 = Wa5t5 X 10~2 gm with & nogligible error.
2, Activation energy @ for nickel=-pumice catalysts

Using equation 1y and Figure 18,
glope = =5/%e5701 = =Le7 X 103
3= 1.7 x 109 x L5701 = 7.77 xeal/mole

30 Overéll e consbent X and the logarithmic frequency factor

A ab 370°K for nickel-punlice catalyst:

apon Figure 18,

il

log k = =036 = 1.6k
T = 0.4365 min“l
yeighi of nickel in the cakelyst = 0,136% @n

1

cveroll rabe conghant = 0,1365/0,1364 = 302001 " et

log T = 0.50515
o € = 2ag i+ </1e5TIL
108 L= 0050515 & 7077 pie 10)/()‘305701 pA 370)

T
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log i = 56095
L, calculation of products for Run lioe. 490:

Initial hydrogen pressure. = 120 mm Lg
Initial allene pressure = 60 mm Hg
Totel pressure fell = 50 mm Lg
Total pressure of product = total initial pressure of reactents
- totel pressure fall
= 120 + 60 « 30
= 130 mm Hg

ppoducta recorded fron the analysis:

fiydrogen 75 om Hg

Propane = 0,3 mm i

Propylene = 27 om &g

sllene = te2 mm iR

rotal =107.0 mn g
polyners (by aifference) = 130 = 107 = 23 ma g

iydrogen talance:

unreacted hydrogen 76,0 wm if

Liydromen used to form propanc = 0,8 x 2= 1.6 mm Lo

nydrozen ueed to form propyiene = 27 x 1= 27,0 mm il

Potal = 103.6 m a0

iiydrosen 1088 = 120 = 103.6 = 16sk mn UE
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Allene talance

unrescted allene b2 mn Lg

t1lene converted to propylene 27,0 mn i/
Allene oonverted to propane = 0,8 mm bg
Total = 32,0 mm Ug

['ropylene to propane ratio in product = 27/0.8 = 33.75

selectivity = 27/ (27 + 0.8) = 0,971






