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ABSTRACT -~ "%y

_bThe kinetics of ethylene oxldation.on a eubgorted‘
silver Catalyst in dibutyl.phthalate et‘220°C have been'.:
investigated.The exterﬂgl mass transfer r091stances and the
intraparticle mass transfer'resietance were found to be.
negllgibleaoﬁe constant ethylene partial preeeure Qf 0.5
atm was used. The oxygen partial preseure\w\s varlied from
0.115 atm to 0.282 atm and was the primary vartable - ' ":
1nVest1qated. To evaluate the effects of redaction products
on the rates. the feed floﬁ rate was varied and the
dependence -of rates on the sum of the product partiai

pressures.ﬁes examined.’ | 3 o ‘-
The data were eipreséed in term of relative
reaction rates to allow for observed variatlons in catalytlp
actlvity. These relative rates were ratios of measured rates
‘with rates of bracketing Tuns at a defined set of standard
conditlons being used as the point of reference. determine
the relationahip between relative rates and oxygen partial
pregsure, the relgtive rates were all ifgtared/et the same
average total product,concentration.- Y

’

The rate of formatlon of ethylene‘o ide was found

- .

to be first order wlth respect to oxygen partilal pressures
. and for carbon dioxide formation, the order was found to be
1.?3 . Ipﬁitition'df the resction by reaction producté{
_ L
. i

/

/



was also observed .

¢

' Divutyl phthalate. used as the inert solvent.
wasg found to be\gzstable 1n the presence of ethylene

oxldation reacti . The saponiflcation of the dilester gave

‘phthalic aphydride and butanol .
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~ e ' I INTRODUCTION

The vast potentialltiee of ethylene oxlde as ‘an
organic 1ntermed1ate in ‘the chemical 1ndustry ‘have. etimulate¢
many 1nvest4gations.dea11ng with the preparetlonf properties
and uees.of this compound. Since Lefort 's otlginal patent
(L0) 1n1£931, t artial-oxlaétion of ethylene to ethylene

oxlde with concurrent formation of carbon dicxide and water

- have been extenslvelf gstudied. In a rbcent'review'of the

catalvtic oxidation of olefins, covering literature up to
1965, Voge and Adams (Qﬁ) clted nearly 90 referencee in their
digcussion on the ethylene oxidation to. ethylene ‘oxide, and
it 1is still a qrcwing subject. ;

In the avallable llterature. there 1is stlll much

that is conflicting‘and dubious. Uncertalntles remaln

‘concerning the species adsorbed on the catalyst. There is

also contradiction between adsorpﬁion studies of reacting
geses without reecticn'and studies'of kinetics. The role of
various moderators 1s still not'well‘understood. Finally,
no unifylng reaction mechenism has as yet been proposed |
which satisfactorily takes into account all’ the eccumulated
knowledge of the subject.

“In 1961, shinsu (59 patented a process in which
a'slurry reactor was used. His work zlves the necessary

inspiration for this study. Although some of his claims are

questionable, the partial cxidation of ethylene on sllver

-1
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(ln a slurry reactor would be an 1né§b%stinm subject for-

regearch , since there 1s 8t111 no published techn;cal paper

on the process invented by Shingu

A

' . The purpose of this work is therefore to provide

g preliminary spep'to'the study of the feasibility of this

- process. Various. mass -transfer processeg in the reaction

were 1nvestimated It was shown that the reaction was

'kinetically controlled under theaexperimental conditions

empleyed. sp that a kinetlc etudy was .feaglble. The rates

of formation of ethvlene oxideland carbon dioxide were

" measured over a wide ranqe of reactant partial ‘pressures.

The effecm of bxygen pressure and product pressure on reaction
rates were also studled.. |

It 1s hoped that this study will provide a first

.step to a full kinetic study. hlthouqh many problems still

have to be overcome,with the growing number of published

- works recently on three phase reaction systems, the subject

can prove to be both important and interesting .




IT BACKGROUND AND REVIEW OF LITERATURE

2-1 General : .

Catalytic.partial oxidations of hydrocgrbons to
‘useful products are currently of'éreat gommércial intergst.
includinm fhe case of eth&lene oxidation. Several reviews
gf catalytic oxidation ha§e appeared recently. The_mbs?
extensive reviews arelthose of Vome and Adams (66)_and_
Klugherz (34) . Also noteworthy are reviews of hydrocarbon
oxidation by Margolis (41} and S§mpson and Shooter (65) .
.Althoﬁmh the éas phase ethylene oiidation has been exténélvely
studied sincé the iefcrf's pratent 1ssued-1n 1931, the rgacfion
in a liquiad ﬁhase is no£;a.we11 treated subject. In 1961,
Shinzu (59) patented a ﬁrocess 1n.wh1ch a slurry reacfor was
uséd . It was clalmed that a very high sélectivlty was
achleved for ethylene oxide forﬁation in the partial oxidation
of éthylené. Since then there 1s no published work on the
subject. )

The revleﬁ of 1iterafure-to follow has 5een divided
into sevéral sections. After =a brief deécription of the
chemistry of the reactions involved, prevlous works concerned
with adsorption, kinetics of the.reaction and the effect of
moderators are presented . All works were in gas phase
systems, but it 1is necessary for ﬁhe understanding of the
mechanism in a three phase reaction system. The final section
will concern the Shingu patent . Also varlous &spécts in a

slurry -reactor will be discussed .-

¢ -3 -



2-2 Process Description :

There are three reactions involved in the formation
of ethylene oxide, carbon dioxide and water from ethyleneﬂ
by oxidation on silver catalyst. Reaction (A) and (B)
| déséribe the formaﬁion of products by theldirect 6x1détion_
of e£hy1ene | ' ’

CpHy +3 0, — CEO  (A)

, CZH.M- ‘+ 3 0p —» 2(;:02 + 2 Hp0  (B)

Reaction (C) indicates that by;products are élso
forﬁed b& further oxidgtioﬁ of ethylgne oxidé

C,H,0 + 20, —+ 200, +2 H0 (C)

All three reactlons are exvthermlc and highly
irreversible .The reaction 1s'usually'run at temperatures
of 200° to 300°C and at pressures ranging from one tb about
twenty atmospheres. Oxygen 13 used elther alone or diluted
. with an inert gas,as in ailr . Selectivity defined as the
percent ethylene oxide formed, based on the amount of ethyiene
reécted. is of pflme concern from an economic péint,of view.
Selectivities for this‘reactiqn commonly range from 50 to
70 % . |

Silver, most oftén supported on & low sufface area
support such ag o¢-alumina, 1s used as the cgtalyst. There
are many referénces to catalyst preparation in the literature,

particularly patents concerned with promoters to improve thg

.selectivity of thé reaction (66)

-4 -



it is interesting to note that eehylene 15 the
only olefin which is converted'te.an.epoxide by reaction on
" gilver. All other olefins are oxidized essentially to caebon
dioxide. Silver is also the only heterogeneous catalyst for
othylene oxidation to ethylene oxide . |

Several studles have been concerned with the
1m§oftance of ‘reaction (C):Aproduction of CO» by further
oxidaﬁlqn of ethyleﬁe.oxide..as compared with step (B} -,
formation of CO2 by a parallel route. Boﬁever. most studles
of thﬁ“ﬁfgztics of ethylene oxidatlon agree on the
'predominance of the parallel oxidation to ethylene oxide and
carbon dioxide (66;&2.53 ). It is llkely that the few stug;es
which sﬁow consecutive oxidation_of ethylene oxide to be |
important , such as those of Twigg (64,65) and AndfianOVa
and Todes (3 } , are not at ali typical of normal flow systém

oxidation over silver .

2-3 Adsorption

For silver cataiyst.rthe fofmatlon of Az,0 or other
silver oxides 1s 1mhosSibie under usual operating condltions.
bate reviewed by Dushman (71) show thet the equilibrium
oxXygen pressure over AzzO equals ‘that of atmospheric air
(159 mm) at 1&900 and is at 3.3atm at 22?°C Thus, under
conditions commonly used for fundamental studies of ethylene
.oxidation. the oxide rhase cannot exlst. Most adsorption
studies have therefore been concerned with the interaction

‘J'
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of varlous gaées with silver. prepargd as a metéllic £film,
'precipitated as powder. or deposited on a suppqrtf Aithough
ailver oxide does not exist as a separate phasq‘at reaction
-condigions.'studles'on oxygén covered surfacs , where the

oxlde could be consldered to exiét as a surface phase, have

reqently become important.

2-3-1 Oxygen Adéorptlon

~ Oxygmen édsofptlon on 511Ver'ﬁas been studied most
extensivelv Both-kinetic and equilibrium measurements have
been made. and oxygen is known to be feirly strongly
- chemisorbed on silver at temperatures used in oxidation (4,
7,819 61 ).'An.exellent review is by Voge and Adams (6 ).
" On the basis of studies of adsorption kinetics, Smeltzef ,
~ Tollefson and Cambon (61) and Czanderna (19)'poétu1ated.that
more‘thgn dne type qf oxygen complex is present on the
surface .- | -‘

. Smeltzer et ai (61) observed a transifion in the
rate of édsorption_at-about 50 % coverage‘of the surface.
'They conciuded that at low coverazes, each ox&gen.atom was
associated with two silﬁer atoms, but at ﬁigh coverameé. two
oxygen atomé were associated with each palr of sllver afoms.
In other words, oxysen atoms and oxygen mqleculés were botﬁ
presént on the surface. Since tﬁo kinds of oxygen wefe

present, they recommended that caution should be observed .

1n_the development of réte equatioﬁs for the kinetics -



of reactions on silver catalysts. .

_ Smeltzer et al.(61).fMeiaenheimer et al, (Lg), and-'
_Czanderna fi9) all showed that t e;rgte of adsorption on
sllverJWas'very fast up to about\30 % coverage and then
decreased to a much lower valﬁe.'Thia contrasted with the
behavior;expeqtéd for Lanémulr kinetlcs , in which the rate
of adsorption decreased linearly with increasing coverage.
Over‘limited ranges of surface co&erage. particularly above
50 %, Smeltzer et al and Meisenheimer et al. found that their
adsorption kinetics could be fitted to the:semi-lmpipical

Elovich equation.:

dg . gebn
dt .

where q 1a the amount adsorbed, t 1s the time and a and b

‘" are constants.

A siegnificant fraction of oxymen oﬁ sllver was .
irreversibly adsorbed. ﬁeisenhelmef,et al. (45) reported that |
mbre than 50 % of tﬁe adsorbed oxygen could not be removed
byVEvééﬁation for several hours at 200°C. According to Benton
aﬁd Drake {8 ) the oxygen could not all be desorbed even by '
“evacuatlon atjjOOOC . Treatment with hydrogen was necessary
to remove this biéhtly bound oiygen. Czahderné t9) reported
that by outgassing a sample at 3509C most of the oxygen could
be desorbed from silver. However, chemlcal treatment with

Cco for examﬁle. wasg ;equired to remove the oxyszen completely.

Finally, it is lnteresting to note that the rate

of oxygen adsorption has been found to be over a hundred times

-7 - - e
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slower at n fractidnal éurface co&éraqe‘oflo.? fhan the rate
'of oxyqen consumption durinr oxidation at 200°C over the same
catalvst G+5). This summests that the reaction probably proceeds
at a 1ower oxvqen coverage than that corresponding to the
equilibrlum of the surface with oxyqen in the gas vhase.

Manv studles have revealed a strong dependence of the
heat of adsorptlén of oxygen on the demree of coverage of the
silver surface. Ostrovskil and Temkin (U8) determined the
heat of chemical adsorptlon both directly from adsorption
experimentq uslnq a calorimeter, and 1nd1rect1y from the heat
. of reaction of hvdronen with a surface layer of chemisorbed
'oxyqen. The heat of adsorption was found to decregse almost
linearly from 130 Keal/mole at zer?-coverage to 80Kca1/mqle
at a surface coverage corfespondihq to a.ratlo of about one
atom of oxygen for evérv two atoms of silver. At higher oxymen
coveraqe. the heat of chemisorption fell more rapidly, until at
A sd;facé coverage approaching ‘a monolayer, the heat of I
adsorption 1eve11ed of f at about 10 Keal/mole. Ostrovskil and

Temkin rnterpreﬁed their results in term of a transition from

A structure of type (I} at a low coverage, to one of type(II)

(n peroxide) or type (III) at high coverage: §
‘ : ‘ ]
0 ‘ 0-0 i

ag” DAz AF hs Az

(D) : (I1) (111)

These types of structure have also been proposed by other

nuthoré, such as Smeltzer et 9161),to represent atomic oxyzen




L}

* adsorption (strueture‘I).and molecular oxygen adsorption (II).

2.3-2 Ethylene Adsorption :

The question of whether ethylene 1s adsorbed on
the catalyst during the reactioq has no§ yet been anéweree
satisfactorlly;'Iﬁ has often been reported by Twige (64,65)
Trapnel (63, 29) and others (21, 22 23) that ethylene 1s not
adsorbed on sllver. Howaver. a number of studies have appeared
recently Iin which adsorptiqn of ethylene on a oxygen covered
‘ surface has 'been discussed., Of course;et sufficlently high
temperatures, the ethylene reacts with oxyzen(éh.és).However,
studles of ethylene adsorption can bg made at suffioclently

low temperatures, uslng elther gilver covered with = film of

adsorbed oxygen or silver oxide as a separate phase. -

Trapnell (29,63) and Margolis (43) have both reported
that ethylene 1s adsorbed on'anoxygen covereﬁ sileer surfece.
Maréolis pointed out that the behaviour was quite similar‘to
that observed for adsorptlion on metaf oxldes}Ethylene was
adsorbed on metallic sllver too; a}thoggh the coverage wWas
low. The same was found to be true_bj Allen and Scafe (1 }
by their study of adsorﬁtlon of silver on silver oxide.

A most,ihteresting study has been published b;
Relousov and Rubanik (6 ). Thé& ueed aﬁcompeting'reaction"‘
technigue in which they determ;ned the effect of varlous
hydrocarbons Bresent';n the gas mixture on the extent of

ethylene oxidation. Thus it was found, for exemple. that

-_9.-
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when propylene was réégfed from a gas ﬁlxture containing.
ethylene and oxygen and replaced'uith nitrogen; thejqohversion
of ethyléne was increased from about 6% to 64X, It.Was
concluded that this effect would be impossible if ethylene
oxidation proceeded by an "impact" mechanism, 1.e. reaction
.between adsorbed oxygen and gaseous ethylene. Reaction must
involve an adsorbed ethylene specles as well asg adsofﬁed

oxygen .

2-3-3 Adsorpﬁipn of other gases : , ’ N !

The adsorption of'tﬁe products of ethylene oxldatlon ////’T
on silver has also been studied._TwigE (64 ,65) found that
ethylene oxide was adsorbed with decomposition_. 0thers such
as McCarty'(?ZJ have reported the same result. Allen and
Sciafe ( 2) reported thétethylen% oxide was adsorbed on sllver i
oxide at temperatures greater than 2509K. Reaction with the
‘surface was observed above 323°K .'

Drake and Benton (20i and Czanderna (19) reported
o ‘

that CO, was adsorbed on oxygeh covered silver} although 002

was not chemisorbed on the reduced metal surface .

2-4Kinetics and Mechanlsm:

The reactlion kinetics of ethylene oxidation on silver
ecatalysts prepared Dby a variéty of techniques has been
exteﬁsively studied. However, there is no general agreement

on a mechanism based on the kinetic data obtalned. Maﬁy

- 10 - . - Y
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. workers have sought_to relate these data to what 1s known.

regarding adsorption on the catalyst. Here, tos. thsre has
" not yet been agreement. Fsr example, ‘as discussed in ths
_previqus section.;chemisorptlon easuremehts showithst
etﬁylehe 1s_adsorbed only weakly on silver, 1f at all. On ~
the qther hand, the observed kinetics indicate fairly strong
adsorption during.reaction; Furthermore, quesﬁions have arlsen
" ag to whether atomic or molecular adsorbed oxygen 1sltﬁe
species that reacts with ethylene.

The review articles by Voge and.Adams (66).K1ugherz
(34)and Margolis (kl)dqnpaih exellent tabulations of work on
ethylene oxidatlon Qinetics. In the following section, only.
some of the significant papers will beé discussed.

It 1s generally acknowledged that Twige 16“ 55)
was the first to present a study of the fundamemrrtal phenomena
1ﬁvolved in ethylene oxidation. ﬁanxwof his results are
recognized as invalid, however, since much of his work was
done in a statlc.system. If a reaction is relativeiy rapld,
as 1t is here, it 1s iikely that steady sta conditions on
the surface are never achleved, since concentrations are
changing éontinuously. .

Orzéchowgkil and MacCormack (51} were the first to
show that, followlng a change in operating conditions,
cox;égsions and selectivitles continued to change slowly after .
reaching new values. These'slow processes” were attributed

to slow establishment of equllibrium with respect to

- 11 - . |
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" fixation"VOf.BdBOTbgd oxygen and peactlon_prodﬁcts on the
surfaee: Catalyst pretreetment condltions and'pre%loue
history were found to have a considerable effect on the
‘activity. Orzechowskil and McCormack felt that it vas
necessary to base mll data on tﬁe saee feference'state lf
‘meanlngful information on reaction kinetics was desired.

. They measured the kinetics of ethylene oxidatlion -
at Zjboc and 270°C at partial pressures_ranging from about
0. 1 to 0.8 atm for oxygen and 0.02 to 0.1 atm for ethylene.
They extrapolated their conversion data back to zero contact

_time in order to obtain initial reection rates useful for
testing the rate equation they had developed The data were
found to fit satisfactorily a rate expression based on the
assumption of 1nteract10n between pageous ethylene molecules

cand 1rreversibly adsorbed oxygen atoms. The equation they

presented was of the form :

: Kk :
: , CoHO = 1 4+ -2 s 2
Pg %o

where k&, a and b are constant. Nault, Bolme and Johanson{®7)
‘have shown, however, that the rate;equations based on other
‘mechanisms can also fit Orzechowskil and MacCormack data .

. Temkin with coworkers‘have published several studles
on the kinetics of the catalytid oxidation of ethylene (37,

38, 4g). Experiments were cafried out in a recirculatlng '
resctor, and part of the work'wes.concerned with the effects

of products on the reaction rates. It was found that removal

- 12 -
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of ény of feaction produéts ( CzHuOH COé and Hy0 )from the
gas mixture by the use of traps csused an increase in rate.
Date were taken over a wide range of concentrations:
‘up to about 70% of ethylene and nearly 100% for oxygegjﬁat
1 atm total pressure ). Rate equgtions_were developed based
in part on the méchénism presented by Or;echowskii and
MacCormack (s1). Irrevefsible oxygen adsorption was assumed B
and readtion was pbstulated to occur between adsorbed oxygen
and gqseoﬁs ethylene. All products were assumed to be
adsorgéd.on Qxldiééd‘silﬁer. Eth&lene oxlide adsorhtion on

bare silver was alsorconsidered.AThe‘rate equations were

.derived by applying a steady éﬁéte approach. The resultigm

expression for ethylene oxlde ?ormation,'presented first by

Kurilenko et al. (37 ) and later modified by Ostrovskil et

-

al. (b9 ) is: _
Tc H,0 Qk
27 [1 +(51+6¥2) ( Py (14K 3P¢ Hy, 0)+(——JPE
2
. Zku PO

K5Pc,m,0 *H6Pn,0"K7EC0p)

(2-2)

where k's are rate constants for.différent steps in the .

mechanism, and Kis are adsorption equilibrium constants..The
equétion for COp 1is idehtical except for the replacement of

kl by k2 in the numerator. At zero product concentrations

the above equatlion reduces to orie identical with that

\ developed,by!Orzechowskii and MacCormack . (51 )

-~ 13 -



-Murray (h6) reported that the presence ‘of eilther
water:or 002 1n the reactor feed stream led, to a'reduction
in the deéree of conversion to products. Selectivity appeared
to be slightly higher when water was pregent in the feed gas
streamf/&he rates of reactlon were found to increase. with
increasing'concentrations of> both ethylene and oxygen, hbut
‘no rate equations were-presented; McKim and Cambron (luhused
the results of experiments with excess ailr to determine the
order of reactions with respect-to ethylene « They concluded
that the rate of the reaction was propcrtional to the square

L]
"root of‘ethylene pressure. When ethylene was present in

-

. ) *
excess the rate was approximately proportional to the oxygen

concentramion.

Other studies concerned with the effect of reaction
products on the rate ‘ghould be mentioned here. Gorokhovatsky -
et al (25).found that an increase In the flow rate in their:
reactor resulted in.an increase of réaction rate. The effect
was ascribed to the inhibition by reactlon products In other
experiments , when the products were removed frcm the
cdrculating flow reactor, the reaction rates increased Only
the removal of COz-was found to have an effect ‘on the
selectivity and it was concluded that CO, had more of an
inhibliting effect on the complete oxidation to 002 than 1t
. did on the partial oxidation_to ethylene oxide ,

Hayes (28), on.thelother hand, obtained quite

different results in his- work. Added CO, was found to affect

o th -




only the rate, of ethylene oxide production. while the addition

: of HZO had no effect on elther reaction. It was observed

that. beyond a certailn point, the rete of CpHy0 formation
was not affected by a further increase im the partial
pressure of C02. To explain this, Hayes postulated'that

adsorption of CO, requires both a bare silver surface site

.’and an adsorbed O  1ion. Reection was thought to involve

adsorption of ethylene on a oxygen oovered surface, the

oxymen species being 0”in the case of C,H,0 formation and

02 in the path to COZ . Aside from the proposal that two
. different adsorbed oxygen species participete in the reaction.

" the mechanism is similar to that propoged’ by Orzechowskii

and MacCgrmack (51 )

. w
-

Nault;pt al. (47 ) studied the reaction kinetics

at partial pressures up to 0.1 atm for ethylene and 0.2 atm

for oxygen. It wes found that there was no correlation between

'adsorption as deduced from kinetics and chemisorption on

silver or silver oxide. It was ‘concluded that, on the basis
of kinetic data, ethylene and CO, were adsorbed strongly at

the catalytic site whlle oxygen was only slightly adsorbed,

Af at all .

-

These results are similar to those reported for
chemisorction on silver oxide but ouite different from those
reported for metalllc silver. Particularly since 002 strongly

inhiblts the formation of both ethylene oxide and 002' these

"authors were convinced that the c¢a alytic site was not simply'

N
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metallic 511Ver. Theylproposed that the catalytic sites might
be located at the silver 811VBr oxide interface.

The two rate equations. both correspondlng to
dual-slte mechanlsm were found to fit best Bolme's data for

ethylene oxide formation.
' 2
4980 PE P0

- - = (2-3)
CoHy0 (1 + 164 Py + 269 P )2 .
. - 2 ’

‘1u¥7 PE PO

r
CZHRO 2

(L +15.3 P + 1'62Po + 35 Pco2)
| (2-4)
Eduafion (2-3) corresponds to reaction 6f two
ad jacently adsorbed gﬁhylene molecules With gaseous oxygen,
Eqﬁation (2—&) corresponds to reaction betweeﬁ adsorbed
ethyleﬁe and adsorbed ‘oxygen molecules on competltive sites.
_Nault'et al, alsc tegsted these eguations using Orzechowskl
and MacCormack's (51) regults. Indeed only equation (2-4)
can be fitted. Thus the feactiqn betwéeﬁ competitively
adsorbed ethylene and .oxygen remalns as the only mechanlsm
which agrees with the data of both Nault et al. and
Orzechowskl and MacCormack . ' L
| The kiﬁet%cs'df ethylene oxidation on silver was
also thé gﬁbject study by Buntin (13). Rea&tion rédtes were
measured at-ethylene partial pressures from 25 to 100 mm Her
and oxygen pressufes from 100 ﬁo 400 mmHg. Activities for
ethylene oxlde and carbondioxideformationweréfound to vary

1hdependent1y when the catalyst was-subjeéfed to different

- 16 -
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pretreatments. Buntin concluded that different catal&tic
sites were involved in the tWOlparallel feactlons. In tﬁe
Kkinetic study, data téken freéuently at'a sef of standard
condit;ons.were used to correcf for th; variations in
catalytic activity. The corfection was'aﬁplied by calculating
rate ratios. The 1n1ﬁial reaction rates were obtained by |
cqrrectinm all runs to zero product concentration. In
agreement with mbst other wWorks, he showed that all the
reactlonproducts inhibited both réactlons. The rate of
‘surface reacﬁién Was~as§umed to be ﬁhe raﬁé,coﬁtrollinq step.
The following equations were feund to represent the data

satisfactorily:

. . 1 -
. 0.00125 Pp Py 2
RC H.0 = - = (2~5) '
27 1 + 0.0323 PE
0.00234. P P L
. . - 2
2 (1+ 0.0323PE)( 1 + 0.0623 Po 5 )

The mechanism Bunfin propoéed to account for both
of these rate expressions involved reaction of an adsorbed
oxyeen atoé with an ethyiene molecule adsorbed on a non -
compétitive slte{ The adsorption equilibrium constant‘for-
oxyzen was approximately zero in the equation fof ethylene'
oxide formation. On the other hand,. the rate expression for
€O, formation did gontain a term for oxygen adsérption .
'Thus , it was conciuded fhat two types of oxymen wWere
involved in ﬁhe_two different reactions. A weakly adSo}bed

oxygen atom reacted with adsorbed ethylene to for@ ethylene

- 17 -



oxide, -while 002 was formed oy’reaction of the adsorbed
-ethylene with a falrly;strongly adsorbed atomic oxygen
speeles.r | ’ | | ‘
Buntin pointed out that the activities of the
catalyst for ethylene -oxide formation and for co, formation
' varlied independently. which supported the 1dea of two
different types of oxygen adsorption. He also suggested a
mechanism for ethylene oxide formation which -would lead to
the same rate expression. Reactlon would occur between
.adsorbed ethylene and adsorbed oxyzen molecules. In order to
account for the-observed kineties. 1t must be essumed that
only a small fraction of the total adsorbed oxygen Was
present as molecules. Most of it remained dissociated.
Finally the work of Klugherz (34) should be
mentloned Kinetlcs of ethylene oxidation at 220°C was
studied over a wide range of ethylene and oxygen pressures.
High partial pressures of each gas, up to 1. 32 atm, were
. used. The data’ were expressed in terms of relative reactlon
_ rates to allow for observed varlation in catalytic activity,
and all the ratios of rates were corrected'to 0.01 atm ofl
the product pertlal pressure. Klugherz reported that the
rates of formation of ethylene oxide passed through maxlma.
with increasing ethylenepressure . He concluded that tﬁe
reaction took place between adsorbed ethylene and-adsorbed
oxygen species on actlve sites. The active site was formed

-

by the dissoclative adsorption of a lower layer of oxygen on

- 18 -
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meteliic_gilver..Etﬁylene and oxygen as well as reaetion
'produete.;competed for adsorption sites on:the catalytic
" surface, ¥hich was considered to be similar to‘silver oxide.
Therefore the concentration of active sites depended on the -
oxygen partial pressure. Such a mechanlsm could explain the
maxima with respect to ethylene pressure and the orders 1n
: oxygen greater than unity. In contrast to previous works ’
this mechanism takes into account the known adsorption
behavior.

_ | The rate expressions were-derived by assuming that.
the adsorption of oxygen to form the actlve 3ites and the |

adsorptlon of ethylene and oxygen on these sites follow the

Langmuir isotherm : ‘o
K PE P = :
r.= ‘ 2 2. (2“?)
(1.+ KePp * KO 0 * K Pp)7( 1+ KgPo)
and : ok PE‘PO3/2 _ S
r = ; 2 L - 2 (2-8)
(1 + KEPE+ KOPO+ KpPp 14 ( 1+1xspo)

ﬁhere K's are adsorption constants and ¥ is the reaction
rate constant. It was found that ehe ethylene oxide klnetie
data could be fitfed to equations derived for reection of
adsorbed ethylene with elther molecular (Eq.ZL?) or atomic
oxygen adsorbed {Eq.2-8) on the oiide surface. The carbon
dioxide data could only be reasonably fitted to eguapion
(2-7) developed for reactioﬁ of ethylene with molecular
oxygen. In all cases. ethylene wasg more strongly adsorbed
.than oxygen on the“silver oxide“surface. The two reactions

i
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'probebly took place on different sltea. 1nvolving different
binding energy for oxygen adsorption. He also Buggeated that
the lower 1ayer of oxyzen, formed by-dlssoclative
ehemlsorption of oxygen 1s desorbed only Blowiy from the
surface and_is not‘ln equllibrium wifh oxygen.in the gas
-phase.Oxygen adsorbed’ on tnis‘layer might'be‘removed hy -
- reactions, |

Before going to'fhe next sectlon, 1t 1is 1nteresting
.to note that severel recent develonments'related to the
molecular edeorption‘of oxygen and tne_formation of ethylene
oxidehave been reported by wvarlous authors.‘Voge and Adams
(66) observed a striking characteristic of ethylene oxidatlon,
that is an upper limit in the seleotivity.of abouﬁ 70%
( with moderated'sllver/)over a wide fange of-converslons
and ﬁemperatures. Voge (67 ) discussed the idea of a coupled
reactlon system, which he attributed to Worbs (70 ). Reaction
between adsorbed ethylene and peroxldic adsorbed oxygen
molecules 1s postulated to form ethylene oxide angd adsorbed
" oxygen atoms. These oxjgen etome then react with more
_ethylene to produce , eventualiy cog’. One possible sequence
of steps 15 : |

om o+ Oz — M.02445s,

UMi0 44, * C Huad 2 CO * 2H;0 + b

2€0 +H.0 —— 2 COp + M

2 d
In these equations. M represeny//nhe catalytic

..2_0..



site;.consisting of elther a single Ag atom or a group of two
or mo?E:)The above sequence predicts a selectivity of /5=
80%'. Other coupled system can be imagined in which the
ethylene oxide formation step i1s the same but further
reactions.to form CO2 are different. resulting in various
values for the 1imiting selectivity A mechanism of this

type would also account for the frequent observation that
selectivity remains relatively constant when the temperature
is varied; : |

This mechanism\has recently been supported by

Sachtler and coworkers (54,33). Sachtlervet al. studled the
oxygen adsorption_on supported 811Ver.cdtélysts and identifled
the occurence of threelchemisorption processes, {I) an-almost
non-activeted dissociative adsorption, (Ii) activated (33
‘KJ/mole) non-dissociative adsorption, and (III) actlyated

(60 KJ/mole) dissociative adsorption, respectively. Using
infra red spectroscopy and lsotopic oxygen. they proved the-
$resence of diatomic oxymen species on Ag, and showed that
this species readily reacted with ethylene to give-ethylene‘
oxide. In another study where chlorine was first edsorbed
they shOWed that the effect of chlorine was to inhibit
dissoclative adsorption of oxygen. Since 1ts effect on'the
oxidation of ethylene over sllver catalyst was to increase
the seiectivity. thqy.conoluded that the diatomlc oxygen
Species:on silver-ﬁas reeponsible for the selective oxidatlon

of ethylene to ethylene oxlide.
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2~5 Catalyst'and Moderators:

Voge and Adams (66) =zave a zood account of various
,types of silver. catalyst. It appears from this literature
and from earlier data, theafollowing points are valid:

-~ The carrier should be inert .

Too large a surface for carrier 1s undesirable.

A fairly‘larze'silver area is desirable, say

0.05 to 0.5 m%/x. silver.

Diffuslion effects in the catalyst particle are
to be avolded. '
- Promoters such as Ca and Ba probably.act malnly
to stabilize the silver from sintering. -
. Harriott (27 ) recently published a study on. various.
alumina and silica supports for sllver. ' He suggested that
the very low selectivitv for sllver on some supports was not

caUSed bv heat or mass transfer effects or by oxidation of.

L2

- ethylene oxide on "the suppOIt The low selectivity might

\
have been caused by 'a greater dispersion of the silver,

with the smallest particles havine high activity for further
‘oxidation of ethylene oxide. The particle slze of silver was

determined by the nature of supports and conditlons used in,
preparing. the catalyqt.Stronq adsorption of the impresnating

_salt on a porous support tended to give very small particles,

but crystal.growth during drying and reduction gave some

large particles and a broad'distribution..This technlque
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‘waBs suggested tt be used to prepare similar catalysts with
different graln sizes of. silver to check tte effect. of sizes
on the activity and the selectivity . |
Moderators for silver play an important role in
controlling both the activity and the selectivity. Evidence
is now very good that pure silver surface used with excess
'air has a characteristic activity and selectivity ( about
L5% ) for ethylene oxidation. Electronemative moderatoré
ére neqessary‘in propef amount for maximum selectivilfy: too
much moderator, however, destroys activity. It was once
thoutht_that_different cryétal faces or uﬁusual surface sltes
of silver were'respohsible for the differences in the
performénce of %atalysts prepared in different ways. Kummer
(36) studying the oxidatlon.of ethylene on single crystals
of silver found that reaction rates and selectivity were the
. same on different crystallographic surféces. Wilsoﬁ and
coworkers (69) also reported that films having different
crystal orientations all possessed about the same catalytic
activity. More significant, though.‘was their observation .
that the films recrystallized,when used as cqta}ygt for
ethylene oxidation even though no changés took place when
heated 1in air. Thus, even 1if a'particular crystal'face'wés
.unusually active of selectivé, it ﬁouid not persist when -
‘the catalyst was exposed to the reaction.
To show that the pronerties of pure silver catalyst

.are independent of the method of preparation, Balaya and
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and Rubanik { 5) prepared silver by fifteen differeht methods,
and obgerved activitiés per unit surface area, as well as
selectivities. Initlally there were variations in specific
activity by a fabtor of ten.lﬁut after cleaning by soaking
in conéentrated NHuOH solution., the variations were within
a factor of 1.6. Furthermore, larser amount of chloride was
found in the washings ffom the catalysts of lower initial
'snecific.activity and high Selectivityu The clean catalysts
all had selecti#ities-ln the range 41 to 48% . It can be
concluded that'clean silver surface.has a characteriétic&lly
. high activity, and =ives a selectivity under conditions
(3% CoHpin air, 1 atm pressufe. 200°C) of about L5%.

A Moderators which appear to 1mpfove'the selectivity
of silver are.Cl. Br, I; 3, ée. Te, P.‘Bi, and perhaps a .
~ few otliers. The exact state of combination of these elements.
on-a silver surface under operatihg conditions 1s not known.
Sufficlént moderation to cause selectivlty improvement
alﬁays lowered activity relative to.that of ‘unmoderated
' silver; The behavior seeﬁs ét:ange. but may be possibly
eXplélnedgby.too strong oxygen bonding.on anunmoderated

silver (50).

2-6 The Shingu Patent : : . N

There 15 necessary an indication of time in
discussing the Shingu patent (§9) which was sranted in 1961.
Thus, thls sectlion btegins with a brief descrippion of the

process. Then some comparisions with varioug recent reviews
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®
w111 be presented._

It 13 1nterest1ng to know that since the patent
was granted, no published work has appeared concerninq this
studv It might be'that the patent was not mentioned-in any
review until Satterfield published his book in 1970 (56)

‘It is also possible that nobody ‘has been able to reproduce
his claims.

Shingu reporped in ﬁis‘patent that he was able to
produce various olefin oxides in a slurry reacfor. In the'
case of ethylene oxide, with a flow'rate-ef 20 ce/min of
ethylene gas mixture contalining 12% o; oxyzen, a conversion
of 8 to 35% and selectivity from 80 to*96% were achieved.
For other oxidee, with appropriate range of reacting
temperature , seleetifities from 70 to 90's ﬂer cent Were
achlieved. The catalysts employed in his inventlon were those
containing silver, copper or both, preferably in the oxide
form, which was finely divided or deposited on a support.
The solvenﬁ liquids used_fqr example were dibutyl ehthalate
and nitro benzol. It was suggested that several other organic
‘liquids might be used Whieh are stable to heat and oxldation,
chemically indifferent and high bolline :dialkyl phthalates,
trlalkylland tfiary phosphates, aromatlc nlfro compounds.
hlgﬁ boiling- carboxylic aclds and esfers.

. Ih‘view of severallrecent publications pn:the
subject of catalytic oxidation of olefins,several points of

the Shingu patent should be put forward for dlscuesion :
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~ Several reviews (66, 3, 41) were in amreement‘
that no other metal or metalllc oxide could act as catalyst
for ethylene oxide formation. Vore and Adams (66) 1n 1967
Summeated that sllver was an unique catalyst for oxidation
of ethylene to ethylene oxide. The sole procuct of ethylene
oxidation on copper wag carbon dioxide | ‘

- It is 1nterest1nm to know that ethylene 1s the
only7olef1n which is converted to dn epoxide by reaction on
silver (66). All other olefins are oxldized essentlally just
to CO,. The selectlve oxidation of propylene to propylene
oride is currently of mreat commercial interest. So far. no
heterogeneous catalyst‘has been found for thls reaction,
although traces of oxlde have been reported in the oxidatlon
- of propylene on silver (39). Therefore , claims by Shingu
that.he was able to produce propylene oxide, butylene oxide,etc.
‘of very high selectivity should be challenged. . - ;

- A striking characteristic of ethylene oxidation
is the nearly constant gelectivity of 70% (with moderated

silver) over a wide range of converslons and temperatures.

Voxze and Adams (66} suzgested that the relative 1nsenslt1v1ty

of the selectivity to tempnrature meant that the oxidatlon
to ethylene oxide and to CO; cannot differ in activation
‘enerqy by more than 2 Kcal/mole. Therefore even thouzh the
temperature can be lowered in the case of a slurry ‘reactor,
" improvement of the selectivity to 96% claimed by Shinsu 1s
questionable. | .

- Shinzu reported that the solvent was stable
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during oxidation. However the problem of reaction products

reacting with the solvent was never mehtioned.

2-7 Introduction_to Slurry Reactor

_ Catalytlic reaction may be carried out in a Tiquid
‘.1n which mas reactants are dissolved, the solid catalyst. ‘
being suspended in granular or powdered form. The use of \\kH;”
slurrles is common in_chemicai 1ndus£ry. particularly fér
h#dromeﬁatiqn. '

‘The use of'slprries for‘contlnuous opefation would
appear'to offér many advantames over fixed-bed. A stirred
glurry can be kept at unlform temperature through out ,
nliminating the "hot spots" that detract seriously from thp
selectivity gf catalysts in many vgpour phase fixed bed
operations. Heat recovery 1s practical,’ since the liquiad
rphaSé heat transfer coefficlent 1s 1arge. Pelletinm cost may
be avdided and catalyst that are difficdlt to pelletize may
be used. However, the slurry reactor also has 1ts own
disadvantages.rparticularly in éxidation. It is diffilcult
to select a liquid solvent in which reactants are goluble
and Which is ﬁfable at elevated temperatures in contact with
reactants and'prodﬁcts. The behavior of & catalyst in
contact with a 11quid may also be possibly different than
when in contact with a gas containdng reactants at the same’

partial pressures and temperatures.

In constrast to fixed and fluidized bed reactors
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several physical‘procesees mnst occur in series before a
reactant gas can reach a catalyst surface. Some of these
are iikely ﬁo affect the global rate_appreciably. and others

are not. The process can be visualized as occurring in the

fcllowing sequence p ‘ °
- {1)- Mass transfer from the bulk concentration in
the. mas buble to the bubbleliquid interfaoe."
(2)- Mass transrer from thetmbble liquid interface
‘to the bulk 1iquid phase ' |
(3)- Mixing and diffusion in the bulk liquid.
_ (4)- Mass transfer to, the external surface of the
catalyst particles -
| (5)- Entrawparticle mass transfer reslstance.

(6)~ Reaction at the catalyst surface.

(7-11 )~ The reverse of steps 1-5 for products of

-

the_ reactlon.

The rise of bubble through, the liquid along with
mechanical agitation. is normally sufficient to achleve
uniform conditlons in the bulk liquid. Hence the resistance
of step (3) can be neglected.

The global rate can be expressed in terms of the
known bulk concentrations for each of the : remaining
steps. The rates -of all steps will be the same at steady
state. and this equality permits elimination of the unknown
interfacial concentratlions. With the assumption of a first

lf
order irreversible catalytic reaction, and that the intra-
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particle mass transfer resistance 1s negligible, the rate

per unit volume or_thejmmblefree slurry may be written:

I‘v = konapocg * . ‘ (2""9)
and :
a 1 : : .
1_;_2.—+f‘_P.i+H(__1_ +-%{-) (2-10)
koi' 8g .kg B Ky . P

whore H is the Henry s law constant.’
Equation(2-10) shows that the global rate 1s a

fuqftior of the three mass transfer coefflcients. the
specific reaction rate k, and the area ratio a p/8g
Not all resistances indicated in the equatioﬁ
{2-10) are signlficant in every instance. The resistance to
.diffusion from the bulk gas (in the buble) to the bubble
liquid interface 1s negligible in comparision with other

resistances. Hence, the equation (2-10) becomes:

an 1 1 1 il
:IL_{- " = P + (T + -'k—) (2-11)
o Bg ky P . o
and if ay 1s expressed as.ap = Ccat/A , Where A 1ls a

constant and‘cd 1s the concentration of the catalyst in

at
the slurry., equation (2-11) can be rewritten

c, . 1 H AH 1 1
. S - + - +—) (2-12)
L koap klag ‘ Ccat kp k

From this equation,the ratio of ap/ag can provide two

approaches tp the study of a siurry reactor:

- Using a large concentration of catalyst, Ccaf

is large, so that only the first term of the equatlion 1s
important, and equation (2-12) becomes

c B : '4” .
_g.. = — | . . _ (2_13).

"'ﬂ r . kla
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_and this provides a study of mass fransfer resistance from‘
the bubble 1iguid interface to the bulk liquid.

- Using a low concentration'of ﬁatalyst. and
increasing the concentration of gaabubbles in the slurr}.

a_ is large, and equation (2- 12) becomes.

I*8

’ o . ALH 1 1 :
£ = (— + —). C(2-14)
Ty Ccat‘ kp k

this provides ) study of reaction kinetics and mass transfer
from bulk ligquid to the catalytic surface. In the case where
' kp7?}c.,the process is kinetically controlled; a slurry

reactor can be used to measure the kinetics of the reactlen

-

directly.
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ITI EXPERIMENTAL APPARATUS AND MATERIALS

-The'system used in this studylis-shown-in Fig.3-1
on page 32 . Besides the reactor, 1mportant components are
the pressure measurement and temperature control system, the
mes flow system and the analytical equipment. In the followlng-

sections , the major elements are degeribed fully.

Ju 1 The Reactor :

The reactor ls a magnedrive packless autoclave '
standard model ABP- 300. manufactured by Autoclave Enmineers
Inc. The vessel was fabricated with 316ss steel with a
capacity of 300cc and was equipped with a cooling cotl, a
sampling tube snd a thermowell. . o -

The standard agltator is a turbine type, 6 blade
iﬁpeller, which_provldes catalyst suspension. For the gas
slurry system, the-qaseouS'rescteuts were introduced throush
the samplinq tube directly into tue siurry phase prior to |
movement into the vapor phase for subsequent discharge. The
unit was also equtppeq with a tachometer 1nd1cator which
‘provides a measurement.of the agitator shaft sveed. The
shaft for the impeller is a hollow tube with four orifices.
Two are located at the.blade position and the other two are
3/4 of an inch from the.top cover of the reactor. Under

‘amitation. the gzas mixture: was drawn from the gas space ,
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thrdugh the tube to the bottom. The solvent liquid level was
maintained high enough to prevent the liquid from carrying -
over and =a volume of 23060 was found experimentally suitablg.
Detailé'of the vessel and the stirrer are shown
1n,Fiq.3—2 | |
' The solvent, 230 cc of dibﬁtyl phthalate, was
" charged into the Veséel before the cataiyst ﬁas added.

Specifications for the material are given in table 3-1

. TABLE 3-1
Specifications for Dibutyl Phthalate
( Fisher Certified Heagent D~30 )
Formula: ' cghy - 1.2[coo(chy) g cHal s
Molecular weizht 278.336
Boiling point(l atm) 340°¢C

Specific gravity(20°C) 1.047 to 1.049

Dibutyl phthalate 99.0% min by welght
 Acidity as phthaiic
acid 0.01% max by welght
Water ' 0.1% max " "
Color 15 apha max
_Suspended.matter 1Substantially free.

3-2 Pressure Measurement and temperature control system

The pressure of the reactor was measuredwith a
pressure gause with a range fr;B 0 to 200 psi. For mass
transfer studies, the pressure versus time was monitored

by a pressure transducer. The transducer was connected to a
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UmiverSal Transducer Beadout.model SCiOdl and the‘voltage

’ slgnal was recorded by a recorder,. HoneyWell model Eiectonik
19145 The oalibration of the transducer was carried out by
plotting pressures versus voltage slgnals of the transducer
readout .

An iron-constantan thermocouple, connected to a
precision potentiometer (Leeds and Northrup model 8686
millivolt potentiometer) was used to measured the temperature
within the reactor. It was 1nserted in the thermowell of the
vessel. The temperature was controlled by using a varleble
transformer>and a temperature controller, Honeywell model
R-71644, The variable transformer was used to adjust the
power of'a.heaterICOVered outside the vessel.

Initial set-up of the temperature control system
1nvo1ved connectinm a cmromel—alumel thermocoup}e;mhichlis
located at the outslde'wall of the reactor, to the temperature
controller.’It was found that the temperature of the reactor
cannot he controlled as desiréd. The new set-dp.described.
above, gave a zood control of the liguid temperature, and
a deviation of only % 2°Clwas observed through out the
axperiments. One.hou;fWEs requlred before the'temperatore

reached a steady state condition

3-.3 The Gas Flow System

The feed to the reactor_contained ethylene, oxyzen

. and helium. Hellum, rather than nltrogen; was used as an
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inert &11uent for two reasoﬁs..First. its high thermal-
conductivity and diffuslvity were desirable for the.purpose‘
" of eliminating the.poséible.1nf1uen6e'of heat or.mass
transferlon the reaction rate. Second, the.use of hellum
simplified the gas chromatographic analysis considerably.
This will be discussed further in the”ngxt secfion.
Gases_gupplied'from standard gas cylinders, after .
pressure reduction with two stage remulators, were passed
" through line filters { Matheson'model 411X ). Flow rates
were metered by capillary flow meters and controlled by
precision needle valves~1n conjunction with flow controllers
( Moorg model 63 BﬁL )._By using the flow controllers, the
flow.rates are unaffectéd by downstream pressure_fluctuations..
‘Preséures drops across the capillaries were ﬁeasured by
mércury mancmeters. Capillary flow ﬁeters were calibrated
for each gas'usinq‘soabbubbleflow—meter, in which the time
for a soaptmbbléto be displaced through a known volume was
measured. The three caplllaries were made from étalnless
steel and'ﬁere all one metér long. Two of 0.2mm I.D. were
for ethylene andlbxygen. and one of'O.éSmh 1.D. was for
helium. The dgsi@n was based on the articles by.Bentoh (9 )
~and Whitwell {68) where flows are in lsminar resion.
Calibration éurveé for eacﬁ gos are glven in the Appendix G.
' The gases wefe mixed and the feed stream entered

the reactoruthrough the sampling tube directly into the

slurry phase. The-p;oduct stream leaving the reactor flowed
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thrbugh a neédle valve used to contr51-£he pressure of the
reactor and fhrough a liquid trap, where the vapour oflthe
solvent was condensed. Waterlwas'used as codlant for the cold
“trap. in kinet;c runs, 5 to 7 cc of the‘solvent was collected
after a perlod of '8 hours. An equal amount was introduced |
back into the reactor to keep the volume constant. The
product ‘gas wés_then passed through a sample 106p of a gas
samplihg valve befofé being vented. Valves are alsolincluded
so that the reactor could be:by—paSSed. if desired, and the
feed dlferted directly to the gas sampling valve,

| It is interéesting to note that before the cold
trap was used , a reflux condenser was fitted to the exit
of the reactor. Since‘it was found.that water as a produét

could build up inside the reactor and have an inhibition

effect on the reaction rates, the condenser wWas therefore i

N
7
L

withdrawn.

3-4 Product Analysisg
. Gas chromatography was the method of analysis
for this study. A Varian model-1h20 Zas chromatograph,

equipped with a thermal conductivity detector was used. The

product, in 0.5 cc sample, was injected by a gas sampling

valve. A 1/8 inch, 6 footlloﬁg column‘packed with 80-100 mesh
Pofapaék Q was used for the analysis. The helium'carrier gas
-flow rate was maintaine@‘at M0.0lscc/miﬂ. and the column oven
was malntainedllsothermally at 85°C. The detector current

was 185 mA and the detector temperature was at 198°¢
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The signal from the gas -chromatograph ﬁas récorded

T

l on a Varian model A-25 strlp chart recorder equipped with a
disc 1ﬁ%egrator . The Porapak Q@ column mave a mood separatioﬁ
of oxysgen, cérbon dioxide, ethylene , water and ethylene
oxide, &s éhown in the sample chromatogram, Fig 3“5 on page 39.

Nitrogen and oxygen are not éeparable on ths
column. These two gases would appear as one ﬁeak in the'
chromatomram; and the presence of nitfogen would have made

the determination of oxygen concentration impossible. This
15 one of the reasons why.helium was used as the inert
diluent in the reactor feed. |

The chromatozraph was calibrated directly for each
cas.specles except HZO Mlxtures of qases. usually blnary
mixtures wlth helium, wWere passed throumh the mas samplinm
valvq and the sample was injected into the =as chromatozranh

_The composition of the gas was calculated from the measured
flow rates. From the volume of the sample injected and its
temperdture. pressure and composition, the number of moles
of each domponeﬁt ¢ould be calculated. The callbratlion curves
were tﬁen prepdred by plotting’the number of ﬁoles of'each

_ component in the 1njected sample as’ a function of its peak’
area OTr peak.helght { in the case of sharp, symmetrid peaks)
in the chromatogram. Penk heichts were used for Oz » CO2 '
and CpHy , whilst. peak area Wwas used for ethylené bxide;
Calibration curves are qlven in the Appendix G.

The concentration of water present was assumed
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to be equivalent to that fdricozc This is due to the problem
of analysls of weter in the samble. This difficulty was
reported bﬁ'various workers (3@.-Water.is apparently
adsorbed very strongly on'stelnieselsteel‘at ambient
temperatures.'lt vas found that 1f the paslsamplinq valve

_wes 1eft for long in the inject poslt;on, the water peak 1n
the chromatomram was extremely large. for this reason,
measurement of the water concentration was not attempted. Ih
order that the peak would not interfere with the later ethylene
oxide  Deak, the valve was left in the inject position long
enough for the full mas sample te be‘purqed into the
chromateqraph.-Twenty seconds were found to be eatisfactory”

for the sample size and carrler mas flow rate used. .

"3- 5 Catalyst Preparatinn and Description :

' Silvef, supported on low surface area «- alumina,
was the catalyst used in this study. Norton#BB alumina of
120 egrit size-was the cmtalyst support‘materialz'its
properties are-presented-in table 3-2 on page U2,

‘ The procedure followed in 1mnremnat1nn the
catalyst suoport with silver was quite similar to that
followed by Buntin (;3) and Klugherz (3%).

The alumina was washed severelrtimes with distilled
water and dried in aﬁ oven at 120°C. Then, 80g. were weighed
out into a beaker. placed in an oven and preheated to 95°¢C
for later use. A solution of 60 g. of 85% lactic acid (

Fisher reagent grade) in 60 cc of distilled water was prepared

- 4o -~
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and heated to 93 °c . Whlie the hot solution wad stirred.

30 g. of sllver oxlde (Flsher purified grade) was added

slowly. The qraylsh yellow'llquid was then filtered onto.

the preheated alumina by using a heated funnel. The mixture

of alumina, immersed in the clear, yellow silver lactate

solution was allowed to stand er one hour, in an oven
' maintained at 95°C. After 1mpregnation. the excess liquid.

was removéd by using a heated Buchner fonnel'set in a fdlter

flask The partlcles wero allowéd to cool in alr, with

" peeasional stirrinm to prevent caking. They ‘were then poured

“in a porcelain dish and heated 1n a furnace for 16 hours at

360 - 380°C in order to decompose the silver lactate to
.metallio,silver. After removal.from the furnace, the catalyst
Waslpooled in a nitrogen atmosphere and weimhed. A welght

gain of 6.33g.was noted. Thus, the catalyst contained 7.9%

silver. The alumina which had origindlly been white, was . ‘é
now graylsh brown. No further treament was given. to the
‘catolyst before lts use in the réaotor. Tho same batch of

catalyst was used through out this study.

TS
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. TABLE 3-2. . »
Propertles‘of Alumina Catalyst Support
Material: Norton 38, Alundum grain, 120 grit
o= glumina.form..- '

Chemical Analysis: ( %, by welght )

Alp04 99.28 (by difference)
81 04 o 0.05
Fe,04 , 0415
TL 05 0.02
" 'Na,0 o 0.50 -

2 . . . .
Properties : ' ’

. True specific gravity | 3.97
Average particle size ' 0.004".
Approximate internal area © 0.015m%/a.

Approximate internal porosity bo%

P



IV PROCEDURE AND PRELIMINARY EXPERIMENTS l

y'.In e three phase feaction system, studles of ﬁass
transfer and kinetics are‘equally important. In a system
where theloferall mass tranéfer fesistaece is-negiiqlble.
a kinetic study 1s feasible and therefore can be 1nvest1qabed
in the same manner as in qas nhase reaction’ svstems. As 1t
_‘was already mentioned 1n chapter II, before a reactant gas
can reach the catalytlc surfaqeﬁ\several pbyslcal processes
must occur and, therefore a mass tyansfer study 1s always

a prel%minary'step in this type of\feaction'system.
\ .

1

. N \
.4-1 Procedure for a Mass Transfer Sﬁudy':
+ . iy

b
1

4

h-1-1 Develonment of The Mass Transfer Fauation:

The mass transfer from the bulk liquid to the
external surface of the catalyst pertlc%es can,be‘estimated

by several correlations and will De discﬁised fully in the

he bubble 1iquid

d
"

next chapter. For the mass transfer from
interface to the bulk liquid, a physical eﬁsorntibn experiment
can be carried outrand-the coefficient klag\ean be estimated.
The absorption wasgcarried out in a batch syeyem which was
closed for both gas and liquid.-The term klaz\rather than
kliﬁas of 1nterest, since the main purpose of this stgdy

was not finding the mass transfer coefficfent kq . tut to

find the signiflcance 6f the mass transfer reslsnence from

the bubble 1iquid interface to the bulk liquid. which can be
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evaluated by l/kla .

For an unsteady state absorption without a chemlcal

reaction
P"Pf Pl.-
in —At—n = - — kja_t : (4-1)
P~ P p. 1 -
1= Fr £

‘where Py and Pf-arelthe initial and final pressure of the

vessel, P 1s the pressure at time t. A plot of -~ fﬁ—ln-fa:—ii
' Py P{- Pp

versus time will be a stralght line and the slope 1s equal

to klag . The result is shown in section 5-1, aud the

derivations of this eguation’is miven in the Appendix A.

Several experlments were carried out with reactaut

‘gases and water at room temperature to test this equatlon.

The results are reproducible, absorption curves of oxypen

and ethylene in water are- shown in Fig A -1 ‘and A - 2 of

Appendix A.

4-1-2 General Procedure for Physical Absorption Study :

The reactor was filled with 230 cc of dibutyl
p%thalate. The liquid was then deqassed by.a vacumn bump
and bpoiling. The mases withdrawnwerecold-trappedand the
" amount of solvent oondensed was .measured} which waa usually
small. The liquid WAS then maintained at 220 O¢, the same
temperature used later in kinetlc studles The tranaducer
readout and the recorder was turned on . The vessel was
pressurlzed with one reactant mas , elther oxygen OT
ethylene. The stirrer was started and the variation of

pressure versus time was recorded. When the pressure inside

_hh




the,feactor reached a steady state, the recﬁfder was stopped,
?he outlet valve‘was openéd and. tha remaining gés was
withdrawn.l. | |
The'same'procedgre was repeaﬁed with theléecond'
mas.'The voltage signal with respect to time was converted

to pressure-time with the help of a calibration curve.

. 4-2 "Procedure for a Kinetlc Study :

4.2~-1 General Procedure

In menefal. the procedure was the same for éll
klne@id)experiments in this work. The reactor was filled with
230 cc of dibutyl phthalate, 0,5 r. of catalyst was added,
then the reactor was closed. Reactant flow rates were set,
and since they were'run gt atmospheric pressure, no pressure
;adjustmeﬂt for %he reactor was'reqﬁlred. Theltemperature
controller was set to mive the desired teﬁperature in the
reactor, which was 220°C. The c&ntroller was worklng qulte
well since a variaﬁlon within * 20¢ was observed during the
experiments.‘The arcltation was vigorous {1750 rpm), thus it
'éan be assumed that the temperatufe 1néide the.reactor was
uniform throurh out.

Approximately forty five minutes'was alloﬁed for
the system to reagh steady state, aﬁd thén the data for the
_fun were.takén. The caplillary reasdings were.recorded, as
were the room temperature and the barometric pressure.

. F -
Reaction conditions could then be changed to those desired

/
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for the next run.

Lo2-2- Préliminary experiment:

Prior to matherinq kinetic data. a prelimlnary
-experimeht was performed to test the stability of the solvent.
.

Dibutyl phthalate was known to be verv stable with respect
to oxidation (16,17). The experiment was carried out. by
heatine the solvent 1in the presence of‘dahelyst particle%
and Oniy oxyzen feed was 1htroduced to the reactor. It was -
found by gas chromatographic analysls that the oxvqen
concentration in the product stream was the same as in- the
feed stream Hence dibutyl phthelate was stable 1n the
presence of oxymen and therefore suitable for the kinetic
studles. The stability of dibutyl phthalate 1n the presence
of the ethylene oxldation reaction will be discussed in the

next chebter.

4-3 Treatment of Kinetic Data:

L 3 -1 Method of Calculation

The method of c¢alculation is based on -the

assumption of a backmix reactor. A sample calculation 1s.

-
- .

shown in. the Appendix B.
" The mole fractions of ethyle oxide and carbon

dloxide 1n the product stream were obtalned from the

——

chromatoxram with the ald of the callbration curves. The
concentration of water was assumed to be equal to the
measured concentration of carbon dioxide. Average reaction

rates were then calculated from the equatlions:
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Y CpH1,0

. . T =
34 CoH0 22&1&6%0(11 + % Vo Huo)
CpHL0’ _
1 N
T = 2- yCOZ - ’
Co, 22u1uc%0( 1+ % yczﬁuo)

“where rczﬁuo a“d‘rcoz are the average rat;s of_ethyléne
oxidation to CzHuQ and CO»p, respectively, 1n gmoles of
eéhylgne reacted/min.ﬁ.catalyst; yczﬁuo'and ycoz éré‘mole
fractions of CzHuO and CO, in the product gas stream; W is
the weigbt of the catalyst in grams :'énd F-'is the total
feed flow rate 1in standard_cc/mln; It was assumed that all
the COé - was formed directly from ethylene , énq nore was
produced by the further oxidation of ethylene oxide (42). Thiél‘
is a reasonaﬁle assumption. especially since the eth&lene

. - 1
Pxide concentration was.always low. The term ( 1+ 3 ngHuO)

1s present in ﬁhe denominator of the above equaélons
becaﬁse there 13 é change in the number of moles during
reactions. Note that the equatiors pertaln only to thg'
s;tuation in which no reaction product 1s fed to thé,reactor
with the reactants. .
. The reaétion rates éomputed above are aésumed to
correspond to the partlal pressures of reactants and products
in the Te Eor- Assuming that the mixing is complete, the
.propertiézdzf reactlon mixture are uniform. in all parts df_

the vessel and are the same a&s those in the exit stream.

Hence the partial nressure of . each component was computed
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from its mole fraction in the exit éae stream and the reactor -
pregsure. | |

Mass transfer re91stance. both_exrernal and
internal within the_oatalyst partrclee;‘was eetimaﬁed'to.be
small (See the next chapter) Therefore the reactlon rates
are kinetically controlled. |

b 3 2 Catalyst Activity Variations

The VHrvinq activity of silver catalvsts used
in the. oxidation of ethylene 1s a problem which has’ plazued
many investleators. Orzechoweki and MacCormack ( 51) were the
_first to discuss the.phenomenon in detail; but_the sphject.
has been brouszht up frequently since tﬁen. Orzechowski and
Haccormack found ﬁhat'whenever reaoripﬁ conditions, such
as tempnrature, flow rate or feed compositlon,nwere changed,
conversions ta ethylene oxide and carbon dloxide changed as
expected, but then continued to drift for many hours vefore
reaching a steady staoe. Slow processes were also observed
after the catalyst was pretreated under various coditlons
and then exposed to the reactinq gases. They compared the
observation of these slow processes with a»calculation
which indicated that the catalyst reached steadv state
within the first ten minutes after any chanqe 1n reaction
conditions. They explalned the observatlon on the basis of
the slow "rate of attainment of surface equilibrium" of non-
reacting species. They concluded_that two inhiblting specles

‘were preseht . (I) stably adsorbed oxyeen atom and (II)
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products'of ethylene oxidation which buildiuc glowly on the
surface during the course of the reactlion.

Nault et al {47) and Buntln(l?) also investicated
the effects of catalyst pretreatment on the oxidatlon of
ethylene . All studles noted that Dretreatment with ethylene
oxide results in a catalyst with unexpectedly hlmh initial
activity for both CzHud and COpformation . They also
concluded that pretreatment with oxygen reduces catalytic
activity slightly. Nault et al.also interpreted these results
‘1n terms of the mechanism of the reaction. They concluded
that the catalyst site 1is at least partially reduced,
especially since they observed the initlial activity‘was
higher after pretreatment with ethylene . Pretreatment with
702 oxidized the catalyst. resultlnn in reduCed actlvitv
“urthermore it was believed that ethylene oxide, in some
form , wWas 1nv01ved in the catalytlc site. gince it had such
a marked etfect on the activity. Buntin also agreed with
these conclusions. Harriott (27), usinq-the same type of
catalyst as ln the present study, obserﬁed an lncreaee in
catalvst actlvitv during the first few hours of operation,
hut an erratlc decline in activitv for - overnipht shutdowns
or during a few days of test. The selectivity did not chanee
much with catalyst ase but was qulte a bit 1ower at higher
conversions. .

Klugherz (34) attempted to correlate the activity

change wlth obvious'varlables such as conditicns of overnieht
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' treetment.wlth,different reactant qeseé.-but tﬁe extent of
change in activity was stiil varieble and unpredictable.
Furthermofe. he observed the;activifies for the two-parallel
reactions formine CéHuO and COp varied independently as also
observed by Buntin. L

In agreement wifh previous werks. the phenomenon
- was also observed in thils study and could‘not be elimlinated.
“Therefore such variatiens wouldLbe‘taken into account .in
plannlﬁm and cafrylnm out themexperiments. The pfocedure for
the treatment of kinetic data is described in the following

section

- 4-3-3 Treatment of Kinetic Data

In order to study the kinetics of ethylene
o;idétiqn onlsilver. 1t was necessary to take into account
Lhe catalyst activity variatlbns which were discussed in the
oreceding sectlon. It was decided that all reaction rates )
would be compared with rates measured at a set of defined
"staqdard conditlens" The cholice 1s arbitrary ané in thils

work, +the conditions gelected for the standard run were

Reactor pressure 1 atm
* Reactor temperature 22000

Total feed flow rate 73.8 sce/min.

Averase partial pressure

of ethylene : 0.5 atm
of oxymen : ) 0.1875 atm
of helium : . 0.3125 atm

s -
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‘ A pair- of runs at standard conditions
bracket” each"kinetic run " and are defined as
" bracketing‘runsﬂ This was easily achieved by alternating
‘'standard runs with runs at ﬁonstahdard.conditions..The term
"kinetic run" refers to.those runs made at various ras
composition and feed flow rates. . ‘
This practice was used by Sinfelt’ (60) to allow
for the catalyst activity variations in the CZHu'hydromenation
and ethane hydfomenolysié,ahd by Buntin (13) and Klumherz(Bh)
in thelr studiés of gthylene.oxldation on silver supported -
catalysts. . |
.Throughout ﬁhe cou:sé of the kinetic exﬁeniments,_'
the rate of‘ethylene bxidatlon to ethylene oxide at.the
standard conditions was usually in the ranze 9.21 to 15.1x10'6
rmoles ethylene reacted/zcatalyst.mln. Th; corréspondlﬁg

ngoles ethylene

rance for carbon dioxide was 1.91'to 3.85x10"
reactgd/mcatalyst.min. Conversion based on etbylene forlthe
. standard runs were primarily between 0.86 to 2.4 %.. dépendinz
onr the activity of the.catalyst. The selectivity (moles
ethylene converted to ethylene Bxide per mole of ethylene
reacted) ransed from 21.7 fo‘35.6%; |

The kinetld_results are expressed as relative
rages of éthyléng'oxidatlon to ethylene oxide and carbon
dioxlde. Relative rate 1s.defiﬁed as the ratio of the
reaction rate for a kinetic run‘fo an average of the;corrected

rates of stgndard runs made before and after the kinetic run{

The sisnificance of the term "ecorrected" rate must be
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‘explained. but before doing so, it is necessar}'to preseﬁt
- here.the reasoﬁ-for usinm a relative rate approach.

Th seneral, the rate of ethylene oxidation (to
either C2H40 or COZ) can be expressed by‘thg,equatloﬁ of the

form

et

' . T = o{f(PE. PO'?CzHuO , PC02 . PHzo ;\TR ) " .
where T 1s the reaction rate and & is the agtivity'factor.'
P's are thé partiai'pressures of:the reactants or products,
Tespectively. TR is the reactlion temperature.

" It must be assumed that changes in the catalyst
whlch_resuit in variations in activity affect only the
maéﬁitudes of the reacfioﬂ<rates and not the dependence of
rafes'uppqhthe varlous regctlon parameters (7 ). For example
" the number af active sites might be changine (39).

if rate heasurement could be made at reaction S :

conditions such thatlthe'averéqe partial pressure of ‘each
component and temperature are always.the same then
f ( Py, Pé . PcthO '-PCOz' PHZO v Tg Ywould be a gonstantm
If f, s the value of this constant and T is the reaction

" rate measured at such conditioris, then

T, =o<fc

Thus, Ty would be a function of only the cgtalyst
'activity'factor X . an@bould be made at these condi£1ons
botﬁ before and after a.kineﬁic run. If one assumes that the
catalytic activity during a kinetié run is equivalent to the

average activity of the two bracketling runs at "constant!
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conditlons. any 1nfluence of activitv variatlons would be
eliminated by taking a rabio of the rate of the kinetic run
to the average rate of the runs at constant conditions. That
1s
r T (Pg . Py, P eH,0 * C0p. Pas0
Ta ot o

TR)

M

?r (Pgr Py Pczﬂuo' P'Co?_ " "H,0 " R
where%'is a copstant y %ndependentﬁof activity variatlons.
The form of the funétion f would then be determined from
Ehese rate ratlos.
| Since the activity of the catalyst 'is Vafyinq,it is
impossible to‘select réactibn conditions such that a
reproducible gas composition cén,be-achieved in £he exit
stream. At'the same feed flow fate. variations 1in the
activity result in widely dlfferent concentratlions of
- products. Since the products siznificantlv affect the rates
of reactions. it 1s lmpgrative that the same product
conCenhzgti@ns always be used for_computinm‘tK?_relative
rates.To achieve this conditlion, all runs to be used for-
comparison with the kinetic runs would be mgde at fixed
feed flow_rate . Hence the'"standard conditlons" presented
earller were established; also the reaction rates for_the
" standard runs were corrected for dlffefences in
concentratlions of products.

The corrections to be applied to the standard TUns

to compensgate for differences in Droduct concentrations

- 53 -
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b
were determined simpTy by measuring the rates of CpH,0 and
CO, formation at several different conversions (i.e. varlous
feed flow rates) with other conditions identical to those

used in the standard runs.’

The‘effects could not be evaluated separately

L R

‘for each of the three products. Therefore , the total
pressure of the products would be uséd. Pp yas defined‘as_.

the sum ofkthe_EEijg product partiai pressures:
- P = P’ + Pny + P

and for a bYack-mixed reactor

P = + S+ P,

D ( yCZHuO yCO2 yHZO ) t

~wWhere PCZHuO "PCOZ , and PHZO are the partial pressures
and y e YooY are the mole fractions in the

CZHQO COy, "HpO
product gzas stream , and Pt is the total> pressure of the

reactor. Since bdth reactions involved in the ethylene
'oxldation were 1nh1b1ted by the products, the variatlons 1n
the’ selectivitv were not too rreat. If the selectivitv never .
varied;:the partial pregsure of each product would be a
constant fraction of P . Determining the effect of PJ on
the .reaction rates would then be équivalent to determining
the effects of each of the products seﬁarately..Thusl the
approximation is =& good one‘if selectivity remains'néarly
bonstant. The use of Pp 1s also a sood approximation 1f‘
the magrnitudes of the effects of each of the products oﬁ

the rates are simlilar.
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| ‘Tﬂb value of P = 0,02 atm was.cﬁosen as the base
“to whiéh;the product concent%atioﬁs of all standard runs are
corrected; This value was chosen since 1t 1s close to an
average of all those obtalngd for standard runs Auring the
course of the experiments.

In many respects[-the approach 1s similar to the
one used by Buntin (13) and Klugherz(34). The relative rate
(for either etﬁylene oxide or carbon dioxide formation) 1is
now defined as the ratio of the rate of a kinetic ruﬁ to an
average of the rates of the standard runs, corrected to Pp=
0.02 ati. which bracket the kinetic run. If r-is the aétua}
rate measured durlnm a Klnetic run and ?g‘repreéénts the
-averasze of the ratei of the two bracketing Tuns at standard
conditions (rs) , each of which has been corrected .to |

Pp = 0,02 atm (rg) . then.thé relative rate, R7—ls
< ' ‘ : '

r

o

]

4L (Pg=0.5atm; P0=0.18?Satm;?ﬁ=ojq28tm.TH=

220°)

.Pp,"r

|
AN
|

e Pg . Py

.,

The relative rates of ethylene oxidation to ethylene oxide
and carbon dioxide are designated as HC HuO and HCOZ"
respectively. Note that the relative rates are a functlion

of Pp as well as PE . PO and ‘TH . Also .lat standard

condltions anﬂqgt PD=0fO2 atm, the relative rates of both
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R .
reactions equal unity, by definition.

The correctioh factors used to adjust the
'_reaction rates of the standard runs &0 that they correspond
to rates measured at a total product concentration of Pp =
0.02 atm are shown in Fig.F-1 andp-2 of the appendix F.
The procedureluseg to obtained tnese curves is presented
in the Appendix F, S S -

The corrected.standard rates for both CoH,0 and
C02 are obtained by dividing the measured rates at standard
conditions by é%e correction factorngorresponding to the

value of P computed for the standard run- under consideration.

L-4 Scope of Experimental Work

"In a three phase reaction system ;‘for'a kinetilc
study.to be feasible, the'overall mass transfer resistances
mus€ be small, and therefore the reaction rate controls
the rate of the overall process. Thus it is necessary to
begin with a mass transfer study..

' The rates of physical absorption into dibutyl
‘phthalate of both reactant gases , ethylene and oxygen,were
studied employing the method described in Ehe previous
section, at a temperature equal to the reacting temperature.
.and'klaq was obtained. Tt will be proved 1in the_next chapter

that the mass transfer resistance from the gas bubble liquld

interface to the bulk liquid and also the overall mass

transfer resistance 1s small.'Therefore a kinetic atudy is

. “ -




possible under these conditions.

For a kinetic study, only partial pressure of
oxygen was varied. The major‘variables of interest are the
pgitlal pressures of oxysen and the thrge reaction-produets.
as characterlzed by Py : The tgrm”ﬁartlal pressure”, as used
» here .'alwayé refers to the ﬁartlal preséure withiﬁ the
reactor calculated with the agsumption of a back-mix reactor.

The kinetlcs of ethvlene oxidation at an ethvlene
partial pressure of 0.5atm ATe investimated ‘The oxysen
partial pressures were varled from 0. 115 to 0. 282 atm. The
,agitator speed was‘also1na1ntained.dpnstant at 1?50 rpm, and
the reactor tempprature was kept ai220°C. In obtalnlnq,
kinetid data with low conversions of ethylene, 500hm'of
catalvst Wwas u

Thngziiiil aim is to provide a prelimlnarv step
for,a full study of the Kinetics of ethvlene oxidation on'

a supported silver catalyst in a liquid vrhase.

-
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V RESULTS AND DISCUSSION

5-1 HMass Traﬁsfer Studles

In o¥der to understand the kinetics of the
cétalytic slurry system and to Intervrete the relatlon of
the overall rate with resbect to the concentration of'gg?h
reactant.zas.it 1s necessary to evaluate the rgtes of
transfer of reactants to the catalyst sltes.As'it wﬁs

qiréady mentioned in chapter II ,the mass trdnsfer from th;\
" bulk mas.to the gas liquid interface 1is known-to be rapld
_whereas‘the diffusion of the gaseous solutes 1n the liquid
15 relatively slow.In the following section,the mass transfer
resistances from gas hubble 1igquld interface to the bulk
liquid and from the bulk liquid to the cataiyst surface will
ve dlscuséed-The sienificance will Ee evaluated to determine

reactant concentration at the external surface of the

catalyst particles. ’

5_1—1 Gas Bubble Diqﬁid Interface to Bulk Liquid : klar
Unsteady state physical absorptlon experiments

) S - ‘

were carried out for both reactant gases,oxyzen ar ethylene.

P F -P '

By plottine -— 1n

L Pi Pi"pf .

and the slope is equal to Kqa_ . The result for dibutyl

versus time,a straight line was obtaincd

rhthalate,at 220°C and at.an aqitation_speed of 1750 rpm,1is
shown in Fiq.'s—l . Absorption time was fast for each mas

For ethylene,no further absorptlon was detectabld/;;ter ?.SQ

- 58 -



7.0

0.5

O Oiyqon

[0 Ethylene

e 1 3 ] N R W N
o0 2.0, 40 6.0 80 100 120 ~1k0° 16.0
t,sec : - SR

Pig 5-1 : PEYSICAL ABSORPTION OF REACTANT GASES IN DIBUTYL

N




geannds, and for oxyeen 16 seconds.

k]nv svaluated by thils method are found to be :\\

it

kyn, 28.48 x 107% sec~l for ethylene,

"2 ar "1 -
klam 5r03 x 10 spg”. for oxymen. 7 N
From the results shown, the kyja_  of athvlene i1s 5.7 L/!

timrs tnst af oxveen. It 1s also noted that twe nartinl
. .

‘nressure of athylene wWas AlwWways orentér than that of oxyeen,
and that the molar flux of oxysen to the catalysht was n
factor of about two erenter than that of ethylene. From these
ébservntions it can be concluded khat.the coﬁcontratlnn
Arivine force needed. to overcome MASS transfer resistance
for oxyesan rebrespﬁtnd a zreater fraction of the nvniléb]ﬁ
Arivine force than wnas the case for ethylene. That is, if
th° roncti0n 1s sienificantly hindered by the mass transfer
resistance, the coﬁdition will be more %cutn for axyeren than
‘far ethylene. Therefore,;to evaluatg tée sienificance of the
mass transfer resistance, it 1s necesséfy only to nSSeSS the
reststance due to oxysen. Thls Drogodure:wnslused by ,
Caldﬂrbnnk Ot.Q1_(15) in their -study of hydrorsenation of
sthvlene In an inert solvent. The mass transfer resistances
were avaluated and hydrosen iransfer rate became the ‘
dptorminiﬁv factor. : |

. Thé slenificance of the mass transfer resistance for
nbsqrotion can then be demonstfnpéd by the difference of the
c&nc;gkrmtion of the solute qﬁs in the bu;k 11qg1ﬂ Cy, and

the concentration at the oas 1iquid interface C*. W}th the

ngsumotion that there 1s no resistance across the aas liquid
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interface, the concéntration c* 1s always in equilibrium
with the concentratlon of the zas at the surface of the. mas
phase.Therefore ¢* can be determined by Henry's law:
| ¢’ = | (5-1)
where He 1s the Henry's law constant and P 18 the pressure
of thp oorrespondinr gas.At ‘steady qtate the rates of all
mass trangfer steps and the kinetlc step will be the-same
and equal to the mlobal rate.Hdence
r, = kya (¢ - cy) | (5 - 2)
Therefore ‘the diffprencv 1n concentrationq can be
~evaluated by eguation (5-2).Detalls of calculations are
riven in the Appendlx C on'péme106.For the hizhest actual
.rate,the-s 1rn1f1cancp of the difference in concentration
represented by a percentaze of c* 1s less than 5 7 %.
This method was used by.Kenney and Sedriks (1329
in the determination of the significance of the mass transfer
' esistance from the zasbubble liquid interface to the bulk
liquid in the hydrogenation of‘crotonéldehfde over palladium
catalyst.Thgy also reported a répld approach to saturation
~of the solute‘zas;ln‘the solvent.
It canAbe concluded from this study that the mass
transfer resistance from the qasbubblellqulg interface to
the bulk liquid is not the main and deterﬁlninm factor of

the overall prOCPSS . With a concentratlondlfferencealready

mentioned , this reslstance can be consgidered snall in

the overall Dprocess.
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5.1-2 Mags Transfer Resistance from the Bulk Liquid to the

Catalyst Surface

There 1s no slhple experimental method whiéh caﬁ
be used to show that the mass fransfer résistance.from the
5u1k liquid to the catalyst surface 1is negligibie.However.
from available correlations the.mass transfer coefficlent
can be estimated and the slgniflcance of the reslstance can
be,evaluated.

| For a‘first approximation, the mass.transfer

Gngficient kp Q@ﬁ be estimated for a sphere at its settling
veloélty.The terminal velocity of a small sphere 1s given
by étokes‘ law.For estimating k;'.the pdpular correlation
of Harriott (26) can be used,the procedure involves estimating
the Peclet number of the particle and using Brian and Hales!'(56)

- kk.d
curve.The Sherwood number can then be found ( Ngy = i R

. Dim
Details of calculations are glven in the Appendlx

PR ¥ B I W T RO

D . With the value of k, equals to 0.38 cm/sec , the mass

transfer resistance due to this physical step is of 2.8 %

of the equilibrium value of the corncentration .
T This approach was also used by Kenney and Sedrlks ' ;
(32) in their estimatlon of this mass transfer resistance

in the system described 1n the previous section.

5-1-3—Ihternal Mass Transfer Beslétance'

As = wag suggested by Smith (62),for fluldized -
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bed and’ slurry reactor.lntrgparti&le tra?sbort process can
usﬁally be néglected The sighificante ofxthis resistanceu
. wag first brought up by Satterfield, Ma and Sherwood ( 5ﬂ1n
the 1iqu1d phase hydrogenatlon ofcx—methyl styrene.The
effectiveness factor for the catalyst pellet vas found to

"be in the same range a8 in gas phase study.Intraparticle

registance was also studied by Kenney and Sedriks (32).But

in all cases,studles are concerning cétélyst pellets and by

a comparison the intrinsic rate’constant of reactioﬁs using

pellets and then catalyst in powder form.Thus they always
assumed that thé reslstance is negligible in the case of
catalyst powder.Therefore,for finely powdered catalyst like
in this study,the resistance also can be considered to be

nexligible.-

Calculations WPreperformed to find tle effectiveness

factor of the reaction using Satterfield method (56) by
calculatlng the modulusfps ;. and the effectiveness factot
was read'directly from the available chart.The result shows
that,for highest available rate,the effectiveness factor
approached unity and the registance is therefore smalllinr

the overall vrocess. ( Details of calculatlons are Fiven 1In

‘the Appendix E. ).
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5-2 Kinetlc Studies

5=2-1 Pragentation of results

The results obtained in this study of the kinetics
of ethylene oxidation at 22090 are presented in Table A—l-
in the Appendix B.‘On1y deta for the kinetic runs are
"{ncluded.The Teaction rates have been corrected for varlatlons
- in catalytlc activlty as described in the precedinq chapter

e runs are limited to one partlal pressure of
ethylene ( PE 0.5 atm ).At each set of oxymen partlal
Dressure the\ng%etive rate of ethylene oxidation to ethylene
exlde ( HCZH o) and to cerbon dioxide ( Bco, } are tabulated
with the eorresponding values of the sum of the product :
partisl pressures, Pp .The selectivitv to ethylene oxide
is also included,to indicate the relatlve contributions of
- the three products to P - Due to the variation in conversion
in each run,the oxymgen partial pressure of each set was
taken to be the average OXygen partial pressure of the set.

The kinetic data cah be presented graphically by
plotting the relative rates as a function of Pp ,for each .
set of ox&gen partial pressures.The'relative rates to
‘ethylene oxide are shown in Fig.5-2 and for carbon dioxide
in Fig.5-3. Smooth curves have bheen drawn throuqh each set
of data points corresponding to the‘differeht_comblnations

of oxymgen partial pressures.
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5-2-2 Effect of the,prodﬁct partial pressuresg on the

relative rates of ethylene oxidation

It 1s obvious from Fig.5-2 and.-5-3 ,that the product

partial preseures'have a cpnslderéble effect on the reactlon
rates.The rates decrease ee Pp is ralsed,remardless.of.the
feactant conceﬁtrations.conflrming the presence ef_strong
inhibition by the reaction products. |

( Therefore the effect of the reactlon’ products

Lust be taken into account when determining t;e Eependence'
of the relative rates upon the oxygen partial pressures.
Buntin (13) approached this preblem by correcting all his
data to\Zero eoncentratioh pf products,while élpgherZ'(ju)
.corrected 30 a concentration of Pp ~'0 01 atm OrzechOWSkl
and MacCormack {51) extrapolated thelr results back to zeror
conversion and eontact time.However,it 1is often very
'dlffieult to graphically differentlate a plot of conversions
versus contact time when the reaction 1is strongly 1nh1b1ted |
by products.Nault, Bolme and Johanson (h?) on\{:ztzther hand,
made no attempt to take the effect of the produ into
account in determining the effect of ethylene and oxygen
partial pressures.

The inhibitlon of produtts can be explained as
they absorb on the'catalyst aﬁd cempete with reactants
for reactlon sites. The 1nteraction therefore ghould be less
significant at high reactant pressures .Thus,from the curves.

ﬁﬂof Fig.5=2 and 5-3 .as the partial pressure.of oxygen
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"of P

1

.“ '

.tncreaees{the glope decreases due to a diminishing effect

of the. product inhibition.

5-2-3 Dependence of relétive rates on oxygen partlal pregsures.

-

In order to determine the_effect of oxygen pregsures

on the;;inetlcs of thylene oxidation; it was already declded
thet all ralative rates would be compared at a single value’

P, Pp =0.02 atm The relative rates have alreédy been

' described by the relatlonshlp

I R = £(PgPo Py TR

Thus , with Py, P, and Tp constant (Pg=0. .5 atm, Pp = 0.02 atm

,&gnd TR—220 C Ythe relatlve rates depend only on the partlal

(
C—

pressure of oxyqen FProm the curves of Fig.5-2 and 5-3,the
relative rates of. HCZHAO "and RCOZ at P =0. 02 atm are

obtained. These relative rates, designated as RCZHLLO and HCO?

231 presented in table 5-~1,along with the oxygen partisl

pregsures to which they correspond

_ The effect ‘of oxygen partial pressures on the relatlive
rates of ethylene oxldation are shown in Fig.5-u and 5-5.
Ir is concluded that the reiative rates 1ncrease with

1ncreasinq oxygen pressures. Thi rates, of ethylene oxidation

to éthylene oxide is first, order in oxygen presgures. .The

1

rates of ethylene oxidation to carbon dioxide appears to be
higher then flrst'order in oxygen pressures s A In-1ln sraph

was olotted for HO versus P, 4 and the enparent order of
f'Op_ 0 iy »

the reactlon waé found to be 1.73

[} -~ N 4
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TABLE 5-1
Effect of oxymen partial pressures on the relative

rates of ethylene oxidation , for P_ =0.02 atm

p
: RE 1,0
: . L0 [s] .
Fo - Bepmo Rco, —e
. . ' ' COZ
0.115 © 0.58 - 0.52 1,12
0.175 C1. ' 1, 1,
0.230 147 1.67 0.88
' 0.282 1.75 2. Lk 0.72 "~

:Theré‘is a wlde contradfiction feported on the
reacﬁlon’9;99r7related to oxygen pressurés‘in the gas‘phase
reaction systJ;;Buntin {13),fér instance,has concluded that
the rates of the reaction to C,H,0 1is proportional to
PO% . The appafént reaction order fof oxidation to CO, 1s
even lower than 1/2. On the other hand,results presented by
Nault et al. (47) indicate that both reactiori are nearly first
order.in oxygen af the partlcular ethylene pressure useq'

(0.1 atm).Orzechowski and MacCormack:(ﬁl) have concluded -
that at high oxygen'concentrations.thé rateg‘are iﬁdependent
of oxymgen pressures.The order equal to one or higher haé been
‘ reported by Twigg ,McKim and Cambron and K;ﬁgherz..Twigg(éu)
reported that the dependénqe on oxygen partial pressures
co?ld be r%présented by POO‘SS'for_ethylene oxide fdfmatidnu
and Pol‘1 for carbon dioxide formation at even low ethylene .

pressureé.McKim and Cambron (41} reported that when ethylene
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1

wWASs present in excess, the rates ﬁere approximately

proportional to oxyren concentrations. Klugherz (34) carrled:

Lo e s T2

out his experiment in a wide range of ethylene pressures and
reported that the apparent reaction order with respect to

oxymen:préssures_varred widely, dependine on the magnitude p
of phe ethvlene pressure. The reactions were definitely - 4

ereater than 0.5 in the order of oxygen, even at moderate

ethylene pressures. At an ethylenelpressure of 0.526 atm,
the relationship between reaction rates of both Fthylene
oxide and carbon dloxlde.production are approximstely iinear. H
Orders sreater than one are also ooserved at higher ethylene
pressures.

In summary, the cantradiction may arigse from the
d1fferent partial pressuresAused for'ethylenet_As the ethyleoe

. =
1 . B PRI
vressures increaSe to more than 0.5 atm, the reactlon order.’

becomes unity or hlgher than one with respect to oxymen[
‘.partial pressures. It is also able to conclude‘that,'at
fﬁblene partial pressure of 0.5 atm, oxyeen 1s weaklv . . Q!
adsorbed on the oatalvst surface since the rates vary

approximately 1irnearly with sx§qen pressures.

5-2-l Effeots of oxyegen pressures on the selectivity of

pthxlene oxidatlon

Differenoes 1n the selectivitv were noted when the
reactanticompositions were varled. AS alreagey mentioned, the
select}é;ties for the kinetlc runs’are included in tabdble
A-1 in the Appendix E\gn paze 99 . The ratios of the .relative

lg.

S -[73 -
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rates 9f C,H,0 and CO, formation at Pp = 0,02<atm. that 1is
_ngHuo/Hgozhave been éalculated énd can bé used as an
indication for the selectivity of the two pérallél reactions.
These ratios are inciuded in table 5-1. This appnoacﬁ is
similar to the.oﬁe used by.Buntin (135 and Kluéherz (34).

The effect.of oxygen”prbssures on th& fatioé 6f
rntes.is shbwnﬂin fim. 5+6, on bﬁme 69. The oﬁly available
study that can be uged for a comparison 1s that of Klﬁmher;,
‘where Pp = 0.526 atm and Pp = 0.01_atm; These data are
1n91uded in Fig. 5-6.

The selectivity 1is found.to decrease with
oxysen pressure‘at mpderate ethylene concentration, in
émreement Wwith what was obsgrved by thqhérz. A sharp decrease
in the selectivity in Fim. 5-6 is attributed to & hisher
rate -of carbon dioxide formation at high oxyeen concenﬁraticn.
it is also worth mentioning here that apparently at low
ethylene préssure. the effect is revérsed:“It was reported
by Klugherz (jh{ and Buntin (13) that the selecflvlty was /

found to increase with oxymen pressure at low ethylene

concentration.

5-2-5 Comparison of .the intrinsic reactlion rates dnd

gelectivities for reactions in gas and 1iquid phases :

‘ Some comparisons of the'intrinsic reaction rates
of this study showed that they were from two to three times.
hiqhef than th se obtained ﬁy Klugherz (34),.whigch was done
in A waé Dhnsgr

reaction system. For examvle,in Klusherz study,

at Pg=0.526atm, Po=0.263 atm, and P _=0.0157 atm, the absolute
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}afe for ethylene oxide formatlon was 5.%5 X 10-6-qmole,C2H4/
min.z.catalyst and the selectivity-was 61.2%. In this study,
under nearlv similar conditions. PE=0‘5, PO=0 .230, P 50.0156
ntm, tHe rate was 15.3 x 10\6 mmole C,H,/min. .z.catalyst,

and the selectivlty was 30.7% . As it was already montionpd
in Chapter I1I, the high activity of the catalyst may explaln
why a lower selectivity.was obtalnéd iR a liquid phase system.
Selectivitlés for ethylene oxide format}on ranged from 20 to
ho%_in'thls study. Also , in view of the discussion given

in section 2-6, the values are more reasonable than those *
ziven by Shinsu (59). The effect of the solvent‘bn the
adsorptioﬁ_of various reactant and product mases on the
éatal#st surface 15 unknown, but it may vlay n part in the
high activity of "the cqtalyét..The solvent may Aact as an
tnhibitor in the'éthylene oxide formation or thebgt,nct of

any moderator present in the catalyst may have been

neuttalized by the solvent.

. .«_—:—Jﬂ‘f"\\
! LI.

- 75 - » ﬁ‘



5-3 Stability of the golvent :

Dibptyl phthalate 18 known to be very gtable with

oxldisinw agents (See éhapter'IV').HowevFr in the presence

of" the ethvlene o¥xidation reactlion, where water 1is formed

a saponiflcatlon process of the ester can happen, as 1t was

obseTVed during the course of this study.

After operatinm the reactor consecutively for a few

weeks i1t was found that some white crystals, in needle form,

were deposited on the upper wall of the reactor.Analyzing

the substance by melting point and infra- red spectroscopv

methods 1t was 1dent1f1ed as phthalic anhydride The meltinr

" point of the crystals was 131°C and the I.H. result 1s

shown in Fig. 5-7

-

Ditutyl phthalate is8 a dlester of phthalic acid

and n- butyl alcohol. The reactlon 1is revprulhlo as fo]low

0
&-oH
+ 2 CjH,-OH
C-0H b9
H
0 “
phthalie acid n-butyl

alcohol

Ehthallc acid formed in the

can become anhydride quite easily at
(17,

_O-H

C-0~H

8

_phthalic acid
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‘ @ C-O-'R ‘
P + 2 H,0
-0-R 2\

]
0]

dibutyl

ghthalate
! .

saponification process

the reaction temperature
W ?
\'O + HoC
-
C
"

0 ,
phthalic anhydride
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The conversion in the ethylene oxidation is small,
therefore the amount of phthalic anhydride formed 13 also
small But the decomposition of the solvent has caused som?
problem on the accuracy of the kinetic data obtalned.

* The preduct partial pressure could be altered

In the two reactions as Qescribed,Z moles. of Hzo
were reacted in step one and only one mole of H20 was
recovered in step 2.Thus one moie of water in the product
was ccnsumed'in the process.HOWever,in the analysis.the
number of moles of water was not measured ahc assumed po be
equal to the number of carbon dioxlide,therefore the problem
does not affect.the kinetic data.

7 # n-Butyl alcohol may react with oxygen which is

" reactant in the ethylene oxldatlion: ‘ ‘

| The oxidation of n-butyl alcohol on a metal catalyst
is not a well treasted subject,only a few paper can be found..
Cozzi (18) carried out the oxidation experiﬁent.wlth ethanol,
propanol and butanol at 300 to 350°C . For ethanol, the main
prcdﬁct is aldehyde and other slde products are acid and
some carbon dloxide and mcnoxide He reported ‘no reaction can
happen below 200°CC and aldehyde formation was notlced at
2609C. The converslon 18 even 10wer for butanol. Polyakov

and Shalya (52)carried out the oxldation on a fluldized bed
of silver amd coppef’catalyst.ﬁldehyde was also formed as
the)main product with the concurrent formapion of‘COZ and

'CO.The reaction temperature must be well above 220°C
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for butanol oxidation. Therefare, it is expected that at
this temperature only a very small amount of oxyzen 1is able

to react with hupanol to form carbon monoxlde and carbon

dloxide. L -
-
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VI CONCLUSION AND RECOMMENDATION ==
The kinetics of ethylene okidation 6n a subported
‘ silver,catai&st in dibutyl phthalate hnvé beén'lnvesﬁ}igted'
5ver a wlde ;hnke of oxysen pressures and at one constant
ethylene pressure at;2209 .The three mass transfer -
reslgtances : frqnbubblellquid 1ﬁterface to bulk liquid,
from bulk!llquid to the catalyst surfaceland intraparticle,
are found to bé neqliglblenand'therefore the system is
reas‘.ilble for a kinetic study |
. For kinetic study , the data are éxbreﬁsed in
terms of relative reaction rateé to allow for observed
varlatlgns in catélytic activity ., Ratlos of rétes reiative
0 rétes at a defined ‘set of reference condltioné are
caleulated . Daté correshondlnq to a constant sum of product
Dértial'ﬁressure is of brlmafy interest . The rates of
formation. of ethylene oxide are found to be first order wifh
fespect to oxygen pressure and hlqﬁer than flrst‘ordef in
the formation of cérbon dioxlide,at an ethylene partial
pressure of .5 atm.Inhibition of the reaction by products
1S also observed . |
The étability $f dibutyl phthalate , when water
.1a formed in the ethylene oxidation causes some problem in
eqsesqingthe accuracv of kinetic data.The saponificatlon of

the diester wxives phthalic anhydride and butanol. It 1s an
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.1mportant factor'which was not reported by Shiﬁqu { 59)
can determined the feasibility of the procéss far 1ndustr1h1
npplication. | | - |

It 1s recommended that other solveﬁté which are
stable to heat and oxldation,chemically 1nd1fferent and
npnvolatilg will be tried.In each case,the stabllity of the
solvent. must be investigated. '

This studyrls arprelimlnary gtep ln‘the investigation
of the kinetics of é.three phase reaction system.To obtain
a full kinetic mechanism,a wider combination o% ethylené
and oxyren pressures must be used and it 1s recommended as

the next step of the study of the process. -

A



VII  NOMENCLATURE . = | : _ D/f
ag . Gas liquid interfacial area per unit volume bf
‘ 2

1iquid,cm&/cc

A ' External particle surface area per unit volume of
2 Lo
liquid, em4/cc
. 4
A A constant in the overall rate equatlon.
b A constant in the rate equatldn."
Cy Bulk concantratioh of solute mas in liquid, emole/cc
Car Concentration of solute gas in the bulk zns,mmole/cc
C . Concensration of solute mas'at the external supgace
S of the catalyst particle, esmole/cc -
. ' . bl

c¥ Equilibrium Goncentration of solute ras in liguid,

amole/cc :
dD Catalyst particle dlameter, cm

L - )
ty, 10 .
D oulic Bulk diffusivity, cm/sec |
ga o1 Effective diffusivity within the catalyst particle,
e em/sec. ' :

gzbulk'affEffectlve bulk diffusivity within the catalyst

particle, cm/sec.

"y

Zffective Knudsen diffusivity within the catalyst

K,eff particle, em/sec.
5312 Bulk diffusivity of tﬁe solute sas in 11qu1d.cm/sec‘ s
f Functional relationship between reaction rate and
partial pressure excluding activity factor.
. - .Value of function at consté%t c§nd1tions. \
F Feed flow rate, scc/mlﬁ.
g Gravltatlonal constant._980.665 cm/sac2
ﬁ_ ' Henry'S.l?w constantf atm/ccd gmole.
kq rGas Tiquid absorption constant, pm/sec. - .
'KO .Overall rate constaﬁk 1nra slugg;-feactor,cm/sec. ) .
k, Bulk gas to bubble liquid interface mass transfer .
: coefflclient 7
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’/
P

-
0

Liquid particle mass transfer coefficiént. em/sec

Liquid particle mass transfer coefficient due to
free fall, cm. /sec .

Constant .in rate equations

Rate tonstants for adsorption. ' S

Adsdrption'equlllbrium congtants.

Adsorption "Bciullibrlum constants.

M Molecular weluht of golvent, gm/vmole. g:ﬁg
n, fi Total number of mole'of gas 1n adggrption.' 3
’ Npe Peclet Numbgr.' ‘
a NRe Reynold numbe?.
. ‘ Néﬁ Sherwood number .
P Preasure of absorbed was, atm ‘
Pi..Pf Initial and final Dréséure-of absprhed gas,atm .~

PE' P _,P_ Partial pressuxre of ethvlene. oxyqen and product
respectivelv. atm

CZHu Partial pressure of ethylene oxide, carbon dloxidﬁ. '
8 and water, Tespectively, atm X *

Pt - Reactor pressure, atm.
- tq : Amount mdsorbed, Elovich equatlion. -
i - . ) ‘ N .
r’ L,Rate of C HuO or C02formation. o
r, - Reaction rates measured at "constant"conditions 7
rczHég;/J Rate of 02 uO formation. gmole CzHu/min..m catalyst é‘
TCOQ ' "Rate of 002 formation. gmole Czﬁu/mln..q.catalyst. S
T Rates of CoHLO0 ot CO, formation measured at sffndard
condltions . / T
-rg .Rates at standard rung corrected to Py = 0.02 atm
r, ’ Overall reaction rate lp/slurry reactor,zﬁole/cc.mln.
_ . : { :
.
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PR

T o PR,
- & hY
' .

R, »
CZHuO

Yo u o’
| CZHuO _
Yook Yr,0

o o
yE ' yo

Sreek letters : .

]

Ideal sas law constant.

Relative rates, relative rates at standard
conditions corrected to Pp = 0.02 atm
;>

"Relative rates corresvonding to‘Pp = 0.02 atm:

<

Surf‘écef ah per unit weight of catalyst, em?/em .

Time

o)
Reaction temperature, C

Tgrminal velocity in free fall , cm/see. .

'

Volume of solvent , cc ' _ -

-

Volume of the gas space, cc¢ _ PR

) N

Molecular volume of .solute at. normal boillng point.

_ - cc/ amol®e.
Weilght of catalyst, ,em. '

Mole fraction of'products'in the preduct stream.

Mole fraction of ethyleme and oxyeen 1n feed.

e
—u

Activity factore o . - ) ;‘
Constgnﬁf
Modulué o ‘ - f 5
Thiele Modulus. |
Porositj. |
Effectivéness factor: - . .
Visapﬂttg+ﬁﬁ ' NS ;9 |
) : ' LT
Density of the‘catalygt,g/cc. L.

- 84 -



T Tortousity
YL o '"Aqspﬁiétion“parameter for solvent.

—~ -

Subscrigts

E ~ Ethylene
0 o Oxymen
P product |
't ' total .
AN .
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APPENDIX A : Fﬂ?

- Mass Transfer Studies :Physical Abgorption

The resistance to mass transfer in the liquid phaee
may be determined by observations of the rate of absorption
oF desorptlon of a sparinglv gsoluble gas into or out of .

) liquid,and physical absorption is.a method whioh has been
" used extensively in the determinetion of ‘the mass trahsfer
coefficiggg. | )

The absorption techpiﬁj; can be a flow svstem 1n
which a eparin@ly soluble volatile solute is stripped out
of ‘1ts liquid solution into an insoluble gasbubble stream or B
where a sparingly‘eoluble'gaeeous.solute is dissolved by a -
liquid from an admixture wilth an insoluble gasbubble stream.

A batch technique can also be used in which a certain volume
of an initially solute- free liquid was brought in contact
with a pure gas phase of the 801ute under consideration.The
rate of the solutejupgake with respect to time.was then
morfltored.The bateh absorptlion technique pregsents. some

drawbacks as sugqested by Kozinsky and King (35).Undér

conditions of high agitation the 1iquid tends to approach -

saturation very quickly,thus reducing the time available
for measurement.Alsoc, some gases such as hydrogen.are highly

1nsoluble geses consequently the total volume of gas absorbed

is quite small. There is thus a possibility of significant

error due to small temperature chanege of“leaks.

- 93 - | _
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The method used in this study employs a transdueer
read'out therefore , even with a feat abSorption, the solute
.uptake versus ftime can always be recorded wlth high - .
efflciency The prevention of leaks was also undertaken by -~
pregssurizingthe vessel overnight to detect any possible 1eak.
l_ Before physical absorption data were taken for Dibutyl -
Phthalate,the method was tested with a system of water and
ﬂeach of the reactant qases.The reproducibillty of'result'was.
good under repeated test. The results of Oz and CzHu in 230cc

L4

of water at 23°C are. shown in Fig; A-l and A-2 on page 97 and 98,

Derivation of eguation of batch absorbtion

Henry's. law constant can be expressed as: ot
s H:'_ . .
- C* |
* where P 1s the 1nstentaneous pressure of!thquas and Cf
is the corresponding value of the equilibrium QQnoentratlon
‘of the solute gas in.the'llquid.

.The bulk conoentretlon.cb of ‘the solute gas in the

liquid LT B
Vm o ' _ 1t
Ci’ P ""'IP o .

Where P1 is the 1nitial pressure, Vg 18 the volume of the gas

i

space and Vl.is the volume of the liguid.Then:

v
.*_- = - Vg 3 =
~ '.C ( +V1F£T)P' V1RT_P1 .(,91),‘

. The rate of thejsolute uptake 1s related to the

rate of chanze in pressure by means of the ideal gas law:

dap :
. dt RT dt )

- gh =



‘ .
also : ) B - .-
| | g 2oy )
_dN _ a(C -¢C : -

Hence ffom equationg (9-1).(9-2)and (9-3):

1 4F - Al V1 1 1
’ —— e k.a ——- ( + : P - P .
. pr 4t 1 & Vg HVE‘RT) ‘RT 4| 7
° (9-4)
R Vl . ’
Let &X' = . RT, then eguation ( 9-4) becomes:
g . : . .
dP E ' o :

e

. Integrate equation (9-5) 1.

i~

P ..

| dp -

-g &+ 1)F Py (Ohj 1) kqegt
S )P - Py

(ot 1) kyagt (9-6)
LR & SR ‘ |

-1

‘At'equllibrium,the final pressure 1s Pf énd the final

concentration of the solute 1s C* where C* 1is equal{}))'

*= Y2 (P -P;) . |
‘ P
and T C*,= #——E;
‘ H
Hence P, v
L= & _(p, -p.)
H VIHT 1 f
| | | ‘ D
or: | . P1 - Pf . Yl BT
Pr H .V,
™~ ' = oL

Therefore equation (9-6) becomeg :

- 95m-




“
Pf - P, " P > A
e = ——L=kat . (9°7)
Pi Pi - Pr : o N
‘ . P.r P - P, S —
A plot of =~ 1n — versus t 1s a straight line and ,
' : Py P, - Pf :
. ! ‘
klag is equal to the slope of the curve L .
- 7 . . ¢ .-/ . . ) . . T
1 ! a
M l .
,—// .\//
‘ .
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Kinetic Runs: Experimental Besuits and Sample Calculations

a————

+

IABLE A-] -

Tabulation of experimental data -on kinetics of .
ethylene oxidation at 22Q°C » Pp=0.5 atm %
Run Pg PE Relative Rates’ ‘Sel. Conv.
. R ' — |
No atm atm CZHHO‘ RCOZ' | %

19 - 0.}18  0.0098 0.855.  0.819 31,3 0.6
17 0.119 0.0082. 0.940 0.878 T 3570 0.6
15° 0.116  0.0128 0.733 . 0.668 29.3° 0.8
13 0.112 - 0.0179 '0.667  0.538 26.8 1.1
11 0.112 . 0.018L Q.59%  0.600 - © 29.8 1.2

P, average = 0.115atm

29 . 0.177° d.01do 1.026  1.192 27.3 0.9
27 0,179 0.0111 1.034  -1.220 © 30.6 0.7
25 0.174 0.0186 0.956 0.991 24,6 1.1 -
23 ;' 0.02000 1. . 1. ‘ . =
21 0.169  0.0257 0.942  0.841 + 31.9 1.7

PO average = 0.175 atm = - )
() standard runs ' ' .
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TABLE A-1 (cont.) =

Run

P Py, = Relative Rates Sel.  .Conv. _
No. agm. agm R

R
G0 . C0

LI

30 0.235 0.0205 1.452  1.750  26.6 - 1.3

37 0.239 0.0156 1.453  1.710 - 30.7 - 1.0
35  0.230 0.0289 - 1.410 1.531  25.7 ‘1.8,
33 0.220 0.,0406 '1.332 1.232 24,2 2.5
31 0.220 0.0416 1.395 . 1-5?4 29.7 2;?
| PO gvé?gge‘='0.230 atm

b7 T0.297 0.0212  1.691 ;/5.366 é7.1 1.3
b5 0.282 0.0422 1,710 2.260 22.1 2.5
43 0.266 0.0627 1.643 1.933 20.1 3.7

'PO avérage = 0,282 atm
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TABLE A-~2
Average yalues of rates at’ standard conditions that

hracketed runs of indlcated run nmber.

Run Rate x 10f5gm01e/m1n.m  Average ° A&erage
No. - ‘ : catalyst Sel. Conv.
- TCpH,0 Tco,
19 1.166 3.282  26.2 1.36
17 1.495 3,337 3.0 1.4
s 1:30 - 3.3%0 28.2  1.b2
13 1.350 2.590 34k 1.20
11 1.295  2.930 30.6 . 1.29
29 1,347 3.092 30.4 1.35
27 | 1.053 2,023 34 .1 0.94
'25 - 1.350 3. 569 27 .4 1.50
23 ‘,' ‘ .
21 1.413 3,371 29.6 1.46

(*) Standard rTuns
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TABLE A=-2 (cont.)
~Average values of rates‘at standard conditions that

bracketed runs of indicated run number.

Run Rate x 10~5 gmole/ Average ' Average
No. C . gin.mcatal. 3elect. Conversion
’ TCEHQO 1‘002 .
39 1.358 " 3.081 30.7  1.40
37 1.060 2.016 346 0.90
35 1.409 3.380 29.4 1.50
133 . 1.250 3.850 b5 1.60
31 1.347 3.572 27.4 1.50
u7 , 1[150 ' 3,009 27.7 1,27
Ly St 2.529 30,5 1.1%
13 1.280° 2.674 32.5 1.20
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Sample Caleulation:
{

3 .
The sample calculation shown below related to one

- of the runs at étagdard conditions.The calpulatlon based on

the aséumption of_a back-mix reactor : assuming that the - /f/{/’j

—
mixing was complete,so that.the properties of the redctlon

mixture were uniform throughout’ the vessel and Were the
it e TEE

~
game as those in .the exit ( or product ) stream .

Feed flow rates :
Helium = 23.06 sce/min
Oxyen = 13.83 sce/min .

_Ethylene 36.89 sce/min

Total F = 73.78 scc/min
Welght of catalyst,W= 0.5 g.
Reactor pressure = latm
Feed,cbmposition calculated ffom.the flow rates: .
(e} .
=0.50
Ve 5
o =
‘Mole fractior of the reaction products in the exit
stream ( from gas chromatographic analysis ): |
| y = 0.0018
CoH,0 |
yCOE = 0.0100
~ As presented on page 47 , the equation for

calculating the rate of'formation of CpHy0 Ya:

) _ YCoHYO0
- C2Hy0 22u1u(%)(1 + VCQHQO)
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0.0018

r =
TG0 zzuw(%_i_; Rt + 2:0015, S
.7 - ' :

=1.184 x 10'? gmole CoH O/min.gcétalyst

‘Similarly for COp :
| .
2 Ycop
r =
Co E ‘ .
T2 hamagy o+ Zo2HM0
-

1
2 0101

2ou1h( 985 Y( 1 + 942915—)
73,78

= 3.29 x 10”5 gmole ca, / ﬁin.gcatalyst

Calculation of partial pressure:
| Yco
; = {yo -

=( 0.5- { 0.0018 + 9;91-)) x 1

= 0.493 atm
g y . .
0 0 2 " co t
2
= ( 0.1875.~ (_0'_(;)_@ +-g—x0.010)) x 1
f”““\\H\ = 0,172 atm
' P = + + v x P
D C¥omo ¥ Voo, T VH0 0 T T
Assumin y =y ‘
. 0 = Yco,
P = ( 0.0018 + 2 x 0.01 ) .

N

0.0218 mtn .
|
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Seleotivity : L . ‘

=. . Yeoo ).
Vom0 52

0.0018 x 100

0.0018 + 201

.2
Conversion :
Yco '
(y + 2 y x 100
_ CzHu_O‘ Z ‘ ,
. ¥y
yo (-1 + _C2H40
E 2
(0.0018 +2:2%) x 100
0.% (1 + E;%Qlﬁ_)
=1.4 %
- }
Y
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APPENDIX C

The Significance of Mass Transfer Reaistance from Bubble

Liquid Interface to Bulk L;guid ( 1/k1a Y

Henry's_law constant based on the rhysical absorption

study :
L4 .
Py = initial pressure of oxygen
= 69.7psia
Pr = final pressure : .
3 = 30.2. psia

~V1 = volume of liquid solvent.
= 230 cc |

Vg = mas volume

]

300- - 230

70 ce

T

il

473 K

Number of moles of oxygen absorbed
P.V

R-T

39.5 1 1
.7 * 0§06 ¥ Tpy o

= 4.85 x 1073 gmole

!Concentration of Oz in the 1liquid at saturation : .
* n
1

= 2.11 x 10”5 gmole/cc

Henry's law :.
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H =._Ef_ . . .
c* ‘ ”
= 2.05”’ ) * ) ‘ =
2.017 x 10~ | -

9.75 x 104  atm.ce/gmole

The Slgnificance of The Mass Transfer Hesistance :

L,_j‘steady gtate,the rate of mass transfer from theb‘lbble
liquild 1nterface to tbe bulk liguid is equal to the rate of °
Ehe reaction.To estimate‘the-devlation from the saturated
concentration,it 1is neéeséary to use the highest reactlon
rate in kinetic runs . This is at Po= 0;3125atmland:

TeQHu0-3_ 2.30 x 1077 gmole CZHu/gcatal min.
Tco, = 8. 10 x 10 =5 1

Consider the oxldatibn reaction of ethylene :

-1
CZH[‘, + —-2—02 _— CZH'-FO.

C,H, + 3 0p,—> 2C0p+2H0

Hence,the rate of oxygen reacted 13 equal to 1/2 of the
rate of eth;I;ne conve?ted to CZHho and 3 times the rate of
'efhylené converted to COp .i . .

The global rate can be expressed as

lrv k.8 g (c- Cp ) ¢

where'Cb is the bulk~concentrat10n . From this equation
( c* - Cy ) 6&@ be estimatedland'the percentage of deviation
from C" éan'be obtained .

The togal rgte'of 0> converted periﬁnlt volume of

solvent, r\ , can be expresszed as
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o ﬂ%\:p C2HLO + 3.rgp,) x W

r
| v , vV,
‘where W =065 ' ot ust
Wwhere W =06 g. 18 the amount of the catalysn\gaed .
o (Hx2.30 x2070 43 x 8.10 % 1075)x 0.5
T = X
v ‘ )
. | 230 |
'='5.53 x 1077 gmole Oz/chmin.'
¥ . Ty _ -2 -1
C -Cb——klag ’ klag = 5.Q3x10 sec
5.53 x 1077
.d’> ' 5.03 x10-2 xlép _ |
 =1.83 x 10°7  gmole/cc.solvent
Pg . -
c* = — S
: o \*\\_,
: ~
_ 0-3125
9-75x104‘

i

3,21 x 10~6 gmole/cc.sblvent

4 chage of concentration due to resistamce :

¢* - ¢, 1.83 x 1077

¢ .3z
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\\ APPENDIX D

' Estimation of the mass transfer coefficlent from bulk

liguid to catalyst surface ( kp )

Diffusion coefficlent of qugen in dibutflfphthélate :
. Kinematic viscosity of dibutyl phthalate at 200°C {12):
”L = 0.375 c.stokes. T | . .
=0.375 x ZLO--2 cma/sec
The Wilke and Chang equation (58) for diffusion

coefficlent )
g xmz T

‘. /*'Vio.é '

where Di2 is the diffusion coefficlent of solute 1

‘Di2= 7.4 x 10

in dilute solution ih solvent 2 at temparature T , cm?/sec .

M = molecular welght of goivent
= 2?6«336 ge .
T = ﬁbsolute temp. 4{_
= 473 K . o
'/k = vigcosity of solution . . |
= 0.375 x 10"%x 1.0426
= 0.391 c.polse | _ | P

V1= molecular volume of solute at’ normal boiling
point.
= 27.9 cc/gmolerfor 0, (30
. . X.= "association" pa;ametér for golvent, the

recommendéd value is 1 (.58)
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' . A ‘ . : 1 .
7.5 x 1078x ( 1 x 278.3% )2 x 473
0.391 x (27.9)°°
20,27 x 10"5 cmz/séc

I

the maéb transfer coefficient (k } by Harriott'
6- )/ ' ) o

Estimct on o

The method was a180,3f59 by Kenney and Sedrik 02? in
their estimation of the deviation from saturation of hydrogen
concentration in solvent . _

Using Stokec'lcw tgéestimate the terminal velocity

duq_tcffree fall i,
: dp A§43

VRS

difference 1in density of the particle and

. Ut =

'Ai
| “the fluid
= 4.27 - 1.043
=3 22? g/ce ¢
dp = diameter of the particle

= 0.004" © |

= 1.016 x 10”2 cnm > .
‘g = 980. 665 cm /sec?- | |
M= 0.391 x 10”7 c 2/gec
= (1.016 x 10- )% x3.227 'x 980 665

18 x 0.39 x 1072
= L,65 cm/sec*

The Peclef number .
Npe“
R ¥
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1.016 x 1077 x.ﬁ-éﬁ

N oz - ' '
Pe 20,27 x 1077 | AN

’ '
0.233 x 107

U

Using Brian and Hales' curve, the relation between
Sherwood number“Nshﬁﬁnd Peclet numbe? Npe

. TTkE dp
Ngp = —LE——= 8.5

b _
" Hence kY. due to free fall is equal :
nee %o . : .
. * ) Nsho D12
Kp = ——— .
_ dp .
. %7 8.5 x 20.27 x 107

1.016 x 10~%

-

= 0.1¢ cm/sec o
Slurries of caialyst-partlcle suspended 1nra liquid

are necéésarily‘and vigorously-agifated both tb keep yhé solids
1n_suspenslon‘and to.prdmot; abéprﬁtion of reagting.gases .
' The‘ﬁurbulence that fesulﬁs proﬁétesmass‘transfer anq the

actual vglue_of Ep,is greater‘than;k; . The difference is not
great as tﬁe p&rticlés tend to follow the motion of the fluld.
Harriott's- compafison of his own showed : 1 <kp/k;<1+ |

' As a first approximation kp may'be estimated as twice ':
'the'calculated value, ky= .34 cm/sec . ’

The significance of the mass transfer resigtance :

) At steady state,the rate 'equation may be written as:
| . . * . . .
A.= kpaﬁ ( Cb - CB ) . |
The two mass transfer processes are in serles . \\;
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Therefore th& significance of the mass transfer resistance
‘from the bulk liquid to the catalyst surface 1/kpap can be
obtalned b& a'comparisen With the mase transfer reslstance
1/kyag « , | ST

.

density of the catalyst

Il

= 4.27 -g/cc . | :
Total area_ .
" g.catalyst dp, ()p

=

1,016 x 1072 x 4,27
=138.3 cm</g

total area per unit volume of solvent.

a_ =
P
_m x 183.3
230

= ,1301 cmz/ce 901eent
1.1 - -
kpap 0.34 x 0.301 ~

= G.77 sec
1 _ : )
klag ‘ 5.03x10‘2 k

I
While the resistance due to 1/klag contributes a

deviation from the equilibrium ooncentration of 5.7 % ( See'

Appendix C ) , . the resistance 1/k. a

p®p in turn , contributes

a further‘devietion of:
iiiﬁig%égl = 2.8 % | .
The total external resistanes therefore create a total
change of 5.742.8" =8.5% of the equilibrium concentration.
fhus.it can be concluded thatthe& are not significant in the‘

overall process.

.
- 7
. ! £’
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APPENDIX E

Internal Mass Transfer

Because the kiﬁeticé of the.reaction are extremely
complex -, 1t would be difficult to calculate an effectiveness
factor for the porous catalyst direétly . Klugherz (34)
aﬁsumed an efféctive dlffﬁsivlty Dare= &Dbulk/C . wherg € is
the porosity and T 1s the tortousity and used a Sherwood
numbef of 2 for palbulatinm the masé transfer coefflclent
It is reasonable in the case of gas_phase‘feaqtion since the
Knudsen diffusivity in the pore 1s.verj high , and the Sherwood¢
number 18 of minimum vélue . The value of £=0.4 aﬁd't=2'are
fyplcal of «-~alumina support.ft was foud that the intraparticle
mass'transfer‘resistange ﬁas-negligiﬁle. ‘ (:,/'

Satterfleldféé) suggested a method for the determination
of the effectiveness faqtor by using a moduiué(@ when the
reactanf concentration at the cétalyst sUrfécelis known, for

a sphere !

- _
bt (-1dn)
s Derr-. Ve Cg -

The parenthetlicalexpression 1s.the'observed 'rate bf
the reaction per unlt volume §f»catalyst pellets Cg is the
reactant_cdhcéntration atnthe_outside'surface'df the catalyst
pellets , R is the'radius of 'the catalyst and Dgpr 1s the
effective diffusivity . For an& interger power réﬁe gquﬁtion;

D -"¢”
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‘where g% 1s the Thiele modulus and’n,is the effectiveness -
factor . The relationship 'between@S and &g is more complex
for a more complicated kinetlc-expressioﬁ.

Estimatlion of CD g

dn ' _ IvPp
Ve dt 60 sec

Where for highest actuai rate
Ty =—%¥x 2. 3x10"5 + 3x8. 1::10'5

25,45 x 10 -5 gmole O reacted
min. g catalyst

v g ry =

( See Appendlx ¢ )
-1  dn__ 25.45 x 1070x k.27 o
Ve 4t T . 60 - .

-5 gmole 02
sesc. cc catal.volume '
6.25 x 1076 x( 100 - 8.5 ) -
100 ' :

1.81 x 10

-8 gmole 02
CC solvent

Cg = 5.72 x 10

_ - ( See Appendix C ) _ :
. . - - o
=.5,08 x 1073 em
Derr D, eff Dy2,err
) Dz x'&
Di2,ere> —
© _ 20,27 x107% x 0.4
_ > .
= 4,05 x 107  cm
sec .
2 T
D = 19400 -
K' f i - LJ J
eff Imsg {)p 1 |
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Where

e

Tn 1s the value of tortousity factor obtained when

Dk 1s caleulated for mean pore radius ,Cp = 2

-~ Sg = 0.5 mz/g catalyst surface per am. - - o |
"' | )ep =rdensity‘of catalyst
t . = u.Z? E/CC
M = molecular weight of oxygenb
=16 g » : ' i
| | (0.4) - 473
DK.eff = 1?400

2 x 0.5 x 10% H s.27 V 16
_ =0.395 em/sec |
The 'Knudsen diffusivity is very high in qdmpariéon o o
fo the bulk d1ffusivity , the Knudsen'diffusion can be |
lconsidgredlto be nesligible . : : | ' :

Deff'z 4,045 x 10~5 cm/sec

(Ps =R2 (- = 4o,y 1 . - | |
Dorr Ve dt 7 Cq - |
(5.08 x 10-3)° | 1 ¢

= "x 1.81 x 1075 x

4,054 x 10~5 5.72 x 1076 o

2.01

In the range of ethylene pressure used , the rate

of oxidation reaction i§# 1y first order in oxygen preésure

For a first.approximapion , -the ordér can be taken as.l.

| }
B = (SQE—)TZ- |
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/f/iT\\ = The method’of estimating % fnvolves successive

approximation

by assuming ¥alue of N, .(56)

The final value of 71 was found to‘be 0.93 . the
effectiveness factor approaching i ; It can be therefore
conclﬁded that the 1ﬂternal mass'transfer‘resistance,13

negligitle . .
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» APPENDIX F

_Pfocedq;g,for obtaining factors used to correct

rateg:at standard condlitions

The factors used to cérréct'the rates of runs'at
standar coﬁ&ition to Pp = .02 atm were obtained and applied
in the-féilowing'mapner . S?parate calculations were perforﬁeq.
for the two paralley&eactipﬁs to CpHLO and coé . |

a/ As mentioned in ghapter IV ,. runs ﬁeré'madelat.
various feed flow rates with ethylene and oxygen pressures in +ccd
of 0.5 and ;}B?S'atm respectively . These runslﬁere bracketed
by runs at standard.bdnditlons.as defined on page 50..By
varying the flow rafe.the valﬁe of Pp ranging from about 0.0l
to 0.03 atm‘were obtaingd . During these expefiments.the Pp's

for standard runs varied. within the relatively narrow limits

;;J/ﬁf 0.0168 to 0.025 atm .

N : b/ As a first approximation , therefore , the
standard runs were considered to havé'been measured af Pp=0.02
atm . Relative rates were calcuiate& using thils approximatiént

. If the redte at ﬁhe pressures and temparatures of the standard
conditions;but at various flow rates , 18 represented by L

and'the‘rate at standard condlt%gns by rg4 » then the

approximate relative rate , R' , 1s
_ | r _
R' = p » where T/ 1s the averaxe of the
—

two T, of two bracketing rins. :
¢/ The values of ( rp/Tg ) were plotted as a function
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'bf-thewP 's .of the ﬁon—standard-}ﬁns.ﬁ

¥
v

P ‘ .
d/ A preliminary correotionZof the rates of each

.standard run to P, = 0.02 atm was then applied using these

. to rg ) on the basis.of the equation :

p
. , - b . . . ‘
plots of | rp/!'S ) versus Pp'. For each standard run,a parti-

cular value of P, has been obtained.The rate of each standard

Tun (rs) was corrected,approximately,to Pp= 0.02 atm (1.e.’

¥

o Tsg
I‘ -
8 (I‘ ;rO)
87 1g

the term (rs/rg) in the denominator of this equation can be
apﬁroximated by the wvalue of (rp/Fg) corfesponding to tﬁé
particular Pp obtained when the ratg\Ff the,standa?d run 1is
Tg ‘

| TR
(rg) 5

APProxX. (rp7fsj

e/ These approximate values for the rates of standard

runs corrected to Pp = 0.02 atm were fhen used to calculate

better estimates of the relative ratas[_rp/(;giapprox. ] h

£/ Next,plots of this quantity as .a function of P,

were prepared.-

*

g/ Final estimates of the corrected standard rates
T8 were obtained by dividing r, by the value of (rp/(fg)appq

corresponding to the particular f 1n§olved .

P
h/ From the final estimates of r3 ,final values of
(fp/rg)-can be calculated and plotted as a function of Py

These plots are shdwn for C,H, 0 and CO2 in Figs.F.
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Ir these.curves are now used to repeat the above calcuiatioh.
identical values of (rp/?g) are generated,since (rp/?g) 18

equivalent to (rs/rg) (See step d) . It should be méntioned

rthat the cur%as showﬂ in Fig.Fllare not too different\from
the prelimgnary curves originally obtained in step (o).
1/‘T§i:e curves for (rp/rg) as a function of Pp are

used to correct the reaction rates for all the standard runs

L4

.to a total proddct_concentratioP of P_=0.02atm.The corrected.

P
standard rates.rg.for both CzHuO'and C0, are calculated from:
| 0 =18 |
. - (rs/rg) | .
re
(rp/sp)

The values of (rp/fg) to be used in this equation

. ¢
are obtained from Figs F ,at Pp

the standard run under consideration.

‘equal to that computed for

As a numerical example of how thesercorrection fgctors

were obtained.thé ethylene oxide data for run 29 togeﬁher

with run 28 and 30 at standard conditlions can bg qsed‘; ' ' | ‘
S The calculated‘rates and porrespénding values of fp ' ) q“
are ] | | | !
Run No. rczguo(gmole/min.g.catalyst).' Pp,atn
28 | 1.184 x 1077 - 0.0218
29 1.381 x 1070 . 0.0140
30 1.510 x 1077 . 10,0199

As a first approximation,the value of (rp/Fs) at
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. Pp= 0.014 atm is: '
| F, | L.38lx 1070 - :
7, L(1.184 x 1075 + 1.510 x107%)

= 1.025
The values of (rp/;s) such as this are plotted as a,
function of Pp . This plot can then be used to correct -the
rates of the standard runs to Pp= 0.02 atm . At Pp = 0.0218
atm, (r /T4)=0.99 and at Py= 0.0199atm, (r /Fg)=1.01.Thus ,
(ro)approx for run 28 is 1.196 x10™5 and for run 30 is
1.495 x 1077 . o

Then :

|

Tp - + 1.381 x 10 -5

(rO)apprOI_ (1 495 x 10~5 + 1.196 x 10 5)

’

o= 1.026

The value of (r /rﬁ)appr are plotted versus Py .

The above calculatiggﬁ are repeated using this plot to obtain
the final values of (r;/rg) thus :

' rp . 7 1.381 x 1075

70 1 ( 1.184 x 10-5 + 1.510 x10-5)
-8 985 1.01

| = 1,026
Finally,thls value for rp/rg at P, 0.014 atm is

includéd in Fig.F! on page 122 .
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Fig F-1 : CORRECTION FACTOR FOR RATES OF ETHYLENE_OXIDATIGN
| " {0 ETHYLENE OXIDE TO Pp=6.02atm.

145

o7l oo Lerov oo 1o
o) o001 o 002 \ Q08

. . o Ppl atm : . . o

Fig F-2 : COBRECTION FACTOR POR RATES OF ETHYLENE OXIDATION

TO CARBON DIOXIDE TO P,p=q .02 atm.
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Appendix G

'Cglibration Curves
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