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SUM.4AIìY

Tl¡e kinetics r'¡f the dehyclt-ation of ethyl ¿¡lcohol on a con¡rnercial

^/-alurnin..r cafolysl have been invesfigate<1 usinq a differenf ial f low

reacfr:r .

A'l femoeraf üres ce low lOOoC d iethy I ether v/as formeC a lnnst

exclusively. The apparenl activatÍon energy delermined for this
reaction was 28,500 t 50 cal/gm mole. At lemperatures above l00oc

ethylene hras formed simultaneously with diethyl efher. The app.erenf

¿ctivation enerqy determined for ethylene formatÌon was ?-9,200 ! 50

cal/qm nole. Diethyl ether was decomposed over the catalysf at

temperatures between J00 and 400oC the reaction oroducts beinq ethyl

alcohol and ethylene. At l00oC the rates of formafion of etlryl

alcohol anri ethylene from diethyl ether were 8.3 x lO-5 anC 8.5 x 1O-5

mole/gm min respectively. The rates of dieThyl ether and ethylene

formation from ethyl alcohol at tho same temperature were B.J x 1O-5

and 9.9 x 10-6 mole/gm min. Thesc results support the hypothesis

that durinq the dehydrafion of ethyl alcohol etlrvlene is formed at

least partly, by a consecutive mechanism in which ciiethyl ether acts

as an intermediate. As a conseqrlence of these observatîons a

combined parallel - consecutlve (simul.taneous) mechanism ís postulated:

c2t-\5QC2H5

2C2t15Oit

k1, 2

+ H2O
k=

2C2H4

+ 2t12O

whe re l< 
1

kZ r, k3

c,2ï5ol1 + c2114



Theordersofreactionfortheformatlonofbothdiethyletherand
ethylenewereexaminedbyvarylngthepartialpressureofethylalcohol
in the range, zero to BO0 mms Hg' lligh purity nitroqen was used as

fhe di luent in al I cases'

tselow IOOOC ether formaîion was found lo be zero order with

respecttoalcotrolpressure.Therateofethyleneformationwasalso
found to be zero order' The influence of water on the rate of

formationofdiethyletherandofethylenewasstudìedatvarlous
temperatures.l.laterwasfoundtolnhibitbothreactions.The
resultsobtainedoveraranqeofwaterandalcoholpartialpressures
were found to obey a rale I aw of the form

k p

r kou
u + Kwpwl+

forbothethyleneandetherformation.ThÎsexpressionrepresents
themechanismwhichapplieswhenanethylalcoholr.,roleculeisadsorbed

on two adjacent catalyst sites to form an intermecliate species which

then breaks down to form Products'

Tlredehydrationofethylalcoholinlhereqionofsimultaneous

etlterandeîhyleneformationhasbeenexaminedinSreaterdelailthan
ìn any ¡rreviously reported study' The use of a Qôs chromatoqraph

equippedwithaflameionizationdetectorhasenabledaccurateproduct
analysestobemade.lnqeneralconversionswerek.eptToIessthan

lmolepercentforallruns.Thusthereactorusedinthestucywas
truly di fferen'tial in character. This accuracy is necessary to study

reactions vrhere the products forncd may inhi[rit the reaction' lt is



Ihr:rr'tori: ix;li':vc,'d tiral The results presernted are of hiqher accuracy,

anC c<>v,:r;.r wider ranqe of workinc temperalures and partîal pressures

of alcohol and water-1'han reported DrcvÌously. Furthe,'rmore, tlre

rcsult:, for 1r're decomposition of dielliyl ether orovide stronqcr

cv icJenrlr-. tlran any reporled prer,r ious ly f or eJ-liv lene f orrnat ion by a

consc:cut i ve rr:ac'f i on mochan i sm.
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l. lNTRODUCTlOi'l

l.'lany papers have discussed 1'he dehydration of alcohols since the

beo i nn i no of lh i s century.

Early studies were concerned with possible induõ1rial appl ications

of the reaction as a source of olef ines. I^/ith the advent of

petroleum ref ininq, larqe quantities of olef ines, partÎcularly elhylene,

became avai lable and practical interest in the reaction decl ined.

l-1owever, research has cont inued in th is f ie I d in an endeavour to

underslancl more ful ly the basic processes of vapour-phase catalytic

reactions. Althouqh a number of such studies have been rnacle there is

liftle ac¡reement between the results of various workers. Conf licting

views consider thal'ethylene is formed from elhyl alcohol by

consecutive, or by parallel, steps. A furÌher view considers ethylene

f ormal ion to be a comb i nat ion of these mechan i sms . Another ,:luest ion

of interest has been whel'her the rale of dielhvl ether formalion is

first order, or zero order, with respect lo ethyl alcohol concentration.

Few studies have considered the infiuence of wafer on the rate of

formalion of diethyl ether ancl ethylene. trlo quan-l-itative resulfs have

been reported for the formation of ethylene in the presence of wafer,

althouç¡h Knozinqer and Köhn: have recenlly investioated diethyl ether

formalion aT various water partial pressures. The decomposition of

diethyl elher on alumina catalysts has received scant atlention when

one considers its imoortance in determininrl the overal I mechanism of

ethyl alcohol dehydration.

Several attempts lrave been made to relate substrate structure to the

acf ivation energy for the dehydrati,on of alcohols and conf lictinq
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resulls have been oblained. Some workers have reported a systematic

connection between activation enerqy and chain lenoth, whereas others

have found thal the same value of activatîon erìeroy applies to an

homoloclous series of primary alcohols.

ln slrort, there is a lack of undersfancJincl of the dehydrafion

react i on .

This study has been macle to investiqate the mechanism of the

dehydra'l-ion of ethyl alcohol and fo determine if ethylene is formed by

paral lel, consecutive or simultaneous reaction. A ful I untlerstandinq

of lhese aspects of the reaction is necessary befr:re an investioalion

into the effect of chain lengfh can be made.

The fundamental lirnitaTion in nnst studies has been the use of

reactors which were not differential in character. When a producl

inhibits a reaction if is necessary to keep its concentralion as low

as possible. However, the I iterature abounds wîth rates calculatecl

for conversions of the order of 30 nercent. treeuently workers were

forced to use such high conversions because they lacked sensitîve

methods of chemical analysis. To overcome this basÎc nrob¡lem a

truly differential reactor, în which conversions were oeneral ly main-

tairred at less than I percenl, was used in this sfudy. This was made

possible by usinq a flame ionizalion qas chromatoqraoh for oroducf

analysis. ln studies of this sort the method of catalyst oreparation

is of utmosf importance. Many o'f the confl ictínq results whlch appear

in the I i'leraf ure may be attributed to incons isfent cata lypT

preparation. To guard against this source of trouble, during the

present investigation a comrnercial catalyst, which had been used in a



a
)

(1)
recent study was obtained.
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2. L t'l-[ilATUi-ìi lìt-v I E\'l

Since thcre are two rocenl comprehensive revic-:ws of the
(2,3)

rJehy<lratìon of alcohols, only references fo nechanisrn ancl kinetics

arc rov i cled here. The a l ternaf, î ve courses of -lhe react i on are

revievrecl f irst. This is followed by a review of 1'he mechanisnrs that

have been postulal'ecl for diethyl ether an<j ethrrlene formation'

There is a brief survey of fhe clecomposition of diethyl ether on

y-alumina catalyst and this secfion of the thesis is conclucled with a

review of the effect of temperature on the reaction steps.

2 .1 l-tre Various Reaction Schemes

Thcre have been many supporters for lhe confl ictinc¡ views lhat

ethylene is formed by consecutive, paral lel or simullaneous reaction

steps. The three postulated schernes are as fol lows:

Para e

2C?_t15)il
k
->

k
->

czil5oc2115 + t120

3
C2115oll cz\q + 112{)

? , Con secu-l i ve

2C?H5Ot1

or 2C2t15OH

3. Simultaneous

2C2|5OH
k-'

k 1 
c2H5rrcrFr5

+ t.120

k 1 
o2tt5oc2t15

+ |2o

k2
-> czil4 +. c2rì5oH

k4
1120-> 2C2H4 +

2C H 5

H

ocrl, \2 cruo + c2l15oll

+ 20

czqq + H2O

a

X¡



E

k1
or 2C2l15OH ->

t-r\4

k
C2115OC2l''i5 ->

+ t'120

C2ll4 + H2o

2C'>ll¡/a +4 tlr0

2.1 .1 The Consecut i ve l,lechan i sm

The early workers favourecl a consecutìve scheme proposed
(4) (5)

by lpaf ieff in 1904. Pease and Yung va¡ieci 'the contac-l time

of ethy I al coho I over y-a I um i na aÎ -l0ooo. They f ound that the

ether conversion passed throuqh a maximum which îs consistent wilh

a consecutìve scheme. They based their calculations of ethylene

convers ion on The react ion c2ll50c2l'15 -> 2c2114 + 1120. llowever ,

they rea I i zed lhat an a I ternat i ve react i on

C?ll5OCZll5 ', CZHq + C2H5Otl . miQht l'ake olace. To support their

consecutive scheme fhey dehydratecl eÌher over the catalysf at 275oC

an<J 3C0oC ôncj f ound that e,tlrer was converlerj lo ethy lene in h ioh

yield. They concluded fhat althouqh a direct clecomoosition of

alcohol to yielcJ ethylene was nol ruled out by their results, it

was nof necessary to asSume Such a rear:lion' llence, they favoured

a consecutive mechanisn. The work of Pease and Yunq was wîthout

doubt f he rncst va I ual; I e conlr i but ion to an undersf and i nq of llìe

reôction publ ished prÎor to the 1950rs.

2.1.2 Tire Parallel l''lechanism
(ri)

Senderens be I i everj that 1'he f ormat ion of

diethyl ether from ethyl alcohol resulted from two

react i ons.

Fle reached this conclusion on The basis lhal' at 25ÚC ether

was found fo <Jecompose to ethylene ¿lt a many times orealer rate

ethy I ene and

i ndependent
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lhan lire formation of etlrylene f rom alcohol, and lhat with ofher

cata lysts and a lcohols the f ormat ir¡n r-,f ether was nof s icln i f icant.

Of course thîs was an oversimplification of the situation. The

f act 1'hat ef hy lene format ion is s lovrcr f rom ethy I a lcolro I than

<Jiethyl ether may be explained by tlrt: fact that ethyl alcohol is

more stronqly arlsorbecl on y-alumina than cliethvl ether. Hcnce in

the presence of alcolìcl the apparent rate of ether decomposition

would bo less than the rafe found for a pure el-her feed. The

obrence of ether f rom the products oLr taineij uts in"J other r:ata lysts

may be aflributed lo the exislence of comDlefelv different

nnechanísms, on different solid surfaces. lt certainly does not

rule out the possibi I ity of conseculive e'thVlene formation on

.y-a I um i na cata I ysts .
(1)

AcJkins ancj Perkins also r.tuesTioned the validity of the

conseculive scheme when they sludÍed -ihe dehvdrafion of butanol

ancl found -lhaf butyl elher was not a sir¡nif icanl int-'rmediale in

l'ho formation of the considerable quantÎties of butr:ne obtained'
(8)

ln conf irmation of lhis arqumenl, Adkins and Sischoff sho-wed

tha-t whereas ethanol and ether have about tl'¡e same stabilitv on

alumina, -lhe ether is much rTore stable on fitanium dioxide and is

theref ore not a necessary intermed iatr: i n o lef ine f orm¿t ion '

whi le their findings add interesl to the overal I study of

detìydration reactions, the resu lts do nof urarranl fhe conclus ions

lhey have drawn, and fhis aspect wi I I be examined more ful ly

I ate r.

There have been few recent studies in which a paral lel
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(e)
scheme has been assumed. f'lowever, de Boer, vrhen study ing the

dehydration of ethanol on y-alumina at 307oC, founrJ no evidence

of ethylene production frorn ether. He concluded that al I ether

molecules produced were desorbed easi ly and were unable to

readsorb and hence break down lo ethylene. There was no

i nvestigation of fhe decomposition of eTher on the cata I ysÎ.
il)

Final ly, Stauffer and Kranich in a sfudy of the dehydration of

primary alcohols assumed that ether and olefine are formed by

independent reaction steps.

2.1.3 Simullaneous Mechanism
( lo,1 1 ,12)

fìecent studies have supported a combined

consecutive-paral lel (simullaneous) mechanism. Balaceanu and
(10)

Junqers investiS¡ated the kinetics of ethanol and ether

dehydraf ion over a lumina and decjuce| the fol lowinq sequence of

reacl i ons.

-Hzo
2C2l15Otl C2H50C2ï5 +CrH5i)H + C2114

+ - + ll2(')

t C2t15OC2h5

. I'hey claimed thal direct dehydration of ethanol to ethylene

played a seconclary role ln the tem'erature ranqe 260 to 4O0oC.
il1)

Topchieva noted a maximum in the curve for The dehydration of

ether and claimed that the consecufive scheme did not adequalely

descr i be the f ormat ion of ethy I ene , lle conc I udecl J'hal the

resu I ts f or ethy I ene f ormat i on rve re best clescr i bed uy the

"si mu I taneous" mechan i sm.

-'
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(13 ,1 4)
Two recent papers by lsagulyants and co-workers

díscussed a study of the mechanisrn of the dehyciration reaction
14using C label led compounds. They claimed thaf lhey were able

to determine the rates of the individual phases of oaral lel,
consecutive and parallel-consecutive reat-ions. The second of

the papers s-iudied the fol lowing simulfancous reacf ions on alumina,

where k is the rate of reaction.

c2H5oH
k1I
kl

\z

, c2t15oc2t-15 + I't2cIÍ

C2H50H CZHq + H20

+ c215oc2t15
k
+ czïq + * llof)3

at 275oC they found that k, = k3 and as the temperature was

increased k2 increased ñÏcre raoidly than k3, so lhat at 400oC k2

dominated fhe process. When the contact -l-Ìme was increased at

various lemperatures ¡ kl decreasecJ rap id ly and r<.1 increased

rapidly to a maximum and fhen decreased, so that both k1 anO kl

decreased as the concentrations of ethanol and ether decreased.

Their results f avoured a simultaneous scheme vrith lhe paral lel

ethylene formatíon beinq clominanl at higher temoeratures.
(12)

Knozinger and Köhne have publ ished a comprehensive

sludy of the dehydralion of ethanol and olher al iphatic alcohols

on y-alumina. ln particular they studied fhe dehydration of

ethyl alcohol and diethyl ether for various temperatures and

contact, tinres. The programrne was in f act a rnore accurate
(5)

reassessment of the work of Pease and Yunq. Their results
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showed remarkably close aoreement with those of Balanceanu and
ilc) (11)

Junqers and the Cl4 study of lsaqulyants. From their
results they were able to set uo lhe followinq reaction scheme

where A represenfs ethanol, E is dielhyl efher, \,/ is water. and

0 is ethylene.

+J
k -1

2A )r A+O+W
2

?_O + 2w

This scheme was postulated on the fol lowino findinç¡s.

(a) At low temperatures and smal I conversions the Drlmary

reaction step is a bimolecular ether formafion. This was shown

by the appearance of only ether and water at low temperature

(2lloC) and an induction períod in lhe plot of olef ine partial

pressure aqainst contact time at sl iqhtly hic¡her temperatures

Q56oO. At h i gh degrrees of convers ion the back react ion ( - 1 )

becomes i mportant.

(b) Wilh increasing temperatures the incJuction period

disappeared'f rom lhe olef ine curve while at the same time the

ether concentralîon in the contact time olot exhibited a maximum.

They concluded that wîlh increasing temperatures a Drimary olefine

el imination (by reaction 2), in addifion to the secondary olefine

el imínaTion from ether, became important. This was evidence

for simultaneous, paral lel, and consecutive steps.

The authors also considered the val idity of the two schemes

for ethylene elimination f rom ether via steps (3) or (4). The

former scheme had been supported by lsagulyants and the lafler by

E TW
I

+3

4l

k
2
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[Ja laceanu and -Junc]ers. Knoz inger and Köhne supported reacl ion

(4), sínce for reacfion (l) to occur four bonds would have to be

broken and four new ones formed. 0n the other hand, only one

bond is required to dïssociate to qive step (4). The validity of

their statement regardinq lhe likely steo was based on a paper by
(15)

Rîce and I e I ler wh ich postu lated the ''princ irr le of least

motion". This stafes that from a number of possible reaction

mechanisms with a high degree of probabi I ity, lhe mechanism in

which the position of the individual atoms an<J electronic config-

uraf ion of the reactinç¡ system is least altered, is preferred.

2.1.4 Summary

The simultaneous reaction scheme postulated by Balanceanu

and Jungers, and Knozinqer and Köhne, appears to be the most

accurate reported fo date. There appears to be I ittle conclusive

evidence for independent (paral lel ) ethvlene formalion.

llowever, the results do nol comp letelr¡ rule out the possibil ity

of a purely consecutive scheme.

2.2 Mechanisms for Dehvdration Reactions

The overal I mechanism of surface catalysis is very complex.

ln general, vapour-phase catalytic reactions are considered to lake place

by the fol lowing five steps.

Dif f usiorr of The reaclinq molecules to the cafalvsl surface.

Adsorption of the reactants on the surfoco.

Reaclion on the surface.

Desorption of products.

2

3

4



't I

5 L)iffusion of the products into the bulk fluid.

To include all lhese terms in one rale exoression woulcJ be a

formidable task. However, one of the steps often has a resislance fo

reaction thaf is far greaTer than the olhers and determínes the

reaction rate. ln order to study catalytic reactions it is desirable

to eliminate mass transfer considerations and to make step (l) the

rate=control I ing step. Various examples of rate expressions for
bimolecular and unimolecular reactions, for which chemical reaction is

rate determininq, wi I I now be oresented.

Tl-rus diethyl ether formation f rom ethyl alcohol is an example of

a bimolecular sol id-catalyzed reaction whi lst ethylene formation is

unimolecular.

Bi mol ecu I ar Reacti ons :

2A -+ E + W where an adsorbed molecule of A reacts wifh a

neiqhbouring adsorbed molecule to form adsorbed species E

and W. This is an example of a conventional LANGMUIR-

H I NSHELI^/00D mechan í sm.

The basic rate equatlon is
2r=k0 a

kt ou2 p u2r= 1(1+Kapa+Kwpw+Kup") (2.1)

where k1 is the specific reaclion rate constanf.

Ka, K* and le are the equilîbri'um adsorption coef f icients

Pa, pw and Pu are the partial pressures of A, W and E.

0u is the degree of surface coveraqe wÌth molecules
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of A.

2A + E + t¿/ where an adsorbed molecule of A reacts with a

qas-phase molecule to form an adsorbed species and a gaseous

species. This is an example of a RIDEAL-ELEY rnechanism.

The rate equation is

r = kOaPa

r= kt *u'u'
(1 + Kapa + Kwpw + K"Þ")

I I Unimolecular Reaction

3 A + 0 + tl/ where an adsorbed nrolecule of A breaks down to

form products 0 and W.

The rate equation is

r = kOu

k1 Ku Pu
(1 +Kapa+lÇpn+G%)r=

(2.2)

(2.3)

(2.4)

(2.5)

Equations Q.1), Q.2) and Q,3) may be símplif ied when initial

ratés (low conversions) are used to yield

k", 9u2
?='o ( l', + K¿ p¿) 2

a
Fo= i#*
r=kPuo l+Kupu

2.4 and 2,6 are zero order rate expressions.

2.5 is a firsT order expression.

(2.61
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2.2.1 l.4echan ism of Diethy I Ether Formation

There have been few attempts in the past to derive a rate

expression for the dehydration of ethyl alcohol to diethyl ether ín

terms of general catalytic theory. l1owever, recently there have
(16,9)

been two notable contributions. There have also been
(l7,18)

attempts to f it honrogeneous rate expressions to the cJata

for ether formafion. lvlost studies have used low alcohol partial

pressures in deriving fhe rete expressîons.

There have been conf I i cti nq mechan i sms postu I ated i n the
(e)

two recent Oapers by de Boer and co-workers and KnozinQer and
(1ó)

tìess. The former have shown that at 3O7oC diethyl ether Îs

formed símultaneously by Langmui r-Hinshelwood and Rideal-Eley

meèhanisms with the latler playinq lhe rïore siqnif icant role.

The equafion given for ether production was

velhe r k2 op * 3 pak ou

where vether is the rate of ether fornnfion

0u is the deqree of coveraqe with alcohol molecules

0^ is the degree of occupation rvith such paírs of alcol¡ol
P-

molecules that reaction can take place by a Lanqmuir-

' Hinshelwood mechanism

2It was shown that go - ,i n 0u' where there are n possible

sites round every adsorbed alcohol nnlecule so situated that ano+lìer

alcohol molecule can be adsorbed in a position favourat¡le for

react i on .

)
ou- ouIz +kTtrus v"1¡". kzn 3 pa
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For saturation conditions 0u

andsovefher -' kZtn (1 -uì2

0
w

+k il pa0)2)

kil * kt¡rPa

ïhe experimental data fitted this expression very wel l.
However, the sfudy suffered from several I imitalions. The

Ìnvestigation was carried ouf at only one temperature and at

a lcoho I part ia I pressures in the rancte 0 fo 1 10 mm Flq. An

extension of the concentration ranqe may have oiven qreater

eviclence for fheir postulated mechanism.

There þ/as no altemot made fo evaluale the influence of

water on the reaction.
(16)

Knoz i nrte r ancl Ress stud ied the i n f I uence of bo-lh

efhenol and water concenlrations for dehydralion of ethyl alcohol

in the lemperature ranqe 1140 - 193oC. Their resul-ls showed

thal between B0 and 3?-O mm l-lg elhanol pressure fhe rate of efher

formation was independent of alcohol concentration. Ïhey also

studied fhe effect of water partial pressure for several alcohol

pressures af temperatures from 174oC to 193oC. Smal I oartial

pressures of water appreciably înhibited the reaction. The

extent of this inhibition decreased with increased temoerature.

At 175 tqrr alcohol pressure a waler Í:ressure of l0 torr reduced

the rafe Þy 7lÍ' at 174oC', by 641' at'l84oc and by 53f, at l93oc.

For low conversions (initial rates) they were able to describe

fheir results by the expression
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(2.7)

wlre re r i s the raTe i n mo I e/gm sec

i s the zero order rate at p" = 0

and p* are the partial pressures <;f alcohol

respectively

is the relafive surface coveraoe of ethanol

ro

Pa

0a

and water

in The

presence of i nh î b i li nq water

b in terms of LANGMUIR theory, is the relalive adsorption

coefficienl of water to ethanol.

b had values of 4.0 at l74oc, ?-.7 at lB4oC and 1.4 at

I 930C.

The surprisinq feafure of equation (2.7) is fhat the

surface concentration of ethanol is only linear and not squarecl as
|}

would be expected for a bimolecular surface reaclion according to

the conventional Langmuir-Hinshelwood mechanism 
.9)

Knozinqer had previously publ ished a theoretical paper

on ether formation by ethanol dehydration on aluminium oxide in

which he postuIated a "double-centred mechanÎsm". lle suggesled

that a stable surface complex (possibly in the form of a surface

aluminate) was necessarv for ether formation.

lle further postulated that the surface concentration of

such a species was constant and that the rate equation should

therefore be independent of it. Hence the concentratÌon or

pressure dependence of fhe reaction was thouqht Ìo depend on the

surface concentration of a second reaction parfner which was less
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strongly held and occupied a fraction,0u, of the catalyst surface.

ln this case a rate expression of lhe form

k0r
a

or kKaPa
l+Kapa+K*Pw

would apply if the weakly-held alcohol rrnlecule occupied one

catalyst site. ln fact, presence of the souare root of the

alcohol partial pressure in fhe rate equation (?-.7) was attributed

to a fwo-point alcohol adsorption. lnfrared investiqations by
Q0)

Knozinqer showed that in the ranqe of temperatures which

appl ied to the dehydration study the preferred mode of alcohol

adsorplion was by two non-l inear hydrogen bonds. A further
(21)

study showed that water, ín the presence of excess alcohol

ís adsorbed by means of only one passive hydroqen bond to a

surface hydroxyl group. The existence of a thermal ly stable

surface alcoholate group has been proved by infrared soectroscopy.
(22,23,24)

There has therefore been considerable supporf for

the "two-cenfred mechan i sm" postu I ated by Knoz i nqer.
( l0)

Ba I aceanu and J un-qers stud i ed the dehyd rat i on of ethy I

alcohol at 300oC and foun,:J that ether was formed by a bimolecular

reacfion. llowever, they concluded thaf the secondary ether

break down 1o ethylene limited the usefulness of lhe results and

extended the study to consider fhe dehydration of methanol, for

which onlv a stable ether forms. The mechanism which they found

besf fitted their data was

r
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which conforms lo the conventional LANGMUIR-HINSHELW00D concept.'

They also sfudied the influence of water and concluded that water

inhibited the reaction. ln fact at 5O0oC they found that 3Of water

in alcohol reduced the rate by 371.

From these three studies, whîch have consicJered fhe

mechanism from the adsorption viewpoint, three differenl rate

expressions have been postulafed for the dehyclralion of ethanol to

diethyl ether. The three mechanisms which have been advancecl are

a Langmuir-Hinshelwood binolecular reacf ion (zero order), a

doub le-centred mechan ism ( zero order) , and a comb ined L.anctmu ir-

Hinshelwood-Rideal-Eley mechanism (combined zero and first order).

Obviously tfis aspecl of the dehydration reaction, merits re-

exam i nat i on .

2.2.?. Mechanism of Ethvlene Formation

As in the case of efher there have been few mechanistic

studies of ethylene formation.
Q5)

Brey and Krieqer derived the fol lowing rate equation

for the dehydration of ethanol on 'r-AlZ 03 at l50oc to 400oC.

22,400R - l-l-le- Pa -K¿l¿ + Ky¡Py¡

The equation was based on the assumption that surface reaction was

rafe-control I ing, that ethanol and water were stronqly adsorbed

while ethor and ethylene were not, lhaf one active siÌe was

involved per molecule of ethanol reacted, and that the reverse
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reaction could be neglected because of the maqniTude of the

equ i I it¡ri um constant. ln equaf ion (7-.8)

R ís the rate in moles of etnylene/cm5 of calalyst

bed/second

k i s the rate constant

L is the number of acfive sites per cmi of catalyst bed

Ku and K* are the equi I ibrium adsorptíon constants for

a I coho I and water respect i ve I y

P¿ and P* are partial pressures of alcohol and water.

Equation Q.B) is a general expression for a reaction of

the type A -+ R + S. Simi lar equations have been userl by Mi ller
Q6) Ql)

and Kirk and Butt, Bl iss and Walker for lhe dehydration

of primary alcohols to olefines over alumina.
(9)

de Boer and co-workers have also found that their

results for ethylene formatíon fit conventional catalytîc rate

expressions. They wrote their rate equation in the form

vethy I ene = kl ou

which at hi-oh alcohol pressures became

vethy 
I ene k1

No attempt was made in either of these studies to deTermine the

effect of water on the rate of ethylene formation. Since
( l6,lB)

Knozinger has proposed that ether îs produced by a double-

centred mechanism, a study of ethylene production at various

alcohol and water concentrations mioht reveal a simi lar mechanism
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for that reaction thus providing support for his hypothesis.

2.2.3 llg_c¡,an i sm ot_0 i eJM_ e_t-lg_L_ae.glp_o=j f i on
il0)

Ba I aceanu and J un,qers stud i ed the decompos it ion of

diel'hyl ether on y-alumina and found that the results fitted the

rate expression

k be+her cether
bether Cether + bwater Cwafer

V

usrng

Where

initial reaction rates.

V is the rate of reaction

k i s the rate constant

bether an<l b*u1ur are the adsorption coefficients ofether

and water

Cether and Cwater are the concentrafions of ether and water.

2,3 Adsorpfion Studies

It is ímpracticable to measure the adsorp-fion coefficient for

ethanol on y-alumina at hioh temperaTures because the alcohol under qoes

rapid dehydration. For this reason "relative adsorption coefficients"

have often been obtained from kinetic measurements by solvin-o rate

expressions based on the Langmuir adsorptíon theory. ln qeneral lhese

coefficients have been quofed relatlve to water.
QB)

Topchieva has de1-erminerj the adsorption coeff icient of water,

diethyl ether and ethylene by adsorption studies.

l
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The fol lowinfl values were oblained

-lSubstrate Temperature (oC) Acjs. Coeff. (atm

90l^Jate r

D i e'lhy I ethe r

Wate r

Ethy I ene

250

250

430

430

20

2.0

B0

Thus in the catalytlc dehydration of ethanol on alumina the water

formed inhibits the reaction more stronclly than ether or ethvlene.
(10)

Balaceanu and Junqers dehydrated ether-waler mixtures over

alumina catalyst at various temperatures. Assuminq a unimolecular

surface reaction they obtained the relative acJsorption coefficients by

solving lhe rate equation for various ether-waler compositions. They

then repeated the study for ether-ethanol mixlures. The results for

the Tv;o systems are presenlcd below.

Temoerature oC Relafive Adsoroti on Coef f í ci ent

225 r3.0 7.0

245

260

t(
w

K;
K

Ç
K

k;

9.5

5.8

K
a

ñe

Ka7-t\ô

,aa

K;

7) ,

2.5

These results sugç¡est that ethanol and water are stronqly adsorbed,

whilst ether an<l ethylene are weakly aclsorbed. This would account

for the inhibiting effoct of water upon the dehydration of ethanol on
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y-alumina.

?.4 The Effecf of Temperature

ïhe I iterature on the femperature dependence of the various

dehycjration reactions ís inconsistent for two main reasons. Firstly,
different authors have employed different mefhods of catalyst
preparation and pretreatrnent. Secondly, in many cases the activaïion

energy has been found by plottinq the logarithm of the rafe and not

the logarithm of the specific rate constant against reciprocal temperature.,

One may only plot the logarithm of the rate in fhe case of a zero order

reaction, when in fact fhe rate constant is equal tO'the initial rate

of reactíon. However, in the case of a reaction which is nof zero

order, or in the case of a zero order reaction where large conversions

are used to calculate the rate of reaction, the reaclion rate is
dependent upon concentration and so cannof be used to determine fhe

value of the apparent activation energy.

Some values of the apparent activation enerqies for the various steps

of ethanol dehydrafion and diethyl ether decomposition on y-alumina

catalysts are labulated below.

Reactanf Producf Eu (Kca I /gm nnl e) Reference

Ethano I Diethyl Ether 14
2?
14
25

0
6
2
9
0
5
2
I
0
5

( 10)
(11)
(17)
il6)
fi0)
(1r)
(17)
( l)
( l0)
(11)

il
lt
rl

lt
il
il

Ethano I Efhy I ene lB.
14.
ll.
10.

Diefhy I Efher 24
14il

Ethy I ene
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ill)
The results of ropchieva showed that fhe activation enerqy

for ethanol and diefhyl ether dehydration to ethylene was the same for
both reactants. From this he concruded fhat the one surface

intermediafe was formed when either ethanol or diethyl ether was

decomposed" However, he dicl not explain why fhe higher value was

obtained for diethyl ether formation from ethanol.

Anofher exPlanalîon of the temperature dependence of dehydration
il)

reactions was advanced by Stauffer and Kranich who obtained a value

of 30.8 K cals/gm mole for ethylene formation, the same value that(29)
Kabel and Johanson had obtained for elher production from ethanol

on Dowex 50-ion-exchange resin.

They sugoested that the breaking of the same bond may be rate

controlling over a wide temperature ranqe and over widely differenl
catalysts whether the product is olefine or ether.

Several studies have been made to determine the influence of substrate
structure on the apparenl activation energy for the reaction.(1) (26)

Stauf f er and Kran ich and l'4i I ler and Kirk have f ound that for
the dehydration of a series of primary alcohols from ethanol to hexanol,

the activation energy is the same for all alcohols on the same catalyst.
The latter pair determined a value of 16.oro.7 K cals/qm mole for
dehydrafion on an alumina-si I ica catalysl, whereas the former obtained

a value of 30.8 K cals/gm mole on a y-alumina catalyst. Since the

activation energies for the homologues were the same, the conclusion

was drawn fhat the bond rupture energy was importanf. Different(10) (tl )
conclusions were reached by Dohse and Bork who founcl a syslematic

conn'ection between activation energy and chain lenqfh or chain branchinq.
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The limifation in ail four srudies was that rates were carcurafed
without a clear appreciation of the mechanism or reaction scheme.
unfil the mechanism of rhe reaction is completely understood, no useful
conclusions can be reached concerning the effecf of substrafe structure.
ln fact, because of the complicated 'rsimultaneous', reaction scheme that
has qained most súpport recenfly, it wourd appear that the dehydration
of alcohols on y-a,rumina is not a good reaction on which to study such
effects. l,4ore useful results should be obtained by usinc¡ a catalyst,
such as thoria, which produces orefine as the sore reaction product.

2.5 Conc I us i ons

A review of the riterafure suqqests that a detaired study of the
dehydration of ethanol over a wide ranqe of temperatures, and ethanol
and water partial pressures, fiây be rewardincl. ln particular it will
chock lhe appricabirity of the theory of Knozinqer(16'''9 '24't" ,o
efhylene formaTion. lt may provide eviderrce to discriminate between
fhe paral lel, consecutive, or simultaneous reaction schemes, aboul-which
there has been so much confl icfinq I iterature. Al I of these aspects
of 'the react jon must be investiqated fully before studies of fundamental
properties such as substrate strucfure can be atlempfed.
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3. EXPER I MENTAL

This secfion describes the nature and manner of preparafion of the
materials used, the differentiar reactor system, and the gas chroma_
lographic technique used for product composition anarysis. lt arso
summarises the procedures used to study various aspecîs of the reaction
mechan i sm.

l.l ir4aterials

5. l. 1 Di I uent Gas

oxygen-free, dry nítrogen (commonwearth rndustriar Gases
Pry.Ltd.) was used as a diruent in the reactant and product
sfreams' The impurities quoted by the suppr ier were oxygen
(2o p.p.m. ) and water fiO p.p.m. ). No attempt was made to rower
the oxygen level. However, the water content was reduced by
passing the gas through a 5A rnorecurar sieve drier. rt was

considered essential that any water be removed because of the many

reports of water inhibiting the dehydration reactíon.

3.1.2 Ethyl Alcohol
t'Anhydrous" ethyr arcohor (suppried by F.11. Faurding and co.

Ltd') was shown by gas chromafography to have onry water as an

impurity. This was removed by drying over 3A molecular sieves.
The ethyl alcohor was then distiiled and stored over- 5A morecurar
sieves unti I used.

3.1.3 v-Alumina Cata I yst

The y-alumina cataryst was suppr ied by the Harshaw chemicar
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company (u.s.A. ) in the form of å-" .rrincJers. The sampre

(Type Al-OlO4 T å - Lot 159) was 99i, pure y-atumina. The surface
area (BO m7/gn) and pore volume (o.i t 0.02 cclgm) were determined

by lhe manufacturer using a BET apparatus and a mercury porosimeter

respectively.

3,2 Aooaratus

A flow diagram of the apparafus is shown in Fiqure l

3.2.1 Dif ferenlial Reactor Svstem

An al l-glass reaclor was constructed from 24 nm bore

borosi I icate glass. The cataryst support was a sintered glass disc
of porosity 1, located at the centre of rhe reactor tube. The

supporf gave minimal channel ing and pressure drop. The reactor
was heated by a tube furnace. A. elecfrical ly heated vaporizer
and preheafer was situafed above the reactor. lt was constructed
from the same tubing as the reacfor and was packerJ wi1-h t" glass
Raschig rings. The temperature of the prehearer was control led

manua I ly lhrouqh an autotransforrner.

Ethyl alcohoi was admltted to the top of'the vapor'.". oïr,
a meterinq pump. The pump, which has been described ersewhere.

was driven by a variable speed motor, with a maximum sDeed of
400 r.p.m. through a 1 to l0 reduction gearbox. solvent resistanf
tuþes with bores from 0.02 lo o.0B inches were used. These tubes
produced flows from 0..l gm/min to j.0 qmlmin.

ln those runs in which the ethyl alcohol feed was diluted
with n itrogen, the gas was meterecJ into the preheater 1-hrough a

needle valve and rotameter after passing through molecular sieve
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driers. For al I runs a second nitrogen stream, which was metered

in the same way, wôs mixed with the product stream from the

reactor. This was clone for two reasons. Firsily, it lowered
'the partial pressure of the condensable material in the reactor
ef f luent and so reduced the likelihood of concjensatíon of the

product stream prior to analysis by the gas chrornatoqraph.

secondly, it reduced the alcohol concenfrafion in the procluct

stream so That the arnount of alcohol introducecj into the oas

chromatoqraph durlng an andysis was within the I inear ranqe of
the f I ame ion i zation detector.

The I ines from the reactor to the gas chromatoqraph were

made from borosi I icate fubing and were heated to prevent

condensation of ethyl alcohol, water, or ether. lleatînq tapes,
which were regulated by auÌotransformers, were used to heat fhese

I i nes.

The total reaction pressure was found by summîng the

pressure in the system and the atmospheric pressure. The pressure

of the system (differential pressure) was measured using a

mercury-fi I led u-tube manometer. The I ine to the manometer was

electrical ly heated to prevent any condensation of alcohol.

Al I on-off valves in the glass-ware of the reaction system

had teflon keys. This type of stopcock was used to prevent

contamination of the product stream with qrease and to enable

efficient operation in heated I ines.

3.2.2 Temperature l4easuremenf and Cont rol

The temperature of the tube furnace heatinq the reactor was
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conlro!ed by a rioneywer-Brown pyrovane indicatino on-off
control ler, which actuated an externar reray thus swirchinq
befween an autotransformer suppryinq hiqh vortaqe and one at a

lower voltage. The vorfaqe difference between the hioh power
and low Þower fransformers was creneraily maintainecr af lo vorts
in order to produce a minimum ampritude ín the temperature cycre
within the reacfor. The thermocoupre which actuated the
control ler was rocafed in the air-soace between îhe reacfor antJ

lhe tube furnace, the bead of fhe fhernncouple beinq level with
the catalyst bed. This positioninq of fhe thermocoupre qave

t¡etter contror of the temperature in the reactor than when fhe
thermocouple was located in the catalysî bed. tn .lhe latter case
the laqs in the system crreaily af fected the quarity of the conîror.

The reaction tempera'i'rre was measured with a caribrated
cttromel-alumel thermocoupre which was rocated in the ouilef qas

I rì

stream about ¡- from the bottom of the cataryst bed. The

measured reacfion temperatures hacJ a variation of ress than t roc
from the average value quoted for a parlicular run.

3.3 Ana I ys i s bv Gas Ch romatoq raphy

comprehensive qas chromatoqraohy faci I íties were avai lable for this
study. The instrument used was a shimadeu GC lc qas chromafoqraÞh, a
dual column device, which had thermal conducfivity and f lame ionizbtion
detectors connected in serîes. The unit îs oictured in Fígure 2.
Other faci I ities incruded a heated qas sampre varve, a non-r inear
temperature programrner, and a preparatîve aftachment. A sample of the
product stream courd be introduced onto the column símpry by turninq a
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valve. The varve and sampre rooo were housed in an,oven which courd
be maintained at temperatures between ambient and Zoooc by means of an
on-off conlrol ler' ro ensure that there was no condensation of wal.er,
ethanol or ether from the gas mixfure, the varve was maintained at
l5ooc durinq ar r runs. The varve was equipped with three sampre
loops which had capacif ies of 1, z, and 5 cmJ. caribraf ion of the
flame ionizafion detector for ethanor showed that the 1 crJ roop
admitted a sampre which contained ethanor în an amount oufsicie the
linear range of the cjetector. Hence, â 0.4 cn3 looD was constructed
to ensure fhat fhe anarysis was made within the rinear ranqe.

3.3.1 Choice of De-l ector

Irlany stud ies of crehyd rat ion reoct ions have emÞ royed Qas

chromatoqraphs equipped rvitlr thermal conductivity defectors.
Generally this detector has been useci in order to obfain a

quantítative estimate of the water concenfration in thc procJuct
stream. ln thís stucJy there was a choice of two cJetector systems.
The f lame ionization clctector was chosen since the thermal
conductivity method was considerecj fo be noï sensitive enouoh to
determine compositions r,rhen conversîons of ress than I more percent
were exf)ected; Arthouqh thc flame ionization deteclor is
insensitive to water, the amount of water courd be estimated knowing
the amounts of ether and ethr¡lene formed. ln fact, the rafes of
reaction were calculated usinq the n¡ole f ractions cf eth.v lene and
d iettry I ef her' F lame ion izat ion had severa I other aclvantaqes over
1'hermal cooductivíty. Firstly, it allowed 1.he usc of nitrooen as

carríer qas in place of lhe rrÐre expensive helium whici¡ is requîred
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for use rvith thermal conductivity defectors. Secondly, the

f'lame ionizafion device has a I inear response ranqe lhat exceeds
(33)

by several orders of magnitude that of any other detector.

3.3 .2 Cho i ce of Sepa raf ion

Several columns were investigated. Porooak 0 which

consists of po¡ous polymer beads, was found to oive excel lenf

separation of ethylene, dÎethyl ether and ethanol. A comprehensive

report of the use of this packinq material fo separate the Three
(l)

components has been qiven earl ier. Using Poropak 0 the order

of eluTion is efhylene, ethanol and diethyl ether. whi lst this

separation was adequa.te for analyses when hiqh conversions to elher

were maintained, difficulties arose at low ether concentrations.

At the sensitivitles required to determine the low ether concen-

trations, a small amount of ethanol could be detectecl that was

being eluted from the column. This appearecl on the recorder

trace as quîte a large "tai1". Thus the ether peak was super-

imposed on the trai I inq edqe of the ethanol peak. An alternative

col umn materi a I was then i nvesti gated.
il)

stauffer and Kranich reported the use of Renex 678, a

polyoxyethylene alkyl aryl ether, as a slationary phase for the

GLC separation of alcohol, olef ine and ether mixtures. A column

of Renex 618 (lO wt l,) on BO-100 mesh Chromosorb W (90 wt l) was

prepared usinq acetone as solvent. This packinq providecl an

excel lent separation of the three components, the order of elution

being ethyl'ene, diethyl ether and ethyl alcohol. Acefaldehyde,

a reported by-product for sorne studies, was eluted between
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diethyl ether ancJ ethanol. Renex 678 on ChromosorLr W was therefore

chosen as the column packing for all product analysis in this

study. A typical chromatogram of lhe product stream is presenfed

in Flqure 5. The details of conditions used in the separatlon are

presented below.

Co I umn

ese¡i-!s.

Carrier Gas

Material : Stainless Steel

I nterna I Di ameter : 5 mm

Length : 1.5 m

Renex 678 ( lO wt l) on Chrorncsorb |¡l (90 wt l,)

N i trogen

Flow rate z 40 "t5/t¡n
Flow rafe : 40 cmfltin

Flow rate i 1,000 cm3/min

Co lumn z -l5oC

lnjection Port : l5OoC

Heated Gas Samp I er : I 50oC

Detector : 250oC

Same as seoaratinq column

Ethylene : 0.75 rnin

Diethyl l:tlrer : 1.0 min

Ethano I : 2.0 mi n

Tempe ratu res

Reference Col umn

fìetent ion T imes

3.3 ,3 Ca I i b rat i on of the l)etector

The flame ionÍzation cJetector shows a regularity in its
( lJ ) (34)

response to related compounds. Onkiehonq inTroduced a

'rC-f actor" wh ich e I im i nated the need fo calibrate this cJetector.
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lle def ineci the f actor as

molecular weiqht
C 12 x number of carbon atoms

The ratio molecular þ/eighf/12 was infroduced lo give composition

measurement in weighl. The factor as defined by Onkiehonq,

converts the response per ç¡ram of sample to the response per gram

of carbon. When nrole f ractions are required fhe N4:iìl./12 ratio

can be omitted. Onkiehonq found that when the components conlain

oxyqen, a qoocl approximatíon was to split off as many COr grouPs as

possible frorn the parent molecule and to use only the residual

carbon atoms for calculation purposes. lle showed, by measuremenl

of thei r responses relaTive to hydrocarbons, that lhis approximation

could be applierJ to ethyl alcohol and diethyl ether.

cal ibrations for diethyl ether, ethylene and ethyl alcohol

present certain dif f iculties. The high volati I ity of ether af

ambient temperature makes if difficult to inject reproducible arncunts

of that component. Ethylene, because ¡t is a gas, must be

cal ibrated independontly of the two I iquid components. Hence both

gas and I iquid syringes must be used and this places great

lmportance on their accuracy of cal ibration. The Onkiehonq C-factor

approach fo quantitative product analysis was adopted to overcome

the di fficulty of cal i bration for these three components. However,

convenfional cal ibration procedures using syrinqes, were done to

check that product analysis was made within the linear range of lhe

detector. The cal ibration graphs for diethyl ether, ethyl alcohol

and ethylene are shown in Fiqures 4,5 ancj 6 respectively. These
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graphs show that the response was linear for al I three componenfs

f or the sanrp I e vo I umes i nvest i qated .

3.3.4 Ouant i tat I ve Ana I vs i s

Quantitative interpretation of the chromatogram was done by

the internal normal ization method. ln this meThod, also known as

the fo'lal peak area method, the concentrafion of each component in

the sample is calculated. The first step in the DroCedure is to 
"!

calculate the area of each peak in the chromafortram. The area of

each peak is proportional to the arnount of the respective

comDonent:

A¡ = fi(C¡)
where f¡ is the detector response fector whÎch correspQncls to the

C-factor defined by Onkiehong. The values of f used in this

study were

ethyl alcohol

diethyl ether

ethy I ene

a

e

o

f

f

f

= 1.5

= 3.5

= 2,0

These values were determined using the expression

(ti = no. of c atoms in comPonent i of CO2 qrouos i nno.

component l). The relative amounts of each component were than
A;

determined by summinq the * terms and usinq exoressions of the'' tí "

f orm
Ae

c=f"
Ao Aa Ae

fo f¿ fe

e
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to calculate the relative arncunts of elhylene, diethyl ether and

elhyl alcohol.

The peak areas were determined by multiplyinq the height of

each peak by fhe width at half height. This metltod was f irst
ß5) (36)

recommendecl by Cremer and MUller. A study by Gi ll ancl Tao

reported an error oÍ 2,58% in the area of individual peaks usincl

this method. This was compared with an error of 0.44/" using an

electronic integrator and 4.06% using planimetry.

3.4 Exoerimental Techn ioues used to Învestioate mechanisms

A qeneral description of the reaction system was presented in

Section 3,2.1. The followinq section reports the proceclures used To

invesligafe various aspects of the reaction mechanism.

3,4 ,1 Temperature dependence of Ethanol Dehydration

The rates of diethyltether formation were determined in the

temperature range 214oC to 319oC usinq 10.0 orams of cafalyst.

The ethanol nrolal flow rate was increased as the reaction femper-

ature was increased so tttat inifial reaction rates were obtained

for al I temperatures studied. This ensured that approximately

the same low conversions vrere obtained for al I runs' The

calculation of initial rates of reaction is necessary in a system

where a p roduc't spec ies i nh i b its the react ion .

The rates of formation of ether and ethylene were determined

over 0.4 qrams of catalyst at lemperatures from l05oC to 436oC usíng

the same procedure.
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3,4,2 Temperature dependence of Diethvl Ether Decomoosition

The decomposition of diethyl ether was ínvestîqafed in the

temperature ranqe 3O0oC - 40OoC usinq 1.0 qrams of catalyst. The

hiqh volatility of diethyl ether caused d¡f f iculfy in the

cal ibration of the metering pump for that compound. ln fact, the

feed reservoi'r had to be immersed in an ice-balh to cool the ether

suf f icientty to prevent vaporization in the pump. l{hen this
procedure was used the ether f low rate wa,.; constant for all
temoerafures studied. Conversions of ether'varied Íron ?-.4% at

l00oc lo 2B/,, at 4o0oC.

Therefore the rates obtained were nåt tn" initial reaction

rates.

3.4.3 The influence of Ethanol partial pressure

The rates of diethyl ether formation were defermîned af

24BoC and 295oC for alcohol pressures in the ranoe 40 mm Hg fo

800 mm llg. ln all runs 2.0 qrams of catalyst was used. The

alcohol flow rate was held constant and the partial pressure was

varied by dilution of the alcohol vapour with nitrogen.

The influence of ethanol partial pressure on rales of

diethyl ether and ethylene formation rvas stuCied at 357oC and

393oC usíng 0.4 grams of catalyst and the above procedure.

3.4.4 The infiuence of V'later partial pressure

The effect of water on the rates of formation of diethyl

ether was studied at 261oc and 312oc usinq lo.0 grams of catalyst.
Similar studies were carried out a1' 34BoC ancl 3B6oC for the
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forrnalion of elhylene and ether over- 0.4 qrarns of catalysl'. The

water parlial pressure was varied iry meterinq ethanol-water

mixtures into the reactcr. The water composition in 'these feeds

varied from 2 lo 30 weiqht Dercent and nroduced watet- vapour

prcssures varying from approximately 40 mm llo to 400 mm l1q'



4, RESULTS

4, I Treatmenl of lìesu lts
The rales of reaclion were calculated from the experimen-lal

by means of -fhe equation

Fa x¡r¡ = T--

41

resu I fs

(4.1)

where r¡

xi

l'l

F'a

is the rate of formation of î (moles/qm min)

is the mole fraction of i in the producl' stream

ís the mass of catalYst (gm)

is the flow rate of reactant a (moles/min)

Equation (4.1) is the expression usect to calculate reaction rates

from differential'reactor dafa when the feed to the reactor is free from

product component i. The rates of reaction were calculafed usinq a

Control Data Corporation 6400 digital computer. The mole fractÌons of

fhe product species were determined from qas chromatoclraphic analysis

usinq fhe technique rlescribed in Secf ion 1.3.4. The data fed to lhe

computer included the heiqhts and widths al half heiqht of individual

peaks, the mass of catalyst used, and the reactant flow rate. The

prograryrne also calculatecl partial pressures of water and ethanol in the

runs where those parameters were varied.

4.2 The rate control I inq sfep

The effect of mass transfer phenomena was investiQated by measurinq

the reaction ra-les when the space velocity of the feed was varied' lt

was found in all runs that the chemical reaction was fhe rafe-controlling

step. The activation energies for both diethyl ether and elhylene
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formation were found to be approximately 30 K cal/crm mole, a value which

is much qreater than those for diffusion processes. The space velocities

used in this sÌudy were qreater lhan lhose reported in similar investi-
(9,16)

galions of the reaction mechanism. Chemical reacfion may therefore

be assumed to be the conlrol I inq mechanism in this study.

4.3 T erature d dence of Dieth I Ether Formation

The rates of dÌethyl ether formation were detern¡ined in lhe temper-

ature range 214oC to 5l9oC. ReactÎon rates varied from B .62 x 10-7

n¡cles/gm min at 214oC to 1.74 x 10-4 moles/gm min at 3l9oC, indicating

that the reaction is highly actîvated. The rates and corresponding

temperatures are given in Table 4. I

TABLE 4. 1 The temperature depeñdence of ethanol dehydration at

temperatures from 214oC to 319oC.

Temperatu re
(oc )

Rate of diethyl ether
formatlon (mole/qm mi n)

214
220
224
229.5
236.5
242
251
255.5
261

7-94
501 .5
3r I
319

_1l0
1 0-6
I 0-6
1 0-6
1 O-6
1 o-6
I O-6
I 0-5
1 0-5
1 O-5
1 o-5

E
1 0-JE
10-',,
o-5
g-5
6-4

8.62 x
1.27 x
1.84 x
2.76 x
4.01 x
5,13 x
8.37 x
1.ll x
1.29 x
1.76 x
Z.Bi x
3.55 x
5.00 x
(r.0f x
8.29 x
1.34 x
1.74 x

266
274.5
280.5
287.5

9-4
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Complete details of the experimenlal runs are tabulated in Appendlx 2.

Fina I ly, the resu lf s are presented as an Arrhen ius p lot in Ficlure '7.

4.4 Temperature d eÞende nce of the dehvdration of ethyl alcohol in

the ranoe 305oC to 436oC

The rates of simultaneous diethyl ether and ethylene formation were

determined in the temperature ran.qe 305oC to 4l6oC. These results are

presented in Tab le 4.2.

TABLE 4.2 The temperature dependence of ethanol dehydration af

temperatures from 305oC to 4l6oC.

Temperatu re
(oc)

J05
308
315.5
321
328
334
339.5
345.5
352.5
356
364
373.5
318
.585
'192

399
404
409
414
420
426
431.5
436

Rate of diethyl ether
formation (mole/gm min)

9-4
g-4
g-4
g-4
g-4
g-4
6-4
o-4
o-4
o-4
o-5
0-3
0-3
o-l
o-3
o-l
o-32o-)

3:;
o-l
0-r

Rate of ethy I ene
formati on( np I elgm mi n )

g-5
0-5

Eo-)
g-5
9-5
g-5
o-5
o-5
o-4
o-4

1.00 x
1.32 x
1.97 x
2.45 x
3.64 x
4.42 x
5.36 x
6.67 x
9.06 x
9.96 x
1.17 x
1.66 x
1.96 x
2.36 x
3.25 x
4.27 x
5.46 x
6.?0 x
6.64 x
7.64 x
9.46 x
1.17 x
1.41 x

¡-4l.lB x
1.59 x
2.28 x
2.84 x
3.Y4 x
4.36 x
5.00 x
5.99 x
7.lB x
7.95 x
8.55 x
l.llx
1.26 x
1.39 x
1.70 x
2.18 x
2.55 x
2.59 x
2.59 x
2.71 x
3.05 x
1.30 x
3.61 x

0-4
-4
-4

o-4

0-

0

0
0

0

4
-4
-4

0
0
0
0

-4
-4
-3
-3



Complete data for the runs are presented in Appendix l.

resulfs have been plotted as the natural logarithm of the

¡eciprocal absolute temperature in Figure B.
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Final ly, the

rafe versus

4.5 T rature de endence of Dieth I Ether d ition

. The rates of formation of ethylene and ethyl alcohol were calculated

from the results for diethyl ether decomposition at temperatures from

i00oc to 4O0oC. Al lOOoC the conversions to ethanol and ethylene were

approximately equal. However, as the temperature vias increased, the

rate of ethylene production increased at a greater rate than eThanol

formation. So marked was this effect that at 400oC the ethylene rate

was a lnrost cJoub le the ethano I rate. The resu I ts are o iven ín Tab le 4.3

and ful I experimenlal detai ls are Dresented in Appendix 4. The logarithm'

of the rates of ethylene and ethanol formation are ptotteO against

reciorocal absolute Ìemperature in Fiqure 16.

TABLT 4.3 Rates of diethyl ether decomposilion in the temperalure

range loooc to 4oooC

Temperatu re
(oc)

Rate of ethano I

formation (mole/qm min )

Rate of ethy I ene
formation (mole/qm min)

100
312
324
337
354
368
378
t90
400

El0-./
1 O-4
1 0-4
I 0-4
1 O-4
1 O-4
1 o-4
I O-4
1 O-4

B
1

1

2
2
4
4
6
6

56
OB
46
06
82
02
76
l0
98

X
X
X
X
X
X
X
X
X

B
1

I
2
4
5
1
I
I

X
X
X
X
X
X
X
X
X

36
22
75
6B
06
92
44
04
2B

tr
I 0-J
1 0-4
1 O-4
I O-4
1 O-4
I O-4
I 0-4
I O-3
I O-3
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4 .6 Ca I cu I af i on of aÞparenÌ act i val i on ene rqres

The activation enerqies and frequency factors have been calculated

for both diethyl elher formation and ethylene formafion. These results
are presented in Tat¡ le 4,4

TABLE 4.4 Activation energles and frequency factors for the

formatlon of diethyl ether and ethylene

React i on Diethy I ether
Format i on

E thy I ene
Format i on

Temperatu re
Range (oC)

Apparent acti vafion
energy Eu
(calslgm rnole)

Frequency factor
(mole/gm min)

214 319 305 436

28,500 x 50 29 ,200 t 50

6.10 x l06 l.14 x 106

The activatíon energy for diethyl efher formation was calculated usinq

rate data cJetermined in the femperature range 2l4oc to il9oc. ln this
range the formation of diethyl ether was found to be independenl of

alcohol pressure at pressures approaching one atnrosphere (Section 4.7).
Thus, under fhose conditions, the reaction vras zero order and the rate

constant was equal to the rate of reaction. However, at hiqher

temperafures (Section 4.8) the reaction was no lonqer independent of
alcohol concentration and the rate constanf differed from the rate of

reaction. Since the reaction rates were concentraf ion depen<,ent, the

activation energy was not calculated for the hîqher temperature ranqe.
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ln Section 4.8 ethylene formation has been shown to be zero order for

the temperature range 3O5oC lo 436oC, hence the activation energy has

been determined for that reaction.

The activafion energies for fhe formafion of ethanol and ethylene,

by the decomposition of diethyl ether, were nof determined for two

reasons. Firstly, no atfempt was made in thls sfudy, to determine the

order or reaclion rate conslant for the reaction. Secondly, high

conversions were obtained. Consequenfly lhe reaction rates were

concentration dependent. Although the plots of ln rate u".=u, ITOK

are straight lines for both efhylene and ethanol formafion, values of

activation energies calculated from thoseplots would have little meaninq.

A digifal computer proqramme was written to calculate the

activation energies and frequency factors. The clala required follhe

programme were reaction rate constants ancJ temperature. The computer

calculated and tabulated the nafural loqarithms of the rate constants

and the reciprocal absolute lemperatures. A linear least s-Quares f îl of

the cJata lo lhe Arrhenius equation ln k = ln I E"\ - # was made and lhe

least squares values of ln k were calculated and tabulated for every

temperature. The activation eneroy was cletermined by mulÌiplyinq the

negative value of. the slope of fhe least squares fit of the data by the

gas constant R. The frequency factor was found by taking the antî-

logarithm of the intercept. Appendices 1l and 14 present the results of

the least squares fit of the data.

The rel iabi I ity of the estimates of the activation energies was

evaluated using the standard statistícal analysis procedures recommended
(37 )

in the Chemical Engineers Handbook. The activation enerqies had a
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95r/, proOability of being within !45 calslgm rnole and !28 calslgm mole

of the values determined for diethyl ether and ethylene respectively.

The values of the funcfions used in lhe slatistical analyses are

qiven in Table 4.5.

TABLE 4.5 : Statistical analysis of activatlon energy values.

React I on Diethyl eTher
Format i on

Ethy I ene
Format i on

True va I ue of E-.d(cals/gm mole)

No. of poinls n

I'lo. of degrees of
freedom df

Standard deviation s

Probabi I ity
Di stri but ion t
Conf i dence I nterva I

(cals/qm mole)

28,490

17

l6

109

e5l,

1 .15

!45

29,220

23

22

16

95r"

1.72

!28

4.7 The inf luence of Ethanol Dressures on the dehyclration of Ethanol

at 24BoC and 295oC

The rates of diethyl ether formation were determÌned for various

ethyl alcohol partial pressures at 24BoC and 295oC. The resulTs are

presentecJ in Tables 4.6 and 4.7 respectively. The results of Table

4.6 show thaf the rate of dieThyl ether formation at 24BoC is

independent of ef hy I a lcoho I prt-'ssure at Dressures above 328 mm Hg.

Similarly l-able 4. i shows that at Z95oC the reaction is zero order for



ethanol pressures greater than 647 mm Hg. As the temperature

increased the region of zero order behaviour is decreased.

Uq.!F_lé : The inf luence of ethanol partial pressure on the

ethanol dehydration at 24BoC

4B

is

rate of

Ethanol Pressure
' (mm Hg)

Rate of Diethyl Ether
formation (moie/gm mi n )xl06

134.8
627.3
531 .7
423.0
328.0
212.5
178.8
1r4.7
137.5
1 14.0
68. 6
46.7

1.20
7 .09
7 ,20
7. 1C
1.23
5,59
4.90
4.62
4 .19
3.72
2.14

TABLE 4.7 The influence of ethanoi partial pressure on the rate of

ethanol dehydration at 295oC

Ethano I Pressure
(rnm tlq)

Ra'te of D i ethy I Ethe r
formation (nÐle/qm mi n)xlC 5

J9l ..)
l5e. 5

704 .4
647,4
58t.8
519.8
466.e
423.2
359 .1
3?0.3
2.18.2
232.2
199.1
l6C. tr
110.2
1t3.9
48.9

6.30
6.21
6 .45
6.35
5.90
5 .68
5.33
5 .12
4. BB
4.Bl
4.63
4 ,19
3.76
3.45
3.01
2 .14
2.16
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The rcsu lts of Tab les 4.6 and 4,7 are p lotted in F ic;ures 17 and 18.

Cornp lete deta i ls of the runs are q iven in ,Append ices 5 and 6

4.8 The influence of Ëthanol Dressures on the dehydrafion of Ethanol

at 357oC and 39loC.

The results for these runs are presenfed in Tables 4.8 and 4.9.

The rate of dielhyl ether formation al 357oC deÞends on ethyl alcohol

pressures at pressures up to 172 nn HQ. However, the depencJence is

inversely proportional to the pressure At the same femperature and the

same alcohol pressures, ethylene formafion is zero order for ethanol

p ressures i n excess of 100 mm llq .

TABLE 4.8 The înfluence of ethanol partial pressure on the rate of

ethanol dehydration at 357oC

Ethanol partial
pressure (mm llg)

Rate of efher
formal ionxlo4 (mole/qm min)

Rafe of ethy
formationxl0 (nro lelgm min )

eneI

5

771.8
711.6
636.4
554.8
476.3
417 .6
370.5
330.1
304.2
281 .5
268.6
239.4
222.6
1 88.8
t6l.9
145.2
l3l .0
115.4
52.8

9.99
9.79
(t. 48
9.26
8.61
8.47
7.90
7 .53
7.39
7.21
6.86
6.66
6.45
ó. l8
5.33
5.03
4.90
4.25
1 .72

1?.3
1? .5
12 .1
12.4
12.0

1? .1
12.1

1r.7
1?_.0

10. I
10. I

11.6
r1.l

9.95
9 .11
9.52
9.82
8.59
5.46
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Table 4.9 presents simi lar results for the 393oC runs.

TAULE 4.9 : The influence of ethanol partial pressure on the rate of

ethanol dehydration aT l93oc

Ethanol partial Rate of ethe
pressure (mm Hg) formationxl0

r Rato of ethvleneI (n'ole/gm min) formationxlô4 (mole/gm min)

748,
698.
660.
611 .

579.
548.
517 .
492.
454.
415.
348.
312.
273.
217.
173.
129.
81.
65.

0
8
3
6
9
6
6
6
5
5
6
2
7
B
3
0
3
7
3

2.28
2.23
2 .19
2.18
2.10
2.03
1.91
l.86
1 .87
1.79
1 .67
1 .54
1 .46
1.22
.985
.798
.370
.250
.133

4.58
4.54
4.70
4.78
4.73
4.70
4.56
4.46
4.59
4.44
4.53
4.34
4.41
4 .43
4.08
3.7 4
2.40
2.26
2.2125.

The results glven in Tables 4.8 and 4.9 are plotted as Figures 19 and 20

respectively. Ful I detai ls of the runs are presented in Appendices 7

and B.

4.9 The influence of water pressure on the rate of ethanol dehydration

at 26loC and 312oC

The rates of diethyl elher formation for various water and ethanol

parfial pressures are presentecl in Tables 4.10 and 4.11 for runs at

261oC and 3 1 2oC respect i ve I y.
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The influence of water partial pressure on fhe rate of

ethanol dehydration at 261oC.

Ethanol partial
pressure (mm Hg)

Itater partial
pressure (mm Hq)

Rate of ether
formationxl06 (nnle/gm mi n)

3
05
3l
36
72
00

13
o

6
5
4
4
3
3
?_

2
2
1

2.
29.
55,
80.

4
1

2
5
3
7
7
B
3
B

4
I

105

55?_
530
509
489
470
451
434
4lB
401
38l
353
324

6
7
3
9
9
B
6
I
0
2
0
0

.58

.01

.64

.39

.06

.71

128.
151 .

173.
195.
213.
254.
291.

TAtsLE 4. I I The influence of water partial Dressure on the rate of

ethanol dehydration al 312oC.

Ethanol partial
pressure (nrm Hg)

Water oarti a I

pressure (mm Hq)
Rate of ether
formationxl05 (mole/qm mi n)

687 .3
658.0
629.5
602.2
575.4
550.0
525.5
502.6
479.8
458.2
437 .5
417 .5
398.2
579. 8

4.6
31 .1
69.0
99,7

129.1
157.0
184.1
209. I
234.O
257.2
279.6
100. B

321 .5
341.4

6.28
4.11
3.17
2.55
2.20
l.Bl
1 .54
1.29
1.14
1 .00

"945
.936
. 816
.789
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The inhibiting ef fecf of waler is readÎly seen f rom these re:,ults.

f ull interpretation of these resulls is presentecj in the Discussion

Section of the text. Complete detai ls of the experimental runs are

presented in Appendices 9 and 10.

A

4.10 The influence of water oressure on the rate of ethanol dehvd rat i on

at l4BoC and 3B6oC

The inhibitinq effect of water on the rafes of Ciethyl efher and

ethylene formatlon at 34BoC and 5B6oC is apoarent ìn the results

presented in Tables 4. l2 and 4-13.

TAI]LE 4. I2 Ttle influence of water partial pressure on the rafe of

ethanol dehydration at 34BoC

Efhanol partial
pressure (mm Hg)

758.1
723.9
685.7
646.6
611.0
583.1
551 .5
5?8.1
502.4
475.0
472.5
429.6
404 .1

Water parli al
p ress u re ( mm l,1g )

137.
166.
193.
220.
245.
266.
302.
347 .
362.

Rate of ether
formationxlO4
(mole/qm min)

Rate of ethy
formationxl0
(mole/qm mi n

I
5

)

3
40
75

107

0
I
0
2
I
6
3
3
I
I
0
3
1

6.86
's.BJ
5.06
4 .71
4 .19
3.69
3.50
3.03
?_.18
2.52
2.25
2.30
I .58

8.69
7.29
6.41
6. l0
5.51
5.00
4.82
4.31
4 .14
3.84
3,49
3.24
2. BB
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The lnfluence of water partial pressure on the rate of

efhanol dehydrafion at lB6oC

Ethanol partial
p ressu re ( mm l-lg )

Water parti a I

pressure (mm t1g)
Rate of ether
formafionxl0l
(rrole/gm min)

Rate of efhy I ene
formationxlô4
(nr,c le/qm mi n )

762.5
721 .4
694,5
621 .3
599,3
542.6
518. I
494 .4
471 .6
449.6
434.9
412.9
393.1
366. I

5.
42.
77.

142.
172.
227.
253.
278.
302.
325.
351 .
311.
190.

2
9
7
3
3
5
6
4
2
0
3
4
l
7424

2.00
l.83
I .60
I .36
1.23
1 .05

.987_

.869

.791

.773

.691
,612
.605
.533

3.83
3.62
3.27
3.10
2.85
2.63
2.55
2.29
2.16
2.13
I .98
r .95
t.Bl
1.69

Ful ler detai ls of the results of these runs are presented

I I and 12. An i nte rp retat i on of the resu I ts i n te,rms of

mechanisms for ethylene and ether formation is presented

Discussion Sectlon of fhe thesis.

in Apoendices

the

in fhe

4.11 The accuracy of the rafe determinafions

Equation 4. I was used to calculaTe reaction rates. ïherefore fhs

rates are proportional to the flow rate of reactant, to the mole fraction

of producf, and to the înverse of the catalyst mass. Since small

conversions were obtained in the reactor, the mole fraction of product

may be approximated to ffiii-;{Í-åi$m ror estîmation or errors in

ethei mole fraction. An accuracy and a reproduc¡bi I ity of approximately l
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t 1 percent per component can be attained usinq a wel I designed qas

chromatoqraphy system. Errors in cal ibration of fhe meterinq pump

are estimated af t 0.5 percent" The same fiqure may be applied to

the mass of catalyst bed. The overal I error in índividual rate

riìeasurements under isothermal conditions is therefore approximately

t 3 percent. However, the bed temperature fluctuated by approximately

t 0.5oC. Thís represenled a ! 3 percent error in the rafe at fhe

lower temperatures studied. At higher temperafures the maqnitude of

thi s error was reduced. Thus the maximum overal I error i n indi vidual

rates is t 6 percent. The two maJor sources of error in the study

were temperature fluctuations in the catalyst bed and quantitative product

ana I ys i s by gas chromatography.
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5. DI SCUSS ION

5. 1 [:x erimental Technique

The experimental procedures used in the present study had many

advantages over those used in previous studies. Firsfly, fhe use of a

commercial catalyst sample from a sinqle batch enabled an accurate study

of the react'ion mechanism lo be carriecJ ouT without the complications

arisinq from non-uniformity of catalyst samoles. Secondly, the.apparatus

wasdesiqned so Ìhat reaction mechanisms could be examined over a wider

range of femperatures and concentrations than has yet been reported.

The use of a porous glass disc as the catalyst suoporf is considered to
(12)

L:e superior to the mefhod employed by Knozinoer ef al in similar

studies. The reactor used by the workers was a horizontal qlass reaction

tube which held a ilboaf" crucible containing the catalyst samOle. ln

the present study initial reaction rates were defermined by ensurin5; low
il)

conversions in the reactor. [Jurinq a previous study, us.ing the same

catalyst as in fhe present proqramnìe rate data was ol.¡lained using a

recycle reactor. The author considers lhe recycle reactor to be

unsuitable for a study of clehydration reactions, since the principle of

operation relies on the recirculation of most of fhe product stream.

Conversions in the reacïor therefore approach equilîbrium values. This

brui ld-up in tlre concentration of product species is total ly undesirable

in the case of dehydration reactions, because water, which is one of lhe

products, strongly inhit¡its the reaction.

Every precaution was taken to ensure lhaf the chemical reaction was

the rate determining step. l4ass transfer ef fects were eliminated by

usinq high space velociTies. Uncatalyzed runs were carried out for
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temperaïures in the range of the study, and if was found thal fhermal

dehydration was no't signíficant. Checlls on cafalyst deactivalion were

made by repeafing'ttre initial run of a series after comr,letinq fhe other

runs. There was no evidence of catalyst deaclivation during the study.

tr.1).¿ tu re Dependence of Ethano I tlehyd rat i on

An Arrhenius plot of the rate dafa for ethanol dehydration at

temperatures from 214oC to ll9oC Ìs presented in Fic¡ure 7. A similar
plot for" rates obtained in the range 3O5oC to 4f6oC is oresenÌed in

Fiqure B. The rel iabi I ity and accuracy of the results are hioh. ln

I'igure 7 the plot of the natural logarithm of the ra1'es of diethyl ether

forrnation aclainst reciprocal at.rsolute temperature Ìs a sf raiqht line.

This I ine is contînued in Fiqure B for temperatures up to approximately

JJOoC. Ai¡ove f hat temperature the rates of ether f ormat ion f a I I b,e low

the values for the extrapolated I îne. This decreased rate above 5l0oC

is associated with a corresponding formation of ethylene. These

results are interpreted as implyinr¡ the io,;mation of ethylene, at

least partly, by a consecutive mechanism invólvino the decomposition of

cJ i ef hy I ether.

A reductîon in reaction rates at hioh temperatures may often be

attribuled to the effect of gas diffusion phenomena. Thc+ hiqh rates of

chemical rgactlons af high temperatures freouentlV cause mass transfer

effects lo be rate control I inq. However, in the current study errors

from this source were el iminated by use of sufficiently hiqh space

velocities. Another possible reason for reduced rates of ether formation

at hiqh temperalures is due to inhibit¡on by water. This is a

possibi I ity when conversions are increased as lhe temperature is increased.
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Ln rate

a uiefhyl ether
o Ethy lene

1.5
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FIGURE 9 Plots of the natural logarithms of lhe rafes
of diethyl ether and ethylene formation vs'
reciprocal absolute temperature T"K at temp-
eratures fron 345oC lo 429oC for lhe results of
Stauffer and Kran i ch '( 1 ) .
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l-lowever, in the present study a lcoho I mo la I f low rates were ad jusled so

that conversions were kept approximately The same for al I temperatures

sludied. The postulation 1'hat the apparent recluced rate r¡f diethyl

efher formation is due to a decomposition of elher to elhylene is

therefore a reasonable one.

The results of Figure B rnay be compared wilh those of Stauffer and
c)

Kranich, which are presented in Figure 9. The catalyst used in lheir

study was identical with that used in the current study. The rates

for bolh studies are expressed in rnole/gm mìn. From a comparison between

the results of Figures 8 and 9 it is obvious that the rates otrfaÎned by

Stauffer and Kranich for both diethyl ether and ethylene formatïons were

considerably lower than the values ob'lained în the present study' The

table below shows the rales of ethylene and diethyl ether formation

obtained in thîs study, expressed as a ratio of those found by Stauffer

and Kran î ch.

Temperatu re
(oc )

35toc

594()C

tìat io of react ion rates obta i neö i n
the current study to those obtained
by Stauffer and Kranich.

Ether Format i on Ethy I ene Format i on

9.28

B. 33

l. 86

5. 86

The lower values obtained by Stauffer and Kranich may be attributed to

their use of a recycle reactor. The relalively hiç¡h equi I ibrium

conversions obtainèd for the dehydration reac+ions lead lo high water
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concentrations and subsequent inhibitÎon of fhe reaction. Another

I imitation of their study was the restricted ranqe of lemperatures

investigated. Further evidence for a reduction in rate due to wafer

inhibition, is providecl by the greater inhibition by water in the case

of elher formalion. Results obtained durinq the currcnt study show

thct efher formation is more affected by the presence of rvaTer than

ethylene formation. These results are presented in Table 5,2. lt

was also shown that the influence of water was reduced at high temperafures

Thís effect can also be seen in the results of Stauffer and Kranich'

Their results are nof reqardedas aparticularly siqnificant contribution

to the field due to the fundamental limitations in lheir study'
(12)

The results of Knozinqer and Köhne are presenfed in FiçJures

l0 - 14. Their resulfs show the same effects as fhose of Stauffer and
(1)

Kranich. At low temoeralures ether is formecl exclusìvely. As the

temperalure is increased fhe rate of ether formation goes through a

maximum at approximately 27OoC. This has been inlerpreted as the effect

of a consecutive ethylene formation. However, the reduced rate with

increased temperature could be attributed to the hioh waler concentrations

present in their reacfor. unl ike the present study, where sPace

velocities were increased as fhe temperature was increased, Knozinqer and

Köhne used one space velocily at all temperatures. This resulted in

both increased conVersions and increased water concentrations' They

concluded, from their results, that ethylene is formed by a combination

of consecutlve and paral lel steps.

ltisproposed,asaconsequenceofthecurrentwork,thatthe
dehydration of ethanol in the temperature ranqe 214oC to 436oC takes
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place by a consecutive nechanism, with thc parallel ethylene formation

beinq less siç;nif icant.

5.3 Temperature Dependence of Diet\_l Eliqf Qeqo¡¿o_gLt_len

ln Figure 16 the natural logarithms of the rates of ethylene and

ethanol formalions from diefhyl ether (in moles/gm min) are plotted

against reciprocal absolute temperafure. At l0OoC equinrolar amounts of

ethanol and ethylene are formed. As the temperature is increased, in

the ranqe 300oC to 400oC, the ratio of moles of ethylene to moles of

ethanol is increased from unify to l.B. This reduced elhanol formation

can be interpreted in several ways. Firstly, because of the experi-

mental diff iculties already discussed, the same nrolal ether f low rate

was used at al I temperatures. Thus initial rates were not determíned

and subsequeni dehydration of the etltanol nrost llkely took place at

higher temperatures. The reaction scheme prooosed is represented below.

C2H5OC2H5 c2H5oH

+ C2114

lzC2H5OC2H5 + iH2o

Step 2 of this reaction would be more siqnificant at hiqher temperatures.

Thus the observed rate of ethanol formation from efher would be l'olcr

than the acfual rate, due lo the subsequent dehydratÌon of sorne of the

alcohol into the reactant, diethyl elher. Another theory on the

mechanism for the decomposition of diethyl ether is that it breaks down

to ethylene by an independenf reaction

C2!15OC2H5 + 2C2H4 + ll20

( l5)
However, the "principle of least motion", postulated by Rice and Tel ler,

1

->
2
-)
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makes this an unl ikely reaction path.

The use of an improved apparatus to cletermine Ìnitial rates of ether

decompos ition woul d provi de more concl usi ve resu I ts for lh i s section of

lhe study. An explanation of fhe experimental problems encountered in

accurately metering efher inlo the apparatus has been qiven earlier in

The thes i s.

The resulls of Knozinger and Köhne, for the decomposition of diethyl

ether on y-alumina, are g¡iven in Figure 15. Theîr results were similar

to thosc found in this study. They also used the same space velocities

at al l temperatures. Reference to Fiqure 15 sho¡s equimolar ethylene

and ether formation aÌ low femperatures, and an increased molar ratio of

elhylene fo ethanol as the temperature is increased. They also noted

simUltaneous water formation when the ethanol rate was reduced' They

d i d no'l' cons i der that the react ion

C7tt5oC2H5 + 2C2114 + Hza

was a likely c.:ne.

5 .4 The Fleact i on Scherne

The results obtained for the dehydration of ethanol and the

decomposition of diethyl ether, suqgest fhaT ethylene is formed from

etlranol by a consecutive reaction. llowever, lhe resultE do not entirely

rule out the poss¡bi I ity of a simultaneous ethylene formation by direct

dehyd rat i on ,

C2l-150H cz{q u20+ +

An interesting comparison can be drawn for the results of the
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dehydralion of ethanol, and the rJecomposition of diethyl ether, at 3OOoC.

The resu lts are presented in Tat¡ le 5. I be f ow.

TABLE 5.1 The rates of dehydration of ethanol and decomposition of

diethyl ether on y-alumina at 3O0oc

lìeact ion Rate (mole/gm min)xl0 6

Ethano I

Efhano I

Elhe r

Ether

+ Ethor

-+ Ef hy lene

+ Ethano I

-' Ethy lene

B.l

0.99

B.l
8.5

These results were obtained from the graphs in Figures 7, B and 16.

lhey show lhal the rate of e1'hylene formation from dieftryl elher is 8.5

tirnes faster than trom ethyl alcohol. The consecutive ethylene

formation is therefore much faster than The paral lel step.

The results for the two reactions support a reaction scheme of fhe
(1?-)

type postulated by Knozinger and Köhne. The reaction mechanism

proposed i s :

Ç2H5oC2H5

+ H20 kz.)\2cz c2H50l-l + c2114

2C2H4

+ 2|120

v¿here kl : kZ >> kj

The fact that k3 is so much less than the constants for lhe other steps,

kr
H50H -¡'

j:
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sugqests that any ethylene formed from ethanol resulls from the decom-

posi'fion of'ether as it forms. However' evidence to support such a

proposal is cJifficult to obtain. Several unsuccessful altempts have
(13,14)

been made. I saqu I yants attempted to e I uc i rJafe the mechan i sm by

usinq C14 tracer methods on two occasions. However, these attempts

fai led because the three species, ethylene, ether and ethanol, al I

contain carbon and the C14 is distributed belween them. The resulls

obtained in the currenf study ôetree with those reported by Balaceanu and
( l0)

Jungers and Knozinger and Köhne, but confl icf with those obtained by
(9)

de Boer et al, who concluded that ethylene was not formed from diethyl
il)

ether. stauffer and Kranich, using the same calalyst as in the

present study, supported the paral lel scheme favoured by de Boer.

CrH50l-l -' +c2t15oc215 + +t120

C2lt4 + H2O

l-lowever, the validity of the results of Stauffer and Kranich has

already been questioned in seclion 5.2 on the qrouncls of tire unsatis-

factory exPeri menta I techn i que used i n the i r study '

5.5 Aooare nt Act i vat i on Enerqv Va I ues

Activation energy values of 28,500 t 50 cals/qn mole and

29,200 I 50 cals/gm mole were found for diethyl ether and ethylene

formation respecfively. The closeness of the values suqqests lhat

the same rate-determininq process aopl ies in bofh reactions. The

value for ethylene formation comparos with an activation enerqy of
il)

10,800 cals/gm nrole obtained by stauffer and Kranich for the

dehydration of ethanol on the same cafalyst as used in fhe current
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(16)

study. Knozinqer and Ress found that the activation energy was

2r,900 cals/gnr mole for diethyl ether formation by the dehydratíon of

ethanol on "y-alumina. These reported values suggest that the

aclivation energies obtaînod in the present study are of the riqht order.

5 .6 lr4echan i sms of Dehydrat ion Reac-l ions

5.6.1 Reaction Order

The effects of suÛstrate parfial pressure on the rate of

dehydration of ethyl alcohol are shown in FÎqures 11 - 20. Tfre

formafion of diethyl ether is zero order at temoeratures of 24BoC

and 295oC. llowever, at fhe increased lomperature, the concentration

ranqe for which the reaction is zero order is oreatly reduced.

F iclures l9 and 20 show that i n the req ion of :; imu I taneous d iethy I

eTher and elhylene formation, the rale of ether formation is

pressure dependent within the range zero to 800 mm Hq pressure.

Hoivever, in the sarne ranqe and aT the same ternperatures, ethylene

f ormat Ìon i s a zr:ro order react ion . The mechan i sm of etlrer

formalion in lhi-. hir;her temperature reclion is complicated by the

simultaneous br.:akrjt)wn 1o alcôhol ancJ efhylene.

The resulls; of the current study may be compared with those
(16) (9)

recently reporteC by Knozinger and Ress, and cJe Boer et al.

The results o1 lnr¡zinqer and Ress, presented in FiQure ?-4, show lhat

diethyl efher fornation is zero order in the temor-'rature ranqe

l75oC to lgloc. They also shovr thaf the region of zero orrjer

reaction is less at l93oC than at l.75oc. A limitation of their

results was that rates were determined within a relatively low
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ranqe of ethanol r)ressures.(9)
de Boer et al studied simultaneous ether and ethylene

formation at l07o[ tor a very small ranqe of ethyl alcohol Þressures.

Thei r results, presenfed in Fi gure 21, show that ethylene formation

is zero order. Ether formation was interOreted as a combined zero

and fi rst order reaction. An explanation of this combined

mechanism for ether formation is presented in Fiqure 22. Curve A

represents a first order RIDEAL-ELEY mechanism, whi le Curve B

represents a conventional LANG¡4UlR-HINSHELW00D zero order; dual-site,

mechanism. Curve C, a combination of curves A and B, has a similar

form to the experimental curve for ether formation. Their results

vrere obtained for the ethanol pressure ranoé 0 to 110 mm H5;.

Figures l9 and 20 lor the current study' show that ether forrnation

in that pressure range may be approxîmated to a straighl line qraph

simi lar to that obtained by de Boer. l]owever, the overall curve

is certainly not linear. The results of cte lloer, althouqh f itting

the postulated combinecl zero and fi rsf order mechanism, possibly

have only a I imiled ranqe of appl ication.

There have been no reported studÎes concerning the effect

of ethanol partial pressure on dehycJraf ion using y-alumina, for the

complete pressure ranoe to one atnrosphere. l-lowever, Jain and
(38)

Pi I lai have studied the dehydration of isopropyl alcohol on

y-alumina for various alcohol concentrations, usinq cyclohexane as

diluent. Their results, presented in Figure 23' are similar to

those in Figures 19 and 20. They found that olefine formation is

zero order over a \,/ide concentration ranqe, but that ether formation
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is independent of alcohol concentrafion only in a I Ìmited range

approaching 10C percent alcohol.

5 .6.2 lnfluence of Water on Reaction [ìaTes

The results gÎven in'lables 4.10 - 4.1J slrow thal water

stronoly inhibits both the rates of ether and ethylene formalion'

The extent of the inh ib ít ion is reduced at h i-qher femperalures.

The experimental technique used in the study required that ethanol

pressures were decreased when water pressures were increased. This

had an advantage over the method of Knozinqer ancl Ress who varied

the water pressure at a constant alcohol pressure. The resulls so

obtained are presented in Fi gure 25.

5.6.3 lìate Ex ressions for Uehvdration Reactions

As menf ioned earlier various mechanisms h¿:ve l¡een proposed

for the dehydration of elhanol to forrn cJielhyl ether and ethylene'

ln the case of ether formation ¡l is a zero order bimolecular reaction

The cteneral rate expression for such a reaction is 1*re LANGMUIR-

l1 I NSHELWOOD equat i on

I 2
apK3

2 o
a (l + Kuo" + K,p* + K"p")

For low conversions to ether lhis can be writlen,

r = ko

r=ro

r=tro

1+Kapa+KwPw
KaPa

2

2

At relatively high alcohol concentralions ,it ay be furtlrer modif ied

KaPa ì

'l'o

aPa + çPwj

2
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+
or 5.1

Another possible mechanism for ether formaïion has been
( l6)

postulated by Knozinger and Ress. lt is a bimolecular reaction

between a surface alcoholate and an alcohol molecule held to the

catalyst by two hydroqen bonds. The alcoholate molecule is

lhought to have a constant concenfration. Hence the rale

expression is written

ou
,/R oa'a

Ævr
Ko

\rr'W
R"P"

r rotro

/(oa'a

Pa + KnPw + e

For inifial rates, and high alcohol pressures,

Ir oñ-ff + çn,

or I" = I * Vq 5.2r;ffi
A modification of the Knozinqer-Ress postulate is the

reaction between an alcohol molecule adsorbed on a single site and

a surface a I cohol ate.

The rate expression for this rnechanism would be

ro
r

1 + KwDw 5.3
KaPa

The three possible mechanisms were tested by plotfing lhe

rates of dehydratÎon of ethanol-wafer mixtures for the I înearised

equations 5.1, 5.2 and 5.3. The results are ploffed in Figures
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26 - ZB fo¡the rates determined at 261oC and Fiqures 29 - 3l for

the rates determined af 312oC. Fiqures 2(> and 29 are the plots

for a conventional LANGMUIR-HINSHELW00D, bimolecular reaction'

The graphs, at bofh temperatures, are non-l inear. Therefore, the

conventional dual-site mechanism does not apply to the results'

The plols for equation 5.J are presented in Figures 2-t and 30,

The mechanism applies for low concentrafions, but at high waler
t-

pressures fhe values of rafio -9 5s66¡e less than those necessary

to satisfy the reactîon model. J-he results usÎno the Knr:zinger-

Ress mechanism are plotted in Fiqures 28 anC 31. These plots are

I inear over the complete concentration ranges studied, and intercept

+ne :? axis al 1. Therefore, the results obtained in thís study
r

beEt f it the Knoz i ncter-fìess "doub le-centred" mechan i sm. lt has

been shown to apÞly over a wider ranqe of alcohol and ulater pressures

and at higher lemperatures than those investiqated by Knczinger and
( l6)

Ress.

The results for ether forrnaf ion at l48oc and f860c are

plotted in Fiqures 36 - 4l usinq equaf ions 5.1 , 5.2 and 5.3. These

plots clo not have the sar€ siqnif icance as those ob-tainecJ at lower

temperafures. The reaction has been shown to be concentration-

depondenl at these high temoeratures, hence one cannot assume zero

order behaviour. The results show -thal all three possible

rechanisms give straight line plots; therefore no conclusive

results can be obtained from fhe hioh temperature ether formations'

Ethylene is formecl by a zero order, un¡rrìolecular reaction,

in fhe range of temperatures studied. Convenfional sinqle-site
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reacfion theory postulates a rate equatÎon

to KaPa

87

5.4

5.3

r k0 + Kapa + Çp* + K'oPoa

For high alcohol pressures and initial rates lhis becomes

ro KaPa

Kupo + Çp*r=

r
r ÇP*
o I + KaPu

Another possible mechanism Îs an exfension of the Knozinger-

P.ess mechanism to efhylene formaf ion. They have shown the

existence of an alcolrol molecule which is weakly held lr:'lhe

catalysl surface by two hydroqen bonds. The rate exoression for

'lhe formation of ethylene from such an adsorbed sDecies woulcJ be

Fo= l+ KwÞwFffi
which is the same as for ether formation. llowever, in fhe case

of ethylene formation, there is no reaction wìth an alcoholate

molecule.

The results for ethylene formation at 346oC and fB6oC are

plotted according to equations 5.1 and 5.4 in Fiqures 32 to 35.

'Ihe data fil both rate expressions for the two lemperatures sfudied.

l-lowever, s ince the doub le-centred mechan ism has been sholn to app ly

for elher formation there is a qreater possîb¡l¡ty that ¡t is the

mechanism for ethylene formation.
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5,6.4 Relative AdsorP tion Coefficients

Cc'mputer procJrammes were written to p lof thc rate equations

5.1,5.2,5.-]and5.4usingdafawhichwaslinearizedbyaleast
squares technique, and hence calculate the slopes of lhe linearized

plots. For the "double-centred" mecharrism the slooe ïs the nurnerical

varue .f *- . This raf io is a measure of the relative inhibition
a

of the dehydration reaction by water. The relalive adsorption

coefficients found for diethyl elher and ethylene formation are

presented in Table 5.2 below.

IABL!-5.-a : Relative adsorption coefticients !- for diethvl

ether an. erhy,""" ,".;"- .., "''. 
lll *".o"ratures

i nd i cated.

Tempe raf u re
(oc )

Kw -l((mm llq)z)Producf 7K;

261

312

348

386

348

386

Di ethy I Ether

Diethyl Ether

Di ethy I Ether

Di ethy I Éther

Ethy I ene

Ethy I ene

0.432

0.414

0.162

0 .1?5

0. 104

0 ,058

These results show that the relative adsorotion term is decreased

as the temperature is increased. They also show that at lhe same

temperature, water înhîbits ether formation more than ethylene

tormation. Thîs effect has been described earl ier in the text
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ethanol nrolecule is adsorbed to the catalyst L:y two hydroqen bonds.

f-or cliethyl ether formation Ît represents a bimolecular reaction

between a stable surface alcoholate and an alcohol rnolecule held lo the
(16)

surface by two hydrogen bonds. A complete mechanism for ethylene

formation cannot be postulated until the mechanism of cJiethyl ether

decomposition on y-alumina has been ful ly elucîdated.

The constant K in equation 6.1 is a measure of the extent 'by which

the reactions are inhibited by water. At the same temperature ether

formafion was inhibited more than efhylene formalion. The effect of

inhibition by wafer was reduced as the reaction temperature was

increased, for both ether and ethylene formation.

3. The dehydration of ethanol has been studied at temperatures be-tween

lO5oC and 4f6oC. Díethyl ether decomposition over the catalyst was

studied in the temperature ranqe 3O0oC to 4O0oC. The results obtained

in both these investigaTions showed Ìhat ethylene is formed from ethanol,

at least in parf, by a consecutive rnechanism. The fol lowing reactîon

scheme was postulated from the results for the two reacticns.
+ H20

kr kz
2C2H5OH -> CZH1OCZH5 i- CZU¡O¡| + C2i14

.,1.¡
2C2114

+ 2ll2o

where k1 . k2 ,t kj.

The paral lel reaction was therefore considerecJ to play an insiqnificant

role in ethylene formatlon.
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4, The apparen1 activation energies were calculated for diethyl ether

and c,-thylene formations. The values obtained were 28,500 cals/qm mole

and 29,200 cals/ç¡m mole respectively. The closeness of -lhe values

suc¡gests that lhe saine process is the rafe determin ino step in both

reactions. This is supported by the fact that the same rate

exp ress i on app I i es f or the two react i ons .

5, The decomposition of diethyl ether on Y-alumina l¡as been shown to

take place by the reaclion

CZH1OC?_H5 * CZH5O|J + czïq

and nol by the water el imínafion reactîon

c2\5oc?H5 -> 2C7_H4 + tl20

reported by other workers.

6. The rc'sults show that the commercial catalyst was nol as active as
iló)

the catalyst preparafion usecj in another sludv. However, the same

mechanism of other formation was shown to apply in both cases and the

activation enerqies for ether formation were sirnîlar in maqnil'ucle'

1. A limifecl study was made of the decomposition of diethyl ether on

.f-alumina. A more comprehensive examinaTion of lhal reaclion is

necessarv before the complete reac'tion mechanism for alcohol dehydration

can be elucidated. This requires the construction of a reaction

apparatus which overcomes the problem of accurately meterinq an ether

feed into.lhe reactor. Such an apparatus is currentlv lrein-q develooed

in this laboratory.
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B. 0riqinally, it was intended to investigafe the effect of substrate

struclure or¡ the raïe of alcohol 'dehydration in an atternr:f to resolve

the confl ictinq vÎews expressed on the subject in the technical

I iterature. llowever, a detai led review of the I íferature showed a

t¡asic lack of understanding of the reaction mechanisms for the formatíon

of efhers; and olefines, hence the currenf study was deemed necessary

before an examinatlon of any effecfs due to substrate structure could

be unciertaken. In fact, because of the complex mechanism that applies

for the rlehydration of alcohols on y-alumina, the reactîon does not

appear lo be an ideal one to use for such studies. A more profitable

study rniqht be to use thorium oxide as catalyst, since it has been

reporled to form olef ine as tl'e sole reaclion product. Little is

known about dehydration reactions usino thorium oxicje cafalysts, and

investigations usîng that catalysl appear to be the loqical extensions

of this work on the catalyTic dehydration of alcohols.
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I'I¡menclature used in fhe Appendices

APPEND I X I

Pa

P

tì"

Ro

Ra

P*

T.

w"

Fa

F"

t

ra-le of diethyl ether formation (nrole/gm min)

rate of ethylene formation (mole/gm min)

rafe of ethyl alcohol formatlon (nrole/gm min)

ethyl alcohol partial pressure (mm Hg)

water partial pressure (mm Hg)

total pressure (mm Hg)

reaction temperature (oC)

mass of catalyst (gm)

alccjhol feed rafe (nroles/min)

ether feed rate (moles/min)

mole fraction of ether

mole fraction of ethylene

mole fraction of ethyl alcohol

specific rate constant for diethyl ether formation

specific rate constant for ethylene formation

xe

Xo

xa

ke

ko

ln the Appendices certain variables have their values expressed in

"E format". This has been done since the results have been calculated

by computer. For example, a value 8.62 x to-7 ¡s expressed as

8,628-07 .
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APPEND I X 2

R R
e

8.62E-O7 0.
1 .278-06 0.
LB4E-06 0.
2.768-06 0.
4.01E-06 0.
5. I 5E-06 0.
8.37E-06 0.
t. l3E-05 0.
1.298-05 0.
I .76E-05 0.
2.878-05 0.
t.55E-05 0.
5.00E-05 0.
6.03E-05 0.
9.298-05 0.
I .34E-04 0.
I .74E-04 0.

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

Resu ts for Diethy Ether formation af temperatures from 214oC +o 319oC.

.00165 0

.00243 0

.00549 0

.00446 0

.01 102 0

.01507 0

.0102t 0

.on42 0

.00954 0

.01541 0

P
wo P

a

782.7
782.6
782.4
782.1
781.6
781.5
780.2
779.2
778.7
777 .1
779.0
778.1
779.3
778.6
779.3
777 .0
775.3

WcPt T. Fa

.00564

.00564
,00164
.00569
.00575
.00575
.00584
.00584
.00584
.00584
.0 t 404
.0 1 404
.02639
.02639
.04341
.04341
.04363

Xu Xo

781.0
7Bl. 0
783.0
783.0
783.0
783. 0
785.0
785.0
78r.0
783.0
783.0
783.0
783.0
785.0
785.0
785.0
781.0

.5
,4
.6
.9

1.4
1.7
2.8
3.8
4.3
5.9
4.0
4,9
3.7
4.4
3.7
6.0
7.7

14
20
24
29
36
42
51

2
2
2
2
?.

2
2
255
261
266
274

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0
0
0
5
5
0
0
5
0
0
5
5
5
0
5
5

.00076 0

.001r3 0

.00717 0

.00965 0

.01264 0

.00947 0
2BO
287
294
30r
311
3l 9.0 .01989 0.00000
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APPENLI I X 3

Results for tJiethyl Ether and Ethylene formation at femperatures from

3o5oc to 4J6oc.

tì" Ro Pa Pw Pt Tc

768.6 1.4 770.0 505.0
768.8 1.2 170.0 308.0
768.6 1 .4 770.0 315 .5
768.6 1.4 770.O 321.0
768.2 1.8 770.0 328.0
768. 1 1 .9 770 .0 334 .0
767.8 2.2 770.0 339.5
768.0 2.0 770 .O 345 .5
767.5 2.5 770.0 352.5
767.8 2.2 770.0 J56.0
767.6 2.4 770.0 364.0
767.4 2.6 17A.0 373.5
767,0 3.0 770.0 378.0
767.0 3.O 770.0 185.0
766.3 3.7 770.0 391 .7
766,6 3,4 770.0 399.0
765.9 4.1 770.0 405.0
765 ,6 4 .4 770.0 409 .0
765 .5 4 .5 770.0 41 4 .0
765 .2 4 .B 770.0 420 .0
164.4 5.6 710.0 426.O
763.6 6.4 770.0 431 .5
1i;2.7 7 .3 770.0 456.0

wc Fa xe xo

I .3BE-04
I .598-04
2.28E-04
2.848-04
3.74E-04
4.36F.-04
5 .00E-04
5.998-04
7. I BE-04
7 .958-04
B. 55E-04
1.118-01
1.268-03
I .39E-03
1 .70E-03
2. IBE-03
2.558-03
2.59E-03
2.59E-03
2.718-03
3.05E-03
3. 30E-01
5.6 I E-03

1.00E-05
1.328-05
1.97E-O5
? .458-05
1.64E-05
4 .42t -05
5 . 36F.-05
6.61E-05
9.068-05
9.96t.-05
I . I 7Ë-04
1.66E-04
1.96[-04
?_.3bt'-04
3.25L-)4
4.278-04
5.46E-04
6.?_08-0a
6.648-04
7.64E-04
9. 46E_()4
1 . I 7[-0i
| .42t-A -\

.4 .00862

.4 .01231

.4 .01480

.4 .01 BB4

.4.01884

.4 .O2145

.4 .02145

.4 .0281 1

.4 .0281 1

.4 .03484

.4 .03484

.4 .04246

.4 .04246

.4.04814

.4.04814

.4 .06787

.4 .06187

.4.06729

.4 .06729

.4 .06729

.4 .06729

.4 .06729

.4 .06729

.003 I 9

.00257

.00309

.0010 1

.003e7

.00407

.00466

.00426

.005 I 1

.00456

.0049 1

.00522

.00594

.00576

.00706

.00642

.00750

.00771

.00769

.00806

.00906

.00980

.0 1 073

.00046

.00041

.00051

.00052

.00077

.00082

.00 1 00

.00095

.00129

.001 1 4

.00 1 55

.00 r 56

.00 I 85

.00 I 96

.00270

.00252

.00322

.00169

.00395

.00454

.00562

.00694

.0084 I
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APPEND I X 4

Results for Ethyl Alcohol and Ethylene formalion for the decomposition

of Diefhyl Ether at temperatures from 300oC to 400oC.

Weiqht of catalyst , Wc = 1.00 gm

Tota I Pres;sure r Pt = 7Bl mm Hg'

Feed Composition : 100f Diethyl Ether

Tc Fe xa xo Ra Ro

354

300.
312.
324.
337 .

368.
378.
390.
400.

0 .0071 5
0.00715
0 .0071 5
0 .00715
0 .00715
0.00715
0 .00715
0 .0071 5
0 .00715

.01 196

.0 I 507

.02037

.0288 I

.03940

.05633

.06664

.o8532

.09773

.01 166

.01 71 I

.02448

.o3757

.o5666

.08285

.10398

.14558

.17954

B. 56E-05
1.088-04
I .46E-04
2.068-04
2.82E-04
4.03E-04
4.778 -04
6. r0E-04
6.99E-04

B. t4E-05
1.228-04
r .758-04
2.698-04
4.05E-04
5.928-04
7 .438-04
1.04E-03
1.28F-O3

APPEND I X 5

Results for formalion of Dlethyl Ether for varying partial pressures

of Ethyl Alcohol af 24BoC.

Re R" Pa Pw P1 Tc

.4 817 .0 248.0347

.4 817.0 248.0

.4 822.0 248.0

.3 822.0 248.0

.2 823.0 248.0

.1 823.0 248.0

.1 824.0 ?.48.0

. 1 82l .0 248.0

. I 821 .0 248.0

.0 Bl 5 .0 248.0

.0 790.0 248.0
0 785.0 248.0

wc Fa xe xo

7.208-06
7. 09E-06
7.208-06
7. l0E-06
7.23E-06
5.598-06
4.90E-06
4.628-06
4.19E-06
3.728-06
2.74E-06
2.0 I E-06

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

627.
5t7 .

423.
328.
212.
1 78.
154.
1,37 .

1 14.
68.

B
3
7
0
0
5
B

7
5
0
6
7

2.O
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.O
2.0
2.0
2.0

.00538

.00538

.00538

.00538

.00518

.0055 1

.0055 1

.0055 1

.0055 1

.0055 I

.00560

.00560

.00 I 14

.00132

.00 1 14

.o0132

.00 1 54

. 001 01

.00089

.00084

.00076

.00067

.00049

.00036

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.0000046
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APPEND I X 6

Resulîs for formation of Diethyl Ether for varyino partial pressures

of Ethyl Alcohol at 295oC.

R
e

6. lOE-05
6.218-05
6.45E.-05
6.358-05
5.908-05
5.688-05
5.33E-05
5.12E-05
4. BBE-05
4. Bl E-05
4.638-05
4. l9E-C5
3.168-05
3.45E-05
3.0 I E-05
2.748-05
2.168 -05

F
a

.02286

.02286

.02286

.02286

.02286

.02292

.02292

.02292

.02292

.02299

.02299

.02299

.02303

.02503

.01463

.0 r 00l

.00595

X
e

.00276

.00272

.00282

.00278

.00258

.00248

.00233

.00223

.00213

.00209

.0020 I

.00 I 82

.00 1 63

.00 I 50

.00206

.00274

.00564

X
o

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0 .00000
0.00000
0.00000
0.00000
0.00000
0.00000
0 .00000
0.00000

Ro

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.

P wÞ'tw
P

a

0 295 .0 2.0
0 295 .O- 2.0
0 295.0 2.O
o 295 .0 2.0
0 295 .0 2.0
o 295.0 2.O
o 295.0 2.0

0 295.0 2.0
.0 295.0 2.0
o 295 .0 2.0

.o 295 .0 2.C

.0 295.0 2.0

Tcc
0 295 .O 2.O791 .

759.
704.
647 .

583.
519.
466.
423.
359.
s20.
218.
232.
199.
160.
I 10.
78.
48.

2 1.0
3 1.0
4 1.0
4.9
8 .B
B .6
9.5
2.5
1.4
t.3
2.3
2.2
1.2
6 .l
2 .1
9 .l
9 .1

794
794
793
792
792
792
790
791
792
793
782
784
782
778
777
771
777

o 295 .O 2.O
o ?95 .0 2.0

.o 295 .O 2.O

.0 295.0 2.0
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APPEND I X 7

Results for formation of Diethyl Ether ancJ Ethylene for varyinq partial

pressures of Ëthyl Alcohol af 357oC.

fì" Ro Pa

771 .
117 .
6,36.
554.
416.
41t .

370.
330.
304.
281.
268.
239.
¿¿L.

.0 I 336

.01 501

.01248

.01208

.0 r 135

.01 106

.010t 1

.00985

.00966

.00942

.00887

.00860

.008-16

.00806

.00699

.00660

.40643

.00558

.00540

.00323
,00322
.003?-3
.00326
.00517
.0o324
.001 I 3
.00 30t)
.00111
.00302
.a4293
.0028 I

. 0028'l

.00259

.00255

.00250

.00258

.00226

.00343

Pw Pt

B 6.4 862.0
6 5.8 859.0
4 5.0 854.0
I 4 .3 853.0
3 3.5 853.0
b 3.O 852.0
5 2 .5 849.0
12.1 854.0
2 1.9 851.0

3575 1.8 851.0
6 1.6 862.0
4 1 .4 825.0
6 1 .2 825.0

.2 .7 7BB. C

. cr .6 7e6.0
4 .5 786.0

. B .2 786.0

Tc

357
357
357
357
357
357
351
357
357

0
0
0
0
0
0
0
0
n
0
0
0
0
0
0
0
n
0
0

357
357
t51
351
351
357
357
357
357

ÌJlc Fa Xe Xo

9.998_-04
9.191:.-04
9.48E-04
9.26E-04
8.67[--04
8. 47E-04
7 .908-04
7.538-04
7.398-04
7 .21E-O4
6. B6E-04
6.668-04
6 .45E-04
ó. I Bt-04
5.33L-04
5 .03[-04
4.90E-04
4.258_-04
1 .72E-04

1.21F_-04
1 .21E-04
1.23E-04
1.25E-04
1.21E-04
1 .248-04
I .20E-C4
f . i7E-04
I .20E-04
1 . 168-04
I . 1 3E-04
1.09E-04
1.08E-04
9 . 95E -05
9. 7 I E-05
9.528_-05
9.82f:_-05
3. 59E-05
5 .468.-05

4.01496
4 .01504
4 .01519
4 .01532
4 .01528
4 .01532
4 .01532
4 .01528
4.01530
4 .01510
4 .01 548
4.01548
4 .01 541
4 .01535
4 .O1524
4 .015?4
4 .01524
4 .01524
4 .00618

B 1 .0 809.0
9 . B 788.0

B8
61
45
31
55
52
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APPENII IX B

Resulls for formation of Diethyl Ether antJ Ethylene for varying partial

DressrJres of Ethyl Alcohol at 595oC.

Re Ro Pa Pw P1 Tc þJc Fa X", Xo

2.288-03 4
2.23L-03 4
2.198-03 4
2.18E-O3 4
2.108-03 4
2.43E-03 4
1.91E-03 4
1 . B6E-03 4
1 . B7E-0J 4
1.198-03 4
1.678-03 4
1 .548-03 4
1.468-03 4
1.228-03 4
9. B5E-04 4
t.9BE-04 3
3.708-04 2
2.50E-04 2
1.338-04 2

.5BE-04

.54E-O4

.70E-04

.7BE-04

.738-04

.70E-04

.5BE-04

.468-04

.59E-04

.448-04

.53E-04

.34E-04

.4 I E-04

.438-04

.088-04

.74E-04

.40E-04

.26E-04

.21E-O4 .5 179

.4 .04691

.4 .04693

.4 .04693

.4 .04702

.4 .04702

.4 .04760

.4 .04760

.4 .04760

.4.04788

.4 .04788

.4 .04788

.4 .04808

.4 .04808

.4 .O3419

.4 .A2529

.4.01754

.4.01031

.4 .00816

.4 .00297

.00e73

.00948

.00915

.00925

.00892

.00851

.00801

.o0782

.00780

.00748

.00698

.0064 1

.00607

.007 I 6

.0077e

.009 1 0

.00718

.006 I l

.00895

.0039 1

.00587

.00400

.00407

.00402

.00395

.00185

.00375

.00tBl

.0037 I

.00378

.0036 I

.00167

.005 1 B

.00645

.00854

.00931

.01 I 10

.02969

748
698
660

415.
348.
312.
213.
217.
173.
129.

0
B
3
6
9
6
6
6
q

5
6
2
7
8
3
0
3
l
3

617 .
579.
548.
517 .

492.
454.

4.4 779.
4.1 779.

2.8 179.
2..6 779 .
2.3 779 .

5. 1 779.
4.7 779.

3.8 779..
3.4 779.
3.1 179.

I .9 779.
1 .6 179.
1 .3 779.
1 .3 783.
1.2 781 .
1. I 7Bl.
.7 780.
.6 779.

0 t93.0
0 t91.0
0 393.0
0 391.0
o 393.0
0 193.0
0 193.0
0 393.0
0 393.0
0 393.0
0 19t.0
0 593.0
o 393.0
0 193.0
0 391.0
0 195.0
0 393.0
0 393.0
o 393,0

B1
65
25
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APPL-ND I X 9

íìesults for formation of Diethyi Ether for differenf \¡later ancl Ethyl

Alcohol part ial pressures at 261oC.

Þ
(J

1 .338-05
8.05E-06
6. 37É--06
5.56E-06
4.128_-06
4 . COE-C6
l. 58E-06
3. 03E-06
2.64E-06
2.39E-06
2.06E-06
1 .7 I E-C6

P

552.6
530.7
509.3
489.9
470.9
451 .B
434.6
4tB.1
401 .0
381.2
353.0
324.0

V/

2.4 76
29.1 76

F-
C'

.00755

.00742

.00729

.00723

.007 I 6

.00703

.00699

.00695

.00684

.00645

.00645

.00623

xe

.00879

.00542

.00437

.0037 I

.00330

.00285

.00256

.002 I B

.00 r 93

.00 1 85

.00 I 60

.00 1 t7

xo

0 .00000
0. 00000
0.00000
0.00000
0.00000
0.00000
0 .00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.00000
0. 00000
0.00000
0.00000
0 .00000
0.00000
0 .00000
0.00000
0 .00000
0.00000
0 .00000
0.00000
0.00000
0.00000

Ro

0.

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

P Pt Tc iV"

3.0 26
3.0 26

163.0 26
763.0 26
763.O 26
163.0 26
763.0 26

26163.0

5 69 .0 776.0 i1?-.0

8 234.0 776.O 312.0
2 257.2 776.0 312.0
5 279 .6 776.0 3l 2 . 0
5 300 .B 716.O 312.0

763.0 26
763.O ?6

763.0 26
763.0 26

3 4.6 116.0 312.0
0 37 .1 716.0 312.0

2 99.7 776.0 31?. .0
4 129. | 176.0 31?-.0
o 157 .0 776.O 312.0
5 184. 1 776.0 312.0
6 209 .1 176 .0 312 .0

2 321 .5 176.0 312.0
B 341.4 776.0 312.0

55.2
80.5

105 .3
128.7
151 .1
113.8
195.3
213.8
254 .4
291 .1

0
0
ñ
0
0
0
0
0
0
0
rl
0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

APPENDIX IO

Results for formation of Diethyl Ether for different.Water and Ethyl

Alcohol partial pressures a¿l 312oC,

Re [ìo Pa Pw Pt Tc Wc Fa Xe Xo

6.28E-05
4. I I E-05
3.178-05
?.558-05
2.2A8-05
1.BlE-05
1 .548-05
1.29F.-05
I . 14E-05
1.00E-05
9.458.-06
9. l6E-06
B. l6E-06
7. 89E-06

0.
0.
0.
0.
O.
0.
0.
0.
h
0.
0.
0.
0.
0.

687.
658.
629.
602.
575.
550.
525.
502.
479.
458.
437 .

411 .

398.
379.

.02323

.02312.

.o2310

.0?,310

.02288

.02266

.02249

.02223

.02192

.02149

.02112

.02056

.0201?.

.01971

.01353

.00890

.00686

.00552

. 004 B0

.00399

.00343

.00289

.00259

.00233

.00224

.00228

.00208

.00200

0.0
c.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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F.esults for formatîon of Diethyl Ether and Ethylene for differenf l^rater

and E1-hyl Alcohol partial pressures at 14BoC.

tìo Ro Pa Pw P1 Tc l{. Fa Xe Xo

6 . 86,E -04
5. B7t -04
5 .068-04
4 .718-04
4 .198-04
3.698-04
J. 508-04
1.03E-04
2.788-04
2.528-04
2.25E-04
2.30E-04
1 .5BE-04

B. 69E-05
1 .29E-05
6.41E-05
¿i. 10E-05
5. 5 I E-05
5.00r_-05
4.828-05
4.31F.-05
4 . 1 4E-05
3. 84Ë-05
3,49E-05
3.?-4E-05
2. BBE-05

552.5
528.1
502.4
415.0
472.5
429.6
404 .1

193.
220.'3
245. I

266.8
302.0
341 .3
3(t2 .l

?_21 .
at zL) ).
218.
302.
325,
351.

4 .02177
4 .02142.
4 .02134
4 .02085
4 .02045
4 .02016
4 .01982
4 .01960
4 .01911
4 .01 869
4 .01 82B
4 .01819
4 .01687

4 .04066
4 .04083
4 .04042
4 .04011
4 .04009
4 .03964
4 .03944
4.01881
4 .03814
4 .03123
4 .03660
4 .015uB
4 .03469
4 .03332

.00610

.00548

.00415

.004r2

.004 1 0

.003(:(;

.00551

.00109

.00290

.00270

.00247

.00253

.00 1 88

.00981

.008e6

.007!14

.00676

.006 1 5

.00529

.00498

.00448

.00415

.004 I 5

.00t78

.00375

.00149

.00320

.00 1 60

.00 1 36

.00 1 20

.001t7

.00 1 0B

.00099

.00097

.00088

.00086

.00082

.00076

.0007 1

.00068

.00317

.00155

.00324

.0c309

.00284

.00265

.00259

.00236

.00221

.00229

.00216

.00211

.00211

.00203

0 548.0
o 348.0
0 348.0
0 548.0
0 148.0
0 348.066

158.1
123.9
685.1
646.6
611.0
583.2

Pa Pw

860.
Bó0.
852.
842.
833.
832.
825.
825.
822.
814.
848.
844.
835.

íi. I

421
821
8r4
814
809
[i0a
t:0!)
809
809
3?.0
817

3
40
75
07
37

q

42.
17.

14't .

112.

0
I

0
2
I
6
3 0 148.0

0 548.0
0 J48.0
0 348.0
0 348.0
0 548.0
0 t48.0

APPENTJ IX 12

fìesults for formation of Diethyl Ether and Ethylene for different Water

and Ethyl Alcohol partial pr(ìs.surr:s at 3B6oC.

Re Ro ot Tc Wc Fa xe xo

2 . 00Ë -03
1.818-03
1.60t-01
1 .3C,E-01
1 .?.38-03
1 .05E-03
9.82E-04
8. 698-04
1 .918-04
1 .138_-04
6.9 I E-04
6.721;-04
6.058-04
5.33F_-04

l. B3E-04
3.62E-04
3.21E-04
1.108-04
?..85E-04
2.638-04
2.55E-04
2.29E-04
2.168-04
2 .13E-04
1 .9BE-04
1 .95t-04
1 . B3E-04
1 .698-04

412.9 371

762.5
727 .4
694.'-t
627 .3
599.2
542.6
518.1
494 .4
471 .6
449.6
434.9

386
JB6
lE6
386
586
386
l86
386
J86
'586

386
tB('
3 tìr-

lB6
383.1 190.7 BlLi.
566. I 424.7 822.

0
n
0
0
0
0
0
c
\J

ù
0
0
0
0

')

9
7

3
-2
_)

5

ó
4
2
0
7

4

0
0
0

0
0
C

)
0
c
0
C
f.,ì

0
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Results for the dehydration of Ethyl Alcohol at temperatures from

2140C - ll90C.

*
T(OC) ke

(nnle/gm mln)
Iil%r ln k" ln ku

319.0
311 .5
301 .5
294.0
287.5
280.5
274.5
266.0
261.0
?_55.5
251.0
242.O
236.5
229.5
224.0
220,O
214.0

1.748-04
1.348-04
8.298-05
6.03E-05
5.00E-05
3,558-05
2.878-05
I .76E-05
1.298-05
I . 1 3E-05
8. 37E-06
5. I 5E-06
4.0 1 E-06
2.768-06
I . B4E-06
1.278_-06
8.62E-07

1 .69E-05
I . 1 7E-03
I .748-05
1.168-03
t.7BE-05
1 . B 1F:-03
I . BIE-05
1.85t-03
r .87F -03
I .89F -03
1.91r-03
1 .941: -05
1.96E-01
1.99E-03
2.01E-03
2.038-03
2.O'F -03

-8.66E+00
-8. 92E+00
-9.40E+00
-9.728+00
-9.90E+00
-1.02E+01
-1.05E+01
-1.09E+01
-l . I lE+O1
-1.14E+01
_1 . 1 lt+O1
-1.22E+O1
-'tì 24E+o l
- 1 .2BE+o'l
-l . 12E+01
-1.368+01
-1.40E+01

-8. 59E+00
-8.90E+00
-9. 55E+00
-9.66E+00
-9.95E+00
-1
-1
-1
-l
-l
-t
-l
-l
-l
-1

.03E+0 I

.06E+0 I

. l0E+01

.12E+01

.158+01

.17E+01

.22F.+O1

.258+01

.29E+01

.32F.+01
-l . l4E+01
-l .3BE+01

J(ke" is least squares value of k"

Activatlon energy (calories/gm nnlei) = 28,500 150

Frequency factor - 6.10 x 106 (nrcle/gm min)

I
I
I
i
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Resulls for 1'he dehydration of Ethyl Alcolrol. at temperafures from

3050c - 4160c.

*
T(OC) ke

(mo I e/gm ml n )
ln ko ln ko

-1. llË+01
-1. l2E+01
-1.09E+01
-1.06E+01
- 1 .04E+0 I

-1.01E+01
-9. B9E+00
-9.66E+00
-9. 39E+00
-9.268+00
-8.97E+00
-8. 65E+00
-8.47E+00
-8. 238+0C)
-8.0 1 E+00

.77E+00

.6 I E+00

.45F+00

.29E+00

.10E+00
-6. 92E+00
-6. 76E+00
-6.61E+00

505 .0
308.0
315.5
321 .O
328.0
334.0
339.5
345.5
352.5
356.0
364.O
373.5
378.0
585 .0
391.7
399.0
404.0
409.0
414 .O
420.O
426.0
431 .5
436.0

1.008-05
1.328-05
1.97E-05
2.458-05
3. 64E-05
4.428-05
5.36E-O5
6.67E-05
9.06E-05
9.96E-05
1. l7E-04
1.668-04
1.96E-04
2.36E-O4
3.258-04
4.278-04
5.46E-04
6.208-04
6.64E-04
7.648-04
9 .468-04
l. l7E-03
1.428-03

1 .73E:03
1.72E-03
r .70E-03
1.68E-03
1.66E-03
1.658-05
1.61E-03
1.62E-03
1.60E-03
1 .59E-03
I .57E-03
1.55E-03
1.548-03
1.528-03
1.50E-01
1.49E-05
1 .4BE-03
1.478-03
1 .40E-03
1.44E-01
1.438-43
1 .42E-03
1.41E-01

-1.15E+01
-1. l2E+01
-1.088+01
-1.06E+01
-1.02E+01
-1.00E+01
-9. B3E+00
-9.62E+00
-9. I 1 E+00
-9.2 1 E+00
-9.05E+00
-8.7 I E+00
-8.54E+00
-8. f5E+00
_6.61t+00
-7.76E+00
-7.5 1 E+00
-7. 39E+00
-7.328+00
-7. 1 8E+00
-6.968+00
-6. 75E+00
-6.56E+00

-7
-7
-7
-7
-7

ko is least sqúares value of ko

Act i vat ion energy (ca lories/gm no le ) = 29 ,?-00 ! 50

Frequency factor = 1.34 x 106 (nrole/gm min)
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