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ABSTRACT

This thesis is a kinetic study of the vapor phase
addition of hiydrogen chloride to propylene using activated
alumina as a catalyst. Preliminary work on this reaction

Nawmald Pl
L -— ——
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that isopronyl) chloride is the only gosem
product formed a2t temperstures of 80°C or less when this cata-
lyst is used. Second, the catalyst activity decreases with
ime possibly due to the formation of non-volatile polymerized
product on the surface. The rate of decreasing catalyst ac-
tivity 1s dependent on the temperature and on the conversion.
From the results of the kinetic study it 1s shown
that the addition reaction 1s not controlled either by the
adsorption of nhydrogen chloride or by the adsorption of pro-
pylene. The reactlon may be controlled either by the desorp-
tion of isopropyl chloride or by the surface reaction between
adsorbed molecules of hydrogen chloride and asdsorbsd molsculas
of propylens. The kinetic dsta sasre correslated by rate egua~-
tions derived by two different methods based on the surface
reaction as the controlling mechanism. The reaction constants

in these eguations are axpressed as functions of process time

and tempsrature.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter

=4

IT

VI
VII
VIII

IX

IT

I1T

Iv

TABLE OF CONTENTS

Tntroduction ¢« o« ¢ o o ¢ o o o o o o o o &

Kinetic Theory of Heterogeneous Catalytic
Reactlons . + o« ¢ ¢ 4 ¢« v o ¢ o o o + &

Description of Lzperimental Ecuipment . .
laterials o o« v ¢ o o o 4 6 6 s 6 0 e e
Experimental Procedure + « ¢ o« o« ¢ « o « &
Experimental Results . + ¢« ¢« ¢« ¢ ¢ o o « &
Determination of the Mechanism . . . . . .
Correlation of Kinetic Data . « ¢« « « .+
Discussion of Results « « « v v ¢ ¢ « « + &
Conclusions o o« « o o o o o a6 o o o o o
Tomenclature « ¢« o o o o o o o« o o o o o

Bibliography « ¢ ¢ o ¢ o « « o o o o o o &

Discussion of Experimental Equipment and
Procesure « « ¢« ¢ « ¢ o o o o 050 o e o o
Reactor « o » o o o o « o &
Catalyst Activity and the Purification
System o v ¢ v v s e v et e e e s e
Ilethod of Analysi o o & o s 8 s s e
Reproducibility of Results . . . . . .

[ . . . . [

T

Eveluation cf ¥ilm Gradients due to Mass
Transfer o o o o o« + o o o o .

Derivation of Rate Equation Used in Corre-
lation MethOd B L] . . . e * * ] L] . . .

Thermodynemic Properties and Equilibrium
Constants o« + o e o o o o o o o o o o o

17
25
27
31

108
109

112

117

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Part
\ Detalled (Marating ProCeGURNE v e o o s o e
VI Bibliograpny for the AppendixXx o« « o « o &
VIl References to Catalysts ¢« ¢ ¢ o6 o o o ¢ &
VIIT Experimental Data

SGI'J.GS 1 . . O . . . . . L] s o o . . . [
SEries 2 v ¢« ¢ ¢ e o s o o e e e o o o @
Series e e e e o s o o @
Series b o o o o ¢ e e e
Conversion at Process Time Hours .« .
Conversion at Process Time Hours . .
Conversion at Process Time 6 Hours . .
Results of lMass Spectrographic Analyses

o o . L] 3 [

D O

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=
0O @ oS v oW no = 'O
L ]

e e i = = T R S
® N o0 N & W v RO

=
O

20

21
22
23

Reproduced with permission of the copyright owner

i

Title

TABLE OF FIGURES

Layout of Experimental Equipment .

Experimental Equipment . « « . « . .

Reactor and Sampling System

Avsorption
Conversion
Conversion
Conversion
Conversion
Conversion
Conversion
Conversion
Conversion
Conversion
Conversion

Conversion

. . . .

Tube and Reservolr Bottle

*

vs Process Time, Series 1, T.F.

vs

vs

vs

vs

Vs

vs

vs

vs

vs

vs

Reaction Rate

Reactlon Rate

Mole Fraction

Process
Process
Process
Process
Process
Process
Process
Process
Process
Process
vs iiole

vs Mole
HC1

Initial Rate
Mole Fraction C3H§

Vs

Initial Rate
1
yHCl(l-yHCl)

/2

To

Conversion vs Time
Conversion vs Time

Conversion vs Time

Time,
Time,
Time,
Time,
Time,
Time,
Time,
Time,

Time,

Series 1,

Series 1,

Series

-

-

Series 2,

1
1
Series 2
2
2

Series 2,

Series 2,
3,

Series L,

Series

T.F.
T.F.
T.F.
T.F.
T.F.
T.F.
T.F.
T.Fe

T.F.

=1.0l
=1.56
=2,08
=0.52
=1.0L
=1.56
=2,08
=0,52
=1.0l
=1.0l

Time, Series lj, T.F.=1.56

Fraction HCl, 80°C .

Fraction HC1l, 60°C .

Mole Frection HC1 .

Factor,

Factor,

Series 1, Time 0 Hours

Series 2, Time O Hours

vs Mole Fraction C3Hf

vs Mole Fraction HC1l . .

Factor, Series li, Time O Hours

. Further reproduction prohibited without permission.

Page

59
60

61



37

38
39

1o

L1

L2
L3

Title

Conversion vs Time F
Conversion vs Time F
Conversion vs Time F

Conversion vs Time ¥

actor,

acter,

actor, Series 1, Time

actor,

r, Series 2, Time

Reaction Constant A vs Temperature . . .

Reaction Constant B vs Temperature . .

Reaction Constant C
Reaction Constant A
Reaction Constant B
Reaction Constent C

Mole Fraction HCl1l vs
Time O hours . .

Mole Fraction HC1l vs
Time O Hours « .

Mole Fraction HC1l vs
Time 3 Hours . .

Mole PFraction EC1l vs
Time 3 Hours . .

Mole Fraction HC1l vs
Time Hours . .

Mole TFraction HC1l vs
Time 6 Hours . .

Mole wraction HC1l vs
Time O Hours . .

B Vs -IJfl-. - .

1
k' CVST . L) L] .

k p

k1 AL Process Tim

k A B VS Process T

vs Temperature . . .
vs Process Time . .
vs Process Time . .
vs Process Time o .

Time Factor, Series

L . L] . . . o L] - .

Time Factor, Series

Time Factor, Series

- . . [ ] L] . - . - L

Time Fector, Series

. * . . - . . . L] .

Time Factor, Series

Time Factor, Series

Time Factor, Series

e . . . . . L] . L] .

Ime o v ¢ o o o o o

Series 1, Time

Series 2, Time

o o Woow

L,

62
63
ol

68
69
69
70
71
71

76
17
78
79
80
81

82
83
8l
85
85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



No. Title
45 Activation Energy E vs Process Time . . .

416 Frequency Factor 4 vs Process Time . v o « o «

FIGURES FOR APPENDIX

1 Temperature vs Bed Depth « v v ¢« « ¢« « « &+ « o« o o 100

2 Reproducibllity of Runs . . « « & ¢ ¢ & ¢ ¢ « &

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In the chemical industry continuous processes are
repl=scing the batch vrocesses because of their greater capac-
ity, vetter product conitrol and lower operaving expsnss. The
heart of the continuous process is the reactor where the
chemical change occurs. In order to intelligently design
these reactors the chemical engineer must have in his pos-
session liinetic data for the reaction expressed in some form
of rate equation. To be reliable these equations should in-
clude all the variables likely to be encountered in opera-
tion of The large reactor.

Althouzh classical kineties is an old subject, the
kinetics of catalytic flow systems is relatively new. It
has been found that the data obtalned frem a static systenm
did not apply to the reaction carried out in a flow systein,
princinally because of the effsct of diffusion of reactants
end products to and from the catalyst mass. Only in 1943% was
a zeneral method developed for correlation of catalytic kinetic
data obtained in flow systems (4).

The fact that a large number of the chemical indus-
tries use catalytic flow reactors indicates that a great
number of kinetic studies have been made. Unfortunately,
however, these studies which were usuwally conducted with a

limited number of operating variables and the results
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correlated empirically, have usually been considered as in-
dustrial sccrets with the result thsat relstively few of them
have been published. With the development of the censral
theory of Fougen and atson (4) has come a slow trickle of
catalytic kinetic studies conducted in the universities and
thus available for publication. These studies, for the most
part, have heen limited to simple recctions. Thus, the 1lit-
erature on kinetlic studies of catalytic reactions on flow
systemns, is measer and any atteipt to correlate the results
with resvect to reactants or with respect to catalysts is not
possible at this time.

The purpose of the worlz of this thesis was to study
the kinetlcs of the formation of ilsopropyl chloride by the
catalytic vapor phase addition of hydrozen chloride to pro=-
pylene over activated alumina. The industrial importance of
this work is probably nezligible since more efficient cata-
lysts (See Appendix Part VII) than asctivated alumina are no
doubt avallable for this reaction. However, it is hoped that
this worlt will initiate a prozram of kinetic studies of hydro-
cen chloride addition to other members cf the olefin series
over the same catalyst. Such a program wourld present an
opportunity to comnare the effect of structure of one of the

reactants upon the kinetics of the reaction.
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VINETIC THEORY CF HETEROGEIEQUS CATALYTIC REACTIONS

CHAPTER 1IT

Zv definition, a catalyst is a substence which in-
fluences the rate of a reaction but is not one of the original
reactants or final products. The catalyst must participate

in intermediate stens in such =2 manner as to facilitate the
over-all course of the reaction. Althoush the catalyst may
rreatly affect the mechanism of a chemical chance, 1t does

not influence the over-all free energy change and thus the
eouilibrium concentrations. Solid catalysts are belleved to
function through the occurrence of intermediate reactions on
their surfaces., The site of the chemical change 1s believed
to be at points of hish chemical activity called "active
centers.” The nature of these active centers and the condl-

tions which rmust be fulfilled in order that a point on the

&)

surface may become an active center remains the subject of

Ce

much speculetion. It is possible that interatomic snacing
b I i o

of the solid structure, chemical constitutions and lettice

[

the activity and

-
« - v

l.lh

structure are important variables affectin
the selectivity of 2 catalyst. In general, it 1s desirable

that the so0lid catzlyst should have a largze surface per unit
mags or volume and that this surface shculd be readily acces-

sible to the reactant mixture through interconnected prores

O]

nd openinzs.

In order thet reactants in the main fluid phese
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may be converted catalytically to a product in the malp fluid

rhase, it is nacessary that the followin_ n»rocesses occour.
1. The masa transfer of reactants Irom the gas phase

the the surface of the catalyst particle.

2 The adscrntion ¢f the roactants on the setive cen~
ters of ihe cotelyct.

Te The chasiczl recctlon between the adsorved reac-
tante te form adsorbed products.

4. The cCescrpticon of rroducta.

The mass transier of the product Ircr the surfece

ARy |
EY

cf the catelyst to the sas phase.
The rste at which cach of these steps occurs influences the
distribution of concentraticns in the system and »nlays & part
in determinin~ the over-211 rete. Their relative importancs
in determining the over-ell rate varies wicdely according to
the catalyst and asccordin; to the conditions under which the

recction is carried out.

wn

te

[92]

s 1 and 5 are import:snt only for very rapild

'3

reactions cr where flow conditions are unfavorable. Steps 2,
3 end 4 cre chemical phenomena and are generally highly sensi-
tive to temperature. Ior a heterozeneous system onsrating
under steady state cornditions the rates of cach of the five

e

steps 1s necessarlly the same. However, to simplify the in-

terpretetion of experimental data it 1s desirable to minimize

stance offered by tho nhysical steps of mess transfer

ot
5y
o
’3
m
.—h
t

and deal only with the chemical aspects of the reaction.
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system based urvon unit nass of catelyst is jiven by the rclo-

T QW = FdxA (1)
where
r, = noles of reactant A converted per (urit time)
{(unit mass of catalyst)
I = flow rete of fesd, moles rer unlit time

W = mass of catalyst
Ky = moles of reactant A converted per aole of feed.
Values of the reoaction rate r should te correlated azainst

the conditions prevseiling et the surface of the catalyst

v

4]

where the catalytic reaction actually taltes place. IFrom equa-

o)
€

tions fer rass transfer the ilm gradients for 7»artisl pres-
sures of ezch component ges can be evaluated. Hewever this

correcticn is diificult and uncertein. In experimental work

it is desireble, if possible, to render these gradients in-
sirnificant by operating at hich nmass velocities. A method

of relatins the film gradients to the variables of the systen

is given by Yang ond Fougen (9) from which the following 1is
Consider the seneral equation for the rete of mass

transfer.

r = kga_op (2)
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D G £ Pan ’

xperimental date on values of j, were obtalined for mass

.
"

transfer in a granular ted bty Gamson, Thodos, Wilke and

Hougen (3,7) and related tc a modifieé Reynolds number

Ve, o
/“ as follows:

Jjp = & P2 (4)

By a combinaticn of Eguations (2), (%), and (4) there results

the expression

A2y _

1
Pa X[ PpMen

/E;'pmmpf y 2/3 V;g ¢ \n-1
)ODAm /a (5)

From this equraticn the magnitude cof the ilm gradient A,
at the catalyst surface can be estimated once the rezction
rate is lmown. Ey proper selection of the range of mass
velocity the film sradients can be reduced to 2o negligible
valre, and the concentrations at the catalyst surface can be

assumed to be the same as in the fluid stream.

General Surface Rate Ecuation

When a reaction is catalyzed by 2 solid it is pre-
sumed that the actual combination of rezctants occurs on the

surface of the solid. It is further assumed that the reactipn
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occurs between adsorbed molecnles on adjacently situated
active conters, and thet the resction prcceeds &t retes pro-
rortional to the concentrestions of adjecently adsorhed reacs-
tents. With these assumptions, generslized kinetic eguations
have been develoned by Houzen and Yatson (4) upon whose work
the fellowing discussion is baged.

Consgsider the bimoleculsr-monomolecuvlar reaction

A +B —R

Tre rate of the reactlion can hbe exrressed by the eguation
r = kCAP‘ - 1‘?'0R1 (6)

vhere c = surface concentration of adjacently adsorbed
molecules of A and B
cg1 = surface concentration of molecules of R
adjacent to vacant active centers.
For the dovclopment of the rate equations, it may be cssumed
thet e unit mass of catalyst offers L active centers, eeach of
ecuel activity, upon which adsorption mey occur. It mey fur-
ther bte assumed that these centers are zsrranged on the sur-
face in 2 recular ceometric psttern such that each active
center is surrounded bty s ecuidistant adjecent centers. If
8y is the fraction of the total centers wiich is vacent, then
an everage adsorbed molecule of R has adjacent to it s@
vacant centers. Similarly, s6p molecules of B are adjacent

to adsorbed A molecule, where QB is the fraction of totsal
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centers which is occurnied by adsorbed E molecules. ‘'he total

concentration of adjzcently adscrbed molecules of A and B is
then the oroduct of the concentration of centers occupied by

A and the averarse nunber of adjecent sites occcunicd by B.
. A S G'.-.
£ o
Likevisae, the totel concentration of adsorbed molecules of

R and adjacent vacant center is
cR1 = Cg 93 (8)

) c
Since 6, equals ?E and gl equals 1 s

T
bt

Hlo

°AB = T °a%B (9)

csCq (10)

i

i

CRr1

Subatltuting these expressions into Equatilon (6), the rate

ecuation for» the surface reaction becones
r == (lkc,cn = K'CnCq) (11)
L *“YA"B R71 -

Under steady state conditions the rate of adsorp=~
tion of the reactants and the rate of desorption of nrcducts

must ecual the net overall rate of reaction.

= = = 2
Toversll Tadsorotion Tsurface reaction rdesorption (12)

Since the tyre of adsorption which occurs with catalysis is

apm rently chemical in nature involving the reactent in the
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-as rhase and an active center, the rate of adsorption of A

caen te expressed by

r

kAaAcl - k'pc, (1%)
r = k'A (KAaAcl - cA)

from which the ceoncentration of A on the surfece can be ob-

tained.
- _r
¢, = Epagcy 5T (14)
where ap = fluid phase activity of reactant A

KA = adsorption equilitrium constant.
Similar expressions for the other reactant and product con-

centrations can be obtained, and substituted intec Eguation (11).

- 8 7 - _xr T -
r = L[ﬁ(ﬂAaAcl EKT)(KBchl &) - k' (Fgagey + EﬁT)ClJ (15)

The concentrations of vacant centers also may be expressed

in terms of fluid phase sctivities 2t the interface.

- Vvl

¢c; =L - (CA + e + cR)

- 1 1 L
¢y =L - cl(KAaA + Kgag + hRaR) + r(k Pt ET T @ -)
A B R
1 1 1
L+ + -
¢, = EAT * BT ” BT (16)

(L + Kpap + Epap + Kgag)

}

Cortbining Equations (15) and (16) yields s complete expression
for the rate of reaction in terms only of activities in the
fluid and the constants of the system. However, this complete

equation invelving the rates of all adsorption steps as well

as the rate of the surface reaction is so cumberscme as to be
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/0.

of little value and simplifying assumptions must be made in

order to make it usable.

Surface Reaction Conbtrolling

In order to simnlify the senerel rete ecuation the

mnde thet the overell rate i3 control

ed by

one slow step, all other steps being reletively fast. From
the standpoint of theoretical kinetics this assumption is
not accertable, but it has served as g satisfactory basis
for vractical purposes.

Consider the net cver-all rate as expressed by the
steps of adsorntion, surface reaction, snd desorption for the
reaction A + B = R.

=17t

Y lx.AaA 1~ CA = kBancl-PB Cp = l"CAB ch = kéCR-uRaRCl (170

If it is assumed that the surface reection ccntrols the cver-
all rate, l1.e., 1t 1s the slow step whereas the other steps

are fast, the magnitude of the terms kpapcy end k! may be

4%
assumed to be large when compared to the value of the rate r.

In this basis little error is introduced by equating the terms
kAaAcl = k'ACA (18)

other edscrpticn steps

4
o
=
ct
jay
(0]

Similarly,

I
~
s}
Q
pa)

kBchl =

kRaRc 1 = k'regr

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This assumntion implieg that the reaction velccity consteants
for the adsorption steps are very lar~e. Therefore in the
general surface rate equations (15) and (16) the terms involv-
ing the reciprocals of these constents can be neglected and

the equatiocns become

(-
pXS)
S

r = %[%(KAaAcl)(KBchl) - kf(KRaRcl)c%] (

L

— {
°1 = THIgE, ¥ Kgag + Fgog (20)

Substituting for cy, the final rate equation for the case
where the surface reaction is the slow step beccmes

(1 + Eqa, + Kgap + KRaR)2

P = (apap -;%) (21)

where R is the overall equilibrium constant for the reaction.

Adsorption of A Controlling

If the adsorption of reactant A is the rate con-
trolling step, Equation (18) may be assumed to holé for the
other adsorption steps. Similarly, the magnitudes cf the
quantitles kc,g and k'cgy for the surface reaction may be
agsumed very large when compared to the magnitude of r so

that 1little error is introduced by equating the cuantities
ke,g = k'legq (22)

As developed previously

CAB = T °ACB (23)
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Q
g
H

|
e

CR01
so that

—_ ]
4%p = K'CgCy

toad

! crey _CRC1

o (24)
x

CA:

-

CB K
where K is the ecullibrium constant for the surface reaction.
For the other reactant and the prcduct the follow-

ing expressions can be obtained from Equation (18)

CB = KBchl
cgr = Kg&gey (25)

where X, and Kp are adsorption equilibriwm constants.

Tre concentratlion of adsorted A can
in terms of the activities of B and R and the

of vacant centers by combining Ecuations (24)

. KRaRclé _ aRcl KA
EB el

°A ¥ KoKage;

now be exnressed
concentration

and (25)

(26)

The concentraticn of vacant active centers can also be ex-

presged in terms o the activities of B and R.

cp =L = (cy + cg + cg)
aRc Kp ; .
Cl =L ( aBl i? + hBchl + nRaRcl)
o L
1- aR Kp
1 + —g fr + aBKB 4+ &RKR
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The absorntion rate equation from Eguation (17) is

r = kya,cq - kA’cA (28)

and when the values of ¢, and c, are substituted, and the equa-
tion rearranged, the final rate ecuation that annlies when
the edsorption of A contrels becomes
L kp
r = e (2p = —) (29)

aR=
(1 + R :_'Eé + apKp + aRKR)

o]

Desorption of R Controlling

By an analogous nrocedure the rate equation for the

case where the desorption of R is controllins cen be develorped.

kg L K aR
r = 2 (ageg ——%) (30)
1+ a,K, + apKp + apapkpk

Alternate Anproach to Surface Reaction Kinetics

Recently an alternate method of developing rate
equations fcr the reaction on the surface of a catalyst was
developed by Wynkoop and Wilhelm (£). Thls method involves
the aésumption of the forms of adsorption isotherms for re-
actents and products on the catalyst under consideration.

Rate equations assuming the surfece reaction controls can then
be developed with the surface concentraticns in accord with
the stated adsorption equilibria. The method 1s the sawe in
principle as the method previously discussed ezcépt for the
form of the adsorption equilibrium equation. For the simpli-

fied case for the irreversible reaction A + B —= C, where the
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frection of surface covered by the reoctants can be ex-

pressed by the Langmir tyne isotherms,
e, = OA’yAﬂ'

bpyp 77

)

O
J
it

- 1 + bpyp?

where © represents the fraction of surface covered,

Wynzoop and Wilhelm developed an egustlon that could be in-
tesroted over a flow reactor. They found that the kinetic
data for the hydrogcenation of ethylene over a reduced ccpner
catelyat fit this equation cquite well.

N

This method of apnroach, although theoreticsally
sound, is difficult to aprply to most reesctions. For the
alternate cases where both lsotherms are of the tyve of 6g
and when the reaction is reversible, the differential equa-~
tion becomes so comnle: that it cannot be integreted. Evalua-
tion of the constants by differential rsete measurements is
possible in some cases, but the method 1s not as ceneral as
the method previously discussed. If, hovever, adsorption
studies are available for the reactants on the catalyst under
consideretion end if simplification can be made in the ex-
nresslcens for the adsorption eamilibria, the method should
cive setisfactory results for simple reactions.

Tor the reaction A + B = C wvarious rate equations

¥

can be written for different forms of the adsorvtion isotherms.
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r = kBp0g - I1'0, (z2)
A4 P
R . .
It 65 = I—:—;K:EE-, thie rate equation becomes
1 A 1 D .
XAy ARLAPR - k! A ope

—~

M
AW ]
~——

T T F Ay T+ Agrs) T 7 Agrgl

This form of the rate equation is too cumbersome to permist
cveluation of the constants. Howsver, in many cases the ad-

sorption lcotherms may be aprnroximated by the c.preosdi orn

€, = Kpog (24)
and the rate sequation becomes, in terms of mole Iractions,
- 1 2. o
= LA Xp77y,75 - XK' AT T, (z5)
2y a material dalance around the resctor, the mole fractions

of any two of the components can be expressed in terus of
the third: In addition the rates can be eipressed in tsrms
of one reactant Uy

T Py, =

—g T = i (36)
dl (l - y‘q)(?. dlr 9

where y,, 1s the mole fraction of A entering the reaction.
lialiing these substitutions in Equation (3%5) and reerransing
the following eaquation 1s obtasined.

dya

'-’A

k' o
o T C'T
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A comnlete derivation of this ecguation will be foun

Arpendi: Part IIT.

8!

n the

dva .
Trhe term FO —ﬁ— is the slove of the curve when the mnolse
W .

fraction y, is plotted vs 7 for a constant feed rats. Indi-
catineg this slope Dy R, cambining the constants and rsarranc-
inz, the following ecuatlion is obtalned:

) 2 (78)
1 (1-yp)= ) . L Ua (1-74)° . ) g
s ht - il - % + 4
. (1-y,,)2 "H° W EETR (14 )2 “Vpo * YaTao’ T X

© a0 “Ao
where A= X' oA TT
. 1 (1-ya)2
A plot of the two wvariable terms 3 5 (Jao-Va)
(l'on)

7y (1-74)7 )
versus —=— > (1 = 2750 + Yp¥ao) should be a straight

* 1=y

(1-3,,)

line if the assumptionswhich were made are valid. The slope
and interccept of this line permlt the evaluation of the reac-
tion wvelocity constants.
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DISCRIPTION OF EXPERINELNTAL BEUUIRIEN

CHAPTZER III

The general layout of the experimental ecuipment

is shovn in Tizure 1. Figure 2 1s @ photograpn of the sauin

Reactor

The reactor, shown in a close-up view in Fipure 3,

[©]
joN

consisted of a condenser fitt with $24/40 joints and a

50 cnm. water jacket. Water was circulated through the jacket
at a rete of 0.22 zal/min. from o constant Ltemperature bath
by a liodel A-1, Type 100 Eastern rotary rump. Chromel-alunel
thermocouples nlaced in the water line before and after the
reactor measured inlet and exit water temperetures. Tnder
nornal operation, the difference betueen the inlet and out
water temparature was no more than 2°C The T.D. of the reac-
tion tube was 10 mm. A 2 mm. 0.D, glass tube was suprortsd
coaxiclly within the reaction tube by means of 5 rnm. 0.D.

class tubing aligning supports which were joined to the stand-

ard taper joints. Sealing wax provided a gas-tight seal
between the 2 mm. and 5 mm. tubes. A 26 gage chromel-alumel
thermocouple, drawn within the 2 mm. gless tube was used to

measure axial temperature gradisents within the catalyst bed

n turn was located in the annular space between th

}_Jo

Wil c n

reactor wall and the small tubing. By means of two zlass
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FIGURE 2
LXPERIMENTAL EQUIPMENT
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FIGURE 3
REACTOR AND SPMPLING SYSTEM
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3 4

tube zuides, a formica terminal becard, and a scels the

thermoccounle wes centered within the 2 ma. tube and was

}Jt

capable of axial travel and precise nositioning within the

reactor.

The reactor was supnlied with hydrozen chloride and

nropylene from tank sources. ZEach ~as was purified by 4 to 8

jie

mmediately follow-

“

mesh activated alumine locsted in 2 tran

ing the tanks., The zalumina was derassed and recactivated at

O

the end of each day's run.

Safety Traps

St

v ]

fety traps on the individual gas lines prevented
large pressures from developlng in the system. Also, since
the hydrogen chloride flow rate cculd be adjusted only by a
noedle valve, slowly bubbling the zas throuzh the mercury
safety trap pesraltted, through the use of = stopcock on the
main line following the trap, a constant flow rate of the :as

at a constant delivsry pressure.

Mowmeters

Tlie flow rates of both gases were measured by glass
capillary flow meters of conventionel desirn. 'The nropylens

meter was calibrated with a »recision wet test meter. The

Py

hydrcsen chloride meter calibration was based on the pronylene
meter by analyzing nixtures of pronylene and hydrogen chloride

at differsnt flow rates., Corrsctions for ebsolute pressure
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ct
5
jor

changes on the capnillary flow meters were mads by the me
of Wnitewell (6). 1Yo temperature corrections were made since
there was little variation in room tenperature. The manometer
fluid was a silicone licuid sold by the Wilizens-Anderson
Company of Chicsgo, Tllinois. At 20°C its denslty was 1.0256

SIIIQ/CCQ

Cold Trap

following the reactor was a2 cold trap to collect
the liquid isopropyl chloride product. This trap was a
modified 250 cc. round bottom flasl, which in addition to
the iniet and cubtlet joinbs.was provided with an exit line
fitted with a stopcock. The exit line touched the bottom
and came out the tan» of the trap. Since the system was
under a slight pressure during operation, this arrancement
permitted withdrawal of the liquid product with no disrup-

conditions.

. .
ticn in orneratin

A safety trap preceded the lMilliken gas washing
bottles to eliminate the possibllity of water backing into
the system when feed sases ccentalning largse amounts of hydro-
cen chloride were used. The zas washing bottles, overated
two 1in parallel, removed all of the hydrosen chloride from

the product zases by absorption in water.
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Check Tropn

The nroduct zases from the sas washiing bottles
nassad throuvch a check trap and then tc a burner. The check
trap consistad of s large test tube fitted with a rubber stop-
Per. e inlet tube was placed just below the surface of a
small arount of mercury. Thus the product sases could pass

throush the tran, but the natural cas used for the burner

could not pass bhack into the eguipment.

Sompling and Analyzins Eculpment

The sampling apparatus consisted of a 100 cc. gas

e

£

biiretv so arranged that saumpl cf feed cas and product zZ&s

e
[}
[9)]

c
could be bled from the system. Ilercury was used as the level -
ing material. Water was circulated throuzh the buret jacket
from a constant tezperature bath at a rate of 0.25 cal./min.

by means of a2 Model A-1 Type 100 Eastern rotary pump. The

¢ to eliminate the

f=to
3

snature was maintained

[iY)

+ 45©
7

rossibility of condensation of roduct.

i

1e analytical apparatus consisted of an absorption

tube and leveling bottle shown in Figure 4. The absorption

I
tubes, constructed of 15 mm. 0.D. glass tubing, had a capac-
ity of approximately 95 cc. They were fitted with three stop-
cocks to permit draining and washing of the tube. The lovel-
ing bottles, joined to the absorption tubes by Tyson tublng,
vrovided a reservolr for the water used as the absorbing

media and also provided a recepticle in which the titration

of absorbed hydrozen chloride could be carried out.
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Figuee 4
AgsorrTioN TUBE AND RESERVOIR BoTTLE
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ATTWRTALS
CEAPTER IV

Prorvlene

The n»nronylene was c¢.n. grade purchased from the
Matheson Company of East Rutherford, New Jersey. The nas
had 2 listed purity of 999 with the principal impurity being
propane. INass spectrc_raphic analysis of the cylinder sas

indicated no other impurity.

Hydrogen Chloride

The hydrogen chioride was c.p. grade purchased
from the latheson Company. The ges had a listed purity of
99.5% with the claimed impurities beinz 0.2% acetylene and
0.5% chlorinated hydrocarbon. IMass spectrographic analysis
of the cylinder ~as, however, showed that the principal im-
of a C» hydrocarbon, probably ethylene,
and that traces of lmpurity at masses 6%, 64 and 65, wers also
nresent. These latter impurities correspond to ethyl chloridec.
llass spectrographic analysis showed that the alumina trap in

the hydrogen chloride line removed all of these impurities,

Catalyst

The catalyst was activated alumina Alcoa Grade H-41.
The 4-8 mesh granular particles were ground and screened,
and the fraction passing 20 mesh and retained on 28 mesh

screens used for the kinetic study. The catalyst was
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activated by heating in a furncce at 75097 for 16 hours.

Heat Transfer llaterial

ve form of alumina was obteined from the

b

An inact
Aluminun Comvpany of America in the form of 1/4 inch balls,

8] - .
2.0 maah aion waa
L MesRl SLZ22 NWaAZS

]

These were ground and screened. The 20 t

O~
3
D

6]
-
2

used as catalyst diluent, and the 20 to 1o mesh size wes used

as neat transfer material in the preheating section of the
reactor and a3 a catalyst support in the lower section of

the reactor.
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EVPERIVEUTAL PRCCEDURE

CHAPTER V

Preliminary Work
ITn the preliminary worls with this reaction; two
mejor dif ficulties arose. First, the reaction was strongly

(o]
ct
@
=
3
O
2]
©
ci
o
]
(0]

exothermle so that very large radial and axia
sradients were present when an undiluted catalyst cherge

was used. When these high temperatures occurred, the cata-
lystv became coated with a deposit that varled in color from
1izht orange to blacic, and the activity of the catalyst de-
creased raplidly. To minimize these temmerature gradients,
which were as high as 50°C in a few centimeters, the cetalyst
charge was diluted with 20 to 28 mesh tabular alumina which
was inactive as a catalyst for this reaction. The ratio of

1l

<t
[©]
e

lyst to volume of tabular slumin”r was 0.4
J

) £
volume of ca

all the kinetic runs. With the diluted catalyst charge the

3

meximam radial and axlal gradients were not more than 10°C
each, The averase axlal temperature was taken as the tem-
nerature of the run.

The second difficulty was the decreasingactivity
of the catalyst with process time. Placing alumina traps in
the individual gas lines after the cylinders and reducing the
temperature sradients in the reactor reduced the rate of

decreasing catalyst activity a great deal. However, it was
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never entirely eliminated. FPor this reason all kinetic runs

[N
by

were made by measuring the conversion obtained over a2 period
of time for each change of variables. In order to obtain
commrable runs it wes imperabtive that the operating pro-

cedure bhe standardized. A detalled operating procedure will

be found in Appendix V,

ct

}—lu

Operation of Eaquipmen

]

he reactor was assemblzad with tihe thernocoupls

tube in nlace and sealed with sealing wax to the lower alisn-
ing support. The lower standard taper joint was 1lightly packed
with zlass wool Lo provide a suoport for the catalyst bed.

The reactor was filled to a derth of approximately 10 em

with 16-20 mesh tabular alumina, and the hot catalyst charge
voured into the chamber. The remaining reactor volume was
filled with 16-20 mesh tabular alumina to act as a preheating

s \ . 4
section for the £ ctor wes guicklvy closged

4]
®
4

N o 1 o b el
D v a4

[{’]
£
o]

J
connected tc the inlst end exit lines, end sealed at the top
aligning support. The catalyst bed was cooled to room tem-
perature bvefore the feed zases were introcduced by circulating
water in the reactor jaclet.

After the equipment was completely assembled and

t

[

sted for leaks the feed _jases were turned on. The pronylsne
was always turned on first in order that the water in the

cas washing bottles would not back into the system when the
hydrozen chloride was turned on. As soon as the propylene

was flowing through the systen, the hydrogzen chloride was

introdueced. Since the heat of adsorption of hydrogen chloride
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is hizh, the hydrogen chloride was in-

o]

or activated alumin
trcduced slowly at first in order to prevent initial over-
heatin: of the cotalyst. After the catalyst tempersture

had cecsed to rise, the flow rates were adjusted tc the de-
sired valnes and the reactor consisnt temperature bath brousht
to the desired Gteunerature. It was necessary that this lat-
ter orcration not be too rapid in order to prevent formation

of large tempersture _radients.

Sinceo the runs were made on a time basis it weas
necessary that the start-up verind be stendard for each rin.
The zero time was taken at that moment when nropylene started
to flow througch the system. The flow rates were adjusted to
the desired feed composition within ten minutes. e resctor
vas brought to the desired temperature within forty-five
minutes so that there was a period of at leasst fifteen minutes
of oneratior under steady onerating conditions before the first
sample was talken one hour from the start-un time,

Runs were made at a constant feed gas rate of 0.03%2
sram moles ver minute with slisht varistions between roins
due to pressure differences. A series of runs were made with
a ~iven feed composition using; 2, %, and 4 grams of catalyst.
A compnlete series of runs were made at feed comvositions of
%77 H4C1 and 6% 05H6, and 66% 1Cl and 3%4% CzHg. The tempera-
turesof operation were 44°C, 60°C, and 80°C. Two supnle-
mental series of runs were made with feed sases of 507 7C1

and_5oﬂ 05H6, and 199 HC1 and 81% C3H6.
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Samples of the gas to be analyzed were drown slowly
into the as buret by lowerin,; the mercury levelin: totile.

Careful manipulation was required in order that the pressure

of approximately 95 cc was talren, and efter allowing the
ases to come %Ho tewpsraturse, the volume was measured sccur-
ately. The gas was then transferred toc 2n absorption tube
wihich had previously besn filled with distilled water. After
the scolution of the hydrosen ciiloride in the water wes as-
of the absorpntion tube, the acid
solution was drained into the lzveling bottle and the tube
washed twice wilith distlilled water. The acid wss titrated
directly in the leveling tottle with 0.05I sodium hydroxide
using brom thymol blue indlicator. Since the ratio of hydro-
gen chloride to pronylene in the feed sas znd the total
volume of sampls were lneoun, the nroduct comnosition could
te calculated by 2 maiterial balance assuning isopropyl
hloride ©o be the only rroduct formed. Thls latter fact

ub

&
1153
w

tentiated by mess spectrographic anclysis ¢f product

6]

reses obtaincé =t 44°C and 80°C.

a2 .
]

Jaifficient

ases were analyrzed
to establish a conversicn vs time plot for each run. The feed
razes vere anazlvzed perlodically to insure proper feed

(1

composition.
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EIPERTIENTAL RESULTS

CEAPTIR VI

VoL

Tre exnerimental results sre »resented in the form
rlots of conversicn versvs nrocess time shown In Fisures
Series 1 were riede with a feed
composition of 377 UCL wnd 637 C5H6 at time factor of 1.04,
1.56, and 2.08 (=m.cat.)(nr.)/Gm. mole feed at tempcratures

of 44°C, 60°C and £0°C. Twc additional runs of Seriecs 1 were

mede at a time factor of 0.52 at the temperatures of 60°C

A8

and 80°C. The runs of Series are identiceal with those of
Series 1 except that the feed composition was 66% HCl end 347
CzHg e

Serics % runs were made at 2 time facter of 1,04
with a feed composition of 50% HC1 and 50% C5H6‘ Since runs
at 44°C, 60°C and B0°C ;ave substantially the same conversions
as were obtained in Series 1 and 2, no additional runs were

made 2t different time factors. Series 4 consisted of two

(6]

<

‘:; \ ,
runs with a feed comnosition of 19% HC1 end &1%0316. These
runs gave converslons mch lower than previously obtained.

It was characteristic of these plots that after zn
initial unsteady reriod the conversion decressed linearly
with process time, and the rate of decrease was dependent on
the temperaturae., Thus, for each run a straizht line could
be drawn through the points, if the points in the unsteady

reriod were nejlected. Thcse lines were extrarolsted to zero
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nc¢ard basis for compar-

ity

nrocess time in order te provide a st

ison between runs at different temneratures wien no fouling

of the catalyst occurred.
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DETERMINATION OF TH¥ PECHANTSI

CEAFPTER VII

liass Transfer

The film gradients st the cstalyst surface were

estimated using Eaquation (5) with conversion dats at G0°C.

L

The largest gradicnt rresent was of the order of megnituce

m

of 0.0002 atmosrheros so that the effect of mess transfer
could be neglected, and the ccncentrations a2t the catalyst
surface couvld be assumed to be the same as that in the fluid

4
sctreanm.,

Adsorntion of Hydrosen Chlorlde Controlling

The eguation which epnlies to the case where ad-~
sorption of one of the reactants controls was developed on

Pare /3 . Applying it to the adscorption of hvdrosen chloride

the egquatioen becones
& 1r
CzH~C1
_LCl - aC H K
0316
r= (39)

8¢ 31701 Brea .
+ 8
X C2H,C1 C5HACL

1l +a K +
. C5H6 05}16 aC5Hé

For the initial rate the activity of the isonropyl chloride
ig zero. Replacing activities by partial pressures exvressed

in mole fraction, the ecuatiocn for the initial rate becomes

Kgoq LTy
= - HC1 ;1;1 (40)
L +Yy s
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At the Initiel ftime YCBH6 =1 - Yugl

Ja

-

Malking thics substitution end reerranging, the following

t

Q.

equetion is obtaine

el Ko my L

- S Ve 4+ 3 T (41)
Yo (2 Ed fucy &
YHC1

The plot of versus yHCl at the same ftenperature for
different feed compnositions should give a straizht line with
a negative slore.

The extraroleted values of conversion at zeroc time
were prlotted versus tlme fector for the runs of Serles 1, 2
and 4., The rates of rcaction, which are represented by the
slopes of these curves, were measured graphically and plotted
versus mole fraction of hydrogen chlorice. These curves which
are shown in Fifures 16 2nd 17 were then extrapolated to the
feed composition to jive the initial rates.

The rlots of Z%%l Versus Yysq are shown in Figure
1& for 60° and 80°C. These plots show that althoush they
are strajicht lines they have positive slores. Accordincg to
Equation (41) the slcpe of these lines should be nogetive
if the adsorpticn of hydrosen chloride were the controlling
mechenism. Therefore the adsorption of hydrogen chloride

is not the controlling step.

Adsorntion of Propylene Controlling

An ecuation of the same form as Equatien (41) can
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be developed for the case where the adsorption of nrcpylere

controls.

YC3ig et 1+ T Eyey
o T T Kp L Vemt T BT (42)
576 7 56

The plot of this ecuation, shown in Fipure 19, shows that a
straizht line drawn through the experimental points has s
positive slope whereas Ecuation (42) irdicates that the
slopes woulcd be negative 1f the adscrption of propylene were
the controlling mechanism. Therefore, the adsorption of pro-

pylenc 1s not the controlling sten.

Desorntion of Tsopronyl Chloride Controlling

tU

v Equstion (30) when desorption of isopropyl chlor-
ide 1s the controlling step, the following equation for the

resction rate arplies.

a
CzHAC1
. oaipc1 B T (8012 oamge ) an)
T T ¥ BynqKagy * 80 p Kow, F Broqb K. o K 45
HC1 HCL s8¢ Callg 8401 C4Hlg CHaCL

If only the initial rate 1is considered and the equation ex-
rressed in terms of mole fraction of hydrogen chloride, the

fellowing equation is obtained.

yuc1(1-yac1) Ko H-C1 5 XECTVCH P T RO H 01 1+ TR,
T T UK IR0l ¥ T 7k LE a0’ on 7
o C’gH'?Cl C5H701 T ]‘CBH-?C]_L X
yac1(l-vuc1) _ 2
7 R CR: (S (44)
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The constants in Equation (44) were evaluated with the ini-

tial rate data at 60°C. The final equation is &s follows:

Yuc1 (1-¥uea)

r
0O

=-7.12 yio + 6.64 3, + 14335 (4%)

Since the signs of the constents &, /3, and U are in sgree-
ment with those of Equation (44), the desorption of isopro-
nyl chloricde is a nossible controlling mechanism.

Evaluation of the individual constants of Equation
(43) by the method of least squares has been suggested (4).
If pertial pressures in terms of mole fraction ere substi=-
tuted for activities and the egusation reerranged, the follow-

ing expression results.

Yo5H,C1 YrC1YCsHg  MHOL Koamg

= TE— " Yo, cik VHCL T g g giL Y0,Hg

57 37
T X601 % 1
- TR o L YeciVe,m & LT
H c
c3 7C1 216 5H701

YCzHACL JHC1ICzHg

T =““‘"b2—‘%ﬁﬁm1+ X%g%*’5%mﬂ%ﬁ6+f

The constents of Equation (4€) wers evaluated at
£0°C and 8C°C from the experimental conversion versus time
factor curves by the method of least squeres. The results

are shown in Teble I.
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Table I

Values of Constants in Ecuation (4€)

8o°c 60°C
Kuca
G 5HnCL
Xe.He
¥ - 0.0568 ~1.071
: C_H_C1
57
‘ M¥c x c1k
8 - = 0.300 ~0.867
CoH,CL
57
- L -2.4 +7%.768
€ kCBH701L7T 479 5.7

As seen in Teble I the signs of these constants are not only
inconsistent at the two temperatures, but they do not agree
with the definitions of the individuel constants. Normally,
this latter fact would eliminate this mechanism as a possible
controlling step. However, it is belleved that since the
data are over 2 limited range of composition of isopropyl
chloride this method of evaluation of the constants 1s not
reliable and the mechanism of desorption of isopropyl chlor-
ide controlling is still possible btaged upon the results cf

Equation (45).
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Surface Reasction Controllin-

As develcped in Equatlion (21) the reaction rate
ecuation for the case cf the surface reaction controlling is

2 follows:

ks L KHCIK03H6

r = — {QI:ClQC T - aCZP’—)Cl‘
(1 + 8p01Fp0n * “03Hg Clg T PC5HACL c5h701) 36 X
(47)

If the activities are expressed in terms of mole fraction of
hydrosen chloride and if only the initial rate considered,

the following equation is obtained.

1/2
yHCl(l'yHCl)) / -J:rr‘l-I*’Cju'/ 1+ wKg. r’é

T (ksLhU01KC5H‘)I7Z Yuc1* (ITstLhHCIKC g )172

vi61 (1-YHC) )jl/i
r

—

o}
ayHCl +ﬂ (45)

This equation is plotted in Figure 20 which shows that strsight
lines drawn throuzh the exnerimental points have elther posi-
tive or zero slopes and positive intercepts. This is consist-
ent. with Ecuation (48). On this basis the surface reaction
1s a2 possible controlling mechanism.

If activities are expressed in terms of mole frac-
tion, Equation (47) can be rearranged tc give the following

equation:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5sY

0H _NOIL
N S

S SN N S

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



r Voamocl 1/2
1 - 1/2
[:75013053{6 | . K}{él
- * Y
T U36 376
X 1/2 <
. C%Hél/z o g0l
(ks C3Hg ° ) 172 Y,
(lesL Kygq ) 376 (ksLKyoiKp ) /2 "CzH40L
376
R= A +/fvge + ‘ryCBHé + JYC3H7CI (49)

The constants in Equation (49) were evaluated by the method
of leasst squares from date from the exrerimentsl conversicn
versus time factor curves. The results are given in Table III.
Tre values of the equilibrium constant, E, were obtained from
known and estimated thermodynamic properties for the reactants
and rroducts. The values of E at each of the temperatures is
civen in Teble II.
Table II
Values of Ecuilibrium Constent, X

44°¢ 60°¢C 8o°¢

X

22,4 7.61 2.22

Table IIT

Values of Constants in Equation (49)

8o°¢ 60°cC 44°C
A 1 . +1.9 -7.280 +2.670
T (s LEpc K05H6)17Z o ‘ !
:,1}1((2
/3 201 s -1.377  +8.559 -0,724
/1'°U< )1/2 e v R s
\ 3w CBHé
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Table ITI (cont.)

Values of Constants in Egquation (49)

80°¢ 60°C 44°C
KciHé
4 75 -1.0072  +8.959 ~0.557
(kSLEqpq)
XC2H~01
S , 3,7 T7z  +4.6736 +14.238  +0.401
(ksLEgaq Ko )

376

The values of the constants in Table III are mach the saome

as were obtained with the desorption of isopronyl chloride
controlling in that there is no consistency in sign between
the velues of the constants and their definitions. This
incongistency is again believed to be due to the small range
of composition values for the ilsopropyl chloride rather than
due to the inapnlicebility of the equation to the mechanism.
Thus, based on the results obtained from the iritial reaction

rates the surface reaction 1s a possible controlling mechenisn.
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COPRELATION OF KINZTIC DATA

CHAPTER VIITI

The kinetic data for the addition of hydroren
chloricde to npropvlene over activated slumina were correlated
by two methods assunming that the surfzce reaction is the rate

controlling step.

Method A

In Equation (493) the mole frection of isopropyl
¢hloride can be expressed in terms of the mole fractions of
the other two comronents of the system, and the constants com-

bined tc give the following equetion:

Rz(a+ﬂ)+(ﬁ-c§)yHCI+(Y—J)YCBH

6
R=A+Buyye + 0 ¥o,m, (50)
1 1
A= - (= + I A )
(ksI&HClKCBH6)l7§ T * fesHq0L
T 4 : 172 Puer = ¥ mm01)
(kUL“HClKCBH ) S
1
C = - (K - K )
172 21
(ksLk_ K )z AR CzH,Cl

HCl“03H6
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- /7
1/2

s

Yo, Fac1 |

2
m I

VHCLYCHg

hal

R =

b

Upon evealnatins the ccnstents A, B, and C by the method ¢
least scuares from the ecxiperimentel conversion vercus time
facter curves for all three temperatures, 1t was found that
the sign of the constants were in 2ll cases consistant with
the definitions above.

In a steady flow sycoctenm the relationship between
conversion and time factor can be obtained by integretion of

™
r

mauat

Lo

on (1) b

"

x4

—
"‘JI -2
[o))
s
[l

Djl

(51)

ratlon of Equaticn (51) was carried out to

renroduce the experimental conversion versus time factor
carves. The values of the constants found by the method
of least sguarss were adjusted by trial and error, and ths

integration reneated untlil an ecquation for the reaction rats
was found taat would best fit the experimental data., Only
tha Aata from Serieca 1 and 2 were used for this work. The

conversion curve for Series 4 was then checized using the

The firal conversion curves are shown in Figures 21
through 27 for the various feed compositions at process times
of zero, threc, and six hours. The exzperimental points are

Indicated on each curve. Fijure 2% shows that there is fair
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nt hetweon the derived eguation ot 60°C and r~rocess

rgem

i3
o

time zero hours and the experimental data of Series 4, even

‘..’c

thourh tiiis series was not used to svaluete the constants in
Plots of the values of the constants versus tem-

perature 2t various nrocezs times are ghown in Figures 25
throuch 30, Values of the constants ot the various temper-
atures sre plotted versus process time in Fizures 31 through
3%, These nlots show the linearity of the values of the con-
stents with time and temperature. On the hasis of these »nlots
the Tollowing egquations were derived for each constant in
tomis of the process time T, in hours and the temperaturs t,

in degrees centigrade.

(0.3%0 = 0.0111 t) T = 1.32 + 0.100 &
(52)

A T
B = (0,0128 t = 0.%51) 7 + 5.78 - 0.148 %
Y

C =

Pl

0.013%

O\
]
(o]
L]
4\
|..l
\J

+ 4.82 - 0.131 %
Values of the constants calenlated by these sruations sre
compared with the experimental values in Table IV (see nex

page).

¥ethod B
Egquation (58), developed using the method of
Wynkoon and Wilhelm, can also be used to correlats the

kinetic deta. The wvalues of the variable terns
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Calculated =nd Experimental Values of Constants 4, B, and C
_ (yucaveamg - §9%51g3>
(& + Bygey + CYC5H6)2
Process Time 0 Hours
‘80°c _ 60°C 44°5_‘
EXn. _U_gl_c _ Dev. Exn. Calc. Dev, Exn, C:;,”lé’ »_ Dev.
A 6.65 6.68 +0.%3 4.68 4.68 0.00 3%.07 %.,08 +.01
B -6.05 =6.06 =-.,01 =3,12 =3,10 +.02 =0.73 =0.73 .00
C =5.68 -5.66 +.02 -3%3.00 ~-3.04 =-.04 -0.96 -0.94 +,02
Process Time 3 Hours
80°¢ 60°C 44°C
EXD. Calc. Dev. Ezp. Calc. Dev. Exn. Calce. Dev.
A 5.04 5.01 =.03 3,60 3,67 +.07 2.58 2.61 +.03
B =3,97 =4.04 +.07 =1.90 =-1.85 +.05 =~0.04 =~0.09 =.05
C -3.70 =%.64 +.06 =-,180 =1.84 -.04 -0.75 -0.%9 -,04
Process Time 6 Hours
80°C 60°C 44°C
Expe. Calc. Dev. Exp. Calc. Dev.. Exp. Calc. Devw,
A 3,30 3%.3% 4,03 2,65 2,66 +.01 2.05 2.16 +.11
B -1.93 =-2.02 =-,09 =Q.70 -0.60 +.,10 0.72 0.54 =-,18
C =1.68 -1.62 +.06 -0.60 =-0.63 =-.03 0.17 0.16 -.01
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2
1 (1 - yHCl)

5 2
(- ¥g61,)

(¥uc1, - Yuca)

and

2
ey - Vmea)” Lo
2 YHC1, * JHC1VHCL,

were plotted for Series 1 and 2 for each ftemperature, and
the best straizht line drawn through the points. The slopes
and intercepts of these lines gave the values of the constants
shown in Table V.

Table V

Values of Constants for the Equation

2
v = ko Ay MygeYo,m, - X' AolMgn

Process Time Process Time Process Time
0 Hours 3 Hours 6 Hours

°C 80 60 44 80 60 44 80 60 44

kd 4, 0.7%6 0.342 0.198 0.538 0.%02 0.176 0.3%64 0.244 0.151
kta, 0.577 0.241 0.083 0.420 0.215 0.076 0.208 0.114 0.058

To obtain the conversion curves, Equation (37) was

graphically integrated for each set of conditions.

JHCL
4¥uc1
AT g gy )2 o1, o TERARTIRCL (1, )21, " TRe1TEGL )
Jue1, ° 0

W

aw
=\F

o)
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Juca
Svmer  _w
o)
YHC1,
The results of this integration are shown in Firsures %4
throush 3%, for Series 1 and 2 at process times of zsro,
three and six hours. The experimentel poiats are indicated
on these plots. Iizure 40 shows the arreement of the equa-
tion at 60°C with the experimental data of Series 4.
The vealues of the constants iven in Table V are
pletted versus recipreocael absolute temperatures in Fijures
41 and 42 and aors plotted versus process time in Ficures 43
and 44. Since the logarithmsof the constants are linear
functions of the reciprocal absolute temperature, the velocity
constants can be expressed in the form of the Arrhenius

ecuation:
- w

~
1c = Ae  RT
The values of the frequency factor, A, and the activation
enerzy, E, for the process times of zero, three, and six
hours are listed in Table VI and plotted in Fizures 45 and
46, From these nlots can be seen that the constants are not

simple linecar functions of the process time.
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Table VI

Values of A and E in Arrhenius Equation

E

k = ¢ AT
{dAdB k'dc
E A E A
Process  x, cal Gm.Mol K. cal Gmolol

Time Gm.mol Gm.catxir. Gmemol Gm.catxir.
0 8.02 6.64 x 107 11.80 1.25 x 10/
6.98 1.1% x 10% 11.02 3,0% x 106

5.48 9.48 x 102 8.56 4.58 x 104

In order to express the valoclty constants as a
function of process time and temperature, the slopes of the
lines in Figures 4% and 44 were plotted versus absolute tem-
verature. This plot was a straight line for both velocity
constants on a semi-loz plot. The intercepts of the lines
of Fisures 4% and 44 were plotted versus reciprocal absolute
temperature and the equation of the curves obtained. These
calculations gave the followinc empirical expressions for the
reaction velocity constents as a function of process time,qd,

in hours and temperature, T, in dezZrees Kelvin.

8020
kXpAp = 6.64 x 10%e RT - 9,29 x 10711 T g0-0576T

(54)
10,000
_-_——r .
k'dc = 8.91 X 1053 RT - 6.00 % lo-.;o ’T/eO-0524T
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Values of the veloclty constents calculeted by

Equation (54) are coumpsred with the experimental values in

Tabls VIT,.

Teble VIT

— s

Reaction Velocity Constants kc(AG&B and

Calculated and Experimental Vglues of the

A

C
Process Time C hours
8o°c¢ 60°C 44°C
Exp. Calc., Dev. Exn. Cale. Dev. Exn., Czlc. Dev.
kopydyg  0.736 .706 -.030 0.342 .361 +.019 0.19¢ .190 -.008
k'Xg 0.577 .58% +.,006 0.241 .239 -.002 0.06% .111 +.028
Process Time 3 hours
8o°c 60°¢C 44°C
Exp. Calc. Dev. Exzp. Calc. Dev. Exp. Calc. Dev.
kolglg 0,528 .520 -.018 0.302 .300 -.002 0.176 .158 -.018
Ky 0.420 .304 -.0%6 0.215 170 -.045 0.076 .082 +.006
Process Time 6 hours
80°C 60°¢C 44°C
Exp. Calc. Dev. Exp. Calc. Dev. Expn. Calc. Dev.
lqal‘AdB Oo 564-0553 "0031 Oo 244 024‘0 "0004‘ 00151 c126 -.025
4oty 0.208 .185 -.02% 0.114 .101 -.01% 0.058 .053 -.005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

75



76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

o

YUE L N 1QYN

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

o8

1
of

SWT;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



&o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



&/

Toqo8i

|

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



.0033

.0032

003/

L

.0030

9

002

0027

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- ™
T m
_ )
] i S
4 i .
T 4 RN
T w, ERE
W; IR
RRS NI P
: )
TS
1]
1]
3
X
D
<

/

7::

,._._v.i__ +

HH w
. f~g
i S
SIS i
T i
[Jasipant |
i [SRERRS BRI P2 598 iR o
PR B S
T T T N
1 I T N M
& Q .rx . JL )
T T NENNEEN
igE ]
L
Siis . -

1

0028

f ratng —

1

—f - et b

Qg @ ~ o W <
9 8 4§ g 9 S

0.2

M AR ) 2o

.02

.0027

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83~

i

| E
RE 4%

aicsy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



.

R Y

e

R b

(et

J S SN

ura T

d

HICURE 45 -

aArESe T
Ralidal i S tod S ST N

e

foe¥
81

1000

<

90

™~

U0 T3BATIOY

P S 1
oL
@®

<

Q0

D.'

5

‘WS Mi ICYN

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISCUSSIQON OF RESULTS

CHAPTER IX

Both NMethod A end ilethod E ~lve satisfactory cor-
relationg of the kinetic datza over the ran;e of variasbles
used in this study. Iethod A »ossibly 1s the better of the
two since the acreement of the conations to the experimental

S

}.J-

data is better throushout the range of time factors. Tiois

.

especlally true et process times other than zero hours. By
comparing Figures 2% and 40 1t can be seen that the two
methods ;ive essentlally the same results when used with a
feed commosition of 19% hydrogen chloride. Tizures 34 through
3¢ show that the curves obtained from Nethod B deviate apore-
ciably from the experimental valu at high time factor. 'The
fact that this deviation is low for Series 1 and high for
Series 2 in all cases indicates that use of the correlation-
ship for feed compositions greater than 6&7 hydrogen chloride
and less than 37 hydrocen chloride would tend to give erron-
eous results at high time factors.

In addition, kethod D cen be considered only 235 an

. . ) , ey
emcirical ecuation becaunse of the value of the ratio _:ii_ .

Fye )

~

From Ecguatlon (55) it can be secn thsest this ratio snovrld be

the overall eguilibrium constant 1f the surface reaction were
kohyAn
1 g
e
rared with the value of the overall ec:ilibrium constant, E,

the controlling step. In Table VIIT the ratio is com-
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I n

2s calculated Trom the tormodynamic »ropertics of the con-

stitvents of the system. Althoush the values of the rotics

are neerlv the szue ot the different process times, the

vurietion of fhe rotlo with te:r derature does ncit 2orresiond
Mol ITTT
vdAdp
Jalues ¢l === and the Equilibriur Jonotent, =
247 4% * ’ =
vy
Procezs Time Process Time Process Time
0 Hours % llours 6 Hours

~t——

°¢ £C 60 44 80 60 44 qe; 60 44

e m———

dedB , R .
Fiag 1.28 1.42 2,39 1,28 1,41 2.%2 1.75 2.14 2.60
z 2.%2  7.61 22.4 2,32 T.61 22.4 2,32 T.61 22.4

- ——— —

to the variation of the ecullibrium constant with temrerature.
Thws, the orizinal assumphblons as %o the expressions for the
adeorption izotherms cre probably not correct for these come-
penents, and Ecuation (35) can not ke conzidered the true
IZinetic ecusgticn for this reacticn. The correlation by
llethod A lnccrpeorates the equilibriwm constent when evaluvat-
ins the roaction ceonstents so thet e similar comnariscn can
nct be madc.

+
¥

T +Y A1y trhe res
—— A4 NS - A AN PR

«Q

j-de

on velocity constaent and the
individual adsorption constants of Equation (21) can not Le

evalvated with these dats, ccnclusions of a ~eneral nature

-

b

may be drawn. The definitlons of the reaction constants are
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listced here for convenience.

:
e (kSLKHClic;HV)l/?‘(%? i K031{701)

1
5= (xs ’7:',3510#16)17? (501 - e 731)
~ 1 - ; \
7 (g T ) C e TCRCL

eferring to Tehle 7, it cen be seen that the ratic of T to
C iLs arndroximctely 1.1 in ncarly every cagse. Thls would in-

dicate that the values of the adsorption ecuilibrium constonts

Tyoq 2nd Ig i, are neerly equal with EHCl being slightliy
z4
larser, This is substanuiated by the slopes of the lines in

T e o] « = N oa 1T et -
Fisure 20. Alsc since I end C are wgvally nezative, KCZH701
rust be larcer than either Egep or Ko g The fect that A in-

(V] i
creases whille B and C become more negative with increased

e o am
[VR25

nerature would indlcute thal Ko g »q increeses with tem-
0L

<y -~

perature at a faster rate then (ksL¥ygiKg H6) 1/2 and also

at o faster rate than either Kypq or Ko g If all the ad-

36
sorption equilibrium constants increased with temversture st

the seore rate, the valves of E and C would hecome more posi-
tive at increased tenrpsrature since (ksl¥ign Ka o )1/2 rust

. L ‘v L4 o b - [ -~ s uﬁCl Czhé i
inereazse with temperature. This would alzs te the case 1f
X 4 i anae | h =) e S
Koq and hC,Hé increesed with temperature at e crezter rate
. ; 2

than chﬁ C1le

A
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Prorer interpretoation of the effect of rrocess time
on the values of the constants A, B, and C is rot arrerent

from these definitions. The effect of fouling of & catzlyst
may he Intreoduced into the roate equation by either of two

ways, Yirst, s "fouling factor" wav be introduced =s a multi-
plyins factor on the reaction veleceity constant, lksl, consider=~
ins that fouling merely reduces L, the toval member cf active
centers on the catalyst surface. The second method i1s the
introduction of another term in the denominator, or adscrn-

#ith the view that fonll

<<

tion term, of the rste =squation -

123 the same effect ag the zdsorption of a constituent cn the

)

4.

active centers. Thisg latter procedrre has been used success-
fully (5). 1In eilther case the fouling fector would be 2
function of tempefature, converalen, and proecescs veriod lensth.
I the first method cof correcting for catalyst
fouling were anrlicable in this case, the absclute values of
all three constants should incrcese with process tine. Since
this is not the cese, the first mcthod docs not apnly to the
reacticn censtants obtalned iIn the correlation by liethed A.
It should be noted, nowever, that the reaction constants
kchc(B and k'c(c do decreese with time indicating that this

tvee of correcticn is apnli

cable in the case of llethod E.
Prom Equations (21) znd (5C) it can be slown that

the following ecuetion is true.

[

A + Byp + Oy =
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Accoréing to the second nethod cf introducing a foullng fac-
tor, 2 term J, which is a function of conversion, temperature,
and time, can be introduced into the adscrrtion term in the
rizht-hand side of Eauetion (55). Eliminating TR the ecua-

tion becormes

Fach of the terms in Eauation (56) are functicns of temperz-
ture, and J 1s a function of ya, yp, ond time as well as
temperature.

If the expressions for A, B, and C ;iven by Enua-
tion (52Z) are substituted intc the left-hand side of Eguation

0
(56) and the terms rearrsn;ed, the following expression results.

A + Bygpy + CyCBH6 = (=1.32 + 0,100t) + (5.78 - 0.148t)yHCl

Equations (56) and (57) are of the same form indiceting that

this method of introducing the effect of cetalyst fouling

L)

prlies in this case. Thus the effect of process time on the

'

valnes of A, B, end C can not bhe interpreted on the basis of
theilr original definitions. These definitions can be censidered
velid only at zero time end would recguire modifications tc be

applicable 2t any other time,
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CONCLUSIONRS

CHAPTER X

On the basles of this lirnetic study of the catalytic

vapor vhese addition of nhvdrozen chloride to prorvlene over

activated slumira, the following concliusions can be made.

l.

N

Over the temnerature rance 44°C to 80°C isopronyl

chloride is thie only product present in the exit zases.,

The ectivity of sctivated aluwmina as a catalyst for this

reaction decreases with time.

The rate of reazction may be controlled elther by the
desorption of isopronyl chloride or by the surfsce re-
action between adsorked molecules of hyérosen chloride

and adsorbed molecules of propylene.

The rete of reaction may be expressed by the ecuation
JC U~
~ AL oo

.. VHCLYO By = T T
(& + ByHcl + CyCEH6)2

vhere A = (0.3%30 -~ 0.0111t)T =~ 1.32 + 0.100%
B = (0.0126t - 0.351)T + 5.78 -~ 0.14Et
C = (0.0136% -~ 0.415)7T + 4.82 -~ 0.131%

The rate of reaction may also be exvressed by the ecua-
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r = koydy TTLT&’I-ZClyC%Hé ) 1":'0‘07”051-170:L

where

R 17 .05
kX Ay = 6.64 x 10% ¢ RT . Q.29 x 10 “7'60 0576T
Wiy = 6,91 x 107 ¢ XE . 6.00 x 107107 5005247

This equation 1s probably unreliable when used outside

of the ranze of variables covered by this worlk.
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NOEENCLATURE

A, B, C = constents

cos phase ectivities of components A, E, and R

ol
w

o
o]
‘.

0
2y]
|
¢

a. = particle area per unit mass of cetalyst
ap = averasze suriece area per partvicle
js) = constant in adsocrption isctherm eguation
Ca = surface ccncentration of adsorbed molecules of
coriponent A
Cpp T surface concentration of adjacently adsorbed
molecules cf A and 3
01 = surfece concentraticn of vacent active centers
Cpy = surface concentration of molecules of component
R edjacent to vscant active centers
DAm = average diffusivity of component A
T = flow rate of feed, gram moles per unit time
G = masg velocity
J = fouling fector
o = mass trensfer factor
¥ps¥p,Yg = adsorption eguilibrium constants
K = surface reaction ecuilibrium ccnstant
z = overall equilibrium constant; X = §%§§§
‘R
Ik,k?' = reaction velocity constants for the surface

reactions
Hps k'A = reaction velocity constants for the adsorption

reactions
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T~ = mass transfer coefficient

L = number of active centers per unit mess of catalyst
Km = mean moleculzr welcht

n = constant

Da = partial pressure of component A

Do = film nressure factor

r = rate of reaction, gram moles converted per (unit

time ) (unit mass of catalyst)

163 ]
|

= number of eauidlstant adjscent active centers

T = tenmperature, decrees Kelvin

t = temperature, decreecs Centigrade

W = mass of catalyst

X = moleg of reactant converted ver mole of feed

v = mole fraction

GREEK SYLBOLS

constents

d:ﬁ’ J/,c‘f,f

= fraction of total sctive centers

= totel pressure, atmospheres

time, hours

\‘{‘0:1@
I

= viscosity of cas
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APPENDIX

PART T

-

‘ Jo
5]
Q
I
(O]
9]
“ T
Q
3
e}
]
B

¥nerimental Equirment and Preocedure

A rrest decl of the wort of this thesis consisted
cf dsveloping satisfactory exrperimental eouirnment and an zna-
lytical »rocedurs. 'The worl can bhe separated into the develop-
ment of (1) the reactor, (2) the purification system and im-
rrovement of catalyst activity, and (3) the method of analysis.
Since revroducilbility of results is an indication of the
merit of the technigue and analysis, 2 short discussion on

renroducibility is included in this arpendizx.

Reactor
The first reasctor nsed was a gless chromatographic
tube 15 mm. I.D. and 150 mm. lonz. The tube was fitted with

Tega
R W)

Tode

c

[ d
)
ot
@
£3
]
vy
O
s}
joh
L]

nts The male part of

ct
e

he Jjoint was closed with e perforated slass plate sc that
when the recctor was assembled, the lower male joint ccted as
a catalyst sunport. The tube was wound with seven feet of

1 ohm nar foot Nichrome wire and heavily insuvlated with glass
wool. A prehester, made from a chromatograrhic tube 210 mm
lonz, was wound with 10.5 feet of 1 ohm per foot Nichrome
wire. The lower end was fitted with a female § 19/38 glass
joint. The prehester and resctor were joined by a connector

consisting of a male ¥ 15/20 joint and a male 8§ 19/30 joint.,
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This irtermediate section was fitted with 2 bhall and socket

joint on a side tube to pecrmit ingertion of a thermocoupls

n

which weg sealed intc one end of the ~lass joint. The tin of

n the hollow of the male Joint

ct
[
s
o]
ct
o
o
3
I
o
Q
o]
[
iy
[
(@]
1=
[yv)
<
(=

above the catalyst bed., The nrsheeter and connector were
I tebular 2lumira bells tc provide heat
trensfer surface. Exit jas temperat-res were resd at the
rerforated plete of the lower male joint by o thermocounle

sealed into a less ball and socliet joint joined to the exit

standard taper joint.
e 1dea behind the design of this recctor was thet

aftsr the

oy

sating element brcusht the catalyst bed tc tem-
verature, the heet of reaction would maintein this tempecra-
ture with smell rediegl temperasture gradients. For this reac-
tion, however, the reactor wes unsatisfactory. The heat of
reaction wes so hish that the catalyst became overreated with
the result that the particles became coated with a blaclk de-
posit and tihe catalyst activity decreased very rapidly. To
malze a reactor of this type work satisfectorily would recuirc
a diluent, such as nitrozen, in the feed z2s and hi-h flow
rates in order tc remove the hest of reaction. It is cues-
tionable es tc whether axial tempersture gradients could ever
be reduced tco a low value in this ty»e of reactor, since hy

the nature of catalytic reactiorns, the enterin- fead com-

=
1

rosition would tend toward hicher rates of reaction at the

bed entrance with subseguent ~reater evoluitlion of hezt, If
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wonld develop ot the bed entrance. These hot spots have bocn
Imown to resch as his» as 100°C above the avers e Led ten-
ature in a very short distence.

A seccnd reacteor was made of a chromestorranhic
tube with 2 1 inch coprer tube jaclket 175 nm. long closed
st Toth ends by rubber gaslets made from flexible Wo. 6 rub-
ber stoppers. The Jacliet was fitted with 1/4 inch copner
inlet end e:it tobes soldered into the Jacket., Water weas
circulated throush the jacket from a constant ftempersturs
bath. The thermocouples were a npermenent tyne rlaced tefore

and after the bed in the hollow of the mele class jolnte as

Twis reschtor vas used for a2 period of a month with-
out & satisfaectory nrocedure bheing develoned. The catalyst

L.)

naerticles were still discolored at the end of a run but not
as badly as tefore. Even thouth the catalyst was diluted with
20-2E rigsh tebrler clunina, this discolerstion of the cata-
lyst ccontinued ccrpeclially =t the Zed ontrance.

After the seccnd reactor weas nade the first reszc-
ftor was used to actlvste the catalyst chorse at the site of

the exr crimental equlipment. The weizhed charoe was rploced

temnesratures un to 425°C could be obtalned on 2 thermocouple
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rloced ot the hed cioit winen 2 nitroge low »ate of 1000 co/
z
m * - .. g Lo - - - 3 & - - - -
min was vsed s arroncent for cstalyst activatlion orove
- - tad - .- - S - “_= 3- ~
to he unsatlsiactuory because ot the il tomrzrature of or-

An arran;cnm
S
the heating

probahly be devel

cetalrst ac

licera gitoncoclk ~ra:

scchion would not bs close to the ends could
oned. Such a systex wounld allow faster
tlvation and jreater convenisnce.
The second roactor wes modified to reduce the ef-

fer and to
A hole weaes
mele lass
viere blown
and tottom

into thess

the therwocounle was

ocxteriial lo

diameher hetbter radial heaot trans-

te permit

perniit measurement of longltudinal temneratures.

bores in the perforated ~-lags plete of the 1 T
Yoint ond 2 2 mm 0,D. zlass tube inserted. Holes
in this tubins to correspond to the ton, middle,
of the catalyst bed. Thermocouples were sezalsd

holas witlh norcelain cement. A common lead of

nlaced inside the tubing and the thirse
! )

2ds wound a2round thne 2 mm tube 3o that the leads

did not ftouch. The eantire assgermbly was coated with norcelain
cement with the result that the outside diameter of the
scembly was 4 mn. Toe ;lass tube was bent to come out the
slde of the lower male joint ard a jlass seal made 2t the

temperaturs mensurane
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tre jockzt had Deen brousht to the desired temrerature of

(W]

the bed, and thes averszre of the entronce =nd exlt ~as temnper-

N

ares used as the actual bed terperature. TWith thz inser-

- . 4.1 . . - -
tior of & ther:socounle in the bed, it was zho that the

. - N . oM 4 .
radiel tennerature srediente were abeut 10%C when oreratin

at 30°C. Arial tesperabures as sessured by the nermenent
ty-e therwmocouples differed by ss much as 12°C, Althonsh
this erran-sement of th2 thermocounles was noi satisfactory
due to frajility, the few runs that were made not only indi-
cated the nasnitude of the temperaturs -radients thet wers
being obtained, but also showed that the discoloration of
the catalyst was nracticzlly eliminated when the hed ten-

verature was held t: below 90°C.

j$V]

The oreheater was also of vnsatisfactory design.
Although the heated section was wvery hot, 1t reculred a con-
gidersble length of time for the zzcling in the connecting
sectior betwecn the preheater 2nd reactor to resch operating
teanerature., This was true in snite of heavy insulation

ped around the section. TMirthermore, the temperature of

H
{0
ke
O

the entering gas could not be controlled with precision due
to the lag in hezting the paclidng in the connecting section.

4

As o regult of this nreliminary work the condansor-
tynz reactor previously described was used. The reactlion tube
was long enough so thet the unreheating section and catalyst

bed were adjacent. The thermocounle tube nermitted 2 flexidble

tennarature measuring system in the axizl direction, and the
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congtruction was sturdy enonzh to withstond nompal handling.

from the catalyst bed; a2 difficulty that is »rueticslly ime-
possible to eliminate in a flxed bed reactor especially when
the heat of reaction i1s "ish snd apprecisbls conversions are
obtained. Radial and axlal temperature sredients may be
reduced by small diameter reactors and jood heat transfer &t
the reacvor walls, btut thev can never be entirely eliminated.
By using tebular alumina 2s a diluent in the catalyst bed,
the heat trensfer was improved to the point where temperature
differences were no more than 10°C above or below the averag
bed temperature. Without the tabuler 2lumina the temnerature
rose from T0°C at the bed entrance to 128°C at a distance of
one centimeter from the entrance. Diluents in the catalyst

bed to immrove heat transfer have been used before in kinetic

studies (1,2).

FPisure (1) shows 2 $ypical temperature distribution

obtained in the finsl reactor. These curves were obtained

\_o

ith a feed composition of 557 HCl and 457 Czlg using two
grams of catalyst diluted sc thet the catalyst volume wes
0.4 of the diluvent volume. The jacket tempersture was 70°C.
The Leeds and Northrup potentiometer, Cataloz Wo. 8656-D,
permitted tempcrature readings no closer than +2°C with
chromel-alumel thermocouples so that within the srror of

the temnerature reading the catalyst bed was substantially

at a2 uniform temperature aft three hours of onerztion.
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It is o nterest to note that the larze temperature jradient

o

nresent after one iour of onerstion corrssponds tec the firss
voint obtasined on the conversion versus time curves of Il ures
5 throush 15 in Chapter VI. This first point was invariably

e

off the strai;ht line portion of the curve. In fach, the
conversion did not become a linear uanction of tl.e nrocess
time until the temnerature of the bed became nifornm.

The temperzture of a2 run wes talien as the plateau
crrves similar to those of FMiure 1. This assumes
that the radial temperatare gradient is concentrated at the
reactor wall, Such an assumption, of course, 1s probably

not entirely true, but the desi-n of the reactor did not
pernit the determinatlon of the form of the radial temperature

gradient. Use of the aversge axial temperature as the tem-

g
perature of the catalyst bed is the usual procedure in cata-
lytic vavor phase studies (1, 2, 13). However, Olson,
Schuler and Smith (9) assumed a parabolic temperature dis-
tribution and celculated an average bed temperature. Such a
orocedure was not believed to be warranted in this work. Us-
ing the plateau teﬁperature rather than the area average tom-
perature over the lensth of catalyst bed is within the error
of the temperature measurement.

The tempsrature distributions encountsred in this
work are cf the zame order of magnitude that others have re-

norted in similar kinetic studies (9, 13). Using very thin
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d, amall diamchter metal react

O

rs cnd linaiting the re-
action to smell conversions have failed to reduce these ton-

ratures ~radients much below those obtalned in this study.

Catalyst Activity aend Purification System

encounvered very early in the experimental worit. Althoush
the derosition of a visible catalyst derposit was reduced %o
nesligible proporivions by the improved reachtor desicn, the
catalyst activity continued to decrease with process time

althoush at a reduced rate. A trap contalning concentrated

ulfuric acid was placed in the hydrogen chloride line to in-

n

Lf

sure the removal of water which would affect the catalyst.
This failed to improve the catalyst activity, however. Based
on the assumntion that the catalyst was bein; rolsoned by an

impurity in the feed gases, traps containing the active

n the propylene and 1n the hydrogen

| il

catalyst werc placed
chloride lincs. These trans were first nlaced in the reac-

tor constant temperature bath, but it was discovered later

that they were just as effective a2t room temperature. The
activated alumina reduced the rate of decrezsing catalyst
activity a sreat deal. Subsequent mass snectrogrephic analysis
shiowved thut the hydrogen chloride contained app eciable amounts
of ethylene and traces of ethyl chloride. The fact that

trhnese impurities were renoved by the alumina trans shows

that they were propably voisoning the catalyst in the reactor.
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Althcuch ethylene is adsorbed on activeted alumina, it doses

s catalyst et the

fote

not react with hvdrocen chloridc over th
low temneratures used in this work (10).

were re-

o
—t
t
-
@)
<
3
oy
3
)
o
t—o
ks
g
=
I,_Jo
ct
l.h
Q
|6}
e
o
ct
y
&
(6]
}—b
¢}
[¢)
joh
G3
0
[0
(o]
]

moved, the cztalyst activity continued to decrease with

nrocess time. As another stenr in the attempt to locatse the

o

O
[

(@]

source of the trouble, a catelyst charge wasg exposed at
for forty-eizht hours to rropylene and its activity deter-
mined by a run at 80°C. This was revneated with a fresh
catalyst charze exposed to hvdrogen chloride and also with

a cherge exposcd to isoproryl chloride vepors obtained from

a liquid sample from a previous rnn. There was essentially

no difference in activity between the catalysts. This was
true even thoush the hydroren chleride blesched the catalyst
from a 1i;ht ninkt color to a neerly white color. Iy accident,
however, some catalyst particles fell to the bottom of the
flask containing the isoprropyl chiloride product. After the
forty-eisht hours these narticles had turned Dblacl: whereas

the catalyst char;e thet vwes exposed to the varors only

were unchanged in color., It is believed that since the liquid
nroduct used was ootained from s rin where the temperature

in the reeactor was culte high, posslbly some prolymerized
nroduct had formed and diszolved in the isopropyl chloride
when it was condensed. Upon heating this ligquid mixture to
30°C the by-product did not vaporize wlth the isopropyl

chloride and thus, lyins in the bottom of the flask was ablse
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to form the deposgit on the catalyst particles.,

With this evidence 1t is postuleted that the de-
creased activity of the czatalyst with time was due to the
formaticn of polymerized rropylene materisl thet was not
desorbed from the svrfece cf the catalyst 2t the temperatures
at wbhich the kinetic rmins were made. Since the 2ctivity of
the catalyst ermosed to vropylene at ©0°C was not chan-ed,
tre relrtively hich local tenperatures wnich were probably
deveioped at the surface of the catalyst particle during
the formation of isopropyl ch:loride vere nrotebly necessary
in order that the nolymerization of the adsorbed rropylene

nuld occur.

lethod of Analysis

During the »reliminary work an analyticsal procedure
was developed that gave reproducible results for the analysis
of ssauples taken within = few minutes of sach other. Improve-
ment of the technique involved several steps. First, the

sample had %o be talken without appreciably affectin~: the

systerm. IT was found that tekinz a sample by slowly lowering

pte

the mercury leveling bottle of the sas buret did not dis-
turt the flow rates of the feed gases as much as throttling
the gases to be sampled into the gas buret with the leveling
bottle placed in 2 lowvered rosition. Because the system was

maintained at a more uniform pressure, the flow rates were

more nearly uniform sincc they were controlled by constant
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delivery pressure devices.

Tho second sten was the transfer of the s from

&)

—

s

.
»

the ;28 buret to the absorntion tube. The loss of hydresen
chlorids in the dead s»ace between the jas buret and the agb-

sorption tube could te minimized by weshins~ the inclide of

r

the tubing and the stonccel with a stream of water from a
wesling tottle immedliately after separation of the sbsorntion
tube from the sas buret. The third step was the wasihing of

the aghsorption tube after the acid solution was translesrred
to the reservoir bottle. YThis was accomplished by adding a
third stoncoclk 2% the ton of the tube to permit the addition
cf wasl. water while the stopcock at the bottom of the tube
wvas closed. After two washings with water, the Tyson tublng
connecting the absorntion tube and the levelings bottle could
be completely drained and the ccid solutlon titrated directly
in the reservoir bottle

An sttenpt was mede to analyze the feed and product
sases vsing a ras density balance. This proved to be unsuc-
cessful due to the ccorndensation of the isonronvl chloride

htal
(S

(o]
jany

the ases were throtsled into the very low vacuum of

s
;

i

the balance clamber. As drops of isopropyl chloride formed,
the hydrocen chloride and rropylene dissolved ir the lianid

so that reliaoble resilis were imnogsible to cobtzin.

Renroducibllity of Results

Wity proper operating technigue the final amalytical
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nrocedure ceove analyvses of isoprosyl ctloride in

ioh

mole fraction of rroduct sas to within +.005, whi

conditions of fesd comnosition and ftemperature,

were made a2t a2 0.2

alumina, Trom this plot it can be seen that under identical
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APDPENDIY

PART IT

. E : K a - it m .
Tvalunation of Pilm Trazdicnts Tre to lass Transfer

As smhown in Chanter II, Houcen and atson (&) and
Yan~ and Hou~en {(14) have dsveloped the followin: equation
the {ilm sredient for mess transier.

2/3 n=-1
oL D

3]

From the exnerimentel worlt of Gemson, Thodes, Wilke end

¥

Hougzen (4, 12) the valuss of the constants A& and n can be

evaluated.
If an G

0.41

1l

/ 7 620, A= 1.25; n

In order to evaluate the terms in equation (1)

certain asszsumptions were made.

2

1. The surface arez of the particles arc the samz &s

&)

U

svheres with a dismeter ol tThe averase narticle size.
At Pirst this nay awpear to be a scurce of larse crrer

since the particlas are ranulzr and perous. ilowever,

{

s of tnz constants & and n zZiven above are

<

based on exneriments where similar aszumrtions ss to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 The equilibrimm conmrosition for the reactlon eilsis
N ca s - I . P
at the _f2-s0lid interfece. This, in e¢’fect, is

assnming a2 value of Ap,. FHowever, some value of

mgt he chosen in order thet the nressure factor pe

Cnly the resction at BO°C was corsidered Sirce ths recc
rate 1s ~reater ot the ticher texneratares, the lorrcer I
) o ‘. b ~ A A -~

~radients would be expected. Rates of mass transfer ares
little affected by tenporature., The e:1% of the cotalyst

was cloocen ec the point of calculatbion.

z cmeme. T 4~
Prcoovre Factor, TE

or the complex sysver 28 + LB == vl + g8, in

P

* R B T T e 3
1ich diffusion accurs, Zouser and YWatseon (6) assumed for

gstimatlion purposes thazt the diffusliornal gradient cstablics

of the ather componentes 1In serarste binery systens in wii

vhe concentrations and rates are the seme =g the conrplex

terr. This agssumntion leads tc the exrpregsion for the rote

diffesion as follows.

m \
r, = - N, = 1 }
Jat RTE Yip ( A ~As
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ond hers
J’ r + S =2 =D
AT &
Por tha adéition of hydro_en chlorids %o rronyvlene pp is
Por tha additlic 2 Trond :
the tartlcol cresgsure in the fluid stream, end 2 1s assumed
B 1
te ke the conilibrive rartisl rrossure ot the irnterface.
Tronm the definiticno, 5& ==l
- ™2 AL, G -
Aversze Diffusivity
RO o - . -1 S po. K -~ 42

Tn this some develorment of the ciffusion ecvetion
! - 3 aeda - Ta - R R N R L TEE)) $ ~ ney 3
for coumplex mistures tie average dilffuslivity Dy, is deflined
&S

{1 - . Y. - =L NL.D L NoDY. o
VT OSAYYAn T TRTAB T OURTAR UOUSTAS

e velvuss of the individueal diffusivities werc cotinmated
Y~y "-",(h
b the
k ~
Tiscoolty

The vigcogity ol the zes was ectimated from the
enerclized relationshin siven by Uvehara eond Vetsen (11)

vsin: pseude-criticel pronerties of temneroture, pressure
ond viscosity. Thne criticzl viscosity of isoprepyl chlorice
was estinated Uy the egusbtlon proocced by Lieht end Stechsrt
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™Mz criticel conctonts for lscrronyl cllloride were ecti-

b o EIEE WA ) 2T A T e L
matod c£lgo by Lo mothod of Nelssner ond Teddin. (L),
Caleletion of Diffusional Crodionts

Pire velnes of the veriouvs terus ang the [insl dil-
fusional radients for Xun  1-6 sre shown i Pable I (seec
nert mare. ).

Tror the wvelues of Ayp for cach ccmonent 1t can i
gecr tiliet the conceontration radlents assumed origsirally were
conciderably 1in errcor. Ilowever, thce ror 1n ve I8 not -roct

S Fal = 4. - . Fal A pA I - -~ 3 -
ond therciore the velues ¢f —=—= are nct zrestly 1in error

Pa

due to this casumpbtion. Since much of fthe data wes estimated
4 A L 1] [N NN I WEAS 8§ “ -~ o e PYRYS - N Ny CE R ™ . ~ —
in order tc evalvate the film cradients, the wveolues of ZRpA
can ke considered only as approximations. Zrrors in the ascunp-
tions and cstimatcs mede would have tc be in error in the or-
der cf mernitude of one hundred percent before concentration

correctione would have fc he arnliasd fto the experimental data,
The errors are not helieved to be thet lzr_e so that the ef
fect cf masc trensfer can be considersd nezlizible for th

conditions used.

ol

|
ql

duct 2t the

the =sverage cconcentratlions 1n the
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Coleulation of Diffvsicnnl Iradients
2/3 n-1
. b - T 4 s ~
AR o Vc'.D T oy :i /a ’ap v
= =X -
‘a Pafe By P Pay, £ A
50T EETA Tzl
Torm Tnit Diffusional Diffisional Diffusional
OJrsdient “raedient drecient

2 £5,° 1.72 = 1075 1.7% x 1075 1.73 z 1075

o ££.2/10. 34,2 34,2 54,2
i -- 4£.9 46.9 4t.c

G-l S =37 ‘a.’
T sm-lols CzFigh 0.0106

Tm Csat x Hre

0.0196

1h./hr.xft.

0.001770

re atm. .503% 0.472 0.826
atim. 275 0.5%4 0.181

0.02¢

f e / ce

Dim em?/sec. .128 0.124 0.101
¢ 1b./hr. 5.7 258 258 25t

- 2.44 2.44 2.44

0.51 0.51 0.51

3
e

s = 8

R
= |

0.000162

0.000096

atm.

[>S
K>
>
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The —eneral ~rocedure used in thils derivation 1is

(@]
£
b,

(A

C1L o+ 5 6 pu— C3I 7ul : (1)

A B C

e rate of the surface reaction may be written:

2
=3
(i3]
o
5]

where
B = cm.moles rer minute of zas flowing in
resctop 2t any point

W= weisht of catalyst iIn croms

cevered
Ir,12' = snpecific recaction rate constant; om. moles/

(hr){(m. catelyst)

A refers to hydro_en chlorice
E refers to -ropylene
C refers to isconropyl chloride

0 roefers to inlet conditions
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lired by Viynkoon and dJilhelr (15). Consider the reaction
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Tt will be cascumed that th

[¢]
i)

raction c¢f surfece covered by

each crmronent car be erpressed by the ecuetion

aTe ]
wasre

A -

il
{0

n sdsorntion eguilibriwum constant

ll‘b

= total pnressure in stmwosvheres.

Tris Ecuation (2) becomes

Since no inert material is in the feed :ras

d
(@]
1]
[
]
g
fo=3
H
e
i
>

With this substitution Eoustion (4) becomes

d(Ny,) —
g7 1‘:'0(0 “(3"1;\_"1) + E’B(l‘:dAdBﬂg‘?’A -+ K'O(C m {6)

With the condition that there is no C in the feed

it fellows from Ecuation (1) that

Bp = g =y, 00 = ¥ty = 5, (27, - 1) (7)
and elso thet
thus
I\‘A - NB aon - l
Koo+ W, 1 - (%)
5 T Mg Yao
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For any rcirnt in the resctor
i, - Ny o= Uiy, - vg) (20)
i — 7 -
B + LIC - I‘(BE + FC) (ll)
thus

R

A~ R ¥4 - V¥R Ve -1
He 4 Nog T oyt Vo - Yao

By definition

yA + yB + yC =1 (13)
From Equstion (12) and (13) yg and yy can be expressed as &
function of y, and v,

_ Ypova * 1 - 2y,

g = (14)
B 1 - Y40

_ JAo = VA .

e 1 - Vao (15)

A preopylene balznce across the reactor =and the use

of Eoustion (1%) leads to
N — W T
No¥Vpy = Nyg + }.yc

- No(l - on)

Iy {(16)
\ -
(l - JA)
Combining Equations (15) end (16,
7 _(_“'50(1 " Vo) Yao - YA
e L= vy 1 - Taq
. (Ya0 = ¥a)
5ye = do (T - 7a) (x7)
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Dif7~rentiatin_ with respgect to W lve
(Fve)  ¥95(Fa - 1) dys (1)
a7 5 L =C
tt a3 (l - v )g_ de

Substituting Eouaticns (14) and (18) into HEoustion (6) the

following exrercecssion in terns cf ¥y 1s obtalred.

L4+YAY 802740

T = = T gm1) 4 (O ATy o ) — e (19)
(l_yA) ] “. on
Rearranzing Ecuatien (19) the Tinal eguation is obteined.

13 dy A. -1 (l—VA.)e [~ - 1 dTr?__, (I-YA)2 PP -
Yo —am “‘xdﬂ?z"*””ji (Tao=¥a) - WOKeT7y (1 ”Sﬁ( *TpYa0"V a0 )
Tho a0

(20)
Due to the complex function of Vas this ecurstion may not ke
integrated reedily.
.. dya
n S R :
Letting R = o TFT
A= T
B = ko(Ao(B’/Tz
and resrrancing Equation (20)
1 (1= VA)Z ( ) B -VA -vA)2 (a 1
5 12 (Yao~y = = 5= + VAVAS = 2 + = 2
T oy, )2 Yaova) = T g i,y AYAo - 2¥Ao) 7 (21)
(l—',v‘tl)g

- ~ . l
If the veriable term §| 5 (on-yA) is plotted versus

(l"on)L

EEse)

T “"“‘“Sg (1 + y,94, = 2V4,) =2 stroizht line of slope
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.
<
and intercent Z should result if the =zssurmntlons uncderlying

the ecuation were true,
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Evalvation of Thermedyrnasic Properties and

Equilibriunm Constant

Table IT lists the thermodynamlc vroperties of the

regctents and yproduct. The standard heat of feormation and

| S

absclubte entrony of iscopropyl chlcride were estimated ty the
method c¢f ~rour centributions outlined bty Touzen and Yatson
(5). The molel hzot capscity of iscpronyl crloride and pro-
nylcne were ectimeted by two methods, i.e., the method of
croup contributions of Hewen and VWatson and the method of
Dovratz (3). The expressions of the trermodynamic properties
as a function of temperature wed?used to calculate the equili-
brium constant es a2 function of temperature by the usual
nrocedure. Two different equations for K shown in Teble III

were obtained using the expressions for c, obtained by the

p
two methods., However, both ecvations gave the same values

for K at the same teumnerature as they should.
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Pable 1T

Thermodynamie Proverties

0 Reference
Hydrogen Chloride S ) = 44,66 + 0.01 E.U. (1)
2081 -
an® = =22060 cal/m mole rz)
Ta0u.2 i
- A
oy = 6.64 + 0,95¢ = 1077%
- 0.057 x 107612 (%)
Pronylene 5° = 6%.£0 E.U, (4)
AT = 4879 cal/-m mole (4)
foag.1
o, = 1.97 + 49.8:107 3T
- 17.01 x 10'6T2 Est.I
-7
c, = -0.261 + 50,991 x 10 “T
-15.90 x 1207672 3.28 x 107173
Est. IT
(o]
Isopronyl g ~ =70.5 E.T. Est. I
chloride 208,1
aH, = -%1,200 cal/-m mole Est. T
L208.1
c. = 4.49 + 63.46 x 10701
- 22.5%3 = 107072 Het, I
-
e = 26.7% + 64,94 x 10 T

—6T2 T=3

- 2%.97 x 10 + 1.45 x 10'T 7
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Toeullivriwn Constant

/7249

Table ITI

"

1 X 4.
lonparciure

as 2 function of

Method IT  lLolal heet

of Dcbratz

capscity dats estimeted by method of

Watson
e f".".f‘.
- - - QUMY
1057 - 0.458 x 107°72 - 2.005 1n T 4 “F—

(]
joi
=l
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]

T. 8. fup. Kines Bull, 434 (1941)

2. Richowslsi and Ros=ini

Trermochanistry of Chemical Substsnces

Reinhold Puplishinz Corp. (1036)

‘N

. Bryant, W.0.D,

Ind. & Hn-. Chem. 25, 520 (1933)

——e

tendards Circular 461 (1947)

&

5. Fst. I Estimation by method of Houcen and Watson
6. Est. IT Tstimatlon by method of Dobratz
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APPRIDIX

PART V

ne bagis heconane the
catelyst activity decroesed with time, a standerd oneratin:

arccedure tod te be fecllowed., If this worl:s were to bhe con-

tinmied or if wori were tec te dene with other reectnontc, the

\5]

onerating procedure vould nscescsarily have tc be the sane in

order tihat compzrable resalts could be obtained. Tor this

reason the rcrocedure will he described here in deteoill,

Catalyst Prevarstion

1. Te octivated slumina was Sround in a mortar and pestle
from the 4-8 mesh size tec 20-2Y mesh. Refore tein: used

vOolune measure

jo )
}..,-
3
(6}
’_.l
=)
3
}_.J
»
Cs
I—S
o)
(o}
ol
)
o
(0]
L]
=
3
o
H
15
ISy
—
I3
£
<t
Q
=
n

tarred ntil the volvrme of caotalyst ¢id not cren-o.  Tvo
end cne-halfl times thils volume of 20-2L mezh tobulor

alumina was then weiched. Subsequent catslyst cher;cs were
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oA v by owelling ceholwsbt ord dllugnt slnce the
recsurmiant by waishi wes mors ccevrete than the
volume mcasurement. Ths cherge was thorou_nly =i
and slaced Lo an o) 3lsh ln oo even st 750°0 F
hovrn

% Eclors rexzoving tns cetilvat from the Taprnoee the

tor wes fastened in nlace with the lovwer joint os
ond the Shermocomnle sealed te tie lower alionin
o0t wilth sealin; wax, The lower joint was 11
raclzed with Slass wool to the ton of thwe male joi
Tme recction tu vas then T1lled to s Ganth of
wat2ly 10 cem. with 16-20 mesh tobalar clmnina, cs

helng tallen that the thermocourls tube remained ¢
in tle renctor. The cotalyst charse was reuoved

the furnace, and immedictely nouvred into ¢ hottle
was *then tishtly stormpered. The catsolyst was pon

PCRAC -
2avihlad
TSI LA

into the reactor wiilec 1t wea ¢till very het. The ro-
maining volume of the reactor tube was gquickly filled
with 16-20 wmesh tabular alumine, the ton glass joint

aressed Tirmly in vlace, 2nd the thermocounlc
diately secaled te the upner 211 ning sormmort with
ne. The thermocourle wire was plsced under ten

cnd lowe the

nal board.
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st L .
Preiimincry art i 3

bl kids - . wa  4- JOp s 3 bl 4 -7 1
e Lotar v rocy STme s »e owas Sirculated Throun the

. The -og birst conztant bemrcrsture bath wss brousht to

tod tThreush the =3

A
-
e
)
[©]
2
a
3

witl: nitroszn. If no chiange in the nitrogen rpressure
manoncter ocenrred in ten minuvfes, tic equipment was
aszuma? Lo he j5zs ticht.

4 The treps econtaining activaeted alumine were nlaced In
and sccizet joinvs on thiese trens were well srecsed with

5 The ©11lilen —2s wasiing bottles contalininc fresh top
wata» vere rlaced in tne svsten by means of rubher con-
necting hose. The bLottles were packed in lce to rewove
the lect of solution of hvdrogen chloride

6. The :ss burner was irnited.

T The systenm was completely chacked to bhe sure that 2ll

of the necessary stencocks and clamps were onren.

Startins Procedure

1. The »ropylene was turned on at the cylinder with the
me lzo bhetvween

of The ecylinder and the flow of provylene

X
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throus thie zouioment wes 2lwayves »resent dve to the
adsorntion of the -es on the scitivetved alumina in the
tren following the es cwlinder, 'The nronvlane flow

b Enri 1‘ fahate T‘l(\"‘\ mrxt -y‘ t}j\f: @esireﬂ Val'-le

Coo

ard the time was noted,

V]
i3
)
b

. 7e hvdro~en cnloplids vias turned on 2% ths cylinder wigh

the hwvdrosen chloride re;ruleting stopeocik closed. Thers

was always 2 time 1z betwezn the opening of the crlin-

l._J
O
by
ct
&

0]

dcr end the T casg throunsh the mercury safety

o adsorption in the activated alumina trup.

ct
L]
W
I
j8J]
[¢]
ct

195 -

The hydre_en chloride was introdaced slowly by adh
ing the regulsting stopcock. The temperature ot the
entrance of the catalyst bed was watched carefvlly to

be sure that 1t 4id not rise too repldly. With carszful

o]

control of the hydrosen chloride Iflow rate. 1t soon rosc
to 2 coastant value of about 40°C
Z. Ten minutes after the nronylane hed besn turned on
the flow retes of propylene and hydrogen chloride ware
adjusted tc the desired valuaes by means of the regulat-
ing stopcocks on each line. The needle valve on the
hvdrozen chloride tenlc was adjusted sc that the ses
bubblad at a slow rate through the mercury safety trap.
Since the propylene tanlt was egquipred witn 2 conctant
w3 rediecing valve, this procedurs

e sincle ste;

= . T [&h)

3
-3
@)
n
\J)
3

¥}

necessarv for the nronylene,

14/]
3
o]
ot
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heater that was not cecatrollad by the temperaturs

re~ulator.e Tliis heater was 2also used uniil the tem-
neratore of the bath wes within five derrecs of the do-
5 The tempecrature of the bath was adjusted so that the
averace temperature of the bed was 2t the desired
veluc. Thne catslyst bed was alwavs at the desired
tempersture within forty-five minutes from the sterting
time. TIf the bed were trousht fto temper«ture too ranid-
ly, the temrcrature continued to rise and lar. e sradients
develoned.
6. Constant attention was required by the flow rates of

the fa2cd zases during this sbtarting period in order to

[

n the cezillary meter manom-

maintain constant reudinss

Semnling Procedure

1. The pressure and flow menometers were read and the time

noted.
2. The mercury leveling bottle was ralsed so that the sur-

face of the mercury in the botftles was sli~htly above

-

the tor of the gas buret. The stopcocis to the ras

& Q

stream to ve sampvled were opened comnletelw,

[
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Z. Seventy-five cvbic centimeters of _23 were clowly drawn
into the ~as buret by slowly lowerinus the loveling

hottls, The Turet stoncock was orened (o the atzosnhere
and the ~as discharged.
. Avnroximately ninety-five cubic centimeters of _as were

slowly drewn into the gas buret and the stopcock clossd.

ct
jay
Q]

Se The zas was allowed to come to the temperature of
Jacket eond the wvolume was measured.

6.  An sbsorntion Sube completely filled with distilled
water was connected to the jas buret by mezns of a
short len<th of vpressure tubins. The eunty reservolr

tottle was lowersd, the mercury levelins bottls raised

and the ~as trensferred tc the absorption tube.

T, 8 soon zg the tronsfer was complsete and the mercury
levelin; bottle renlaced on the rack, the absorption
tube was closzed =nd disconnected from the buret. The

exlt tubinz end uprper stopcock were immediately washed

by ovening the stopcoclr and washing with & streanm of

3

no talken that no

f=e

water from a washing bottle, carc bel

wash water wes spillled from tlhie tube. The stopcock

was then closed and the ressrvoir bottls nlaced on the
foot of the absorption tube stand sc thaet a slight

vacuum was maintained on the zas in the tube.

P

With proper technique three zas samplss could be taken

C
.

in ten minutes.

e The time and atoospheric tressures were noted.
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/32

1. The sbsorntion tube was removed from its stand =nd

vigorously shaken until no chan—e of ~as volume oc-

curred.

2 Tho remainin~ sas was completely expellzd by raising
the »egervolr bottls, and the abscrrtion tbe drainad,
The lower storcock was closed as soon as the acid soclu=-
tion was cannlately out of the absorntion tu

3 The two upper stopcocks were opened and aprroximately

10 cc. of water from a wasaing bottlc introduced into
the tube. The tube was shaken and the water drained
out 2s before.

4 The wesning ste» was repeated.

Csi

S The absorption tube and connecting Tyrmon tubing were
drained completely by slowly lowering the reservoir
bottle, and the lower stoncock closed.

6. The acid solution was titrated with 0.05 N sodium

hydroxide uisin~ brom thymol blue indicator.

o

Te The rroduct jas composition was calculated by a material
balance since the feed zas composition and the volune

of sample were nown.

Shut~-down Procedure

1. The nitro~en gas cylinder was turned on with all the

nitrogen stopceclis clesed.
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2 The hyidro-en c¢hloride cylinder velve was closed. 4sAfter
the flow rate had fellen tec nearly zero, the resulating

hyiropgen chloride line.

3. The »nropylene cylinder valve was closed. ALfter the
flow rate had fallen te necrly zero, the reculasting
stopcocl: was closed and nitroren was introduced into the
nropylzue line.

4., After aoproximately fifteen mimates the nitrogen was
turncd off.

5. The burner, tenperature rejulators, end purips were
turned off.

6. The alumina traps were disconnected end nlaced in insula-
tion jackets. Air was blown throush the traps snd heat
anntlied hy means of Wichrome wire windings around the
treps. An lron-constantan thermoconple placed 1in the
inlet tube of the rronylene trap permitted control of
tiie temnerature at 750°F bv means of a Type 5001, Illinois
Testing Leboratories temperature contrellsr. This de-

ragsins and reactlivating period lasted at least one and

one~half hours.
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APFEIDIY

PART VIT

Raferences toe Catalysts for the Addition of

Hydro-on Chiloride to Pronylene

1. Axe, .C,
T, S. Pat, 2,434, 002  June 6, 194C
2. Rond, D.C. and Savoey, 1.

U. S. Pat, 2,412,550 Dec. 10, 1944
bE 2rousver, L.T. and Wibaut, J.P.

Rec. trav. chéa. 53, 1001-10 (19%4)

Can. Pat. 448,020 Anr. 20, 1948

6. Cayer, T.U.

Tnd. & Eng. Chem. 25, 1122-27 (1933)
T Hearne, 5.0.

Prit. Pat. 558,586  June 26, 1944

T. S. Pat. 2,308,408 Apr. 30, 1946
. Holmes, I.C.
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10. Siran-
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12, Witeaut, J.r., Diein

o
]
3
-
gy
L]
*
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i
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Experimental Teta
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SERIES 1 (cont.)

Mols
CzH~Cl

Jacket
Temper-

Temper-

Total
Pressure

Time
Factor

Flow

Run
Noe.

Product
Composition

Time

Mol
Feod

C3HG CzH701

HC1

ature

ature

Rats

Mol Percent

Hours

°C

°c

Gnn Cat
Gm Mol/Hr

Gm~-Mols

m.Hg
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SERIES 1 (cont.)

Jacket Product

Run Flow Timo Total Temper- Tem ' } s 4. Mols
per- Time Conmposition
No. Rate FFactor Pressure ature CzH~C1
ature HC1 CzHg CZSH'?Cl 377
Gm-Mols Gm Cat Mol
= Me Tor ° o o ’ »
TG Gm Tol/iT Gm.lg c Cc Hours Mol Percent eed
1-11 0.0319 0.52 78.9 60 53 1.0 35.0 41.8 3.2 0.031
2.0 24,86 61.7 2.5 0.034
2,0 %4.4 61,5 4.1 0.039
540 24,1 61l.3 4.6 0.044
6.0 33.7 6l.1 5.2 0.049
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SERIES
Feed Composition 509 HC1  50% CzHg
Run  Flow Time Total Temper-~ %aFI{et 71 . PI‘Od?;EE' Mola
No. Rate Factor Pressure  ature emper= me omposition C.H-C1
ature HCL C5H6 C:5H7Cl
Gm-Mols Gm Cat P o og u Mol Per :t %gid
Win Gm Mol/Tr m.Hg, C ours o) ercen

3-1 0.0320 1.04 8.7 44 33 1.0 47.2 47.1 5.7 0.054
2,0 47,9 47.9 4.2  0.040

3.0 48.2 48.2 3.6 0,034

4,0 48.1 48.1 3.8 0.0%6
5.0 48.3 48.3 2,4 0.033

6.0 48.2 48.2 3,6 0.035

3w 0.0522 1.04 79.5 60 52 1.0 46.4 46.4 7.2 0.067
2.0 45.4 45.4 9.2 0.084

3.0 47.1 42.1 5.8 0.05

4.0 46.9 46, 6.2 0.05
5.0 46.8 46. 6.4 0.060

6.0 47.1 47.1 5.8 0.055
%2-3 0.0324 1.0% 79.7 80 68 1.0 44.4 44,4 11.2 0,101
2.0 44,0 44,0 12.1  0.108
3,0 44,7 44,7 10.7 0.097
2.0 45, 45.g 2.4  0.086
5.0 45.8 45.8 8.4  0.077
6.0 46.1 46.1 7.8 o0.072
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CONVERSION AT PROCESS TINE O HOURS

SERIES 1

Mols
T C-H~C1 Mol Fraction
quneame | Temp. Aoft  WOI CzHg  Criq0l
Feed
1-1 1.04 44°C  ,044 <341 .613% .046
1-2 1.04 60 .070 «32% 602 <075
1-3 1.04 80 .109 <293 .584 .123%
1-4 2.08 44 083 «31% '586 .091
1-5 2.08 60 111 «291 «584 <125
1-6 2.06 80 .146 «262 567 171
1-7 1.55 80 .134 272 «573 .155
1-8 1.5Z 60 .09 .304 591 .105
1-9 1.5 44 .06 <324 .603% .07%
1-10 0.52 80 074 4320 .600 .080
1-11 0.52 60 .040 «344 614 .042
SERIES 2
Mols
Run Time CzH~C1l Mol Fraction
No. Factor Temp. ﬁo% HCI C5H6 C5H7Cl
Feed
2=-1 1.05 8o°c  .116 615 « 254 «131
2-2 1.04 60 074 633 .287 .080
2-3 1.05 44 +043% 645 +310 . 045
2-4 1.56 44 .063 <637 .296 .067
2-5 1.55 60 «097 624 «269 .107
2-6 1.56 80 137 <606 «235 +159
2-7 2.03 80 +149 .601 224 <175
2-8 2.0 60 113 617 .236 .127
2-9 2.11 44 075 «63% .286 .051
2-10 0.52 80 .074 .633 « 287 .080
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CONVERSION AT PROCESS TIME O HOURS (cont.)

SERIES 3
Mols
Run Time T CzH~C1 Jol Fraction
No. Factor émp. ol HCT CzHg CZH-C1
Feed
3-1 l.04 44°C  .040 -479 479 042
32 1.04 60 063 <466 466 .068
3-3 1.04 80 .113 436 436 .128
SERIES 4
Mols
Run Time C-H~Cl Mol Fraction
No.  Fector I8P+ “HoI  ECT  Czng  CzA(CL
Feed
4-1 1.04 60°C .04 156 .802 .042
42 1.56 60 .05 0147 .800 .05%
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CONMVERSION AT PROCESS TIME 3 HOURS

SERIES 1

Mols
Run Time CzH7C1 Mol Fraction
No.  Factor TORP ol EOT T Oy CaECI

Feed 5 51
1-1 1.04 44°C  .041 « %43 614 .043%
1-2 1.04 60 .060 «330 .606 .064
1-3 1.04 80 .088 +309 «594 .097
1-4 2.08 44 .078 «31 .538 .085
1-5 2.08 60 .10 .29 587 $117
1‘6 2.06 80 012 0258 QSgB .147
1"5 1-55 80 0117 02 6 05 l 1155
1- 1.57 60 . 084 $312 .596 .092
1"9 1-56 4‘4 0065 0528 0605 0067
1-10 0.52 8o .062 «328 606 . 066
1-11 0.52 60 .040 «344 .614 .042

SERIES 2

Mols
Run Time CzH7CL Mol Fraction
No.  Factor 1M+ ol ACT TsHg  CaiqCl

Feed
2-1 1.05 go°c  .096 624 .270 .106
2-2 1.04 60 .068 .635 .292 .07%
2-3 1.05 44 .039 .6456 .3%13 041
2-4 1.56 44 .085 +640 «302 .058
2"5 ].-55 60 .0 7 0628 0277 '09
2-6 1.56 80 .120 614 250 W13
z-g 2.08 80 .1%9 . 606 «233 J161
2- 2.0 60 .105 «620 .263 .107
2=9 2.11 44 .070 .63 .290 075
2-10 0.52 80 062 .63 «296 +066
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CONVERSION AT PROCESS TIKE 6 HOURS

SERIES 1
Mols
Run Time m C,H-C1 Mol Fraction
No.  Factor ~ooPr HCT Gt Caiq0L
Feed
1-1 1.04 44°c  ,038 . 345 615 040
1-2 1.04 60 .050 « 357 .610 +053
1-3 1.04 80 .068 e %24 .60% .073
1-4 2.08 44 .072 «321 .601 .07§
1-5 2.08 60 .099 «301 .589 .110
1-6 2.06 8o .110 «292 .584 124
1-7 1.55 80 101 «300 .588 112
1-8 1.52 60 .074 .320  .600 .080
1-9 1.5 44 .059 «330 .607 063
1-10 0.52 80 .050 e 337 610 «053
1-11 0.52 60 .040 .344 614 .042
SERIES 2
Mols
Run Time CzH-C1 Mol Fractlon
No.  Factor 0P 21 g O%,  CREC
Feed
2-1 1.05 8o°¢ .027 632 .285 .083%
2=2 1.04 60 .061 .638 «297 .065
2~3 1.05 a4 .034 .648 <317 .035
2=4 1.56 44 .047 643 <307 . 049
2-5 1.55 60 077 .632 .285 .08%
2-b 1.56 80 .104 .620 . 264 .116
a-g 2.03 8o «13%0 .609 0242 .149
2- 2.0 60 .098 .62% . 268 .109
2~9 2.11 44 .065 +636 <294 .070
2-10 0.52 80 +050 642 « 305 .053%
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Electric Analytical tlass

1 dydrogsen chiloride directly
from cvlinder.

2 Hydrogen chloride safter

passa~e throuh sctivated
alumine.

3 Fropylene directly from
crvlinder.

4 Propylene =fter rassage
trroush activated alumina.

5 Product soses et 44°C

6 Product zeses at £0°C
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The massz s-octro re hic analyses were

ctrometer by

/52

wede on 8

the sernsitivity

Containa 5-10%

Fal

impurity

of a Co sroup hydrocar-
bon rcbanlv athylene,
also an impurity o

— i
magses 6%, 64, 65,

Avove impuritiss removed.

C.H,C1  15.8 +0.1%

51 )
03H6 55.7 +0.67
HC1 29,3 +1.4%5
The liszted vroduchts com-
orised the tetal s»nec-
trun: o' the sample. TNo
neaks arc unaccounted
for.
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