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{ . ABSTRACT
’ - o 4 -

i , A mathematical model based on the concentration of the product
) \ [

for the estimation of the. parameters characterizing the phenomena which
occur during heterogeneous catalysis, has been developed. One '‘could

estimate the slopes of sorptional isotherms for the pure reactant from

T

the mathematical model if we know the slopes of the sorptional isotherm

\ B for the pure product and if we assume the Langmuir-Hinslelwood mechanism.
y ‘ » -
o
- \ The mathematical model was tested with a CSVCR (gradient-less)

-

system using the stimulus-response technique, The reaction was the iso- !

meMization of cyclopropane to propylene in the presence €r ‘13x zeolite
catalyst. ) /.
The est imated int*gral average values of the first order

reaction rate k and the intra-particle diffusivity D were compared with

Y

those reported by Kelly (1); and a very good agreement‘was observed,

The mathematical model'used in this study to calculate these values

was based on the product concentration, while that of Kelly's was based

e v TR — W W W

on the concentration of the reactant. The estimated activation energy,

31.1 kcal/g-mole compares favorably with the results of previous

. * % -
: ) investigators (1,59).




{
\ RESUME

4

Un mod3le math€matique, basé sur la concentration du produit
pour Trestimation des paramBtres caract}isant les phénomdnes se prod:isa;lt
&urant la catalyse hétéro‘géne, a été &laboré. Onm peut estimer les pentes
des isothermes de sorpt ion pour le réact ;f pur 8 partir du mod¥le mathé-
n&tique si on cq\nait les pentes des isothermes de‘~sorptim pour le

~ &
produit pur et si 1'on prend 1'hypothise du mécanisme de Langmuir-
Hi;xshelwood.

Le modeéle a 6t& essayé avec un r€acteur sans gradient (CSVCR)
/ )
utilisant la te¢hnique de réponse impulsionnelle, La réaction &tait
1’ iso*érisat ion de\chlopropane en propyl3ne en présence de 13X Rolite

comme catalyseur.

. -
s,

v

. ﬁ.es valeurs, estimfes par la géth'ode de la moyenne intégrale,

du taux de réaction du pgemier ordre X et de 1a diffusivité intra-
particulaire T ont & comparfes avec celles relevéés par Kelly (1), et

une tr¥s bonne concordance a §t& observée. Le mod&le mathématique

ut,i/lisé dans cette &tude pour calculer ces valeurs est basé sur la
concentration du produit tandis que celui de Kelly é&tait basé& sur la

congentration du réactif. L'estimation de 1'énergie d'activation,
A

31.1\kcal/g-mole, est comparée favorablement avecéles résultats de

précédents. travaux (1,59).
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suiface area of catalyst l.a‘)(rer exposed to the fluid phase,
deviation value of the effective concentration in the
catalyst phase, g-mole/cm® catalyst volumé”

total (sum of steady state and devidtion valueg) effective
concentration in the ca.talyst layer, g--ole/cn catalyst -
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steady state effective concentraﬁon in the catalyst layer,
g-mole/cad catalyst volume

constant in the Langmuir sorption isotherm expression
(Equation 5-56 and Equation 5-57), equivalent to the total
sorbate c%pauty of the catalyst layer at saturationm,
g-mole/cm’ catalyst volume

effective intra-particle diffusivity, cpzlsec
iﬁtegral average value of D, cn?/sec

total volumetric flow rate into and out of the reactor,
cad/sec .

-

length parameter in catalyst layer, ratio of the catalyst
volume (V*) ®o outside surface ared (A), cm

" reactor transfer function

intrinsic first-order reaction rate coénstant per unit volume
of catalyst layer, sec-1 T ~

!
integral average value of k, sec~1 1

>

equilibrium Langmuir adsorption const\ant for mactaﬂt, ~=
cyclopropane, defined by Equation 5-S§, dimensionless

ilibrium Langmuir adsorption constant for product,
?(;:pylene defined by Equatlon 3-57, dimensipnless
itude of square wave forcing function, g-lole/cn
parameter group defined by Equation 3-41, sec |
total intemal reactor or CSV system pressure, mm L-lg ,‘ ‘.

parimeter group defined by Equation 3-40, sec™}

' l
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n constant, defined by Equation 5-64

N ix.
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RF parameter group defined by Equation 5-47T, e’ /sec

RR+ parameter group defined by Equation 3-33 J !

RP parameter group defined by Equation 3-42

"8 Laplace transform variable \ .
. ’

t independent /time variable, sec
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x . deviation value of the input Sorcing) concentration

' - in the fluid phase, g-moles/c

X total (sum of steady state and deviation values) input
concentration in the fluid phase, g-mole/cm

y ' deviation value of the output concentration in the fluid
phase, g-mole’cm

Y \total (sum of steagly state and deviation values) outﬁnt
concentration in the fluid phase, g-mole/cm3

% independent dimensionless distance variable in the catalyst -

. layer
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1. GENERAL INTRODUCTION

Heterogeneous catalytic reactors are widely used in the
chemical industries. The design of this type of reactor requires the
h\owledge>o.f the parameters which account for mass transfer, sorbtion,
snd reaction phenomena. Thus it is essential to develop a simple, but

efficient method for estimating these parameters.

Kelly (1) developed a method that depéended on the measurement
and interpretation of reactant concentration, While the method produced
reasonabie reaction rate coefficients, the variability of the data was |
ﬁdesinhly large. The purposes of this project were to test Kelly's model
by an alternate method based on product .c*mgepgmtion and to reduce

the variability of the data,.

The equipment used was the same as the one used by Kelly (1).
There was only one major difference in the experimental procedure.
lKelly (1) used a mixture of the reactant and product in the feed gas
to the reactor. In this study a mixture of the reactant and in;art gas

was used as the feed gas to the reactor.

*

ﬁg effluent gas from the reactor consisted o; the reactant,
product and inert gas. The infra-red spectrophotometer was used to
monitor its composition. Being interested in only the product concen-
tration, a suitable wavelength (6.1 u) was chosen at which the product
was strongly absorbing while the reactant was non-absorbing. The inert
gas ‘(i.e. nitrogen) posed no problem in the search for this wavelenéth. ’
The reason is that nitrogen is cowpletely transparent throughout the
infra-red spoctrhq’.

l
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\\ techr;iques. These two techniques were combined by Bassett and Habgood

2.

2. LITERATURE SURVEY

, The earliest investigatiofis in the field of heterogeneous

catalysis used microcatalytic (2,3,4) and gas chromatographic (5,6,7)

(2)\ to study the isomerization of cyclopropane to propylene on a mole-
culo} sieve catalyst. A detailed review of these qarly investigations

and some recent studies has been presented by Kelly (1).

The models which had been developed by most authors (9-18)

did not include reaction phenomena . However, they all accounted for

-

sorption and diffusion phenomena. In some of the models (9,10,12) axial

dispersion and external mass transfer were considered. °

-~

For a realistic approach to heterogeneoﬁs catalysis in a fixed
bed or gas chromatographic react‘or, we must acéount for five phenomena,
na&ly: particle-to-fluid mass transfer, axial dispersion, intra-particle
diffusion, sorption and reaction. However,complex equations arise when

all the f&ve phenomena are considered. Hence no[bt investigators develop

‘nsthods where two or three of the phenomena are Esignificant while the

Test are neglected. A list of the suthors and the various phenomena that

they considered in their methods is presented in Table 2-1.

Recently, Kawazoé et.al. (19) used the chromatographic method
to study the adsorption off'nitrogen on molecular sieve carbon. The
adsorption isotherms were !nan- linear. Thus a small perturbation pulse
of nitrom w'as introduced to the steady flow of a given nitrogen con-

centration. The response was analysed using the \theory of non-equilibrium
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(', - TABLE 2-1 . ’ | ‘ .
List of Investigators and the Phenomena they Considered %“
-
' \ .
Particle-
to-Fluid | Intra-
Axial Mass Particle ' .
Author (Ref.) Dispersion| Transfer |Diffusion|Sorption| Reaction
Thomas (49) ) .
Roser (31) . .
Dogu.and Smith (25) *
| Edeskuty and Amundson . *
Ro.'fer (32) ‘ - *
Masamuna and Smith (11) . ‘ * *
Seith and co-workers b
(14-18) . .
Kawazoe, 'Suzuki and Chiharﬁ ,
(19) « . Jr 5
" Kocirik (36) | » " *
Roginskii and Rozehtayli (37) * * *
Don}sova and Rozental (38) * ‘ *
Kubin (9) , , * * * *
Kucera (10) . * * *
Suzuki and Smith (16) . . . *
’ Padberg and Smith (13) * . . .
Kelly (1) - *
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a

chromatography. The apparent adsorption equilibrium constants wexe

determined from the retention times of the peaks for different steady
flow cmcentﬁtims. The peak width was used to estimate the intra-
microparticle diffusivity. The strong dependence of the diffusivity

on the amount adsorbed was explained in terms of the chemical potential
|

gradient. The chemical potential gradient acted as a driving force -

of the diffusion.

A pulse reactor with a heat-flow micro-calorimeter had been
developed quite recently (20,21). This technique allows both kinetic-

related and thermal information to be obtained\.
. *

In addition to thg micré-reactor and gas chromatography, the
single pellet rea.ctor has also emerged. Its theory and experimental
proc"'.edure at steady state have been developed by Balder and Peterson
(22). Gibilaro et al. (23) have also proposed the transi/ent procedure

|
for investigating the pore structure.

1

Suzuki and Smith (24) used the single pellet with a well mixed
gas phase to investigate the adsorption phenomenon. With their experi-
mental model, all othex: types of mass t’ransfer were eliminated, ‘excempt
intra-particle mass transfer. They estimated the adsorption equilibria

datd from first moments. Adsorbable tracer was used. According to the

" authors, the measurement from pellets of different thickness could be

I
used to estimate both the effective diffusivity and adsorption equili-

brium constant. .-

Dogu and Smith (25) very recently developed a simple and rapid“"

technique for the determination of effective diffusivity of catalysts

-

}

4
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. ﬁienonena. The method was based on the dynamic model and a contihuous

5.

. 5 ,

hsing pulse-response technique. They used the Wicke-Kallenbachtype of

diffusion cell, Their results could be very reliable if the retention

time in the dead voluyfes could be made to be negligible compared to

/

the diffusion time ;n the pellet. Another problem with the Wicke-
Kallenbachdiffusion cell is the bypassing along the sides of the pellet
which becomes sik/nificant at high temperatures.

-

Kelly«(1) recently developed a method which allows the simul-

-

taneous estimation of the parameters of diffusion, sorption and reaction

stirred-volume reactor (CSVCR) or gradientiessq reactor. The use of th:ixs\
type of reactor for heterogeneous catalysis 1nvestiga£ion was first
suggested by Bennett (26). In the gradientlessf ‘type of reactor, the bulk ~
fluid concentration is uniform and constay/a; sfeady flow of a given..
inlet gas concentration. The uniforlit}/ is due to the efficient mixing

of the fluid phase, This makes the iﬂéerfacial mass transfer resistance

negligible compared to the diffdsion and reaction rate resistance,
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3. THEORY

- PN

3.1 Introduction

’

The theory for a continuous, stirred-volume, catalytic reactor
(CSVCR) has been developed by a number of authors (24,26-29). Kelly and
Fulfer (30) developed the lumped variable equilibrium model for a CSVC
reactor. They assumed a first-order reaction. fé‘lly (1) later developed

the lumped variable non-equilibrium model and the distributed variable

. model, °

'
i

.In the lumped variable models, the concentration of the reactant

(or product) in the catalyst phase was characterized by an effective

L}

concentration, The effective concentration represented both the sorbed
and non-sorbed ‘c:mcentrationé in the pores. This definition coupled with
the fact that the measurable gas phase concentration is uniform permits
the functional form of the adsorptdon isotherm to be obtained. This

then allows the experimentation to be carried out at all inlet reactant

concentrations,

In the distributed variable model, the reactant is distributed
between gas and sorbed phases inside the pores of the catalyst pellet.
If a Taylor series expansion is used to linearize the adsorption term
in this model, the adsorption coefficient wiil be a function of diéplace;

ment from the boundary between the porous catalyst and the bixlk fluid

ase. The reason for this is that/the re gas phase concentration
) po P

varies with position in the catalyst layer. For the limiting case where

-
the concentration difference in the gas phase in the pores is: negligible

BT
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¢ .
Yj and external mass transport resistance is also negligible, the Taylor x
series approach may be used. However, this would preclude the measure-

ment of effective intra-pellet diffusivi¥ies.
s

o
o

The disadvantage of the distributed vqriable model is that
each component in the cataly$t layer must be described by two differential
equations, The lumped variable models require-only a single equation.
Hence, in the present investigation, where two éomponents (product and
reactant) must be considered, the lumped variable model proved to be
the most appropriate to use., The lumped-variable non-equilibrium model
is a more complete description of the phenomena than the equilibrium

model when considering a reaction system. However, the expressions for

the moments of the non-equilibrium model are too complex for practical

application, Hence, only the lumped-variable equilibrium model was used.
°

3.2 I;ulg)ed Variable Equilibrium Model

/
3.2.1 Basic equatioms
/

!

i, Catalyst layer

The irreversible first-order reaction to be considered is t

given by
B {

k . -
.HZC\ /cn2 5 HC = cu CHy, ..o 3-1
CHJ ) '

(__,_ cyclopropane propy lene

&

vhere k is the reaction rate constant, The reaction is athermsl (1)
and/ since moles are consexrved, there should be . tom'ex_-nture and

_pressure gradients.

!
¢
!
H
i
¢

*
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%
3
}
[y

-
' 8.
H
b
. The continuity equations for the reactant product and inert
gas in the cat.a{yst phase in terms of the deviation variables are
given by
acA ' D ach v ) g
—(Z,t) = — (z,t) - kcA(z,t) 3-2
t ~02422 N
K ‘
Y ;¥ ' »
Rz,t) = = —R(z,t) + ke, (z,1) .o 3-3
ot ¢ h? 32 .
3cy D 2%
—(z,t) = = —L(z,t) 3-4
at h2 az2 .
3 ’ .
sThe deviation variables are the small change in concentration about
M 4
the steady state values: .
i.e. c(t) = C{t) -T 3-4A

where ¢ is deviation value,
C is total value,
C is steady state value, and .
t is time, .
The effective intra-particle diffusivity, D, is defined as the ratio‘
of the diffusion flux density to the effective concentration gradient,
where the flux density is based on the total cross-sectional area
of the catalyst layer. The diffusivity is assumed to be independent -
of concentraiion, It is also assumed to be the same for the reactant,
product and inert gas. FPor uniform catalyst texture achieved by wet
pressing of the pellet, D is independent of z, the independent dimension-

less distance variable in the catalyst layer and t, time. i

-

PO
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(j * Feed — ‘ —» Eff luent

r—~—— Gas phase
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SCHM DIAGRAM OF CSVCR

L

. .

The dependent variable we want to solve for is the concentra-
tion of the product, Cps ‘¢ontained in Equation 3-3. However, this
ey
’
. equation cannot be solved alone. It contains one more dependent vari-

able, namely Cy» which is the concentration of the reactant in the

reaction term. However the reaction term is eliminated when Equations
' -
382 and 3-3 are added. And by defining a new variable,

3

C = CA+ <:p R 3-5
f .

we obtain

i
&
B
4

2 b
3¢ - D 3c¢ . -
5‘:'("” ) ?(Z.t) 4 3.6

The boundary conditions for Equations 3-2 and 3-3 and hence Equation 3-6

are given by:

B.C. 1 CA(l,t) - vbAyA(t) - 3-7a
cp(l.t) - tpyp(t) 3-7b
c(l,t) = *AYA(t) + *pyp(t) 3-7¢c

b}
5

These boundary conditions assume that there is linear relationship

2
@ between a small change in the gas phase concentration, y(t), about the

!

s p————
o~ e SWEB -k

bk, ol A

o
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/ . 10.
steady state value Y and the corresponding change in the amount adsorbed . :
on the pellet surface, c(1,t). ¥, and wp are the slopes of the sorption g

isotherms for the reactant and product respectively. A more elaborate

vel‘ion of these boundary conditions will be discussed in Section 5.2.

o, ,.
B.C. 2 =m(0,t) = 0 © 3-8a

-

T T T T YT "R

t) = 0 3-8b
4 ’ -—t-(opt) - 0 3-8¢ .

™~
The second group of boundary conditioﬁs represents the fact that there

is no mass transfer through the sealed end of the catalyst layer.

- o

PR

The ‘initial conditions are given by

’

I.C. cA(z,O) = 0 3-9a
o ’ a "
cp(z,O) - 0 / 3-9b
c(z,0) = 0 ‘ ‘ 3-9¢

ey

These conditions indicate that at time, t == 0, the system is at steady
state and there is no transient @i\ange in concentration.

/

— P

7

ii. Gas Phase

Conservation of mass equgrzims describing the reactant, the

reactant product and their ,s;‘ 1n the gas phase are given by:

/?”///
dyg” ' AD °€y
MM/,MMWF — F(XA-YA) - i—(jﬁ—)z _1 e 3-10a




- - o v ———— o

LA

11,
¢ {
wp oy ) - % |
o= F(x_- - — ' 3-1 i
dt Cpp) %D, L, ® 3
wgl - - - ﬂ_a_c_ - .’
¥ Flx-y) - - 3-10c
where X = X+ X5 ' 3-1la
, '~ H |
Y = Ya4+Yp 3-11b
and V¥ is the volume of the gas phase,
The initial conditions are given by:
yp(0) = 0 o L 3-12a
yp(O) -0 , , ) . 3-12b
y(©) = 0 ’ 3-12¢

3.2.2 Solution {n Laplace domain

1. Catalyst Lay;er

Transforing Equations 3-6, 3-7c, 3-8c and 3-9c to the Laplace

domain and solving for C(s) gives »

Zcs) 1’:_ LR A(sﬂ\bpvp(s)
/ ;  Cosh(h/s/D)
/
The solution for E'A(s) in the Laplace domain is given by

Cash (hz:/s/D} 3-13

g(s) = vY (S)W NS
0 A cosmm /s /D) _
Hence ¢ ) .
, v, Y, (sXv Y (s) . »
P Cosh (h/3/D) Cosh (h/(k+s) /D)

{ ' ) 1-1003"15




\ 12,
- ~I
ii. Gas Phase
v
The Laplace transform of‘%quation 3-10b is given by
vy (s)- - rX ()Y 1Y) - “’(ﬁ’-) ) ~ 3-16
® 2 P P ‘f;u E-,- 1 Zz =] b

’ - Al

From Equation 3-15 we have . 3
8¢ '
: (‘{,‘;p')z T [WAVA(s)+wp?p(s)1m/%)tmm/m) -

- 9,Y, (s)h/(k4s) /D tanh(h {(k#5)/D) .....3-17

-~ A

Substituting Equation 3-17 in Equation 3-16 and then dividing through

by ¢ gives ’ o~

‘e

e . AD
+ - ¥ (9)-
T sYp(s) ‘ ‘ip(s) Yp(s) -FT'(PA?A(S)
9,
+ wp?p(s)]fs‘/? tanh (hvs/D)
~ ¥,Y, (s)/(k¥s)/D tanh (h/(k+s)/D)} 3-18

where = vi/F, : )
By solving the Laplace transform of Equations 3-2, 3-10a and their

appropriate boundary and initial conditions we obtain

-

’ ¥ ()
Y6 - X A 3-19
1 + %+ g, DTKIS) tandt (W/AFs)/D) .
The following transfer function is obtained after substituting /

Equation 3-19 in Equation 3-18, and assuming no product in the input
gas (i.e. Yp(s) - 0):

.
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9
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(s)
Hals) = P

XA(S)

v
= AL [AT S tanh /K 5I7D) - /3D tanh (h/s/m) /[ 1

?

v
+ s+ A.F—Qv'iiili-fs)tanh(h/(kf-s) /Di [1 + 15

v L4

v
+ AR/5D tarmm'/s7o)']} ‘ ceeaa3-20

- 6

3.2.3 Moments of response curves to square wave input

) n

. The experiments will consist of measuring the respgnses in the

Y

4
product concentration to square-wave stimuli in the reactant concentration

as described in Section 4.2,2B. Consequentl% we need to express the

moments of the response curves in terms of the unknown parameters. The

L}

relationship between the moments of the response curves and the Laplace

o

transform of the produc't concentration of the reactor output Yp(s) is given hv

. d s
b s (=1)'Lim —P— 3-21
n
. s+o0 ds )
where up =/ yt)thde 3-22

]

For a square-wave input of the reactant concentration,

X, (s) = M(1-e7"%)/s 3-23

where M is the magnitude of square-wave, forcing function and W is.the

duration.
'lhe- zeroth moment is given by
"y Wi, /Bt anhs 1
C ou, = LimY (9 = , 3-24
°©  s0 P 7 1 a,/Bktanhy
. Aﬂl

where ¢, the Thiele modulus = h/k7D.and ap =
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X
From“Equation 3-24, we have
a, DK tanh¢ = uy/ (MN-u ) 3-25
and 1+ a /0K tanh¢ = MALMN-1 ) 3-26 ,
i
The first unnormalized moment My is given by %
: a¥ S |
M, = - Lim (s) , - 3-27
1 s+o~va‘sp-
a
= MNa, (/BF tanhe[4==(/5/K tanh¢+hSech’s)
+ (t‘+cph)(1 a,/Dk tanh¢)] ‘ _
, ’ ]
/
- (14a,/DKk tanh¢) [1/2(/H7K tanh¢+ hSech%§-zn) .
- YA tanh¢]}/(1+a, /OF tanhe)? ia..3-28

The first normalized moment, u,, is /
Q * /r

~ ' { /

o= “1/“0 . ;

-

a,’ )
w, = ™ -EA(/WE‘ tanh¢+ hSech?y) + (14a,tanhe)x
Ha,/Dk tanhs |
- (+a h) - —
P 2/5K tanh¢ | .
[M tanh¢+ hSech2p- 2h-W/BF tanhcp]}/(mAvﬁT'tanM)

X

.0'..3-29\ N

P ~.

}
f  a
Then, from Equations 3-25 and 3-26,

o —

-~

by =T (2ug/M) + (U /M-1) Fak W/Z

. - ha -

+--2A(m/uo-u°/w) + (u /M) (h‘/uADk)‘ : cere3-30
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c; 3.2.4 Solution of the moment equations to determine the parameters -

~

There are four parameters to be estimated; namely: 1) k,

the first-order reaction rate constant, 2) D, the intragranular dif-

fysivity, 3) ¥,, the adsorption equilibrium constant for the reactant,

' 4) wp’ the adsorption equilibrium constant for the product. wA .
: ané\l wp are contained in the terms a, and o respectively. <
) \
: There are only two equations involving the zeroth and the
i =
rt first normalized moments (i.e. Equations 3-24 and 3-30). Hence to
solve for the four parameters, the measurements from two pellet thick-
nesses are required. L
} L]
From Equation 3-25 and fqr two pellets of different thick-
=~ nesses h1 and h,, we have
: A tanh(h g) = RR (1-RR) 331 - -
: e Fy 1 o | ’
.;.% tanh(h,8) = RR (1-RR)) 3-32
8 = vk/D "3-34
: s y = wA,/b‘f 3-35 {
- g ’ 4

Taking the ratio of Equations 3-31 and 3-32, we have

‘tanh(h,B)  RRF (1-RR Y

) - 3-36
‘ . ’ tanh(h285 RRZFZ(I-ﬁz) '
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(" ' Each tem in Equation 3-36 can be measured independently, except 8.
B can be obtai:n‘ed by solving the above non-linear equation. Then, by

substituting B8 in either Equation 3-31 or 3-32, we can solve for y.

v

- From Equations 3-34 and 3-35, -

-— BY V B . -
*A X .. 3-37
«»
Y
and v,D 3 3-38

4 \)
Substituting Equations 3-33,.3-37 and 3-38 in Equation 3-30 and dividing

through by t*(= Ah/F) and rearranging we arrive at,

.

1 3 * - -
"p + -zi-[(RR-l)/t + By (1/RR Rf/l) W/2]

P ' = 1/x[u,-v* (2-RR)-W/Z] veeee3-39
By defining '/
Q = -1/2[(RR-1)/c* t 8y (1/RR-RR)] 3-40 é
J u " .
: ) |
N, = (ﬁz—g—)m 3-41
2778 -
and R = 1/t*[u - (2-RR)-W/2] 3-42
we obtain K ;
Qi - w ) s
& : T ‘
N Then, for two pellets-of different thicknesses, we have
g - 4 - ’
" ~ ‘\ i tNk = Ry . : 3-44 ,
' ot
. o ‘ ﬂ / . /
V ! ’
‘ \
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(or 3-45), 3-37 and 3-38. |

17,

QZ k ‘o
ot T bN ’ RP, 3-45

-

Subtracting Equation 3-45 from 3~44 and multiplying through by k, we

obtain o

2 .
' : .
Equation 3-46 is a quadmtit/equation in terms of k which can easily

L/
be solved. We can then caltulate ¢p, ¥, and D from Equations 3-44

1
L}

In solving either Equations 3-36 or 3-46, the data for the
two pellets at the same steady state concentrations of the reactor

’

output must be used.

30 ol
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¢ | 4. APPARATUS AND EXPERIMENT
“ o

% 4.1 Amaratus ‘ | i
4,1,1 Introduction , s

‘ A The apparatus is schematically shown in Figure( 4,1, It is
the same apparatus used by Kelly (1). The feed streams A and B to the -
reactor were connected to tw;a gas cylinders through a system of valves
and connecting tubes. One of the gas cylinders contained nitrogen

swhile the second contained cyclopropane ;rhen the reattion was being
" carr‘ied out. During calibration of the infrawred spectrophotometer,

either the cyclopropane cylinder or the nitrogen cylinder could be

replaced with propylene cylinder.

7

The flow rates of gases from the ¢ylinders were set and
measured by the pneumatic flow controllers and the soap bubble meters
r;spectively. Using the manual five-way valve, the mixture of g;ses
"from the two cylﬁders cm;ld be fed to'the reactor or by-passed to the
infra-red spectrophotometer unit for the purpose of calibration. The
output from the reactor could also go to the infm-ﬁd spectrophoto-

meter for analysis.
’ \

The two major units of the apparatus are 1) the reactor, and
.

2) the concentration signal generator,

¢ «
4.1.2 * Reactor
N [ ’ .
@ A pictorial view of the reactor is given in Figure 4-2. The

™~

sain parts are: o



-

FIGURE 4-1 Overall schematic diagram of the feed system

4

pressure measurement °

: pneumatic flow controller

: manual three-way valve

flow rate measurement by bubble meter
: manual five-way valve

: manual needle valve

two position switching valve )

~

ve

+ @ % é} > & -

switchable union coupling

»
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FIGURE 4-2 = Exploded pictorial yiew of the CSVCR assembly

1. tacho generator
2. variable speed D.C. motor
3. motor-drive shaft coupling
4. air cylinder solenoid valves
5. drive shaft pillow block bearing
6. double acting air cylinder ’
7. motor-drive shaft support bracket
8. microvolume switching valve
9. thermostat insulation sections
10, external magnetic impeller ‘
. 11. thermostat cartridge heater |,
' 12, outlet port
13. 1light pipe feedthrdugh ‘
14. inlet port
15, pressure port
16. aluminum thermostat blocks
17. reactor top section
18, movable thermocouple entry
19. internal magnetic impeller
20, removable alignment pins
21. large diameter catalyst pellets -
22. reactor bottom section
23. electrical disconnect

20,

e
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Q ) a) the reactor vessel, 17 and 22 | v
b) the magnetic stirrer, 19 and 10; and. ’ ' :

c) the thermostat, 16,

- a) The reactor vessel was a diskrlike cylindrical vessel of

outer and inner diameters 21.91 and 15.88 cm respectively. The height
} was 6,35 cm, It was constructed in two parts from type 316 stainless
" steel. The top part, 17, was rigidly held to an aluminum thermostat
- block. The top part contained the magnetic stirrer, 19, the outlet ~
-and inlets, 12 and 14, pressure port, 15, and the’themocoﬁple eni:ries,

for example, 18. ‘

The bottom part of the reactor vessel, 22, was removable. -

. It contained the five die holes, ‘21, into which the catalyst were pressed.

Each die hole was 5.08 cm in diameter and 3.81 cm deep. -

’ - 'b) The magnetic stirretr consisted of a thin disk-like internal
follower inpelle:l, 19. It was magneiically coupled through the top part “
of the reactor vessel to a larger external drive impeller, 10. The
internal impeller had eight Samarium Cobalt permanent magnets mounted
on it. The same number of permanent magnets fitted to tixe external

impeller were Alnico magnetic material. .

At the two ends of the internal impeller shaft were two hardened,
stainless-steel balls ﬁim rotated in conical bearings made from
/ graphite-impregnated polyimide resin. The bearing cones were roces;;/}i{;//'//
[ + ,/;/
into the two parts of the reactor vessel, The bthached
6 to the top of a metal bellowsin a guida/kﬁlq//that' the cone was free
. —

e

to move vertically, but not to

~

—

— / 1

| . / l' - I '
’ - fy
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air pressure to force the bearing cone against the lower ball of the:
\ ’ ,
impeller shaft. The external impeller was driven by 0.5 horsepower,
variable-speed, D.C, motor., Its axial alignmént was achieved through

two pillow block bearings and a large diameter shaft.

An illuminated lens was installed in the top section of the
reactor vessel. A co-linear light pipe on the opposite side of the

vessel permitted an observer to see the rotation of the internal impeller,

c¢) The thermostat consisted of three alx\minum bloc¥s, 16.
They completely enveloped the reactor vessel and the external drive
impeller. The heating of the aluminum blocks was done by a seri;as of
stainless steel cartridge heaters, 11, They were symmetrically distri-
buted between the three sections of the thermostat. The temperature
of the thermostat was controlled by a prqi;?nional contrc;ller plus a
thermocouple sensor. The controller opefat‘ﬁed a gr%up of trimmer heaters
(320 watts). Two variable tra_‘nsforme'rs i’wer\é manually used to control
the rest of the heaters (1500 watts). me thermostat was insulated
with a high temperature fiberglass. insulation panels, 9.

/.

4,13 Concentration signal generator

The concentration signal generator is shown .«:hemt}ically in
Figure 4-3. The parts are also pictorially indicated in Figure 4-2,
They are air cylinder valves, 4, double acting cylinder, 6,\and micro-

volume, two-position, switching valve, 8.

By the activation of the switch on the electromic timer,

indicated in Figure 4-3, an elebt\rical*pulse was generated. The pulse -
\
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energized and held'the start relay. This suppiied power to the sole-

noid coils, which’i en rotated the solenvid-actuated three-way valve
o

to supply air pressure to the double-acting cylinder. The shaft of

the piston of the cylinder was connected to the stem of the micro-
N | 2

. volume switching valve. Then, by means of a single stroke, the valve
“

was rotated throygh an angle ,of 90 degrees. This rotation changed the

Py

feed stream going to the reactor.
A square wave was generated for, say, W seconds. Then at the
end of this period, a second internal timer pulse energized the return
]
relay. This then operated tﬁ%\ﬁgfond solenoid valve to return the micro-

volume switching valve to its original position. Thus the original feed

stream to the reactor was returned.

A cross-over switch in the output circuit of the timer allowed
either solenoid valve to receive the starting pulse. The duration of
the electrical pulse was 100 msec. The switching time of the micro-

.

volume switching valve was 35 msec.

3

4.2 "Experimental Section

4,2,1 Material

A, Catalyst Pellet
4 . ‘
N *  The catalyst pellet was prqbared from zeolite-molecular sieve
: ' A
Type 13X. The ground po&der‘of the zeolite was compressed into the five

*

die hbles of the bottom half of the reactor vessel., Sodium chloride was

. ¢ N
first pressed jnto the die holes before the catalyst. The purpose of

4 .

this was to keep the péllet surface néi:\to the top of the die holes.

At
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~

~ ek

1
»

The compression pressure was about 25,000 psi.

The zeolite powder was added to the top of the sodium chloride.

ﬁ' A

It was then wetted with acetone to provide even pressure distribution
within the grains during pressing. The compression pressure applied was
about 23,000 pgi. Both the thin and thick pellets were formed by the
same procédure.’ To avoid the cracking of the f@jn pellets when they
were raised'to the pretreatment temperature of 300°C, they were gradually
baked by heating to 80, 80, 100, 120 and 160 °C "~ for one hour
each in a vacuum oven,.
\\\

The catalyst was always regenerated after each set of runs

at a given reqétion temperature, \Tye regéneration was carrged out in

a fumace at 300°C for 12 hours. The catalyst was then cooled in a vacuum

oven to 60°C.

v

The pellet density estimated from the dimensions and the weight
°of ;he pellet was 1,155 g/cns. The solid density measured with a helium
pycnometer was 2,31 g/cms. From the two densities the average pellet
porosity was estimated to be 0.500. '

, .
The details of the press assembly and the procedure are

described by Kelly (1).

~

B. Gases

The purity of the propylene and cyclopropane supplied by
Canada Liquid Air was specified to be 99.0 per cent, The'nit;ogen
supplied by Liqui& &Srbpnic Canada Ltd: had a guartntged minimum purity

of 99.9 per cent, Lo 4

e
-
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4.2.2 Procedure

» ,
* A. Calibration of the Infra-red Spectrophbtometer

and €yclopropane, But we were interested in only the concentration of
. Hence a Zuitable wavelength of the infra-red spectrum
was chosen at which propylene was strongly absorbing while cyclopropane
was non-absorbing. Nitrogen presented no problem in the search for

this wavelength, because nitrogen is completely transparent.throughout

- the infra-red spectrum. The wavelength of 6,1 u was found to satisfy

the required condition. However this wavelength is within the water
vapour absorption band (5.0 - 8.0 u). Thus, interference from the

atmospheric water vapour was possible, 4

A With the filter set at 6.1 u, propylene-nitrogen mixtures

of known concentration were passed through the sample cell. The cell

had a path length of 3 cm and a volume of 0.30 cms. The corresponding

transmission from the infra-red unit in the form of a voltage signal

.

was measured with a digital voltmeter., A calibration curve was established

bgtween tﬂe absorbance and the mole fraction of the’absorbing gas (pro-
pylene). According to the Beer-Lambert Law this curve is expected to
be a straight line. However, a slight curvature was observed. A ;;;hie
of the calibration curve is presented in Figure 4-4, Because of the
§light curvature, a second degree poiyﬁomial was fitted to the ra"data

using the method of least squares.

The culibfﬁtion was carried out at the beginning of each set

of nums st a given resctiop'té-peraturu. This was done because there

N

okt el *T




FIGURE 4-4 Sample -1.R, spectrophotometer calibration curve
- ' for the propylene- (nitrogen and cyclopropane)
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was a slight variation in the performance of the infra-red unit, The

voltage signal,for the pure component changed slightly each time the

experiment was run. z )

B, ., Reaction

After the pretreatment“,,und regeneration of the catalyst pellets

.contained in the bottom half of t;‘e reactor vessel, the reactor was re-

assembled. The reactor was then heated to the required reaction tempera-

ture, For both the thin dnd’thick ellets, the reaction was carried out

at the following three temperatures:' 233°C, 243°C and 2§4°C.

A mixture of nitrogen and cyclopropane was passed through th'e
reactqQr after it had attained a steady temperature, The flow rate’ of
the mixture was 5,0 c-S/sec at the ambient tenperat'ure and pressure. |
The c@ositim of the mixture was e;tinated from the flow rate of each

component in the mixture. The flow rates were measured with soap bubble.

meters, .

—

The concentration of the effluent gai; attained a steady state
t;vo hours after the fir;t feed stream had been psssed through the reactor.
Subsequent feed streams to the reactor took around 30 minutes to reach
steady state. The longer t'?le required for the first feed stream was

. s I3
due to the initial fall of the activity of the catalyst to a steady state.

At steady state, a concentration square wave signal was
gefierated by means of the set of equipment described under Section 4,1,3.
t
Essentially it consisted of instantaneously intrpducing a second feed

of nitrogen-cyclopropane mixture to the reactor at a different concentra-

tion. The total flow rate of the second feed stream was also msintained
) ¢

%

g
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at 5.0 cn3/sec.

[ad - -
The concentration of the product (i.e. propylene) in the

reactBr output was measured continuously by passing it through the
infra-red spectrophotometer. The output from the I.R, unit was in the
form of a voltage signal. It was recorded on an oscillographic recorder*

as a function of time.

’ L}
At the end of the transient perturbation, another feed stream
was introduced into the reactor to establish a new steady state, The

whole procedure was then repeated again,

The mole fraction of cyclopropane in the feed was varied from
0.8 to 0.5 changing in steps of 0.1 for the thick pellet and from 0.8
to 0.4 in steps of 0,2 for the thin pellet., These steps were n;aintained
in order to obtain a-measurable difference between the steady state}n{

transient concentrations of propylene.
L4

‘The beginning of/ the generation of the signal was indicated

by a voltage signal from the timer (Section 4.1,3) to the recorder.

The flow rate of the effluent gas was a.ssuned to be constant
and equal to the inlet flow rate in thé mathematical model., To check
this assumption, the effluent flow rate was measured a number of times
during the transient perturbation with the soap bubble meter, The
pffluent flow rate was observed to vary by less than 2.0 per cent.

This is within the 3.0 per cent error caused by the use of the bubble
A

) |

~ - ®Sanborn 7702 A Recorder, Hewlett Packard,




\
' .

. meter for the measurement of flow mﬁqs.

! e
In order to analyse the experimental data, measurements were

also taken of the ambient temperature, the catalyst pellet temperature

and the atmospheric pi'essum.

¢

The calibrdtion curve for the I.R. unit was used “to estimate

h
the concentrations of the effluent gas as function of time. The
deviaﬁipn concentrations were then calculated and analysed according

-

to the algorithms derived in the mathemt?cal model.

. |
|

-

o
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(i , 5. RESULTS AND INTERPRETATION

5.1 Introduction’ ' '

According to the algorithms developed in the theory, five,
parameter groups can be calculated from the experimental data, These

’ @
parameter groups are as follows:

-

From Equation 3-33,
RRi - “o,i/Mi"i ' 5-47A
Equation 3-36 gives,

» ; »
' From Equation 3-39, we obtain,
Q - 0.5 (RRi-l)/Fi-{- By(l/RRi-RRi) 5-48
Y 2
N, = —— F,"RR_" 5-49
, . b ZAZB i R .
, !nd ) ] I t/
< L * " - - - -
LA AR RN w,/2} | 5-50

where 1 characterizes the thin (i = 1) and thick (i - 2) pellets,

¢
At m given reaction temperature and pellet thickness, all

the runs were carried out at a constant flow rate. Therefore, all
other terms in t:he paramster groups, RPi. Q and RPi, are (':msta.nt
. with the exﬁoption of RR;. Thus, one can obtain the relationship
between these parameter groups and the concentration of propylene at
steady state, Yp, by plotting only RR, agminst Yp. These plots are

(-

» « )
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FIGURE 5-1 RR, and RPy (T = 233.5°C, hy = 0,132 cm) as a
fuction o} propylene gas pﬂase molefraction, Y'p
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FIGURE 5-2 RR, andf®P, (T - 233,5°C, h, = 0.385 cm) as a _
function og propylene gas phase molefraction, Yp
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FIGURE 5-3

%

RRj and RP; (T = 243.1°C, hy = 0.132 cm) as a
function of propylene gas phase molefraction, Tp
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FIGURE 5-4

"RR, and RP; (T = 243.1°C, h
function of propylene gas pﬁ

1
¢

= 0.385 cm) as a

ase molefraction, Tp
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FIGURE 5-6 RR, and RPi (T = 254.2°C, h ﬁ - 0.385 cm) as a
p

function of propylene gas phase molefraction, Y'p







pnﬁd in Figures 5-1 to 5-6.0;;'}he results indicate a linear trend
as observed by Kelly (1). Hence a linear least square regression was

fitted to the raw experimental data.

The parameter group, RPi, contains other terms which vary
with Yp, besides RR.. These terms are Gl,i' the first normalized moment
and W;, the duration of the pulse. Hence RPi was plotted separately
as a functiron of Yp.

The values of RPi‘as a function of Yp have also been presented
4
in Figures 5-1 to 5-6. There is severe scatter in these data. This is

due to.the uncertainty in the values of the experimentally measured

"first absolute moment, Mg This in turn was caused by the uncertainty
]

of the exact position of the tail of the response curves. A relatively
minor change in the tail concentration was enlarged byrwltiplicat ion

with ;im.

Despite the scatter, the results for the thick pellet at the
three temperatures iﬂdicate a linear trend, Hence, again, a linear

least square regression was fitted to the Rl"1 parameter groups.

-

Table 5-1 lists the intercepts and slopes of all fitted straight

a

lines with estimates of their standard deviations. The standard devia-
tions (computed from the sum of squared residuals) of the data about the

fitted straight lines are also presented. .

~

Combining the linear regressed values of the pa;a-dter groups
( .
for both thin and ‘thick pellets at a given Yp' Equations 3-31 to 3-46 \

were solved to estimate the k, F, Va and ’p pcnn;tor§. The values of
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,
L - TABLE 5-1 .
Linear Regression Coefficients for Parameter Groups
as a Function of Reactant Gas Phase Molefraction, £
) _
Average Estimated ” Estimated Standard
Reaction Parameter Standard Standard Deviation About
Temperature Group Intercept - Deviation Slope Deviation the Line
235.5 RR, s.10x10%2 ' 5.55x107> - 9.98x1072 1.19x10"} 3.44x20"4 -
RR, - 7.50x10"2 9.98x10"3 1.36 , 9.99x10"2 3.24410°3
RP} 13.18 3.07 = 4.74x102 6.59x10 1.90
~ RP, - 5.83 3.77 4.90x10 3.46x10 1.12
243.1 RR, 2.83x10"2 2.75x1073 " 4.46x10"1 2.68x10-2 2.09x10"3 |
) RR - 9.42x10"2 4.69x10"2 1.07 2.23x10°1 5.23x10"3
RP - 4.26 5.26 5. 20 51.20 126
RP, =16, 10 - 1.99 78.80 9.46 7.03x10°
254.2 RR, - 7.86x10"2 5.16x10°3 3.83x107! 3.93x1072 4.29x10"3
: RR, - 3,28x10" 1.17x10" 3.07 2.96x10"2 1.16x10°%2
N rPy* 1.52 T 3,77 - 4.34 28.67 3,12 -
RP, - 7.69 7.01 51.02 35.29 2.39 |
>— .

6%

TR N + . 4
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TABLE 5-2

Values of the Parameters at an
Average Reaction Temperature of 233.5°C

A0,

Gas Phase
Propy lene Ratio k D
Molefraction  RF /RF, B, sec’l cm? seg? v v
'l x1 x 10 A P

0.08d 1.,°0087 - - - - -
0.085 0.8226 8.78 4,596 0.576 6.72 - 61,52
0.090 0.6900 6,27 2.788 0.710 9.40 - 63.53
i
0.095 0.5908 4,82 1,701 0.731 14,11 - 71,06
0.100 0.5137 3.77 0.996 0.700 22,70 - 84.48
0. 105 0.4523 2.89 0.516 0.618 41.85 -113.,57
0.110 0.4021  2.06 0.180 0.425 115.48  -217.61

' ™
0.115 0.3603 - - - - -
- «
/
"
-
A \
, {
. ; .
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B TABLE 5-3
o~ Values of the Parameters at an
Average Reaction Temperature of 243, 1°C
Gas Phase
Propylene Ratio k D ’/
Molefraction  RF /RF, 8. seccl cm? seq-!

Y N eml  x 108 x 10 ¥a ¥p
‘0,18, 1.1244 - - - - . -
0.20 0.9857 '18.683 58,556 1,678 3.66 - 13.73 ¢
0.25 0.7813 7.874 13.324 2.149 10.48 - 18.97
0,28 9.7052 6,509 7,178 1.694 20.01 - 28,66
0,30 0.6646 5.878 4,900 1.418 - 30,29 - 38,71
0.35 - 0.5850 4,743 1.785 0.793 ' 91.79 - 96,04

[ .

0.45 0.4734 - - - - -
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TABLE 5-4

. Values of the Parameters at an ,
Average Reaction Temperature of 254.2°C

w4

{

42.

»

propylons . K b
Molefraction RFI/RF2 91 sec’; cn? sec-1 ¥
Y cm x 10 x 10 A
0.160 0.8433 - - - -
0.170 0.7059 . 6.521 311.51 73.25 | 0,44
0. 180 0.6048 5,017 48,45 19,25
0.184 0.5715  4.556 28.78  13.87
0.186 0.5557  4.344 22,28 11,81
0.188 0.5409  4.142 17.16  10.00
0.190 0.5267  3.948 13.05 '  8.37
0.192 0.5132 33762 9.70 . 6.86
0.195 0.4939  3.495 5;75 ' 4,71
0. 200 0.4644  3.071 1.11  1.18
0.250 0.2727 - - e o

&
‘s
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thes'e parameters dre presented in Tables 5-2, 5-3 and 5-4,
. The solution to Equation 3-36 does not exist for all values
of the ratio,
l
RF RRIFI/(I-RRI) . ’ l 651
= RRF,/(I-RR,) | "
 RF, oF 2/ (1-RRy) ' ; .
I
If we now define f, as.
RF1 - 4 i
f(B) = tarh(h;B) - W;tanh(hze) ) 5-52
then for the solution of "iiqﬁation 3-36 to exist, we should have two .
values of 8, Bl and 82, such that, for hz greater than hl" b >
@ {
4 f(B.l) < 0 . &
and
— £(8,) > 0
where ’ .
By > B > 0 -
f
Case 1: B,
« ' For sm1l positive values of 8, (61) such that
tanh(h;8,) = h.6)
and )
' ¥
tanh(hy8;) « . hgBy , < .
f is given by ) ‘ ) . oF
(S}
RFl ‘ L . S

f(gl) - hlsl - ﬁ;hzsl < 0 . o

'
1




and therefore,

RF,
>
L

G

- 0.34293 5-53

Case 2: 8, N

For large values of 8, (B,) such that .

¥y ’ l
tanh(hlﬁz) T tax:\h(hzez) -1
. £ is given by, \
RFy
f = 1-z=i> 0
RFZ‘
Héqce, O ‘
4
Rpl '
“; <1 ’ 5-54

\
Therefore for the experiments under consideration in this study,

(RFIIRF ould lie within t‘!\e following ranges, in order that solu-

tion to Equatiom 3-36 may exist:
e T

RF, _ )
0.34293 < < 1.0 5-55
, RF; ’ " R
\‘\( -~
Kelly (1) made the same obse ation when he solved the zero
moment equations for 8 and Y. T. . N
v S / !

Tables ‘5-2, 5-3 and 5-4 show the dependency of a1l parameters
> | e .

on the mlofr&im/of fﬁe/product” Yp. It can be seen that b&h the
' Pt S . ‘ . . .

-

’ .
/ . - A

3 Tl - s O

e e b

:
3
%
4
2
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' coefficient, D, decrease with increase in Y . The slope of the sorption

first order reaction rate constant, k, and the intra-particle diffusion
] ¥

i
|

isotherms of the reactant ¥, increases with increase in 7 N;:gative

values of the slope of the sorption isothems of the product were

observed and their magnitude increases as Yp increases.

9

The negative value of the slope of the sorptional isothem for
propylen'e, wp, can be justified.by a more detailed examination of the )
adsorption phenomena. Let us assume that the adsorption isotherms can
be represented in the vicinity of the steady state by Lang.mir ad'sorp-‘ x

tion equations:

f

CoPK, Y '
Cs = T b : : 5-56
XaY st Pr¥pYp
‘ a |
CrPrKpYp

c - ’ 5-57 .
» P TPKVrP KoY, :

or small deviations about the steady state, c, can be given as,

/’ N ~
3C 3(: b ‘\\ %
p ¥
Q - vAAYA + *APYP 5-58 .
Therefore, according to Equation 5-56
. - CrPrks G 2,2, 55y :
AA HPK,Y i+ PrKpY -
» PK,Y g PrkpYp (1+PTKAYA+PTKP\’P) .
2 . . a
CrPr KA‘I’YA ‘ .
‘Ap - - 3 5260
' €1+P.levA+ PR Y,) < : .
e
[ ]
e /




"+ 3-7a, 3-7b snid 3-7c are

' ¢ \ )
" -
46,
. -
‘ o
Similarly, =~ : /
o ~r¥pp’pt Ype¥a - 5-61
c C.P.%k
v - 1’PTKP - TT p p 5-62
. PP WPKAYAPTRYp (1P K v PLKY) 2
and ‘ .
C,P 2y X Y
v, - - T 2pp 5-63
pa (1P K, Y - PK Y ) 2 ; :
| / )
Hence from Equations 5-60 and 5-63,
Y
R
¥ A
- - n ‘ : 5-64
i -

- o~

According to the results of the experiment, n lies between 2.4 and 5.3.

! . From Equations 5-58 and 5-61,,1‘;1}0 sum of the deviation values

of cyclopropane and pyopylene concentration is given by,
C = .(OMHPA)YA.;. (vlaPprp)yA - 5-65

Therefore the slopes of the sorption isotherms defined in Equations
o 3

<
Y2 " i *pA 5-66
- ) . 5-67
T et e o -
. ‘ . \
Hence, from Equation 5-64, ' .
. ‘ tp - 'tw'l' n*pA . 5-68

3

From Tables 5-2, 5-3 and 5-4 it can be obsérved that the values of

'PP and 'PA are comparable with each oiher. 'mo'mltipl:lcition factor,

]
LI

~

PR P e
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n, for OPA varies from 2.4 to 5.3, Thus th'e second term wPA in

Equation 5-68 becomes greater than the first temm, *pp in magnitude.

Moreover, nva is negative, thus resulting in a negative valug of wp.

L]

5.2 Sorption Isotherms

Suppose the sorption isotherm for cyclopropane is given by

. C = GA(YA,YP)‘ ' 5-69
Then, ’ -
dc 6, G, dY :
A A A
- 5-70
@, ~ W, T Y, 'Fi%
~ - *AA+ . vAdeA . 5-71
Y, d& -
Tl TR | B
¢
Assuming that, .
: L
dy Y
—l - 2 5-73

where y P and y, sre the small deviations from the steady state values,

~ YP and Y,, the experimental data indicated that,
dy .

-

L~

]

Y
2 - N . 5-74
Ya

= 3|

Y, is also related to Yp by

Y, - Yp.(-‘%‘-’-- n 5-75

. . f

P A

b
4
}
k]
p



where s is the percentage steady .state conversion. -From the experimental

: Y VS
data, s wis found to be independent of concentration, hence, < 3
Y &,
i ~ g s
d
P P

From these two experimental observations and from E ion 5-72 we can

-
conclude that

ch ‘
-d-—Y: = "AA#WPA 5-77

Hence from Equation 5-66,
dc

bl S ’ ]
w, =N ) : . 5-78

and, therefore, the binary sorption  isotkelm for cyclopropane can be
obtained from *A and YA'

Knowing the slopes of the sorptior; i isotherm of pure propylene
b'ai a given temperature where cyclopropane reacts, those of pure cyclo-
propanedcould be estimated from Equations 5-64, 5-66 and 5-67. Tables
5-5, 5-6 5-7 contain such slopes “AA) obtair:ed from the resuilts of
“q,he present investigation. The slopes for pute propylene pr) were

utraqted?fro- the results of Kelly (1).

The sorption uothe}-; of 233.5, 243.1 m; 254,2 for the pure
é}clwropuno obtained frc‘-‘ the ;lopos estimated a§ sbove a;-e presented
in Figure 5-7‘ The shape of the ;sothem indicate possible combination
of mono and multi-layer adsorption. Similar types of isotherms were '
obtained by Kelly (1) working \dt{l: cycloprt;pma on 13X zealite polletz"s
st 217°C and by Reyerson and Cameron (60) working with bromine and iodine
on stlica gel at 137.7%, 99.9%, 79°C and 58°C.
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» TABLE 5-5

Slopes of Sorption Isotherms

Under Reaction Conditions at 233.5°C

Ve
- Experimental Variables
Temperature - 233.5
Pressure = 750.2 mm Hg
Volumetric Flow Rate, F - 8,37 sec~!
Gas Phase Volume, V¥ - 275.41 cm
Tea, A ~ == 101.34 cm?
L Catalyst Thickness, h - 0,385 cm
Porosity, @ = 0:50 (CX_pore vol.

49,

cmS pellet vol.

, Percentage Steady. State Conversion = 15.83 %
% Y ¥a % Ypp Yoo e Vas e |
0.085 0.452 6.70 - 61,52 20,50 - 82.02 -15.42 _ 22,13 1
- 0.090 0.479. 9.40 - 63.57 20,20 - 83.77 -15.75 25.15
0.095 0,505 14,11 - 71.06 20,00 - 91,06 -17,13 31.24
0.100 0.532 22,70 - 84.84 19.80 -104.64 -19.68 42.38.
0.105 0.558 41,8 -113,57 19.60 -133.17 -25,05 66.90
0.110 0.585 115,48 -217.61 19.45 -237.06 -44,58 160,
R P
\ \ ‘ |
' J
. 5
N A
|
A ' |
?
' v, )
AN
{ .
- 2
e
s CY N -

L




TABLE 5-6

& '

Slopes of Sorption Isotherms
Under Reaction Conditions at 243.1°C

v

Experimental Variables

Temperature -243.1 O
Pressure -761.8 ' mm Hg
Volumetric Flow Rate, F - - 8.53 cmdsec~!
Gas Phase Volume, V* " -275.41 cm3
Exposed Area, A 101,34 ca?
Catalyst Thickness, h - 0,385 cm
Porosity, 6 - 0.50

Percentage Steady State Conversion, s'= 29.30 %

]

3 LI “ e Y Yps ‘AA

0.20 0.483 - 3.66 - 13,73 15,20 - 28.95 - 11.99  15.65
0.25  0.605 10.48 - 18.97 13.20 - 32.17 - 13.33  23.81
0.28 0.676° 20.06 - 28.66 12.30 - 40.96 - 16.97  36.98
0.30° 0.724 30.29 - 38.71 11.70 - 50.41 - 20.89  51.19
0.33 0,796  57.34 - 64.26 10.90 - 75.16 ' - 31.15  88.49
0.55  0.845 91.79 - 96.04 10.45 -106.49 - 44.13  135.93
0,57  0.895 161.08 -159.05 10.00 -169.05 - 70.06 231.14
0.40  0.965 701.52 -644.6§  9.40 -654.03 -271.05 972.57

L S,

s bl oan

Lo e
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0 - TABLE 5-7 , ’
‘Slopes of Sorption  Isotherms '
Under Reaction Conditions at 254,2°C

- . | Experimental Variables

w

N

Temperature -254.2 °C ,

Pressure - 761.4 wm Hg
Volumetric Flow Rate, F - 8,66 cmdsec-l

Gas Phase Volume, V* - 275,41

Exposed: Area, A - 101.34 cm? - -
Catalyst Thickness, h . - 0,385 cm '
Porosity, 6 - 0.05

Percentage Steady State Conversion, s = 28,6 &%

" "
0.170  0.424 0.438 0.194 14.6 - 14,41 - 5,77 £.21
0,180 0,449 2,69 - 2,37 14,0 --16,27 - 6.52 ‘9,20 -
. - 0.186  0.464 5.77 - 5.52 13.8 - 19.32 - 7.74 11,72
0.190 0.474 9.81 - 9,50 13,6 - 23,10 - 9.25 19. 06
0.195 0.484 22,18 - 21,41 13.4 - 34,81 -13.,94 36.12
1 -122,39  -49,02 163,72

- 0,200 0.499 114.70 -109.29 13

=




FIGURE 5-7 ., Sorption
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5.3 Intelni Average Values of(lgnd D

It is obvious from Tables 5-2, 5-3 and 5-4 that -both the first

order réaction rate constant k, and the int&n-particle diffusivity have
a stron¥ dependency on concentration. In order to compare the results

of this study with the results previously reported by Kelly (1), the

"integral average values of these parameters were calculated as follows:

1 Y N
f - ;72 £(Y)dY ‘ 5-79
Y - Y P P
P, P Py
where £ = k or D, | ‘ r

These integral average values for the k and D parameters are

presented in Table 5-8, Two temperatures are presented in certain rows

of Table 5-8. The first temperature is the average reaction temperature

for the present research and thé second one is for Kelly's research (1)

/ Despite thc; slight difference in t’elpefatuNm at around 252°C,
value's of the paramsters fotr the two research projects are almost the
same, The first order reaction rate constants for the present model
gave an activation energy of 31.1 kcal/g-mole., We may compare this
value with Kelly's (1) ivalue of 35.7 kcal/g-mole and Habgood and George
‘

(59) value of 40,5 kcal/g-mole.

/

~

's

-




¢
TABLE 5-8

54,

'l‘(‘ and D values for the Present

and Kelly's (30) Model

-

ra
; Present Model Using Kelly's (30) Model Using
Product Concentration Reactant Concentration
- A
Temperature B(caZsec-1) K(sec 1y B(cnzses"l ﬁ(sec‘;)
. x 10 x 103 x 10 x 10
217.3 - - 4.1 « 23
233,.5-233.3 0.67 1.65 24,2 9.5
2‘3.1 1035 11023 -
, 254.2-251.2 .10.21 24,78 . 25.

/.

L P v U
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FIGURE 5-8

Integral average reaction rate constaat, k
as a function gf reciprocal of reaction
temperature, T K, .

L

[‘i

54A

o




N4

L 1.1

1

-
.

oK,

1e

YTk x10°

'

L

100'0 o
100

4

r




/

, in Table 5-1, the variances of the k, D, "A and *’ parameters at the

< -*
4 SS.
¢ - .
6. DISCUSSION N i
—_— X ;
'

6.1 Variance Analysis for the Estimated Parameters
Yo L

. As can be seen, the values of the parameters, k, D, v, and

*p depend on four parameter groups, RR 1 RRZ’ RPI-( and RPZ. The variance

of k, D, ¢, and \wp is then given by ’

2 af 2 of 2
(4] - (e o + ( ) g
£ 2RR RP aRR RR,
1 RR,,RP ,RP, 1 2 RR,RP ,RP, N2
of 2 of 7 _
+ G : a“op + (o) 0 pp e 5-80
*RP1RR )RR, RP RPy T TORP, RR),RR,,RP RP,

where f = k, D, o .
Va l‘i'p

The partial derivatives of the parameters with respect t; the {
parameter groups can be calculated approximately. This' is done by
estimating the change in the parameters for a small cha'nge in one of the
parameter groups about a nominal value vhile the rest are kept constant as

implied by the definif\ion. This is equivalent to a sensitivity test.

Tables 5-8, 5.9 and 5-10 contain the partial derivatives for
the k, D, v, and *p paraméters at the three reaction temperatures. The
nominal values about ‘which the partial derivates were estimated are also

presented,

!

¥

From the standard deviations of the pdnmte}- groups listed

sverage reaction temperature of 233,5°C are given by,

.

[V
\
v
L ]
/
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O ’ ' TABLE 5-9
« ’
rical Approximstions to the Partial Dorivatives
of the k, D, ¥, and ¥ Parameters b

with Respect to the Parameter Groups pRRI, RRy, RPI, RPZ at 233 s

‘ ¢ ! ' : s o
Temperature - 233,50C
" Percentage Change of the Parameter Group = .1,0%
. %’ o
I Nominal Values
Molefraction of Propylone Y - 0.10 2
RR, - - 3.1999x10"7
RR; \ - 6.1097x10”
”1 - -34.226 '
- RP, - © - 0.9318 ™
kK ° . . =  9%9556x10-4
D - %7.8049x105
v4 - 22,704
- "uo“l
Ll ‘P - .
ek ) AD f by, bwy
ARR, 0.1185 -1700.00 2390.6
ARR, -0.0683 1513.91 1869.1
: U 3.383x10° N L PR
aRp, .3,001x10°5 0.674 - 1.510
‘L ) -
— 4




1 .g. .

vy -9
3
57.
‘ .
TABLE 5-10 »
Numerical Approximations to the Purtial‘ Derivatives
of the'k, D, ¥, and Parameters
with Respect to the Parameter Groups RR;, RR,, RP;, and RP, at 243.1°%
Temperature " v - 243.1%
Percentage:-Change in the Parametér Group = 1,0%
?\“4‘"“@ ) ’ *
' {
Nominal Values
Molefraction of{Propylene, 7 - 0,30
RR, - 0.1620
RP, , - 7.5419 :
k , sec™1 - 4.8988x10"
D ,ycmisec™l - 1.4177x10-4
Y ~ 30,294
*P : - -38,710
! .
ARR, "0.1347 2.778x10"4 -467.3 527.8
ARR, -0,1066 -4.449x10"4 600.0 -544.1
BRP, " 4.758x1074 1.413x10"5 -2.9368 4.535
. 8RP, -4.748x10"4 -1.379x10°5 2.958 .- 3.515
‘ _J(‘ ..
lk~ ' . [
‘ EY
{ h)
{
‘ ‘ . !
5 /
’ \“’ 4
~ ¢

T




TABLE 5-11

Nu-arical Approxiutions of the Partial Derivatives .
of the k, D, v) and :R Paramgters
with Respect to the Parameter Groups 1» RRz, RPj and RP, at 254, 2°C

EY

Temperature - 254.2 % X
Percentage Change in the Parameter Group = ' 1,0%
: ~7/
¢ Nominal Values
Molefracticn of Propylene, Y - 0.185
RR; ~ '0,1495 :
. RR, - 0.2409
RP] - 0.7172
RP, - 1.7529
k - 2.5329x10"2
' D , = 1.2801x10"3
*A ! - 5.0825
* - "4. 8321
P . .
.
: ak A A¥y by
v 8RR, 1.121 2,080 -160.4 174.5 ¥
SRR, -0.8195 -1.860x10"2 168, 2 ~ o168
o ARP; 2.455x1072 1,255x10™ -4.099 6.360
ARP 5 -2.411x1072 -1.217x10°3 4.914 - 5.371
f. ' L ' ‘ t
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59,

1.662x10°% + 4.897x10"%+ 4,132x10"9+ 1.130x10"%

- 5.589110'8 'ﬂ 1000‘05‘81

op? = 5.665x10715 + 1,058x10712 +2,045x10"1! +5, 542x10712

- 270500710 7 verys5-82
%, 2 - 0.342+ 24,050 + 2.185 + 0.5698 = 27.16 583
3 ’ :
3 2w 0.676 + 36.670 + 27.102 + 2.860 = 40,21 5.8
P B *

Similarly, the variances for the parameters at 243,1°C ake given by

o 2 = 7.93x10°8+ 3.108x10"7+ 3.59xi0"74 1.11x1077
. = B.60x1077 © vee..5-85
}

op. = 3.37x10" D4+ 8652107 1%+ 3.17x1071% 9.40x1071!

- 4. 12110- lo . ees e .5"86
o 2 = .9549.85413.69 4432 = 7.81 5-87
*A X «
°tpz - 1.2148.10 4 32.65 + 70,57 = 121.58 5-88

At 254.2 the variances for the parameters aré obtained as follows

[Y

ok2 -~ 2.31x10°4 9.04x107%+ 5.87x10°3+ 3.32x10°3
— 9.22‘10—3 ) ’ 00-.;5.89 "
op’ = 7.96x1075+ 4.66x10"8+ 1.53x10"5+ 8.46x10°8
- 10.34x10°° " ‘ eees5-90
o, 2 = 0.474 4 3.81 + 165,56 +137.93 = 305,80 5-91
A
o, 2 e 0.749 43.53 + 393.75 % 164.78 = 562.71 §-92
P :

Slacaibdie s shis s ¢




TABLE 5-12

Nominal Values of k, D, ¥y, and v
Parameters with their Approximate Standard’Deviat ions

AT
Average k- o \
Temperature : sec-1 caZsec-1
oc Parameters 103 104 N %
|
Nominal : y
. Values 0.996 0.700 22,70 -84.84
233.5
: ﬁpk(l;'oxinte
Standard bl
Deviations ] 0.24 0.052 5.21 6.34
Nominal ‘ .
, Values 4.9 1.42 30,29 -38.71 '
243,1 -
Approximate : '
Standard ‘ .
‘ Deviations - 0.93 0.20 . 5,27 10.61
Nominal . v )
Values 25.33 12.80 5.08 - 4.8
54,2
Approximate . )
Standard '
Deviations 96.03 101.68 - 17,49 23,72
i
#
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It is evident from Tables 5-8, 5-9, and 5-10 that the values of the ’

parameters k, D, ¥y and wp are more sensitive to the RRi group para-

meters than RPi. However, because of the appreciable scatter in the
| experimental dzita of RP j 8Toup parameters, they have larger standard
deviations than RRi group parameters as indicated by Table 5-1. ‘
Therefore, lit is not surprising that Equations 5-81 to 5-{92 indicate
alimost equal contribution from all the parameter groups ‘to the variances .
~9f\the parameters, EvenFEquations 5-86 to 5-89, B-91 and 5-92 indicate
‘that RP i parameter groups contribute more to the variance's of the para-

meter than RRi parameter groups, contrary to the.obsérvation of Kelly (1).

According to Table 5-12 the resultsfat 233,5°C and 243.1°C

indicate low standard deviations compared to the nominal values. .In

. all cases, the standard deviation is less.'than 30 per cent of the nominal

-

values. On the other hand tpe resﬁlts at 254.2°C show that the standard
deviations are multiples of the nominal values, This was cau.sed by the
large scatter of the ,xperinenta\l data for the parameter groups.

" lit.!‘\ respect to the RRi parameter groups,hthe stand‘ard deviations of the
fitt‘dgliines_ at 254.2°C are about 10 times the standard deviations at

the other average reaction temperatures.

+

/
/

6.2 Variation .in the Estimated Parameters ’{I

i

i
t
i

Contrary to expectation, the estimated first-order reaction '
rate constant, k, &nd the intra-particle diffusivity vary with concentwra-

tion. This deviation froL the hypothesis underlying the development of

"the mathematical el can attributed to a number of factors. With
N~ .
L . \ : . '

S~ Y , \ \
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respect to the reaction rate constan& k, its variation with concentra-
T

tion can be attributed to the fact that the reaction rate may not be

first order. It is possible that the reaction goes through a series

of steps which results in a non-first order reaction rate. It is possible

that the product, propylene, underwent a significant amount of further
reaction such as dimerization, Hence the concentration of propylene was

underest imated, . T

i

There is no particular reason to expect D to.be independent

1

of concentration. However, the model is followed fairly well at lower

temperatures, but not at 254°C. %Possibly this is caused by the increased

rate of dimerization at high temperatures. , :'

e

In developing the mathemsatical model it was assumed that the
concentration deviation was negligible comiiared to the steady state value.
However, the sensitivity of the concentration detector was not high
enough to allow a deviation concentration to be spall. A sample of the
program output presented in the kppondix indicates a maximum concentration
deviation of about 11 per cent of the steady state value. Thus the concen-
tration deviation is not negligible compgred to the steady state value.

This &h1d account for the variation of k, D with concentration.

There was copsiderable scatter in the raw experimental data
b

and this definitely affected the values of the estimated parameters.

4

In the mathematical model it was assume:\thyrﬁu/a external
mass transfer resistance is negligible compared with the d‘iffusio‘al and

reaction resistance. This is not strictly true., .The surqace of the

L) , . 4

s aseiililindiien



63.

*

, C
O pelleiis were not in line with the top of the die holes and this could .

’
#

result in significant interfacial mass transfer resistance. A slight crack

betve+n e pellet and the reactor could permit a leakage flux between the bulk

gas phase and the verticﬁl side of the pellet. This would have the
' g  effect of systematic errors in A and h, but the contribution is probably

small Fnd, in any ‘case, it is nearly constant for all of the experiments. ;

“ _ g
.

-
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O © 7. CONCLUSIQN ' *

%

A mathematical model based on the concentration of the product
for the estimation of the parameters cha‘racterizing heterogeneous catalysis
had been _developed. The parameters are the first‘-order reaction rate
constant, diffusion coefficient and the slopes of the sorption isotherms

for the product and the reactant.

The mathematical model was tested with a continuous stirred
volume catalytic reactor (gradientless) using the pulse response technique.
The reaction was the isomerization of cyclopropane to propylene on 13X

zeolite catalyst.
‘ . +

, ‘ ) Kelly (1) performed the same experiment. However, in basing
the mathematical model on the reactant concentration he could estimate
\:Aly three parameters, namely the first-order reaction rate corstant,

!

[ 3
diffusion coefficient and the slope of the sorptional isotherm for the
¢

reactant. ‘ , >
The estimated first-order reaction rate constant, k, and the
0 . diffusion coefficient, D, varied with concentration. However the integral
average values of these parameters can be compared with those reported
by Kelly (1). At the average reaction temperature around 252°C, K and

compare very favourably (Table 5-8).

With the present mathematical model, the slopes of the binary
sorption isotherms fé6r both the reactant and the product had been

Q ' determined simultanecusly. It had been observed that the slope of the




Ll

binary sorption isotherm for the product (prqpylene), which is less

|-‘5 l

selectively adsorbed than the reactant (cyclopropane) by the 13X zealite

catalyst (1), was negative. This observation can be explained assuming

the Langmuir-Hinshelwood sorption isotherms in -the vicinity of the steady

-

state, ) .
{

Knowing the slopes of the sorption isotherm of the product
x v
(and assuming the Langmuir-Hinshelwood sorption isothemms), those of the
_ reactant could be estimated from the mathematical model developed. The

shape of the sorption isothemm indicates a combination “of mono- and

multi-layer adsorption.

Nithin the limits of the accyracy of the concentration detector &

and assuming that there is no sorption of nitrogen at the reaction
o ] temperature, it can be concluded from the experimental results that the
steady state conversion of the reactant is independent of the reactant

Z

| inlet concentration to the reactor.

N The results of the present investigation indicate considerable
improvement in the degree of certainty in the experimenta'lly measured
noment zero;noment as compared to the resulits of xe‘llry (1). The para-
meters were very sensitive to the parameter groups involving only the
ze;o-no-ent (RRi). However, this was cance_lled out by the small standard ,

deviations of the linear regressed lines fitted to the raw experimental

" data, {

There was large scatter of the parameter groups involving the

@ ' first nomalized moment (RPi). This was also cancelled out by the low ;

H . 4
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sensitivity of the parameters to these parameter groups. Thus the vari- :

ance analysis indicated equal contribution to the variance of the para-
L d ]‘

meters f{‘on all the parameter groups.
. |

|

In developing the mathematical model, it was assumed that the
concentration deviag fon abimt the steady state value was negligible
cogpared to the steady state vafue. But in order that the deviation
cmcontmtion could be monitored, it had to be large enough. 'ﬂ_\is ‘
demanded that the molefraction of the reactant in the inlet gas be pulsed
%0,2 for the pellet and 0, ll for the tirick pellet when generating
the square wave. A sample of the program output has been presented in
the Appendix, It indicates a maximum concentration deviation of about
11 per-cent of the steady state value, Thus the cqﬁzentrati& deviation
i; not negligible compared to the steady state value. This could account

for the varidtion of the estimated parameters with- concentration.

{ .
The most effective way to eliminate this constraint is to use 4

a more sensitive concentration detector so that the deviation could be

made as small as possible. ‘ , *

—
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