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occur during heterogeneous catalysis, has been develôped. One'could . 

estimate the' slopes of sotptional isotherms for the pUre reactant from 

the lIIlJ:hematical model if we know the slopes of the sorptional isotherm 

for the pure product and if we assume the Langmir-Hinslelwood mechanlsm. 
~ 

The mathematical model was tested with a CSVCR (gr€dient-less) 

system us ing the st imu lU5- re spon5e t echn ique,. The react ion was the 150-

me~zat ion of cyc lopropane t 0 propy lene in the presence 'f '13x zeo lite 
~ 

catalyst. 

The :st iJlllltid int~ral average values of :he first order 

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

those reported by Kelly (l); and a very good agreement WBS ob5erved. 

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

was based on the product con cent rat ion, wh Ue that of Ke 11y' 5 was }>ased 

on the concent rat ion of the reactant. The est imated. act ivat ion energy. 

31.1 kcal/g-mole compares favorably with the results of previ~us 

Invest laators (~,S9) • 
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RESUME 

Un mod~le mathêiult).que # basê sur la cancent-'ration du produit 
". 

pour fI est imat ion des para~t TeS caract~isant les ph6noIMnes se produisapt 
, '/, . 

durant la catalyse Mt~rog~ne, a ~~ élabor~. On peut est'imer les pentes 

l ' 
des isothermes de sorpt ion pour le rl!act if pur i. partir du mod~ le IIIIlth~-

m8tique si on connait les pentes des isothe~s de 'sorption pour le 

produit pur et si l'on prend .1 'hypothbe du 1Jl'~nisme de Langa1ir-

Hinshelwood. 

Le mod~le a 6t6 essayê avec un rfiacteur sans gradient (CSVCR) 
1. ' 

utilisant la tethnique de rêpanse i~lsionnelle. La r~action était . 

itiso~risatian de~yclopropane en propyl~ne en pr'sence de llX z'olite 

C~ catalyseur. 
, 

'. 

'tes valeurs, estim~es par la ~thOde de la moyenne int~grale, 
du taux de r'act lon du pp.ler ordre k et de la diffusivitê intrl\­

particulaire il OOt ~t~ cOlllparfes avec celles relev'és par KeÙY (1), et , 

une t ds bonne concordance a 6tlJ observ'e. Le mod61e mathématique 

1 • 
u~ilis6 dans cette êtude pour calculer ces valeurs est basê'sur la 

concentration du prod\1it tandis que celui de Kelly ~tait bas' sur la 
. 

cOIl,entration du r'actif. L'esti_tioo de l'&ter~ie d'activation, 

31.1~al/I-.ale. est compar6e favorable.ent avec les r6sultats de 

.P~H.~UX (l,59). 
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1. GENERAL INTRODUCTION 

Heterogeneo\lS catalyt ic reaetors are widely used in the 

cheaical industries. The design of this type of react,pr requires the 

know1edge of the parameters which accœnt for MSS transfex:, sOrPt ion , 

and reaction phenoaaena. Thus it is essential to develop a siJlple, but 

efficient method for estimating these parameters. 

1811y (1) developed a method that depended on the .easurement 

and interpretation of reaetant concentration. While the aethod produced 

reasonable reaction rate coefficients, the variability of the data was 

rdeSirablY large. '!he purposes of this project were to test Kelly's lIOdel 

br an altemate aethod based'Qn produ~t cqpcentration and to reduce .. ". ,,~ ..., . . . 
the variability of the data. 

The equipJllent used vas the salle as the one used by Kelly (1). 

'I1\ere was 0I11y one .jor difference in the experimenta1 procedure. 

IeUy (l) used a aixture of the reactant and produ'ét in the feed gas 

to the reactor. In this study a mixture of the reactant and inert gas 

vas used as the feed gas to the reactor. 

'Ibe effluent gas froa the reactor consUted of the reactant, , 

procluct and mert gas. The infra-red spectrophotoaeter vas used t"o 

lIOnitor its cotlposition. Beina interested in only the product concen­

tratiOll. a .suitable wavelenetb (6.1 p) QS chosen at which the product 

vas .tron,ly absorbina while the reactant .5 non-absorbing. The inert 

p.s Ci.e. nitrolen) posed no problea in the seal'ch for this wavelengtb • 

1be reason ls that nltro,eD 15 cOll'letely transparent throughout the 

_~ ,1 
'infra-nN spect~. 
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2. LITERAnJRE SURVEY 

". 

2. 

1 The earlie~t investigatio~s in the field of heterogene~s 

eatalysis used aicrocatalytic (2,3,4) and gas chroll8.tographic (5,6,7) 
~ 

"" techniques. These two techniques were cOilbined by Bassett and Habgood 
" 

• ! (~ to ~tudy the iso_rization of cyclopropane to propylene on a IIOle­

cula~ sieve catalyst. A detailed review of the se .. rly investigations 

and SOlDe rocent studies has been presented by Kelly (1). 

The .ode1s which had been developed by .ost authors (9-18) 

did not include reaction phenomena. However, they aIl accounted fpr 

sorption and diffusi~ phenoaena. In soae of the .odels (9,10,12) axial 

" dispersion and extemal MSS transfer were èonsidered. 

Por • rea1istic approach to heterogeneous catalysis in a fixed 
, 

bed or '.5 ch~t~graphic reactor. we must account for five phenomena, 
~, 

nuely: particle-to-fluid .55 transfer, axial di,spersion, intra-partiele 

diffusion, sorption and reaction. , HoweVer,COflpl/x equations ariS'"e when 

.11 the fre phenOllena are considered. Hence ac1st invest igators deve lop 

,~thods where two or three of the phenollena are [Signifieant while the i' 

rest are neg1ected. A list pf the autho~ and the various phenomena that 

they considered in the ir ae~hods pre~nted in Table 2-1. 

Recent ly, ICawazoe et .. al. (19) used the chrOlla!ographic method 
l, 

to siudy the àdso'rption ofl nitro,en OD 1I01ecular sleve èarbOO. The 
i . 

ad50llttion isot~1'IIS were 'Aon-linear. Thus. 5.11 J!!rtllrbation pulse 

of nit ro~ vas !nt roêluced to the steady flow of a gben nitt:o,en con­

....t .. U.... 11Ie relpCll" wu mal' .... UlIiDg the rheOry of non-equiÜbriUII 

1 
1 

1 

, 

.. ,..,. 
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(.1 tASLF. 2-1 

List of Investigators and the Phenoaena they Considered 

, . \ 

Particle-
to-Fluid Intra-

Axial MaS! Partiçle . 
Author (Ref. ) Dispersion Transfer Diffusion Sorption Reaction 

, 
ThoMs (49) * 

" , 
RQ,er-- (:n) .. * 

Dogu,and Smith (~5) .. 
Saeskuty and Aaundson " 

.. 
"' 

Roser (32) .. • 
• 

Masaauna and S.ith (11) .. • 
t 

SIIith and co-wor1ters 
(14-18) * • 
lC"aW'azoe, Suzuki and Chihan 4" (19) * • 

., 
Kociri1c. (36) * • • 

1 

Roginskii and Rozent,l (37 .. .. .. 
, 

Donisova and Rozent-al (38) .. .. .. 
Kubin (9) .. • .. .. 

! 

Kucera (10) .. • .. 1 .. 
Suzuki and Saith (16) .. • * .. , 

Padberg and SIIith (13) .. .. • .. \ 

keJly (1) At .. .. 
. .. 

1 

\ 
\ 
\ 

\ • 
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chromatography. The apparent adsorption equilibrium constants we~ 

detel'llined from the retent ion t imes of the ·peaks for different steady 

flow concentrations. 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 
1 

gradient. The chemical potential gradient acted as a driving force 

of the diffusion. 

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

related and thennal information to be obtaine~ 
e _ 

Irt addition to th~ ~icrd-reactor and gas chromatography, the 

sing~e pellet re~ctor bas also emerged. Its theory and experimental 

proc~dure at steady state have been deve loped by Ba lder and Peterson 

~22~. Gibilaro et al. (23) have also proposed the transient procedure 
1 

fori investigating the pore structure. 

Suzuki and Smith (24) usad the single pellet with a weIl mixed 

gas phase to investigat~ the adsorption phenomenon. With their experi-
...... 

.entaI llOdel, all other types of mass transfer were elillinated, except 

intra-particle mass transfer. They estiaated the adsorptlon equilibria 

dat~ from first .caents. Adsorbable tracer was used. According to the 

autnors, the Masureaent froa pellets of different thickness could he 
1 

used to esttmate both the effective diffusivity and adsorption equili-

briua constant. 

Dogu and SaUh (25) velY recently developed a glapIe and rapi~ 

technique for the deteraination of effective diffusivity of catalysts 

1 

) 
, 
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~ 
Using pulse-response technique. They used the Ificke-XaUenbaeh.type of 

diffusion celle !heir results could he very reliabl~ if the retention 
1 

tille in the dead vol~s could he made to be negligible compared to 
l , , . ,1 

~he diffusion ti.e r the pellet. Ano;her problell with the Wicke-
, , 

Iallenœ.chdiffusion cell is the bypassing a10ng the sides of the pellet 

which becomes sifificant at higb temperatures • 
.. 

kelly.(l) rocent Iy developed a method which aHows the siall-

taneous estimation of t~ parameters of diffusion, sorption and reaction 

iiaenoaena. The Ilethod was based on the dynulic model and a cont inuous 
• 1 

stirred .. volume reactor (CSVCR) or gradientless reactor. The use of this 
, '. ~ 

type of reaetor for heterogeneous eatalysis investigation was first 

suggested by Bennett (26). In the gradientles5 _~ ~f reactor. the hulk ..> 
/-- , 

fluid concentration is unif01'll and const~t steady flow of a given" 

inlet gas concentration. The unifOl'llitf i5 due to the efficient mixing 
- " 

of the fluid phase. This makes the ~tert.acial mass transfer resistance 
/ 

/' 

negligible c~ared to the diffdsion and reaction raté resistante • 

• 
" , 

" 

, 
" 
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3. TImORY 

. , 
3.1 Introduction 

The theory for a continuous, stirred-volume, catalytic reli'Ctor 

{CSVeR) has been developed br a number of authors (24,26-29). Kelly and 

Fulfer (30) developed the lumped variable equilibrium model for a csve 
rJ 

reactor. They assumed a first-order reaction. K~lly (1) later developed 

the lumped variable non-equilibriull mode 1 and the dist ributed variable 

mode 1. <> 

.In the luq>ed variable models. the concentration of the reactant 

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

concent,ration. The effective concentration represented both the sorbed 

and non-sorbed 'concentrations in the pores. This definition coupled with 

the fact that the measurable gas phase concentration is uniform permits 

the f\U1ctional form of the adsorption iSotherm to he obtained. This 

then aHows the experimentation to he carried out at a11 inle't reactant 

concentrations. 

In the distributed variable .odel. the reactant is distributed 

~tween 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 coef~icient will he a functlon of displace­

.ent from the boundary between the porous catalyst and the bulk fluid 
" 

f 
phase. The l'eason for this is that the pore gas phase concentratim 

varies vith position in the catalyst layer. For the 111liting case mere 
J 

the concentration difference in the ps phase in the pores is. negligible 

.. . 

\ 
1 
~ 

• 



1 

1 

1 

J d el t " 
1 

( , 

1. 

and external maS5 transport resistance is also negligible. the Taylor 

!le ries approach l18.y he used. However, th is wou Id pree lude the Jlleasure­

ment of effective intra-pellet diffusi~ffles. 
"J, 

The disadvantage of the distributed v~iable model is that 

. '. 

each component in the cataly!,t layer must be described br t'wo different ia1 

equations. The lumped variable models require·.ooly a single equatiém. 
/' 

Henee, in the present investigation, where two components (product and 

reactant) DIlst he considered; the ltœped variable llOdel proved to be 

the IIOst ap,prapriate to use. The lUllp8d-variable noo-equilibrium model 

is a IIOre coarplete description of the phenoana than the equilibrium 

model when' considering a reaction systell. ' H'owever, the expressions for 

the Iloments of the non-equilibriull lIOdel are tao complex for praetical ' 

application. Henee. on1}" the lUllped-variable equi libriUll lIIOdel wa! used. 
• 

3.2 Lu!ped Variable §quilibriua Model 
/ 

3.2.1 Basic equatiO!Îs 

i. Catalyst Layer 

The Irreversible first-order reaction. to he considftred is 

given br 

, "2\ _/012 __ k ~~ "2e ... CH - C"3' ...•. 
CH2 

'-- cyc lopropane 
/ .' 

propylene 

whe k is the reaction rate cons~ant. The reaet.ion is atheral (1) 
" 

and since .,les are cooserved, there should he 'dl te~~ture and 

_ p ssure gradients. 
, , A 

• 
, , 

" 
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~ 

'lhe continuity equat ions for the reaetant product and inett 

gas in the cata1yst phase in te1'1ls of" the deviation variables are . ~ 
given by 

3C
A 

• a2e o Il 
- kC

A 
(z. t) _(z,t) - --(z,t) 

~t , -A!..az 2 
3-2 

" 

a2~ 
, 

ac 
J(z,t) P.....~Cz,t) -+ " 

;kcA(z,t) 
at "'fI h 2 az 2 

3-3 

a2c 
.. , 

3cH -(z,t) P..... --l-Cz,t) 
3t h2 az 

3-4 .. 
~The deviation variables are the sma11 change in concentration about 

the steady state values: .. 
i.e. c(t) - C(t) - ë 3-4A 

where c is deviation value, 

C i5 total value, 

ë is steady state va lue, and , 

t is time. , 

'I1l-e effective intra-particle diffusivity, D, 15 defined as the ratio 

of the diffusion flux density to the effective cCIlcentration gradient. 

where the flux density is based on the total cross-sectional area 

of the catalyst layer. 111e dirfUSivity is aS5u~d to he independent' 

of eoncentration4 It is also assu.ed to pe the saae for the reactant, 

~ 

product and ipert gas. Por unifora cat"alyst texture achieved by wet 

press ing of the pe llet, .D 15 independent of z, the independent diMn5Îon­

less distance variable in the catalyst 1ayoer and t, tille. 

l 

; 

1 

, , 

1 

, . 
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The dependent variable we want to solve for 15 the Iconcentra-
. 

tion of the product, c , '~cmtained in Equation 3-3. However', this 
~ p , 
equAtion cannot be 50lved alone. It contain5 one IIOre dependent vari-

able, namely cà' which i5 the concentration of the reactant in the 

reacUon teI'll. However the reaction tera b elillinated when Equations 
-.h 

3'2 and 3-3 are added. And by defining a new variable. 

c - 3-5 

( 
we obtain 

" 

3-6 

'I1le boundary conditions for Equat ions 3- 2 and 3-3 and hence Equat ion 3-6 

'are ai ven by: 

J)oiC. 1 cA(1,t) - 'AYA(t) 

cp(l,t) - 'pYp(t) 

c(l,t) - 'AYA(t) ... 'pYp(t) 

3-7a 

3-7b 

3-7c 

'lbese boundary cond,itions aSJUIIe that there 15 linear relatlonship 

between • s.11 change in the ps phase concentration, y(t}, about the 

" ,. 

~ 
-l , 
1 

f 
aMi 
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10. 

steady state value V and the correspondtng change in the amoun~ adsorbed 

on the pellet surface, c(l,t). 1/it, and 'p are the slopes of ~he sorption 

isotherms for the reactant and product respectively. A more elaborate 

of these b?ary 

ac 

conditions will be discussed in Séction 5.2. 

B.C. 2 '2COt) - 0 at ' 3-8a 

()c 

a!CO,t) - 0 3-8b 

;- ~CO t) 
at ' - ° 

l "-.. 

The second group of boundary conditions represents the fact that there 

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

The "initial conditions are given by 

I.C. cfl.Cz,O) - 0 3-9a 

cp'CZ,O) - ° 
.. 

3-'9b 

cCz ,0) - ° 3-9c 

These conditions indicate that at tille, t - 0, the system is at steady 

state and there is no t ransient Change in concentration. 
• , 1 

~?'./ 
/ 

li. Gas Phase 

Conservation of MSS e~tons describing the reactâJlt, the 
// 1 

// ' 
reactant product and thei~~ in the' gas phase are given by: 

/~/ (, j 

".;; ...... 
~( ... / . Ab ~cl:. 

///~-r:- - F (x -y ) - ~-) 
",////",,,,, ut fi. A h ,az z _ 1 

3-10a 

, 

\ 



3.2.2 Solution in Laplace domain , 
, i. Catalyst Layer 

• 1 • 

Transfo1'llîtng Equations 3-6, 3-7c, 3-8c and 3-9c to the Laplace 

touin and s~lving for C(sj gives .' 

~ . 'AYA (5 1+,pYp (5) 
C(S),f- -- CQsh(hz(s/O) 

/ / Cosh Ch ';s/O~ 
! 

3-13 

'!he solution for ~A (s) in ~he Laplace domain is given by 

Rence 

_ ,y (s)Cosh(hz/O:+s)/61 

à à Cosh(h/(k+s)/O:1 

, ft{ (5)+, Y (5) 
A à ~ P Cosh (hz 15/0) 
Cosh Ch /SJi)) 

1 
t 
r 

i 

3-14 -

• y (s)COShQtz I(lc+s) /D ) 
à à Co'sh(h/(kts)/D') 

••••• 3-15 



/ 

p 

•••• 1 

H. G;ls Phase 
( 

The Laplace transform o~quation 3-10b is given by 

y+y (s) - F(i' (s):.~'l'~)) - ~(~E) ~ 
ppp f~\ n,oz _ 1 

From Equation 3-15 ~e have 

9'é 
(~ 

z - 1 

-

12. 

3-16 

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

by ~ gives 

'. 
1 PI' 

T+SY (5) 
P . ' . 

X (5)-\# (s)- ~r~ y (5) 
p p F.' 6 6 , .. 

+ 'Pp'p(S)J/s/D tanh(hlS'7D) 

By solving the Laplace transfor. of Equations 3-2, 3-10a and their 

, . "-
appropriate bOWldary and initial conditions we obtain , 

!6 (s) -
1 ... -r\ + ~â{ôê~ ... s) tanff(hlk-ts)/D) 

The following transfer function i5 obtained after substituting 
Q 

1 

Equat ion 3-19 in Equat ion 3-18, and assuing no product in the input 

gas (i.e. r Cs) -.o)! p 

\ 
1 

, f . " 

\ 

\ 
1 
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13. 
• Vp(S? 

Hp!::. (5) -
iL\(s) 

, 
- ~[Iô(k·S)tanh(h/(k s)/D) - ISO tanh(h/S/D) J/{[ 1 

••••• 3- 20 

3.2.3 Moments of response runes ta squ8.re Rve inpUt 

, The experiments will consist of aeasuring the res~nses in the 
( 

product concentration ta square-wave sti .. li in the re~ant concentration 

as described in Section 4.2.28. Consequentllf we ne~d ta express the 

moments of the response curves in teras al the tmknown paraaeters. The 
• 

relationship between the ao.ents of the response curves and the JAplaee 

transform of the product concentration of the reaetor output Y (s) is given hv 
p 

For a squ&rè-wave input of the reactant concentration, 

3-23 

where M is the _gnitude of square-wave, forcing functiœ and W is. the 

duration. 

The zeroth .,.ent 15 giYel1 by 

1..'" . ~A 

where .'. the 'lbiele IlOdulus - hlUlr.~ ClA - T . 

• Jlfô ~t'fiktaDh. 
'" _ Lt.. Y (!p) '-.... _-=b._. --
a 1+0 p 1 Cl

A 
J6ktanh. 

" . 
3-24 

1 

\ 

1 
i 
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From'Equation 3-24, we have 

OA..t)j( tanh+ - lJ I(MW-ll ) 
Ll 0 0 

3-25 

3-26 

The first unnormalized moment lJ1 is given by 

. dY 
lJ -1 - Lim d'l(S) 

5-+0" 
.. 3-27 

o 
MW06 {tfik tanh~ [~~(&7k' tanh++hSech2~) 

\ 

+ (T++aph) Cl 0 6 YÜk tanh+)] 

- (ltal1 lfik' tanh+) (l/2(..wF tanh++ hSech2.-~) 
, 

1 ••••• 3- 28 

The first nOr8&li~ed mo~nt, lJ 1, Is 
l( / 

, 

1 ... ( 1 

50, 

o 1 

III - h"+ t(r1>7K' tlnh++ hSech
2

+) + (l+a6t~+)X 
1+d61Df tanh+ 

,CT++aph) ~ )( 
,&Ftanh+ , 

, ' 

[Ytilt tanh++ bsech2'-2h-WA5r tanh+ ]l/(}tu6"m' tanli+) , 
, 

••••• 3- 29 '" 
" . 

• 
1ben, frœ Equat ions 3- 2S and 3- 26 • 

, 
.... 1 . . 
III - '[+ C2- lJo"Mf) + n(ll/Mf-I) 't. o

p
h + W/,1'"" ' 

.. -/' ha' -
+ ::.:.tCMIf/po -Uo"") + (llO/MW) (h/aADk) ••••• 3-30 

, 



~ 

" -

1'1\ 
~ 

'1 4 

''-

f 

L. . 

3.2.4 Solution of the moment equations ta determine thé parameters 

< 

< 

There are four panllDeters to he est ilIIated; namelr: 1) k, 

15. 

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

f,Sivit:, 3) ~6' the adsorption equilibrium constant for,the reactant, 

~ 4) ~~, the adsorption equilibrium constant for the p?oduct. ~6 

an~ ~p are contained in the terms aA and ap ' respect ive Iy. 

There are ooly two equations invo\ving the ,zeroth and the 

first normalized moments (i.e. Equations 3-24 and 3-30). Hence to 

solve for the four paralDeters, the measurements fro. two pellet thick-

nesses are required. 

FroID Equation 3-25 and f'lr two pellets of different thick-

nesses hl and h2, we have 

~ tanh(h 6) 
FI 1 

RRI (l-.RR1) 

!fI.. tanh(h26) - RR
2

(1-RR2) 
F2 

~ 

'RR - ~ /MW 
0 

B - M 

y - ~ÂIDF 

Taking the ratio of Equations 3-31 and/3-32, 

'1' 



... ___ ~ .... ____ .... l"'. __ "'''. i ... q.,.. ... $ .. clJ.~.Slllll .......... d ____ ..... ______ ....... - --

• 

16. 

Each te rm in Equat ion 3 ... 36 can be measured independent ly, except B. 

a can he obtained by solving the above non-linear equation. Th en , by 
, " 

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

and 

FI'OIII Equat ions 3-34 and 3-35, ," 

• _ By 
A r 

y 
'AD - B 

Substituting Equations 3-33,-3-37 and 3-38 in rquat,iOD 

through by T* (- Ah/F) and rearranging we arrive at» 

1 : • + -[(RR-l)/t* + By(l/RR-RRl - W/2l 
p 2k ,1 

- l/T~ [~C'(+ (2-RR)-W/2] 

Dy defining 

Q ..; <"1/2[(RR-l)lt* t" BrU/RR-Ra)] 
, v • 

" ply 
N: _ (-)RR 
,/ 2A

2a 
and RP - 1/'(*[~I-T*(2-RR)-W/2] 

we obt~in 

, 

3-31 

3-38 

\ 

3-30 and dividing 

••••• 3-39 

3-40 

3-41 

3-42 

/ 

3-43 

11ten, for two pellets -of different thicJcnesses, we have 

, ' 

. , 
1 

) 
, 

QI 
• +"~ + N k -P ~, 1 RPl 

/ 

, 
1 , 

3-44 

1 

.' 

( . 
, 1 
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/ 

Subtracting Equation 3-4~ fro. 3·44 and Il1ltiplying through by k, we 

obtain 

2 
CNCN2)k - CRP 1-RY2)k + CQt-Q2) 

.. : 
o 3-46 

Equation 3-46 
. ? 

is a quadratilequation 'in te~s of k which ~an ea5ily 
, / 

'e can then 'Cal late 1/Ip ' '6 and D fro. Equations 3-44 be solved. 

(or 3-45), 3-37 and 3-38. 
,J 

In solving either quations 3-36 or ,3-46, t~e data for the 

two pellets at the' same state concentrations of the reactor 

output DUst be used. 

~' 

• 

û 

/ 

" ., 
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4. A'PPARAruS AND EXPERIMENT , 

~ 4.1 Apparatus 

4.1.1 Introduction 

" 

1 

The apparatus is schematically shown in Figure 4.1. It is 

the same apparatus used by Kelly (1). The feed streaas A and B to, the ... , 

reactor were connected to two gas cylinders through a system of valves 

and connecting tubes. One of the gas cylinders contained nitrogen 

1 while the second contained cyclopropanes when the reaètion wa! being 

carried out. During calibration of the inf~red spectTophotometer, 

either the cyclopropane cylinder or the nitrogen cylinder could be 

replaced with propylene cylinder. 

The flow rates of g&Ses .... ·(r,Qm the éylinders werè set and 

.asured by the pneumatic flow cont rollers and the soap bubble meters 
~ 

respect ive ly. Using the manua1 five-way valve, the mixture of gases 
, 

t 'froa the two cyliriders could 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 aIso go to the infra-red spectrophoto-

aeter for analysis. 
\. 

The two ~jor \Dlit! of the apparatus are 1) the reactor, and 
# 

2} the concentràtion signal generator. 

1 

4.1.2 - Reaetor 

A pietoriai'YieW' of the reaetor ~~ ,iven in Piaure 4-2. 

,.in p&rts are:-· 

/ 
l, 

l 

1 

, 
" 

, 
, .~ .. 

1 
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FIGURE 4-1 O;veral1 séhematic diagram of the feed systea 

cr' pressure aeasure.ent ' 

.f' \ ... 

" ~ pneumatic flow controller -.., 

~ .. nuaI three-way valve 

~, flow rate measure.ent by bubble .ter 

J4r Mllual five-way valve -' ' 

~ unual needle valve 

1 

® 4 

two position svitchin, valve 

0 
!-.,. 
T switthable union Coup1tnl 
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FIGURE 4-2 

. ,/ 

Exploded pictorial yiew of the CSVCR asseably 

1. 
2. 
3. 
4. 
S. 
6. 
7. 
8. 
9. 

"10. 
11. 
12. 
13. 
14. 
15. 
16. 
11. 
18. 
19. 
20. 
21. 
22. 
23. 

tacho generatoI' 
variable speed D.C. motor 
1ftGtor-drive shaft çoupling 
air cylinder solenoid valves 
drive sh.ft pillow block bearing 
double acting air cyUnder ~ 
IIOtor-drive shaft support bracket 
aicrovolume switching valve : 
thermostat insulation sections 
external _ghetic illJM'ller 
therao5tat cartridge heater 1 

ootlet port 
light pip~ feedthrdugb -
iniet po~ 
pressure port ' 
ablliiÎlUJI thel'llOstat blacks 
reactor top section 
.avable ther.ocouple entry 
internaI _gnet lc illpe 11er 
re~able alignaent pins 

.' 

large dia.eter catalyst pellets -
reactor bottOll section 
electriUl disconnect 

20 • 
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,'-

" 

a) the reaetor vessel, 17 and 22 ,"';. t 

b) the magnetie stirrer, 19 and 10; and, 

e) the thermostat, 16. 

- a) The reaetor vessel vas a diskr like eylindrical vessel of 

outer and inner diameters 21.91 and 15.88 Cil respeetively. ~e height 

1 vas 6.35 Cil. It was eonstrueted in two parts froll type 316 stainless 

steel. The top part, 17, was rigidly held to an alUillinUJD theI'llostat 

block. The top part eontained the magnetic sti~r, 19, the outlet -

.. .nd lnlets, 12 and 14, pressure port', 15, and the the1'Jloeoupie entries, 

for example. 18. 

The bottom part of the reaetor vessel, 22, was removab1e. 

It dOfttained the five die holes, '-21, into which, the eatalyst were pressed • 

Each d le ho le was 5. 08 CIl in d ieet er and 3. 81 cm deep. 

b) The magnetie stirret eonsisted of a thin disk-like internaI 

foHaver impeller, 19. It was IIl8gnetically coupled through the top part -of the haetor vessel_to a 1arger external drive illpeller, 10. The 

internaI impeller had eigbt Samarium Cobalt permanent magnets mounted 

on it. The sa. number of permanent _gnets fitted to the external 

bapeller were Alnieo magnetie material. , 

-
At the two ends of the internaI ~~~~ft vere two hardened, 

stainless-steel balls whlch rotated in conieal bearings made from 

graphite-impregnated polyiBide resin. 
. ~ 

The bearing cones were ~ces~~~-------
------~ ------­~ ~ 

into the two parts of the reaetor vessel. 'I11e bo~taehed 
to the top of a metal ~ll0V8in a gu!da~"':t the cone was free 

-----~ 
to aove vertically, but not19 ate. The bellDYa vas 'tinflated with 

1 

/ 1 

1 • 

œ • b MC ;. 

\ 

\ 
~ 
., , , 

.; 

i 
, ! 
l 1 
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air pressure to force the bearing cone against the lower hall of the: 
\ 

impeller shaft. The external impeller was driven br 0.5 borsepower; 

var.iable-speed, D.C. motor. Its axial alignment was achieved through 

two pillow bl?ck 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 internaI impeller. 

, 
c) The thermostat consisted of three aluminum bloclts, 16. 

They completely enveloped the reactor vessel and the external drive 

impeller. The heating of the aluminum blocks was done by a series of 

stainless steel cartridge heaters, 11. They were s)'lIIIIetl'ieally distri-

buted between the three sections of the thermostat. The tempetature 

of the thermostat was controlled by a prQp~rtional controller plus a 
1 \ 

l ' ~ thermocouple sensor. The controller ope1'8t\ed a group of trimmer heaters 
, \ 

(320 watts). Two variable t~sformérs we~ ~nually used to control 

the rest of the heaters (1500 watts). ~e thermostat was insulated 
1 

witb a high te~e1'8ture fiberglass- insuiation panels, 9. ' 

/-
4 .3 Conc ration si 

The concentration signal generator is shawn sche_tiically in 

Figure 4-3. The parts are a150 pictorially.indicated in FiguJ,l8 4-2. 

'Ibeyare air cylinder valves, 4, double acting cyllnder, 6,' and Jlicro­

volu.e, two-position, switcbing valve, 8. 

Dy the activation of the switch on the eleetronic tiller, 

indicated in Pl1gure 4-3, an ele~rica11pulse 05 generated. ,The pulse· 

\ 
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Sche ... tic diagru of the concentration signal unerator 
1 

, .. 

\ 
\ 

\ 

.... 

o. 

" , 1 

.xi 



-..... 'un • 

: l," . 

, , , 

IL • 

t­
Z 
w 
> 

d •• 

o z 

. al . 

o 
W l-+-~-W 
IL. 

.­
Z 
w 
> 

o -o 
Zw 

\ u.a > 
-' .... 
0< 
.n> 

1 

• : ~ 
1. 1 \ 

~I 
:::al 

1 1 L. ___ _ 

L 
__ _ 

----- .... -~-­---

*' . 

-

• 
/ 

! 
:; . , , 

1 



1 

, 

• 

• $',C1A • ...,..,. __ _ 

24. 

\" 

energized' and held.)he start relay. This supplied power to the .ole­

noid coils, which)t~~ rotated the .olenoid-actuated three-way valve 
• 

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-., , 

volume switching valve. Then, by means of a single stroke, the valve , 
was rotated thr~gh an angle.of 90,degrees. This rotation changed the 

feed stream going to the reactor • 

.. 
A square wave was generated for, say, W seconds. Then at the 

end of this period, a second internaI tiller pulse' energized the return , 
relaYe 'lhis then operated th~ond solenoid valve ,to retum the micro~ 

volume switching valv~ to its original position. 'lhus the original feed 

stream to the reactor was retumed • 

A cross-ovér switch in the output circuit of the tilDer allowed 

either solenold valve to receiv~ the starting pulse. The duration of 

the electrical pulse was 100 msec. 

v,olu. swit<:bing valve was 35 Ilsec. 

4.2 'Experimental Sect ion 

4.2.1 Mate ria 1 

A. Catalyst Pellet 
; 

The switching time of the micpo-

.. 

/ 

The catalyst pellet wa! p~pared froll zeolite-molecular sieve 

Type 13X. 
'1 ,JI 
The ground powder'of the ,zeolite vas compressed into the five 

die holes of the bottOll half of the ,reactor vessel. SocUua chloride was 
. ( 

fint pressed Ptto the die ho les before the catalyst. The purpose of 

this was to keep the p;Uet $urface J'le~ to the top of the die holes. 

Il 

&$ Ai.b! > T~ 
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The cmapression pres~re was about 25 ,000 p~i. 

'I1te zeolite powder was added to the top of the sodium chloride. 

It vas then wetted vith atetone to provide' even pressure distribution 

"ithin the grains during pressing. The cOlllpression pressure applied vas 

about 23,000 psi. Both the thin and thick pellets vere formed by the 

SUIe proce-dure. To avoid the cracking of the thin pellets W'hen they ,-

were ~ised9 to the pretre~tment temperature of 3000 C, they were gradua~ly 

baked by heating to to, 8 , 100, 120 and 160 Oc ' for one hour 

each in" a vacuum oven •. 

The catalyst was alw.ys regenerated after each set of runs 

at a' given re8;~tion temperature. "TJ1e reg~neration os car~.,d out in 
" 

a furnace at 300°C for 12 hours. The ~talyst vas then cooled in a vacuum 

The pellet density ,estimated f~om the dimensions and the veight 

of the pellet W8S 1.155 g/c.3 • The solid density measured with a helium 

pycnometer was 2.31 g/~. From the two densities the average pellet 

~sity was estimated to he 0.500. 

" <. 

The details of the press assembly and the procedure are 

described by Kelly (1). 

B. Gases 

The pu rit Y of the propylene and cyclopropane suppl1ed by 

canada Liquid Air was specifiéd to he 99.0 per ceftt. 'lbe nit,rogen 
, - -

supplied by Liquid ~r~ic Canada Ltd .. had a euaranteed .ini .. pu rit y 

of 99.9 per cent. 
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4.2.2 Procedure 

~ 

Calibration of the Infra-red Speetrophotometer 

from the reactor consisted of nitrogen. propylene 

opane. But we were interested in only the concentration of 

Hence a suit able wavelength of the infta-red spectrum 
Q 

vas chosen at Which propylene was strongly absorbing wh~le 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 waveleng1:h of 6.1 ~ 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. 

, With the filter set at 6.1 ~, propylene-nitrogen mixtures 
~ 

of known concentration were passed through the sample celle The cell 

had a path length of 3 Clll and a volume of 0.30 cm3• The corresponding 

t ral\saissiC?D from the infra-red unit in the fOrll of a voltage signal 

• 

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

between the absorbance and the JJaOle fraction of the absorbing gas (pro-- . 
pylene). According to the Beer-Lambert Law this curve is expected to 

he a straight line. However, a slight curvature WBS observed. A s~e 
of the calibration curve 15 presented in Figure 4-4. Because of the 

slight curvature. a second degree poi~o1Dial w&s fitted to the raF data 

using the _thocl of le.st squares. 

The calibril ion vas carried out at the beginning of each set 
,~ 

of zœts at a given reacti~ 'téllperature. 'l'bis vas done because there 

" , 
1 
0', ... 

" , 
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FIGl:lRE 4-4 
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SamplerI.R. spectrophoto.eter calibration curve 
for the propylene- (nitrogen and cyclopropane) 
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was a slight variation in the perfomance of the infra-red unit. 1bé 

voltage signal...for the pure cOIIponent changed slightly each tille the 

exporil.ont was run. C. 
B. ,Reaction 

After the pretreatment I)~nd regeneration of the catalyst pellets 

.eontained in the botta. half ,of t~e reaetor ves$el, the reactor was re­

assombled. The reactor was then h~ated to the required reaction tempera­

ture. For bath the th!n and thiclt ~ellets, the reaetion wu carried out ,. \ 
at the following three teaperatu~s: \ 233°C. 243°C and 254°C. 

• ... J 

f 
A mixture of nitrogen and eyelopropane was passed through the 

reactqr after it had attained a steady telllperature. The flow rate' of 

the mixture was 5.0 c.3/see at th~ ambient teaperat~re and pressure. 
" 

The eOliposition of the .ixtu~ was estillated froll the flow rate of each 

cOliponent in the aixture. 

_terse 

The flow rates were Masured with soap bubble ... 
" 

The concentration of the effluent gas attained a steady state 

two hours after the first feed stresa had been passed through the reactor. 

Subsequent feed streaas to the reaetor took arOWld 30 .mutes ttl reaeh 

// ste8dy st.te. The. longer t~e required for the. first feed stream was 
; 

j, . due to the initial fall of t~e activity of the catalyst to a ste~y state. 

At steiLdy state, a concentration square wave signal was 

gei'lerated br _ans of the set of equipllent deseribed under Section 4.1.3 • 
... 

Essentially lt consisted of instantaneously tntrpducing a second feed 

of nitrogen-cyclopropane .ixturè to the reactor at a different concentra­

tion. The total fIC*" rate of the second leed streaa vas a150 _intained 
f 

. , 

~ 
'. 1 1; 

,,' 

t 
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at 5.0 c.3/sec. 

The concentration of the product (Lé. propylene) in the 

react1Jr output was measured continuously by passing it through the 

infra-red spectrophotometer. The output fro. the litR. unit was in the 

fOrll of a voltage signal. 'It os recorded on an oscillographic -recorder· 

as a function of time. 

• 
At the end of the transient perturbation, another ff/ed streu 

was introduced into the reactor to establish a nev steady state. The 

whole procedure was then repeated again. 

The lIole fraction of cyclopropane in the feed vas varied from 

0.8 to 0.5 changing in steps of 0.1 for the thick pellet and from 0.8 
1 

to 0.4 in steps of 0.2 (or the thin pellet. These steps vere maintained 

in order té obtaîÎl J1 "lIIeasurable difference between the steady state ~ 

transient concentratiOns of propylene • 
• 

The beginning ot; the generation of the signal was indicated 

by a yoltage signa~ fl'Oll the tiller (Section 4.1.3) to the recorder. . 

The flov rate of the effluent gas vas assUiled to be constant 

and equal to the inlet flow rate in thè IBathe_tical lIOdel. To check 

this assu~tion. the effluent flow'rate was .easured a nuaber of times 

during the transient perturbation vith the soap bubble meter. The 

_ffluent flov rate was observed to vary by less than 2.0 per cent. 

1bis 15 within the 3.0 per cent error caused by the use of the bubble 
( 

) 

,e8uborn 7702 A Recorder, Hewlett PacJcard. 

t 
, , . 

• 1 

, 

" 
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_ter for the asurement of flow ra,~s. 

In order to analyse the experilllentai data, .easurellents were 

also taken of the ambient tellperature, the catalyst pellet tellperature 
, ' . 

and the at.ospher~c pressure. 

il 
"The calibration curve for the I.1t. unit WBS used to estill8.te 

the concentrations of the effluent gas as function of tÎlle. 'Ibe 

dev.1aiion concentrations were then calculated and analysed according 

to ~he algorithllS der,ived .in the ~mathematral aodel. 
.-

" 

, ' 

1 . 

• 
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5. RESULTS AND INTERPRETATION 

5. 1 Int roduct ion 4 

1 1 

According to the algorithms developed in the theory, five 

parameter groups can he calculated frOÏl the experi_ntal data. The se 

parameter groups are as follows: 

fi From Equat ion 3-33, 

5-47A 

Equation 3-36 gives, 

J 

FrOil Equation 3-39, we obtain, 

and 

where i characterizes the thin (i - 1) and thick Ci - 2) pellets. 

{ 

5-47 

5-48 

5-49 

5-S0 

At. given reaction teaperatu1'8 and pellet thicJcness, aU 

the runs were cattied out at a constant flow rate •. Therefore, a11 
• 1 

other torIlS in ~he para.ter grœps, RF i' Qi and RP i' are ~onstant 

vith the except ion of RRi. 'lhus, one cm obtain the 1'8 lat ionsh ip 
. 

between these parueter gt'OUps and the concentration Of propylene at 

steady state, Yp' ~ plotting only RRi ~p.inst Yp ' 'lbese plots are 

• 

, 
,\ 
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RR and RPI (T - 2~3.50C, hJ - 0.132 Cil) as a 
f~ction of propy1ene gas phase 1D01efraction, f p 
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RR2an~2 (T - 233.50C, h -- 0.38S Cil) as a _ 
function of propylene ,as p5ase aolefraction, Y p 
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FIGURE 5-3 
o 3 

RRI and RPI (T - 243.1 C, hl - 0.132 ca) as a 
function of propyiene gas phase 1I01efraction, Yp 
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RR2 and RP2 CT - 243.1 C, h - 0.385 cm) as a 
funct ion of propy lene gas p~ase 110 lefract ion, V 
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RRl and ~ (T - 254. 2°C. hS - 0.132 CIl)' al' a 
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FIGURE 5-6 
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RR2 and RP (T - 254. 2°C, h - 0.385 cm) as a 
func~ion~ 01 ~l'Ol'ylene gas p~ase molefraction, Y'p 
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pre~ in Figures 5-1 to 5-6:~·n.e ... sults indicato a linoar trend , . , 
as observed by Kelly (1). Hence a linear least square regression was 

fitted to the raw experimental data. 

The paraJleter group. RP., contains other tel'1lS which vary 
, 1 

... 
These terms are ~l,i' the first normalized moment 

and Wi • the duration of the pulse. Hence RP
i 

wu plotted separately 

as a function of Yp ' 

The valués of RP i as a function of Vp have a1so been presented 

in Figures 5-1 to 5-6. 
'lb 

There is severe scatter in these data. 
'" - - -

This is 

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

, first absolute mo_nt, ~l .• 
,1 

This, in tum was caused' by the uncertainty 

of the exact position of the tail of the respdnse curves. A. relatively 
r 

'1 .inor change in the tail concentration was enlarged by IIIlltiplication 

with tilllB. 

Oespite the scatter, the results for the thick pellet "at the 
1 

three te.peratures in~icate a linear trend. Hence, again, a linear 

least square regression wes fitted to the RP i para.,.ter groups,. 

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

lines with estt.ates of their standard deviations. The standard devia-

tians' (co~ted fro. the sua of squared residuals), o~the data about the 
" 

fitted straight lines are also presented. 

,-

COlibining the linear, regre 5 sed values of the para_ter groups 

1 t7' ' for bath thin and 'thick pellets at a given 1 , Equations 3-31 to 3-46 
, P 

, l 

were solved to estiate the k, \' 'A and .p para_ters. The values of '" 

1 

\ 
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Avera.e 

Re&c:tiOll P.~ter 
T .... rature Group 

-

233.5 RaI . 
RR2 
RPl ' 
RP2 

243.1 RRl 

~ 
RP 1 

2 

254.2 RaI 
RI. .. ~ RPi* 
RP 2 . . 

~ 

.... 

TABLE 5·1 

Linear Regression Coefficients for Parameter Groups 
as a FWlction of R.actant Gas Phase Molefraction, Y'p 

Estiaated 
Standard 

Intercept - Deviation Slope 

--
4.10XIO-; -3 9.98xl0- 2 S.S5x10 3 

• 7.SOxlO· 9. 98xlO· 1.36 
13.18 3.07 ,": 4. 74X1Cl'~ . 

- 5.83 3.77 4.90xlG 

2.83xI0- 2 2.75xiO-~ . 4.46xlO· 1 
9.42xU,-2 4. 69x10· 1.07 

.. 4.26 5.26 S.20 
.-16.10 1.99 78.80 , 

- 7.86XI0·i S.16XI0-~ 3.83xlO· 1 

• 3. 28x10· 1.17xI0· 3.07 
1.52 3.77 - 4.34 

-' 

EstiEted 
Standard 
Deviation 

1.19xl0-1 

9.99xl0- 2 
6.S9xlO 
3.46xlO 

2.68xl0': 2 
2.23xlO- 1 

51.,20 
9.46 

l.93xl0· 2 

2.96xlO- 2 
28.67 

• 7.69 7.01 51.02 35.29 

• 

• 

--~ _. 

;;;;;;ïïïîi" 
Standard 

Deviation About 
the Line 

3.4~0-4 '-' 

3.2 10-3 
1.90 
1.12 

2.09xl0·3 

5. 23xl0-3 

1.26 
7.03xlO· 1 

4. 29xlO-3 
1.16xlO· 2 -( 

3.12 < 

2.39 

" 
(, 

(,II 
U) -. 

'-.. 

~ 1 7 11 ,.. .. , nt r os, ri" 171'S è e #7ht&7%tfmgé"ll if. 
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• • 1 CIL 

0, 
;, 

Gas Phase 
Propylene 

Molefraction 
y 

0.08" 

0.085 

0.090 

0.095 

0.100 

0.10S 

,0.110 
1 

0.115 

•• 

\ 

TABLE 5 ... 2 

Values of the Parameters at an 
Average aeaction Te!p!rature of 233.SoC 

Ratio k 0 
RF 1/RF2 a sec- 1 cll2 se~-l ,~ 

ca- l x 103 x 10 A 

1.'0087 , 
" 

0.8226 8.78 4.596 0.576 6.72 

0.6900 6.27 2.788 0.710 9.40 

0.5908 4.82 1.701 0.731 14.11 

0.5137 3.77 0.996 0.700 22.70 

0.4523 2.89 0.516 0.618 41.85 

0.4021 2.06 O. iso 0.425 115.48 .. 
0.3603 

----->.':. 

.40. 

'p 

- 61.52 

- 63.53 
1 

• 71.06 

- 84.48 

-113.57 

-217.61 

1 

./ 
w 

, , 

\ 

\. 

• , 



--

o 

Gas Phase 
• Propylene 

Molefraction 
y 

'O.lS, 

0.20 

0.25 

0.28 

0.30 

0.35 ... 
0.40 

0.45 

.. 

\ 

'" '. TABLE 5-3 

Values of the Paraaeters at an 
Average Reaction Temperature of 243.loC 

i Ratio k D 
RF 1/RF2 B sec" 1 ca2 serI 

Cll- 1 x 103 ·à , x 10 

1.1244 

0.9857 118.683 58.556 1.678 3.66 

0.7813 7.874 13.324 2.149 10.48 

Q.7052 6.509 7.178 1.694 20.01 

0.6646 5:S18 4.900 1.418 30.29 
.' 

0.5850 4.743 1. 785 0.793 91.19 

0.5240 3.911 0.260 0.170 701.52 

0.4734 .. 

.... ---~._--

, 1 

41. 

fp 

- 13.73 

- 18.97 

- 28.66 

- 38.71 

- 96.04 ' 

.. 644'.63 

-~ - ~ - ~-. 
• 

~ 

" 
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( 
Gas Phase 
Propylene 

Molefraction 
y 

0.160 

0.170 

0.180 

0.184 

0.186 

0.188 

0.190 

0.192 

0.195 

0.200 

0.250 

TABLE ,&-4 

n Values of the Paruaeters at an 
Average Reaction Te!perature of 254.20t 

,A k 0 
, 

RF1/RF
2 ~ sec· l cm2 sefl 

"'/1 'cm- 1 x 103 x 10 

0.8433 
, 

0.7059 6.521 311.51 73.25 0.44 

0.6048 5.017 48.45 19.25 2.68 

0.5713 4.556 28.78 13.87 4.48 ' 

0.5557 4.344 22.28 11.81 5.77 

0.5409 4.142 17.16 10.00 7.47 , 

0.5267 3.948 13.05 ' 8.37 9.81 

0.5132 3:762 9.10 6.86 13.17 

0.4939 3.495 5.75 \ 4.71 22.18 
1 

0.4644 3.071 1.11 1.18 114.70 

0.2727 / i 

• 

42. 

/ .p L 
; 

d 

0.19 

- 2.37 

4.22 

(:. 5.52 

:"'0 < 7.21 

9.50 6 

- 12.75 

. 21.41 

-109.29 

\, 

:" 
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these parameters are presented in Tables 5-2, 5-3 and 5-4. 

lhe solution to Equation 3-36 does not exist for a11 values 

of the rati~ 
RRIF 1/ Cl-RRI ) 

- RR2F2/Cl-RR2) 

If we naw define f, as. 

5 .. 51 

1 

V 
5-52 

then for the solution of /Eqiiation 3-36 to exist, we should have two -, 

va\ues of 8, 81 ~nd 82, ~uch that, for h 2 great~r than hl" 

where 

Case 1: 81 

For s .. ll positive values of S, (BI) such that 
~-

and 

f 15 aiven by } 

.' 



RU Ra 

()~ 

\ 

1 d • J' ur .,. 

,·44 
1 • 

and therefore. 

- 0.34293 5-53 
) 

... 

• 

• , " , 

Case 2: ~2 '\ 

For large values of..s. (~2) sueb that 
P' 

J" 

tanh{hlB2) ... tanh{h2~2) - 1 
\ , 

f is, glven by. \ 
RF' 

f 1 0 - 1- - > 

V. 
RF 2 

1 ~~ , 

, , 
J 

RFl 
< Vi' 1 5-54 

\ 

'11lerefore for "the experillent under consideration in this study t 

(RP/RP~ lie withiJa t~e fol1àwin, ranges, in order that solu­

tion to BquatiOit 3-36 _y exi~t: .. / 
0.34293 

RF 
< 1 < 

ttF"i 1.0 ) S'I'SS 
',1 

" 't 

lelly (l) ade the sue o~atian when he 
. l , 

solved the ze1'9~ . :. . . 
1 equations for 8 and y. '. .-nt 

'. , • 
Il ... 
1 . ' 

,) 

• 
\ 

.. 
1 
, 

1 
't • 1 
, 
f 

!I 
11 
~ 
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first order reaction rate constant ~ k, and the intra-partiele diffusion 

. coefficient, p, decreas~ vith increasé in ,Y
p

• 1he 510pe of the- sorpt ion 

isothems of ~he reactant •• iI increases vith increase in Y. Negative p . 
values of the slope of the sorption isothems of the product vere 

obsenred and their ugnitude inereases as Y increases. 
p 

'l1le negativé value of the slope of the sorptiorurl isothe1'll for 

propylen'e, • , can he justified. br a more detailed eXUlination of the p 

adsorpt ion phenomena. Let us assUJle that the adsorpt ion lsothe~s can 

he representod in the v icin it Y of the steady state by Langaair ad'sorp-

t ion equat ions: 

" 

~or s.a11 deviations about the steady st~te, Cil can he given as, 
c 

~ ~' :~ 
CA - (~Y ).- YA + (ay )tr yp "'-. 

A Vp PlA 

~ - .ililYA + ·ApYp 

1herefore, according ta Equat ion 5-56 

/ 

! 

! 
" ,~ } 

( 
... ri." 

5-56 

5-57 

l' 

,5-58 

s-s~ 

'\ 

5':'60 

" 
1 
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ta 

1 

Siailarly, ' 

• 
Cp - (" 'ppyp + 'pAY A 

C-ft'p 

and 

Henc. frem Equations 5-60 and 5-63. 
, 'i 

, 1 

. " --:-------- ~-
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5-61 

5-62 

1 5-63 

S-64 

According to the resu1ts of the experment, " lies between 2.4 and S.3. 

P1'OII Equation$ 5-58 an4 5-61,:~~e sua of the deviation values 

of cyclopropane and p~lene concentration is given br, 

5-65 

'I1lerefore the .lopes of the sorptiOll isOtheras defined in Equation~ 

'. 3-7a, 3-7b éd 3-7c are 

) 
5-66 

',. 5-67 
. 

Hence, fra. EquatiÔll 5-64, 
, 

5 .. 68 

Pra. ~blel 5-2, 5-3 and 5-4 it can he ob •• 1'Y~ that th~, values of 

.pp &ad .P6 are collparable vith each other. 'Ille ,.ltlpliùtion faeter, 

. , 
) 

1 
1 . 
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\ 

n, for, â varies froa 2.4 to S.3. 1bus the second tera n'pâ in , . 
Equation 5-68 becoae$ greater than the first tera,' in IIIlgnitude. 

pp 
Monover, T'I'pâ 15 ne,ative, thus resulting in a negative valui of 'p • 

.. 
5.2 So!ption Isotheras 

Suppose the sorption bothera for cyclopJ;OPane is given br 
j 

'lb en , 

\ 

" 

-

5-69 

5-70 

5-71 

5-72 

5-73 

When yp and Y â are the s_l1 deviation. f1'Oll the steuy state values, 

Yp and '6' th. experiJlental. da~a, inclicated tut, 

y clY. "6 Y. 
--'. ----.2. .. _::E. \ 5-74 'PaYA ,. YA 

P 
~ 1 

VA 11 a110 "latM to V, bt 

r _ V ,100 - 1) 
la p'\; • 

" . 

1 , . 

, 

5-75 

.\ , 

, 
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wbere s is the percenta,~ steady,state conversion •. ,1'OIa the experillental 

llata, • ri. found to he incI.pendent, of c"';centration, henc.~ () 

YA dY6 - -y , 
Pre. these two experillental observat ions and fJ:Oll B 

... 
COIlC lude that 

Renee fro. Equat ion 5-66 , 

5-76 

5-77 

5-78 

and, therefore, the binary sOl'ption uotHe~ for cyclopropane can he 

obtained fra. +A and '6 • 

,. 
Inowinl the slopes of th sorption bothera of pure propy~ef:le 

at a ,iven te.-pe,rature where cyclopropane reacts. those of pure cyclo­

propan~OUld he est iated fro. Equations 5-64, ~~66 and 5,-67. Tables 

5-5, 5-6 ~ 5-7 cont.in such slopes ('~66) obtained from the results of 

,~e present investi,ation. 'lbe slope~ for pul.-e propylene (.pp) were 

extraC?ted froa the results of Kelly (1). 

~ ~ " , 
1be sotpt ion botheras of 233.5, 2~. 1 and 254. 2 for the pure 

l , 
'\' l ' 

cyclopropane obtained froa the .lope. est iated aS .boYe are presented 
, , 

la PlJUre 5-7~ 1he shape of the ~.othens iDclicate possible cO.binat~On 

of .. 0 and ~lti·layer adsorption. SiaUar ,type. of botheras were 
.r-

obt.1ned by lelly (1) workinl vith c:yclopropane an 13X zealite pellets 

'at 217°C and by ReyeftGII ad CUleron (60) workinl vith broaine and iodine 

o ° 0' 0 cm .11ica .. 1 at 137.7 C. t9.9 C. 79 C and SI C. 

1 
1 . 

" 
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o TABLE 5-5 

Slopes of So~ion IsotherlS 
Under Rttaction Conditions at 233'.50 C 

ExperilMmtal Variables 

Te. rature 
Pressure 
Volu.tric Plow Rate, f' 
Gas PhaseV~ 
~8: •• 

., ... 

_ 233.5 
- 750.2 _ Hg 
- 8.37 cm3sec- 1 
_ 275.41 ca3 

49. 

________ ------- Catalyst 'nlickness', h 
___ --------~ Porosity, e 

- 101.34 ClA2 
_ 0.385 ca 
- 0:50 (c..rs Eon vol. ) 

ëïl3 pellet vol. 
Percentage Steady, State Conversion - 15.83 , 

Vp VA ·A .p .' ·Ap ··PA 
0 

+AA pp 
> 

• 0.085 0.452 6.70 61.52 20.50 - 82.02 -15.42- ~ 22.13 
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 0.5S8 41.85' -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., ... 

it " \ 
) 

~, 
'- ~ 

C 

~ 



"'41 

0 

~ 

• 
~/ 

• \ 

' .. , 

------'±.' 

;1 

-
;:1 TABLE 5-6 

-- Slopes of Sorption lsotheras 
Under Reaction Conditions at 243.1oC 

l ' 

I!xperillental Variables 

Tellperature _ 243.1 Oc 
Pressure _761.8 . _ Hg 

8.53 ca3sec- 1 ". Volumetrie Flow Rate, F . -Gas Phase Volume, V· " - 275.41 cal 
Bxposed Area, A ~ 101.34 ca2 
C&talyst'Thieknes5, h - 0.385 ca - 0.50 Porosity, e 
Percent age Steady State tonversion, s'_ 29.30 , 

tp 'fA ·A .p 
.". 

0.20 0.483 3.66 13.73 
0.25 0.603 10.48 - 18.97 
0.28 0.676 . 20.06 .. 28.66 
0.30' 0.724 30.29 - '38.71 

.. 0.33 0.796 57.34 - 64.26 
0.35 0.845 91.79 - 96.04 
0.37 0.893 161.08 -159.05 
0.40 0.965 701.52 -644.6' 

Il 

1 .pp .Ap 

15.20 .. 28.93 
13.20 - 32.17 
12.30 .. 40.96 
11.70 - 50.41 
10.90 - 7S.~6 \ 
10.45 -106.49 
10.00 -169.05 
9.40 -654.03 

,') 
. , 

1 

" • 

~, 

'PA 

11.99 
.. 13.33 
.. 16.97 
.. 20.89 
.. 31.15 
- 44.13 
.. 70.06 
-271.05 

1 

.. ~, ~. 

. , 

o 

50. 

*A 
15.65 
23.81 
36.98 
51.19 
88.49 

135.93 
231.14 
972.57 

~ 
" 1 
1 

.~ 
J . , 
, 
1 , 

.~ 
1 • 

'1: l 

, 
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TABLE 5-7 
, 

Slopes of Sorpt ion Isotherll5 
Under Reaction Cond.itions at 254.2Oc 

B!p!rimental Variables 

Telllp8rature 
PressuT:e 
VolUlletric Flow Rate, F 
Gas 'Phase Volume, V· 
Exposei· Area, A 
Catalyst Thicknes$, h 
Porosity, e .. 
Percenta,e Steady State Conversion, 

'f 
oP 

'fA 'A 

0.170 0.424 0.438 
0.180' 0.449 2.69 
0.186 0.464 5.77 
0.190 0.474 9.81 
0.195 0.484 22.18 
0.2QO 0.499 114.70 

li 

, . 

.p 

. 
0.194 .. 2.37 
5.52 

0 

9.50 -
- 21.41 
-109.29 

~p 

14.6 
14.0 
13.8 
13.6 
13.4 
13.1 

! 
1 • 

_ 254.2 oC, 
- 761.4 _ Hg 
- 8.66 ~sec-l 
- 275.41 r;.,.1 
_ 101.34 c:a2 

- 0.385 CIl 

- O.OS 
s - 28.6 , 

"Ap ·pA 

.. 14.41 .. 5.77 
- '16.27 - 6.52 
- 19.32 - 7.74 
- 23.10 - 9.25 
- 34.81 -13.94 
-122.39 -49.02 

, 
... 

.. 

• 0 

SI. 

'AA 

Ji.21 
~9. 20 
Il.72 
19.06-
36.12 

163.72 

, . 

'1 

.. 

j 

l 
1 
\ 
.~ 

• ", 
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5.3 Ihte __ ~~ ______ M-~ ______ "~ __ _ 

i , 
It i~' obvious from Tables 5- 2. 5- 3 and 5-4 that' both the firslt 

order réaction rate constant k, and the int~-particle diffus~vity have 

a stronf depetldency on concentration. In order to cœpare the results 

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

,'integral average values of these para.eters were calculated as fol1ows: 

"{ - 5-79 

where f - k or D. , 
These integral average values for the k and D par .. ters are 

presented in Table 5 .. S. Two tellperatul'es are presented in certain rows 

of Table S .. 8. 1he first tellperature 15 the average reaction temperature 

foi the pruent research and thé second one is for Ke 11y' s research (1). 

De'Pite the slight difference in t'eaperature at around 252°C, 

values of the parueters fo~ the two research projects are almost the 

SDe. 'nte first order react~on rate constants for the present model 

gave lm activation energy of 31.1 kcal/g-aole. rte _y cOllpare this ' 
1 

value with Kelly'! (1) value of 35.7 kcal/g-lIOle and Habgood and George's 
J 

(59) value of 40.5 kca)/,-.ole. 

, 
.. 

-. .. 

,. 
" 
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Tellperature 
OC 

217.3 
233.5-233.3 
243.1 
254.2- 251.2 
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TABLE. 5-8 

k and D Values for the Present 
8I\.d le llr' s (30) Mode 1 

Present Mode1 Using 
Procluct Concent rat ion 

0.67 
1.35 

.10.21 

r 

1.65 
11.23 
24.78 

, ( 

Kel1y's (30) MOdel Using 
Reaetant Concentration 

4.1 
24.2 

:. 

\ , 
\ 

\ 
\ 
\ 

l , .,. 
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Inteqral averaqe reactioQ ~ate const&at, k 
as a function 8t reciproca1 of reaction 
temperature, T K. 
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. 
6. DISCUSSION' 

,: 

" 6.1 Variance Analysis for the Estimated Parameters 
.. 

. As can bè seen, the values of the parameters, k, D, '11 and 
, 

'p depend on four parameter groups, RR
1

, RR
2

, RPi ahd RP2• The variance 

of k, D, '11 and \' is then given by , \p . 
, 2 3f 2 

af - (-) a RP + 
aRRl RR2 ,RPp RP 2 1 

al 2 af % + (aRP ) a RP + ("5R'P":) a RP •••.• 5-80-
1 RRpRR2'RP 2 1 RP 2 RRl ,RR2",RP 1 2 

where f - k, D, '6 or 'p. 

The partial derivatives of the paraaeters with respect to the 

parueter groups can he calculated approxiEte1y. This 15 done by 

e~i_ting the change in the parameters for a 5_11 change in one of the 

para.eter groups about a noainal va.l.ue "hile the reat are kept constant as 

iJopliod br the defini,\on. This 15 equivalent to a sensitivity test. 

Tables S-~" S~9 and 5-10 contain the partial derivatives for 

the kt D ..... and, paraJlè.ters at the three reaction teillperatures. The 
u p . 

nOilinal values about "which thè partial derivates vere estiaated are also 

pz:esented-. 
! 

Proa the standard aviations of the paruete! groups listed 

" iD Table 5-1, th. variances of the k, D, 'Il and ., para_1:ers at the 

avenp reaction tnpemture of 233. SoC are ,iven br, 

/ . 

j 
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TABLE S .. g 

t;-ri-cal Approx_tions to the Partial Derivative. 
of the k, D •• 4 and .p Para.terS" .... , 

vith Respect to the Para88ter Groups UI' D2. aPI' RP 2 at 233.SOc 

-

\ ~'-

. .. 

f ~ 

Te.perature - 233.SOC 
Perce,ntale Chan,e of the Paraeter Group - .1.0\ 

O.HIS, 

-0.0683 

3.3I3xIO·S 

,3.0CllxUrS 

.. 

.. ' 

NOIlinal Values 

of Propy1ene'• Yp -' 0.10 ; 
; -- 3.1gggxIO-2 

, - 6.1097x10· 
- -34.226 

'r _ _ 0.9311 
- 9.S56x1b-4 
- '7.'i049xlo-S 
"!l'' 22.~ 
- .84.841 

> ' 

y"=7.~O_4 -1100.00 2390.6 

," 3.175 10-~=-- 1869.1 

2.3. 0-6 - 0.718 l "----;~ 
2.102X1o-6 0.614 1.510 

.' 

! , 

'. 
, ~ .-

"- , , 

.. 
" ' .. 

• --

1 

'. . 

Il 
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o TABLE 5-10 
.. 

NuMrical App~xiations to the Partial Derivatives 
of the k. D. .I:J. and ~ ParaMten 

vith Respect to the Par8lleter Gnups Ri l • RR2• RPl' and RP 2 ai 243.loC 

. "" t . \, - 24~·.loC ~ellpera ure ., 
Percentage· Change in the Paraileter Group - 1.0\ 

• 

NOIlinal Valu •• 

MoI.fraction oI\Propylene. Yp - 0.30 
RAI - 0.1620 
RR2 - 0.2279 
RP} il' - -2.6953 
RP2 - 1.5419 
k sec-l' - 4.8988"10 .. 3 

D :~ca2 .. c-l 1 - 1.4177xl0-4 1. 

'A .. - 30.294 
tp - -31.110 

'" 
'1 

1 

!~ Ait AD A·A A.p ". 

~ 

.. 
ARRI 0.1341 2. 118x10-4 -467.~ 527.8 

I:J.RR2 -0.1066 -4. 449xl0-4 600.0 ,-544.1 

ARPI ;" 4. 751x10-4 1. 413xI0-5 -2.9368 4.535 

AltP2 
' 4 -1.379xI0-5 2.958 3.515 -4.748xla- .,.-

, '-.\ ,.~~ ., ,,"" .' 
,~ 

41 

~ 

o 
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( 



_____ '.1:. J 

5R. 
1 

o TABLB 5-11 

Nu_riéa1 A.pp:roxillations" of the Partial Derivatives 
• o~ the k, D, 'A and ~ Para.tters 

with Respect to the ParaJleter Groups Ril' RIl2' RPl and RP2 at 254.2"c 

Tellperature ,-254. 2°C 
Percen~aae C!taÎlge in the Para_ter Group - ' 1.0' 

,,1 
• NOIIinal Values 

. 
Mo1efracti~ of Propylene, Vp - 0.185 . / 
U 1 - '0.1495 
1UJ.2 - 0.2409 
RP 1 - 0.7172 
RP2 - 1.7529 
k - 2. 5329xIO- 2 

D ) - 1.'280hIO-3 

·6 . - 5.0825 

'p - -4.8321 

6k 6D A.t. 6'~ 

6RR1 1.121 2.080 -160.4 174.S" ~ 

6RR2 
-(J~8195 -1. 86Ox10· 2 168.2 " .. 161.9 

6RP1 2.455xl0- 2 1.2SSX10":S ... 4.099 6.360 

6RP2 .. 2. 41lxlO'" 2 -1.217x10-3 4.914 .. 5.371 

,. , 
F 

.~ 

r, 
-. 

- , . -

• 

............ ------------------
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0k2. - 1. 662xl0·9 + .4.897Xlg-8 + 4.132xl0-9+ 1.130xl0·9, 

- S •. S89xlo- 8 '" ••• :.5-81 

0 0'2 - S.66Sx10- 1S + 1.058xlO-12 .+ 2. 045 xl 0'" Il + S.S42xlO- 12 

- 2.70xl0- 11 
... , .. 5-82 

o· 2 _ 0.342 + 24.050 + 2.185 + 0.5698 _ 27.16 5-83 

'â 
2 a, 

p 
- 0.67,6 +36.670 + 27.102 + 2.860 - 40.21 , .5.84 .. 

\ Siailarly. the variances for the parueters at 243. laC a~ given br 
i 

~ 0./ - 7. 93~10'::'8+ 3.108x10-7 + 3.S9xlO-7 + \.llx10·7 

- 8.60xl0·7 ••••• S-8S 

4. 12xlO· 10 
••••• 5-86 

- .95 + 9.85 -+ 13.69 + 4.32 - 21.81 .,. 5-87 , 

- 1.21 + -8.10 + 32.65 + 70.57 - ltl.SS 5-88 

At 254.2 th. variance. for the ~ra_ters art obtained a5 follows 

~ 
Ok 2 - .2.31xl0·S+ 9.04xIO-6+ 5. 87xlO·3 + 3.32x10-3 

2 0', 
IJ 

2 0, 
P, 

_ 9.22xl0·3 

- 10.34x10·S · 

- 0.414 + 3.81 + 163.56 + 137.93 - SOS.80 
b 

- 0.149 + 3.53 "'" 393. 75 ~ 164.78 - 562.11 

..." 

••••• 5.89 

••••• 5-90 

'5-91 

5-92 

i 

1 
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It is evident rrom Tables 5-8, 5-9, and 5-ÎO that the values of the 
" 

paraaeters k, D, '6 and 'p are IlOre sensitive to the RRi group para­

lleters than RP.. However, because of the appreciable 5catter in the 
1. , 

experiJllental data of RP i group parameters, they have larger standard 

deviat ions than RR. group paraaeters as indicated br Table 5-1. 
1 . 

Therefore, it is not surprising that Equations 5-81 to 5-92 indicate , 

al1llost equal contribution frOil al~ the paraaeter groups "to the variances 

of ...,the paralleters. Even Equations 5-86 to 5-89, 5-91 and 5-92 indicate 
, . 
that RP i parameter groups contribute IlOTe to the variance~ of the para-

lleter than RRi parameter groups, contrary ta the ,obsf'~a~ion of Kelly (1). 

o 0 
Accord ing t 0 Tab le 5-12 the re suIt S-.(.at 233. 5 C and 243. 1 C 

indicate low standard deviations cœpared to the noainal values. .In 
- . 

. all cases, the standard deviation is lesa,"than 30 per cent of the nominal , , . 

valûes. On the other hand the res~1t 5 at 254. 20 C show that the standard 

devlations are 1I11tiples of the no.inal value~. 'Ibis was caused b)r the . , 
large scatUr of the ,xperiJlental data for tbe parameter groups. , ;. 

'i~ respect ta the RRi paralleter groups, tbe stand,ard devil:tions pf the 

fitted 'Unes st 254.2oC are about 10 t iJles the standard deviations at .. . 
the ,other average reaction tellllp8ra~ures. 

Varat ion \ in the Est :iMted fataMters 
1 
1 
f 

Contrary to expectation, the estiated first-order reaction • 

rate constant, k, ând the intra-'particle diffusivity vary with concentlra­

tion. 'Ibis deviation frJ. the hypoth~sis, underlying the develop1leJlt of 

attributed to a nUllber of factors. With 

\ { 
!~--~-------------
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,) 

respect to the reaction rate constan~ k. it! variation vith concentra­
t 

tion can be attributed to the fact that the reaction rate 1I&y not he 

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

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

that the product, propylene, underwent a significant amount of further 

reaetion such as dimerization. Henee tbe concentration of propylene was 

ùnderest imated. 
( 

1here is no particular reason to expect D to· be inde~ndent . 
of concentration. However, the model is followed fairly vell ài lower 

temperatures, but not at 254
oC. ~ossibly thls 15 caused by the increased 

. ,l . 
rate of dimerizatiort at high temperatures. 

In developing the mathematical model it was assumed that the 

concentration deviation was negligible compared 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 
" 1 

program output presented in the Appendix indicates a I18xlmm concentration 

deviation of about 11 per cent -ef the steady ~tate value. 1hus the concen­

tration deviation 15 not negligible ca.pared to the steady state value. 

This ~ld account for the variation of k, 0 vith concentration. 

1here vas cOiPstderable 5catter in the raw experblental data 
... 

and this definitely affected the values of the estiated paraJDeters. 

In the _theaatical aodel it was assUllle~ external 

IlaSS tran5fe~ resistance iS negligible c~ared vith the ~iffUsioyl' and 
1 ..., 

reaction resistance. This'is not .trictly tnae •. The surfjace of tbe 

! 
1 

.. 
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( 
pelle s we:re not in line with the top of the die hales and this could 

\ 

in significant interfaci,al I18.S5 transfer resistance. A alisht crack 

a pellet and the reactor could perait a leakaae flux betveen the bulk 

,as ase and the vertical Side of the pellet. This would have the 
, . 9 • 

effect '~f ~ystematic errors in A and h, but the contribution ls probably 

d, in any ~ase, it is nearly constant for al1 of, the exporiments. 
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7. COM:LUSIQN .. 

A _the_tical mode! based on the concentrat:ion of the product 

for the estimation,of the parameters characterizing heterogeneous catalysis 

had been developed. The parameters are the first-order reaction rate 

constant, diffusion coefficient and the slopes of tbe sorption isotherms 

for the product and t:he reactant. 

111e. Ethematicai model was tested vith a continuolÎs stirred 

volume ~talytic reactor (gradientless) using the pulse response technique. 

The reaction vas the isolllerization of-cyclopropane to propylene on 13X 

zeolite catalyst. 

Kelly (1) perfomed the sue experimelit. Howe~er, in basing 

the athematical aodel on the reactant concentration he could estimate , , 

~ly three pa~t.rs, na.ely the first-order reaction rate constant, , .. ' 

'diffusian coefficient and the slope of the sorptional isotherm for the .. 
reactant. ., 

The estimated first-order reaction rate constant, k, and the 

. diffusion coefficient, D, varied with concent rat ion. However the integra 1 

. , 

'average values of the se paraaeters can he compared with those reported 

by Kelly (1). At the average reaction temperature around 252°C, ~ and ~ 

ca.pare ve~ ~avou~y (Table 5-8). 

aorption 

1flih the present mathe_tieal lIOdel, the slopes of the bJnary 

isother.s for both the reactant and th~ product had been ~ 

swltaneously. It had been ob~erved that ~he slope of jt' detel'llined 

" 

! 
1 
~ 
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.. , 

binary sorption isotherm for the product (propylene); which is less 
\ . 

1 

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

cataly5t (l), was negative. This observation can be explained assuming 

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

5tate. 

Knowing the slopes of the sorption bothenn of the product 

l " (and assuing the Langlllir~Hinshelwood sorption iso~herms), those of the 
~ 

nactant could he estimated froll the matheutical model developed. The 

shape of the sorpt ion isothera lindicates a combinat ion''of lIono- and 

Il1lti-~r adsorption. l, 
'. 

Within the U .. its of the aCCQracy of the concentration detector Ill' 

and assuming that then is no sorption of nitrogen at the reaction 

te.~tureJ it tan" he concluded frOll the experimental results that the 

steady state conversion of the reactant 15 independent of the reactant 

lnlet concentration to the nactor. 

.. 
The ftsults of the p1'esent investigation indicate considerable 

li" 

t..,rove.ent iJÎ the degree of certainty in the experimentally measured 

.ao.ent zero-lDOJIIent as êDllpat:ed to the resuIts of Kelly (1). The para­

_ters vere very sensitive to the parameter groups involving on1y the 

ze~.oaent (RRi ). However,' this was cancelled out by the suU standard 

deviations of the ~inear reg~ssed Unes fitted to the ra", experillental 

data. 

" 

There was large scatter of the parueter groups' invo1ving the 

first .normalized .ament (RP!). This was a1so cancelled out br the low 

\ , \ 
1 
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sensitivity of the pa~ters to these para.eter groups. Thus the vari­

ance analysis indicated e~1 contribution to the variance of the para-
• j 

_ters frOil all the paraaeter groups. 
't 1 

1 

In developing th~ _the_tical .odel, it wa5 assuaed, that the 

concentration devi&tibn ab~t the steady state value vas negligible 

c~ared to the steady state vafue. &1t in order that the deviatian 

concentration could be lI01litored, it had to be large enough. This 

de.anded that ~e aolefraction of ~he reactant in the inlet ,as he pulsed 

~0.2 for the ~ pellet and 0.1 for the ttfick pellet When generating 

the square wave. A suple of the prograa output has been presented in 

the Appendix. It indicates a DXiIua concentration deviation of about 
• 

11 per"cent of the steady state value. Thus the ctcentratiàn deviation 

15 not negligible coapared to the steady stat& value. This could account 

for the varia't ion of the est iated para_ters with' concent rat ion. 
, 1 '. • 

'nie Ik)st effective way to elillinate tPis constraint is to use 

a .ore sensitive concentration detector 50 that the deviation could be 

.. de as 5 .. 11 as possible. 
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