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Abstract --  For multi-step heterogeneous consecutive reactions affected entirely by interphase 
diffusion under isothermal condition, lhe equations for the effectiveness factors, the surface concentrations 
and the point yields were derived in terms of the Damkoehler numbers or the measurables from the mass 
balances set up on the assumption that the mass-transfer rate balances the surface-reaction rate at steady 
state. 

From the analyses of the equations derived, the effectiveness factors for the intermediate steps and the 
surface concentrations of intermediates were understood to be enhanced by the measurables inclusive of the 
concentrations and the mass-transfer coefficients. Then the effect of the concentrations was concluded to be 
most significant. The effects of these measurables to the effectiveness factors and the surface concentrations 
were qualitatively discussed for simple consecutive reactions and also for additive consecutive reactions. 
Especially, as for two-step additive consecutive reactions, the effects of measurables 7"/Da and the 
concentrations to the effectiveness factors were examined with graphical presentations. 

Finally, the brief discussion of the dependency of the Damkoehler number upon reaction time and the 
effect of the Renolds number and diffusivity to the extent of the mass-transfer resistance were presented. 

INTRODUCTION 

In the treatment of the kinetic data of the reactions 
on heterogeneous catalyst, mass transfer sometimes 
complicates the analyses of the kinetics even if simple 
power principle is applied to the rate equations. 

Many works treated diffusional effect to the reaction 
rates on heterogeneous catalyst, and thus some of them 
were introduced [1-7]. Also some examples of the reac- 
tions affected by mass transfer appears in the literatures: 
the oxidation of ammonia  [8, 9], the oxidation of 
naphthalene  [10] and the disproportionation of olefin 

[11] 
In common single reaction affected by only external 

mass transfer, since the surface concentration of a reac- 
tant is always th inner  than that in the bulk under  
isothermal condition due to diffusional resistance, the 
measured reaction rate is less than expected in the bulk 
condition. Also, since the reaction rate is usually 
measured by the bulk concentration, it is required to ob- 
tain the rate by the surface reaction. Then the 
Damkoehler number  Da becomes a measure of the ex- 
tent of the diffusional resistance. But, on account of its 
unmeasurabli ty directly from experiment, the effec- 

* To whom correspondence should be addressed. 

tiveness factor r2 defined by the ratio of the surface- 
reaction rate to the bulk-reaction rate is usually 
measured from the measurabls, so-called ~ Da. Then the 
following division of r/Da by r? indirectly produces the 
calculated value of the Da. 

What is of interest in this study is to relate the 
desired variables with the measurables from the experi- 
ment on the ground that the mass-transfer rate within 
film around the catalyst particle balances the surface 

reaction rate. Of course, the Stefan-Maxwell equations 
may be applicable to multi-component system, but the 
introduction of the mass-transfer coefficients were at- 
tempted because of the convenience to obtain the 
desired equations. 

SIMPLE CONSECUTIVE REACTIONS 

S u r f a c e  C o n c e n t r a t i o n s  a n d  E f f e c t i v e n e s s  Fac- 
t o r s  

Multi-step consecutive reactions schemized as the 
following were considered. 

B - - + - - - ~  I ~ --~" N ~ P I1) 
A k~ k2 k, kn 

where each step is regarded to be elementary, 
At steady state, a mass balance for the reactant A is 

set up as 
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( k g a ) A ( C A - C A s )  = k t C A s  = R1 (2)  

For the intermediate I, 

(kga)l(CB-Ci) = ki_lC(l_l)s-klCls = Rj_I-R i (3) 
(I = B,C,"" ,N, and j = 2,3,... ,n) 

where the subscript I means the intermediate cor- 
responding to the j-th step, and 1-1 indicates the in- 
termediate corresponding to the (j-1)-th step. 
And for the product P, 

(kga)p(Cps-Cp) = knChs = R. (4) 

If Z l is defined as the ratio of the surface concentra- 
tion of a species I to the bulk concentration, C~s/C v and 
the effectiveness factor ~i as the ratio of the surface- 
reaction rate to the bulk-reaction one, v i for isothermal 
reaction becomes 

~i = Z, (5) 
Thus, from the relations (2)-(4), r~ is and Zis are writ- 

ten as the followings in terms of the Damkoehler 
number Da i defined by the ratio of the reaction rate to 
the mass-transfer rate, ki/(kga h. 
That is, 

1 (6) 
,=Z^ l+Da, 

l+ u, 7, Z,-, Da~_, (7) 
r / j = Z j  l + D a j  

where vj and ;'l are defined by 

C l _ l  (kga)l-' and 71 = I,' I 
{k~a)i C, 

(1 = B,C,---,N} 
andZp = 1 + UpTpZNDa" (8) 

In case of two-step consecutive reactions, the eq. (7) vir- 
tually becomes same as the Carberry's result [1] while 
the eq. (6) is essentially for the first-order reaction. 

Now it is required to obtain the equations for ~j and 
Zj in terms of the measurables ~iDai because Da i is not 
determined directly from experiment, but rJjDa i deter- 
mined directly since 7iDai = Ri/(kga)jC v The reusing of 
the :relations (2)-(4) and the introduction of ~iDai let us 
reach the following results. 

~ = Z ^ = I  ~,Da, (9) 

r~j = Z l= 1+ v,7, r/j_, Daj_, -- r/iDa~ (10) 

and 

Zp= 1+ Vp 7pT] n Da. (11) 

P o i n t  Yields  
If Yrs, the point yield by the surface reaction, are 

defined as 
dC,~ 

YIs dC^s (12) 

Yrs is written as the followings. That is. 

Y,s=KJ_, Z,_, C~-t Z, C, 
-Z^ C^ K~ C~ 

In terms of Da i, 

(13) 

l + D a t  | -  l 

Y,~=K, , l+Da~ (1+ v, , 7 , - ,Z , - ,  Da,_,) -[-[,:B (1/71) 

. l + D a l  
(1+ u,7,Z,_lDa,_,)  ~ (1/7,) (14) 

I=B 

In terms of 77 J Da~, 

Y~s=KJ_, l+v,_~yx_~r/J_,_Daj-~ f-~ 
1 -  r] ,Da, m[,=. (1 / r , )  

_ Kj 1-1- v O% r/,- ,  Daj , 
i :  ,Dd r,l 1151 

where 
K, = k,/k, 

Then viDaj = 0 in case that the number of the step 
does not match the corresponding species. For example, 
~/2Da 3 = 0 since r/2Da 3 has no physical meaning. 

If Y~ , the point yields by the bulk reactions, are 
defined as 

dC, 
-dC^ 

Y, is written as 
I 

YI= K,_, ~ (1/r,) - K,- IT ( l / r , )  (16) 
I=B I=B 

Thus the comparison can be made between Yls and Yv 

ADDITIVE CONSECUTIVE REACTIONS 

Surface  C onc e ntr a t ions  and  Effect iveness  Fac- 
t o t s  

Multi-step consecutive reactions schemized as the 
following were considered as well 

+M +M +M +M 
A kl' > Bo k,'> - - - ~ I  M~" - - - > N - ~ .  P (17) 

Where each step is also elementary. 
The mass balances are set up for each species as the 

followings. That is, 

( k ~ ) . ( C , , - C . s ) = Z  k ,C . sC , s= .~  R, (18) 
J= l  d=l  

(k.a) A (CA- CAs)=k,C ~sCAs (19) 

(k.a), (C,s - C,) =k,_,  C.~C , , _ , ,  s - k,C,,~C,s 

= R,_, - R, (20) 

and 

(k.a) p (Cps- Cp) =k.CMsC~s = R.  (21) 

If new definitions for vj, 7' l and Daj are given as 
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(k~a) M C~ ksCr 
Vl (k~a), '  7,=Ctt  and Da, ~ (k,~)-~- 

from the above mass balances, Z M, which is CMs/C M, 
and Z~s are written as the followings. That is, 

Z ~ =  1 -  ~ ZMZ1Daj (22) 

where the usage of the subscripts are same as before. 

Z . = I -  v ^7 ^Z,,,Z^Da, (23) 

.Zt= 1+ v ,7~ (ZMZHDa,_,  - Z~Z~ Daj ) (24) 

�9 and 

Z e =  1+ v pTpZ=ZNDa. (25) 

Meanwhile, 
Rj 

r/j = ZMZx, and ~sDas (k~) MCM 

Thus Z~s are written in terms of ~,iDaj as the followings. 
That is, 

Z ~ =  I - ,~, l],Da., (26) 

Z a =  1 -  v ^Tarl~Dal (27) 

Z j= 1+ ~, ET, (r/j_,Da,_, - r/sDa, ) (28) 

and 

Zp= 1+ u PYP, .Da.  (29) 

According to the definition, v is are written in terms 
of Da i as the followings. That is, 

r~,= ( 1 - ~  Z~ZIDas) ( 1 -  U^yaZ,,,Z^Dat) (30) 
1 = 1  

and 

r ~ =  ( 1 - ~  Z~Z,Daj)  
, = 1  

( l  -{- IJ l}", (Z .Z [_ ,  Das_, - Z~ZEDaj  ) ~ (31) 

In t e rms  of ~iDai, 

;7,= (1 - ~ r/,Da,) ( 1 -  l~^)'^;71Da,) (32) 
l = n  

and 

;7,= (1 -~ r /~Da , )  ~l+~7~(r/ ,_,Da,_,-  r/~Da,)] (33) 

Although the different reactants denoted by Mj are 
added to each step in this type of reaction, the results are 
obtained by the identical method to the previous 
development. Thus ZMj, which is C~is/Cuj, is written as 

Z~ ,=  1 - ;7,Da~ (34) 

where Daj is defined as 

k ~ ,  
[)as 

(k~a) M, 

But the eqs. (26)-(28) can be used without modification 

in the forms on the definition (34) and the following 
definitions. 

(k~) iJ CMJ 
~' (~-~a)~ and y ,=-~ ,  

Also, since ;7dDaj~Rj/(k~a).sCM~, r/is are written as 
the followings. That is, 

rh= ( 1 -  rhDa,) ( 1 -  ~^;v^;7,Daj) (35) 

rh= (1 -  ;TiDal) ( l+v ,y ,  ( r / ,_ ,Daj_,- rhDas)~ (36) 

Point Yields 
By the definition, Y~s is written in terms of Z I, Da i or 

;7 ida i as the followings. That is, 

Y , s = K s _ , ( ~ . ' )  Y,-, y^ -Ks(z~)TZ ~ (37) 

Y,s Z,_,Da~_,-  ZiDas (38) 
Z^Da, 

Or 

Yts~  ;Ts_,Daj_, - ;7sDas (39) 
rhDal 

Since Yj is written as 

Y,= K j_, 7A__ K, 77~* (40) 
7,-, 7, 

the comparison can be made between Y,s and YI. 

DETERMINATION OF VARIABI.F-~ 

The following algorithm is available in determining 
the effectiveveness factors, the surface concentrations 
and the rate constants from the experimental data. 

(1) Determine r/jDajs from Rjs, (kga)~s and C,s and CM 
Here a Rj is the slope of the curve in the plots of Cj vs. 
time, and (kga) l is obtained from the mass-transfer data. 

(2) Determine ;Tj and Zj from the equations derived 
or the graphs as shown in Figs. (1)-(16). In case of simple 
consecutive reactions, ;7j and Zj are calculated directly 
from the eqs. {9)-(11) at the same time. In case of ad- 
ditive consecutive reactions, Z I is obtained from the eqs.. 
(26)-(29), and ;7i from the eqs. (32) or (33), or from the 
graphs. 

(3) Once ;7i is known, Daj is calculated from the divi- 
sion of ;7iDa i by r/j, and then k i from the definition for 
Daj because (k~a)j was already known from the mass- 
transfer data. 

(4) Y,s s are easily calculated from one of the eqs. 
(13}-(15) for simple consecutive reactions and the eqs. 
(37)-(39) for additive consecutive reactions because Kis 
are determined by the definition. 

Further calculations can be done for the comparison 
of Y,s with Yp Meanwhile, the surface concentration Cts 

Korean J. Ch. E. (Vol. 2, No. I) 



48 S.K.  Moon and Y. S. Won 

r } l  

1.0 

Fig. 1. 

. . . . . . . .  t . . . . . . . .  

cC~/C~) rt2 Da2 0.01 
0.1 

6 

4 

2 

0.01 2 4 6 80.1 5 4 6 81. 
r~Da~ 

The effects of C. /C~ to r~l in consecutive 

reactions, A + M  ~ B+Mk-~P,  at  cons tan t  

r~ ~Da~ �9 (r/~Da~ =0 .01 ) .  

is determined by the multiplication of Z t by the bulk 
concentration of I. 

R E S U L T S  A N D  D I S C U S S I O N  

From the equations obtained by the mass balances, 
the effectiveness factors, the surface concentrations and 
the dependency of the Damkoehler numbers upon reac- 
tion time were discussed. The emphases were given 
especially on the effectiveness factors for the in- 
termediate steps and on the surface concentrations of 
the intermediates because they vary greatly with the 
variations of the measurables. 

T h e  F i r s t  S t e p s  

In general, for single-path reactions on non-porous 
catalyst, affected by external mass transfer through 
isothermal process, the effectiveness factors are ex- 
pected to be less than unity. Also the surface concentra- 
tions of the reactants are usually thinner than the bulk 

r ] l  

1.0 

Fig. 2. 

4 

2 

O. 0 

. . . . . . . .  i . . . . . . . .  

ICM/CA) 02Da, -0. 1 
�9 '0. 1 

_ _  - -  3 

2 4 6 8.0.1 2 4 6 91.0 
r~Da~ 

The effects of CM/CA to ~, in consecutive 

reactions, A + M ~ B + M ~ P ,  at cons tan t  

;7 ~Da~" (r/~Da~ =0. 1). 

. . . . . . . .  I . . . . . .  ' ' [  

r/, . ~Da~) C"/CA =0" 5 

6 0 . 3  

4 

0 . . . . . . . .  I , 

0.01 2 3 5 7 90.1 2 3 5 7 91.0 
zT,Da~ 

Fig. 3. The effects  of C./C.  to 77, in c o n s e c u t i v e  

r e a c t i o n s ,  A--M ~ B + M  ~ p,  at  cons tan t  

r/2Da~ �9 (r/2Da2 = 0 .  5). 

ones, but those of the products are reverse to those of 
the reactants. These concepts are applied to the first 
steps in consecutive reactions as well. 

In simple consecutive reactions, r/I is linearly depen- 
dent upon r/~Da t, decreasing with the increase of r/~Da e 
The reason is due to diffusional resistance. Also Z A has 
the same trend as r~t. These are supported by the eq. (9). 
Meanwhile, Zp is linearly dependent upon ~~ n, in- 
creasing with the increase of T/,Da,. The reason is that 
the escaping of the product from the surface to the bulk 
is retarded by the film resistance. It is supported by the 
eq. (11). In fact, the  above m e n t i o n e d  are 
phenomenologically natural. 

In additive consecutive reactions, ZA and Z M are less 
than the unity. According to the eq. (27), Z A is explained 
similarly to that in simple consecutive reactions. Then, 
according to the eq. (26), Z M is the unity minus the sum- 
mation of all the ~iDais, and thus presumed to be very 
small compared with Zt, in the magnitudes. As for Zp, 
similar interpretation to that in simple consecutive reac- 

Fig.  4. 

0.01 2 4 6 80.1 2 3 5 7 91.0 
~,Da, 

The effects of 772Da~ to r~l in c o n s e c u t i v e  

react ions,  A+M ~, B+  M ~, P, at c o n s t a n t  
m 

CM/C^ �9 (CM/CA=0.1). 
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,C~/C~ 0.5 
1.0 -- : ; l ~ [ ) a a ,  b 

_ ~ o. o1 

5 --  

0.0 2 ,3 5 7 91).1 2 3 5 7 91.0 
rhDa~ 

Fig.  5. The e f fec ts  of r2zDaz to ~, in consecut ive  

reactions,  A + M  ~ B +  M ~ P,  at constant  

(;H/CA - (C~/CA: 0.5).  

tions can he made by the eq. (29). The r/~ is always less 
than the unity as before by the eq. (32), but greatly af- 
fected by the measurables. From the relation that r/~ = 
ZAZ M, the molecularity of the reaction is assumed to be 
apparently significantly involved in the first step unlike 
the case of simple consecutive reactions because the ad- 
ditive reaction of single path in this study is bimolecular. 
But, from the view point that M is added to each step, 
and resultantly Z M is extremely small, the significance of 
the molecularity is reduced rather than that in single- 
path addition. In fact, Z A and Z M are greatly affected by 
the bulk concentrations themselves, the mass-transfer 
coefficients and r/iDais. The eqs. {26) and (27) support 
these. 

In termedia te  S teps  & I n t e r m e d i a t e s  o f  S i m p l e  
C o n s e c u t i v e  R e a c t i o n s  

In simple consecutive reactions, from the eq. (10), Z~ 
and r~ i are dependent upon v~ and ~'l as well as r/iDa ). If 
(kga)~s are assumed not to be considerably different in 
their m~gnitudes, u ~ can be set approximately to the uni- 

r h C H / C  A : I 0 

0.01 2 4 6 8 0.1 2 4 6 8 1.0 
rh Da, 

Fig. g. The ef fec ts  of ;7 2Da2 to r~ ~ in consecut ive  

react ions,  A + M  k~ B + M  ~ P,  at  cons tan t  

Cr,/C,, �9 (C,,/C,, = 1.0). 

. . . . . . .  ' 1  

~, c.,/c, = 7,. 0 
1. O ~  'r/2Da~ 

6 0 . 3  

0 ' ' ' . . . .  
0.01 2 4 6 80.1 2 4 6 8 0 

z/,Da, 

Fig. 7. The e f fec t s  of r~Da2 to 7;, in consecut ive  

react ions ,  A + M  ~ B +M ~. P, at constant  

C~/CA-<C, /CA 5). 

. . . . .  ' [ '  

ty. Then Z 1 and r/i are expected to be mainly affected by 
7~ and r/iDa i. The above assumption is rationalized by 
the fact that the diffusion rate of gas is inversely propor- 
tional to the square root of the molecular weight (in case 
that the molecular weight of A doubles that of B, v B 
becomes 0.71). Of course, the precise estimations of Z I 
and r/i must be carried out on the consideration of % 

The comparison of the eq. (10) with the eq. (9) 
enables us to regard the term C J (=  ~ - vzg'~r~-, Da~) 
as an enhancement for the increase of r/i or Z~ because 
two equations are identical in the form if this term is 
eliminated from the eq. (10). Here 4' I is for an in- 
termediate, and r for the effectiveness factor. This 
enhancement is presumed to be due to temporary abun- 
dance within the film of the intermediate to the next 
step. This abundance is also presumed to be resulted 

i ~ , i r i , , , | C~/C~= 10 

1.0 
(r~=Da,} 

0.01 2 4 6 8 0.1 
r/iDa, 

Fig. 8. The e f fec ts  of rl2Da~ to ~, in consecut ive  

react ions .  A = M - - * B ~ M  ~ P ,  at constant  
kl k~ 

C ~ / C ,  �9 (C~/CA= 10). 
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v' 1 . 0 ~  

8 . (rhDa,) 
~ 0. 01 

0 . 1  

4 0.3 

2 

0.01 2 3 4 5 
~,Da, 

C./C,=20 

�9 . , . ] 

8 0 . 1  

Fig. 9. The effects of ~ ~Da2 to ~, in consecutive 

reactions, Ad-M k~ B+M k~ P' at constant 

C . / C ^ .  ( C . / C ^ = 2 0 ) .  

from the retardation of the diffusing of the intermediates 
produced from the earlier steps from the surface to the 
bulk. 

If ~'~ is small, the influence of Y~ to r or r and 
resultantly to Zt or ~i is not significant. But. instead, if ~'l 
is large, the contribution of ~'~ to Z~ or ~i is expected to 
be considerable. Thus there may be the case that Z~ or 
~i exceed the unity even if consecutive reactions occur 
under isothermal condition. If fact, the former case is fre- 
quently encountered when exothermic reactions occur 
under non-isothermal condition. From this point of 
view, the effect of Y~ to Z t or ~i is regarded to be impor- 
tant. But the effect of ~iDai is not great because ~/iDai <1. 

r h  6 ;7~ 5 

2 

1.0 1.~ 

0 . ~  O. 
0.01 2 4 6 80.1 2 4 6 81.0 

~2Da2 

Fig. 10. The effects of C,/C, to r/~ in consecutive 

-~ B §  -~ P, at cons tan t  reactions, A + M  k] k~ 

o,Da] �9 (~,Da, =0 .01 ) .  

Intermediate Steps & Intermediates of  Addit ive  
Consecutive  Reactions 

From the comparison of the eq. (28) with the eq. (27), 
~ becomes ~',7,~.,._,Daj_, identical to that in simple 
consecutive reactions. Therefore, as for # t, similar ex- 
planation to that of simple consecutive reactions can be 
made. But, as for r or ~i' careful considerations are re- 
quired rather than in simple consecutive reactions. 
From the comparison of the eq. (33) with the eq. (32), ~j 
becomes 

N 

CJ~ ~,7,m_,Daj_, (I - ~A r/jDaj) (41) 

According to the eq. (28), Z~ is greater than the unity if 
r/, ,Daj_, > qjDaj, but less than the unity in case of the 
reverse. On the other hand, ~ i can be less than the uni- 
ty, even if Zt>l .Because ~i = Z,ZM, where Z u < l , t h e  
multiplication of Zi by ZM can be less than the unity. But, 
on the assumption that v~ can be set approximately to 
the unity as before, if 7~ has the large value, Zt can 
become far greater than the unity, and its magnitude 
depends upon the value of ~'j. 

In this study, two-step reactions were taken as an ex- 
ample in order to investigate the influence of Y~ and 
~iDaj to r/i. Here v a was taken as the unity, the results 
were plotted from the Figs. (1) to (16). Then the plots of 
7/2 vs. r/2Da 2 with the variation of rllDa ~ where ~'B = 1 
were omitted because ~2 becomes simply 

0 ,=  (1 -  rhDa,) ' - (~,Dat) '  (42) 

from the eq. (33). These graphs can be used for the 
determination of ~ is from the experimental data, but, if 
the slopes of the curves are steep, the use of the equa- 
tions derived before is recommended rather than the 
graphs. 

As shown in the Figs. (1)-(3) and (10)-(12), the in- 

, " I . . I ~ l i ~  f [ , , , , l ,  I 

r/,Da,~0. 1 [ 

2O 

(C~,]'C B) 
- (~. t / / /  3 \ \ ~ -  

I I I I I l , I I  I I I I l t l l  

0.01 2 4 6 8 0.1 2 4 6 :!.0 
rhDa~ 

Fig. l l .  The effects of C,/CB to r~, in consecutive 

reactions,  A+M ~ B + M  ~ P, at cons t an t  

r / ,Da ,"  ( r )~Da~0 .1 ) .  
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�9 r I I I I I I  I I I I I I I l r l  

~ (C./C B) ~,Da, :~0.5 
2O 

0.0l 2 4 6 80.1 2 4 6 8:l. 0 
~Oa~ 

Fig. 12. The e f fec t s  of C. /CB to ~ ~ in consecut ive  

react ions,  A §  --" B + M  -"  P,  at cons tan t  
k, k~ 

:Da, �9 (v,Da~ =0.  5). 

fluences of 7is to ~js, when investigated at the condition 
that another r/iDa i was fixed as a constant, are greater at 
the large value of r~iDa i than at the small value of VjDa i. 
According to the Figs. (1)-(3), at constant r/2Da z, r/~ 
decreases with the increase of 7A. Then, in the Fig. (11) 
plotted for r/]Dat fixed as 0.1, r/2 decreases with the in- 
crease of 7 B where ~lDa]>t/2Da 2, but increases where r h 
Dar(r/2Da 2. In the Fig. (10), the above tendency was not 
shown explicitly because the curves were cut where 
r/2Da2 .<~0.01, and also, in the Fig. (12), only the increas- 
ing tendency of rt 2 with the increase of 7 B was shown. 
But, :if plotted over the whole range of r/2Da 2, the Fig. 
(10) will show the same fashion as the Fig. (11). 

According to the Fig. (4-9) and (13-16), the influence 
of r/2Da 2 to r~ 1 at fixed 7t, is not severer than those of 
rJtDa ] to ~2 at fixed 7 B. The influence of r/]Da~ to 7/2 is 

2 
q l  

1.0 
8 

6 
4 

2 

O,l t 

O. 01 

! I I ! I I I I  I I I I I I I I 

C./CB--O. 1 
(rhDa,) 

0.01 

2 4 6 "8 0.1 2 6 8 

r/2Da, 

eig. 13. The e f fec ts  of 71,Da, to ;7 2 in consecut ive 

react ions,  A + M  ~ B §  ~ P ,  at cons tan t  
k, k2 

CM/CB �9 (CM/CB--O. 1). 

I I I I I I I I  I I I i' i I I I I  

C./C~ = 5 

1.  Q.01 

OJ 

OJ5 

0.01 2 4 6 8 2 4 6 8  1.0 
r} 2Da2 

Fig. 14. The e f fec ts  of ~ iDa, to 77 2 in consecut ive 

react ions,  A + M  k, B + M ~ .  P, at cons tan t  

C,~ICB" (C~/CB=5) .  

great especially at the large value of 7 8, 

Therefore the conspicuous effects of 7# to rlis are ob- 
vious from the figures plotted for two-step reactions. 

Dependency  of Da upon Reaction Thne 
For a single first-order reaction, Da is constant 

regardless of reaction time or the bulk concentration of 
the reactant if the variation of the concentration during 
the reaction does not affect the mass-transfer  
coefficient. Dais for simple consecutive reactions are also 
independent of reaction time or the concentrations of 
the species because the Dais are expressed by the same 
from as that for the first-order reaction. 

But Dais vary with reaction time or the concentra- 
tions in case of multi-component reactions or the reac- 

i i I I I I I I  I 

z h  

. / /  
4 

2 

/ o. i~ 0 . 2 1  
0.[  i I I I I , I  I 

0.01 2 4 6 0.1 
~Da2 

Fig. 15. The e f fec ts  of 77 iDa, to ~ z in 

react ions,  A + M  ~l B~LM ~'z P '  at 

C ~ / C s "  (CM/C.=10) .  
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' . 6 1 7 .  , I , + ,  , . , ~ ,  

l ~ [)a,) 
I ' 

0.01 2 4 6 8 0.1 2 4 6 8 1.0 
~2Da~ 

Fig.  16. The e f f e c t s  of  7/,Da~ to ;7 ~ in consecut ive  

react ions ,  A + M  -* B + M  -+ P, at c o n s t a n t  
k, kz 

CM/CB" (CM/CB=20), 

tions of non-linear kinetics. In additive consecutive reac- 
tions under consideration, Da I decreases as the reac- 
tions proceed. Then Dais for the intermediate steps vary 
with reaction time depending upon the magnitudes of 

kis. 
In general, the dependency of Da upon reaction time 

is expected to be conspicuous in the batch reactors or 
PFRs, but to be nil in CSTRs after the reactions reach 
steady state throughout the reactors. 

Effec t  o f  D i f f u s i v i t y  a n d  R e y n o l d s  N u m b e r  

h~ general, the mass-transfer coefficient is measured 
by the Sherwood number or the Stanton number cor- 
related by 

Sh 
S t =  

ReSc 

As for forced convection around a sphere, generalized 
relation is 

( oc t )  = 2 . 0 + f  (Re, Sc) (43) Sh 

where the first term 2.0 ts for only moles diffusion in 
case of no fluid motion, and the last term for convective 
diffusion. If hydraulic boundary layer thickness is ap- 
proximately equal to concentration boundary layer 
thickness, Sc = 1. In this case, Sh or Ku is the func- 
tion of Re only. Even in case that Sc is not too large, the 
same statement can be made. Therefore, at low Re, the 
dependence of the mass-transfer coefficient upon Re is 
negligible. In this case, the resistance by mass transfer is 
presumed to be considerable. In the extreme case that 
Re = O (no fluid motion), Sh = 2.0, and thus the mass- 
transfer Coefficient is directly proportional to the dif- 
fusivity. 

At high Re, Sh is dependent mainly upon Re because 

the effect of molecular diffusion is neglected and convec- 
tive diffusion increases the mass-transfer rate by increas- 
ing the concentration gradient within the film. 
Therefore, in this case, the resistance by mass transfer is 
presumed to be greatly reduced. 

CONCLUSIONS 

From this study of consecutive reactions affected by 
isothermal interphase diffusion, the following conclu- 
sions are made. 

The surface concentration of the reactant is always 
thinner than the bulk one, but that of the final product 
thicker than the bulk one. Then Z~ for the intermediate 
is increased by the enhancements 4, ,, and r ~ is affected 
especially by the concentrations. 

~ is linearly dependent upon ~tDal, decreasing 
with the increase of ~Da] in simple consecutiw. �9 reac- 
tions, but greatly affected by the measurables in additive 
consecutive reactions. Also 77i for the intermediate steps 
is increased by the enhancement r and r is affected 
especially by the concentrations, too. 

The Da i is invariant with reaction time in simple 
consecutive reactions, but variant in additive con- 
secutive reactions. 

The diffusional resistance is affected greatly by the 
diffusivity at low Re, but by Re itself at high Re. 

NOMENCLATURE 

A,B,I,M,N,P : 
a 

C 
D 
Da 
K 

k 
kg 
R 
Re 
Sc 
Sh 
St 
Y 
Z 

species 
effective interfacial area for mass 
transfer 
concentration 
Diffusivity 
Damkoehler number 
ratio of the rate constant to that for the 
first step 
rate constant 
mass transfer coefficient 
reaction rate 
Reynolds number 
Schmidt number 
Sherwood number 
Stanton number 
Point yield 
ratio of surface concentration to bulk 
concentration. 
ratio defined by CH/C I, Cm/C I or CM/C , 
for species 1 
interphase effectiveness factor 
ratio defined by (kga)t_l/(kga)l or (k~a)M/ 
(kg a) j for species I 
enhancement for Z or 
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Subscripts  
A,B,I,M,N,P : for species A,B,I,M,N,P 
j,n : for the j-th or n-th step 
S : for surface condition 
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