
JOURNAL OF CATALYSIS 23, 147-157 (1971) 

a 
A 
Af 
b 

B 

B’ 
CA 

CA0 

CR 

d 
D 

E:(h) 

Effect of Catalyst Fouling in Fixed-, Moving-, 
and Fluid-Bed Reactors* 

AJIT SADANA AND L. K. DORAISWAMY 

National Chemical Laboratory, Poonad, India 

Received August 18, 1970 

A quantitative means of assessing the performance of fixed-, moving-, and fluid-bed 
reactors under conditions of catalyst fouling is presented. The treatment covers simple 
reactions of general order in which the effect of different decay forms is considered, the 
role of axial diffusion is examined, and an expression is developed for the effect of catalyst 
decay on yield in a consecutive reaction. Finally the practical implications of the develop 
ment are considered through an example. 

NOMENCLATURE 

11 + W/(X + 1PelI*12 
reactant 

M molecular weight of feed 
Peclet number, Lu/D 
instantaneous rate of reaction 
(g-moles/hr ml> 
instantaneous rate of reaction 
(g-moles/hr ml) 

. 

[(l + a)” exp (aPi/2) 
- (1 - a)” exp (-uPe/2)] 

FBM/PFSF, FBM/PLSL (ml-W 
mole) 
V’BMIPFSF) ko, reaction parameter 
molal concentration of A (g-moles/ 
ml> 
molal concentration of A at zero 
time (g-moles/ml) 
molal concentration of intermediate 
R (g-moles/ml) 
decay order 
axial diffusion coefficient (cm2/hr) 
-Ei(-h) = 1 (e-‘/t) dt is the 

Pe 
TVA 

TVR 

U 
V 

X 

Y.4 

YR 

2 

intermediate desired product 
selectivity, kl/kz 
undesired product 
space velocity of feed (l/hr) 
space velocity of liquid feed (g/hr 
ml) [Ref. (7)J 
linear velocity of feed (cm/hr) 
decay velocity constant (l/hr) for 
exponential decay; and [g-moles/ 
(hr)3’2 ml] for linear decay 
conversion, mole fraction 
instantaneous mole fraction of A 
mole fraction of R 
normalised distance, l/L 

exponential integral 
porosity of catalyst bed Greek Letters 
mass velocity (g/cm2 hr) 
rate constant (g-moles/ml hr) ep time 

rate constant at zero time (g-moles/ e 
g” 

catalyst decay time (hr) 

ml hr) P normalied time, ep/ept 

rate constant (I/hr) Peat density of catalyst (g/ml) 

rate constant (l/hr) Pf density of fluid (g/ml) 

axial distance in reactor (cm) PF density of any feed (g/ml) 

total length of reactor (cm) PL density of liquid feed (g/ml) 

order of reaction x veptd, decay parameter, dimension- 
less for exponential decay and di- 
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mensions of k,,o for linear decay 
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INTRODUCTION 

The rational choice of a reactor for 
handling a time-decaying catalyst invoIves 
such considerations as reaction type and 
thermal behavior of the reaction; but an 
important consideration-one t,hat might 
easily outweigh others-is the reacOor type 
itself. For this purpose, a quantitative means 
of assessing the performance of fixed-, 
moving-, and fluid-bed reactors under con- 
ditions of catalyst fouling is desirable. 

Voorhies (1) proposed a simple expression 
for the decay of a cracking catalyst as a 
function of time, which was lat,er employed 
by Andrews (2) to compare the performances 
of various reactor types. Subsequently, 
alt’hough considerable work has been re- 
ported on catalyst fouling as such, no 
theoretical assessment was made of the 
behavior of different reactor types subject to 
catalyst, fouling, until in 1968, Weekman (3) 
proposed a mathematical model for cata- 
lytic cracking (under conditions of catalyst, 
decay) in fixed-, moving-, and fluid-bed 
reactors on the assumpt,ion of second-order 
kinetics, first’-order decay, and ideal plug 
flow. This was followed (4, 5) by an analysis 
of cracking selectivity in a fixed-bed reactor, 
and it was shown that the time-averaging 
that is characteristic of such a reactor has a 
deleterious effect, on gasoline yield. 

In the present paper, the work of 
Weekman is extended to a simple reaction of 
general order (and also first-order), t’he 
effect of different decay forms is considered, 
t,he role of axial diffusion is examined, and 
an expression is developed for the effect of 
catalyst decay on yield in a consecutive 
reaction. Finally the practical implica- 
tions of the development are demonstrated 
through an example. 

THEORETICAL DEVELOPMENT 

The continuity equation for a plug flow 
reactor operating under isothermal con- 
ditions, throug% which a reactant [A] is 
passing and reacting under diffusion-free 
conditions is : 

DORAISWAMY 

The react’ion rate, ?“vA, is a function not only 
of the mole fraction of A but also of the 
reaction time, 0,. Making use of this basic 
relation the governing equations for the 
three reactor types can be written on the 
basis of the development given earlier (3). 

Fixed-Bed Reactor 

The catalyst decay time opt, i.e., the 
reaction or on-stream time in a fixed-bed 
react’or, is used to normalize the time at any 
point during the reaction or decay cycle. 
Thus the governing equation in normalized 
coordinat,es is : 

where 

FoM e, = 2, ,z = L”, B = -> 
P PFSF 

and 

G has been replaced by pFSF.L (or PLSLL for 
liquid feed). Af represent’s the ratio of the 
feed transit time through the reactor to t’he 
catalyst decay time, and is generally of 
negligible magnitude. Thus, assuming A, .= 
0, Eq. (2) reduces to 

= -BT,A(YA, gp>. (4) 

The rat’e of disappearance of A can be 
w&ten for mt,h order kinetics as 

r,A = k,oe-“ipyAm, (5) 

where lcvO is the rate constant at zero time, v 
is the decay velocity const’ant, and 

x = veptd 

= ~‘8,~ (for first-order decay), (6) 

represents a decay group. 
Substituting Eq. (5) for r?)A in Eq. (4) 

dYA -= 
dz 

- Ble-Xi~yAm , (7) 

where 

B’ = Bk,,j, 03) 

and may be regarded as a reaction group. 
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The solution of Eq. (7) is 

[ 

1 1 
l/Cm-1) YA = (m - l)B'&Pz + 1 >rn#l, 

(9) 

and 

YA = e-we-%) 1 m = 1. (10) 

The average conversion obtained at the 
reactor outlet, i.e., at 2 = 1, is 

(&, = 1 - lo* yAd8,. (11) 

Introducing Eqs. (9) and (10) in (11): 

mth order: 
1 l/h--l) 

z=l- 
/I 

1 

0 (m - l)B’e+h + 1 I 
X de,, m # 1. (12) 

First-order: 

x = 1 + X [E:(P) - Ei’(B’e+)] (13) 

where 

E’;(h) = -j&(-h) = 
/ h 

5= 
1 

l- li k 

0 B’(m - l)(kd’- X&J + kao I 

l/Cm-l) 

X c@,, m # 1. (18) 

First-order : 

x2:=132! 
B’X 

X [ exp(- ("""zu, "')) - eeh']. 

(19) 
Another convenient decay form which can 

be adopted is 

k,(&J = k,o - Xgpd. PO> 

Employing this, solutions corresponding to 
Eqs. (18) and (19) are given in Table 1. 

Moving-Bed Reactor 

In the moving-bed reactor, a steady state 
operation, the residence time of the decaying 
catalyst. corresponds to the total decay time 
BPt of the fixed-bed reactor. Thus, 

(21) 

is the exponential integral. 
Similarly, equations for conversion can 

also be derived for the linear decay form 
represented by 

k,(e,) = k,,, - Xi&, 

in which case 

(14) 

dY* - = - B’IJ,~ + g hgpy~m. 
dz (15) 

VO 

The solution to Eq. (15) is 

k 

B’z(m - I)(%~:-- A&,) + CO I 

l/Cm-l) 

’ 

and 

m # 1, (16) 

(17) 

The conversion at z = 1 is then: 

mth order: 

The solution to Eq. (21) is 

and 

m # 1, (22) 

yA = exp $ [e-h - 11 

> 

7m= 1. (23) 

In view of the steady state operation in- 
volved in the moving-bed reactor, 

x=1--* (24) 

Substitut.ing Eqs. (22) and (23) in (24), one 
obt’ains at the exit of the reactor [z = 11: 

mth order: 

x= 

’ - (m - l)B’(? - eWX) + X I I 
ll(m-1) 

’ 

First-order: 

m # 1. (25) 
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x = 1 - exp $ (e-X - 1) 
I 

. (26) 

Similarly, as in the case of a fixed-bed 
reactor, expressions for y/A and x can also be 
derived using the decay forms represented 
by Eqs. (14) and (20). The solutions to bhese 
decay forms are included in Table 1. 

Fluid-Bed Reactor 
Here the fluid is in piston flow and the 

solid phase is assumed to be completely 
mixed. For a perfectly mixed catalyst sys- 
tem, the age distribution is given by e-L 
The average value of the rat,e constant for 
this case has been given by Weekman (3) as 

(27) 

Combining this with Eqs. (4) and (8), 

dYA -= 
dz - j&A-- (28) 

The solution t)o this equation is: 

x+1 1 l/Cm-1) 
(m - 1)B’z + (X + 1) ’ 

m # 1, (29) 

and 

yA=exp(-$)im= 1. (30) 

The conversion at the reactor exit, i.e., at 
z = 1, as given by Eq. (24) is then: 

mth order: 

[ 
0 + 1) 

I 
l/Cm-l) 

x=l- 
(m - 1)B’ + (X + 1) ’ 

m # 1. (31) 

First-order: 

x= I-exp(-&). (32) 

As in the case of the other two reactors, 
solutions corresponding to the decay Eqs. 
(14) and (20) can also be found. These are 
included in Table 1. 

TABLE 1 
EXPRESSIONS FOR &IOLE FRACTION AND CONVERSION OF A FOR V.~RIOUS DIXAY FORMS 

Decay form 

Expression for yA 
- 

mth order 
[m Z 11 1st order 

k, = k,&-“8p 

Fixed 

Moving 

Fluid 

k, = k,a - x& 

Fixed 

Moving 

Fluid 

k, = k,,, - X&d 

Fixed 

Moving 

Fluid 

I 
(m 

- 1 1 1 Il(+t-1) 
l)B’e-% + 

C (m - l)B’(lh - ecX) + X 1 l/Cm-1) 
[ (X + 1) 1 1,(7?-1) __~ (m - 1)B’ + 0 + 1) 

k vo 1 I/(rn-1) 
B’(m - l)(kmo - X&b, + kTo 

C 
2&o l/Cm-I) 

p(rn - 1)(2kVa - h) + 2k,o 1 
k ‘UO 1 

I/(??-1) 
B’h - h)(m - 1) + koo 

J&o 1 
1/(m-1) 

(B’k,o - B’Xifpd)(m - 1) + kvo 

[ 
Cd + l&o l/Cm-1) 

Cm - l)B’[@ + l)b - xl + (d + l)kVo 1 
k 

exp ( ; [@ _ 11 > 
4 [is]> 

I> 
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Comparison of Performances 
Equations (13), (26), and (32)) for fixed-, 

moving-, and fluid-bed reactors, respec- 
tively, can be displayed graphically as curves 
of conversion vs B’ for different values of X. 
Since the curves obtained show trends that 
are similar to those for a second-order 
reaction given by Weekman (S), they are 
not presented here. 

The effect of reaction order on conversion 
for the three reactor types is shown in Fig. 1. 
When the decay paramet,er is zero, the 
equations for all the three reactor types 
reduce to 

l/h-l) 

z=l- 
[ 

1 
B’(m - 1)~ + 1 1 ’ 

m # 1, (33) 
J: = 1 - e--B’r, m = 1 , (34) 
regardless of the decay form employed. Thus, 
the nature of catalyst present, whether in 
fixed, moving, or fluidized form, mixed or 
unmixed, is of no consequence as long as it is 
ensured that the catalyst exhibits a fixed 

time-independent activity and the fluid is in 
plug flow. This is shown by the single line 
obtained for all reactor types at X = 0 in 
Fig. 1. On the other hand, for different finite 
values of the decay group A, different curves 
are obtained for fixed, moving, and fluid-bed 
reactors. In Fig. 1, curves are presented for 
X = 6, and for X = 10 (i.e., for a higher 
value of the fouling group). It is clearly 
shown that the effect of fouling is far less 
severe for reactions of higher order in a 
moving or fluid-bed reactor than in a fixed- 
bed reactor. In fact, in fixed-bed reactors, 
the effect is practically negligible. The con- 
clusion follows, therefore, that the moving 
and fluid-bed reactors, which are in general 
(but not always) superior to the fixed-bed 
reactor for a fouling catalyst, are to be 
preferred for reactions of higher order under 
conditions of severe fouling. 

E$ect of Axial Dispersion 

In the treatment so far, the fluid in all the 
three types of reactors was assumed to be in 

TABLE 1 (Continued) 

Expression for conversion 

mth order 
[m Z 11 1st order 

l- 

l- 

l- 

l- 

l- 

l- 

Jl 0 1 - 1 1 t l’(n-l) dh 
(m l)B’e-A< + 

II (m - l)B’(lh - emA) + A 1 l/(rn-1) 
C 0 + 1) 1 l/Cm-1) Cm - 1)B’ + (A + 1) 

1 /I k d 

1 

l/(m-1) _ 

0 B’(m - 1)&o - X&J + kVo 
de, 

[ (m - l)B’(2TI:O- A) + 2kso -1 l/Cm-1) 

[ 1 + i ISi’ - Eg*(B’e+) ] 

1 - exp 
( 

T [e@ - 11 
> 

1 -w(- [&I) 

1 - fexp(- [B! -qy)di& 

l- exp(B’[& - 11) 

l- l 
J[ 0 1 

tlctn-1) 
d& 1 - ’ exp $x&d - B’ 

/ c 0 1 de, 
“0 

’ - (m - l)B’[(d -?l;f;,?k,K] + (d + l)/~,,~ 1 l/(rn-1) 

I) 
l/(rn-I) 

’ - 

k 
k,i~ + (m - l$‘(k,~ - FAX, 1 1-exp(B’[g-11) 
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FIG. 1. Fractional conversion a.3 a function of the reaction order for the three reactor types at a relatively 
low and high value of the fouling factor. 

piston flow-an ideal case. The effect of axial 
diffusion can be readily included by adopting 
the axial dispersion model. Considering a 
fluid-bed reactor, Eq. (30) becomes (for a and 
first-order reaction) : 

[ I 

l/2 
a = 1 + @ $6 ’ (37) 

‘-%A 1 d2yA 
( > 

& !/A, c35) 
b = [(l + a)Z exp(aPe/& 

----=- 
dz Pe dz2 - (1 - ~)~exp(--uPe/2)] 

Using the Danckwerts boundary con- 
(33) 

dition (6)) The conversion, x, at the reactor exit is 

dyA = 0 at 2 = 10 
dz * , 

Pe 
x = 1 - 4ab exp B 0 . (39) 

and 

yA-&ed~=l.oatz=o, 

the solut#ion to Eq. (35) is 

If Pe -+ Q) , Eq. (39) reduces to (32) for plug 
flow. For Pe -+ 0, Eq. (39) reduces to 

(i$3>/[1+ (&)I. 

where 

For a reaction of mth order, Eq. (35) 
(36) becomes nonlinear and is to be solved by 

iterative or linearization methods of solution. 
In Fig. 2 conversion is plotted against 
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k&t reaction paranieter) 

10 15 20 25 30 35 40 45 50 55 

PECLET NUMBER, Pe 

FIG. 2. Effect of axial mixing on the performance of a fluid-bed reactor subject to catalyst fouling. 

Peclet number for different values of the 
decay parameter X and two values of the 
reaction group B’. Notice that, at relatively 
low values of the reaction group, the in- 
creased conversion due to plug flow practi- 
cally vanishes as the decay parameter is 
increased. 

Similar equations for the fixed- and 
moving-bed reactors can be written for first- 
order kinetics. 

Fixed-bed : 

&a 1 d’y.4 ----= 
dz Pe dz2 

- Bre--hbyAm (40) 

Moving-bed : 

dYA 1 d2YA ---- 
dz Pe dz2 

= - B’e-Ay,, (41) 

The boundary conditions are the same as for 
the fluid-bed reactor. However, no analytical 
solutions to Eqs. (40) and (41) are possible. 

Extension to a Consecutive 
Reaction System 

So far the effect of diierent decay forms on 
a simple reaction in an isothermal reactor 
was considered. Now, the effect of the decay 
parameter X on the intermediate product R 
in a consecutive reaction A + R + S will 
be examined, first in fluidized and moving- 
bed reactors, and then in a fixed-bed reactor. 

Fluidized and Moving-Bed Reactors 
The first-order rate equations for the con- 

secutive reaction system mentioned above 
are : 

and 
raA = -k&A, (42) 

rvR = k&A - k&R. (43) 
If it is assumed that the reaction is carried 
out under isothermal conditions with no axial 
diffusion in the fluid phase, the following set 
of equations result (at constant density) : 
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dY A bed reactor, Eq. (47) can be combined with -=- 
dz (44) (30) for 2 = 1 (reactor exit) to give 

YR = es (!!A - YA”“). (48) 

(45) Notice that this solution is independent of 
where s is the selectivity kl/kz. Simultaneous B’ and X, and a knowledge of the selectivity 
solution of these equations under the ratio s alone is required. Also Eq. (48) is 
boundary conditions, identical with that derived by Wheeler (7) 

for a consecmive reaction under diffusion- 
z = 0, free conditions for a nonfouling catalyst. The 

yA = 1 and &!R = 0 effect of fouling is shown up in the present 
2 = 1, (46) case through Eq. (30) for YA. 

dYA dYR z=-&=O 
An equation similar to (47) can also be 

derived for a moving-bed reactor under 
identical boundary and fluid flow con- 

leads to ditions. Thus : 

YR=lSS - [exp(- (&)) 

- exp (- &-&))I (47) - exp (- 5 (1 - e-h))]. (49) 

Restricting our attention now to a fluid- Combining this with Eq. (23) for x = 1 gives 

0.6 

YA 

0.5 

FIG. 3. Plot of Eq. (48). 
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an expression exactly identical with Eq. (48) 
for the fluid-bed reactor. 

It can therefore be concluded that Eq. (48) 
completely describes the selectivity behavior 
of both fluid- and moving-bed reactors [for 
a first-order consecutive reaction system] 
under conditions of catalyst fouling. A plot 
of ya vs yA for different values of s is shown 
in Fig. 3. Clearly the same maximum values 
will be obtained for identical s for both 
fluid- and moving-bed reactors. The depend- 
ence of YA on X and B’ is however different 
for the two reactor types, being determined 
by Eq. (30) for the fluid-bed reactor and (23) 
for the moving-bed reactor. 

Fixed-Bed Reactor 

The governing equations for this reactor 
are : 

&A 

dz= 
- B'e-AjpyA, 

d?h - = B'e-AbyA - $ ,q-~ifp~~ 
dz 

(51) 

The solution under boundary conditions 
similar to (46) is 

e--B’e-A&. 

- exp(- se-As*)]. (52) 

By combining this with Eq. (12) at z = 1, it 
can be seen that the solution is identical with 
Eq. (47); but in the case of a fixed-bed 
reactor, as pointed out by Nate and Week- 
man (5), time-averaged (ta) values of the 
mole fraction should be used. Thus 

(YA - YA”%&, (53) 

where yA is given by Eq. (10) at z = 1. To 
solve this equation: for given values of B’ 
and X obtain yA from Eq. (10) by setting 
z = 1; then introduce this value in (53) and 
solve for (y&a. 

Eg’,ct of Decay Model 

As already explained (see Fig. 3), for a 
given selectivity ratio the same maximum ?JR 
is obtained regardless of the values of the 

reaction group B’ and the decay group X for 
all but time-averaged cases. Clearly, then, 
the nature of the decay model used has no 
influence on the maximum yR at given s. This 
is brought out in a striking manner in Fig. 4 
in which YR is plotted as a function of the 
decay parameter X for a fixed value of B’ for 
three different selectivity ratios both for the 
exponential and linear decay forms. In 
the case of the linear model, a knowledge of 
k,o is necessary in preparing the plots, and 
accordingly a value of 20 has been arbi- 
trarily assumed. Notice that the maximum 
values of yR are 0.375 at s = 1, 0.510 at s = 
2, and 0.780 at s = 10, irrespective of the 
decay model (although different combina- 
tions of B’ and X are involved). This situation 
does not hold for fixed-bed reactors which 
are characterized by time-averaged results. 

PRACTICAL IMPLICATIONS 

Although the theoretical developments 
presented above are of maximum utility in 
the choice of petroleum cracking reactors, 
they are also valid for other reactions which 
involve catalyst fouling. Doraiswamy and 
Pai (7) examined the decay patterns of a 
variety of active carbons in the dehydro- 
chlorination of ethylene dichloride to vinyl 

CH&lCH&I = CHz=CHCl + HCl, 

chloride, and based on their results the 
following equation can be written for the 
reaction rate constant as a function of 
process time for each of the carbons studied: 

I&) = kvO - v@,)l’2. (54) 

As shown, the rate constant falls linearly 
with the square root of reaction (or decay) 
time. Equation (54) can be recast into the 
form 

where 

kv(e,) = k,o - X(&p, (55) 

x = v@,,)‘~2 (56) 

Using Eq. (55) for k,@,) in Eq. (9) and 
combining the result with Eq. (8), assuming 
the reaction to be first-order and solving, the 
following expressions are obtained for con- 
version for the three reactor types (which 
can also be written directly,from-Table 1) by 
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10 12 14 16 18 20 22 

FOULING PARAMETER.X 

FIG. 4. Effect of decay model on t.he yield of intermediate. 

substituting cl = 3 in the equations corre- may be conveniently fixed at 1.5 hr. From 
sponding to the general decay form [k,@J = the unpublished experimental data for cata- 
k,o - x&q. lyst (8), and assuming first-order kinetics, 

Fixed-bed : the following values of ILo and v have been 
obtained : 1 

z=l- J ( exp $ x&llz - B' de,. (57) 
k,,, = 0.112 g-moles/hr ml 

0 VO v = 0.041 g-moles/(hr)3’2 ml 
Moving-bed : The other basic data required are: 

.=I--exp[B’(&-I)]. (58) ~~~~.~i,“~m~ 

Fluid-bed : Fg = 0.5 (assumed) 

z = 1 - exp [B(!i& _ I)]. (59) There;;r; 1*73 ’ 1o-2 g’m1 at 435”c 

For the present problem, we restrict our x = 0.041 (1.5)“2 
attention to a single catalyst [catalyst (8) at = 0.0502 
435"CJ. The value of t’he total reaction time 
(which is the same as the catalyst residence 

4 1 

time in a moving-bed reactor and average 
&=--&=4*I;F* 

catalyst residence time in a fluid-bed reackor) and 
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B, = 0.112 x 0.5 x 99 
1.2 x 4 

= 1.155. 

Substituting these values of h and 3’ in 
Eqs. (57), (58), and (59) for the three re- 
actor types, t,he following results are ob- 
tained for the conversion at the reactor 
exit bed reactor: 

Fixed Moving Fluid 

0.553 0.556 0.501 

The fluid-bed reactor was shown to be the 
least efficient, while the fixed- and moving- 
bed reactors are almost equally efficient, 
Since all three reactor types give conversions 
in the range 0.50 to 0.56, the choice should be 
dictated by considerations other than those 
of catalyst fouling. 

REFERENCES 

1. VOORHIES, A., JR., Ind. Eng. Chem. 37, 318 
(1945). 

2. ANDREWS, J. M., Ind. Eng. Chem. 51, 507 
( 1959). 

3. WEEKMAN, V. W., JR., 2nd. Eng. Chem., 
Process Des. Develop. i’, 90 (1968). 

4. WEEKMAN! V. W., JR., Znd. Eng. Chem., 
Process Des. Develop. 8, 385 (1969). 

5. WEEKMAN, V. W., AND NACE, D. M., AIChE J. 
16, 397 (1970). 

6. DANCKWERTS, P. V., Chem. Eng. Sci. 2, 1 
(1953). 

7. WHEELER, A., “Catalysis” (P. H. Emmett, ed.), 
Vol. 2, p. 105. Reinhold, New York, 1955. 

8. DORAISWAMY, L. K., AND PAI, M. U., J. Sci. 
Znd. Res., Sect. B IS, 87-93 (1956). 


