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This investigation was initiated to establish the chemi- 
cal and physical reaction models in a two-phase liquid 
system catalyzed by a finely divided solid in suspension. 
This situation represents a missing gap in systematizing 
the principles of reaction rates in heterogeneous systems. 
The particular system chosen for study was the hydrolysis 
of liquid isoamyl acetate highly dispersed in a large vol- 
ume of excess water where the reaction was catalyzed by 
an acidic ion exchange resin kept in suspension by rapid 
stirring in a batch reactor. 

A hydrolytic reaction was selected because of its sim- 
plicity and isoamyl acetate because of its insolubility in 
water and the ease of titrating the acid formed by hydrol- 
ysis. Furthermore rate data on the uncatalyzed hydroly- 
sis of isoamyl acetate were already available in the litera- 
ture for comparison with the catalyzed rate. A sulfonated 
polystyrene cation exchanger, Amberlite IR 120, was 
chosen as the catalyst because of its high exchange capac- 
ity, its high degree of dissociation, and its constant cata- 
lytic activity. The combined system permitted a reaction 
which could be conducted at atmospheric pressures and 
at a low temperature ranging from 80" to 120°F. 

The problem resolved itself into a study of mass transfer 
in a liquid-liquid-solid system from which a general pro- 
cedure may be evolved for establishing contactor efficien- 
cies in stirred reactors containing suspended solids. It 
was demonstrated that an ion-exchange resin provided an 
excellent tool for investigating mass transfer rates in stirred 
reactors because of its high chemical and physical stabil- 
ity and the accuracy in measurement of the external sur- 
face of the solid particles. In the field of hydrolysis ion 
exchange catalysts have certain economic advantages 
over other catalysts. 

PREVIOUS WORK 

Mixing of liquids in stirred vessels is one of the oldest unit 
operations. Many investigations have been attempted to estab- 
lish good general correlations for scale-up purposes. These 
efforts have generally not been successful because of their 
specificity to a particular system or to a particular stirrer. The 
lack of a good general correlation applies particularly to solids 
suspended in liquids by agitation. Systems ranging from the 
dissolution of suspended particles ( 10, 16, 18) to complex 
reactions between solids and solvents (3 ,  1 1 )  have been 
studied, but no generalized correlations have resulted. 

In other studies (9, 12, 1 7 )  the power input to stirred sys- 
tems has been correlated with reasonable success, but again 
the correlations were not useful in establishing a reliable scale- 
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up method for different stirred systems, particularly those with 
suspended solids. 

Harriott (6)  points out that one of the most serious errors 
in previous correlations involving stirred reactions is the use 
of the stirrer diameter as the characteristic length term in the 
dynamic terms expressed by Shenvood and Reynolds numbers. 
Harriott has shown conclusively that the solid-particle diameter 
greatly affects the mass transfer characteristics of such sys- 
tems. Mass transfer to and from suspended solids depends 
principally on slip velocity, that is the relative velocities of the 
particles with respect to the liquid, with the terminal velocity 
yielding the minimum value of the mass transfer coefficient. 
In most studies this effect has been ignored, since experiments 
were conducted with particles too large to demonstrate the 
effect of particle size. 

THEORY 

The following theoretical discussion pertains to the spe- 
cific reaction system used in this study, namely the hydrol- 
ysis of insoluble liquid isoamyl acetate dispersed in a large 
volume of excess water in a stirred batch reactor and 
catalyzed by suspended solid particles of an acidic ion 
exchange resin. All transfer rates are based on unit ex- 
ternal surface area of the suspended catalyst. 

The overall reaction rate is controlled by the following 
series resistances: 

1. Transfer of ester from the ester droplets into the 
aqueous phase. 

2.  Transfer of ester through the aqueous phase. 
3. Transfer of ester through the liquid surrounding the 

catalyst particles. 
4. Ester diffusion into the resin particle and simultane- 

ous reaction. 
The reverse steps for the reaction products might also 

be considered, but these were found to offer negligible 
resistance. Also, under the particular experimental condi- 
tions of this study, the first two resistances were negligi- 
ble, since the aqueous phase remained saturated with 
ester. 

The mass transfer rate of ester through the liquid sur- 
rounding the catalyst particles may be expressed as 

where the mass transfer coefficient k, depends on stirring 
speed, temperature, and catalyst particle size. 

The problem of diffusion and simultaneous reaction in 
resin particles has been treated by Smith and Amundson 
( 1 4 ) .  In order to apply a similar approach to the current 
study, it was assumed that the particles were spherical, 
their porosity was constant, they underwent no significant 

T = ks (CL - cs) (1) 
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volume change during the reaction, the resin diffusivity 
remained constant at  a fixed temperature, and the cata- 
lyzed reaction was first order with respect to the ester 
concentration and irreversible. When these assumptions 
are applied to a material balance over a spherical shell in 
a resin particle, the following rate expression results: 

where F is defined by 

(3)  

and cr* is the ester concentration at the inner surface of 
the catalyst particle in equilibrium with cs at the outer 
surface. 

Diffusion through the catalyst skin is usually considered 
to be a rapid process, and thus the Donnan membrane 
equilibrium may be applied: 

Since under steady state conditions the individual rates 
are equal, Equations ( l ) ,  (2),  and (4) can be combined 
to give 

ks ' 2 KsDr [F112 ctnh F112 - 11 
If one now defines an overall rate coefficient by 

ko = -L 
c1 

the following relationship results: 

( 7 )  - 1 1  Dc 
_ = _  
ko ks -I- 2 Ks Dr [F'12 ctnh F112 - 1) 

Since resistances are reciprocal coefficients, (7)  can be 
rewritten as 

Ro' = Rs' + R,' ( 8 )  

Resistance of Liquid Surrounding the Solid 
The resistance to mass transfer of the liquid surround- 

ing the catalyst particles depends primarily on the slip 
velocity of the particles and the physical properties- 
density, viscosity, and diff usivity-of the solution. In 
turn the slip velocity is strongly influenced by the degree 
of agitation and the particle diameter. These combined 
effects can be expressed in terms of the Reynolds and 
Schmidt numbers: 

(9)  

where constant A' is a function of particle size. Since the 
resistance is based on unit surface areas of the catalyst, 
the amount of catalyst present, as long as it is relatively 
small and in complete suspension, should have no effect. 
This was borne out experimentally. 

Resistance of Solid 
The resistance of the solid is caused by the combined 

effects of ester diffusion into the resin and simultaneous 
chemical reaction, as expressed by the second right-hand 
term of Equation ( 7 ) .  However since it proved to be ex- 
perimentally unfeasible to evaluate the coefficients Ks, %, 
and k,, the more rigorous mathematical model of Equation 
(7) had to be discarded in favor of a simpler empirical 
expression which fitted the data over the range of variables 
studied. 

For a given catalyst, diffusion in the solid depends on 
the particle diameter and specific diffusivity, the latter 

varying primarily with temperature. The chemical reac- 
tion rate for constant composition depends only on tem- 
perature. Combining these effects one obtains 

The impeller diameter Di was not varied in this study but 
was introduced merely for the purpose of making the cata- 
lyst particle diameter dimensionless. 

Since the total resistance to the overall reaction is the 
sum of the individual resistances, Equations (9) and ( 10) 
can be combined to give 

R,' = A  ( T ) ~  De2Np ( ")' 3. B p (  5)' f ( T )  (11) 
PW1 

But the overall resistance Ro' is inversely proportional 
to the overall mass transfer coefficient k,. In  order to ob- 
tain a completely dimensionless equation, ko is introduced 
in the Sherwood number koDc/Di with the appropriate 
changes to the constants A and B', SO that the final form 
of Equation (12) becomes 

or 

EXPERIMENTAL PROCEDURE 

Three forms of acidic cation exchange-resin catalyst were 
used: Amberlite IR 120, the commercial grade resin, CG 120, 
the chromatographic grade resin, and XE 69, an experimental 
finely ground material. 

The particle size and surface area of each type of resin was 
determined by taking photomicrographs of the resins immersed 
in water. About 250 particle-diameter measurements were made 
on each sample by the Martin's Diameter method, according 
to which the diameter is determined by measuring "the dis- 
tance between opposite sides of a particle crosswise of the field 
and on a line bisecting the projected areas of the particle" 
( 1 ). From these measurements the average particle diameter 
with respect to surface area was calculated by the equation 

~ n d 3  
Dc = - 

znd2 

The photomicrographs showed the IR 120 resin to be es- 
sentially spherical particles, while the two finer types of 
catalysts were irregularly shaped particles. The measured par- 
ticle sizes were as follows: 

Maximum Minimum Surface 
diameter, diameter, Dc, area, 

mm. mni. mm. sq. cm./g. 

IR 120 0.80 0.05 0.4146 159 
CG 120 0.25 0.02 0.1153 43 1 
XE 69 0.08 0.01 0.02561 1810 

The surface area was calculated by assuming each catalyst 

The measured exchange capacity of all three catalysts was 

A schematic diagram of the experiment:,! nppatus  is shown 

sample to consist of perfect spheres of diameter D,  ( I  ) .  

4.3 milliequivalents of H+ per gram of dry resin. 
- 

in Figure 1. 
The reaction vessel consisted of a &in. diameter Pyrex 

cylinder, -12 in. long and fitted with a flat stainless-steel flange 
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Fig. 1. Schematic diagram of the reactor 
system. 

at the lower end and the flange from a closed-tank mixer at 
the top. Teflon gaskets were used. 

The bottom flange was fitted to the entrance and exit leads 
of a 4-in. diameter internal cooling (heating) coil made of 
Y4-in. stainless-steel tubing, a drain plug, a Y4-in. nitrogen 
inlet tube, and a movable Y4-in. sampling tube. Stainless-steel 
compression fittings were used to give a tight seal. The top 
flange was fitted with a Y4-in. stainless-steel pipe nipple which 
served as both the outlet for the nitrogen and the loading port 
for the reactor. Also entering through a compression fitting in 
the top flange was a Y4-in. stainless-steel-tubing thermowell. 

The entire reactor assembly was mounted on a tripod steel 
stand from which it was suspended by means of a triangular 
angle-iron frame. 

The agitator was driven by a drill press by means of pul- 
leys and a flexible V-belt. A M-hp. single-phase motor nor- 
mally ran at 1,725 rev./min. By using different pulley com- 
binations, extremely constant stirring speeds ranging from 50 
to 3,000 rev./min. could be achieved. Stirring speeds were 
measured periodically by means of a revolution counter. 

The agitator was a six-bladed, 3%. diameter, 316-stainless- 
steel turbine impeller mounted on a Ys-in. shaft of the same 
material and suspended 3 in. above the bottom of the reactor. 
Four equally spaced %-in. stainless-steel baffles were placed in 
the reactor to improve agitation. The stuffing box in the top 
flange was filled with Teflon rings. 

The reactor was immersed in a square Plexiglas tank filled 
with water. Three 200-w. bayonet heaters wired in parallel 
were suspended in the tank, and the water was both agitated 
and circulated through the coil inside the reactor by a centrifu- 
gal pump. Water and reactor temperature was maintained 
constant by immersing a mercury-contact temperature con- 
troller in the tank. 

The reactor was operated under a nitrogen atmosphere to 
minimize the explosion hazard of isoamyl acetate and to pre- 
vent oxidation of the reactants and products. A slight positive 
pressure facilitated liquid sampling. 

The nitrogen entered the reactor through a Y4-in. tube ex- 
tending through the bottom flange and into the space above 
the liquid. It left the reactor through the top flange, with the 
exit tube immersed in a glass tube filled with mercury. The hy- 
drostatic head of the mercury served to maintain a constant 
gauge pressure of about 200 mm. Hg in the reactor. A very 
slow flow of nitrogen was passed through the mercury reser- 
voir. The pressure was independently measured with a mer- 
cury manometer. The mercury reservoir not only aided in 
maintaining constant pressure in the reactor, but also served 
as a safety valve, since any sudden pressure surges would 
have been relieved through the bubble tube. 

TABLE 1. SAMPLE OF EXPERIMENTAL DATA 

Reactor charge: 2500 cc. water, 100 cc. isoamyl 
acetate, 100 g. XE 69 catalyst 

Temperature = 100°F. 

PS = 0.6843 centipoises 
D1 

PS = 0.9931 g./cc. 

= 0.9817 x 10-5  sq. cm./sec. 

Run no. 108 114 109 
Agitator/Speed, rev./ 

min. 195 345 580 
Length of run, min. 105 60 45 
Concentration of NaOH 

Amount of NaOH titer/ 
1 cc. aliquot of reac- 
tion mixture, cc. 11.61 4.50 10.31 

T,  moles/(sq. cm.) (hr.) 1.64 x 10-7 1.71 x 

ko, cm./hr. 1.58 x 1.62 x 10-2 2.38 x 10-2 
Ro 618 602 410 
Rr (by extrapolation of 

Figure 2 )  173 173 173 
Rs = Ro - Rr 445 429 237 

titer, N 1.79 x 10-3 2.14 x 10-3 1.79 x 10-3 

2.52 x 
a, moles/cc. 1.06 x 10-5 1.06 x 10-5 1.06 x 10-5 

The analytical procedure consisted entirely of titrating with 
about 0.002 normal sodium hydroxide the acetic acid formed 
during the reaction and the catalyst to check its activity. To 
give highly accurate analytical determinations an automatic 
potentiometric titrimeter was used. This analytical procedure 
was accurate to 0.2 cc., giving an average error of less than 
10%. 

In an experimental run the reactor was half filled with 2.5 
liters of water and 100 mliters of isoamyl acetate and all the 
reaction parameters adjusted to the desired values. The cata- 
lyst was added through the top port and the agitator started. 
Twenty-five milliliter samples were removed at 15-min. inter- 
vals and centrifuged at once to separate the catalyst. The 
aqueous phase was then filtered and titrated. On the average 
an experimental run lasted 1 hr. 

After each run the catalyst was titrated to check the con- 
stancy of its activity. 

The variables were investigated over the following ranges: 

Amount of catalyst 

Temperature 80 -160°F. 

12.5 - 100 g. 
Agitator speed 100 - 3,000 rev./min. 

Table 1 shows some typical results obtained. 

EXPERIMENTAL RESULTS 

Many preliminary runs were made to define the effects 
of operating variables and to establish an appropriate ex- 
perimental technique. * The following observations were 
made : 

1. Varying the amount of catalyst or ester had no effect 
on the  reaction rate based on unit catalyst surface area. 

2. No appreciable reaction took place in the absence of 
catalyst. 

3. When the catalyst was removed from the reaction 
mixture, the reaction ceased; that  is there was n o  notice- 
able hydrolysis in the aqueous phase. 
4. The degree of hydrolysis did not affect the reaction 

rate, indicating that  no autocatalysis took place and that 
the reverse reaction was negligible. 

5. The catalyst activity remained constant during each 
run. 

6. The large IR 120 catalyst suffered some attrition 
during the runs, b u t  the two finer catalysts did not. 

7. An agitation speed of 175 rev./min. or more gave 
complete suspension of the catalyst. 

* For tabular data see reference I .  
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Fig. 2. Effect of Reynolds number on over- 
all resistance for XE 69 catalyst. 

8. The overall resistance to hydrolysis was strongly in- 
fluenced by catalyst particle size, all other conditions be- 
ing equal, but only for the catalyst particles below 100 p 
in diameter was the resistance affected by the degree of 
agitation. 

9. It was observed that at agitator speeds exceeding 
600 rev./min. the overall resistance increased. After a 
careful study of high-speed photographs it appeared that 
this increase was caused by cavitation and splashing of the 
liquid in the half-filled reactor. The photographs clearly 
showed that serious cavitation commenced at stirring 
speeds of 600 rev./min., so that at speeds of 2,000 rev./ 
min the reactor became completely filled with splashing 
and frothing liquid. This means that much of the input 
energy was dissipated and not used in generating high 
slip velocities of the catalyst particles. For this reason all 
runs made at speeds exceeding 600 rev./min. were dis- 
carded for correlating purposes. 

Correlation of  the Data 
A total of fifty-two runs was made with the three cata- 

lyst samples. All runs employing the IR 120 resin (having 
the largest particle size) were carried out at 100°F. Those 
with the intermediate size CG 120 resin were made at 
loo", 120", 140", and 160"F., and those with the fine 
XE 69 resin at 80°, loo", and 120°F. 

Since neither of the two catalysts having the larger 
particle size showed any significant variation of reaction 
rate with degree of agitation, the ester concentration in 
the aqueous phase was assumed to be constant. Also mass 
transfer through the liquid surrounding the particles was 
assumed to have negligible resistance, and all the resist- 
ance was ascribed to the solid side. This was not the case 
however for the fine catalyst, XE 69, for which both re- 
sistances were significant. 

To obtain values for the solid-side resistance of the 
XE 69 catalyst use was made of a previous correlation 
(2) which indicated that Rs was proportional to N R ~ - ' . ~ .  
A plot of Rs vs. N R ~ - ~ . ~  was extrapolated by a least- 
squares fit to infinite Reynolds number (where the liquid- 
side resistance vanishes) and the resistance at this point 
assumed to be the solid-side resistance. 

An attempt was then made to correlate the values of 
Rs with the Schmidt number, as suggested by Equation 
(12). However since a temperature range of only 40°F. 
was covered in the experimental work, this proved to be a 
fruitless approach. Instead the temperature variation of 
Rs was correlated by the equation 

R, = A N R ~ - ' . ~  e E / R T  (14) 

Next the solid-side resistances for all three catalysts 
were correlated with particle size and temperature, so 
that the resulting correlation was of the form 

Finally the overall resistance RO was calculated by 
Equation (12b). Now, the original assumption of the ex- 
ponent on the Reynolds number was checked by recogniz- 
ing that 

(16) 

If the originally assumed value of a, -0.5, had been cor- 
rect, a plot of log ( R o  - R r ) / ( e E f R T )  vs. log N R ~  should 
have given a straight line with slope of -0.5. A least- 
squares analysis yielded a slightly different slope. There- 
fore the new slope was substituted for 01 and the whole 
correlation repeated. On the third trial the assumed and 
calculated values checked, and the final correlation was 

Rs = A NRe" eEfRT = Ro - Rr 

D .  1.45 

(17) 2.7 X lo-'' (k ) e16,400/RT 

where A was negligible for the two larger-size catalysts 
and equal to 4.6 x for the XE 69 catalyst. Figures 
2, 3, and 4 show the graphical correlations for the last 
trial. 

Figure 5 indicates the precision of the correlation, the 
average being 15.2% deviation from observed values and 
the algebraic average being -4.6%. I t  should be recog- 
nized that these values are almost within the experimental 
accuracy of the titration procedure. 

The Contactor Efficiency 

Since one of the major purposes of this study was to use 
the three-phase hydrolysis reaction as a measure of agita- 
tion effectiveness, the contactor efficiency concept as pro- 
posed by Hougen and Watson (8) proved to be conven- 
ient to use. 

Rearranging Equation (5) and defining a solid-side co- 
efficient by l / k r  = Dc/2KsDr[F' /2  ctnh F'/' - 11, one 
obtains 

kskr 
r=- c1 

k r  + k s  

DIAMETER RATIO, %c 

Fig. 3. Effect of catolyst particle diameter 
on solid-side resistance. 
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Since the only term on the right side of this equation 
that depends on agitation is k,, one can now define the 
contactor efficiency E,  by 

(19) 
ks 

kr + k s  Ec = - 

SO that Equation (18) then becomes 

r = E c k a  (20) 

It  can be seen from these equations that as ks becomes 
very large because of effective stirring, the contactor effi- 
ciency approaches unity. Conversely as the solid-side co- 
efficient k r  becomes large (which is true at high tempera- 
tures at which both k, and DT increase), Ec will tend to 
decrease. In general it may be stated that as Ec approaches 
unity, internal diffusion and reaction becomes the rate 
controlling step. 

The external resistance to mass transfer around the cata- 
lyst particles for the two larger types of catalysts (IR 120 
and CG 120) was negligibly small, which is another way 
of saying that the external mass transfer coefficient ks is 
very large. From the definition of the contactor efficiency 
it follows then that it will take on a value of approximately 
unity for these two catalysts. This does not mean however 
that the stirring efficiency in these cases is perfect, but 
rather that stirring has no effect on the overall rate, as 
has already been established. Therefore the evaluation of 
contactor efficiency for the large catalysts is meaningless, 
and this discussion must be confined to the fine catalyst 
XE 69. 

Table 2 shows the values of contactor efficiency ob- 
tained for the XE 69 resin. The table indicates that there 
appears to be little variation of Ec with temperature; 
rather that it depends chiefly on the speed of stirring, as 
might be expected. 

Although the contactor efficiency increases decidedly 
with stirring speed, nearly doubling in value as agitation 
is increased from 175 to 580 rev./min., all the values are 
relatively low; that is agitation is far from ideal. This may 
be explained by the fact that the effectiveness of stirring 
is a function of the slip velocity between liquid and solid. 
Stokes' law for particles in laminar-flow liquid indicates 
that the terminal velocity of the particles is proportional 

I 00 ,000 3wo 
OBSERVED no 

Fig. 5. Precision of correlation. 

to the square of particle diameter. Hence for these very 
small particles the terminal velocity is low and can only be 
raised by greatly increasing the force acting on them. In 
the case of stirred reactors this goal can only be achieved 
by making the stirring speed very high. However, as indi- 
cated earlier, with the system used in the present investi- 
gation this was impossible because of excessive splashing. 
But it would be possible to increase the slip velocity of the 
particles (and thereby improve the contactor efficiency) 
by operating the reactor at a totally full condition. For a 
half-full reactor a contactor efficiency of 0.43 appears to 
be the maximum obtainable for the fine catalyst. 

This discussion brings out the important corollary that 
Ec depends not alone on the physical characteristics of the 
agitation system (agitator, baffles, vessel shape, etc.) but 
also to a very great extent on the liquid-liquid system. 

DISCUSSION OF RESULTS 

The results of this study agree with those of Harriott 
(6) who points out that in the range of solid particle sizes 
from 100 to 1,000 the liquid-side transfer coefficient is 
nearly constant, which concurs with the observed behavior 
of the IR 120 and CG 120 catalysts. This author further 
states that for very small particles the mass transfer CO- 

efficient increases with decreasing particle size, which 
appears to be true in this study. Finally the exponent of 
-0.52 on the Reynolds number agrees with Harriott's 
value of -0.5, as well as those obtained by several other 
authors (5, 7, 11). 

The effect of particle diameter on the internal solid-side 
resistance is in line with the theory as well as with ob- 
servations made by other authors. If the expression for Rr' 
as given in Equation (7) is expanded in a Taylor's series, 
and if it is recalled that Rr' is equal to RTDJDi, it can be 
shown that for large values of Dc, RT is proportional to 
DcV1 and for small values of D ,  Rr is proportional to 
Dc-2. The experimental exponent of Dc, -1.45, falls be- 
tween those values. In view of the fact that the theoretical 
expression of Equation (7)  was based on spherical par- 
ticles with constant porosity, while both the CG 120 and 
XE 69 catalysts consisted of crushed, irregularly shaped 
particles in which doubtless some of the pores had been 
destroyed, the agreement is good. 

TABLE 2. CONTACTOR EFFICIENCY 

Stirring speed, Temperature, 
rev./min. 80°F. 100°F. 120°F 

YRr I 103 

Fig. 4. Effect of temperature on solid-side 
resistance. 

175 0.293 0.275 0.195 
345 0.365 0.363 0.367 
580 0.442 0.416 0.431 
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While the internal resistance per unit surface area in- 
creases with decreasing particle size, it can readily be 
shown that the resistance per unit mass of catalyst varies 
as the particle size to the 0.55 power. This implies that the 
availability of the catalyst diminishes with increasing 
diameter, a result also noted by Saletan and White ( 1 3 ) ,  
Thomas and Davies ( 1 5 ) ,  Smith and Amundsen (14) ,  and 
others (19). 

The effect of temperature on both liquid-side and solid- 
side resistances is as expected, but values of activation 
energy apply only to the particular system and reaction 
conditions of this study. 

Finally the ease and simplicity of the reaction system 
used might make it suitable for experimental determina- 
tions of contactor efficiencies in liquid-solid stirred reactors 
in which various agitators, baffle arrangements, and stir- 
ring speeds are to be tested. The reaction mixture of water, 
isoamyl acetate, and XE 69 resin (or a similar material) 
can be charged to the reactor, reacted at relatively iso- 
thermal conditions, and the product titrated. It is not even 
necessary to compute numerical values of contactor effi- 
ciency; the reaction rate itself may be taken as a direct 
relative measure of the efficiency. A further simplification 
might be the use of an immersed conductometric cell in 
the reaction mixture to yield a direct-reading measure of 
reaction rate. 

SUMMARY OF RESULTS 

1. A correlation of a liquid-liquid-solid hydrolysis re- 
action in a stirred tank has been developed. 

2. The overall resistance to the reaction may be repre- 
sented as the sum of the resistance of the liquid surround- 
ing the catalyst particles and that of the catalyst itself. 

3. The liquid-side mass transfer coefficient varies as the 
modified Reynolds number to the 0.52 power for very fine 
(less than 100-p) particles. 

4 .  The solid-side mass transfer coefficient per unit mass 
of catalyst varies inversely as the particle diameter to the 
0.55 power. 

5. The contactor efficiency was calculated to have a 
maximum value of 0.43. This could be considerably im- 
proved by operating the reactor full of liquid at a high 
rate of stirring. 

6. The reaction system seems suitable for determining 
the relative efficiency of a stirred reactor and the effects of 
varying the structural features of such reactors. 
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NOTATION 

A,A’ = 

B,B’ = 

d =  
Dc = 
D i  = 
D =  
E,E‘  = 
Ec = 
F =  

c =  

constants 
constants 
concentration, moles/cc. 
individual catalyst particle diameter, cm. 
average catalyst particle diameter, cm. 
impeller diameter, cm. 
difhsivity, sq. cm./hr. 
constants, cal./mole 
contactor efficiency 
catalyst kinetic modulus [defined in Equation 
(3) 1 

k c  = 
k o  1 

k v  = 
k, = 
K s  = 
n =  

r =  
N =  

R,R’ = 
R =  
T =  

catalytic rate coefficient, Uhr.  
overall transfer coefficient, cm./hr. 
resin-phase transfer coefficient, cm./hr. 
liquid-phase transfer coefficient, cm./hr. 
Donnan membrane equilibrium constant 
number of catalyst particles 
agitator speed, rev./hr. 
transfer rate, moles/ (sq. cm.) (hr.) 
transfer resistances 
gas constant 
absolute temperature, O K .  

Greek Letters 

8 
y 
p = density, g./cc. 

Subscripts 
c = chemical reaction 
1 = liquid solution phase 
o = overall 
r = resin phase 
s = liquid side 

= exponent of Reynolds number 
= exponent of Schmidt number 
= exponent of diameter ratio 

= viscosity, g./(cm.) (hr.) 

Dimensionless Numbers 
Dc2Np 

N R ~  = - = Reynolds number 
P 

P Nsc = - = Schmidt number 
PD1 

koDc 

D1 
N S h  = - - - Shenvood number 
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