
In addition, the distribution of one solute between one sol- 
vent in one phase and two “mixed” solvents in the other phase, 
i . e . ,  in the double binary quaternary system can be predicted by 
an equation similar to RaouIt’s Law when ternary data only is 
needed for predicting the,distribution in the quaternary. 

NOTATION 

. = components A ,  B ,  C . , . , respectively; X 
mole fraction of A in B rich phase 
water 
acetic acid 
constant 
n - h t y l  alcohol 
n-heptane 
n-butyl acetate 
benzene 
carhon tetrachloride 
acetone 
chloroform 
constants 
methanol 
inctthylnaphthalene 
p-c,resol 
constants 
constants 
constant 
experimental 
formula 

= 
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Part I I :  Reaction Rate Studies and the Analysis of Batch 
Esterification in two phase Systems 

The kinetics of the esterification of n-butyl alcohol with acetic acid has been 
studied experimentally in concentrated solutions at near ambient temperature in 
the presence of a sulphuric acid catalyst and the rate constants for the forward and 
reverse reaction determined. 

The rate data obtained from the homogeneous system has been applied to 
analyse the performance of a batch-extractive reactor using n-heptane as solvent. 
The rate of mass transfer of the ester was found to be significant and when 
introduced in a model of the reaction process gave good agreement with the 
experimental results. 

Butyl acetate is manufactured by the esterification of n-hutyl 
alcohol with acetic acid in the presence of sulphuric acid at 
temperatures of the order of 100°C and the ester is removed 
from the reaction mixture by distillation using live steam. The 
esterification reaction has therefore been studied extensively 
at these elevated temperatures and rate equations and rate 
constants have been published that accurately describe the 
course of the esterification under these conditions. However, 
no kinetic data is available describing this reaction near am- 
bient conditions. Therefore, since the object of the overall 
study was to assess the feasibility of producing n-hutyl acetate 
in an extractive reactor, it was necessary to ascertain the 
kinetics of this esterification reaction under conditions that 
would prevail in an extraction column containing an organic 

0001-1541-81-4794-0761-$2.00. OThe American Institute of Chemical Engineers, 
1981. 

solvent. In this particular study n-heptane was selected as 
solvent. 

The esterification reaction has been performed in a single 
phase batch reactor and the rate of esterification determined. 
The effect of catalyst concentration on the specific reaction rate 
has been investigated and the influence of butyl sulphate on the 
course of the reaction at near ambient conditions ascertained. 
The rate data obtained from the homogeneous reaction studies 
have been applied to evaluate the performance of a two phase 
batch reactor using heptane as the immiscible hydrocarbon 
solvent. The effects of the rate of mass transfer on the rate of 
esterification and particularly on the significance of the reverse 
reaction have been considered in order to develop a model 
predicting the course of the extractive-reaction under batch 
operation. 
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CONCLUSIONS AND SIGNIFICANCE 

The kinetics of the reaction between n-butyl alcohol and 
acetic acid in concentrated solutions have been determined in 
the presence of sulphuric acid at 20°C in a homogeneous liquid 
system and the specific reaction rate determined as a function 
of sulphuric acid and water concentration. ”ear ambient con- 
ditions the esterification reaction rate is not catalysed by butyl 
sulphate. 

The mechanism of two phase batch esterification reaction of 
n-butyl alcohol in the presence of n-heptane has been studied 
experimentally and the batch process has been modelled by 

as5uming that the reaction rate constant for the solvent-free 
system applies to the reactive phase of an extractive batch- 
reactor. The equilibrium concentrations of the reactant5 have 
been computed from the distribution equations dekeloped in 
Part I of this stud!, allowing for the rate of mas\ transfer of 
e5ter out of the reactive phase and introducing the instantane- 
ous net quantity of ester remaining in the phase. Thiq ester 
concentration was Fignificant and with these modification5 it 
wa5 found that good agreement was obtained between the 
predicted and experimental results. 

INTRODUCTION 

n-butyl acetate is manufactured by the continuous esterifica- 
tion of n-butyl alcohol with acetic acid in the presence of a 
sdphuric acid catalyst at elevated temperatures and the product 
is removed continuously from the reaction mixture by steam 
distillation. The esterification reaction kinetics have Ixen 
studied extensively for the conditions prevailing in this process. 
but no data are available for these kinetics near amllient temper- 
ature in a homogeneous or two phase liquid system: conditions 
that would prevail if n-butyl acetate was produced 1) 
taneous chemical reaction-solvent extraction proce. 
fore, an investigation of the rates of this esterification was nnder- 
taken as part of a feasibility study of such a process and the 
results obtained are presented in the following paragraphs. 

The term “extractive” reaction was first usrd by Trambouze 
and his coworkers (1960) to describe reacting systems where an 
immiscible extractive component is deliberately added to in- 
crease the yield. Such processes encompass several unit opera- 
tions and have been practiced for some time in liquid-liquid 
reacting systems as well as in simultaneous reaction and distilla- 
tion processes. In an extractive reaction in a liquid-liquid sys- 
tem, the reaction is performed in the presence of a suitable 
solvent, and such aprocess was patented by  Martin and Krchrna 
(1930) for the production of butyl acetate by the transesterifica- 
tion reaction, 

HzS04 
C4HBOH + CHSCOOCZHr, CZHjOH + CH:jCOOC4IIg 

Equilibrium was displaced in favor of the product by performing 
the reaction in a two phase water-hydrocarbon system. The 
hydrocarbon preferentially dissolved the butyl acetate, hut not 
the other product, ethyl alcohol, which remained in the aqueolls 
phase. 

The production of butyl acetate has been utilized in this 
investigation with heptane the hydrocarbon solvent. 

The term “extractive reaction” is used nowadays to describe 
any process involving simultaneous extraction and chemical 
reaction in a liquid-liquid system even when no “inert” solvent 
is present. Such a reaction system is the hydrolysis of animal and 
vegetable fats and oils which was studied by Jeffreys, Jenson and 
Edwards (1967) in a pilot plant batch reactor and in a spray 
extraction column operated continuously. The model developed 
by these authors to analyze the batch reactor performance has 
been extended here to include the effects of the rate of mass 
transfer of butyl acetate. In addition, the following assumptions 
were made: 

(a) No chemical reaction takes place in the heptane rich phase. 
(b) The solubility of water in the heptane rich phase, and 

heptane in the aqueous phase are negligible throughout the 
course of the reaction. 

(c) KO volumv changc,s occnrrvd on mixing during the conrst’ 
of thr  rcsaction. 

THEORY OF THE KINETICS OF ESTERlFlCATlON 

Stoichioinetric~ll~, thc estcirification of n-butyl alcohol can be 
\vritten as: 

HZSOI 
CH:jCOOH + C,H!,OH * CH:,COOC,H$, + H 8 0  (2) 
or 

k ,  
R + C * E  + A 

k,‘ 
and the rate eq~iation is, 

(3)  _ _ -  d [ E 1  - - ~- d [ B 1  - k,[C‘][R] - k,’ [ A ] [ E ]  
df d t  

Integration of Eq.  3 and insertion of the initial concentration 
of the reactants and products leads to the equation derived b y  
Smith (1970): 

where the symliols are as presented in the nomenclature. 

reactants arr equimolar, Eq.  4 is simplified to: 
If the initial concentration of the products are zero and the 

I<: 1 + X[KW - 11 
k ,  = ___ 

2 [MI,$ I n  1 - x [ K - +  + 11 
If thc specific reaction rate k ,  is known, the amount of acetic 

acid reacted, X, can be> cvaluatcd from a rearranged Eq. 4; that is 
,,Ull - 1 c 

[ X I  = 2y  - 2ye*i‘ - 1 (6) 

p - 4: p + q: 

Equations 4, 5 and 6 would be tywct rd  to apply to the 
esterification reaction if’ it were second order reversible. How- 
ever, Leyes and Othmer (1945) found that the specific reaction 
rate “k,” was related to various process variables by a complex 
empirical c-quation that has been attributed to the influence of 
the side reaction between butanol and snlphuric acid to form 
butyl mono sulphate jalkyl sdphuric acid). This side reaction has 
been verified to be particularly significant at elevated tempera- 
tures; hut proceeds slowly over a period of days at 25-30”C, 
Suter (1934). Thus according to Dhanuka et al. (1977) both 
sulphuric acid and butyl monosnlphate act as catalysts and the 
reaction rate is considerably different in the presence of these 
two substances. Hence. the variations in the reaction rate dur- 
ing the progress of the esterification reaction, starting with 
sulphuric acid catal)st, werc attributed h y  these authors to bc 
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due to the change in the ratio of the two catdysts as more 
sulphuric acid was converted to the monosulphate. 

In order to avoid this complication, Dhanuka reacted the 
appropriate amount of sulphuric acid and alcohol at 100°C for 
sufficient time for all the sulphuric acid to be converted to 
monosulphate before adding the carboxylic acid. Under these 
conditions, he claimed that the results obtained for the ester- 
ification gave the reaction rate constant in the presence of the 
monosulphate catalyst; and they found that their data was corre- 
lated by a second order reversible kinetic equation. If this 
interpretation of the esterification reaction kinetics is correct, no 
complication should be expected when the process is carried out 
at near ambient temperature since the side. reaction will be so 
slow that thew will not be any significant conversion of sulphuric 
acid to bntyl monosulphate. 

THEORETICAL ANALYSIS OF THE TWO PHASE BATCH 
REACTOR 

The sequencr' of calculations required were made by com- 
puter and are summarised in the logic flow diagram presented in 
Figure 1. The algorithm is: 

(1) From the initial reactants and solvent feed, the concentra- 
tion of acid and alcohol in the aqueous phase was determined 
from the initial amounts of reactants and solvent charged to the 
reactor using the procedure developed in Part I of this study. 

(2) The reaction rate was calculated from the rate equations 
developed above. 

(3) The rate equation was to he solved numerically for E .  
Therefore the derivative had to be evaluated, in terms of re- 
actants and products concentration, 

(7) 
[A], [ B ] ,  and [ C ]  having been determined in step (1) above. 
However, according to the distribution studies described in part 
1 the concentration of the ester in the aqueous phase should be 
zero if equilibrium exists between the phases. Ifthis condition is 
satisfied, the reaction will be irreversible and the last term of 
Eq. 7 will be zero. However, during the computer program 
development it was found that the rate of mass transfer was not 
fast enough to maintain the aqueous phase free of the ester 
molecules, particularly in the early stages of the reaction when 
the reaction rate was relatively fast. Therefore the following 
procedure wasdeveloped to account for this mass transfer effect. 

(4) A step was introduced into the numerical integration of the 
rate equation using the value of the derivative previously calcu- 
lated from Eq. 7. 

(5) The variables were tested for a print interval to ascertain 
whether the computation has reached a termination value. 

(6) All the  variables were  updated according to  the  
stoichiometry of the reaction and new values of [A], [ B ] ,  [C]  and 
[ E l  evaluated according to the distribution model, i .e.,  the 
computation was recycled to the beginning. 

Initially the program was tested on the assumption that all the 
ester was transferred instantaneously to the solvent phase as it 
was formed. That is, it was assumed that the reaction was 
completely irreversible since it had been previously established 
in Part I that practically all the ester distributes to the heptane 
phase. However, when the program was run on the assumption 
of reaction irreversibility, the computed values were exception- 
ally high, indicating the existence of a mass transfer effect. 

The equation for the overall mass transfer coefficient for the 
transfer of the ester is: 

but, the value of "m" was found to he very large; therefore, from 
Eq. 8 it would appear that: 

K C  = k,. 

t 

Figure 1. General arrangement of program for calculating conversion in 
esterification reaction in the presence of solvent. 

However, when k,. was evaluated theoretically using established 
correlations it was found to be consistently larger than (KC;),,p 

indicating the existence of an additional resistance. This could 
be attributed to the effects of the reverse reaction causing hy- 
drolysis of the ester as it was transferred to the organic phase. 
Murdoch and Pratt (1953) and Lewis (1958) have reported simi- 
lar findings. They proposed that the total resistance to mass 
transfer in such a case is given by: 

1 1 1  
Kc k,. mkd 

+ - + q  - 

where the value of ri is l / L ,  and &, is the reverse specific reaction 
rate evaluated on the basis of a pseudo first order reaction. k ,  was 
calculated from the equation for the forward reaction rate and 
the equilibrium constant. Combination of the continuous phase 
mass transfer coefficient k,. and a reaction resistance effect, given 
by the reciprocal of k ,  gave a revised value of K,: which was 
introduced into the overall batch-extraction-reaction model. 
KGa was calculated from the K,; value obtained from Eq. 9 and 
the area "a" from the mean drop size by application of Kol- 
mogoroff's law (1949). 

EXPERIMENTAL 

The equipment for the evaluation of the esterification consisted of a 
1.0 L round bottom flask containing three openings. The central open- 
ing was provided with a glass gland through which passed the stirrer 
shaft and a thermometer was inserted into one of the side openings. The 
third opening was stoppered and was used for withdrawing samples to 
follow the reaction. The flask was immersed in a constant tetn2erature 
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TABLE 1. ESTERIFICATION OF BUTANOL AT 20°C 

Run No. 1. Feed Composi t ion 
Acetic Acid 40.67%, Butanol 49.53%, H,SO, 9.8%. 

SIt’illl 

%Fret. k ,  W’.itcir 
Time Acetic % t,/(ginol) (:one. 
iniri Acid Conversion (inin) ~~l i101/1~ 

1 36.65 9.88 
3 32.5 20.01 
6 28.7 29.43 

10 24.65 39.39 
15 21.85 46.27 
20 19.8 51.30 
30 17.05 58.08 

24 hours 6.4 84.26 
Run No. 2 Feed Composition 

0.0170 
0.0129 
0.0108 
0.0101 
0.0090 
0.0083 
0.0076 
- 

0.319 
0.646 
0.950 
1.272 
1 494 
1 656 
1.875 
- 

Qcetic 4cid 43.1%. Butanol 52.35%, H2S0 ,  4.55% 

Time 
min 

%Free 
Acetic 
Acid 

c/o 
Conversion 

k ,  

[niin) 
Li(glll01) 

54 can 
LVater 
conc.  

g,niol/L 

1 
3 
6 

10 
1 5 
20 
30 

24 hours 

41.3 
39.0 
36.15 
33.3 
30.8 
28.85 
25.92 
8.5 

4.18 
9.51 

16.13 
22.74 
28.54 
33.06 
39.86 
80.28 

0.0073 
0.0058 
0.0053 
0.0049 
0.0045 
0.0041 
0.0037 
- 

0 136 
0 309 
0 524 
0 739 
0 928 
1 074 
1 295 
- 

+ 1, mm 1 :- see Table 

+- 2, Run 2 :- .See Table 

hath that was capable of maintaining the reaction temperature to within 
to. 1K of that desired for the reaction experiment. 

Experimental Procedure 

Thr  following oprrating procedure \\;IS adliered to:-The water bath 
t to  the dcsirc.d t c n q x ~ a t u r t ~  for the experiment and the rcactmts 

md catalkst werr \veighc.d separatel>. The acetic acid. water and sul- 
phiiric ;icid werr charsed into the reactor and \vc4 mixed whilc thcs 
I)utanol w a s  placwl in a separate flask which w a s  also immcrsrd in thc 
watrr liath until its teinpc.raturc was constant. When all the liquids had 
r ( d i d  the requii-ed temperature. the dcohol was poured into the 
rractor and the \tirrer started. This \\’a$ considered to 1)r the coni- 
n i r ~ ~ c r n i r i i t  of the rcxaction and a stop watch was started. .Utrr onc 
minute, a samplc of thr  reaction mixture \vas withdrawn and put iin- 
inediately into a pre\voighed flask containing 25 cc of chilled water to 
quench the rcacticin. The flask was weighed again todeterinine the exact 
\+eight of thc sample and the contents wcre then titrated with 0 . l X  
N;iOH solution. ..is the reaction proceeded. further samples were taken 
in thr  sainc way at defiiiitr timr intervals. The duration of an experiment 
w a b  iirually 30 ininutvs and the sampling frcyueiicy varied 1,etween one 
sample p t ~  minute at the 1)eginning and one sample ever) 10 minutes at 
the t d  

Finally for the kinrtic \tudy the mixture w-as kept overnight and 
htirred again for stxvcml hours the iirst day aiid a sample taken as hefore 
aiid titrated to determine the equilibrium concentration. The cxtent to 
which thc sidc reaction Iwt\vcen 11-l)utanol aiid sulfuric acid occurred at 
thc tmiperature of the cqterification reaction was ascertained hy react- 
ing xi-butand with solutions of sulphuric acid of the same acid coneen- 
trations as thosc utilized in the esterification studies. In all experiments 
prrforined in the neighhourhotd of 20°C it was co~rfirnied that the 
a r n o r i n t  of hut!l siilphate prtduced \vas undetcctahle. and it may he 
concluded that this sidt. reaction is in\ignifirant iindcr the csterification 
conditions prevailing in this stud?. 

In all th r  cxp(~riincnts involving two phase5 the huta~iol \vas mixed 
with thc hrptanr  and this solution \ v a s  added to the rractor containing a 
known amount of acid and catdyst. The reaction was timid from tht, 

*’l Iton 1:- See Table 1 

-8-2 Run 2 :- See Table 1 

+3  Run 3 :- See Table 2 

-&4 Fbm 11. :- -See Tahle 2 

G O  

D O  

4 0  

30 

a 0  

i o  

Figure 2. Esterification of butanol k, ,  vs. [HZO]. 

l a  18 a4  30 

Timn X i n u b  r 

Figure 3. Esterification of butonol conversion vs. time. 
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4 v l a  16 ao  

Cnlc. ka x l o 3  L/(Gmolc)(Min) 

Figure 4. Batch esterification experimental vs. calculated ky. 

TABLE 2.  ESTERIFICATION OF BUTANOL AT 20°C 

Hun No. :3 Fceci Coniposition: 
.icetic Acid :38.2% Composition: 
Butallol 46.95% Acetic Acid 36.0% 
H p S O ,  9.89% Butanol 44.3% 
HyO 4.96% H,SO, 9.66% 

R u n  No. 4 Feed 

H,O 10.04% 

ESP. 
Tinit, (:on\.. 
(iniir) % 

~ 

1 4.92 
3 12.9s 
6 21 .a5 

10 29.64 
15 36.73 
20 -47.25 
30 .>>.01 

2-1 hoiir\ 76.04 

-- 

Computed 
Con\. B 

Expt. 
Conv 

Computed 
Conv. 5% 

4.74 
12.87 
22.56 
32.33 
4 1 . \‘3 1 
47.98 
57. L6 

3.61 
8.72 

15.96 
23.87 
30.51 
36.90 
46.17 
13.1 -- 

3.17 
8.90 

16.26 
24.30 
32.29 
38.64 
48.06 
- 

n i o m m t  ,111 tht .  I-eiictants had heen introduced into the reactor. Samples 
wt’rt’ witlidrawr at sdected intervals as described above and the results 
ol)t,iirwd :ir(. prcvntcd in Figures 2 to 9.  

Mater ia ls  Used 

Thr follow in^ rcagents were uwd in the reaction studies: 

ti) Claciai \ct,tic k i d ;  C.P.R. “A” grade of densit! 1.048-1.051 

(ii) n-Hut!l ,\I(.ohol: G.P.R. grade of density 0.809-0.811 gmicc 
(iiii Sulphuric k id ;  G.P.R.  grade of density 1.84 gmicc 
(iv) 11 heptane conforming to 1.P. specification of density 0.682-0.684 

~Illlcc 

gmlce 

TABLE 3. ESTEIUFICXTION HEACTION EQUILIBRIUM CONSTANT 

Run 
NO. 

H2S04  H 2 0  
M’t. % Wt. 9c 

9.8 0 .0  
4.55 0.0 
9.89 4.96 
9.60 10.04 

K 

28 7 
16.0 
22.4 
18.2 

4 0  5 0  8 0  10 a o  30 

C ~ Z  ..., t e d  Conv. ,% 

Figure 5. Batch esterification experimental vs. computed conversion. 

DISCUSSION 

Table 1 gives the results of kinetic studies of the esterification 
for two experiments initiated with 9.8% and 4.3% sulphuric 
acid and stoichiometric quantities of acetic acid and butanol. 

The equilibrium constant K was calculated from the concen- 
trations of products and reactants at 24 hours, and k, was calcu- 
lated from Eq. 5.  The instantaneous concentration of water 
generated was also evaluated. The initial reaction rate was rapid 
but this decreased as the water formed diluted the catalyst. The 
results are further illustrated in Figure 2 and the results for all 
four experiments are summarized in Figure 3. 

Regression analysis was undertaken on the data of Table 1 and 
the following correlation for k2 was obtained 

k, = (0.0112) [H2S04]’.’8[H,0]-0.324 (10) 

where k, is in W(g mol)(Min). 
The experimental values of specific reaction rate of the for- 

ward reaction arp plotted against k, evaluated from Eq. 10 in 
Figure 4, and it will be seen that good agreement has been 
obtained; the maximum deviation being about 13%, and the 
average deviation 5%. 

Equations 6 and 10 were used to estimate the conversion of 
different mixtures of A,  B ,  C, E and catalyst charged into the 
reactor. However, since in Eq. 6 [x] is implicit, because m, p and 
y are functions of x, a computer program was written to evaluate 
[x] by iteration. 

Results of the computer calculations for two runs together 
with the actual experimental values are shown in Figure 5 and 
Table 2 where it will be seen that good agreement was achieved 
between the experimental and computed values, the maximum 
deviation was about 8%. 

The values of the equilibrium constant K are presented in 
Table 3 which indicates that K increases as the catalyst concen- 
tration is increased, or the initial concentration of water is 
decreased. These values are considerably larger than the aver- 
age of 2.35 reportcd by Leyes and Othmer (1945). The variation 
is thought to be due to the very much higher catalyst concentra- 
tion employed in this study. 
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Figure 6. Botch extroction reaction. Theoretical and experimental conver- 
sion a t  various catalyst concentrations. 

Fourteen hatch reactor experiments were uindcrtaken with 
the two phase system, with the amounts of reactants, catalyst 
and solvent stated in Figures 6 to 10. Figures 6, 7 and 8 indicate 

Figure 8. Botch extraction reaction experimental conversion a t  various 
catalyst concentrations. 

% Conversion 

I0 10 d i  4 "  i )  

1 ,  \ 

Figure 7. Batch extraction reaction experimental conversion ot various 
cotolyst concentrations 

the influencc of' the catalyst conccntration on thcL reaction inis- 
tures of the saine compositions. In addition, Figure, 6 includes 
the resnlts of thc computer calculations. Thew figurcs show that 
increased catalyst concentration enhance the rvaction rate. 

% Conversion 

Ratctnnts r a t i o s :  

I 
30 to 5 0  B u 10 P O  

Tin,' ( . + ~ : u t e Z )  

Figure 9. Batch extraction reaction influence of reactants ratio on conver- 
sion. 
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canvanion P 

(1111 7 

‘?I”!L. ::‘.Lll”tuL) 

Figure 10. Batch extraction reaction influence of water solvent ratio on 
conversion. 

Figure 9 prvsents the convclrsions for the same amounts of 
catalyst, w1tc.r and heptane concentration, but  different ratios of 
acet ic  acid to  hu tano l .  Conversion is improved  as t h e  
acid:alcohol ratio is increased. This is in accordance with the 
distribution \tudies reported in Part I .  Excess acetic acid salts 
the Iintanol into the aqueous phase \ \here  the reaction can 
p rocwd ,  \ v h c w w  excess butanol salts the acid out into the 
organic phasc, thus depleting the aqueous (reactive) phase of 
both reactants. 

Figure 10 gives the conversion for the same catalyst and 
reactants colicwitration hut differing heptane and water ratios. 
This figure. suggests that a watc.r: heptane ratio of 2:3 gives the 
lowest convcrsion while a ratio of 1:2 gives the highest. A 
water:heptane ratio of 1:3 is intermediate between these ex- 
tremes and these results are confirmed by the computer model. 
Qualitativel) there appears to be two contradicting phenome- 
non occurring when the water:heptane ratio is changed. When 
this ratio is increased the overall quantity of reactants in the 
aqueous phase increase and this improves the  ultimate conver- 
sion. hut the qrlaater the amount of water present. the lower the 
conctwti-atiori of the reactants and particularly the catalyst con- 
centration :11id therefore the rate of‘ esterification is much 
slower. :is will be seen by inspection of the curves in Figure 10 
equilibrium is never achieved, and possibly there is an optimum 
water:heptarx, rdtiofor the batch reactor although this is outside 
the scope of this paper. 

Figure 6 presents a comparison between the experimental 
and predicted results for four experiments with catalyst concen- 
tration ranging from 4.0-10.6%. In  all the four examples the 
computed valuc.s were higher at  the completion of the reaction. 
This de\.iatioii Iwcomes progressively larger for slower reaction 
rates, the maximum deviation heing 24% for the run with 4.0% 
catalyst, which indicates that  the resistance to mass transfer is 
greater than accounted for by Eq.  9. This resistance is particu- 
larly effectivt. at low values of the drivingforce, but is believed to 
he counteracted at high values of the drivingforce. The increase 
in mass transfer rate, at  high values of the drivingforce, has been 
confirmed by Edwards and Himmelblau (1961) and Orlander 

and Benedict (1963) when the effect is mainly attributed to 
increasing interfacial turbulence as the solute concentration is 
increased, 

NOTATION 

= interfacial area 
= product of rvaction jwatc-r) 
= concentration of rc,action prodnct A4 
= species of reactant 
= concentration of reactant B 
= species of reactant 
= concentration of reactant C 
= product of reaction (Ester) 
= concentration of reaction product E 
= specific Reaction Rate of ester formation 
= specific Reaction Rate of reverse reaction 
= continuous Phase Mass Transfer Coefficient 
= dispersed Phase Mass Transfer Coefficient 
= equilibrium Constant 
= overall mass transfer coefficient 
= distribution ratio 
= initial concentration of reactants 
= constant in kinetic Equation: y = P’ - 4ay 
= reaction rate resistance 
= time 
= fraction of B reacted 

Greek Letters 

a: = k d [ B I , , [ C I , )  - 1/K[EI,,[AI,,J 
P = -kz { [BIo  + [CI,) + 1 / K ( [ E l , ,  + [A],,)} 
Y = k, - k l / K  
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