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Alrstract-Experiments were performed on the esterification of lauric acid with isopropyl alcohol by tricaprylyl- 
methylammonium chloride in a stirred vessel with a flat liquid-liquid interface. The observed initial rate of reaction 
was used to analyze the reaction mechanism combined with the catalyst, and to evaluate the several kinds of reac- 
tion rate constant, from which equilibrium constants were expressed as a function of reaction temperature. The anal- 
ysis of reaction kinetics indicated that the reaction was between a very slow and slow reaction regime. 
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INTRODUCTION 

Organic esters are a very important class of  chemicals hav- 
ing applications in a variety of  areas such as perfumery, fla- 
vors, pharmaceuticals, plasticizers, solvents and intermediates. 
Obviously different approaches have been employed on both 
laboratory and commercial scales to prepare esters. 

The most widely employed and supposedly cleaner produc- 
tion technique for esters involves the reaction of  the appropri- 
ate carboxylic acid with an alcohol in the presence of  a min- 
eral acid catalyst. 

Sulfuric acid is more commonly used, but it has various 
problems: formation of undesirable products, byproducts, and 
polymerization products due to secondary reactions with the 
double bonds of  the molecule [A1-Saadi and Jeffreys, 1981], 
as well as problems in the separation of  the ester from the 
catalyst. 

The typical catalysts used for direct esterification as men- 
tioned in the literature include a sulfuric acid [Chanodalia et 
al., 1977; Leyes and Othrner, 1945], molecular sieves [Santac- 
esaria et al., 1983], and acidic ion exchange resins [Moore et 
al., 1979]. 

Induet  al. [1993] expressed the chemical equilibrium con- 
stants as a function of sulfuric acid, sodium sulfate and sodium 
nitrate in the esterfication of  formic acid with methanol. The 
sulfuric acid and sodium salts shift equilibrium in favor of  
methyl formate. The enzymes can also be used as catalysts 
in the formation of  esters from alcohols and fatty acids in the 
heterogeneous phases. Lima et al. [1995] studied the esterifi- 
cation of lauric acid with geraniol catalyzed by commercially 
immobilized lipase. Singh et al. [1994] also used the lipase 

*To whom correspondence should be addressed. 
E-mail : swparkO@hyowon.pusan.ac.kr 

221 

as a catalyst in the esterification of  oleic acid with glycerol. 
Ph3P/CCI4 [Ramaiah, 1985] was used as a catalyst for syn- 
thesis of  several esters, p-Toluenesulfonic acid [Vieville et al., 
1993; Okamoto et al., 1994] was used for esterification of  
oleic acid by methanol or ethanol. Lewis acid [Senatalar et 
al., 1994] was used for esterification of  castor oil with oleic 
acid. Cobalt chloride [Sanchez et al., 1992] was used for es- 
terification of  oleic acid and oleyl alcohol. 

Previous workers [McCracken and Dickson, 1967] studied 
the kinetics of  the reaction of  eserification, mostly the pres- 
ence of  excess of  alcohol, and came up with a suggestion that 
the reaction may be second order with respect to the acid. 

One encounters the problem of  bringing together two mutu- 
ally insoluble reagents, carboxylic acid and alcohol, in suffi- 
cient concentration to attain conveniently rapid reaction rates. 
The traditional solution to this problem, and by far the one 
most frequently used in the laboratory, is simply to use a 
solvent which can dissolve both reagents. Use of  solvents is 
not always convenient, and it is expensive on an industrial 
scale. The use of  phase-transfer catalysts (PTC) to accelerate 
the rate of  two-phase reactions by bringing together chemi- 
cal reactions has become common practice in recent years 
[Starks and Liotta, 1978]. 

Information about the analysis and kinetic modeling of  es- 
terification using phase-transfer catalyst is very rare and lim- 
ited to particular conditions [Cainelli and Manescalchi, 1975; 
Loupy et al., 1986]. These authors studied only the yield of  
ester from the carboxylic acid and alkyl halide using phase- 
transfer catalyst such as qn~ternary ammonium salts or a macro- 
molecular resin containing quatemary ammonium groups. 

In view of  the fact that the circumstances of  reaction con- 
dition in a heterogeneous reaction such as reaction between 
lauric acid dissolved in toluene and isopropyl alcohol misci- 
ble with water are different from those in a homogeneous 
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reaction, it was considered worthwhile to investigate the kinet- 
ics of a phase-Wansfer catalyzed reaction together with the mech- 
anism of mass transfer with chemical reaction, i.e., the diffu- 
sion effect of solutes across the interface of the heteroge- 
neons phases [Park and Suh, 1994; Park et al., 1997]. 

The present paper is concemed with the kinetic studies on 
esterification of lauric acid with isopropyl alcohol in the liquid- 
liquid heterogeneous phases based on our experimental data 
using different quantities of tricaprylylmethylanlmonium chlo- 
ride (Aliquat336 or QCI). The conversions of acid measured in 
a flat agitated vessel were used to analyze the reaction mech- 
anism of esterifieation and to evaluate the kinetic parameters. 

THEORY 

A carboxylic acid is converted directly into an ester when 
heated with an alcohol in the presence of a mineral acid in a 
homogeneous phase. 

Esterification reactions are 

H + 
RCOOH+R'OH, ' RCOOR'+H20 (1) 

This reaction is reversible, and generally reaches equilib- 
rium when there are appreciable quantities of both reactants 
and products present. 

In case lauric acid is insoluble in water, but soluble in an 
organic solvent such as toluene (on the other hand, isopropyl 
alcohol is miscible with water), reaction (1) occurs in the 
toluene phase with lauric acid and isopropyl alcohol trans- 
ferred into toluene phase from the aqueous phase. 

The reaction equation of esterifieation in the toluene phase 
is represented as follows: 

k2 
A+B ~ E+water (2) 

where, A, B and E represent isopropyl alcohol, lauric acid, 
and isopropyl laurate, respectively. 

In case the rate of reaction between the dissolved A and B 
is very much slower than the rate of transfer of A into the B 
phase, the reaction is a very slow reaction, and the B phase, 
in which the reaction occurs, will be saturated with the solute 
A at any moment and the rate of formation of ester will be 
determined by the kinetics of the homogeneous chemical re- 
action. The diffusional factors are unimportant in this reaction. 

The transfer rate of A is given by [Doraiswamy and Shanua, 
1984]. 

RA = kz[A,][B]-k; [E] (3) 

And the condition for the validity of this mechanism can be 
expressed as 

kLa >> k2[B], (4) 

In case the rate of reaction between A and B is faster than 
the rate at which A is transferred to the B phase, the reac- 
tion then occurs uniformly throughout the B phase, but the rate 
is controlled by the transfer of A into the phase containing B. 

The rate of transfer of A is given by 

RA = kL [A,] (5) 

And the conditions for Eq. (5) to be satisfied are given by 
the following expressions. 

D'~--~4k~ [ B 1.~<< 1 (6) 
kL 

kLa<<k2[B], (7) 

For some systems, the condition given by expression (6) 
may be satisfied, whereas the condition given by expression 
(7) may not be. Under these conditions, the concentration of 
dissolved A in the bulk B phase is a finite quantity, [A]. 

The following equations hold for this case: 

RA=k~[A,][B] - k~ [E]=kLa([A,] - [A]) (8) 

RA is given by the following equation, if [A] is eliminated 
using the 2nd and 3rd term of Eq. (8). 

k2kLa[A,] [B] - kLak2[E]/K2 
RA k2[Bl+kLa (9) 

where, I(2 is defined as the equilibrium constant as follows: 

K2=k~ (10) 

Because the concentration of ester, [E], is equal to 0 at the 
initial reaction time, the following equation can be obtained 
using the initial rate of transfer of A, R~o, and the feed con- 
centration of B, [[3],. 

[A,] 1 1 -~ - -  ( 11 )  
R~o kLa k2[B]~ 

An esterification reaction by the catalyst such as a quater- 
nary ammonium salt is assumed to occur as the following 
reaction mechanism. 

ROOH, ' RCOO-+H + 

R'OH, ~ R~+OH - 

QC1 ,---+ Q§ 

RCOO-+Q § , ' RCOO-Q 

RCOOQ+R', ' RCOOR'+Q 

(12) 

(13) 

(14) 

(15) 

(16) 

Eqs. (12), (13) and (14) are the dissociation of reactants 
and catalyst, and these rates of reaction are assumed to be 
very much faster than those of reactions (15) and (16). 

Therefore, the above reactions are simplified as the follow- 
ing expression. 

k~ 
B'+Q ~ B'Q (17) 

k~ 
k~ 

B'Q+A' ~ E+Q (18) 
k3 

where, B', Q and A' represent RCOO, quaternary ammonium 
ion, and R', respectively. 

The equilibrium constants of Eq. (17) and (18) are defined 
as follows : 

K , = ~  (19) 

K~=k~ (20) 
M a r c h ,  1999  
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The rate of reaction of A in Eq. (2) is expressed using Eq. 
(17) as follows: 

[A] [B] 
RA dt dt = k , [ B ' ] [ O ] - k ~  [B'Q] (21) 

The rate of disappearance of component B'Q is 

[B'Q] 
dt k~[B'] [O'] + k':[B'O] 

+k~ [B'Q] [A'] - k ' [E]  [O] (22) 

Because -[B'Q]/dt is equal to 0 at pseudo-steady state, the 
rate of reaction of A in Eq. (21) is rearranged as the follow- 
ing equation : 

(k~k3[A'][B'] - k~ k3[E])[Q]r (23) 
R~- k~+k3[A'] +k , [B ' ]  +k~[E] 

where, [Q]r is the feed concentration of component Q, and 
the following expression can be obtained from the mass bal- 
ance of catalyst" 

[Q]r = [B'Q] + [Q] (24) 

The initial rate of reaction of A, where the concentration 
of component of A' and B' becomes to be [A,] and [B]r re- 
spectively, is expressed as follows : 

[QCl]r 
R~~ k~ 1 1 (25) 

k,k3[A,] [B]~ + ~ + k3 [A,----] 

In order to analyze the kinetics of the esterification based on 
the effect of the catalyst, Eq. (25) can be arranged as the fol- 
lowing equation, 

[QC1], ( k~ + 1 ~  1 1 (26) 
RAo ~,k~k3[A,] k,J[B],  + k3[A,'----] 

At the initial state, the relationship among K:, K2 and K3 is 
expressed as follows : 

K2=K,K3 (27) 

EXPERIMENTAL 

All chemicals in this study were reagent grade and used 
without further purification. A reactor was used for experi- 
mental studies of esterification reaction and mass transfer. The 
reactor was a stirred vessel with a flat liquid-liquid interface. 
The vessel was composed of a Pyrex cylinder, two bladed 
glass disk turbine stirrers 1.5 cm in diameter and a reflux con- 
denser. The vessel was 7 cm in diameter and 12 cm in length. 
Four vertical baffles, 0.5 cm wide, were oriented re/2 rad 
and fitted from 0.5 cm to 7 cm above the bottom. Two stir- 
rers were used to agitate the organic and the aqueous phase, 
respectively, positioned at the middle of each phase, and set 
at 80, 120, and 150 rev/min. The vessel was kept in a con- 
stant temperature bath with a temperature control of ~-0.5 ~ 

An aqueous solution of 150 cm 3 having dissolved isopropyl 
alcohol was placed in the vessel, and a toluene solution of 
150 cm 3 having dissolved lauric acid and Aliquat 336 was 
then added into the vessel slowly so as not to disturb the 
aqueous solution. The reaction mixture was heated to a desired 
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temperature and then stirred at a given speed of agitation. 
Samples were withdrawn from the toluene solution at a reg- 
ular interval and analyzed by gas chromatography to meas- 
ure the concentrations of lauric acid and isopropyl laurate. 
The stoichiometric analysis for estefification was confirmed by 
the comparison of the measured concentrations of lauric acid 
with those of ester. 

The measured conversions of laurie acid to ester as a func- 
tion of reaction time were used to get the initial rate of reac- 
tion at the reaction time equal to 0. 

During the experiment in this study, the ranges of concen- 
tration of isopropyl alcohol, lauric acid and Aliquat 336 were 
0.5-2.0 kmol/m x, 0.5-3.0 kmol/m 3 and 0.01-0.2 kmol/m 3, re- 
spectively; those of reaction temperature, 25-55 ~ and those 
of speed of agitation, 80, 120 and 150 rev/min. 

RESULTS AND DISCUSSION 

1. Physieoehemical Properties 
Physicochemical properties such as diffusivity (DA) of iso- 

propyl alcohol in toluene phase, distribution coefficient (D) of 
isopmpyl alcohol between toluene and water, mass transfer co- 
efficient (kL) of isopropyl alcohol Wansferred from the aqueous 
phase to toluene phase, and chemical equilibrium constant (K2) 
were obtained as follows for the kinetic analysis of esterifica- 
tion of lauric acid with isopropyl alcohol in the liquid-liquid 
heterogeneous system. 

Diffusivity of isopropyl alcohol in toluene was estimated 
from the Wilke-Chang equation [Treybal, 1980], 

117.3 x 10-~8(zM)~ 
DA- (28) ~V 06 

where, % is an association factor and 1 in the case of tolu- 
ene, M, the molecular weight of the solvent, T, tempera- 
ture,/2, the viscosity of the solvent and obtained from a re- 
ference [Perry, 1984], "CA, the molecular volume of the sol- 
ute, and 9.25x10 -2 m3/kmol in case of isopropyl alcohol. The 
diffusivities estimated using Eq. (28) at 25, 35, 45 and 55 ~ 
were 2.57, 2.78, 3.11 and 3.58x10 -9 m=/s, respectively. 

The distribution coefficient of isopropyl alcohol between tol- 
uene and water was measured using a method reported pre- 
viously [Park et al., 1996]. The mass balance of isopropyl al- 
cohol in terms of equilibrium concentration in toluene-water 
system can be formulated as follows : 

[A]~ =[A,] + [Aw] (29) 

Distribution coefficient (D) is defined as follows, 

[Aw] 
D - [A,] (30) 

The following equation is obtained by combining Eqs. (29) 
with (30) 

[A]o= ~-D-~ [Av/] (31) 

The equilibrium concentrations of isopropyl alcohol in aque- 
ous phase were measured by varying the feed concentration 
from 0.2 to 2.0 kmol/m 3. A plot of [A L against [Aw] was 
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Fig. 1. The feed concentration of isopropyl alcohol as a func- 

tion of its equilibrium concentration in aqueous phase 
at 250C. 

1r 

typically shown in Fig. 1 at 25 ~ which shows that the ex- 
perimental data coincide with Eq. (31) passing through origin. 
The value of  the dislribution coefficient obtained from the slope 
of the slraight line was 9.852. The distribution coefficients at 
25, 35, 45 and 55~ were 9.85, 6.25, 3.7 and 2.46, respectively. 

I f  the isopropyl alcohol dissolved in distilled water contacts 
the toluene phase, the differential mass balance of  isopropyl 
alcohol transferred into the toluene phase can be expressed 
as follows : 

d[A---J=kLa - ([A,] - [A])  (32) 
dt 

where [A,] is the solubility of  isopropyl alcohol in toluene 
phase, and a, the interfacial area of  the toluene-aqueons phase 
per unit volume of  toluene phase, is 0.252 in this case. Eq. (32) 
was integrated with an initial condition such as [A]=0 at t--0, 

In [ & l  - [A] [A,] = -kLat (33) 

An isopropyl alcohol aqueous solution of  150 cm 3, whose 
concenlration was 1.0 kmol/m 3, and a toluene solution of  150 
cm 3 were placed in the stirred vessel described in the EXPER- 
IMENTAL section. Under a given speed of  agitation, the con- 
centmtion of  isopropyl alcohol in toluene phase was measured 
at regular intervals by gas chromatography. The terms of  the 
left-hand side of  Eq. (33) were plotted against the contact time 
using the measured concentrations of  isopropyl alcohol. As 
shown in Fig. 2, a linear relationship was observed. The mass 
transfer coefficients o f  isopropyl alcohol obtained from the 
slope of  the straight line were 1.68x10 -5, 1.98x10 -5 and 2.95x 
10 -5 m/s at agitation speed of  80, 120 and 150 rev/min, re- 
spectively. 

At an equilibrium state of  Reaction (2), the equilibrium con- 
stant, 1(2, can be arranged as follows: 
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Fig. 3. Effect of concentration of catalyst and reaction temper- 
ature on chemical equilibrium constant. 
([A], : 1.0 kmol/m 3, [B], : 1.0 kmol/m 3, and speed of agita- 
tion : 120 rev/min) 

K2-  XAe (34) 
[A,I (M - XAe)( 1 -- XA,) 

where, M is [B],/[A,]. 
The concentration of  isopropyl alcohol in the toluene phase 

was measured at a regular interval. The reaction conditions 
were kept as follows: concentration of  isopropyl alcohol, lauric 
acid, 1.0 kmol/m 3, and 1.0 kmol/m 3, respectively; speed of  agi- 
tation, 120 rev/min, the concentration of  Aliquat 336 between 
0.01 and 0.3 kmol/m 3. 

It was assumed that the reaction arrived at an equilibrium 
state when the measured concentration of  isopropyl alcohol 
was held constant. The equilibrium constant, K2, was obtained 
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Fig. 4. Plot of [Ad/RAo vs. 1/[B]~ for various concentration of 
Aiiquat 336 at 25~ 

using the equilibrium conversion of isopropyl alcohol and Eq. 
(34). 

Fig. 3 shows the plots of the equih'brium constant against the 
concentration of Aliquat 336 at various reaction temperatures 
of 25-55~ As shown in Fig. 3, the equilibrium constant was 
increased as the reaction temperature and the concentration 
of catalyst were increased. 
2. Reaction Regime 

It is necessary to decide the scope of the reaction regime in 
the heterogeneous reaction of the esterification of lauric acid 
with isopopyl alcohol in order to obtain the proper rate ex- 
pression. 

The initial rate of reaction obtained from the experimental 
data of the acid conversion versus the reaction time was plott- 
ed against the reciprocal values of the feed concentration of 
lauric acid. Fig. 4 shows a plot of  [A,]/RAo against 1/[B]~ ob- 
tained typically at the following reaction conditions, feed con- 
centration of isopropyl alcohol, 1.0 kmol/m 3, those of catalyst, 
0.01-0.2 kmol/m 3, speed of agitation, 120 rev/min, the con- 
centration of lauric acid from 0.5 to 3.0 k m o l / m  3 at 25 ~ As 
shown in Fig. 4, a linear relationship between the plots was 
satisfied, and then the values o f  the slope and the intercept 
could be obtained from the straight line. Also as shown in 
Fig. 4, the value of  the slope increased as the concentration 
of  Aliqnat 336 decreased; the other hand, the values o f  the 
intercept were held constant and independent of the concen- 
tration of  the catalyst. The slopes correspond to the value of  
l/k2, the intercept, 1/kLa from the comparison of  these linear 
relationships with Eq. (11). 

Therefore, the values of k2 and kL obtained from the values 
of  the slope and the intercept of  the straight line were plotted 
against the concentration of the catalyst in Fig. 5 and 6. The 
result plotted in Fig. 5 shows that k2 was increased as the con- 
centration of catalyst was increased according to the following 
empirical equation with the regression coefficient of 99.8 %. 
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Fig. 5. Effect of concentration of catalyst on the forward 
reaction rate constant (k2) at 25 *C. 
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Fig. 6. Effect of concentration of catalyst on the mass trans- 
fer coefficient (kt) at 25"C. 

k2 = 0.0218 [ Q C 1 ] ~ -  0.0578 [QCI]~  (35) 

As shown in Fig. 6, kz was held constant, and the mean 
value of  kL was 2.04• -5 m/s, which approached reasonab- 
ly to the value, 1.98x10 -5 m/s, measured in the previous sec- 
tion. 

Eqs. (4), (6) and (7) were checked by using the values o f  
k2, kL, and DA estimated in the range of  the concentration of  
lauric acid from 0.5 to 3.0 kmol/m 3 in order to find the reac- 
tion regime. As a result, Eq. (6) was satisfied, but Eqs. (4) and 
(7) were not satisfied. Moreover, the condition, kLa < k2[B]~, 
was satisfied. A similar trend was also obtained in the other 
experimental variables such as speed of  agitation and the re- 
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Fig. 7. Plot of [QCI]f/RAo vs. I/[B], for various concentration 
of isopropyl alcohol at 25~ 

action temperature. Therefore, it was concluded that the reac- 
tion regime of  the esterification of  lauric acid with isopropyl 
alcohol belonged to the regime between very slow and slow 
reaction, and Eq. (8) could be used to estimate the rate of  the 
reaction, RA. 
3. Kinet ics  of  Esterif lcation 

In order to analyze the kinetics of estelification of  laulic acid 
with isopropyl alcohol by using Aliquat 336 in the heteroge- 
neous liquid-liquid system, the initial rates of  reaction were 
measured in the range of  the concentrations of  lauric acid, iso- 
propyl alcohol and Aliquat 336, 0.5-3.0, 0.5-2.0 and 0.01-0.2 
kmol/m 3, respectively, and reaction temperature, 25-55~ at the 
speed of  agitation, 120 rev/min. 
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Fig. 8. Effect of the fed concentration of isopropyl alcohol on 

the forward reaction rate constant (ks) at 25~ 
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Fig. 9. A plot of S vs. 1 / [6] .  

The values of  [QC1]JRAo were plotted against the reciprocal 
values of  the feed concentration of  lauric acid. Fig. 7 show 
the plots of  [QCI]JRAo against 1/[B]~ typically in the range of  
the concenlration of  lauric acid and isopropyl alcohol, 0.5-3.0 
k m o l / m  3 and 0.5-2.0 kmol/m 3, respectively, and the concentra- 
tion of  the catalyst, 0.05 k m o l / m  3 at  2 5  ~  A s  s h o w n  i n  Fig. 
7, the linear relationship was satisfied with a correlation coef- 
ficient of  more than 98 %, and then the values of the slope 
and the intercept could be obtained from the straight line. 

The forward reaction rate constant in Eq. (18), k3, was ob- 
tained from the value of  the intercept in Eq. (26). The values 
of k3 obtained for the feed concentration of  isopropyl alcohol, 
0.5, 1.0, 1.5 and 2.0 kmol/m 3 were 10.018x10 -3, 9.659x10 -3, 
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7 

100 

10 

r ~ - E 2 . . _  [] 
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Fig. 10. Effect of reaction temperature on the equilibrium con- 
stant. 
O : KI, A : K2,[3:K3 
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Fig. 11. Comparison of the observed initial rate of reaction 
with the calculated value at [QCI]r 0.05 kmoi/m 3 and 
speed of agitation, 120 rev/min. 
[A]~: 0.5-2.0 kmol/m s, [B]~: 0.5-3.0 kmol/m 3, reaction 
temperature : 25-55 ~ 

9.870><10 -s and 10.209• -3 m3Amaol-s, respectively. As shown 
in Fig. 8, k3 was held constant and independent of the con- 
centration of isopropyl alcohol as 9.94x10 -3 m3/kmol.s. 

The following equation is obtained from a comparison of 
the slope in Fig. 7 with Eq. (26). 

k~ 1 
S-- k~k3[A,~] + k~ (36) 

The observed initial rates of reaction were plotted against 
those calculated from Eq. (25) with kt, k~' and ks obtained in 
order to confirm the validity of the reaction mechanism as 
described in Eq. (17) and (18). As shown in Fig. 11, the cal- 
culated initial rates of reaction approached reasonably to the 
observed values within the standard error with 3.9 %. 

CONCLUSION 

Esterification of lauric acid with isopropyl alcohol by trica- 
prylylmethylammonium chloride was carried out in a stirred 
vessel with a fiat liquid-liquid interface. The initial rate of re- 
action was measured with varying concentration of reactants 
and catalyst, reaction temperature and speed of agitation. The 
observed initial rate of reaction was used to analyze the reac- 
tion combined with the catalyst and to evaluate the reaction 
kinetics. 

The forward overall reaction rate constant was empirically 
expressed as a function of the concentration of catalyst as 
follows: 

k2= 0.0218 [QCI]~- 0.0587 [QC1]~ 

The equilibrium constants in Eqs. (17), (2) and (18) were 
expressed as follows: 

K~ = 7.6 exp ( -784 /RT)  

K2 = 649.3 exp (-1636/RT) 

K3 = 85.9 exp ( -649/RT)  

The analysis of the reaction kinetics indicated that the reac- 
tion of lauric acid with isopropyl alcohol was between a very 
slow and slow reaction regime. 

where, S is the value of the slope in Fig. 7. 
The values of the slope in Fig. 7 were plotted against the 

reciprocal values of the concentration of isopropyl alcohol in 
Fig. 9. As shown in Fig. 9, a linear relationship between the 
plots was observed and the values of the slope and the inter- 
cept could be obtained from the straight line, which were 
47.651 kmol.s/m 6 and 8.01 kmol-s/m 3, respectively. The k~ and 
kl' obtained from these values and Eq. (36) were 0.125 m3/ 
kmol-s, and 0.059/s, respectively. Therefore, the value of K 1 
was obtained as 2.11 m3/kmol, and I<3 was obtained from K1, 
I<2 and Eq. (27) as 19.13. The values of the equilibrium con- 
stant at the other reaction temperature were obtained with 
the same procedure carried out at 25 ~ 

The Arrhenius plot was shown in Fig. 10. As shown in Fig. 
10, the linear relationship between plots was satisfied. The re- 
lationships between the equilibrium constant and the reaction 
temperature for the catalyst concentration of 0.05 kmol/m 3 
were expressed as follows : 

K~= 7.6 exp ( -784 /RT)  

K ~  649.3 exp (-1636/RT) 

Ks= 85.9 exp ( -649/RT)  

(37) 

(38) 

(39) 
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NOMENCLATURE 

a : interfacial contact area of organic and aqueous phase 
per unit volume of organic phase [l/m] 

A : isopropyl alcohol 
[A] : concentration of isopropyl alcohol in the bulk body of 

the organic phase [kmol/m 3] 
[A,] : saturated concentration of isopropyl alcohol in the or- 

ganic phase [kmol/m 3] 
[A~] : saturated concena'ation of isopropyl alcohol in the aque- 

ous phase [kmol/m 3] 
B : lata'lc acid 
[B] : concentration of lauric acid in the bulk body of the 

organic phase [kmol/m 3] 
D : distribution coefficient defined as in Eq. (30) 
DA :diffusivity of isopropyl alcohol in the organic phase 

[m2/s] 
E : ester 
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[E] : concentration of ester in the bulk body of the organic 
phase [kmol/m 3] 

K~ : equilibrium constant defined as in Eq. (19) [m3/kmol] 
K2 : equilibrium constant defined as in Eq. (10) [m3/kmol] 
K3 : equilibrium constant defined as in Eq. (20) 
kl : forward reaction rate constant in Eq. (17) [m3/kmol-s] 
kl' : backward reaction rate constant in Eq. (17) [l/s] 
k: : forward reaction rate constant in Eq. (2) [m3/kmol's] 
k2' : backward reaction rate constant in Eq. (2) [l/s] 
k3 : forward reaction rate constant in Eq. (18) [m3/kmol's] 
k3' : backward reaction rate constant in Eq. (18) [l/s] 
kL : mass transfer coefficient of isopropyl alcohol in the or- 

ganic phase [m/s] 
Q : quaternary ammonium ion 
RA : rate of reaction of A [m3/kmol.s] 
RAo : initial rate of reaction of A [m3/kmol's] 
S : value of the slope in Fig. 7 [kmols/m 3] 
t : reaction time [s] 
T :reaction temperature [K] 
Xe : equilibrium conversion of isopropyl alcohol at the equi- 

librium reaction of lauric acid with isopropyl alcohol 

Subscript 
: initial value 
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