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Abstract

The overall reaction rates of alkaline hydrolysis of n-butyl acetate by aqueous sodium hydroxide solutions, with cetyltrimethylammonium
bromide (CTMAB) asamicellar catalyst, were measured in an agitated vessel with aflat interface. The overall reaction rates observed with
respect to various liquid compositions could be reasonably explained by the theoretical model, allowing for reactionsin the micellar and bulk
phases and the distribution of the relevant species between the micellar and bulk phases. This akaline hydrolysis was accelerated by the
solubilization of n-butyl acetate and OH ~ ions to the micelles, but not by an increase in the reaction rate constant in the micellar phase. The
maximum catalytic effect of CTMAB micelles at 298 K occurred at 0.07 kmol m~3 CTMAB and 0.2 kmol m~2 NaOH. The maximum value
of theratio of the overall reaction rates of n-butyl acetate with and without micellar catalyst was about 6.

The evaluated apparent reaction rate constants were dependent on the concentration of CTMAB micellar catalyst and the ionic strength of

the aqueous solution. © 1997 Elsevier Science S.A.
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1. Introduction

In many heterogeneous liquid-iquid reaction systems,
where reactions seldom occur owing to the sparing mutual
solubility, the reaction rates can be accelerated by adding a
phase transfer catalyst or a micellar catalyst [1-4]. Such
catalysts are therefore useful in thefield of organic synthesis.
Inapreviouspaper [ 3], wecarried out theakalinehydrolysis
of n-butyl acetate using Aliquat 336 asphasetransfer catalyst,
and reveal ed that the use of thiscatalyst isvery effectiveeven
for the relatively fast reactions in which the mass transfer
resistance of relevant species is not negligible. A similar
catalytic effect may be expected for the alkaline hydrolysis
of n-butyl acetate using a micellar catalyst.

Micellar catalystsincorporating the micelles of surfactants
with both hydrophobic and hydrophilic groups can enhance
reaction rates in the aqueous solutions by the solubilization
of solute and/or by electrostatic interaction near the polar
group. Except for the studies of Janakiraman and Sharma [ 5]
and Asai etal. [4], however, many previousstudiesonmicel-
lar catalysis have dealt primarily with very slow reactions,
where there is no effect of mass transfer. Janakiraman and
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Sharma [ 5] studied the oximation of cycloalkanone accom-
panied by mass transfer in the agueous phase containing
sodium dodecy! sulfate (SDS) micelles, and found that the
apparent pseudo first-order reaction rate constants for the
reaction in the micellar phase are much larger than those in
the bulk phase. In their analysis, however, it was assumed
that adissolving solute ( cycloalkanone) and another reacting
solute (hydroxylammonium) existing originally in the aque-
ous phase diffuse only through the bulk phase, maintaining
the solubilization equilibrium of their solutes between the
bulk and the stationary micellar phases.

In previouswork [ 6], we clarified the masstransfer mech-
anism of a solute solubilized in an agueous micellar solution
to enableareasonableanalysisof micellar catalysiswithmass
transfer. Furthermore, we carried out the oximation of cyclo-
hexanone using SDS micellar catalyst and demonstrated that
its overall reaction rate could be explained quantitatively by
the proposed model [4].

In this work, we investigated quantitatively the effect of
the micellar catalyst on the overall reaction rates in a heter-
ogeneous liquid-iquid reaction system for the akaline
hydrolysis of n-butyl acetate with sodium hydroxide using
a micellar catayst, cetyltrimethylammonium bromide
(CTMAB).
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2. Modelling of micellar catalysis

The analysis was made by extending our mass transfer
model [6] of solubilized solutein the aqueous micellar solu-
tion without chemical reaction. Inthismodel, it was assumed
that very tiny micelles disperse uniformly in the agueous
phase and the concentrations of the relevant species are at
equilibrium between the micellar and the bulk phases.

n-Butyl acetate is hydrolyzed in the presence of sodium
hydroxide to produce n-butyl alcohol and sodium acetate

CHCOOC,H, (A) + NaOH (B)
— CH,COONa + C,H OH (1)

This akaline hydrolysis has been shown to be irreversible
and first order with respect to both reactants, and thereaction
kineticswere clarified by Asai et al. [7].

The model of the micellar-catalyzed reaction for the pres-
ent heterogeneous reaction system is shown in Fig. 1. When
the concentration of the surfactant CTMAB islarger thanthe
critical micelle concentration, the micelles are formed in the
aqueous phase. It is assumed that n-butyl acetate, which dis-
solves partialy in this agueous micellar solution phase,
undergoes an irreversible (1,1)th-order reaction with OH~
ions in both the micellar and the bulk phases, according to
thereactions (a) and (b) respectively (asshowninFig. 1).
n-Butyl acetate and OH ~ ions transfer between the micellar
and the bulk phases, in which their solutes are assumed to be
at equilibrium.

The analysis is based on the Lévéque model, which is
applicable to the present experimental apparatus, an agitated
vessel with aflat interface [8]. Thedifferential equationsfor
relevant speciesin the aqueous micellar solution areset upin
parallel to those in the previous study [4] and are expressed
asfollows

For the micellar phase

D AL 02— axdA /0y = kA rBm+ Ra,, (2)

Dg, B/ 0x* — axdB,,/ 3y =k AmBm+ Rg,. (3)
For the bulk phase

Da AL/ — axdAp/ 3y =kApBy+ Ra, (4)

Dg, By/? — axdBy,/dy = kyApBy+ Rg, (5)

where a is the interfacial velocity gradient in the aqueous
micellar solution, &, and k,, are the reaction rate constantsin
the micellar and the bulk phase, respectively, and R,,,, and
organic JE—
phase CH,COOC,H,

. NA'f
interface 0 y

K,
aqueous CH,COOC,H, + OH" —5 C,H,OH + CH,COO" (bulk phase) (@)
micellar

solution R J[HAVVI RBDJ[HEIH
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P CH,COOC,H, + OH"——>C,H,0H + CH,COO" (micellar phase) (b)
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Fig. 1. Reaction model.

Rg,, are the mass transfer rates of n-butyl acetate and OH ™~
ions, respectively, from the micellar phase to the bulk phase
per unit volume of micellar phase. Also, R,, and Ry, arethe
corresponding mass transfer rates from the bulk phase to the
micellar phase per unit volume of bulk phase. Here, the fol-
lowing relationships hold for the respective mass transfer
rates

RAb= _ﬁRAm/(l_e) (6)
Rg,= —€Rg,/(1—¢€) )

where € is the volume fraction of micelles in the aqueous
micellar solution.

Thetotal concentrations A+ and B+ of n-butyl acetate and
OH ™ ions, respectively, in the aqueous micellar solution are
shown by

Ar=—€eA,,+(1—6)A, (8)
Br=—eB,+(1—¢€)B, (9)

Furthermore, on the assumption that the distribution equili-
bria of the species are established between the micellar
and bulk phases, the distribution coefficients m, and mg of
n-butyl acetate and OH ™~ ions, respectively, are defined by

ma=Am/Ap (10)
mg=Bn/By (11)

Arranging Egs. (2)—(5) with Egs. (6)—(11), the follow-
ing equations are derived

DATazAT/a)CZ - axaAT/ay = kappATBT ( 12)
Dg, 0B/ 3% — axdB1/dy = kappyA1Br (13)

where D, and D, arethetotal diffusivitiesof n-butyl acetate
and OH ™ ions, respectively, inthe agueous micellar solution,
and k,y, is the apparent reaction rate constant, that is, an
overall reaction rate constant on the basis of the total concen-
trations A+ and B+ of n-butyl acetate and OH ™ ions, respec-
tively, in the aqueous micellar solution. They are given by

Dpr=Dp (1 —€e+eramp)/ (1 —e+emp) (14)
Dg,=Dg (1 —e+ergmg)/(1— e+ emg) (15)
ra=Da, /D, (16)
re =Dg,/Dg, (17)

N kmmAmB€+kb(1_ 6)
kapp_[(mA—1)6+1][(mB—1)6+1] (18)

The boundary conditions are given by

x=0,y>0; Ar=Aq, 3By/dx=0
x=2,y>0; Ar=0,Br=Bq (19)
y=0,x>0; Ar=0, Br=Br,

Here, it is assumed that n-butyl acetate disappears com-
pletely in the bulk of agueous phase.

The aqueous phase can be regarded ashomogeneouswhen
the unique reaction rate constant k,,, is used. So an analysis
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may be madein view of the masstransfer with aconventional
heterogeneous liquid-iquid reaction. Egs. (12) and (13)
with theboundary conditionsof Eq. (19) were solved numer-
ically by Hikitaet a. [8]. Thereaction factor (enhancement
factor) Ba, of n-butyl acetateis given by

Bar=yn+0.474715/ (yn)> for yn>2.4 (20)

Bar=1+ Y b;(ym)¥ for yn<2.4 (21)
j=1

1=V (Bar-—Bar)/ (Bar.— 1) (22)

Bare=1+ (DBT/DAT)Z/SBT|/AT,- (23)

Y=V kappBT|DAT Tkiar (24)

where b; are the numerical constants and are given in the
literature [8].

In the present system, the mass transfer resistance in the
organic phase was absent owing to the use of pure n-butyl
acetate. So the observed reaction factors B, were evaluated
from the following expression, by using the observed total
overall reaction rate N, of alkaline hydrolysis, and the mass
transfer coefficients ko, and solubilities Ay, of n-butyl ace-
tate in the aqueous micellar solution

Nar= BATkLATATi (25)

Furthermore, one can eval uate the apparent reaction rate con-
stants k,p, by a comparison of this observed reaction factor
with the theoretical one, whichiscalculated from Egs. (14)—
(17) and Egs. (20)—(24) with the relevant system parame-
ters. The values of the parameters k., and mg, which were
difficult to measure, weretaken as adjustableparameters. The
Simplex method was used to determine these adjustable par-
ameters from Eqg. (18) with the apparent reaction rate con-
stants k,,, evaluated under various conditions.

3. Experimental

Theapparatus used in thiswork isthe sametype of agitated
vessel with aflat interface as that used in a previous study
[9]. Thediameter of theagitated vessel was0.083m, yielding
an interfacial area of 5.41x 10~ *m? and aliquid volume of
4.30x 10~ *m?3 for each phase. The upper organic phasewas
pure n-butyl acetate. The lower aqueous phase consisted of
mixed solutions to give 0.05-0.5 kmol m~2 of sodium
hydroxide, 0.01-0.1 kmol m~32 of the cationic surfactant
cetyltrimethylammonium bromide (CTMAB), and 0-2.95
kmol m~32 of sodium chloride. Sodium chloride was used to
adjust theionic strength of the aqueous solutions.

Samples of 0.5x 10~ -2 10~ ® m® were taken from the
lower phase at intervals of 1020 min for the determination
of the concentration of OH ~ ion. The overall reaction rates
wereevaluated fromthevariation of OH ™ concentrationover
time. The OH ~ ion concentration was determined by titration
with a standard agueous 0.05-0.5 kmol m~2 HCI solution
after adding phenol phthalein asindicator.

Theexperimentswere carried out at agitation speedsof 2.5
s~ for both the upper and lower phases, at atemperature of
298 K and an ionic strength of 0.2-3.0 kmol m~3,

4. Physical propertiesand system parameters

The viscosities and densities of the relevant solutionswere
measured by conventional techniques. The interfacial ten-
sions of the solution without CTMAB, which were used in
the evaluation of mass transfer coefficients &, of n-butyl
acetatein the bulk phase, were measured by the capillary rise
method.

Thevolumefraction e of CTMAB micellesin the agueous
micellar solution was predicted from the foll owing equation

€= (Ci—Ccomc) Vm (26)

where C; isthe concentration of thesurfactant CTMAB, Cepce
is the critical micelle concentration, and V), is the molar
volume of CTMAB micelles. The value of V,, was taken as
approximately 0.36 m® kmol ~*, according to the procedure
of Janakiraman and Sharma [5]. Thecritical micelleconcen-
tration Cemc of CTMAB in water and in agueous electrolyte
solution was taken as 9.9 10~ kmol m~ 3, independent of
theionic strength of the solution [6].

Theagueous bulk phasediffusivitiesD, of n-butyl acetate
in the agueous mixed electrolyte solutions were predicted
from the following expression on the basis of the correlation
of Hikitaet al. [10]

Dp,/Da,,=1—(0.081[NaCl] +0.138[NaOH]) (27)

where the diffusivity D,,, of n-butyl acetate in water was
taken as0.97x 10" °m?s tat 298 K [7].

Thebulk phasediffusivitiesDg, of OH ~ ionintheaqueous
electrolyte solutionswere predicted from theequation of Vin-
ograd and McBain [11].

The total diffusivities D, and Dg, of n-butyl acetate and
OH ™~ ions, respectively, intheagueousmicellar solutionwere
evaluated from Egs. (14)—(17). In evaluating the diffusivity
ratios r, and rg, the apparent diffusivities D, ,, and Dg,, of
CTMAB micelles incorporating n-butyl acetate and OH ™~
ions, respectively, in equilibrium with their concentrationsat
interface of organic and agqueous phases, were taken to be
identical, asn-butyl acetateand OH ™~ ionscoexistin micelles
and they move together with the micelles. However, these
diffusivities, and also the distribution coefficients m, of n-
butyl acetate, could not be measured directly owing to the
occurrence of reaction between themselves. Therefore, the
values for the system of toluene-agueous NaOH micellar
solution, m, = 126-677 and r, = 0.31-0.5, depending on the
experimental conditions [6] were used as those for the sys-
tem of n-butyl acetate—aqueousNaOH micellar solution. This
was because the system of toluene-aqueous NaCl (0-3.0
kmol m~3) micellar solution yields the diffusivity ratio
D,/ Dy, and the distribution coefficient m,, approximately
equal to thosefor the system of n-butyl acetate—aqueousNaCl
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micellar solution. The values of rz were predicted to be
0.080-0.099, depending on the experimental conditions,
from Egs. (16) and (17) by using the known bulk phase
diffusivities D, and Dg, and the relationship D4,,,= Dg,,.
The total physical solubilities A, of n-butyl acetate in the
aqueous micellar solution were evaluated from the following
equation, which is derivable from Egs. (8) and (10), using
the evaluated distribution coefficient m, of n-butyl acetate

Ar=Au[(my—De+1] (28)

The physical solubilities Ay, of n-butyl acetate in the bulk
phase at 298 K were estimated from thefollowing correlation
in accordance with the previous paper [ 7]

log Ay, /A= — (0.247[NaCl] +0.287[NaOH]) (29)

where A,, = 0.046 kmol m~3.

The total mass transfer coefficientsk, o, of n-butyl acetate
in the aqueous micellar solution were obtained from the fol-
lowing relationship [ 6]

kLAT=kLAb[(1—€+EVAmA)/(1—€+€mA)]2/3 (30)

where the mass transfer coefficient k, », of n-butyl acetatein
the agueous bulk phase was predicted from the empirical
correlation of Asai et a. [9], using the fictitious interfacial
tensions of the solution without CTMAB. This procedurefor
prediction of the mass transfer coefficient for the agueous
surfactant solution was justified empirically [6].

The reaction rate constants k,, for the alkaline hydrolysis
of n-butyl acetate in the bulk phase were taken to be equal to
those in the conventional aqueous solution without micelles
and were calculated from the following expression [ 7]

Ink, = 25.9 — 7830/ T — 0.2751 — 0.0248 2 (31)

5. Experimental resultsand discussion

Fig. 2 showstheeffect of thevolumefraction e of CTMAB
micelles on the total overall reaction rates N, of n-butyl
acetate at /=1.0 kmol m~3, with a parameter of the initial
NaOH concentration. The total overall reaction ratesN, . for
each NaOH concentration may be seen to increase with the
volume fraction e of micelles, reducing the extent of the
increase. Thisisbecause the enhancement of the total overall
reaction rates due to the solubilization of n-butyl acetate are
counteracted in part by the decrease in the apparent reaction
rate constants kp,, aswill be described later.

Fig. 3 representstheratios of thetotal overall reactionrate
Na, with CTMAB micellar catalyst to the overall reaction
rate N} without micellar catalyst at /=1.0 kmol m~3, The
values of N,,/NZ are seen to increase with the micelle con-
centration [CTMAB],— [CTMAB]cme, but the degree of
the increase diminishes with an increase in the micelle con-
centration, reflecting the behavior of thetotal overall reaction
rates N, shown in Fig. 2. Moreover, as noted, the values of
Na./N increase with the initial NaOH concentration in the

30 T T T T

N
o

—_
o

Nat X107 (kmol/m?-s)

O [NaOH]J, = 0.5 kmol/m®
@ [NaOH], = 0.2 kmol/m®
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® [NaOH]o = 0.05 kmol/m®
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Fig. 2. Effect of volume fraction e of CTMAB micelles on total overall
reaction rates N, of n-butyl acetate at 298 K and 7= 1.0 kmol m~3,
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Fig. 3. Relative overall reaction rate Nn,/N% for akaline hydrolysis of n-
butyl acetate with and without catalysts at 298 K and 7= 1.0 kmol m~3,

range 0.05-0.2 kmol m ™2, yielding amaximum value for the
ratio of = 6. However, further increase in NaOH concentra-
tion reduces the ratios, demonstrating that the degree of
increase of N,, is smaller than that of N with NaOH con-
centration. In Fig. 3, the data of the phase transfer catalyst
Aliquat 336 [ 3] area soillustrated. It isseenthat thecatalytic
effect of CTMAB is much larger than that of Aliquat 336,
which continues to increase with the concentrations of cata-
lyst and NaOH.

Fig. 4 representsthe plot of the apparent reaction rate con-
stants &, against the volume fraction e of CTMAB micelles
a 7=1.0 kmol m~2. The values of k,,, decrease with an
increase in the volume fraction e in the range e=0.0033—
0.036, although the values are larger than the apparent reac-
tion rate constant kZ,, without micellar catalyst (e=0),which
is equal to the reaction rate constant k,( = 0.507 m® kmol ~*
s~ 1) inthe bulk phase. This behavior isin qualitative agree-
ment with the expectation from Eq. (18). Fig. 5 shows the
apparent reaction rate constants k., plotted against theionic
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Fig. 4. Relationship between apparent reaction rate constantsk ., and volume
fraction e of CTMAB micellesat 298 K and /=1.0 kmol m~2,
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Fig. 5. Relationship between apparent reaction rate constants k,,, and ionic
strength 7 at 298 K and €= 0.007.
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Fig. 6. Effect of ionic strength 7 on reaction rate constants k in the micellar
and the bulk phase at 298 K.

strength I of the agueous phase at e=0.007. The values of
kqpp decrease with an increase in the ionic strength. This is
due to the decrease of the reaction rate constants k,,, and &, in
the micellar and the bulk phase, respectively, as will be
described later.

Using these eval uated apparent reaction rate constantsk
the reaction rate constant k., in the micellar phase and the
distribution coefficient mg of OH™ ions were determined
from Eqg. (18) by the Simplex method. Fig. 6 shows a semi-
logarimthmic plot of the reaction rate constants k,,, and k,, at
298 K in the micellar and the bulk phase, respectively. It is
noted that the values of k,,, are much smaller than those of k.
Thevalues of k,,, and k,, decrease with an increaseintheionic
strength of the agueous solution. The values of k., could be
correlated by the following expression

Ink,,= —1.50— 1.621+0.32172 at 298 K (32)

The solid line representsthe correlation line of Eq. (32), and
may be seen to correlate well with the experimental data.

The effect of theionic strength of the agueous solution on
the estimated distribution coefficient mg of OH™ ions is
shown in Fig. 7. The value of mg was 240, independent of
theionicstrength. InFig. 7, thedependenceof thedistribution
coefficient m, of n-butyl acetate on theionic strength isalso
illustrated [6]. The values of m, increase with the ionic
strength.

The total overall reaction rate N, increases with the vol-
umefraction e of micellesasshowninFig. 2, but theenhance-
ment of the reaction rates was not as large as expected from
the considerable solubilization of n-butyl acetate. It may be
explained by the competing effects between the enhanced
effect of the reaction rates due to the solubilization of n-butyl
acetate and OH ™ ionsin the micelles, and the reduced effect
due to the decrease in the reaction rate constant k., in the
micellar phase and the decrease in the total mass transfer
coefficients k5, of n-butyl acetate in the aqueous micellar
solution, with an increase in the micelle concentration. This

1000¢ T T T
o— Ma |
/o/
o e ° e
T 0" °
m /
€ 100} .
<
€ [
L R S R
| (kmol/m3)

Fig. 7. Effect of ionic strength 7 on distribution coefficients m, and mg of n-
butyl acetate and OH ~ ions, respectively, between the micellar and the bulk
phases at 298 K.
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Fig. 8. Comparison between observed and predicted reaction factors B, in
the presence of CTMAB micellar catalyst.

decrease in the total masstransfer coefficients was caused by
the increased solubilization of n-butyl acetate and OH ™ ions
to the micelles with lower diffusivity.

The present experimental results differ from those for oxi-
mation of cyclohexanone [4], in which k., is much larger
than k,. As suggested by Menger and McCreery [12] for the
akaline hydrolysis of p-nitrophenyl esters, the finding that
km issmaller than &, in the present system may be explained
by the fact of rate inhibition arising when the n-buty! acetate
is solubilized in the micellar core [6], such that the hydro-
phobic micelleinterior dissolving n-butyl acetateislesscon-
ducive to attack by the strongly hydrophilic OH~ ions. On
the other hand, cyclohexanone is solubilized in the palisades
layer and isvulnerableto attack by hydroxylammoniumions.

Fig. 8 shows a comparison between all observed values of
the reaction factors 4, and the values predicted from Egs.
(14)—(18), Egs. (20)—(24), Egs. (26)—(32) and mg in
Fig. 7. All experimental data could be correlated with an
average error of 20%. This justifies the validity of the pro-
posed analytical procedure for micellar-catalyzed heteroge-
neous reactions.

6. Conclusions

The hydrolysis of n-butyl acetate by aqueous NaOH solu-
tion containing CTMAB micellar catalyst was studied in an
agitated vessel with a flat interface. The measured overall
reaction rates could be explained quantitatively by aproposed
model allowing for the reactionsin the micellar and the bulk

phase and the distribution equilibria of the relevant species
between the phases. Theoverall reactionratesfor thisreaction
system were likely to be enhanced by the solubilization of »-
butyl acetate and OH ~ ions, but not by the increase of the
reaction rate constant in the micellar phase. However, the
enhancement of thereaction rateswasnot aslargeasexpected
from the considerable solubilization of n-butyl acetate
because of the decrease of the reaction rate constant in the
micellar phase and of the total mass transfer coefficient k.
of n-butyl acetate. The observed apparent reaction rate con-
stants were dependent on the volume fraction of micellesand
theionic strength of the aqueous phase.

The maximum value of the ratio of the overall reaction
rates with and without micellar catalyst was = 6. Thus, the
use of CTMAB micellar catalyst is effective even for the
relatively fast reactionsin which the masstransfer resistance
of relevant speciesis not negligible.
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Appendix A. Nomenclature

A n-butyl acetate, or its concentration (kmol m=3)

a interfacial velocity gradient in aqueous micellar
solution (s~ 1)

B sodium hydroxideion, or its concentration (kmol
m~3)

C, concentration of surfactant (kmol m~3)

Ccoue  critical micelle concentration (kmol m™2)

D diffusivity (m?s™1)

1 ionic strength of solution (kmol m~3)

k reaction rate constant (m®kmol ~*s™1)

kpp  apparent reaction rate constant (m®kmol ~*s™ 1)

k. mass transfer coefficient (ms™1)

m distribution coefficient between micellar and bulk
phases (-)

N overall reaction rate (kmol m~2s™1)

Ry mass transfer rate of speciesfrom bulk phaseto

micellar phase per unit volume of bulk phase
(kmol m~ 3, phase S~ b

R mass transfer rate of speciesfrom micellar phase
to bulk phase per unit volume of micellar phase
( km0| m- 3miceHar phase S 1)

r ratio of diffusivity of solute incorporated with
micellesto that of solute in bulk phase (-)

T thermodynamic temperature (K)

Vi molar volume of micelles (m® kmol ~ 1)

X distance normal to interface (m)

y distance measured toward center from wall of
agitated vessel (m)

[] concentration (kmol m~3)
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Greek letters References
B reaction factor (-)
Y d!meng onless number def! ned by Eg. (24) (=) [1] JH. Fendler, E.J. Fendler, Catalysisin Micellar and Macromolecular
n dimensionless number defined by Eq. (22) (-) Systems, Academic Press, London, 1975.
€ volume fraction of micelles (-) [2] C.M. Starks, C. Liotta, Phase Transfer Catalysis, Academic Press, New
Subscripts vork, .1978' o
[3] S. Asai, H. Nakamura, Y. Furuichi, AIChE J. 38 (1992) 397-404.

A n-butyl acetate [4] S. Asai, H. Nakamura, H. Y amaguchi, H. Shimizu, Trans. Inst. Chem.
A’ toluene Eng. 74 (1996) 349-356.
B sodium hydroxide [5] B. Janakiraman, M.M. Sharma, Chem. Eng. Sci. 40 (1985) 223-234.
b bulk phase [6] S. Asai, H. Nakamura, Y. Kimura, M. Sakamoto, Trans. Inst. Chem.
. . Eng. 74 (1996) 242-248.
: interface [7] S. Asa, H. Nakamura, H. Kataoka, Chem. Eng. Commun. 112 (1992)
I very far from interface 135-143.
m micellar phase [8] H. Hikita, S. Asai, H. Ishikawa, Y. Saito, Chem. Eng. Sci. 30 (1975)
T total values 607-616.
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