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Abstract

Autocatalytic kinetics are observed during the biphasic alkaline hydrolysis of C-4, C-6 and C-8 (butanoate,
hexanoate and octanaoate) ethyl esters. Ethanol and alkanoate anions are the products of the reaction. A kinetic
model including spontaneous dissolution of the organic phase into the aqueous phase, aqueous hydrolysis of the ester,
formation of ester containing aggregates and micellisation has been proposed. For C-4, taking into account salting-in
and solvent effects is sufficient to reproduce the autocatalytic behaviour. For C-8, the major autocatalytic process is
an ester containing aggregates (ECA) mediated phase transfer. For C-6, it appears that the role of ECA is double.
Small sized ECA which are formed at the beginning of the reaction do not perform rapid phase transfer and trap
surfactant molecules. Larger ECA which appear at the end of the reaction are the main phase transfer agent. Using
an empirical formula to describe the size of the interface, the model is able to reproduce the effect of a variation of
the volumic ratio of the two phases as well as the effect of stirring rate and non-emulsified experiments. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

In a recent paper, Bachmann et al. [1] reported
a reaction in which the formation of micelles
apparently occurred autocatalytically. In this re-
action ethyl octanoate hydrolyses in biphasic

medium to yield ethanol and surfactant ions oc-
tanoate, which can aggregate and form micelles.
The kinetics of this reaction is characterised by an
induction period during which little seems to hap-
pen, followed by a sudden increase in the reaction
rate. In this second phase the ester is rapidly
consumed and a single transparent phase is even-
tually obtained towards the end of the reaction.
Although several models have been proposed to
account for such dynamics, its underlying mecha-
nism is still unclear. Moreover, it is puzzling that
such autocatalysis is observed since anionic mi-
celles are known to inhibit rather than catalyse
bimolecular reactions involving aqueous hydrox-
ide ions.
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In a previous paper [2], we proposed a mecha-
nism to account for the autocatalytic nature of
the surfactant formation reported by Bachmann
[1]. According to our model, autocatalysis occurs
as a result of phase transfer of esters by surfactant
molecules formed in the aqueous phase. Numeri-
cal simulations using this mechanism showed very
good agreement with experimental results on C-8
esters.

In the present paper we extend our work to a
wider range of esters, from C-4 to C-8. In order to
facilitate the development of a model applicable
to this wider range of esters, limiting cases C-4
and C-8 are first considered individually. C-5 to
C-7 esters are then treated as intermediate cases.
Our model satisfactorily reproduces all of the
features observed experimentally, viz. the decrease
in total reaction time as the chain length de-
creases, the observation of autocatalysis in all
cases even in the case of short chains such as C-4
— which is quite unexpected since ethyl bu-
tanoate (C-4) is known not to form aggregates in
the concentration range used in our experiments,
and the reaction extent before marked accelera-
tion. It is to be noted that most of our experi-
ments have been carried out under stirred
conditions leading to an emulsified medium.

2. Experimental section

2.1. Reagents

Reagents of highest purity commercially avail-
able (Fluka) were used without further purifica-
tion. Alkyl chains are C-4: butanoate, C-6:
hexanoate and C-8 octanoate. Sodium hydroxide
(pro analysis) was purchased from Prolabo and
water was doubly distilled.

2.2. Biphasic hydrolysis of ethyl alkanoates

C-4 and C-8 reactions were performed in a
thermostated (T=80 or 60°C) round-bottom two
neck 250 ml flask under reflux. Macro-mixing of
the two phases (70 ml aqueous 3M NaOH and 23
ml ester) was achieved by magnetic stirring at
80095 rpm with an ellipsoidal magnetic bar of

:25×6 mm size. Initial amounts were: OH−=
0.21 mol and Eorg=0.163, and 0.116 mol for,
respectively, C-4 (60°) and C-8 (80°) experiments.
At fixed time intervals the reaction mixture was
poured into a graduated volumetric cylinder and
after phase separation (within a few seconds) the
volume of the residual organic phase was mea-
sured. C-6 experiments were performed in a grad-
uated volumetric cylindrical reactor (section was
18.9 cm2) at T=80°C using a 2.5×0.5 cm length
stirring bar. The initial volume of the aqueous
phase was 38.5 ml. The time elapsed during the
measurements was accounted for. Non emulsified
experiments have been performed in two cylindri-
cal reactors with different cross-sections, viz. 18.9
and 3.3 cm2, using gentle stirring of the aqueous
phase. Due to practical difficulties in maintaining
long term stable experimental conditions, the ex-
periment of Fig. 6(b) was stopped after 10 days.

2.3. Model calculations

The general algorithm combines a semi implicit
Runge–Kutta method for the numerical integra-
tion of the differential equations and a nonlinear
minimisation procedure, both of which have been
implemented on a HP 9000-710 workstation. Fit-
ting calculations were started using rough estima-
tions of the unknown parameters.

3. Results

3.1. Short chain length esters C-4: the case of
ethyl butanoate

Since sodium butanoate is not known to form
aggregates in the concentration range used for
this experiment (0–1.8 mol l−1), its hydrolysis in
an aqueous/oil (biphasic) medium can be repre-
sented by the following two-step process:

Eorg?Eaq r1=k1.Int .exp(a.(nEtOH+nS)/Vaq)

r−1=k−1.Int.nEaq
(R1)

Eaq+OH−0S+EtOH r2=k2.nEaq
.(nOH−)/Vaq

(R2)
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where Eorg and Eaq represent, respectively, ethyl
butanoate (Ester) in the organic phase and in the
water phase, and S the related surfactant. The
rates associated with each reaction are expressed
to the right of both steps. r1 represents the rate at
which the ester dissolves in the aqueous medium
[3]. In this model the rate is taken to be propor-
tional to the ‘size’ of the interface Int (i.e. the
droplet total surface area, assuming that the sur-
face of every droplet is composed only of ester
molecules; it is therefore proportional to the num-
ber of mol of ester on that surface). This rate will
also depend on the concentration of both surfac-
tant (salting-in) and ethanol products (solvent
effect) [4]. Since, according to Nagarajan [5], the
solvent effect is exponentially proportional to the
ethanol concentration, we assume a similar depen-
dency on the surfactant concentration, hence the
extra term nS in the exponential function in r1.
The parameter a can therefore be thought of as
the solubility enhancement due to ethanol and
alkanoate. Here nx stands for the number of mol
of species X, Vaq the volume of the aqueous
phase, and k1 the rate constant associated with
the overall dissolution process. Vaq, is calculated
using the conservation relationship Vaq=Vtot−
Vorg where Vtot is the total volume, considered
constant, and Vorg the volume of the organic
phase. The latter is calculated at every time step
from Vorg=Vm.nEorg

, where Vm is the molar vol-
ume of the ester. Let us note that since solubility
is independent of the available quantity of solute,
the rate law r1 is zero order with respect to Eorg.
The rate of the reverse process, r−1, is on the
other hand only proportional to the size of the
interface Int and the number of mol of ester in the
aqueous phase Eaq. r−1 is thus first order with

respect to Eaq. In our simulations, the ratio k1/
k−1 is calculated so that when reaction Eq. (R2)
does not take place, saturation (Solub0) is ob-
tained at equilibrium. The amount of ester that
can be dissolved in water (with 3 mol l−1 salt
added) as well as values of a have been evaluated
by thermodynamic calculations for the series of
esters C-4 to C-8 and are shown in Table 1. Note
that according to these calculations, the solubility
decreases with increasing chain length.

Step Eq. (R2) represents the hydrolysis of the
ester present in the aqueous phase. Its reaction
rate is described by a simple bimolecular process,
hence our expression of r2. In previous studies
[6,7], rate constants and activation energies have
been determined in monophasic binary aqueous
solvents with ethanol or acetone as co-solvent.
From these studies, it appears that the rate con-
stant for hydrolysis increases with the water con-
tained but is independent of chain length. This
allows us to estimate the second order rate con-
stant at the experimental temperature (60°C for
ethyl butanoate) to 17 mol−1 l per min.

According to the model proposed above, the
kinetics associated with the C-4 system can be
described by the following set of differential
equations:

dnEorg
/dt= −r1+r−1 (1)

dnEaq
/dt=r1−r−1−r2 (2)

dnOH−/dt= −dnS/dt= −dnEtOH/dt= −r2 (3)

Numerical integration of the above set of equa-
tions allows us to calculate the time evolution of
the various concentrations. Of particular interest
is the volume of the organic phase Vorg, since this
is the quantity measured experimentally. Let us

Table 1
Parameters obtained by thermodynamic calculationsa

g p1 p2 g2g1aSolub0 (mol l−1)Vm (l mol−1) CMC (mol l−1)

–––0.565.49 10−30.132 –C-4 ––
0.166 6121240.30.71C-6 5.30 10−4

0.855.11 10−5 294.5––470.199 2.5 10−2C-8

a g: average aggregation number for micelles M; p1: molecules of ester in ECA1; g1: average aggregation number for ECA1; p2:
molecules of ester in ECA2; g2: average aggregation number for ECA2.
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Fig. 1. Volume of the organic phase as a function of time in
the biphasic hydrolysis of ethyl butanoate using 3 mol l−1

NaOH aqueous solution. T=60°C, Vorg0/Vtot=22%, stirring
rate: 800 rpm. ���: experimental points; —: simulation.

non-linear behaviour than the one observed in the
case of ethyl butanoate. In particular, the acceler-
ation observed after quite a long induction time,
is much stronger than what is observed for ethyl
butanoate. As noted in the previous section, the
solubility of esters in water decreases with increas-
ing chain length, which results in a smaller contri-
bution to autocatalysis from solvent and
salting-in effects. In the case of longer chains such
as C-8 the autocatalysis due to solvent and salt-
ing-in is not sufficient to account for the accelera-
tion observed in this case. Other processes must
therefore be taken into account. We propose that
the property of surfactants to form aggregates in
the water phase plays a key role for longer chains.
A review of the literature [8–11] on this topic
leads us to suggest that two types of structures
must be considered: mixed aggregates containing
ester molecules and micelles formed by surfac-
tants only.

Thermodynamic calculations carried out in
non-reactive solution (replacing OH− by Cl−)
show that small ester-containing aggregates can
be formed in the medium at low surfactant con-
centrations. This is indeed the case at the very
beginning of the reaction, before the critical mi-
cellar concentration is reached. These so-called
‘mixed aggregates’ insure phase transfer from the
organic to the aqueous phase. These aggregates
are then able to transfer and to solubilise ethyl
octanoate in the aqueous phase where it is rapidly
hydrolysed. This overall process is described by
the following scheme:
p2Eorg+g2S?ECA r3=k3.Int.(ns/Vaq)g2

r−3=k−3.ECA (R3)
ECA?p2Eaq+g2S r4=k4.ECA

r−4=k−4.Eaq.(ns/Vaq)g2

(R4)
gS?M r5=k5.Sg.Vaq

1−g r−5=k−5.M (R5)
where ECA represents ester containing aggregates
(mixed aggregates) involving p2 molecules of ester
and g2 molecules of surfactant. Step Eq. (R3)
describes the co-operative aggregation occurring
at the interface. A one-step aggregation process is
a convenient method for modelling multistep ag-
gregation in this kind of macroscopic kinetic
study [12]. The high order rate laws (r3 and r−4)

note that in this model the values of k1 and k−1

are initially unknown. However since the dissolu-
tion threshold fixes the ratio k1/k−1(k1=
k−1.Solub0), only one of the two rate constant
needs to be determined. Its value is obtained from
the best fit to experimental results (parameter
optimisation). In the present simulations the value
of Int is assumed to be constant and equal to one
(this will be discussed in more detail later in the
paper). Fig. 1 shows the very good agreement
between simulations and experimental results.

It should be emphasised that the solubilisation
process rate is the rate-determining step in our
model. Hydrolysis thus takes place immediately as
soon as some ester is present in the aqueous
phase. During the course of reaction, our simula-
tions show that the rate of this solubilisation
increases by a factor of 8. The cause of this
significant increase can be traced back to solvent
and salting-in effects, both of which increase ex-
ponentially as a function of time according to r1.
This is, according to our model, the origin of the
observed autocatalysis.

3.2. Long chain length C-8: the case of ethyl
octanoate

The reaction described initially in reference [1]
with ethyl octanoate shows a more pronounced
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generate a threshold concentration that can be
related to a critical aggregation concentration.
The parameter Int, the interface size effect, again
appears in rate law r3. The reason for this is that
it can be assumed that when a more organic phase
is in contact with the water bulk, the aggregation
process will be easier, hence the proportionality.
As in the previous section Int will here be assumed
constant for a sake of simplicity. Step R4 de-
scribes the phase transfer process: ECA aggregates
formed at the interface diffuse to the water bulk,
and there, liberate free ester molecules (Eaq). Step
R5 describes micellisation, as in the case of step
R4 it is modelled by a one step high order aggre-
gation where g is the average aggregation number
for micelles M. Values for g and the CMC, ob-
tained from thermodynamic calculations, are re-
ported in Table 1. In our simulations, the ratio
k5/k−5 is fixed and obtained from Benjamin%s
calculations [13], viz. k5/k−5=CMC(1−g)/2g2.

The model for ethyl octanoate hydrolysis in-
volves steps R1 and R2 of Section 3.1 and aggre-
gation processes R3, R4 and R5. The new set of
differential equations resulting from simple kinetic
equation rules is:

dnEorg
/dt= −r1+r−1−p2(r3−r−3) (4)

dnEaq
/dt=r1−r−1−r2+p2(r4−r−4) (5)

dnOH−/dt= −r2 (6)

dnS/dt=r2−g2(r3−r−3−r4+r−4)−g(r5−r−5)
(7)

dnEtOH/dt=r2 (8)

dnECA/dt=r3−r−3−r4+r−4 (9)

dnM/dt=r5−r−5 (10)

Numerical integration of the above equations
allows us to calculate:

Vorg.exp=Vm(nEorg
+p2nECA) (11)

Vorg.exp represents experimental values of the
volume of the organic phase. Let us note that this
volume is different from the volume used for the
simulations during the course of reaction. Indeed,
to measure the volume of the organic phase dur-
ing an experiment, stirring is stopped for a while
to allow the two phases to separate. We consider

that ester molecules involved in ECA are liberated
in the organic phase when stirring is stopped. This
assumption is based on the fact that no ester is
detected in the water phase by Infra Red measure-
ments (as described in [2]). Fig. 2 shows the result
of simulations based on the model. As in Section
3.1, the rate of solubilization is optimised through
k−1. For mixed aggregation process steps, R3 and
R4, both direct and reverse rate constants are
obtained by optimisation (see Table 2).

As seen in Fig. 2, our model shows good agree-
ment with the experimental data. After an induc-
tion period, during which surfactant molecules
accumulate to reach the critical aggregation con-
centration, phase transfer mediated by ester con-
taining aggregates takes place and a strong
acceleration of the reaction is observed. Finally,
when all the ester has been consumed, micelles are
formed in the medium. One notes that mixed
aggregates are formed at an earlier stage than
micelles. This is to be expected since the associated
rate law is of a lower reaction order than for the
micelles (g2 is 29 for the ECA while the corre-
sponding value of g is 47 for micelles formation
(see Table 1)).

Fig. 2. Volume of the organic phase as a function of time in
the biphasic hydrolysis of ethyl octanoate using 3 mol l−1

NaOH aqueous solution. T=80°C, Vorg0/Vtot=22%, stirring
rate: 800 rpm. ���: experimental points; —: simulation.
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Table 2
Kinetics parametersa

ECA2 M InterfaceDissolution OH− ECA1

k3.1 k−3.1 k4.1 k−4.1 k3.2 k−3.2 k4.2 k−4.2 k5 k−5 Int0 (m2) Stir bk−1 k2k1

C-4 and C-8 reactions (Figs. 1 and 2)

– – – – – – – – – – * – –C-4 (60°C) 5.15×10−12.82×10−3 17
– – 2.87×1041 2.3×10−2 1.56– 10−10 1.12×1057 1.0×10−13 *– –C-8 –2.57×10−7 5.0×10−1 60

C-6 non-emulsified reactions (Fig. 6)

0.06 9.82 2.26×105 1.28×1036-(a) 13.1116 10−10 1.52×10−4 1.6×10−13 1.89×10−3 0 –2.19×105 60 2.07×106 64.3
‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ 0.33×10−3 ‘‘‘‘ –‘‘‘‘‘‘6-(b) ‘‘

C-6 emulsified reactions (Fig. 4)

2.07×106 64.3 0.06 9.82 8.19×107 9.83×103 137 10−10 1.52×10−4 1.6×10−13 1.89×10−3 183 1282.19×1054-(a, b, c, d) 60116
‘‘‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ 497 ‘‘‘‘ ‘‘ ‘‘4-(e)

‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ ‘‘ 1013‘‘ ‘‘4-(f) ‘‘ ‘‘ ‘‘ ‘‘

a For C-4 and C-8, the parameters in steps R1 and R3 are obtained using Int=Int0/s0=1. For this reason they are not comparable with the ones obtained for C-6. Moreover, the
experiments have been carried out in different reactors: C-4 and C-8 in a spherical flask and C-6 in a cylindrical reactor.
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Fig. 3. Kinetics of ethyl hexanoate biphasic hydrolysis.
���: experimental points; ----: best fit obtained with the
model used in Section 3.2 implying only one size aggregates;
—: best fit obtained with the model implying two sizes aggre-
gates.

To gain further insight into this phenomenon,
several experiments were carried out. One of the
key results is that in experiments with fixed inter-
face size (without emulsification), only the reac-
tion time and not the extent of reaction before
acceleration is affected by size of the interface. In
these experiments the reaction is carried out with-
out emulsifying the mixture. Only the bulk of the
water phase is slowly stirred for homogenisation.
In order to see the effect of the size of the
interface, two experiments were carried out in
cylindrical reactors with different cross-section
(see Section 4.1, Fig. 6). If surfactants are indeed
stored at the interface at the beginning of the
reaction, one would expect that changing the size
of the interface would have an effect on the extent
of the reaction before any acceleration is ob-
served. In fact, changing the cross-section of the
reactor was found to have an effect on the reac-
tion time, the latter being larger for the smaller
interface. However, no effect was observed on the
extent of the reaction before the start of the
acceleration. From these experiments we conclude
that the size of the interface indeed has an effect
on the overall reaction time but not on the ‘stor-
age’ process.

Four experiments were carried out with de-
creasing initial volumes of ester, viz. from 11.5 ml
(0.069 mol) to 3 ml (0.018 mol). Since the 30%
extent corresponds to 0.021 mol of ester con-
sumed, one would expect that no significant accel-
eration is observed for those experiments in which
the initial number of mol of ester is smaller than
this value. As shown in Fig. 4, this is indeed what
is observed experimentally: the first three experi-
ments (Fig. 4(a), (b) and (c)) show a marked
acceleration while the last one (Fig. 4(d)), involv-
ing less than 0.021 mol of ester does not. How-
ever, the three experiments, with higher organic
volume, present the same extent before accelera-
tion (30%).

Before presenting the model for the case of C-6
esters let us briefly discuss the effect of the initial
organic volume on the reaction time. It is ob-
served experimentally that the overall reaction
time increases as the initial volume of the organic
phase decreases. It is suggested that this phe-
nomenon is related to the dependence of reaction

3.3. Medium chain length C-6: the case of ethyl
hexanoate

Our first attempts to fit ethyl hexanoate experi-
mental curves to the model presented in Section
3.2 were met with various difficulties. The kinet-
ics, in this case is characterised by a significant
initial slope and by a large reaction extent (:30%
of ester is consumed) before any marked accelera-
tion starts. These properties cannot be reproduced
with the model proposed above. More specifically,
if we try to reproduce the initial slope then the
overall reaction time is found to be too short,
phase transfer then taking place too early in the
reaction. Alternatively, if one attempts to adjust
the parameters to obtain the correct overall reac-
tion then the initial rate becomes too small (Fig.
3). The model proposed for ethyl octanoate is
therefore clearly not sufficient to describe medium
chain length (C-5 to C-7) kinetics.

In a first attempt to account for this phe-
nomenon we have recently invoked the possibility
of surfactant adsorption at the interface during
the first stages of reaction [5]. The interface in this
case, plays the role of a reservoir where surfactant
molecules are temporarily stored, and therefore
unavailable for the phase transfer process.
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time on the size of the interface. Assuming that
when the stirring rate is maintained constant, the
size of the droplets formed by emulsification re-
mains the same, decreasing the organic volume
thus decreases the number of ester droplets, hence
the interface size and therefore the overall reac-
tion time.

Finally we have carried out two more experi-
ments using faster stirring rates (Fig. 4(a), (e) and
(f)). The kinetics curves obtained support the
above interpretation.

The purpose of what follows is to propose a
model that can account for the results discussed
above, namely (i) the large reaction extent before
acceleration, and (ii) the effect of the size of the
interface on the overall reaction time. In the
mechanism proposed for ethyl octanoate reaction,
mixed aggregates responsible for phase transfer
are assumed to be monodispersed. In fact, ther-
modynamic calculations show that the formation
of aggregates should start at the very beginning of
the reaction, which implies that the size of these
aggregates should increase as a function of time.
Moreover, these calculations also show that in
smaller aggregates, ester molecules have a greater
tendency to be located in the core of the structure,
while in the case of larger ones they locate them-
selves closer to the periphery (between surfactants

tails). The ratio between ester molecules in the
core and at the periphery decreases as the struc-
tures grow. As a result, smaller aggregates are not
expected to dissociate as easily as larger ones in
the water phase, therefore inhibiting phase trans-
fer in the early stage of the reaction. Larger
aggregates are then solely responsible for the
phase transfer process. In order to account for the
different properties of small and large aggregates
steps (R3 and R4) from the preceding model are
duplicated.

p1.Eorg+g1.S?ECA1 r3.1=k3.1.Int.(ns/Vaq)g1

r−3.1=k−3.1.nECA1
(R3.1)

ECA? 1p1.Eaq+g1.S r4.1=k4.1.nECA1

r−4.1=k−4.1.Eaq.(ns/Vaq)g1 (R4.1)

p2.Eorg+g2.S?ECA2 r3.2=k3.2.Int.(ns/Vaq)g2

r−3.2=k−3.2.nECA2
(R3.2)

ECA2?p2.Eaq+g2.S r4.2=k4.2.nECA2

r−4.2=k−4.2.Eaq.(ns/Vaq)g2 (R4.2)
where ECA1 and EAC2 represent, respectively,
smaller and larger ester containing aggregates.
The values for p1, g1, p2 and g2 are estimated from
thermodynamic calculations. These calculations
show a continuous variation of the aggregates size

Fig. 4. Kinetics of ethyl hexanoate biphasic hydrolysis. A: effect of initial ester volumes: (a) Vorg0=11.5 ml (0.069 mol); (b) Vorg0=
8.5 ml (0.051 mol); (c) Vorg0= 6.5 ml (0.039 mol); (d) Vorg0= 3 ml (0.018 mol). Stirring rate is 600 rpm in each case. B: effect of
stirring rate: (a) 600 rpm (this experiment is common to both series); (e) 800 rpm; (f) 1050 rpm (Vaq0=38.5 ml for all the
experiments. —: simulations.)
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Fig. 5. Concentration profiles obtained from simulation of
experimental curve represented in Fig. 3. Dashed line: ECA1;
solid line: ECA2; dotted line: M.

centration profiles for the three types of aggre-
gates are given in Fig. 5.

4. Discussion

In order to test the validity of the model pre-
sented in this section an attempt has been made to
use it to model the results obtained in the case of
both non-emulsified and emulsified experiments.
Since the emulsification process affects the size of
the interface, the parameter Int needs to be con-
sidered in more detail.

4.1. Non-emulsified experiments

The easiest way to measure the size of the
interface is not to emulsify the solution. In this
case, the cross section of a cylindrical reactor
gives the size of the interface. As mentioned above
two reactors have been used, a larger and a
smaller one. In a first experiment in the larger
reactor the value of Int=Int0/s0 is used in the
simulations. Int0 is the reactor cross section and s0

the molar surface of ethyl hexanoate (6×104 m2

mol−1). The best fit to the model then provides us
with a set of system parameters which are then
used in the case of the smaller reactor. Changing
only the value of Int0 yields a good prediction in
the case of the smaller reactor (see Fig. 6 and
Table 2 for the best fit parameters).

4.2. Emulsified experiments

The results of the simulations in the case of
non-emulsified experiments seem to support the
assumption that the parameter Int appears cor-
rectly in the rate laws. In the case of reactions in
an emulsified medium we need to take into ac-
count the volume of the organic phase and the
effect of the stirring on the emulsification process.

A detailed study of these effects on the size of
the interface is beyond the scope of the present
paper. Rather, we suggest the following function
to take into account the various parameters of
interest.

Int= (Int0/s0)(1+Stir(VorgVaq/Vtot
2 )(1+b(nS/Vaq))

(12)

as a function of the surfactant concentration.
Considering that during the reaction course sur-
factant concentration varies from 0 to 1.38 mol
l−1, we have chosen: p1=1 and g1=2 for the
smaller aggregates; this corresponds to a surfac-
tant concentration of 0.01 mol l−1; p2=1 and
g2=6 correspond to a surfactant concentration of
1.3 mol l−1. In this interval, the ratio between
ester molecules located in the core and between
surfactant tails varies from 5 to 3.

The model used for the simulation of C-6 esters
is therefore composed of step R1 and R2 (Section
3.1), steps R31, R41, R32 and R42 and micellisa-
tion step R5 (Section 3.2). The entire model and
corresponding set of differential equations are
given in Appendix A.

As seen in Fig. 3 the agreement between the
model and experimental data is quite good. Du-
plicating the mixed aggregation process therefore
seems sufficient to account for the observed extent
of the reaction before acceleration. The smaller
aggregates ECA1, are formed early in the reac-
tion, as soon as the surfactant is produced by the
hydrolysis. The parameters obtained from the best
fit are such that ECA1 accumulation is favoured
(see Table 2). Larger aggregates ECA2, are
formed later and do not accumulate in such pro-
portion. This favours the liberation of free ester
molecules in the aqueous phase, giving rise to
phase transfer and strong acceleration. In the final
stage of the reaction, micelles are formed. Con-
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Note that in order for Int to become zero at the
end of the reaction, Int=Eorg when EorgBInt.

Int0 is the initial interface size before stirring in
m2; it is divided by s0 the ester molar surface so
that Int is expressed as a number of mol. We have
also arbitrarily decided to use a linear dependency
on the following parameters:

Stir, the emulsification efficiency. This parame-
ter is related to the speed of rotation of the
magnetic stirrer. For non-emulsified reactions,
Stir=0 and Int=Int0/s0.

(VorgVaq/Vtot
2 ): this term accounts for the depen-

dency of the interface area on both organic and
aqueous volume. In this very simple expression
the size of the interface becomes zero when Vorg

or Vaq=0 and goes through a maximum when
Vorg=Vaq. In the present study, Vorg decreases
and is always smaller than Vaq, leading to the
decrease of the value of the function as time
increases.

1+b(nS/Vaq): b accounts for the effect of the
surfactant on the interfacial tension. Note that
this term results in an increase of the size of the
interface during reaction.

Parameter optimisation has been carried out on
the experiment corresponding to curve (a) in Fig.
4, which is common to the two emulsified series.
Fitting results are represented in the same figure

with continuous line, and the parameters obtained
are given in Table 2.

Before we test further the interface size func-
tion, the first thing we must do is to compare
parameters obtained for emulsified solutions with
those of the non-emulsified ones. For the
emulsified reactions the formation of ECA2 is
faster (see k3.2, k−3.2, Table 2); this could be
related to easier aggregate formation caused by
intense stirring [14]. The rate constant (k4.2) corre-
sponding to the liberation of Eaq in the water
phase is also increased favouring phase transfer
for emulsified solutions.

In the case of experiments involving different
initial volumes of ester, predicted results (Fig. 4)
reproduce qualitatively the main properties: reac-
tion time increases, and the loss of strong acceler-
ation for the experiment involving less ester. The
discrepancies observed between simulation and
experiments are not surprising taking into account
the simple function used to model the size of the
interface. Concerning experiments for which an
increased stirring rate has been used, the experi-
mental reaction time is obtained varying the cor-
responding parameter Stir (see Table 2). Better
fitting results can be obtained just by increasing
k4.2, corresponding to the ECA2 formation (not
shown).

Fig. 6. Non-emulsified reaction: (a) cross section surface is 18.9 cm2 (fitted); (b) cross section surface is 3.3 cm2 (predicted using
parameters obtained for curve (a). ���: experience, —: simulation.
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5. Conclusions

In this paper, the origin for autocatalytic be-
haviour in biphasic ethyl alkanoates is discussed.
Mechanisms proposed are tested using kinetic
modelling and inverse treatment. This allows us to
propose the simplest models capable of reproduc-
ing experimental curves, and still providing com-
prehensive information on mechanisms. The last
model proposed accounts for the whole chain
length series. This model takes into account all the
processes needed to interpret the different be-
haviours: solubility enhancement caused by
product formation in the case of ethyl butanoate,
phase transfer mediated by ester containing aggre-
gates for ethyl octanoate. In the case of ethyl
hexanoate two size aggregates need to be invoked
to explain phase transfer inhibition in the beginning
of the reaction. Using the same model and the
corresponding thermodynamic parameters ethyl
pentanoate and heptanoate hydrolysis can be cor-
rectly fitted. The interface size effect although
translated by a rather simple function accounts for
initial organic volume and stirring rate variations.
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Appendix A. Equations for the complete model

Eorg?Eaq r1=k1.Int. exp(a(nEtOH+nS)/Vaq)

r−1=k−1.Int.nEaq
(AR1)

Eaq+OH−�S+EtOH r2=k2.nEaq
(nOH−)/Vaq

(AR2)

p1.Eorg+g1.S?ECA1 r3.1=k3.1.Int.(ns/Vaq)g1

r−3.1=k−3.1.nECA1
(AR3.1)

ECA1?p1.Eaq+g1.S r4.1=k4.1.nECA1

r−4.1=k−4.1.Eaq(ns/Vaq)g1 (AR4.1)

p2.Eorg+g2.S?ECA2 r3.2=k3.2.Int.(ns/Vaq)g2

r−3.2=k−3.2.nECA2
(AR3.2)

ECA2?p2.Eaq+g2.S r4.2=k4.2.nECA2

r−4.2=k−4.2.Eaq.(ns/Vaq)g2 (AR4.2)

(AR5)g.S?M r5=k5.nS
g.Vaq

1−g r−5=k−5.nM

Where:
rj are in mol min−1, assuming rate constants kj

in usual units;
Int= (Int0/s0)

× (1+Stir(Vorg.Vaq/Vtot
2 )(1+b(nS/Vaq))

(if EorgBInt then Int=Eorg)
Vorg=Vm.nEorg

(Vm=Eorg molar volume)
Vaq=Vtot−Vorg (assuming Vtot constant)
k1=k−1.Solub0;
k5=k−5.CMC1−g/g2

List of 6ariables
nx The number of mol of species X

Ethyl alkanoate in the organic phaseEorg

Ethyl alkanoate in the aqueous phaseEaq

OH− Hydroxide ion
Free alkanoate ionS

EtOH Ethanol
Smaller ester containing aggregateECA1

Larger ester containing aggregateECA2

MicellesM

Experimental data
Volume of the organic phaseVorg

Volume of the aqueous phaseVaq

Total volumeVtot

Stir Rate of stirring
Reactor cross sectionInt0

Thermodynamic parameters
s0 Molecular area of ethyl alkanoate

Molecular volume of ethyl alkanoateVm

Saturation solubility of ethyl alka-Solub0

noate in aqueous phase
Correction factor related to salting-ina
and solvent effect

b Interfacial tension correction factor
g Average micellar aggregation number

Average aggregation number of ECAigi

Average number of molecules of esterpi

in ECAi

Differential equations
dnEorg

/dt= −r1+r−1−p1(r3.1−r−3.1)

−p2(r3.2−r−3.2)
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dnEaq
/dt=r1−r−1−r2+p1(r4.1−r−4.1)

+p2(r4.2−r−4.2)
dnOH−/dt= −r2

dnS/dt=r2−g1(r3.1−r−3.1−r4.1+r−4.1)

−g2(r3.2−r−3.2−r4.2+r−4.2)

−g(r5−r−5)
dnEtOH/dt=r2

dnECA1
/dt=r3.1−r−3.1−r4.1+r−4.1

dnECA2
/dt=r3.2−r−3.2−r4.2+r−4.2

dnM/dt=r5−r−5

Due to the interruption of stirring for measur-
ing, residual organic volume Vorg.exp is calculated
as following:

Vorg.exp=Vorg+Vm(p1.nECA1
+p2.nECA2

) if
Stir=0 then Vorg.exp=Vorg
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