J. Phys. Chem. R001,105,5877-5880 5877
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The autocatalytic biphasic alkaline hydrolysis of C-4 to C-8 ethyl alkanoates was studied in a CSTR. In our
experimental conditions, the two shorter esters (C-4 and C-5) showed monostable behavior while the longer
ones (C-6 to C-8) showed bistability. Both the occurrence of bistability and the amplitude of the bistable
domain in the CSTR can be related to the strength of the autocatalysis in batch conditions. For C-4 and C-5,
the mild autocatalysis stems from a slight increase of their solubilization rate due to the salting-in and solvent
effects of the alcohol and alkanoate ions formed. As the critical micellar concentration (cmc) decreases with
increasing chain length, for the longer esters this critical concentration was reached during the course of the
reaction. The formation of micelles (that are able to solubilize the ester in their core) in the reactive medium
considerably accelerates the solubilization process, leading to stronger autocatalysis and a wider bistability
domain.

Introduction We also studied the highly autocatalytic hydrolysis of C-8
in a continuously stirred tank reactor (CSPRynd bistable
behavior was observed. For specific values of the residence time,
two different steady states (high or low conversion) were reached
depending on the initial conditions of the reactor. The kinetics
of the shorter chain length esters remained to be studied in CSTR
conditions. Here, we underline the influence of the solubilization
processes involved during the reaction on mono- or bistability.
We present the experimental results obtained in a CSTR for
the biphasic hydrolysis of C-4 to C-8 ethyl alkanoates.

Biphasic liquid-liquid reactions are of interest in various
fields of chemistryt The first example of alkaline hydrolysis
conducted under two-phase conditions was reported by Bach-
mann et af The experiment described involved the sparingly
water-soluble ethyl octanoate and an aqueous solution of sodium
hydroxide under slow stirring so that the two phases remained
clearly separated. In these conditions, the kinetics of the reaction
start with a long induction period followed by a very steep
acceleration typical of a highly autocatalytic reaction. To clarify
the importance of the solubilization processes on the nonlinear i .
kinetics, we extended the experimental observations to emulsi- EXPerimental Section
fied system$of weakly sol_uble esters wi'gh shorter chain lengths.  \aterials. All chemicals were purchased from Fluka at the
The whole set of experiments involving butanoate (C-4) 10 pighest grade available. They were used without further
octanoate (C-8) ethyl estérshowed autocatalytic behavior. The purification.
longer the aliphatic chain, the more pronounced the auto- Esters: C-8, ethyl octanoate (MWe 172.27); C-7, ethyl

Ca_trarllysis. tion i foll . heptanoate (MW= 158.24), C-6: ethyl hexanoate (M\A&*
€ reaction 1S as T0llows- 144.22); C-5, ethyl pentanoate (MW 130.19); C-4, ethyl
- — ~ butanoate (MW= 116.16).
C, H,, 1COOEt+ OH =C, ;H,, ,COO + _ .
M et _ Surfactants:sodium hexanoate (MW= 138.14). Sodium
EtOH (n=4-8) pentanoate (MW= 124.14) was obtained by exact neutralization

with surfactant alkanoate anions and ethanol being the productsOf pentanoic acid (MW= 102.14) with sodium hydroxide.

of the reaction. These products have been shown to enhance Reactor. The CSTR!® a Pyrex round-bottom baffled flask
the solubility of the hydrophobic ester in the aqueous phase, (Vv = 5.9 mL), was stired magnetically at 800 rpm for
and hence to be at the origin of the autocatalysis. emulsification by a 0.5 cmx 1.5 cm PTFE rod. Two input
For C-4 and C-5 the mild autocatalysis observed was _stalnless st_eel |njectors_(0.12 mm |_nternal diameter) were fitted
attributed to enhanced dissolution of ester caused by solventiNto & plastic stopper with a small inverted cone at the bottom
and salting-in effect§,due respectively to the formation of {0 trap bubbles and a PTFE output tube (internal diameter 1
ethanol and alkanoate ions. For the three other compoundsMM). Ester was injected into the bottom, and the NaOH aqueous
(C-6, C-7, and C-8) aggregation occurred during the course of phase into th_e upper part. The device was totally |mme_rsed in
the reaction when the cmc of the amphiphile alkanoate ions & thermostatic bath. The two phases were pumped using two
was reached. These aggregates allow extensive additionaffdependent pumps: the maximum flow rate was of 5 mL/min
solubilization of ester in the water bulk, leading to a stronger P€r Pump with a minimum increment of 0.01 mL/min.

acceleration. The total flow rate was$ = ester flow ratet+ NaOH flow
rate. The residence time was= V,/F = 5.9F. The input ester
* Corresponding author. E-mail: micheau@gdp.ups-tlse.fr. volumetric ratioYp = (ester flow ratef was maintained at 0.23
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Figure 1. Stable stationary state locus of the volumetric raties residence time during the biphasic liquietliquid alkaline hydrolysis of ethyl
alkanoates in the CSTR: C-4, ethyl butanoate at@0C-5, ethyl pentanoate at 6C. Insets Corresponding batch kinetic¥ ¢s time) recorded
under the same conditions.

SCHEME 1 Determination of Ester Solubility vs Surfactant Concen-
tration. Aqueous solutions of sodium alkanoate (C-5 and C-6)
ﬁ output surfactant and NaCl were prepared to keep the total"[Na
concentration constant (3 mbr?). Ten milliliters of these
NaOH solutions was hand shaken at room temperature with 1 mL of
- the corresponding ethyl alkanoate. An aliquot of the aqueous
phase was then pipetted off using a capillary needle and
extracted by an aliquot of cyclohexane withoctane as the
internal standard. This organic sample was then analyzed by
GC. In the text,s is the saturation concentration of ester in
water with no surfactant ang corresponds to the saturation
concentration obtained when the surfactant is at its final
concentration at the end of the hydrolysis reaction. The cmc
baffles was estimated at the break point of the solubilization curve.

Results

) ) ) Biphasic alkaline hydrolysis of C-4 to C-8 ethyl alkanoates

+ 0.01 in all experiments. When feeding the reactor at the a5 carried out in the CSTR for various residence times. The

maximum flow rate, we checked that the volumetric ratio in output mixture was then collected periodically, and the volu-

the output was the same that in the input of the reactor. Aliquots metric ratioY was measured after decantation. The stationary

of the reactor output were collected at regular intervals and yajues were then plotted vs the residence times, producing the

decanted into a measuring cylinder; the ratio steady-state locus of the system. Each CSTR experiment was
complemented by a series of batch measurements performed

Y = (volume of collected ester)/(total collected volume)  under the same conditions designed to relate the overall shape

of the batch kinetics with the dynamics in the CSTR.

was noted.When the system was far from the hysteresis limits, ~ As presented in Figure 1, for C-4 at 40, a smooth variation

five (or less) residence times were sufficient to obtain a of stationary state composition over the whole range of residence

stabilization was observed for around 30 residence times dueyas more abrupt but remained smooth.

to critical slowing dowrf~* Comparison of the batch reaction time with the corresponding
For C-4, the reaction was carried out at 40, as the =~ CSTR residence time revealed two different behavior patterns.
hydrolysis was too rapid at higher temperatures. For longer chainfFor ethyl butanoate (C-4) at 4@, the monostable stationary
lengths the hydrolysis was slower. The temperature was set atstate locus shows that 100% hydrolysis was obtaineda. 7
60 °C for C-5 and C-6 and 80C for C-6, C-7, and C-8. min, while under batch conditions (see inset), the same extent
Batch kinetics were recorded at the same temperature andof reaction only took 12 min. The greater overall time observed
stirring conditions as for the CSTR experiments. The aqueousin the CSTR stemmed from the dilution afforded by the flow
phase pump was set at its maximum flow rate (5-min~?), of fresh reactants. Both CSTR and batch curves exhibit a smooth
while ester was pumped in at 1.46 ritin~t (Yo = 0.23). Under variation related to a mild autocatalytic effect. C-5 at°€)) is
these conditions, the residence time was 0.9 min and reactionalso monostable but a 100% reaction was obtained>at10
had not started. Both pumps were then stopped simultaneouslymin in the CSTR, while in batch conditions it took longer
and after a fixed period of time the two-phase mixture was (t ~ 20 min). In comparison to C-4, the order was reversed.
rapidly poured out into a measuring cylinder for determination Dilution by the fresh inflow was compensated by a stronger
of the ratioY. Each point of the kinetics was obtained from a autocatalytic effect. This effect is related to the more abrupt
new experiment. variation in both CSTR and batch curves.
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Figure 2. Stable stationary state locus of the volumetric raties residence time during the biphasic liquigtliquid alkaline hydrolysis of ethyl
alkanoates in the CSTR: C-6, ethyl hexanoate at 60 arf€8C-7, ethyl heptanoate at 8C; C-8, ethyl octanoate at 8C. Insets Corresponding
batch kinetics Y vs time) recorded under the same conditions.

In contrast, for C-6 at 60C and C-6, C-7, and C-8 at 8C, Table 12
the stationary-state locus was bistable: between two limiting

residence times, the system exhibited two possible stationary—->r O 0 i At (FrmeTo) bich
compositions depending on the initial conditions. For shorter €6 60 85 9 0.5 44.7
residence times, the molecules do not, on average, spend long C:7 gg 2:? g:; 1:52) 22'88
in the reactor, so little reaction is possible. The composition of  ¢._g 80 6.2 9 28 2050

the reacting medium is close to that of the input floWw~¢ Yp;
flow branch). On the other hand, f(_)r longer residence “r.nes’ bistability domain, and rgadro) characterizes the strength of the
there are very few exchanges with the external medium, .. qajeration in batch experiments.

the CSTR behaves as a closed system, and its composition ) . -
approaches thermodynamic equilibriud¢ 0; thermodynamic dependence is observed as a function of Fhe hydrophob|c'|ty of
branch). the ester: as the carbon chain length was increased, the bistable

If we first compare the batch reaction time (insets) to the domain became larger and the two branches of t_he steady-state
residence time corresponding to 100% hydrolysis in the CSTR, LOCUS flatter. F”or C-8 the two branches were horizontal and an
the behavior for the C-6 to C-8 experiments was equivalent to &l OF nothing” type behavior was observed.
that of C-5 revealing strong autocatalysis, i.e., faster in CSTR
than in batch conditions. This is clearly seen in the batch
kinetics, as the extent of reaction was almost zero during the These results showed that the strength of the autocatalytic
induction period followed by an abrupt acceleration. effect increased from C-4 to C-8. The borderline between

According to the dynamics of autocatalytic reactions in a monostable and bistable behavior in the CSTR occurred between
CSTR, the occurrence of mono- vs bistability is expected to be C-5 and C-6 in our experimental conditions.
related to the overall shape of the batch kinetfcgie stronger In a previous papé', dedicated to the two-phase hydrolysis
the autocatalysis, the wider the bistability domain. Such a of C-6, we showed that the solubilization rate determines the
qualitativé“ correlation was verified in our experiments. The reaction rate and that the solubilization rate is roughly propor-
results concerning the bistable domains and the strength oftional to solubility. The autocatalysis stems from the increase
autocatalysis in batch conditions (related to the ratio between of solubility of the ester along the reaction as products are
maximum and initial rate: rgadro)) are displayed in Table 1.  formed. To model the reaction kinetics, we took into account:

The kinetics of C-6 at 60 and 8@ show that an increase in —the spontaneous solubilization of the ester in the aqueous
temperature results in a higher nonlinear effect. The same phase (the saturation valuesg,

ar; and 1, are the limits of bistability, At is the width of the

Discussion
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T " T " For C-7 and C-8, the behavior is similar to C-6. However,
0.1 C5- as the cmc is lower, it is attained at the onset of the reaction,
i.e., when most of the ester remains to be hydrolyzed. Because
S is lower, the initial rate is also lower; and as C-7 and C-8
A micelles are stronger solubilizing agents, the solubility is
= expected to be much higher, giving rise to a much more
£ pronounced acceleration and a larger bistable domain.
)
& Conclusion
Kinetic bistability or monostability was observed experimen-
0.0 i . tally during the biphasic hydrolysis of C-4 to C-8 alkanoates in
Y 1 2 3 a CSTR. Under our experimental conditions, the borderline
[surfactant] (mol.L™) between monostable and bistable behavior was found to be

Figure 3. Plot of the saturation concentration of solubilized ethyl between C-5 and C-6. C-4 .and C-5 remalrled monostqble, Wh"e
alkanoate (ester) vs the concentration of surfactant alkanoate ions inC-6, C-7, and C-8 were bistable. The width of the bistability
the agueous phase at room tempera’[ure_‘"INms maintained at 3 domain increased from C-6 to C-8; it was related to the carbon
mol-L~%. Dotted lines correspond to the final surfactant concentration chain length. A strong link was observed between the shape of
in the reaction mixture: 1.54 mdl~* for C-5 and 1.39 meL~* for the batch kinetics and the occurrence of bistability in the CSTR.
C-6. Moreover, the strength of the autocatalytic effect was related
to the variation in hydrophobic ester solubility during the course
of the reaction. As a consequence of the lower spontaneous
solubility of the ester and lower cmc of the surfactant, longer
carbon chain esters are characterized by a higher solubility ratio

C5 21x10° 15 97 1.07 5.1 s/ s, by a stronger autocatalytic effect and thus by a larger
C-6 48x10° 0.46 33 44 92 domain of bistability.

TABLE 2: Characteristic Parameters of the Reactiorf

% reacn
so(mol-L™) cmc (motL 1) atcmc 16s(molL™Y) s/

a5 spontaneous ester solubility.: solubility of the ester at the
end of the hydrolysis reactions (/sp): solubility ratio. References and Notes

—the solvent effect due to the formation of alcohol, . c(Ild) I(aE)stE?VLVJEngSD'atF;h fggirigag;;ysgirn(ig)- Flz\/cl)%th% hf;fmprgﬂucigg a
:the salting-in .e.ffec.t of.the f’:lnlOﬂlC alkanoates, 19}2/30 2y0, 131. (c) Dreisinger, D. B Cobper, W. Sobent Extr. lon Egch.
and the solubilization in micelles. 1989 7, 339. (d) Starks, C. M.; Owens, R. M. Am. Chem. Sod973 95,

The first two effects act from the very beginning but lead to 3613. (d) Starks, C. MJ. Am. Chem. Sod.971, 93, 195.

a relatively low increase of solubility. The strong effect, which (2) Bachmann, P. A.; Luisi, P. L.; Lang, Blature 1992 357, 57.
results in the very sharp acceleration, appears after a certain_ (3) Buhse, T.; Nagarajan, R.; Lavabre, D.; Micheau, JJCPhys.
qguantity of alkanoate is formed, corresponding to the cmc. Chem. A1997, 10]_' 3910. _ ) .

To compare the last two effects on the kinetics of C-5 and Che(rﬁ). Efggae'lgé ig‘é@gfe’ D.; Nagarajan, R.; Micheau, JJCPhys.
C-6, the saturation solubilization curves were plotted vs the ) Tisier 3. Pimienta, V. Buhse, T.; Lavabre, D.; Nagarajan, R.;
alkanoate ion concentration. Micheau, J. CColloids Surf. A: Physicochem. Eng. Aspe2@0Q 167,

The effect of the surfactant concentration on solubility is 131.
directly visualized in Figure 3. The maximum alkanoate (6) Buhse, T.; Pimienta, V.; Lavabre, D.; Micheau, JJCPhys. Chem.
concentrations obtained at the end of the hydrolysis reaction” 199% 101, 5215. . . - )
are indicated with a dotted I_ine in the graph. These_values clearly Doc(lj7%e\/r1'{gomnaf;\,’o}]éi§rf’1:fags '1%83?(1:%%%5 r}'gg?\lug’_gg%%r_"l%ufam
show that for C-6, the cmc is largely exceeded during the course (g | ss, D Steady State Multiplicity of Chemically ReaetiSystems
of the reaction (Table 2), leading to a greatly enhanced solubility in Modelling of Chemical Reaction Systeriber, K. H., Deuflhand, P.,
(sr/ so=92). For C-5, the reaction ends just at the cmc and the Ja&er, W., Eds.; Spriger Verlag: Berlin, 1980; p 305.
increase in solubilitys; / s is only about 5-fold. This low (9) Dewel, G.; Borckmans, P.; Walgraef, D.Phys. Cheml984 88,
increase corresponds to the salting-in effect which, in coopera- (1(')) Ganapathisubramanian, N.: ShowalterJKChem. Phy<1986 84,
tion with the solvent effect due to ethanol, are at the origin of ;57 Y ‘ '
the mild autocatalysis. In these conditions, a strong acceleration (11 Lapiante, J. P.; Borckmans, P.; Dewel, G.; Gimenez, M.; Micheau,
effect is not expected and consequently the system cannot givel. C.J. Phys. Chem1987 91, 3401.
rise to kinetic bistability. (12) Noyes, R. M.; Epstein, |. Rl. Phys. Chem1983 87, 2700.

Table 2 lists several characteristic parameters of the reaction  (13) Gray, P.; Scott, S. KChemical Oscillations and Instabilitie©xford
obtained from Figure 3. Science Publications: New York, 1990, 18 pp. ISBN 0 19 855646 2.

e ; ; _ (14) The kinetics obtained in the batch reactor should allow the prediction
The monostability of the alkaline hydrolysis of C-4 can be of the bistable domain in the CSTR. Unfortunately, our experimental data

understood from the C-5 scenario. The hydrophobicity is loW, are not precise enough in the fast part of the curve because the experimental
and as a consequence, the spontaneous soluhiigyhigh. As method used for batch kinetics (described in the experimental part) is

there is no micellization in our concentration range, the slight dictated by the need to run the reaction in the same conditions as in the

. . lubility due t ting-i d sol t effects i t CSTR. However, using the numerical model published in ref 4, we have
Increase In solubility due to salting-in and solvent enects IS NOt gyified that this type of prediction can be performed on simulated data.

sufficient to |eaq to a higl /s ratio and consequently to a (15) Roque, C.; Pimienta, V.; Lavabre, D.; Micheau, J.L@&gmuir
strong acceleration. 200Q 16, 6492.



