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The continuous-phase mass transfer volumetric coefficient &, a in a liquid-liquid mixing vessel was measured by
using the hydrolysis reaction of both z-amyl and n-hexyl acetates with sodium hydroxide. Droplet diameter was
also observed by using a videorecorder via a microscope during the reaction period, allowing the continuous-phase
mass transfer coefficient, &, to be determined. The coefficient obtained was 2-5 times larger than that obtained
from the correlation by Calderbank-MooYoung. Dimensionless correlation of the mass transfer coefficient with
the droplet diameter and the power input per unit volume was confirmed experimentally to be close to that for

the solid suspension system.

Introduction

For the analysis of a mass transfer-controlled
heterogeneous reaction, it is necessary to know both
the continuous-phase mass transfer coefficient and the
effective interfacial area.

For heterogeneous systems, especially solid-liquid
systems, mass transfer through the interface in an
agitated vessel has been studied by many investi-
gators?3:6-8:%11) and many correlations of the con-
tinuous-phase mass transfer coefficient have been
proposed.’® Most were based on the local isotropic
turbulence theory of Kolmogoroff, though Kuboi ez
al® used the effective relative velocity for mass
transfer. For liquid-liquid dispersions, the continuous-
phase mass transfer coefficients were studied by
Schindler and Treybal'? and Keey and Glen” for a
continuous-flow stirred-thank system and by Skelland
and Lee'® for a batch-stirred tank system. Their
experiments were, however, conducted under the
condition that the droplet size was not in dynamic
equilibrium. Nanda and Sharma'® and Sharma and
Danckwerts'® proposed a chemical method that gave
only the interfacial area of dispersion.

In the present work, the continuous-phase mass
transfer coeflicient for tiny droplets in dynamic
equilibrium is measured by using a reaction method

* Received November 24, 1988. Correspondence concerning this article should be
addressed to S. Hiraoka.
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and is compared with the results of previous works
and with correlations for the solid-liquid system.

1. Reaction Model

We consider the hydrolysis of ester with alkali®’ as
a slow reaction.

RCOOR’+NaOH—-RCOONa+ R'OH (N

The following assumptions are made for the present
analysis:
i) The ester disperses as droplet in the aqueous
phase.

ii) The droplet diameter is constant during the
reaction period.

iii) The alkali is mixed well instantaneously when
added into the aqueous phase to start the
reaction.

iv) The reaction in the concentration boundary
film on the droplet surface is negligible com-
pared to the reaction in the bulk of the aque-
ous phase.

v) The reaction is first-order with respect to the
ester and the alkali.

The reaction rates of the ester with the alkali can

be expressed as

dC/dt =k a(C;—C ) —k,C,Cy 2
dCyldt= —k,C,Cy 3)
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At low volume fraction of droplet ¢, the apparent
concentrations of the ester and the alkali, C, and Cp,
can be expressed as

Ca=(1-9)Cy+dpC5=C i+ ¢C5 4
CB=(1 —Q{’)CB':-CB (5)

where C¢ is the molarity of pure ester.
Initial conditions at =0 are expressed as

CA=CA0= CAS: CB=CBO= 630 s
(6)

CA= éAo » CB= CBO

where subscript “0”” means initial value.

From mass balance the apparent concentration of
the ester is related to that of the alkali as follows:

C'AO - éA = CBO - CB @)
From Eq. (4) the following relation can be obtained.
¢’/¢o = (CA - CA)/(CAO —Cuo) (®)

Where the droplet diameter d, is constant during
the reaction period, the interfacial area per unit
volume, a, is proportional to the volume fraction of
the droplet, ¢. Then the following expression can be
obtained:

alag=¢/po= (CA - CA)/(CAO —Clho) )

Substitution of Egs. (5), (7) and (9) into Egs. (2) and
(3) gives the following equations:

dC;’;_K{l—()B(I—Cﬁ)—Cj;

}(Cii—ci‘i)—ci‘iéﬁ

dr* 1-C%,

(10)
dC¥/dt= — C*%C%/0y an
where
i =‘CA/CA0 s C§ = 63/630 , Chi= CAi/éAO (12)
05=Cpo/Cro>» K=kpaolk;,Cpo, t*=k,Cpot
The dimensionless initial conditions are:

Ci=C%s, Ci=1 at t*=0 (13)

Equations (10) and (11) were solved simultaneously
by the Runge-Kutta method.

The reaction rate constant k, and the mass transfer
volumetric coefficient kya, were determined by the
following method.*

i) - The Box complex method is used in obtaining
the optimum combination of k, and K that
best fits the observed curve of alkali con-
centration vs. time.

ii) The reaction rate constant k, depends only on

*) As the solubility of n-hexyl acetate into aqueous phase is very
low, an error in measurement of ester concentration has a significant
effect on the evaluation of k, in a homogeneous system.
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temperature. Hence the reaction rate constant
is determined as the average value of &, for all
runs.

iii) By using the resultant k,, the optimum K value
and the mass transfer volumetric coefficient
kya, are obtained for each run.

iv) The mass transfer coefficient &k, is obtained
from the values of k,a, and g, which is
calculated from the observed Sauter mean
droplet diameter, d;,, as

ag=06¢,/ds, (14)

The initial volume fraction ¢, is obtained from
the mass balance of ester as

o'——.(l/i—c‘“) (15)

where V', and ¥V, are respectively the volumes
of pure ester and water added initially to a
vessel.

3. Experimental

A schematic diagram of the experimental apparatus
is shown in Fig. 1. Agitated glass vessels of 17-, 14- and
10-cm ID were used in the present study. Stainless
steel six-blade paddle impellers were used, with
diameters d of 8.5, 7 and 5cm. The ratio of impeller
to vessel diameter d/D ranged from 0.29 to 0.50.

The ester, n-amyl acetate or n-hexyl acetate, was
added to the stirred water to form a dispersed liquid
with an apparent ester concentration of 0.025 mol/l.
The water was saturated with the ester and the droplet
size was in dynamic equilibrium, usually in 10-15
minutes. The initial volume fraction ¢, defined by Eq.
(15) was 0.0017 for n-amyl acetate and 0.0035 for
n-hexyl acetate. The reaction was started by in-

" stantaneous addition of sodium hydroxide aqueous

solution, the concentration of which was adjusted to
become 0.050 mol/l in the vessel. At this moment no
change in droplet size was observed. The progress of
the reaction was monitored by measuring the variation
of alkali concentration by electric conductivity meter
and by titration.® The reaction temperature was 25°C
or 30°C, and the stirrer speed was 175 to 700 rpm.
For the measurement of droplet diameter, the liquid
was sucked up into the focus of a microscope and the
droplet picture was recorded with a video-recorder
during the reaction period. Each droplet diameter was
sized on a microcomputer display and its datum was
stored in the computer memory. The Sauter mean
diameter d;, was obtained from 500 droplet diameters

*) For the titration, the sampled liquid is poured quickly into
acidic solution to stop the reaction, then the resultant acidic solution
is titrated with alkaline solution. The time lag for sampling is less
than three seconds.
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Fig. 1.
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Schematic diagram of experimental apparatus

at 5-minute intervals.

The physical properties of the esters are listed in
Table 1. The diffusivity D , was estimated from Wilke’s
equation,'® and the interfacial tension & was
measured by the Wilhelmy method.*® The solubility
C,s was observed by using an agitated vessel with a
flat liquid-liquid interface, in the same manner as in
the previous paper.?

4. Results and Discussion

Table 1 also shows the reaction rate constant k,
obtained. The value for n-amyl acetate at 25°C was
close to the observed value of 0.08051/mol-s for
isoamyl acetate by Viallard.'”

In Fig. 2 the observed Sauter mean diameter of
droplet d,, is correlated with the product of impeller
diameter and —0.6 power of Weber number. The
observed diameteris 0.7 to 2.5 x 10™*m and is slightly
larger than that from the correlation by Chen-
Middleman.®

The value of d;, was almost constant during the
reaction period, though the number of droplets in the
video-picture decreased with time. Thus the droplet
size was presumed to be in dynamic equilibrium.

The value of k,a, was determined as the average
value during the initial reaction period up to 30
minutes, where the dimensionless concentration of the
alkali and the volume fraction ratio, C% and ¢/¢,,
decreased from unity to 0.55 and 0.003 respectively.

"The observed mass transfer coefficient is plotted
against the power input per unit volume in Fig. 3,
where the solid line shows the correlation by
Calderbank-MooYoung®:

kL=0-13(PVp2/ﬂ3)0'25SC_2/3 (16)

The observed mass transfer coefficient is 2-5 times
larger than that from Eq. (16). In this figure the
experimental data by Schindler and Treybal'? for the
continuous-flow stirred-tank system are also plotted.
They are 2-3 times larger than the present ex-
perimental data.

The condition under which the chemical reaction
occurs in the bulk of the aqueous phase can be
expressed as!¥
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Table 1. Physical properties and reaction rate constant of
esters
Diffusi- Interfacial Re;“:;"“
Ester Temp. vity Solubility tension constant
D, x10'°  Cyus o x 103 k,
[°Cl  [m%s]  [mol/] [N/m] [I/(mol-s)]
n-amyl 25 7.88 0.0135 14.5 0.082
acetate 30 8.75 0.0135 15.3 0.113
n-hexyl 25 7.32 0.0039 14.0 0.071
acetate 30 8.13 0.0039 14.8 0.097
d/D Temp.
Ester 050041 [036 028 [°C]
n-Amyl Acetate q°> d ° e gg
n-Hexyl Acetate 2 : 2 : gg
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Fig. 2. Sauter mean droplet diameter
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Fig. 3. Mass transfer coefficient at droplet surface. Keys are
the same as in Fig. 2, except for Schindler-Treybal.

kp>» (kD ,Cp)/? a7

The value of &, is larger than 5x 10~ > m/s in Fig. 3,
and (k,D,Cg)*? is smaller than 2.2 x 10~ °m/s from
Table 1. Then, the present reaction system satisfies
the relation of Eq. (17) and the expressions of Egs.
(2) and (3).
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Fig. 4. Dimensionless correlation of mass transfer coeffi-

cient for tiny droplet. Keys are the same as in Fig. 2, except
for Schindler-Treybal.

By using the Sauter mean droplet diameter d;, as
a characteristic length and the power input per unit
volume P, as a factor related to a characteristic
velocity, the dimensionless correlation of the mass
transfer coefficient is shown in Fig. 4. The correlation
lines by Brian et al.,> Levins and Glastonbury,” Asai
et al.,” Sano et al.'Y and Harriott® for the mass
transfer of suspended solid sphere, as well as by
Calderbank-MooYoung,* are shown in the same
figure. The observed data are close to the correlation
lines for the solid suspension, though the data of
Schindler and Treybal!? are above the correlation
lines. The disagreement between the data of Schindler
and Treybal and those in the present experiments is
probably due to the difference of flow system,
continuous vs batch. The result in Fig. 4 shows that
the mass transfer behavior of tiny droplets is very
similar to that of suspended solid spheres.

Conclusions

For liquid-liquid dispersion of ester in aqueous
alkali solution, the continuous-phase mass transfer
volumetric coefficient at the droplet surface was
measured by using a hydrolysis reaction of the ester
with the alkali. The droplet diameter was measured
by using a videocamera via a microscope during the
reaction period. The continuous-phase mass transfer
coefficient was calculated from the observed volu-
metric coefficient with the droplet diameter. The mass
transfer coefficient for the tiny droplet was shown
experimentally to satisfy the correlation for suspended
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solid spheres.
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Nomenclature
a = interface area per unit volume [m~Y]
b = impeller width [m]
C, = concentration of ester [mol-I~1]
Cui = concentration of ester at interface [mol- /]
Cys = solubility of ester in water [mol-171]
C, = apparent concentration of ester [mol-/~1]
(o = concentration of pure ester [mol-7~1]
Cy = concentration of alkali [mol-771]
d = impeller diameter [m]
d, = droplet diameter [m]
ds, = Sauter mean diameter [m]
D = vessel diameter [m]
D, = diffusivity of ester in water [m?:s71]
H = liquid depth [m]
K = dimensionless parameter (=k;ay/k,Cpo 1
ky, = continuous-phase mass transfer

coefficient [m-s™1
kpa = mass transfer volumetric coefficient [s™4
k, = reaction rate constant [[-mol~t-s71]
n = rotational speed [s™1
P = power input [W]
Py = power input per unit volume

(P{(nD>H/[4)) [W-m™?]
Py, = power input per unit volume swept by

impeller (= P/(nd?b/4)) [W-m™3)
Sc = Schmit number (=v/D ) [—]
t = time [s]
Va = volume of pure ester added to a vessel [m3]
Vi = volume of water added to a vessel [m3]
We = Weber number (=d3n’p/s) [—]
Oy = molar ratio (= Cpo/C,0) [—1]
U = viscosity [Pa-s]
v = kinematic viscosity [m2-s71]
p = density [kg-m™3]
¢ = interfacial tension [N-m™1]
¢ = volume fraction of droplet 1
{Superscript)
* = dimensionless
{Subscript)
0 = initial value
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