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Extraction of Phenol and Cresol 
by Liquid Surfactant Membrane 

MASAAKI TERAMOTO,* HIROSHI TAKIHANA, 
MICHIRU SHIBUTANI, TAKAHIRO YUASA, 
and NAOTAKE HARA 
DEPARTMENT OF INDUSTRIAL CHEMISTRY 
KYOTO INSTITUTE OF TECHNOLOGY 
MATSUGASAKI, SAKYGKU, KYOTO 606, JAPAN 

Abstract 

A model for the extraction of weak acids or weak bases by means of liquid 
surfactant membranes is presented in which external mass transfer around W/O 
emulsion drop, internal mass transfer inside W/O emulsion drop, both phase and 
chemical equilibria, and the drop size distribution of W/O emulsion are taken into 
account. The experimental results on the batch extraction of phenol, 0- andpcresol 
are found to be satisfactorily simulated by the proposed model. The effect of the 
intensity of sonication in the preparation of W/O emulsion on the extraction rate is 
also presented. 

INTRODUCTION 

The separation method by liquid surfactant membranes has been noted as 
a new technique for the separation of hydrocarbons (1-8) and the removal 
and/or the recovery of various compounds such as phenol (9-11), amines 
(12-13), and heavy metals (12, 14-21). 

While a number of investigators have experimentally demonstrated that 
liquid surfactant membranes are useful for separating various materials, very 
few studies have been presented on the mechanism and the mathematical 
model of solute permeation. Cahn and Li (10) presented a very simplified 
model for the extraction of phenol which assumed that the extraction rate is 

*To whom correspondence should be addressed. 
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398 TERAMOTO ET AL. 

proportional to the solute concentration difference between two aqueous 
phases. Later, Matulevicius and Li ( 1 9 ,  Volkel et al. (19), and Kremesec (8) 
proposed a model in which mass transfer resistance is localized in the 
peripheral oil or water layer of the emulsion drop, and the complete mixing 
inside the drop is assumed. It is evident, however, that this model cannot be 
applied to the case where the internal mass transfer resistance is controlling. 
Casamatta et al. (5) analyzed the permeation rate of hydrocarbons through 
water membranes in an O/W/O emulsion system by taking mass transfer 
resistances both inside and outside the OIW emulsion drop into account, and 
found that the diffusion through the peripheral water layer of the O/W 
emulsion drop is rate controlling because of very low solubility of hydrc 
carbons in water phase. Recently, Ho et al. ( 1 1 )  proposed a shrinking core 
model for the extraction of phenol. However, in this model the external mass 
transfer resistance around the W/O emulsion drop, which might be more 
important than the internal resistance in the early stage of the extraction, was 
neglected. Furthermore, because chemical equilibria in the internal aqueous 
phase containing NaOH and phenol were not considered, this model cannot 
predict the equilibrium concentration of phenol attained when three phases, 
i.e., the internal and external aqueous phases and the oil membrane phase, 
are in equilibrium. 

‘The present authors (13 )  presented a mass transfer model for the 
extraction of amine and phenol by liquid surfactant membranes in which the 
diffusion in the WIO emulsion drops, the external mass transfer, and both 

FIG. I .  Schematic diagram of W/O/W multiphase emulsion system. I : External aqueous phase 
(Phase I). 2: Film of Phase I around W/O emulsion drop. 3: Peripheral oil layer. 4: Oil phase 

(Phase 11). 5 :  Internal aqueous phase (Phase 111). 
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EXTRACTION OF PHENOL AND CRESOL 399 

phase and chemical equilibria were taken into account. It was shown that the 
effects of various experimental conditions on the rate of the extraction of 
aniline could be successfully explained by the model. However, the uniform 
size of the W/O emulsion drop was assumed in that model. 

In this paper a modified mass transfer model is presented in which the drop 
size distribution of the W/O emulsion is taken into account. Furthermore, 
the extraction of phenol, 0-, and m-cresol was carried out using a W/O/W 
multiphase emulsion which consists of an external aqueous phase containing 
phenol (Phase I), internal droplets of an aqueous NaOH or LiOH solution 
(Phase 111), and an oil membrane phase (Phase 11) as shown in Fig. 1. The 
experimental data are analyzed on the basis of the present model. The effect 
of the preparation method of the W/O emulsion on its properties and the 
extraction rate is also presented. 

THEORY 

Chemical Equilibria 

We consider the case where phenol dissolves in an aqueous solution 
containing NaOH or LiOH. Dissociation equilibria of phenol and water are 
expressed by Eqs. (1) and (2), respectively. 

K, = [PhO-J[H']/[PhOH] = P[H']/C ( 1 )  

The charge balance equation is 

[M'] + [ H + ] = [ P h O - ]  + [ O H - ] , ( A + [ H ' ] = P + [ O H - I )  ( 3 )  

where M is Na or Li, A is the concentration of OH-, C and P are the 
concentrations of phenol and phenolate ion, respectively, and K, and K, are 
the acid dissociation constant of phenol and the ion product of water, 
respectively. Phenol exists in both undissociated and dissociated forms. 
Then T, the total concentration, is given by 

[PhOH]T= [PhOH] + [PhO-1, T =  C + P (4) 

[H'] is much less than [OH-] in the internal aqueous phase. Then, Eq. (5) is 
derived from Eqs. (1)-(4): 
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400 TERAMOTO ET AL. 

T =  C { ( A  + C)Ka + K,I/(K,C f KH,) ( 5 )  

On the other hand, phenol exists in the undissociated form in the external 
aqueous phase because its pH is maintained much lower than pKa of 
phenol. 

Mass Transfer Model 

Here, the previous model is extended to the case where the drop size 
distribution of the W/O emulsion exists. Hereafter the “drop” refers to the 
W/O emulsion drop dispersed in Phase I, and the “droplet” the internal drop 
in the W/O emulsion drop. If the number and the volume fraction of the 
drops of radius Rj in the system are ni and @:, respectively, the following 
equation holds. 

q5: = (4/3)7rniR3/ V,, i = 1 - N ( 6 )  

Here, V,  is the total volume of the system and N is the number of divisions of 
the drop size distribution. The mass balance equation of phenol in the 
external aqueous phase is represented by 

where C, is the solute concentration in the external phase, K is the partition 
coefficient defined by ( Cll/CI)eq, @’ is the volume fraction of W/O emulsion 
phase ( = ( K r  + Fil)/ VT), and &, is the overall mass transfer coefficient 
through the external boundary layer of aqueous phase around the W/O 
emulsion drop and the peripheral oil layer of the drop. V,, V;,, and KI1 are the 
volumes of the external phase, the membrane phase, and the internal phase, 
respectively. The diffusion equation in the drop is 

where TiIl is the total concentration of phenol in the internal phase, 0, is the 
effective diffusivity in the W/O emulsion phase, and @ is Vlll/( V,, + V,,,). 
Here, the equilibrium between the oil and the internal aqueous phases is 
assumed (13).  The initial and the boundary conditions are expressed as 
fo I low s: 
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EXTRACTION OF PHENOL AND CRESOL 401 

Here it is, assumed that the thickness of the peripheral oil layer is negligibly 
small compared to the radius of the W/O emulsion drop. 

The above equations are transformed into dimensionless form by using 
variables and parameters expressed by Eq. ( 18): 

N 

- d ~ I / d 8  = 3 ~ i c ( l  - @'):x(Q;R=/Ri)LJ+ I = I  - ( ~ 1 1 , i ) x = l 1  (12)  

(13)  
-- dY1I.i - (RC/Ri)' (8;i.i + 2 Jy11.i) 

d o  1 - @ + (@/K)g(YII,i) x ax 

where g(y I I , i )  in Eq. (1  3) is given by Eq. (17): 

If the six parameters @, @', K, a, p, and Bic and the drop size distribution are 
given, the basic equations can be numerically solved. Here Rc is the 
characteristic radius of the drop, and is taken as 0.05 cm in this study. The 
finite difference method was used to solve the basic equations. 

EXPERIMENTAL 

The experimental apparatus and the procedure were the same as reported 
in a previous paper (13) except the methods of the preparation of W/O 
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402 TERAMOTO ET AL. 

eniulsion and the measurement of the rate of the leakage of the internal 
aqueous phase to the external phase. 

The W/O emulsion was prepared as follows. A mixture of 50 cm3 of 
kerosene containing 5 vo1Y0 of Span 80 (sorbitan monooleate) and the same 
volume of aqueous solution of NaOH or LiOH was agitated for 15 min by a 
vibromixer. Then the mixture was sonicated by an ultrasonic homogenizer 
(Nippon Seiki Ltd., US-15OW) by either the direct or indirect method as 
shown in Fig. 2. In the direct method the tip of the homogenizer was 
immersed in the solution. In this case much smaller droplets were obtained 
due to the high intensity of sonication than in the case of indirect sonication. 
'The W/O emulsion thus prepared was added to an agitation vessel 
containing 550 cm' of deionized water under stirring at 188 rpm. The vessel 
was 9 cm in inner diameter, and equipped with a six-bladed turbine agitator. 
In about 2 min, phenol solution was poured into the vessel to start extraction. 
The total volume was 750 cm3. 

The partition coefficient of phenol between kerosene and water was 
measured by shaking the two phases and analyzing for the phenol 
concentration in the aqueous phase with a spectrophotometer (Shimadzu UV 
208s). However, when Span 80 was added to kerosene, the aqueous and oil 
phases were emulsified by shaking, and the two phases could not be 
separated. This problem was overcome by using a W/O/W emulsion system, 
i.e., physical extraction of phenol into W/O emulsion drops was carried out 
without adding LiOH to the internal aqueous phase, and after equilibration 
the external and emulsion phases were easily separated by settling, and 
phenol in the external phase was analyzed. 

3 

2 

(a) 

4 

FIG. 2. Method of sonication. (a) Direct sonication. (b) Indirect sonication. 1 : Ultrasonicator. 
2: Tip of ultrasonicator. 3: W/O emulsion. 4: Water bath 
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EXTRACTION OF PHENOL AND CRESOL 403 

The fraction of the leakage of the internal aqueous phase to the external 
phase due to the breakage of oil membrane was determined by analyzing the 
concentration of Li, which was initially present only in the internal phase, in 
the external phase by a flame emission spectrophotometer (Nippon Jarrel 
Ash atomic absorption and flame emission spectrophotometer, AA-782). 
The fraction of leakage, was calculated by 

Because Na  is contained in Span 80 and it dissolves in water when the oil 
phase is contacted with water, Na  cannot be used as a tracer for the 
measurement of J: 

The viscosity of the W/O emulsion and the interfacial tension between 
aqueous and emulsion phases were measured with a cone-and-plate 
viscometer (Tokyo Seiki Ltd., Visconic ED), and a Wilhelmy plate surface 
tensiometer (Kyowa Kagaku Ltd., A-3), respectively. The drop size 
distribution of the W/O emulsion was measured by the photographic method, 
and the internal droplets were inspected by the microscopic method. The 
temperature was 298 K. 

RESULTS 

Partition Coefficient 

Figure 3 shows the effect of the concentration of Span 80 on K ,  the 
partition coefficients of phenol and 0- and p-cresol. K increases with 
increasing [Span 801 probably because the polarity of the oil phase increases 
by adding a polar compound such as Span 80 to kerosene. It is important to 
recognize that the surfactant serves to stabilize the emulsion as well as to 
increase the solubility of solute in the membrane. 

Effect of Method of Sonication 

Four ways of the preparation of W/O emulsion were attempted by 
changing the method and the time of sonication: 

(A) Direct sonication, 1 min 
(B) Direct sonication, 30 s 
(C) Indirect sonication, 22 min 
(D) Indirect sonication, 10 min 
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404 TERAMOTO ET AL. 

F i t ;  3 Effect of the conccntration of Span 80 on the partition coefficients of phenol and 
cresol. 

The properties of the emulsion thus obtained are summarized in Table 1. 
The intensity of sonication decreased in the order of A > B > C > D. Thus 
the size of the droplet increased, and the interfacial area between the oil and 
the internal aqueous phases decreased in the same order. In the case of C and 
D, the interface was probably saturated by the adsorbed layer of Span 80, 
and the surface tension was low. On the other hand, in the case of A, the 
amount of Span 80 was insufficient to saturate the interface, which resulted 
in relatively high interfacial tension. The interfacial tension between oil 
phases containing various amount of Span 80 and aqueous phase is shown in 
Fig. 4. It is recognized from the values of the interfacial tension shown in 

TABLE 1 
Effect of Intensity of Sonication in Preparation of W/O Emulsion 

Diameter Sauter mean Fraction of 
of internal Apparent Interfacial diameter of W/O leakage of 

Condition of droplet viscosity' tension emulsion drop Phase Il,* 
v)nication R, (pn)  8 (Pa.s)  cr(N/m) d32 (mm) f 

Mcthod A < I  0.0289 0.021 1.52 0.0 1 80 
Method C 1-3 0.0265 0.0 16 1.02 0.0 177 
btcthod D 1-7 0.0221 0.0105 0.82 0.02 I9 

"Values at the shear rate of 38.4 s-l 
'Values at t = 15 min. 
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40 I 1 I I I 1 1 1 l  1 I I l 1 1 1 1  

1 I I 1 1 1 1 1 1  ' ' I 1  ,oZ I 1  

103 
[Span 801 , vol*/. 

FIG. 4. Effect of the concentration of Span 80 on the interfacial tension of water-kerosene 
system. 

Table 1 and Fig. 4 that the bulk concentration of Span 80 in oil for intensive 
sonication is as low as 0.002 vol%, and most of the surfactant added to the 
oil is adsorbed at the interface. The apparent viscosity of the emulsion 
increased as the diameter of the internal droplet became small, in accordance 
with the previous results (22) .  

The distribution of the size of the W/O emulsion drops dispersed in the 
external aqueous phase under the same stirring condition is shown in Fig. 5 .  
It is seen that the diameter became large with an increase in the intensity of 
sonication. The plot of Sauter mean diameter of the W/O emulsion drop vs 
interfacial tension is shown in Fig. 6. The slope is about 0.8, and is greater 
than 0.6, the value reported for many liquid-liquid dispersions (23, 24). This 
deviation may be due to the increase in emulsion viscosity with the intensity 
of sonication. 

The effect of the preparation method of W/O emulsion OF. the extraction 
rate of phenol is shown in Fig. 7, which indicates that the rate decreased with 
increasing sonication intensity because of the formation of large drops. 

Effect of Initial Concentration of Phenol 

As shown in Fig. 8, the higher the initial concentration of phenol, Cr,o, the 
lower the extent of extraction. This is because the internal droplets in the 
peripheral region of the drops are more rapidly saturated with phenol when 
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0.01 - 

- 5 
P oo 1.0 2 0  3 .O 

0.01 
-, 

- L 

O'02r d?2 =0.82mm 

drop diameter , mm 

FIG. 5 .  Drop size distribution of W/O emulsion. (a)  Method A. (b) Method C. 
(c) Method D. 

- 
- 

15 20 10 
0-x103 , Nlm 

FIG. 6 .  Plot of Sauter mean diameter of W/O emulsion drop vs interfacial tension. 
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EXTRACTION OF P H E N O L  AND CRESOL 407 

t , min 

FIG. 7. Effect of the method of sonication on the extraction rate of phenol. Solid lines are the 
calculated results (D,  = 1.26 X lop5 cm2/s, KO = 0.0038 cmh). 

C,,,, is higher. Comparison of Fig. 8( a) with 8(b) indicates that in the former 
case, the drop size is larger, and the effect of C,,,, is more remarkable than in 
the latter case, suggesting that internal mass transfer resistance is im- 
portant. 

Effect of Concentration of Sodium Hydroxide 

In Fig. 9 is shown the effect of initial sodium hydroxide concentration & 
on the extraction rate. The rate increased with an increase in NaOH 
concentration because of a higher capacity for trapping phenol in the internal 
phase. However, this effect was not remarkable because the drop size 
increased and the surface area of the drops decreased with increasing sodium 
hydroxide concentration. Sauter mean diameters were 0.082 cm (4 = 0.1 
mol/dm3), 0.100 cm (0.20 mol/dm3), and 0.1 14 cm (0.3 moVdm3). 

Extraction of 0- and m-Cresol 

The results of the extraction of 0- andpcresol are shown in Fig. 10. It is 
seen that C,,o influences the yI vs time relation as in the case of phenol 
extraction. 
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t , min 

8 

G , O ,  PPm 
l I l l  v 2000 

-0.5 > 

1 10 
0 
0-1 

t , min 

FIG. 8. Effect of the initial concentration of phenol on the y1 vs time relation. Solid lines are the 

(b) Method D. 
calculated results (De  = 1.26 X cm2/s, KO = 0.0038 c d s ) .  (a) Method A. 
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EXTRACTION OF PHENOL AND CRESOL 409 

*- 

t , min 

FIG. 9. Effect of NaOH concentration on the extraction rate of phenol. Method B. Solid lines 
are the calculated results (D, = 0.93 X 10-' cm2/s, = 0.0025 c d s ) .  

Comparison of y, after 20 min of Extraction of Phenol 
with Equilibrium Concentration 

The dimensionless equilibrium concentration of phenol, yI,-, which is the 
lowest concentration attained when the extraction proceeds ideally without 
leakage of the internal phase, is given by Eqs. (20) and (21) (13): 

~ 1 . -  = CI,-/CI,O = ( - b  + db2 - 4 a ~ ) / 2 ~  (20)  

Comparison of yI,- with yI at t = 20 min is shown in Fig. 11. As shown by 
Curve a, y1,- decreases with increasing NaOH concentration in the internal 
phase. However, yl,,, shows a minimum when 4 is 0.3 moVdm3. At higher 
concentrations of NaOH, y1,20 increases due to the instability of the oil 
membrane. It can be seen that the equilibrium concentration increases with 
increasing initial phenol concentration. Although yI,20 is considerably higher 
than the corresponding value of yI,-, Curves b and b' show a similar 
tendency. 
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0 

t , min 

1 
1 I 1 1 1 1 1 1  

s 

1 10 
0 

t , min 

FIG. 10. Extraction of cresol. Method B. Solid lines are calculated results. Parameters are 
shown in Table 2. (a) o-Cresol. (b) rn-Cresol. 
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EXTRACTION OF PHENOL AND CRESOL 41 1 

FIG. 1 1. Comparison of phenol concentration at t = 20 min with equilibrium concentration. 
Method B. 

Leakage of Internal Phase to External Phase 

The values ofA the fractions of the volume of the internal aqueous phase 
which leaked to the external aqueous phase due to the breakage of the oil 
membrane after 15 min of extraction, are listed in Table 1.  These are the 
average values of several experiments. A slightly large value o f f  was 
observed in the case of Method D, however, f was relatively small and less 
than 0.022 under the present experimental conditions. 

DISCUSSION 

Estimation of Parameters 

Of the six parameters involved in the present model, @, @’, a, and p can be 
easily determined from the experimental conditions. K and drop size 
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41 2 TERAMOTO ET AL. 

distribution were measured as described above. Then Bic(= Rc&lD,) is the 
only parameter that must be determined by simulating the experimental data 
with the present model. This parameter represents the ratio of the internal 
mass transfer resistance to the overall resistance consisting of the mass 
transfer resistance through the peripheral layer of the W/O emulsion and the 
external mass transfer resistance. When Bic is small, the latter is rate 
controlling, and the effect of the initial phenol concentration CI,o on the 
relation of y ,  vs t is small provided that the amount of OH- in the internal 
phase is sufficient to keep the equilibrium concentration of phenol con- 
siderably low. On the other hand, when Bic is large, the internal diffusion is 
important, and the effect of CI,o is large (13). Thus, Bic can be estimated so 
thal the computed result may adequately simulate the experimentally 
observed effect of CI,o on they, vs time relation. The solid lines in Figs. 7-10 
arc the computed relations of yI vs 8, and these are drawn so that the 
computed results may fall on the observed relations of y, vs t by adjusting the 
position of the upper abscissa with respect to the lower abscissa. To simplify 
the calculation, the drop size distributions of the W/O emulsion shown in 
Fig. 5 were also simplified by dividing each of them into 7 portions. The 
agreement between the computed and the observed results is fairly good. The 
value of toLl can be read from these figures. Then D, is calculated by Eq. 
(221 and & by Eq. (23): 

KO = BicD,/R, = BicRc/te=, (23) 

The values of D,,exp, D, thus obtained, are. shown in Table 2. The values 
for the extraction of amines (13)  are also shown. The values of D,.exp are in 
the range from 0.6 X lop5 to 1.50 X cm2/s, and close to DII, the 
diffusivity in the oil phase. To examine whether these values are reasonable, 
the effective diffusivity in the heterogeneous W/O emulsion, De,ca, was 
estimated from the Russel equation (13, 25) and is shown in Table 2: 

where y = DIIJQ1K. 
Ur,exp is slightly larger than De,cal. This discrepancy may be explained as 

follows. (a) The experimental error in measuring the drop size may have a 
considerable effect on De,exp. (b) There is actually some range in Bic which is 
thought to give good agreement between observed and calculated results. (c) 
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EXTRACTION OF PHENOL AND CRESOL 41 3 

TABLE 2 
Summary of Experimental Results 
~~ 

Phenol c-Cresol 

Z P  1 .o 
PK, 9.939 
PKb 
DII X lo5, cm2/sb 1.12 
~ 1 1 1  x lo5, cm2/sb 1.02 
De,exp X lo5, cm2/s 0.93- 

1.26 
De,ca, X lo5,  cm2/sc 1.06 

Y1,- d 0.00687 
4 x lo3, C ~ / S  2.5-3.8 

3.5 
10.25 

I .oo 
0.912 
0.9 

0.59 
3.3 

0.01 37 

m-Cresol Aniline 

2.6 1.4 
10.09 4.596 

9.404 
1 .oo 1.1 1 
0.912 1.01 
1.2 I .20 

0.65 0.91 
3.3 4.4 

0.00962 0.00203 

m-Toluidine 

5.3 
4.73 
9.21 
0.993 
0.905 
1.5 

0.54 
3.1 

0.00148 

pToluidine 

4.7 
5.08 
8.92 
0.993 
0.905 
0.6 

0.55 
3.5 

0.000667 

‘Values of K for amines reported in a previous paper ( I S )  were the partition coefficients 
between water and oil in which Span 80 was not contained, and were considerably lower than 
the values shown in this table. 

’Diffusivities in oil and aqueous phases were estimated by the Wilke-Chang equation (27) .  
CDe,cal is calculated from Eq. (25). 
%slues for CI,O = 0.01 mol/dm3 (about 1000 ppm), [NaOH]~lr,o or [HC11111,0=0.3 

mol/dm3, @ = 0.5, @‘ = 0.133, and [Span SO] = 5 ~01%. 

There may be weak turbulence in the W/O emulsion drop which enhances 
the mass transfer rate in it. (d) In the internal aqueous phase, phenol can 
diffuse in the form of either the undissociated species or the dissociated 
species, i.e., phenolate ion, and the diffision of phenolate ion may enhance 
the total mass transfer of phenol in the W/O emulsion drop in the radial 
direction. Although these phenomena cannot be taken into account in the 
theoretical analysis, it is clear from the comparison of De,cal with D,, exp that 
these contributions to the transport of solute in the drop are smaller than that 
of molecular diffusion. 
& is expressed by 

where k,,, is the external mass transfer coefficient and is the mass transfer 
coefficient through the peripheral layer of the W/O emulsion drop. As shown 
in Table 2, & is almost independent of partition coefficient K, suggesting 
that the relation Ilk, >> 1/Kk, holds. Then k,,, is approximately equal to & 
in the range from 0.0025 to 0.0044 4 s .  The values agree approximately 
with the value of k,”, 0.0032 cm/s, estimated using the equation of 
Calderbank and MoeYoung (26). 
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Present model 
--- Previous model t 
\ Bic=150 1 

\ 
\ '. 
'\ '. 

1 10 100 
t , min 

Frc;. 12. Comparison of the previous model (13 )  with the present model. CI,O = 2000 ppm, 
4 = 0.3 molidm3. 

Comparison of Previous Model with Present Model 

Figure 12 shows a comparison of the results computed from the previous 
model of the present authors, which assumed uniform drop size distribution 
( I -?) ,  with those from the present model. The broken lines represent the 
results from the previous model in which the Sauter mean diameter was used 
as the average diameter of the drop. As expected theoretically, if Bic is small, 
that is, if mass transfer in the peripheral region of the drop is controlling, the 
Sauter mean diameter can be used as the average diameter in the previous 
model. It should be noted, however, that when the amount of OH- in the 
internal phase is sufficient so that OH- except in the peripheral region of the 
drop may not be consumed, the internal mass transfer resistance is small. In 
this case, d3* can be used as the average diameter even if Bic is considerably 
large. In the early stage of the extraction, the internal resistance is small, and 
the results computed from both model agree. On the other hand, in the later 
stages the internal mass transfer becomes important, resulting in slight 
differences between the computed results. 

Simulation of Experimental Data by Complete Mixing Model 

The present model can express the various degrees of convection in the 
W/O emulsion drops by assigning appropriate values to D,. If considerable 
convection exists in the drop, there is no mass transfer resistance there, and 
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this situation corresponds to the case of a very small value of Bit. Then the 
basic equations are represented as 

Typical computed results of the above equations are shown in Fig. 13. It is 
clearly seen that the effect of initial phenol concentration cannot be 
explained by the complete mixing model. 

Comparison of Extraction Rates of Phenol and Aniline 

Figure 14 shows the time courses of the extraction of phenol, cresol, 
aniline, and toluidine. Comparison of the extraction rates of phenol and 
cresol indicates that cresol is extracted more rapidly than phenol in the early 
stage of the experiment because K for cresol is much larger than that for 
phenol. However, in the later stages, the degree of extraction of phenol is 
higher because of its larger acid dissociation constant, K,, and lower 
equilibrium concentration than those of cresol as shown in Table 2. Note that 
yI,m for phenol is lower than for cresol although these values are much smaller 
than the experimentally observed lowest values of yI. 

It is also indicated that aniline is extracted more rapidly than phenol. One 

t 

t , min 

FIG. 13. Simulation of the experimental data by the complete mixing model. Method C. 
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FIG. 14. 

phenol 
,o- cresol 

t , min 

Comparison of the extraction rates of phenol. cresol. aniline, and toluidine. 

of the reasons is that smaller drops were formed in the case of aniline 
extraction (d3* = 0.1 14 cm for phenol extraction and 0.076 cm for amine 
extraction). Another reason is that Kb, the base dissociation constant of 
aniline, which corresponds to K, for phenol extraction (I.?), is much higher 
than K, of phenol, and the extraction of aniline is favorable in view of 
chemical equilibrium. Toluidine is extracted more rapidly than aniline 
because the former has higher values of K and Kb. 

Recently, Ho et al. (1 I )  presented the following equations for evaluating 
yl _I on the basis of a shrinking core model 

Parameter < is the initial mole ratio of NaOH in the internal phase to phenol 
in the external phase. If < is greater than unity, y1,= becomes negative. This 
unreasonable result arises because the chemical equilibria are not taken into 
account in their model. Thus, it should be noted that acid or base dissociation 
is a very important factor in discussing the rate of extraction as well as the 
degree of removal. 
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CONCLUSION 

Experimental data on the batch extraction of phenol, 0-, and rn-cresol 
were analyzed on the basis of a model in which the diffusion in the W/O 
emulsion drop, the external mass transfer around the drop, phase and 
chemical equilibria, and the drop size distribution were taken into account. 
The intensity of sonication in the preparation of W/O emulsion was found to 
have a considerable effect on the properties of W/O emulsion and, in turn, 
the extraction rate. It was found that the experimental data were satis- 
factorily explained by the proposed modeI, and that the acid dissociation 
constant is an important factor which determines the rate and the extent of 
extraction. I t  was also shown that the previous model of the present authors, 
which assumed uniform drop size distribution of the W/O emulsion, can 
predict the time course of the extraction if Sauter mean diameter is used as 
the characteristic diameter of the W/O emulsion drop. 

SYMBOLS 

A 
A0 

a 

Bi, 
C 
D 
0, 

E 
f 

d Y I d  
K 

KO 

lu, 
K w  
ko 

4 2  

Kb 

concentration of OH- in internal aqueous phase ( moVdni3) 
initial concentration of OH- in internal aqueous phase (moV 
dm3) 
interfacial area between Phase I and W/O emulsion drop per unit 
volume of W/O/W emulsion (l/cm) 
Biot number (=K,R,/D,) 
concentration of solute ( mol/dm3) 
molecular diffusivity ( cm2/s) 
effective diffusivity in W/O emulsion drop ( cm2/s) 
Sauter mean diameter of W/O emulsion drop (cm) 

fraction of volume of internal aqueous phase which leaks to 
external aqueous phase due to membrane breakdown 
function defined by Eq. (17) 
partition coefficient 
acid dissociation constant ( moYdm3) 
base dissociation constant ( moYdm3) 
overall mass transfer coefficient ( l / k ,  + l/Kh)-'( cm/s) 
product of [ H'] and [OH-] ( mo12/dm6) 
mass transfer coefficient of peripheral oil layer of W/O emulsion 
drop ( c d s )  

DJDII 
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external mass transfer coefficient around W/O emulsion drop 
( cml s) 
number of W/O emulsion drop of radius R, 
concentration of phenolate ion ( mol/dm3) 
characteristic radius of W/O emulsion (cm) 
radius of W/O emulsion drop (cm) 
radial distance (cm) 
total concentration of phenol ([phenol] f [phenolate ion]) 
( mol/dm3) 
time (s) 
volume (cm3 or dm3) 
r / R  
CI/ C1,O 

CIdKC,, 

Subscripts 

0 initial value 
i 
I 

I1 
111 

value for W/O emulsion drop of radius R; 
Phase I (external aqueous phase) 
Phase I1 (organic membrane phase) 
Phase 111 (internal aqueous phase) 
value at equilibrium 

Greek 

a 
P 
Y 
6 
5 
(r 

z 

cp 

8 

KO 1 K w  c1.0 
4) 1 c,,o 
4IIIKQI 
Icp + K(1 - @ ) ) / @ P  
h I ~ ~ ~ - l l I I . o / ~ ~ I , o  = @@'PI( 1 - @'I 
interfacial tension (N/ m) 
& at 
volume fraction of Phase I11 in W/O emulsion ( VnI/( V,, + KI1)) 
volume fraction of W/O emulsion in W/O/W emulsion (V,, + V,,,)/ 
(6 + 6 1  + 611)  

D,t/R$ 
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