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Protein partitioning kinetics was measured for the semibatch extraction of lysozyme in 
a laboratoiy-scale, liquid- liquid spray column. The organic, isooctane phase contained 
reverse micelles formed from the anionic surfactant, sodium di-2-ethylhexyl sulfosucci- 
nate. For the extraction of protein @om aqueous to reverse micellar phases, experiments 
were performed over a range of dispersed-phase flow rates for cases of the organic- or 
aqueous-phase dispersion. The influence of aqueous-phase p H  and ionic strength, which 
influence electrostatic interactions between protein and reverse micelles, was also inves- 
tigated. Results were interpreted in terms of a two-film model of mass transfer. The 
nature of the dispersed phase could sign$cantly influence the partitioning kinetics, while 
study of the droplet hydrodynamics suggested that stagnant drops were formed regard- 
less of which phase was dispersed. Literature correlations for describing the droplet-for- 
mation process and droplet hydrodynamics predicted measured values satisfacton&. At -  
tempts were also made to predict overall mass-transfer coeficients based on existing 
correlations describing mass transfer during droplet formation, free rise (or fall), and 
coalescence. Predicted values of K ,  were 2 - 10 times greater than measured d u e s ,  
probably because of large concentrations of surfactant used to formulate the reverse 
micelle phases. This approach did, however, provide detailed information on the quan- 
tity of protein transferred during the successive processes of droplet formation, free rise 
(or fall) and coalescence. 

Introduction 
Reverse micelles are nanometer-sized aggregates of sur- 

factant molecules in organic solvents. These surfactant aggre- 
gation structures are known to be thermodynamically stable 
and have been shown to be capable of solubilizing protein 
molecules without resulting in a loss of biological activity. 
Furthermore, both the extent and selectivity of this solubi- 
lization process have been shown to be influenced by a range 
of factors that include pH, ionic strength, and the nature of 
the surfactant used. The coexistence of aqueous and reverse 
micellar phases thus allows the application of liquid-liquid 
extraction technology to protein extraction and separation. 
The suitability of various liquid-liquid contacting devices such 
as mixer-settler units (Dekker et al., 1986) and membrane 
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units (Dahuron and Cussler, 1988; Dekker et al., 1991a; Luthi 
and Hatton, 1991; Prazeres et al., 1993) for carrying out re- 
verse micellar extractions has been shown on a laboratory 
scale. Only the use of centrifugal contacting devices (Dekker 
et al., 1991b) has been demonstrated on an industrial scale. 

An alternative contacting device, which has been the focus 
of a very recent preliminary investigation, is a liquid-liquid 
spray column (Han et al., 1994). The advantages of these units 
are that they are simple to construct, have low capital costs, 
and are easy and flexible to operate (Lo, 1988). A particular 
advantage, when used with systems containing surfactants, is 
their low energy input; this circumvents problems of stable 
emulsion formation and the subsequent increase in phase 
disengagement times associated with mixer-settler systems. 
Problems of emulsion formation were recently encountered 
when the use of reverse micellar phases was investigated in a 
laboratory scale rotating disc contractor (Carneiro-da-Cunha 
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et al., 1994). Spray columns have also been recently investi- 
gated for protein extraction using aqueous two-phase systems 
(Rostami Jafarabad et a]., 1992; Bhawsar et al., 19941, for the 
extraction of metal ions using emulsion liquid membranes 
(Uribe et al., 19881, and for the recovery of surfactant from 
waters used for in-situ soil flushing (Underwood et al., 1995). 
A disadvantage of spray columns, however, is that their de- 
sign may produce axial mixing of the continuous phase that 
reduces extraction efficiency (Treybal, 1963). From a mass 
transfer point of view, spray columns also provide a system 
that is well characterized in terms of interfacial areas and 
droplet residence times. This allows calculation of mass 
transfer coefficients in a more practical situation than those 
measured in diffusion cells (e.g., Dekker et al., 1990; Dungan 
et a]., 1991; Kinugasa et al., 1991) and permits investigation 
of the properties of the dispersed phase upon mass transfer. 
Both the dispersed-phase and continuous-phase mass-trans- 
fer coefficients will depend upon whether the dispersed-phase 
droplets are stagnant or circulating (Skelland and Caenepeel, 
1972). 

In this work, a mass-transfer model of protein extraction in 
a spray column has been developed to quantify the kinetics 
of protein extraction. This was based upon the two-film the- 
ory of mass transfer since it is known that this can be success- 
fully applied to reverse micellar extraction (Dekker et al., 
1986; Lye et al., 1994a). The column was operated in a semi- 
batch mode (the continuous phase remained stagnant 
throughout each run) and the influence of aqueous-phase pH 
and ionic strength and the dispersed-phase flow rate upon 
lysozyme extraction kinetics was investigated. Under the con- 
ditions studied, the column operated at a very low 
dispersed-phase holdup; while this would be unrealistic in a 
processing situation, it does permit more accurate modeling 
of the column behavior. The physical properties of the vari- 
ous phases were also determined and the influence of the 
nature of the dispersed phase, either aqueous or organic, on 
droplet formation, droplet hydrodynamics, and protein 
mass-transfer rate was studied. The ability of existing litera- 
ture correlations to describe droplet behavior and to predict 
overall mass-transfer coefficient was also investigated. 

Materials and Methods 
Precise details of materials and techniques used can be 

found elsewhere (Lye, 1993). Reverse micelle phases con- 
tained the surfactant sodium di-2-ethylhexyl sulfosuccinate, 
usually referred to as AOT (Sigma), in isooctane (Aldrich), 
while salts used in the aqueous phases were Anal-R grade 
(Merck). The lysozyme used was the Sigma Type I1 product 
(95% pure, PI 11.1, 14.4 kDa), which was assayed in both 
phases by absorption at 280 nm using experimentally deter- 
mined extinction coefficients of taq = 36,036 and &,,, = 36,894 
cm-' .M-' .  Water content of the reverse micelle phases was 
determined by Karl Fischer titration (Mettler, DL-371, results 
being presented as the molar ratio Wo( = H,Ol/[AOT]). 

Phases used in spray column experiments were preequili- 
brated in the absence of protein to ensure that the reverse 
micelle phase contained equilibrium concentrations of water 
and ions before the uptake of protein. Control experiments 
in which these phases were passed through the spray column 
showed that the W, value of the reverse micelle phase did 

not change significantly with time. Neither in these experi- 
ments, nor ones in which protein extraction occurred, was 
any interfacial precipitate observed. Equilibrium values of the 
lysozyme partition coefficient between the two phases were 
determined for extractions carried out in well-mixed systems 
at V,  = 1 (V,= l/rrn/l/aq), total phase volume = 100 mL, in 
which phase separation occurred in an incubator at 25°C. 
Equilibrium lysozyme concentrations were subsequently de- 
termined in both phases by UV absorption. Physical proper- 
ties of these phases were measured at 25°C before and after 
phase equilibration. Phase densities were determined using a 
25-mL density bottle (maximum standard deviation = 0.0002), 
while viscosities were measured using a u-tube viscometer 
(Technic0 BS/U-A) (maximum standard deviation = 0.005). 
Interfacial tensions were measured using a Kruss K12C ten- 
siometer fitted with an RI-12 interfacial tension ring (maxi- 
mum standard deviation = 0.02). Measurements made over a 
period of 30 minutes, after creating the interface, showed no 
significant variation. 

Description of equipment 
The spray column and ancillary vessels (as shown in Figure 

1) were of all-glass construction and were connected by Viton 
tubing. A second identical column was also used that had 
sample points every 10 cm, up to a height of 60 cm, to facili- 
tate sampling of the continuous phase as a function of height. 
All equipment was thoroughly rinsed in deionized water and 
dried before use. The dispersed-phase flow rate was con- 
trolled using a stainless-steel gap meter fitted with Viton seals 
(Platon, Model GTV) which was calibrated using the appro- 
priate dispersed phase (Lye, 1993). Droplet counts from each 
nozzle, taken at timed periods throughout a run, showed that 
the distribution of dispersed phase through each nozzle was 
accurate to k6%. 

Operational procedures 
It was ensured that the column was mounted vertically and, 

as far as possible, that the droplets passed through the col- 
umn without coalescing or contacting the column walls. The 
column was operated in semibatch mode with the continuous 
phase staying stagnant throughout each run, the dispersed 
phase flow rate being checked by measuring the volume of 
dispersed phase collected over time (the variation in the 
measured/set flow rates was smaller than 10%). During a 
typical experiment, in which the organic phase was dispersed, 
the dispersed phase would be sampled at various time inter- 
vals over 30 min, the samples being analyzed for protein con- 
centration and water content. The continuous aqueous phase, 
which was generally only sampled before and after each ex- 
periment, was analyzed for protein concentration and pH (no 
pH change was recorded over the duration of the experi- 
ments). The change in average continuous-phase protein con- 
centration, Caq, with time, was calculated from the following 
mass balance: 

where Qr, is the flow rate of the dispersed phase and C,, is 
the protein concentration in the reverse micelle phase (based 
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Figure la. Dimensions of the spray column and dis- 
perser for dispersed reverse micelle phases. 

on its overall volume) at the top of the column. It is assumed 
that Vaq is constant and that the dispersed-phase holdup is 
negligible. Experimental protein mass balances at the end of 
each experiment were generally accurate to 100 & 10%. The 
residence time of the droplets in the column was also mea- 
sured in each experiment so that a mean rising (or falling) 
velocity could be calculated. It is assumed that measurements 
made over the height of the 30-cm column allow calculation 
of a representative droplet terminal velocity, U,. 

Measurement of droplet sizes 
The sizes of the dispersed-phase droplets were recorded 

photographically using a Minolta X300-S SLR camera fitted 
with a Tokina S2 70-210 macrolens and extension tubes. The 
column was fitted with a water-filled, rectangular, viewing 
chamber so that the images of the droplets were not dis- 
torted by the column walls and a measuring scale was located 
in the same plane as the center of the disperser. Once the 
film was developed, sizes of the individual droplets were 
measured using an image-analysis system consisting of the 
following: a Hitachi CCTV video camera, Mitsubishi video 
copy processor (Model PlOOB), and a PC running Oxford 
Framestore Applications software (OFA-111, version 2.20). 
The measuring function of the software was calibrated using 
the scale included in each photograph. For each droplet ap- 
pearing on a photograph, except those that were close to the 
disperser, both horizontal and vertical diameters were mea- 
sured. The surface area and volume of each droplet was then 
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Figure 1 b. Ancillary vessels for dispersed aqueous 
phases. 

calculated, assuming them to be oblate spheroids (Weast, 
1964). For each experiment, the sizes of 20-30 droplets were 
measured so that the calculated means of droplet surface area 
or volume no longer changed significantly by the inclusion of 
another set of measurements (t-test analysis showed that the 
means were not significantly different at the 5% level). For 
mean droplet surface areas, normalized standard deviations 
were between 6-14%, while for mean droplet volumes, nor- 
malized standard deviations were between 10 and 20%. 

Since the dispersed-phase holdup was very small, = 1% v/v, 
it was not possible to accurately determine this by measuring 
the change in height of the continuous phase with and with- 
out the dispersed phase being passed through the column. 
Instead, both the specific holdup and specific interfacial area 
were determined from photographs of the droplets. For each 
experiment, values of the mean droplet surface area and vol- 
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ume, together with the number of droplets present in a given 
volume of the continuous phase, were used to calculate the 
specific interfacial area and specific holdup, respectively. 
Control experiments in which droplet sizes were measured 
throughout a run, showed very little variation in the calcu- 
lated values of specific interfacial area ( + 5 % )  or specific 

variation in droplet sizes measured at the top and at the base 
of the 30-cm column. 

stagnant continuous phase that has a protein concentration 
Caq. Assuming that S, V,  and C,,. are constant with height 
during any droplet rise time, then if the mass transfer rate is 
given by Eq. 3 and V, is the terminal drop velocity, a mass 
balance on the drop yields 

(5) 

Integrating Eq. 5 between the limits C,,(O) and C,, ( 2 )  gives 

C,, =C,*,tl-exp-"'l, (6) 

d c r m  
K,S(C,*, - C,,). V - = W t d z =  d C r m  

holdup (+ 6%). Other control experiments showed similar 
dt 

Theory 
The model described below is developed for a case in which 

the reverse micelle phase is dispersed in a continuous aque- 
ous phase. where 

Mass-transfer rate to a single drop (7) 
KLS a=- 
MI * 

Consider the partitioning of a protein to an organic phase 
droplet rising through a continuous aqueous phase. Assum- 
ing that the two-film theory of mass transfer applies, then the 
concentration of protein at the interface between the two 
phases, C(i), will be at equilibrium and a partition coeffi- 
cient, m ,  can be defined as 

The corresponding bulk concentrations of protein are given 
by Caq, and C,,, respectively, and smaller values of m repre- 
sent a higher partition of protein to the reverse micelle phase. 
The overall mass-transfer rate per unit surface area is thus 
described by 

Equation 6 thus relates the protein concentration within the 
droplet, C,,, to the height, z, that the droplet has risen up 
the column. Given the earlier assumption that C,, was con- 
stant, it follows that C:, will also be constant with height for 
any droplet rise time. The equilibrium protein concentration 
within the droplet C:,, is estimated from the equilibrium 
partition coefficient, rn, defined as in Eq. 2. For experiments 
in which the variation of droplet protein concentration is 
known with height, the overall mass-transfer coefficient can 
be estimated by rearranging Eq. 6 to 

Thus, if the two-film theory is applicable in this case, a plot 
of Ln(1- Crm/CTm) against z should yield a straight line and 
a (and hence K,) can be estimated by linear regression. 

j = K , ( ;  Caq - c,,) = K,(c,*, - c,,), (3) 

where j is the protein flux, CT, is the equilibrium protein 
concentration in the dispersed, reverse micelle phase, and K ,  
is the overall mass-transfer coefficient defined as 

(4) 

Under the experimental conditions employed, the value of m 
will be very small, and hence the forward transfer of protein 
is limited by diffusion in the aqueous boundary-layer film 
(Dekker et al., 1990; Kinugasa et  al., 1991; Plucinski and 
Nitsch, 1989; Lye et al., 1994a). No term for the interfacial 
solubilization of protein is therefore included in Eq. 4. How- 
ever, if the column were to be operated at higher values of 
pH or ionic strength than will be used here, then the interfa- 
cial kinetics may be sufficiently slow that a term representing 
the interfacial solubilization process would be necessary in 
Eq. 4. 

Mass balance on a single drop 
Consider an organic-phase droplet with surface area S, and 

volume V,  which has steadily risen a distance, z ,  through a 

Mass balance on the spray column 
Consider a spray column of volume V,, containing an aque- 

ous phase that has a protein concentration Ca,(t) at time t .  
The dispersed, reverse micelle phase enters the column with 
a volumetric flow rate, Q, such that each droplet formed at 
the disperser rises once through the column, emerging with a 
protein concentration C,,. Under the experimental condi- 
tions employed, protein transfer is from the continuous phase 
to the dispersed phase, and initially, C,,(O) was 0.5 mg/mL 
and C,, was zero. Assuming that the liquid in the continu- 
ous phase is perfectly mixed, a mass balance on the protein 
in the column gives 

v,=-=- dCaq df  QC,,. (9) 

Substituting for C,, from Eq. 6 to account for the change in 
droplet protein concentration with height, and integrating 
between the limits C,,(O) and C,,(t)  yields 

(10) 
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Table 1. Physical Characterization of the Phases Used in Spray Column Experiments Before and After Protein Extraction* 

Before Extraction After Extraction 
RM 

Phase 
Equil. Dens. Vis. WO Dens. Vis. W" 

0.2 M pH 7 0.7100 0.577 11.9 0.7106 0.578 10.8 
0.3 M pH 7 0.7097 0.576 10.6 0.7102 0.577 10.0 

0.2 M pH 10.6 0.7111 0.581 12.9 0.7109 0.580 12.0 

with (g/cm3 1 (mPa * s) [H 2 0 1  /[AOTI (g/cm3) (mPa-s) IH 2 0 1  /[AOTl 

0.4 M pH 7 0.7101 0.574 9.9 0.7103 0.575 9.6 
0.2 M pH 9.4 0.7109 0.580 12.5 0.7108 0.579 11.7 

None? 0.7076 0.565 0.4 0.7109 0.577 11.6 
Aqueous 

Phase Before Extraction After Extraction 

Lysozyme) (g/cm3) (mPa s) (g/cm3) (mPa s) 
(+ 0.5 mg/mL) Dens. Vis. Dens. Vis. 

0.2 M pH 7 1.0222 1.022 1.0220 1.020 
0.3 M pH 7 1.0277 1.055 1.0276 1.022 

0.2 M pH 9.4 1.0210 1.021 1.0209 1.021 

0.2 M pH 7 (NP)' 1.0221 1.020 

0.4 M pH 7 1.0332 1.058 1.0331 1.026 

0.2 M pH 10.6 1.0216 1.030 1.0215 1.023 
- - 

*(Top) Reverse micelle phases of 50 mM AOT in isooctane and (bottom) aqueous phases of 90% KCl, 10% buffer (potassium phosphate, pH 7, or 

'Subsequently extracted with an aqueous phase of 0.2 M, pH 7. 
*NP: Contains no protein. 

sodium carbonate/bicarbonatc, pH 9.4 and pH 10.6). See Methods section for experimental details. 

where 

Q 
mv, 

p = - .  (11) 

Equation 10 therefore provides a relationship between the 
initial protein concentration in the column, C,,(O), and the 
concentration of protein remaining at time t ,  C,,(t), for a 
column of height z. Values of the only unknown, CY (and 
hence KL) ,  were estimated by fitting Eq. 10 to C,,(t) data 
using an iterative, nonlinear curve-fitting procedure 
(Marquardt-Levenberg algorithm) in the software package 
Sigma Plot (Jandel Scientific). 

Results and Discussion 
Physical characterization of the phases and equilibrium 
protein partitioning 

The physical properties of the aqueous and organic phases 
used in spray-column experiments are shown in Table 1 (re- 
sults for the reverse micelle phase before extraction repre- 
sent phases that have been preequilibrated as described ear- 
lier, and these measurements will be characteristic of the 
phases as they enter the spray column). The importance of 
measuring such properties in this kind of study, is that it will 
permit the subsequent use of general correlations for predict- 
ing the sizes of the droplets created, their terminal velocities, 
and the mass-transfer rates to and from such droplets. As 
will be shown in the following sections, this is particularly 
important in this work where correlations developed for con- 
ventional, aqueous-organic, two-phase systems will be evalu- 
ated for their applicability to the newly developed 
aqueous-reverse micelle systems used here. 

The phase densities and viscosities, measured before and 
after protein extraction, show very little variation for both 
aqueous and organic phases and are consistent with the 

quantity of water, protein, and ions present in each sample. 
The unexpected result is the decline in water content of the 
reverse micelle phases after extraction, since they were pre- 
equilibrated with aqueous phases at the desired pH and ionic 
strength. This is probably due to the displacement of water 
molecules by solubilized protein rather than loss of surfac- 
tant molecules from the organic phase (no interfacial precipi- 
tate was observed and the aqueous phases showed no cloudi- 
ness). Results on the interfacial tension between the various 
phases, displayed in Table 2, again only show slight variations 
when determined before and after protein extraction. There 
is, however, a clear trend for the interfacial tension to in- 
crease with increasing aqueous phase ionic strength, due to 
an increase in film rigidity (Binks et al., 1989), and to de- 
crease with increasing pH. Since these measurements were 
independent of time, the results are consistent with an inter- 
face saturated with a monolayer of surfactant molecules 
(Aveyard et al., 1986). Interfacial tensions measured in the 
absence of AOT were of the order of 35 mN-m-'. 

Table 2 also describes the equilibrium partitioning of 
lysozyme between the two phases at V,  = 1 (in well-mixed sys- 

Table 2. Interfacial Tensions and Equilibrium Protein 
Partitioning between Various Aqueous and Reverse 

Micelle Phases* 
Interfacial Tension 

TWO- (mN*m-') 

Phase Before Aftel  
System Extraction Extraction 

0.2 M pH 7 1.49 1.48 
0.3 M pH 7 1.60 1.63 
0.4 M pH 7 1.75 1.78 

0.2 M pH 10.6 1.16 1.03 
0.2 M pH 7 (N)+ 1.42 1.41 

0.2 M pH 9.4 1.27 1.22 

Lysozyme Partitioning 

Mass Bal. m 
(%) (Ca&J 
101 0.026 
98 0.025 

104 0.053 
98 0.032 
98 0.056 
99 0.033 

*See Table 1 and Methods section for experimental details 
'N: RM phase not preequilibrated. 
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tems) and indicates a strong dependence on electrostatic in- 
teractions between protein and surfactant molecules. Protein 
uptake by the reverse micelle phase is greater at low pH where 
there is a large negative charge on the protein surface, and at 
low ionic strength where there is little screening of the charges 
by added electrolyte (Dungan et al., 1991). Note that for all 
the systems used here, the conditions favor virtually complete 
uptake of the protein by the reverse micelles if the phases 
were allowed to reach equilibrium, although the kinetics of 
the processes would be different (Lye et al., 1994a). 

- 1  

Description of droplet formation 
In liquid-liquid extraction processes such as the one oc- 

curring in the spray column used here, prediction of the 
droplet size, and hence the interfacial area, is important in 
order to evaluate solute mass-transfer coefficients. Having 
experimentally determined the physical properties of the 
phases (Tables 1 and 2) and measured the sizes of the droplets 
formed in the column (for raw data, see Lye, 19931, it is pos- 
sible to examine existing correlations for predicting drop size 
and decide upon their suitability for modeling reverse micel- 
lar systems. In the case of droplet formation from a nozzle at 
low linear velocities where discrete, uniformly sized droplets 
are formed and no jetting occurs, Hayworth and Treybal 
(1950) proposed the following correlation: 

5 1  

Vd +4.11 X 1 0 - 4 V y  - = 21 X - (2;) (Y;) 

T E .{ 
Y 

( "'.747u;F)I:.186 3fl 
+ 1.069 X lo-' ) , (12) 

5- 

T 4- 
E 
Y 

E 3 -  1 
B 

where the volume of the detached drop, V,, is related to the 
linear velocity of the dispersed phase through a nozzle, u, the 
internal diameter of the nozzle, d, ,  and the physical proper- 
ties of the phases. In their experiments, these authors used 
low concentrations of an oil-soluble surface active agent (Al- 
katerge C) in order to study the effect of interfacial tension, 
u, on the droplet-formation process. In a more recent study, 
Scheele and Meister (1968) used 15 liquid-liquid systems in 
order to investigate a wider range of variables than in previ- 
ous works. They developed the following correlation that is 
particularly recommended for use in low-viscosity systems 
(Skelland, 1992): 

S C W ~  a mi- 

where Q is the volumetric flow rate of the dispersed phase, I: 
is the Harkins-Brown correction factor, which is taken as 
0.625 in most cases (Skelland, 1992), and the drag term (con- 
taining the continuous phase viscosity, F*.,) can be neglected 
in this case since pC < 10 cp. 

An example of the effect of dispersed-phase linear velocity 
on the measured droplet sizes is shown in Figure 2 together 
with the predictions obtained from Eqs. 12 and 13. Both cor- 
relations predict the observed increase in v d  with increasing 

E 
B 
1 

/ 

0 
0 2 4 6 8 10 

DP linear veloclty (cmls) 
2 

Figure 2. Effect of dispersed-phase (reverse micelle) 
linear velocity on measured drop volumes. 
Predictions from Eqs. 12 and 13 were calculated using physi- 
cal data for the phases before extraction. Aqueous phase 
initially consisted of 0.48 mg/mL lysozyme in 0.2 M 90% 
KCl/lO% potassium phosphate buffer, pH 7, while the or- 
ganic phase consisted of 50 mM AOT in isooctane. 

linear velocity up to 8 cm s - l ,  but the magnitude of the drop 
sizes predicted from Eq. 13 are far closer to the experimental 
values than those predicted by Eq. 12. A parity plot of pre- 
dicted and measured droplet sizes for both equations over 
the complete range of conditions used in this study is shown 
in Figure 3. The Scheele and Meister correlation would ap- 
pear to offer the closest predictions to the measured drop 
volumes, but there is a consistent underprediction of vd 

(average error of 43%) and relatively little sensitivity to the 
range of operating conditions employed. Equation 13 is, how- 
ever, known to underpredict values of vd for small-diameter 
nozzles and low flow rates as used in this work. 

Description of droplet hydrodynamics 
The physical properties of the various phases described 

earlier can be correlated with the measured droplet sizes (see 

- 1  

1 5 1  

0 4  

0 
- s 

I I I I I 
0 0.5 I 1.5 2 2.5 3 

Measured drop volume (mm3) 

Figure 3. Parity plot of measured and predicted drop 
volumes. 
Predictions from Eqs. 12 (Hayworth and Treybal) and 13 
(Scheele and Meister) were calculated using physical data 
for the phases before extraction. 
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Figure 3) and their terminal velocities, U,. Measured values 
of U, were in the range of 0.07-0.11 ms-’ and were larger in 
the case of dispersed aqueous phases (for raw data see Lye, 
1993). Droplets containing surface-active agents have re- 
duced terminal velocities compared to those in “pure” sys- 
tems (Skelland et al., 1987; Weatherley and Turmel, 
1992l-the accumulation of surfactant molecules at the in- 
terface will tend to reduce internal circulation of the droplet 
by increasing the rigidity of the interface. This effect will be 
greatest in low viscosity phases, as used here, where the AOT 
forms a saturated monolayer at the interface, regardless of 
which phase is dispersed, and will be important later with 
regard to the selection of appropriate mass-transfer coeffi- 
cients. 

A wide range of correlations have appeared in the litera- 
ture (Clift et al., 1978) describing droplet hydrodynamics. 
Grace et al. (1976) developed the following correlation for 
ellipsoidal fluid particles in systems that had been “con- 
taminated” with surface-active agents. This was based upon 
earlier work in which relatively impure phase components had 
been used (e.g., Klee and Treybal, 1956; Hu and Kintner, 
1955). The correlation applies for conditions where M < 
Eo < 40, and Re > 0.1, and is given in two parts: 

J = 0.94H0.757 for 2 < H < 59.3 (14) 

and 

J = 3.42H0.441 for H > 59.3, (15) 

where 

(16) 

and 

J = Re1l4O.l~~ +0.857, (17) 

where Eo is the Eotvos number, g A p d z / u ;  M is the Morton 
number, ( g  p4A p)/( p2v 3); Re is the Reynolds number, 
( pd,U, )p;  and pW is the viscosity of pure water (Eo, M ,  and 
Re are defined in the nomenclature, while p, is taken as 
0.0009 kg-m-’-s-’). Correlations on the behavior of rigid 
oblate spheroids have generally been developed for regularly 
shaped particles having a constant aspect ratio, E. In the ex- 
periments described here, E changes with phase composition 
and dispersed-phase flow rate. For conditions where the drag 
coefficient is virtually constant ( lo3  < R e  < lo4), the follow- 
ing correlation was proposed (Clift et al., 1978) 

(18) 
A PgEd I p[1+ 1.63(1- E)’] 

U, = 1.73 

Equation 18 is used here, as it permits calculation of U, at 
various values of E even though experimental values of the 
Reynolds number were in the range 10’ < Re < lo3. 

Terminal velocity data plotted according to the correlation 
of Grace et al. (19761, that is, Eqs. 14-17, is shown in Figure 
4. No significant difference was found when values of the 

I rn 

-J 1°: 15 I / rn 
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25 35 45 55 

H 

Figure 4. Droplet terminal velocity data for (top) dis- 
persed aqueous phases and (bottom) dis- 
persed reverse micelle phases. 
Solid lines calculated from Eqs. 14 and 15 using experimen- 
tal extraction data for phases before extraction. 

physical properties of the phases were taken before or after 
protein extraction (Tables 1 and 2). The agreement between 
experimental data and the correlation is rather good consid- 
ering the limitations in the determination of U, stated earlier. 
Values of U, calculated from the correlation of Clift et al. 
(1978), that is, Eq. 18, showed similar results, with predicted 
values of U, generally being 10-15% greater than experimen- 
tal values. The tendency for experimental values of U, to be 
less than those predicted by the correlations is probably due 
to droplet-droplet interactions; both correlations were devel- 
oped from data related to single-droplet studies. This agree- 
ment between experimental and calculated values of U,, for 
both of the preceding correlations, suggests that the presence 
of surfactant in the system reduces internal circulation within 
the droplets for both dispersed-aqueous and organic phases. 

Testing the model 
In order to justify the assumptions built into the mass- 

transfer model and verify the application of the two-film the- 
ory, it is necessary to compare experimental extraction data 
with that calculated from the model. As described by Eqs. 6 
and 10, a and hence K ,  can be estimated in two ways: from 
data relating the change in droplet protein concentration with 
height or from data relating the change in continuous-phase 
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Figure 5. Variation of droplet protein concentration with 
distance risen through column. 
Solid lines calculated from Eq. 6. Aqueous phase initially 
consisted of 0.48 m g h L  lysozyme in 0.2 M 90% KCI/10 % 
potassium phosphate buffer, pH 7, while the organic phase 
consisted of 50 rnM AOT in isooctane. Dispersed phase flow 
rate was 4.3 mL/min. 

protein concentration with time. Since experiments were per- 
formed under identical conditions, calculated values of K ,  
should be the same in both cases. 

Typical results for the change of droplet protein concentra- 
tion with height and extraction time are shown in Figure 5 
(for clarity, data are only shown at four extraction times). 
These data were obtained using columns of different heights, 
hence each experimental point includes the effects of mass 
transfer during droplet formation, rise, and coalescence 
(Kreager and Geankoplis, 1953). The solid lines were calcu- 
lated from Eq. 6, values of (Y being determined by linear 
regression on Eq. 8, which yielded straight lines intercepting 
at the origin. The experimental results show a generally lin- 
ear increase in droplet protein concentration with height over 
the distances investigated, and there appears to be reason- 
able agreement between Eq. 6 and the experimental data. 
Calculated values of the overall mass-transfer coefficient, K,,  
using Eq. 6 are in the range 7.6X lo-' ms-I ( t  = 1 min) to 
4.2 x lop7 ms- ' ( t  = 30 min). 

The extraction of protein from the continuous phase at 
various dispersed-phase flow rates is shown in Figure 6. The 
solid lines represent values calculated from Eq. 10, which 
gives good agreement between all the experimental and cal- 
culated extraction profiles, the normalized standard devia- 
tion being <lo%. Over the duration of each experiment 
there is a generally linear decrease in protein concentration 
that is greater at higher dispersed phase flow rates due to the 
increased volume of the dispersed phase being passed through 
the column. For dispersed phase flow rates of 1.3, 3.3 and 
and 5.3 mL/min, the calculated values of K ,  are 7.5, 5.6 and 
3.91 X ms-', respectively, that is, K ,  decreases with in- 
creasing Q. These values of K ,  represent average values over 
the duration of each experiment and are of the same order of 
magnitude as those calculated using concentration height 
data. The agreement between K ,  values determined using 
both Eq. 6 and Eq. 10 would appear to confirm the validity of 
the model. 

Theoretically, it would be expected that K ,  is constant 
during the course of each experiment and would increase with 
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Figure 6. Effect of dispersed-phase flow rate on protein 
extraction from the continuous phase with 
time. 
Solid lines calculated according to Eq. 10. Aqueous phase 
initially consisted of 0.48 mg/mL lysozyme in 0.2 M 90% 
KCI/10% potassium phosphate buffer, pH 7, while the or- 
ganic phase consisted of 50 mM AOT in isooctane. Column 
height was 30 cm. 

increasing dispersed phase flow rate, Q. However, as indi- 
cated by the calculated values of K ,  from the data presented 
in Figures 5 and 6, this is clearly not the case. The calculated 
decrease in K ,  values with increasing Q and t is probably 
due to increasing backmixing of the continuous phase (Pratt 
and Stevens, 1992). Although the continuous phase is as- 
sumed to be stagnant in this work, the increasing drag in the 
wake of the rising (or falling) droplets will cause increased 
mixing of the continuous phase with increasing Q. This will 
then reduce the effective concentration driving force, and 
hence decrease the calculated value of K,. The effects of 
such backmixing, or axial dispersion, on the concentration 
driving forces in such a column have been described by Pratt 
and Stevens (1992). These results would suggest that the as- 
sumption of a stagnant continuous phase is an over simplifi- 
cation in the development of the model. 

Forward extraction of lyfovme during semibatch 
operation 

The effects of aqueous phase ionic strength and 
dispersed-phase flow rate on the measured values of the 
overall mass-transfer coefficient, K,, are shown in Table 3 
both for dispersed reverse micelle phases and dispersed 
aqueous phases. Values of K ,  were calculated from data re- 
lating to the change in continuous phase protein concentra- 
tion with time according to Eq. 10. The decline in K ,  values 
with increasing ionic strength is consistent with earlier find- 
ings (Lye et al., 1994a), which showed that at higher ionic 
strengths, electrostatic interactions between the protein 
molecules and the reverse micellar droplets are more effec- 
tively screened, and consequently that the rate of protein 
partitioning is reduced. High ionic strengths would also be 
expected to reduce the rate and extent of protein solubiliza- 
tion by causing a reduction in micelle size (as indicated by 
the decrease in W, values in Table 1). The tendency for K ,  
values to either decrease or remain essentially constant with 
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Table 3. Effect of Dispersed Phase Type and Flow Rate Either Ionic Strength (top) or pH (bottom) on the Overall Mass 
Transfer Coefficient, KL* 

DP 
Flow 0.2 M 0.3 M 0.4 M 

Measured Overall MT Coefficients K, X lo7 (ms- ’> 
(mL/min) Disp-RM Disp-AQ Disp-RM Disp- AQ Disp-RM Disp-AQ 

1.3 7.51 4.24 5.23 3.80 4.64 0.70 
2.5 5.54 4.19 4.43 3.35 3.39 0.90 
3.3 5.56 5.11 4.18 2.92 2.73 1.14 
4.3 5.46 5.06 3.15 3.28 2.09 0.82 
5.3 3.91 4.13 2.80 2.97 1.89 0.99 
DP 

Flow pH 7.0 pH 9.4 pH 10.6 
Measured Overall MT Coefficients K ,  X lo7 (ms- ’) 

(mL/min) Disp-RM Disp- AQ Disp-RM Disp-AQ Disp-RM Disp-AQ 

2.5 5.54 4.79 5.98 5.54 1.38 2.78 
3.3 5.56 5.11 5.00 6.02 1.38 3.16 

5.3 3.91 4.73 4.90 6.33 1.10 2.64 

*Aqueous phase initially consisted of 0.5 mg/mL lysozyme in 90% KCI/lO% buffer adjusted to the desired pH and ionic strength while the organic phase 
consisted of 50 mM AOT in isooctane. Column height was 30 cm. 

1.3 7.5 1 4.24 6.95 5.34 1.87 2.02 

4.3 5.46 5.06 5.11 6.43 1.07 3.35 

increasing dispersed phase flow rate is probably due to back- 
mixing of the continuous phase as described earlier. It is also 
clear from Table 3 that, under identical conditions, faster 
mass-transfer rates are found when the micellar phase is dis- 
persed. Given that stagnant droplets are formed in both cases, 
this could be due to the more rapid diffusion of protein away 
from the interface in the case of the organic phase droplets 
(see the calculated values of Daq and Or, obtained later us- 
ing Eq. 26). 

The effects of aqueous-phase pH and dispersed-phase flow 
rate, either aqueous or organic, on the mass-transfer rate of 
lysozyme are also shown in Table 3. In earlier work on well- 
mixed systems (Lye et al., 1994a), the mass-transfer rate of 
lysozyme was found to decrease with increasing pH. This was 
attributed to a decrease in the magnitude of electrostatic in- 
teractions between protein and surfactant molecules, which 
occurred as the pH was increased. At low pH values, far re- 
moved from the protein’s isoelectric point (PI), the surface of 
the lysozyme molecule will have a large overall positive charge 
and will therefore interact strongly with the negatively 
charged surfactant head-groups. Similar results are displayed 
for the spray column system in Table 3, except that K ,  val- 
ues for experiments at pH 7.0 and pH 9.4 are not widely 
different (the standard deviation associated with K ,  deter- 
mination is 0.3). This could perhaps be explained by refer- 
ence to the titration curve of lysozyme (Tanford and Wagner, 
1954), which shows that there is only a relatively small varia- 
tion in protein charge over this pH range. The tendency for 
K ,  to decrease with increasing dispersed-phase flow rate is 
again considered to be due to backmixing of the continuous 
phase, and K ,  values are again seen to be generally larger in 
cases where the organic, rather than the aqueous, phase is 
dispersed. 

Changes in the water content of the reverse micelle phases 
during column operation, when the micellar phase was either 
dispersed or continuous, are reported elsewhere (Lye, 1993). 
The values of W, were found to be virtually independent of 
dispersed-phase flow rate as would be expected for phases 
that had been preequilibrated and given the small changes in 
protein concentration occurring during extraction. The de- 
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cline in W, with increasing ionic strength was again ex- 
plained by the increased screening of electrostatic charges at 
higher ionic strengths, which leads to a reduction in micelle 
size. 

Prediction of individual mass-transfer coeflcients 
Although numerous studies have been performed on mass 

transfer in liquid-liquid spray columns (Rostami Jafarabad et 
aI., 1990), interfacial tensions have typically been in the range 
8-50 mN m-I. These are considerably higher than those 
found between aqueous and reverse micellar phases (Aveyard 
et al., 1986), which are of the order of 1-2 mN m-’ (Table 
2). The presence of surface active agents can be predicted to 
reduce mass transfer in liquid-liquid systems by reducing the 
internal circulation and terminal velocities of the drops (as 
described earlier), and by acting as a barrier to transport 
across the interface. Thus, it is necessary to use mass-transfer 
correlations developed for surfactant-containing systems 
rather than to simply enter the reduced values of interfacial 
tension in surfactant-free correlations (Skelland, 1992). One 
potential problem with this, however, is that the available 
correlations have been developed almost exclusively for sys- 
tems containing surfactants well below their critical micelle 
concentrations (cmc). For the reverse micelle phases used in 
this work, surfactant concentrations are necessarily greater 
than the cmc value; thus, the interface between the two bulk 
phases can be expected to be in a condensed rather than an 
expanded state. Thus, the resistance to mass transfer caused 
by the surfactant concentrations used here may well be 
greater than accounted for in the following correlations. Fur- 
thermore, to obtain theoretically consistent estimates of K,, 
the mass-transfer processes occurring during drop formation, 
free rise (or fall), and coalescence must also be taken into 
account. Skelland (1992) has reviewed the appropriate corre- 
lations for obtaining “crude” estimates of the dispersed phase 
( k d f ,  k d r ,  k,) and continuous phase ( k c f ,  k,,, kcc )  mass- 
transfer coefficients in surfactant-containing systems. 

For mass transfer during drop formation, assuming that 
droplet size increases by the addition of fresh elements, 
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Heertjes and coworkers developed the following correlation 
for the dispersed phase mass-transfer coefficient, k,, (Skel- 
land, 1992): 

I/r  

k,, = 3.429( , (19) 

which is based upon the solute diffusion coefficient in the 
dispersed phase, Dd, and the time of droplet formation, tf 
(the value of tf is calculated here by dividing the measured 
drop volume by the volumetric flow rate of the dispersed 
phase through each nozzle). The corresponding continuous- 
phase mass-transfer coefficient during drop formation, k,,, is 
obtained by replacing Dd with 0,. 

For mass transfer during droplet free rise (or fall), correla- 
tions for both dispersed- and continuous-phase mass-transfer 
coefficients, k,, and k,,, have been proposed for situations 
in which the fluid inside the dispersed-phase droplets is ei- 
ther stagnant or circulating (Skelland and Conger, 1973). Mass 
transfer will be faster for circulating drops since the solute is 
constantly transferred to, and removed from, the interface. 
For stagnant drops, the following correlations have been pro- 
posed by Vermeulen (1953) and Skelland and Cornish (19631, 
respectively: 

(20) 

For circulating drops, the following correlations have been 
proposed by Skelland and Wellek (1964) and Ruby and Elgin 
(1955), respectively, and Treybal (1963): 

where d, is an equivalent drop diameter (based on the vol- 
ume of an equivalent sphere), Hd is the height of the disper- 
sion, D is the diffusion coefficient of the protein in the phase 
under consideration, and u is the interfacial tension. The 
density and viscosity of the dispersed and continuous phases 
are &, pd, and p,, pc respectively; and Us is the slip velocity 
calculated from 

where Us is the terminal velocity of the droplet and E ,  is the 
specific dispersed phase holdup. In our earlier work, when 
we considered only mass transfer during droplet free rise (or 
fall), it was found that the correlations developed for stag- 
nant drops gave the closest predictions to the observed 
mass-transfer rates (Lye et al., 1994b). This would be consis- 

tent with the fact that the droplets had diameters, d,, be- 
tween 1 and 2 mm and that there is a considerable quantity 
of surfactant present in the system (Handlos and Baron, 1957; 
Garner and Skelland, 1955). Given that the study on droplet 
hydrodynamics just cited also suggested that both dispersed 
aqueous and organic phase droplets were stagnant, then only 
the preceding correlations for k,, and k,, in the case of stag- 
nant drops will be considered here. 

For mass transfer during drop coalescence, Johnson and 
Hamielec developed the following correlation for the dis- 
persed-phase mass-transfer coefficient, k,, (Skelland, 1992): 

(25) 

which is based upon the solute diffusion coefficient in the 
dispersed phase, D,, and the time of droplet formation, t, 
(calculated as for Eq. 19). The corresponding continuous- 
phase mass-transfer coefficient during drop coalescence, k,,, 
is again obtained by replacing Dd with 0,. This expression is 
based upon the arrival of each drop at the coalescence plane 
and the subsequent transfer as the drop spreads over this 
plane. It is particularly suited to systems such as those used 
in this work where the coalescence process is virtually instan- 
taneous. 

In all of the preceding equations, the solute diffusion coef- 
ficient is an important parameter. To account for the differ- 
ent viscosities of the two phases and the size of the protein- 
reverse micelle complex, the diffusion coefficient of the pro- 
tein in each phase was estimated form the correlation of Tyn 
and Gussek (1990): 

D =  (5.78xlo-*)T 

I.L% 
(26) 

where T is the absolute temperatureb R g  is the radius of gy- 
ration of the protein (taken as 15.2 A for lysozyme in aque- 
ous :ohtion), and the numerical constant has units cm2s- 
CP A K-'. Since the viscosity of the aqueous phase showed 
little variation with experimental conditions (see Table l), an 
average value of the aqueous phase lysozyme diffusion coeffi- 
cient, D a q = l . l ~ l O - l o  m's-', was used in Eqs. 19-25. In 
the case of reverse micelle phases, however, the value of R ,  
used in Eq. 26 should be the radius of the protein-reverse 
micelle complex rather than that of the protein alone. This is 
because in reverse micelle phases the protein is known to 
reside solely within the water pools of the reverse micelles 
rather than in the bulk solvent. Knowing the water content of 
the reverse micelle phase (i.e., the value of W0 given in Table 
2) and the size of the AOT molecule, then it is possible to 
calculate the radius of the protein-reverse micelle complex 
and hence the values of D,, shown in Table 4 for use in Eqs. 
19-25 (Lye, 1993; Mat, 1994). While the lower viscosity of the 
organic phase would be expected to increase the diffusivity of 
the protein, by taking into account the size of the protein-re- 
verse micelle complex, it is seen in Table 3 that values of D,, 
are only slightly larger than Daq. This is in contrast to our 
earlier work (Lye et al., 1994b), where, by only considering 
the size of the protein in the reverse micellar phase rather 
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Table 4. Calculated Lysozyme Diffusion Coefficients in the 
Reverse Micelle Phases* 

RM Phase Lysozyme Diffusion Coefficient, D,, ( X  10") rn's-' 

(32) 

Ionic Strength (MI Calc. Drm pH Calc. Or, if it is again assumed that mass transfer is limited by diffu- 
0.2 1.34 7.0 1.34 sion in one or other of the boundary-layer films rather than 
0.3 1.47 9.4 1.28 by an interfacial solubilization process. 
0.4 1.56 10.6 1.24 

*D,, values were calculated from Eq. 26 using the appropriate W,, values 
from Table 1 to first calculate the size of the protein-reverse micelle 
complex. 

than the protein-reverse micelle complex, the calculated value 
of D,, was approximately twice Daq. 

Formulation of an overall mass-transfer coeflcient 
The formulation of an overall mass-transfer coefficient, K,, 

from the individual dispersed ( k d f ,  k,,, k,,) and continuous 
( k C f ,  k,,, k,,) phase mass-transfer coefficients has recently 
been presented by Skelland (1992). This is based upon the 
individual mass-transfer coefficients and the interfacial area 
available for mass-transfer during each process. The expres- 
sions for the overall dispersed phase, kdo, and continuous 
phase, k,,, mass-transfer coefficients are 

k d o a K =  k d f A f  + k d r A r t -  kdcAc (27) 

kcoaV,I = kcrAf + k,,A', + k , , d c ,  (28) 

where A f ,  A,,  and A ,  are the respective interfacial areas 
available for mass transfer during drop formation, free rise 
(or fall), and coalescence with respect to the dispersed phase, 
while the primed symbols refer to the corresponding areas 
for the continuous phase. In the column used here, the inter- 
facial areas available for mass transfer for the dispersed and 
continuous phases are equal and are calculated from the fol- 
lowing expressions: 

A f  = norrd: (29) 

HC 

u, *f  
A ,  = ---n,rrd~ 

4 d  A , = -  
4 '  

(30) 

(31) 

where no is the number of nozzles in the distributor, H, is 
the height of free rise (or fall) of a droplet at terminal veloc- 
ity, U,, and dco, is the diameter of the column. The advantage 
of the approach described by Eqs. 27-31 is that it will permit 
estimates of the proportion of mass transfer occurring during 
the respective processes of droplet formation, free rise (or 
fall), and coalescence. Once the overall dispersed and contin- 
uous-phase mass-transfer coefficients have been determined, 
they can be used to formulate an overall mass-transfer coeffi- 
cient as defined in Eq. 4. For experiments in which the re- 
verse micelle phase is dispersed, the overall mass-transfer co- 
efficient, K,,  can be calculated from 

Comparison of predicted and measured overall mass- 
transfer coeficients 

For each of the experiments performed in Table 3, values 
of the individual mass-transfer coefficients, k d f ,  k,,, kdc,  k c f ,  
k,,, and k,, were predicted from the appropriate physical 
property data, column dimensions, and the measured droplet 
sizes and terminal velocities using Eqs. 19-21 and 24-26. A 
predicted value of the overall mass-transfer coefficient, K,, 
was then obtained by the procedure outlined in Eqs. 27-32 
using an appropriate value of the experimentally determined 
equilibrium partition coefficient, m, from Table 2. The pre- 
dicted values of KL are given in Table 5. Note that if a suit- 
able thermodynamic theory were available for predicting the 
value of m,  then by using values of V, (from Eq. 13) and U, 
(from Eqs. 14-15), it would be possible to predict K L  values 
knowing only the physical properties of the phases and the 
conditions under which the spray column was to be operated. 

The most striking feature of the predicted values of K ,  
given in Table 5 is that they are generally between 2 and 10 
times greater than the experimentally determined values (cf. 
Table 3). As was suggested earlier, this is probably due to the 
large concentration of surfactant used in the reverse micellar 
systems. It would appear that use of AOT concentrations 
above the cmc leads to the formation of a larger interfacial 
barrier (and hence more internally stagnant droplets) than 
was present in the systems from which the employed correla- 
tions were developed. If diffusive transport in the stagnant 
droplets is an important phenomenon, as is suggested by the 
results presented so far, another possible source of error re- 
lates to the nature of the solute being transferred. The 
molecular mass of lysozyme is 3 to 4 orders or magnitude 
greater than the solutes used to develop the preceding corre- 
lations, and hence the values of Daq or D,, will be consider- 
ably different, for example, for the water-acetic acid-toluene 
system, the diffusion coefficient of the solute is approxi- 
mately 2.3 X m*.s-'. For this system, it was also found 
that surfactants could reduce k ,  values to 10% of the value 
found in surfactant-free experiments (Skelland and 
Caenepeel, 1972). For the systems used here, then, the com- 
bination of a packed surfactant interface and the small diffu- 
sion coefficient of the solute being transferred, are thought 
to be the main reasons for the overprediction of K ,  values. 

Another erroneous feature of the predicted K ,  values 
shown in Table 5, is that they increase with increasing aque- 
ous phase pH and ionic strength. This is entirely opposite to 
the trends found experimentally. Since the column was oper- 
ated over a limited range of flow rates and with phases hav- 
ing reasonably similar physical properties, the trend observed 
in the predicted K ,  values with increasing ionic strength is 
probably a result of the calculated D,, values given in Table 
4. Due to the smaller micelles formed at high ionic strength 
(see W, values in Table l), the calculated values of D,, are 
seen to increase. While this is acceptable physically, what the 
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Table 5. Predicted Values of the Overall Mass-Transfer Coefficient, K, ,  Corresponding to Phase Properties and Column 
Operating Conditions in Table 3' 

DP 
Flow 0.2 M 0.3 M 0.4 M 

Predicted Overall MT Coefficients K,, X lo7 (ms- '1 

(mL/min) Disp-RM Disp-AQ Disp-RM Disp-AQ Disp-RM Disp-AQ 
1.3 
2.5 
3.3 
4.3 
5.3 
DP 

Flow 

(mL/min) 

14.0 13.2 11.8 13.0 22.5 30.1 
12.2 10.5 10.3 10.2 20.0 27.1 
10.7 9.50 11.2 8.00 19.0 22.7 
10.3 8.40 9.30 7.20 21.6 18.5 
13.1 7.50 9.90 8.00 19.5 16.3 

Predicted Overall MT Coefficients K ,  X lo7 (ms- ') 
pH 7.0 pH 9.4 pH 10.6 

Disp-RM Disp-AQ Disp-RM Disp-AQ Disp-RM Disp-AQ 
1.3 14.0 13.2 16.5 15.8 
2.5 12.2 10.5 13.8 13.2 
3.3 10.7 9.50 12.7 10.5 
4.3 10.3 8.40 13.3 9.6 
5.3 13.1 7.50 11.9 9.00 

23.2 
21.2 
18.8 
21.0 
17.1 

22.7 
19.5 
18.7 
13.7 
15.1 

*Values of K, were calculated as described in Eqs. 19-23 and 27-32. 

correlations cannot describe is the associated decrease in the 
magnitude of the electrostatic protein-micelle interactions 
that occur at high pH and ionic strength. Unfortunately, these 
electrostatic interactions cannot be represented by the value 
of rn in Eq. 32, since it has been shown that the extraction 
kinetics are independent of m over the pH range investi- 
gated (Lye et al., 1994a). It is also at these high values of pH 
and ionic strength that the largest discrepancy exists between 
the predicted and measured values of K,. Another possible 
reason for this is that under conditions of high pH and ionic 
strength, the kinetics of the interfacial solubilization process 
may become sufficiently slow that this is the rate-limiting step 
(Dungan et al., 1991). It would therefore become necessary 
to include an interfacial solubilization term in Eq. 32. 

Given the predicted values of K ,  in Table 5, a comparison 
of the experimental and predicted extraction profiles for the 
change in continuous-phase protein concentration with time 
is shown in Figure 7 for the case of a dispersed aqueous phase. 
The particular case illustrated corresponds to the average er- 
ror between experimental and predicted K ,  values. As ex- 
pected, the predicted increase in continuous-phase protein 
concentration is approximately three times faster than is 
found experimentally. While it thus appears to be impossible 
to predict K ,  values in reverse micellar systems using exist- 
ing correlations, certain trends were qualitatively predicted, 
namely that K ,  will be greater in the case of dispersed re- 
verse micelle phases and at lower dispersed-phase flow rates. 
If further attempts are made to predictively model reverse 
micellar mass-transfer processes, it would therefore seem 
clear that it will also be necessary to account for the variation 
of electrostatic protein-micelle interactions with phase com- 
position. 

Analysis of protein transfer during drop formation, rise (or 
fall), and coalescence 

Although it was only possible to predict overall K ,  values 
to within an order of magnitude, the approach outlined in 
Eqs. 27-32 did provide some useful insights into the likely 
proportions of solute being extracted during the successive 

124 March 1996 

processes of droplet formation, free rise (or fall), and coales- 
cence. Representative values of the individual mass-transfer 
coefficients and areas available for mass transfer are given in 
Table 6 for the case of a dispersed reverse micelle phase at 
three different flow rates. The figures in parentheses repre- 
sent the percentage of protein being transferred during each 
stage. An identical picture of events was found for the case 
of dispersed aqueous phases. 

From the relative values for k,, k , ,  and k, ,  it appears that 
a significant proportion of solute should be extracted during 
the droplet-formation and coalescence processes as opposed 
to the free rise stage. This is particularly true considering the 
small height of the spray column employed. However, when 
the magnitudes of A,, A, ,  and A ,  are considered, it is clear 
that the large values of both k ,  and A ,  will mean that the 
most significant proportion of protein will be extracted dur- 
ing the droplet coalescence process. The figures given in 
Table 6 suggest that this may be up to 70-80% of the total 
protein extracted at low dispersed-phase flow rates. How- 

0 5 10 IS  20 25 30 : I 
Tlme (Mlnutes) 

Figure 7. Experimental vs. predicted extraction profiles 
for the dispersed aqueous phase. 
Phase compositions as in Figure 6, column height was 30 cm 
and the dispersed phase flow rate was 1.3 mL/rnin. 
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Table 6. Predicted Mass-Transfer Coefficients with Dispersed-Phase Flow Rate for (top) Dispersed Phase and (bottom) 
Continuous Phase* 

DP Flow k,[ x lo5 k,, x lo5 k,, X lo5 A/  X lo4 A,  X lo4 A ,  X lo4 k,, X 10’ a 
(mL/min) (ms- (ms- ‘ 1 (ms-‘1 (mZ ) (mZ) (mZ) 

1.3 5.4 0.67 3.15 0.18 4.03 4.91 2.5 5.21 
(m2/m3> (ms-’1 

~~ 

(5.2) (14.0) (80.8) 
3.3 7.46 0.65 4.35 0.22 9.51 4.91 5.3 3.75 

5.3 9.95 0.64 5.8 0.21 16.9 4.91 6.4 4.39 
(5.7) (21.3) (73.0) 

(5.0) (26.0) (69.0) 

DP Flow kcf  X lo5 k,, X lo5 k,, X lo5 A> X lo4 A’, X lo4 A: X lo4 k,, X lo5 
(mL/min) (ms-’) (ms-’) (ms-’) (m2) (m2) (m2 ) (m2/m3) (ms-’) 

1.3 4.9 1.35 2.86 0.18 4.03 4.91 2.5 5.55 

U 

~~ 

(4.4) (26.7) (68.9) 

(4.6) (36.7) (58.7) 
3.3 6.76 1.27 3.94 0.22 9.51 4.91 5.3 4.23 

5.3 9.01 1.25 5.24 0.21 16.9 4.91 6.4 5.19 
(3.9) (43.3) (52.8) 

*The proportions of mass transfer occurring during drop formation, free rise, and coalescence are given as percentages in parentheses. Values calculated 
using Eqs. 19-32 in the case of a dispersed reverse micelle phase at pH 7 and an ionic strength of 0.2 M. 

ever, given the error in the prediction of the overall K ,  val- 
ues, these figures should only be used to convey trends and 
not absolute quantities. With increasing dispersed-phase flow 
rate, Q, it is also seen in Table 6 that the estimated values of 
kf and k ,  increase, while k,  changes very little. This is due 
to the associated decrease in the droplet formation time, tf, 
which is an important parameter in calculating kf and k ,  
using Eqs. 19 and 26, respectively. However, due to the in- 
creased holdup of the dispersed phase, there is a large in- 
crease in A ,  such that at high Q, a substantial fraction of the 
protein is extracted during the free rise stage. These figures 
will be important when considering the design and modeling 
of spray columns using reverse micellar phases. 

Summary and Conclusions 
It has been demonstrated that protein extraction using re- 

verse micellar phases can be successfully carried out in a liq- 
uid-liquid spray column. When operated in a semibatch 
mode, the presence of surfactant in the organic phase did not 
lead to problems of emulsion formation within the column. 
This type of contactor therefore provides one route by which 
reverse micellar extraction processes may be scaled up. 

The spray-column model developed here satisfactorily de- 
scribed the kinetics of protein extraction. Good agreement 
was found between experimental and calculated extraction 
profiles for both the change in droplet protein concentration 
with height and also for the change in continuous-phase pro- 
tein concentration with time. This further suggests that the 
two-film theory of mass transfer can be applied to protein 
extraction using reverse micellar systems. Assumptions con- 
cerning the mixedness of the continuous phase appear to be 
the major uncertainty in the development of the model. Val- 
ues of K ,  determined over a range of experimental condi- 
tions showed that the rate of lysozyme mass transfer de- 
creased with increasing pH and increasing ionic strength as 
has been found in other systems (Dekker et al., 1990; Lye et 
al., 1994a). Measured K,  values generally showed little vari- 
ation over the range of dispersed-phase flow rates in which 
discrete droplets could be formed, while the properties of the 
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dispersed phase were found to have a significant effect on 
the rate of protein mass transfer. 

Study of the droplet hydrodynamics suggested that the 
presence of AOT increased the rigidity of the two-phase in- 
terface resulting in the formation of stagnant droplets. This 
fact was important when selecting appropriate correlations 
for predicting mass-transfer coefficients for the droplet for- 
mation, free rise (or fall), and coalescence processes. The 
presence of high interfacial surfactant concentrations is also 
thought to be the reason why the predicted K,  values were 
consistently higher than the measured ones. Calculation of 
the individual mass-transfer coefficients and interfacial areas 
during the individual formation, free rise (or fall), and coales- 
cence processes provided useful information concerning the 
proportions of solute transferred in each step. 
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Notation 
a = specific interfacial area (m2 * m- 3, 
d =equatorial droplet diameter (m) 
g =gravitational acceleration 

k,,, k,,  =overall individual film mass-transfer coefficient (ms-’ ) 

Subscripts and superscripts 
d = dispersed phase/disperser/droplet 
i =interface 
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