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Column Design Parameters for Foam Fractionating 
Human Placental Extract* 

P. BHATTACHARYA,t S. K. GHOSAL, and K. SEN 
PROCESS ENGINEERING LABORATORY 
CHEMICAL ENGINEERING DEPARTMENT 
JADAVPUR UNIVERSITY 
CALCUTTA 700032, INDIA 

ABSTRACT 

In the present investigation, column design parameters for foam fractionation 
of human placental extract have been studied. A design procedure using the trans- 
fer unit concept has been presented. The number of transfer units has been corn- 
puted with the help of a quasi-equilibrium diagram especially constructed for the 
present system. In order to determine the height of a transfer unit, an empirical 
correlation for the present system has been proposed. 

INTRODUCTION 

In the isolation and purification of enzymes and proteins from biological 
sources, the foam fractionation technique has been used successfully by 
Ahmad (I) ,  Lalchev and Exerowa (2), Lalchev et al. (3), Sarkar et al. (4), 
and Bhattacharya et al. (5 ) .  This separation technique has recently drawn 
a lot of attention as it is very effective in isolating and purifying environ- 
mentally sensitive (pH, temperature, chemicals, etc.) surface-active mate- 
rials. It is therefore important to evaluate design parameters for such foam 
fractionating columns. In the present work a design procedure based on 
the concept of transfer units has been used and the column design param- 
eters evaluated. 

* The authors dedicate this paper to Prof. R. N. Mukhejea on his sixty-fifth birthday. 
t To whom correspondence should be addressed. 
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856 BHATTACHARYA, GHOSAL, AND SEN 

THEORY 

The concept of transfer units is useful in designing a foam fractionation 
column. The number of transfer units (NTU) for such a foam fractionation 
column may be computed from the equation 

where x g  = effective concentration of solute protein, x, in equilibrium 

XF = concentration of protein in the overflowing foam on a gas- 

XB = concentration of protein in the effluent (kg/m') x* = effective upflow protein concentration in equilibrium with 

x = effective upflow protein concentration on a gas-free basis (kg/ 

X = protein Concentration in liquid (kg/m3) 

with X B  (kg/m3) 

free basis (kg/m3) 

X on a gas-free basis (kg/m3) 

m') 

A few investigators [Lemlich (6), Goldberg and Rubin (7)] have sug- 
gested analytical equations for calculating NTU, assuming a linear equilib- 
rium isotherm. However, this procedure cannot be used for the present 
system since the equilibrium relationship between solute concentration in 
the foamate and in the residue is not known. This necessitates computation 
of the equilibrium data from experiment and then plotting these values in 
the form of an equilibrium diagram. In the present investigation, as the 
solute protein is not a unique component, it is not possible to obtain true 
equilibrium data. However, a quasi-equilibrium relationship between the 
solute concentration in the foamate and that in the effluent may be ob- 
tained experimentally. 

The calculation of NTU again requires knowledge of the material bal- 
ance of the solute to give the equation for the operating line. An overall 
material balance around the entire column may be written as 

L = F + B  (2) 

While the solute balance gives 
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FOAM FRACTIONATING HUMAN PLACENTAL EXTRACT 857 

where L = feed solution flow rate (m3/s) 
F = flow rate of the foamate (m3/s) 
B = flow rate of the effluent (m3/s) 
X L  = concentration of protein in the feed solution (kg/m3) 

Equation (4) presents a straight line having a slop (LIF) and a negative 
intercept on the ordinate [ (B /F)XB] .  Thus, by knowing the flow rates of 
the individual streams, the operating line can be constructed. Since only 
the terminal conditions have been used to construct the operating line, 
some error is expected. However, for dilute feed concentrations the possi- 
bility of departure from linearity is small. 

Arbitrary equations for evaluating the height of a transfer unit (HTU) 
has been given by Haas and Johnson (8) and Goldberg and Rubin (7). 
However, these equations are not applicable for the present system for 
the reasons stated above. Thus an attempt is made here to obtain an 
empirical correlation for the HTU. This correlation contains parameters 
which could be determined experimentally. 

In the present investigation, a correlation for HTU of the type given 
below was used and later tested using experimental data. 

where d = average foam bubble diameter (m) 
S = foam column cross-sectional area (m2) 
K L  = overall mass transfer coefficient ( d s )  

In Eq. (5) ,  4 is a dimensionless constant, the value of which is expected 
to differ from system to system. KL can be evaluated from the equation 
for mass flux: 

or 

where K ,  = mass transfer coefficient (kg-kmoVkJ.m2.s) 
Ap. = chemical potential difference (kJ/kmol) 
AC = overall concentration difference based on the liquid phase 

(kg/m3) 
= XF - X $  

The value of K ,  can be evaluated experimentally (4). The average foam 
bubble diameter, d, may be a calculated from [Lemlich (611 

d = nid;/nid: (8) 
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858 BHATTACHARYA, GHOSAL, AND SEN 

where ni is the number of bubbles of diameter di in a representative portion 
of the foam. For nonuniform bubbles, a surface value for the diameter is 
employed in Eq. (8). 

The chemical potential difference A, can be calculated from 

AP = RT In(Xe/X$) (9) 
where xj% = effective concentration of solute protein, x, in equilibrium 

with Xe (kg/m3) 
R = gas constant (8.3143 kJ/kmol-K) 
T = temperature (K) 

Equation (7) then becomes 

Since the value of Ap can be evaluated with the help of the equilibrium 
curve, all the parameters in Eq. (10) can be determined experimentally. 
If one gets reasonably identical values of + for different known values of 
HTU on substitution of those parameters in Eq. (9, it may be concluded 
that Eq. ( 5 )  can represent the HTU satisfactorily. 

EXPERl M ENTAL METHODS 

Preparation of the Feed Solution 

Human placenta was collected from Chittaranjan National Medical Col- 
lege, Calcutta, India. The tissue was kept in ice and was separated from 
the membrane. It was then cut into small pieces and washed with ice-cold 
distilled water to remove the blood. The tissue was then dried by absor- 
bent paper and homogenized with a suitable amount of Tris-HC1 buffer 
(pH 8.0) until the tissue dispersed homogeneously and only fats and cell 
debris were left behind. The homogenized solution was centrifuged in a 
cold centrifuge at 10,000 rpm for 30 minutes, and the supernatant solution 
(5% placental extract) was stored frozen until further use. This stock solu- 
tion of placental extract was diluted to the desired concentration by adding 
buffer. 

Experimental Setup 

A detailed diagram of the continuous foam fractionation column used 
in the present investigation is shown in Fig. 1. The graduated column, 50 
cm high, with an inside diameter of 4 cm, was made of Corning glass. It 
was fitted with a sparger of 100 pm porosity, a feed inlet, an effluent 
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FOAM FRACTIONATING HUMAN PLACENTAL EXTRACT 859 

A- Foarnate collector 
C - Foam column 
P- Peristaltic pump 
1 - Feed tank 
R-Rotameter 
H - Hurnidi fier 
S - Sparger 
E - Effluent COllQCtOr 
X-Stop cocks for cohction of  foam at different heights 

Detailed diagram of the continuous foam fractionating column. FIG. 1 

outlet, and a foam outlet nozzle. In addition, the column was fitted with 
six intermediate foam outlet nozzles at 5 cm intervals. The foam height 
was vaned by using these intermediate nozzles. 

Nitrogen, which was used as the carrier gas, was saturated by bubbling 
through water in a conical flask; its flow rate was measured by a rotameter. 
The liquid flow-rates were measured by volume collection. Two peristaltic 
pumps were used to change the liquid flow-rates. The foam outlet nozzles 
were kept inclined at an angle of 30". The foam collapsed while passing 
through this bend. Hence, no separate arrangement for foam breaking 
was required. 

Protein Concentration/Enzyme Activity Measurement 

The surface tension vs concentration plot was established by measuring 
the surface tension of placental homogenate using the Wilhelmy method 
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860 BHATTACHARYA, GHOSAL, AND SEN 

(9). The threshold and critical micelle concentration limits of protein con- 
centration in the placental extract were found to be 0.00435 and 0.625 
kg/m3, respectively, at 10°C. The total protease activity was determined 
by the casein digestion method as suggested by Leonard and coworkers 
(10). The protein measurement was done by the colorimetric method of 
Lowry et al. (11). 

During the experiment a constant liquid height was maintained inside 
the column by proper adjustment of the effluent flow-rate. Samples of 
foamate and effluent were collected for analysis after a steady state was 
achieved for each run. The experiment was conducted in a constant tem- 
perature room maintained at 10°C. 

Equilibrium Data Collection 

For evaluating the equilibrium data the fractionator was used in the 
batch mode. The placental homogenate stock solution was diluted with 
buffer to a protein concentration of 0.204 kg/m3. The initial height of the 
liquid was kept at 0.08 m in each run. Nitrogen gas saturated with water 
was allowed to pass at a moderate rate until no more foam rose up the 
column. Samples of foamate and effluent were collected for analyses. 

Keeping the quantity and concentration of the feed the same as in the 
first run, subsequent experiments were carried out by gradually decreasing 
the nitrogen flow-rate until a further decrease ensured no rise of foam 
bubbles up the column. The above method was repeated for different feed 
concentrations. All the runs were repeated four times, and no significant 
changes in the experimental values were observed. The average of these 
four runs has been reported as a single set. 

Bubble Diameter Determination 

Bubble size was measured by the methods of Shih and Lemlich (12), 
Goldberg and Rubin (7), and Grieves et al. (13). For each operating condi- 
tion, photographs of a section of the graduated column were taken above 
the liquid height, and the bubble size was obtained from the enlarged 
photographic prints. The diameters of several bubbles were measured on 
each print, and the mean of a normal distribution was obtained following 
the method of Lemlich (6). 

Determination of Mass-Transfer Coefficient 

The mass-transfer coefficient, K ,  , was determined experimentally by 
the method described by Sarkar et al. (4), and the value was found to be 
8.82 x lo-" kg.kmol/kJ.m2-s. 
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FOAM FRACTIONATING HUMAN PLACENTAL EXTRACT 861 

RESULTS AND DISCUSSION 

Equilibrium Curve 

As mentioned earlier, it is difficult to construct a true equilibrium dia- 
gram for the present system because the solute protein is not a unique 
component. From our knowledge of human placental extract, it can be said 
that besides other nonproteinaceous substances, the main constituents are 
a mixture of nonenzymic proteins and enzymes. Fortunately, nonprotein- 
aceous substances are not surface active, and thus will not be separated 
during foam fractionation. However, being surface active, all protein com- 
ponents will compete for adsorption on the foam bubble surface. This 
renders it difficult to construct a true equilibrium curve. On the other 
hand, remembering the importance of such an equilibrium curve in design- 
ing the column, an attempt was made in the present investigation to obtain 
a quasi-equilibrium curve showing the relationship between the protein 
concentration in the foamate and that in the effluent liquid. Total protein 
analyzed during the experiment was considered to be the solute concentra- 
tion. It is believed that such a quasi-equilibrium curve will be of use in the 
absence of available data for the present system. While true equilibrium is 
a function of intensive thermodynamic properties only, the need for such 
a quasi-equilibrium curve is apparent because kinetics, flow behavior, 
hydrodynamics, and other rate effects are expected to alter the equilibrium 
condition, as in the present case. 

The quasi-equilibrium relationship between the protein or solute con- 
centration in the foamate and in the effluent is shown in Fig. 2 .  The pro- 
cedure for obtaining the relevant data has already been described. The 
temperature was kept constant at 10°C during experimental runs. 
Conceptually, equilibrium condition within the foam column is attained 
when the residence time of an individual foam bubble is sufficiently high. 
This can be achieved by maintaining the lowest possible gas flow-rate. In 
the present investigation, some foam bubbles collapsed and some ascend- 
ing foam bubbles entrained in the liquid while the lowest gas flow-rate 
was maintained. 

Transfer Units 

The operating line (Eq. 4) has been superimposed on the equilibrium 
diagram (Fig. 2 ) .  For a particular set of runs, the limits of the integral in 
Eq. (I)  are known. In order to solve the equation for several known values 
of protein concentrations in the effluent, the corresponding equilibrium 
concentrations of solute protein (XS) were computed from the equilibrium 
curve. In order to obtain values of x* and x, once again the equilibrium 
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BHATTACHARYA, GHOSAL, AND SEN 

1 2 
SOLUTE CONCENTRATION IN EFFLUENT,kq/d 

FIG. 2 Equilibrium curve and operating line (for Run 5) for the present system. 

curve and the operating line, respectively, were used. This set of values 
was used to integrate Eq. (1) using Simpson’s Rule. The integral provided 
the number of transfer units. The effects of different physicochemical 
parameters on separation efficiency have been published (5).  Table 1 fur- 
ther shows that at constant feed flow rate (15) and increasing gas flow- 
rate (G), bubble diameter decreases. This is probably due to the fact that 
at higher gas velocity, large foam bubbles collapse. On the other hand, 
under a similar situation the mass transfer coefficient ( K L )  increases (as 
is evident from the table) due to higher turbulence. It is to be remembered, 
however, that in the case of a nonlinear interactive system like the present 
one, it is difficult, if not impossible, to explain the effect of individual 
physicochemical parameters on the system effectiveness. Sometimes one 
has to depend on experimental observation. The height of a transfer unit 
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864 BHATTACHARYA, GHOSAL, AND SEN 

was calculated from the known value of foam height and the corresponding 
NTU using the following equation: 

h = (HTU)(NTU) 

The mass-transfer coefficient, KIa,  and the bubble diameter, d, have been 
found by the methods already discussed. By using these parameters and 
with the help of Eq. (3, the values of +I for different experimental runs 
have been calculated. The results are given in Table 1 with foam height, 
gas flow-rate, and liquid flow-rate as the operating variables. From the 
results it is apparent that the deviation of actual HTU and predicted HTU 
is not appreciable, and the following empirical correlation for HTU can 
be used for foam bed height computation: 

HTU = 928.72 x LdIKLS (5)  

NOMENCLATURE 

L 
B 
F 
G 
x,. 

xg 

X$ 

X x* 
x 

XB 

- 

NTU 

HTU 

flow rate of the feed solution (m3/s) 
flow rate of the effluent (m3/s) 
flow rate of the foamate (m3/s) 
gas flow rate (m3/s) 
concentration of protein in the overflowing foam on a gas-free 
basis (kg/m3) 
concentration of protein in the effluent (kg/m3) 
effective concentration of solute protein, X, in equilibrium with 
XB (Win3) 
effective concentration of solute protein, X, in equilibrium with 

protein concentration in the liquid (kg/m3) 
effective upflow protein concentration in equilibrium with X on 
a gas-free basis (kg/m3) 
effective upflow protein concentration on a gas-free basis 

number of transfer units in the foam, based on the upflowing 
stream (dimensionless) 
height of a transfer unit (m) 

X F  (kg/m3) 

(kdm3) 
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