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Abstract 

 

   Estimation of overhead production enrichment in continuous foam separation 

was conducted with a surfactant: sodium n-dodecylbenzenesulfonate (SDBS), and 

soluble proteins: ovalbumin (OA) and hemoglobin (HB). Axial profiles of the 

volumetric flow rate and the concentration of the collapsed foam liquid within the 

column were measured, and the enrichment ratio and the liquid holdup in axial 

direction were determined experimentally. The proposed model was fitted to the 

experimental results obtained with various experimental conditions (superficial 

gas velocity, feed concentration, and pH) and was in reasonable agreement with 

the experimental data by using the least square regression. The present model 

makes it possible to estimate the foamate concentration at a desired foam height. 

 

Keywords: Adsorption; Bioseparations; Bubble Columns; Separation; Foam 

separation; Protein 
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1. Introduction 

 

   The foam separation technique has been widely used in ore flotation [1], waste 

water treatment [2], and food and biochemical industries [3-7].Especially this 

technique is useful to enrich objective surface-active substances from dilute 

aqueous solution. The enrichment process is mainly dominated by (i) adsorption 

of objective substances onto bubble surface within bubble dispersed bed and (ii) 

drainage within foam bed. 

   It has been well known empirically that concentration of foamate (collapsed 

foam liquid) increased exponentially in the axial direction within the foam 

because of liquid film thinning and drainage of liquid in foam due to gravitational 

acceleration and plateau border suction. This fact suggests that the concentration 

of the liquid in the foam will be changed with the overflowing and the sampling 

position in the axial direction of the column. It is important to estimate the degree 

of the enrichment at each axial positions for operating this technique. 

   Many investigators proposed the model for liquid drainage in foam. Hartland 

and Barber [8] proposed a model for cellular foams in batch foaming system by 

considering the liquid holdup in the cellular foam proposed the physical model. 

Kumar and Desai [11-13] have proposed a model which has been considered 

thinning of the liquid film, the plateau border suction and the axial/lateral 

directions of liquid flow in foam. Narsimhan and Ruckenstein [14,15] developed 

the drainage model based on the model proposed by Desai and Kumar [11].Other 

mathematical and physical models on liquid drainage in foam have been reported 

[16-19]. These models have physical and mathematical rigidity, however, these 

make it difficult to use with ease practically because of mathematical complexity 
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and many parameters. 

   In this study, a simple model for estimation of the enrichment within foam bed 

in axial direction was proposed with two parameter. Continuous foam separation 

experiments were conducted with sodium n-dodecylbenzenesulfonate (SDBS), 

ovalbumin (OA) and hemoglobin (HB). The proposed model will be verified with 

the experimental results.  
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2. Description of enrichment model 

 

2.1. Enrichment ratio in foam bed 

 

   In continuous foam separation, the concentration, Cf, of the collapsed foam 

liquid is expressed as the following equation from the mass balance: 

 

ε
ε bf

f
CXSC +

= ,             (1) 

 

where, ε and Sf are the liquid holdup and surface area of bubbles per unit volume 

in the foam bed at height H from the liquid-foam interface, respectively. Cb is the 

concentration of the bulk liquid in the column. X is the adsorption density on 

bubble surface. Enrichment ratio is defined as: 

 

b

f
C
CE ≡ .              (2) 

 

Approximately, the liquid holdup can be expressed as: 

 

ε = Sf δ.               (3) 

 

δ is the thickness of liquid film. Moreover, X is expressed by Langmuir’s type 

isotherm [20-22]: 
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where, K and γ represent the equilibrium adsorption constant and the saturated 

surface density, respectively. The following relationship is derived from Eqs. (1) - 

(4): 
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Then, if variation in Sf in foam height is small, that is, assuming that the surface 

area, Sf0, of bubbles at liquid-foam interface within the column is mostly equal to 

Sf [22, 23], the following relationship is also derived from Eq. (5): 
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Therefore, if variation in ε in axial direction can be known, variation in E will be 

determined. 

 

2.2 Liquid holdup in foam bed 

 

   Assuming that the decreasing rate of the liquid holdup is proportional to the 

present liquid holdup, the next relationship is obtained as: 
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αεε
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d ,              (7) 

 

where α is decreasing rate coefficient. Relationship between the superficial gas 

velocity, ug, and rising velocity, v, of gas is expressed as: 

 

ug = v (1 – ε).              (8) 

 

In foam bed, gas (bubbles) accompany with liquid in foam, therefore, rising 

velocity of the liquid in foam should be equal to v. In the present conditions, the 

liquid holdup is sufficiently smaller than 1, thus, the rising velocity of the foam 

within the column will seem to be equal to the superficial gas velocity. Therefore, 

displacement of the foam for dt is expressed as: 

 

dH = v dt = ug dt.             (9) 

 

From Eqs. (7) and (9), the next equation is obtained. 
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By solving Eq. (10) with an initial condition (ε = ε0 at H = 0),  

 

ε  = ε0 exp{– (α/ug) H}.            (11) 
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ε0 is the liquid holdup at the liquid - foam interface (H = 0).  

 

2.3. Determination of parameter 

 

   Finally, the following equation is obtained from Eqs. (6) and (11): 

 

( ) ( ) H
uKC

KSE
gb0

f0

1
ln1ln α

ε
γ

+
+

=− .          (12) 

 

Plot of ln(E–1) versus H will give a straight line. By comparing the experimental 

values with Eq. (11), α and ε0 will be determined, and Sf0 will be also determined 

by intercept of Eq. (12). 
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3. Experiments 

 

3.1. Materials 

 

   Ovalbumin (egg white) (OA) was purchased from Eastman Kodak Company 

or Difco Laboratories. Hemoglobin from bovines (HB) and sodium 

n-dodecylbenzenesulfonate (SDBS) were purchased from Wako Pure Chemical 

Industries, Ltd. (Japan). These were used without further purification. The ion 

strength and pH of protein solutions were adjusted with NaCl at 5×10–3 M and 

with aqueous HCl or NaOH to several desired values. 

 

3.2. Experimental setup 

 

   A foam column used in this study was almost the same apparatus as described 

in the previous studies [22-24]. The column was constructed of a transparent 

acrylic resin tube of 4.4 cm inside diameter and 95 cm in height. A sintered glass 

filter with average pore size from 10 to 15 µm was installed as a gas distributor at 

the bottom of the column. Nitrogen gas was supplied to the column through the 

distributor as bubbles. In the experiments, a foam collector was equipped at the 

top of the column to entrap foam generated from the liquid surface. Pressure taps 

for measuring gas holdup in the column were along the wall installed at intervals 

of 25 cm. 

 

3.3. Experimental procedures 
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   The procedures are also almost the same as those described in our previous 

paper [22]. The solutions were charged into the column from a feed tap by a 

quantitative pump. The volumetric flow rate of feed liquid was 0.5 cm3/s. After 

confirming a steady state in the bulk liquid, sampling of the foam liquid for 

measuring the volumetric flow rates and the concentrations was started. The 

concentrations of SDBS and proteins (OA or HB) were measured 

spectrophotometrically (JASCO U-best30) at 220 nm and by the Lowry method 

[25], respectively. The pH of the bulk liquid in the column was measured with a 

pH meter (ORION Model SA 520). The gas holdup was determined from the 

difference in static pressure between the clear and aerated liquids using a 

differential pressure transducer. Voltage signals were recorded by a personal 

computer (NEC PC–9801VM) via A/D converter (CONTEC). 
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4. Results and Discussion 

 

4.1. Surface area of bubbles in foam bed 

 

The ε was determined from the next relationship: 

 

gf

f
AuW

W
+

=ε .             (13) 

 

   Wf and A are the volumetric flow rate of the liquid in foam within the column 

and the cross-sectional area of the column, respectively. Typical results of Sf are 

shown in Fig. 1. Plotting points (all keys) in Fig. 1 were calculated by Eq. (5). K 

and γ used in the calculation are summarized in Table 1. The values of K and γ for 

OA and HB were determined by continuous foam separation experiments [22]. 

The value of these for SDBS was also determined by the same method in the 

present study. The value of γ for SDBS was mostly close to the values in literature 

[26,27]. The scatters of data for OA and HB should be caused by the measurement 

error of Wf. In case of HB, although remarkable coalescence of bubbles within the 

foam was not observed visually, however, the foam of HB seemed to be more dry 

and cellular foam rather than the foam of OA. Therefore, more high concentration 

region had to be employed in case of HB. In comparison with values of γ for OA 

and HB at i.e.p., γ for OA is 1.5-fold larger than that for HB (Table 1). This may 

affect that OA foam seems to be more stable than HB foam in Fig. 1. As shown in 

the figure, Sf was not varied widely in the axial direction. Thus, Sf seemed to be 

constant in the present experimental conditions for SDBS, OA and HB.  
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4.2. Verification of the present model 

 

   Typical experimental results of the liquid holdup, ε, are shown in Fig. 2. ε 

decreased abruptly and exponentially near the liquid-foam interface (H = 0). This 

tendency was almost the same as observations reported in literature [10-19]. The 

slope of ε increased with decreasing Cb. The solid lines in the figure were obtained 

by fitting of the data to Eq. (11). the calculated values agreed well with the 

experimental ones by giving adequate values for α and ε0. Fig. 3 shows fitting of 

the data to Eq. (12). Solid lines in this figure are the calculated values by Eq. (12). 

Good agreement between the experimental values and the calculated ones was 

recognized. These results would support the validity of the present model. 

 

4.3. Parameters estimated from the present model 

 

   Fig. 4 shows change in α in function of Cb. α should reflect a degree of 

drainage of liquid through the liquid film. α tended to decrease with increasing Cb. 

In comparison with value of α for SDBS (Fig. 4(a)) and proteins (Fig. 4(b); OA 

and HB), protein foam seemed to be stable and wet comparatively in lower bulk 

concentration region. In Fig. 4(b), influence of pH was slightly observed at pH 4.6 

for OA (open triangle). and at pH 6.0 for HB (open circle and open diamond). a 

values for these are lower than that for the other pH for OA and HB, respectively. 

At the pH (4.6 for OA and 6.0 for HB), the value of K is largest than that at the 

other pH.  
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   In the present experimental conditions, the surface tension value were 6.5×10–2 

- 4.9×10–2 and 6.5×10–2 - 4.4×10–2 N/m for proteins and SDBS, respectively, 

which were not varied widely. The values of liquid viscosity also hardly varied 

(0.9-1.1×10–3 kg/(m s)). Slightly change in surface tension and liquid viscosity 

would greatly affect α. At this point, we cannot exactly explain what physical 

properties of the liquids affect the foam stability from the present experimental 

data and our analysis. Some literature have pointed out that surface viscosity was 

one of important factor concerning foam stability and liquid drainage within foam 

[11, 12, 28, 29], although we could not measure it.  

   The foam at the liquid-foam interface was considered to be consisted by 

accumulation of bubbles rising through the column and liquid films around 

bubbles. Thus, the liquid holdup, ε0, at liquid-foam interface can be expressed as: 

 
3

b

0
0 11

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=

r
δε .            (14) 

 

Where, δ0 and rb represent the thickness of the liquid film around one bubble and 

the radius of the bubble accumulated at the liquid-foam interface within the 

column, respectively. The rb was determined by the following equation, because rb 

was considered to equal to the radius of bubbles rising through the bulk liquid 

within the column [22-24]: 
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where εg, g, ρl, ρg, and µl represent the gas holdup in the bubble dispersion phase, 

the gravitational acceleration, the densities of liquid and gas, and the viscosity of 

the liquid, respectively. Fig. 5 shows the relationship between ε0 and rb. Solid lines 

in the figure were calculated from Eq. (14). The δ0 for both SDBS and proteins 

(OA and HB) were determined by a least squares method, in this case, values of δ0 

for both SDBS and proteins were 8 and 20 µm, respectively. ε0 would be 

explained by the relationship of Eq. (14), although some scatters were observed. 

Influence of pH on ε0 and rb for both OA and HB was not observed in Fig. 5 

because of some scatters. This suggests that ε0 was mostly affected by bubble size. 

The most estimated rb for proteins concentrated in the range of from about 0.05 to 

0.09 cm and the data scattered appreciably. This reason cannot be clarified for the 

present. However, Eq. (14) can represent the tendency of change in ε0 adequately 

for the present system.  
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5. Conclusions 

 

   The axial enrichment ratio profile in foam bed for continuous foam separation 

column were studied and can be expressed by the present model. Good agreement 

between the experimental results of the axial enrichment profiles and the 

calculated values was obtained for both proteins (ovalbumin (OA) and 

hemoglobin (HB)) and sodium n-dodecylbenzenesulfonate (SDBS) by 

determining the two model parameters using least squares method. α was mostly 

influenced by the concentration of the bulk liquid, that is, slightly change in 

surface tension and liquid viscosity would greatly affect α. The liquid holdup, ε0, 

at the liquid-foam interface within the column was expressed in function of the 

bubble radius, rb, and the thickness, δ0, of the liquid film, and δ0 was estimated 8 

and 20 µm for SDBS and proteins, respectively. The present model can relatively 

ease to estimate the enrichment in axial direction of foam height in continuous 

foam separation. Further development and study are required for application of the 

present model to the other substances or experimental conditions to confirm the 

verification of the present model. 
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Notation 

A  = a cross-sectional area of bubble column        [m2]

Cb = equilibrium concentration of the bulk liquid in bubble column   [kg/m3] 

Cf = the concentration of the liquid in foam within the column   [kg/m3]

rb = bubble radius            [m]

E = enrichment ratio defined by Eq. (2)     [-] 

H = foam height            [ m ] 

g = gravitational acceleration        [m/s2] 

K = equilibrium adsorption constant      [m3/kg] 

Sf = bubble surface area in foam per unit volume     [m2/m3] 

Sf0 = bubble surface area at liquid-foam interface per unit volume   [m2/m3] 

ug = superficial gas velocity         [m/s]

v = rising velocity of bubble in foam bed        [m/s]

Wf = the volumetric flow rate of the liquid in foam      [m3/s]

X = adsorption density        [kg/m2]

 

Greek symbols 

α = decreasing rate coefficient          [s–1] 

δ = thickness of liquid film          [m]

ε = liquid holdup in foam bed       [-]

ε0 = liquid holdup at liquid-foam interface     [-] 

εg = gas holdup in bubble dispersed phase     [-] 

γ  = saturated adsorption density       [kg/m2] 

µl = liquid viscosity      [kg/(m s)] 
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ρg = gas density         [kg/m3] 

ρl = liquid density         [kg/m3] 
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Captions of Figures and Tables 

 

Fig. 1.  Change in surface area, Sf, of bubbles in the axial direction of foam bed. 

Experimental conditions are (a) SDBS, ug = 3.97×10–2 cm/s, (b) SDBS, ug = 

6.66×10–2 cm/s, (c) ovalbumin, pH 4.6, ug = 5.37×10–2 cm/s, and (d) hemoglobin, 

pH 6.8, ug = 5.37×10–2 cm/s, respectively. 

 

Fig. 2.  Axial distribution of liquid holdup, ε, for SDBS ((a) and (b)), ovalbumin 

(c) and hemoglobin (d) in foam within continuous foam separation column. 

Symbols and experimental conditions are same as Fig. 1. Solid lines were 

calculated from Eq. (11). 

 

Fig. 3.  Comparison of the experimental values of ln(E-1) and the calculated ones 

for SDBS ((a) and (b)), ovalbumin (c) and hemoglobin (d) in foam within 

continuous foam separation column. Symbols and experimental conditions are 

same as Fig. 1. Solid lines were the results of fitting of the data to Eq. (12). 

 

Fig. 4.  Variation in α estimated from Eq. (11) for SDBS, ovalbumin (OA) and 

hemoglobin (HB). 

 

Fig. 5.  Relationship between ε0 estimated from Eq. (11) and bubble radius, rb, 

determined by Eq. (15) for SDBS, ovalbumin (OA) and hemoglobin (HB). 

 

Table 1.   Adsorption parameters for proteins and SDBS 
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hemoglobin, pH 6.8, ug = 5.37×10-2 cm/s, respectively.
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Fig. 4.  Variation in α estimated from Eq. (11) for SDBS, 
ovalbumin (OA) and hemoglobin (HB). 
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Fig. 5.  Relationship between ε0 estimated from Eq. (11) 
and bubble radius, rb, determined by Eq. (15) for SDBS, 
ovalbumin (OA) and hemoglobin (HB).



Table 1. Adsorption Parameters for Proteins and SDBS

pH γ [kg/m2] K [m3/kg]

3.5
4.6
6.0

2.30×10-6

3.39×10-6

1.92×10-6

3.94×102

1.01×103

8.72×102

6.0
6.8
8.0

1.96×10-6

2.27×10-6

1.78×10-6

6.52×103

5.88×102

1.27×103

OAa

HBa

2.14×107SDBS 1.22×10-6

a Reference [22]


