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B. T. KOWN and L. K. WANG

COLLEGE OF ENGINEERING
RUTGERS UNIVERSITY
NEW BRUNSWICK, NEW JERSEY 08903

Summary

A continuous bubble fractionation system consisting of a vertical Plexiglas
tube provided with a source of air bubbles, means of continuous liquid feed,
overflow, and bottom effluent has been operated to study the performance
of the system. The study primarily involves an examination of the effects
of variables such as gas rate, liquid rate, solute concentration, and column
size on the effectiveness of the system for separating an organic solute from
a dilute aqueous solution.

The experimental results indicate that the effects of gas and liquid rate
on the performance have generally followed the results expected from an
equilibrium adsorption of a surfactant on the gas-liquid interface described
by Gibbs’ equation and material balances. An increase in gas rate increased
the effectiveness of the system by providing more adsorption surface. The
adverse transfer of the solute by the eddy diffusion caused by rising bubbles
was found to be the factor limiting the effectiveness of the system.

INTRODUCTION

Bubble fractionation, a separation technique based on adsorption of
a solute on the surfaces of gas bubbles rising through a solution and
subsequent removal of the concentrated liquid layer from the top, as a
possible means of separating the solute was first proposed by Lemlich
and Dorman (1). Like foam fractionation, bubble fractionation is based
on the phenomenon that a solute of a surface-active nature is adsorbed
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on gas-liquid interface. Bubble fractionation differs from foam frac-
tionation in that the former depends on the existence of the concentra-
tion gradient in the solution, while the latter is based on the formation
of the stable foam phase above the liquid. The performance character-
istics of a foam fractionation system is such that its effectiveness is
primarily controlled by the parameters of the foam phase rather than
those of the liquid phase, and accordingly the investigations in the field
to date have been chiefly concerned with the foam phase (2). In the
case of a bubble fractionation system, its effectiveness must rely on the
existence of the concentration gradient in the solution phase, and an
understanding of the parameter governing the concentration gradient
in the solution phase is essential for an evaluation of the system.

Lemlich (3) has presented some theoretical considerations for batch-
wise fractionation and its qualitative accord with experimental data of
a preliminary nature (4). The purpose of this paper is to present the
results of an investigation conducted to study the performance of a
continuous bubble fractionation system.

PARAMETERS

The solute and over-all material balances around the bottom end of a
continuous bubble fractionation column, far below the feed point, such
as shown in Fig. 1a, are

DA (dC/d?/) + (Vb + Ve)C = VeCe + Vbe +fGP (1)

and in & similar manner the balances above the feed point may be ex-
pressed by

DA (dC/dy) + VL= (V. — Vu)C + Vi(s + fGT (2)

where the terms on the left of Eq. (1) represent the solute entering the
envelope by the axial diffusion and the downflow, while the terms on
the right represent the solutes carried out of the envelope by the bottom
effluent, the liquid encapsulating the bubbles, and the bubble surfaces.

To obtain a rigorous solution for either Eq. (1) or (2), the exact
mechanisms of the solute transfer from the bulk solution to the liquid,
i.e., a relationship between C and Cs, and subsequent transfer from the
liquid to the bubble surface, i.e., a relationship between C and T, must
be known. Furthermore, knowledge of the nature and magnitude of the
encapsulating liquid, in addition to knowledge on the solute transfer by
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Fia. 1. Solute balances: (a) bottom end, (b) overflow region, and
(¢) over-all column.

the eddy diffusion, is essential for solving the equation. An attempt to
correlate every step of the solute transfer and obtain a rigorous solution
for either Eq. (1) or (2) would involve numerous uncertain parameters,
and results in the final solution would be so unwieldly that it would be
impossible to obtain meaningful information from them.

The probable effects of certain variables on the performance of the
separation system may be examined qualitatively by using a solution
obtained from either Eq. (1) or (2) with certain approximations. First,
when the concentration of the encapsulating liquid (C3) is assumed to
be the same as that of the bulk solution (C), and the bubbles are as-
sumed to be of spherical shape of a uniform size, Eqs. (1) and (2)
reduce to

DA(dC/dy) + V.C = V.C. + (6/d)GT (3)
and
DA dC/dy) + V€, = V.C + (6/d)GT (4)

Under equilibrium conditions, solute adsorption at a gas-liquid inter-
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face is given by Gibbs’ equation:

dy = — RTY_Tidlna; (5)

For a dilute solution of a pure univalent ionic surfactant, Eq. (5) may
be written as

I' = — (C/2 RT) (dv/dC) (6)

In the case of foam fractionation, the surface excess in the foam phase
is often found to be constant and independent of the concentration,
representing the saturated interface condition. However, in the ease of
bubble fractionation the foam phase is not produced, and the bubble
surface may not be saturated. It may be approximated that for a low
concentration, the variation of the surface excess with respect to the
concentration is represented by the linear relationship

I =aC (7)

and at a high concentration, the surface excess levels off to a constant
value, representing the complete saturation of the bubble surface. With
the linear relationship between the surface excess and solute concentra-
tion, the concentration profile in the column below the feed point is
expressed by

c (6/d)aC {(G/d)aG—V,A} V.

C.” (6/dyat — v,P DA T (6/d)al — V.

(6/d)aG | 1 (6/d)aG (6/d)eG — V.
DA Y72 Da DA

~1 4 e (8)

and in the case of a batchwise operation, the concentration profile in
the column is

c {(G/d)aG }
.~ ®PU pa ¥

2
6/d)ald 1[(6/d)aG
SIS AP

If a constant value of the surface excess is assumed, Eqs. (8) and (9)
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become
L B/DEG (V.
C=0C,+ V. [1 — exp {DAy}] (10)
and
_ (6/d)BG
C=0C,+ T’y (11)

Equations (9) and (11) are essentially the same as Lemlich’s Eqs.
(14) and (16) (2).

No attempts were made in this investigation to evaluate the param-
eters shown in Eqgs. (8), (9), (10), and (11). A bubble fractionation
system was operated both in continuous and bateh modes using gas
rates, liquid rates, solute concentrations, and column sizes as variables
in order to obtain general information on the effects of these variables
on the performance. Equations (1) and (2), which do not include the
feed, are not expected to describe the column performance accurately,
even if the assumptions were to be correct. These equations and their
solutions are used only to have a qualitative comparison with the ex-
perimental results.

EXPERIMENTAL APPARATUS & MATERIAL

Four bubble fractionation columns made of 6-ft Plexiglas tubes of
different diameters (2.54, 3.18, 6.35, 12.70 cm) were used for the study.
Each column had provision for overflow, feed, and bottom effluent.
The liquid in the column was allowed to flow over the top, while sets of
four equally spaced holes were used for the feed and the bottom efluent.
The columns were provided with several sampling holes of hypodermic
needle size along the vertical length. A schematic diagram of the ap-
paratus is shown in Fig. 2.

Thoroughly humidified air was introduced through a sintered glass
diffuser placed near the bottom. The rotameters, in combination with
timed volumetric measurements of the liquid flow, were used for the
overflow, feed, and gas rate measurement. The average bubble size was
estimated from photographs of the bubbles made near the top and
bottom of the column. All experiments were conducted at room tem-
perature.

An aqueous solution of crystal violet chloride (hexamethylpararo-
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Fi1g. 2. Schematic diagram of the continuous bubble fractionation system.

saniline chloride) was used for the study. Selection of erystal violet
chloride dye was based on the simplicity of the concentration deter-
mination and the convenience of the visual observation of the concen-
tration profile during operation. The samples from the column were
taken after 30 min of operation, a time found to be sufficient for a
steady-state in both the continuous and batch operations with the gas
rate in the range used in this investigation. The solute concentration
in the samples were determined by a photoelectric colorimeter. A ma-
terial balance made on the input vs. the output indicates that loss of
solute due to adsorption on the system and possible decomposition
during a test was insignificant. The variation of the surface tension
with respect to the solute concentration was determined by the ‘“Capil-
lary Tube Method,” and the results are shown in Fig. 10. By using
Eq. (6), the surface excess (0.396 X 107 g-mole/cm?) was estimated
from the surface tension measurement.
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RESULTS AND DISCUSSION

The effects of the column diameter on the solute transfer were ex-
amined with the columns of four different sizes operated under the
same condition; 9.16 CCS of the gas rate, 1.67 CCS of the feed, 1.28
CCS of the bottom effluent, and 2.25 X 108 g-mole/cm® of the feed
concentration. The experimental results are shown in Fig. 3 in which
the concentration profiles are plotted on semilogarithmic coordinates.
The solute concentration of the overflow and feed are also shown in
Fig. 3. The solute concentration at the top of the column was measured
1.0 c¢m below the liquid surface. The same four columns were also oper-
ated as a batch system with 5.0 CCS of the gas rate and 2.25 X 1078
g-mole/em? of the initial feed concentration. The results of the batch
study are shown in Fig. 4.
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Tic. 3. Effect of diameter on concentration profile of continuous column:
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Fia. 4. Effect of diameter on concentration profile of batch column.

The concentration profiles shown in Figs. 3 and 4, even though nu-
merical accord was not obtained, are in general agreement with a pattern
described by Egs. (8) and (9), or Egs. (10) and (11). Equation (3)
suggests that near the bottom, the concentration gradient decreases as
the cross section increases. In addition, it has been shown that the diffu-
sion coefficient (D) also increases as the column diameter increases (4),
and this also contributes to the diminishing concentration gradient in
a larger column. It is quite evident in the experimental results that an
increase in the column diameter greatly increases the axial mixing, and
thereby diminishes the concentration gradient in the column.

The nearly constant slope of each profile shown in Fig. 4 may seem
to indicate that the profile is expressed by an exponential form (Eq. 9),
and hence the solute adsorption on the bubble surface is linearly pro-
portion to the concentration (Eq. 7). However, further examination of
the results indicated that the experimental data are insufficient to con-
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clude the exact nature of the solute adsorption. The plot of the same data
on linear coordinates also produced straight lines from the bottom to
near the top, eurving up only in a small upper region. Such a pattern
may be interpretated as indicating the surface excess is constant and
represents the saturated bubble surface, and that at the top the axial
mixing is reduced because of the absence of bubbles above the liquid
surface.

The effects of the gas rate on the solute transfer were examined with
a 3.18-cm column operated as a batch system with 2.25 X 10~2 g-mole/
cm? of the initial feed, and with the gas rate varying from 1.67 to 20.0
CCS8. The same column was also operated as a continuous system with
the gas rate varying from 0.75 to 13.3 CCS, while the remaining vari-
ables were kept constant for all experiments at 1.67 CCS of the feed,
0.384 CCS of the overflow, and 2.25 X 10~% g-mole/cm? of the feed
concentration. The results of the batch and continuous operations are
shown in Figs. 5 and 6, respectively. In both Figs. 5 and 6, the concen-
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Fig. 5. Effect of gas rate on concentration profile of batch column,
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tration profiles for the various gas rates are plotted on semilogarithmic
coordinates.

According to Eq. (9), when the concentration profiles in a batch
column operated with various gas rates were plotted on semilogarithmic
coordinates, the slope of the line for each gas rate would increase linearly
with increasing gas rate, assuming the diffusion coefficient is a constant.
The results shown in Fig. 5 shows a general tendency for increasing
concentration gradient at a higher gas rate; however, the variation of
the gradient with respect to the gas rate is somewhat less than that
expected from Eq. (9). The discrepancy, ie., the gradient dln C/dy
being somewhat less than a linear function of the gas rate, may have
resulted from the fact that as the gas rate increases in the actual situa-
tion, it not only increases the bubble frequency but also increases the
bubble size, the liquid encapsulating the bubble, and the eddy diffusion
coefficient (5). The results of the continuous operation shown in Fig. 6
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F1a. 6. Effect of gas rate on concentration profile of continuous column.
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Fic. 7. Effect of overflow on concentration profile of continuous column.

are in general accord with a pattern described by Eq. (8); i.e., near the
bottom the concentration gradient increases as the gas rate increases.

The effects of the overflow and the bottom effluent on the concentra-
tion profile of a continuous column were also investigated, using 3.18 cm
column. Figure 7 shows the profiles in the continuocus column operated
with the overflow rate varying from 0 to 2.05 CCS while the remaining
variables were kept constant at 5.0 CCS of the gas rate, 1.28 CCS of
the bottom effluent, and 2.25 X 10~ g-mole/em? of the feed concentra-
tion. In a similar manner, Fig. 8 shows the results of the continuous
operation with the bottom effluent varying from 0.82 to 2.50 CCS,
while the gas rate, overflow, and feed eoncentration were kept constant
for all experiments; 9.16 CCS, 1.25 CCS, and 2.25 X 1078 g-mole/cm?,
respectively. The general pattern of the curves shown in Figs. 7 and 8
are expected from Eq. (8).

Description of the solute transfer and its balance around the overflow
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Fic. 8. Effect of bottom effluent on concentration profile of continuous
column.

region, shown in Fig. 1b, is complicated by the fact that a bubble breaks
above the liquid surface and the liquid phase no longer exists. It is
doubtful whether the same diffusion coefficient value would apply for a
point very near the liquid surface and a point far away from the surface.
Furthermore, when a bubble breaks, a part of the liquid is collected
direetly into the overflow, while the remaining liquid falls back into the
bulk solution. The distribution of the liquid from a busting bubble de-
pends on a number of variables including the column size. Because the
overflow was taken over the side of the column rather than throughout
the cross section, the flow near the surface is no longer one-dimensional.
It is debatable whether the solute coneentration in the overflow (C,)
should be the same as that (C,) of the bulk solution near the top.

When the bulk solution is nearly homogeneous near the top, i.e., when
the concentration profile is flat near the top, the eddy diffusion term of
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Eq. (4) become insignificant, and Eq. (4) reduces to
Vi€, =V, + (6/d)GT (12)

where C, is the solute concentration at the top. The same result would
be obtained if the diffusion coefficient (D) was insignificant in this
region. It may be noted here that Eq. (12) is the result of the assump-
tion that the solute concentration in the encapsulating liquid (C,) is
the same as that (C,) of the bulk solution near the top. Equation (12)
is similar to that commonly used for foam fractionation, derived from
the so-called ‘‘ideal foam model” (6, 7) in which the complete removal
of the liquid from the busting bubbles is assumed.

In every test of continuous operation, the solute concentration in the
overflow was significantly higher than that measured 1.0 em below
the liquid surface, which suggests that Eq. (2) may be inadequate for
the deseription of the material balance in the overflow region.

An effort was made to compare the experimental result obtained from
the gas rate study, shown in Fig. 6, with Eq. (12). When the surface
excess is a linear function of the solute coneentration (Eq. 7), Eq. (12)
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Fia. 9. Effect of gas rate on solute separation.
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is reduced to

C = 1 [6/)aG/ V] (13)
The net removal, V,(C, — C;), and the concentration ratios, C,/C, and
C./C;, as a function of the gas rate are shown in Fig, 9.

The experimental value of the surface excess was estimated using
Eq. (12) and bubble diameters estimated from the photographs. The
value varied in a wide range with the maximum value of 0.232 X 10~
g-mole/em? for the smallest column operation, shown in Fig. 3.

The experimental results shown in Fig. 9 generally followed the pat-
terns described by Eqgs. (12) and (13). However, it is not the investi-
gator’s intension to imply that these equations deseribe bubble frac-
tionation accurately. The equations are used only to emphasize the fact
that the solute concentration of the overflow is significantly higher
than that of the bulk solution, and under certain circumstances the
performance of a bubble fractionation system is very similar to that of
a foam fractionation system, especially when most of the liquid from
the busting bubbles above the surface is collected into the overflow.

Despite our efforts, the experimental findings of this study were in-
sufficient to clarify certain questions, especially ones concerning the
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14: 32 25 January 2011

Downl oaded At:

CONTINUOUS BUBBLE FRACTIONATION 551

fundamental mechanism of the adsorption process and subsequent
transfer through the column to the top and over the column. Further
investigations of bubble fractionation using different solutions and
varying column heights would be needed to reach a better understand-
ing of the fundamental mechanism involved.

CONCLUSION

The continuous bubble fractionation process was initially investigated
with the hope that under proper operating conditions, the rising bubbies,
enriched with the solute, would create a concentration gradient so steep
that removal of a small fraction of the feed from the top would result
in an effective separation of the solute. However, it appears that in a
practical bubble fractionation system the axial mixing caused by rising
bubbles is so intense that unless the liquid from busting bubbles is im-
mediately and completely removed, the liquid will be redispersed back
into the bulk solution, thereby losing the effectiveness of the system

When an extremely small column with sufficient overflow is used,
most of the solute adsorbed on the bubble surfaces is removed. For a
realistic column size, the intensive axial mixing causes the bulk solution
in the column to be more or less homogeneous throughout the column.
A large column would be ineffective in solute separation unless some
means of collecting the liquid from busting bubbles is provided to pre-
vent the liquid from redispersing back into the bulk solution.

When a small column is operated with sufficient overflow, the solute
removed with the overflow generally increased as the gas rate and feed
concentration were inereased. The increase in the adsorption for a high
solute concentration is due chiefly to an increase in the adsorption sur-
face which results from the smaller size bubbles generated in the con-
centrated solution.

Notation
a = solute activity
A = column eross section, em?
C = solute concentration, g-mole/cm?
d. = column diameter, cm

d = bubble diameter, cm
D = axial diffusion coefficient, cm?/sec
f = surface to volume ratio of bubble, cm?/cm?
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G = volume rate of gas, ecm3/sec (CCS)
V = volume rate of liquid, em?®/sec (CCS)
y = height of column from bottom, cm

Greek Letters

equilibrium constant of surface adsorption, cm?/em?

a =
B8 = saturated surface concentration, g-mole/cm?
v = surface tension, dyne/cm
I' = surface excess, g-mole/cm?
Subscripts

b = liquid encapsulating bubble
e = bottom effluent

f = feed
o = solution immediately below the liquid surface
t = overflow
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