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Abstract

To clarify adsorption—equilibrium relationship at liquid—atmosphere interface, adsorption behavior of bisphenol-A (BPA) and diethyl phthalate
(DEP) onto bubble surface was studied by using nonfoaming adsorptive bubble separation (NFBS) technique. The adsorption isotherms of BPA
and DEP were obtained experimentally. The experimental results showed that adsorption equilibrium of BPA and DEP on bubble surface followed
Langmuir’s adsorption isotherm. Two adsorption parameters, the adsorption equilibrium constant and the saturated adsorption density on bubble
surface could be determined and were 2.04 x 103 cm?/g and 1.35 x 108 g/cm? for BPA and 9.41 x 10* cm®/g and 1.79 x 1078 g/cm? for DEP,

respectively.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Nonfoaming adsorptive bubble separation; Endocrine disruptor chemical; Bisphenol-A; Diethyl phthalate; Separation

1. Introduction

Recently influences of environmental distributed chemicals,
so called as endocrine disrupting chemicals (EDCs), on human,
vertebrate and so on have been reported [1-8]. Among EDCs,
bisphenol-A (BPA) is well known one and its influences of hor-
monal signals and irreversible effects on the development of the
reproductive organs. Especially, many reports of these influences
on fish have appeared in literature [9-15]. Fish and shellfish
are important for human as not only protein resources but also
resources of physiologically active and bioactive substances.
For conservation and restoration of the aquatic environments,
these substances are attempted to remove from aqueous environ-
ments. To this purpose, several techniques have been attempted
and developed, i.e., adsorption method using solid adsorbent
[16-20], degradation using ozone and ultraviolet light irradia-
tion [21], degradation by catalyzed or enzymatic method [22,23]
and degradation by ultrasonic sound irradiation [24].

On the other hand, many EDCs have hydrophobic func-
tional groups in their structure [25-27]. The authors focus on
the hydrophobicity of EDCs and suppose that the adsorption
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phenomenon of EDCs at liquid—air interface will be utilized
to remove EDCs from aqueous environments. Among them,
nonfoaming adsorptive bubble separation (NFBS) [28,29] and
ultrasonic atomization techniques [30] have been proposed to
remove/enrich surface-active substances from dilute aqueous
solution [28-30]. Especially, ultrasonic atomization technique
can be effective and potential method to remove EDCs due to its
high ability of producing the specific surface area based on vol-
ume of liquid, i.e., liquid—atmosphere interfacial area [31]. For
the process design of this method, adsorption behavior of EDCs
at liquid—atmosphere interface should be important to determine
adsorption equilibrium relationship. The NFBS technique is also
available methods for not only a tool of investigation of adsorp-
tion behavior onto bubble surface of surface-active substances
diluted in aqueous media but also removal of these substances
in dilute solution, and has some advantages, i.e., low energy
requirements, a little mechanical parts in the apparatus, no-
requirement of tedious treatments such as desorption or addition
of any other chemicals and extending to a continuous operation
with ease.

In this study, nonfoaming adsorptive bubble separation exper-
iments were conducted with bisphenol-A and diethyl phthalate
(DEP) as model EDCs, which have different value of partition
coefficient n-octanol/water (log Koy, ), respectively. The aim of
this study is determination of adsorption equilibrium parameters
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Nomenclature

A a cross-sectional area of bubble column (m?)

Cy concentration of bulk liquid (kg/m3)

G initial concentration of bulk liquid (kg/m?)

Cy concentration of liquid droplets (kg/m?)

dy average diameter of bubble swarm dispersed

within the column defined by Eq. (4) (m)

g the gravitational acceleration (m/s>)

H distance between the bottom of the droplet trap
and the liquid surface within the column (m)

K adsorption equilibrium constant (m>/kg)

L Avogadro’s number

My, molecular weight (kg/mol)

q volumetric flow rate of liquid droplets (m>/s)

q0 intrinsic volumetric flow rate of liquid droplets
(m3/s)

Sb production rate of bubble surface area (m?)

U, superficial gas velocity (m/s)

X adsorption density on bubble surface (kg/m?)

Greek symbols

&g gas holdup

y saturated surface adsorption density on bubble
surface (kg/mz)

o gas density (kg/m3)

o1 liquid density (kg/m®)

U liquid viscosity (kg/(m s))

of BPA and DEP. Determination of the adsorption parameters
for EDCs is important to develop and design the further removal
process.

2. Materials and methods
2.1. Materials

Bisphenol-A and diethyl phthalate were purchased from
Kanto Chemical Co. Inc. (Tokyo, Japan) and were used with-
out further purification. These were dissolved in distilled water
containing 1.0 wt.% NaCl. The solutions were used in experi-
ments in this study. All experiments were conducted at room
temperature and under atmospheric pressure.

2.2. Experimental setup

A schematic diagram of the experimental setup for NFBS
method is shown in Fig. 1. The setup is almost the same as that
used in the previous study [28,29,32]. A bubble column consist-
ing of a cylindrical acrylic resin tube of 4.4 cm I.D. and 36 cm in
height was constructed. Sintered glass filter (10—15 wm mean-
pore size) was installed as a gas distributor at the bottom of the
column. Air was supplied to the column through the distribu-
tor. Pressure taps for measuring gas holdup in the column were
installed at intervals of 25 cm along the wall.
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Fig. 1. Schematic diagram of experimental setup for nonfoaming adsorptive
bubble separation.

The droplet trap and the droplet collector were used to
measure the volumetric flow rate, ¢, and to determine the con-
centration, Cy, of the droplet, respectively. They were equipped
at the top of the column when they were used. The droplet trap
was also made of an acrylic resin cylinder 1.8 cm in height and
5.0 cm in inside diameter (i.e., the outside diameter of the foam
separation column), the bottom end of the cylinder being cov-
ered with a stainless steel net. The trap was filled with a certain
amount of cotton fiber wool and fixed at the top of the foam
separation column.

During the experiment, the trap was filled with a cer-
tain amount of cotton to entrap droplets generated at the
liquid—atmosphere interface. The detailed drawing of the col-
lector is shown in Fig. 2. The droplet collector was made of
transparent plastic resin and was consisted of a conical upper
section with a cone angle of 75° and a cylindrical lower section
with a diameter of 5.0 cm and a height of 3.2 cm. A suction tap of
stainless steel pipe (0.3 wm in inside diameter) was attached to
the top of the cone and it was connected to a reservoir for droplet
recovery. To minimize droplet drying, four glass tubes were
installed at the wall of the cylindrical part to induce humidified
air.

2.3. Experimental procedure

2.3.1. Measurement of droplet flow rate

An experimental setup used in this study is almost the same as
that described in the previous paper [28,29] as shown in Fig. 1.
500 mL of BPA or DEP solution was prepared at a desired con-
centration and it was charged into the column. Nitrogen gas or
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Fig. 2. Detail drawing of droplet collector for determining the concentration,
Cyr, of droplet in nonfoaming adsorptive bubble separation experiment.

air was supplied to the column through a distributor. The droplet
trap was made of acrylic cylinder with a steel mesh at the bottom
end. At the experiment the trap was filled with a certain amount
of cotton, and it was placed at the column top to entrap droplets
generated at the liquid—atmosphere interface.

Bisphenol-A and diethyl phthalate were used as model
endocrine disruptors. The experiment for measuring volumetric
flow rate of droplets was carried out as follows. BPA and DEP
were dissolved in 1 wt.% NaCl solution, respectively, since, in
some cases, environmental water has some ionic strength. A
BPA or DEP solution prepared at a desired concentration was
charged into the column up to a desired liquid level. Then, aer-
ation was started and the trap was exposed to the upward flow
of droplets generated at the liquid surface. After a certain time,
the trap was detached from the column and it was weighed with
a balance. The volumetric flow rate, g, of droplets was deter-
mined from the change in weight of the trap and the exposure
time, assuming that the density of solution was equal to that of
water. The experiments were repeated at various distance, H,
which corresponds to the distance between the bottom of the
droplet trap and the liquid surface within the column.

The intrinsic flow rate, gg, of the droplets at the liquid surface
within the column was determined by the extrapolation method
[28,29]; plots of g versus H yielded straight line with negative
slope. The extrapolation of the line back to H=0 gave qg.

The gas holdup, &y, was determined from the difference in
static pressure between the clear and aerated liquids using a dif-

ferential pressure transducer (Tem-Tech Lab. Inc., Japan). The
voltage signals from the transducer were recorded by a personal
computer (NEC PC-9801VM) via A/D converter (CONTEC).
All the experiments were conducted with a constant superficial
gas velocity, Ug =5.37 x 1072 cm/s.

2.3.2. Enrichment experiment

The experimental setup and procedure were almost the same
as those described in the previous paper [28,29]. The experi-
ments were operated in batchwise with respect to liquid. Each
run was conducted for 30 min with Ug =5.37 x 10~2 cm/s. As
the preliminary experiments showed that Cy; was not changed
with the position of the collector in the range of 1.4-4.4cm,
all the experiments were carried out at the constant position of
2.4cm. The concentrations of BPA and DEP were measured
spectrophotometrically at 285 nm for BPA, and 245 or 280 nm
for DEP, respectively.

3. Results and discussion

3.1. Determination of surface adsorption density of BPA
and DEP

Taking into account that the objective surface-active sub-
stance contained in droplets is originated from the adsorbed at
bubble-liquid interface and the dissolved in bulk liquid, the mass
balance can be expressed as [28,29,32]:

q0 Cor = Sp X + qo Cv, (1

where Cy, Sy, and X denote concentration in the bulk liquid, the
production rate of bubble surface area in the column and the
surface density (amount of adsorbed on bubble surface in equi-
librium), respectively. From Eq. (1) and Lagmuir’s adsorption
isotherm,

X= (i‘;) (Cur — Cp) =

KyCy

it o)
1+ KCy @

where K and y represent the adsorption equilibrium constant and
the saturated surface density (maximum amount of adsorbed on
bubble surface in equilibrium), respectively. The production rate
of bubble surface area in the column, Sy, is expressed by the
following equation [28]:

4 (= ppre?
Sp = 6Aeg(1 — sg)4-65{ (225> wi} : 3)

where A, &g, g, p1, pg and ) denote a cross-sectional area of
the column, the gas holdup, the gravitational acceleration, the
densities of the liquid and the gas and the viscosity of the liquid,
respectively.

3.2. Gas holdup and the intrinsic volumetric flow rate of
droplet

Gas holdup, &, and the intrinsic volumetric flow rate, gq, of
droplet at liquid—atmosphere interface within the column were
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Fig. 3. Change in gas holdup, ¢, with the initial bulk concentration, C;, within
the column for bisphenol-A (BPA; open circle) and diethyl phthalate (DEP; open
triangle). Solid lines were calculated by a least squares regression.

determined. The results are shown in Figs. 3 and 4, respec-
tively. The values of gg were determined by the extrapolation
method [28,29]. The axial profile of g for BPA is shown in
Fig. 5 as a typical result. The gas holdup increased with C;
linearly in the present experimental range. On the other hand,
the both profiles of gp have a bending points in the vicinity of
ca. C;=1.5 x 107> M and ca. 2.0 x 107> M for BPA and DEP,
respectively. The profile of ¢ is considered to reflect a statement
of dispersed bubbles, i.e., bubble frequency and the average size
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Fig. 4. Change in the intrinsic volumetric flow rate, go, of liquid droplet at
liquid—atmosphere interface within the column as a function of the initial bulk
concentration, Cj, of the bulk liquid for bisphenol-A (BPA; open circle) and
diethyl phthalate (DEP; open triangle). Solid lines are calculated by a least
squares regression.
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Fig. 5. Axial profiles of the volumetric flow rate, g, of droplets at air-liquid
interface within the column with the initial concentration, Cj, for bisphenol-A
(BPA) in nonfoaming adsorptive bubble separation.

of the dispersed bubbles in the solution within the column. The
average diameter, d,, of bubble swarm can be calculated by the
following equation [32,33]:

Ug
ea(1 — £)+65((4/225)(p1 — pe)2g2/Gup)' "

where U, represents a superficial gas velocity in the column.
Fig. 6 shows the calculated values of dp, with function of the
initial concentration, Cj, of the bulk liquid within the column. As
seen in the figure, value of dy, decreased abruptly in the vicinity
of ca. 1.0 x 107> M < C; <2.0 x 1075 M for both BPA and DEP.
This concentration range correspond to that of the bending points
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Fig. 6. Variation of the average diameter, d,, of bubbles dispersed within the
column with the initial bulk concentration, C; for bisphenol-A (BPA; opencircle)
and diethyl phthalate (DEP; open triangle). The plotted data were calculated from
Eq. (4).
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of go for BPA and DEP. Up to the bending point, increase in gg
seemed to be affected by rather increase in the bubble frequency.
At higher concentration over the bending point, unstable foam
was generated and was accumulated at the edge between the
inside column wall and the liquid surface within the column.
This is unstable foam collapsed immediately when the aeration
was stopped. As increased the initial concentration of the bulk
liquid, this unstable foam intends to decrease the effective cross-
sectional area at liquid—air interface where droplet generated.
Thus, the degree of increasing go decreased over the bending
point.

3.3. Adsorption isotherm of BPA and DEP

Fig. 7a and b show the adsorption isotherms for BPA and DEP.
To reveal the difference of the amounts adsorbed for BPA and
DEP in the lower concentration region (ca. Cj <3.0 x 107 M),
the ordinate and the abscissa of Fig. 7b are expressed in log-
arithmic scale. The ordinate of Fig. 7a and b represent the
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Fig. 7. The adsorption isotherms of bisphenol-A (BPA; open circle) and diethyl
phthalate (DEP; open triangle) onto bubble surface.
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Fig. 8. Fitting of the data of Fig. 5 to Eq. (5) for bisphenol-A (BPA; open circle)
and diethyl phthalate (DEP; open triangle).

adsorption density, X, of EDCs on bubble surface, which cor-
respond to (go/Sp)(Cr — Cp) in Eq. (2). In this calculation, the
initial concentration of the bulk liquid, Cj, was regarded as the
bulk concentration, because the volume of the initial solution
is much larger than that of the collected mist droplets. Thus,
the authors employed Cj as Cp hereafter. This tendency was
observed in our previous study dealing with crystal violet and
humic acid [29].
On the other hand, a reciprocal of Eq. (2) is written as:

Sb 11 1
— =t ®)
q0(Cy —Ci) Ky Ci

Eq. (5) shows the Langmuir plot in the present adsorption
system. The slope and the intercept of the straight line give the
values of K and y, respectively.

Fig. 8 shows the plot of Eq. (5) for BPA and DEP, respec-
tively. Straight lines in Fig. 8 were calculated by a least squares
method. As seen in Fig. 8, the both data for BPA and DEP
are in good agreement with Eq. (5). This fact supports that the
adsorption equilibrium relationship of BPA and DEP onto bub-
ble surface should follow the Langmuir adsorption isotherm.
From the intercept and the slope of each line, the values of
adsorption equilibrium constant, K, and the saturated surface
density, y, for BPA and DEP were determined. These values are
summarized in Table 1.

Table 1
Adsorption parameters determined in the present study

K (ecm’/g) y (g/em?)
BPA 2.04 x 10 1.35x 1078
DEP 9.41 x 10* 1.79 x 1078
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3.4. Adsorption parameters

Interpretation of physical meanings of adsorption equilibrium
constant, K, is so complicated. In the present system, however, K
seems to reflect the hydrophobicity of surface-active substances.
The partition coefficient n-octanol/water is well known as an
index parameter of hydrophobicity (log Koy ). Thus, Koy should
indicate a degree of hydrophobicity of objective substance. The
values for both BPA and DEP were reported; 2.47 for DEP [34],
and, 3.32 [35], 3.82 [36], 3.84 [37], 3.40 [38], and 3.43 [39] for
BPA. The value for BPA is larger than that for DEP, although
the reported values for BPA have some scatter. This tendency is
similar with the case of K determined in this study. The logarithm
value of ratio of partition coefficient n-octanol/water of BPA and
DEP is ranged in 1.34—1.55, on the other hands, the ratio of K
for BPA and DEP is 2.16. The value of the ratio of K is rather
larger than that of the partition coefficient n-octanol/water.

3.5. Verification of enrichment ratio

For verification of the adsorption parameters, K and y, deter-
mined in the present study, the experimental E values were
compared with the calculated ones. From Egs. (1) and (2), the
enrichment ratio, E, can be expressed as:

Sb Ky
=—=14+—=) ——— @)
Cj q0/) 1+ KC;

From Fig. 4, qo is apparently affected by the initial concentration,
C;, of solution. Thus, the value of gp can be approximated by
linear regression (solid lines in Fig. 4).

In case of BPA,

forCi < 1.0 x 107°M, ¢qo = 3.44 x 10 C; +2.38 x 1073
®

for1.0 x 107 < C; < 3.0 x 1074 M,

go = 1.39 x 10" C; + 6.05 x 1073 9)

In case of DEP,

forC; < 1.0 x 107°M, ¢o =3.90 x 10> C; +2.22 x 1073
(10)

for1.0x 107> < C; <2.5 x 107* M,
go = 1.08 x 10 C; + 6.16 x 1073 (1)

The value of gas holdup, ¢, can be also estimated experimen-
tally by linear regression (solid lines in Fig. 3).

In case of BPA,
£=233x10"C; +520 x 1073 (12)
In case of DEP,
e=1.52x10'C;+5.20 x 1073 (13)
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Fig. 9. Comparison of the values of experimental enrichment ratio, E and the
calculated ones for bisphenol-A (BPA; open circle) and diethyl phthalate (DEP;
open triangle).

The value of intercept of Egs. (12) and (13), 5.20 x 1073,
corresponds to the value of gas holdup of 1.0 wt.% NaCl solu-
tion. By means of the relations of Egs. (8)—(13), Egs. (2) and
(3), and the adsorption parameters (K and y), the E value can
be calculated semi-theoretically. Fig. 9 shows comparison of
the experimental E values and the calculated ones for BPA and
DEP. Data in this figure is different from Figs. 7 and 8 and was
obtained by other series of enrichment experiments for BPA
and DEP, respectively for verification of the parameters and the
reproducibility of the present experiments. The experimental
range of C; were 1.0 x 107% < C; < 1.0 x 10~ M for DEP and
1.0x107°% < Ci<3.0x 10~4M for BPA, respectively. As for
BPA, slightly higher C;j region could be employed in the enrich-
ment experiments for the verification, in comparison with the C;
range in estimation of the adsorption parameter (Figs. 7 and 8).
The good agreement between the experimental £ and the cal-
culated E can be recognized in Fig. 9. This suggests that the
present method is reproducible and that the estimated adsorption
parameters should be valid.

4. Conclusion

Nonfoaming adsorptive bubble separation experiments were
conducted with bisphenol-A and diethyl phthalate as the model
endocrine disruptor chemicals. The adsorption isotherms for
BPA and DEP were obtained and agreed well with Langmuir’s
plot of the present system. Thus, the adsorption equilib-
rium relationship between bulk liquid and bubble surface for
both BPA and DEP was expressed by Langmuir’s adsorption
isotherm. According to Langmiur’s plot, two adsorption param-
eters, the adsorption equilibrium constant, K, and the saturated
adsorption density, y, on bubble surface could be determined
and were 2.04 x 10° cm®/g and 1.35 x 1078 g/cm? for BPA
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and 9.41 x 10* cm?/g and 1.79 x 1073 g/cm? for DEP, respec-
tively.
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