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ABSTRACT

In this paper, alginate gel (AG) was prepared by cross-linking sodium alginate with calcium
ion. By adding cationic surfactant cetyl trimethyl ammonium bromide (CTAB) as sorption
medium, the bisphenol A (BPA) sorption from aqueous solution onto AG was investigated.
The BPA removal was found to be dependent on initial pH, AG dose, CTAB concentration,
BPA concentration, contact time, and temperature. The isothermal data of BPA sorption on
AG conformed well to the Langmuir model, and the maximum sorption capacity (Qm) of AG
for BPA was 30.96mg/g. The BPA sorption process could be described by the pseudo-
second-order rate kinetic model. The thermodynamic study indicated that the BPA sorption
process was spontaneous and exothermic. The results in this research confirmed that the AG
could effectively remove BPA from aqueous solution in presence of the CTAB. The following
sorption mechanism was proposed. Firstly, the negatively charged AG sorbed CTAB to form
hemimicelle, then BPA was sorbed on hemimicelle by hydrophobic interaction.
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1. Introduction

The endocrine system is a group of glands that
work together and secrete many types of different hor-
mones regulating various important functions in
humans and many other animals. Endocrine disrupting
compounds (EDCs) are exogenous substances that act
like hormones in the endocrine system and disrupt the
physiologic function of endogenous hormones. Among
various problems caused by EDCs, the pollution of
phenolic EDCs in environmental water has aroused the
public concerns as these contaminants were frequently
detected in different water sources in recent years [1,2].
Bisphenol A (BPA), a phenolic EDC, has been widely

used as the monomeric substance for the production of
polycarbonate and epoxy-phenolic resins, and as the
stabilizer or antioxidant for many types of plastics [3].
So, it is inevitably released into the aquatic environ-
ment through various routes. The potential adverse
effects of BPA on human health and reproductive biol-
ogy include breast and prostate cancers, sperm count
reduction, abnormal penile/urethra development
in males, early sexual maturation in females, neurobe-
havioral problems, prevalence of obesity, type 2
diabetes, and immunodeficiency. These adverse effects
of BPA on human health induce urgent need for devel-
oping the effective technique to eliminate BPA from
aquatic environment.
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A number of methods such as phytoremediation [4],
biodegradation [5–7], electrochemical process [8], ozona-
tion [9], chemical oxidation [10], enzymatic oxidation
[11], photooxidation [12], ultrasonic degradation [13],
solvent extraction [14], membrane filtration [15], and
sorption [16] have been employed to eliminate BPA from
wastewater. Recently, a few materials had been used as
sorbents for removing BPA from aqueous solution,
which included aquifer material [17], chitosan-bearing
b-cyclodextrin [18], polysulfone bead [19], mineral [20],
hydrophobic zeolite [21], carbon nanomaterial [22],
activated carbon [23], and molecularly imprinted poly-
mer [24], hybrid mesoporous silicas [25], modified peat
[26], and lignin [27].

Alginic acid is a naturally occurring hydrophilic col-
loidal polysaccharide obtained from the various species
of marine brown alga. It is a linear copolymer consist-
ing mainly of residues of b-1,4-linked D-mannuronic
acid and a-1,4-linked L-glucuronic acid. These mono-
mers are often arranged in a nonregular and blockwise
fashion along the chain. Sodium alginate, a water
soluble salt of alginic acid, exhibits a sol-gel transition
when simply submitted to modification of its ionic
environment, e.g. substitution of monovalent sodium
ion by divalent or polyvalent metal ions such as
calcium, copper, zinc, and aluminum.

In the present work, a new sorption mechanism of
hemimicelles for removing hydrophobic environmen-
tal pollutants from aqueous solution was proposed.
The sodium alginate was cross-linked by calcium ion
for preparing alginate gel (AG) as sorbent. The
cationic surfactant cetyl trimethyl ammonium bromide
(CTAB) was sorbed on oppositely charged AG
through coulombic attraction to form hemimicelles at
certain concentration level called critical hemimicellar
concentration (CHC), and then BPA was sorbed on
hemimicelles of AG through hydrophobic interaction
between the hydrophobic moieties of surfactant on
hemimicelles and aromatic alkyl groups of BPA. The
proposed hydrophobic sorption mechanism had been
applied to remove BPA from aqueous solution in a
batch system.

2. Experimental

2.1. Materials and reagents

Sodium alginate and CTAB were purchased from
Sigma Chemical Co., USA and Amresco Inc., USA,
respectively. The standard BPA (Sinopharm Chemical
Reagent Shanghai Co., Ltd., China) stock solution
(200mg/L) was obtained by dissolving 0.100 g of solid
BPA in 5mL of ethanol, then diluting in 500mL
volumetric flask with deionized water and stored

under refrigeration. The working solutions (pH 6.94)
were prepared by diluting the stock solution in
accurate proportions to different initial concentrations.
All other chemicals were of analytical grade and used
without further purification.

2.2. Preparation of alginate gel

AG beads were prepared by dropwise addition of
2% of viscous sodium alginate solution (w/v) to 3%
calcium chloride solution (w/v) in a stirrer. After 1 h
stirring, the resulting gel beads were stored in the cal-
cium chloride solution for 1 h at room temperature.
Na-alginate reacts with calcium chloride to form
beads and cross-linked Ca-alginate was formed. Dur-
ing the process, the water soluble sodium alginate
was converted into water insoluble calcium AG beads.
The resultant gel beads were washed with deionized
water to remove calcium chloride from the gel
surfaces and collected by filtration. The gel beads
were then dried at room temperature until no weight
change was observed.

2.3. BPA sorption experiments

Sorption experiments were carried out in a rotary
shaker at 150 rpm and ambient temperature (except
the experiments of temperature effect) using 250mL
shaking flasks containing 100mL of BPA working
solutions with known final concentration, desired
CTAB concentration, and initial pH values. The initial
pH values of BPA working solutions were adjusted
with diluted HNO3 or NaOH using a pH meter.
Different dose of AG was added into each flask, and
then the flasks were sealed up to prevent volume
change of the solutions during the experiment. After
shaking the flasks for predetermined time intervals,
the samples were separated and the residual concen-
tration of BPA in solutions was estimated by HPLC
under the following conditions: column, TSKgel
ODS-80Ts 4.6mm i.d.� 250mm (Tosoh Corp., Japan);
eluent, methanol/distilled water (7:3, v/v); flow rate,
1mL/min; temperature, 40˚C; and eluent detection
at 270 nm. The amount of BPA sorbed on AG was
calculated by the mass balance equation.

3. Results and discussion

3.1. Influence of solution pH

The influence of solution pH on BPA sorption was
shown in Fig. 1. The BPA sorption percentage on AG
increased as the initial pH was increased from 2 to 3,
then kept maximum value in the pH range of 3–8,
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and decreased as the pH was continually increased
from 8 to 12.

When pH<3, the formation of CTAB hemimicelle
decreased because of protonation of negative charged
AG, the removal of BPA decreased. When pH>8, the
hydrophobic interaction between the hydrophobic
moieties of CTAB on the hemimicelle and aromatic
alkyl groups of BPA decreased because of deprotona-
tion of BPA, together with the electrostatic repulsion
between BPA anion and negative charged AG, the
removal of BPA decreased.

3.2. Effect of sorbent dose

The effect of sorbent dose on BPA sorption is pre-
sented in Fig. 2. When AG dose was increased from
0.5 to 2.5 g/L, the BPA sorption percentage on AG
increased from 38.30 to 96.51%. After that, the BPA
sorption ratio on AG held almost no variety. Increase
in the BPA sorption ratio with sorbent dose could
be imputed to increased sorbent surface area and
availability of more sorption sites.

3.3. Influence of CTAB concentration

The BPA removed from aqueous solution by AG
was based on the hydrophobic sorption mechanism of
hemimicelles. At certain concentration level called
CHC, the cationic CTAB was sorbed on oppositely
charged AG through coulombic attraction and
formed hemimicelles, and then BPA was sorbed on
AG through hydrophobic interaction between the

hydrophobic moieties of CTAB hemimicelles on AG
and aromatic alkyl groups of BPA.

As the intermediary of BPA sorbed on AG, the
influence of CTAB concentration on BPA sorption is
shown in Fig. 3. When the CTAB concentration was
less than 100mg/L, any BPA sorption could not be
observed. This result was consistent with our expecta-
tion. Along with the increase of CTAB concentration
from 150 to 450mg/L, the BPA sorption percentage on
AG increased from 32.41 to 96.66%. But with further
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Fig. 2. Effect of sorbent dose on removal of BPA by AG
(BPA concentration: 50mg/L; CTAB concentration:
450mg/L; contact time: 13 h; pH: 6.94).
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Fig. 3. Influence of CTAB concentration on removal
of BPA by AG (BPA concentration: 50mg/L; AG dose:
2.5 g/L; contact time: 13 h; pH: 6.94).
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Fig. 1. Influence of initial pH on removal of BPA by AG
(BPA concentration: 50mg/L; AG dose: 2.5 g/L; CTAB
concentration: 450mg/L; contact time: 13 h).

4390 J. Zhu et al. / Desalination and Water Treatment 52 (2014) 4388–4394



increase of CTAB concentration up to 800mg/L, the
BPA sorption percentage on AG obviously decreased.
The obvious decrease of BPA sorption percentage with
increase of CTAB concentration could be attributed to
the formation of CTAB admicelle on AG and CTAB
micelle in solution. The BPA molecules in solution can-
not be sorbed by CTAB admicelle on AG and CTAB
micelle in solution will hinder the sorption of BPA on
sorbent.

3.4. Effect of BPA concentration and sorption isotherm

The effect of BPA concentration on its sorption is
presented in Fig. 4. Over the 10–50mg/L of BPA con-
centration range, its removal ratio on AG of 2.5 g/L
exceeded 96%. With further increase of BPA concen-
tration up to 100mg/L, the BPA sorption percentage
on AG obviously decreased. The decrease of BPA
sorption percentage could be imputed to the lack of
available active sites on AG required for the high BPA
concentration.

The following Langmuir and Freundlich equations
were employed to study the sorption isotherm of BPA
on AG:

Ce=qe ¼ 1=ðaQmÞ þ Ce=Qm ð1Þ

ln qe ¼ lnK þ ð1=nÞ lnCe ð2Þ

where Ce (mg/L) is the concentration of BPA solution
at equilibrium, qe (mg/g) is the amount of sorbed
BPA at equilibrium. In Langmuir equation, Qm is the
maximum sorption capacity and a is Langmuir con-
stant. In Freundlich equation, K and n are empirical
constants.

The simulated Langmuir and Freundlich equations
based on the experimental data in Fig. 4, and the val-
ues of parameters and correlation coefficients are
shown in Table 1. The values of correlation coefficient
in Table 1 indicate that the sorption isotherm of
BPA on AG only followed the Langmuir model. The
maximum sorption capacity (Qm) of AG for BPA
obtained from the simulated Langmuir equation was
30.96mg/g. The sorption capacities (Qm) of some
sorbents for BPA are compared in Table 2.

3.5. Influence of contact time and sorption kinetics

The influence of contact time on BPA sorption is
shown in Fig. 5. It can be seen from Fig. 5 that the
BPA sorption velocity gradually declined with the
progression of sorption, and then the sorption reached
saturation at about 13 h.

The following pseudo-first-order and pseudo-
second-order rate equations were used to study the
kinetic model of BPA sorption:

lnðqe � qeÞ ¼ ln qe � kad t ð3Þ

t=qt ¼ 1=kadqe
2 þ t=qe ð4Þ

where qe and qt refer to the amount of sorbed BPA at
equilibrium and time t (min), respectively (mg/g),
and kad is the rate constant.
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Fig. 4. Effect of BPA concentration on its removal by AG
(AG dose: 2.5 g/L; CTAB concentration: 450mg/L; contact
time: 13 h; pH: 6.94).

Table 1
The isotherm equations and parameters of BPA sorption on AG

Langmuir Freundlich

Sorbate Ce/qe = 0.0323Ce+ 0.0595 ln qe=0.3838lnCe+ 2.3214

Qm(mg/g) a (L/mg) R2 K (mg/g)(mg/L)n n R2

BPA 30.96 0.5429 0.9958 10.19 2.6055 0.8641
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The simulated pseudo-first-order and pseudo-
second-order rate equations based on the experimental
data in Fig. 5, and the values of parameters and
correlation coefficients are shown in Table 3. The
correlation coefficients in Table 2 indicate that
the kinetics of BPA sorbed on AG conformed to
pseudo-second-order rate equation better than
pseudo-first-order rate equation.

3.6. Effect of temperature and sorption thermodynamics

The effect of temperature on BPA sorption was
studied at 298.15, 303.15, 308.15, 313.15, 318.15, and
323.15K. The thermodynamic parameters, DH� and
DS�, were obtained from the following Van’t Hoff
equation:

lnðqe=CeÞ ¼ DS
�
=R� DH

�
=RT ð5Þ

where qe/Ce is the equilibrium constant (mL/g), DS� is
standard entropy (J/molK), DH� is standard enthalpy
(J/mol), T is the absolute temperature (K), and R is
the gas constant (8.314 J/molK). From Fig. 6, the DH�

and DS� values can be calculated from the slope
(�DH�/R) and intercept (DS�/R) of the linear plot of
ln (qe/Ce) vs. 1/T.

The thermodynamic parameter, DG�, was calcu-
lated from the following Gibbs–Helmholtz equation:

DG
� ¼ DH

� � TDS
� ð6Þ
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Fig. 5. The kinetic curve of BPA sorption on AG (BPA
concentration: 50mg/l; AG dose: 2.5 g/L; CTAB
concentration: 450mg/L; pH: 6.94).

Table 3
The kinetic equations and parameters of BPA sorption on AG

Pseudo-first-order Pseudo-second-order

Sorbate ln (qe – qt) =�0.4066 t + 3.5433 t/qt = 0.2635 + 0.0243 t

qe (mg/g) kad (1/min) R2 qe (mg/g) kad (g/mgmin) R2

BPA 34.581 0.4066 0.9539 41.152 0.0022 0.9752

Table 2
The sorption capacities (Qm) of various sorbents for BPA

Sorbate Sorbent Qm

(mg/g)
Reference

BPA Chitosan-bearing b-
cyclodextrin

139 [18]

Hydrophobic zeolite 111.11 [21]

AG 30.96 Present
study

HTAB-modified peat 29.15 [26]

Unmodified peat 15.97 [26]

ln(qe/Ce ) = 2780.9/T - 0.1181

R2 = 0.9712

8.4

8.5

8.6

8.7

8.8

8.9

9

9.1

9.2

9.3

9.4

0.0031 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034 0.0034

1/T

ln
(q
e/
C
e

)

Fig. 6. The thermodynamic plot of BPA sorption on AG
(BPA concentration: 50mg/L; AG dose: 2.5 g/L; CTAB
concentration: 450mg/L; contact time: 13 h; pH: 6.94).
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where DG� is the standard free energy (kJ/mol). The
DG� values under different temperatures as well as DH�

and DS� values are presented in Table 4. The negative
values of DG� and DH� indicated that the BPA sorption
were spontaneous and exothermic. Lower temperatures
were favorable for the sorption process. It was specu-
lated that the thermal movement of molecules could
weaken the hydrophobic interaction between the linear
hydrocarbon chain of CTAB on hemimicelle and aro-
matic alkyl groups of BPA, maybe high temperature
also affected the formation of hemimicelle. So BPA
sorption decreases at high temperature.

4. Conclusion

This work confirmed that AG could effectively
remove BPA from the aqueous solution containing cat-
ionic surfactant. The BPA sorption percentage was
affected by initial pH, AG dose, CTAB concentration,
BPA concentration, contact time, and temperature. The
maximum value of BPA sorption appeared in the pH
range of 3–8. The isothermal data of BPA sorbed on AG
conformed to the Langmuir model. Based on the simu-
lated Langmuir equation, the sorption capacity (Qm) of
AG for BPA was 30.96mg/g. The kinetics of BPA
sorbed on AG followed the pseudo-second-order rate
equation better than the pseudo-first-order rate equa-
tion. The thermodynamic study suggested that the BPA
sorption process was spontaneous and exothermic.
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