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ABSTRACT

Waterborne isoflavone Biochanin A and its metabolites are known to elicit estrogenic effects
in fish and affect their reproductive function. In the present investigation for the effective
removal of this isoflavone, a novel zeolite NaA was synthesized, characterized, and
employed for the adsorption of Biochanin A in aqueous solutions. A nanocrystalline zeolite
NaA was synthesized at room temperature (25˚C) via hydrothermal method without using
any organic template. The synthesized zeolite was characterized by X-ray diffraction, scan-
ning electron microscopy, and Brunauer–Emmett–Teller (BET) methods. Results showed
that 72 h of aging time is needed for achieving high surface area, pore volume, and small
crystal size. For the removal of Biochanin A, 1 mg/L initial concentration of Biochanin A,
1 g/L of adsorbent, pH 8, and 250 rpm stirrer speed were found to be optimum. The spec-
trophotometric technique was adopted for the measurement of concentration of Biochanin
A in an aqueous solution. It was found that the adsorption of Biochanin A onto zeolite NaA
is endothermic and the synthesized adsorbent exhibited very high removal efficiency in
comparison with a commercial microporous zeolite A. Experimental data fitted well with
the Langmuir isotherm and pseudo-second-order kinetic model.
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1. Introduction

Over the last few decades, the endocrine-disrupting
compounds became a major issue in environmental
chemistry due to their occurrence in environment
affecting both wildlife and humans [1]. These EDCs can
function as hormone mimics when released into the
environment, altering natural endocrine signaling in
wildlife [2]. The main source of Biochanin A is Fabaceae
plants such as clover, alfalfa, peas, and soy [3]. It is

known that even at very low concentrations (a few
ng/L), they cause estrogenic response in reproductive
systems [4,5]. Phytoestrogens like Biochanin A and its
metabolite Genistein have estrogenic effect in brown
trouts, zebrafish, and Salmo trutta [6]. Feminization of
male fish has also been observed in wastewater streams
from dairy farms, soy industries, paper and pulp mills
including biofuel refineries [7,8]. In fact, it was reported
that the conventional wastewater treatment plants,
which are mainly based on activated sludge systems
are not effective in removing estrogens completely,
because of their relatively high stability [9–11].
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At present, reverse osmosis (RO) and nanofiltration
(NF) are considered feasible. RO particularly results in
lower removal of phytoestrogens than it might be
expected [12]. To achieve satisfactory removal of EDCs,
further advanced treatment is needed. Adsorption and
chemical advanced oxidation can be used for the
advanced removal of EDCs [13]. Adsorption has been
found to be superior in terms of ease of operation, ini-
tial cost, and the lack of possibility of producing sec-
ondary harmful substances. However, use of an
efficient adsorbent is crucial in the case of adsorption
technique guaranteeing the treatment efficiency for
wastewater. The focus of the present study is therefore
to synthesize a potential zeolite that can be used as an
adsorbent for the removal of endocrine-disrupting com-
pound Biochanin A (BCA) from wastewater. However,
the reduction in particle size of the zeolites from
micrometer to nanometer size range gives rise to dra-
matic changes in their properties, and subsequently the
performance of the zeolites in traditional applications
such as sorption significantly increases [14,15].

Various types of nanometer-sized zeolites, including
NaA, faujasite-X, Y, ZSM-5, and silicalite-1, have been
synthesized by hydrothermal procedures using clear
aluminosilicate solutions in the presence of organic
templates [16–20]. Recently, Pan et al. [19] reported the
synthesis of zeolite NaA nanocrystals in a two-phase
liquid segmented microfluidic reactor using a manipu-
lated organic template-free system. However, the appli-
cation of the organic templates has several
disadvantages. They are costly, non-recyclable, and
they require calcinations which results in pollution
problems [18]. The crystallization at a moderate temper-
ature has a pronounced effect on the ultimate zeolite
crystal size. In the present investigation, the smallest
size crystals of zeolite NaA synthesized by organic tem-
plate-free condition has been used in sorption of Bio-
chanin A, an endocrine-disrupting compound.

2. Materials and methods

Fumed silica, sodium hydroxide, sodium alumi-
nate, and deionized water were used for zeolite NaA
synthesis. Biochanin A and distilled water were used
for the preparation of Biochanin A standard solutions.
All the chemicals were procured from Sigma, MO,
USA and Himedia, Mumbai, were of highest analytical
grade available.

2.1. Synthesis of zeolite NaA

Zeolite NaA was synthesized by following stan-
dard procedure available in the literature [21]. Known

amounts of fumed silica (50 g/L) and NaAlO2

(80 g/L) were dissolved in two separate flasks con-
taining equal amounts of NaOH solutions (156 g/L).
Then the two solutions were mixed in a polypropy-
lene bottle and cured in a shaking incubator under
constant stirring of 250 rpm at a temperature of 25
± 2˚C. Samples were collected at regular intervals of
time between (0 and 72 h) to study the effect of aging
time on crystallization and other physical properties.
The zeolite particles were separated by centrifugation
(17,000 rpm, 30 min) washed several times with dis-
tilled water until the pH value dropped to 8.5 and
dried in an oven at 110˚C for about 12 h.

2.2. Characterization of synthesized zeolite NaA

Fig. 1 shows the scanning electron microscopy
(SEM) and TEM images of synthesized zeolite NaA
(72 h aging). These pictures reveal that the synthesized
adsorbent was an aggregation of cubic zeolite crystals
with dimensions up to 0.400 μm (average size:
300 nm). The average particle sizes of the zeolite at
different aging times are shown in Table 1. The crys-
talline phase(s) in the materials were identified by
powder X-ray diffraction (XRD) analysis on X-ray
diffractometer using a Ni-filtered Cu Kα radiation
(40 kV, 40 mA) and are shown in Fig. 2. This figure
shows that the growth of crystalline phases of zeolite
increases with aging time (from 24 to 72 h) and the
crystallization is complete in 72 h. No changes were
noticed after this aging time (figure not shown). The
XRD pattern of synthesized zeolite NaA for an aging
time of 72 h exactly matched with the simulated XRD
pattern available in the literature [22]. The three digits
of the numbers mentioned above each of the peak cor-
respond to their h, k, and l values. For some peaks,
where four digits are shown, the first two digits corre-
spond to the h value. Reduction of peak heights is due
to the reduction of crystal size in the synthesized zeo-
lite NaA.

The pore volume and surface area of the synthe-
sized zeolite NaA were determined from N2 adsorp-
tion–desorption measurements (shown in Fig. 3). The
form of the obtained plot showed a hysteresis phe-
nomenon indicating the presence of mesopores in the
NaA zeolite. The surface area and pore volume of zeo-
lite NaA at different aging times are shown in Table 1.
The surface area of the resulting zeolite increased from
54 to 76 m2/g with an increase in the aging time (from
24 to 72 h). In a similar way, the pore volume also
increased with increasing the aging time. Therefore,
the zeolite NaA prepared using an optimum aging
time of 72 h was used for all adsorption experiments.
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2.3. Preparation of aqueous solution

Stock solution of Biochanin-A (Chemical formula:
C16H12O5, M.W.: 284.26 g/mol) was prepared by dis-
solving 10 mg in 1 L of distilled water to give concen-
tration of 10 ppm. The serial dilute solutions of 1, 2, 3,

and 4 ppm were made by diluting the stock solution
in accurate proportions. Calibration curve for Biocha-
nin A (at a wavelength of 260 nm) was prepared by
measuring the absorbance of different concentrations
of the Biochanin A. The chemical structure of Biocha-
nin A is shown in Fig. 4.

2.4. Adsorption studies

Adsorption experiments were carried out in a
shaking incubator (Bionics orbital) at 250 rpm.
Adsorption was performed by placing 1 g/L of adsor-
bent in 50 ml Biochanin A solution in a 250-ml conical
flask at various concentrations. The experiments were
carried out at different pH (2, 4, 6, 8, 10, and 12) and
temperature range (20–50˚C). The solution pH was
adjusted with NaOH or HCl solutions using a pH
meter (Thermo Scientific). The absorbance of Biocha-
nin A solutions (at a wavelength of 260 nm) was
determined using a UV–vis spectrophotometer (Hach,
DR 5000), from which, the concentration was found
through a calibration curve. Adsorption data obtained
from the effect of initial concentration and contact
time were used in testing the applicability of isotherm
and kinetic equations, respectively.

3. Results and discussion

3.1. Adsorption of Biochanin A over zeolite NaA

3.1.1. Effect of pH on removal of Biochanin A over
zeolite NaA

The pH of the solution has been reported to be an
important factor in adsorption processes [23]. The
variation in percent removal and adsorption capacity
of zeolite NaA with solution pH is shown in Fig. 5
(Reaction conditions: Ci = 1 mg/L, T = 30˚C,
ω = 250 rpm). From this figure, it could be inferred
that the adsorption of Biochanin A (BCA) on zeolite
NaA is strongly dependent on pH values. The
removal of BCA increased from 72.5% (pH 2) to 92%
(pH 8) and then decreased to 65% (pH 12) and the
maximum adsorption capacity was noticed at pH 8.
Therefore, the optimum pH for removal of Biochanin
A was chosen to be 8.

3.1.2. Effect of temperature on removal of Biochanin A
over zeolite NaA

Fig. 6 shows the variation of BCA removal and
adsorption capacity of zeolite NaA with temperature
(Reaction conditions: Ci = 1 mg/L, pH 8, ω = 250 rpm).
An increase in temperature (from 20 to 50˚C) caused a

Fig. 1. (a) SEM and (b) TEM images of synthesized zeolite
NaA (aging period: 72 h).

Table 1
Physical properties of the zeolite NaA synthesized using
different aging times

Property

Aging time

24 h 48 h 72 h

SiO2/Al2O3 ratio 1:2 1:2 1:2
Average particle size from TEM (nm) 450 350 300
Pore volume (cm3/g) 0.04 0.11 0.13
Surface area (m2/g) 54 68 76
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similar increase in BCA removal (from 46 to 78%). The
mobility of BCA molecules increases with raising the
temperature, and increasing temperature also pro-
duces a swelling effect within the internal structure of
the zeolite (leading to widening of pores) enabling
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more phytoestrogen molecules to penetrate further.
The positive effect of the temperature, wherein the
adsorption capacity increased with increasing temper-
ature, indicates that the adsorption of BCA on zeolite
NaA is an endothermic process; this may be due to
the enhanced rate of external and internal diffusion of
the adsorbate molecules.

3.1.3. Effect of stirring on removal of Biochanin A over
zeolite NaA

The effect of the agitation speed on BCA adsorp-
tion was monitored from low to moderate agitation
speeds (50–300 rpm) and is shown in Fig. 7. The
experiments at different shaking speeds (between 50
and 300 rpm) were carried out in a shaking incubator
at 40˚C and pH 8 using 1 mg/L of Biochanin A and
1 g/L of adsorbent. A maximum of 92% BCA removal
was achieved at 250 rpm. Increase in agitation speed
also caused increase in adsorption capacity. At high
agitation, proper contact was developed between Bio-
chanin A in solution and the binding sites of the
adsorbent, which promoted effective transfer of adsor-
bate mass onto the adsorbent sites [23].

3.1.4. Effect of contact time on removal of Biochanin A
over zeolite NaA

The effect of contact time on the adsorption of
Biochanin A over zeolite NaA at room temperature
(25 ± 1˚C) is shown in Fig. 8 (reaction conditions:
Ci = 1 mg/L, T = 40˚C, pH 8, ω = 250 rpm). The
adsorption rate was observed to be rapid in the first
60 min and no further improvement was noticed after
this period. Ninety-two percent removal of Biochanin
A was achieved in 60 min. The fast adsorption at the
initial stage was probably due to the large number of

vacant sites available on the adsorbent surface. The
attainment of equilibrium adsorption might have been
due to reduction in the available active adsorption
sites on the adsorbent with time resulting to limited
mass transfer of the adsorbate molecules from the
bulk liquid to the external surface of adsorbent.

3.1.5. Effect of adsorbent dose on removal of Biochanin
A

The effect of adsorbent concentration on the removal
of BCA is presented in Fig. 9 (Reaction conditions:
Ci = 1 mg/L, T = 40˚C, pH 8, ω = 250 rpm, t = 60 min).
Increase in adsorbent concentration resulted in an
increase in percent removal of Biochanin A. On the
other hand, this has lead to a substantial decrease in the
adsorption capacity values. At 0.1 g/L of adsorbent
dose, the removal of Biochanin A was only 31%. The
maximum removal efficiency of 92.2% was achieved at
an adsorbent dosage of 1 g/L. After this adsorbent

Fig. 7. Effect of stirring speed on removal of Biochanin A.

Fig. 8. Effect of contact time on removal of Biochanin A.

Fig. 9. Effect of adsorbent concentration on removal of Bio-
chanin A.
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dosage, the removal efficiency did not increase signifi-
cantly. At high adsorbent dosages, the available Biocha-
nin A molecules are not able to cover all the
exchangeable sites on the adsorbent, resulting in con-
stant and some slighter removal of Biochanin A. There-
fore, the rest of the experiments was carried out at the
adsorbent concentration of 1 g/L.

3.1.6. Effect of initial concentration of Biochanin A on
its adsorption over zeolite NaA

As shown in Fig. 10, the removal efficiency of Bio-
chanin A was strongly affected by its initial concentra-
tion (reaction conditions: Ci = 1 mg/L, Cz = 1 g/L,
T = 40˚C, pH 8, ω = 250 rpm, t = 60 min). Results indi-
cated that the adsorption of Biochanin A on to zeolite
NaA decreased at high solution concentration as com-
pared to the relative values at low solution concentra-
tion. It was found that an increase in initial
concentration of BCA resulted in an increase of
adsorption capacity of zeolite NaA. It could be quali-
tatively explained by the fact that adsorption occurs
initially on the available active sites of the adsorbent.
At low concentration of adsorbate, the number of
adsorption sites available is higher and the driving
force for mass transfer is greater, which makes the
adsorbate reach the adsorption site with ease. At high
concentration of the adsorbate, the available adsorbent
sites are limited as most of these have been occupied
by adsorbate molecules causing shortage of active
adsorbent sites. The maximum removal efficiency
was achieved at an initial concentration of 1 mg/
L, whereas, the maximum adsorption capacity
(2.2 mg/g) was observed at 1 mg/L of BCA.

3.2. Equilibrium studies on zeolite NaA

An adsorption isotherm describes the relationship
between the amount of adsorbate that is adsorbed on
the adsorbent and the concentration of dissolved
adsorbate in the liquid at equilibrium. Isotherm stud-
ies were conducted at the initial pH of 8, agitation
speed of 250 rpm, and a contact time of 300 min. The
Langmuir isotherm equation assumes that adsorption
takes place at specific homogeneous sites within the
adsorbent. Once a molecule occupies a vacant site, no
further adsorption can take place at that site. More-
over, the Langmuir equation is based on the assump-
tion of a structurally homogeneous adsorbent, where
all sorption sites are identical and energetically equiv-
alent. The Langmuir isotherm model for single compo-
nent adsorption is as follows:

qe ¼ QmKLCe

1þ KLCe
(1)

where qe (mg/g) is the amount adsorbed at equilib-
rium, Qm (mg/g) is the maximum adsorption capac-
ity; and KL (L/mg) is the Langmuir constant related to
the energy of adsorption. The constant KL represents
the affinity between adsorbent and adsorbate.

The Freundlich expression is an equation based on
heterogeneous surfaces suggesting that binding sites
are not equivalent and/or independent [24]. The
Freundlich equation is given by:

qe ¼ KFC
1=n
e (2)

The equilibrium data (Ce and qe) obtained from the
experimental study has been analyzed by the two iso-
therm models and the parameters thus obtained are
presented in Table 2. The Langmuir isotherm parame-
ters were obtained by fitting a straight line to the data
of Ce/qe vs. Ce and the Freundlich isotherm parame-
ters were obtained by fitting a straight line to the data
of ln(qe) vs. ln(Ce) as shown in Fig. 11. It can be
observed from Fig. 12 that the experimental data

Fig. 10. Effect of initial concentration of Biochanin A on its
removal.

Table 2
Model parameters of equilibrium adsorption isotherms

Langmuir isotherm
model Freundlich isotherm model

Parameter Value Parameter Value

Qm (mg/g) 5.13 KF [(mg/g) (L/mg)1/n] 4.66
KL (L/mg) 13.0 1/n 0.054
R2 0.9998 R2 0.9695
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follow the Langmuir isotherm than the Freundlich iso-
therm. The model parameters presented in Table 2
also indicate that the Langmuir isotherm fits more clo-
sely (R2 = 0.9998) to the experimental data and the
maximum monolayer adsorption capacity of the
adsorbent is 5.13 mg/g.

3.3. Adsorption kinetics

3.3.1. Pseudo-first-order model

Pseudo-first-order equation or Lagergren’s kinetics
equation [25] is widely used for studying the adsorp-
tion kinetics of simple adsorption systems.

dqt
dt

¼ k1ðqe � qtÞ (3)

After integration and applying boundary conditions
t = 0 to t = t and qt = 0 to qt = qt, the integrated form of
Eq. (3) becomes:

� ln 1� qt
qe

� �
¼ k1t (4)

where qt is the amount of solute adsorbed per unit of
adsorbent (mg/g) at time t, k1 is the pseudo-first-order
rate constant (L/min), and t is the contact time (min).
The slope of a straight line fit to the data of −ln
(1 − qt/qe) vs. t (as shown in Fig. 13) gives the value
of the rate constant, k1. The value of the pseudo-first-
order rate constant, k1 as obtained from the linear
curve fitting is 0.0692 min−1. However, the pseudo-
first-order model did not yield satisfactory result as
the R2 value is very low (0.5863).

3.3.2. Pseudo-second-order model

According to the pseudo-second-order kinetic
model, the rate of solute uptake is directly propor-
tional to the square of the concentration difference of
the solute from the equilibrium saturation
concentration on the adsorbent. The form of rate

Fig. 11. Fitting of isotherm models: (a) Langmuir and (b)
Freundlich.

Fig. 12. Equilibrium adsorption isotherm plots for adsorp-
tion of BCA on zeolite NaA.

Fig. 13. Pseudo-first-order kinetic model.
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equation for a pseudo-second-order kinetic model [26]
is as follows:

dqt
dt

¼ k2ðqe � qtÞ2 (5)

For the boundary conditions t = 0 to t = t and qt = 0 to
qt = qt, the integrated form of Eq. (5) becomes:

t

qt
¼ 1

k2q2e
þ t

qe
(6)

The values of k2 and qe obtained from a linear plot of
t/qt vs. t (as shown in Fig. 14) are 0.0051 g/mg min
and 6.196 mg/g, respectively. It can be observed from
Fig. 14 that the pseudo-second-order kinetic plot of
(t/qt) vs. (t) gave the perfect straight line fit for the
adsorption of BCA onto zeolite NaA indicating that
adsorption rate can be approximated by pseudo-sec-
ond-order kinetic model. It is also evident from Fig. 14
that the value of the correlation coefficient is accept-
able (R2 = 0.9875).

3.3.3. The intra-particle diffusion model

This model considers external mass transfer (film
diffusion) and internal mass transfer (pore diffusion)

in addition to the adsorption phenomenon. The form
of rate equation for the intra-particle diffusion model
is as follows [27]:

qt ¼ kIt
1=2 þ CI (7)

A straight line fit to the plot of qt vs. t0.5 (Fig. 15)
yielded the values of kI and CI as 0.4748 mg/g min0.5

and 0.3036 mg/g, respectively. The R2 value (0.9072)
suggests that the model fit is reasonable.

The values of kinetic model parameters obtained
from the plots are shown in Table 3. A comparison of
all three kinetic models considered in this work
(Table 3) indicates that the pseudo-second-order
kinetic model is an appropriate model to represent the
kinetic behavior of the BCA–zeolite NaA system con-
sidered in this study.

3.4. Thermodynamic study

The change in standard free energy (ΔG˚) at vari-
ous temperatures can be estimated as follows:

DG� ¼ �RT ln Kd ¼ �RT ln
qe
Ce

� �
(8)

Fig. 14. Pseudo-second-order kinetic model. Fig. 15. Intra-particle diffusion model.

Table 3
Kinetic model parameters

Pseudo-first-order Pseudo-second-order Intra-particle diffusion

Parameter Value Parameter Value Parameter Value

k1 (min−1) 0.0692 k2 (g/mg min) 0.0051 kI (mg/g min0.5) 0.4748
R2 0.5863 qe (mg/g) 6.196 CI (mg/g) 0.3036

R2 0.9875 R2 0.9072
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Here R is the universal gas constant (8.314 J/mol/K),
and T is the temperature in K. The relation among the
thermodynamic parameters mentioned above is given
by the following equation:

DG� ¼ DH� � TDS� (9)

A plot of ΔG˚ vs. T (shown in Fig. 16) yielded the val-
ues of the changes in enthalpy (ΔH˚ = 39,729 J/mol)
and entropy (ΔS˚ = 120.94 J/mol K). Positive value of
enthalpy change indicates the endothermic nature of
the system and the positive value of entropy change
indicates an increased randomness during the adsorp-
tion process.

3.5. Comparison of adsorbent performance

The adsorption performance of the synthesized
zeolite NaA was compared with a commercial microp-
orous zeolite A and is shown in Fig. 17. It can be
observed that the synthesized zeolite NaA has supe-
rior adsorption capacity than the commercial adsor-
bent tested here. The commercial adsorbent showed a
maximum removal of 62%, whereas the synthesized
zeolite NaA showed 95% removal of BCA under the
similar experimental conditions. Therefore, the adsor-
bent synthesized in this work has the potential for
commercializing.

4. Conclusions

The synthesized zeolite NaA had a pore volume of
0.13 cm3/g and surface area of 76 m2/g with an aver-
age particle size of 300 nm and showed good adsorp-
tion capacity for the removal of Biochanin A (BCA),
an endocrine-disrupting compound. With the simulta-
neous affinity toward inorganic cation and oxyanion,
the synthesized zeolite NaA could be a potential
adsorbent for water treatment. The synthesis process
described in this work reduces the cost of synthesis by
avoiding the use of expensive chemical sources as
templates. Adsorption experiments conducted in batch
mode indicated that the optimum pH of the BCA
solution should be 8. Percent removal of BCA and
adsorption capacity of zeolite NaA increased with an
increase in the temperature and stirring speed and
contact time. Optimum contact time was found to be
60 min. With an increase in the BCA concentration,
the percent removal decreased and adsorption capac-
ity increased. On the other hand, an increase in zeolite
loading caused an increase in percent removal and
decrease in adsorption capacity. The experimental
data matched well with the Langmuir equilibrium iso-
therm and pseudo-second-order kinetic model. The
adsorption process was found to be endothermic and
positive value of entropy change indicated increased
randomness during adsorption. In comparison with a
commercial adsorbent, the synthesized zeolite NaA
showed higher adsorption capacity and better removal
of BCA.
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