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AbstractEndocrine disrupting chemicals (EDCs) are emerging water contaminants and efficient elimination is a
greater challenge for environmental engineers. The present communication is intended to synthesize the novel dense
nanocomposite materials precursors to the bentonite and 3-mercaptopropyletrimethoxy silane/or 3-aminopropyl-
etriethoxy silane. The materials are highly dense, hence the surface area is significantly reduced compared to the pris-
tine bentonite. Further, the materials are intended to be utilized in the elimination of one of the important EDC 17-
ethinylestradiol (EE2). The sorption mechanism is greatly demonstrated based on various parametric studies. It is
shown that grafted silane with bentonite network provides enhanced hydrophobicity with organophilic nature and
greatly favors the uptake of EE2 at a wide range of pH (5.0-10.0). Relatively rapid uptake of EE2 by the nanocomposite
solids followed by a pseudo-second-order kinetic model indicated that the materials are highly efficient for elimination
of EE2. Increasing the concentration of EE2 (1.0 to 10.0 mgL1) favored the extent of removal of EE2 and followed the
Langmuir adsorption isotherm. Further, the increase in background electrolytes by 1,000 times did not affect the
removal of EE2 by these nanocomposites, indicating the sorbing species are attracted with relatively stronger forces.
Moreover, the simultaneous presence of several co-ions did not affect the percentage elimination of EE2; this, perhaps,
shows an enhanced selectivity of materials towards the 17-ethinylestradiol. A high loading capacity of EE2 is achieved
under column reactor operation using these nanocomposites. Additionally, the materials are promising in the real
matrix treatment.
Keywords: 17-Ethinylestradiol Elimination, Real Matrix Treatment, Nanocomposites, Silane Grafted Bentonite, Fixed-

bed Treatment, Hydrophobic Interactions

INTRODUCTION

An enhanced level of emerging micro-pollutants, including phar-
maceuticals or personal care products, in water bodies has received
global attention and it poses greater challenges to maintaining water
quality. The diverse chemical compositions and potential of micro-
pollutants, as well as the intricate network of exposure pathways,
create innumerable problems to researchers or regulatory bodies
for possible solutions [1,2]. These pollutants are increasingly enter-
ing into the terrestrial environment as toxic chemicals, and due to
their persistence in nature are partly eliminated from biological
treatment plants. It is pointed out that even at low concentrations,
these micro-pollutants are active and stable in the water bodies,
which shows a long exposure to aquatic life [3]. Similarly, the endo-
crine disrupting chemicals (EDC) are posing serious concern due
to the negative impact on human beings [4]. The Environmental
Protection Agency (EPA) has described endocrine disruptors (EDC’s)
as, “exogenous compounds which intervene the production, emis-
sion, binding and movement of natural hormones which are essen-
tial for the growth and function of living organisms” [5]. EDC’s are
classified as natural and synthetic estrogens, which affect the bio-
logical systems of aquatic organisms even at very low concentra-

tions, i.e., 0.1 ngL1 [6]. The most harmful endocrine disruptor is
known to be ethinyl estradiol (EE2), the major primary substance
used in contraceptive pills and postmenopausal hormone supple-
ments [4,7,8]. EE2 is commonly detected in domestic sewage sys-
tems and some industrial wastewaters [9,10]. Human urine is re-
garded as the primary source of estrogens in wastewater [11]. Pre-
vious study reported that a significant amount of free EE2 is detected
in wastewaters and having the concentration of 7-42 ngL1 from
the effluents of wastewater treatment plants [12]. It was also reported
that treated water for drinking in Germany contained a significant
amount of EE2 at 0.5ngL1 [13]. According to several reports, human
health is significantly affected by EE2 and causes diseases such as
disorders of the reproductive system, cancer and impotence [14-
16]. Compared to natural estrogens, the half-life of EE2 is longer
and is more harmful [17]. EE2 is readily gathered in silt and eco-
systems [18] and hence, the concentrations of EE2 ranged from
0.1-10 ngL1 which affected the life of fish and other organisms in
water [19]. Research conducted by spiking a lake in Canada with
EE2 concentration 5-6 ngL1, resulted in the deaths of the entire
fish population [20].

Several methods, including adsorption [21], advanced oxida-
tion process [22], membrane filtration [23], biological treatment
[24] are often demonstrated for efficient removal of EE2. Among
these methods, adsorption using advanced and efficient materials
has attracted greater interest in elimination or retaining contami-
nants [25,26]. The method is versatile and sorption properties can
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be regulated with suitable modification or even functionalization
of materials. Additionally, the porosity of materials further plays an
important role in designing the treatment process for specific pol-
lutants [27-30].

Sorption of EE2 and BPA on mesoporous material, anthracite
was conducted using site energy distribution (SED) analysis. Results
showed that EE2/or BPA is first aggregated on high-energy sites
followed by lower energy sorption sites on the anthracite. Further,
at neutral pH, it is evidenced that hydrogen bonding and - elec-
tron donor-acceptor (EDA) interaction is predominant for BPA
adsorption whereas the EE2 was sorbed with the ligand-exchange
process in addition to the hydrogen bonding and EDA [31]. Simi-
larly, sorption of EE2 on M9CTA+, M16CTA+ and M34CTA+ com-
posite materials has the sorption capacity of 4.3, 8.8 and 7.3 mgg1,
respectively. It is indicated that the hydrophobic cavity is provid-
ing space for sorption of EE2 [32].

A hybrid method based on the photocatalytic with sonolysis was
employed for the removal of potential micropollutant: lovastatin
from aqueous solutions [33]. Similarly, the sono-photo-ferrioxalate
system was introduced in the degradation of recalcitrant pollut-
ants producing less by-products. [34]. The adsorption and degra-
dation of pharmaceuticals using metal-free polymeric catalyst,
graphitic carbon nitride (g-C3N4) showed that degradation is pri-
marily due to the oxidation process. Degradation is more effective
under UV-C than UV-A light irradiation due to the reactive spe-
cies (•OH, •H, •O, O2

•, HO•
2 etc.) formed through ionization and

excitation of water molecules. [35]. A series of g-C3N4 photocata-
lysts was prepared using hydrothermal method and employed for
the degradation of EE2. The result showed that kinetic constant of
EE2 degradation using g-C3N4-3 (alkaline-modified) was nearly
3.5-fold that of g-C3N4-1 (pure). Further, hydrothermal treatment
result showed a decrease in the recombination rate of photogene-
rated e/h+ pairs. The degradation of EE2 in buffered water and in
HWW is governed by photoreduction by superoxide radicals, which
is the main mechanism for the degradation of EE2 in buffered
water and hospital wastewater. The elimination of estrogenicity in
the photocatalytic treated samples was confirmed by YES assay [36].
It was also reported that EE2 was effectively degraded through a
combination of photocatalysis using peroxide/low-pressure ultravi-
olet (UV) treatment followed by biological treatment using small
bioreactor platform capsules [37]. Polyacrylonitrile (PAN) beads
are utilized in the elimination of EE2 in aqueous solution. Adsorp-
tion isotherm is fitted well to Freundlich adsorption isotherm. Fur-
ther, the kinetic data reveals that the sorption process proceeded
through chemisorption [38]. Sorption of EE2 on aliphatic polyam-
ides (PA612) shows that hydrogen bonding occurred between the
EE2 and PA612 in the adsorption process [39]. Similarly, sorption
of EE2 on activated charcoal was mainly governed by the film dif-
fusion process and the maximum sorption capacity was obtained
at neutral pH [40]. It was also reported that the removal of 17-
ethynylestradiol (EE2) from water using three upstream bioreac-
tors (UBRs), filled with granulated activated carbon (GAC), sand,
or MnO2 granules was 99.8%, 17.3% and 81.7%, respectively. The
EE2 was primarily adsorbed by the GAC and MnO2 showing syn-
ergistic in the removal of EE2 in reactor operations [41]. Ionic liq-
uid cholinium alaninate (N1112OHAla) was employed to separate

17- estradiol and tetracycline and fluoroquinolone families in the
aqueous synthetic swine effluent. Results showed that the most
hydrophobic contaminant (E2) was favorably partitioned to the sur-
factant rich phase, independent of the feed composition. Conversely,
the initial concentration of the salting out agent strongly affected
the removal of antibiotics, and the incorporation of CTAB allowed
to enhance the removal values at levels greater than 90% [42].

Clay minerals are ubiquitous in nature and show widespread
applications in the decontamination of water contained with a vari-
ety of pollutants, including heavy metal toxic ions [43-46]. Although
clay samples are efficient in the removal of heavy metal toxic ions,
however, possessing limited applicability towards the oxyanions or
the micro-pollutants in aqueous media [47,48]. Therefore, the pres-
ent investigation intended to functionalize the bentonite using the
organosilane (3-mercaptopropyletrimethoxy and 3-aminopropyl-
etriethoxy silane) by sol gel process. This enables one to obtain a
dense nanocomposite solid which is likely to efficiently remove the
EE2 in aqueous wastes. The mechanistic aspects in the sorption
process along with real matrix treatment were extensively conducted
for possible implication of novel materials in the waste treatment.

MATERIALS AND METHODS

1. Materials
Bentonite was collected from Gujarat, India. It was washed with

distilled water dried at 100 oC and sieved with 100 BS (British Stan-
dard) Sieve to obtain the 0.150 mm particles. 3-mercaptopropylet-
rimethoxy silane, 3-aminopropyletriethoxy silane and 17-ethynyl-
estradiol (EE2) are of Sigma, Aldrich, USA products. Ethylenedi-
aminetetraacetic acid was procured from Qualigens India Ltd.,
India. Magnesium sulfate heptahydrate was of Loba Chemie, India,
product. Calcium chloride dihydrate powder, manganese (II) chlo-
ride, oxalic acid, di-sodium hydrogen phosphate anhydrous puri-
fied, aluminium (III) chloride and nickel chloride were procured
from Merck, India. Sodium chloride (Extrapure) and glycine were
obtained from HiMedia, India.
2. Methodology
2-1. Synthesis of Silane Functionalized Bentonite

Silanes were grafted with bentonite clay using a simple one pot
synthetic route. Dried bentonite (BN) (15 g) was introduced in 300
mM of toluene. Further, under stirring the suspension was refluxed
for 30 min at 70 oC under nitrogen atmosphere. 3-mercaptopropy-
letrimethoxy silane (15 mL) was introduced dropwise to the sus-
pension and further refluxed for 24 hrs. The suspension was filtered
and washed with toluene and ethanol. The sample was dried at
90 oC overnight. The dried nanocomposite was stored in a poly-
ethylene bottle and named as MPTS@BN. A similar procedure was
employed for the grafting 3-aminopropyletriethoxy silane with ben-
tonite, and the nanocomposite material was assigned as APTES@
BN. The point of zero charge (pHPZC) of the pristine bentonite and
the two nanocomposite materials were obtained using the acid
base titration method as demonstrated previously [49].
2-2. Characterization and Surface Morphology of Materials

The functional groups present in bentonite (BN), MPTS@BN and
APTES@BN were obtained by using FT-IR (IR Affinity Shimadzu,
Japan) analysis. Surface morphologies of bentonite, MPTS@BN and
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APTES@BN were obtained by field emission scanning electron
microscope (FE-SEM; S-4700, Hitachi, Japan) and the elemental
mapping of solids was carried out using the energy-dispersive X-
ray spectroscopy (EDX) as coupled with the SEM machine. The
structural property of the materials was evaluated by the X-ray dif-
fraction method (Philips X’pert MPD System). Further, the spe-
cific surface area, pore size and pore volume of the materials were
acquired by using BET Analyzer (Micromeritics, ASAP 2010, France).
2-3. Batch Reactor Studies

EE2 stocks solution (25.0 mgL1) was prepared and diluted to
required experimental concentrations by successive dilution. Vari-
ous physico-chemical parametric experiments (pH study, contact
time, presence of co-existing ions, presence of background electro-
lyte concentrations, sorptive concentrations) were conducted in
the batch reactor studies. 50.0 mL of EE2 solution was taken into
different polyethylene bottles and 100 mg of the nanocomposite
solid was added to these solutions. These bottles were closed tightly
and shaken for 24 hrs at 25 oC in an automatic shaker (Incubator-
Shaker, TM Weiber, ACMAS Technologies Pvt. Ltd., India). These
samples were then filtered with a 0.45m syringe filter and the pH
was measured again and reported as final pH. The filtrates along
with the blank samples were analyzed with UV-Vis spectropho-
tometer (Shimadzu Model: UV 1800, Japan) at 280 nm for EE2.
Different concentrations of EE2 solutions, 1.0, 3.0, 5.0, 7.0 and 10.0
mgL1, were used to obtain the calibration curve for EE2 at 280
nm. The concentration of EE2 was varied from 1.0 to 10.0 mgL1

at pH 4.0 to analyze the effect of sorptive concentrations in the
elimination of EE2 by nanocomposite solids. The time dependence
elimination of EE2 by nanocomposite solids was performed at
definite time intervals using initial concentration of EE2 10.0 mgL1

at pH 4.0 and 25 oC. The results are presented as percentage elimi-
nation of EE2 at different times of contact. Background electrolyte
concentrations studies on the removal of EE2 were conducted by
increasing the concentration of NaCl from 0.0001 to 0.1 molL1

having EE2 concentration of 10.0 mgL1 and at constant pH of 4.0
and at 25 oC. The sorption of EE2 in presence of several co-ions,
such as anions (ethylenediaminetetraacetic acid, glycine, oxalic acid
and phosphate) and cations (Mg(II), Mn(II), Ni(II), Ca(II)) was
studied using the nanocomposite materials. The concentration of
EE2 was taken as 10.0 mgL1 at constant pH 4.0 and co-ion con-
centration of 50.0 mgL1 at 25 oC. Results are demonstrated as per-
cent elimination of EE2 in the presence of several co-ions.
2-4. Fixed Bed Column Studies

The sorption of EE2 by nanocomposite solids was performed
under fixed-bed column experiments using a glass column (10 mm
diameter). The nanocomposite material 0.25 g/or 0.5 g was taken
in the column along with sand particles (2.5 g). The nanocompos-
ite was placed in the middle of the column and above and below
to nanocomposite solid sand was placed. Remaining column was
packed with the glass beads. Solution of EE2 (10.0 mgL1, pH 4.0)
was pumped upward from the bottom of the column using a peri-
staltic pump at a constant flow rate of 1.0mLmin1 and effluent sam-
ples were collected using a fraction collector. The effluent solution
was filtered and filtrates were analyzed using UV-vis spectrophotom-
eter. The loading capacity of the nanocomposite materials under con-
tinuous flow system was obtained using the Thomas equation [50].

RESULTS AND DISCUSSION

1. Characterization of the Material
The FT-IR spectra of BN, MPTS@BN and APTES@BN mate-

rials showed weak peaks at 2,927 cm1 and 2,858 cm1 due to the
stretching vibration of -CH3 and -CH2, respectively [51] (Cf Fig.
1(a)). A distinct peak at 2,927 cm1 is due to the methoxy group
(-OCH3) present with MPTS@BN [52,53]. The stretching vibra-
tion of -SH group from MPTS is observed at 2,550cm1 (weak vibra-
tions) [54]. Two peaks at 682 and 1,402 cm1 are due to the defor-
mation vibrations of C-H and stretching of thiol group from MPTS,
respectively [55]. Similarly, APTES@BN shows the aliphatic CH2

bending vibrations as a weak peak is observed at 1,485 cm1 [56].
The stretching vibration bond of C-N occurs by a subtle peak at
~1,319 cm1, which further confirms the presence of organosilane
grafted with the bentonite network [57]. The symmetric stretch-
ing vibrations of the methylene group from the organosilane also
occurred by a small but distinct peak at 2,894 cm1 [58].

The Brunauer, Emmett, and Teller (BET) method was utilized
to obtain the specific surface area, pore volume, and pore size of
BN, and MPTS@BN and APTES@BN solids. Fig. 1(b) shows the
nitrogen adsorption-desorption isotherms for these two nano-
composite materials. It is evident from the figure that the pristine
bentonite, MPTS@BN and APTES@BN showed type IV isotherms
with H3 type hysteresis loop. This implied that the solid samples
contained predominantly a mesoporous structure [59,60]. Further,
it is noted that the pristine bentonite is having a broader hysteresis
loop with the pore size of 68.43 Å and pore volume of 0.077 cm3g1.

Fig. 1. (a) FT-IR spectra; and (b) nitrogen adsorption-desorption iso-
therms obtained for pristine bentonite (BN) and MPTS@BN
and APTS@BN nanocomposites.



17-Ethinylestradiol elimination using synthesized and dense nanocomposite materials, Mechanism and real matrix treatment 649

Korean J. Chem. Eng.(Vol. 39, No. 3)

The pore size and pore volume of MPTS@BN and APTES@BN
are found to be 68.39 Å, 0.070 cm3g1 and 165.13 Å, 0.051 cm3g1,
respectively. The BET specific surface area of BN, MPTS@BN and
APTES@BN was found to be 41.11, 4.68 and 12.52 m2g1, respec-
tively. The specific surface areas of both the nanocomposite mate-
rials exhibit a significant decrease in surface area once organosilane
is grafted with the bentonite network. This decrease in specific
surface area is because the organo-silanes MPTS/APTES occupy
the pores of the bentonite layers and, hence, decreased the specific
surface area of solids. Previously, it was reported that grafting of
MPS and APS onto silica gels significantly decreased the surface
area of the materials [61]. Grafting of attapulgite with (3-amino-
propyltriethoxysilane) also exhibited a substantial decrease in the
specific surface area of the material [62].

The SEM images of BN, MPTS@BN and APTES@BN are shown
in Fig. 2. Morphological images of these solids showed that these
solids possessed heterogeneous and disordered surface structure.
Pristine bentonite exhibits fairly good porosity, which is signifi-
cantly reduced with the solids MPTS@BN or APTES@BN. This is
due to the grafting of MPTS/or APTES molecules within the pores
of bentonite. The materials are denser and more compact but pos-
sessed with high hydrophobic and organophilic nature. Natural
attapulgite had a loose aggregate structure but after grafting with
(3-aminopropyltriethoxysilane) the modified material had a com-
pact aggregate structure [63]. These results are consistent with the
textural properties obtained by the BET analyses. Moreover, the
elemental mapping of BN, MPTS@BN and APTES@BN was ob-
tained using energy-dispersive X-ray spectroscopy (EDX) and results
are shown in Fig. 2((a), (b) & (c)). The figure clearly implies that
the sulfur and nitrogen peaks are observed in the EDX spectra of
MPTS@BN and APTES@BN, respectively. The sulfur and nitro-
gen peaks are not observed in the pristine bentonite. The pres-
ence of nitrogen (N) and mercapto (-SH) confirmed the grafting
of organosilanes with bentonite. These results further entailed the

successful grafting of MPTS/or APTES molecules within the ben-
tonite network. It was reported previously that the silicon (Si) and
sulfur (S) peaks are observed in the EDX mapping on mercapto-
propyl-coated SiO2 particles [64]. Modification of bentonite with
3-aminopropyletrimethoxysilane showed the predominant peaks
of N and C in the EDX analysis [65]. Results obtained using CHN
elemental analysis in the modification of mesoporous SBA-15 with
amino-propyl silane showed the presence of nitrogen along with
enhanced carbon percentage [66].
2. Effect of pH on the Removal of EE2

The pH dependence sorption of EE2 is shown in Fig. 3. It is
evident from the figure that the elimination of EE2 by the BN is
quite low within the studied pH (pH 3.0-10.2). A maximum of Ca
43% was recorded at pH 5.8. However, using the nanocomposite
solids (MPTS@BN and APTES@BN) showed significantly enhanced
elimination of EE2 within the studied pH (3.0-10.2). It is further
noted that a maximum of Ca 85% and and 74% of EE2 is elimi-

Fig. 2. EDX analytical graph of (a) pristine bentonite; (b) MPTS@BN; (c) APTES@BN and SEM image of (d) pristine bentonite; (e) MPTS@BN;
and (f) APTES@BN.

Fig. 3. pH dependence sorption of EE2 by BN, MPTS@BN and
APTES@BN solids.
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nated using the MPTS@BN and APTS@BN solids at around pH
6.0. The acid dissociation constant (pka) of EE2 is reported as 10.5
[67]. Therefore, the EE2 exists as neutral species pH<<10.5 and
carries net negative charge pH>>10.5. On the other hand, the pHpzc

(point of zero charge) of BN, MPTS@BN and APTES@BN is ob-
tained as 7.79, 7.72 and 7.64, respectively. Therefore, a high removal
of EE2 by using the nanocomposite solids at a wide range of pH is
demonstrated with the hydrophobic interaction between the EE2
and MPTS@BN and APTES@BN solids. The organo-silanes intro-
duced within the bentonite sheets provide enhanced hydrophobic-
ity with the organophilic nature which is intended to attract the
EE2 molecules and enable a high uptake of EE2. Moreover, the
dense grafted structure of MPTS@BN and APTES@BN has enabled
to significantly trap the EE2 from aqueous solutions and enhance
the elimination of EE2. Further, it is noted that the removal of EE2
by the MPTS@BN showed very high uptake, which was almost
unaffected within the pH region pH 4.0-10.0. This indicates that
the EE2 showed very high affinity towards the denser composite
solid (having specific surface area of 4.68m2g1) and hence, the dense
material traps efficiently the EE2. Similar results were reported for
the removal of As(V) using the MPTS grafted chitosan where it
was assumed that the introduced silanes provide sorbing sites along
with the siloxane sites. Hence, the As(V) forms weaker bonds, en-
hancing the percentage removal [68]. On the other hand, the
APTS@BN showed slightly less adsorption at lower pH value, i.e.,
pH~4.0. However, almost a constant removal of EE2 was obtained
within the pH region: pH~5.0-9.0. The low removal at pH 4.0 is
possibly due to the competition between the H+ and EE2 towards
the solid surface. Additionally, it is observed that APTS@BN showed
relatively less percentage removal compared to the MPTS@BN.
This is because the APTS@BN is relatively less dense material
compared to the MPTS@BN since the specific surface area of
APTS@BN is relatively , i.e., 12.52 m2g1. This restricted partly the
uptake of EE2 by APTS@BN. A similar result in the removal of
EE2 is reported using activated carbon powder [69] or even As(V)
by APTS grafted chitosan [70]. Moreover, compared to two nano-
composite solids, MPTS@BN and APTS@BN, the MPTS@BN
showed relatively higher percentage removal of EE2 throughout
the studied pH (3.0-10.0). This indicates the higher affinity of materi-
als for EE2.
3. Time Dependence Sorption of EE2

Sorption efficiency of EE2 by MPTS@BN/ or APTES@BN vs
time was obtained and shown in Fig. 4(a). The percent removal of
EE2 by both the nanocomposite materials is rapid during the ini-
tial period of contact and Ca 57% and Ca 42% of EE2 is removed
within 10 min of time by the MPTS@BN and APTES@BN mate-
rials, respectively. Further, the sorption of EE2 onto these nano-
composites saturates just within 120 min. This indicates that the

surface active sites of these two nanocomposite materials saturates
within 120 min and no further removal of EE2 is observed even
after 720 min of contact [71]. These results further implied that
both the nanocomposite materials possessed high affinity for the
attenuation of EE2 and its applicability in treatment of wastewater.

The adsorption kinetics of EE2 using MPTS@BN and APTES@
BN employing pseudo-first order (PFO) and pseudo-second order

Fig. 4. (a) Effect of contact time in the elimination of EE2 by MPTS@
BN and APTES@BN nanocomposites (pH: 4.0; [EE2]: 10.0
mgL1; dose: 2.0gL1). Plots of PFO and PSO kinetic models
for the sorption of EE2 by (b) MPTS@BN; and (c) APTES@BN
nanocomposites.

Table 1. Estimated kinetic constants for pseudo-first order and pseudo-second order uptake of EE2 by solid materials

Pollutant Materials
PFO Model PSO Model

qe (mgg1) k1 (min1) s2 qe (mgg1) k2 (M1min1) s2

EE2 MPTS@BN 3.94 0.139 0.898 4.172 0.053 0.171
APTES@BN 3.24 0.093 0.470 3.457 0.041 0.064
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(PSO) kinetic models [70] and the non-linear simulation results
are presented in Fig. 4((b) and (c)). Further, the optimized results
are shown in Table 1. The results show that PSO model is fitted
well since the least square sum is significantly low compared to
PFO. The sorption of EDCs (trimethoprim (TMP), estrone (E1),
17-estradiol (E2) and 17-ethynilestradiol (EE2)) using SnO2 pil-
lared montmorillonite also followed PSO kinetic model [72]. Fur-
ther, it is observed that MPTS@BN and APTES@BN materials
possessed high elimination capacity for EE2. This affirms the greater
applicability of nanocomposites in the remediation of aqueous waste
contaminated with EE2.
4. Concentration Dependent Study

The relationship between the initial EE2 concentration (1.0, 3.0,
5.0, 7.0 and 10.0 mgL1) and percent removal of EE2 by the
MPTS@BN and APTES@BN materials was obtained at pH 4.0
having nanocomposite dose 2.0 gL1 at 25 oC. The results are illus-
trated in Fig. 5. Results indicate that by increasing the concentra-
tion of EE2, the percentage elimination of EE2 is decreased sig-
nificantly. Increasing concentration of EE2 from 1.0 to 10.0 mgL1,
the decrease in percent elimination of EE2 is from 93.3 to 74.4%
for APTES@BN and from 92.8% to 86.1% for APTES@BN. A very
high percent uptake of EE2 even at high concentration of EE2
implied the high affinity of MPTS@BN and APTES@BN materi-
als for EE2.

The linear form of Langmuir and Freundlich isotherms was
utilized for isotherm modelling of EE2 towards the MPTS@BN
and APTES@BN [73] and results are illustrated in Fig. S1((a) and
(b)) (Supplementary materials). The unknown constants are esti-
mated and presented in Table 2. This showed that the Langmuir
isotherm was better fitted compared to the Freundlich isotherm.
A high value of Langmuir monolayer capacity was achieved for
EE2 using both the materials. The sorption of 17-estradiol, 17-

Fig. 5. Percentage removal EE2 at different initial concentrations of
EE2 using APTES@BN and MPTS@BN nanocomposites.

Table 2. Langmuir and Freundlich isotherm constants along with the R2 values obtained for the sorption of EE2 by nanocomposite MPTS@BN
and APTES@BN materials

Materials
Langmuir Freundlich

qo (mgg1) b (Lg1) R2 1/n Kf (mgg1) R2

MPTS@BN 8.100 0.888 0.999 0.577 5.277 0.988
APTES@BN 4.283 1.774 0.972 0.392 2.935 0.959

Fig. 6. Effect of background electrolyte concentrations in the elimi-
nation of EE2 by nanocomposite MPTS@BN and APTES@BN
materials.

ethinylestradiol and bisphenol A on tea leaves (TLH) also followed
the Langmuir adsorption isotherm model [74].
5. Effect of Background Electrolyte Concentrations

The impact of background electrolyte (NaCl) (0.0001, 0.001,
0.01 and 0.1 molL1) concentrations on the adsorption of EE2 by
nanocomposite materials was studied as this enables to deduce the
type of interactions involved between the sorbate species and sor-
bent. Elimination of EE2 using the MPTS@BN and APTES@BN
materials is unaffected by increasing the background electrolyte
concentrations of NaCl for 1,000 times (Cf Fig. 6). These results
imply that a 1,000 times increase in background electrolyte concen-
tration has not affected the percent sorption of EE2 by the nano-
composites. This confirms that sorbate species EE2 enters into the
Stern layer at the surface and bonds with relatively stronger forces.
This indicates that the EE2 is interacting at the surface of nano-
composite solids with hydrophobic interactions and proceeding
with organophilic attractions. Earlier, it was mentioned that the
presence of background electrolyte (NaCl) has not affected the
percentage elimination of EE2 by advanced materials [75]. Increas-
ing ionic strength of NaCl from 0-320 mM in leachate solutions
has not affected sorption of bisphenol A and EE2 by SWCNTs
[76]. Sorption of estrone (E1), 17-estradiol (E2) and 17-ethinyl
estradiol (EE2) using n-propyl functionalized mesoporous mate-
rial (30% Pr-MCM-41) on increasing the concentration of NaCl
from 0.001-0.1 molL1 did not significantly affect the elimination
of E1, E2 and EE2. This result is due to the same contribution pro-
duced by salting effect for estrogens and squeezing-out effect for
30%Pr-MCM-41 in presence of co-existing ions. The high removal
of estrogens is due to the - and hydrophobic interactions between
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the 30%Pr-MCM-41 and estrogens [77].
6. Co-ions Effect

Co-ions (cations: Mg, Mn, Ca and Ni or anions: oxalic acid, glycine
and phosphate) may affect the elimination of EE2 by MPTS@BN
and APTES@BN materials. The concentration of EE2 and co-ions
was taken as 10.0 mgL1 and 50.0 mgL1, respectively, at pH 4.0.
Results are shown as percentage elimination of EE2 in presence of
these co-existing ions (Cf Fig. 7). The percentage removal of EE2
was not changed in the presence of these co-ions, except EDTA,
which significantly affected the removal of EE2 by these two nano-
composite solids. This is possibly due to the competitive sorption
of EDTA towards solid surface. It was previously reported that the
sorption of EE2 using PA612 was unaffected in the presence of
cations (0.1 molL1) such as Zn(II), K(I) or Ca(II); however, only a
slight reduction in sorption was monitored in the presence of Mg
(II) [8].
7. Column Studies for EE2

The loading capacity of nanocomposite MPTS@BN and APTES@
BN materials was determined using column experiments under
dynamic conditions. Fig. 8 shows the breakthrough curves of EE2
using MPTS@BN and APTES@BN packed columns. The nano-
composite solids had relatively high breakthrough volumes for EE2.

Further, it was observed that increasing the amount of nanocom-
posite solids in the column enabled to increase the breakthrough
volume of EE2. A complete breakthrough for EE2 was achieved
having throughput volume of 0.84 L and 1.50 L using 0.25 g and
0.5 g APTES@BN, respectively. Similarly, a complete breakthrough
was attained at the volume of 0.96 L and 1.80 L using 0.25 g and
0.5 g of MPTS@BN, respectively. Breakthrough data is intended to
utilize a non-linear least square fitting using Thomas equation. The
fitting results are illustrated in Fig. 8. Moreover, optimized con-
stants are returned in Table 3. Results show that under the dynamic
conditions, the MPTS@BN and APTES@BN possessed high load-
ing capacity for EE2. This again reaffirmed that the novel nano-
composite solids have potential in the elimination of EE2 from
aqueous wastes.
8. Removal of EE2 in Real Water Sample

The removal of EE2 using real matrix samples was conducted
under different pH values. The water sample was collected from
Kawnpui river at Kolasib District, Mizoram, India. The physico-
chemical analysis of river water is presented in Table S1 (Supple-
mentary Materials). The pH of river water was found to be 7.23.

Table 3. Thomas constants estimated in the removal of EE2 using nanocomposite MPTS@BN and APTES@BN materials

 Nanocomposite
materials

Weight of nanocomposite
materials (g)

Thomas constants Least square
sum (s2)qo (mgg1) KT (Lmin1mg1)

MPTS@BN 0.25 17.07 8.32×104 3.1×102

0.50 20.75 6.27×104 5.1×103

APTES@BN 0.25 11.23 1.23×103 1.1×102

0.50 16.57 7.03×104 3.8×103

Fig. 7. Percent removal of EE2 by nanocomposite materials in pres-
ence of (a) anions; and (b) cations. Fig. 8. Breakthrough curves obtained for the removal of EE2 using

composite (MPTS@BN and APTES@BN) material [Influent
concentration of EE2: 10.0 mgL1 (pH 4.0); Flow rate: 1.0 mL
min1].
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The sample contained low levels of Fe, Mn, Ca, and Zn. However,
relatively high levels of Ca were present. The river water had high
level of non-purgeable organic carbon (NPOC) along with some
inorganic carbon (IC). In addition, it had 1.10mgL1 and 1.97mgL1

of sulfate and nitrate, respectively. The river water sample was
spiked with EE2 (10.0mgL1). The removal efficiency of MPTS@BN
and APTES@BN in the removal of EE2 was obtained at different
pH values and shown in Fig. 9. Results indicated that the removal
efficiency of EE2 using these nanocomposites in real water samples
was not substantially affected compared to the treatment conducted
in deionized water. Hence, the composite materials (MPTS@BN
and APTES@BN) show high selectivity and applicability for attenu-
ation of EE2 in real water samples. Therefore, materials show poten-
tial in its possible implications in the real treated waste water
treatment at least for the elimination of EE2.

CONCLUSION

Bentonite is grafted with two organosilanes, i.e., 3-mercaptopro-
pyletrimethoxy silane/or 3-aminopropyletriethoxy silane, as to obtain
the MPTS@BN and APTES@BN nanocomposites. The IR stud-
ies confirmed the grafting of silanes with the bentonite network.
The surface morphological studies indicated that the porous struc-
ture of bentonite becomes highly dense once silane is grafted. Fur-
ther, BET specific surface area was found to be 41.11, 4.68 and 12.52
m2g1, respectively, for the BN, MPTS@BN and APTES@BN. High
percentage elimination of 17-ethinylestradiol (EE2) was not sig-
nificantly affected with increase of pH (4-10) and sorptive concen-
tration (1.0 to 10.0 mgL1) using MPTS@BN and APTES@BN.
The parametric studies indicated that the hydrophobic interaction
is the driving force in the uptake of EE2 by these two nanocom-
posites employed. A fast uptake of EE2 attained apparent equilib-
rium within 120 min of contact. Moreover, the sorption data was
followed by the pseudo-second-order kinetics, and the Langmuir
monolayer capacity for EE2 is 8.10 and 4.28 mgg1, respectively,
for MPTS@BN and APTES@BN. Increasing the background elec-
trolytes (NaCl) by 1,000 times or presence of several co-ions could
not affect the uptake of EE2 by the nanocomposites, implying the
selectivity and suitability of materials towards EE2. Furthermore, a
high loading capacity of EE2 was achieved using varied loadings of

nanocomposites in a column. The real implication of study showed
that the removal of EE2 is not affected in the river water sample.
Therefore, the novel nanocomposites are useful alternative materi-
als that are promising in remediation of water contaminated with
EE2 or even for advanced treatment of treated waste water con-
taminated with low concentration of micro-pollutants.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Fig. S1. Fitting of (a) Langmuir (b) Freundlich isotherm in the sorp-
tion of EE2 by MPTS@BN and APTES@BN materials.

Table S1. Different parameteric resulst obtained for real water (col-
lected from Kawnpui river water at Kolasib District,
Mizoram, India) sample

Elements studied
(AAS Measurements) (mgg1)

Fe 0.0214
Zn 0.0021
Mn 0.0701
Ca 0.5100
Pb 0.0001
Cu 0.0001

TOC analysis mgL1

IC 1.45
NPOC 8.95

Anions studied mgL1

Sulphate 1.101
Phosphate 0.076
Fluoride 0.000
Nitrate 1.975


