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ABSTRACT

Hybrid materials were obtained modifying the bentonite (BC) and local clay (LC) using hexadecyltrimethylammonium bromide (HDTMA) or
the clay were pillared with aluminum followed by modification with HDTMA. The materials were characterized by the SEM, FT-IR and XRD
analytical tools. The batch reactor data implied that the uptake of 17B-estradiol (E2) by the hybrid materials showed very high uptake at the
neutral pH region. However, at higher and lower pH conditions, slightly less uptake of E2 was occurred. The uptake of E2 was insignificantly
affected changing the sorptive concentration from 1.0 to 10.0 mg/L and the background electrolyte (NaCl) concentrations from 0.0001 to 0.1
mol/L. Moreover, the sorption of E2 by these hybrid materials was fairly efficient since within 30 mins of contact time, an apparent equilibrium
between solid and solution was achieved, and the data was best fitted to the PSO (pseudo-second order) and FL-PSO (Fractal-like-pseudo
second order) kinetic models compared to the PFO (pseudo-first order) model. The fixed-bed column results showed that relatively high breakthrough
volume was obtained for the attenuation of E2 using these hybrid materials, and the loading capacity of E2 was estimated to be 75.984, 63.757,
58.965 and 49.746 mg/g for the solids BCH, BCAH, LCH and LCAH, respectively.

Keywords: Clay, Estrogen, Hybrid materials, Hydrophobic, Kinetics, Sorption

1. Introduction ecosystems [4].
The effect of these hormones on human health at environ-

mentally relevant concentrations is, of course, unclear. However,
the effect of E2 on non-target organisms, including endocrine dis-
ruption is affecting sexual development and reproduction [5-6].
The formation of female specific vitellogenin was reported in male
rainbow trout when exposed to E2 concentration as low as 1 ng/L
[7]. Similarly, the exposure of male Japanese medaka to 10 ng/L
E2 was induced the production of female-specific proteins, resulted
the formation of intersex (ova in the testes) and altered sex species
[8]. Therefore, an efficient and cost effective treatment processes
need to be developed in order to fine tune the existing wastewater
treatment plants. Sorptive removal using variety of newer materials
is one of possible options for decontaminating the aquatic environ-
ment contaminated with steroidal estrogens. In fact, a number
of sorbent materials have been applied for eliminating E2 including
surface soils [6], granular activated carbon (GAC), chitin, chitosan,
ion exchange resin, carbonaceous adsorbent prepared from in-
dustrial waste [9], natural sediments [10], bone char [11], powdered
activated carbons [12], single-walled carbon nanotubes [13], mul-

Micro-pollutants in the aquatic environment pose serious environ-
mental concerns because of their persistency and toxicity towards
living organisms. There are several natural and synthetic chemicals
that show endocrine disruption and cause interference in the re-
production and development of aquatic organisms [1]. 178
-Estradiol (E2) is one of the most potent forms of natural estrogen
and is identified as a potential water pollutant among several
endocrine disrupting chemicals (EDCs). This is because it triggers
greatly the negative responses in aquatic organisms even at very
low concentrations [2]. It is often found in surface and subsurface
aquatic environment [3]. Human and animal urine and feces as
in the form of free estrogens or as glucuronide and/or sulfate con-
jugates are the major sources of these pollutants into the aquatic
environment. Although these steroid conjugates do not show affin-
ity to estrogen receptors, however, these are converted into deconju-
gated forms by chemical or enzymatic means in sewage treatment
plants, and hence are considered as potential and emerging sources
of active estrogens which lead to adverse reproductive effects on

@ @ @ This is an Open Access article distributed under the terms Received January 8, 2016 Accepted March 14, 2016
s ©f the Creative Commons Attribution Non-Commercial License

(http:/creativecommons. org/ licenses/by-nc/3.0/) which per- " Corresponding author
mits unrestricted non-commercial use, distribution, and reproduction in any Email: leesm@cku.ac.kr
medium, provided the original work is properly cited. Tel: +82-33-649-7535 Fax: +82-33-642-7635

Copyright © 2016 Korean Society of Environmental Engineers

203



Thanhmingliana et al.

ti-walled carbon nanotubes [14] polyamide thin-film composite
nanofiltration (NF) membranes [15], and molecularly imprinted
polymer [16]. However, these sorbents suffer the problem of either
low sorption capacities or seemingly high-cost of materials. Thus,
there need to search a high-performance and low-cost adsorbent
for an efficient removal of micro-pollutants from aqueous
environments.

The applications of porous pristine clays in the remediation
of aquatic environment was often employed however, the removal
capacities of pristine clay was reportedly low towards several hydro-
phobic impurities. Therefore, the modified clay materials were
intended to employ in the selective and specific removal of mi-
cro-pollutants from aqueous solutions. The introduction of cationic
surfactant within inter lamellar space through the ion exchange
process caused significantly the chemical properties of clay
minerals. This apparently enhances the hydrophobic/organophilic
character of clay and the modified clays are likely to be effective/effi-
cient towards the organic pollutants attenuation [17]. Similarly,
the hybrid materials obtained by pillaring with poly(hydroxo-met-
al) cations and simultaneous intercalation of suitable organic cati-
ons showed an enhanced applicability in wastewater treatment
since this showed fairly high affinity towards the organic im-
purities, and also possessed with achievable settling capacity which
enabled it easy for phase separation [18].

Therefore, the present study aims to obtain and employ the
hybrid materials, precursor to the natural bentonite or locally col-
lected clay in an attempt to attenuate E2 efficiently and effectively
from aquatic environments. Further, the batch reactor operations
are conducted in a wide range of chemical parametric studies
which provides a plausible mechanism involved at the solid/sol-
ution interface, along with the fixed-bed column reactor operations
to optimize the loading capacity of E2 under the dynamic
conditions.

2. Materials and Methods

2.1. Materials

Local clay was collected from the field of Phullen, Mizoram (India).
It possessed with several impurities hence; it was thoroughly sepa-
rated using the ISRIC (International Soil Reference and Information
Centre) standard method as detailed elsewhere [19]. However,
the bentonite clay (BC) was procured from a commercial supplier
and was used after simple washing with distilled water and dried
at 90°C in a drying oven. The two clay samples were crushed
in a mortar and sieved to obtain 100 BSS (British Standard Sieve)
mesh size particles. The cation exchange capacity (CEC) of pristine
clay was determined by the US EPA (United States Environmental
Protection Agency) method 9080 [20]. The CEC of BC and LC
were found to be 69.35 and 46.38 meq/100 g of clay, respectively.
Aluminium (IIl) chloride was obtained from Merck, India.
Hexadecyltrimethylammonium  bromide = (HDTMA) and
17b-Estradiol (E2) were procured from Sigma-Aldrich, USA.
Sodium chloride, Extrapure was obtained from HiMedia, India.
Water purified with a Millipore water purification system (Milli—
Q+) was used throughout the whole experiment.
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2.2. Methods

2.2.1. Preparation of organoclay and inorgano—organoclay
BC or LC was modified by the usual wet cation exchange process
as described earlier [21]. In brief, 20 g of each clay powder was
added separately into 1 L. of HDTMA solution to saturate 100%
of the respective clay CEC. The slurry was refluxed for 48 h at
60°C under constant stirring. It was filtered and the solid was
washed several times with purified water. Excess or free surfactant
was removed with Soxhlet extraction. The organo-modified benton-
ite/or local clay was dried at 90°C in a drying oven and then
stored in an airtight polyethylene bottle. The HDTMA-modified
BC and LC were then labeled as BCH and LCH respectively.
The bentonite and/or local clay was pillared with aluminium
and then modified with organic cations HDTMA as to obtain the
HDTMA-Al-bentonite (BCAH) or HDTMA-Al-local clay (LCAH)
materials. In brief, aluminium(Ill) solution was prepared by mixing
100 mL of 0.4 mol/L NaOH and 100 mL of 0.2 mol/L. aluminium(IIT)
chloride solutions under vigorous and constant stirring. The sol-
ution mixture was kept for 7 days for ageing at room temperature.
Further, in this aluminium solution a known amount of HDTMA
(to saturate 100% of the clay CEC) was added under stirred
conditions. BC or LC clay powders (4 g) each in 300 mL of water
was then taken in round bottom flask. To this solution mixture,
HDTMA-aluminium solution was added and stirred for Ca. 5 h
at room temperature. The slurry was then kept at room temperature
for another 2 days. The modified clay was separated carefully
and the solid was washed with plenty of distilled water as to
obtain materials free from the halides or any unbound/free HDTMA.
These solids were then dried at 50°C in a drying oven and grounded
gently in a mortar. The AL-HDTMA-modified BC and LC were
then labeled as BCAH or LCAH, respectively.

2.2.2. Characterization of materials

The surface morphology of the hybrid materials and the pristine
clay was obtained using the FE-SEM (Field Emission Scanning
Electron Microscope: Model S-4700, Hitachi, Japan) images. X-ray
diffraction (XRD) data were collected using an X-ray diffraction
machine (PANalytical, Netherland; Model X’Pert PRO MPD), em-
ploying Cu-K, radiations having the wavelength of 1.5418 A. FT-IR
(Fourier Transform-Infra Red) data was obtained with a FT-IR
machine (Bruker, Tensor 27, USA using KBR disk method). The
point of zero charge (pHPZC) of these materials was determined
by the batch pH drift method as detailed elsewhere [22].

2.2.3. Batch reactor experiments
A stock solution (10.0 mg/L) of E2 was prepared by dissolving
an appropriate amount of E2 in purified water at elevated pH
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with dilute NaOH. Further, the required E2 concentration was
obtained by dilution of the stock solution and the pH was adjusted
with the dropwise addition of 0.1 mol/L. HCL. The pH dependence
sorption experiment was carried out by taking a series of 5.0 mg/L
of E2 solution (50 mL) into polyethylene bottles and the pH was
adjusted by drop wise addition of 0.1 mol/L. HCl or NaOH solutions.
0.1 g of the solid sample was introduced into these sorptive solutions.
The bottles were kept in an automatic incubator shaker (Incubator
Shaker, TM Weiber, ACMAS Technologies Pvt. Ltd., India) for 24
hours at 25 = 1°C. The bottles were then taken out from the shaker
and the solution mixture was filtered with 0.45 um syringe filter.
The pH was again checked and reported as equilibrium pH.
Absorbance of the filtrates was measured using UV-Visible
Spectrophotometer (Model: UV1, Thermo Electron Corporation,
USA). The absorbance was recorded at 280 nm. Calibration curve
was obtained using standard E2 solutions having varied
concentrations. Results were presented as percent E2 removal as
a function of equilibrium pH. The blank E2 (5.0 mg/L) solutions
were shaken without the hybrid materials in the polyethylene bottles
for 24 h. The samples were filtered with a 0.45 mm syringe filter
and their absorbance was determined at the same wavelength of
280 nm. No decrease in absorbance was observed, which indicated
that negligible sorption of E2 was occurred to the polyethylene bottles.

The concentration dependence data was collected by varying
the E2 concentrations from 1.0 to 10.0 mg/L at constant pH~7.0
and at constant temperature (25 = 1°C). Results were presented
as percent E2 removal as a function of initial E2 concentration
(mg/L). Time dependence sorption of E2 by these hybrid materials
was obtained at different time intervals of contact. Initial E2 concen-
tration 5.0 mg/L with a solid dose of 2.0 g/L. was taken as constant
and the sorption experiments were conducted at constant pH ~7.0
and temperature 25 * 1°C. Results were then reported as percent
E2 removal as a function of time (min.). Effect of background
electrolyte concentration on the sorption of E2 was studied varying
the NaCl concentration from 0.0001 to 0.1 mol/L with E2 concen-
tration of 5.0 mg/L. The solution pH (~7.0) and temperature (25
+ 1°C) was kept constant throughout the experiments. Results
were again presented as percent E2 removal as a function of back-
ground electrolyte (NaCl) concentrations.

2.2.4. Fixed-bed column experiments
Fixed-bed column experiments were conducted using a glass col-
umn (1 cm inner diameter). 0.25 g of hybrid materials was kept
in the middle of the column. Below and above the hybrid material,
1.0 g of sand (14-16 BSS) was placed and the rest of the column
was packed with glass beads. E2 (5.0 mg/L) solution at pH ~7.0
was pumped up from the bottom of the column using a peristaltic
pump (KrosFlo Research I Peristaltic Pump, Spectrum Laboratories
Inc., California, USA), at a constant flow rate of 1.0 ml/min. Effluent
solution was collected using a fraction collector (Spectra/Chrom
CF-2 Fraction Collector, Spectrum Laboratories Inc., California,
USA). The collected effluents were filtered with 0.45 um syringe
filter and absorbance of the filtrate was measured with UV-Vis
Spectrophotometer.

Column breakthrough data obtained were utilized to optimize
the loading capacity of E2 by the materials under the dynamic
conditions employing Thomas equation [23]:
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where C, and G, are the concentrations (mg/L) of effluent and
influent solutions of E2, respectively; Kr refer to the Thomas rate
constant (L/min/mg); q, is the maximum amount (mg/g) of E2
loaded under the specified column conditions; ‘m’ is the mass
(g) of hybrid materials taken in the column; V is the throughput
volume (L); and Q is the flow rate (I/min) of pumped E2 solution.
The column data were fitted to a non-linear Thomas equation
using the least square fitting method to estimate the two unknown
parameters, Kr and qp.

3. Results and Discussion

3.1. Characterization of Materials

FT-IR data indicated that the hybrid materials, viz., BCH, BCAH,
LCH or LCAH were possessed with prominent IR stretching bands
at around the wave numbers 2930 cm™' and 2850 cm ™ which
were due to the -CH, asymmetric and symmetric stretching vi-
brations, respectively (Fig. S1). This confirmed the introduction
of HDTMA molecule within the clay network with these hybrid
materials. Bentonite and local clay XRD data was matched with
the standard ICDD (International Centre for Diffraction Data) refer-
ence pattern. It was noted that both the clay samples contained
with quartz, smectite, illite and kaolinite minerals with varied
percent composition as characteristic peaks were assigned in the
XRD diffraction pattern. Further, quantitatively, the bentonite was
having 43.71%, 23.17%, 1.73% and 31.39% of quartz, smectite,
kaolinite and illite, respectively. Similarly, local clay was contained
with 79.35%, 6.20%, 0.45% and 14.01%, respectively of quartz,
smectite, kaolinite and illite. The XRD patterns of the modified
clay samples were almost identical to the pristine clay, with a
slight change in d-values and intensities of the peaks (Fig. S2).
The FE-SEM images clearly show that the organo-modified clay
(i.e., BCH or LCH) solids possessed more heterogeneous surface
structures compared to the pristine clays (Fig. S3). BCAH and
LCAH solids also possessed similar heterogeneous surface struc-
ture, although they contained with newly aggregated particles onto
the surface which were possibly the immobilized aluminium hy-
droxide or Al,Os; molecules. Detailed characterizations of these
materials were described previously [21].

The BET specific surface area, pore volume and pore size of
these solids, viz., BC, BCH, BCAH, LC, LCH and LCAH were ob-
tained by the nitrogen adsorption and desorption method and
results were returned in Table 1. It was observed that BC was
having very high value of the BET specific surface area, with
low pore volume and pore size. The high specific surface area
of BC was due to the high percentage of smectite, kaolinite and
illite mineral phases compared to the quartz/silica content.
However, the HDTMA- or Al-HDTMA-modified bentonite materi-
als were showed a remarkable decrease in specific surface area
and an increased in pore size (diameter) and pore volume of the
materials. It was due to the fact that the HDTMA or aluminium
were occupied the interspace of clay and caused to decrease the
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Table 1. BET Pore Size, Specific Pore Volume and Specific Surface Area Values of the Clay and Hybrid Materials

Materials Pore Size (nm)
BC 4.98
BCH 36.60
BCAH 27.45
LC 30.67
LCH 13.12
LCAH 8.04

specific surface area of clay, whereas the propping up of the inter-
layer was caused to enhance the pore size and pore volume of
the solids. On the other hand, the unmodified local clay (LC)
showed very significantly low specific surface area, possibly, due
to the compact surface structure of LC which contained dominantly
with the silica/quartz. However, the presence of HDTMA or
Al-HDTMA caused to increase slightly the specific surface area
of solids with a decrease in pore diameter of the modified solids.

3.2. Batch Reactor Operations

3.2.1. Effect of pH

The pH dependence removal of E2 (pH 4.02 to 10.13) by these
solids was presented graphically in Fig. 1. It was observed that
a very high uptake of E2 was achieved within the studied pH
region. It was further recorded that a slight decrease in sorption
of E2 was observed at very low and high pH values. The uptake
of E2 by these solids could be ascribed with the help of speciation
of E2 as well the surface properties of the solids. E2 is having
the acid dissociation constant (pK,) of 10.23 [14], which indicated
that E2 exists as a neutral molecule almost up to pH ~10.2 and
carries a net negative charge above this pH value. On the other
hand, the pHpyc value of these solids was found to be 9.8, 8.2,
6.1, 5.8, 5.1 and 5.1 for the samples BC, BCH, BCAH, LC, LCH
and LCAH respectively. This implied that except BC and BCH
solid, other materials possessed a net negative charge at and around
neutral pH. Therefore, the possibility of electrostatic attraction
of E2 by the solid surface was, perhaps, ruled out. Hence, the
possible interaction of E2 with the solid surface was due to the
hydrophobic or organophilic nature of the hybrid materials. The
mechanism of E2 uptake by these hybrid materials is therefore,
assumed primarily with the fact that the introduction of organic
cation (HDTMA) within the clay network caused to enhance the
hydrophobicity or organophilic nature of the surface. This enabled
E2 to partition at the introduced hydrophobic core. On the other
hand; LCAH solid showed slightly less uptake of E2, possibly,
due to the screening of the introduced HDTMA molecule in pres-
ence of aluminium oxide/hydroxide particles onto the solid surface.
Hence, this caused to reduce the hydrophobic core within the
clay network. Further, the removal of E2 was decreased to some
extent with increasing the solution pH t010.0. This is due to the
partial acidic dissociation of E2. This caused, to some extent,
for electrostatic repulsion and hence was reduced in partitioning
of E2 within the hydrophobic core of the hybrid materials. It was
reported previously that the organoclays prepared with longer

Specific pore volume (cm®/g)
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Fig. 1. Effect of pH on the removal of E2 using different materials.

chain surfactant molecule were less influenced by the solution
pH [24]. Moreover, the hybrid materials precursor to natural sericite
and modified with HDTMA and alkyldimethylbenzylammonium
chloride were used in the remediation of wastewaters contaminated
with BPA, and the increased in pH from ca. 2.0 to 10.0 did not
significantly affect the percentage uptake of BPA by these hybrid
materials [22]. It was also noted that the virgin bentonite and local
clay showed very insignificant or significantly less uptake of E2
(ca. 42.86% and 37.14% at pH 7.21 and 7.16 for BC and LC, re-
spectively), which was further decreased at low and high pH
conditions. The sorption of E2 by all these hybrid materials, com-
pared to the unmodified clays, show significantly enhanced percent
uptake and enhanced the applicability of hybrid materials at least
in the remediation of water contaminated with E2 pollutant.

3.2.2. Effect of E2 concentration

The effect of initial sorptive concentration is one of the effective
factors in estimating the sorption efficiency/capacity. The sorption
of E2 was obtained as a function of initial sorptive concentrations
and was presented in Fig. 2(a). The figure revealed that increasing
the initial concentration of E2 from Ca. 1.0 to 10.0 mg/L, a very
high percent uptake was not significantly affected with this increase
in sorptive concentration (cf. Fig. 2(a)) However, on the other
hand, the amount of E2 removal was increased significantly, in-
creasing the initial E2 concentration (Fig. 2(b)). These results again
indicated the strong affinity of E2 towards the hybrid materials
and an effective attenuation of E2 was obtained.
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Fig. 2. Effect of initial E2 concentration on the removal of E2 using
various hybrid materials.

3.2.3. Effect of background electrolyte concentration

Effect of background electrolytes in the sorptive removal of E2
by the hybrid materials could help to explain the mechanism
involved at solid/solution interface. The specific sorption is usually
not much influenced by the change in background electrolyte
concentrations; whereas the non-specific sorption is greatly influ-
enced by the change in background electrolyte concentrations
[25]. The percent removal of E2 as a function of background electro-
lyte (NaCl) concentrations is shown graphically in Fig. 3. The
results indicated that increasing the background electrolyte con-
centrations from 0.0001 to 0.1 mol/L NaCl (i.e., 1000 times increase)
was not significantly affected the percent uptake of E2 by the
hybrid materials, i.e., BCH, BCAH, LCH and LCAH. This indicated
again the strong affinity of solids towards E2. This implied that
the partitioned E2 was bound with relatively stronger van der
Waals forces which retained firmly the E2 molecule onto or within
the interspace of hybrid materials. Previously, it was reported
that the increase in NaCl concentration from 0 to 320 mm did
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Fig. 3. Effect of background electrolyte (NaCl) concentration on the
removal of E2.

not significantly change the adsorption of 17 a-ethinylestradiol
(EE2) from landfill leachate onto single-walled carbon nanotubes
(SWCNTs) [26]. Also the uptake of As(V) was almost unaffected
by the 1000 times increase in background electrolyte concentration,
using manganese coated activated carbon samples. It was further
stated that As(V) were specifically sorbed onto the solid surface
and predominantly formed ‘inner-sphere complexes’ onto the solid
surface [27].

3.2.4. Time dependence removal

The percent of E2 removed as a function of time was plotted
in Fig. 4. It was evident from the fig. that the materials were
efficient in the removal of E2 from aqueous solutions since within
initial 10-15 min of contact, a maximum E2 were aggregated onto
the solid surface and was resulted in maximum percent uptake
of E2. This was then gradually slowed down and an apparent
equilibrium was achieved within ca. 30 min of contact. This again
reaffirmed the affinity of these solids towards E2. Also it was
again noted that the uptake of E2 onto the LCAH solid was slightly
lesser than the other hybrid materials.
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Fig. 4. Effect of contact time on the removal of E2 by various hybrid
materials.
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The time dependence sorption data was then utilized to perform
the kinetic modelling. The non-linear form of three different kinetic
models, viz., pseudo-first order (PFO) [28], pseudo-second order
(PSO) [29] and fractal-like pseudo-second order (FL-PSO) [30] mod-
els (Eq. (2)- (4)) were utilized:

¢ =q (1—exp(—kt)) (2)

_ ij de 2t [3]
4 T kgt
_ k(Ie 2t Q
4 = o (4)
1+kgt

where q and g, are the amount of E2 removed at time ‘t’
and removal capacity at equilibrium, respectively. k; and k, are
the pseudo-first and pseudo-second order rate constants,
respectively. Similarly, the constants k and a are referred to the
rate constant and fractal constant, respectively. A non-linear least
square fitting was conducted and the unknown parameters were
optimized. The estimated values of the unknown parameters
along with the least square sum were then returned in Table
2. The simulation data was best fitted to the PSO and FL-PSO
kinetic models compared to the PFO model since reasonably
a low value of least square sum was obtained for these two models.
Further, a fair applicability of the PSO or FL-PSO models pointed
that the E2 species were bound onto the surface of these hybrid
materials with relatively a strong forces. Previously, Patel et al.
[11] reported that the adsorption of E2 on bone char obeyed
the pseudo second-order kinetic model and they assumed that
chemisorption mechanism was involved in the adsorption
process. Similar result was obtained in the sorptive removal of
bisphenol A by some of the hybrid materials precursor to the
natural sericite [22].

3.2.5. Fixed-bed column reactor operations

Fixed-bed column reactor studies were performed to assess the
loading capacity of the hybrid materials, viz., BCH, BCAH, LCH
and LCAH for E2 under the dynamic conditions. The column
experiments were conducted with the stated column conditions.
The breakthrough curves obtained were presented graphically in
Fig. 5. Figure revealed that relatively high breakthrough volume
was obtained for E2 by these solids. A complete breakthrough
was obtained at the throughput volume of 6.18, 5.40, 4.92 and
4.26; respectively for the BCH, BCAH, LCH and LCAH solids.
Relatively high value of breakthrough volume indicated the high
removal capacity of E2 by the modified solids under the dynamic
conditions as well. This further showed that the modified solids
could be potential and promising sorbing materials for the effective
attenuation of E2 from aqueous solutions.
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Fig. 5. Breakthrough curves for the removal of E2 using various hybrid
materials.

Table 2. Kinetic Parameters Obtained for the Sorption of E2 by Hybrid Materials Using Various Kinetic Models
Kinetic Models

Systems PFO

Ge ky s’ G
BCH-E2 2.264 0.952 0.195 2.378
BCAH-E2 2.124 0.706 0.395 2.276
LCH-E2 2.208 0.841 0.304 2.340
LCAH-E2 1.914 0.633 0.346 2.065

s* : Least Square Sum

PSO FL-PSO

k; s Qe k a s
0.656 0.049 2.726 0.480 0.464 0.003
0.435 0.144 3.626 0.154 0.308 0.009
0.546 0.098 3.040 0.298 0.368 0.009
0.412 0.126 3.358 0.147 0.324 0.011

Table 3. Thomas Constants (along with the least square sum) Estimated for the Removal of E2 by Various Hybrid Materials
Thomas constants

Materials
Kr x 10 (L/min/mg)
BCH 1.86
BCAH 2.43
LCH 2.38
LCAH 2.47

208

Least square sum (s%)

qo (mg/g)
75.984 9.2
63.757 10.0
58.965 9.8
49.746 16.0
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Further, the non-linear least square fitting was conducted with
the breakthrough column data using the Thomas equation (Eg.
(1)). The fitting was performed to simulate the two unknown param-
eters, i.e., Kr and q,. The values of Thomas constants along with
the least square sum were estimated and returned in Table 3.
These results indicated that a high loading capacity was achieved
for E2 by these solids under the dynamic conditions. Relatively,
BCH showed higher removal capacity for E2 compared to the
BCAH solid. Similarly, LCH solid possessed relatively higher re-
moval capacity than LCAH solid. The removal capacity followed
the trend: BCH > BCAH > LCH > LCAH. These results were
similar to the findings of batch reactor experiments. Also, the
results were in a line to other reports in which the Thomas equation
was utilized to demonstrate the loading capacity of different sorbing
materials [18, 31].

4. Conclusions

Organo-modified clay and inorgano-organo-modified clay materi-
als, precursor to the natural bentonite and local clay were obtained
and efficiently used in the removal of E2 from aqueous solutions.
The batch sorption data implied that the high uptake of E2 by
the hybrid materials was slightly affected at low and high pH
values. The uptake was insignificantly affected by the change
in the sorptive concentration (i.e., from 1.0 mg/L to 10.0 mg/L)
and the background electrolyte concentration (0.0001 to 0.1 mol/L
NaCl). Moreover, the attenuation of E2 by these hybrid materials
was fairly efficient as within 30 min of contact time, an apparent
equilibrium between the solid and solution was achieved, and
the data was best fitted to the PSO and FL-PSO kinetic models
compared to the PFO model. The fixed-bed column results showed
that relatively high breakthrough volume were obtained for attenu-
ation of E2 using the hybrid materials, and the loading capacity
of E2 was estimated to be 75.984, 63.757, 58.965 and 49.746 mg/g
for the solids BCH, BCAH, LCH and LCAH, respectively. These
results, in brief, indicated that the hybrid materials possessed
potential application in the remediation of aquatic environment
contaminated with the E2.
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