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Efficient attenuation of 17«-ethynylestradiol (EE2)
and tetracycline using novel hybrid materials: batch
and column reactor studies

Thanhmingliana,® Seung Mok Lee,® Diwakar Tiwari*® and Shailesh K. Prasad®

Hybrid materials were obtained by modifying natural bentonite (B) or locally collected clay (LC) using
hexadecyltrimethylammonium bromide (HDTMA) to obtain bentonite-HDTMA (BH) and local
clay-HDTMA (LCH), or by simultaneous pillaring with aluminum and modification with HDTMA to obtain
BAH and LCAH. The hybrid materials were used for the efficient attenuation of micro-pollutants,
17a-ethynylestradiol (EE2) and tetracycline (TC), in aqueous solutions under batch and fixed-bed column
reactor experiments. Batch data indicated that the uptake of EE2 and TC by the hybrid materials was
slightly affected at low and high pH within the pH range of 4.0-10.0. The uptake was not affected by
varying the initial sorptive concentration (1.0-10.0 mg L™ for EE2 and 1.0-20.0 mg L™ for TC) and the
background electrolyte (NaCl) concentrations (0.0001-0.1 mol L™%). Moreover, the attenuation of EE2
and TC by these hybrid materials was fairly efficient. Within a contact time of 60 min for EE2 and
240 min for TC, an apparent equilibrium between the clay and solution was achieved. Kinetic modeling
showed that the data were fitted well to the pseudo-second order (PSO) and fractal-like-pseudo-second
order (FL-PSO) kinetic models compared with the pseudo-first order (PFO) model because a low value
of the least square sum was obtained for these two models. The fixed-bed column results showed that a
high breakthrough volume was obtained for attenuation of EE2 and TC using the hybrid materials.
Furthermore, the breakthrough data were fitted well to the Thomas equation; therefore, a very high
loading capacity was estimated for EE2 and TC for the hybrid materials. These hybrid materials are useful
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1. Introduction

Clay minerals are composed of fine particles of hydrous
aluminosilicates, and develop plasticity when mixed with water.
A common characteristic of clay minerals is their layer struc-
ture, although they have diverse chemical, mineralogical, and
physical characteristics. Clays possess a permanent net negative
charge because of isomorphous substitution, which is respon-
sible for the presence of exchangeable cations in the interspace
region.”® Therefore, the electrical charge possessed by clay
minerals and their microscale porosity makes them suitable as
natural sorbing materials for several pollutants in the treatment
of contaminated water. Although clay minerals are used widely
to decontaminate inorganic pollutants from wastewater, pris-
tine clay minerals possesses low sorption capacity for several
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materials in the remediation of aquatic environments contaminated with these two micro-pollutants.

hydrophobic and low- or nonpolar organic pollutants owing to
the hydrophilic nature of these materials.* Moreover, most clays
show low settling capacity, limiting their wider practical appli-
cation in wastewater treatment.’® The exchange of clay cations
with organic cations produces useful hybrid materials for the
attenuation of several non-polar organic contaminants (NOC)
from aqueous solutions.®*® Likewise, hybrid materials obtained
by pillaring with poly(hydroxo-metal) cations and simultaneous
intercalation of suitable organic cations are particularly suitable
for wastewater treatment, because these materials show good
affinity for organic impurities, and possess satisfactory settling
capacity, allowing easy separation of solid and aqueous
components.?

The presence of organic micro-pollutants, particularly
pharmaceuticals and personal care products (PPCPs) in the
aquatic environment is a serious environmental concern
because several micro-pollutants are persistent, non-
biodegradable and toxic even at low levels. The widespread
distribution of PPCPs has been demonstrated by a number of
monitoring studies and measurable concentrations of many
PPCPs have been found in wastewater, surface water, sedi-
ments, groundwater, and even in drinking water."*** PPCPs
enter the terrestrial environment through direct runoff and

This journal is © The Royal Society of Chemistry 2015
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excretion as unmetabolized drugs or active metabolites and
degradation products.” Around 70% of pharmaceuticals
consumed are excreted in urine as active ingredients or
metabolites.”®"” The normal sewage treatment system cannot
eliminate antibiotics completely, which results in the presence
of residual antibiotics in effluent.®

17a-ethynylestradiol (EE2) is a synthetic estrogen. It is a
derivative of the natural hormone, estradiol (E2). EE2 is used in
almost all modern formulations of combined oral contraceptive
pills and hormone replacement therapy for treating conditions
such as osteoporosis, menstrual disorders, and prostate and
breast cancer.’?" EE2 is one of the most potent estrogenic
chemicals of the known endocrine disruptors.”* Tetracycline
(TC) is a broad-spectrum antibiotic drug commonly prescribed
for the treatment of bacterial infections.*® TC is widely used in
aquaculture and the livestock industry**** as a food additive and
growth promoter.”® The consumption of tetracycline for veteri-
nary purposes is higher than for other classes of antibiotics.””

Sorptive removal of PPCPs using natural and synthetic
materials is a possible method of decontaminating the aquatic
environment contaminated with PPCPs. de Rudder et al’®
removed 17a-ethynylestradiol (EE2) from water in three
upstream bioreactors (UBRs), filled with sand, granulated acti-
vated carbon (GAC), or MnO, granules. The removal of EE2 in
the sand, GAC and MnO, reactors were 17.3%, 99.8% and
81.7%, respectively. They reported that the removal in the GAC
reactor was mainly due to adsorption, whereas the removal in
the MnO, reactor was possibly through the catalytic properties
of MnO,. Han et al.*® studied the adsorption of ethynylestradiol
(EE2) from aqueous solutions using industrial-grade polyamide
612 (PA612) particles. They observed that the adsorption of EE2
on PA612 followed pseudo-second order kinetics and the strong
binding affinity between EE2 and PA612 was due to hydro-
phobic partitioning of EE2 solutes and hydrogen bonding
interactions on PA612 amide groups. Combined coagulation—
adsorption treatment using single-walled carbon nanotubes
(SWCNTs), multiwall carbon nanotubes (MWCNTs), and
powdered activated carbon (PAC) was studied for the removal of
EE2.> The removal percentages using the combined coagula-
tion-adsorption method were similar to those achieved using
only an adsorbent. Al-Khateeb et al** reported that the
adsorption of EE2 on MWCNTs was a pseudo-second-order
kinetic process it was exothermic in nature. Adsorption of
tetracycline from aqueous solution by graphene oxide (GO) was
investigated by Gao et al® They reported that tetracycline
strongly adsorbed on the GO surface via a - interaction and
cation- bonding. Activated carbon with different chemical and
textural properties, sludge-derived materials, and the removal
by the combined use of microorganisms and activated carbon
(bioadsorption) were assessed for the adsorption of three
different tetracyclines (TCs) (tetracycline, oxytetracycline, and
chlortetracycline).®* Sludge-derived materials possessed signif-
icantly higher removal capacity than the commercial activated
carbon sample. Li et al.*® investigated the adsorption of tetra-
cycline on kaolinite with pH-dependent surface charges in
aqueous solution by batch tests supplemented by FTIR anal-
yses. The adsorption of TC on kaolinite was mainly on the

This journal is © The Royal Society of Chemistry 2015
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external surfaces via cation exchange. TC adsorption was more
pH dependent and the sorption capacity was much lower
compared with that on swelling clays.

The present study uses porous clay materials, commercial
bentonite and locally collected clay (local clay), to obtain the
novel hybrid materials, hexadecyltrimethylammonium bromide
(HDTMA) or aluminum-pillared HDTMA-modified clay. Organic
cations with long-chain alkyl groups (e.g., HDTMA) impart
hydrophobic properties to the mineral surface, and these hybrid
materials provide a hydrophobic core and organophilic prop-
erties, which aids hydrophobic bonding with several organic
pollutants.®® We use the hybrid materials to attenuate the
important micro-pollutants, EE2 and TC, in aqueous solutions.
Batch reactor experiments are conducted for physico-chemical
parametric studies, which provide a plausible mechanism for
the interfaces. Similarly, fixed-bed column reactor experiments
are conducted to optimize the loading capacity of contaminants
under dynamic conditions.

2. Materials and methods

2.1. Materials

Bentonite was procured from a commercial supplier, and was
mined in Bhuj, Gujarat, India. The bentonite clay was used after
simple washing with distilled water and drying at 90 °C in an
oven for 24 h. Local clay was collected in Phullen, Mizoram,
India. Because the local clay contained numerous impurities it
was carefully separated using the International Soil Reference
and Information Centre (ISRIC) standard procedure, as
described elsewhere.*® The bentonite and local clay samples
were crushed in a mortar and sieved to obtain 100 British
Standard Sieve (BSS) mesh size particles (0.150 mm). The cation
exchange capacity (CEC) of bentonite and local clay powder
were then obtained by using standard United States Environ-
mental Protection Agency (US EPA) method 9080.*® The CEC of
bentonite and local clay were 69.35 and 46.38 meq/100 g of clay,
respectively. Hexadecyltrimethylammonium bromide (HDTMA),
17a-ethynylestradiol (EE2) and tetracycline hydrochloride were
procured from Sigma-Aldrich, USA. Aluminum(ur) chloride was
obtained from Merck, India. Sodium chloride (Extrapure) was
procured from HiMedia, India. The other chemicals used were
of analytical or equivalent grade. The water was purified by
using a Millipore water purification system (Milli-Q").

Structures of (a) EE2 and (b) tetracycline

2.2,

Methodology

2.2.1. Preparation of organoclay and inorgano-organoclay.
Bentonite or local clay was organically modified by the standard
wet cation exchange process. Hexadecyltrimethylammonium

RSC Adv., 2015, 5, 46834-46842 | 46835
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bromide (HDTMA) was loaded to saturate the clay CEC.
HDTMA-modified bentonite and local clay were labeled as BH
and LCH samples, respectively. The inorgano-organoclay was
prepared by simultaneous pillaring with aluminum and modi-
fication with HDTMA to obtain HDTMA-Al-bentonite (BAH) or
HDTMA-Al-local clay (LCAH) hybrid materials. A simple wet
method was used as described elsewhere.>*”

2.2.2. Characterization and surface morphology of hybrid
materials. The surface morphology of the hybrid materials and
the virgin clay was determined from field emission scanning
electron microscopy (FE-SEM; S-4700, Hitachi, Japan) images.
X-ray diffraction (XRD) data was recorded by using an X-ray
diffraction machine (X'Pert PRO MPD, PANalytical, Nether-
lands) with Cu-K, radiation with a wavelength of 1.5418 A.
Fourier transform-infra red (FT-IR) spectroscopy was performed
with an FT-IR spectrometer (Bruker, Tensor 27, USA, KBR disk
method). The point of zero charge (pHpc) values of bentonite,
local clay, BH, LCH, BAH and LCAH were determined by the pH
drift method, as described previously.**

2.2.3. Batch reactor experiments. A stock solution (50 mg
L") of TC was prepared by dissolving an appropriate amount of
TC in purified water. The required TC concentration was
obtained by successive dilution of stock solution. A stock solu-
tion (10 mg L") of EE2 was prepared by dissolving an appro-
priate amount of EE2 in purified water at elevated pH with
dilute NaOH. The required EE2 concentration was obtained by
successive dilution of stock solution and the pH was adjusted
with HCl/NaOH. The pH dependence of sorption data was
obtained as follows. A series of 5.0 mg L™ EE2 or 10.0 mg L ™"
TC solutions (50 mL) was placed in polyethylene bottles and the
pH was adjusted by dropwise addition of conc. HCl/NaOH
solutions. The clay (0.1 g) was added to these solutions. The
bottles were kept in an automatic incubator shaker (Incubator
Shaker, TM Weiber, ACMAS Technologies Pvt. Ltd., India) for 24
h at 25 + 1 °C. The prolonged period of 24 h may allow an
apparent equilibrium to be achieved between the clay and
solution. The bottles were removed from the shaker and the
mixture was filtered with a 0.45 um syringe filter. The filtrate pH
was reported as the equilibrium pH. Absorbance of the filtrates
was measured with a UV-vis spectrophotometer (UV1, Thermo
Electron Corporation, USA). The absorbance was recorded at
280 nm for EE2 and 360 nm for TC. The calibration curve was
obtained by using standard EE2 and TC solutions with various
concentrations. Results are presented as the percentage of EE2
and TC removed as a function of equilibrium pH. The spec-
trophotometric determination of EE2 and TC have been per-
formed previously and are described elsewhere.**** The blank
EE2 (5.0 mg L") or TC (10 mg L™ ") solutions at the appropriate
pH were shaken without the hybrid materials in the poly-
ethylene bottles for 24 h. The samples were filtered with a 0.45
pm syringe filter and their absorbance determined at wave-
lengths of 280 and 360 nm for EE2 and TC, respectively. No
decrease in absorbance was observed, which indicated that
negligible sorption to the polyethylene bottles occurred.

The concentration dependence study was performed by
varying the EE2 concentration from 1.0 to 10.0 mg L™ " and the
TC concentration from 1.0 to 20.0 mg L™ " at pH 7.0 and 25 + 1
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°C. The adsorption process detailed above was then followed.
Results are presented as the percentage removal of EE2 or TC as
a function of initial EE2 or TC concentration (mg L™ "). Time
dependent sorption of EE2 and TC by the hybrid materials was
obtained at different time intervals. The initial EE2 concentra-
tion of 5.0 mg L' and TC concentration of 10.0 mg L~ " for a
clay sample of 2.0 g L™ " was taken as constant and the sorption
experiments were conducted at pH 7.0 and 25 £ 1 °C. Results
are reported as percentage removal of EE2 or TC as a function of
time (min). The effect of background electrolyte concentration
on sorption of EE2 or TC was studied varying the background
electrolyte (NaCl) concentration from 0.0001 to 0.1 mol L™ with
EE2 and TC solution with initial concentrations 5.0 and 10.0 mg
L™, respectively. The solution pH (7.0) and temperature (25 + 1
°C) was kept constant throughout the experiments. Results are
presented as percentage EE2 and TC removed as a function of
background electrolyte concentration.

2.2.4. Fixed-bed column experiments. Fixed-bed column
experiments were conducted with a glass column (1 cm inner
diameter) packed with 0.25 g of hybrid materials in the middle
of the column. Below and above the hybrid material, 1.0 g of
virgin sand particles (14-16 BSS) was placed and the rest of the
column was packed with glass beads. EE2 (5.0 mg L™ ) or TC
(10.0 mg L") solution at pH 7.0 was pumped upward from the
bottom of the column with a peristaltic pump (KrosFlo
Research I Peristaltic Pump, Spectrum Laboratories Inc., Cal-
ifornia, USA), at a constant flow rate of 1.0 mL min . Effluent
solution was collected by using a fraction collector (Spectra/
Chrom CF-2 Fraction Collector, Spectrum Laboratories Inc.,
California, USA). The collected effluents were filtered with a 0.45
pum syringe filter and the filtrates were then subjected to UV-vis
measurements.

Breakthrough data obtained from the fixed-bed column
experiments were used to optimize the loading capacity of EE2
or TC on the hybrid material loaded column under dynamic
conditions, using the Thomas equation,**

C. 1 )
EU T 1 4+ elKrlgom—CoV))/Q ( )

where C. and C, are the concentrations (mg L ') of effluent and
influent solutions of EE2 and TC, respectively; Kt is the Thomas
rate constant (L min~" mg™"); g, is the maximum amount (mg
g~ ") of EE2 or TC loaded under the column conditions; m is the
mass (g) of hybrid materials in the column; V is the throughput
volume (L); and Q is the flow rate (L min~") of EE2 or TC
solution. The column data were fitted to a non-linear Thomas
equation by using the least squares fitting method to estimate
the two unknown parameters, Ky and go.

3. Results and discussion

3.1. Characterization of materials

FT-IR data indicated that the hybrid materials, BH, BAH, LCH or
LCAH, possess prominent IR stretching bands at 2930 and 2850
em™ ! arising from -CH, asymmetric and symmetric stretching
vibrations respectively. This confirmed the introduction of
HDTMA in the clay network for all these hybrid materials.

This journal is © The Royal Society of Chemistry 2015
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Characteristic peaks in the X-ray diffraction analysis showed
that both the clay samples contained quartz, smectite, illite
and kaolinite in various proportions. The XRD patterns of
the modified clay samples were almost identical to the virgin
clay, with slight changes in d-values and peak intensities. The
FE-SEM images clearly show that the organo-modified
bentonite or LC (BH or LCH) had more heterogeneous and
disordered surface structures. BAH and LCAH showed a similar
disordered structure, although fine particles were observed on
the surface that were possibly aggregated or immobilized as
aluminum hydroxide or Al,0;. Detailed characterization of
these hybrid materials has been described previously.*”*>

3.2. Batch reactor experiments

3.2.1. Effect of pH. The pH dependent removal of EE2
(pH 4.01 to 10.14) and TC (pH 3.96 to 10.06) by the clays is
presented in Fig. 1(a) and (b), respectively. The very high
uptake of EE2 was not changed in the pH region of 4.0 to 8.0 by
the clays. However, a further increase above pH 8.0 decreased
the uptake of EE2. The uptake of EE2 by these clays may be
increased by speciation of EE2 and the surface properties of the
clays. EE2 has a pK, of 10.4,* indicating that EE2 is a neutral
molecule up pH 10.0 and carries a net negative charge above
pH 10.4. However, the pHpyc values of the clays were 10.0, 8.2,
6.1, 5.8, 5.1 and 5.1 for B, BH, BAH, LC, LCH and LCAH,
respectively. This implies that except bentonite, the other clays
possess a net negative charge around pH 7. Therefore, there is
unlikely to be electrostatic attraction between the clay surface
and EE2. Hence, the possible mechanism of EE2 uptake by
these hybrid materials is demonstrated by the fact that the
introduction of an organic cation (HDTMA) increases the
hydrophobicity and organophilicity of the surface. This enables
EE2 to partition at the HDTMA hydrophobic core.** However,
Al-pillared HDTMA-modified local clay (LCAH) showed slightly
less uptake of EE2, possibly because of the screening of
HDTMA by small aluminum oxide/hydroxide particles on the
clay surface. Furthermore, the removal of EE2 was decreased by
increasing the solution pH to 10.0 because partial acidic
dissociation of EE2 occurred at this pH. The dissociation
caused electrostatic repulsion, reducing the partitioning of the
EE2 in the hydrophobic core of the hybrid materials. Previ-
ously, hybrid materials obtained by modifying natural sericite
with HDTMA and alkyldimethylbenzylammonium chloride
were used in the remediation of wastewaters contaminated
with BPA. The increase in pH from 2.0 to 10.0 did not signifi-
cantly affect the percentage uptake of BPA by the hybrid
materials. Furthermore, it was reported that organoclays con-
taining longer chain surfactant molecules were less affected by
the solution pH* and consistently possessed a high adsorption
capacity for BPA even under alkaline conditions.*® Virgin
bentonite and local clay showed an insignificant uptake of EE2
(42% and 36% at pH 6.0 to 8.0 for B and LC respectively), which
decreased further at low and high pH. The sorption of EE2 by
all these hybrid materials showed a substantially higher
percentage uptake (94%) compared with the unmodified clays.

This journal is © The Royal Society of Chemistry 2015
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Interestingly, the high attenuation of EE2 was almost inde-
pendent of the pH up to pH 8.5 (Fig. 1(a)).

TC has different functional groups with pK,;, pKa, and pKa,s
values of 3.3, 7.7 and 9.7, respectively.*” For the unmodified
clays, B and LC, very high sorption of TC was achieved at lower
pH values (pH 4), it decreased significantly between pH 4.0 and
6.0, remained nearly constant from pH 6.0-8.0, and then it
decreased markedly at pH 10.0. These results agree well with
other reports, in which TC adsorption was higher at low pH, and
this was attributed to the cation exchange mechanism.**** At
pH values below 3.3, TC exists as a cation (TCH;" or TCH;" ° 9),
because of the protonation of the dimethyl-ammonium group.
At pH 3.3-7.7, TC exists as a zwitterion (TCH," or TCH,® * 7),
because of the loss of a proton from the phenolic diketone
moiety. At pHs greater than 7.7, TC exists as an anion (TCH™ or
TCH® ~ ), and at pH 9.7, it exists in di-anionic form (TC>~ or
TC® ~ ) through the loss of another proton from the tri-
carbonyl system and phenolic diketone moiety.** The higher
removal at pH 6-8 for TC compared with EE2 for the unmodi-
fied clays indicates that the positive part of the TC zwitterions
interacted with the clays. Because TCH,’ and TCH both
contain a positively charged group in their structure, the
molecules are probably arranged at the surface so that the
positively charged group is close to the surface and the nega-
tively charged group is furthest from the surface, which reveals
that electrostatic attraction may play an important role in the
sorption, not only of TCH,", but also of TCH,° and TCH .**

A slightly lower uptake of TC was observed for the hybrid
material at pH 4.0. The uptake gradually increased at pH 6
(99.5%), and then remained nearly constant from pH 6.0 to 9.0.
These results clearly indicate that hydrophobic interactions play
a prominent role in TC sorption.*” Above pH 9.0, a slight
decrease in the removal of TC by the hybrid materials was
observed, owing to the strong electrostatic repulsion. The
slightly lower uptake of TC by LCAH may arise from the
screening of HDTMA molecule by aluminum oxide/hydroxide
particles on the clay surface, restricting the partitioning of TC in
the hydrophobic core. Similar results were reported for the
uptake of TC by MnFe,O4/activated carbon magnetic
composite® and activated carbons.** Zhang et al*>* observed
similar behavior in the removal of TC by multi-walled carbon
nanotubes (MWCNTSs) and proposed that adsorption probably
occurred via non-electrostatic m-1 dispersion interactions
between bulk 7 systems on the MWCNT surface and TC mole-
cules containing benzene rings and double bonds, or via
hydrophobic interactions between MWCNTSs and TC.

3.2.2. Effect of EE2 or TC concentration. The effect of
initial sorptive concentration can be used for estimating the
sorption efficiency and capacity. The concentration dependence
of removal was studied for initial EE2 concentrations from 1.0
t0 10.0 mg L™ " and TC concentrations from 1.0 to 20.0 mg L™ " at
pH 7.0. Results for EE2 and TC are presented in Fig. 2(a) and (b),
respectively. Increasing the concentration of EE2 or TC did not
affect the very high percentage uptake of EE2 and TC. These
results also suggest the strong affinity of hybrid materials (BH,
BAH and LCH) for EE2 and TC. At lower concentrations, the
hybrid materials showed very high removal for TC, whereas the
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percent removal was slightly lower for EE2. A slightly lower
removal of EE2 and TC was observed for LCAH. The results were
consistent with the pH dependence study.

3.2.3. Effect of background electrolyte concentration. The
effect of background electrolytes in the sorptive removal of EE2
and TC by the hybrid materials could help to explain the
mechanism at solid/solution interfaces.?»** Specific sorption is
not usually affected by the change in background electrolyte
concentrations, whereas electrolyte concentration strongly
affects non-specific sorption. Therefore, the sorption of EE2 or
TC by BH, BAH, LCH and LCAH was assessed varying the
background electrolyte concentrations from 0.0001 to 0.1 mol
L~ NaCl at an initial EE2 concentration of 5.0 mg L' and TC
concentration of 10.0 mg L™ " at pH 7.0. The percent removal of
EE2 and TC was obtained as a function of the background
electrolyte (NaCl) concentrations. The results are presented in
Fig. 3(a) and (b) for EE2 and TC, respectively. Increasing the
background electrolyte concentrations even up to 1000 times
did not significantly affect the percentage uptake of either EE2
or TC by the hybrid materials BH, BAH, LCH and LCAH. This
indicated the strong affinity of the clays toward EE2 or TC. This
implies that the partitioned EE2 or TC was bound strongly by
van der Waals forces in the interspace of the hybrid materials.
Previously, it was reported that increasing the NaCl concentra-
tion from 0 to 320 mM did not significantly change the
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adsorption of EE2 from landfill leachate on single-walled
carbon nanotubes (SWCNTs).”* Similarly, Zhang et al*
studied TC adsorption on multi-walled carbon nanotubes
(MWCNT) at two ionic strengths (0.02 and 0.2 mol L ™" NacCl)
and two initial TC concentrations (20.0 and 70.0 mg L™ "). In the
pH range of 2.5 to 9, the ionic strength showed little effect on
the sorption of TC on MWCNT.

3.2.4. Time dependence removal. The percent removal of
EE2 or TC as a function of time was presented in Fig. 4(a) and
(b). The materials are efficient in the removal of EE2 and TC
from aqueous solutions because within the initial 10-15 min of
contact time for EE2 and 60 min for TC, the uptake was very fast,
and then it gradually increased until an apparent equilibrium
was achieved within 60 min for EE2 and 240 min for TC. This
also demonstrates the affinity of these clays for EE2 and TC.
However, the uptake of EE2 and TC on LCAH was slower
compared with the other hybrid materials.

The time dependence sorption data was then used to
perform kinetic modelling. The three different kinetic models,
pseudo-first order (PFO),>® pseudo-second order (PSO)** and
fractal-like pseudo-second order (FL-PSO)*” models of its non-
linear form (eqn (2)—(4)) were used.

4 = qe(1 — exp(—ki1)) (2)

This journal is © The Royal Society of Chemistry 2015
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Here, g, and gq. are the amount of EE2 or TC removed at time ¢
and the removal capacity at equilibrium, respectively. k; and k,
are the pseudo-first and pseudo-second order rate constants,
respectively. k and « are the rate constant and fractal constant,
respectively. A non-linear least squares fitting was performed
and the unknown parameters were optimized. The estimated
values of the unknown parameters along with the least square
sum are shown in Table 1. The simulation data was best fitted
by the PSO and FL-PSO kinetic models compared with the PFO
model because a low value of the least square sum was obtained
for these two models. These results showed that the removal
capacity of these hybrid materials was higher for TC compared
with EE2. Furthermore, the applicability of the PSO or FL-PSO
models shows that the EE2 or TC species were bound to the
surface of the hybrid materials with strong forces. Earlier
reports indicated that the sorption of divalent metal cations on
Sphagnum moss peat followed second-order rate laws. There-
fore, metal cations were strongly bound by covalent bonds
between the peat surface active groups and the divalent metal

This journal is © The Royal Society of Chemistry 2015

ions.*®* Similar results were obtained in the sorptive removal of
bisphenol A by a hybrid material, made from a natural sericite
precursor.*

3.3. Fixed-bed column reactor experiments

Fixed-bed column experiments were performed to assess the
loading capacity of the hybrid materials BH, BAH, LCH and
LCAH for EE2 and TC under dynamic conditions. The column
experiments were carried out under various column condi-
tions. The breakthrough curves are presented in Fig. 5(a) and
(b) for EE2 and TC, respectively. A high breakthrough volume
was obtained for EE2 and TC on these clays. A complete
breakthrough volume was observed at throughput volumes of
7.68, 6.36, 6.24 and 5.041 L for EE2; and 1.33, 1.09, 1.06 and
0.94 L for TC; for BH, BAH, LCH and LCAH, respectively. The
high breakthrough volume indicates the higher removal
capacity of EE2 and TC by the modified clays under dynamic
conditions. This further shows that the modified clays
could be promising sorbing materials for the removal of EE2
and TC.

The non-linear least square fitting was conducted for the
breakthrough column data employing the Thomas equation
(eqn (1)). The fitting was performed to simulate the two
unknown parameters, Kr and g,. The values of the Thomas
constants and the least square sum were estimated (Table 2).
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Table 1 Kinetic parameters obtained for the sorption of EE2 and TC by hybrid materials by using various kinetic models

Paper

a

Kinetic models

PFO PSO FL-PSO

Systems qe ks s% qe ks s2 qe k o s?
BH-EE2 2.340 0.990 0.160 2.515 0.654 0.031 2.940 0.438 0.488 0.004
BAH-EE2 2.203 0.671 0.276 2.411 0.415 0.083 4.038 0.126 0.340 0.003
LCH-EE2 2.230 0.906 0.167 2.399 0.625 0.030 2.751 0.453 0.533 0.004
LCAH-EE2 2.002 0.463 0.164 2.221 0.292 0.045 2.673 0.217 0.611 0.013
BH-TC 3.868 0.289 1.699 4.127 0.100 0.481 4.691 0.108 0.571 0.035
BAH-TC 3.533 0.390 1.766 3.769 0.146 0.656 4.810 0.120 0.410 0.064
LCH-TC 3.940 0.039 0.882 4.506 0.010 0.350 5.534 0.013 0.712 0.143
LCAH-TC 3.296 0.046 1.192 3.700 0.016 0.608 7.395 0.011 0.457 0.088
@ §% least square sum.
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Fig. 5 Breakthrough curves for the removal of (a) EE2 and (b) TC by B

A high loading capacity was achieved for EE2 and TC for these
clays under dynamic conditions. BH showed a higher removal
capacity for EE2 and TC compared with BAH. Similarly, LCH
possessed a higher removal capacity than LCAH. The overall
removal capacity was in the order BH > BAH = LCH > LCAH.
The removal capacity of BAH and LCH for EE2 and TC was
comparable hence, the locally collected clay could be a useful
natural material for the efficient, effective remediation of

@ BH-calculated
e BAH-calculated

Ce/Co

e | CH-calculated
LCAH-calculated
BH-measured

0.4

0.2 BAH-measured
LCH-measured
LCAH-measured

2

Throughput volume (L)

H, BAH, LCH and LCAH.

wastewater contaminated with the micro-pollutants EE2 and
TC. Moreover, the removal capacity of BAH or LCAH for EE2
and TC was comparable with BH or LCH. Although a slight
decrease was observed for BAH and LCAH, these materials
showed a good settling capacity, and would be a superior
alternative in solid/solution separation and wastewater
treatment plants. These results were similar to the findings of
the batch reactor experiments. The results were consistent

Table 2 Thomas constants and the least square sum for the removal of EE2 and TC by B, BH, BAH, LC, LCH and LCAH

EE2

TC

Thomas constants

Thomas constants

Ky x 107* Least square Kp x 10°* Least square
Materials (L min™" mg™") go (mgg™) sum (s%) (L min~" mg™") qo (mgg™) sum (s%)
BH 1.59 111.979 10.0 4.89 34.976 12.0
BAH 1.70 97.987 11.0 6.09 29.963 12.0
LCH 1.88 86.965 11.0 6.59 26.956 12.0
LCAH 2.30 64.996 10.0 7.09 23.478 11.0
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with previous reports in which the Thomas equation was used
to demonstrate the loading capacity of different sorbing
materials.®*®

4. Conclusion

Organo-modified clay and inorgano-organo-modified clays
were synthesized from natural bentonite and local clay and
characterized by IR and XRD. The IR data showed that HDTMA
was introduced in the clay network. XRD analysis indicated the
presence of quartz, smectite, kaolinite and illite in various
proportions in bentonite and local clay. SEM images of the
modified clays showed that the structures of HDTMA-modified
clay materials were disordered, whereas Al-pillared clays con-
tained fine particles of aluminum hydroxides or Al,O; aggre-
gated on the clay surface. The clays were used for the
remediation of EE2 and TC contaminated waters in batch and
column reactor experiments. The batch data implied that the
uptake of EE2 and TC by the hybrid materials was slightly
affected at low and high pH in the range 4.0-10.0. The uptake
was not affected by varying the sorptive concentration (1.0 to
10.0 mg L' for EE2 and 1.0 to 20.0 mg L™ * for TC) and the
background electrolyte concentration (0.0001 to 0.1 mol L™*
NacCl). Moreover, the attenuation of EE2 and TC by these hybrid
materials was efficient; within 60 min of contact time for EE2
and 240 min for TC, an apparent equilibrium between clay and
solution was achieved. The fixed-bed column results showed
that a high breakthrough volume was obtained for attenuating
EE2 and TC using the hybrid materials. Furthermore, the
breakthrough data were fitted well to the Thomas equation;
therefore, the loading capacity for EE2 was estimated to be
111.979, 97.987, 86.965 and 64.996 mg g~ and that for TC was
34.976,29.963, 26.956 and 23.478 mg g71 for BH, BAH, LCH and
LCAH, respectively. Hence, these hybrid materials are prom-
ising for the remediation of the aquatic environment contami-
nated with two important micro-pollutants, EE2 and TC.
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