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ABSTRACT

The present study aims to investigate the insights of Alizarin Yellow removal by hybrid materials precursor to natural bentonite. The hybrid
materials employed are bentonite modified with hexadecyltrimethylammonium bromide (HDTMA) (BnH) and aluminium pillared HDTMA bentonite
(BnAH). Surface morphology of materials are obtained with scanning electron microscopy-Energy dispersive X-ray analysis (SEM-EDX). The batch
reactor operations conducted in the removal of Alizarin Yellow by these solids for various parametric studies which enabled to deduce the mechanism
involved at solid/solution interface. Sorption capacity and selectivity was increased significantly using hybrid materials in the removal of AY.
Hybrid materials showed very high removal capacity of AY and apparently unaffected at varied pH (4.0-10.0) and sorptive concentrations 1.0
to 25.0 mgL". Kinetic studies indicated that an apparent equilibrium occurred within 5-10 min of contact and the kinetic data was better fitted
to the pseudo-second-order kinetic model. The percent removal of AY was not affected by increasing the background electrolyte (NaCl) concentration
to 0.1 molL" and in presence of several co-existing ions. It is revealed that the hybrid materials are found more organophilic and AY molecule

bound with strong forces at the surface of hybrid materials.
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1. Introduction

Rapid growth of modern textile industries has led to an excessive
discharge of wastes containing dyes and pigments. A report stated
that around 10-15% of the dye produced is lost annually during
the textile dyeing process and final processes [1]. Dye compounds
are non-biodegradable, persistent in nature, stable to light thereby
disturbing the process of photosynthesis in the aquatic environment
and are difficult to eliminate because of aromatic structure from
water bodies [2-8]. More than 5,000 years, natural dyes, for instance,
indigo have been employed for coloring but due to the low cost
and availability of new colors, natural dyes are being replaced
by the synthetic dyes [9]. Alizarin Yellow, an azo dye,
5-(3-Nitrophenylazo) salicylic acid sodium salt is produced by the
diazo coupling reaction and readily soluble in water. It is used
in wool, leather, paper, fibers, leather, plastics, food, pharmaceut-
icals, paints and lacquers industries [9-11]. Several biological and
physicochemical treatments such as oxidation, coagulation, acti-

vated sludge processes, filtration, photocatalysis, membrane filtra-
tion and adsorption are employed in the removal of dye compounds
from wastewaters. However, some of these methods are expensive,
generate even more toxic by-products and sometimes show limited
efficiency [12-14]. Therefore, adsorption is a common and viable
method to be employed for the removal of dyes from wastewaters
due to its low-cost, easy process and effective since no hazardous
by-products are formed in the overall process [15-20].

Clay minerals are natural adsorbent and are found useful in
the remediation of aquatic environments contaminated with a varie-
ty of water pollutants. The presence of exchangeable cations, elec-
trical charge, micro-porosity and surface functional groups makes
clay mineral a good natural adsorbent. However, clay minerals
show less efficiency towards several anionic and organic
contaminants. Therefore, to increase its sorption capacity towards
such pollutants, modification of clay minerals with suitable organic
molecules, grafting, treating with acid and alkali, pillaring with
poly(hydroxo-metal) cations and cross-linking are interesting alter-
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natives which enhances the applicability of natural clay materials
for remediation of contaminated waters [21, 22]. Suitable organic
molecules are introduced utilizing the aluminol and silanol groups
of clay in the surface modifications or even to functionalize the
clay materials. This eventually enhances the sorption efficiency
of modified clay materials towards several recalcitrant pollutants
from aqueous solutions [23]. Bentonite is a natural layered phyllosi-
licate, made up of interchanging tetrahedral and octahedral sheets
(T:0) in the ratio of 2:1. The silicon ion and aluminium ion in
the crystal are replaced by lower valent metal cations such as
calcium, sodium, magnesium etc. resulting in the net negative
charge of the clay surface. Bentonite is having large specific surface
area, high cation exchange capacity (CEC) and high porosity [24,
25]. Bentonite is usually employed in order to remove and reduce
the dispersion of toxic contaminants in soil, air and water [26-28].
To increase the affinity of clay minerals with less polar matrices,
bentonite was modified with quaternary alkylammonium ions
which result in changing the silicate surface from hydrophilic to
organophilic enabling adsorption site for the remediation of con-
taminants of organic in nature from soil and water [29]. Hybrid
materials achieved by exchanging clay cations and organic cations
are employed for the decontamination of wastewater contaminated
with different non-polar organic contaminants (NOC) as well.
Further, hybrid materials obtained by pillaring of clay minerals
with poly(hydroxo-metal) cations and then intercalated with an
appropriate organic cations are useful for treatment of wastewater
and greater interest for organic pollutants, due to good settling
capacity and easy to separate solid phase from aqueous solutions
[30]. Therefore, the present communication is intended to utilize
the synthesized hybrid bentonite materials in the decontamination
of aqueous solutions contaminated with Alizarin Yellow. The mech-
anism involved at the solid/solution interface is extensively carried
out employing various physico-chemical parametric studies.

2. Materials and Methods

2.1. Materials

Bentonite was collected from Bhuj, Gujarat, India and washed with
distilled water to remove impurities and dried in an oven at 90°C
overnight. The dried bentonite is made powdered and sieved to
obtain 100 BSS (British Standard Sieve) mesh particle size (0.150
mm). The cation exchange capacity (CEC) of bentonite was found
68.34 meg/100 g [30]. Alizarin Yellow and hexadecyl-
trimethylammonium bromide (HDTMA) was obtained from
Sigma-Aldrich, USA. Sodium chloride (Extrapure) and Glycine
were obtained from HiMedia, India. Cadmium(Il) nitrate, copper(Il)
sulphate, aluminium(IIl) chloride and oxalic acid were obtained
from Merck, India. Further, ethylenediaminetetraacetic acid was
obtained from Qualigens, India.

2.2. Methodology

2.2.1. Organoclay and inorgano—organoclay preparation

The wet cation exchange process was employed for the modification
of bentonite with hexadecyltrimethylammonium bromide
(HDTMA). The detailed process of modification was described ear-

lier and the hybrid material obtained is denoted as BnH [30]. In
brief the HDTMA solution (equivalent to 1:1 cation exchange ca-
pacity of bentonite) and bentonite was refluxed for 48 h at 60°C.
The supernatant was decanted and bentonite was washed with
excess of water and dried at 90°C for overnight. Likewise, a simple
wet synthesis was employed to pillar the bentonite with aluminium
followed by introducing the HDTMA using the known method
described previously and the materials was denoted as BnAH [30,
31]. In brief the pillaring aluminium solution (0.2 molL") was
mixed with equal volume of sodium hydroxide solution (0.4 molL™).
The solution mixture was aged for 7 d and then HDTMA solution
(equivalent to 1:1 cation exchange capacity of bentonite) was added.
The slurry was stirred for 5 h at 25°C and was kept for 2 d. The
supernatant was decanted and the solid was washed with excess
of water and dried at 90°C. The point of zero charges (pHp.c) of
the solid materials were obtained by the known acid base titration
method as described elsewhere [32, 33]. In brief, 5.0 g each of
solid was taken in two beakers each having 500 mL of distilled
water. Both the beakers are kept under stirring and titrated with
0.1 molL* of nitric acid and 0.1 molL™ of sodium hydroxide
solutions. The pH was recorded using the pH meter. Further, the
PHpzc was obtained by the point at which the curve crossed the
line at which pHina = pHinitial-

2.2.2. Characterization and morphology of hybrid material
The FT-IR data of the pristine bentonite and modified bentonite
were determined using FT-IR machine (Bruker, Tensor 27, USA
by KBR disk method). Similarly, the surface morphology was ob-
tained by field emission scanning electron microscopy (FE-SEM;
S-4700, Hitachi, Japan) images. The X-ray diffraction (XRD) data
was obtained by the X-ray diffraction machine (PANalytical,
Netherland; Model X’Pert PRO MPD). The BET Analyzer Macsorb
HM machine (Model-1201) Japan was employed to obtain the specif-
ic surface area, pore volume and pore size of the solid materials.

Real wastewater sample was collected from the municipal waste-
water treatment plant, Chite, Aizawl Mizoram, India. The water
sample was filtered and subjected for various water quality parame-
ters using a Multi-photometer (HI98194, Hanna Instruments, USA).
The total organic/inorganic carbon and elemental analysis were
obtained using the TOC analyser (TOC-VCPH/CPN, Shimadzu,
Japan) and Atomic Absorption Spectrometer (AA-7000 Series,
Shimadzu, Japan), respectively.

2.2.3. Removal of Alizarin Yellow

100 mgL" stock solution of Alizarin Yellow (AY) was prepared
in purified water. The stock solution of AY was further diluted
to obtain the required experimental concentrations of AY. 10.0
mgL! of AY solutions (50.0 mL) were placed in different poly-
ethylene bottles and the pH were adjusted by dropwise addition
of 0.1 M HCI or NaOH solution. To these solutions, 0.1 g (100
mg) of pristine bentonite or modified bentonite powder was added.
These bottles were kept in an automatic incubator shaker (Incubator
Shaker, TM Weiber, ACMAS Technologies Pvt. Ltd., India) for
24 h at 25°C in order to achieve the equilibria between the solid/sol-
ution interface. The bottles were taken out, centrifuged for 10 min
at 1,200 rpm and the pH was checked again and recorded as equili-
brium pH. The supernatant solution was subjected for the absorb-
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ance measurements using a UV-Vis spectrophotometer (Model UV1,
Thermo Electron Corporation, USA). The absorbance was recorded
at 350 nm since Amax for AY was obtained at this wavelength.
AY concentration ranging from 1.0-25.0 mgL." was used to obtain
the calibration line for AY at the pH specified. Further, the concen-
tration of AY was prepared from 1.0 to 25.0 mgL™ to study the
effect of sorptive concentration on the removal of AY by hybrid
materials at constant pH 7.0 and constant temperature 25°C. Results
are presented as percent removal of AY as a function of initial
AY concentration (mgL™). The elimination of AY on the modified
materials was studied at different intervals of time at constant
pH 7.0 with initial concentration of AY of 10.0 mgL.". The results
were plotted as percent removal of AY as a function of time. The
effect of background electrolyte concentration on the removal of
AY was studied by varying the concentration of NaCl from 0.0001
to 0.1 moll." at constant pH of 7.0 having AY concentration of
10.0 mgL". Results obtained were plotted as percent removal of
AY as a function of background electrolyte concentration. The
presence of co-existing ions viz., ethylenediaminetetraacetic acid,
oxalic acid, glycine, Cd(II), Pb(Il) and Cu(Il) in the removal of
AY was studied at constant pH 7.0 with co-ions concentrations
of 50.0 mgL! and AY concentration 10.0 mgL. Results were pre-
sented as percent removal of AY in the presence of different co-ions.

Real wastewater sample was collected from the municipal waste-
water treatment plant, Chite, Aizawl Mizoram, India. The water
sample was filtered and subjected for various water quality parame-
ters using a Multi-photometer (HI98194, Hanna Instruments, USA).
The total organic/inorganic carbon and elemental analysis were
obtained using the TOC analyser (TOC-VCPH/CPN, Shimadzu,
Japan) and Atomic Absorption Spectrometer (AA-7000 Series,
Shimadzu, Japan), respectively.

3. Results and Discussion

3.1. Characterization of the Materials

The modified materials along with the pristine bentonite were
characterized by FT-IR and reported previously [30]. The IR data
implied that the organic molecule is successfully introduced within
the bentonite framework. The XRD analysis is conducted for pristine
and modified samples as detailed previously [30, 34]. The existence
of sharp diffraction peaks with d-spacing for these materials is
confirmed by the X-ray diffraction data. The XRD data is compared
with the standard ICDD (International Centre for Diffraction Data)
reference pattern. The quantitative estimation confirmed that the
bentonite is having 44.72, 24.16, 1.81 and 32.38% of quartz, smectite,
kaolinite and illite, respectively.

Nitrogen adsorption and desorption data is utilized to obtain
pore volume, BET specific surface area and pore sizes of Bn, BnH
and BnAH solids. The specific surface area of Bn, BnH and BnAH
were 81.85, 4.69 and 9.54 m’g’, respectively. Similarly, specific
pore volume is estimated as 0.011, 0.049 and 0.076 cm’g”,
respectively. On the other hand, the pore size was found to be
4.97, 35.61 and 28.43 nm respectively for Bn, BnH and BnAH
solids. Results indicated that high BET specific surface area of
pristine bentonite with low pore size and pore volume is primarily

Fig. 1. SEM images of (a) pristine bentonite (Bn) (b) BnH (c) BnAH
solids.
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due to the high content of illite, smectite and kaolinite compared
to the silica content. The modified materials caused an increase
in the pore size and pore volume of materials whereas the BET
specific surface area was decreased significantly. These results
further showed that the interspace of bentonite is occupied by
HDTMA or aluminium leading to decrease in specific surface area
while the pore volume and pores sized is enhanced due to propping
up of the interlayer.

The surface morphology of pristine clay and modified clay solids
were studied by the FE-SEM imaging and presented in Fig. 1.
It is evident from the figure that the surface of pristine bentonite
is ordered and possesses a compact structure. However, the hybrid
materials (BnH) surface showed disordered and heterogeneous
structure with enhanced porosity. It is assumed that the interspace
of bentonite was occupied by the HDTMA molecule by exchanging
or replacing the cations and water molecules. Similarly, the hybrid
material (BnAH) showed similar heterogeneous structure and the
surface contained with dispersed fine particles, possibly due to
the aggregation of aluminium or the structure of clay sheet is pillared
with aluminium as soon as it entered within the interspace of
clay.

3.2. Batch Reactor Operations

3.2.1. Effect of pH on the removal of AY

Alizarin yellow is a class of azo dye group and exceedingly rich
with organic contents along with associated toxicity. The complex
structure of alizarin yellow having with aromatic rings makes the
compound persistent in nature hence, found difficult in
biodegradation. Therefore, it received greater attention for its com-
plete elimination/or degradation from wastewater treatment plants
[6, 10]. The pH dependent removal of AY by both the pristine
bentonite (Bn) and hybrid materials (BnH and BnAH) is conducted
within the pH 4.0—10.0 and the results are plotted as percent removal
of AY against the final pH (Fig. 2). The pH,. of these materials
are 10.1, 8.4, 6.3 for Bn, BnH and BnAH, respectively. It is evident
ite clay (Bn) is insignificant while a very high uptake of AY is
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Fig. 2. pH dependence removal of Alizarin Yellow using pristine bentonite
and hybrid materials [Concentration of AY: 10.0 mglL™;
Temperature: 25°C].

from the figure that the percentage removal of AY by pristine bento-
nachieved by these hybrid materials. Almost 100% of AY is removed
in all the studied pH range which is independent of the change
in pH and the charge possessed by these hybrid materials, even
though the pHp,. of BnH and BnAH is 8.4 and 6.3, respectively.
A very high uptake of AY by these materials is due to the intercalation
of HDTMA within the clay network which enhanced the hydro-
phobicity and organophilicity of the clay surface and enabled the
removal of AY [30-33]. Moreover, very high uptake of AY by these
hybrid materials showed the high affinity of hybrid materials to-
wards the AY. The enhanced hydrophobic nature of the hybrid
materials is useful in the remediation of aqueous solutions con-
taminated with variety of micro-pollutants or even variety of dye
compounds.

3.2.2. Time dependence removal

The time dependent removal of AY by these hybrid materials is
conducted at different intervals of time and results are shown in
Fig. 3. The uptake of AY by these materials is very rapid which
is primarily due to the availability of active sites on the hybrid
materials. It is noted that within 5 to 10 min of contact an apparent
equilibrium was reached as 98 and 97% of AY was removed by
the BnH and BnAH solids, respectively. The result showed that
a strong affinity of these hybrid materials is possessed at least
towards the AY molecules.

Further, the non-linear kinetic models i.e., the pseudo-first order
(PFO), pseudo-second order (PSO) and fractal like pseudo-second
order (FLPSO) were utilized to fit the time dependence removal
data [35]. The least square sum and assessed values of the unknown
parameters are obtained by using the ‘solver’ from Microsoft Excel
software adds-in and results are returned in Table S1. It is evident
from the kinetic fitting that the kinetic data is fitted well to the
PSO and FL-PSO model compared to the PFO model since relatively
low least square sum is obtained for these two kinetic models.
The results further pointed out that AY are bound to the surface
of hybrid materials with relatively strong forces and the mechanisms
involved is expected to be ‘chemisorption’. The sorption of Alizarin
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Fig. 3. Removal of Alizarin Yellow by hybrid materials as a function
of time [Concentration of AY: 10.0 mgL"; pH: 7.0; Temperature:
25°C].
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Yellow and Alizarin Red by polypyrrole-coated magnetic nano-
particles also followed pseudo-second order kinetics [36]. Similar
results were reported previously on modified nanoalumina as sorb-
ent for the removal of Alizarin Yellow R and Methylene Blue
Dyes [37].

3.2.3. Concentration dependence studies

The sorptive concentration dependence study for AY was conducted
to estimate the removal efficiency of the modified material for
Alizarin Yellow with the varied initial AY concentrations from
100.0 to 500.0 mgL" at constant pH 7.0. The results are presented
in Fig. 4. It is observed that on increasing the concentration of
AY from 100.0 to 500.0 mgL" the percentage removal of AY by
BnH and BnAH decreased from 86.7 to 36.7% and 99.4 to 62.5%,
respectively. These results further suggested that the hybrid materi-
als are having strong affinity towards AY.

Further, the concentration dependent data are utilized to conduct
the isotherm modelling, i.e., Langmuir and Freundlich adsorption
isotherm [38]. The isotherm constants i.e., Langmuir monolayer
sorption capacity (g,), Langmuir constant (b) and Freundlich con-
stants (K; and 1/n) are evaluated and given in Table 1. Higher
value of R is obtained for Langmuir adsorption isotherm for AY,
which inferred the applicability of Langmuir adsorption isotherm.
The Langmuir monolayer capacity is found to be 106.9 and 166.67
mgg’ for BnH and BnAH solids, respectively. Previous study re-
ported that the removal of alizarin yellow and phenol red using
amine rich functionalized mesoporous silica (Ar@MCM) was found
to follow Langmuir adsorption isotherm [39]. It was also reported
that the adsorption of AY using pine cone char, walnut shell char,

100 A i
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Concentration of Alizarin Yellow (mgL!)
Fig. 4. Removal of AY by hybrid materials as a function of AY concentration
[pH: 7.0; Temperature: 25°C].

and hazelnut shell char follows Langmuir adsorption isotherm better
than Freundlich adsorption isotherm [40]. Furthermore, compar-
ison table for the maximum adsorption capacity of alizarin yellow
using various adsorbents along with BnH and BnAH are given
in Table 2. It is observed that the maximum adsorption capacity
of BnH is comparable or higher than other adsorbents presented
in this table. Furthermore, it is interesting to observe that the BnAH
solids possessed relatively high adsorption capacity for AY.

3.2.4. Effect of co-existing ions
The removal of Alizarin Yellow by these hybrid materials were

Table 1. Langmuir and Freundlich Constants Estimated for the Adsorption of AY Using BnH and BnAH

. Langmuir
Material
q, (mg/g) b (L/g)
BnH 108.69 0.019 0.963
BnAH 166.66 0.158 0.994

Freundlich
1/n K; (mg/g) R
0.256 20.994 0.914
0.197 60.687 0.964

Table 2. Maximum Adsorption Capacity of Alizarin Yellow Using Different Adsorbents

SL. No Adsorbents
Saccharum spontaneum
Polypyrrole-coated Fe;Os NPs
Acid treated corn stalk
Biosorbent casuarina equisetifolla
Pisum sativum peels
y -Alumina
DNPH-y -alumina
Maghemite iron oxide (y-Fe,O3;) NPs
MCM41@Cu-Fe-LDH
Layered double hydroxide (LDH)
BnH
BnAH

© 00 N O g b= W N -

[ Y
N =R O

Maximum adsorption capacity (mg g”) Reference
3.42 [41]
113.6 [36]
4.01 [42]
13.51 [43]
2.47 [44]
37.7 [37]
47.8 [37]
23.2 [45]
121 [46]
4.68 [47]
108.7 Present study

166.7 Present study
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Fig. 5. Removal of Alizarin Yellow by hybrid materials in presence of several co-existing ions [Concentration of AY: 10.0 mglL™"; concentration
of co-existing ions: 50.0 mgL™"; pH: 7.0; Temperature: 25°C].
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also conducted in the presence of other co-existing ions. The pres-
ence of co-existing ions perhaps inhibited the uptake of water
contaminants by the adsorbents; therefore, the heavy metals ions
(Cd(M), Pb() and Cu(I)) which are commonly found in wastewater
along with other anions were taken as co-existing ions. Fig. 5 in-
dicated that the presence of other cations viz., Cd(I), Pb(Il) and
Cu(TI) or anions viz., EDTA, oxalic acid, and glycine in aqueous
solution did not affect the removal of AY by these hybrid materials.
This again reveals that these hybrid materials show selectivity
and greater applicability towards the removal of AY. The materi-
als have shown applicability even in the real matrix and com-
plex matrix for remediation of aqueous solutions contaminated
with AY.

3.2.5. Effect of background electrolyte concentrations

The sorption of AY in presence of background electrolyte (NaCl)
concentrations is studied using these hybrid materials. The back-
ground electrolyte concentration is eventually demonstrating the
phenomenon occurred at the solid/solution boundary [48, 49].
The change in background electrolyte concentrations is not gen-
erally influenced by specific sorption, but the change in back-
ground electrolyte concentration has a great impact on non-specif-
ic sorption [34].

100 ‘
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>
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0 ey
0.0001 0.001 0.01 0.1

Background electrolyte concenteration (molL!)
Fig. 6. The effect of background electrolyte concentration (NaCl) on
the removal of AY by BnH and BnAH [Concentration of AY:
100.0 mgL'1; pH: 7.0; Temperature: 25°C].
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Therefore, the sorption of AY is performed by varying the concen-
trations of background electrolyte from 0.0001 to 0.1 molL* at
a constant pH of 7.0 and at initial AY concentration of 100 mgL".
The results are shown in Fig. 6 which implies that the increase
in background electrolyte concentrations from 0.0001 to 0.1 molL™
the percent uptake of AY by BnH and BnAH decreased from 98.2
to 81.2% and 99.4 to 85.1%, respectively. Therefore, the 1,000
times increase in background electrolyte concentrations did not
considerably affect the removal of AY by BnH and BnAH which
shows a strong affinity of these hybrid materials towards AY.

3.2.6. Application to real wastewater sample

The applicability of BnH and BnAH were assessed for the removal
of AY from real wastewater samples collected from municipal waste-
water treatment plant, Chite, Aizawl Mizoram, India. The pH of
wastewater was found to be 6.89. The analysis results showed
that the real water sample contained 0.23 and 0.10 mgL™ of Ca
and Nji, respectively (Table S2). Additionally, the water is contained
with high content of inorganic and organic carbon. The sulfate
and nitrate are having high value. Further, the real water sample
was spiked with AY by maintaining its concentrations at 100.0
mgL". The percent removal of AY from real water sample using
BnH and BnAH were found to be 96.25 and 98.85%, respectively.
This study showed that the removal efficiency of AY using these
hybrid materials in real wastewater sample is similar to the results
observed in purified water. Therefore, it can be concluded that
the hybrid materials (BnH and BnAH) possessed high selectivity
and applicability for removal of AY in real water matrix.

4. Conclusions

The HDTMA modified bentonite (BnH), and pillared bentonite
with Al and modified with HDTMA (BnAH) are employed for the
removal of Alizarin yellow from aqueous solutions. The SEM images
of solids showed the heterogeneous surface structure of BnH materi-
al whereas fine particles of aluminium hydroxides are observed
onto the BnAH solid. Batch reactor studies indicated that the hybrid
materials showed strong affinity towards the Alizarin Yellow and
the change in pH (4.0-10.0) and concentration of AY (1.0-25.0
mgL™") could not affect the removal of AY using these solids. A
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rapid uptake of AY achieved an apparent equilibrium within 5-10
min of contact and followed pseudo-second order kinetics using
these hybrid materials. Moreover, increased background electrolyte
(NaCl) concentrations (0.0001-0.1 molL") and the presence of co-ex-
isting ions have not affected very high percent removal of AY
by these hybrid materials. The hybrid materials are increasingly
organophilic in nature and the AY molecule was attached with
strong chemical forces on the surface of hybrid materials. The
hybrid materials hence, showed greater applicability in the re-
mediation of aquatic environments contaminated with Alizarin
Yellow dye.
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