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This work was performed to evaluate the adsorption properties of modified Thai bentonites (MTBs) on hexavalent chromium (Cr
(VI)) by using a popularly capable surfactant (hexadecyltrimethylammonium bromide (HDTMA)) compared to an alternative
surfactant (cetylpyridinium chloride (CPC)). The adsorption properties of the surfactant load, adsorbent weight, contact time,
initial Cr(VI) concentration, and temperature of the MTBs were evaluated. The results revealed that a higher surfactant load
significantly affected the Cr(VI) adsorption, and the equilibrium adsorption was achieved at 60 min. The adsorption capacity
improved when the adsorbent weight, contact time, initial concentration, and temperature increased as the highest adsorption
capacities of 1CPC and IHDTMA were 45.55 and 46.03mgg™', respectively. The isotherm and kinetic adsorptions were
described by the Freundlich model and pseudo-second-order model, respectively, while thermodynamics indicated
endothermic adsorption. After adsorption, X-ray absorption near-edge structure and extended X-ray absorption fine structure
data showed that Cr ions did not change the valency state between Cr(VI) and Cr(Ill). Additionally, the adsorption
mechanism can be depicted as the ion exchange between the Cr(VI) ion and the surfactant molecule. Structural evaluations by
XRD, FTIR, FESEM, EDS, and TEM found that both MTBs (1CPC and IHDTMA) with the best adsorption performance for
Cr(VI) had obvious changes at both the interlayer structure and the external surface. The interlayer spacing was expanded
from 14.85A to 20.48 A (1CPC) and 18.79 A (IHDTMA), and the new functional groups (CH, scissoring, C-H symmetric
stretching, C-H asymmetric stretching, and N-CHj scissoring) and elemental compositions (Br and Cl) were observed in both
MTBs. They demonstrated that the complete intercalation of surfactant molecules on bentonite structures supported Cr(VI)
adsorption. Overall, the data indicate that MTBs were perfectly adsorbed on Cr(VI), and CPC was demonstrated to be a cheap
alternative agent due to its adsorption capacity compared to the popularly capable HDTMA.

1. Introduction

Heavy metal pollution generated by human activities, such
as industry, agriculture, commerce, and households, causes
concerns and threats to human health and environmental
problems in several developing countries, particularly in
Thailand [1-3]. Due to incompetent management, munici-

pal solid waste (MSW) from the daily life of society releases
various leachate pollutants, especially heavy metals [4, 5].
Furthermore, large quantities of electronic waste (E-waste)
contain several heavy metals that are extensively used in var-
ious electronic equipment [6]. If they are not safely treated
and disposed of, the contamination of heavy metals, includ-
ing Cr in landfills and E-waste leachate, could be a major
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source of water pollution [7, 8]. Previous studies in Thailand
discovered abundant Cr contamination and bioaccumula-
tion in the areas around MSW and E-waste [9, 10]. They
reported that the concentration of Cr in water, aquatic ani-
mals, and edible plants exceeded the Pollution Control
Department of Thailand and Food and Agriculture Organiza-
tion standards [4, 6, 9, 11, 12]. Cr is a natural element where
some forms are essential for body functions; however, some
forms, especially Cr(VI), are noxious and can induce human
health effects, including irritation to the skin and intestinal
tract, ulcers, breathing problems, immune suppression, kidney
and liver damage, genetic alterations, and death [7, 13, 14].
Several scientists have also reported that Cr(VI) is one of the
most common ubiquitous pollutants in aquatic organisms
because it induces various adverse effects such as behavioral,
physiological, biochemical, histological, genetic, and immuno-
logical conditions [15, 16]. From this previous information, a
solution to eradicate Cr(VI) contamination in ecosystems is
urgently required.

Attention has been focused on developing local and low-
cost adsorbents to remove heavy metals from wastewater
because the adsorption processes are economical cost, regener-
ative material, metal selectness, absent generation of toxic
sludge, and effectiveness [17, 18]. Among clay-based adsor-
bents, bentonite is the most generally used in wastewater treat-
ment studies. Bentonite mainly contains montmorillonite
which reveals the adsorption efficiency due to its high surface
energy and large surface area. However, organic cation surfac-
tants preferably apply several exchangeable cations to bentonite
to enhance its adsorption capacity. The modified bentonites
demonstrate a better porous structure and a broader interlayer
spacing which enhance the heavy metal adsorption capacity
[8, 19]. Previous studies reported that modified clays with hex-
adecyltrimethylammonium bromide (HDTMA) and cetylpyri-
dinium chloride (CPC) increased the adsorption capacity of Cr
(VI) by enhancing the ion exchange between the Cr(VI) and the
surfactant. Their adsorption capacities on Cr(VI) adsorption
were reported to be between 8 and 338 mgg' [20-24]. Further-
more, clay modified with cetylpyridinium bromide had a higher
percentage removal of Cr(VI) from water [25, 26]. In adsorp-
tion study results, modified clays showed advantages in solving
heavy metal contamination in an aqueous solution; however,
the cost should be considered.

From the above information, modified clays with surfac-
tants presented impressive potential on Cr(VI) adsorption,
but there have been a few reports on a cheaper agent such as
CPC. Consequently, this study is aimed at demonstrating the
application of modified Thai bentonites (MTBs) on Cr(VI)
adsorption in an aqueous solution by modifying natural Thai
bentonite (NTB) with HDTMA and CPC and at comparing
their efficiencies and cost considerations. The bentonites were
characterized, and mineralogical and structural changes were
evaluated. The effects of the surfactant type and dose, adsor-
bent weight, initial concentration, contact time, and tempera-
ture on Cr(VI) adsorption were determined. After adsorption,
the change in the Cr valency state and adsorption mechanism
were examined. The results of this study can be applied to
enhance the treatment of Cr-polluted leachate at municipal
and E-waste landfills.
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2. Materials and Methods

2.1. Materials. Natural Thai bentonite (NTB) was sieved
through mesh No. 40, and its cation exchangeable capacity
(CEC) value was 93cmolkg". Hexadecyltrimethylammo-
nium bromide (HDTMA), cetylpyridinium chloride (CPC),
and chromium (III) nitrate nonahydrate (Cr(NO,);-9H,0,
Cr(III)) were purchased from Sigma (USA), and potassium
dichromate (K,Cr,0,, Cr(VI)) was purchased from Loba
Chemie (India). All chemicals were of analytical grade.
Deionized (DI) water was used throughout the experiments.

2.2. Bentonite Modification. HDTMA and CPC were utilized
to replace the exchangeable cation with NTB as MTBs sche-
matized in Figure 1. The amounts of each surfactant were cal-
culated equally to 0.25CEC, 0.5CEC, and 1CEC of NTB
following Chanra et al. [27]. The surfactant was homoge-
neously dissolved in 100 mL of 10% methanol in a 250 mL
conical flask; then, 5g of NTB was gradually added to each
surfactant solution. The suspensions were agitated at
200 rpm for 6 hours at 60°C and subsequently filtered and
washed 5 times with deionized (DI) water until free from bro-
mide and chloride ions which can be tested by silver nitrate.
MTBs were dried at room temperature for 1 day and subse-
quently dried at 60°C for 3 hours [28, 29]. The MTBs were
set as 0.25CPC, 0.5CPC, 1CPC, 0.25HDTMA, 0.5HDTMA,
and 1HDTMA following types and amounts of surfactants.

2.3. Adsorption Experiment and Data Analysis. The adsorp-
tion experiments of NTB and MTBs were tested using the
batch experiment to evaluate the equilibrium data. The
preparation of the adsorbate solution was processed by dis-
solving K,Cr,O, in DI water adjusted to pH6, while all
adsorption units in this study were shaken in a shaking incu-
bator at 250 rpm. First, the removal of Cr(VI) was conducted
using 0.1 g of adsorbents with 25 mL of 50mg L™ Cr(VI) in a
250mL conical flask at 25°C for 120 min to measure the
adsorption efliciencies of surfactant types and doses. Second,
adsorbent weights between 0.1 and 0.3 g were investigated to
determine the effect of weight on Cr(VI) adsorption under
the same conditions. Third, the effects of initial concentra-
tion and contact time were evaluated by mixing 0.1 g of each
adsorbent with 100 mL of Cr(VI) at initial concentrations of
12.5, 25, 37.5, 50, and 62.5mgL", while the contact times
were 5, 10, 15, 20, 25, 30, 60, and 120 min. Last, the effect
of temperature was investigated by performing the effect of
temperature at 25, 30, 35, and 40°C with initial concentra-
tion and adsorbent weight at 62.5mgL™" and 0.1g. At the
end of the contact time of each batch adsorption, the solu-
tions were filtered by the Whatman filter paper (No. 1)
and nylon syringe filter (13 mm and 0.45 ym). The residual
concentration measurement of Cr after adsorption was per-
formed by atomic absorption spectroscopy (PinAAcle 900F,
PerkinElmer, USA). The percentage removal (%R) and equi-
librium adsorption capacity (gq,) were calculated and
expressed as follows:

C,-C
%R = (G-CJ 100, (1)
C0
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FIGURE 1: The schematic steps of the MTB modification.

(G -C)

9. = — XV, (2)
where %R is the percentage of Cr adsorbed by the adsorbent
(%), g, is the amount of Cr adsorbed by the adsorbent (mgg”
"), C, is the initial Cr concentration (mgL™), C, is the final
Cr concentration (mg LY, m is the adsorbent weight (g),
and V is the Cr solution volume (L).

The isotherm study was performed under conditions of
an initial Cr(VI) concentration of 12.5-62.5mgL’, an
adsorbent weight of 0.1g, a contact time of 60min, and a
temperature of 25°C. The isotherm adsorptions, including
Langmuir (Equation (3)), Freundlich (Equation (4)), and
Temkin (Equation (5)) models, were analyzed in linear
forms by the following equations [30-32]:

1 1 1 1
— X — + , (3)
qe KLqmax Ce qmax

1
log g, =log K; + — log C,, (4)
n

q.= (I;T) InA;+ (I;T> InC,, (5)
T T

where g, is the amount of Cr(VI) adsorbed (mg g'l) at
maximum and K; (Lmg") is the constant that presents
the interactive relationship of Cr(VI) and the adsorbent.
K, and g, were evaluated from the intercept and slope
of 1/C, versus 1/q,. K; is the Freundlich constant, and 1/n
is the adsorption intensity of the adsorption process. Conse-
quently, the linear line of slope 1/n and intercept log K; was
plotted by log g, versus log C,. A is the equilibrium binding
constant that corresponds to the maximum binding energy
(ng’l), and B=RT/b is associated with the adsorption
heat. b, R, and T are the Temkin isotherm constant, ideal
gas constant (8.314Jmol ' K1), and absolute temperature
in degrees kelvin (K), respectively. A plot of g, versus In C,
determines Temkin constants A and B.

The kinetic study was investigated under conditions of
an initial Cr(VI) concentration of 62.5 mg L, an adsorbent
weight of 0.1 g, a contact time of 0-120 min, and a tempera-
ture of 25°C. Kinetic adsorptions were analyzed by pseudo-
first-order (Equation (6)), pseudo-second-order (Equation
(7)), and intraparticle diffusion (Equation (8)) kinetic
models expressed as follows [30, 31, 33]:

In (g, —¢q,) =Ing, - Kit, (6)

3

t 1 1
_ = 7
. K¢ q. @)
9, =K4t'"* +C, (8)

where g, is the amount of Cr(VI) adsorbed (mg g’l) at time ¢
and the equilibrium rate constant is K, (min~"). The slope
and intercept of a plot of In (g, — ¢,) and ¢ determine the
equilibrium adsorption capacity (q,) and pseudo-first-order
rate constant K,. K, (gmg 'min™") is the equilibrium rate
constant. A plot of t/g, versus t reveals the applicability of
the pseudo-second-order model. The values of K, and ¢,
were obtained from the intercept and slope of the plot. K,
(mgg ' min~"?) is the intraparticle diffusion rate constant,
and C is the intercept. The plot of g, versus t'/* demonstrates
the values of C and g, based on the intercept and slope.

The thermodynamic adsorption was calculated from the
temperature variations at 298 K, 303K, 308 K, and 313K ata
constant adsorbent weight (0.1g), initial concentration
(62.5mg L"), and contact time (60 min). Thermodynamic
parameters were analyzed, including changes in Gibbs free
energy (AG®), changes in enthalpy (AH), and changes in
entropy (AS°) for the adsorption process expressed as fol-
lows [31]:

AG’=-RT In K, 9)

K. - % (10)

AH? AS°
() (5), m
where T is the temperature (K), R is the ideal gas constant
which is 8.314J mol ' K'!, K_ is the thermodynamic equilib-
rium constant, C, (mg LY is the concentration of Cr(VI)
adsorbed, and C, (mgL™) is the equilibrium concentration
of Cr(VI) in solution. A linear plot of In K_ versus 1/T was

used to determine the values of AH? and AS° based on the
slope and intercept.

2.4. X-Ray Absorption Spectroscopy. NTB, 1CPC, and
IHDTMA were subjected to adsorption experiments with
Cr(IlI) and Cr(VI) prepared at 200 mgL'l. Exactly 1g of
each adsorbent was agitated with 25mL of Cr in a 250 mL
conical flask at 25°C for 120 min. At the end, the solutions
were filtered by the Whatman filter paper (No. 1) and nylon
syringe filter (13mm and 0.45um); then, powder samples
were dried at 60°C for 3 hours and sieved through mesh
No. 40. Both the solution and powder samples after adsorp-
tion were called 1HDTMA+Cr(VI), 1CPC+Cr(VI),
1HDTMA+Cr(III), 1CPC+Cr(III), and NTB+Cr(III). The
dried powder samples were loaded in a holder and sealed
by Kapton tape, while solution samples were loaded in a
plastic zip bag. Cr K-edge spectra of samples and references
were obtained at beamline 1.1 W equipped with double crys-
tal monochromator Si(111) at Synchrotron Light Research
Institute (SLRI, Thailand). The electron storage energy was
1.2GeV with a current range of 80-150mA. The X-ray
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FIGURE 2: (a) Adsorption capacity of Cr(VI) depending on the surfactant types (CPC and HDTMA) and concentrations (0.25, 0.5, and
1CEC of NTB). (b) Adsorption capacity of Cr(VI) with different MTB weights (0.1-0.3 g).
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FIGURE 3: Adsorption capacity of (a) 1CPC and (b) IHDTMA in a time- and concentration-dependent manner. The adsorption conditions
included an initial Cr(VI) concentration of 12.5-62.5 mg LY, adsorbent weight of 0.1 g, contact time of 0-120 min, and temperature of 25°C.

energy was calibrated by using a metallic Cr foil at 5989 eV.
The spectra were recorded in both the fluorescence and
transmission modes using a 19-element Ge detector and ion-
ization chamber. X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) spectra were normalized and analyzed using the
Athena and Artemis software [34]. To find the coordination
number from EXAFS, the amplitude reduction factor (S0%)
was fixed at 0.72 according to the fitting result of the Cr foil,
while the other values were set as variables.

2.5. Characterization of Adsorbents. The chemical and phys-
ical properties were selectively determined on the best per-
formance adsorbent for Cr(VI) adsorption. The functional
groups of each adsorbent were measured by Fourier trans-

form infrared (FTIR) spectroscopy (Bruker, TENSOR 27,
USA) in transmission mode in the wavenumber range of
500-4,000 cm™". The mineralogical compositions were deter-
mined by X-ray diffraction (XRD) using a D8 Advance X-
ray diffractometer (Bruker, USA). The measurement condi-
tions were operated with Cu Ka (A = 1.5418 A) radiation in
step scan mode at a working voltage and a current of
40keV and 40mA, respectively. The angular range was
scanned between 2 and 60° (20) at a step size of 0.02°/s.
The interlayer spacing was calculated using Bragg’s law from
the 20 value. The elemental composition and surface mor-
phology of the adsorbents were evaluated by focus ion beam-
(FIB-) field emission scanning electron microscopy
(FESEM) equipped with an energy-dispersive X-ray spec-
trometer (EDS) using FEI Helios NanoLab-G3 CX (FEI,
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TaBLE 1: Adsorption capacity of Cr(VI) by modified clays with surfactants.

No. Surfactant Clay q. (mgg™

Modeling of the adsorption process Reference

1 HDTMA Montmorillonite 6.54

2 HDTMA Zeolite 337.77

3 HDTMA Bentonite 270.30

4 HDTMA Bentonite 41.90

5 CPC Montmorillonite 42.44

6 CPC Montmorillonite 47.83

7 HDTMA Bentonite 46.03

8 CPC Bentonite 45.55

Pseudo-second-order model
Langmuir model
Exothermic adsorption

Hu and Luo [37]

Pseudo-second-order model
Dubinin-Radushkevich model
Endothermic adsorption

Ghasemi et al. [22]

Pseudo-second-order model

Freundlich model Slimani et al. [54]

Langmuir model Ramos et al. [55]

Pseudo-second-order model
Freundlich model
Exothermic adsorption

Zou et al. [23]

Pseudo-second-order model
Langmuir model
Endothermic adsorption

Liu et al. [24]

Pseudo-second-order model
Freundlich model
Endothermic adsorption

This study

Pseudo-second-order model
Freundlich model
Endothermic adsorption

This study

TaBLE 2: Parameters of the kinetic adsorption analysis.

Kinetic models 1CPC Adsorbentl HDTMA
ge, exp (mgg™') 40.70 43.69
Pseudo-first-order

ge, cal(mgg™) 12.11 13.72
K, (min™") 0.0814 0.0939
R 0.9683 0.9672
Pseudo-second-order

ge, cal(mgg™) 41.17 44.14
h (mgg™ min™") 33.36 33.22
K,(gmg™" min™") 0.02 0.02
R 0.9997 0.9997
Intraparticle diffusion

K4 <mg g’ min'O'S) 2.94 3.16
1 19.32 20.58
R 0.5080 0.5086

USA). All samples were coated on the surface by gold sput-
tering before performing. The microstructure of each sample
was determined by transmission electron microscopy (TEM)
using TECNAI G* 20 S-Twin (FEI, USA), operating at
200keV in imaging modes. The sample powders were pre-
pared by ultrasonically dispersing in deionized water; then,
the suspension was dropped on a copper grid.

3. Results and Discussion

3.1. Adsorption Studies on Cr(VI)

3.1.1. Effects of the Surfactant Type and Concentration. NTB
was modified with two cation surfactants (HDTMA and CPC)
separated into 3 concentrations of each surfactant for Cr(VI)
adsorption. Both MTBs had distinctly higher adsorption
capacity than NTB (Figure 2(a)). The adsorption data suggest
that Cr(VI) adsorption highly depends on the surfactant dose,
especially the use of surfactants at 1CEC that is markedly
adsorbed on Cr(VI) ions compared to 0.25CEC and 0.5CEC.
This may be associated with a number of active and improved
adsorption sites when the surfactant concentrations were used
[22]. Sarkar et al. [35] revealed that the adsorption capacity of
modified bentonite with surfactants on Cr(VI) improved with
the concentration of loaded surfactants. The similar adsorp-
tion capacities between bentonites modified with CPC and
HDTMA occurred due to their similar atomic weight and
chemical formula, and they have one atom of the Br or CI
ion in the polar head that can exchange with the Cr(VI) ion.
Due to the greater Cr(VI) adsorbed potential than the others,
IHDTMA and 1CPC were selected to investigate different
operational factors on the Cr(VI) adsorption. Additionally,
the adsorption capability of Cr(VI) onto NTB was discovered
to be unsatisfactory. Therefore, further experimental parame-
ters did not proceed in this study. The incompetent perfor-
mance of NTB on Cr(VI) adsorption can be explained by
the electrostatic repulsion between the anionic Cr species
and the negatively charged bentonite surface [19]. After mod-
ification with cationic surfactants, the bentonite surface and
zeta potential shifted from a negative value to a positive value;
consequently, the negative Cr(VI) ions interacted with the
positive charge of modified bentonite [21, 23, 36].
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TaBLE 6: EXAFS and Fourier transform spectral fitting.

Isotherm models 1CPC AdsorbentlHDTM A
Freundlich isotherm

K; 0.51 0.21
1/n 1.41 1.76
R? 0.9754 0.9847
Langmuir isotherm

Imax (Mg g ") 24.83 15.83
K (Lmg™) 0.03 0.04
R? 0.9600 0.9788
Tembkin isotherm

B, (Jmol™) 24.99 30.12
K, (Lmg™h) 0.20 0.17
R? 0.9743 0.9433

TABLE 4: Parameters of the thermodynamic adsorption analysis.

0 0 -
Adsorbent (E) K. (k]?nGol'l) (kIAri)Ol'l) Alfncsl]F)
1CPC 298 3.31 -2.97 3.93 23.05
303 3.29 -3.00
308 3.49 -3.20
313 3.54 -3.29
IHDTMA 298 3.38 -3.02 1.19 14.02
303 3.34 -3.04

308 3.38 -3.12
313 3.45 -3.22

TaBLE 5: Cr concentration in the sample after adsorption.

Cr . Concentration of
Concentration of Cr . .
valency  Adsorbent in powder (mgg™) Cr in solution
state P £8 (mg LY
Cr(VI) 1CPC 37.22 130.77
IHDTMA 43.94 113.93
Cr(III) NTB 71.69 69.87
1CPC 60.12 93.01
1HDTMA 53.75 105.75

Furthermore, Hu and Luo [37] proposed chemical equations
that imply that the adsorptions of Cr(VI) on modified benton-
ite corresponded to the surface complexation reaction with
HDTMA+ or CPC+ incorporated with Al-O™ and Si-O” on
the bentonite surface. HDTMA+ or CPC+ combined with
Cr(VI) is a “bridge” called “bridge efforts” [37].

3.1.2. Effect of Adsorbent Weight. To demonstrate an appro-
priate adsorbent weight of MTBs on Cr(VI) adsorption, the
effect of adsorbent weight was performed in the range of

Sample Shell N R (A) o*

Cr(VI) standard Cr-O 3.75 1.63 0.004
Cr(IIT) standard Cr-O 5.75 1.96 0.003
NTB+Cr(III) Cr-O 5.60 1.97 0.001
1CPC+Cr(III) Cr-0 541 1.96 0.002
ITHDTMA+Cr(III) Cr-0 5.67 1.97 0.002
1CPC+Cr(VI) Cr-0 365 1.64 0.002
1HDTMA+Cr(VI) Cr-O 3.69 1.63 0.001

N =number of neighbor atoms; R=interatomic distance; o= Debye-
Waller factor.

0.1-0.3 g. Interestingly, both MTBs had equal adsorption
patterns, while the highest adsorption capacity was 1CPC
(7.87mgg™") followed by IHDTMA (7.14mgg") at 0.1g
(Figure 2(b)). According to the result of 0.1 g with the high-
est adsorption capacity, 0.1 g of each adsorbent was selected
to determine the effect of the contact time, initial Cr(VI)
concentration, and temperature. Previous studies reported
the continuous reduction of adsorption capacity following
the increase of adsorbent weight [22, 31, 38]. The reduction
of adsorption capacity was discovered when the adsorbent
weight was increased. This decrease responded to the higher
adsorbent weight that presented more unsaturated adsorp-
tion sites during the adsorption process [22, 31].

3.1.3. Effect of Contact Time. Figure 3 shows that the adsorp-
tion rate performed well in a short period of contact time
within 30 min, the adsorption rate results slightly increased,
and equilibrium was attained at 60 min for all samples. This
result was similar to a previous study that reported that
montmorillonite modified with CPC reached equilibrium
within around 60 min after interaction with Cr(VI) [24].
Both MTBs presented similar adsorption patterns and effica-
cies. Rapid Cr(VI) adsorption can imply the combination of
physical and chemical adsorptions on the adsorption prog-
ress, especially for physical adsorption during rapid adsorp-
tion progress [19, 37] and the accessibility of large amounts
of vacant active sites [39]. Additionally, the inability of
adsorbents to remove Cr(VI) at the later stages can indicate
the limitation of active sites and slow diffusion of Cr(VI)
ions to the interior of the bentonite surface which became
full as time progressed [8, 31]. Pasgar et al. [40] informed
that the repulsive force between metal ions inside adsorbent
surfaces and remaining ions limits metal ion adsorption;
consequently, the adsorption rate decreased over time until
it reached equilibrium. Liu et al. [24] and Hu and Luo [37]
reported that montmorillonite modified with CPC and
HDTMA had a quick adsorption rate reaching equilibrium
within 60 min.

3.1.4. Effect of Initial Cr(VI) Concentration. The increase in
initial Cr(VI) concentration from 12.5 to 62.5mgL"
extended the adsorption efficacy, as expected. Obviously,
the Cr(VI) adsorption at 62.5mgL" presented the highest
adsorption capacity for both MTBs (Figure 3). At a low ini-
tial concentration, Cr(VI) ions did not cover all active sites;
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consequently, the interaction between Cr(VI) and the active
site of the adsorbent was not accomplished for maximum
adsorption, and when Cr(VI) concentration increased, more
Cr(VI) ions extremely covered these sites [41]. From these
results, Cr(VI) ions were maximally adsorbed on active sites
which presented higher adsorption per unit mass of adsor-
bent or adsorption capacity. The active sites could remain
after Cr(VI) adsorption at lower concentrations, but these
sites could be saturated to a stable adsorption capacity at
higher concentrations [31, 42].

3.1.5. Effect of Temperatures. The results of the temperature
parameters on Cr(VI) adsorption reveal that the adsorption
of both MTBs gradually increased with increasing tempera-

ture. The adsorption capacities at 25, 30, 35, and 40°C were
40.15, 40.07, 43.33, and 45.55mgg "’ for 1CPC and 42.52,
42,67, 43.91, and 46.03mgg’ for IHDTMA, respectively.
At higher temperatures, the Cr(VI) ions theoretically
acquired higher energy to overcome the energy barrier
between the Cr(VI) and the adsorbent which simultaneously
created more additional adsorption sites on the adsorbent
surface due to the dissociation of some surface components
on modified bentonite [31]. Ghasemi et al. [22] and Liu
et al. [24] discovered the endothermic adsorption of clay
modified with CPC and HDTMA on Cr(VI) adsorption
(Table 1). In contrast, Hu and Luo [37] reported that the
adsorption of Cr ions decreased at higher temperatures
because the surfactant desorbed from the bentonite surface
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TaBLE 7: The comparison of chemical and physical characteristics.

No. Clay Agent CEC D-spacing (A) New FTIR bands (cm™) Reference
1 Bentonite CPC 0 14.99 Banik et al. [68]
1465, 1490, 2852, 2926
1 16.97
2 Montmorillonite CPC 0 14.70 Zou et al. [23]
1468, 2847, 2916
1 19.30
3 Montmorillonite CPC 0 15.30 Liu et al. [24]
1468, 2847, 2916
1 23.60
4 Montmorillonite HDTMA 0 12.67 2850, 2920 Zawrah et al. [69]
1 19.80
5 Montmorillonite HDTMA 0 12.60 —
Abdel-Wahhab et al. [70]
1 19.80
6 Montmorillonite HDTMA 0 15.17 2850, 2918 Hu and Luo [37]
1 22.50
7 Bentonite CpPC 0 14.85 This study
1465, 1486, 2851, 2924
1 20.48
8 Bentonite HDTMA 0 14.85 This study
I 18.79 1465, 1486, 2851, 2924

0CEC = natural clay without modification; D-spacing =the value from XRD.

FTIR bands at 1465-1468, 1486-1490, 2847-2852, and 2916-2926 cm™

corresponded to CH, scissoring, N-CHj scissoring, C-H symmetric stretching, and C-H asymmetric stretching, respectively.
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FIGURE 6: (a)-(c) X-ray diffractograms of NTB, 1CPC, and IHDTMA, respectively. (d)-(h) FTIR spectra of NTB, 1CPC, IHDTMA, CPC,

and HDTMA, respectively.

when the solution temperature increased. They suggested
that the Cr(VI) adsorption by surfactant-modified bentonite
should be performed at lower temperatures.

3.1.6. Kinetic Adsorption. The kinetic calculation results of
both MTBs among 3 models, including pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models,
show consistency between experimental adsorption capacity
(qeexp) and calculated adsorption capacity (g,,) of the
pseudo-second-order model (Table 2). Additionally, the R
values were all greater than the other 2 models which indi-
cates that the adsorption process can be reported as a
pseudo-second-order model. This result suggests that the

adsorption between both MTBs and Cr(VI) ions was chem-
ical adsorption involving ion sharing or exchange between
the Cr(VI) and the adsorbent [8, 30, 43]. The equal rate con-
stant (K,) reveals that the adsorption of 1CPC was as fast as
1HDTMA, and the equal initial adsorption rate (h) results in
similar active sites that could readily adsorb Cr(VI) ions
[35]. The chemical adsorption between the modified benton-
ite and the Cr(VI) ion is associated with Hu and Luo [37]
and Zou et al. [23] presented in Table 1.

3.1.7. Isotherm Adsorption. To investigate the best fitting iso-
therm, Langmuir, Freundlich, and Temkin models were cal-
culated at equilibrium adsorption (Table 3). The results
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Ficure 7: TEM images of (a) NTB, (b) 1CPC, and (c) IHDTMA (scale bar = 20 nm). (d)-(f) FESEM microphotographs of NTB, 1CPC, and
1HDTMA, respectively (50,000x magnification).




10

TaBLE 8: Elemental composition (%) of NTB, 1CPC, IHDTMA,
and MTBs after Cr(VI) adsorption.

Elemental Adsorbent

composition (K) NTB 1CPC 1HDTMA +1CCrFVCI) I_I:Ié)r ;F\E/I[)A
(0] 51.2 239 30.7 33.6 34.3
Ca 252 09 11.3 1.0 0.1
C 13.1 40.2 35.2 319 36.9
Si 72 236 15.7 244 21.2
Al 2.0 6.8 3.0 5.6 4.2
Mg 1.0 1.5 0.6 0.9 0.7
Fe 0.4 14 1.9 1.0 0.6
Cl 00 17 0.0 0.0 0.0
Br 0.0 0.0 1.6 0.0 1.3
Cr 0.0 0.0 0.0 1.0 0.7

show that the R? values of both adsorbents were similar
among 3 isotherms; however, the isotherm was fitted better
with the Freundlich model indicating that the Cr(VI)
adsorption process was multilayer adsorption by the hetero-
geneous adsorbent [8, 43]. Additionally, 1/n higher than 1
indicated an unfavorable adsorption reaction [43, 44]. Zou
et al. [23] also discovered the similarity of R* among 3 iso-
therms ranging between 0.97 and 0.98; however, the iso-
therm fitted better with the Freundlich model (Table 1).

3.1.8. Thermodynamics. The thermodynamic parameters are
reported in Table 4. The thermodynamic adsorption was
examined at 298K, 303K, 308 K, and 313 K. The K_ values
slightly increased when the temperature increased for both
MTBs. The Cr(VI) adsorptions on both MTBs were totally
an endothermic process according to all positive values of
AH® indicating that the adsorption increased when temper-
atures increased, and they showed the possible strong bond-
ing between the adsorbent and the Cr(VI). The negative
values of AG" at all temperatures displayed the feasibility
and spontaneity of the adsorption process. Furthermore,
the enhanced disorder and randomness at the solid-
solution interface of Cr(VI) with the adsorbent were con-
firmed by the positive values of AS® [31, 45-48]. The ther-
modynamic and spontaneous adsorption processes
between MTBs and Cr(VI) were similar to previous studies
that investigated the adsorption behavior between
surfactant-modified bentonite and Cr(VI) [23, 24, 26]
(Table 1).

Based on the above results, 1ICPC and IHDTMA showed
the highest adsorption of Cr(VI) under the optimal condi-
tions such as an initial Cr(VI) concentration of 62.5 mg L
an adsorbent weight of 0.1g, a temperature of 40°C, and a
contact time of 60 min. ICPC and IHDTMA can distinctly
adsorb the Cr(VTI) ion under the optimal conditions present-
ing adsorption capacity at 45.55 and 46.03 mgg ™" or percent-
age removal at 71.72 and 85.21%, respectively, while NTB
cannot adsorb Cr(VI). These results were compared to prior
reports in Table 1. After the adsorption study with the syn-
thetic sample, the investigation with real sample conditions
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(real wastewater) should be performed. Pasgar et al. [40]
and Honarmandrad et al. [49] discovered the reduction of
percentage removal in real sample conditions due to the
impurities in this sample, including the turbidity, total sus-
pended solid, and sulfate ion. Therefore, the percentage
removal in the real sample is less than that in the synthetic
sample. These results are an advantage for future applica-
tions in wastewater treatment. Previous studies suggested
that the adsorbents after adsorbing Cr(VI) can be reused
by desorbing adsorbate with several methods [50-53]. For
example, the adsorbent immersed in the 0.1 M NaOH solu-
tion can desorb Cr(VI) at 61-82% [50, 51]. Additionally,
the desorption or digestion of adsorbent can separate the
adsorbate to eliminate by standard methods.

3.2. Determination of the Cr(VI) Adsorption Mechanism. The
Cr(IIl) and Cr(VI) concentrations in powder and solution
samples after adsorption are presented in Table 5. The
XANES spectra from the Cr K-edge of the samples were
compared with the corresponding spectra of two Cr refer-
ences to investigate the valency state (Figure 4). The Cr
(VI) reference shows a distinct preedge peak feature at
5993 eV which indicates Cr(VI) characteristics, while this
peak is absent in the Cr(III) reference which represents pure
Cr(III) [56, 57]. The XANES spectra of Cr(III) of both the
solution and powder samples adsorbed by NTB, IHDTMA,
and 1CPC revealed the absence of a preedge peak at 5993 eV,
and the strong adsorption peak revealed a maximum at
6009 eV. According to this result, no significant Cr(VI) was
reported in these samples. In contrast, the XANES spectra
of Cr(VI) of both the solution and powder samples after
adsorption by IHDTMA and 1CPC showed a strong peak
similar to the Cr(VI) reference. These results confirm that
neither Cr(III) nor Cr(VI) significantly changed the valency
state after adsorption with NTB and MTBs. A previous study
reported that the forms of Cr(III) at pH 4.2-12 were Cr,O,
and minor Cr(OH), [58]. These cation forms in the bulk
solution were exchangeable with polycations of the benton-
ite surface, including Ca®*, Mg**, Na*, and K" cations [59].
In terms of Cr(VI) in the pH range of 2-7, HCrO, and
Cr,0,” ions were the negatively dominant forms. The most
presumed reactions that report the adsorption of Cr(VI)
anions on the modified clays were ion exchange or electro-
static interaction with Cr(VI) forms such as clay-
(HDTMA),HCrO, and clay-(HDTMA)Cr,O, [20, 60]. The
transformation of Cr(VI) to Cr(IIl) after adsorption can be
explained by the electron donor of the adsorbent providing
electrons to the Cr ion [23, 61]. This reduction reaction
revealed the decrease in peak height of the preedge that
was absent in this study [62]. Wu et al. [63] reported that
modified montmorillonite-iron nanoparticles with HDTMA
reduced the Cr valency state to a lower poisonous form after
adsorption according to the interaction between the Cr(VI)
ion and the Fe’. Zou et al. [23] discovered that the adsorp-
tion of Cr(VI) by montmorillonite modified with CPC/Keg-
gin-Al;, reduced the valency state to Cr(III) by a large
number of hydroxyl (contributed from Al,,). Overall, the
adsorption in this study was the exchange of polycations
on the bentonite surface or surfactant ions between Cr(VI)
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FIGURE 8: Adsorption mechanisms of Cr(VI) onto modified Thai bentonites.

and Cr(III); consequently, the Cr valency state did not sig-
nificantly change after adsorption.

To determine the local atomic structure of Cr inside the
adsorbent structure, EXAFS analysis was performed. The Cr
K-edge EXAFS and Fourier transform spectra are presented
in Figure 5, and the fitted values are listed in Table 6. The
reference of Cr(III) presents a coordination shell of 5.75 oxy-
gen atoms with a single Cr-O interatomic distance at 1.96 A
which presents an octahedral configuration, while the Cr
(VI) reference is tetrahedral coordination with 3.75 oxygen
atoms at 1.63 A. These results are similar to previous reports
[62, 64, 65]. The fitted data of all samples after adsorbing Cr
showed a strong peak of Cr-O coordination in the first shell,
while the second-shell peaks were noted but not included in
the fitting due to their unclear characteristics. The adsor-
bents after adsorbing Cr(III) were satisfactorily fitted to
Cr-O at a distance of 1.96-1.97 A with oxygen around
5.41-5.67 atoms, but the MTBs adsorbing Cr(VI) were satis-
factorily fitted with oxygen at 1.63-1.64 A around 3.65-3.69
atoms. These results also suggest that the valency state of Cr
did not change after it interacted with the adsorbents
because the coordination environment of Cr in these sam-
ples was similar to references as well as their characteristics.
Additionally, as the adsorption mechanism likely depicted
the interaction between the Cr(VI) ion and the surfactant
molecule, the absence of the dominant second shell in fitted
data indicated that ion exchange or outer-sphere complexa-
tion is mainly responsible for the adsorption of Cr(VI) by
MTBs [57]. This result was associated with previous studies
that reported that the adsorption mechanism between Cr
(VI) and modified bentonite was the ion exchange between
Cr(VI) and Br or Cl ions inside the interlayer [23, 25, 26].

3.3. Chemical and Physical Characteristics of Adsorbents. The
chemical and physical properties were selectively deter-
mined on the best performance adsorbent for Cr(VI)
adsorption, and these results were compared to previous
studies in Table 7. Due to the high sensitivity to changes in
crystallinity, XRD was performed to compare the difference
before and after modification (Figures 6(a)-6(c)). The X-ray
diffractogram of the NTB showed the strong peak (d(001))
of montmorillonite which is the main mineral in bentonite
at the 2 theta of 5.95° (14.85 A). After modification, the sur-
factant clearly expanded the interlayer spacing when the 2

theta values decreased. The insertion of cation surfactants
in the interlayer of bentonite was suggested by an increase
in basal spacing to 20.48 A at 4.32° for 1CPC and 18.79 A
at 4.70° for IHDTMA (Figures 6(b) and 6(c)). The differ-
ently cationic surfactant intercalating in the interlayer of
bentonite showed a difference in basal spacing which varied
with the nature and concentration of the surfactant. The
intercalation in the interlayer of the bentonite lattice was
affirmed by an increase in basal spacing and a decrease in
the 2 theta value of the bentonite modified with cation sur-
factants [66]. In an aqueous solution, alkylammonium ions
or quaternary ammonium cations can be maintained by
both the interlayer and outer surfaces of bentonite via an
ion exchange process. These ions were not easily displaced
by smaller cations such as H" and Na* [67]. The expansion
of basal spacing of clay after intercalating with the surfactant
at 1CEC was similar to previous studies summarized in
Table 7.

Different functional groups between NTB and MTBs
were confirmed by the FTIR spectra in Figures 6(d)-6(h).
The main functional groups of bentonites such as Si-O bond
stretching vibrations presented at approximately 619, 792,
and 999 cm™, while peaks at 711, 917, and 3621 cm™ corre-
sponded to Si-O-Si, Al-Al-OH, and O-H asymmetric
stretching, respectively [71-73]. Additionally, the band at
approximately 1633 cm™ was ascribed to water molecule or
H-O-H bending [74]. After modification with both cation
surfactants, new bands appeared, as represented by dashed
lines at 1465, 2851, and 2924 cm™" presenting CH, scissor-
ing, C-H symmetric stretching, and C-H asymmetric
stretching, respectively, while the small band at 1486cm™
of N-CHj, scissoring was only found in CPC modification
[73, 74]. The occurrence of new bands was associated with
pure surfactant spectra indicating the intercalation of the
surfactant in both MTBs (Figures 6(g) and 6(h)). Zawrah
et al. [69] and Hu and Luo [37] discovered that modified
clay with HDTMA at 1CEC presented 2 new functional
groups, while Banik et al. [68], Zou et al. [23], and Liu
et al. [24] found 3-4 functional groups after clay intercalat-
ing with CPC at 1CEC (Table 7).

Figures 7(a)-7(c) display TEM images in which the sur-
factant clearly enlarged the basal spacing of the MTBs com-
pared to the NTB. This result was associated with XRD
analysis that the surfactant was very effective in expanding
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the clay layer [75]. The average interlayer spacing measure-
ments of 1CPC and 1THDTMA were 20.80 and 18.84 A,
respectively, while NTB was 14.86 A. The positively charged
head group of the surfactant cation powerfully and electro-
statically interacted with the negatively charged clay surface.
Then, the head group of the surfactant cation could hold
close to the clay surface. Since the surfactants were equally
loaded to 1CEC, the interlayer spacing of MTBs was 19-
20 A; thus, the intercalation of the surfactant between the sil-
icate layers was complete as a bilayer [67, 76]. The FESEM
images of NTB and MTBs presented the surface morphology
at a magnification of 50,000 (Figures 7(d)-7(f)). The MTB
composite featured a larger particle size than NTB, while
the NTB presented a small flake with a rough surface. After
modification, MTBs showed significant morphological
changes, including larger particles, smoother surfaces, and
swollen and fluffier morphologies. These results indicate that
the interlayer space and surface feature of the MTBs strongly
depend on the packing density of the surfactants in the
interspace of bentonite [77]. The hydrophobic tails of the
surfactant laterally interacted on the bentonite surfaces
which formed large particles with relatively smooth surfaces
[67]. Elemental composition was conducted to prove the
presence of different elements between NTB and MTBs by
energy-dispersive X-ray spectroscopy (EDS) (Table 8). The
EDS of all samples presented the primary chemical compo-
sitions of bentonite, including O, Ca, C, Si, Al, Mg, and Fe.
The higher C in MTBs indicated the long alkyl chains of
the surfactant that was adsorbed by bentonite as well as Br
and Cl. In contrast, the lower Ca may be the displacement
of surfactant cations between bentonite layers [72]. After
Cr(VI) adsorption, Cr composition appeared in both MTBs,
while Br and Cl decreased. Therefore, the ion exchange
mechanism between the Cr(VI) ion and the Br or Cl ion in
batch adsorption can be confirmed [19, 23, 24].

4. Conclusions

This study can conclude that CPC reveals similar perfor-
mance to HDTMA as modified agents; consequently, CPC
can be an alternative surfactant because it is cheaper than
HDTMA. With apparent adsorption efficacy, the Cr(VI)
adsorption rapidly reached equilibrium at 60 min, and the
adsorption capacity was higher when the surfactant load,
adsorbent weight, contact time, initial concentration, and
temperature increased. The kinetic adsorption was distinctly
narrated by the pseudo-second-order model, while the iso-
therm adsorption was fitted with the Freundlich model.
Endothermic adsorption was observed when the tempera-
ture increased. The valency states of both Cr(IIl) and Cr
(VI) did not change after interacting with MTBs, and the
adsorption mechanism between Cr(VI) and MTBs was the
ion exchange between Cr(VI) and the surfactant cation
inside the interlayer as confirmed by XANES and EXAFS
data. The chemical and physical characteristics found that
surfactants play an important role in the interlayer and sur-
face changes of MTBs that were successfully employed to
enhance Cr(VI) adsorption (Figure 8).
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