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Hectorite-CTAB-alginate composite beads for
water treatment: kinetic, isothermal and
thermodynamic studies
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Encapsulation of hectorite-modified CTAB with Ca-alginate formed reusable adsorbent beads for
wastewater treatment. The thermogravimetric analysis (TGA) investigation indicated excellent thermal
stability results for BHec-40 compared to Hec-40. Although the mesoporous surface area of BHec-40
decreased to 79.74 m? g~ compared to 224.21 m? g~* for Hec-40, the hectorite-CTAB—alginate beads
showed high adsorption capacity and stability for methyl orange (MO) adsorption with more than 60%
removal after five adsorption—desorption cycles. The influence of pH (3-11), temperature (30, 40, and 50
°C), initial concentration (50-400 mg L™%), and contact time were studied to obtain the kinetics and
thermodynamics of adsorption. The outcomes revealed a maximum monolayer adsorption capacity of
117.71 mg g~ for BHec-40. The kinetics of adsorption demonstrated the suitability of using the pseudo-
first-order kinetic model, while the equilibrium adsorption data follows the Langmuir isotherm.
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Introduction

The toxicity of azo dye (-N=N-) waste in the aquatic ecosystem
is harmful to all water-using organisms". A high concentration
of dyes reduces the amount of dissolved oxygen, eventually
increasing the release of toxic aromatic amine intermediates
from anaerobic degradation.”” Methyl orange degrades into
intermediate products such as sulfonamides, aniline, N'N
dimethyl benzyl-1,4-diamine, benzenesulfonic acid, and 1,4-
diaminobenzene, which exhibit acute toxicity, and corrosive,
carcinogenic and mutagenic properties.® Since synthetic dyes
are resistant to biodegradation, a multitude of studies investi-
gated their removal using electrocoagulation,” flocculation,®
filtration,® chemical oxidation,' electrochemistry," and ozone
treatment.” The adsorption method prevents the conversion of
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methyl orange into toxic intermediates while offering effective,
inexpensive recovery of the synthetic dye.

Hectorite is a 2:1 smectite clay with exceptional properties
as an adsorbent for metal ions and cationic dyes.'>'® Hectorite
adsorption behavior comes from the oxygen deformity of Mg-O
octahedra and Si-O tetrahedra.” Hectorite is occurred natu-
rally, although the presence of impurities requires pretreatment
before can be used as adsorbent.™ Hectorite can be synthesized
from lithium (LiF or LiCl), magnesium (MgOH), and silica
(SiO,) in a molar ratio of 0.266:1.00:1.52, under controlled
rates and low temperatures.””*®** Inorganic cations on the
surface can be modified through ion exchange with organic

13,14

cations to form organophilic adsorbents.”* Hectorite modified
with cetyltrimethyl ammonium bromide increased the removal
of Congo red and reactive orange 122.*>** However, the reus-
ability of hectorite is restricted by its powdery form, which is
difficult to recover from the media after adsorption, particularly
when it involves recovery from a sewage treatment plant.”>?
Transformation of adsorbent into hydrogel beads via immobi-
lization into the sodium alginate (NA) polymer is promising
approach to increase reusability. NA has significant stability in
organic solvents, is flexible to extreme operation conditions, is
readily biodegradable, harmless, inexpensive, as well as it
produces hydrogels through crosslinking mechanisms with
divalent cations.>*** NA has been used to immobilize activated
charcoal, bentonite, gelatin, montmorillonite, kaolin, and
microcrystalline  cellulose  for dye  adsorption.****?*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Immobilized adsorbent powder improved the regeneration of
adsorbent when used in both batch and dynamic systems.****

In this study, hectorite-CTAB was synthesized and immobilized
into hydrogel beads via sodium alginate via ionotropic gelation.
Ca®" ions play a role of a physical crosslinking agent. The efficiency
of hectorite-CTAB hydrogel bead was evaluated for methyl orange
(MO) dye adsorption in a static system. Several operating param-
eters provide data on adsorption kinetics, isotherms, and ther-
modynamics, including adsorbent selection, contact time, and
temperature effect. The adsorbent regeneration was determined to
validate the feasibility of a large-scale application.

Experimental

Materials

Calcium chloride (=99%), lithium chloride (=99.99%), cetyl-
trimethylammonium bromide (=98%), magnesium hydroxide
(=97.50%), sodium hydroxide (=99%), and methyl orange were
supplied by Merck. Colloidal silica (Ludox HS-40); was supplied by
Sigma-Aldrich (Singapore). Na-alginate was provided by Himedia
(MB1140). All chemicals utilised were of analytical grade.

Preparation of hectorite-CTAB-alginate (BHec-40)

Synthetic hectorite was prepared with reactants in the molar
ratios of LiCl: Mg(OH), : SiO, = 0.798 : 3.00 : 4.56."®*° The mixture
of LiCl : Mg(OH), : SiO, was refluxed for 6 h to produce homoge-
neous mixture. Cetyltrimethylammonium bromide (CTAB)
surfactant at different ratios ie. 5-40% (w/w) was added to the
homogeneous mixture. The reflux was continued for 48 hours at
95 °C. The final product was washed using demineralization
water and dried for 12 hours at 110 °C. Composite beads were
prepared by mixing hectorite suspension (4 grams/25 mL) with
2% (w/v) Na-alginate slurry and stirring for 2 hours. The resulting
composite slurry was released into a CaCl, solution (2%) using
a 15 mL syringe under continuous agitation and soaked in the
CaCl, solution for 12 hours. The wet beads formed were 3-3.5 mm
in size, dried using a —40 °C freezer for 5 hours to produce dry
beads with an average size of 1-1.5 mm. The obtained beads are
denoted BHec-40, and an illustration of the fabrication is shown
in Fig. 1. For comparison, hectorite beads without CTAB addition
were also prepared and marked as BHec-0.

Physico-chemical characterization

X-ray diffraction (XRD) patterns were obtained from a PHILIPS-
binary Xpert X-ray instrument employing Cu Ko1 radiation at 40

Hectorite-CTAB suspension Hectorite-CTAB-Alginate

suspension
“
\) P>
2% caCl
Alginate solution
)\ N\ Homogenization& \ Filtration
\

\ =3
Hectorite-CTAB-Alginate
suspension

Dry beads of Hectorite-CTAB-Alginate
(BHec-40)

Fig. 1 Illustrative of preparation methodology for hectorite-CTAB—
alginate (BHec-40).
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kv, the wavelength of 1.5405 nm, 30 mA. The data was obtained
in a 26 from 5 to 100° with a scanning rate of 1.02° per minute.
The spectra of FTIR beads were characterized using an FTIR
Spectrophotometer (Shimadzu Instrument Spectrum One
8400S) in the form of KBr pellets. Bead morphology was ob-
tained using Scanning Electron Microscopy (Hitachi, FlexSEM
1000). Thermal analysis was performed using a simultaneous
DTA/DTG thermal analyzer instrument (Sciences STA7200). The
sample was heated from 28 to 900 °C at a rate of 10 °C min ™"
under a nitrogen stream of 60 mL min~". Surface and pore area
analysis on samples was performed using the Quantachrome
Touchwin v1.11 instrument.

Adsorption studies

Experiments on batch adsorption analyzed the adsorption
behavior of MO on synthesized BHec-40. Various physico-
chemical parameters were investigated on MO removal,
including the effect of adsorbent at varying CTAB loading
(BHec-5 to 40), variable pH of MO solution (3-11),** MO initial
concentration (50-400 mg L"), contact time (10-140 min), and
adsorbent dosage (0.5-3.0 g L™'). MO solution (20 mL) was
added with 50 mg dried adsorbent to obtain 2.5 g L™ " of BHec-
40 in MO solution. All batch sorption processes were carried out
using an automatic shaker at 30 °C for 140 minutes to achieve
equilibrium. The dye concentration was measured by a UV-vis
spectrophotometer (G-10S) at Apax 465 nm. The maximum
adsorption capacity of MO (ge; mg g~ ) at equilibrium and the
removal was calculated using eqn (1) and (2), respectively.

@ = (G- C)x o 0

C, is MO's initial concentration (mg L™ '), and C. is the equi-
librium liquid-phase concentration (mg L™'). V denotes the
volume of the solution, and m denotes the mass of the
adsorbent.

G- C.

Removal (%) = x 100 (2)

o

Five adsorption-desorption cycles were conducted in reus-
ability studies. After the adsorption was completed, the beads
were washed with methanol to remove the adsorbed MO. The
MO concentration was determined in the eluent from each cycle
to obtain the desorption efficiency. The pHy,. analysis was
conducted by adding 2.5 g of BHec-40 into a series of acidic
solutions (20 mL) at the pH; = 3-11, and occasionally stirred at
303 K at 72 hours. The final pH (pHg of solutions were
measured followed by plotting ApH (pHf — pH;) against pH;.
The pH; at ApH = 0 gave the pH,,. value.*

Adsorption kinetics

The adsorption kinetics model was determined to describe the
adsorption process and features. Adsorption capacities at
different contact durations were analysed to derive the non-
linear pseudo-first-order (eqn (3)) and non-linear pseudo-
second-order (eqn (4))."*"*"
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where g, and g are the MO adsorption capacities (mg g~ ') at time,
¢t (min) and equilibrium, respectively. In comparison, the rate
constants for the pseudo-first and pseudo-second order models
are symbolized by K; and K,, respectively. Furthermore, the R?
coefficient was applied in order to evaluate the appropriateness of
the kinetic adsorption models. The highest R value close to one
indicates that the kinetic adsorption suitability is greater.™®

Adsorption isotherms

The results of adsorption at different concentrations were used
to calculate the nonlinear isotherm. The following equation was
employed to determine the Langmuir, Freundlich, Temkin, and
Sips non-linear isotherm models (eqn (5)-(8)):"**

ge = % (5)
qe = K" (6)
g. = R—;anT—i- R—BTln Ce )
e = % (8)

where Ky, (L mg™), Kp (mg g (L™ mg™")1/n"), and K1 (L mg ™)
are the isotherm constant of Langmuir, Freundlich, and Tem-
kin, respectively. While ¢,,, represents the maximum adsorption
capacity of Langmuir, ¢. is the adsorption capacity (mg g™ %),
and C. is the concentration (mg L™") of the methyl orange at
equilibrium. Furthermore, n was the dimensionless constant
that indicates the affinity of MO adsorption to the adsorbents,
and B was the Temkin constant associated with the heat of MO
adsorption.»*** The Langmuir isotherm has a dimensionless,
essential feature called the Langmuir equilibrium parameter Ry,
defined by eqn (9).>*
1

RR= — 9
L 1+ K1.C, ()

Statistical analysis

Values of coefficient (R*), residual sum of squares (RSS), and
chi-square (x*) were used to evaluate the adsorption capacities
of the kinetic and isotherm studies. The RSS and x> can be
defined by the following eqn (10) and (11):*>%*

n

RSS = Z (qexp, - qcal,)iz

i=1

(10)

n

2 (QExp - qcal)z
ooy et

i=1 qcal

(11)

where gy, is the adsorption capacity at time ¢ (min), gca is the
adsorption capacity obtained from the isotherm model, and 7 is
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the number of experiments. The RSS and x> error function were
used to analyze the model that best fit the experimental data for
the kinetic and isotherm models. A lower RSS and x? shows the
best model fit.»>3*

Adsorption thermodynamic

The thermodynamic aspect of MO adsorption towards BHec-40
can be determined by the adsorption enthalpy (AH; k] mol ™),
adsorption entropy (AS; ] mol ' K '), and adsorption free
energy (AG; k] mol'). Experiments were conducted at
temperatures ranging from 30 to 50 °C. Eqn (12) describes the
Arrhenius relationship, which was used to calculate the activa-
tion energy E, (k] mol "), Arrhenius constant A (g mg™" min™ "),
and coefficient of correlation R* using the pseudo-first-order
constant Kj.

E,
RT

InK, =InA4- (12)

The Van't Hoff equation (eqn (13)) was used to calculate the
thermodynamic adsorption parameters (AG°, AH®, and AS):*"*
AS°  AH°

- (13)

InK, = —
R RT

The enthalpy and entropy of MO adsorption can be calcu-
lated by plotting In K. and 1/T. The slope of the graph shows the
value of AH/R, while the intercept will show the value of AS/R so
that the enthalpy and entropy of MO adsorption can be
calculated.*

AG = —RTIn K, = AH" — TAS’ (14)
where T, R, and K, are the adsorption temperature (K), the gas
constant (8.3145 J mol™' K™'), and the K. is the equilibrium
constant.

Results and discussion
Characterization of hectorite-alginate bead composite

Structural analysis. The X-ray diffraction (XRD) pattern of
Hec-40 and BHec-40 beads were presented in Fig. 2. Hectorite
peaks were detected at 5.64°, 19.63°, 34.53°, 60.55° and 72.08°
for (001), (110, 020), (130, 200), (150, 240, 310), and (060, 330)
diffraction planes, respectively.**** There were no peaks in the
hectorite profile at 26 = 4.77° and 22.8° for the consistent
reflections of magnesium hydroxide mineral brucite and
amorphous silica, respectively, confirming that all of the
Mg(OH), and silica were transformed to hectorite structure.'®
Hectorite-40% CTAB powder shows dy; lattice value at
1.450 nm, indicating the presence of interlayer cations with
a high layer charge.

The XRD pattern of hectorite beads presented a considerable
shift in [001] peak from 2§ = 5.64° to lower 26 values of 5.01°.
The shift implied an increase in the interlayer space of hectorite
from 1.450 nm to 1.76 nm after being composited with calcium
alginate. The alginate molecules are suggested to intercalate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XRD pattern of Hec-40 and BHec-40.

into the interlayer spaces of Hec-40, consequently expanding
the interlayer distances.

Fourier transform infrared spectroscopy (FTIR). The algi-
nate, Hec-40 and BHec-40 beads spectra were presented in
Fig. 3. BHec-40 displayed the typical bands of hectorite at 457,
661, 1006, 1479, 1546, 1627, and 3427 cm™*.** The absorption
band at 3427 cm™ ' was attributed to the hydroxyl stretching
vibration of H,0. Moreover, two unique peaks related to Si-O
stretching (1006 cm™') and water deformation vibrations
between layers (661 cm ' and 1641 cm ') were detected in
hectorite.”**>* The symmetric stretching of Mg-O was observed
at 457 cm™ !, which corresponded to the octahedral units of
hectorite-type clay minerals.”* The incorporation of CTAB to
Hec-40 and BHec-40 produced asymmetric and symmetric C-H
strain vibrations of the CTAB at 2924 and 2850 cm *, respec-
tively.'>?>4% Furthermore, the pure alginate presented typical
broad bands at 3437 cm ™' (OH stretching). In addition, the
crosslinking in beads is liable for shifting the wavenumber of
the carboxyl peak from 1615 cm ™' (C=O0 group) to 1627 cm ™' or

—— BHec-40
—— Hec-40
—— Alginate |

Transmittance (%)

\ N~
\ f\fﬁ\ [
\

1615

661

T — T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 The FTIR spectra of alginate, Hec-40 and BHec-40.
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1620 (COO-asymmetric stretching), representing the appear-
ance of intermolecular hydrogen bridges.** The band at 1427
represents the presence of »(C-OH).*

Morphological analysis. Scanning electron microscopy
(SEM) analysis of BHec-0, BHec-40 and Hec-40 powder were
illustrated in Fig. 4. The dried beads with ~1 mm diameter were
formed on BHec-40 (Fig. 4a) that was composed of hectorite
modified CTAB and alginate. The beads formed from hectorite
without CTAB (BHec-0) also showed a similar large diameter,
although the beads appeared less smooth on the edges (Fig. 4c).
Scanning at a higher-resolution shows that the surface
morphology of hectorite beads differs from the hectorite
powder due to the alginate-intercalation in hectorite. BHec-40
and BHec-0 revealed a network-type linkage, confirming the
encapsulation of hectorite within the alginate network (Fig. 4b).
The alginate moieties transformed the non-uniform hectorite
powder (Fig. 4e) into compact and rigid network structures.*
The elemental analysis of BHec-0 and BHec-40 was presented in
Table 1. The difference in the elemental composition of these
two beads is that there is no N element in BHec-0 because BHec-
0 uses hectorite unmodified CTAB. Elemental nitrogen is
derived from the CTAB surfactant.

Thermal analysis. Thermal analysis of Hec-40 and BHec-40
were carried out using the TGA/DTA analysis as shown in
Fig. 5. Hec-40 powder presented four decomposition stages. The
1st step ensues at lower temperatures (<200 °C) and conforms to
the dehydration of water. The breakdown of the cationic
surfactant that was physically adsorbed onto the hectorite
surface led to the 2nd step that occur between 200 and 350 °C
(250 °C). The 3rd step at 370-440 °C was generated by surfactant
dehydration in the hectorite interlayer spacing. The dehydrox-
ylation process is the fourth stage occurred between 600 to
734 °C. 10"

Fig.4 SEM image of BHec-0 (a and b), BHec-40 (c and d) and Hec 40
(e).
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Table 1 The elemental content of BHec-0, BHec-40 and Hec-40
from EDS mapping

Weight (%)

Element BHec-0 BHec-40 Hec-40
C 8.54 11.39 14.62
N — 3.16 4.92
(0] 45.29 41.93 37.72
Na 0.99 2.01 —
Mg 6.71 8.08 14.48
Si 11.88 14.41 24.89
Cl 9.28 7.83 3.38
Ca 17.31 11.18 —

110

(a)

—— Hec-40

Weight loss (%)

20 T T T T
200 400 600 800
Temperature (°C)
0,8
1 (b) —— Hec-40
0,7 4 —— BHec-0
1 B
0.6 Hec-40
0,5
O 04
§ 4
o 0,34
= ]
o 0,2
0,14
0,0
'011 T T T T
200 400 600 800
Temperature (°C)
Fig. 5 TGA (a) and DTG (b) curves of Hec-40, BHec-0 and BHec-40.
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The thermogravimetric curve of BHec-40 represents three
decomposition stages with T, peaks at 50.10 °C, 234.01 °C
and 450.51 °C (Table 2). Degradation is caused by the dehy-
dration of coordinated water molecules and the breakdown of
glycoside bonds between 50 and 200 °C. The second and third
Tmax peak shifted to high temperatures due to the degradation
of alginate molecules in the beads. The degradation of alginate
polymer ensues in more than one step, between 200-400 °C and
500-650 °C.** The BHec-40 is more stable than the Hec-40
powder. The solid residue of Hec-40 and BHec-40 were deter-
mined at 39.97% and 27.23%, respectively.

N, adsorption-desorption. N, adsorption-desorption
isotherms of hectorite-40% CTAB powder and hectorite-40%
CTAB bead is shown in Fig. 6. This analysis was executed to
compare the pore characteristics of Hec-40 powder and bead
shape. Hec-40 and Hec-40 bead showed the hysteresis loops in
the range of 0.50-0.90 (P/P,), conforming to the characteristics
of type IV isotherms and mesoporous materials. The surface
area of Hec-40 bead is lower than hectorite powder due to the
intercalation of alginate species that have taken up residence on
the hectorite interlayer surface and hectoritemesoporous.*® The
mesoporous surface area of Hec-40 powders, and bead were
224.21 m® ¢ " and 79.74 m” g~ ' respectively based on NDLFT
method.

Batch sorption study

Beads selection. The beads produced form hectorite-CTAB-
alginate composites ie. Hectorite-bead (BHec), hectorite-
CTAB5% bead (BHec-5), hectorite-CTAB10% bead (BHec-10),
hectorite-CTAB20% bead (BHec-20), hectorite-CTAB30% bead
(BHec-30), and hectorite-CTAB40% bead (BHec-40) were used in
the adsorption of methyl orange dyes (Fig. 7). The BHec-10 to
BHec-40 absorbed more than 90% methyl orange, with the
BHec-40 having the highest absorption capacity of 19.69 mg
g ', These results indicate that CTAB plays a vital role in
increasing the number of cationic sites (N'(CH;);-R) on hec-
torite to absorb MO in an aqueous solution.*" The pH,. analysis
of BHec-40 showed the zeta potential of BHec-40 was deter-
mined at 33.4 £+ 0.35 mV (Fig. 9). This positive zeta potential
value indicates the positively charged BHec-40 surface, which
implied the material adsorbed MO through electrostatic
attraction®. Pure hectorite showed an inferior degree of removal
(3.93%; 0.783 mg g~ '), because the naturally available sites were
similar to those of the sulphate group (-SO; ) in MO."*” Based
on the value of capacity and degree of removal, it shows that
BHec-40 has the best performance and was selected for further
adsorption experiments.

Table 2 Summary of temperature peak and weight of residue at 900 °C of Hec-40, BHec-0, and BHec-40

Sample Tpa Tp- Tp3 Tp.4 Wiossty, (%) Wioss, (%) Wresidue (%)
Hec-40 58.81 231.19 393.94 710.51 33.90 8.11 39.97
BHec-0 78.22 271.75 457.52 15.82 4.31 51.46
BHec-40 50.10 236.40 450.51 29.21 12.27 27.23
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Fig. 6 N, adsorption—desorption curve of Hec-40 and BHec-40.
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Fig. 7 Screening of beads (2.5 g L%, 20 mL, 50 mg L™Y).

pH, pH,,. and beads dose effect. The molecular structure of
methyl orange depends on the initial pH of the solution. Under
acidic conditions, MO molecules are in the hydrazone structure,
which causes the color of the solution to change to red-orange.
At a neutral pH, MO is in the basic structure with yellow-orange
color.*®**! Fig. 8 shows the MO adsorption using BHec-40 in the
range of pH 4-11, with the degree of MO removal achieved more
than 98% at all pH conditions. In this study, the pH changes of
the solution do not affect the adsorption of MO into the BHec-
40, indicating that MO adsorption via physical interactions
rather than chemical interactions. Changes in pH do not affect
the active sites on CTAB-modified hectorite adsorbent.>*

The ionization state of the adsorbate and the surface charge
of the adsorbent are pH dependent. Therefore, the zero-point
value of charge (pHy,.) provides information on the pH range
in which the surface of the adsorbent is positively or negatively
charged.” The pH,,. of BHec-40 was determined at 7.21, as
shown in Fig. 9. This indicates that for pH > pHp,. 7.21, the
surface of BHec-40 is negatively charged, thereby appropriate
for removing cationic dyes. However, at the pH value < pHy,.
7.21, the surface of the adsorbent becomes positively charged.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) pHpc analysis of BHec-40, (b) zeta potential of BHec-40.

Since there are no significant differences in the MO removal
efficiency with the pH variation, MO absorption occurred via
physical interaction rather than chemical interaction on the
charged surface of BHec-40.

The effect of adsorbent dosage on methyl orange removal
showed that 98% MO removal was achieved using more than 2 g
L' of adsorbent. Fig. 10 shows that 2.5-3 g L™ " is the optimum
dose of adsorbent for MO removal in solution. In addition, Hec-
40% beads at 1 g L™" can adsorb more than 50% of MO. The
increase in adsorbent dose could be associated with increased
adsorption sites of CTAB, which interact electrostatically with
the anion sites of the -SO;™ in MO. Moreover, increasing the
adsorbent dose will increase the van der Waals attraction
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Fig. 10 Effect of beads dose (initial concentration 50 mg L™%; at 25 +
1 °C for 90 minutes).

between the MO phenyl ring and the -CH, ™ group of CTAB via
hydrogen bonding.**

Contact time effect and adsorption kinetics. The adsorption
kinetic model provides insight into the mechanism of methyl
orange adsorption on BHec-40. This study investigated the
adsorption kinetics using the pseudo-first order and pseudo-
second order models. Fig. 11 illustrates the influence of
contact time and initial methyl orange concentration on methyl
orange adsorption to the BHec-40. The amount of methyl
orange adsorbed onto BHec-40 increased with the prolonged
contact time, reaching equilibrium time in 90 min. Adsorption
kinetics used the Lagergren model for the non-linear pseudo-
first order and the pseudo-second-order models."***85

Fig. 10 illustrates the pseudo-first order and pseudo-second-
order non-linear plots of methyl orange adsorption using
50 mg L' initial concentration at 30 °C. The representative
kinetic data were summarized in Table 3. The R* value of the
pseudo-first-order is higher than the pseudo-second order,
while the values of the pseudo-first order Residual Sum of

- - N
o (9] o

Adsorption capacity (q,; mg g’

(9]

e Experiment Data
First Order
Second Order

0 T T T T T T T T T T T T T T T

20 40 60 80 100 120 140
Time (min)

o

Fig. 11 The pseudo-first-order and pseudo-second-order kinetics for
the adsorption of MO using BHec-40.
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Table 3 Kinetic parameters of methyl orange adsorption onto BHec-
40

Kinetic parameters First-order Second-order

k 0.0307 0.0014
Q 20.1876 24.617

Adj. R? 0.9517 0.9489
Residual sum of square (RSS) 5.0145 5.3024
Reduced chi-sqr (x.%) 0.8357 0.8837

Square (RSS) and reduced x> are smaller than the pseudo-
second order. The higher correlation coefficient (R*) indicates
that the pseudo-first-order model is a better fit for this
adsorption. The fit of the model is supported by the value of the
RSS and x> error variables, which are smaller in pseudo-first
order. According to the three statistical variables, the pseudo-
first-order kinetic model fits the experimental data.!?*344%50-53

MO concentration effect and sorption isotherms. The effect
of MO concentration on the adsorption capacity is shown on the
isotherm plot of BHec-40 (Fig. 12). The adsorption process was
performed at 30 °C, using the initial MO concentration ranging
from 50 to 400 mg L~'. The adsorption capacity of BHec-40
increased significantly at the initial concentration of 50-
350 mg L~'. However, at 400 mg L™, the beads experienced
adsorption saturation, meaning the entire surface of the
adsorbent was occupied with the adsorbates. To better under-
stand the adsorption process on BHec-40, a plot of the sorption
isotherm was carried out, namely the Langmuir isotherm,
Freundlich isotherm, Temkin isotherm and Sips isotherm, as
explained in Fig. 12. Table 4 summarises the evaluation of the
model parameters of the MO adsorption isotherm into BHec-40.

Fig. 12 shows that the Langmuir isotherm fits the experi-
mental data compared to the Freundlich, Temkin, and Sips
isotherms. It can be assumed from these results that the MO
adsorption process on BHec-40 involves monolayer adsorption
on uniform binding sites, and there is no interaction between
adsorbates to form multiple layers on the surface of the
adsorbent‘1,17,21,22,32,52,54

120

Experimental
—— Freundlich model

@ 804 —— Temkin model
=) )
£ —— Sips mo_del
@ 60- Langmuir model
o

40

204

T T T T T T T T T
0 20 40 60 80 100 120
Ce (mg/L)

Fig. 12 The adsorption isotherms non-linear of MO onto BHec-40.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Isotherm analysis of MO using BHec-40 at 30 °C by non-
linear fitting method

View Article Online

RSC Advances

Table 5 The equilibrium adsorption capacities of MO on various
adsorbents

Error value

Isotherm Value Adj. R RSS Red. chi-sqr
Langmuir  gmax 117.7145  0.98568  109.953 18.325
Ky 0.2408
Freundlich Ky 38.7071 0.90274 746.580  124.43
n 3.91834
Temkin Ky 3.968 0.98561 180.413 30.413
B 20.3685
Sips qs 122.6681 0.98561 92.071 18.414
K 0.2605
mg 0.8717

Three error values, namely the correlation coefficient (R),
Residual Sum of Square (RSS) and y.> were determined to
support the assumption of the adsorption process. Table 2
shows that the maximum monolayer adsorption capacity is
117.710 mg g~ ', the regression coefficient value (R*) is the
Langmuir isotherm (0.986) which is higher than the Temkin
isotherm (0.976) and the Freundlich isotherm (0.902). The
regression coefficient indicates that the adsorption of MO into
BHec-40 has a strong correlation with the Langmuir
isotherm.“***® In addition, the lowest RSS and y.? error values
are shown in the Sips and Langmuir isotherm, respectively.

Furthermore, to show that the MO adsorption process into
BHec-40 is beneficial under the investigated conditions (30 °C),
it can be determined based on the value of the equilibrium
parameter (R ) on the Langmuir isotherm.* In this study, the Ry,
value was 0.0756, which means that the adsorption conditions
of MO into BHec-40 were favorable. The meaning value of Ry, > 1
expresses unfavorable adsorption, while 0 < Ry, < 1 expresses
favorable adsorption, R;, = O expresses irreversible adsorption,
and R;, = 1 expresses linear adsorption. In the Freundlich
isotherm, there are important parameters to state the advis-
ability of an adsorption process, where the value of the
Freundlich constant in this study (n = 3.918) is more significant
than one which indicates a favorable adsorption
process.'#344150,53,5560.61 The subsequent isotherm analysis is the
Temkin isotherm. This isotherm has a factor that characterizes
the interaction between the adsorbent and adsorbate and is
used for heterogeneous surface energy systems. From the
Temkin isotherm, two constants were obtained, namely the
equilibrium binding constant of the Temkin isotherm (L g™*)
(=Kr) and the constant associated with the heat of absorption (J
mol ") (=b). The calorific absorption value can be used to
identify the adsorption mechanism. Physical adsorption occurs
if the absorption heat value is less than 1 kcal mol*, while 20-
50 kcal mol " values indicate chemical adsorption.**>** In this
study, the calorific absorption value after conversion was
0.00486 kcal mol ', indicating that MO adsorption into BHec-
40 was a physical process. In accordance with the nonlinear
Langmuir isotherm model calculation, the maximum adsorp-
tion capacity of BHec-40 in this research was greater than that of
the other adsorbents listed in Table 5. It shows the ability of

© 2023 The Author(s). Published by the Royal Society of Chemistry

Adsorbents Gmax (Mg g™ ") Ref.
Modified coffee waste (MCWs) 62.50 50
Goethite (G) 55.00 65
Chitosan beads (CSB) 75.00 65
Goethite-chitosan beads (GCSB) 84.00 65
Chitosan/diatomite composite 35.12 66
Functionalized-CNTs loaded TiO, follows 42.85 67
Carbon nanotubes (CNTs) composite 50.75 68
NaX/MgO-TiO, zeolite nanocomposite 53.76 69
BHec-40 117.71 This work

BHec-40 as an effective MO dye adsorbent for aqueous
solutions.

Adsorption thermodynamics. The thermodynamic parame-
ters of MO adsorption on BHec-40 were determined by the value
of enthalpy, entropy, and Gibbs free energy. These thermody-
namic parameters can be calculated using the Van't Hoff
equation by plotting In K. on the y-axis and 1/T on the x-axis, as
shown in Fig. 13.

Based on the graph in Fig. 13, the values of enthalpy (AH?)
and entropy (AS°) can be calculated using the slope and inter-
cept of the obtained linear curve. Then the value of Gibbs free
energy (AG°) is obtained from calculations using eqn (2). The
thermodynamic parameters obtained from the InK. vs. 1/T
graph are shown in Table 6.

The values of AH° and AS° are greater than zero, as shown in
Table 6. A positive AH value indicates that the adsorption of MO
to BHec-40 is an endothermic process and physical process
involving weak attractive forces." Meanwhile, the S° > 0 implies
an increased irregularity of the adsorbent at high temperature
and the solid-solution randomness during adsorption. Obser-
vations show that increasing temperature causes structural
changes in the active sites of hectorite and methyl orange.” The
negative value of Gibbs energy (AG°) of MO adsorption indicates
that the adsorption takes place spontaneously and without
using external energy for the adsorption process.*” The value of

275
=
2.50 o _—
_ //
o
o -
> _—
5 -
2.25
200 T T T T T
000310  0.00315  0.00320  0.00325  0.00330
IIT(/K)

Fig. 13 The Van't Hoff plot of MO adsorption on BHec-40.
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Table 6 Thermodynamic parameters associated with the adsorption
of MO by BHec-40

—AG® AH° AS° E,
T (K) (k] mol™™) (kJ mol ™) ( mol ' K™ (k] mol™)
303 4.616 11.13 15.27 2.62
313 4.768
323 4.921

AG° explains the process of MO adsorption into BHec-40. When
AG° is between —20 to 0 k] mol ', the adsorption is physical
process. However, AG® between 80 to 400 k] mol " indicates the
chemisorption process.®* In addition, the small E, value of
2.62 k] mol " demonstrates that MO adsorption on BHec-40 is
a physisorption process.

Reusability study and scale-up operation. The reusability of
adsorbents contributes significantly to the development of
effective technologies for wastewater treatment plants. In five
consecutive adsorption-desorption-desorption cycles, meth-
anol was used as an eluent agent in the desorption and regen-
eration investigations. The removal percentage declined from
99.65% to 62.40% after five cycles, as shown in Fig. 14. MO's
adsorption and desorption efficiency onto BHec-40 dropped to
62.40% and 55.58% after five cycles. This investigation
demonstrated the successful regeneration of BHec-40 as an
adsorbent for removing methyl orange from contaminated
water.

The feasibility of BHec-40 adsorbent on an industrial scale is
determined by modifying eqn (1) using the Langmuir isotherm
model.>**”* The Ky, and gmax values from the Langmuir isotherm
equation are used to obtain the correlation between the mass of
the adsorbent and the volume of the adsorbate by modifying
eqn (5). Modification of eqn (1) and (5) will show the relation-
ship between the mass of the adsorbent and the volume of
waste that can be overcome, as shown in eqn (15) and (16).

E 2 Adsorption
100 99.65 71.68 [ Desorption

87.93 70.04
82.99 65.67

77.36 60.21

62.40 55.58

g
=
S
N
&
% 60 -
g
S 40+
I
St
2
= 204
<

0-

1 2 3 4 5
Cycle

Fig. 14 Adsorption—desorption cycles of MO using beads of BHec-
40.
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V - qc o €
ge from eqn (5) is substituted into eqn (15):
m 1 + CeKL
m_ T2l e g, 16
V KL CeCImax ( ) ( )

Eqn (16) determines the amount of BHec-40 required to remove
99% of the MO (50 mg L™'). The calculations showed that
2.278 g of BHec-40 was needed to remove 1 L of MO solution.

Based on eqn (16), shows that BHec-40 is effective for treat-
ing MO waste. Easy synthesis and abundant raw materials make
BHec-40 a prospective MO adsorbent. Zhang 2019 (ref. 17) re-
ported that hectorite is a type of clay that is easy to synthesize
hydrothermally in laboratories and industries and even modi-
fication of hectorite charge is easy to do both bottom-up”™ and
top-down.** Furthermore, the hectorite synthesis stage does not
produce chemical waste, in contrast to some of the adsorbents
in Table 5 which produce strong acidic and basic wastes, such
as in the chitosan isolation stage.®® Regarding the production
cost of hectorite, we cannot determine the amount. However,
one of the commercially available hectorite products
(LAPONITE®) can be purchased for only €70.21 per kilogram.
This suggests that hectorite production is low-cost.

Proposed mechanism adsorption of MO using BHec-40.
According to the literature, methyl orange is adsorbed to
various adsorbents mainly via an electrostatic mechanism. MO
interacts with adsorbents through the negatively charged
sulfonate group of methyl orange with the cationic groups on
adsorbents.”” The FTIR spectra of BHec-40 recovered after
methyl orange adsorption are presented in Fig. 15. Methyl
orange showed the FTIR absorptions peak at 1609 cm !,
ascribed to azo vibration (R-N=N-R). The peak at 1370 cm™"
indicates the sulphate vibrations (-SO; ). Additionally, the C-H
vibration appeared at 1511 c¢m™', aromatic vibration at
819 cm™", and C-S stretching at 696 cm™'. BHec-40 after MO
adsorption showed similar adsorption bands with methyl
orange at 1602, 1514, 1365, 825, and 696-624 cm ', indicating

MO
—— BHec-40-MO
—— BHec-40

3433

N

Transmittance (%)

3437 1006 457"

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 15 The FTIR spectra of BHec-40, BHec-40 after MO adsorption.
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Illustration of interaction between BHec-40 and MO.

Fig. 16

the appearances of -N=N-, C-H (C=C-H), -SO;, C-H
aromatics, and C-S bonds.”

The ionic interaction between the sulfonate group MO and
the cationic site CTAB was confirmed on the modified coffee
waste adsorbent (MCWs), where there was a new peak at a wave
number of 1607 cm™ " which indicated the stretching vibration
of the azo group (-N=N-), and a wave number of 1195 cm™"
indicates the -S=O strain of the sulfonate group.*® These two
wave numbers (1607 cm " and 1195 cm ') are also found in
BHec-40-MO. The presence of -S=O in BHec-40-MO indicates
that the -SO; ™~ group is involved in the adsorption process. It
can be proposed that the adsorption mechanism of MO into
BHec-40 occurs through (i) electrostatic interaction between the
-SO;~ group of MO and R-N'(CH;); of CTAB, and (ii) hydro-
phobic-hydrophobic interaction between the methyl orange
aromatic moiety and the CTAB chain."**”* The interaction
between BHec-40 and methyl orange was illustrated in Fig. 16.

The interaction between methyl orange and BHec-40 was
further evident by SEM-EDS analysis after the adsorption of

Tokniesin ITS 800KV X50 SE

Fig. 17 SEM analysis of BHec-40 after adsorption with methyl orange
(a and b); EDS elemental mapping (c); and the elemental composition
(d).
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methyl orange in Fig. 17. Sulphur which originated from methyl
orange was analysed at 4.45% on BHec-40 after the adsorption
process. In addition, the carbon content of BHec-40-MO
increased 16.49%, compared to BHec-40 at 11.39% (Table 1).
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