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AbstractThis work reports the modification of West Java natural bentonite as an effective adsorbent for rhodamine B dye. The modificationwas finished by sodium intercalation at room temperature to get low-energy preparation. Characterization of bentonite-modifiedadsorbent was used SEM, XRD, FTIR, and BET analysis. The material pore size and surface area were increased by 0.303 nm and178.710m2/g on Na-bentonite. The adsorption mechanism conformed well with the Freundlich isothermmodel and pseudo-second-order kinetics equations. The adsorption process by thermodynamic analysis was endothermic and advantageous. Under theoptimum condition of pH 6 (confirmed by pHpzc), initial dye concentration of 125 mg/L, and the adsorbent dosage of 0.09 g for 65minutes, the Na-bentonite has a larger adsorption capacity (Qm) of 142.86 mg/g, while the different adsorbent dosages of 0.11 g for75 minutes, the adsorption capacity of natural bentonite (Qm) reaches 140.85 mg/g. This work provides a method for establishinga low-energy preparation adsorbent of bentonite-based on Na-intercalant as a low-cost and valuable adsorbent for waste dyeremoval.
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1. INTRODUCTION

In recent years, environmental contamination has become a
crucial issue due to the massive disposal of industrial waste
(Asgari et al., 2021; Soleimani et al., 2022). Massive wastewater
disposed of led to contamination in the ecosystem (Kamarehie
et al., 2020; Rahmani et al., 2022). Coloring products are
widely used in the food, cosmetics, pharmaceuticals, paints, and
textiles industries (Laysandra et al., 2017) . It was estimated that
7x105 tons of dye waste are produced annually (AL Tufaily
and Al Qadi, 2016; Mohammad et al., 2019).

Rhodamine B (RhB) is a basic cationic dye with complex
structures shown in Figure 1. In some cases, long-term ex-
posure to RhB likely triggers temporary skin, and mucous
membrane irritation, until the mutagenic effect (Laysandra
et al., 2017) . Several works provide techniques to detach
the pollutants such as precipitation, osmotic reverse, floccula-
tion/coagulation, electrodialysis, and adsorption (Dotto et al.,
2019; Giraldo et al., 2022; Xie et al., 2022). Adsorption be-
comes the most efficient due to the organics, toxic metals, and

dye contaminants binding to the solid adsorbent. Those stable
contaminants bonded physically or chemically at the adsorbent
surface (Chai et al., 2020; Mohammad et al., 2019). Potential
low-cost adsorbents that provide adsorption features are zeo-
lites, limestone, silica gel, chitosan, dolomite, activated carbon,
and bentonite/clay.

Nowadays, the layered material of alumina-silicate ben-
tonite has gained popularity as a low-cost adsorbent due to its
abundance and high potency to enhance adsorbing capacity.
The limitation of natural bentonite due to its rigid structure and
the negative charge that is only sensitive to removing cationic
dyes have encouraged researchers to modify the bentonite
structure (Ding et al., 2018) . However, the intercalation of
natural bentonite by cationic exchange assisted by calcination
to increase the adsorption capacity is favorable (Srikacha et al.,
2022) . However, the intercalation step may need a longer
preparation time of 3 h to 10 days, moreover calcination pro-
cess of more than 300°C to change the bentonite structure
could trigger a collapse of the bentonite structure (Bouras et al.,
2007; Leodopoulos et al., 2015). Recently, Islam and Mostafa
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Figure 1. Chemical Structure of RhB Dye

(2022) studied the natural sodium bentonite adsorption ca-
pacity towards methylene blue by an adsorption capacity of
25.19 mg/g. According to Shattar and Foo (2022) , activa-
tion bentonite assisted by sodium salt under heating of 70°C
gives removal of methylene blue with an adsorption capacity
of 318.38 mg/g.

The intercalation process becomes a challenge in bentonite
modification. The rigid characteristics of the bentonite struc-
ture block the intercalation of another molecule. Sodium in-
tercalation, as the preliminary step, becomes the favorable
solution. The opening interlayer process to insert the inter-
calant need some energy that uses heat and pressure. High
energy insertion is the challenge to discover a new method of
the intercalating molecule to increase the interlayer bentonite.
According to the report of Lin et al. (2007) , intercalation via
intermolecular force becomes an effective method for inserting
molecules in low temperatures to decrease energy consump-
tion.

This work aims to intercalate the West Java natural ben-
tonite by saturated sodium salt solution under the natural am-
biance of low-temperature preparation to get intramolecular
force in inserting the intercalant and evaluate its removal capac-
ity on RhB from aqueous solutions. Sodium salt was chosen
because it is non-toxic to essential substances in the environ-
ment and has a high cationic exchange capacity in bentonite
surfaces (Alexandru, 2011) . The bentonite-modified charac-
terization used SEM, XRD, FTIR, and BET to analyze physic-
ochemical structural changes. The adsorption mechanism of
RhB was carried out with optimization of the operational con-
dition by pHpzc, variations in time, the dosage of adsorbent,
temperature, and initial concentration.

2. EXPERIMENTAL SECTION

2.1 Chemicals and Instrumentation
The natural bentonite was obtained from West Java with pu-
rification. Chemicals in a pure grade, such as sodium chloride
(NaCl), sodium hydroxide (NaOH), silver nitrate (AgNO3),
hydrochloric acid (HCl), and rhodamine B (RhB) dye, were
purchased from Sigma-Aldrich and directly used without purifi-

cation. Instrumentation such as X-Ray Diffractometer (XRD)
type Rigaku Mini-flex600, Fourier Transfer Infra-Red (FTIR)
type Perkin-Elmer UATR Spectrum two, UV-Vis Spectropho-
tometer type Orion AquaMate 8000, Scanning Electron Mi-
croscope Energy Dispersive Spectrometer (SEM-EDS) type
JEOL JSM 6510-LA, and Surface Area Analyzer using Quan-
tachrome ASIQ-win based on BET method calculation.

2.2 Bentonite Intercalation
The natural bentonite was modified by the cationic exchange
methods at room temperature of 25°C: 100 g of natural ben-
tonite dissolved in 333 mL of saturated NaCl and stirred for 2
hours. Then the mixture was added with distilled water (by two
times the mixture volume) and continued stirring for 10 min-
utes. The bentonite mixture was precipitated and repeatedly
added with 333 mL saturated NaCl, then mixed for 2 hours.
It was washed three times with boiled distilled water, and the
precipitate was oven-dried at 200ºC for 12 hours. It is noticed
as Na-bentonite.

2.3 Optimization of Operational Condition
The pHpzc (point zero charges) was determined by adding
0.02 g of adsorbent into 20 mL of 0.1 M NaCl solution and
adjusted to pH of 2, 3, 4, 5, 6, 7, 8, 9, 10 using 0.1 M of NaOH
and HCl solution. The mixture was stirred for 3 hours, and
the final pH of the filtrate was measured using a pH meter to
graph the pHpzc state.

2.4 Adsorption Studies
The effect of adsorption time was studied by varying the time
adsorption at 5, 15, 25, 35, 45, 55, 65, 75, and 85 minutes.
The composition of the adsorption process is 0.01 g of adsor-
bent into 50 mL of 30 mg/L RhB dyes. The effect of adsorbent
dosages was studied by variation of adsorbent dosages at 0.01,
0.03, 0.05, 0.07, 0.09, 0.11, and 0.13 g. The effect of tem-
perature and concentration adsorption was conducted on the
adsorption of RhB using various temperatures and initial con-
centrations at 30, 40, 50, 60, and 70°C, with the concentration
of RhB 25, 50, 75, 100, and 125 mg/L.

2.5 Analysis of Mechanism Adsorption
Adsorption kinetics of this experiment conducted by Wu et al.
(2021) for pseudo-first order and pseudo-second order kinetic
models are shown in Equation 1 and 2, respectively:

ln(qe − qt) = lnqe − tK1 (1)

t
qt

=
1

q2e
+ t
qe

(2)

Where K1 is the rate constant of pseudo-first order (min−1),
K2 is the constant rate of pseudo-second order (g.mg−1min−1),
t for time, then qe and qt are capacity adsorption at equilibrium
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and specific time, respectively. The Langmuir and Freundlich
adsorption isotherm were analyzed to know the adsorption
isotherm of this experiment according to Sahnoun et al. (2018)
by the equation, respectively:

Ce
qe

=
1

qmaxKL
+ Ce
qmax

(3)

lnqe = lnKF + lnCe
n

(4)

Where qe is the capacity equilibrium of adsorbent (mg/g),
Ce is the concentration equilibrium after adsorption (mg/L),
qmax is the capacity maximum of adsorption (mg/g), KL is
constant of Langmuir adsorption (L/mg), then Kf and n are
constant of Freundlich adsorption (L/g). Furthermore, the
thermodynamic parameters can be analyzed by following equa-
tions (Dotto et al., 2019) :

ΔG = −RTlnKd (5)

ΔG = ΔH −TΔS (6)

lnKd =
ΔS
R

− ΔH
RT

(7)

Where ΔG° is the value of free energy Gibbs (kJ/mol), ΔH°
is the enthalpy change of adsorption (kJ/mol), ΔS° is adsorp-
tion entropy change (kJ/mol.K), R is the standard gas constant
(8.324 kJ/mol), T is temperature reaction (K), and Kd is the
equilibrium constant.

3. RESULT AND DISCUSSION

3.1 Characterization of Adsorbents
The morphologies of modified bentonite were observed us-
ing SEM techniques in Figure 2 shows a massive quantity of
lamellar particles with unshaped aggregated and rough particles
attached to the surface area, especially in modified bentonite
in Figure 2b (Mahmoodi, 2015) . Aggregate and rough parti-
cles may be impurities from zeolite, while according to Figure
2a, the flake’s structures are considered montmorillonite(Jiang
et al., 2021) . According to Figure 2b, lamellar structures in Na-
bentonite present numerous small particles attached. Those
phenomena showed that cation exchange significantly reduced
impurities, confirmed by detailed EDX data in Table 1. The
intercalation process affected the removal of the Ti substance.

The composition and structural changes are reflected by
XRD analysis in Figure 3. The basal spacing of the bentonite-
modified adsorbents is 8.06 nm and corresponds to the d001
peak, the value of 2𝜃 about 20°, noticed as montmorillonite.

Figure 2. SEM Image of (a) Natural Bentonite (b)
Na-bentonite

The sodium-intercalated did not change significantly due to
low interaction binding and the size particle of sodium identic
to the previous cation in the interlayer. Unfortunately, the
sodium intercalation has affected the cationic exchange, and
it is confirmed from Figure 3 that the peak positions of all
adsorbents are similar (He et al., 2022) . According to the data
of XRD, the crystal size of natural bentonite and Na-bentonite
are 4.35 nm and 8.06 nm, respectively. Modifying bentonite
assisted by sodium intercalation between interlayers increases
the montmorillonite composition, layer space, and adsorption
capacity by providing the cationic exchange field. According to
JCPDS data No. 24-0495 shows that 2𝜃 at around 20°, 35°,
55°, and 63° are montmorillonite compounds. Then, for 2𝜃 at
about 26° are quartz compounds, while at 2𝜃 around 28° are
compounds composed of Al, Si, and O (Reza et al., 2015) .

Figure 3. XRD Patterns of (a) Natural Bentonite and (b)
Na-bentonite

Bentonite, as layered material, has several functional groups
that influence adsorption. The FT-IR spectrums of bentonite-
modified are displayed in Figure 4. The composition of OH
octahedra stretching vibrations at the surface layer is indicated
by a peak at 3380 cm−1 . A peak indicates the H-O-H vibra-
tions of the water molecule at 1632 cm−1 . The layer structures
of bentonite were confirmed by stretching vibrations of Si-O-
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Table 1. EDX Data of Bentonite-modified Adsorbent

Element Natural bentonite (%W) Na-bentonite (%W)

O 57.88 54.83
Si 22.17 22.86
C 13.02 10.77
Al 3.32 4.21
Fe 1.34 1.42
Mg 0.71 0.69
Cu 0.62 1.10
Ca 0.27 1.59
K 0.26 0.48
Na 0.23 0.84
Ti 0.17 -

Table 2. The Analysis of BET Surface Area, Pore Diameter, and Pore Volume of the Natural Bentonite and Na-bentonite

Adsorbent BET Surface Area (m2/g) Pore Diameter (nm) Pore Volume (cm3/g)

Natural bentonite 61.791 4.678 0.144
Na-bentonite 178.710 3.401 0.303

Si from the peak at 1028 cm−1 and vibrations of Al-O-Al
from the peak at 791 cm−1 (Castellini et al., 2017) . The peak
at 518 and 459 cm−1 is ascribed to the cation vibration on
the layer structure of bentonite. The difference in peak sharp-
ness affected vibration intensity due to sodium salt intercalant
power binding at the surface interlayers, thus giving additional
functional groups between interlayers (Yang et al., 2022) .

The textural characteristics of natural bentonite and the
intercalated one were characterized via the N2 adsorption-
desorption method at 77.35 K. Detailed result was plotted
in the graph of N2 adsorption-desorption isotherm characteris-
tics in Figure 5. The isotherm trend from the natural bentonite
and Na-bentonite behave in the same condition that fits into
the type IV according to Braunnauer-Deming-Deming-Teller
(BDTT) classification (Mu’azu et al., 2018) . The overlapping
of adsorption-desorption points occurred at the low relative
pressure; thus fit with the H3 type of hysteresis loop that initi-
ated at a relative pressure (P/P0) around 0.42. The emerging
features are grouped as the characteristic of the mesopore lay-
ered material (Tong et al., 2018; Yurdakal et al., 2019).

The precise surface area value calculated using the BET
model on natural and Na-bentonite is tabulated in Table 2. In
this case, the specific surface area of bentonite-intercalated Na+

was differently higher than the natural one. It assumed that
sodium intercalations’ effectivity significantly impacts the active
surface of adsorbent-adsorbate interaction in multiple quan-
tities and generates additional mesopores (Javed et al., 2018) .
Despite the decreasing pore diameter, the pore volume was
increasing due to the enormous size of intercalate, thus pro-
moting the adsorption process (Ain et al., 2020; Mohammed
and Isra’a, 2018).

Figure 4. FT-IR Spectrums of (a) Natural Bentonite and (b)
Na-bentonite

3.2 Optimization of Operational Conditions
The pHpzc of bentonite-based adsorbent was plotted by Al Ma-
liky et al. (2021) in Figure 6, which turned out to be 4.35 for
natural bentonite and 5 for Na-bentonite provides an acid
medium for adsorption of dyes. The role of pHpzc is to de-
termine the influence of pH range on the active site of the
surface adsorbent. The value of pH > pHpzc induces optimum
adsorption of cationic dyes due to negative charge increases
on adsorbent (Kanwal et al., 2022) . RhB has a positive charge
in the solvent, then tends to adsorb at a higher pH value than
the pHpzc condition (Ribeiro dos Santos et al., 2019) . It is
appropriate for the experiment due to the optimum adsorption
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Table 3. Adsorption Kinetic Model

Model Parameter Adsorbent Adsorbent
Kinetics Adsorption Natural bentonite Na-bentonite

Qe (mg/g) 102.49 119.22
Pseudo First Order k1 0.062 0.058

R2 0.926 0.883
Qe (mg/g) 102.49 102.49

Pseudo Second Order k2 0.006 0.007
R2 0.9975 0.9978

Table 4. Parameter of Isotherm Adsorption of RhB on the Bentonite-modified Adsorbent

Adsorbent Isotherm Model Parameter Adsorption Temperature (°C)
30 40 50 60 70

Langmuir Qm 140.85 133.33 138.89 125 123.46
KL 0.023 0.033 0.034 0.057 0.114

Natural Bentonite R2 0.930 0.913 0.914 0.919 0.809
Freundlich n 1.506 1.641 1.647 1.808 2.244

KF 4.827 6.193 6.427 7.984 12.159
R2 0.995 0.991 0.991 0.987 0.946

Langmuir Qm 142.86 136.99 140.85 138.89 140.85
KL 0.035 0.054 0.063 0.078 0.107

Na-bentonite R2 0.972 0.994 0.994 0.991 0.994
Freundlich n 1.536 1.648 1.687 1.720 1.783

KF 5.725 7.037 7.628 8.093 8.978
R2 0.993 0.998 0.997 0.996 0.997

of RhB occurring at pH 6 based on preliminary laboratory
screening.

3.3 Effect of Adsorption Time
The effect of variations in the contact time of bentonite-based
adsorbent on RhB is seen in Figure 7. Figure 7 shows that
the equilibrium adsorption time of RhB on natural bentonite
reaches 75 minutes, while the equilibrium time on Na-bentonite
reaches 65 minutes. According to the literature, the calculated
data of adsorption was gained using pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic equations (Mohadi
et al., 2022) . The results of kinetic data adsorption on variation
time adsorption are shown in Table 3.

Based on Table 3, the kinetic data shows that the linear re-
gression value (R2) of the pseudo-second-order (PSO) tends to
be closer to 1 value than to the pseudo-first-order (PFO) kinetic
model, so it concluded that RhB adsorption in bentonite-based
adsorbent follows the PSO model kinetics. It suggested that
adsorption tends to occur by chemisorption, then the adsorp-
tion equilibrium rate is affected by the adsorbent and adsorbate
composition (Shattar and Foo, 2022) .

3.4 Effect of Adsorbent Dosage
Effect of variation dosages adsorption was prepared under room
temperatures, pH = 6, adsorption time of 65 minutes for nat-

ural bentonite and 75 minutes for Na-bentonite. Figure 8
shows the adsorption rate for 30 mg/L RhB with a variation of
bentonite-modified adsorbent dosages, where variation dosages
were used from 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, and 0.13 g.
Based on Figure 8, the equilibrium of adsorption rate of the
natural bentonite and Na-bentonite occurred at 0.11 g and 0.09
g, respectively, with insignificant increases at adsorbent dosages
of more than 0.11g. The insignificant increase is related to the
restricted concentration of dye that can be adsorbed and the
agglomeration in bentonite adsorbent (Khan et al., 2012) .

3.5 Effect of Concentration and Adsorption Temperature
According to Figure 9, the increases in adsorption temperature
will cause a decrease in the adsorbate adsorbed for the RhB dye.
Otherwise, the concentration increases are affected by RhB
adsorbed. Data in Tables 4 and 5 were used to determine the
adsorption isotherm model using the Langmuir and Freundlich
equation based on (Sahnoun et al., 2018) . The data of the
Langmuir and Freundlich isotherm calculation are shown in
Table 4.

According to Huang et al. (2017) , the Langmuir isotherm
model ascribed that adsorption occurs by the monolayer con-
formation on the surface of the adsorbent, thus not having inter-
actions between molecules of adsorbate, while the Freundlich
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Table 5. Adsorption Thermodynamic Parameter Data on Natural Bentonite

Consentration (mg/L) Temperature (K) Qe (mg/g) ΔH (kJ/mol) ΔS (J/K.mol) ΔG (kJ/mol)

303 18.188 -2.218
313 19.233 -2.917

25 323 19.442 18.96 0.070 -3.616
333 20.278 -4.315
343 22.055 -5.014
303 31.568 -1.348
313 32.892 -1.599

50 323 33.380 6.24 0.025 -1.849
333 34.147 -2.099
343 34.983 -2.350
303 45.784 -1.117
313 46.411 -1.259

75 323 47.038 3.19 0.014 -1.401
333 47.874 -1.543
343 48.293 -1.685
303 58.536 -0.877
313 60.487 -1.062

100 323 61.463 4.72 0.018 -1.246
333 62.299 -1.431
343 64.111 -1.616
303 69.861 -0.590
313 71.777 -0.740

125 323 72.823 3.95 0.015 -0.890
333 73.171 -1.039
343 76.133 -1.189

Figure 5. N2 Adsorption-Desorption Properties

isotherm ascribed that the adsorbent is supported multilayer
and heterogeneous adsorption, thus adsorption process occurs
by physical. Based on Table 4, the Freundlich isotherm model
shows a linear regression value (R2) closer to the value 1 than
the Langmuir isotherm model for RhB adsorption, indicating

Figure 6. The pHpzc of (a) Natural Bentonite and (b)
Na-bentonite

that RhB adsorptions are spread heterogeneously (Xing et al.,
2015) . The dimensions of the exponent 1/n state the favorable
interaction between adsorbent-adsorbate. Adsorption will be
beneficial if n > 1. In this study, the adsorption of RhB is easy
due to an n value higher than 1 (Annadurai et al., 2000) .

Furthermore, according to Huang et al. (2017) calculation
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Table 6. Adsorption Thermodynamic Parameter Data on Na-Bentonite

Concentration (mg/L) Temperature (K) Qe (mg/g) ΔH (kJ/mol) ΔS (J/K.mol) ΔG (kJ/mol)

303 18.710 -2.747
313 19.616 -3.131

25 323 19.965 8.88 0.038 -3.515
333 20.174 -3.898
343 20.627 -4.282
303 43.742 -2.094
313 44.648 -2.379

50 323 44.997 6.54 0.028 -2.664
333 45.206 -2.949
343 45.659 -3.234
303 49.861 -1.720
313 50.592 -1.893

75 323 51.428 3.50 0.017 -2.065
333 51.951 -2.237
343 52.474 -2.410
303 61.324 -1.188
313 62.996 -1.328

100 323 63.554 3.06 0.014 -1.468
333 63.972 -1.609
343 64.947 -1.749
303 72.474 -0.822
313 74.216 -0.964

125 323 75.610 3.47 0.014 -1.105
333 76.133 -1.247
343 77.526 -1.388

Figure 7. Effect of Contact Time Adsorption on (a) Natural
Bentonite and (b) Na-bentonite

Figure 8. Effect of Adsorbent Dosage on (a) Natural Bentonite
and (b) Na-bentonite
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Table 7. Comparative of Adsorption Capacity on Rhodamine B in Different Adsorbent

Bentonite Adsorbate Adsorption Capacity (mg/g) Optimum Time (minutes) References

Na-bentonite RhB 142.86 65 This study
Bentonite-CTA-DAPTMS RhB 0.98 5 de Morais Pinos et al. (2022)
𝛾- Fe2O3/montmorillonite RhB 45.08 60 Fatimah et al. (2022)
Beta zeolite SiO2/Al2O3 RhB 27.97 60 Cheng et al. (2018)

𝛼-Al2O3 RhB 52 30 Yen Doan et al. (2020)

Figure 9. Effect of Temperature and Concentration Adsorption
of RhB on (a) Natural Bentonite and (b) Na-bentonite

Figure 10. Mechanism Interaction Proposed of RhB
Adsorption Bentonite-modified

of thermodynamic parameters can provide data (ΔG°), (ΔS°),
and (ΔH°). The detail of the thermodynamic parameter data
is shown in Tables 4 and 5 . The calculation results for ΔG°
value are negative on each adsorbent; thus, the value decreased
with increasing adsorption temperature. A negative value of
ΔG° indicates that the RhB adsorption process is beneficial and
spontaneously occurs He et al. (2022) , and the adsorption is
better at high temperatures. The ΔH° value showed a range
of 18.96 kJ/mol to 3.95 kJ/mol was related to the tendency
of RhB adsorption to occur by physical adsorption and en-
dothermic based on a positive ΔH° value, thus supporting the
isotherm adsorption analysis. The adsorption mechanism of
RhB into bentonite-modified adsorbent visualized in Figure

10. Physisorption as dominant mechanism take a apart in ben-
tonite negative charge of surface, then the cation exchange of
RhB into interlayer bentonite has reduce the sodium ion in
the interlayer structure (Selvam et al., 2008) . Another result is
the positive value of ΔS°, which is related to the irregularity of
the particles during adsorption increases due to the adsorbent-
liquid interaction between the bentonite-based adsorbent and
RhB (Mahmoodi, 2014) .

4. CONCLUSION

In summary, the new route modification of natural bentonite
imported from West Java of Indonesia was completed using
cation exchange of sodium salt-intercalant under low room
temperature of 25°C to develop efficient and low energy pre-
pared adsorbent to remove RhB dyes in an aqueous solution.
The bentonite-modified was characterized by several character-
ization techniques, indicating the sodium was intercalated on
the interlayer bentonite. The adsorption study proved that Na-
bentonite effectively removed the RhB with adsorption capacity
(Qm) reached 142.86 mg/g for Na-bentonite by physisorption
and spontaneously endothermic occurred.
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