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Abstract
Clays are widely accepted for dye removal from wastewater. Here, in this work, nanobentonite was synthesized by a sim-
ple, rapid, and cost-effective chemithermal method. Additionally, nanobentonite was coupled with hematite nanoparticles 
via thermal coupling to prepare a nanocomposite with enhanced surface absorption. Surface morphology, compositional 
and structural analysis of synthesized samples were done using various characterization techniques. Results suggested that 
nanobentonite and nanocomposite having an average diameter of 35.36 and 21.85 nm respectively were synthesized. Nano-
composite exhibited increased surface area. Additionally, the ability of all samples as an adsorbent for removal of methylene 
blue (MB) and Congo red (CR), from an aqueous solution was investigated under various optimization conditions. Adsorp-
tion kinetics revealed that Pseudo II order equation fits well for the adsorption process following intraparticular diffusion 
mechanism for both the dyes. The adsorption equilibrium data of MB and CR was fitted well by the Langmuir and Freundlich 
adsorption isotherm model, respectively. The thermodynamic parameters suggested adsorption process is endothermic and 
spontaneous in nature with increased entropy value.
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Introduction

In effluents, the presence of dyes is one of the major con-
cerns because of their adverse effects on many forms of 
life (Bulut and Karaer 2015). The discharge of dyes into 
the environment is important to be looked after for both 

esthetical and toxicological reasons (Raffatulah et al. 2010; 
Santhi and Manonmani 2011). Wastewaters are the major 
contributors of colored effluents released from the indus-
tries like textile, printing, food coloring, dyeing, papermak-
ing, cosmetics, etc. (Wang et al. 2011). Releasing even a 
small amount of dye in the water produces carcinogenic and 
mutagenic effects and thus affects aquatic life and the food 
webs (Liu et al. 2010). Thus it becomes environmentally 
important to remove these dyes from wastewater effluents 
(Chen and Huang 2010). Azo dyes are the most common 
dyes used for dying silk, cotton, and wool and can cause 
adverse health issues to both animals and humans (Raffatu-
lah et al. 2010; Ghosh and Bhattacharyya 2002; Tan et al. 
2008). Therefore, the treatment of effluents containing such 
dyes is of great concern because of its harmful impacts on 
receiving waters. Conventional methods of treatment such as 
precipitation, coagulation and flocculation, electrochemical 
destruction, photocatalytic oxidation, ozonation, biological 
treatment, and adsorption are developed for water decontam-
ination applications (Santhi and Manonmani 2011; Huang 
et al. 2011). Adsorption is found to be the most efficient 

 * Sudip Majumder 
 sudip22m@gmail.com

1 Department of Chemistry, Amity School of Applied 
Sciences, Amity University Haryana, Amity Education 
Valley, Manesar, Gurugram 122413, India

2 Department of Applied Physics and Institute of Natural 
Sciences, Kyung Hee University, Yong-In, Gyong-gi 17104, 
Republic of Korea

3 Department of Physics, School of Engineering, University 
of Petroleum and Energy Studies, Dehradun 248007, India

4 Department of Chemistry, Banasthali University, 
Banasthali 304022, India

5 Center for Interdisciplinary Research in Basic Sciences, 
Jamia Millia Islamia, New Delhi 110025, India

http://orcid.org/0000-0003-2923-0232
http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-021-01927-z&domain=pdf


884 Applied Nanoscience (2023) 13:883–897

1 3

method for wastewater treatment because of its low cost, 
simplicity in operation, flexibility, and insensitivity to toxic 
pollutants (Raffatulah et al. 2010; Huang et al. 2011; Tran 
et al. 2010). For the removal of different types of dyes, there 
various types of adsorbents such as activated carbons, plant 
or lignocellulosic wastes, clays and biopolymers have been 
used (Raffatulah et al. 2010; Ngah et al. 2011; İȿlek et al. 
2008; Zanjanchi et al. 2011).

Bentonite is an excellent adsorbent and henceforth it is 
used for wastewater treatment and purification from oil, phe-
nol, solvent, detergents, and heavy metal ions (Beall 2003; 
Neaman et al. 2003). Bentonite is often used as a fabricating 
material of organo-clay compounds due to its high adsorp-
tion power, large surface area, and good ion-exchange prop-
erty. Recently, some groups of researchers have successfully 
attempted the synthesis of bentonite nanostructures using 
various approaches, though surprisingly the numbers are 
very limited. However, there are reports for the synthesis 
of bentonite nanostructure using sonochemical and sol-
vothermal methods (Darvishi and Morsali 2011a, b). The 
synthesis of bentonite nanostructure can be very useful con-
sidering the larger surface area, higher adsorption capac-
ity of nanomaterial that might lead to significant enhance-
ment of properties compared to bulk bentonite. Moreover, 
the adsorption capacity of clays can be further enhanced 
using surface modification. One such modifications include 
the surface coating of clay with metal oxide nanoparticles. 
The extremely fine size of these nanoparticles impregnated 
over the surface of clay and yields favorable characteristics 
imparting an increase in surface area and altering basic prop-
erties (Motshekga et al. 2013; Sonawane et al. 2017; Lubis 
et al. 2019; Hashem 2013).

Here, in this article, we report a rapid and economical 
procedure for the synthesis of nanobentonite (NB) and 
α-Fe2O3/bentonite nanocomposite (FEB) using a chemith-
ermal and thermal coupling method, respectively. Differ-
ent structural and functional properties were investigated 
using several characterization techniques. The research work 
is also concerned with the investigation of the reactivity 
comparison of NB and FEB with bulk bentonite (B) in the 
removal of cationic non-azo dye methylene blue (MB) and 
anionic azo dye Congo red (CR) as model pollutant. The 
removal of both the dyes was studied in batch experiments 
optimizing different parameters. Adsorption isotherms are 
studied to indicate the mechanism of adsorption and esti-
mate the maximum adsorption capacity and correlation coef-
ficients. Adsorption kinetics are studied to determine the 
adsorption rate and mechanism of adsorption along with 
thermodynamic parameters.

Materials and methods

All the commercially available chemicals were used as 
received without any further purification.

Synthesis of hematite (α‑Fe2O3) nanoparticles

Ferrous sulphate salt  (Fe2SO4·7H2O) (5 g, purchased from 
CDH) was dissolved in 100 mL distilled water and stirred at 
60 °C for 30 min, followed by the addition of 50 mL liquor 
ammonia (pH ≈ 11) for precipitation of nanoparticles. The 
final product was filtered, washed with distilled water and 
ethanol, dried and then obtained reddish-brown powder was 
muffled at 600 °C for 3 h.

Synthesis of nanobentonite

A suspension of bentonite powder (5 g, purchased from 
Merck) in distill  H2O (100 mL) was made, followed by addi-
tion of 50 mL of concentrated HCl (pH ≈ 4). The reaction 
mixture was refluxed at 65 °C for 2 h with continuous stir-
ring. Subsequently, the solution was filtered and the precipi-
tate was washed thoroughly using distill  H2O and ethanol 
to remove the excess acid. The product was dried and then 
calcinated at 400 °C for 3 h. A whitish powder of bentonite 
nanoparticles (NB) were obtained.

Synthesis of α‑Fe2O3/bentonite nanocomposite

Hematite nanoparticles were added to bulk bentonite in 1:2 
ratio while activating it using acid following the same pro-
cedure of synthesizing nano bentonite. A brownish powder 
was obtained as a nanocomposite.

Absorbance studies

Absorption experiments were performed using MB and 
CR dye stock solution of 40 mg/L by preparing it in dis-
tilled water. All the batch experiments were carried out on 
a shaker incubator with constant stirring of 200 rpm using a 
known quantity of adsorbent and adsorbate and this mixture 
was stirred for fixed time intervals in dark at room tempera-
ture. The residual dye concentration in supernatant liquid 
obtained after centrifugation was determined spectropho-
tometrically at λmax = 664 nm and at 500 nm for MB and 
CR dye respectively using UV–Visible spectrophotometer 
(UV Shimadzu 8450). Different experiments were carried 
out to study the effect of contact time, adsorbent dose, 
adsorbate dose, pH, and temperature. All the experiments 
were repeated thrice and the initial pH of solution was used 
throughout the experiments except for the one where the 
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initial pH of solution was estimated. Stock solution of dyes 
was prepared in double-distilled water (pH = 7.03). The 
percentage removal of dyes was estimated using relation as 
follows

where Co and Ct was initial concentration and at time t.

pH variation effect

Effect of pH was studied using 100 mg of adsorbent dose 
dispersed in 100 mL of dye solution (40 mg/L). The pH of 
this solution was adjusted to 4–11 using NaOH (1 M) and 
HCl (1 M) solutions. The suspension was stirred at room 
temperature for fixed time interval, then aliquot (3 mL) was 
taken out and centrifuged. The supernatant was determined 
spectrophotometrically.

Adsorbent dose

The effect of adsorbent dosages was also studied by vary-
ing adsorbent doses from 25, 50, 100, 150, 200, 250 and 
300 mg/L in 100 mL dye solution of fixed initial stock 
concentration of 40 mg/L. The mixture was stirred at room 
temperature for fixed time interval. Then 3 mL aliquot was 
taken out, centrifuged and supernatant was determined 
spectrophotometrically.

Adsorption isotherms study

The adsorption isotherms were studied by providing fixed 
adsorbent dosages (300 mg/L) as obtained from the adsor-
bent dose study to constant dye solution (100 mL) by var-
ying initial dye concentration as 10, 40, 70, 90, 130, and 
190 mg/L. The suspension was stirred at room temperature 
for fixed time period and then centrifuged. Subsequently, the 
supernatant containing residual dye concentration was meas-
ured spectrophotometrically and the amount of adsorbed dye 
was estimated using the following expression:

where qe (mg/g) was the amount of dye removed by nano-
particles at equilibrium. Co and Ce (mg/L) was the initial and 
equilibrium concentration of dye, respectively. V (L) was the 
volume of dye solution under study and m (g) was the mass 
of adsorbent provided. The equilibrium data were fitted with 
Langmuir, Freundlich and Temkin isotherm models.

Adsorption kinetics study

To study adsorption kinetics and the mechanism involved 
for the removal of dyes, 100 mg of adsorbent was dispersed 

Dye removal (%) =
(

1 − Ct∕Co

)

× 100,

qe =
(

Co − Ce

)

× V∕m

in 100 mL of dye solution (40 mg/L) at room temperature 
for about 180 min. After fixed time intervals, aliquots of 
3 mL were removed, centrifuged, and spectrophotometri-
cally analyzed the concentration of dye in the supernatant. 
The amount of dye removed, qt (mg/g) at time t (min) was 
calculated using following expression:

where Co and Ct (mg/L) were initial concentration and con-
centration of dye at time t, respectively; V (L) was the total 
volume of dye solution and m (g) was adsorbent dose. The 
kinetic of experiments was determined using Pseudo-I order 
and pseudo-II order reactions whereas the mechanism of 
adsorption was studied using Elovich, Reichenberg, and 
intraparticle diffusion model.

Thermodynamic effect

Effect of temperature was analyzed by adding 300 mg/L of 
adsorbent to 100 mL of dye solution agitating for fixed time 
interval at different temperatures (20, 28 and 35 °C) using 
initial pH and upto equilibrium time.

Characterization

Surface properties and compositional analysis

For the scanning electron microscopy (SEM) B, NB and 
FEB were suspended in 90% alcohol. A droplet of the sus-
pension was transferred on a clean glass slide (1 cm × 1 cm) 
and micrographs were taken at a number of random locations 
with the help of Carl Zeiss SEM at an accelerating voltage 
of 15 kV after gold coating. Elemental analysis of samples 
was carried out using Energy Dispersive X-ray Spectroscopy 
(EDS). TEM analysis was done to study the morphology of 
nanocomposite where samples were mounted as a droplet of 
1 mg/mL nanoparticle solution after 15 min sonication on 
a clean glass slide (1 cm × 1 cm) followed by gold coating. 
Micrographs were taken randomly at various perspective 
using TEM (Carl Zeiss, Germany) at an accelerating volt-
age of 15 kV.  N2 sorption analysis was done to evaluate 
Brunauer Emmett Teller (BET) surface area along with pore 
size distribution of all synthesized samples at 77 K using 
Quantachrome Autosorb IQ instrument. All samples were 
degassed before  N2 sorption analysis at 120 °C for 12 h. 
Zeta potential value and charge present at the surface of 
all the samples were evaluated via dynamic light scattering 
technique through zetasizer ver.7.11 (Malvern Instruments). 
A suspension of 1000 ng/mL in distilled water was prepared 
to determine zeta potential value by recording 12 zeta runs.

qt =
(

Co − Ct

)

× V∕m
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Structural characterisations

XRD measurements were done using a Model- Ultima-
III Rigaku make (Japan) X-ray diffractometer with a Cu 
target slit 10 mm and using a Cu Kα radiation of 1.54 Ǻ 
wavelength. Scanning was done in a rate of 0.02°min−1 in 
the region of 10° to 90° with a time constant of 2 min. For 
FTIR the samples were dried and ground with KBr pellets 
and analyzed on a Nicolet IR 200 (Thermo Electron Corp). 
The data was recorded in wavenumber range from 4000 to 
400  cm−1. Oxidation state of iron in  Fe2O3 was determined 
by an Omicron Multiprobe Electron Spectroscopy System 
with Monochromated Al Kα (1486.7 eV).

Results and discussions

Surface properties and compositional analysis

SEM–EDS

The surface morphology and microstructure of B, NB and 
FEB have studied using SEM (Fig. 1a-c). Figure 1a shows 
neat bentonite clay having a smooth surface with non-porous 
flakes and needle-like crystals. On acid activation of ben-
tonite clay, particle size has reduced as shown in the inset 
of Fig. 1b. In Fig. 1c, the topography of nanocomposite 

clearly showed a rough and porous surface due to impreg-
nated hematite nanoparticles on NB surface (inset of Fig. 1c) 
that was added during acid activation of bentonite. This has 
also been confirmed from TEM images (Supplementary 
Fig. S1). This resulted in increased surface area of nano-
composite which has been confirmed using BET also in 
“Brunner–Emmett–Teller analysis (BET) and zeta potential” 
(Belachew and Bekele 2019).

Additionally, EDS has been performed to detect the com-
position of nanobentonite and its nanocomposite (Fig. 1d, 
e). It has revealed that both samples chiefly consist of Si 
and Al in their oxide form along with a trace amount of 
other cations. A very minute quantity of Cl has also been 
detected that surely came from initial HCl treatment (Bukit 
et al. 2013). The amount of iron also increased in the case of 
nanocomposite that proved its successful synthesis.

Brunner–Emmett–Teller analysis (BET) and zeta potential

The specific surface area and pore size distribution of all 
samples have been determined using adsorption–desorption 
of  N2 as reported in Fig. 2a. All the samples exhibited an 
H3 type hysteresis loop that supported the capillary con-
densation mechanism. At high relative pressure, the area 
enclosed within the hysteresis loop (type-IV) increased with 
an increase in surface area (Table 1). As expected nano-
composite possess the highest surface area among others 

Fig. 1  SEM micrographs of B (a), NB (b) and FEB (c) (inset showing smaller scale images); and elemental composition of NB (d) and FEB (e)
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that also supports our SEM and TEM micrographs (Mishra 
et al. 2017). This increase in surface area of NB and FEB 
resulted in their increased adsorption of dyes from wastewa-
ter as a potential application as discussed later in the manu-
script. Additionally, on acid activation pore size distribution 
decreased as shown in the inset of Fig. 2a due to replace-
ment of exchangeable cations like  Na+,  K+, and  Ca+ by  H+ 
supplied by acidic medium with simultaneous removal of 

cations trapped in octahedral and tetrahedral sites like  Al3+, 
 Fe3+ and  Mg2+ ions which also resulted in the somewhat 
whiter color of NB sample as compared to the bulk ben-
tonite (Landoulsi et al. 2013). Whereas in nanocomposite 
some of these intraparticle pores have occupied by  Fe3+ from 
hematite nanoparticles in place of  H+ resulting in multiple 
pore size.

Fig. 2  a Hysteresis curve of  N2 sorption for B, NB and FEB, inset showing pore size distribution curve. b XRD pattern where all the reflections 
corresponding to bentonite clay and hematite nanoparticles are labelled with * and ♣, respectively and c FTIR spectra of all synthesized samples
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Since the surface charge intensity also depended on the 
isomorphic substitution within the lattice. Hence, these 
structural changes also lead to a negative increment in the 
zeta potential value of NB and FEB as reported in Table 1 
Moreover, with the decrease in particle size zeta potential 
values showed negative increment with increased colloi-
dal stability (Sharma et al. 2021). According to our PXRD 
result, particle size decreased for NB and FEB as a result 
of this their zeta potential value also exhibited a negative 
increment suggesting that these nanoparticles exhibit good 
colloidal stability.

Structural characterisations

PXRD data suggested successful nanocomposite synthesis 
with the decrease in particle size and d- spacing values in 
NB and FEB along with an increase in the strain as shown 
in Table 1 and Fig. 2b resultant of distorted clay structure 
(Al-essa 2018; Sharma et al. 2019). FTIR also supported 
the XRD result and suggested distortion in tetrahedral and 
octahedral sites and leaching out of cations associated with 
them and thereby decrease in adsorbed moisture by these 
cations since the decrease in intensity of peaks correspond-
ing to H-bonding has observed (Fig. 2c) (Ismaeel et al. 
2017; Mishra et al. 2017). This resulted in an increase in 
adsorption sites with increased dye removal as discussed in 
“Adsorption studies” (Al-Essa 2018). All the characteristics 
peaks matched well with the literature as discussed in the 
supplementary information (de Oliveira et al. 2016; Mishra 
et al. 2017; Ismaeel et al. 2017; Salah et al. 2019; Belachew 
and Bekele 2019). For a detailed discussion of PXRD and 
FTIR refer to supplementary information. The oxidation 
state +3 for iron in hematite nanoparticles are also confirmed 
using XPS as reported in Supplementary information (Fig. 
S2) (Wang et al. 2019; Dhanasekaran et al. 2014).

Adsorption studies

pH variation effect

pH played a vital role in the adsorption capacity of 
dye onto nanoparticles due to electrostatic interactions 
between adsorbent and dye molecules. The initial pH 
has been evaluated by plotting dye removal (%) vs vary-
ing pH for 30 min as presented in Fig. 3a showed that, 
as expected, the adsorption of MB and CR dye onto all 
samples have favorable in alkaline and acidic environ-
ment, respectively. Moreover, among all the samples NB 
shows more affinity for the adsorption of MB dye with an 
adsorption capacity of 1.79 mg/g whereas FEB exhibits 
more adsorption affinity for CR dye having an adsorp-
tion capacity of 0.75 mg/g (supplementary Fig. S3a, b). 
This is because, in an alkaline environment, there have 
possibly more negative charges present on the benton-
ite surface due to protonation/deprotonation of hydroxy 
sites (M-OH) such as alumina. Therefore, the electrostatic 
attraction between the negatively charged adsorption site 
and the positively charged dye has enhanced, resulting in 
more cationic dye adsorbed on B and NB (Supplemen-
tary Fig. S4). Whereas, in an acidic medium, some of 
the available adsorption sites have occupied by protons 
competing with cationic dye leading to less adsorption. 
An opposite trend has been observed in the case of CR 
dye with more adsorption on the FEB surface that favored 
an acidic medium due to more availability of cationic 
adsorption sites. This has because in acidic medium 
hematite nanoparticles present on clay possess a positive 
charge due to surface hydrolysis of the hematite nanopar-
ticles and the formation of  FeOH+ as shown in Eqs. (1) 
and (2) and additionally –SiO and –Al2OH of clay acts as 
acceptor groups (Supplementary Fig. S4) (Fu et al. 2004).

♦ are represented as the solid surface.

(1)♢ − FeOH+
2
↔ ♢ − FeOH+ + H+ (k = 6.70)

(2)♢ − FeOH ↔ ♢ − FeO− + H+ (k = 10.4)

Table 1  Characteristic parameters of all samples

S. No Properties B NB FEB

1 Particle size (nm) 83.24 ± 4.16 35.36 ± 1.77 21.85 ± 1.09
Strain 0.0082 ± 4.1E−4 0.0192 ± 9.6E−4 0.0310 ± 0.0015
d-spacing (nm) 0.4527 ± 0.02 0.4522 ± 0.02 0.4513 ± 0.02

2 Specific BET surface area  (m2  g−1) 154 ± 7.7 165 ± 8.25 197 ± 9.85
Total pore volume (c  cg−1) at P/Po = 0.99 0.40 ± 0.02 0.41 ± 0.02 0.43 ± 0.02
Pore size distribution (nm) 3.2 ± 0.16 1.44 ± 0.07 1.4 ± 0.07 and 2.9 ± 0.14

3 Zeta potential − 21.3 ± − 1.06 − 23.0 ± − 1.15 − 23.1 ± − 1.15
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Hence, electrostatic interactions and hydrogen bonds 
are formed with donor groups of CR dye (Lubis et al. 
2019; Alexander et al. 2019). Hence, for all the other batch 
experiments initial pH = 5 and 11 have used for CR and 
MB dye, respectively.

Effect of adsorbent dose

Figure 3b showed the effect of adsorbent dose on MB and 
CR dye studied using 20 mL of 40 mg/L dye solutions at 
initial pH for an equilibrium time of 30 min at room tem-
perature. It has been observed that with the increase in 
adsorbent dosage percentage of dye removal has increased 
until an equilibrium state has reached due to more avail-
ability of adsorption sites. After that, the concentration of 
dyes removed becomes steady. With an increase in adsorbent 
dose, the percentage of MB dye removed are 33%, 99%, 
and 67% having the adsorption capacity of 0.78, 9.93, and 

4.54 mg/L in FEB, NB, and B respectively whereas in CR 
dye, percentage of its removal has 98%, 67%, and 35% with 
adsorption capacity of 6.63, 3.57 and 1.85 mg/L in FEB, 
NB, and B, respectively (supplementary Fig. S3c, d). This 
is because an increase in adsorbent concentration provided 
a surface area for adsorption increased that implies more 
possible binding sites for dye molecules. Since some of these 
binding sites remain uncovered with increased adsorbent 
concentration that resulted in decreased value of adsorption 
capacity.

Effect of contact time

Figure 3c showed the progress of adsorption of dyes with 
respect to time using 300 mg/L of each adsorbent at initial 
pH at room temperature. Rapid initial uptake of both the 
dyes occurred resulting in setting up of equilibrium in less 
than 30 min. It has been observed that after 96% removal 

Fig. 3  Plots for Dye removal (%) for studying effect of pH (a), adsorbent dose (b), time (c), and adsorbate dose (d) using B, NB, and FEB as 
adsorbents and MB (blue color) and CR dye (red color) as adsorbate at room temperature
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of MB dye upto 20 min using NB an equilibrium state has 
established after that steady increase in dye removal is 
observed with a maximum of 99.33% of total dye removed 
from wastewater upto 180 min. On the other hand, B and 
FEB removed 90% and 64% of the total MB dye. In the case 
of CR dye, the equilibrium state has attained much earlier 
within 5 min followed by a steady increase in absorption 
of the dye. FEB removed a maximum of 94% of CR dye 
followed by 82% in NB and 34% in B upto 180 min. The 
adsorption capacity at equilibrium in MB dye is 0.76, 0.41, 
and 0.21 mg/g for B, NB, and FEB respectively whereas 
0.10, 0.47, and 0.42 mg/g for B, NB, and FEB respectively 
for CR dye (Supplementary Fig. S3e, f). The initial high 
uptake of dyes is due to high adsorbate and adsorbent 
interactions with negligible solute–solute interaction and 
more availability of adsorption sites. But after equilibrium 
is attained mass transfer decreases and repulsion between 
adsorbate molecules on the surface and within the solution 
increases.

Effect of adsorbate dose

The effect of the initial concentration of adsorbate in solu-
tion has been studied by varying concentrations of both the 
dyes from 10 to 190 mg/L as reported in Fig. 3d at room 
temperature. This suggested that with an increase in the con-
centration of dyes, a decrease in total percentage removal of 
dyes has observed using 300 mg/L of adsorbent dose after 
30 min of equilibrium time at initial pH. At lower adsorb-
ate dose of 10 mg/L, B, NB, and FEB removed 93%, 96%, 
and 82% of MB dye whereas 72%, 75%, and 78% of CR 
dye respectively. An increase in adsorbate concentration to 
190 mg/L B, NB, and FEB removed 30%, 37%, and 15% of 
MB dye whereas 41%, 42%, and 52% of CR dye. Moreo-
ver, the amount of dye adsorbed and percentage removal at 
20, 28, and 35 °C as shown in the supplementary Fig. S5 
suggested that initial dye concentration has a great impact 
on both the dyes. For example, at higher concentrations 
between 130 and 190 mg/L slight decrease in adsorption 
capacity has been observed (supplementary Fig. S5). This 
behavior change has been observed due to the chemisorption 
process that takes place at the adsorbent surface at the first 
region followed by the second adsorbate layer and a decrease 
in adsorption capacity by the third region perhaps due to 
dimerization of dyes at their higher concentration. Since the 
ionic nature of dyes played a vital role in surface chemical 
reactions with adsorbent accompanied by adsorption process 
(Almeida et al. 2009).

Study of adsorption isotherms

A relationship between the amount of adsorbate per unit 
mass of adsorbent at a specific temperature and its concen-
tration at equilibrium is provided by adsorption isotherms. 
These isotherms describe how the adsorbate molecules 
are distributed between the liquid and solid phases at the 
equilibrium of the adsorption state. Several models can be 
used for isotherms and the analysis of isotherm data sug-
gests which model is well accommodated that can be used 
for further consideration (Almeida et al. 2009). The equi-
librium data of MB and CR are analyzed using Langmuir 
(Fig. 4a, b), Freundlich (Fig. 4c, d) and Temkin (Fig. 4e, f) 
equation to find out the suitable model and to understand 
the type of adsorption and interactions between adsorbate 
and adsorbent surface.

Langmuir isotherm In Langmuir Isotherm, the process 
accounts for the monolayer adsorption over a homog-
enous adsorbent surface with the absence of any kind of 
interactions between adsorbate molecules. The Langmuir 
Isotherm linear form is expressed as follows:

where Ce (mg/L) is the equilibrium concentration of the dye 
solution, qe (mg/g) is the equilibrium capacity of adsorbed 
dye on the adsorbent. qmax (mg/g) represented the maximum 
adsorption capacity of the adsorbent following monolayer 
formation and elucidates the maximum value of qe that can 
be achieved with an increase in Ce. The b parameter is the 
Langmuir adsorption constant (L/mg) and is connected 
to the free energy of adsorption that can be increased by 
increasing the adsorption bond strength. The slope and 
intercept of the linear regression plot of (Ce/qe) versus Ce 
are used to determine the values of b and qmax (Fig. 4a, b). 
Additionally, another important parameter known as sepa-
ration factor, RL is calculated using RL = 1/1 + b(Co) equa-
tion, where Co is the initial adsorbate concentration of both 
the dyes. RL value indicates the nature of adsorption as if 
the value of RL > 1 means unfavorable adsorption if RL = 1 
indicates linear adsorption if 0 < RL < 1 indicates favorable 
adsorption and RL = 0 means irreversible adsorption (Patil 
et al. 2016).

From Fig. 4a it is clear that MB dye fits well to a linear 
plot of the Langmuir model that explains the presence of 
monolayer formation of MB dye in the adsorption pro-
cess on each adsorbent with a high value of correlation 
coefficient (R2) as reported in Table 2. The high adsorp-
tion capacity of adsorbents has been indicated by Qmax 
and KF values from Langmuir and Freundlich isotherm, 
respectively (Table 2). Also, RL values lie between 0 and 

Ce

qe
=

1

bqmax

+
Ce

qmax
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Fig. 4  Plots of Langmuir (a, b), Freundlich (c, d), and Tempkin (e, f) adsorption isotherms for the adsorption of MB (a, c, e) and CR (b, d, f) 
dye on 300 mg/L of B, NB, and FEB at initial pH at room temperature



892 Applied Nanoscience (2023) 13:883–897

1 3

1 that indicated a favorable adsorption process (Table 2). 
Hence, adsorption of MB taken place over the homogene-
ous adsorbent surface of NB and B more than FEB with 
equally distributed adsorbate molecules over an identical 
and energetically equivalent available site with no inter-
actions between adsorbed molecules. The Langmuir cor-
relation coefficient also indicated that with an increase in 
temperature adsorption capacity increased for MB dye, 
whereas CR dye has not followed such a trend (Fig. 4b).

Freundlich isotherm It is very well accepted that Freun-
dlich Isotherm followed multilayer adsorption considering 
the interaction between adsorbed molecules and is gener-
ally applied to a solid catalyst, heterogeneous in nature. The 
Freundlich equation in linear form is expressed as follows:

where KF shows the adsorbent capacity for the adsorbate 
and 1/n represents the dyes adsorption intensity on solid, 
it is a function of adsorption. KF and n are dimensionless 
constants. The Freundlich Isotherm model (Fig. 4c, d) is 
appropriate for the adsorption on heterogeneous surfaces 
through reversible adsorption and uniform energy distri-
bution. CR dye followed Freundlich isotherm as shown in 
Fig. 4d with maximum regression value of FEB that pro-
vided heterogeneous surface. The value of 1/n is a measure 
for surface heterogeneity or adsorption intensity that lied 
between 0 to 1. If the value of 1/n < 1 than 1 then indicated 

log Ce = log KF +
1

n
logCe

chemisorption, 1/n = 0 indicated cooperative absorption, and 
approaching zero indicates heterogeneity (Patil et al. 2016). 
Results suggested Chemisorption from the value of 1/n with 
high adsorption capacity in FEB as reported in Table 2.

Temkin isotherm The Temkin Isotherm model consid-
ered the interaction between adsorbate and adsorbent that 
resulted in a linear decrease in isotherm considering the heat 
of adsorption of all molecules in the layer with coverage and 
uniform distribution of binding energies up to maximum is 
used for the adsorption characterization. The linear equation 
of Temkin is as follows:

⍺ is the equilibrium constant relative to the maximum bind-
ing energy (L/g) and T is the absolute temperature in Kelvin. 
R is the universal gas constant (8.314 J/mol/K) and b is the 
Temkin constant which is related to the heat sorption (J/
mg). The value of ⍺ and β are calculated from the slope and 
intercept of a plot between qe versus ln Ce. As observed from 
Fig. 4e, f none of the dyes follow the Temkin equation as this 
equation fits less to liquid phase equilibria and more relevant 
for the prediction of gas-phase equilibria. This is because in 
liquid phase phenomena observed are more complex since 
the adsorbed molecules are not organized in a tightly packed 
structure with identical orientation.

Qe = � ln � + � lnCe, where, � = RT∕b

Table 2  Important parameters for adsorption isotherms

Experimental results Langmuir model Freundlich model Tempkin model

Dye Sample T (°C) R2 KL (L/g) Qmax (mg/g) RL R2 KF (L/g) 1/n R2 KT (L/g) bt

MB B 20 0.98 56.89 0.79 4.78E−4 0.83 0.97 0.27 0.77 483.47 1316.25
28 0.97 86.22 1.37 3.16E−4 0.88 2.15 0.42 0.79 190.96 888.88
35 0.99 25.57 2.72 0.001 0.88 4.11 0.44 0.95 208.18 649.39

NB 20 0.95 34.77 0.19 7.81E−4 0.65 0.26 0.21 0.55 1144.77 5459.42
28 0.98 552.04 0.32 4.93E−5 0.78 0.46 0.27 0.80 574.08 4363.96
35 0.99 604.62 0.45 4.50E−5 0.79 0.67 0.23 0.85 5066.41 5172.28

FEB 20 0.93 13.11 0.53 0.002 0.80 0.54 0.28 0.81 334.04 2273.86
28 0.96 72.66 0.74 3.74E−4 0.64 1.16 0.37 0.61 266.33 1592.03
35 0.97 32.18 0.84 8.44E−4 0.52 1.37 0.29 0.45 532.74 1759.51

CR B 20 0.72 2.16 8.22 0.012 0.80 5.52 0.69 0.66 5.71 74.76
28 0.75 2.03 8.00 0.013 0.84 5.07 0.67 0.72 5.66 111.86
35 0.79 3.66 7.78 0.007 0.79 6.16 0.63 0.66 7.79 134.69

NB 20 0.72 1.84 9.08 0.014 0.82 5.83 0.71 0.72 5.51 70.73
28 0.78 2.27 7.99 0.012 0.84 5.26 0.64 0.74 6.28 113.26
35 0.80 2.30 9.66 0.011 0.85 6.87 0.67 0.79 7.09 120.34

FEB 20 0.76 1.89 9.81 0.014 0.85 6.47 0.70 0.76 6.10 68.08
28 0.81 1.61 10.64 0.016 0.90 6.48 0.69 0.82 6.21 95.86
35 0.84 2.40 10.04 0.011 0.87 7.27 0.66 0.80 7.91 119.96
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Adsorption kinetics study

The adsorption kinetics is studied to evaluate the appropri-
ate rate expression and adsorption mechanism. Adsorp-
tion kinetics has been studied by fitting Lagergren’s 
pseudo-first and Ho’s second-order model as represented 
in Fig. 5a–d. The adsorption mechanism has been con-
cluded using Elovich, Reichenberg, and intraparticle diffu-
sion model (Fig. 6a–f) as discussed in detail in the supple-
mentary information. The linear form of pseudo-first-order 
reaction and pseudo-second-order reactions are shown in 
Eqs. (3) and (4) respectively.

where Qe and Qt are adsorption capacity (mg/g) of dye at 
equilibrium and at equilibrium time t (min), respectively. 

(3)ln
(

Qe − Qt

)

= ln Qe− k1t

(4)t∕Qt = 1∕k2Q
2
e
+ t∕Qe

k1 and k2 are rate constants for pseudo-first-order  (min−1) 
and pseudo-second-order (g/mg/min), respectively. From 
Fig. 5b, d, it has been observed that pseudo-second-order 
kinetic is well followed by both the dyes as observed from 
the values of correlation coefficient (R2) reported in Table 3. 
Since pseudo-second-order model favored chemisorption 
between adsorbate and adsorbent molecules. Hence, the 
rate-limiting step is the several electronic interactions, cation 
exchange, or chemical bonding that played a vital role in the 
sorption process.

Additionally, the adsorption mechanism of dye adsorption 
as discussed in the supplementary information suggested 
that the intraparticle diffusion (or Weber and Morris) model 
(Fig. 6a, b) has been followed by both the dyes accompa-
nied with Elovich and Reichenberg mechanism also. From 
Table 3, it has been concluded that Adsorption of MB over 
NB follows the Reichenberg (Fig. 6e) and B and FEB fol-
lowed the Elovich model (Fig. 6c). For CR adsorption, FEB 
followed Elovich equation (Fig. 6d) rest B and NB followed 

Fig. 5  Pseudo I order (a, c) and Pseudo II order (b, d) plots to study adsorption kinetics of MB (a, b) and CR (c, d) dye adsorbed over 1 g/L of 
B, NB and FEB at room temperature and using initial pH of mixture
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the Reichenberg equation (Fig. 6f). This suggested in FEB 
chemisorption occurred for sorption of adsorbate over adsor-
bent without desorption of products. Consequently, the rate 

of adsorption decreases with time due to increased surface 
coverage.

Fig. 6  Plots to study the mechanism of adsorption kinetics using Weber and Morris (a, b), Elovich (c, d), and Reichenberg (e, f) models for MB 
(a, c, e) and CR (b, d, f) dyes adsorbed over 1 g/L of B, NB and FEB at room temperature and using initial pH of the mixture
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Effect of temperature and thermodynamics study

Temperature is an important factor to decide the adsorp-
tive capacity of dye onto the surface of the nanoparticles. 
Increasing the temperature resulted in an increase in the rate 
of diffusion of adsorbate molecules over the adsorbent sur-
face or within the pores due to the reduced viscosity of the 
solution. Hence, the temperature-dependent study revealed 
the change in thermodynamic parameters such as Gibbs free 
energy (dG), change in enthalpy (dH), and entropy change 
(dS) accompanying adsorption of dyes using the von’t Hoff 
equation.

where R and T are ideal gas constant (8.314 J  mol−1 K) and 
temperature (K). KL is the equilibrium constant of Von’t Hoff 
equation. The values of thermodynamics parameters are cal-
culated by linear plot between ln KL and 1/T as shown in sup-
plementary information Fig. S6 where slope and intercept 
gave the value of dH and dS respectively. Results suggested 
that with an increase in temperature adsorption capacity as 
well as percentage removal of dyes has increased as shown 
in Table 4. This is due to an increase in mobility of adsorb-
ate molecules thereby facilitating more adsorption. Moreo-
ver, bentonite lattice possesses a positive thermal expansion 
coefficient so that activation in swelling effect within ben-
tonite layers with an increase in temperature that induced 
more penetration of dye molecules (Almeida et al. 2009). 
The positive change in enthalpy value indicative of endo-
thermic behavior with monolayer dye adsorption onto nano-
particles. The negative value of change in Gibbs free energy 
indicated spontaneous and highly favorable chemisorption 
which is also supported by adsorption kinetics data. The 
positive value for change in entropy suggests an increased 
degree of freedom on the irreversible sorption process. This 
could be explained using various explanations such as the 
release of hydrated inorganic cation from the adsorbent 

(5)ln KL = − dH∕RT + dS∕R

Table 3  Important parameters for adsorption kinetics measured at room temperature using initial pH

Dye Sample Pseudo I order Pseudo II order

Qe (mg/g) K1  (min−1) R2 Qe K2 (g/mg/min) R2

MB B 1.49 0.0102 0.96 1.29 25.60 0.9839
NB 8.83 0.018 0.53 0.42 1.07 0.9979
FEB 1.42 0.0041 0.81 0.33 5.18 0.9904

CR B 1.30 0.0009 0.38 0.12 0.80 0.9923
NB 2.67 0.0042 0.48 0.54 2.51 0.9971
FEB 7.56 0.0058 0.28 0.40 0.39 0.9924

Adsorption mechanism

Dye Sample Intra particle diffusion Elovich model Reichenberg model

Phase Ki (mg/g  min1/2) C R2 α β R2 Intercept R2

MB B I 0.1586 0.0735 0.88 0.34 5.00 0.95 − 0.06 0.88
II 0.0630 0.3995 0.99

NB I 0.1116 − 0.0208 0.86 2.74 20.11 0.53 − 0.88 0.98
II 0.0010 0.4017 0.95

FEB I 0.0388 0.0292 0.72 0.12 19.96 0.94 − 0.78 0.78
II 0.0140 0.1354 0.92

CR B I 0.0441 0.0024 0.93 268.40 136.70 0.82 − 0.40 0.90
II 0.0026 0.0852 0.92

NB I 0.2186 0.0135 0.92 1.22E6 44.05 0.79 − 0.47 0.92
II 0.0089 0.4229 0.97

FEB I 0.1985 0.0112 0.93 1.27E25 156.99 0.91 − 0.44 0.83

Table 4  Important thermodynamics parameters calculated by using 
300 mg/L of adsorbent, varying initial dye concentration, at initial pH 
and varying temperature

Dye Sample dH (kJ/mol) dS dG (kJ/mol)

MB B 231.43 23.72 − 776.92
NB 1179.56 90.02 − 890.84
FEB 440.86 45.42 − 603.91

CR B 169.50 14.16 − 156.11
NB 92.81 9.81 − 132.90
FEB 66.21 8.03 − 118.58
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surface, or any structural change as a result of adsorbate-
adsorbent interactions or it could be due to increased solid-
solution interface gained extra translational entropy when 
solvent molecules adsorbed over adsorbent is displaced by 
dye molecules (Almeida et al. 2009).

Conclusion

In this article, we presented a method of synthesizing 
small and uniform nanoparticles of Bentonite by a sim-
ple, rapid & cost-effective chemithermal route. Addition-
ally, α-Fe2O3/bentonite nanocomposite was prepared to 
enhance the adsorption rate of bentonite. Surface studies 
using SEM and TEM suggested the successful formation 
of nanocomposite where hematite nanoparticles were 
adsorbed over bentonite surface which was also supported 
by EDS that confirmed an increased percentage of Fe in 
the nanocomposite. PXRD and FTIR suggested that acid 
activation of bulk bentonite and formation of nanocompos-
ite resulted in decreased particle size and crystallinity due 
to distortion of octahedral and tetrahedral sites with leach-
ing out of interstitial cations associated with them expos-
ing edges of clay with more absorption sites. BET result 
also supported this by showing increased specific surface 
area. Zeta potential values also suggested the formation of 
stable colloidal particles with decreased zeta potential val-
ues. Additionally, all the samples were studied for removal 
of MB and CR dye from wastewater that suggested 99.33% 
of MB and 94% of CR dye were successfully removed 
by NB and FEB, respectively at room temperature. The 
adsorption kinetic studies show that the removal of MB 
and CR is a rapid process and the adsorption process 
obeyed the pseudo-second-order model following intra-
particle diffusion mechanism where boundary layer for-
mation is the rate-determining step following chemisorp-
tion. It was found that the experimental isotherm data can 
be fitted well to the Langmuir equation for MB dye and 
Freundlich equation for CR dye. The removal of MB and 
CR dye favors NB and FEB, respectively. The study on 
the adsorption mechanism shows that the adsorption of 
dyes on all the samples was dominated by cation exchange 
and electrostatic interaction between adsorbate and adsor-
bent. Adsorption of both the dyes was endothermic and 
spontaneous in nature with increased entropy. Overall, our 
nanocomposite enhanced the adsorption capacity of ben-
tonite for even anionic dyes that was not possible even on 
acid activation of bentonite due to electrostatic repulsions 
between negative charges present over-dye and bentonite 
surface. Hence, our nanocomposite could be successfully 
used for the removal of dyes from wastewater.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13204- 021- 01927-z.
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