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ABSTRACT 
 

Aims: The effective treatment of wastewater contaminated with toxic metals such as lead (Pb) and 
cadmium (Cd) is vital for environmental sustainability and safe agricultural reuse as they are 
poisonous and may build up in the food chain, which can harm the ecosystem and cause health 
issues. 
Study Design: This study investigates the efficacy of thermo-chemically activated bentonite (Ac-
Ben) compared to raw bentonite (Ben) for the removal of Pb(II) and Cd(II) from aqueous solutions 
using completely randomized design (CRD) in triplicates. 
Place and Duration of Study: Ac-Ben was synthesized and subsequent experiments were 
conducted at the Environmental Soil Science laboratory of ICAR-Indian Institute of Soil Science, 
Bhopal during 2023-2024. 
Methodology: Ac-Ben was synthesized by acid treatment of bentonite, and its enhanced 
physicochemical properties were confirmed via X-ray diffraction (XRD), scanning electron 
microscopy-cum-energy dispersive X-ray spectroscopy (SEM-EDX), Fourier transform infrared 
spectroscopy (FTIR), specific surface area analysis, and point of zero charge (PZC) measurements. 
Batch adsorption experiments evaluated the effect of contact time, pH, adsorbent dosage, 
temperature, and initial metal concentrations. 
Results: The adsorption process could be optimized with 60 min shaking time, solution pH = 5, 10 
g L-1 adsorbent dose and 298 K reaction temperature. The pseudo-first-order kinetic model (R² 
ranges 0.996 to 0.999) and Langmuir isotherm best described the adsorption behavior, with Ac-Ben 
exhibiting higher maximum adsorption capacities (127.2 mg g-1 for Pb(II), 132.2 mg g-1 for Cd(II)) 
than Ben. Adsorption was spontaneous and exothermic, with reduced efficiency at elevated 
temperatures. Mechanistic analysis suggested that physisorption, electrostatic attraction, and ion 
exchange were the primary mechanisms. Ac-Ben maintained >85 % removal efficiency after three 
regeneration cycles, confirming its potential as a sustainable, efficient, and reusable adsorbent for 
heavy metal remediation from wastewater. 
Conclusion: Thermo-chemical activation markedly enhances bentonite’s affinity for Pb(II) and Cd 
(II). Owing to its abundance, low cost, and re-usability, Ac-Ben is a promising adsorbent for 
decentralized wastewater treatment, supporting SDG 6 on clean water. 
 

 

Keywords: Bentonite; thermo-chemical activation; adsorption; kinetics; wastewater; thermodynamics. 
 

1. INTRODUCTION 
 

Annually approximately 40 billion cubic meters 
(BCM) of wastewater is generated and released 
due to advancement of urbanization, civilization 
and industrialization (Ungureanu et al. 2020). 
Industrial sectors share 20-30% and households 
share 70-80% of total wastewater generated and 
released in the environment which contaminate 
approx. 5500 BCM fresh water annually (Minhas 
et al. 2022). By 2025, it is estimated that two 
thirds of the world's population would experience 
water scarcity, and global ecosystems could 
suffer far more as a result of contamination of the 
global food chain (Hussain et al. 2019). “Despite 
all of these worries, wastewater irrigation lowers 
the cost of cultivation and improves the 
prospects for millions of farmers in peri-urban 
areas to make a living” (Minhas et al. 2022). A 
comprehensive, integrated, and multifaceted 
coordination among public health engineers, 
agronomists, hydrobiologists, medical 
professionals, and farming communities is 
necessary for the development of appropriate 

methodologies for the safe use of wastewater 
over an extended period of time. 
 

Lead (Pb) and cadmium (Cd), two toxic trace 
elements that can be found in water, are fatal to 
humans. Prolonged exposure to Pb(II) (above 
0.05 mg L-1 in drinking water) has been linked to 
a number of health issues, including elevated 
blood pressure, impaired renal function, 
reproductive disorders, and an increased risk of 
hypertension (Nag and Cummins 2022). 
Additionally, “irrigation water containing 5 mg L-1 
of Pb(II) has also been linked to health problems. 
Similarly, prolonged exposure to low levels of 
Cd(II) (above 0.005 mg L-1 in drinking water) can 
change the composition of bones, lower bone 
density, and pose other health problems to 
humans” (Khanam et al. 2020), high levels of 
Cd(II) (above 0.01 mg L-1) in irrigation water can 
also prevent plants from growing. Both Pb(II) and 
Cd(II) are carcinogenic metals. Therefore, 
removal of both Pb(II) and Cd(II) from the 
wastewater is essential to meet the future water 
demand for agriculture and other uses. 
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Though wastewater treatment techniques like 
biodegradation, photo-oxidation, chemical 
oxidation, coagulation, ion exchange, membrane 
separation, adsorption etc. are available, but 
adsorption technology is most economically 
feasible and widely acceptable (Minhas et al. 
2022). Researchers are now paying much 
attention to increase the adsorption capacity of 
different conventional and unconventional 
adsorbents through chemical or physical 
modification for better reusability of adsorbents, 
design flexibility, and robust working conditions. 
“Bentonite is an abundant and naturally occurring 
clay composed of hydrous aluminosilicates, 
which are blends of fine-grained earth minerals 
and metal oxides” (Sarkar et al. 2021). “This 2:1 
layer structure of bentonite consists of an 
octahedral alumina sheet that fits between two 
opposing tetrahedral silica sheets. They are 
stacked in shelves, with spaces between them 
filled with exchangeable metal cations. Bentonite 
is often utilized as an adsorbent for the removal 
of metal ions due to its higher surface area, 
cation exchange ability, and adsorptive capacity 
for various pollutants (organic and inorganic)” 
(Mukhopadhyay et al. 2019). In order to increase 
its surface modification, adsorption capacity and 
cation exchange capacity (CEC), activation is 
used for significant chemical and mineralogical 
changes in bentonite (Babaki et al. 2008). Acid 
activation of bentonite is well known and 
researchers have concentrated on different 
aspects like removal dye, heavy metals with acid 
activated bentonites (Anna et al. 2014). Xu et al. 
(2021) demonstrated that the humic acid-iron-
columnar bentonite (HA-Fe-PILC) was an 
efficient and reusable adsorbent for Cd(II) and 
Pb(II) removal from wastewater. 
 

In this study we have prepared activated 
bentonite (Ac-Ben) following thermo-chemical 
activation of bentonite, which is a new 
prospective for the heavy metal ions adsorption 
from aqueous solutions. The novelty of the 

present work is to prepare activated bentonite 
(Ac-Ben) and compare it with raw bentonite 
(Ben) for efficient adsorption of two toxic trace 
metals (Pb and Cd) from wastewater.  Thus, we 
hypothesize that activation of bentonite will affect 
its adsorption performance for heavy metals. The 
aim of this study was to (1) study the Pb(II) and 
Cd(II) adsorption characteristics of novel acid-
activated bentonite synthesized under different 
activator moduli, and (2) to investigate the 
conditions and mechanisms of Pb(II) and Cd(II) 
adsorption onto the adsorbents. 
 

2. MATERIALS AND METHODS 
 

2.1 Reagents and Materials 
 

Raw bentonite (Ben) powder was procured from 
HiMedia Laboratories Pvt. Ltd., India. Analytical 
grade lead nitrate [Pb(NO₃)₂] and cadmium 

nitrate tetrahydrate [Cd (NO₃)₂·4H₂O] were 
obtained from Merck India Ltd. Sulfuric acid 
(H₂SO₄) and other reagents were of analytical 
grade and used without further purification. 
Deionized water was used for all solution 
preparations. 
 

2.2 Thermo-Chemical Activation of 
Bentonite 

 
Activated bentonite (Ac-Ben) was synthesized 
through thermo-chemical treatment of raw 
bentonite. Initially, 400 g of Ben was dried at 
105°C for 2 hours to remove moisture. The dried 
clay was then mixed with 2 M H₂SO₄ in a 1:2 
(w/v) ratio and stirred manually (modified from 
Nwosu et al. 2019). The mixture was further 
agitated on a rotary shaker for 30 minutes, 
followed by heating at 80°C for 1 hour. The 
resultant slurry was cooled, repeatedly washed 
with distilled water until a neutral pH was 
attained, air-dried, ground, and sieved through a 
100-mesh sieve to yield Ac-Ben. Experimental 
methodology is presented in Fig.1. 

 

 
 

Fig. 1. Experimental methodology for the synthesis of the adsorbents (Ac-Ben) via thermo-
chemical activation of pulverized bentonite 
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2.3 Characterization of Adsorbents 
 

2.3.1 X-Ray Diffraction (XRD) 
 

Crystalline structures were examined using a 
Philips PW 1710 X-ray diffractometer with Cu–Kα 
radiation (λ = 0.15418 nm). Scans were 
conducted between 4°–50° (2θ) at 0.025° s-1. 
 

2.3.2 SEM-EDX 
 

Surface morphology and elemental composition 
were assessed using a JEOL JSM-5600 
scanning electron microscope coupled with 
energy dispersive X-ray spectroscopy. 
 

2.3.3 FTIR spectroscopy 
 

Bond vibrations and functional groups before and 
after metal adsorption were analyzed using a 
Thermo Scientific Nicolet iS5 FTIR spectrometer, 
operating in the 4000–400 cm-1 range with 0.5 
cm-1 resolution using KBr pellets. 
 

2.3.4 Specific surface area 
 

Determined via the ethylene glycol monoethyl 
ether (EGME) method, providing access to 
interlayer surface area more effectively than gas 
adsorption techniques (Carter et al.,1986). 
 
2.3.5 Point of Zero Charge (pHPZC) 
 
Estimated by the solid addition method. 
Adsorbents (50 mg) were added to 50 mL of 0.01 
M or 0.1 M KNO₃ solution adjusted to initial pH 
values between 1 and 13. After 24 h 
equilibration, final pH values were measured to 
determine pHPZC (Gorgievski et al., 2013). 
 

2.4 Batch Adsorption Experiments 
 
2.4.1 Adsorbate preparation 
 
Synthetic wastewater was prepared by diluting 
stock solutions (1000 mg L−1) of Pb(II) and Cd(II) 
to desired concentrations. 
 
2.4.2 Adsorption conditions 
 
Batch experiments investigated the influence of 
various parameters, including contact time (5–
360 min), pH (3–8), adsorbent dose (0–40 g L−1), 
initial metal concentration (Pb: 0–200 mg L−1; 
Cd: 0–10 mg L−1), and temperature (298–318 K). 
Each experiment was conducted in triplicate 
using 50 mL of metal solution with 10 g L−1 
adsorbent and shaken at 150 rpm. After 
equilibrium, samples were centrifuged and 

filtered through Whatman No. 42 filter paper. 
Residual metal concentrations were measured 
using ICP-OES (Perkin Elmer Avio 560 Max). 
 

2.5 Desorption and Reusability 
 

Adsorbents saturated with Pb(II) and Cd(II) were 
treated with 0.2 M HCl and shaken for 30 min, 
followed by centrifugation. Recovered 
adsorbents were rinsed and reused in 
subsequent cycles. Adsorption efficiency was 
assessed over three cycles. 
 

2.6 Adsorption Modelling and Analysis 
 

The adsorption capacity (qt, mg g-1) and removal 
efficiency (%) for Pb(II) and Cd(II) by Ben and 
Ac-Ben at equilibrium was calculated using Eq. 1 
and Eq. 2. 
 

qt = [(C0 - Ce)*V]/ M                                  (1) 
 

R(%) = [(C0 - Ce)/ C0] ×100                      (2) 
 

Where C0 and Ce is correspondingly initial and 
equilibrium adsorbate concentration (mg L-1), V is 
total volume adsorbate (L), and M is the amount 
of adsorbent (g). 
 
2.6.1 Adsorption kinetic models 
 
Pseudo-first-order (Eq. 3), pseudo-second-order 
(Eq. 4), and Elovich (Eq. 5) kinetic models were 
applied to time-dependent adsorption data. 
 

qt = qe (1-ek1t)                                            (3) 
 

qt = ((qe)2 k2t)/ (1 + qt k2t)                          (4) 
 

qt =1/β ln(αβt+1)                                        (5) 

 
Where qt and qe are the amount of metal 
adsorbed (mg g-1) at time t and at equilibrium, k1 
is the rate constant of the pseudo-first order (min-

1), t is the time (min), k2 is the rate constant of the 
pseudo-second order (g mg-1 min-1), 𝛼 is the 

initial rate of adsorption (mg g-1 min-1), 𝛽 is the 
extent of surface coverage (g mg-1). 

 
2.6.2 Adsorption isotherm models 

 
Langmuir (Eq. 6), Freundlich (Eq. 7), and Temkin 
(Eq. 8) adsorption isotherm models were used to 
analyze adsorption equilibria. 
 

qe =(Kl Ce qm)/(1 + Kl Ce)                          (6) 
 

qe = Kf Ce
(1/n)                                             (7) 
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qe =RT/bT ln(KT Ce)                                 (8) 

 
Where, qe is the equilibrium adsorbate loaded 
onto the adsorbent (mg g−1). Ce is heavy metal 
released (mg L−1) at equilibrium, qm is Langmuir 
heavy metal adsorption maxima (mg kg−1), Kl is 
the Langmuir constant (L mg−1) related to metal 
binding energy, Kf is the Freundlich constant (mg 
g−1), n is the Freundlich exponent (L kg−1) related 
to binding energy of metal, R is the universal gas 
constant (J mol−1 K−1), T temperature (Kelvin), A 
is the equilibrium binding constant (L g−1), bT is 
the Temkin constant; B is the (RT/bT); and KT is 
the constant related to heat of sorption (J mol−1). 

 
2.6.3 Thermodynamics 

 
Parameters ΔG, ΔH, and ΔS were derived from 
Van’t Hoff equations to interpret spontaneity and 
heat changes during adsorption. 

 
∆G = ∆H - T∆S                                        (9) 

 
ΔG = – RT lnK                                        (10) 

 
lnK = (∆S/ R) – (∆H/ RT)                        (11) 

 
Where, ∆G is change in Gibb’s free energy                 
(KJ mol−1); ∆H is change in enthalpy (KJ mol−1); 
∆S is change in entropy (J mol−1 K−1);                            
T is temperature (K), K is the distribution 
coefficient of the metal ions between adsorbed 
phase and the bulk aqueous solution (K = CA/ 
Ce), where CA = (C0 – Ce) is the adsorbed 
quantity of adsorbate (mg L−1) at equilibrium and 
Ce is the equilibrium concentration (mg L−1) in 
solution. 

 
OrigingPro9 software® was used to fit 
experimental data to the non-linear forms of 
kinetic and isotherm models; Adj. R2 (Eq. 12) and 
Chi-square (𝜒2) (Eq. 13) were employed to 
determine the adequacy of these models. All the 
figures were developed in Microsoft Office Excel 
2019. 

 
Adj. R2 = 1 - [(1 – R2) (n-1) / (n-1-p)]    (12) 

 
𝜒2 = ∑[(yi - yi')2 /yi']                               (13) 

 
𝜒2 Where, yi is the experimental response for ith 
observation; yi’ is the predicted value of yi; n is 
the total number of observations and p is the 
total number of model parameters; reduced 𝜒2 is 

the ratio of 𝜒2 to degrees of freedom. 
 

3. RESULTS AND DISCUSSION 
 

3.1 Characteristics of Ben and Ac-Ben 
 

3.1.1 XRD, SEM-EDX and specific surface 
area 

 

Bentonite had characteristic XRD peak at 6.9° 
(2θ) (001 plane), which is corresponding to 
montmorillonitic structure (Fig. 2). Mild 
descriptive diffractions were recorded at 20.9° 
(quartz) and 26.7° (dolomite) due to the 
presence of clay and non-clay impurities (Sarkar 
et al. 2021). Disintegration of bentonite structure 
in acid activated samples resulted in higher 
alterations in the interval between 5.8° and 21° of 
2θ (Krupskaya et al. 2021). Due to thermo-
chemical activation of bentonite (Ac-Ben) 
intensities of the peaks to the raw bentonite 
(Ben) was dropped (Belhadri et al. 2019). SEM 
images of Ben showed presence of several flaky, 
semicircular and circular particles of bentonite 
particles (Fig. 2).  SEM indicated that micro-size 
particles are made up of individual platelets that 
aggregate into large-size particles, as 
demonstrated by high magnification micrograph 
of the Ac-Ben structure (Fig. 2). These flaky 
structures could be due to dominance of 
montmorillonitic minerals in the bentonite. Anna 
et al. (2014) reported that bentonite powder 
could contains very high quantity (more than 
90%) smectite minerals in its mineralogical 
composition. Structures of Ac-Ben are irregular in 
shape and rough enough to favour adsorption 
(Can et al. 2021). EDX spectrum of Ac-Ben 
indicates the presence of O, Si, Al, Fe, Cu etc. 
(Fig. 2). Hebbar et al. (2014) reported that peaks 
corresponded to Na and Mg of bentonite 
disappeared due to exchange of Na and Mg with 
protons. EGME method was used to analyze 
specific surface area of Ben and Ac-Ben. Ben 
and Ac-Ben has specific surface area of 91.8 and 
153.6 m2 g-1, respectively. It was previously 
stated that, “EGME has an advantage over gas 
adsorption method (BET) as it is able to explore 
the internal surface area of clay minerals 
(interlayer surfaces), which are relevant under 
natural environmental conditions but inaccessible 
under dry situations during the process of gas 
adsorption” (Heister 2014). 
 

3.1.2 FTIR and point of zero charge (pHPZC) 
 

The FTIR peak (Fig. 3) at 1031 cm−1 of raw 
bentonite was attributed to Si-O stretching 
vibrations (in-plane) of the tetrahedral sheets, 
whereas the bands around 533 and 468 cm−1 are 
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attributed to Si-O-Al and Si-O-Si bending 
vibrations, respectively (Taher et al. 2019). The 
intensive bands near 913 cm−1 assigned to Al-
Mg-OH stretching vibration. The raw bentonite 
spectrum also contains a band at 792 cm−1 which 
indicated the presence of quartz (Thakur et al. 
2021). After sulfuric acid activation, the Ac-Ben 
showed decreasing intensity in the FTIR 
spectrum that indicates leaching of octahedral 
cations, such as Al3+ and Mg2+ from the bentonite 
structure. The decrease of the content of the 
octahedral cations is attended with a decrease in 
OH bending vibrations at 913 cm−1 (Ajala et al. 
2018). Ac-Ben showed decreasing the intensity 
of IR spectra throughout the wave number range 
after Pb(II) and Cd(II) adsorption (Fig. 3). The 
FTIR result is in clear agreement with the XRD 
studies which indicate sequential degradation of 
the bentonite clay sheet upon acid treatment. 

The pHPZC of Ben is 7.1 and 7.5 for 0.1 M KNO3 
and 0.01 M KNO3, respectively; whereas, pHPZC 
of Ac-Ben sample was observed at 4.7 and 4.9 
for 0.1 M and 0.01 M KNO3 solutions, 
respectively (Fig. 4). If pH < pHPZC, it is assumed 
that the surface area of the adsorbents is 
positively charged and while pH > pHPZC the 
surface area of the adsorbents is negatively 
charged. For both Ben and Ac-Ben pH > pHPZC, 
which indicates their surface area are negatively 
charged, causing deprotonation of the active 
spots on the adsorbent and binding of Pb(II) and 
Cd(II) at the given spots in the adsorbent 
structure (Tang et al. 2019). The thermo-
chemical treatment reduced PZC of bentonite 
(pHPZC 7.3 in Ben to 4.8 in Ac-Ben), which make 
it favorable to use as adsorbent in wide range of 
operation for pH than the Ben (Musie and Gonfa 
2022).  

 

 
 

Fig. 2. XRD-patterns and SEM-EDX images of bentonite (Ben) and activated bentonite (Ac-Ben) 
 

 
 

Fig. 3. FTIR spectra of bentonite (Ben), H2SO4 activated bentonite (Ac-Ben), Cd(II) adsorbed Ac-
Ben, Pb(II) adsorbed Ac-Ben 
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Fig. 4. Point of zero charge (PZC) of Ben and Ac-Ben 
 

3.2 Effects of Different Conditions on Pb 
(II) and Cd (II) Adsorption 

 

3.2.1 Effects of contact time on Pb (II) and Cd 
(II) removal 

 

Percent removal of Pb (II) and Cd (II) was 
attained steady value at 60 min for Ac-Ben; 
however, removal of Pb (II) and Cd (II) increased 
with higher shaking time (Fig. 5a). Ac-Ben out 
performs Ben in terms of time taken to remove 
both Pb (II) and Cd (II) from the wastewater. 
Percent removal of Cd (II) increases from 89.4 to 
99.6% in Ac-Ben, respectively for 15 to 60 
minutes and reaches at its equilibrium. 
“Abundance of unoccupied binding sites on the 
external surface of the Ac-Ben are responsible 
for the rapid adsorption during the initial stage, 
and subsequently remaining available sites were 
difficult to be occupied due to repulsive 
interaction between solute molecules on the solid 
and bulk phases” (Sarkar et al. 2017). “When 
saturation was achieved at the external surfaces, 
then the metal ions would penetrate into the 
pores of adsorbent and become adsorbed by the 
particle’s internal surfaces” (Siyal et al. 2016). 
 

3.2.2 Effects of adsorbent doses on Pb (II) 
and Cd (II) removal 

 

The removal efficiency of Pb (II) increased from 
69.7 to 87.6% and 85.8 to 98.5% for Ben and Ac-
Ben, respectively when the dose is increased 
from 5 to 30 g L-1 (Fig. 5b). Besides, Cd (II) 
removal efficiency was increased from 76.2 to 
89.6% with increasing doses of Ben. “The 
removal efficiency intensely rises with increasing 
adsorbent due to the presence of more 
unoccupied active sites on the surface of Ben 
and Ac-Ben” (Ali 2018). However, maximum 
adsorption of Cd (II) (94.8 to 97.9%) ions was 
observed by Ac-Ben which has no significant 
changes over its doses. It implies that at low 
doses, active sites of the adsorbent are adequate 
to adsorb the entire metal ions present in the 

solution. Beyond 10 g L-1 of Ac-Ben removal 
percent of Pb (II) and Cd (II) was correspondingly 
attained worthy value (>95%). The residual metal 
ions in bulk remain in equilibrium with the 
adsorbed metal ions on adsorbent’s surface. 
 

3.2.3 Effects of solution pH on Pb (II) and Cd 
(II) removal 

 

Pb(II) and Cd(II) removal percent increased with 
the solution pH rise from 3 to 8 (Fig. 5c). The pH 
of metal ion solution influences both the 
adsorbent and metal ion by altering the surface 
and degree of ionization. Beyond pH 4, the 
removal percent of Cd(II) by Ben was increased 
continuously to about 88.2% at pH 8. For Ac-Ben 
Cd(II) and Pb(II) removal percent increased from 
91.7 to 99.0% and 88.3 to 97.8% within the pH 
range from 3 to 8, respectively. At lower pH, the 
H+ concentration was higher; and as the solution 
pH increases, the concentration of H+ decreases. 
Thus, “decreasing H+ competence with Pb(II) and 
Cd(II) on the adsorbent surface increases 
adsorption capacity” (Panda et al. 2020). “The 
adsorbent's surface is saturated with negative 
charge at high pH values, which promotes the 
adsorption of positively charged metal ions onto 
their surface” (Ajala et al. 2018). 
 

3.2.4 Effects of temperature on Pb(II) and 
Cd(II) removal 

 

Pb(II) and Cd(II) removal percent was decreased 
with increasing solution temperature from 298 to 
318 K (Fig. 5d), which indicates that metal ion 
adsorption onto adsorbents is physisorption in 
nature. Ben (91.7% Pb and 91.5% Cd) and Ac-
Ben (98.3% Pb and 99.5% Cd) both showed 
better adsorption percentage for Pb(II) and Cd(II) 
with decreasing temperature. Weak electrostatic 
interactions between the metal ions and the 
adsorbent at elevated temperatures could be the 
cause of the decrease in adsorption (El Maghrabi 
et al. 2020). As a result, lowering the 
temperature is better for non-ionic exchange 
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adsorption, indicating that the adsorbents 
removed the heavy metals by undergoing a non-
ionic exchange with the heavy metal ions. 
 

3.2.5 Effects of metal ion concentration on 
Pb(II) and Cd(II) removal 

 

With increasing initial Pb(II) concentration from 5 
to 200 mg L-1 percent removal was decreased 
from 69.7 to 59.2% for Ben and from 100 to 
63.8% for Ac-Ben (Fig. 6a). Removal percent of 
Ben and Ac-Ben drops from 72.7% at 1 ppm to 
about 68.6% at 10 ppm indicated that Cd(II) 
adsorption decreases on increasing the Cd(II) 

concentration (Fig. 6b). Therefore, the rate of 
Cd(II) ions that travels from the bulk                       
solution to the adsorbent particle surface 
decreases. “Metal ions bind to the adsorbent 
rapidly at low concentrations through ionic 
interactions due to the availability of a plenty of 
adsorption sites” (Nayak et al. 2017; Eleraky et 
al., 2025). “Adsorption would have theoretically 
reached to a plateau after all of the binding sites 
were occupied because of continuous 
adsorption. Interestingly, there is a consistent 
drop in the adsorption percentage as the amount 
of metal ions increases” (Naseem et al. 2019). 

 

 
 

Fig. 5. Effect of contact time (a), adsorbent dose (b), solution pH (c), and temperature (d) on 
Pb(II) and Cd(II) removal efficiency of Ben and Ac-Ben 

 

 
 

Fig. 6. Effect of initial Pb (a) and Cd (b) ion concentration on Pb(II) and Cd(II) removal 
efficiency of Ben and Ac-Ben 
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3.3 Effects on Adsorption Kinetics and 
Isotherm 

 
“The calculation of adsorption kinetic models 
(pseudo first-order, pseudo second-order and 
Elovich kinetic model) is presented in Table 1. 
Among kinetic models pseudo first-order, pseudo 
second-order and Elovich kinetic models were 
well fitted (higher Adj. R2 and low 𝜒2 value) to 
Pb(II) and Cd(II) adsorption on Ben and Ac-Ben. 
Pseudo first-order kinetic model was best fitted, 
which indicates predominance of heavy metal 
physisorption on both Ben and Ac-Ben involving 
intermolecular van der Waals forces. With 
increased adsorbate-adsorbent contact time the 
kinetic trend of Cd(II) and Pb(II) adsorption on 
Ben and Ac-Ben dropped and reached a plateau. 
This may be due to proportionally decreased 
adsorption amount with decreased adsorption 
capacity of both the adsorbents, which was in 
agreement with previous reports” 
(Mukhopadhyay et al. 2019; Sarkar et al. 2022). 
“The amount of Cd(II) and Pb(II) adsorption 
increased by prolonging the reaction time. 
Because electrons are transferred, exchanged, 
and co-occurring throughout the adsorption 
process. A number of variables such as the size 
of the hydrated ions, hydration energy, and the 
metal ions activity, contributed to the greater 
amount of Pb(II) adsorption as compared to 
Cd(II). Additionally, due of Pb(II)'s mobility in the 
aqueous solution, its activity is also increased” 
(Das et al. 2021). 
 
Langmuir, Freundlich and Temkin adsorption 
isotherm were used to find the interaction 
between the Pb(II), Cd(II) and adsorbent and its 
degree of adsorption on the adsorbents at 
constant temperature. “The adsorption of Pb(II) 
and Cd(II) molecules over the surface of Ben and 
Ac-Ben having uniform energy sites that are 
equally available for interaction in the Langmuir 
model. In the case of Freundlich isotherm, 
adsorption takes place on a heterogeneous 
surface in a multilayer” (Manippady et al. 2020). 
Graphs of metal adsorbed (qt) vs. equilibrium 
metal conc. The values of qm are calculated from 
the intercept of the linear plots, which indicates 
maximum adsorption of the adsorbents. Ben had 
lower qm values (maximum adsorption capacity) 
both for Pb(II) and Cd(II) (117 and 92.9 mg g-1, 
respectively) as compared to the Ac-Ben (127.2 
and 132.2 mg g-1, respectively). The adjusted 
coefficient of determination (Adj. R2) values of 
Ben obtained for the Pb(II) and Cd(II) were 0.989 
and 0.997, whereas Adj. R2 values for Ac-Ben for 
Pb(II) and Cd(II) were 0.996 and 0.999 for 

Langmuir isotherm (Table 2). When “the 
concentration of some species in the liquid phase 
increases, the Freundlich model, which is 
applicable to heterogeneous surfaces, predicts 
an increase in the concentration of the ionic 
species adsorbed on the solid surface” (Araújo et 
al. 2018). “In Freundlich isotherm model, the 
values of n are equal or more than 1 indicates 
favourability of linear adsorption” (Sherugar et al. 
2022). The value obtained for Temkin isotherm 
equilibrium binding constant (A, L g-1) 0.123 (Pb 
on Ben), 0.139 (Pb on Ac-Ben), 0.885 (Cd on 
Ben) and 0.961 (Cd on Ac-Ben). Since the 
bonding energy value was less than 8 kJ mol-1, 
physical adsorption is the mechanism at play. 
Because “the adsorbate in the physisorption 
process adhere to the adsorbent via weak van 
der Waals interactions, this process is linked to 
comparatively low adsorption energies” (Araújo 
et al. 2018; Baari et al., 2025). Table 3 lists 
previous studies conducted by different 
researchers on the removal of Pb(II) and Cd(II) 
using alternative affordable adsorbents. 
 

3.4 Effects on Thermodynamics of Pb(II) 
and Cd(II) Adsorption 

 
The nature and dimensions of thermodynamic 
parameters show a mechanism pertaining to the 
creation of an adsorbed layer and demonstrate 
the viability of the adsorption process. The 
results for the thermodynamic parameters 
obtained for Ben and Ac-Ben are reported in 
Table 4. Both of the adsorbents presented 
negative values for ΔG, endorsing that the Pb(II) 
and Cd(II) adsorption process is spontaneous 
and thermodynamically favorable. The ΔG value 
increased with an increase in temperature from 
298 K to 318 K that indicated that the adsorption 
is more favorable at lower temperatures. The 
degree of spontaneity decreases with the 
increased temperature which may resulted due 
to physisorption rather than chemisorption. This 
result is aligned with findings of Taha et al. 
(2016) who tested adsorption of Pb(II), Cd(II), 
and Ni(II) onto Egyptian Na-activated bentonite. 
Moreover, adsorbate may desorb from the 
adsorbent's surface at higher temperatures due 
to the kinetic energy of the adsorbate 
suppressed the forces of adsorption. In other 
way, a higher driving force for adsorption is 
indicated by a more negative ΔG values, which 
leads to an increased adsorption capacity. Cd(II) 
adsorption on Ac-Ben is comparatively more 
favourable than the Pb(II). The ΔS values were 
0.155 and 0.101 KJ mol-1 K-1 for adsorption of 
Pb(II) and Cd(II) on Ben; whereas, ΔS values 
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Table 1. Estimated kinetic model parameters for Pb(II) and Cd(II) adsorption onto the bentonite (Ben) and activated bentonite (Ac-Ben) Model 
Parameters 

 

Model Parameters Metals 

Pb(II) Cd(II) 

Ben Ac-Ben Ben Ac-Ben 
Pseudo first order Output qe (mg g-1) 3.833 4.859 0.236 0.297 

k1 (min-1) 0.144 0.099 0.257 0.151 
Statistics Reduced χ2 2.67E-03 1.99E-03 2.85E-05 1.80E-05 

Adj. R2 0.999 0.999 0.996 0.998 
Pseudo second order Output qe (mg g-1) 4.983 5.018 0.251 0.333 

k2 (g mg-1 min-1) 0.051 0.047 0.382 0.192 
Statistics Reduced χ2 1.40E-02 1.27E-02 1.84E-04 7.18E-06 

Adj. R2 0.995 0.996 0.974 0.999 
Elovich kinetic model Output α (mg g-1 min-1) 1.166 3.275 0.802 2.533 

β (g mg-1) 3.697 1.463 5.415 2.076 
Statistics Reduced χ2 5.26E-02 5.33E-02 4.95E-04 3.99E-05 

Adj. R2 0.982 0.981 0.930 0.996 
Ben: Bentonite; Ac-Ben: Activated bentonite; qt and qe are the amount of metal adsorbed (mg g-1) at time t and at equilibrium, k1 is the rate constant of the pseudo-first order 
(min-1), t is the time (min), k2 is the rate constant of the pseudo-second order (g mg-1 min-1), 𝛼 is the initial rate of adsorption (mg g-1 min-1), 𝛽 is the extent of surface coverage 

(g mg-1) 
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Table 2. Estimated adsorption isotherm model parameters for Pb(II) and Cd(II) adsorption onto the bentonite (Ben) and activated bentonite (Ac-
Ben) 

 

Model Parameter Metals 

Pb(II) Cd(II) 

Ben Ac-Ben Ben Ac-Ben 

Langmuir isotherm Output qm (mg g-1) 117.0 127.2 92.9 132.2 
Kl (L mg-1) 7.76E-05 0.005 1.60E-03 1.58E-04 

Statistics Reduced χ2 0.453 0.101 2.41E-04 3.89E-06 
Adj. R2 0.989 0.996 0.997 0.999 

Freundlich isotherm Output Kf (mg g-1) (mg-1)1/n 0.094 0.278 0.067 0.099 
n  1.019 1.363 1.032 1.409 

Statistics Reduced χ2 0.539 0.471 1.83E-04 4.57E-06 
Adj. R2 0.987 0.982 0.997 0.999 

Temkin isotherm Output A (L g-1) 0.123 0.139 0.885 0.961 
bT (KJ mol-1) 0.613 0.733 4.507 6.902 

Statistics Reduced χ2 6.826 1.891 5.43E-03 8.62E-03 
Adj. R2 0.834 0.930 0.929 0.928 

Ben: Bentonite; Ac-Ben: Activated bentonite; qe is the equilibrium adsorbate loaded onto the adsorbent (mg g-1). Ce is heavy metal released (mg L−1) at equilibrium, qm is 
Langmuir heavy metal adsorption maxima (mg kg−1), Kl is the Langmuir constant (L mg−1) related to metal binding energy, Kf is the Freundlich constant (mg g−1), n is the 

Freundlich exponent (L kg−1) related to binding energy of metal, R is the universal gas constant (J mol−1 K−1), T temperature (Kelvin), A is the equilibrium binding constant (L 
g−1), bT is the Temkin constant; B is the (RT/bT); and KT is the constant related to heat of sorption (J mol−1). 
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Table 3. Comparing maximum adsorption capacity (qmax) of adsorbents of present work with other literatures for Pb(II) and Cd(II) removal 
 

Adsorbents qmax (mg g-1) References 

Pb(II) Cd(II) 

Metakaolin based Geopolymer - 70.3 Lan et al. (2019) 
Polyethylene glycol bentonite 22.0 18.0 Seilkhanova et al. (2019) 
Carboxymethyl β-cyclodextrin bonded Fe3O4@SiO2–NH2 core-shell magnetic 
nanocomposite 

170.0 - Jahanbakhsh et al. (2021) 

Calcium calcined bentonite clay 32.2 20.3 Meneguin et al. (2017) 
NHCH3 treated bentonite 52.1 26.1 Kostenko et al. (2019) 
Bentonite-Fe3O4-MnO2 - 33.4 Jiang et al. (2018) 
Modified clay composite 172.4 9.15 Teğin et al. (2023) 
Humic acid-iron-columnar bentonite (HA-Fe-PILC) 95.3 31.4 Xu et al. (2021) 
Bentonite (Ben) 117.0 92.9 Present study 
Thermo-chemical activated bentonite (Ac-Ben) 127.2 132.2 Present study 

 
Table 4. Estimated thermodynamic parameters for Pb(II) and Cd(II) adsorption onto the bentonite (Ben) and activated bentonite (Ac-Ben) 

 

Adsorbents Thermodynamic parameters Metals 

Pb(II) Cd(II) 

Temperature (K) 298 308 318 298 308 318 
Bentonite (Ben) ΔG (KJ mol-1) -5.960 -4.238 -2.855 -5.877 -5.315 -3.859 

ΔH (KJ mol-1) -52.18 
  

-36.09 
  

ΔS (KJ mol-1 K-1) 0.155 
  

0.101 
  

R2 0.996 
  

0.939 
  

Activated bentonite (Ac-Ben) ΔG (KJ mol-1) -10.110 -8.037 -6.576 -13.346 -12.707 -11.618 
ΔH (KJ mol-1) -62.67 

  
-39.18 

  

ΔS (KJ mol-1 K-1) 0.098 
  

0.086 
  

R2 0.990 
  

0.978 
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were 0.098 and 0.086 KJ mol-1 K-1 for adsorption 
of Pb(II) and Cd(II) on Ac-Ben. “This indicates 
increased randomness of ions with raised 
temperature and resulted decreased adsorption 
of ions. The solid-liquid interface exhibits 
structural alterations, as suggested by the 
positive ΔS values found for both the materials” 
(Panda et al. 2020). “The negative values of ΔH 
illustrates exothermic adsorption of Cd(II) and 
Pb(II) ions on SABC and Ac-Ben (Table 4). An 
exothermic reaction occurs during adsorption 
with non-ionic exchange. The adsorption is 
preferred at lower temperature through the 
physisorption method” (Tran et al. 2016). When 
the change in ΔH is less than 21 KJ mol-1, it 
means that during the adsorption process, 
physical adsorption is resilient than 
chemisorption. The phenomena involved in these 
processes are still not completely assumed. The 
literature states that metallic ions reach the 
adsorbent’s surface through exothermic 
processes in order to adsorb ions in the aqueous 
phase. 
 

3.5 Desorption and Reusability 
Performances 

 

The reusability results (Fig. 7) showed that after 
three adsorption-desorption cycles the 
adsorption efficiency of both Ben and Ac-Ben 
were reduced as compared to their original 
maximum adsorption efficiency. This can be 
attributed to lower recovery of bounded metal 
ions during desorption process, which reduces 
the number of active adsorption sites available 
on the adsorbent’s surface. In the first cycle, the 
removal efficiency by Ben was 68.2% for Pb(II) 
and 76.7% for Cd(II). After three subsequent 
adsorption-desorption cycles, Ben retained 

adsorption efficiency up to 47.3 and 52.1% for 
Pb(II) and Cd(II), respectively. However, a trifling 
change (98.4% to 69.9% for Pb and 97.9% to 
84.3% for Cd) in the adsorption ability of Ac-Ben 
was observed after three successive adsorption-
desorption cycles, which confirms that the AC-
Ben have great potential for renewal and 
subsequent reuse as adsorbent materials as 
compared the Ben. Further, adsorption-
desorption studies led with higher concentration 
of desorbing agents may results more efficient 
recovery of metals and successful adsorbents 
renewal. 

 
3.6 Mechanism of Pb(II) and Cd(II) 

Adsorption for Ac-Ben 
 
Fig. 8 depicts a schematic representation of the 
proposed adsorption mechanisms between 
Pb(II), Cd(II), and Ac-Ben. The breakdown of the 
smectite structure and the significant substitution 
of H+ for cations increase the surface area of 
bentonite during the thermo-chemical activation 
process (Guan et al. 2022). FTIR, XRD, SEM, 
and EDX analyses have demonstrated that these 
transformations in the montmorillonite and illitic 
layers result in notable changes in the cation 
exchange capacity, chemical, and mineralogical 
properties of bentonite. The removal mechanism 
of Ac-Ben is significant because it may be related 
to its higher electronegativity and its structural 
composition, which consists of two silica 
tetrahedral and one alumina octahedral sheets 
(Dhar et al. 2023). This composition holds a net 
negative charge, which indicates broken bonds 
at the edges of the aluminum-silica units, which 
ultimately result in unsatisfied charges that can 
be balanced by the cation exchange. 

 

 
 

Fig. 7. Pb(II) and Cd(II) adsorption capacities and reusabilities of Ben and Ac-Ben after three 
consecutive adsorption-desorption cycles 
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Fig. 8. Proposed mechanisms of Pb(II) and Cd(II) adsorption on Ac-Ben 
 

4. CONCLUSION 
 

This study demonstrates that thermo-chemically 
activated bentonite (Ac-Ben) is a highly effective 
adsorbent for the removal of Pb(II) and Cd(II) 
from aqueous solutions. Compared to raw 
bentonite, Ac-Ben exhibited improved 
physicochemical properties, higher adsorption 
capacity, and better reusability. The adsorption 
process followed pseudo-first-order kinetics and 
Langmuir isotherm, suggesting monolayer 
physical adsorption. Thermodynamic analysis 
confirmed spontaneity and exothermic nature. 
Ac-Ben retained high efficiency over multiple 
cycles, highlighting its potential for sustainable 
wastewater treatment. Its low cost, simplicity of 
preparation, and high performance make Ac-Ben 
a promising solution for heavy metal remediation 
in alignment with sustainable development goals. 
 

The adoption of the natural waste materials viz. 
bentonite represents a sustainable, inclusive, 
and economically viable approach to wastewater 
treatment, particularly for heavy metal removal 
by minimizing reliance on synthetic materials and 
reducing waste. Continued research can 
enhance their efficiency, scalability, and societal 
impact, contributing to global efforts in 
environmental conservation and water security. 
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