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a b s t r a c t

Lead is considered as one of the deadliest heavy metals which causes severe impact on the environ-
ment. In the present work,the experimental study was carried out by using eco-friendly nano-adsor-
bent material ONK (organo-nanokaoline) and ONB (organo-nanobentonite) for the effective removal of 
Pb(II) ions from battery synthetic effluent. The organically modified adsorbents were characterized by 
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscope 
(SEM), energy dispersive X-ray (EDX), thermogravimetric analysis (TGA). Operating parameters such 
as pH, adsorbent dosage and contact time were experimentally optimized for the maximum removal of 
ions. The optimum conditions were found to be at pH of 4, a dosage of 4 g/L, 30 min equilibrium time 
with 400 mg/L initial concentration for ONK. The adsorption data was fitted with isotherm models 
such as Langmuir and Freundlich. The monolayer adsorption capacity of ONK and ONB for Pb(II) ions 
was reported to be about 47 mg/g (ONK), 32 mg/g (ONB), respectively. Adsorption kinetics and mech-
anism were analyzed using pseudo-first order, pseudo-second order, intra particle diffusion model, 
and Boyd model. The pseudo second order kinetic model provided the best fit for absorption of ions.
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1. Introduction

Due to the rapid growth of industries, heavy metal pol-
lution has become one of the most important environmen-
tal problems today. Water gets polluted mainly because of 
toxic contaminants released by the industries, anthropogenic 
activities, and environmental changes. The presence of heavy 
metal ions beyond the permissible limit is a serious environ-
mental issue because of its non-biodegradable nature [1]. The 
major sources of environmental pollution are due to excess 
amount of metal ions released from industries such as textile, 
leather, electroplating, galvanizing, dyes, pigments mining, 
metal finishing, metal processing industries [2]. Lead, nickel, 
chromium, zinc, cadmium and copper are stable carcino-
genic heavy metals [3–8]. The impact of heavy metal releases 
in the environment is severe,that has become a thread to 
human and aquatic life. Toxic elements may bio-accumulates 

and may also affect the food chain in the living organisms 
[9]. Among these, lead ions are deemed to be highly toxic, 
even at low concentration [10]. Generally, industrial waste 
water contains 5–15 mg/L of Pb(II) ions. But as per US Envi-
ronmental Protection Agency (USEPA) and Bureau of Indian 
Standards (BIS), the limits of Pb(II) ions are with in the level 
of 0.05 mg/L in drinking water [11]. Even a trace of exposure 
to such heavy metals can cause series health illness such as 
lung irritation, kidney disorder, liver damage, mental retar-
dation, bone cancer, anemia, and intellectual disability in 
humans [12]. Unit operation such as adsorption, flocculation, 
solvent extraction, electrodialysis, co-precipitation, and che-
lation therapy are some of the methodologies that have been 
followed for the treatment of Pb(II) removal from wastewa-
ter. Among these methods, adsorption is recommended as 
an efficient, versatile and economically feasible method for 
the removal of Pb(II) ions from waste water [13]. A number 
of low cost adsorbents such as S.potatorum [14], granulated 
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activated carbon [15], bael leaf powder [16], cashew nut shell 
[17,18], chitosin-polyacrylonitrile (PAN), polyvinyl alcohol 
(PVA), nanocomposite [19–21], corn cobs [22], wheat pulp 
[23] have been employed for the removal of Pb(II) ions from 
aqueous solution. But considering the complexity of waste 
disposal, in addition to scientific predilection, reusability and 
economic considerations play a vital role in the selection of 
adsorbent for pollution decrement. Thus, many researchers 
are focusing on the cost-effective, eco-friendly adsorbents. 

In recent years, clay is widely used as an adsorbent in 
the removal of heavy metals due to its low-cost, abundant 
efficiency and economic feasibility. However, many stud-
ies have been reported on the removal of heavy metals by 
bentonite [24–28], kaoline [29–34] and the application of the 
pure form of the clay is not efficient and it is time-consum-
ing in terms of removal. Presently, researchers are concen-
trating on organoclays in which the sorption characteristics 
of clay materials are replaced by natural inorganic inter-
layer cation with selected organic cations [35]. Generally, 
clay minerals are hydrophilic. In order to render the surface 
to organophilic, hydrated cationic surface are replaced by 
cationic surfactants such as alkyl ammonium or alkyl phos-
phonium to reduce the surface energy. The cations receding 
between the layers, make the organic molecule to radiate 
away automatically that leads to an increase in the inter-
layer spacing between the platelets. [36,37]. Based on the 
cation exchange reactions, involving the exchange of qua-
ternary alkyl ammonium cations with interlayer cations 
of the clay mineral in aqueous solution, organo clays are 
prepared. The properties of organoclay strongly depend on 
the nano and micro-structural arrangement of the hybrid 
materials. These surfactant modified clays posses very high 
specific area and high adsorption capacity, making the clay 
mechanically and chemically stable [38]. Modification of 
organonano can be done by treating the clay with suitable 
surfactant cations such as hexadecyletrimethylammonium 
(HDTMA), tetra-methyl ammonium (TMA), tetra-ethyl 
ammonium (TEA), tribenzylmethyl-ammonium (TBMA) 
so that exchanging of inorganic cations present on the clay 
surface and within the inter layer space can be increased. 
Due to these modifications, variation may take place on 
properties such as surface charge, hydrophobicity and cat-
ion exchange capacity of the clays [39]. The application of 
nano-sized clay was examined due to particular surface 
characteristics of a nanostructured material along with its 
larger surface area compared to its original size [40].

The novelty of the present study is the utilization of 
nanoadsorbents ONK and ONB, to find for the adsorption 
behavior of Pb(II) ions using battery effluent. The effect of 
pH, adsorbent dosage, contact time was investigated. In 
order to comprehend the adsorption mechanism of ONK, 
ONB, kinetic studies were tested for pseudo-first order, 
pseudo-second order, intra-particle diffusion, and Boyd 
kinetic models. The adsorption equilibrium data were ana-
lyzed using Langmuir, Freundlich models. 

2. Materials and method

2.1. Chemicals

Kaoline and bentonite clay were purchased from 
Sigma Chemicals, India. Cetyltrimethylammonuimbro-

mide (CTAB) C19H42BrN was used as a surfactant. All 
the chemicals used in this study were of analytical grade 
(99%) pure. The cation exchange capacity of kaolin clay 
was 89 mmol/kg, while that of modified clay was 240 
mmol/kg. Similarly, cation exchange capacity of benton-
ite was 83 mmol/kg, while that of modified clay was 223 
mmol/kg. The ion exchange capacities of clays were ana-
lyzed by the method of using ammonium chloride and 
ammonia [34].

2.2. Preparation of organo-nanokaolineclay (ONK) and 
 organo-nanobentonite clay (ONB)

About 4% w/w clay (Na-Kaoline and Na-Bentonite) 
was dispersed in 500 ml distilled water with the agitation 
of about 30 min. Using magnetic stirrer, the suspension was 
stirred for 24 h at room temperature. CTAB was gradually 
added to the suspension (ONK, ONB), again the mixture 
was further stirred and it was allowed to settle for 12 h. 
The suspended product was filtered under vacuum, using 
Whatman paper no 1. The resultant product was dispersed 
in 50 ml fresh distilled water and stirred for 2 h. The resul-
tant modified clay was washed thoroughly to remove chlo-
ride and it was confirmed by checking against silver nitrate 
solution [36]. The final modified clay was dried at 70°C, 
sieved using BSS 230,and finally grounded using mortar in 
order to obtain a fine powder.

2.3. Material characterization studies

The X-ray diffraction (XRD) studies of clay and mod-
ified clay were performed with XPERT Philips X-ray dif-
fractometer. All parameters were obtained using Cu/
Kα radiation operated at 45 KV and 30 mA. The surface 
morphology of kaoline, bentonite, organo-nanokaoline, 
and organo-nanobentonite was analyzed using scanning 
electron microscope (SEM) (Philips-EEI ESEM-TEP, Hol-
land). SEM images were further supported by energy 
dispersive X-ray (EDX) micro analysis to detect the evi-
dence for purity and distribution of specific elements in 
solid samples. In order to study the characterization of 
the functional groups, fourier transform infrared spectros-
copy (FTIR) spectra of adsorbent samples were recorded 
on Bruker Optics spectrometer. The spectra were collected 
over the range from 400 to 4000 cm–1. The thermal stability 
of the prepared adsorbents (ONK, ONB) was studied using 
thermogravimetric analyzer (TGA) model NETZSCH STA 
409/CD using purified nitrogen as a carrier gas in the tem-
perature range of 30°–1000°C.

2.4. Adsorption (batch) experiment

Batch adsorption studies were performed in 250 ml 
flask at room temperature for varying time intervals with 
50 ml of the 400 mg/L metal solution, 4 g/L of (ONK, ONB) 
adsorbent material maintaining a pH of 4 (ONK), 5 (ONB) 
in the solution. The flask containing solution was placed in 
an incubator shaker (Orbital Incubator Shaker, Royal Test-
ing Equipment, Chennai, India) at 200 rpm for about 1–2 h. 
After the adsorption process, the spent ONK and ONB was 
separated from the solution by centrifuging process (2500 



B. Uma Maheswari  et al. / Desalination and Water Treatment 156 (2019) 303–315 305

rpm, 10 min) and the final concentration of Pb(II) ions left in 
the solution was determined by using flame atomic absorp-
tion (FAA) spectrophotometer. The removal efficiency of 
Pb(II) ions was calculated by the following equation

Removal efficiency = 
C C

C
i e

i

−
* 100  (1)

where Ci and Ce are the initial and final Pb(II) ion concentra-
tion in the solution (mg/L), respectively.

2.4.1. Adsorption isotherm

The adsorption equilibrium data were fitted by two 
different isotherm models such as Langmuir [41] and 
Freundlich models [42]. Langmuir isotherm assumes the 
uptake of metal ions that occurs on a homogenous sur-
face by monolayer adsorption without any interaction 
between the adsorbed ions. It is represented in the fol-
lowing equation
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and separation parameter (RL) is given by Eq. (3)
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Based on the adsorption on heterogeneous surface, Fre-
undlich isotherm given in Eq. (4) is being used.

log log logq K
n

Ce f e= +
1

 (4)

where qe denote the adsorption capacity at equilibrium 
(mg/g), qm is the maximum monolayer adsorption capac-
ity (mg/g), b (L/mg) is the Langmuir constants. Kf (mg1– 1/n  

L1/n g–1) is Freundlich constant corresponds to bonding 
energy and n is the measure of the deviation from linearity 
of adsorption.

2.4.2. Adsorption kinetics and mechanism 

Adsorption kinetics studies were performed by mixing 
4 g/L of ONB, ONK with 50 ml Pb(II) ion solution with 
the concentration of 400 mg/L at a pH of 4 for ONK and 
5 for ONB in a stoppered conical flask. The conical flask 
was placed in an incubator shaker. 10 ml of the sample 
was withdrawn from a same conical flask at time intervals 
ranging from 10 to 90 min, then centrifuged and finally 
the residual Pb(II) ion concentration was determined. The 
amount of Pb(II) ions (qt) adsorbed onto the ONK and 
ONB at time t, qt (mg/g) was estimated by the following 
equation

q
C C V

mt
i t=

−( )  (5)

where Ct is the concentration of Pb(II) ions at time t in mg/L, 
V is the volume of the Pb(II) solution (L), m is the mass of 
adsorbent (ONB, ONK) used (g). Adsorption kinetic data 
were applied to pseudo-first order and pseudo-second 
order kinetic model in order to determine the adsorption 

process. Pseudo- first order model [43] can be represented 
by the following equation 
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where k1 is the first order rate constant (min–1), ‘qe‘ and ‘qt’ 
are the amount of adsorbate species adsorbed at equilib-
rium and at any time (mg g–1). k1 can be obtained from the 
slope of a linear plot of log (qe – qt) vs t. Pseudo-second order 
model [44] is denoted by Eq. (7)
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where k2 is the rate constants of pseudo-second order kinet-
ics equation (g mg–1 min–1). k2qe

2 is the initial sorption rate. 
By plotting (t/qt) vs. t, qe (slope) and k2 (intercept) can be 
determined. The adsorption mechanism was explained by 
applying the values of kinetic data in intraparticle diffusion 
[45] and Boyd kinetic models [46]. The intraparticle diffu-
sion model is given by Eq. (8)

q k t Ct p= +1 2/  (8)

where kp is the intraparticle diffusion rate constant (mg/g 
min0. 5), t is the time (minutes), C is the constant related to 
the thickness of the boundary layer. Boyd kinetic models 
were used to determine the adsorption kinetic data to iden-
tify the actual slowest step in the adsorption of Pb(II) ions 
onto ONK and ONB. The Boyd kinetic Eq. (9) is as follows
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The effective diffusion coefficient Di (m
2/s) values were 

calculated by using Eq. (12)
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where Di is the effective diffusion coefficient of Pb(II) ion 
onto adsorbent (ONK, ONB) surface, F is the fraction of 
Pb(II) ion adsorbed onto the adsorbent (ONK, ONB) at any 
time t. Bt is a mathematical function of F, r is the radius of 
the adsorbent particle.

3. Results and discussion

3.1. Characterization of adsorbents

The structural modification that occurred in ONB and 
ONK owing to surface modification treatment was studied 
using X-ray diffraction analysis. Additionally, the untreated 
kaoline and bentonite were also analyzed along with organ-
ically modified bentonite and kaoline are shown in Figs. 1 
and 2, respectively. From Figs. 1 and 2 it is observed from 
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the figures decrease in intensity of the bentonite and kaoline 
peak 2θ = 21.27°, 21.08° correspondingly formation of new 
peaks at 2θ = 29.16°, 29.19° corresponding to ONB, and 
ONK, respectively. Less intense peaks seen in raw sam-
ples indicate the amorphous nature of the adsorbent [47]. 
The average size of OKN and OBN was assessed using the 
Debye-Scherrer equation 

d
k
cos

=
λ

β θ
 (13)

In this equation d is the thickness of the crystal, k is the 
Debye-Scherrer constant (0.9), λ is the X-ray wavelength, β is 
the peak width with maximum intensity in half height, θ is 
the diffraction angle. The results obtained from the analysis 
of XRD pattern by using the Debye-Scherrer equation indi-
cated that the average crystal size for ONK and ONB 23.83 
nm, 27.45 nm respectively. Further, the basal spacing of ONB 
was 0.325 nm (2θ = 26.65°) but the basal spacing of ONK was 
0.344 nm, (2θ = 25.87°), indicating that the CTAB surfactant 

was successfully incorporated in the interlayer of ONK than 
ONB. The results clearly depict that the amount of added 
surfactant CTAB has a direct effect on the interlayer expan-
sion of ONK [48]. This confirms that there will be an auto-
matic decrement in the hydration water content. Hence, the 
surface property of the adsorbent changes from hydrophilic 
to hydrophobic [39]. Therefore, due to the increase in inter-
layer space, more spaces will be available for the adsorption 
of Pb(II) ion, leading to an increase in its removal efficiency. 

The surface morphology of ONK and ONB were investi-
gated using SEM, the resulting images are shown in Figs 3a, 
b, 5a, b. From Fig. 3, bit is seen that the introduction of 
CTAB in kaoline (ONK) lead to coarse particles and porous 
surface favors inter layer exchange and inter layer adsorp-
tion. This in turn promotes the Pb(II) ion penetration into 
the galleries of the modified organo-nanokaoline, resulting 
in an increase in the adsorption capacity of the adsorbent.

Bentonite and its organo-nano form are shown in Figs. 
5a,b. The shape of bentonite seems to be formed by dense 
particles. Bentonite possesses irregular shape where some 
white particles appeared on the surface of the mineral par-
ticle. These are non-clay minerals containing Fe, K, Ti, Mg, 
Na. After modification using CTAB, the flaky structure of 
bentonite clay was converted to the fractional and nee-
dle-like structure. Contrastively, the ONB possess relatively 
different surface morphology as seen in Fig. 5b.The benton-
ite particles are relatively smoother, with small fragmented 

Fig. 1. XRD images of clay (bentonite) and organically modified 
clay (ONB).

Fig. 2. XRD images of clay (kaoline) and organically modified 
clay (ONK).

Fig. 3. (a) SEM images of kaoline. (b) SEM images of organically 
modified clay.
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and block particles adhering to the surface. This may be 
the reason that ONB has a smaller specific area than ONK, 
which results in the lower adsorption capacity of ONB. 
Figs. 4a,b and 6a,b show the EDX analysis of kaoline, ONK, 
bentonite, ONB. The weight percentage (weight %) of Si, 
Al, O, C, K within the compounds are depicted in Table 1. 
From the results, it is evident that ONK and ONB composed 
of Si compounds are suitable for the adsorption of various 
organic pollutants [39]. As discussed in SEM analysis, the 
non-clay minerals containing Fe, K, Ti, Mg, Na are present 
in the raw sample of kaoline and bentonite. 

The band assignments of clay and organically modified 
clay (ONB, ONK) were analyzed using FTIR spectra. The 
capacity of the adsorbent mainly depends upon the porosity 

Fig. 4. (a) EDX reports of kaoline (b) EDX reports organically  
modified clay.

Fig. 5. (a) SEM images of bentonite (b) SEM images of organical-
ly modified clay.

Fig. 6. (a) EDX reports of bentonite (b) EDX reports of organical-
ly modified clay.

Table 1
Elemental composition of ONK, ONB

Elements Weight percentage of elements

ONK (%) ONB (%)

Si 51.78 47.95
Al 12.21 14.67
O 19.62 27.74
C 15.78 9.64
K 0.61 –
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and chemical reactivity of the functional groups present on 
its surface [49]. The results of the FTIR spectra are presented 
in Figs. 7 and 8. The intense peak 3672.12 cm–1 of organi-
cally modified kaoline in Fig. 8 is due to O-H stretching of 
water. Similarly, the presence of Si-O stretching vibrations 
are also confirmed by 1037.64 cm–1, in ONK, 1006.91 cm–1 in 
ONB. The corresponding CH2 bending vibrations of ONK 
and ONB occurred at 1515.48 cm–1, 1547.26 cm–1, respec-
tively. Formation of new peaks in ONB at 2905.41 cm–1, 2875 
cm–1 clearly indicates the presence of surfactant CTAB in the 
organically modified adsorbent. The results observed from 
FTIR studies indicated that both ONK and ONB posses a 
variety of functional groups such as hydroxyl, carbonyl, 
silicate, aluminum which may involve in the adsorption of 
Pb(II) ions. 

Thermogravimetric analysis (TGA) was performed 
upon ONK and ONB samples. The weight loss versus tem-
perature is represented in Figs. 9 and 10. It is noted that TGA 
of ONB occurred in three mass loss steps at a temperature 
of 80°C, 280°–540°C and remained stable still 700°C. These 
mass loss steps occurrence may be due to desorption of 
water from the clay, dehydration of cation in the interlayer, 
and dehydroxylation of ONB. From Fig. 10, it is observed 
that the four stages of degradation take place in ONK. The 
first stage of weight loss at 70°C attributed to water desorp-
tion. The second stage of hydration of water in the inter-
layer cation was observed at 210°C–420°C. The third step 
till 630°C due to degradation of the CTAB (surfactant). Fur-
ther, the last stage of dehydroxylation of the clay hydroxyl 
groups observed up to 840°C.

3.2. Effect of pH

pH of a solution is generally influenced by the sur-
face charge and dissociation of the functional group of 
the adsorbent. Adsorption experiments were performed 
in the pH range from 2 to 7 for Pb(II) ion concentration 
400 mg/L contact time 30 min for ONK and 45 min for 
ONB. Fig. 11 shows the influence of pH on the adsorption 
of Pb(II) ions onto the adsorbent material (ONK, ONB). 
The maximum removal of Pb(II) is attained at a pH of 4.2 
for ONK and pH = 5 for ONB after which there is a dec-
rement in the removal of ions. Beyond the pH value of 4 
(ONK) and pH value of 5 (ONB), it is observed that metal 
hydroxide complexes are formed which in turn reduces 

Fig. 7. FTIR images of bentonite and ONB.

Fig. 8. FTIR images of kaoline and ONK.

Fig. 9. Thermogravimetric analysis of ONB.
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the adsorption capacity of the adsorbent [3]. Hence, pH = 
4 (ONK) and pH = 5 (ONB) are considered to be optimum 
for experimental studies to avoid the formation of metal 
hydroxides.

3.3. Effect of adsorbent dosage

The effect of adsorbent (ONK, ONB) was studied by 
varying the adsorbent dosage from 0.5 to 6 g/L at an initial 
concentration of 400 mg/L. From Fig. 12 the plot reveals 
that adsorption of Pb(II) increases as the adsorbent dosage 
(ONK, ONB) increases from 0.5 to 4 g/L. There is no sig-
nificant change in the percentage removal of Pb(II) ions. 
92.4% (ONK) and 84% (ONB) is observed above 4 g/L of 
adsorbent dosage. This is probably due to the formation of 
aggregates of the adsorbents at higher dosages and limited 
availability of the number of adsorbing species to the rel-
atively large number of surface sites on the increasing the 

dosage [8]. Considering this fact, for the subsequent stud-
ies, 4 g/L was taken to be optimum. Comparing both the 
adsorbents, based on removal efficiency, ONK posses less 
aggregation of adsorption sites leads to high surface area 
and the more number of the available sites for the adsorp-
tion of Pb(II) ions than ONB.

3.4. Effect of contact time

The contact time between the surface of the adsorbent 
material (solid phase) and a metal ion (liquid phase) is 
an important parameter in the adsorption process. The 
effect of contact time on the adsorption of Pb(II) ions on 
the adsorbents (ONK, ONB) was investigated and the 
results are shown in Fig. 13. It can be seen from Fig. 13, 
that the removal of Pb(II) ions highly increases at the ini-
tial stage of contact time and attains maximum removal 
efficiency of Pb(II) ions at 45 min for ONB (84%) and 30 
min for ONK (92.4%). But due in the course of time, after 
which there is not any considerable significant variation in 
the removal of Pb(II) ions. Therefore, the contact time of 
30 min (ONK) and 45 min (ONB) is optimized for further 
experimental studies. From the results, it is clear that the 
adsorption efficiency increases rapidly at the beginning 
due to the larger surface area of the adsorbents available 
for Pb(II) ions adsorption. As the capacity of the adsorbent 
gets exhausted, the adsorbed Pb(II) ions form a monolayer 
and then the uptake rate is controlled by the rate at which 
Pb(II) ions are transported from the exterior to the interior 
sites of the ONK, and ONB particles. 

It is also evident that active sorption sites in the sys-
tem have fixed number and each active sorption sites can 
absorb only one ion in a monolayer, the metal uptake 
by the sorbent is faster at the initial stage and gradually 
reduces down as the competition for the decreasing avail-
ability of active sites intensifies by the metal ion remaining 
in the solution [50]. 

Fig. 10. Thermogravimetric analysis of ONK.

Fig. 11. Effect of pH on the adsorption of Pb(II) ions onto the 
ONK and ONB.

Fig. 12. Effect of adsorbent dosage on the adsorption of Pb(II) 
ions onto the ONK and ONB.
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3.5. Isotherm studies

The analysis of adsorption equilibrium data using 
Langmuir and Freundlich models for the removal of Pb(II) 
ions by ONB, ONK is shown in Table 2. Langmuir model 
is supported by the linear plot (Fig. 14 ) of Ce vs. Ce/Qe that 
shows a better linear regression coefficient R2 = 0.99 (ONK), 
0.99 (ONB). This indicates the applicability of monolayer 
adsorption with maximum monolayer adsorption capac-
ity (qm) values of 47 mg/g (ONK) and 32.3 mg/g (ONB). 
The value of dimensionless separation factor RL is between 
0 and 1 indicate that adsorption of Pb(II) ions onto adsor-
bent is favorable. The separation factor values as obtained 
in Table 2, which are found in the range of 0–1 indicate that 
the adsorption is favorable in removing Pb(II) ions using 
both ONK and ONB adsorbents. Fig. 15 depicts the linear 
plot log Qe vs. log Ce represents the linear regression coeffi-
cient R2 = 0.96 (ONK), 0.95 (ONB) for the Freundlich model. 
The value of Freundlich constant Kf for ONK and ONB 
was found to be 2.47 and 2.15 respectively. In this case, the 
value of n is 3.07 for ONK and 3.04 for ONB which clearly 
indicates that the value of n is greater than 1, favorable for 
adsorption. In general, isotherm fitting yields good results 
with both Langmuir and Freundlich isotherm. However, 
Langmuir isotherm gives a better fitting than Freundlich 
isotherm, as there is a higher correlation coefficient as indi-
cated in Langmuir isotherm.

The comparison of maximum monolayer adsorption 
capacity onto the various adsorbents is given in Table 3. The 
adsorption capacity of ONK is higher than other potential 

adsorbents such as bael tree leaf, nano-silversol-coated acti-
vated carbon, raw cashewnut shell, chitosin-nanosize, chito-
sin-polyacrylonitrile blend for the adsorption of Pb(II) ions.

Fig. 13. Effect of contact time on the adsorption of Pb(II) ions 
onto the ONK and ONB.

Fig. 14. Linear form of Langmuir isotherm (ONK, ONB).

Fig. 15. Linear form of Freundlich isotherm (ONK, ONB).

Table 2 
Parameters for Langmuir and Freundlich Isotherm

Parameters Langmuir Freundlich

qm (cal) (mg/g) b (L/mg) RL R2 Kf  (mg1–1/n L1/n g–1) n R2

ONK 47 0.07 0.03 0.99 2.47 3.07 0.96
ONB 32.3 0.06 0.04 0.99 2.15 3.04 0.95
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3.6. Kinetic studies

In order to analyze the efficiency of adsorption, reac-
tion rate and pathway pseudo-first order model and 
pseudo-second order model were tested to interpret the 
experimental data. The obtained parameters of pseu-
do-first and pseudo-second order model are summarized 
in Table 4. From Figs. 16,17, it is seen that the obtained cor-
relation coefficient for the pseudo-first order model and 
pseudo-second order model are compared and the result 
shows that the pseudo-second order equation possesses 
higher correlation coefficient than pseudo-first order 
model. From the results revealed in Table 4, the calculated 
qe value is compared with the experimental qe value of the 
pseudo-first order model differs a lot, whereas in case of 
pseudo-second order model the calculated qe is somewhat 
closer to the experimental qe value. The result confirms 
that the adsorption kinetics of Pb(II) ions onto ONK, and 
ONB that is described by the pseudo-second order model 

is chemical adsorption and it is significant in the rate 
determining step. 

3.7. Adsorption mechanism

To predict the rate-determining step and to understand 
the adsorption mechanism associated with adsorption 
phenomena, adsorption mechanism is necessary [57]. The 
adsorption process of Pb(II) ions onto the adsorbents ONK 

Fig. 16. Pseudo-first order-model (ONK, ONB).

Fig. 17. Pseudo-second-order model (ONK, ONB).

Table 3 
Comparison of monolayer adsorption capacity of Pb(II) ions 
onto various adsorbents

Heavy 
metal

Adsorbent qm 

(mg/g)
References

Pb(II) ONK 47 Present study
Pb(II) ONB 32.3 Present study
Pb(II) Bael tree leaf 4.06 16
Pb(II) Nano-silversol-coated 

activated carbon
23.81 51

Pb(II) Raw cashew nut shell 17.72 17
Pb(II) Chitosin-nanosize 14.24 20
Pb(II) Chitosin-

Polyuacrylonitrile blend
20.08 19

Pb(II) R. tortuoum 60.15 12
Pb(II) Rhizocioniumhooleri 81.7 54
Pb(II) Caryotaurens seed 93.7 3
Pb(II) Chitosin-functionalised 

magnetic nanoparticles
498.6 55

Pb(II) Polyazomethinneamides 452.1 52
Pb(II) Cashew nut shell flakes 408.6 18
Cu(II) Cashew nut shell flakes 406.6 56
Cd(II) Cashew nut shell flakes 436.7 56
Zn(II) Cashew nut shell flakes 455.7 56
Ni(II) Cashew nut shell flakes 456.3 56
Pb(II) Guazumaulmifolia 100 53
Pb(II) S. potatorum 166.6 14

Table 4
Parameters for pseudo-first and pseudo-second order models 

Parameters Pseudo-first order Pseudo-second order

qe(exp) qe(cal) (mg g–1) 1*10–3 (min–1) R2 qe(cal) (mgg–1) K2*10–3 (g mg–1 min–1) R2

ONK 38 3.3 8.75 0.87 30.33 3.41 0.98
ONB 30 6.2 1.08 0.87 21.73 4.20 0.96
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and ONB dynamics can be explained by three consecutive 
steps.

i. Transport of Pb(II) ions from bulk solution to the 
external surface of the ONK and ONB (film diffu-
sion).

ii. Pb(II) ions can move to the interior part of ONK and 
ONB particles (particle diffusion)

iii. Adsorption of Pb(II) on the interior surface of the 
adsorbent pores and capillary surface. 

The overall rate of the reaction was examined using 
the slowest step involved in the adsorption process. It 
might be either film or particle diffusion. Initially, the 
adsorption of Pb(II) ions onto ONK and ONB may be 
controlled by film diffusion as the adsorbent gets loaded 
with Pb(II) ions. The process is controlled by intra-parti-
cle diffusion if intra-particle diffusion of Pb(II) ions are 
onto ONK, and ONB processes, then the system should 
have good mixing, large particle size of the adsorbent, 
high concentration of Pb(II) ions and low affinity of 
Pb(II) ions for ONK, ONB adsorbent. The kinetic results 
were tested by the intra-particle diffusion model to deter-
mine the particle diffusion mechanism and the results are 
shown in Figs. 18 and 19.

The first linear portion represents the boundary layer 
diffusion followed by another linear portion represents 
the intra-particle diffusion. The largest is the C value 
which is the contribution to the surface adsorption in 
the rate determining step. The plot qt vs. t1/2 is linear and 
passes through the origin, then intraparticle diffusion is 
the sole rate-determining step. But in this study, the lin-
ear plot does not pass through the origin. This indicates 
intra-particle diffusion is not the sole process takes place 
there is also some contribution of boundary layer diffu-
sion. In order to identify this, the Boyd kinetic model is 
implemented. The linear plot of the Boyd kinetic model 
is shown in Fig. 19. Table 5 represents the corresponding 
parameter values of intra-particle diffusion and Boyd 
kinetic model.

4. Conclusion

In the present research work, the adsorption ability 
of ONK and ONB were tested for the removal of Pb(II) 
ions from the battery effluent. The batch adsorption pro-
cess was affected by different operating parameters such 
as adsorbent dosage, pH, contact time. These adsorption 
parameters were optimized. Analysis of ONK, ONB by 
FTIR, TGA, XRD, SEM-EDX, revealed functional group, 
thermal stability, porous surface, abundant cationic ele-
ments that contributed to the adsorption of Pb(II) ions. 
Comparing both the adsorbents, ONK was found to be 
effective with 92.4% removal efficiency achieved at pH 
4, at an adsorbent dosage of 4 g/L in 30 min contact 
time for 400 mg/L metal ion concentration. Adsorption 
isotherms Langmuir model and Freundlich model have 
been analyzed for obtained equilibrium data. Both the 
isotherms fit well with the process. The kinetic of adsorp-
tion of Pb(II) ions onto ONK, ONB was studied using 
pseudo-first order model, pseudo-second order model, 
intra-particle diffusion, and Boyd kinetic model. Kinetic 

Table 5
Parameters for intra-particle diffusion and boyd kinetic model

Parameters Intra-particle diffusion model Boyd model

kp (mg/g min0.5) C R2 B Di*10–2
 (m

2/s) R2

ONK 1.12 14.49 0.90 0.15 8.46 0.93
ONB 1.11 11.76 0.89 0.13 8.11 0.92

Fig. 18. Intra-particle diffusion model (ONK, ONB).

Fig. 19. Boyd model (ONK, ONB).
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results showed that pseudo-second order model was the 
best adsorption kinetic model, which afford the best coef-
ficient of determining value compared to other models 
and calculated qe(cal) was close to the experimental adsorp-
tion capacity, qe(exp). The external mass transfer control of 
Pb(II) removal was in the early stages and intra-particle 
at the latter stages. Boyd model confirmed that the exter-
nal mass transfer was the slowest step involved in the 
adsorption process. Based on the results obtained from 
these studies, it can be concluded that ONK is an efficient 
and inexpensive adsorbent for the removal of Pb(II) ions 
than ONB.
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Symbols

Bt — Mathematical function of F
C —  Constant related to the thickness 

of the boundary layer
C0 —  Initial Pb(II) ion concentration in 

the solution
Ce —  Final Pb(II) ion concentration in 

the solution 
CTAB —  Cetyltrimethyl ammonuim bro-

mide
Di —  Boyd model-effective diffusion 

coefficient of ion onto adsorbent 
(ONK, ONB) surface 

EDX — Energy dispersive X-ray
F —  Fraction of ion adsorbed onto the 

adsorbent (ONK, ONB) at any 
time t 

FAA —  Flame atomic absorption spec-
trometer

FTIR —  Fourier transform infrared spec-
troscopy

HDTMA  — Hexadecyletrimethyl ammonium
k1 (min–1) — First order rate constant
k2 (g mg–1 min–1) — Second order rate constant
Kf (mg1–1/nL1/n/g) — Freundlich constants
ONK — Organo-nanokaoline
ONB — Organo-nanobentonite
qe (mg/g) —  Amount adsorbed at equilibrium
qm (mg/g), b (L/mg)  —  Langmuir constants
qt (mg g–1) —  Amount of adsorbate species 

adsorbed at equilibrium and at 
any time 

r  —  Boyd model-radius of the adsor-
bent

SEM — Scanning electron microscope
TGA — Thermogravimetric analyzer
TMA — Tetra-methyl ammonium

TEA — Tetra-ethyl ammonium
TBMA — Tribenzylmethyl-ammonium
XRD — X-ray diffraction
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