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a b s t r a c t

A novel environmentally friendly super-paramagnetic nano composite based on cross-linked poly 
(N-vinylpyrrolidone-co-maleic anhydride) (PNVPMA) was successfully prepared by simultaneous 
reaction of the PNVPMA copolymer with 3-aminobenzoic acid (3ABA), as a modifying agent, and 
ethylenediamine, as a cross linking agent, in the presence of Fe3O4 nano particles and eggshell. The 
prepared materials were characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray 
diffraction (XRD), scanning electron microscopy (SEM) and atomic force microscopy (AFM). Vibrat-
ing sample magnetometer (VSM) was used to measure the magnetic property of nano composite 
as a function of magnetic field. The uptakes of Pb (II) and Cd (II) on the nano composite were stud-
ied in a batch system. The influences of various factors including pH of solution, nano composite 
dosage, agitation time, and initial concentrations of Pb (II) and Cd (II) were also investigated. The 
maximum adsorption capacities (Qmax) of Pb (II) and Cd (II) on the nano composite under the certain 
experimental conditions were 312.5 mg/g and 32.78 mg/g, respectively. The results showed that the 
experimental data of the Pb (II) and Cd (II) adsorption on the nano composite were in agreement 
with the Langmuir adsorption isotherm and second-order kinetic equations. The negative values of 
ΔG° for the adsorption of both Pb (II) and Cd (II) on the synthesized nano composite endorse that 
the adsorption processes are spontaneous and thermodynamically favorable. On the other hand, the 
positive values of ΔH° support the endothermic physical adsorption process.

Keywords:  Poly (N-vinylpyrrolidone-co-maleic anhydride); Nano composite; Pb (II) and Cd (II)  
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1. Introduction

Currently, the heavy metal ions contamination of 
wastewater is the most important environmental problem 
throughout the world due to the mobility of these contam-
inants in natural water ecosystems and their toxicity [1].
Heavy metals are commonly known as those metals which 
have high atomic weights and a specific density greater 

than 5.0 [1,2]. Dissolved heavy metals ions into the water 
are dangerous for the environment and humans and their 
accumulation in the food chain can cause serious diseases 
[3]. Heavy metal ions poisoning depends on several factors 
including the quantity, method of contact, chemical nature 
and nutritional status of exposed persons [2,3]. The diseases, 
such as high blood pressure, kidney damage, destruction of 
testicular tissue, osteoporosis and destruction of red blood 
cells are examples of poisoning caused by Pb (II) and Cd (II) 
heavy metals [1,4].



E.N. Zare et al. / Desalination and Water Treatment 106 (2018) 209–219210

Many papers reported the removal of metallic ions from 
water by using by the different adsorbents [5–11]. Up to 
now, many techniques such as ion exchange, precipitation, 
adsorption, and membrane process have been represented 
to remove heavy metal ions from water [12]. Among them, 
adsorption is a simple and in expensive technique for there 
move of heavy metal ions contaminations [13–17].

Synthesized copolymers of reactive or functional 
monomers are steadily achieving importance. Many copo-
lymers with reactive functional groups are now being 
synthesized [17–22]. These functional groups provide an 
approach to a subsequent modification of the polymer for 
the specific end applications [17–22]. Poly (N-vinylpyr-
rolidone-co-maleic anhydride) (PNVPMA) is a good bio-
compatible copolymer due to its hydrophilic nature and 
low toxicity [22]. Also, PNVPMA copolymer has reac-
tive groups in the main chain structure for further functi 
onalization. 

On the other hand, the use of the low-cost waste mate-
rials for the achievement of the eco-friendly composite 
adsorbent is promising for researchers [23–27]. Among 
waste materials, eggshell is economically cheap, plentiful 
in nature and has intrinsic pore structure. Eggshell contains 
calcium carbonate (94%), magnesium carbonate (1%), cal-
cium phosphate (1%), and organic matter (4%) [21]. A few 
researchers reported the composites based on eggshell for 
water treatment [26–28]. The magnetic nano particles are 
used to facilitate the separation process. Many research-
ers have been reported the use of polymer based magnetic 
nano composites for the removal of heavy metal ions [13–
17,29–32].

No studies on the synthesis, characterization and use of 
the CPNVPMA@eggshell/Fe3O4 environmentally friendly 
nano composite as an adsorbent for the removal of Pb (II) 
and Cd (II) from aqueous solution have been reported to 
date. The final goal of the current work is the development 
of a low cost, eco-friendly, functionalized, metal coordi-
nated material based on cross-linked poly (N-vinylpyrro-
lidone-co-maleic anhydride), eggshell and iron oxide as 
an effective adsorbent for the Pb (II) and Cd (II) removal. 
The synthesized materials were characterized using the 
Fourier transform infrared (FTIR) spectroscopy, proton 
nuclear magnetic resonance (1H-NMR) spectroscopy, X-ray 
diffraction (XRD), scanning electron microscopy (SEM), 
atomic-force microscopy (AFM) and vibrating sample 
magnetometer (VSM). The adsorption studies on the syn-
thesized nano composite were carried out under different 
conditions, including agitation time, pH of solution, nano 
composite dosages and initial metal ions concentrations. 
Furthermore, the kinetic and thermodynamic studies of the 
adsorption data were examined.

2. Experimental

2.1. Materials

N-vinyl-2-pyrrolidone (NVP) (Sigma-Aldrich) was puri-
fied before use by distillation under moderate vacuum. All 
solvents, maleic anhydride (MA), benzoyl peroxide (BPO), 
3-aminobenzoic acid (3ABA), ammonium hydroxide, eth-
ylenediamine (EDA), FeCl3·6H2O, FeCl2·4H2O, Pb(NO3)2, 
Cd(NO3)2 and other inorganic chemicals including HCl and 

NaOH were purchased from Merck Company and used 
without further purification.

2.2. Characterization techniques

FTIR spectra of the synthesized materials were car-
ried out using Bruker Tensor 27 spectrometer (Bruker, 
Karlsrohe, Germany) in 400–4000 cm−1 region using KBr 
pellets. 1H-NMR spectrum was taken in DMSO-d6 on a 
Bruker Avance DRX 400 MHz spectrometer (Germany), 
using tetramethylsilane as an internal reference. The sur-
face morphology of the synthesized materials imaged by 
SEM (Hitachi S4160 instrument) and AFM (Nano surf easy 
Scan flex AFM (made of Switzerland)) measurements. The 
XRD patterns of the synthesized materials were recorded 
on an X’pert Philips X-ray photo electron spectrometer (The 
Netherlands) with non-monochromated Mg Kα radiation 
as the excitation source. Magnetization measurement was 
performed by using a VSM Meghnatis Daghigh Kavir Cor-
poration (Kashan, Iran). APHS-3C pH-meter (Shanghai, 
Tianyou) was applied for pH measurements. The metal ions 
concentration in the aqueous solution was measured by 
use of a flame atomic absorption spectrophotometer (AAS) 
(Hewlett-Packard 3510).

2.3.  Synthesis of poly (N-vinylpyrrolidone-co-maleic  
anhydride) (PNVPMA)

The poly (N- vinylpyrrolidone-co-maleic anhydride) 
(PNVPMA) copolymer was synthesized using NVP and MA 
by radical initiated copolymerization. Briefly, equimolar 
amounts of NVP (1.1 mL) and MA (0.98 g) were combined 
in a 100 mL round bottom flask with BPO and 1, 4-dioxane. 
The mixture was degassed by nitrogen to remove oxygen 
from the reaction vessel prior to copolymerization. Copoly-
merization reaction was carried out for 24 h at 94ºC under 
nitrogen atmosphere. The copolymerization product was 
diluted in 1,4-dioxane followed by drop wise addition into 
a 100-fold excess (v/v) of diethyl ether in order to precipi-
tate pure PNVPMA copolymer, which was then filtered and 
dried under vacuum at room temperature. 

FT-IR (KBr): 3300–3450 cm–1 (OH related to entrapped 
hydrate), 2800–2980 cm–1 (aliphatic CH), 1852 cm–1 (C=O 
anhydride), 1782 cm–1 (C=O anhydride), 1725 cm–1 (C=O 
NVP), range of 649–739 cm–1 C-(CH2)-C of parent chain [22].

1HNMR (400 MHz, DMSO): Δ 4.8, Δ 4.0 and Δ 3.5 ppm 
(ring methyl protons in NVP resonate), Δ 3.5–2.5 ppm (CH2 
main chain backbone resonates), Δ 6.2 ppm (protons of 
maleic anhydride resonate [22].

2.4.  Synthesis of cross-linked poly  
(N-vinylpyrrolidone-co-maleic anhydride) (CPNVPMA)

The cross-linked PNVPMA copolymer was prepared 
through a simultaneous reaction using the PNVPMA copo-
lymer, 3ABA, as a modifying agent, and EDA, as a cross 
linking agent. The molar ratios of PNVPMA, 3ABA and 
EDAwere 1, 0.5, and 0.25, respectively. The reaction mixture 
was stirred at reflux for 5 h under inert gas. The obtained 
product (CPNVPMA) filtered, washed thoroughly with 
DMF and dried in a vacuum oven at 80°C for 24 h. 
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FT-IR(KBr): 3200–3430 cm–1 (acidic OH + NH amide), 
3029–3061 cm–1 (aromatic CH), 2880–2980 cm–1 (aliphatic 
CH), 1705 cm–1 (C=O acid),1663 cm–1 (C=O amide), 1431 
cm–1 (C=C substituted benzene), 1286 cm–1 (C–N–H), 1103 
cm–1 (C–N).

2.5. Preparation of eggshell nano particles

For the preparation of eggshell nano particles, firstly 5 
g eggshell was milled by mortar to obtain a homogeneous 
free flowing powder. Then, the obtained eggshell powder 
washed three times with deionized water and acetone and 
then dried at 50°C for 5 h. Afterward, eggshell powder was 
placed in a round-bottomed flask equipped with inlet and 
outlet of N2 under sonication bath with agitation 53 KHz at 
room temperature for 2 h. The particle size of the eggshell 
was approximately 45 nm.

FT-IR (KBr): 405 (lattice vibrations of CaO) and 1424, 
875, and 710 cm–1 are associated with the asymmetric stretch, 
out of plane bend and in-plane bend vibration modes for 
CaCO3 molecules [31].

2.6. Synthesis of Fe3O4 nano particles

The Fe3O4 nano particles were synthesized via a co-pre-
cipitation route according to our previous work [32]. The 
particle size of the Fe3O4 nano particles was approximately 
50 nm.

FT-IR (KBr): 3369 cm–1 (–OH), 670 cm–1 (Fe–O–Fe)[32].

2.7.  Preparation of CPNVPMA@ eggshell/Fe3O4 
 environmentally friendly nano composite

The CPNVPMA@ eggshell/Fe3O4 nano composite in 
optimum ratio was prepared via simultaneous reaction 
using the PNVPMA copolymer, 3ABA, as a modifying 
agent, and EDA, as a cross linking agent in the presence 
of Fe3O4 (0.5 g) and eggshell (0.5 g). The molar ratios of 
PNVPMA, 3ABA and EDA were 1, 0.5, and 0.25, respec-
tively. The reaction mixture was stirred at reflux for 5 h 
under inert gas. The achieved CPNVPMA@ eggshell/Fe3O4 
nano composite filtered, washed thoroughly with DMF and 
dried in a vacuum oven at 80°C for 24 h. 

2.8. Adsorption studies

The CPNVPMA@ eggshell/Fe3O4  nano composite was 
employed as an adsorbent for the removal of Pb (II) and Cd 
(II) ions from aqueous solutions. Adsorption experiments 
were carried out through a batch route [13]. The adsorption 
equilibrium experiments consist the effect of solution pH val-
ues (2.0–8.0), composite nano adsorbent dosage (12–200 mg), 
initial ions concentration of Pb(II) and Cd(II) (30–400 mg L–1) 
and the agitation time (20–40 min) on adsorption, designa-
tion of the maximum binding capacity, isotherm, kinetics 
and thermodynamic of adsorption. The influence of each 
factor was investigated under constant conditions of 50 mg 
of adsorbent powder, dispersed in 50 mL of Pb (II) and Cd 
(II) solutions (50 mg L–1), for 180 min with stirring (300 rpm)
at the temperature 298 K, while changing the initial level of 
the studied factor. After the equilibrium reached in all the 

experiments, the two phases were separated and the concen-
tration of ions (Pb (II) and Cd (II)) studied using AAS. The 
adsorption percentage of ions (Pb (II) and Cd (II)) (S%) was 
measurement using the following equation [15]:
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× 100  (1)

where Ci and Ce are the initial and final concentration of Pb 
(II) and Cd (II) ions in the solution (mg/L) before and after 
sorption, respectively.

2.9. Adsorbent regeneration and reuse

Adsorption–desorption equilibrium at three consec-
utive cycles were done to investigate the regeneration of 
the nano composite. Adsorption process was applied in a 
batch experiment for 3 h. Then, the nano composite was 
magnetically separated from the solution and then washed 
moderately with deionized water to remove the followed 
solution. The collected nano composite was then dispersed 
into 50 mL of 0.1 M HCl and shaken at 300 rpm shortly for 1 
h to regenerate the nano composite adsorbent. The desorp-
tion percentage (D%) was measured as follows [16]:

%D
A
B

= × 100  (2)

where A and B are the metal ions amount desorbed to the 
elution medium (mg) and the metal ions amount adsorbed 
on the adsorbent (mg).

3. Results and discussion

Nowadays, pollution of drinking water with heavy met-
als ions such as Pb (II) and Cd (II) is harmful for humans 
and animals, due to the fact that they are not biodegradable 
and aggregate in body tissues. On the other hand, due to 
lack of clean drinking water on the earth›s surface, removal 
of heavy metals ions contaminations from water is a vital 
problem. In the present research, we describe a novel envi-
ronmentally friendly super-paramagnetic nano composite 
based on CPNVPMA as an effective adsorbent for the Pb (II) 
and Cd (II) removal from aqueous solutions. Fig. 1 demon-
strates the schematic construction method used to prepare 
the CPNVPMA@ eggshell/Fe3O4  nano composite. 

3.1. Characterization of the adsorbent

Fig. 2 demonstrates the FT-IR spectra of PNVPMA, 
CPNVPMA and CPNVPMA@eggshell/Fe3O4 nano compos-
ite. In FTIR spectrum of CPNVPMA@egg shell/Fe3O4 nano 
composite, the peaks in the ranges 3200–3405, 3000–3150, 
2800–2950, 1550–1670, 1417, 850 and 500–580 cm–1 were 
assigned to the stretching vibrations of acidic hydroxyl and 
amide N-H, aromatic C-H, aliphatic C-H, acidic and amide 
carbonyls, C=C benzene ring, CaCO3 molecules and Fe–O–
Fe, respectively. According to the FTIR characteristic peaks 
of raw materials and compared to FTIR spectrum of nano 
composite, it can be concluded that the CPNVPMA@egg-
shell/Fe3O4nano composite was successfully fabricated.
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Fig. 3 shows the XRD patterns of CPNVPMA, eggshell 
and CPNVPMA@eggshell/Fe3O4 nanocomposite. The XRD 
pattern of CPNVPMA showed amorphous nature with one 
peak at 2θ = 20° while XRD pattern of eggshell displayed 
numerous peaks at 2θ = 22°, 30°, 36°, 39°, 43°, 48°, 50°, 58° 
and 64° corresponding to calcium carbonate [33]. The XRD 
pattern of Fe3O4 (not shown) exhibited a highly ordered 
stacked structure [32]. The XRD pattern of CPNVPMA@
eggshell/Fe3O4 nano composite revealed a nearly crystal-

line structure. The representative peaks associated to the 
eggshell, Fe3O4 nano particles and CPNVPMA copolymer 
were distinguished in the XRD pattern of the CPNVPMA@
eggshell/Fe3O4nanocomposite. By comparing the results of 
FTIR spectroscopy and XRD patterns, we can conclude that 
CPNVPMA@eggshell/Fe3O4 nano composite was success-
fully prepared.

SEM was used to describe the morphology of the 
CPNVPMA, eggshell and CPNVPMA@eggshell/Fe3O4  
nano composite (Fig. 4). As can be seen in Fig. 4a, the 
CPNVPMA has irregular morphology with an average 
diameter of 50 nm,while in the SEM image of eggshell (Fig. 
4b) the particles aggregate together into small bulk on the 
surface with an average diameter of 45 nm. The SEM image 
of CPNVPMA@eggshell/Fe3O4nanocomposite (Fig. 4c) 
shows well-defined spherical cluster nano structures with 
the average diameter of 55 nm. To the best of our knowl-
edge, although cluster structures have smaller surface area 
than other structures, they have higher activity toward 
adsorption of metal ions [34]. This may be due to unique 
structure of cluster shape, consisting of aggregated spheres, 
and porosity of porous nanosheets [34].

AFM was used to observe the morphological properties 
including surface porosity, roughness and texture, micro 
graphs of the surface and cross-section of the CPNVPMA@
eggshell/Fe3O4nanocomposite. Fig. 5 displays the typical 
2-dimensional (2-D) and 3-dimensional (3-D) AFM images 
of the CPNVPMA@eggshell/Fe3O4nanocomposite. It is 
clear in both cases that the surface of the nano composite is 
homogenous, more uniform, smooth and compact without 
any cracks or pinholes.

Fig. 6 demonstrates the magnetization measurements 
for the CPNVPMA@eggshell/Fe3O4nanocomposite. From 
Fig. 6 it can be seen that the nano composite displays a 
clearly hysteretic behavior with the value of saturation 
magnetization Ms: 15 emu/g. The hysteresis loop reveals a 
soft super-paramagnetic behavior, indicating that the nano 
composite can be controlled by external magnetic fields. The 
magnetic separability of the nano composite was verified 
by employing a magnet near the glass bottle (Fig. 6, inset). 

Fig. 1. Schematic pathway for construction of CPNVPMA@egg-
shell/Fe3O4 nano composite.

Fig. 2. FTIR spectra of PNVPMA, CPNVPMA, and CPNVPMA@
eggshell/Fe3O4 nano composite.

Fig. 3. XRD patterns of the CPNVPMA, eggshell and CPNVP-
MA@eggshell/Fe3O4 nano composite.
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Fig. 4. SEM micro graphs of CPNVPMA (a), eggshell (b) and CPNVPMA@eggshell/Fe3O4 nano composite (c).

Fig. 5. AFM images of CPNVPMA@eggshell/Fe3O4 nano composite.
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It was seen that the nano composite is attracted toward the 
magnet in a short period.

3.2. Adsorption studies

3.2.1. Effect of pH

The pH of the aqueous solution affects the charge on 
the surface of the adsorbents, thus it is a significant factor 
affecting the adsorption of heavy metal ions. Adsorption 
experiments were carried out at six different initial pH val-
ues (pH = 2–8). 

As can be seen in Fig.7a, the maximum percentage removal 
of Pb (II) and Cd (II) ions on the nano composite particles 
was at pH = 6 (Pb (II) (93.4%) and Cd (II) (90.5%)). On the 
other hand, at high pH = 8 the concentration of H+ decreases 
and more surface functional groups are deprotonated to pro-
vide available sorption sites for Pb (II) and Cd (II), leading to 
an increase in the sorption percentage. In fact, the existence 
of amide and carboxyl groups on the cross-linked copolymer 

Fig. 6. VSM of CPNVPMA@eggshell/Fe3O4 nano composite.

Fig. 7. Effect of solution pH (2.0–8.0), T (298K), adsorbent dose (50 mg), initial concentration (50 mg/L), Time (180), (a), adsorbent 
dose (12–200 mg), pH(6), T (298 K), Time (180), initial concentration (50 mg/L) (b), agitation time (20–240 min), pH (6), adsorbent 
dose (150 mg), T (298 K), initial concentration (50 mg/L) (c), and initial concentration of Pb(II) and Cd(II) ions (30–400 mg/L), adsor-
bent dose (150 mg), pH (6), T (298 K), Time (120) (d).
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backbone together with the eggshell and Fe3O4 nano particles 
may result in the formation of metal ions complexes through 
chelation or metal exchange in the adsorbent. 

3.2.2. Effect of the adsorbent dosage

Adsorbent dosage study is an essential factor in adsorp-
tion studies because it controls the capacity of adsorbent 
for a certain initial concentration of metal ion solution. The 
effect of adsorbent dosage on the percentage removal of 
Pb (II) and Cd (II) in the range 12–200 mg/L is shown in 
Fig. 7b. From Fig. 7b it can be observed that increasing the 
adsorbent increased the percentage removal of Pb (II) from 
61.2% up to 95.0% with the required optimum dosage of 150 
mg/L, while the percentage removal of Cd (II) increased 
from 25.2% up to 87.0% with the required optimum dosage 
of 150 mg/L. As can be seen in Fig. 7b, beyond the optimum 
dose (150 mg/L) the percentage removal did not change 
with the nano adsorbent dose. As expected, the percentage 
removal increased with increasing the nano adsorbent dose. 
This increase in adsorption can be due to the presence of 
more binding sites on the surface of the adsorbent to form 
complexes with Pb (II) and Cd (II) [35]. On the other hand, 
the decrease in percentage removal with increase in the 
nano adsorbent dose is mainly due to the un saturation of 
the adsorption sites through the adsorption process [35].

3.2.3. Effect of agitation time

The agitation time at which the adsorption takes place 
is one of the effective parameter in batch adsorption exper-
iments. Therefore, it is important to find the time depen-
dence of such systems under different process conditions. 
The experimental runs determining the effect of agitation 
time on the batch adsorption of metal ion solution contain-
ing 100 mg/L of Pb (II) and Cd (II) at 25°C, initial pH value 
6, and adsorbent dose of 150 mg in 50 mL are shown in Fig. 
7c. As seen from Fig. 6c, the adsorption rate for Pb (II) and 
Cd(II) reaches up to 95.0% and 88.0%, respectively when the 
contact time was 120 min, and then a slight change in the 
sorption rate was observed. This result indicates that the 
percentage removal of Pb (II) is faster than that of the Cd (II) 
at the contact time 120 min. 

3.2.4. Effect of initial concentration

The effect of initial concentration of metal ions on the per-
centage removal was investigated at different concentrations 
(30–400 mg/L), keeping all other factors constant (Fig. 7d).
The percentage removal of Pb (II) and Cd (II) ions by nano 
adsorbent was found to decrease with increase in Pb (II) (up to 
100 mg/L) and Cd (II) (up to 50 mg/L) initial concentration. 
The decrease in adsorption can be ascribed to the increase in 
the amount of Pb (II) and Cd (II) ions while  the number of 
available active sites on the nano adsorbent are fixed.

3.3. Desorption and regeneration studies

The adsorption results, as shown in Fig. 8, showed that 
the nano composite did not remove Pb (II) and Cd (II) at 
high acidic conditions (pH < 2), indicating that such pH val-

ues are suitable for the desorption studies. Thus, the reus-
ability of the nano composite was examined by using HCl 
(0.1 M) at room temperature and the amount of Pb (II) and 
Cd(II) ions,desorbed in 1 h, was determined by AAS. Fig. 8 
shows the percentage removal and desorption of nano com-
posite after three cycles. The results showed that adsorption 
decreased only ~8% after three cycles desorption in HCl 
(0.1 M) solution. These results show that even three desorp-
tion steps in 0.1 M HCl did not drastically decrease the 
complexing ability of the nano composite. Consequently, it 
can be concluded that nano composite beads can be used 
repeatedly with a slight decrease in their adsorption capac-
ity for the representative Pb (II) and Cd (II) metal ions. 

3.4. Isotherm studies

In the current research, the adsorption isotherms were 
studied by using Langmuir and Freundlich, and the results 
are shown in Fig. 9. The Langmuir model is often applied 
to define the equilibrium adsorption isotherms of homoge-
neous surfaces and it is used successfully in mono molecular 
adsorption processes, whereas Freundlich model describes 
sorption on reversible heterogeneous surfaces [36]. Eqs. (3) 
and (4) represent the mathematical terms of the Langmuir 
and Freundlich isotherm models, respectively [35]:

C
Q Q K

C
Q

e

e m L

e

m

= +
1  (3)

log log logQ K
n

Ce F e= +
1

 (4)

where Qe and Qmax are the equilibrium adsorption capac-
ity (mg/g) and the maximum metal ion uptake capacity 
(mg/g), respectively. Ce (mg/L) is metal ion concentration 
at equilibrium. KL (Lmg–1) and KF (Lmg–1) are the Langmuir 
and Freundlich constants, respectively and are determined 
from the plot ln Qe versus ln Ce and the plot Ce/Qevs. Ce, 

Fig. 8. Adsorption/desorption percentages of Pb (II) and Cd (II) 
metal ions during 3 cycles.
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respectively. 1/n is the intensity of the adsorption. The 
adsorption isotherm parameters are shown in Fig. 9 and 
summarized in Table 1. According to the obtained results 
(Table 1), the correlation coefficient (R2) for the Pb (II) and 
Cd (II) ions were 0.98 and 0.83, respectively. The experimen-
tal data are more in agreement with the Langmuir isotherm 
than the Freundlich isotherm, indicating that the sorption 
process involves coverage of multi molecular layers.

The obtained maximum adsorption capacity (Qm) param-
eter results of the nano adsorbent compared with some other 
adsorbents found in the literature are summarized in Table 2. 
Our nano adsorbent has high Qm in comparison with some 
previously reported nano adsorbents,demonstrating that the 
composite nano adsorbent is a better candidate for the appli-
cations related to water treatment.

3.5. Kinetic studies

The adsorption kinetics signifies the adsorption effi-
ciency of the adsorbents, and therefore, can define the 
potential applications of adsorbents. The experiments were 
studied in the time range of 15–240 min at room tempera-
ture using 150 mg of adsorbent for 50 mL of Pb (II) and 
Cd (II) ions solution (100 mg/L). To study the adsorp-
tion rate of Pb (II) and Cd (II) ions onto the adsorbent, the 
 pseudo-first-order equation of Lagergren [Eq. (5)] and the 
pseudo-second-order. Eq. (6) was calculated based on the 
experimental data [48].

log log
.

Q Q Q
k

te t e+( ) = − 1

2 303
 (5)

t
Q k Q Q

t
t e e

= +
1 1

2
2  (6)

where k1 (min−1) and k2 (g mg−1min−1) are the rate constant of 
the Lagergren and pseudo-second-order, respectively. Qt is 
the amounts of metal ions sorbed at time t (mg·g–1); kinetic 
plots and parameters of two models were calculated and 
are given in Fig. 10 and Table 3. Obviously, it can be seen 
from Fig. 10 and Table 3 that the pseudo-second-order kinetic 
model provided a good correlation for the adsorption of 
Pb(II) and Cd(II) onto nano adsorbent compared to the pseu-
do-first-order model. Thus, the proposed mechanism for  

Fig. 9. The Langmuir (a) and Freundlich (b) models of nano composite for Pb(II) and Cd(II) (Conditions: initial concentration of 
metal ions: 30–400 mg/L, nano adsorbent dose: 150 mg, initial pH: 6, temperature: 298 K, and agitation time: 120 min).

Table 1 
Isotherm model parameters and correlation coefficients for Pb 
(II) and Cd (II) ions

Langmuir model Freundlich model

Ions Qm 

(mg g–1)
KL 

(L mg–1)
R2 KF 

(mg g−1)
n R2

Pb (II) 312.5 0.0489 0.980 31.89 0.426 0.80
Cd (II) 32.78 0.053 0.837 3.60 0.474 0.82

Table 2 
Comparison of the adsorption capacities of various adsorbents 
for Pb (II ) and Cd (II) adsorption

Ref.Q (mg/g) Adsorbent

Pb(II)Cd(II)

[16]23.25_Magnetic chitosan grafted 
thiacalix[4]arene

[37]18.94_Polythiophene/Sb2O3 
nanocomposite

[38]19.45_Rice Straw/Fe3O4 nanocomposite
[39]52.31_Bentonite
[40]6.544.39Sawdust
[41]_6.72Sporopollenin
[42]13.27_Fenton activated
[43]8.90_Perlite
[44]18.55_Dolomite
[44]4.004.00M. rouxii biomass
[45]11.0011.00Petiolar felt-sheath palm
[46]_10.57Red Mud
[47]_11.27Active carbon
[47]_3.04Kaolin
[47]_9.27Bentonite
[47]_3.24Diatomite
[47]_9.34Compost
[47]_5.82Cellulose pulp waste
Present 
work

312.532.78Bioanocomposite
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adsorption process may be controlled by physical adsorption 
by complex between the adsorbate and adsorbent.

Thermodynamic studies: The thermodynamic parame-
ters such as change in enthalpy (ΔH°), change in entropy 
(ΔS°), and change in Gibbs free energy (ΔG°) of Pb (II) and 
Cd (II) adsorption onto nano composite can be associated to 

the distribution coefficient of solute between the solid and 
liquid phases by the following equations [49]:

K q
cd

e

e
=  (7)

ΔG RTLnKd° = −  (8)

Lnk S
R H RTd = °( ) − °( )Δ Δ /  (9)

where Kd is the distribution coefficient. R and T are the uni-
versal gas constant (8.314 J/mol K) and absolute temperature 
(K), respectively. The values of ΔH° and ΔS° were achieved 
from the slope and intercept of the linear plot of ln Kd vs. 1/T 
as shown in Fig. 11. The thermo dynamic parameters for the 
adsorption of Pb (II) and Cd (II) in aqueous solutions onto 
nano composite are summarized at various temperatures in 
Table 4. Values of ΔG° for Pb (II) and Cd (II) are negative, 
verifying that the adsorption of Pb (II) and Cd (II) ions on 
treated adsorbent is a spontaneous and thermodynamically 
favorable process. The more negative values of ΔG° sug-
gest a greater driving force to the adsorption process. The 
positive values of ΔH° reveal an endothermic adsorption 
process, which is supported by the increase in adsorption 
with increasing temperature. The ΔH° magnitude offers 
evidence about the type of adsorption. The positive ΔS° val-
ues suggest high affinity of the sorbent for the sorbate, and 
increased randomness at the solid/liquid interface.

Fig. 10. The first-order (a) and second-order (b) kinetics models of nano composite for Pb (II) and Cd (II) (Conditions: initial concen-
tration of metal ions: 100 mg/L, nano adsorbent dose: 150 mg, initial pH: 6, temperature: 298 K, and agitation time: 30–240 min).

Fig. 11. Van’t Hoff plots of Pb (II) and Cd (II) ions adsorption 
(Conditions: initial concentration of metal ions: 100 mg/L, nano 
adsorbent dose: 150 mg, initial pH: 6, temperature: 273–323 K, 
and agitation time: 120 min).

Table 3 
Kinetic models and their statistical parameters for Pb (II) and 
Cd (II) ions

Pseudo first 
order

Pseudo second order

Ions Qe,exp 

(mg 
g–1)

k1 

(min–1)
Qe,cal 

(mg 
g–1)

R2 k2 

(min–1)
Qe,cal 

(mg 
g–1)

R2

Pb(II) 94.0 0.029 70.29 0.95 0.0004 103.09 0.99
Cd(II) 14.1 0.007 5.074 0.95 0.004 14.6 0.99

Table 4 
Thermodynamic parameters of Pb (II) (Cd (II)) adsorption by 
nano composite

Temperature(K) ΔG°(kJ/mol) ΔH°(kJ/
mol)

ΔS°(kJ/mol K)

273 –0.09(–0.45) – –
298 –6.56 (–1.64) – –
303 –6.84 (–2.40) – –
323 –7.63 (–2.98) 43.38 (13.82) 0.162 (0.052)
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4. Conclusions

Novel eco-friendly CPNVPMA@ eggshell/Fe3O4 nano-
composite was introduced for the Pb (II) and Cd (II) uptake 
from aqueous solutions. The novel eco-friendly nano com-
posite was characterized by FTIR, XRD, SEM, AFM and VSM. 
Moreover, the ability of nano composite to bind Pb (II) and Cd 
(II) was examined using equilibrium, kinetic and thermody-
namic aspects. The equilibrium data for Pb (II) and Cd (II) were 
well fitted by the Langmuir model. The pseudo-second-order 
rate model exactly described the kinetics of adsorption of Pb 
(II) and Cd (II). Furthermore, the negative ΔG° values verified 
the spontaneous nature of the adsorption process for both Pb 
(II) and Cd (II). The positive ΔH° and ΔS° values presented 
the endothermic nature and reversibility of the adsorption of 
Pb (II) and Cd (II) ions. The results exhibited the possibility of 
CPNVPMA@ eggshell/Fe3O4 nanocomposite to be used as an 
effective adsorbent for the removal of Pb (II) and Cd (II) from 
aqueous solutions. This nano composite can be a suitable alter-
native for the most costly used adsorbents.
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