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Abstract Poly(amidoamine)-graft-poly(methyl acrylate)

magnetic nanocomposite was synthesized via radical

polymerization of methyl acrylate onto modified magnetic

nanoparticles followed by the functionalization of the

methyl ester groups with poly(amidoamine) dendrimer.

The resulting poly(amidoamine)-graft-poly(methyl acry-

late) magnetic nanocomposite was then characterized by

infrared spectroscopy, transmission electron microscopy,

thermogravimetric analysis, scanning electron microscope

and X-ray diffraction analysis. Its application as an

adsorbent for the removal of Pb(II) ions was studied. The

removal capability of the adsorbent was investigated in

different pH values, contact time (kinetics) and initial

concentration of lead. Moreover, adsorption isotherms

were investigated to describe the mechanistic feature of

this nanocomposite for adsorption. Accordingly, its high

adsorption capacity (310 mg/g) and efficient adsorption

toward lead ions in aqueous solution were shown. To fur-

ther study of the chemistry behind the adsorption process, a

comprehensive density functional theory-based study was

performed, and a relatively strong interaction between

metal ions and adsorbent was observed based on the cal-

culated adsorption free energies.

Keywords Magnetic nanocomposite � Adsorption �
Poly(amidoamine) dendrimer � Poly(methyl acrylate)

Introduction

In the recent decades, various environmental contami-

nants especially water pollutants have been increased

due to the development of industries and factories.

Heavy metals, dyes and other organic compounds such

as pesticides, polycyclic aromatic hydrocarbons and

organochlorines are among the most important hazardous

water contaminants. Among these contaminants, heavy

metals are not biodegradable and tend to accumulate in

living organisms. Many heavy metal ions are known to

be toxic or carcinogenic at even relatively low concen-

trations (Wu et al. 2010; Zhang et al. 2013a; Repo et al.

2013). Lead is especially regarded as one of the most

hazardous metals for human health, which can cause

basic cellular process damages. It can also damage on

the central nervous system, brain, kidney, liver and

reproductive system (Gurer-Orhan et al. 2004; Campbell

et al. 1981).

Nowadays, numerous well-known methods such as

chemical precipitation (Pang et al. 2011), membrane

filtration (Song et al. 2011), ion exchange (Wdjtowicz

and Stokmosa 2002), electrochemical treatment tech-

nologies (Belkacem et al. 2008) and adsorption (Jiang

et al. 2015; Ghaffari et al. 2015; Tan et al. 2012;

Mahmoud et al. 2013) have been extensively explored

for the removal and extraction of heavy metals from
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water/wastewater media. Among these water treatment

methods, adsorption is one of the most effective and

economic routes that have been widely used for removal

of heavy metals. Various adsorbents have been applied

for heavy metals uptake from contaminated water, such

as activated carbon (Lee et al. 2015a), multiwalled car-

bon nanotubes (Kosa et al. 2012), mesoporous silica

(Heidari et al. 2009; Lee et al. 2015b), agricultural

wastes (Minamisawa et al. 2004), biomass and polymeric

materials (Reddad et al. 2002; Ge et al. 2012). However,

high price, poor regeneration, unfavorable selective

adsorption and separation problem have limited the

application of the mentioned adsorbents (Zhang et al.

2013a). Therefore, it is an essential subject for envi-

ronmental researchers and chemists to improve the

adsorption capacity, selectivity, simple recovery and

easy separations of the adsorbents.

The use of magnetic nano-sized materials is one of the

improved methods. Magnetic nanoparticles (MNPs) have

attracted much interest, due to their potential applications

such as reusability, fast kinetics and reactivity for con-

taminant removal. In addition, MNPs facilitate separation

of adsorbent from aqueous solution using an external

magnetic field (Tang and Lo 2013). Nevertheless, in order

to increase its adsorption capacity and stability against

acidic and alkaline media, the surface of nanoparticles

was modified by some organic compounds such as gly-

cine (Zhang et al. 2013b), natural polymers, e.g., chitosan

(Liu et al. 2009) and its derivatives, poly(1-vinylimida-

zole) (Shan et al. 2015) as well as some copolymers, e.g.,

acrylic acid and crotonic acid (Ge et al. 2012). However,

disadvantages such as their low surface area and long

contact time limited their use in practical wastewater

treatment applications (Badruddozaa et al. 2013; Crini

2005).

In this work, we fabricated a magnetic nanocomposite

based on cross-linked poly(methyl acrylate) (MNC) that

its surface functionalized with poly(amidoamine) den-

drimer (PAMAM). Functionalization with PAMAM

enhances the adsorption capacity of the adsorbent

(PAMAM-MNC) compared with the other adsorbent due

to increasing active sites for absorbance. Moreover, the

spent contact time for the Pb2? removal using PAMAM-

MNC adsorbent is shorter compared with previously

reported adsorbents such as activated carbon, clay min-

erals and other magnetic adsorbent. Adsorption ability of

the prepared adsorbent on Pb(II) ions was also explored

using computational method.

This research was done in polymer laboratory, Depart-

ment of Chemistry, Sharif University of Technology, dur-

ing the years of 2013–2015.

Materials and methods

Materials

Ferric chloride (FeCl3.6H2O), ferrous chloride (FeCl2.4-

H2O), lead(II) nitrate (Pb(NO3)2), ammonia (30 %),

sodium hydroxide (NaOH), hydrochloric acid, tetraethyl

orthosilicate (TEOS), (3-aminopropyl)trimethoxysilane

(APTS) and N,N0-methylenebisacrylamide (MBA) were

purchased from Merck. Analytically pure methyl acrylate

(MA) and ethylenediamine (EDA) were obtained from East

of China Chemical Corporation. 2,2-Azobisisobutyronitrile

(AIBN) was purchased from Daejung Chemical and Metal

Company in Korea. All solvents were analytical grade, and

distilled water was used.

Preparation of magnetic nanocomposite

Initially, the silica-coated Fe3O4 magnetic nanoparticles

(MNPs) were prepared according to the previously reported

procedure (Lu et al. 2007). The MNPs were then modified

with APTS to establish amine groups. Typically, 2 g MNP

was suspended in 60 mL toluene by ultrasonication bath.

Four milliliters APTS was then added and the mixture was

refluxed under stirring for 20 h. The modified MNP–NH2

was magnetically collected and washed three times with

ethanol as well as dried at 40 �C.
To prepare magnetic nanocomposite, 0.5 g MNP–NH2

was dispersed in 20 mL dry chloroform. Five grams

methyl acrylate and 0.35 g MBA were added to the above

mixture. After 10 min, 0.09 g AIBN was added to the

solution to initiate the polymerization reaction and the

gelation process completed within 2 h. The obtained

magnetic nanocomposite (MNC) was magnetically sepa-

rated and washed three times with methanol.

Finally, in order to establish active sites on the MNC for

the adsorption of metal ions, the surface of MNC was

modified with PAMAM dendrimer. Grafting of PAMAM

dendrimer onto the surface of nanocomposite was performed

via method proposed by Tomalia (Bourque et al. 1999;

Pourjavadi et al. 2012). EDA and MA were used to func-

tionalize the MNC according to the following procedure.

Two grams MNC was milled and dispersed in methanol.
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Excess amount of EDA (6 mL) was added to the mixture,

and the mixture was refluxed under continuous stirring for

3 days. The obtained product (MNC-G1) was magnetically

separated and washed with methanol. The resulted MNC-G1

was dispersed again in methanol, and excess amount of MA

(6 mL) was added to flask and the mixture refluxed for

2 days. Then, the product (MNC-G10) washed with metha-

nol and dried at 50 �C. The last two steps were repeated

twice for the formation of the next generations of PAMAM

dendrimer (MNC-G20, MNC-G30 and PAMAM-MNC).

Final product (PAMAM-MNC) was magnetically separated,

washed thoroughly with methanol and dried at 50 �C.

Characterization

Thermogravimetric analysis (TGA) of samples was

recorded under a nitrogen atmosphere by a TGA Q 50

thermogravimetric analyzer. Infrared (IR) spectra of all

samples were obtained from KBr pellets and using an

ABB Bommem MB-100 spectrometer. A TOPCON-

002B electron microscope was used for taking trans-

mission electron microscopy (TEM) images. The mor-

phology of products was studied by scanning electron

microscope (SEM) Philips, XL30. Rigalcu D/Max-3c

X-ray diffractometer was used for acquiring XRD pat-

tern. CHN analyses were performed with LECO

TRUSPEC elemental analyzer. Varian AA-220 Atomic

absorbent spectrophotometer was applied for determi-

nation of the concentration of metal ions in aqueous

solution.

Adsorption and desorption experiments

Pb2? ions adsorption experiments were performed in

aqueous solution. The effect of pH, contact time, initial

concentration and adsorbent amount on adsorption

behavior was investigated according to the following

procedures. Examining each parameter except adsorbent

amount was carried out by adding 10 ± 1 mg adsorbent

into 10 mL Pb2? aqueous solution at room temperature

and constant rate 300 rpm. The other effective parame-

ters were kept constant during the evaluation of each

parameter. At the end of each step, the adsorbents were

separated by external magnetic field and residual con-

centrations of Pb2? in solution specified using atomic

absorption spectroscopy.

The metal adsorption capacity is calculated by Eq. (1):

Q ¼ C0 � Ceð ÞV
m

ð1Þ

where Q (mg/g) is adsorption capacity, V (L) is the volume

of the Pb2? solution, m (g) is the adsorbent amount and C0

(mg/L) and Ce (mg/L) are the initial and equilibrium

concentration of Pb2? in solution, respectively.

In order to study the reusability of PAMAM-MNC

adsorbent, 0.3 g Pb(II)-loaded adsorbent was stirred into

100 mL of 0.1 M HCl for 10 min which is an optimal

regenerating media for desorption of magnetic core

adsorbent (Zhang et al. 2013a). Then, the adsorbent was

magnetically separated and washed with methanol and

water to remove unabsorbed Pb2? and excess HCl. The

recycled adsorbent was reused for next adsorption runs.

This process was repeated five times.

Computational section

The adsorption free energies of Pb2? and Cd2? with a

segment of PAMAM were calculated by Spartan 06

(Spartan ‘06V102’). The geometry optimization was per-

formed by B3LYP/6-311??G(d,p) basis set for H, C, N

and O atoms and LANL2DZ basis set for Pb2? and Cd2?

ions. All minima were confirmed by the presence of only

real vibrational frequencies, and the adsorption free ener-

gies were calculated by the following Eq. (2):

DGad...M2þ ¼ Gad...M2þ � Gad � GM2þ ð2Þ

See supporting information for a summary of the optimized

geometry of structures.

Results and discussion

Preparation and characterization of the adsorbent

At the beginning of this study, it was found that the

synthesis of PAMAM-MNC proceeded via three steps:

(1) formation of iron oxide nanoparticles via co-precip-

itation method, then coating of the generated iron oxide

with APTS; (2) the synthesis of MNC magnetic

nanocomposite; (3) modification of MNC with PAMAM

dendrimer.

In the first step, the simultaneous presence of Fe2?

and Fe3? ions in solution of ammonia leads to formation

of Fe3O4 nanoparticles precipitate, as reported earlier

(Tang et al. 2009). The generated Fe3O4 nanoparticles

were then coated by silica, following by enrichment of

their surface with amine functionality using APTS

coating agent.

In the next step, MNC was prepared by cross-linking

copolymerization of MA and MBA in the presence of

MNP–NH2. Notably, during the polymerization, magnetic

nanoparticles were entrapped within the polymer matrix.

Polymer chains were covalently bonded to magnetic

nanoparticles by amidation of ester groups.
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In the final step, propagation of PAMAM dendrimer

up to the third generation was carried out via the

methods pioneered by Tomalia (Bourque et al. 1999;

Pourjavadi et al. 2012). Accordingly, the ester groups of

MNC react with the excess amount of EDA. Then, to

form amino propionate ester on the MNC (MNC-G10), a
Michael-type addition was performed between –NH2

groups on the surface of nanocomposite and methyl

acrylate. In order to complete the first generation, sub-

sequent amidation reaction was performed with ester

groups on the surface of MNC-G10 with EDA. Impor-

tantly, the second and third generations of the PAMAM

dendrimer on the surface of nanocomposite are formed

via application of the last two reactions. The synthesis of

Scheme 1 Synthetic route of

magnetic nanocomposite

(MNC) and propagation of

PAMAM dendrimer onto the

surface of MNC

Table 1 Results of CHN analysis

Compound C (%) H (%) N (%)

MNP–NH2 7.041 1.042 0.738

MNC 34.660 6.040 11.890

PAMAM-MNC 47.810 7.936 20.280

Fig. 1 TGA curves of MNC (a) and PAMAM-MNC (b)

Fig. 2 IR spectra of MNP–NH2 (a), MNC (b) and PAMAM-MNC

(c)
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MNC and its modification with PAMAM dendrimer are

shown in Scheme 1.

The results of CHN analysis for MNP–NH2, MNC and

PAMAM-MNC are reported in Table 1. It is clear that, in

each step of synthesis of nanocomposite, the percentage of

carbon and nitrogen increased. These results in turn con-

firm that the MNC was successfully modified by PAMAM.

Figure 1 displays the TGA curves of MNC and

PAMAM-MNC. In both TGA curves, the weight losses

below 150 �C related to loss of the physically adsorbed

water molecules. The weight loss from 150 to 600 �C was

attributed to the thermal degradation of organic content of

sample. The larger weight loss of the PAMAM-MNC

compared with MNC is due to the thermal decomposition

of grafted dendrimer on the MNC. The content of PAMAM

dendrimer was obtained about 18 wt% according to the

TGA curves.

In addition, to confirm the structure of products at each

step of the synthesis of adsorbent, particularly in the

development of PAMAM dendrimer onto the MNC

nanocomposite, the FTIR analysis is performed (Fig. S1,

see supporting information). The IR spectra of MNP–

NH2, MNC and PAMAM-MNC are shown in Fig. 2. In

this regards, the spectrum of MNP–NH2 indicates vibra-

tions of Fe–O in 613 and 464 cm-1. The presence of

peaks at 798, 1104, 2940 and 3450 cm-1 is attributed to

N–H wagging, Si–O–Si bonding, aliphatic C–H stretching

and N–H stretching vibration, respectively (Tan et al.

2012). Moreover, the peak of Fe–O–Si bond overlaps

with Fe–O bond peak in the range of 565–585 cm-1

(Yamaura et al. 2004). As shown in Fig. 2b, MNC for-

mation was confirmed by the presence of peak 1736 cm-1

corresponding to stretching vibration of ester groups. It is

important to mention that the ester group peak is disap-

peared after reaction with EDA (Fig. S1 MNC-G1, G2,

G3 and PAMAM-MNC), and it appears again in the IR

spectrum after reaction with methyl acrylate (Fig. S1

MNC-G10, G20 and G30). The IR spectra of all products

are presented in Fig. S1.

The XRD pattern of PAMAM-MNC is depicted in

Fig. 3. Six characteristic peaks of Fe3O4 (in 2h values

about 30, 36, 43, 53, 57 and 62) indexed by their indices

(220, 311, 400, 422, 511 and 440) are observed in the XRD

pattern of PAMAM-MNC. The broad peak at 2h = 20 is

attributed to amorphous silica phase in the nanocomposite

structure. Herein, the XRD analysis demonstrates that the

crystalline structure of Fe3O4 has not change during the

synthetic steps of adsorbent.

The morphology of PAMAM-MNC, MNC and MNP–

NH2 was studied via the SEM and TEM analysis, as shown

in Fig. S2 and Fig. 4. The SEM image of PAMAM-MNC

shows a bulk structure of adsorbent. Moreover, it can be

seen that the PAMAM-MNC has a rough surface and dis-

tribution of the Fe3O4 nanoparticles is nearly homoge-

neous. In TEM image of MNP–NH2 (Fig. S2b), the dark

points represent Fe3O4 nanoparticles which coated by a

gray silica shell, and the TEM image of PAMAM-MNC

displays that the dark MNP–NH2 nanoparticles were dis-

tributed in nanocomposite matrix. The diameter of MNP–

NH2 was around 10–15 nm.

Effect of pH on adsorption capacity of Pb21

The pH of solution is one of the important factors that

affect the adsorption behavior, due to its impact on the

functional groups of the adsorbent as well as the solubility

of the metal ions. Thus, adsorption should be performed in

the optimum pH range. It has been shown that the Pb2?

ions begin to hydrolyze and form Pb(OH)2 and Pb(OH)?

precipitate at pH[ 6, and the uptake of Pb2? may be

performed with the simultaneous precipitation of Pb(OH)2
and Pb(OH)? (Zhang et al. 2013a; Naiya et al. 2009).

Hence, the effect of pH on adsorption capacity of Pb2? was

studied in the pH range of 1–6 and known initial concen-

tration of Pb2? (600 mg/L). However, as shown in Fig. 5, it

is clearly observed that the adsorption amounts of Pb2?

ions enhanced continuously with increasing of the initial

pH of the solution from 1 to 6 and the adsorption amounts

decreased at lower degree of pH, due to formation of

positively charged –NH3? and –NH2
?– groups on the

adsorbent. On the other hand, the tendency of coordination

between metal cations and positively charged surface

decreased because of a competition between Pb2? and H?

ions to coordinate with the adsorbent (Scheme 2). How-

ever, as pH value was increased, positive charge density of

the adsorbent decreased and its adsorption capacity

improved. The maximum adsorption capacity (310 mg/g)

of Pb2? was at pH 5–6.Fig. 3 XRD pattern of PAMAM-MNC
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Fig. 4 SEM (a) and TEM (b) images of PAMAM-MNC

Fig. 5 Effect of solution pH on the adsorption of Pb2? from aqueous

solution

Scheme 2 Removal behavior of adsorbent under acidic and basic

conditions
Fig. 6 Effect of contact time on the equilibrium adsorption of Pb2?

from aqueous solution (a) pseudo-first-order (b) and pseudo-second-

order (c) kinetic models for Pb2? removal by PAMAM-MNC
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Effect of contact time and adsorption kinetics

The contact time is one of the important factors for eco-

nomical wastewater treatment application (Badruddozaa

et al. 2013). The adsorption of Pb2? by PAMAM-MNC

was studied with time ranging from 10 to 120 min. This

investigation was performed in known initial concentration

of Pb2? (600 mg/L) and optimum pH value 5.5. The results

of contact time influence on Pb2? adsorption are repre-

sented in Fig. 6a. It was found that the adsorption takes

place during the early stages of the removal process that

may be due to the availability and abundance of active sites

on the adsorbent surface. The maximum adsorption of Pb2?

ions was obtained almost within 30 min. During the next

contact time from 30 to 120 min, the removal rate becomes

quite slow through a gradual decrease in the number of

active sites of the adsorbent. Interestingly, the contact time

for the Pb2? removal using PAMAM-MNC adsorbent is

very short compared with previously reported adsorbents

such as activated carbon, clay minerals and other magnetic

adsorbent (see Table 2).

The adsorption kinetic of Pb2? by PAMAM-MNC

adsorbent was studied by means of two kinetic models:

pseudo-first-order model and pseudo-second-order model

according to the following equations:

Pseudo-first-order equation: ln Qe � Qtð Þ ¼ lnQe � k1t

ð3Þ

Pseudo-second-order equation:
t

Qt

¼ 1

k2Q2
e

þ t

Qe

ð4Þ

where Qt (mg/g) and Qe (mg/g) show the adsorption

capacity at time t and equilibrium state, respectively, t is

the time (min) and k1 and k2 are the kinetic rate constants

(g/mg min) of the pseudo-first-order and pseudo-second-

order model (Lagergren 1898; Ho and McKay 1998).

The early adsorption rate (v0) of Pb
2? was also obtained

using pseudo-second-order model according to Eq. (5):

v0 ¼ k2Q
2
e ð5Þ

Figure 6b, c shows the linear plots of Ln (Qe - Qt)

versus t and t/Qt versus t, respectively. The calculated

kinetic parameters for both models are listed in Table 3.

Comparison of the correlation coefficients (R2) derived

from both models was revealed that the experimental data

are more consistent with the pseudo-second-order model

than the pseudo-first-order model. Moreover, the

experimental Qe value is more consistent with the

calculated Qe value from the pseudo-second-order rate

equation than those from pseudo-first-order rate equation.

Table 2 Comparison of PAMAM-MNC with some previously reported adsorbents

Adsorbents Q (mg/g) pH Time (min) Refs.

Fe3O4@SiO2–NH2 core shell nanomaterials 238 5–6 480 Zhang et al. (2013a)

Amino-functionalized Fe3O4 MNP 40.1 5 \3 Tan et al. (2012)

Nano-Fe3O4–SiO2–TETA
a 270 7 30 Mahmoud et al. (2013)

Cyclodextrin poly-MNPs 64.5 5.5–6 45 Badruddozaa et al. (2013)

Turkish illitic clay 16.61 3 100 Shekinah et al. (2002)

Activated carbon prepared from Eichhornia 239 4 240 Ozdes et al. (2011)

Amine-functionalized mesoporous MNPs 369 5 150\ Xin et al. (2012)

KIT-6-EDTAb 191 5–6 \40 Ezzeddine et al. (2015)

Tetraoxalyl ethylenediamine melamine chelate

resin grafted coconut active charcoal

47.7 5.5 [240 Jin et al. (2013)

Hybrid polymeric nanocomposite 49.72 7 \15 Alsohaimi et al. (2015)

PAMAM-MNC 310 5–6 30 This study

a Triethylenetetramine
b Ethylenediaminetetraacetic acid

Table 3 Kinetic parameters for pseudo-first-order and pseudo-second-order models

Qe,expt (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k1 (min-1) Qe,cal (mg/g) R2 v0 (mg/g/min) k2 (g/mg/min) Qe,cal (mg/g) R2

Pb2? 310 0.0718 128.8 0.835 79.4 7.63 9 10-4 322 0.9953
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The pseudo-second-order kinetic model was devel-

oped based on the assumption that the rate-limiting steps

are chemisorptions due to valence forces through elec-

trons exchange or sharing between adsorbent and

adsorbate (Heidari et al. 2009; Reddad et al. 2002).

Following this model, it indicates that interaction

between Pb2? and PAMAM-MNC adsorbent is mainly

chemical adsorption.

Effect of adsorbent dosage on adsorption capacity

of Pb21

Another important parameter is the effect of adsorbent

dosage on the Pb2? adsorption capacity value which was

studied in 10–40 mg of PAMAM-MNC, under constant

conditions. Results reported in Fig. 7 showed that the

removal of lead ions from solution increased by increasing

adsorbent dose. However, the adsorption capacity was

slowly decreased as amount of adsorbent increased. This

observation is attributed to the splitting effect of flux or

concentration gradient between Pb2? ions and adsorbent

(Metin et al. 2013).

Effect of initial Pb21 concentration and adsorption

isotherms

The effect of the initial Pb2? concentration (ranging from

300 to 1000 mg/L) onto the adsorption capacity of

PAMAM-MNC was studied under optimum pH as shown

in Fig. 8. The adsorption capacity of Pb2? increases with

increasing initial Pb2? concentration until 600 mg/L, and

then it remains constant.

In addition, to study the adsorption isotherm, two iso-

therm models introduced by Langmuir and Freundlich

were applied (Foo and Hameed 2010). The Langmuir

model is represented according to Eq. (6):

Ce

Qe

¼ Ce

Qm

þ 1

Qmkl
ð6Þ

while Freundlich isotherm equation can be represented as

Eq. (7):

lnQe ¼ ln kF þ
1

n
lnCe ð7Þ

where Qe and Qm (mg/g) show the equilibrium and

maximum adsorption capacity of Pb2?, Ce (mg/L) is the

equilibrium Pb2? concentration and kl and kF are the

Langmuir and Freundlich adsorption constants,

Fig. 7 Effect of adsorbent amount on the equilibriumadsorptionofPb2?

Fig. 8 Effect of Pb2? initial concentration on the equilibrium

adsorption of Pb2? from aqueous solution (a) Langmuir (b) and

Freundlich (c) isotherm models for Pb2? removal by PAMAM-MNC

2444 Int. J. Environ. Sci. Technol. (2016) 13:2437–2448
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respectively. The plots of Ce/Qe versus Ce and ln(Qe)

versus ln(Ce) were obtained in a linear form according to

Fig. 8b, c. Table 4 lists the calculated constants and

correlation coefficients of Langmuir and Freundlich iso-

therms. Comparison of the correlation coefficients (R2)

derived from both models indicated that Langmuir model

provides a better fit of the experimental data and properly

describes adsorption behavior of Pb2? on the prepared

adsorbent.

Moreover, Langmuir model can be applied to predict the

type of adsorption process using dimensionless equilibrium

factor Rl (Zhang et al. 2013a):

Rl ¼
1

1þ klC0

ð8Þ

where C0 (mg/L) is the initial concentration of Pb2?. Rl

value indicates the adsorption process could be favorable

as 0\Rl\ 1 or unfavorable as Rl[ 1. When Rl is 0 or 1,

the type of adsorption process is irreversible or linear,

respectively. Accordingly, in this study, the Rl value given

in Table 4 indicates favorable adsorption between lead ions

and the prepared adsorbent.

Table 4 Adsorption isotherm

parameters of Langmuir and

Freundlich models

Langmuir isotherm model Freundlich isotherm model

Qmax (mg/g) kl (L/mg) R2 Rl kF (mg1-(1/n) L1/n/g) n R2

Pb2? 333 0.098 0.999 0.0101–0.0329 288.4437 86.96 0.8617

Fig. 9 Optimized models of Pb2? and Cd2? ions interaction with different sites of a segment of PAMAM dendrimer

Table 5 Adsorption free energies (kcal/mol) between lead and cad-

mium ions with different sites of a segment of PAMAM dendrimer as

calculated at the B3LYP method

DG (kcal/mol)

1 2 3 4

Pb(II) 167.2 181.0 177.5 211.7

Cd(II) 173.1 207.4 176.6 210.5

Fig. 10 Reusability of the adsorbents
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Computational study

Computational methods such as density functional theory

(DFT) are valuable tools for understanding the chemical

reactivity systems (Zhao et al. 2014). Therefore, in order to

analyze metal adsorption onto the PAMAM-MNC and to

further elucidate the adsorption mechanism, theoretical

calculations were performed applying density functional

theory (DFT) method (Saleh et al. 2013). The adsorption

free energies of Pb(II) and Cd(II) toward various positions

of a segment of PAMAM-MNC were calculated, as shown

in Fig. 9, and the results are summarized in Table 5. The

predicted adsorption free energies of Pb(II) and Cd(II) are

in the range of (167–212 kcal/mol) and (173–210 kcal/-

mol), respectively. The adsorption free energies between

both metal ions and all sites revealed strong interaction

between metal ions and adsorbent. Nevertheless, the lead

and cadmium ions interaction with adsorbent in Pb4 and

Cd4 situations is stronger compared with the other studied

situations (see Fig. 9). Moreover, the point charges and

bond length r (Pb–O and Cd–O) were also calculated and

results are indicated in Fig. 9; the less positive point

charges in the Pb and Cd ions at Pb4 and Cd4 situations are

in agreement with adsorption free energy results. These

strong interactions between Pb(II) and PAMAM-MNC

adsorbent resulted in high adsorption capacity of adsorbent,

which is consistent with experimental observations.

Recovery study

For practical implementation, an efficient adsorbent should

exhibit not only high adsorption capacity but also high

reusability in order to reduce the overall cost of the

adsorption process (Ge et al. 2012). The reusability for

PAMAM-MNC adsorbent was then evaluated by compar-

ing adsorption capacity of lead ions on regenerated and

fresh adsorbent as shown in Fig. 10. It is found that

although adsorption capacity of Pb2? decreased after three

cycles, the Q value still reaches 155 mg/L. Nevertheless,

the value of Qm is still larger than previously reported

adsorbent. Therefore, our reusability studies suggest that

PAMAM-MNC adsorbent can be repeatedly used as an

efficient adsorbent for removal of Pb2? ions from aqueous

solution.

Conclusion

In conclusion, we have successfully designed and synthe-

sized a new magnetic nanocomposite followed by modifi-

cation of its surface with poly(amidoamine) dendrimer.

Then, we applied it to the uptake of Pb(II) ions from

aqueous solution. IR, XRD, TGA, SEM, TEM and CHN

analyses were used for characterization of the adsorbent.

The effect of different experimental conditions such as

solution pH, contact time, adsorbent amount and initial

concentration was thoroughly investigated and optimized

for obtaining an improved adsorption process. The maxi-

mum adsorption capacity for lead ion was found 310 mg/g

at pH = 5–6. Notably also, kinetic study clarified that

experimental data fit well with the pseudo-second-order

model as opposed to pseudo-first-order model. As well, the

Pb2? ions adsorption is well described by Langmuir iso-

therm model. Moreover, theoretical calculations (DFT)

predicted the high adsorption free energies of Pb(II) and

Cd(II) ions toward various adsorption sites. Taken the

above observations into considerations, one can conclude

that PAMAM-graft-poly(methyl acrylate) can be success-

fully applied for removal of heavy metal, especially lead

from wastewater.
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