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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• MNPs of 8.6 ± 1.5 nm size with pure 
magnetite phase synthesized by a ther
mal decomposition method. 

• MNP-PAMAM nanoadsorbents prepared 
by modifying MNPs with the PAMAM 
dendrimer to simultaneously remove 
HMIs. 

• Simultaneous maximum adsorption ca
pacities for Pb(II), Ni(II), and Cd(II) are 
37, 32, and 25 mg/g respectively. 

• The adsorption kinetics and isotherm 
follow Langmuir and pseudo-second- 
order models, respectively. 

• The MNP-PAMAM nanoadsorbents 
exhibited good regeneration 
performance.  
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A B S T R A C T   

Functionalized magnetic nanoparticles (MNPs) are gaining considerable interest to remove heavy metal ions 
(HMIs) from polluted water. However, simultaneous removal of coexisting HMIs remains a challenge due to the 
competition between different HMIs to bind the limited number of adsorption sites of the adsorbent. To address 
this, abundant adsorption sites were provided by increasing the density of functional groups on the surface of 
MNPs using the second-generation of a hyperbranched polyamidoamine (PAMAM) dendrimer. For dendritic 
modification, a novel approach was used to remove the surfactant coating on the as-prepared MNPs synthesized 
by the thermal decomposition. The magnetic nanoadsorbents were extensively characterized by XRD, TEM, FTIR, 
zeta potentials, XPS, SQUID-VSM, and BET. The MNP-PAMAM nanoadsorbents were utilized for the simulta
neous removal of model HMIs Pb(II), Ni(II), and Cd(II) from aqueous solutions by batch adsorption experiment. 
Pb(II), Ni(II), and Cd(II) were found to have maximum adsorption capacities (qm) of 37.00, 31.92, and 24.94 mg/ 
g, respectively, in the ternary system and 92.82, 80.10, and 57.72 mg/g, respectively in single systems. The 
adsorption kinetics and isotherm follow Langmuir and pseudo-second-order models, respectively. MNP-PAMAM 
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nanoformulation developed in this study can also be useful in other applications such as biomedical, sensors, and 
nanocatalysis.   

1. Introduction 

Rapid urbanization and industrial development have led to water 
pollution by toxic heavy metal ions (HMIs) and it is of utmost impor
tance to develop an effective method to purify such effluent water. Many 
technologies have been explored to remove HMIs from polluted water. 
Still, adsorption holds the edge due to easy operation, efficient removal, 
and cost-effectiveness. Presently, various adsorbents such as activated 
carbon [1], biomaterials [2], zeolite [3], graphene-based materials [4], 
and magnetic nanoparticles (MNPs) [5] have been investigated. Among 
these adsorbents, MNPs are promising due to the possibility of tailoring 
MNPs surfaces to have a high binding affinity towards HMIs. In addition 
to this, the high specific surface area and good colloidal stability of 
MNPs are beneficial for a higher adsorption capacity (qe). Furthermore, 
MNPs can be separated from wastewater using a magnet and reused 
after desorbing the adsorbed HMIs. To improve metal qe, MNPs were 
surface functionalized to provide specific adsorption sites like –COOH, 
–NH2, –OH, –SH [5]. For this, different materials such as polyacrylic acid 
(PAA) [6], chitosan [7], meso-2,3-dimercaptosuccinic acid [8,9] gum 
arabic [10], (3-aminopropyl)triethoxysilane (APTES) [11], (3-amino
propyl)triethoxysilane-glutaraldehyde [12], and polyvinyl 
acetate-iminodiacetic acid [13] were used to modify the surface of 
MNPs. Notwithstanding these efforts, the MNP-based adsorbents still 
suffer from one major problem: low qe for coexisting multiple types of 
HMIs. In fact, contaminated water originating from many industrial 
activities consists of several toxic HMIs that exist together. With multi
ple HMIs, there will be a competition between different HMIs to bind to 
the limited number of adsorption sites. This limitation arises due to the 
low density and inhomogeneous distribution of adsorption sites on ad
sorbents surfaces. 

To overcome the limitation in simultaneous removal of multiple 
HMIs, we propose to increase the density of the functional groups by 
modifying the MNPs surface by the second-generation of a hyper
branched polyamidoamine (PAMAM) dendrimer. PAMAM dendrimer is 
a class of hyperbranched long-chain macromolecules consisting of three 
basic units with an initial core, repeating units, and terminal units. The 
synthesis of amine-terminated PAMAM dendrimers is carried out in two 
steps [14]. In the first step, a Michael addition reaction of amino groups 
to methyl acrylate is performed. The second step involves amidation of 
the resulting methyl ester with ethylenediamine. To prepare higher 
generations of the dendrimer, the steps of addition-amidation reactions 
are repeated. The density of functional groups increases after the syn
thesis of each generation of PAMAM. The first generation of PAMAM 
dendrimer contains 8 amine groups, while the second generation con
tains 16 amine groups that are available as adsorption sites. Due to the 
higher density of adsorption sites, MNPs modified with 
second-generation PAMAM could serve as an effective nanoadsorbent 
for simultaneous removal of multiple HMIs from contaminated water. 

In many applications such as biomedical and catalysis, including 
HMIs removal, highly stable, non-agglomerated, and monodispersed 
MNPs are a prerequisite. High temperature synthesis using oleic acid 
(OA) and oleylamine (OM) surfactant/capping agent has been the most 
widely used method for obtaining such MNPs [15]. However, the 
coating of surfactants remains on the MNPs surface after high temper
ature synthesis. The presence of such coating leads to aggregation and 
also obscures further functionalization processes. To modify with the 
PAMAM dendrimer, MNPs first need to be functionalized with amine 
groups prior to the addition-amidation reactions. In general, for den
dritic modification of MNPs, the residual coating needs to be completely 
exchanged for dispersants with irreversible affinity to the MNPs surface. 
Therefore, for dendritic modification, MNPs prepared by a 

surfactant-free approach have always been used [16]. There are few 
reports which uses PAMAM dendrimer modified MNPs as adsorbent 
materials for HMIs removal where MNPs were prepared with surfactant 
free approach [17,18]. However, this approach loses the benefits of 
controlled synthesis of MNPs prepared using surfactant/capping agents, 
which provide reproducible and highly uniform physicochemical char
acteristics. To address this issue, in this work, OA/OM moieties on the 
surface of MNPs were removed by repeated recrystallization of MNPs by 
refluxing in a methanol/hexane solvent mixture to get purified MNPs. 
The purified MNPs were amino-functionalized by the strategy of 
monolayer grafting of APTES as in our previous report [19]. These 
APTES functionalized MNPs were modified with second-generation 
PAMAM. The present work is the first report wherein the OA/OM 
coated MNPs surface has been modified with second generation den
drimer. The MNP-PAMAM nanoadsorbents were employed for the in
dividual and simultaneous adsorption study of the Pb(II), Cd(II), and Ni 
(II) HMIs from an aqueous solution. 

2. Materials and methods 

2.1. Chemicals 

All of the chemicals used were of analytical grade and were used as 
they were received. Ferric acetylacetonate (Fe(acac)3), 1,2-Octanediol, 
(3-aminopropyl)triethoxysilane (APTES), methyl acrylate, and ethyl
enediamine were obtained from Sigma Aldrich. Diphenyl ether (DPE), 
dibenzyl ether (DBE), oleic acid (OA), oleylamine (OM), dimethyl sulf
oxide (DMSO), hexane, lead nitrate, cadmium sulfate, methanol, 
toluene, and ethanol were bought from S D Fine-Chem India. Nickel (II) 
sulfate and hydrochloric acid were acquired from Thomas Baker. The pH 
buffer tablets (3–9) were supplied by Thermo Fisher Scientific. 

2.2. Synthesis of MNPs 

The monodispersed Fe3O4 MNPs were synthesized by the thermal 
decomposition method with a slight modification of an earlier report 
[20]. In this work a bisolvent system of DPE and DBE was used. Initially, 
1:1 ratio of DPE (10 ml) and DBE (10 ml) were mixed in a three-necked 
flask of volume 250 mL. To this, OA (6 mmol) and OM (12 mmol) were 
slowly added with vigorous stirring. While continuing the stirring, Fe 
(acac)3 (2 mmol) and 1,2-octanediol (10 mmol) were mixed into the 
reaction mixture. Under an argon atmosphere, the resulting reaction 
mixture was heated to 200 ◦C in the heating mantle for 2 h and then 
refluxed at 280 ◦C for 1 h. The resulting black coloured solution was 
allowed to cool down to room temperature (RT) and the supernatant was 
discarded. By magnetic decantation, the synthesized nanoparticles were 
first washed with ethanol and then washed five times with a 1:1 mixture 
of ethanol and hexane to remove excess ligands [21]. The resultant 
MNPs were dried in a vacuum desiccator. 

2.3. Preparation of dendrimer modified MNPs 

Before surface modification, the coating of OA and OM from the 
surface of as-prepared MNPs was removed to obtain purified MNPs. For 
this, 1.5 gm MNPs were added to 150 mL methanol/hexane (1:1) solvent 
and refluxed three times at 65 ◦C for 1 h under argon atmosphere [22]. 
The purified MNPs were functionalized by APTES using a method re
ported by us with slight modification [19,23]. Briefly, 1.5 gm of MNPs 
were dispersed in the 300 mL methanol/toluene (1:1) mixture by an 
ultrasonicator. This solution was heated at 95 ◦C till the volume is 
reduced to 150 mL. The volume was adjusted to 300 mL by adding 
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methanol into the solution. This procedure was repeated two more times 
to make the solution anhydrous. After adding 9 mL APTES, the above 
solution was shaken for 24 h at 70 ◦C. The resultant solution was cooled 
to RT to get APTES functionalized MNPs (MNP-APTES). Then 
MNP-APTES were washed three times with ethanol. The synthesized 
MNP-APTES were identified as generation zero dendrimer (MNP-G0). 
The MNP-G0 was further modified by the PAMAM dendrimer through 
the Michael addition and amidation reaction [24,25]. In brief, 1.5 gm 
MNP-G0 was dispersed in 50 mL methanol. To this, 20 mL methyl 
acrylate was added slowly. The resulting solution was sonicated for 7 h 
at RT. The product was washed five times with methanol, dried in a 
vacuum desiccator and named MNP-G0.5. The MNP-G0.5 was dispersed 
in 20 ml methanol and 4 mL ethylenediamine was added dropwise. Then 
the mixture was shaken for 3 h at RT. The product was washed five times 
with methanol to obtain the first-generation dendrimer MNPs 
(MNP-G1). The MNP-G1.5 and second-generation dendrimer MNPs 
(MNP-G2) were prepared by repeating the above procedure. In this 
work, the resultant second-generation MNPs are identified as 
MNP-PAMAM. The schematic representation of the modification of 
MNPs by amino terminated second-generation PAMAM dendrimer 
(MNP-PAMAM) is presented in Scheme 1. 

2.4. Characterization 

The X-ray diffraction (XRD) measurements were performed on a 
SmartLab X-ray diffractometer from Rigaku equipped with a rotating 
copper anode using Cu-Kα (0.154 nm) in the range of 20◦–100◦. The XRD 
diffraction data were analyzed by the FullProf program using the Riet
veld refinement technique. A Tecnai G2 STwin model transmission 
electron microscope (TEM) operated at a voltage of 200 kV was used to 
record the micrographs, particle size, shape, and for microstructural 
investigations. Fourier transform infrared (FTIR) spectra of samples 
were obtained using a Jasco 4600 FTIR spectrometer using the KBr pellet 

technique. The zeta potentials of nanoadsorbents were measured by a 
Malvern Instruments Zetasizer Nano ZS90. X-ray photoelectron spec
troscopy (XPS) was performed for the chemical analysis using an 
ESCALAB 250Xi photoelectron spectrometer from Thermo Scientific 
equipped with a monochromatic Al Kα (hν = 1486.68 eV) X-ray source. 
The superconducting quantum interference device vibrating sample 
magnetometry (SQUID-VSM) from Quantum Design was used to inves
tigate the magnetic properties of samples. Zero field-cooled (ZFC) and 
field-cooled (FC) magnetization measurements were taken in the tem
perature range between 2 K and 400 K with 100 Oe applied magnetic 
field. The N2 adsorption and desorption isotherm technique was used to 
measure the specific surface area by Brunauer-Emmett-Teller (BET) on 
the Quantachrome Instruments v10.0. The concentration of HMIs was 
measured using a Thermofisher AA203 atomic absorption spectrometer. 

2.5. Batch adsorption experiment 

The batch adsorption experiment was carried out at RT to study the 
individual and simultaneous adsorption behaviour of Pb(II), Cd(II), and 
Ni(II) HMIs on MNP-PAMAM nanoadsorbent in aqueous solutions. In the 
batch adsorption experiment, the parameters like pH, adsorbent dose, 
contact time, and initial concentration of HMIs were optimized. The 
detailed variation of parameters in the batch adsorption experiment are 
given in Table S1 of supplementary material. Typically, a known amount 
of MNP-PAMAM was added in a 50 mL aqueous solution of HMIs in a 
100 mL Erlenmeyer flask. The mixture was shaken in an incubator 
shaker at 150 rpm for a specific time for better interaction between HMIs 
and nanoadsorbent surface to attain the adsorption equilibrium. After 
adsorption, the HMIs loaded MNP-PAMAM was separated from the 
aqueous solutions by magnetic decantation and the remaining concen
tration of HMIs were measured by AAS. The following equations 
calculate the removal efficiency (R) and the qe of nanoadsorbent for 
HMIs. 

Scheme 1. Stepwise surface modification of as-prepared MNPs by second-generation amine-terminated PAMAM dendrimer (MNP-G2).  
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R(%)=
C0 − Ce

Co
× 100 (1)  

qe =
(C0 − Ce) V

m
(2)  

where. 
C0 = Initial HMIs concentration (mg/L). 
Ce = Final HMIs equilibrium concentration (mg/L). 
V= Volume of HMIs solution (mL) and 
m = Mass of the nanoadsorbent used (mg). 
The reusability of MNP-PAMAM was studied by performing the 

adsorption-desorption experiments up to five successive cycles. For the 
desorption experiment the nanoadsorbent was first loaded with Pb(II), 
Cd(II), or Ni(II) HMIs. For the desorption of adsorbed ions, the loaded 
MNP-PAMAM was suspended in 25 ml 0.1 M HCl solution as a desorp
tion agent and shaken for 120 min to reach desorption equilibrium. Then 
nanoadsorbents were isolated magnetically, washed with double 
distilled water, and dried to reuse for the next adsorption cycle. 

3. Results and discussion 

3.1. Characterizations of MNP-PAMAM nanoadsorbents 

Rietveld refinement was performed to analyze the XRD data of the 
MNPs and MNP-PAMAM (Fig. 1A). The magnetite phase (Fe3O4) is 
revealed by the presence of diffraction peaks corresponding to a cubic 
lattice system with space group Fd-3m (JCPDS card No. 00-019-0629). 
No other peaks due to phase impurities were observed, indicative of 
the pure magnetite phase. The average crystallite size of the MNPs was 
calculated from the Debye Scherrer equation [26] and found to be 8.33 
nm. The modification of MNPs by PAMAM did not change the charac
teristic XRD pattern. The refined lattice parameters after Rietveld fitting 
of diffraction spectra of MNPs and MNP-PAMAM are tabulated in 
Table S2. The shape, size, and microstructure of MNPs were studied by 
TEM (Fig. 1B). MNPs of almost spherical shape with relatively uniform 
size distribution can be seen. The particle size distribution (Fig. S1) was 
obtained by analysing multiple TEM micrographs and the average size of 
MNPs was (8.6 ± 1.5) nm. The diffraction rings in the electron diffrac
tion pattern of MNPs (inset in Fig. 1B) are indexed to the cubic structure 
of the magnetite phase, which corroborates the XRD analysis. The rings 
in the electron diffraction of the MNPs consist of small spots indicating 
their polynanocrystalline nature. The TEM micrograph of MNP-PAMAM 
with inset showing the electron diffraction is shown in Fig. S2. 

The FTIR analysis was performed to elucidate each step of the surface 
modification of MNPs by the PAMAM dendrimer. Fig. 2 shows the FTIR 
spectra of MNPs (a), MNP-APTES (b), MNP-G0.5 (c), MNP-G1.0 (d), 
MNP-G1.5 (e), and MNP-G2.0 (f). In all spectra, strong absorption peaks 
around 585 and 628 cm− 1 corresponding to the Fe–O bond of iron oxide 
can be observed [27]. In as-prepared MNPs spectra, the peak at 1030 

cm− 1 corresponds to the C–O single bond stretching and the peaks at 
2852 and 2922 cm− 1 due to symmetric and asymmetric vibration of the 
CH2 bands reveal the chemisorption of OA [8,28,29]. The region of 

Fig. 1. (A) XRD patterns of MNPs and MNP-PAMAM with corresponding Rietveld refinement profile using the Fullprof program. (B) TEM micrograph and electron 
diffraction pattern (inset) of MNPs. 

Fig. 2. FTIR spectra of (a) as prepared MNPs, (b) purified MNPs, (c) APTES 
functionalized MNPs (MNP-G0), (d) half-generation dendrimer (MNP-G0.5), (e) 
first-generation dendrimer (MNP-G1.0), (f) one and half-generation dendrimer 
(MNP-G1.5), and (g) second-generation dendrimer (MNP-G2.0). 
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1405–1602 cm− 1 is assigned to the NH2 bending mode of OM [30]. This 
proves that the surface of the as-prepared MNPs is chemisorbed by OA 
and OM moieties. After purification of as-prepared MNPs by refluxing in 
a methanol/hexane solvent, the characteristic C–O peak (1030 cm− 1) 
and CH2 peaks (2852 and 2922 cm− 1) correspond to OA and NH2 band 
(1405-1602 cm− 1) due to OM were remarkably decreased (Fig. 2b). This 
result reveals that the OA and OM moieties were removed from the 
surface of as-prepared MNPs, with few traces remaining. The spectrum 
shown in Fig. 2c confirms the functionalization of APTES on the surface 
of the MNPs. The broad peak at 1024 cm− 1 corresponds to the Si–O–Si 
group of APTES [12]. Moreover, the strong peak at 1621 cm− 1 can be 
attributed to the NH2 bending mode of the APTES. In the half genera
tions spectra (MNP-G0.5 and MNP-G1.5), the presence of ester groups 
from methyl acrylate is established from the C––O stretching vibrations 
at 1721 cm− 1. The most interesting aspect of the full generation den
drimer spectra (MNP-G1.0 and MNP-G2.0) is the disappearance of C––O 
stretching and the presence of –CO–NH- bonds demonstrating the suc
cessful amidation [16,25,31,32]. The FTIR investigation confirms the 
stepwise modification of the MNPs surface by the PAMAM dendrimer. 

The XPS investigation was performed to analyze the elemental 
composition and chemical states of as-prepared MNPs and MNP- 
PAMAM. The XPS survey spectra of the MNPs and MNP-PAMAM 
shows the presence of iron, oxygen, and carbon (Fig. 3A). In the sur
vey spectra of MNP-PAMAM, the presence of silicon implies the APTES 
on the surface of MNPs and the N 1s peak indicates the modification of 
MNPs by PAMAM. The Fe 2p core-level XPS spectrum of MNP-PAMAM 
(Fig. 3B) shows two main peaks. These two peaks of Fe 2p1/2 (724.86 eV) 
and Fe 2p3/2 (711.76 eV) states are characteristic peaks of Fe3O4. 
Furthermore, these Fe 2p core-level spectra can be deconvoluted into 
Fe2+ peaks (Fe 2p3/2: 711.26 eV, Fe 2p1/2: 724.56 eV and satellite: 
719.76 eV) and Fe3+ peaks (Fe 2p3/2: 714.66 eV, Fe 2p1/2: 727.86 eV and 
satellite: 732.66 eV) suggesting a mixed-valence state of Fe ions in Fe3O4 
[33,34]. The deconvolution of the Si 2p spectrum (Fig. 3C) into two 
peaks at 98.16 eV and 101.76 eV assigned to Si–C and Si–O bonds, 
respectively, indicates the successful grafting of APTES on the surface of 
MNPs [35]. A lone broad peak located at 399.9 eV in the high-resolution 

spectrum of N 1s (Fig. 3D) is due to the amino groups (–NH2) of the 
PAMAM structure [36]. Overall, the XPS and FTIR investigations 
confirm the successful surface modification of MNPs by the PAMAM 
dendrimer. 

To study the surface charge and colloidal stability of the MNP- 
PAMAM, zeta potential measurements were carried out in pH range 
3–10 (Fig. 4). The isoelectric point (IEP) or pH corresponding to zero 
zeta potential was found to be 8.3. The MNP-PAMAM has a positive 
surface charge at pH < IEP and a negative surface charge at pH > IEP. At 
lower pH, NH2 groups convert to NH3

+, while positive charge gradually 
decreases with increased pH [24]. The zeta potential values around 
neutral pH demonstrate good colloidal stability due to electrostatic 
repulsion among the MNP-PAMAM nanoadsorbents [37]. The observed 
zeta potential and IEP values are in agreement with the literature [24, 

Fig. 3. (A) XPS survey spectra of MNPs (a) and MNP-PAMAM (b). Deconvoluted XPS spectra of (B) Fe 2p and (C) Si 2p of MNP-PAMAM. (D) High-resolution XPS 
spectrum of N 1s of MNP-PAMAM. 

Fig. 4. Effect of pH on the zeta potential of the MNP-PAMAM nanoadsorbent 
prepared by modifying the MNPs with the second-generation dendrimer. 
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35]. 
The SQUID-VSM measured magnetization hysteresis loops of as- 

prepared MNPs and MNP-PAMAM recorded at 300 K (RT) are shown 
in Fig. 5A. The nonsaturating magnetization along with zero coercivity 
and remanence at RT suggests that both the as-prepared MNPs and MNP- 
PAMAM reveals superparamagnetic nature [19]. The saturation 
magnetization (Ms) of MNPs at RT is 69 emu/g. After surface modifi
cation of MNPs by PAMAM, the MS value decreased to 64 emu/g. As the 
temperature was lowered to 10 K, the MNPs displayed a hysteresis loop 
with a coercivity of 176 Oe (Inset Fig. 5A). The magnetization against 
temperature curves under ZFC and FC conditions for the MNPs measured 
at 100 Oe magnetic field are shown in Fig. 5B. The blocking tempera
ture, TB = 137 K, indicates that the MNPs remain in the super
paramagnetic state at RT [38]. The average size of MNPs was calculated 
using the equation “TB = VK/25KB”, where V is the volume of the MNP, 
KB is the Boltzmann’s constant, and K is the anisotropy constant (1.35 ×
104 J/m3) [39]. Considering the spherical geometry of MNPs, the esti
mated average particle size of MNPs was ~9.41 nm. This size is com
parable with the size calculated from TEM. Furthermore, the grafting 
percentage of PAMAM dendrimer on the MNPs was calculated from 
magnetization data [40]. The comparison of Ms values shows that the 
total amounts of PAMAM dendrimer grafted on the MNPs surface was 
around 7.24 wt %. 

Furthermore, the surface area of the as-prepared MNPs and MNP- 
PAMAM adsorbents were studied by using the nitrogen adsorption- 
desorption isotherms (Figs. S3A and B). The surface area of the as- 
prepared MNPs and MNP-PAMAM were measured by the BET tech
nique. The measured surface areas of as-prepared MNPs and MNP- 
PAMAM were found to be 75 and 111 m2/g, respectively. It is worth 
mentioning that after surface modification of the MNPs by the PAMAM 
dendrimer, the surface area increased effectively, which is favourable 
for the improvement of the qe [41]. 

3.2. Adsorption studies 

3.2.1. Effect of initial pH and adsorbent dose 
The solution pH influences the chemistry of HMIs and substantially 

impacts the ionic state of functional groups of nanoadsorbents in an 
aqueous medium during the adsorption process [42]. The effect of pH on 
the qe of the MNP-PAMAM nanoadsorbents for Pb(II), Cd(II), and Ni(II) 
HMIs was studied in the pH range from 3 to 9 (Fig. 6A). For Pb(II) and Ni 
(II), the qe increased with increasing pH and became maximum at pH 7. 
For Ni(II), the qe remained constant after pH 7. In contrast, the qe for Pb 
(II) decreased after pH 7 due to a slight precipitation of the aqueous 
medium. For Cd(II), the qe reached a maximum at pH 6 and remained 
constant after that. At low pH (< IEP), the charge on the surface of 
MNP-PAMAM nanoadsorbents is positive due to the presence of –NH3

+

by the protonation of –NH2 [43]. This leads to the electrostatic repulsion 

between the protonated surface of nanoadsorbent and contaminant ions, 
thereby decreasing the uptake capacity of nanoadsorbents. With an in
crease in pH from 2 to 7, the deprotonation of these groups reduces the 
repulsion between the MNP-PAMAM and HMIs. Thus it increases the 
uptake capacity of nanoadsorbents. For convenience, pH 7 was chosen 
for further adsorption experiments. 

The effect of adsorbent dose of MNP-PAMAM on the R and qe for 
HMIs was studied (Fig. 6B). The adsorbent dose was varied from 0.02 g/ 
L to 1.0 g/L for the fixed HMIs concentration (10 mg/L) at pH 7. The 
removal efficiency increased for all HMIs with increasing adsorbent dose 
due to the increased availability of adsorption sites and reaches equi
librium (0.2 g/L for Pb(II) and Ni(II) and 0.15 g/L for Cd(II)). On the 
other hand, the qe decreased for all HMIs with increasing doses. This 
may be due to the scarcity of HMIs compared to the available binding 
sites at a higher adsorbent dose [44]. For further experiments, a 0.2 g/L 
adsorbent dose was used as the optimum dose. 

3.2.2. Adsorption kinetics of the single and ternary metal ion systems 
The kinetic study was beneficial to understand the adsorption 

mechanism and determine the adsorption equilibrium time [45,46]. The 
qe dependence on contact time is shown in Fig. 7. Initially, a rapid 
adsorption of HMIs was observed because of vacant adsorbent sites and 
the strong attraction between HMIs and the MNP-PAMAM surface [8]. In 
the single HMIs system, the adsorption curve attain equilibrium after 90 
min for Pb(II) and Ni(II) HMIs and after 70 min for Cd(II). However, in 
the ternary HMIs system, the adsorption curve attains equilibrium after 
60, 70, and 50 min for Pb(II), Ni(II), and Cd(II) HMIs, respectively. For 
further experiments, 90 min and 70 min were used as the optimum 
contact time for the single and ternary system, respectively. In the 
ternary HMIs system, the strong competition between the coexisting 
HMIs hinders the interaction between HMIs and available binding sites. 
Due to this, the qe for the ternary HMIs system are lower than those for 
the single systems. 

The adsorption kinetics of HMIs onto MNP-PAMAM were analyzed 
by applying pseudo-first-order (PFO) and pseudo-second-order (PSO) 
kinetic models. The nonlinear form of the PFO [47] and PSO [48] kinetic 
model are expressed as, 

qt = qe − qee− k1 t (3)  

qt =
k2q2

e t
1 + k2qet

(4)  

where qe (mg/g), qt (mg/g), k1 (min− 1), and k2 (g/mg/min) are the 
adsorption capacity at equilibrium, the adsorption capacity at time t 
(min), the rate constants for PFO adsorption, and the rate constants PSO 
adsorption, respectively. The experimental data fitted with the PFO and 
PSO kinetic models are shown in Fig. 7(A-C). The kinetic parameters 
obtained from fitting are listed in Table 1. For single and ternary 

Fig. 5. (A) Saturation magnetization curves of MNPs (black) and MNP-PAMAM (red) measured at 300 K, with the inset showing the MNPs low field magnetization 
curves emphasizing the increase in the coercive field at 10 K compared to 300 K. (B) Zero field cooled (ZFC) and field cooled (FC) curves of MNPs with a clear 
phase transition. 
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systems, the values of R2 for the PFO kinetic model are (0.9838 < R2 <

0.9973) and (0.9555 < R2 < 0.9842), respectively. Whereas, for the PSO 
model, the R2 values are (0.9855 < R2 < 0.9992) and (0.9842 < R2 <

0.9976), respectively. Thus, for both HMIs systems, the values of R2 for 

the PSO model are higher than the PFO model. This implies that the 
adsorption follows the PSO model and the overall adsorption is 
controlled by chemisorption [49]. 

Fig. 6. (A). Effect of pH on the qe of the MNP-PAMAM nanoadsorbents for Pb(II), Ni(II), and Cd(II) metal ions. (Initial concentration = 10 mg/L, adsorbent dose =
0.1 g/L, and contact time = 60 min). (B) Effect of adsorbent dose on the R % and qe of Pb(II), Ni(II), and Cd(II) metal ions onto the MNP-PAMAM. (pH = 7, Initial 
concentration = 10 mg/L, and contact time = 60 min). 

Fig. 7. Influence of the contact time on the qe of MNP-PAMAM nanoadsorbents and adsorption kinetics for (A) Pb(II), (B) Ni(II), and (C) Cd(II) in the single and 
ternary metal ion systems (Initial concentration = 10 mg/L, adsorbent dose = 0.2 g/L, and pH = 7). 

Table 1 
Parameters of the kinetic models for the adsorption of Pb(II), Cd(II), and Ni(II) metal ions on MNP-PAMAM nanoadsorbents in single and ternary systems.  

Metal ions qe (exp.) 
(mg/g) 

Pseudo-first-order (PFO) Pseudo-second-order (PSO) 

qe (cal.) 
(mg/g) 

k1 (/min) R2 qe (cal.) 
(mg/g) 

k2 (g/mg/min) R2 

Pb(II) 
single 

49.62 48.37 0.135 0.9838 52.29 0.00432 0.9855 

Ni(II) single 45.9 45.41 0.17 0.9973 46.99 0.00938 0.9992 
Cd(II) single 36.81 36.41 0.2027 0.9865 37.38 0.01758 0.9903 
Pb(II) ternary 21.20 20.82 0.1265 0.9842 22.13 0.011 0.9976 
Ni(II) ternary 19.51 19.01 0.0976 0.9555 20.62 0.00807 0.9842 
Cd(II) ternary 14.50 14.17 0.089 0.9779 15.39 0.00981 0.9966 

Note: qe(exp.) and qe(cal.) are the equilibrium experimental and calculated adsorption capacities at time t, respectively. R2 is correlation coefficient. 

Fig. 8. Effect of the initial concentration of HMIs on the qe of MNP-PAMAM nanoadsorbents and adsorption isotherm for (A) Pb(II), (B) Ni(II), and (C) Cd(II) in the 
single and ternary system (pH = 7, adsorbent dose = 0.2 g/L, and contact time = 120 min for single and 70 min for ternary system). 
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3.2.3. Adsorption isotherms of single and ternary metal ion systems 
Adsorption isotherm models help to reveal the surface properties and 

how HMIs interact with the surface of nanoadsorbents [41]. The Lang
muir and Freundlich isotherm models were applied to estimate the 
maximum qe of the nanoadsorbent in single and ternary HMIs systems. 
The equilibrium qe at different initial HMIs concentrations are shown in 
Fig. 8. The concentrations were varied from 5 to 150 mg/L for single and 
5–80 mg/L for the ternary HMIs system. At the lower concentrations, 
fewer metal ions are available to adsorb, and consequently, qe have 
smaller values. With an increase in HMIs concentration, progressively 
more ions get adsorbed so that the qe increases. However, after a certain 
initial concentration of the HMIs, the qe reaches equilibrium when all 
the adsorption sites are occupied. 

The nonlinear form of the Langmuir model is expressed as [50], 

qe =
KLqmCe

1 + KLCe
(5)  

’where, qm is the maximum capacity of adsorbent (mg/g) and KL is the 
Langmuir adsorption constant (L/mg). The Langmuir model assumes the 
homogenous monolayer adsorption between the adsorbates and adsor
bents with a finite number of adsorption sites [51,52]. The possibility of 
the adsorption was decided by separation factor RL, which is expressed 
by [53], 

RL =
1

1 + KL C0
(6) 

The nonlinear form of the Freundlich model is expressed as [54], 

qe = KFC
1
n
e (7)  

where, KF and n are Freundlich constants related to qe (L/g) and het
erogeneity factor (mg/g), respectively. The Freundlich isotherm model 
is based on the hypothesis of multilayer adsorption of adsorbate on the 
heterogeneous surface of adsorbents [51]. It also assumes that the 
number of adsorption sites is not constant. The Langmuir and Freundlich 
models were applied to experimental data of single and ternary HMIs 
systems (Fig. 8). The isotherm parameters and constants extracted are 
reported in Table 2. 

From Table 2, for both single and ternary systems, the values of R2 

for the Langmuir model are higher than those for Freundlich model. 
Also, the qe calculated by the Langmuir model is well matched to the 
experimental qe for both single and ternary HMIs systems. Thus the 
adsorption process is best fitted to the Langmuir model for both the 
systems. This indicates that the monolayer adsorption of HMIs onto a 
homogeneous MNP-PAMAM nanoadsorbents surface. The separation 
factor RL lies between 0 and 1 for all HMIs suggesting that the adsorption 
process is favourable. According to the Langmuir model, maximum 
adsorption capacities (qm) of MNP-PAMAM adsorbent for Pb (II), Ni(II), 
and Cd(II) were 92.82, 80.10, and 57.72 mg/g, respectively, in the single 
HMIs system. The qm are compared with previously reported values of 
other adsorbents and shown in Table 3. For simultaneous removal in the 
ternary HMIs system, the qe for Pb (II), Ni(II) and, Cd(II) decreased to 

37.00, 31.92, and 24.94 mg/g, respectively. The decrease in qe for the 
ternary system is due to the strong competition between different HMIs 
for acquiring binding sites [41]. The order of the qe of MNP-PAMAM for 
both single and ternary systems was found to be Pb(II) > Ni(II) > Cd(II). 
This can be explained in terms of hydration radius and electronegativity 
in the single and ternary adsorption processes. The hydrated radius of Pb 
(II) (4.01 nm) is smaller than that of Ni(II) (4.04 nm) and Cd(II) (4.26 
nm). The HMIs with a smaller hydrated radius have higher adsorption 
affinity due to the smaller diffusion resistance [55,56]. On the other 
hand, the higher electronegativity of the HMIs leads to a strong affinity 
to the binding sites of the nanoadsorbent. The electronegativity of Pb(II) 
(2.33) is higher than that of Ni(II) (1.91) and Cd(II) (1.69) [56,57]. 
Therefore the qe for Pb(II) is higher in both systems. 

To understand the adsorption mechanism of HMIs on MNP-PAMAM 
nanoadsorbent, the XPS measurements of nanoadsorbents after 
adsorption with HMIs were performed. The adsorption of HMIs was 
confirmed by XPS analysis. The XPS survey spectra of MNP-PAMAM 
after adsorption of HMIs (Fig. S4A) shows new peaks corresponding to 
Pb(II), Ni(II), and Cd(II) at binding energies 139.7 eV, 847 eV, and 412 
eV, respectively. The Ni (II) peak overlaps with Fe2p peak. The XPS 
survey spectra of nanoadsorbent loaded with HMIs indicates the Pb(II), 

Table 2 
Parameters of the adsorption isotherm model for the adsorption of Pb(II), Cd(II), and Ni(II) metal ions on MNP-PAMAM nanoadsorbents in single and ternary metal ion 
systems.  

Metal ions qe (exp.) (mg/g) Langmuir model Freundlich model 

qm (cal.) (mg/g) KL (L/mg) R2 KF (L/mg) n R2 

Pb(II) 
Single 

91.16 92.82 0.0842 0.9950 28.11 3.883 0.9316 

Ni(II) single 79.017 80.10 0.1138 0.9898 47.54 4.64 0.9150 
Cd(II) single 56.11 57.72 0.1836 0.9883 27.9 6.37 0.92 
Pb(II) ternary 36.46 37.00 0.0707 0.9965 8.16 2.79 0.9671 
Ni(II) ternary 30.80 31.92 0.3218 0.9972 17.041 6.89 0.9786 
Cd(II) ternary 23.61 24.94 0.3285 0.9990 13.41 6.95 0.9862 

Note: qe(exp.) and qm(cal.) are the experimental and calculated adsorption capacity, respectively. R2 is correlation coefficient. 

Table 3 
Comparison of the adsorption capacities of MNP-PAMAM nanoadsorbents with 
adsorbents reported in the literature for the removal of Pb (II), Ni(II), and Cd(II) 
metal ions.  

Adsorbent Adsorption capacity for 
heavy metal ions (HMIs) 
(mg/g) 

Reference 

Pb 
(II) 

Ni(II) Cd 
(II) 

NH2 functionalized magnetic graphene 
composite 

27.95 22.07 27.83 [58] 

Carboxymethyl- cyclodextrin polymer 
grafted on Fe3O4 

64.5 13.2 27.7 [59] 

OP/Fe3O4 magnetic composite 54.94 51.81 – [60] 
Fe3O4@C@functional acidic groups 90.7 – 39.7 [61] 
PAMAM-grafted chitosan 58.5 – – [62] 
G2-MCD 49.76 – – [63] 
G1-NH2-MD 63.63 – – [64] 
Fe3O4@MPTMS 35 – – [65] 
Amino-functionalized Fe3O4 magnetic 

nano-particles 
40.1 – – [66] 

Sodium dodecyl sulfate-coated 
magnetite nanoparticles 

– 41.2 – [67] 

Polypyrrole functionalized 
Fe3O4 nanoparticle 

– 19.92 – [68] 

3-Mercaptopropionic acid 
functionalized Fe3O4 nanoparticles 

– 42.01 – [69] 

Carboxyl-modified Fe3O4@SiO2 

nanoparticles 
– 63.99 – [70] 

Shellac-coated Iron Oxide – – 18.8 [71] 
Magnetic chitosan nanoparticles – – 36.42 [72] 
MNP-PAMAM 92.8 80.1 57.72 Present 

work  
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Ni(II), and Cd(II) adsorption on the surface of the MNP-PAMAM. The 
high-resolution spectra of adsorbed Pb(II) metal ions (Fig. S4B) show 
two peaks corresponding to Pb4f7/2 (138.1 eV) and Pb4f5/2 (142.9 eV) 
indicating formation of bidentate complex on the surface of MNP- 
PAMAM [73]. The high-resolution XPS spectra of Ni(II) loaded on the 
nanoadsorbent (Fig. S4C) shows two peaks viz. Ni 2p3/2 and Ni 2p1/2. 
The Ni 2p3/2 peak was deconvoluted into two peaks at binding energies 
856.2 eV (Ni 2p3/2) and 862.4 eV (Ni 2p3/2 satellite). Also, the Ni 2p1/2 
peak was deconvoluted into two peaks at binding energies 874.8 eV (Ni 
2p1/2) and 879.6 eV (Ni 2p1/2 satellite) [74]. The high-resolution spectra 
of Cd (II) (Fig. S4D) indicate two peaks corresponding to Cd3d5/2 (404.9 
eV) and Cd3d3/2 (412.1 eV) which shows the Cd(II) was adsorbed on the 
MNP-PAMAM surface [75]. Cd(II) and Ni(II) are complexed with N atom 
of nanoadsorbents by providing a lone pair of electrons to form a co
valent bond [73]. Thus high-resolution XPS spectra of metal ions con
firms that metal ions were adsorbed on the MNP-PAMAM 
nanoadsorbent surface through chemisorption. 

3.3. Desorption and reusability study 

The reusability study (Fig. 9) revealed that after five consecutive 
adsorption/desorption cycles, the efficiency of Pb(II), Ni(II), and Cd(II) 
decreased by 16, 17, and 21%, respectively, as compared to the original 
removal efficiency. The results demonstrate that the MNP-PAMAM 
nanoadsorbents have good regeneration performance and can be 
reused as effective nanoadsorbents to remove HMIs from water. 

4. Conclusions 

To provide a high density of functional groups to MNPs for the 
simultaneous removal of coexisting HMIs, MNPs were modified with 
second-generation amino terminated PAMAM dendrimer. Before den
dritic modification, a novel approach of recrystallization of MNPs for the 
removal of OA/OM moieties on the surface of MNPs was used. The XRD 
and TEM analysis showed that the spherical-shaped MNPs have a pure 
magnetite phase with an average particle size of 8.6 ± 1.5 nm. FTIR and 
XPS investigations confirmed the successful grafting of the PAMAM 
dendrimer on the surface of MNPs. Magnetic measurement of MNPs (Ms 
= 69 emu/g) and MNP-PAMAM (Ms = 64 emu/g) revealed their 
superparamagnetic nature at RT. The grafting percentage calculated 
from magnetization data of PAMAM dendrimer on the MNPs nano
adsorbent surface was around 7.24 wt %. BET analysis showed that the 
surface area of MNP-PAMAM (111 m2/g) was increased compared to 
that of as prepared MNPs (75 m2/g). The zeta potential study verified 
good colloidal stability due to electrostatic repulsion among the MNP- 
PAMAM nanoadsorbents. The MNP-PAMAM nanoadsorbents were suc
cessfully employed for the individual and simultaneous removal of Pb 
(II), Ni(II), and Cd(II) ions from the aqueous solution. The qm for the 
simultaneous removal of Pb(II), Ni(II), and Cd(II) in the ternary system 
were found to be 37.00, 31.92, and 24.94 mg/g, respectively. In single 
systems, the qm for Pb(II), Ni(II), and Cd(II) were increased to 92.82, 
80.10, and 57.72 mg/g, respectively. The kinetic studies indicate that 
adsorption data in single and ternary HMIs systems best fit the PSO ki
netic model. This suggests that the chemisorption process is mediated by 
the active amino groups on the surface of MNP-PAMAM. In both the 
single and ternary systems, the experimental data were modelled by the 
Langmuir adsorption model, which suggests homogeneous monolayer 
adsorption between the surface of nanoadsorbent and HMIs. In both 
single and ternary systems, the order of the qe of nanoadsorbent was 
found to be Pb(II) > Ni(II) > Cd(II). The MNP-PAMAM showed excellent 
regeneration performance up to five adsorption/desorption cycles. 
Thus, the hyperbranched MNP-PAMAM nanoadsorbents have promising 
potential for efficiently removing coexisting multiple HMIs from 
aqueous solutions. 
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