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A B S T R A C T

In this study, new, efficient, eco-friendly and magnetically separable nanoadsorbents, MNPs-G1-Mu and MNPs-
G2-Mu, were successfully prepared by covalently grafting murexide-terminated polyamidoamine dendrimers on
3-aminopropyl functionalized silica-coated magnetite nanoparticles, and used for rapid removal of lead (II) from
aqueous medium. After each adsorption process, the supernatant was successfully acquired from reaction mixture
by the magnetic separation, and then analyzed by employing ICP-OES. Chemical and physical characterizations of
new nanomaterials were confirmed by XRD, FT-IR, SEM, TEM, and VSM. Maximum adsorption capacities (qm) of
both prepared new nanostructured adsorbents were compared with each other and also with some other adsor-
bents. The kinetic data were appraised by using pseudo-first-order and pseudo-second-order kinetic models.
Adsorption isotherms were found to be suitable with both Langmuir and Freundlich isotherm linear equations.
The maximum adsorption capacities for MNPs-G1-Mu and MNPs-G2-Mu were calculated as 208.33 mg g�1 and
232.56 mg g�1, respectively. Antimicrobial activities of nanoparticles were also examined against various mi-
croorganisms by using microdilution method. It was determined that MNPs-G1-Mu, MNPs-G2-Mu and lead (II)
adsorbed MNPs-G2-Mu showed good antimicrobial activity against S. aureus ATTC 29213 and C. Parapsilosis
ATTC 22019. MNPs-G1-Mu also showed antimicrobial activity against C. albicans ATTC 10231.
1. Introduction

Water pollution has been considered one of the most important
environmental problems in the world. It has been already known that
toxic and hazardous materials such as heavy metals and organic pollut-
ants cause water pollution and deterioration of water quality. As a result
of this case, water pollution has become a major health problem for
human beings and other living things recently [1, 2, 3, 4, 5]. The reason is
that heavy metals in water are toxic, and they lead to various diseases
when they bioaccumulate in human body through the food chain. Lead is
also one of these harmful heavy metals. It has an appearance of a slightly
bluish, bright silvery metal in a dry atmosphere; and generally bio-
accumulated in the bone; however it may influence any organ system.
The effects of lead poisoning change depending on the amount of expo-
sure and the age of the individual. Lead poisoning is excreted in feces and
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urine from human body, but it may also become visible in nails, hair,
breast milk, and saliva [6, 7, 8, 9, 10]. Due to the toxic efficacies of lead
on human body, it should be taken out from industrial wastewater [11].

A great deal of effort has been made to effectively and quickly isolate
heavy metal ions from wastewater until now. For this purpose, the
various conventional methods are commonly applied nowadays. One of
the most common methods used for heavy metal removal is the adsorp-
tion process. This process has attracted great interest in that it is simple,
economic and efficient [12, 13, 14, 15, 16, 17, 18].

One of the most important application areas of nanotechnology is
wastewater. In recent years, scientists have been trying to produce new
materials such as magnetic nanoparticles (MNPs) to use in the treatment
of wastewater by nanotechnology. As a result of these studies, it has been
determined that many modified novel nano-sized MNPs have been pro-
duced in the development and fabrication studies of alternative
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rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:selma.ekinci@batman.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e06600&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e06600
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e06600


Figure 1. The schematic representation for the preparation of nanoadsorbents.
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environmentally friendly and low-cost materials until now. MNPs, which
have unique physical and chemical properties according to other parti-
cles, have been attracted great attention in the environment applications
over the last years [19, 20, 21]. These nanoparticles are easily recovered
from aqueous environment with the help of an external magnetic field
without additional processes such as filtration or centrifugation because
of their strong magnetic properties [22, 23, 24, 25]. However, such
nanoparticles have tendency to oxidize in the air due to their high
chemical activity. As a result of the oxidation reaction, their magnetic
property and dispersity are reduced. For this reason, it is extremely
important to improve some effective protection strategies for the coating
of their surfaces with suitable materials (e.g. silica, polymer) and for the
maintenance of their stability [26,27].

Dendrimers are hyperbranched polymers that have uniform structure.
These polymers consist of core, branching units and branched functional
groups. The variety of dendrimers is ensured by functional groups in their
molecular structure. The branching units provide a continuous growth of
the dendrimers. The degree of polymerization of the dendrimers is
exhibited by the generation number (G), which represents the number of
repetition cycles [28, 29, 30, 31].

Polyamidoamine dendrimers, namely PAMAMdendrimers, constitute
one special class of dendritic polymers, which are one of the most
important research topics at the present time. These macromolecules,
with a wide ranges of potential applications such as chemical sensors,
medical diagnostics, drug-delivery systems and the others, are consid-
ered as a kind of hyperbranched structures. In many studies, it was
2

reported that these macromolecules were the first dendrimers, to be
successfully prepared by using dendrimers synthesis methodology,
characterized by different spectroscopic techniques, and then commer-
cialized. They are frequently obtained by the repetition of two-step re-
actions. In the first step, methyl acrylate (MA) is added to amine groups
on its molecular structure via Michael addition, and then in the second
step, ethylenediamine or propylenediamine is grafted onto methyl ester
groups by amidation reaction [32, 33, 34, 35].

PAMAM dendrimers have been used as a ligand for removal of haz-
ardous materials such as heavy metal ions or dyes from wastewater or
aqueous solutions in chemistry. It is known that the functional groups on
their scaffold considerably increase the uptake capacity of heavy metal
ions via coordination, ion exchange and chelation linkages (Figure 1). In
some of the studies, it was reported that there is a surprising relationship
between their adsorption capacity and increasing generations of
PAMAM. While it is expected that higher generation dendrimers may
show better adsorption efficiency owing to higher density of binding
locations, their efficiency was conversely determined to decrease as the
steric hindrance takes place at high generation of dendrimers [28, 36, 37,
38]. Therefore, 1st and 2nd generation dendrimers were used instead of
3rd generation dendrimers in the preparation of nanostructured adsor-
bents in this study.

Murexide (Mu), 5,50-nitrilodibarbituric acid monoammonium salt or
ammonium purpurate is slightly soluble in water and has the appearance
of a reddish purple powder (Figure 1). It is commonly used in conven-
tional ethylenediaminetetraacetic acid titrations. In addition to its
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ordinary application as a metallochromic indicator, it has been utilized as
an effective scavenger for hydroxyl and radicals superoxide, and lately as
a chromogenic agent for traditional spectrophotometric determination of
some metals [39, 40, 41, 42, 43]. For the preparation of new nano
adsorbent, Mu is used as the metal ion binding agent because carbonyl
groups in its molecular structure provide a great deal of advantage for
conductingmodification reactions and nitrogen atoms in its molecule can
react with metal ions [40,44].

In recent years, more efficient, eco-friendly and magnetically sepa-
rable novel adsorbents are still in urgent demand for more effective and
rapid removal of heavy metal ions from wastewater, although many
studies have reported on the preparation and use of PAMAM dendrimers
or murexide functionalized magnetic nanoparticles, and magnetic sepa-
ration has been also proposed an effective method for removal of heavy
metals. As far as we know, there are no reports on the prepared iron oxide
magnetite nanoparticles grafted with murexide-terminated polyamido-
amine dendrimers as effective lead (II) adsorbent with antimicrobial
activity. Unlike other similar nanostructured adsorbents in the current
study, Mu was used as a metal binding agent by bonding to the end of
polyamidoamine dendrimers for the first time by us.

The purpose of this study is to produce and characterize novel
nanostructured adsorbents, which are characterized by many branched
dendritic tree, by usingMu as lead (II) binding agent, andmodifiedMNPs
doped with PAMAM as carrier, and investigate their adsorption capacity
for removing lead (II) from diluted solution, and also explore the anti-
microbial activities of modified nanoparticles against different microor-
ganisms by using microdillution method. All prepared nanomaterials
were characterized by using X-Ray Diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), and Vibrating Sample
Magnetometry (VSM), respectively. Inductively coupled plasma optical
emission spectrometry (ICP-OES) was used for determination of lead (II)
remaining in the samples after each adsorption process. Optimum
adsorption conditions were determined by using batch method. Kinetics
and isotherms studies of the adsorption of Pb (II) onto PAMAM den-
drimers were carried out in detail. The maximum adsorption capacities of
the used adsorbents for removal of lead (II) were compared with other
reported adsorbents.

2. Materials and methods

2.1. Materials

All the chemicals purchased for the preparation of nanoadsorbents in
the present study, iron (II) chloride tetrahydrate (FeCI2.4H2O), (Sigma-
Aldrich); iron III) chloride hexahydrate (FeCI3.6H2O), (Sigma-Aldrich);
concentrated ammonium hydroxide solution (NH4OH), (Merck); tetrae-
thylortosilicate (Si(OC2H5)4), (Sigma-Aldrich); 3-aminopropyltriethoxy-
silane (C9H23NO3Si), (Sigma-Aldrich); methyl acrylate (C5H8O2),
(Sigma-Aldrich); 1,3-diaminopropane (NH2(CH2)3NH2), (Merck); and
murexide (C8H8N6O6), (Sigma-Aldrich), were utilized as received
without any further purification. All the other chemicals were of
analytical grade, and commercially available.

2.2. Analysis and characterization

In order to prepare the nanoadsorbents, a magnetic stirrer (Heidolph
MR Hei-standart magnetic stirrer), a mechanical mixer (IKA Labor-
technik RW 20), a sonication apparatus (Sonics), a cooled incubator
(Zhicheng ZHWY-200 B incubator), a freeze dryer (Telstar LyoQuest), an
oven (Memmert), and a pH meter (Hanna Instrument HI 221) were used.
The characterization processes of nanoparticles were made by FT-IR
(Thermo Scientific Nicolet iS5 FT-IR, wavenumber range of 400–4000
cm�1), XRD (Bruker D8 advance high resolution diffractometer, filter K-
beta (x1), scan range 10 000–80 000�, scan axis 2 Theta/Theta), SEM
(Zeiss EVO MA 10, ADD dedector, acceleration voltage 15 kV, elevation
3

degree 35, magnification 10 000 X), TEM (FEI Tecnai G2 spirit BioTwin,
120 kV) and VSM (Cryogenic limited PPMS). All aqueous solutions pre-
pared in the current study were obtained by using deionized water (Mini
pure water). Adsorption experiments were performed by using an orbital
shaker (JP Selecta UR 6032011). The concentrations of lead (II) in the
samples were measured by ICP-OES Spectrophotometer (Agilent 725
ICP-OES).

2.3. Preparation of MNPs-G0 as a starting material

MNPs-G0 was prepared in three steps by using the methods of
modification reported previously [45,46].

The first step is the preparation of MNPs. Magnetic iron oxide nano-
particles were prepared according to methods reported by Çakmak et al.,
and Maity and Agrawal [47,48]. The second step is the preparation of
silica-coated MNPs: silica coated MNPs (Fe3O4@SiO2) were obtained by
following the procedure of referenced articles and they were stored atþ4
�C for further use [45,46].

The third step is the modification with APTES of silica-coated MNPs:
0.5 g of Fe3O4@SiO2, dispersed in 50 mL of absolute ethanol, was soni-
cated for 1 h. After the sonication process, 4.2 g of APTES was added to
the flask under continuous mechanical stirring, and the reaction was let
to proceed at room temperature for 20 h under continuous mechanical
stirring. Afterwards, the resultant products (MNPs-G0) were separated
using an external magnetic field, and washed seven times with deionized
water (100 mL) and ethanol (100 mL) and then dried at 70 �C (7 h)
(Figure 1) and stored at þ4 �C for later use [27].

2.4. Preparation of MNPs-G1-Mu and MNPs-G2-Mu

These absorbents were prepared in two and three steps by using
MNPs-G0 as a starting nanomaterial.

The preparation of the first nano adsorbent (MNPs-G1-Mu):MA and DAP
were firstly grafted onMNPs-G0 throughMichael addition and amidation
reaction, and then the resultant product (MNPs-G1) was reacted with Mu
by a condensation reaction. Briefly, 2.0 g of MNPs-G0 was added in 100
mL of methanol and sonicated for 30 min to obtain the final dispersed
suspension. Next, 20 mL of MA was added dropwise into the reaction
medium while stirring the dispersed suspension vigorously for 30 min.
Subsequently, the flask was sealed and the reaction was let to proceed at
room temperature for 8 h under continuous mechanical stirring. The
resultant material was rinsed with methanol for 5 times. Afterwards, they
were mixed with 8 mL of DAP in 40mL of methanol and stirred by using a
mechanical stirrer for 3 h. After stirring, the resultant products (MNPs-
G1) were separated using an external magnetic field, washed with
methanol for 5 times [49]. Next, 10 g of dry MNPs-G1 and 10 g of Mu
were dispersed in 100 mL of dimethyl sulfoxide (DMSO), and then the
reaction mixture was refluxed at 120 �C for 24 h. The product
(MNPs-G1-Mu) was separated by an external magnetic field, washed with
DMSO and water until the filtrate displayed no color of Mu. In the end of
these processes, the product was washed with methanol for three times,
and then dried at 80 �C for 7 h [40].

The preparation of the second nano adsorbent (MNPs-G2-Mu): MA and
DAP were firstly grafted on MNPs-G1, and then the resultant product
(MNPs-G2) was reacted with Mu by a condensation reaction in DMSO to
obtain the final product (MNPs-G2-Mu); and it was put out from the re-
action medium by a magnet, rinsed with DMSO and water until the black
color of Mu disappeared in the filtrate (Figure 1).

2.5. Experiments of adsorption

1000 mg L�1 stock solution of lead (II) was prepared by using
Pb(NO3)2 and the stock solution was diluted at different concentrations
to be used in adsorption experiments. The effects of equilibrium contact
time (0–120 min), amount of adsorbent (0.125, 0.25, 0.5, 0.75 and 1.0
g), pH value (2, 3, 4, 4.5 and 5), and the initial concentration of Pb (II)



Figure 2. FT-IR spectra of a) MNPs, b) Fe3O4@SiO2, c) MNPs-G0, d) MNPs-G1, e) MNPs-G1-Mu and f) MNPs-G2-Mu.
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(25–200 mg L�1) on the adsorption were investigated. 50 mg of adsor-
bents in 200 mL of 100 mg L�1 lead (II) solutions were mixed and shaken
at 200 rpm for 120 min to determine the equilibrium contact time of the
adsorptions. The other experiments of adsorption were carried out with
50 mL of lead (II) solutions and 50 mg of nanoadsorbents for 30 min. The
pH values of lead (II) solutions were adjusted with 0,1 M of HCI and
NaOH. After each shaking, the remaining amount of lead (II) in solutions
was evaluated by using ICP-OES spectrophotometer. qe (the adsorbed
quantity of metallic ions) and A% (the adsorption percentage) were
calculated from Eqs. (1) and (2):

qe ¼ðC0 � CeÞxV
m

(1)

A%¼ðC0 � CeÞ
C0

� 100 (2)

where Co (mg L�1) is the initial and Ce (mg L�1) is the equilibrium
concentration of heavy metal ions. V (L) is the volume of the solution and
m is the mass of the adsorbent (g).

2.6. Investigation of antimicrobial activities

Due to the resistance developed by bacteria against antibiotics, the
discovery or synthesis of new compounds with antimicrobial activity has
become necessary. The substance that we synthesize and apply may open
a horizon in reducing the microbial effect of bacteria that are resistant in
this field. Therefore, antimicrobial activities of synthesized nanoparticles
were investigated against Staphylococcus Aureus ATTC 29213, Escherichia
Coli ATCC 25922, Proteus Mirabilis ATTC 14153, Klebsiella Pneumoniae
ATTC 4352, Enterococcus Faecalis ATTC 29212, Staphylococcus Aureus
ATTC 29213, Pseudomonas Aeruginosa ATTC 27853, Candida Albicans
ATTC 10231 and Candida Parapsilosis ATTC 22019 microorganisms by
microdilution method [50, 51, 52, 53]. According to this method, anti-
microbial agent was diluted in a series of liquid or solid medium. An
equal amount of the microorganisms suspension was added to each
4

dilution medium. The experimental series were incubated at the appro-
priate temperature (35–37 �C) and at the appropriate time for microbial
growth (18–24 h). The lowest concentration (in μg mL�1) of a substance
that inhibits the growth of microorganisms is considered as Minimal
Inhibition Concentration (MIC).

3. Results and discussion

3.1. Characterization

FT-IR, XRD, SEM, TEM and VSM techniques were used to characterize
the structure and morphology of the synthesized nanoparticles.

3.1.1. FT-IR analysis
The surface modification of MNPs was characterized by FT-IR. As

shown in Figure 2, in spectrum (a), vibrational stretching modes belong
to Fe–O in 586 cm�1 and 876 cm�1 show that magnetic nanoparticles are
formed [23,54, 55, 56, 57]. Broad band at 3456 cm�1 occurs because of
the O–H strain vibration peak caused by adsorbed water and silanol
groups in hydrogen-bonded [58, 59]. (b) It is understood from the peaks
of Si–O–Si bond at 793 cm�1 and Si–O–Fe bond at 1085 cm�1 that silica is
bound to MNPs [26]. The band at 1216 cm�1 belongs to the O–H vi-
bration of adsorbed water [23,60]. (c) Peaks of N–H stretching vibration
and free NH2 groups were observed at 3517 and 1623 cm�1 respectively.
The presence of the anchored alkyl group was confirmed by C–H
stretching vibration at 2953 cm�1 [57,61]. The peak seen at 1497 cm�1

attached to the CH2 group which has stretching vibration on aminopropyl
groups, came into view at 2953 cm�1. These peaks have also proved that
the molecules of APTES bond to the iron oxide nanoparticles [62,63]. (d)
The peak of vibration of the hydroxyl groups in C–O alcohol and Si–O
bond was observed at 1076 cm�1 [54]. The stretching vibration of C¼O
associated with the steric group was seen in the band at 1727 cm�1 which
proves the formation of PAMAMdendrimer [60,64]. The peak of the N–H
groups associated with the first generation of PAMAM dendrimer (G1)
was observed at 1505 cm�1 [65]. In spectrum (e) and (f) of the first and



Figure 3. XRD graphics of a) MNPs, b) Fe3O4@SiO2, c) MNPs-G0, d) MNPs-G1, e) MNPs-G1-Mu and f) MNPs-G2-Mu.
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Figure 4. TEM images of a) MNPs, b) Fe3O4@SiO2, c) MNPs-G0, d) MNPs-G1, e) MNPs-G1-Mu, f) MNPs-G2-Mu.

Figure 5. SEM images of a) MNPs, b) Fe3O4@SiO2, c) MNPs-G0, d) MNPs-G1, e) MNPs-G1-Mu, f) MNPs-G2-Mu.
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second adsorbents are shown, respectively. Peaks in the wavelength
range of 1400–1000 cm�1 are the peaks of C–C, C–N, C–O bonds. The
formation of C¼N band owing to imine group as a weak peak appeared at
about 1488–1461 cm�1 [40,66]. The peaks of the N–H bond are located
at 3657-3677 cm�1 and the peaks of the C ¼ O bond are located at
1642-1637 cm�1 [13,67, 68, 69, 70].

3.1.2. XRD analysis
The crystal structure of the obtained MNPs has been studied by XRD

as can be seen in Figure 3. First, XRD data of nanomaterials were gath-
ered and these obtained data were evaluated by comparing with the
standard patterns (Reference code: 98-011-1284). The main peaks
occurred at 2Ɵ ¼ 30.4⁰, 35.5⁰, 43.5⁰, 53.7⁰, 57.5⁰ and 63.0⁰, which
6

correspond to (220), (311), (400), (422), (511), and (440), respectively
(Figure 3a). These characteristic peaks fit perfectly with the reference
pattern which demonstrated Fe3O4 magnetite nanoparticles in cubic
spinal structure [68,71]. Additionally, it was found that coating processes
did not change the characteristic XRD pattern [68]. This means that,
modification processes did not affect the crystalline structure of MNPs
[72].

3.1.3. TEM and SEM analysis
TEM and SEM were used to obtain information about the morpho-

logic properties and the structure of MNPs and modified MNPs. The
images of the TEM and SEM of all nanostructured materials were
respectively presented in Figure 4 and Figure 5. According to Figure 4a,



Figure 6. VSM graphics of a) MNPs, Fe3O4@SiO2 and MNPS-G0, b) MNPs-G1, MNPs-G1-Mu and MNPs-G2-Mu.
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Figure 7. The effect of the contact time on the adsorption of lead (II) by MNPs-
G1-Mu (a) and MNPs-G2-Mu (b). (pH ¼ 5, T ¼ 298 K, initial concentration ¼
100 mg l�1 (200 ml), adsorbent amount ¼ 0.05 g, contact time 120 min).

Figure 8. The effect of pH on the adsorption of lead (II) by MNPs-G1-Mu (a)
and MNPs-G2-Mu (b). (T ¼ 298 K, initial concentration ¼ 100 mg l�1 (50 mL),
adsorbent amount ¼ 0.125 g, contact time 30 min).
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uncoated MNPs look polydisperse and aggregated. MNPs have spherical
morphology and core shell mode. Magnetite core appears like black
sphere. Particle size of nanoparticles increases with coating processes.
The coated layers on the magnetite nanoparticles can be seen in the TEM
and SEM images clearly.

3.1.4. VSM analysis
VSM analysis were performed to determine the magnetization prop-

erties of MNPs and various organic compounds doped MNPs at room
temperature. As can be seen in Figure 6a and 6b, it was determined that
the MNPs displayed strong magnetic properties. However, after the
particles were coated with silica and APTES, their magnetic properties
decreased slightly. At least, the magnetic saturation of MNPs were
decreased from 51.6 to 44.5 emu g�1 after all coating processes.
Although the magnetization saturation value of MNPs decreased after
coating, they still continued to exhibit their magnetic properties. As the
high saturation magnetization of MNPs-G1-Mu and MNPs-G2-Mu
demonstrated, they could be easily taken out from the reaction me-
dium by an external magnetic separator.
8

3.2. The adsorption results

3.2.1. Effects of adsorption parameters

3.2.1.1. Contact time. The effect of contact time on the adsorption of
lead (II) ions by MNPs-G1-Mu and MNPs-G2-Mu were investigated in
0–120 min contact time at pH ¼ 5 with 100 mg L�1 (200 mL) as initial
concentration of lead (II) solution and 50 mg of adsorbents. According to
Figure 7a and 7b, adsorption was very fast in the first 10 min because
there were electrostatic attraction forces between adsorbents and lead
(II). After 10 min, qe and adsorption percentage values for both adsorp-
tion no longer changed. For this reason, optimum contact time was
determined as 10 min. The maximum adsorbed lead (II) amounts and
adsorption percentage values were 194.24 mg g�1 (97.12%) and 196.99
mg g�1 (98.49%) for the adsorption of lead (II) by MNPs-G1-Mu and
MNPs-G2-Mu, respectively. While the second adsorbent is expected to
adsorb more lead (II) ions as it contains more branches, the difference
between qe values of both adsorbent is very small. This situation is
probably due to the steric hindrance which occurs with increasing gen-
eration of dendrimers.



Figure 9. The effect of adsorbent amount on the adsorption of lead (II) by
MNPs-G1-Mu (a) and MNPs-G2-Mu (b). (T ¼ 298 K, pH ¼ 5, initial concentra-
tion ¼ 100 mg l�1 (50 ml), contact time 30 min).

Figure 10. The effect of initial concentration on the adsorption of lead (II) by
MNPs-G1-Mu (a) and MNPs-G2-Mu (b). (T ¼ 298 K, pH ¼ 5, adsorbent amount
¼ 0.125 g, contact time 30 min).
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3.2.1.2. pH. pH value of the solution is one of the most important pa-
rameters for the adsorption processes. The reason is that, pH value of the
adsorption media can change due to the dissociation of functional groups
of active adsorption areas on the adsorbent surface, surface charge of the
adsorbent and ionization degree of materials [49]. Figure 8a and 8b are
related to the effect of changing pH value. As seen from these figures, the
removal of lead (II) ions from water was affected little by pH of the
adsorption media. The maximum adsorption of lead (II) ions on both
adsorbents was observed at pH 5. The highest lead (II) ions uptake values
obtained for MNPs-G1-Mu and MNPs-G2-Mu were 98.96 mg g�1 with
adsorption percentage of 99.96 and 98.85 mg g�1 with adsorption per-
centage of 99.82 respectively. The lowest lead (II) uptake values were
determined at pH 2 for both adsorbents. (qe ¼ 94.56 mg g�1 and A% ¼
95.56 for MNPs-G1-Mu and qe ¼ 91.69 mg g�1 and A% ¼ 92.69 for
MNPs-G2-Mu at pH 2). Less amount of adsorbed lead (II) ions at low pH
values (pH 2)may be due to the fact that the protons found in the solution
are more attached to the active adsorption centers of the adsorbents than
the metal ions [73]. Both adsorbents adsorbed nearly the same amount of
lead (II) ions at pH 5. However, MNPs-G1-Mu adsorbed slightly more
lead (II) ions than MNPs-G2-Mu at pH 2. Effect of pH was studied in the
pH range of 2–5 because of the precipitation of lead (II) after pH 5 (at pH
6 and higher values of pH) [74].
9

3.2.1.3. Adsorbent amount. According to the results obtained from
Figure 9a and 9b, as the amount of adsorbent increases, the amount of
adsorbed lead (II) decreases, but a little change occurs at adsorption
percentage which is the same for both absorption processes. One reason
for decreasing of the amount of adsorbed lead (II) is the presence of
unsaturated adsorption areas; and the other reason is the aggregation of
nanoparticles with increasing amount of adsorbent. A similar result is
also available in the previous study [75]. qe values are 38.91 and 39.52
mg g�1 for MNPs-G1-Mu and MNPs-G2-Mu, respectively when 0.125 g of
adsorbent is used. So, optimum adsorbent amount was selected as 0.125
g for both adsorption process.

3.2.1.4. Initial concentration. The effect of the initial concentration was
studied from 25 to 200 mg L�1, and the other parameters were kept
constant. As can be observed in Figure 10a and 10b, when initial con-
centration of lead (II) increases, the adsorbed amount of lead (II) also
increases. It is because, when the metal ions concentration is high, there
is a possibility that the adsorbents are in contact with a greater amount of
metal ions [76]. The percentage of adsorption decreases for both ad-
sorptions with increasing initial concentration. qe values are 191.57 and
192.30 mg g�1 for adsorption of lead (II) at 200 mg L�1 concentration by
MNPs-G1-Mu and MNPs-G2-Mu, respectively. The adsorption percentage



Figure 11. The drawings of Pseudo first order equation for MNPs-G1-Mu (a);
and pseudo second order equation for MNPs-G1-Mu (b) and MNPs-G2-Mu (c).
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is the highest at 20 mg L�1 initial concentration of lead (II) ions for both
adsorbents (99.76% and 99.976%).

3.2.2. Adsorption kinetics
Kinetic studies were applied to find the desired time (without any

change in adsorption capacity) which is necessary for the adsorption
process to reach equilibrium [77]. Kinetical mechanisms of adsorptions
were analyzed by fitting the kinetical data to the pseudo first (Eq. (3))
[78] and second order (Eq. (4)) equations [79]. The linear forms of ki-
netic equations are given below.

logðqe � qÞ¼ logqe �
k1

2:303
⋅ t (3)

t
q
¼ 1
k2q2e

þ 1
qe

t (4)

Here; qe and q (mg g�1) are the adsorbed amount at equilibrium and
any time respectively. k1 (min�1) and k2 (g mg�1 min�1) are first and
second order rate constants and t (min) is time. Fitted kinetic curves and
related kinetical parameters are shown in Figure 11 and Table 1.

According to R2 values shown in Table 1, the adsorption of lead (II) on
MNPs-G1-Mu is fitted to both pseudo first (R2 ¼ 0.9705) and second
order kinetic equations (R2 ¼ 0.9908), but R2 value of pseudo second
order equation is higher. It means, the adsorption of lead (II) ions by
MNPs-G1-Mu occurs by both physical and chemical sorption. The
adsorption of lead (II) on MNPs-G2-Mu is fitted merely to pseudo second
order kinetic equation confirmed by 0.9424 value of R2. Finally, it can be
concluded that the adsorption of lead (II) ions by MNPs-G2-Mu takes
place through the chemisorption process.

3.2.3. Models of isotherms
Adsorption properties and adsorbent capacity are generally defined

by adsorption isotherms. Langmuir and Freundlich linear adsorption
isotherms were drawn so as to analyze the adsorption process better. The
following equations are Langmuir (5) [80] and Freundlich (6) [81]
isotherm equations:

Ce

qe
¼ 1
qmb

þ Ce

qm
(5)

logqe ¼ logkþ 1
n
logCe (6)

here;
qm (mg g�1), k: Langmuir and Freundlich constants related with

maximum adsorption capacity.
b (mg L �1): Langmuir constant related with adsorption energy.
n: Freundlich constant related with adsorption intensity.
Langmuir and Freundlich isotherm constants were calculated from

their linear isotherms.
Dimensionless RL (Eq. (7)) is a specific Langmuir factor indicating the

type of the adsorption;

RL ¼ 1
1þ b:C0

(7)

According to R2 values (Figure 12), the adsorptions of lead (II) on
MNPs-G1-Mu and MNPs-G2-Mu are suitable with both isotherm models,
but the adsorption of lead (II) on MNPs-G1-Mu is more appropriate for
Freundlich model and the adsorption of lead (II) on MNPs-G2-Mu is also
more appropriate for Langmuir model owing to higher R2 values given in
Table 2. Langmuir model describes the monolayer homogenous, and
Freundlich model describes multi-layer heterogonous adsorption [58]. It
is possible that the adsorption process occurs by forming chelates be-
tween the O and N atoms in the structure of the adsorbent and lead (II)
ions. As qm values are greater for the adsorption of lead (II) on MNPs-G2,
the adsorption capacity of the MNPs-G2-Mu is higher than the adsorption
10
capacity of the MNPs-G1-Mu. RL value (Table 2) for the adsorption of
lead (II) by MNPs-G1-Mu and MNPs-G2-Mu are calculated as 0.0105 and
0.0039 respectively which show a favorable adsorption (0 < RL � 1



Table 1. Kinetic parameters of adsorptions.

Temperature (�C) MNPs-G1-Mu MNPs-G2-Mu

Pseudo first order Pseudo second order Pseudo first order Pseudo second order

kads.1 (min�1) R2 kads.2 (g mg�1 min�1) R2 kads.1 (min�1) R2 kads.2 (g mg�1min�1) R2

298 K 0.0177 0.9705 0.0082 0.9908 - - 0.0064 0.9424

308 K 0.0177 0.9681 0.0075 0.9912 - - 0.0069 0.9737

318 K 0.0175 0.9691 0.0071 0.9914 - - 0.0070 0.9824

Figure 12. The Langmuir lineer isotherms of the adsorption of lead (II) on MNPs-G1-Mu (a) and MNPs-G2-Mu (b); and the Freundlich lineer isotherms of the
adsorption of lead (II) on MNPs-G1-Mu (c) and MNPs-G2-Mu (d). (T ¼ 298 K).

Table 2. Parameters of Langmuir and Freundlich isotherm models.

Adsorbents Langmuir Constants Freundlich Constants

qm (mg g�1) b (L mg�1) RL R2 k n R2

MNPs-G1-Mu 208.33 0.9410 0.0105 0.9827 80.0018 2.4 0.9946

MNPs-G2-Mu 232.56 2.5294 0.0039 0.9663 162.742 3.39 0.8241

Table 3. Comparison of adsorption performances of various adsorbents for lead (II).

Adsorbents Qmax (mg g�1) References

MNPs-G1-Mu 208.33 This work

MNPs-G2-Mu 232.56 This work

g-C3N4 22.30 Wan et al., 2019 [77]

The original HC 32.67 Jiang et al., 2019 [2]

Fig sawdust activated carbon 80.65 Ghasemi et al., 2014 [78]

M-Lignin-PEI 96.66 Zhang et al., 2019 [10]

Chitosan-beads 72.89 Gyanannath et al., 2012 [79]

Cashew nut shells 28.90 Tangjuank et al., 2009 [80]

Pine cones 27.53 Mom�cilovi�c et al., 2011 [81]
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Figure 13. The FT-IR spectra of MNPs-G1-Mu after adsorption.
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Figure 14. The FT-IR spectra of MNPs-G2-Mu after adsorption.
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provide favorable adsorption conditions). Finally, in these adsorption
processes, a combination of Langmuir and Freundlich isotherm model
was observed.

3.2.4. Comparison of maximum adsorption capacities of different adsorbents
The maximum adsorption capacities (qm) were calculated by the

Langmuir equation for lead (II) on MNPs-G1-Mu and on MNPs-G2-Mu as
Table 4. Results of antimicrobial activity of nanoparticles against some microorganis

P. aeruginosa
ATCC 27853

E. coli
ATTC 25922

K. pneumoniae
ATCC 4352

P. mirabil
ATCC141

MNPs-G1-Mu - - - -

MNPs-G2-Mu - - - -

Pbþ2 adsorbed MNPs-G2-Mu - - - -

Fe3O4 Control - - - -

12
208.33 and 232.56mg g�1, respectively. The calculated qm values proved
that synthesized adsorbents had high adsorption capacities. In this study,
great results were obtained due to strong interaction that happened be-
tween lead (II) ions and nitrogen atoms. qm values for lead (II) reported
for other adsorbents are shown in Table 3. Generally, utilized nano-
structured adsorbents had higher adsorption capacity than the other re-
ported adsorbents at Table 3 [2,10,82, 83, 84, 85, 86]. Moreover,
ms.

is
53

E. faecalis
ATCC 29212

S. epidermidis
ATCC 12228

S. aureus
ATCC 29213

C. albicans
ATCC 10231

C. parapsilosis
ATCC 22019

- - 625 312.5 78.12

- - 625 - 625

- - 625 - 625

- - - - 625
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considering their easy preparation and separation, MNPs-G1-Mu and
MNPs-G2-Mu are better adsorbents compared to the others.

The FT-IR spectras of adsorbents exposed to lead (II) ions are shown
in Figures 13 and 14.

The FT-IR spectras of adsorbents exposed to lead (II) ions are slightly
lower than the non-metal loaded FT-IR spectrum. Some peaks previously
seen in the FT-IR spectrum of adsorbents are no longer visible. After
adding lead (II), Pb–N and Pb–O interactions are shown at around 1640
and 1040 cm�1 (Figures 13 and 14) [74]. So, these spectras are also prove
that the adsorption process occurs by forming chelates between the O and
N atoms in the structure of the adsorbent and lead (II) ions.

3.3. The results of antimicrobial activity

The results in Table 4 indicate that; at least 625 (μg mL�1) of MNPs-
G1-Mu, MNPs-G2-Mu and lead (II) adsorbed MNPs-G2-Mu are required
to prevent the growth of S. aureus ATTC 29213. The lowest concentration
of MNPs-G1-Mu should be 312.5 (μg mL�1) to prevent the growth of the
C. albican ATTC 10231. The lowest concentration of MNPs-G2-Mu, lead
(II) adsorbed MNPs-G2-Mu and Fe3O4 (control) should be 625 (μg mL�1)
to prevent the growth of the C. parapsilosis ATTC 22019. The lowest
concentration of MNPs-G1-Mu should be 78.12 (μg mL�1) to prevent the
growth of the C. parapsilosis ATTC 22019. As a result, MNPs-G1-Mu
showed the most antimicrobial activity against C. parapsilosis ATTC
22019. MNPs-G2-Mu and lead (II) adsorbed MNPs-G2-Mu showed anti-
microbial activity against both C. parapsilosis ATTC 22019 and S. aureus
ATTC 29213. Only MNPs-G1-Mu showed antimicrobial activity against
C. albican ATTC 10231. Synthesized nanoparticles didn't show antimi-
crobial activity against the other microorganisms. Fe3O4 nanoparticles
(control) showed antimicrobial activity against only C. parapsilosis ATCC
22019. However, MNPs-G1-Mu, MNPs-G2-Mu and lead (II) adsorbed
MNPs-G2-Mu exhibited antimicrobial activity against two other micro-
organisms besides C. parapsilosis ATCC 22019. So, it indicates that; the
coating of iron oxide nanoparticles enhanced the antimicrobial activity of
them.

4. Conclusions

In this study, new nano-sized, magnetite-cored and environmentally
friendly MNPs encapsulated with Mu-terminated PAMAM for uptaking of
lead (II) from aqueous environment were successfully prepared. The
obtained nanomaterials were characterized by different spectroscopic
techniques. The ability of the magnetite nanostructured adsorbents for
taking out lead (II) from diluted solution by using batch method were
explored. And also antimicrobial activities of nanomaterials against
various microorganisms were tested. Adsorption processes with both
adsorbents were highly fast and effective and adsorbents were easily
recollected after adsorption processes due to their magnetic properties.
High qm values of adsorbents were 208.33 and 232.56 mg g�1 for MNPs-
G1-Mu and MNPs-G2-Mu, respectively. The adsorption parameters
influenced both adsorption processes almost equally. Owing to the fact
that qm value of MNPs-G2-Mu is higher than MNPs-G1-Mu, it is expected
to be slightly more effective for uptaking lead (II) ions. However, the
adsorption results were close to each other. It is probable that this situ-
ation stems from the steric hindrance which occurs with increasing
generation of dendrimers. Adsorption parameters for both adsorptions
were determined as pH ¼ 5, 0.125 g adsorbent amount, lead (II) con-
centration of 200 mg L�1 during 10 min contact time. The adsorption
process occurs by forming the electrostatic attraction forces between the
O and N atoms in the structure of the adsorbents and lead (II) ions.
Adsorption kinetics of MNPs-G1-Mu were fitted by only pseudo first
order model, however adsorption kinetics of MNPs-G2-Mu were fitted by
both pseudo first and second order model. Adsorption processes made
with both adsorbents were also compatible with both Langmuir and
Freundlich adsorption isotherms. However, according to R2 values
adsorption by MNPs-G1-Mu indicated more compatibility with
13
Freundlich isotherm; and adsorption by MNPs-G2-Mu exhibited more
compatibility with Langmuir isotherm. As a result of this study, it was
determined that our results, which were better than the other results
reported, exhibited high binding affinity for removal of lead (II) from
aqueous media. Antimicrobial activities of MNPs-G1-Mu, and MNPs-G2-
Mu, MNPs and lead (II) adsorbed onto MNPs-G2-Mu against nine
different species were examined. MNPs-G1-Mu displayed antimicrobial
activities against C. albicans and C. Parapsilosis. Synthesized nano-
materials can be suggested as adsorbents for adsorption of lead (II) and
antimicrobial agents against C. albicans and C. Parapsilosis.

Finally, we can say that the removal of lead (II) from aqueous solu-
tions with the magnetic separation method using the nanoadsorbents is a
relatively easy and cost effective procedure compared to other alternative
methods.
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