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ABSTRACT

In this work magnetic polymer nanocomposite was synthesized based on organic acid immobilized
MnMgFe,O, mixed ferrite. For this purpose, magnetic ferrite was prepared through precipitation
and calcining at 700°C. After that, the ferrite was further reacted with (3- chloropropyl) triethox-
ysilane and amino sulfonic acid. Modified magnetic material was applied for preparing copolymer
with phenylenediamine. Magnetic polymer nanocomposite was characterized using FT-IR, EDX,
XRD, SEM, TEM, VSM, and TGA techniques. Moreover, the nanocomposite was employed as a mag-
netic recyclable adsorbent for adsorption of lead ions from aqueous solutions. Optimal conditions
have been obtained with Box-Behnken design (BBD). Equilibrium was achieved within 10 min and
adsorption followed second order kinetic model. Isotherm study revealed that magnetic nano-
composite has maximum adsorption capacity of 330 mg g and Freundlich model goodly describe
adsorption behavior of the sorbent. Adsorbed ions were released with HNO, solution (0.1 mol L™)
and the sorbent showed good adsorption efficiency after 3 cycle of sorption and desorption.

Keywords: Design expert; Ferrite; Lead; Nanocomposite; Polymer.

1. Introduction

Pollution of heavy metals is a major environmental
threat since bio-accumulation of them cause serious eco-
logical and health hazards [1,2]. Among heavy metals,
lead is a nonessential, highly toxic metal as exposure on
excess of it cause severe damage to brain, nervous sys-
tem and may cause neonatal death [3,6]. Some of widely
applied lead separation methods include: membrane
filtration [7], coprecipitation [8], solid phase extraction
(SPE) [9,10], gravitational settling—sedimentation [11]
and liquid-liquid extraction [12]. Due to high efficiency
and low consumption of pure organic solvents, adsorp-
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tion methods attracted a considerable amount of inter-
est for the adsorption of toxic metal ions. Choosing an
appropriate adsorbent is a key factor in the mentioned
methods, since this factor could affect selectivity and sen-
sitivity of the adsorption process [13,14]. Due to signifi-
cance of adsorption, various sorbents have been proposed
such as; carbon nanotubes [15,17] nano alumina [18] resin
[19,20] nanoclay [21], biosorbents [22,23], graphene [24],
polymeric adsorbent [25,27] and magnetic nanoparticles
[28,29]. Among these sorbents, magnetic nanoparticles
(MNPs) and their nanocomposites have gained great deal
of attentions owing to their homogenous dispersion in the
solution phase and ability to control and separate them by
an external magnetic field [30,31]. The most conventional
MNPs used directly as adsorbents or supports in separa-
tion procedure are iron oxides comprised nanoparticles
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and spinel ferrites with MFe O, formula (M: Mn, Co, Cu,
Ni, Ca, Zn), as the later have been widely investigated
for their high magnetic permeability and chemical stabil-
ity [32,33]. However, aggregation and changes of surface
properties limited direct application of nanoparticles in
adsorption methods. One of the most notable candidates
for improvement of such practical applications may be
magnetic polymer nanocomposite. In fact, combine the
magnetic properties with the polymer characteristics
creat a suitable protective layer which cause unique and
tailored properties along with reliable chemical stability.
Furthermore, polymer functional groups can provide a
robust platform for sensing application as well as increases
selectivity and sensitivity of adsorption methods for tar-
get species [34,35]. To date, a number of polymer nano-
composites have been used for heavy metal adsorption.
Polyaniline derivative is one of the convenient materials
with many features, which could be exploited in various
applications [36]. Polyaniline derivative has high content
of functional groups in conjugated structure and more
intriguing multi-functionality such as -OH, -NH, and -
SO, which increase adsorption capacity. Powerful chela-
tion ability as well as the accessibility of the functional
groups reduces diffusion resistant which causes low
equilibrium time and fast adsorption process. However,
polyaniline derivatives have small specific surface area
which restricts its application for metal adsorption. This
limitation can be improved by polymer combination with
magnetic nanoparticles [37]. Moreover, magnetic polymer
can be easily separated from solution by simple external
magnetic field.

The goal of this study is exhibit a novel magnetic poly-
mer nanocomposite for lead adsorption. For this purpose,
MnMgFe,O, mixed ferrite was synthesized and modified
with amino sulfonic acid. The organic acid acts as a mono-
mer, which can be condensed with p-phenylenediamine as
basic monomer hence, the yield of polymerization reaction
is a copolymer that chemically attached to nanoparticles
surface. Prepared magnetic nanocomposite was applied as
a magnetic recyclable adsorbent for lead adsorption from
aqueous solutions. Effective parameters on adsorption
process were optimized with Box-Behnken design (BBD).
Kinetic and isotherm models were also studied.

2. Experimental section
2.1. Materials and instruments

All reagents ie, Fe(NO,),,9H,O, Mn(NO,),4H,O,
Mg(NO,),, and NaOH were analytical grade and used as
received without further purification. (3-chloropropyl)
triethoxysilane (CPTES), 4-amino-benzene sulfonic acid,
1,4-phenylenediamine, sodium thiosulfate (Na,5,0,) and
sodium dodecyl sulfate (SDS) supplied from Merck (Darm-
stadt, Germany). Standard solution of Pb(II) ions (1000
mg L) was prepared with dissolving of Pb (NO,), salts
(Merck product) in a minimum amount of HNO,, and then
diluted to appropriate volume with distilled water. The pH
adjustment was performed with 0.1 mol L™ of HNO, and
0.1 mol L™ of NH,.

The prepared particles were characterized by powder
X-ray diffraction analysis using a Phillips powder diffrac-

tometer, X’ Pert MPD, with Cu-Ka (A = 1.540589 A) radi-
ation in 20 range of 2-100°. Fourier transform infrared
spectra (FT-IR) were measured with Equinox 55 Bruker with
ATR method over the wavelength of 400-4000 cm™. TEM
and FE-SEM analysis carried out using Zeiss-EM10C and
HITACHI S 4160 instruments, respectively. TGA results and
energy dispersive X-ray spectrometry (EDX) are recorded
with a TA- Q-50 and Oxford ED-2000 (England) respec-
tively. A Varian model AA- 400 flame atomic absorption
(FAAS) spectrometer (Varian Australia Pty Ltd, Musgrave),
equipped with a deuterium lamp background and hollow
cathode lamp was used for determination of lead ions. A
digital pH-meter (model 692, metrohm, Herisau, Switzer-
land), was used for the pH adjustment.

2.2. Preparation of modified ferrite

For synthesis of the MnMgFe,O, NPs, 3.8 g of iron
nitrate, 0.47 g of manganese nitrate and 0.72 g of magne-
sium nitrate, were dissolved in 100 mL of distilled water,
and 50 mL of sodium hydroxide solution (2.0 mol L) was
added to metal solution along with vigorous stirring for
5.0 min. After that the precipitate was collected with fil-
ter paper, washed with distilled water, dried at 100°C for
1 h, and further heated at 700°C for 1.5 h. To immobilize
the organic acid on the surface of NPs, 1.0 g of ferrite was
refluxed in 30 mL of methanol (containing 2 mL of CPTES
and 0.5 g of the amino sulfonic acid) for 24 h. Then, the
product was collected with external magnetic field and
rinsed with methanol and dried at 60°C for 5 h.

2.3. Preparation of polymer nanocomposite

About 0.5 g of the modified nanoparticles was ultra-
sonically dispersed in SDS solution (1.5 g in 50 mL distilled
water) for 10 min then, 1.0 g of 1,4 phenylenediamine was
added to this mixture. After dropping of thiosulfate solu-
tion (1.5 g in 20 mL distilled water), the mixture was stirred
for 24 h at room temperature. Obtained black precipitate
was washed three times with HCI solution (0.1 mol L)
and several times with distilled water and dried at 80°C
for 5 h. The process of magnetic nanocomposite preparation
is schematically illustrated in Fig. 1.

2.4. Metal adsorption experiment

Metal adsorption experiments were performed for dif-
ferent concentrations of lead ions (0.05-50 mg L) through
batch method. For this purpose the pH of lead solutions in
50 mL volumetric flasks, were adjusted in 6.0 then, 10 mg
of magnetic polymer was added to each flask. After shaking
for 10 min, the concentration of lead ions in supernatant or
in 5 mL of HNO, (0.1 mol L) as eluent, was determined by
FAAS. The same procedure performed for all blank solutions.

3. Results and discussion
3.1. Characterization of magnetic nanoconposite

The result for EDX analysis (Fig. 2a) exhibits the
weight ratios of Fe (57.5%), O (19.3%), Mn (11.9%), Mg
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Fig. 1. The process of magnetic nanocomposite preparation.
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Fig. 2. EDX spectra (a), XRD pattern (b), VSM graph (c) and FI-
IR spectra (d) for prepared composite.

(6.1%), C (4.4%) and Na (0.9%). The XRD analysis of mixed
ferrite and polymer nanocomposite are shown at Fig. 2b.
The characteristic peaks due to ferrite crystal shows scat-
tering at 26° = 30.9, 35.34, 40.76, 43.0, 53.52, 57.48 and 62.3
indexed to the (220), (311), (400), (422), (333), and (440)
planes of a cubic cell. The result matched with the spectra
of both MnFe,O, (JCPDS-74-2403) and MgFe O, (JCPDS
73-2410) which prove formation of mixed ferrite. Polymer
nanocomposite exhibits new peaks at 26° = 10.12, 15.49,
20.26 and 24.0 due to crystallinity of (001), (100), (110) and
(111) planes [38,40]. Magnetic hysteresis loops of prepared
NPs and polymer (Fig. 2c) showed the saturated magne-
tization of 24.5 and 3.45 emu g respectively. The quench
in the magnetic moment for polymer nanocomposite is
due to the existence of organic layers on the surface of
magnetic core.

In the FT-IR spectra of naked and modified ferrite at Fig.
2d, the characteristic bands of Fe-O (569 cm™), vibration of
Mg-O and Mn-O (600-1000 cm™), stretching vibration of

Si-O (1100 cm™) and C-H stretching (2929 cm™) are observ-
able. The spectra of polymer nanocomposite show peaks at
2919 cm™, 1571 ecm™ and 1400-1500 cm™, which assigned to
C-H stretching, N-H bending units and aromatic backbone
vibration, respectively.

The FE-SEM image of ferrite is shown in Fig. 3a. Syn-
thesized materials are spherical clusters with diameter in
the range of 40 to 60 nm. In fact the discrete nanoparti-
cles are not observable. Cluster formation is owing to the
interaction between the particles with high surface activ-
ity through hydrogen bonding. Due to the crosslinking
between polymer fragments, the image of polymer com-
posite (Fig. 3b) present irregular flakes. The TEM image of
polymer nanocomposites (Fig. 3c), exhibits distribution of
magnetic nanoparticles as dark points in polymer matrices.
After composite formations the polymer can acts as spacer
between the particles and destroy the clusters structure
hence it can be seen that diameter of ferrite nanoparticles
is less than 10 nm.

Thermal gravimetric analysis for polymer nanocom-
posite is shown in Fig. 3d. The result shows that the total
weight loses over the temperature range of 50-600°C is
about 75% for polymer nanocomposite. Polymer nano-
composite underwent three stages of weight loss owing to
the release of water and chain decomposition at elevated
temperature. The first weight loss has been observed
below 100°C, which may be attributed to the loss of vol-
atilized moisture. The second weight loss which was
below 200°C may be attributed to the re-crystallization,
and crosslinking reactions of the polymer chains. At
more extreme temperatures, other main weight loss has
been occurred around 250, 300 and 400-530°C due to
polymer backbone degradation. This result confirms that
polymer has been synthesized on the surface of ferrite
with high density.

100 200 300 400 500 600

Temperature (°C)

Fig. 3. FE-SEM image of the ferrite and polymer nanocomposite
(a and b), TEM image of polymer nanocomposite (c), and TGA -
DTA graph for polymer nanocomposite (d).
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3.2. Optimization of sorption process using response surface
methodology

Box-Behnken design (BBD) was adopted for studying
the adsorption of Pb(Il) by the magnetic nanocomposite.
Three significant parameters namely pH (A), adsorption
time (B) and adsorbent dosage (C) was optimized. Owing to
use of three variables, 17 experimental runs were required.
A quadratic model was performed between the response
and the corresponding coded values and finally, the best
fitted model equation was obtained as:

%R=99.85+1.0A+1.0B+0.7C+0.7AB+0.2AC

1
+0.2BC-3.0A* -1.0B* - 1.6C* @

The statistical significance of the equation was evaluated
by the analysis of variance (ANOVA). According to results,
the P-value (<0.0001) is lower than 0.05 indicating that qua-
dratic model was significant. The low value of standard
deviation (0.5) between the experimental and predicted
results shows that Eq. (1) adequately represents actual rela-
tionship between the response and significant variables.
High value of R? (0.98) and adjusted R? (0.95) indicates a
high dependence and correlation between the observed
and the predicted values of response. Adequate precision
measures the signal to noise ratio and a ratio of 15.7 was
obtained for adsorption efficiency which demonstrated that
model is significant for the process. The 3D response sur-
face plots for the removal percentage (R%) were shown in
Fig. 4. The results showed that the best pH is 6 as well as
optimum contact time and adsorbent dosage were 10 min
and 10 mg, respectively.

3.3. Kinetic study

Quantifying the changes in adsorption with time can
be investigated using the appropriate kinetic model. The
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pseudo-first-order and pseudo-second-order model can be
expressed by following equations.

In(Q,-Q,)=In Q, -kt )

t 1 1
L TN 3
0 (KZQEZ)J{QEJt ©

where k,, k,, Q and Q, are the pseudo-first order adsorption
rate constant (min™), the second-order rate constant (g mg™
min™) and the values of the amount adsorbed per unit mass
at equilibrium and at any time ¢t respectively [41]. The plots
of second order model showed better linearity respect to
first order (Fig. 5a and 5b). Moreover, according to results
in Table 1, the Q, correspond to the second-order model
has low deviation (0.72 %) from experimental value hence,
chemical adsorption based of second order model can be
accepted as the mechanism for lead adsorption.

The intra-particle diffusion model describes transport
of analyte from the aqueous phase to the surface of the
adsorbent and subsequent diffuse into the interior of the
particles [42]. This model can be presented by the follow-
ing equation:

05
Qt = klt + C (4)
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Fig. 5. Lagergren pseudo-first order (a) and second order (b) ki-
netic model for lead adsorption.

Table 1
The data of kinetic models for adsorption of Pb** ions using
polymer nanocomposite

R? 0.939 R? 0.955
Firstorder K| 0.15 Diffusion K; 0.88
model
Q 0.3 C 14.86
R? 0.999 R? 0.782
Second K, 3.03  Liquid film K, 0.24
order
Q 18.18 C 1.55
R? 0.94
Elovich o 29 x
10°
Q, 1805 B 0.97
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The plot of Q, versus t°* (Fig. 6a), is approximately linear
with an intercept of 14.86 instead of zero hence, this model
unlikely to be rate controlling.

The liquid film diffusion model (Eq. (5)) explains the
role of transport of the analyte from the liquid phase up to
the boundary of solid phase.

ln( —%J:kﬂuc 5)

e

where k, is the adsorption rate constant [43]. The curve
of this model (Fig. 6b) is not linear moreover, it has the
intercept of 1.55 against the predictions of the model con-
sequently, and this model cannot be accepted as kinetic
mechanism.

The Elovich kinetic model can be expressed as:

1 1
=— In(of)+~ In(t (6)
which o (mg g min™) and B (g mg™) represent the initial
adsorption rate and desorption constant respectively. The
plot of Q, vs. In (t) (Fig. 6¢) is linear with high value of a,
which confirm high adsorption rate and good affinity of
lead ions toward the polymer nanocomposite.

3.4. Isotherm study and error analysis

The equilibrium adsorption isotherm can describe the
mechanism of sorbate-adsorbent interaction hence, the
effect of Pb(Il) concentration on adsorption process was
analyzed in terms of Freundlich and Langmuir isotherms.
The Freundlich model is represented as:

1
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Fig. 6. Intra-particle diffusion (a), liquid film diffusion (b) and
Elovich model (c) for lead adsorption using the polymer nano-
composite.

where n and K. are the Freundlich coefficients which eval-
uated from the slope and intercept of linear plot. Q is the
amount of metal ions sorbed per unit mass of the sorbent
(mg g™') and C, (mg L") is the amount of metal ions in the
liquid phase at equilibrium [44].

Linear form of Langmuir model can be expressed by fol-
lowing equation:

C, 1 C,
=—>b+
Qe Qm Qm

The Q, is maximum adsorption capacity and b is the
Langmuir coefficient [45,47]. The essential characteristics
of the Langmuir isotherm can be explained in terms of a
dimensionless constant separation factor (R,), calculated by
use of the following equation:

®)

_ 1
R=700) ©)

where C, is the initial concentration of metal ions and R,
describes the type of Langmuir isotherm, to be unfavorable
(R, > 1), linear (R, = 1), irreversible (R, = 0) or favorable
(0 < R, < 1). The graphs for linear and nonlinear isotherm
model are depicted in Fig. 7a—c, and results are listed in
Table 2 which revealed that the nanocomposite has good
adsorption efficiency as maximum adsorption capacity of
the sorbent is 330 mg g™'. Furthermore, R, value was in the
range of 0.17-0.67 which confirm Langmuir model is favor-
able for lead adsorption using the magnetic nanocomposite.
To evaluate the accuracy and fitness of isotherm model with
experimental results, the coefficient of determination (r?)
and the chi-square test (x*) were used in this study. These
error functions are given as:
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Fig. 7. Freundlich and Langmuir adsorption isotherm models (a
and b), the theoretical isotherm model fitted with experimental
data (c), and removal efficiency of some heavy metals using the
polymer nanocomposite (d).
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Table 2
The data of isotherm models for lead adsorption using
magnetic polymer nanocomposite

Langmuir Value Freundlich ~ Value

Q, (mggh) 330 K, 34.29

R? 0.982 R? 0.998

b 0.12 n 1.35

R, 017-0.67 rZ 0991

r 0.985 Ve 0.095

v 0.164

— 2
) 2(Q.-Q.,) (10)
r= — \2 2
2(Q.-Q.,) +Z(Q.-Q.,)
(Q.-0)

=y = (11)

QC

where Q, and Q (mg g™) are the experimental adsorption
capacity and the calculated from nonlinear models and Q.
is average of Q,  [48]. According to the results (Table 2),
the value of R? for both linear models are superior to 0.90,
indicate the low variance around the mean values. But, the
Freundlich model have higher coefficient of determination
and lover y* value which confirmed that adsorption-com-
plexation reactions taking place in the adsorption process.
Moreover, the value of error analysis for Langmuir model
are close to Freundlich model hence, the model show good
fitness due to homogeneous distribution of active sites on
the sorbent. It is well known that the Langmuir isotherm
corresponds to a dominant ion exchange mechanism these
indicate that the mechanism of lead adsorption is complex
and both the chemical adsorption and physical adsorp-
tion exist at the same times in this adsorption process. In
other words, the sorbent possess both heterogeneous and
homogeneous active sites which interact with target ions.
Moreover it can estimate that adsorption occur through
monolayer chemisorption followed with multilayer phy-
sisorption process.

3.5. Specificity of the method

To investigate the specificity of the nanocomposite
toward lead ions the procedure was performed for differ-
ent metal solution with concentration of 2 mg L™ for nickel,
cobalt, copper, cadmium, and zinc ions. The result (Fig. 7d)
indicated that the removal efficiency at optimum conditions
are more than 90% for lead ions but for other ions is in the
range of 50-70% that shows the efficiency of method for
lead adsorption.

Ions become specifically adsorbed when short-range
interactions between them and the interphase become
important. They are believed then to penetrate into the
inner layer and may come into contact with the surface. It
is known that affinity of coordination sites toward a spe-
cies can be owing to overlapping between bonding orbital’s

of the species involved in the reaction as well as matching
of pore mouth diameter with molecular size of fed species.
Good specificity of the sorbent toward lead ions confirms
that there is a strong solid—fluid phase interactions between
the lead ions and the adsorbent surface. In fact tightly bound
Pb- polymer is considered to form a rigid structure which
does not change in the course of charge transfer. Moreover,
it estimates that the size of pores is more matched with lead
ions which facilitate its diffusion through adsorbent pores
[49,51].

3.6. Regeneration of the sorbent

Regeneration of solid sorbent is a prominent epithet
based on economic view hence, release of adsorbed lead
ions from sorbent surface was also investigated. According
to effect of pH on lead adsorption, the removal efficiency
was not quantitative in acidic situations therefore; it can be
estimated that acidic solution may be good eluent for Pb
desorption. As a result, different concentration of HNO,
solution was applied and the result showed that the solu-
tion with concentration of 0.1 mol L can release target ions
with efficiency of 95%. To evaluate the reusability of the
sorbent, it was washed with water then dispersed in 50 mL
of lead solution, the pH was adjusted at 6 and the general
adsorption procedure was performed. It was observed that
after 3 cycle of sorption and desorption the removal effi-
ciency was more than 90% which indicate the sorbent has
good potential to be applied as a recyclable adsorbent.

3.7. Comparison with the literature

The performances of proposed method for Pb** adsorp-
tion have been compared with some literature and results
are depicted in Table 3. It is obvious that this method has
better performance relative to most previous ones with
respect to the adsorption time; furthermore it shows sat-
isfactory adsorption capacity. Prepared sorbent composed
of mixed metal oxide i.e, MnO, MgO, and Fe,O, as well
as polymer fragment with various functional groups. In
fact polymer active sites which including -NH, and -SO,H
along with metal oxides are easily accessible to capture
lead ions. Lead ions interact with these functional groups
through ion exchange especially with -SO,H, -NH; and
— OH;. Moreover, formation of inner sphere complex on
the sorbent surface is another main mechanism which
caused high efficiency of the sorbent for lead adsorption.
Adsorption mechanism can be expressed as follow (Egs.
(12)(15)).

-S5O, H' + Pb** — -SO, Pb*" + H" (12)
-NH; + Pb** - -NH,Pb** + H* (13)
-NH, + Pb** - -NH, -Pb (14)
-SO,H +Pb** — -SO,H-Pb (15)
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Table 3
Comparison the lead adsorption property of prepared material
with some sorbents

Adsorbent Maximum Equilibrium Ref
capacity time (min)
(mg g%)
Banana peel 4144 20 [2]
Rice bran 68 40 [3]
Chitosan nanofiber 577 8h [4]
4-Aminoazobenzene 46.8 10 [6]
- MWCNTs
Nanoporous silica 208 25 [13]
Pectin-based 165 24h [22]
biosorbent
Hydrilla verticillata 125 120 [23]
biosorbent
Ion-imprinted 754 5 [27]
polymer
O2-plasma-oxidized 54.1 400 [41]
-MWCNTs
Cedar leaf ash 7.23 30 [46]
Graphene oxides 125 6h [47]
MnMg 330 10 This
Fe,O, - Polymer work

4. Conclusions

A novel magnetic polymer nanocomposite have been
demonstrated based on the chemically attachment of
amino-sulfonic acid on mixed ferrite surface. Lead adsorp-
tion properties of the material were also investigated and
optimized by design of experiment. The nanocomposite
shows relatively fast adsorption kinetic for Pb** ions with
high adsorption capacity and good reusability. The per-
formance of this method was good with respect to effi-
ciency and adsorption capacity and shows the ability of the
method as an efficient adsorbent in order to solidify lead
ions from aqueous solutions.
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