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ABSTRACT

Herein, the synthesis of functionalized polymer microspheres core-shell structure is success-
fully fabricated by a process involving three steps: (1) preparation of superparamagnetic Fe,O,
nanoparticles through a co-precipitation method, (2) Fe,O, nanoparticles were functionalized
using polypyrrole (PPy), a natural amino acid, to graft Hg(Il) and azo dyes onto the surface of
the nanocomposite, and (3) immobilization of meso-tetrakis (4-carboxyphenyl) porphyrin based
on Fe,O,/PPy core-shell by a facile route. To recluse investigation of the ratio effect of core and
shell amounts, the adsorbent was prepared with two different percentages: 2.53 and 33. In this
work, some critical factors on the efficiency of adsorbent have been studied, including concentra-
tion and time. Structural and morphological changes induced by modification were confirmed by
X-ray diffraction, Fourier transforms infrared, scanning electron microscopy, and energy-disper-
sive X-ray spectroscopy analysis. UV-visible (UV-vis) spectra illustrate the elimination percentages
of methylene blue (MB) and methyl orange (MO). Inductively coupled plasma analysis was used
to investigate the removal of Hg(Il) ions. The results illustrated that the adsorbent shows efficiency
up to 100%. Furthermore, UV-vis spectroscopy was used to show that the prepared nanocompos-
ite removes MB and MO dyes with a yield of 100% and 95%, respectively. The porous structure
was also investigated by Brunauer—-Emmett-Teller analysis, and a type VI isotherm was obtained.
The magnetic nanocomposite is featured with superparamagnetism, excellent reusability, and a
high anti-interfering ability to remove Hg(II) toxic ions and organic pollutants such as MB and
MO in an aqueous medium at room temperature.
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1. Introduction

Mercury, a well-known toxic heavy metal, has attracted
increasing attention because of its persistence in human
and other creatures’ food chains. Hence, it is considered
a high-level global threat regarding public health and the
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environment [1]. Mercury can be produced from various
natural and mankind sources. Its most common sources
include oceanic and volcanic emissions, fossil fuel combus-
tion, gold mining, drugs or cosmetics, chemical industry,
and electronic manufacturing, which lead to the release
of this harmful metal to water and soil. There are two
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oxidation states for mercury: Hg(I) and Hg(II). Hg(I) com-
pounds are not prevalent, and most of their compounds
appear as Hg(II). Hg(II) is the common inorganic form of
mercury in both anthropogenic effluents. Its higher tox-
icity than other mercury ions is due to its converting to
other dangerous organic forms via biological methyla-
tion [2]. Due to the high toxicity of this heavy metal, the
World Health Organization (WHO) has set some limits for
human consumption. The maximum acceptable level of Hg
for human consumption is 0.3 mg per week and less than
0.002 mg/L (2 ppb) in drinking water [3].

Nevertheless, developing highly efficient methods
for the removal of mercury from wastewaters is essen-
tial. Also, heavy metals are not only wastewater pollut-
ants, and the existence of azo dyes as a contaminant agent
is not negligible. The main feature of this kind of dyes is
the -N=N- group in their structures. Azo is a famous class
of dyes produced in many industries and used in textile,
food, leather, paper, plastic, and cosmetic manufacturing [4].
Annually, it has been estimated that 2.8 x 105 tons of textile
dyes are discharged in corresponding industrial effluents
[5]. Among different kinds of azo dyes, methylene blue (MB)
and methyl orange (MO) are dominantly used. Finding an
effective and inexpensive method for removing these dyes
can be very useful for improving the quality of life.

Some specific techniques have been used for elimi-
nating each Hg(II) and azo dye contamination in aqueous
solutions. The conventional methods used to extract Hg(II)
from waste include chemical precipitation, physical pro-
cess, phytoextraction, ion exchange, ultrafiltration, reverse
osmosis, and both electrodialysis and electrochemical
recovery. Furthermore, coagulation, flocculation, precip-
itation, membrane filtration, electrochemical techniques,
and conventional biological treatment methods are used
to treat the azo dyes. However, these technologies are
not entirely effective because most of them require large
land areas and are quite expensive [6,7]. Compared with
other techniques, the adsorption process has received
considerable attention because of its low cost, high effi-
ciency, simple feature to operate, and reversibility [8].
Many kinds of adsorbents have been used for the removal
of pollutants from wastewater, such as activated carbon
[9], clays [10], chelating resin [11], cellulose [12], zeo-
lites [13], and silica gel [14]. The synthesis of suitable
adsorbents with a strong association and high loading
capacity is still a significant challenge. The convenient
separation from water is considered a valuable advan-
tage for adsorbents. Therefore, magnetic ones have
drawn extensive attention during the early years [15].

Because of the unique properties and potential appli-
cations of the nanostructures magnetic materials in color
imaging, ferrofluids, magnetic recording media, cata-
lysts, advanced magnetic materials, and medical diagnos-
tics [16-18], they have attracted much attention over the
past decades. As a representative example, Fe,O, is widely
exerted due to its strong magnetic properties as well as its
fast and facile preparation method [19,20]. On the other
hand, polypyrrole (PPy), as a typical soft polymer, was
found to be a highly efficient absorbent due to its rich func-
tional groups. That polymer illustrated good adsorption
performance for heavy metal ions [21] PPy can significantly

improve cycling performance and rate capability by avoid-
ing the dissolution and aggregation of nanomaterials, espe-
cially magnetic ones.

Magnetic polymer compounds that benefit from both
magnetic nanoparticles and polymers are ideal candidates
for pollutant adsorption [22]. Fe,O, as a useful magnetic
nanoparticle, has the potential to become an ideal adsor-
bent due to its chemical stability, biocompatibility, uniform
structure, and large surface area [23]. However, pure Fe O,
magnetic nanoparticles are easily agglomerate. Their chem-
ical stability is weak and functional groups are few. So, their
direct application confronts some problems in wastewater
treatment [24]. In recent years, magnetic polymer composites
such as MCC@NGO [25], G-g-C@NF [26], and CF@SS@PTG
[27] have been applied to remove heavy metal ions and azo
dyes from wastewater. These adsorbents show high adsorp-
tion capacity and magnetically separable properties, but
their significant defect is that they are only effective under
acid conditions, limiting their practical application.

Nowadays, fabrication of inorganic/organic core-shell
nanostructures and nanocomposites with desired are pre-
pared as they combine two different materials to produce
functional composite materials and improve their prop-
erties [28-31]. Functional core-shell heterostructure, inte-
grating the properties of multiple components, has been
intensively explored in the fields such as catalysts, energy
storage systems [32,33] biosensors [34], and absorption
[35,36]. Both components’ synergic absorption effects
can lead to making a capable adsorbent.

In this work, for the first time, we synthesis a novel
Fe,O,@ppy core-shell adsorbent, which tetrakis (4-carboxy-
phenyl) porphyrin (TCPP) modifies. For proper investiga-
tion of adsorbent, two steps optimization has been carried
out. One is the preparation of adsorbent with two different
molar ratios and comparing their efficiency, and the second
is the immobilization of TCPP, as an excellent adsorbent,
on the surface of nanostructured core-shell. The mecha-
nism of Hg(II) elimination is shown in Fig. 1. Our main aim
was to design and prepare a high-efficiency nanocomposite
absorbent to remove heavy metal ions and azo dyes. Hg(II),
MB, and MO were chosen as common water pollutants in
this study.

2. Experimental
2.1. Materials and characterization

The azo dyes MO (molecular formula: C,,H,,N.NaO,S),
MB (molecular formula: C, H,CIN,S), and Mercury(Il)
nitrate, as the source of Hg(Il) ions, were used as model
water-soluble compounds. All solvents and reagents for the
syntheses were of analytical grade and were used as received
from commercial sources without further purification. X-ray
diffraction (XRD) patterns were recorded on a JEOL powder
X-ray diffractometer with monochromatic Cu Ka radiation
(A =1.5418 A). In order to investigate of core-shell images,
scanning electron microscopy (SEM) was obtained on a
VEGA/TESCAN with an accelerating voltage of 30.00 kV.
Fourier transform infrared (FT-IR) spectra were collected
on a Shimadzu FTIR-8400S spectrophotometer using a KBr
pellet for sample preparation (Shimadzu, Japan). The FT-IR
spectra were recorded over the range of 4,000-400 cm™.
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Fig. 1. Mechanism of TCPP/Fe,O,@PPy adsorbent for removal of Hg(II).

The Brunauer-Emmett-Teller (BET) method was utilized to
calculate the specific surface areas (SBET). To evaluate the
pore size distributions (PSDs), the Barrett-Joyner—-Halenda
(BJH) method was used. Mesopore area and mesopore
volume were determined by the t-plot route. The samples
were degassed at 76 K for 10 h before recording the nitro-
gen sorption isotherms. To determine Hg(II) ion removal by
the adsorbent, the residual Hg(II) concentration was deter-
mined using an inductively coupled plasma atomic emis-
sion spectrophotometer (ICP-AES Atomscan advantage).

2.2. Synthesis of Fe,O, nanoparticles

The preparation of magnetic Fe,O, nanoparticles was
performed by the chemical co-precipitation approach [27].
To synthesize Fe,O, nanoparticles, homogeneous in size, and
composition, it is important to perform the reaction in an
aqueous solution with a molar ratio of Fe(II)/Fe(III) = 0.5 and
a pH = 11-12. In a typical synthesis, 1.28 mol of FeCL-6H,O,
and 0.64 mol FeCl,-4H,O were dissolved in 75 mL deion-
ized water in a 150 mL three-necked Erlenmeyer flask, a
nitrogen inlet under mechanical stirring. The mixture was
stirred under N, at a rate of 800 rpm to form a clear solu-
tion and the process was followed by dropwise addition of
40 mL 15 M ammonia aqueous solution. The last step gener-
ated an instant black precipitate. The paramagneticity was
checked in situ by placing a magnet near the black precipi-
tate of Fe,O,. The reaction was allowed to proceed at 50°C
for 6 h under inert N,. The reaction mixture was cooled at
room temperature and centrifuged at 3,000 rpm to collect a
black precipitate. Finally, the obtained black particles were
rinsed with deionized water to remove excess ions until
neutrality and then dried in an oven at 80°C for 24 h.

2.3. Preparation of Fe,O,@PPy (FP) core-shell

The obtained Fe,O, nanoparticles from the previ-
ous step were dispersed in 50 mL deionized water under

sonication for 15 min. At the next step, 175 mmol of
FeCl,-6H,O were then added to this mixture under vigor-
ous stirring for 30 min until the FeCl, dissolved and the
mixture temperature was stabled at -5°C by an ice bath.
Then, pyrrole (17.3 mmol) was added dropwise to the solu-
tion over 0.5 h. The addition time of pyrrole is very import-
ant because it plays a decisive role in the polymerization
process. Finally, the black product was collected with the
help of a magnet, washed several times with distilled water
repeatedly to remove the residual pyrrole monomers, and
then dried in a vacuum oven for 24 h. In order to alkali-
zation of Fe,O,@PPy core-shell, firstly, 0.5 g of core-shell
was dispersed in distilled water and the amount of pH was
measured (pH = 2.46). Under the sonication process, the
solution of NaOH was added up to pH reached 12. With
help of a magnetic field, the resulting black precipitation
was collected and the product was vacuum-dried at 70°C
for 24 h [37]. In fact, alkalization of core-shell nanostruc-
tures could prepare their surfaces for a high-efficiency
modifying process.

2.4. Preparation of Fe,O,@PPy/TCPP nanocomposites

To functionalize Fe,O,@ppy core-shell with TCPP, the
PPy/Fe, O, nanocomposite was treated with NaOH. Briefly,
PPy/Fe, O, nanocomposites were titred with NaOH (2 M)
solution till pH = 12 and maintained at 100°C for 1 h.
The immobilization of TCPP particles on the surface of
nanocomposite has been performed by the reflux method
in DMF for 3 h. That process was carried out with the addi-
tion of 0.88 mmol of TCPP and 0.5 g of nanocomposite into
the DMF solution. The final product was washed several
times with ethanol and dried in the oven at 40°C for 5 h [38].

3. Results and discussion

SEM images of FPT (2.53%) and FPT (33%) compounds
are displayed in Fig. 2A and B, respectively. As shown in
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Fig. 1, the FPT (2.53%) has bulk morphology with a parti-
cle size of about 300 nm whereas the morphology of FPT
(33%) is spherical with a particle size of 200 nm. Because
of a low percentage of Fe,O, in FPT (2.53%), the nucleariza-
tion process has been defectively done, so the particles are
agglomerated. In Fig. 2B, compared with Fig. 2A, a shell
around the core is shown, and the spherical morphology of
the FPT (33%) became more explicit. The corresponding ener-
gy-dispersive X-ray spectroscopy (EDS) spectrum and ele-
mental composition are shown in Fig. 2C and D. According
to elemental analysis, it is clear that both compounds
are synthesized with expected elementary percentages.

To confirm the formation of Fe,O,, PPy, and TCPP, all
three samples (1, 2, and 3) were characterized by FT-IR
spectroscopy. As shown in Fig. 3, the sample 1 spectrum
has exhibited the peaks at 1,556 and 1,473 cm™ correspond
to C=C asymmetric and symmetric ring-stretching vibra-
tions [39]. The broad peak centered around 3,410 cm,
and the other peaks at 1,630; 893; and 793 cm™ arise from
the stretching, bending, and deforming vibrations of O-H
due to the surface adsorbed water and ethanol [42]. The
peak at 1,315 cm™ is attributed to C-N stretching vibration.

500 nm
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The peaks at 1,191; 1,095; 926 cm™ relate to in-plane and
out-of-plane C-H and N-H bending vibrations, which
revealed PPy polymerized on Fe O, [40,41].

Compared with the Fe,O,@ppy sample, with the addition
of TCPP, the peak appears around 3,400-3,600 cm™ that is
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Fig. 3. FT-IR spectra of FP, FPT (2.53), and FPT (33%).
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Fig. 2. (A and B) SEM images of Fe,0,@PPy and TCPP/Fe,O,@PPy nanocomposites and (C and D) the element analysis

of both nanocomposites by EDS.
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attributed to the O-H stretching vibration of absorbed water
on the surface of the sample and observed peaks at 3,300
and 3,400 cm™ in the spectra of TCPP/FeWO,@RGO nano-
composite is for N-H vibration and O-H bond of carboxyl
acid group in TCPP, respectively.

The X-ray powder diffraction technique confirmed the
crystal structures of all the as-prepared samples, and the
results are shown in Fig. 4. The first two patterns show the
XRD pattern of sample 1 and modified sample 1 compounds
(FP and FPT 2.53%). It can be seen, the sample 1 pattern is
amorphous, but with modifying of sample 1 surface with
TCPP particles, sharp peaks appear. The appearance of these
peaks is a good reason for the embedding of TCPP particles
between polymeric chains and consists of a sandwich-like
structure. In the next two patterns (FP and FPT 33%), the
crystalline structure of sample 2 in the presence and with-
out TCPP are illustrated. Unlike sample 1, sample 2 exhibits
sharp peaks, but the addition of TCPP is caused to increas-
ing peaks intensity and some redundant peaks eliminated.
Therefore, the placement of TCPP into polymer structure
improves the crystallinity of the compound and makes
clear and sharp peaks.

BET analysis was used to investigate the porous struc-
ture of compounds. The porous feature of the FeO,@
ppy was evaluated by the BET method, and the obtained
results illustrated that the BET surface area of Fe,O,@ppy is
461.34 m?/g, a total pore volume is 0.39 m*/g with a pore size
of 9.5 nm while for Fe,O,@ppy/TCPP compound, the total pore
volume would be triple, and pore size is decreased (Table 1).

3.1. Effect of amount of adsorbent, time, and
concentration on the removal of Hg(II)

In Fig. 5, the influences of the amount of adsorbent on the
removal percentage of an aqueous solution of 50 ppm Hg(II)
were investigated. For this purpose, the amount of both
samples 1 and 2 varies between 0 and 2 g/L. Furthermore, all
experiments were done under pH =4.46 as an optimum con-
dition. The results show that the increase in the amount of
0-0.75 g/L can be affected by Hg(II) elimination. According

= FPT (33%)
- FP (33%)
— FPT (2.53)

(311)

—— FP(2.53%)

Intensity (a.u.)

10 20 a0 40 50 60 70 80
2 Theta (degree)

Fig. 4. XRD pattern of FP (2.53%), FPT (2.53%), FP (33%), and FPT
(33%) nanocomposites.

to obtained results, the optimum amount for the removal
process was determined 0.75 g/L. The effect of time is the
difference for the two above samples when TCPP is added
to the adsorbent structures. The modified sample with TCPP
reaches maximum removal percentage (100%) at 15 min, but
the pure sample’s optimum time is about 18 min with only
50% removal efficiency. There are the same conditions for
sample 2 and modified only difference because sample 2
removal efficiency is negligibly raised: 58%. The presence
of TCPP had three positive results on reaction efficiency:
(1) increasing of dispersing property and so more collision
between mercury ions and adsorbents, (2) nitrogen atoms
in the tetrapyrrole ring act as ligand sites and adsorb metal
ions through the formation of nitrogen-metal coordination
bonds, and (3) growth of porosity with the addition of TCPP
(according to BET results). For evaluation of concentration
factor, a series of experiments were accomplished at a con-
centration of 10, 20, 50, and 100 mg/L. The results indicated
in Figs. 6 and 7 show that the Hg(II) removing efficiency for both
modified samples is constant at 100% at 0-50 mg/L. After that,
the amount of Hg(Il) gradually falls. For samples 1 and 2,
Hg(II) concentration rapidly decreased in the medium in
the range of 0-20 mg/L, and the elimination percentage
curve is decreasing, although that reduction for sample two
is more intense. To conclude, because of the lack of enough

Table 1
Comparison of obtained BET analysis results for FP and FPT
nanocomposites

Adsorbent Fe,O,@ppy Fe,O 4@ppy/ TCPP

461.34 532.25
Pore volume (m?/g) 0.39 0.96
Pore size (nm) 9.5 8.2

Surface area (m?/g)

100
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!

70 -

60 -
—f=—FPT (33%)

Removal percentage of Hg (1)

0 0.5 1 1.5
Amount of adsorbent (g/L)

(]

Fig. 5. Effect of amount of FPT (33%) adsorbent on removal effi-
ciency of Hg(II).
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vacant sites for Hg(Il) in higher concentrations, removal
efficiency is logical. In the present study, Hg(II) were used
with a concentration of 10, 20, 30, 40, 45, 50, and 100 mg/L.
Also, for these tests, a constant weight of 37.5 mg of adsor-
bent was used. The experiments were programmed to eval-
uate the influence of six adsorbate/adsorbent mass ratios
(mg/g) and obtained results for above concentration were
0.013, 0.026, 0.040, 0.052, 0.058, 0.066, and 0.133, respectively.

3.2. Effect of time and concentration on the
removal of MB and MO

The contact time necessary to reach equilibrium dep-
ends on the initial dye concentration. It has been shown
that the adsorption capacity increases with this concentra-
tion, and the rate of adsorption on the surface should be

proportional to a driving force times an area. The effect
of contact time on the performance of nanocomposites in
adsorbing azo dyes was examined in the range of 1-60 min
using the following parameters (temperature = 298 K;
C, = (10, 20, 30, 50, and 100 mg/L); pH = 4.46; adsorbent
dose = 37.5 mg). Fig. 8a and b show the effect of the time
factor on the percentage of removal of MB from 50 ppm
solution by four different samples. Here, removing MB
dyes is done quickly, and with increasing time, the amount
of dye removal also increases. The maximum elimination
time is about 20 min, and the equilibrium time is about
45 min. The results indicated that the TCPP has an effective
role in yield efficiency due to its high adsorption property.
The modified core-shell performance enables a rapid ini-
tial uptake, with equilibrium reached in less than 5 min.
The effect of MC concentration on MB and MO adsorption
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at a contact time of 1 h was studied using a range of the
adsorbent from 0 to 0.1 g L in a 10 mg L™ MB solution.
As seen in Figs. 9 and 11, increasing the nanocompos-
ite concentration is thus seen to improve the percentage
removal of pollutants. Increased adsorbent concentration
relates to a greater surface area of TCPP and, consequently,
many possible active sites. For MO, the same process is
carried out, but removal yield declines from 95% to 90%.
The obtained results from an investigation of concentration
factors illustrated that sample 1 experienced a more dra-
matic decrease, falling to about 30% in 10 ppm, and then
had a steady trend from 10 to 50 ppm. The elimination per-
centage declined at a steady rate to under 20%. Finally, the
yield of adsorbent for Hg(II) and azo dyes were included
with other studies in Table 2, and results indicated that the
as-prepared nanocomposite is a more effective adsorbent
than others. In order to evaluation of adsorbate/adsor-
bent mass ratios (mg/g), adsorbate concentration of 10,
20, 30, 50, and 100 mg/L was used with a constant weight
of 37.5 mg of adsorbent. The mass ratios (mg/g) were,
respectively, acquired 0.013, 0.026, 0.040, 0.066, and 0.133
which is indicated appropriated adsorption capacity.

3.3. Reusability of the adsorbent

The reusability of the adsorbent has great impor-
tance from both industrial and environmental points of
view. This property of the adsorbent is shown in Fig. 12.
After each reaction, the catalyst was separated by the mag-
netic field, washed three times with solvent, dried at 60°C,
and reused for the following fresh reaction under the same
reaction conditions. The results indicated that the recovered
FPT (33%) adsorbent, as the compound with the highest
removal activity, can be used for four runs without signifi-
cant loss of its activity.

4. Conclusions

A magnetic Fe,O,@PPy core-shell was decorated with
TCPP (Fe,0,@PPy/TCPP) using a simple room temperature
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protocol. In this green synthesis route, the polymer matrix
and TCPP particles played an essential role in removing
toxic Hg(I), MB, and MO dyes from wastewater. The for-
mation of PPy on the magnetic core was confirmed by
SEM, XRD, and BET analyses. Moreover, immobilization
of TCPP on the surface of the core-shell was also confirmed
by the FT-IR study. TCPP was embedded and nicely deco-
rated on the surface of the magnetic nanocomposite. The
as-prepared adsorbent exhibited excellent activity toward
eliminating Hg(II) ions and dyes in the presence of NaOH
as a reductant agent. Also, the amount of adsorbent, time,
initial concentration, factors for removing Hg(Il), and time
and concentration factors for eliminating MB and MO dyes
are investigated. In each case, the modified core-shells (33%)
by TCPP indicated more efficiency. The results showed that
in the case of Hg(Il), increasing the amount of the optimal
adsorbent (FTP (33%)) by 0.5 g and the time by more than
10 minutes increases the reaction efficiency by more than
90% with a gentle slope of about 100%, and in concentra-
tions higher than 50 ppm, the reaction yield is decreased
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Fig. 9. Effect of nanocomposites concentration on MB adsorption.
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Fig. 8. (A and B) Effect of contact time on the adsorption of MB onto samples and the percentage of MB removed at initial MB concen-

trations at room temperature.
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Table 2

Removal of azo dyes OR Hg(II) pollutants benzaldehyde by adsorbent in the presence of various catalysts

Adsorbent

Time (min) Pollutant Yield (%) Ref.
meth-CNF 90 Hg(1I) 90 [42]
AF-PANF 120 Hg(1I) 99 [43]
PANI-KpF 1,440 MO 68 [44]
DMG-AMB 480 MB 225 [45]
Fe,0,@PPy/TCPP 60 Azo dye, Hg(II) 100, 95 This work
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Fig. 11. Effect of nanocomposites concentration on MB
adsorption.

by less than 20%. The same trends were carried out for the
elimination of azo dye with some minor changes.
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