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Fe30,@Si0,@THPP (MSTHPP) nanocomposite was prepared as an adsorbent
for the removal of lead ions. The structural characteristics of this nanocom-
posite were determined using Fourier transform-infrared (FT-IR) spec-
troscopy, scanning electron microscopy (SEM), transmission -electron
microscopy, x-ray diffraction, vibrating sample magnetometry (VSM), and Ny
adsorption-desorption analyses. SEM images showed that the magnetic
nanoparticles have uniform morphologies with a mean size of 20 nm. The
magnetic properties of the synthesized nanocomposite were measured on a
VSM with maximum saturation magnetization values of 40 emug ' and 10
emug ! for Fe30,@Si0, and MSTHPP nanocomposites, respectively.
MSTHPP has been efficiently used to remove lead ions from aqueous solu-
tions. After the lead sorption process, the nanocomposite was magnetically
separated from the mixture and showed good reusability. The effects of pH,
contact time, adsorbent dosage and initial concentration of lead in the removal
of lead were investigated. Optimization of the parameters was performed by
using Taguchi design method to obtain the maximum removal efficiency. The
optimized condition can be achieved when pH, contact time, adsorbent dosage
and initial concentration of lead are 5.3 min, 30 min, 50 mg, 20 ppm,
respectively. The M, MS, and MSTHPP lead removal efficiency was found to
be 18%, 25%, and 97%, respectively.
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INTRODUCTION

The heavy metal, lead, is highly toxic to many
organisms and, therefore, is considered a pollutin%
threat for the environment and water resources.™
The broad industrial applications of lead, which
ranges from fabrication of electronic devices and
batteries to dye industries, raises a serious concern
about the possibility of leakage into the environ-
ment.>* Lead uptake may result in several serious
health problems for humans such as blood enzyme
changes, hyperactivity and neurological
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disorders.>® Therefore, the removal of lead ions
from wastewater is very crucial for public health.
Heavy metal ions can be removed from wastewater
using several methods such as ion exchange,’
chemical grecipitation,8 reverse osmosis, membrane
filtration,” electrolysis and adsorption,’® out of
which the latter is usually preferred as it is cheaper
and more effective for wastewater purification and
widely used in clean-up processes.'’ Different
adsorbents, such as zeolites, activated carbon, clays,
minerals, resins, metal oxides, and bio-adsorbents
have been investigated for the removal of heavy
metal ions.'? Although adsorption methods are
suitable for removal of heavy metal ions from
aqueous solutions, they suffer from two main lim-
itations: low adsorption capacity and difficult
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separation of the adsorbent from water. In recent
years, nanoscience and nanotechnology have been
used for the resolution of such environmental
problems.’”® Nanometer sized materials have
attracted significant interest due to their special
properties such as high specific surface area, which
make them excellent potential adsorbents for var-
ious species such as heavy metal ions.'*'® However,
due to the small size of nanoparticles, their physical
separation may be somewhat difficult, but this
problem can be overcome through attachment of
adsorbents to the magnetic nanoparticles and
employment of a strong external magnetic field to
separate magnetic nanoparticles from solution.'®'®
In several recent investigations, this approach has
been exploited for removal of various species includ-
ing arsenate, phosphate and heavy metals.'?22 The
Fe304(magnetite) is the most studied magnetic
nanoparticle for the aforementioned application
due to its unique properties such as high specific
surface area and superparamagnetic characteristic
which means it can be attracted to a magnetic field,
but residual magnetism is not preserved after
removing the field.?*?* However, this magnetic
feature causes aggregation of magnetite nanoparti-
cles which is undesirable for practical purposes. To
prevent the aggregation, the magnetite nanoparti-
cles must be coated with a suitable coating agent
such as surfactants, small organic molecules, poly-
mers, and metal 0x1des such as Si0,.25~ 21 The
protecting shells can be used for stabilization of
the ma%netm nanoparticles and also for functional-
ization. The porphyrin derivatives play key
roles in various science fields. They act as chelating
ligands for most metals and can tightly bind to soft
heavy metals and, therefore, may be used as
adsorbents.®! Porphyrins and an SiO, shell can
usually be linked through different functional
groups present on the porphyrins such as carboxylic
acid, sulphonic acid, sa1103ylate, acetylacetonate, and
hydroxyl derlvatlves * In the present study,
tetra hydroxyl phenyl porphyrin (THPP, Scheme 1)
has been immobilized on Fe30,@SiO5 (MS) and used
as an adsorbent for removal of lead ions. Porphyrin
can be strongly linked to the silica layer with four
hydroxyls To achieve maximum removal capacity
of lead ions by the adsorbent, the experimental
parameters can be optimized by means of statistical
experimental design techniques.®®* The Taguchi
method is known as a strong, high-quality experi-
mental design method and can be exploited for
optimization of the values of the experimental
parameters through an effective and systematic
approach. Many successful applications of Taguchi
methods have been reported to improve several
adsorption processes. 3739 S0, in this work, opti-
mization of various parameters such as pH, contact
time, absorber dosage and initial concentration of
lead ion has been performed by Taguchi experimen-
tal design.
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EXPERIMENTAL DETAILS

Ferric chloride hexahydrate (FeCls-6H50), ferrous
chloride tetrahydrate (FeCly4H,0), NH,OH,
acetone, ethanol, polyvinylpyrrolidone (PVP), tetra-
ethyl orthosilicate (TEOS), 4-hydroxybenzaldehyde,
nitrobenzene, propionic acid, glacial acetic acid, and
petroleum ether were all of analytical grade from
Merck and Fluka chemical companies and used
without further purification, except pyrrole, which
was distilled before use. Deionized water was
utilized in all experiments FT-IR spectra were
recorded with samples in KBr pellet and the range
4000-400 cm ! on a FT-IR Bruker vector 22 spec-
trometer. UV-Vis spectra were recorded by a Baric
2100 model UV-Vis spectrophotometer. '"H NMR,
13C.NMR spectra were recorded at room tempera-
ture using a Bruker DRX 400 MHz-Avance III
apparatus. The morphologies of the samples were
characterized by scanning electron microscopy
(SEM) using an LEO-1455VP microscope (accelera-
tion voltage 10 kV) and transmission electron
microscope (TEM, Zeiss - EM10C - 100 kV). The
x-ray diffraction (XRD) measurement was per-
formed with a Bruker D8 diffractometer using
graphite monochromatic copper radiation (Cu Ku)
at 40 kV,30 mA over the 20 range 20-80°. The
magnetic properties of the samples was measured
using a vibrating sample magnetometer (VSM,
MDK, and Model 7400) at room temperature. The
textual properties of prepared compounds were
analyzed by N, adsorption/desorption at liquid-
nitrogen temperature (77 K) (INC-Belsorp II,
Japan). Lead atomic absorption spectroscopy
(AAS) was performed on an Atomic Absorption
Spectrometer Varian Spectra AA 110.

Preparation of Fe;0,@Si0,@THPP (MSTHPP)

The synthetic route for preparation MSTHPP, as
indicated in Scheme 1, was carried out in four
stages as follows: (a) magnet1te nanoparticles M,
were prepared via co-precipitation.** A mixture of
8 g of FeCl3-6H,0 and 2.9 g of FeCly4H,0 dissolved
in 80 ml deionized water was refluxed at 85°C under
argon flow for 4 h. The pH of the solution was
adjusted to 9 using NH,OH (25% w/w) solution, and
then the mixture was cooled to room temperature
and the solids were washed by deionized water to
pH 7. (b) A silica layer was coated onto the
magnetite (M) via the sol-gel route. SiOs-coated
magnetite nanoparticles were prepared according to
the previous procedures.*! At first, 1 g PVP
stabilized magnetite nanoparticles were dispersed
in 200 ml ethanol. Then 6 ml NH,OH (25% w/w)
and 2 ml tetraethyl orthosilicate (TEOS) were
added. This mixture was stirred for 24 h, a black
precipitate was separated with an external mag-
netic field, and washed with ethanol several times.
The product was dried in a vacuum oven. (c) Tetra
hydroxyl phenyl porphyrin (THPP) was prepared
according to the Rumyantseva method.** The
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Scheme 1. Schematic model for the preparation of adsorbent.
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products were characterized by FT-IR, UV-Vis, 'H-
NMR, and *C-NMR.

THPP: 'HNMR (500 MHz, DMSO, ppm, TMS
reference): 7.989-8.010 (m, 8H, orto-H), 7.198-7.219
(m, 8 meta-H), 8.866 (s, 8 pyrrole-H), 9.983 (s, 4
OH), —2.887 (br s, 2H, NH). '*CNMR (400 MHz,
CDCl; 6): 114.383 (meso-C), 157.790 (2-C), 120.738
(-C), 132.237-136.070 (aromatic carbons). FT-IR
(film on KBr, cm™'): 3426 (O-H), 2366 (N-H), 2923
(C-H), 1605 (C aromatic), 1466 (C-N). UV-Vis
(dichloromethane) 2 nm (¢ M ! em™1)): 419 (3.2x
10°), 645 (3.1 x 102), 589 (1.2 x 102), 548 (1.1 x 102)
and 514 (1.0 x 10?)

(d) 0.08 g Fe3s0,@SiO, (MS) nanoparticles were
dispersed in 20 ml of absolute alcohol (Solution A).
0.04 g THPP was dispersed in 20 ml of absolute
alcohol by ultrasonic irradiation for 30 min (solution
B) and then was slowly step up to the solution A.
This mixture was stirred at room temperature
(24 h), then the solvent in the flask was evaporated
and the solid was washed several times with
deionized water.

Sorption Procedure

Lead adsorption by M, MS, and MSTHPP (as
adsorbent) has been studied in different experimen-
tal conditions. A different amount of adsorbent was
mixed with 10 ml of 20 ppm aqueous lead(II) nitrate
solution, then adsorbent separated from other solu-
tion with using of an external magnetic field. The
aqueous phase was magnetically decanted and lead
concentration was calculated according to Eq. 1:

Co - C;
Co

where Cy and C; are the initial and final concentra-
tions of lead ions before and after the adsorption,

Lead removal% = x 100%

(1)

respectively. The above process was schematically
illustrated in Scheme 2.

Experiments Design

In order to optimize experimental parameters in
removal of lead, a Taguchi-based experiment design
was used. Standard L25 orthogonal array (four
parameters and five levels) was used. The param-
eters, their levels and the standard L25 orthogonal
array are shown in Table I and II. Minitab 17
software was employed for the calculation of opti-
mization and analysis of the results of the control
parameters.

RESULTS AND DISCUSSION
Characterization

The IR spectra of the M (Fe304), MS (Fe30,@-
Si0s), MSTHPP nanostructures and THPP were
shown in Fig. 1. In these spectra the bands at
1640 cm ™! and 3440 cm™! can, respectively, be
assigned to the O-H stretching and bending vibra-
tion modes of hydroxyl groups and the adsorbed
water. For M (Fig. 1a), the bands at 577 cm ! and
460 cm ! can be attributed to the Fe-O stretching
mode at the tetrahedral and octahedral sites,
respectively. The spectrum of MS (Fig. 1b) shows
characteristic peaks at 1050 cm™ ' and 950 cm ™!
corresponds to the asymmetric stretching of Si-O-Si
bonds, and the bending vibration of the Si-O-H,
respectively. These spectral results revealed the
encapsulation of the Fe3z04 surface with the silica

shell. Compared to pure MS, the MSTHPP
nanocomposites show several other absorption
bands at around 721 cm™), 795cm ! and

1600 cm !, which can be assigned to porphyrin
skeletal vibrations. The other bands at 2850 cm 2,



746 Gholamrezapor and Eslami

. || Fe;0,@Si0,@MTHPP nanocomposite
% >

. . Super magnet
Magnetic nanocomposite of P =

MSTHPP ) .
Lead ions solution

Scheme 2. Schematic representation of removal of lead ions from solution with magnetic adsorbent.

Table I. The selected parameters and their levels in Taguchi based experimental design

Parameters Symbol Level 1 Level 2 Level 3 Level 4 Level 5
pH pH 3 4 5.3 7 9
Time contact (min) Time 10 15 20 25 30
Initial Pb concentration (ppm) Con 10 15 20 25 30
Amonut of adsorbent (g) x 100 Absorber 1 2 3 4 5
Table II. Taguchi L-25 orthogonal array design and Pb removal percent
Time contact Initial Pb concentration Amount of adsorbent (g) x Pb removal
Run pH (min) (ppm) 100 (%)
1 10 10 1 10
2 3 15 15 2 15
3 3 20 20 3 20
4 3 25 25 4 25
5 3 30 30 5 20
6 4 10 15 3 25
7 4 15 20 4 30
8 4 20 25 5 33
9 4 25 30 1 10
10 4 30 10 2 25
11 5.3 10 20 5 66
12 5.3 15 25 1 35
13 5.3 20 30 2 25
14 5.3 25 10 3 97.3
15 5.3 30 15 4 96
16 7 10 25 2 20
17 7 15 30 3 25
18 7 20 10 4 60
19 7 25 15 5 70
20 7 30 20 1 45
21 9 10 30 4 80
22 9 15 10 5 95
23 9 20 15 1 35
24 9 25 20 2 42
25 9 30 25 3 50
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Fig. 1. FT-IR spectra of (a) M, (b) MS nanoparticles, (c) THPP, (d)
MSTHPP nanocomposites.
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Fig. 2. XRD pattern of (a) M nanoparticles, (b) MS nanoparticles, (c)
MSTHPP nanocomposites.

1640 cm ™!, 1550 cm ™! and 1250 cm™! can be
referred to C-H, O-H, C=C and C-N stretching
vibrations of phenyl and pyrrole groups in THPP
(Fig. 1c and d). The above results revealed that
THPP was successfully coated on the surface of M'S
nanoparticles. The phase identity and crystalline
structure of the nanocomposites were confirmed by
XRD spectra and are shown in Fig. 2. The XRD
pattern of M shows six characteristic diffraction
peaks at 20 = 30.2°, 35.5°, 43.2°, 53.6°, 57.1° and
62.7°, corresponding to (220), (311), (400), (422),
(5611) and (440) plans, respectively, that can be
indexed to the pure cubic phase of Fe304 (JCPDS
No0.19-0629).*° The average crystallite size of syn-
thesized ferrite particles was estimated by Debye—
Scherrer Eq. 2,%° which was around 13.5 nm.

K
~ PeosO

(2)

where D is average crystallite size (nm), A is the x-
ray wavelength (nm), f§ is the angular width of the
peak at full width half maximum height (FWHM)

<

Magnetization/ emug’

50 4
Magnetic Field/ kOe

Fig. 3. Magnetization curves of (a) M nanoparticles, (b) MS
nanoparticles, (¢) MSTHPP nanocomposites.

(radians), K is a constant (K = 0.9), and 0 is the
characteristic diffraction angle (radians). The XRD
pattern of MS shows the same diffraction peaks of
the uncoated one (Fig. 2b) which confirms that the
crystalline characteristic of the M is retained after
the formation of the silica layer. The presence of
silica as an amorphous phase was also confirmed by
combining the results of FT-IR and XRD. Figure 2¢
illustrates the XRD pattern of the MSTHPP
nanocomposite, in which the main characteristic
peaks of the M retained after the coating of THPP
on MS. In fact, the XRD result indicates that the
THPP lie onto the surface of silica. The textural
properties of the prepared particles were evaluated
by N, adsorption—desorption isotherms. The inves-
tigated parameters are the Brunauer—Emmett—
Teller (BET) surface area, BJH (Barrett, Joyner,
and Halenda) pore volume and average pore widths
which are 30.69m?g! and 71.04 m%g’,
0.034 cm® g !, and 0.101 cm®g !, 5.23 nm, and
6.04 nm for M and MS, respectively. The BET
surface area, BJH pore volume, and average pore
size of the MS particles were significantly increased
with respect to M. The porous structures may
facilitate metal absorption and increase the rate
and extent of the removal reaction. The greater
specific surface and pore volume of the nanocom-
posites can usually result in better removal effi-
ciency. The magnetic properties of the M, MS and
MSTHPP nanoparticles were measured using a
vibrating sample magnetometer (VSM) at room
temperature with a used field of — 10 kOe < H <
10 kOe (Fig. 3). The measured magnetic saturation
values of M, MS, and MSTHPP particles are
52 emug !, 39.6 emug !, and 10.10 emug ', respec-
tively (Fig. 3a—c). The non-magnetic silica and
THPP coating layers results in lower saturation
magnetization of MS and MSTHPP particles with
respect to that of M nanoparticles. However, the
magnetization of MSTHPP (Fig. 3c) was still high
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enough (10.10 emug ') to be magnetically sepa-
rated by using an external magnetic field, which
could ease the separation of nanocomposites from
reaction solutions. The recovery of materials can be
done by a water treatment process, and thus the
recovery of materials is a key strategy that can
reduce secondary pollution. In the absence of exter-
nal magnetic field the nanocomposites can be well
dispersed by shaking, indicated that the nanocom-
posites have good redispersibility and magnetic
responsibility. The morphologies of the prepared
nanoparticles were explored by by SEM images
(Fig. 4). As seen in Fig. 4a, most of M nanoparticles
were almost spherical in morphology with a diam-
eter of 20-40 nm that is in good agreement with
calculated value by the Debye—Scherrer equation.
After silica coating, the MS particles have nearly a
uniform diameter of 17-33 nm (Fig. 4b). As shown
in Fig. 4c, MSTHPP particles has spherical shape
with a diameter around 24-29 nm which is in good
agreement with those calculated by the Debye—
Scherrer equation. The TEM image (Fig. 4d) further
confirms the results and revealed the core-shell
structure of MSTHPP nanocomposites. The results

Gholamrezapor and Eslami

were clearly supported the loading of THPP on the
surface of the MS nanoparticles.

Adsorption Experiments

The contact time, pH, adsorbent dosage and
initial concentration of lead are the main parame-
ters of the experiments of adsorption of dissolved
lead ions on the adsorbent MSTHPP and must be
optimized. Since pH played a key role in the
adsorption process and the adsorption of the lead
onto the nano-adsorbent varies with pH, the per-
formance of the adsorbent was studied in the
relatively wide the pH range of 3.0-9.0 (20 mg/L
Pb?*, 50 mg adsorbent, room temperature, with
contact time of 30 min) (Fig. 5a). The adsorption of
lead ion initially increased with pH and reaches a
maximum at pH = 5.3. Indeed, at lower pH the
porphyrin central hole is partially protonated and
unable to accept metal.® So, subsequent experi-
ments were conducted at a pH of 5.3. The effect of
contact time on removal efficiency was studied in
the range of 10-40 min. The experiments were
carried out in 20 mL of solution with pH of 5.3
(20 mg/L pb?*, 50 mg adsorbent, contact time of

200 nm

Fig. 4. SEM images of (a) M, (b) MS nanoparticles, (c) MSTHPP nanocomposites, (d) TEM image of MSTHPP nanocomposites,.
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Fig. 5. Effect of (a) pH, (b) contact time, (c) adsorbent dosage, (d) initial lead ion concentration on the removal of lead ion in presence of the

MSTHPP nanocomposite as a magnetic adsorbent.

30 min and room temperature). As shown in Fig. 5b
the removal of lead ion from the solution increases
with contact time and most of the lead ion was
removed after 30 min and thereafter remained
constant. Therefore, 30 min was considered as the
optimum value for contact time in the subsequent
experiments. The amount of adsorbent also plays a
decisive role in improving removal efficiencies. So,
the adsorption experiments were carried out using
different amounts of absorbent from 10 mg to 60 mg
for 20 mL of working solution (20 mg/L Pb®*, con-
tact time of 30 min, pH = 5.3, room temperature). As
seen in Fig. 5¢, an increase in dosage of the
adsorbent increases the percent removal of lead
ions and the maximum removal was obtained with
50 mg of adsorbent and then no further lead
removal was observed by increasing the adsorbent
dose. Therefore, 50 mg of the nanoadsorbents was
selected as the optimum dose in the subse-
quent experiments. The effect of initial lead con-
centration on adsorption was also assessed by var-
ious the initial lead ion concentrations from 10 ppm
to 30 ppm (30 min, 50 mg absorbent, pH = 5.3, room
temperature). As it is illustrated in Fig. 5d, removal
percent is constant from 10 ppm to 20 ppm, but it
decreases upon further increase of initial lead con-
centration. Therefore, initial lead concentration of
20 ppm was selected for all the experiments. There
are several active binding sites on the surface of
adsorbent at low initial lead ion concentrations, and
lead ions are easily removed. Since initial lead ion
concentration becomes higher, the active binding
sites are filled and saturated and little or no extra
lead ions would be adsorbed, thus the removal

100 | 97%
£ %0
=
'.':
2 6
£
@
P
= 40|
S
= 25%

20 | 18% .

0

M MS MSTHPP

Fig. 6. The removal of lead ions in the presence of M, MS
nanopartiles, and MSTHPP nanocomposite.

efficiency decreases. The removal of lead ions from
water in presence of adsorbents of M, MS, and
MSTHPP under optimum conditions has been
demonstrated with the percent removal diagram
in Fig. 6. The removal of lead ions from working
solution in the presence of M, MS and MSTHPP
adsorbent were found to be 18%, 25% and 97%,
respectively. Three mechanisms were suggested to
explain lead ion removal from aqueous solutions: (1)
electrostatic adsorption, (2) complexation, and (3)
ion exchange processes.”’ As mentioned above, the
adsorption capacity of MSTHPP nanocomposite
increases with increasing pH and reaches an opti-
mum at the pH 5.3 (Fig. 5a). The result can be
related to the fact that the complexation of por-
phyrin moiety in MSTHPP nanocomposite with lead
ion is a pH-dependent process.>*® All the
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Fig. 7. Main effects plot of average S/N ratios of each parameter versus their values.

nanocomposites (M, MS, and MSTHPP) have surfi-
cial hydroxyl groups which may act as lead adsor-
bents, however, as shown in Fig. 6, the MSTHPP
nanocomposite exhibits a distinguished lead
removal potential with respect to M and MS. So, it
can be concluded that the presence of a porphyrin
ligand in the MSTHPP nanocomposite plays a key
role in lead removal properties. Therefore, the
dominant mechanism for the lead adsorption of
the MSTHPP nanocomposite is presumably com-
plexation of surficial porphyrin with lead ions.

Selection of Optimum Conditions Using
Taguchi Design Method

The Taguchi design method was used to deter-
mine the optimum conditions and to select the
parameters which have the strong impact on the
removal of lead. The structure of Taguchi’s orthog-
onal design and the results of percent removal of
lead are shown in Table IT and the highest value of
lead percent removal (97.3%) was observed in the
experiment No. 14. In the Taguchi method, the term
‘signal’ and ‘noise’ are the desirable and undesirable
values for the output characteristic, respectively.
The Taguchi method uses the signal-to-noise ratio
(S/N ratio) to measure the amount of deviance from
the desired value. Figure 7 shows the S/N ratios of
the four parameters at five levels. It is clear that all
the four parameters have the effects on the lead
removal. The maximum value of the mean S/N
value indicates the optimum value of the parame-
ters. Figure 7 also indicates that the most impor-
tant parameters in lead removal are pH and
adsorbent value, because the difference between

the maximum and minimum is great. The least
important parameters were found to be time and
lead concentration due to the small difference
between the maximum and minimum. Therefore,
the best combinations of the parameters for opti-
mization of lead removal are 0.05 g adsorbent,
20 ppm initial concentration of lead, 30 min contact
time, and pH 5.3, that is confirmed by plots of S/N
values for all the four parameters. Among the four
parameters, adsorbent and pH value have higher
influence on lead removal.

CONCLUSION

Fe30,@SiO,@THPP (MSTHPP) nanocomposite
was prepared through stepwise reactions and has
been used for removal of lead from aqueous solution.
The magnetic core was synthesized by co-precipita-
tion method, and then a silica layer was coated onto
the magnetite core via the sol-gel route, followed by
surface modification of the silica layer with THPP.
The experimental results revealed that the por-
phyrin molecules have been placed on the surface of
the magnetite nanoparticle. The TEM image
showed core-shell structure of the nanocomposite
which is easily separable from solution by using an
external magnetic field. The modification of the
magnetic core with porphyrin results in a sharp
increase in lead percent removal from 18% to 97%.
Adsorption process was developed for lead removal
by Taguchi optimization method. Taguchi evalua-
tion of experimental data provides optimum amount
of the parameters pH 5.3, contact time of 30 min,
lead initial concentration of 20 ppm and adsorbent
value of 0.05 g which increased lead percent
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removal. The results of this study confirmed that
the simultaneous Taguchi design method is consid-
erably simpler than experimental methods. It was
found that predicated optimum conditions of lead
removal are well agreement with experimental
results.
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