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ABSTRACT: In this study, synthesis of Fe;0,@Si0,@MPS@poly(4-vinylpyridine) core-shell-shell structure was investigated as an effi-
cient adsorbent for removal of nitrate ions from aqueous solutions. Fe;O, nanoparticles were initially prepared by co-precipitation
method, then the surface of Fe;O4 was coated with SiO, through a modified St 6ber method. Finally, the Fe;0,@SiO, nanoparticles
were modified by 3-(trimethoxysilyl) propyl methacrylate followed by emulsion polymerization of 4-vinylpyridine. The resultant
material was acidified in HCI solution to be effective for nitrate removal. The synthesized sample was characterized by X-ray diffrac-
tion, transmission electron microscopy, field-emission scanning electron microscopy, Fourier-transform infrared spectra, thermogravi-
metric analysis (TGA), and vibrating sample magnetometer. The removal efficiency was optimized for some experimental parameters
such as pH, contact time, and amount of sorbent loading. The maximum predictable adsorption capacity was 80.6 (mg nitrate/g sor-
bent) at optimum conditions. Also, regeneration of the nitrate adsorbed particles was possible with NaOH solution. © 2016 Wiley Peri-
odicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44330.
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INTRODUCTION modified with 3-aminopropyl-triethoxysilane followed by oxova-
nadium(IV) porphyrin to remove nitrate ions from aqueous solu-
tions. The adsorbent showed a good efficiency in nitrate
extraction and regeneration of nitrate adsorbed material was pos-
sible with NaOH solution. Ghasemi et al.'* removed nitrate and

Nitrate is commonly one of the important source of ground and
surface waters pollutant. Nitrate in drinking water is often due to
human activities such as excessive use of chemical fertilizers and
inappropriate disposal of industrial wastes." High concentrations
of nitrate in groundwater can lead to eutrophication of water sup-
plies.” Furthermore, exposure to high levels of nitrates causes
methemoglobinaemia (“blue baby” syndrome) in infants and
health problems such as formation of carcinogenic nitrosamines
in adults.® Because of the harmful risks related to nitrate, World

nitrite ions from environmental samples using hydroxyapatite-
coated yFe,O3 nanoparticles. Under the optimum conditions, the
adsorption efficiencies of magnetic hydroxyapatite nanoparticles
toward nitrate and nitrite ions were about 93%. Nabid et al.'”
synthesized nanocomposites of multi-walled carbon nanotubes

Health Organization has adopted an allowable level of nitrate with conducting polymers such as polyaniline, polypyrrole, poly

concentration of 50 mg NO;/L.* Many treatment techniques (1,8-diaminonaphthalene) and poly(2-vinylpyridine) for remov-
such as adsorption,” reverse OZ mosis,® ion exchange,” nanofiltra- ing nitrate from drinking water using ion exchange mechanism.
. g .. .o . . e Jon1  Due to negative charge of nitrate ions, a cationic adsorbent can
tion,” electrodialysis,” chemical and biological denitrification . . . . e .

have been applied for the removal of nitrate from water. The con- easily adsorb nitrate ions. Poly(4-vinylpyridine) (P4VP) is one of

. . . . the cationic polymers that widely used as adsorbent,'® cata-
ventional techniques are relatively expensive and produce large 718 . 1o 0 .t i 2122
. lyst,””>"® resins, - membrane,” oxidizing and reducing agents.””
amount of sludge. Therefore, adsorption has been frequently

. Lo .. . . According to our literature survey, no effort has been yet con-
studied due to its simplicity, cost effectiveness, variety of adsorb- 8 ) Y . . Y
.1 . . ducted to use P4VP/magnetic nanoparticles for nitrate removal
ents, and low sludge production.”” Due to unique properties of

magnetic nanoparticles including high surface area, ease of sepa- from aqueous solutions. In this study, poly(4-vinylpyridine) was

ration using external magnetic field and ability of surface modifi- grafted to the surface of modified magnetic nanoparticles for

. . . . . adsorption of nitrate ions through ion-exchange mechanism.
cation; magnetic nanoparticles could be considered as effective : o . o
. 13 . . Grafting-from polymerization technique was used for in situ
adsorbents. Poursaberi et al’” used magnetic nanoparticles

© 2016 Wiley Periodicals, Inc.
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Figure 1. Schematic of Fe;04@Si0,@MPS@P4VP nanospheres synthesis. [Color figure can be viewed at wileyonlinelibrary.com.]

generation and covalent attachment of P4VP onto the magnetic
substrate. First, the magnetic nanoparticles were prepared by co-
precipitation method. Then, Fe;O4 nanoparticles were coated
with a thin layer of SiO, through a modified Stober method.
Finally, the Fe;0,@SiO, nanoparticles were immobilized by 3-
(trimethoxysilyl) propyl methacrylate (MPS) as an initiator con-
troller agent followed by in situ free radical polymerization of 4-
vinylpyridine in water. The resultant material was subjected to the
acidification procedure, before its use as an adsorbent for the
effective removal of nitrate ions. Ease of separating adsorbent
from solution due to magnetic property of cores, using cationic
polymer with large amount of active sites and higher value of
adsorption capacity compared to other studies are main advan-
tages and novelty of this work.

EXPERIMENTAL

Materials

Ferric chloride hexahydrate (Fe Cl3.6H,0), ferrous chloride tet-
rahydrate (FeCl,.4H,0), tetraethyl orthosilicate (TEOS), ammo-
(25 wt %), ethanol (C,H;0H), toluene

nia solution
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(Cs¢HsCH3), potassium persulfate (KPS), and sodium dodecyl
sulfate (SDS) were purchased from Merck & Co. MPS (98%)
and 4-vinylpyridine monomer (4-vp, 95%) were purchased
from Sigma-Aldrich. Distilled water was

used in whole

experiment.

Preparation of Fe;0,@SiO, Nanoparticles

Fe;O, nanoparticles were prepared by co-precipitation method.”
At first, 1g of FeCl, and 2.7g of Fe Cl; were dissolved in 400 mL
of nitrogen degassed distilled water in a three-necked flask. Then,
10 mL of ammonia solution were added dropwise to the solution
under vigorous stirring at 65°C. The obtained Fe;O, particles
was separated with a magnet and washed with distilled water and
Finally, dried at 60°C for
6 h. Fe;0,@Si0, nanoparticles with a core-shell structure were
prepared by modifying the Stober method.** Briefly, 0.5 g of Fes
O, was homogeneously dispersed in the mixture containing
160 mL of ethanol, 40 mL of distilled water, and 10 mL of ammo-
nia by ultrasonication. Then, 0.8 mL of TEOS was slowly added
to this dispersion. The resulting mixture was stirred at 600 rpm
for 6 h at ambient temperature. The resultant Fe;0,@SiO,

ethanol. the precipitant was
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nanoparticles were separated with a magnet and washed with eth-
anol, followed by drying at 60 °C for 12 h.

Modification of Fe;0,@Si0O, Nanoparticles by MPS
Fe;04@Si0;, nanoparticles were homogeneously dispersed in
120 mL of toluene by ultrasonication and added to a three-
necked flask under a nitrogen atmosphere. A certain amount of
MPS (4 mL) was dissolved in 10 mL of ethanol while stirring,
followed by adjusting pH of the solution to 4 with HCL. Then,
it was slowly added into the flask. The mixture was refluxed at
75°C and mechanically stirred for 6 h. The MPS-modified
Fe;04@Si0, nanoparticles were collected by a magnet and
washed with ethanol three times to remove excess MPS and
dried at 60°C for 12 h.

Synthesis of Fe;0,@Si0,@MPS@P4VP Nanospheres
Fe;0,@Si0,@MPS@P4VP nanospheres were prepared by emul-
sion polymerization. First, 1 g of MPS-modified Fe;0,@SiO,
nanoparticles were homogeneously dispersed in a solution con-
taining 100 mL water and 80 mg of SDS. Then, 0.4 mL of 4-vp
monomer (3.7 mmol) was added to certain amount of ethanol
and were injected into the solution. The obtained mixture was
homogenized by ultrasonication for 20 min and moved to a
four-necked flask equipped with condenser and mechanical stir-
rer under N, gas. After 30 min stirring, the temperature was
raised to 75°C, 2 mL of KPS solution (0.02 g/mL) was injected
into the solution to initiate the polymerization. After 6 h, the
obtained Fe;0,@Si0,@MPS@P4VP nanospheres were cooled to
room temperature, then were collected by magnet and washed
with ethanol to remove unreacted materials. Finally, the product
dried in vacuum oven at 60°C for 12 h. The grafting yield (G)
was determined by the following equation:

G(%)=100x 2810 (1)

Wo
where w, and w, are the weights of the grafted and magnetic
nanoparticles, respectively. The yield of the polymer grafting
was about 20%. Furthermore, elemental analysis performed on
Fe;0,@Si0,@MPS@P4VP revealed that nearly 40% of the 4VP
monomers initially contacted with the magnetic nanoparticles
were effectively grafted on Fe;O4@SiO,@MPS surface. There-
fore, the actual amount of grafted 4VP groups was 1.45 mmol/g
sorbent material. Finally, the obtained particles was acidified in
HCI solution (0.1 M) to be effective for the removal of nitrate
ions. Figure 1 illustrates the synthesis procedure of nanospheres.

Fourier-transform infrared spectra (FTIR) spectra were measured
in the wavenumber range from 400 to 4000 cm ™' using a Shi-
madzu 8000 FTIR spectrophotometer with resolution 4 cm™'
using the KBr pellet technique. The particle size and morphology
of the particles were obtained using Hitachi 1460 field-emission
scanning electron microscopy (FE-SEM) and Philips CM30 TEM.
Particle size distribution of nanoparticles was obtained by a parti-
cle size analyzer (PSA) instrument (JAPA Horiba LB 550). The
crystalline structure of the nanoparticles was characterized by X-
ray diffraction (XRD) using a Bruker D8 advance X-ray diffrac-
tometer. The magnetic properties were measured using a. Magne-
tization measurements were obtained at room temperature using
a vibration sample magnetometer (VSM; Kavir Magnet Company,
Iran). Thermogravimetric analysis (TGA) thermograms were
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recorded on an instrument of Mettler Toledo TGA. Nitrate ions
were analyzed using a Genesys 10UV spectrophotometer. Zeta
potential measurements were performed using a ZetaPals zeta
potential analyzer BIC (Brookhaven Inst. Corp.) A diluted aque-
ous solution (~1.5 mg/mL) of Fe;0,@Si0,@ P4VP was mea-
sured before and after the acidification. The water contact angle
(WCA) of nanoparticles was determined with a DSA100 CA ana-
lyzer (Kriiss, Germany) to characterize the surface property of
Fe;04@Si0,@P4VP nanoparticles before and after the acidifica-
tion. Before measurements, the nanoparticles were placed on a
slide and pressed into a flat film.

Adsorption Experiments

The adsorption ability of synthesized nanosorbent for nitrate
ions was investigated using aqueous solutions of KNO3. Remov-
al of nitrate by nanosorbent has been studied in batch experi-
ments. A known amount of nanosorbent was mixed with
specific nitrate solutions, after adequate time nanosorbent was
magnetically removed by a magnet and final nitrate concentra-
tion was determined by a UV spectrophotometer.

The percentage removal (Re) of nitrate was calculated according
to eq. (2):
CGi—C,
Re (%) == == X100 (2)

1

where C; and C, are the initial and equilibrium concentration of
nitrate ions before and after sorption. Effect of such parameters
on nitrate removal was investigated under the following condi-
tions: pH: 2-10, contact time: 10-180 min, and sorbent dosage:
10-80 mg. The initial concentration of samples was 100 ppm
and whole experiment were taken in a 10 mL beaker. Equilibri-
um adsorption of nanosorbent (in unit of mg nitrate per g of
sorbent) was calculated using:

9. = (Ci— CE)X% (3)

where g, (mg/g) is the adsorption capacity, C; and C, (mg/L)
are the initial and equilibrium concentration of nitrate ions, V'
(L) is the volume of nitrate solution, and m (mg) is the mass of
the sorbent added.

Several isotherm models have been proposed to evaluate the
equilibrium adsorption, among them Langmuir and Freundlich
models are the most common. These models describe the equi-
librium between adsorbent and adsorbate at constant tempera-
ture. The Langmuir model assumes that only monolayer
adsorption occurs on the surface, adsorbent surface has certain
number of active sites and each site can attract only one species.
This model describe as:

K. C,

= 4
1+a.Ce @

qe

where K; and a; are the Langmuir constants. The linearized
form of this model is:

= — = gu= (5)
e qmar, qm ar

where g,, (mg/g) is maximum adsorption capacity. Freundlich
isotherm is another form of Langmuir model that express het-
erogeneous levels. Freundlich isotherm describe as:
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Figure 2. FTIR spectra of (a) Fe;0,@SiO,, (b) Fe;0,@SiO,@MPS, and

(c) Fe304@Si0,@MPS@P4VP. [Color figure can be viewed at wileyonline-
library.com.]

ge=KFC,\/" (6)

where Kp and n are the Freundlich constants. The linearized
form of Freundlich isotherm is:

1
Ing. =InKF+-InC, (7)
n

RESULTS AND DISCUSSION

Characterization of Synthesized Nanoparticles

The FTIR spectra of (a) Fe;04@Si0,, (b) Fe;0,@SiO,@MPS,
and (c) Fe;0,@Si0,@MPS@P4VP are shown in Figure 2. From
Figure 2, Fe-O vibration band at 594 cm™! can be found obvi-
ously. In Figure 2(a), the characteristic bands at 1080 and
794 cm™' are associated with the amorphous silica Si—O—Si
vibration, and the band at 960 cm ™" is attributed to the Si—OH
vibration.”»*® The presence of these peaks confirms that Fe;O,
nanoparticles were coated with SiO,. Furthermore, the very
wide absorption band observed at 3431 cm™' is due to
hydrogen-bonded Si—OH in the presence of physically adsorbed
water while the weak absorption band at 3740 cm ™'
ed to free Si—OH groups.”’

is attribut-

In Figure 2(b), new bands appear at 2890, 1712, and 1635 cm ™!
are associated to stretching vibration of CH,, C=0 and C=C
groups of MPS, respectively.”® In Figure 2(c), the absorption
peak at 1596 cm ' is related to stretching vibration of C—N
bond of the pyridine ring and two peaks at 1420 and
1550 cm ' are assigned to C=C bonds.”’ It should be men-
tioned that after successive coating of Fe;0,@SiO, with P4VP,
the bands at 960 and 3740 cm™' for free Si—OH groups are
evacuated. Also the band at 468 cm ™' which is attributed to the
Si—OH bending vibration is weakened after polymer coating.

Figure 3 shows the FE-SEM images and PSA photographs of
Fe;04, Fe30,@Si0; and Fe;0,@Si0,@P4VP nanoparticles. Fes
O, nanoparticles were spherical and relatively mono-dispersed
with an average diameter of 17 nm [Figure 3(a,d)]. After being
coated with SiO, layer, the obtained nanoparticles had an
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average diameter of 40 nm [Figure 3(b,e)]. After successive
coating with P4VP, a thin P4VP layer with an average thickness
of 46 nm is deposited on the surface of the Fe;0,@SiO, nano-
spheres. So, final nanoparticles had average diameter of 86 nm
[Figure 3(c,f)].

Figure 4 shows the transmission electron microscopy (TEM)
image of Fe;0,@S10,@MPS@P4VP nanospheres. The core-shell
structure of nanospheres with dark core and bright layer of shell
is observed. Also, the particles have spherical shape and an aver-
age size of 90 nm.

Figure 5 displays the XRD pattern of Fe;0, and Fe;0,@SiO,@
MPS@P4VP nanospheres. In Figure 5(a), characteristic diffrac-
tion peaks (26 =30.3°, 35.8° 43.5° 53.9° 57.6° and 63°)
indicates spinel structure indexes of Fe;O, nanoparticles, respec-
tively.30 Also, it shows that the crystalline structure of Fe;O,
nanoparticles is face-centered cubic structure. After being coated
with SiO, and P4VP, as shown in Figure 5(b), the main reflec-
tion of XRD patterns are the same as Fe;0, reflections. Consis-
tence of these curves (a and b in Figure 5) indicated that there
is no crystal transition of the magnetic nanoparticles during sili-
ca coating and polymer grafting. As could be seen in Figure
5(b), an additional broad peak with the equivalent Bragg angle
at 20 = 23° was recorded for Fe;0,@Si0,@MPS@P4VP which
demonstrates the presence of amorphous SiO, layer.”!

The magnetization curves of Fe;O4 (a), Fe;0,@SiO, (b), and
Fe;04@Si0,@MPS@P4VP (c) are shown in Figure 6. Hysteresis
loops without remanence magnetization was investigated for all
samples, indicating a superparamagnetic property.”> The mag-
netic saturation of FesOy, Fe;0,@Si0,, and
Fe;04@Si0,@MPS@P4VP nanospheres is 49, 36, and 24 emu/g,
respectively. Decrease of magnetic saturation value is due to
coating of magnetic core with SiO, and P4VP layers. As a result,
it would possible to easily separate the nanoparticles from solu-
tions by applying magnetic field with a magnet.

Figure 7 shows TGA curves of MPS-modified Fe;0,@SiO, (a)
and Fe;04@Si0,@MPS@P4VP (b) nanoparticles. In Figure 7,
weight loss at temperatures less than 250 °C is related to evapo-
ration of water and other solvents on the surface. The second
stage of weight loss for Fe;0,@SiO,@MPS, curve a, (about 5%)
up to 450 °C is due to degradation of MPS organic groups. Also
in Figure 7, the second stage of weight loss for
Fe;0,@Si0,@MPS@P4VP, curve b, (about 19%) is more than
that of MPS-modified Fe;0,@SiO, nanoparticles, which dem-
onstrate that successful grafting of P4VP onto the surface of
MPS-modified Fe;0,@SiO, nanoparticles increased the content
of organic groups.”** According to Figure 7, it is suggested
that the content of MPS groups and P4VP layer is about 5%
and 14%, respectively. Also, the synthesized nanoparticles have
thermal stability at below 250 °C.

The prepared magnetic nanoparticles after covalent attachment
of P4VP can carry the positive charges after acidification. Thus,
to evaluate the quantity of positive charges, zeta-potential mea-
surement was conducted on the particles. Figure 8 shows the
results of zeta potential measurements of the prepared particles
before and after acidification procedure. Results confirm the

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44330
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Figure 3. FE-SEM (a,b,c) and PSA photographs (d,e,f) of Fe;04 (a,d), Fe;0,@SiO, (b,e), Fe;0,@Si0,@P4VP (c,f). [Color figure can be viewed at
wileyonlinelibrary.com.]

presence of positive charges on the surface of Fe;0,@SiO,@
P4VP. As can be seen from this figure, before the introduction
of positive charges onto the particles they were almost neutral
(slightly positive with zeta potential of 6.2 mV). These slight
positive charges can be attributed to the basic character of
P4VP grafted to the magnetic particles.”> But by contacting
Fe;04@Si0,@P4VP particles with HCI (Figure 1), the particles’
charges increased significantly (zeta potential of 78 mV).

Nitrate Removal Experiments

Effect of pH. pH is one of the most important parameters in
the process of nitrate adsorption of protonated Fe;0,@-
SiO,@P4VP. Experiments in specific conditions and pH range
of 2-10 were performed to find the optimum pH. According to
Figure 9, the best nitrate removal was achieved at pH 6. As seen
in this figure, a slight fall of the nitrate removal was observed
Figure 4. TEM image of Fe;0,@SiO,@P4VP nanospheres. for Fe;0,@Si0,@P4VP when pH decreases from 6.0 to 2.0.
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Figure 5. XRD pattern of (a) Fe;Oy4, (b) Fe;0,@Si0,@MPS@P4VP. [Col-
or figure can be viewed at wileyonlinelibrary.com.]

Because, large amounts of CI~ might compete with nitrate ions
exchange. In contrast, at higher values of pH, (pH>6) the
removal efficiency decreased abruptly. This is probably associat-
ed with the decreased protonation of P4VP (pK,=5.2).° By
increasing the pH, anion exchanging groups of the polymer
(positively charged pyridyl groups) are deprotonated; hence,
P4VP chains grafted to the magnet cores tend to bend and
entangle with each other at pH > pKa to form a compact con-
formation with reduction of the hydrodynamic size from about
300 to 100 nm for completely charged to uncharged particles
(Results not shown). Therefore, the hydrophobic nature of
P4VP due to the uncharged pyridyl groups as well as alkyl
groups in the main chains attached to the magnetic particles
made them hydrophobic with WCA of 130° in the neutraliza-
tion form (Figure 10).

Effect of Contact Time. To investigate the effect of contact time
on nitrate removal, experiments in the interval of 10—180 min
were performed. The results are shown in Figure 11. In the

=

P

r T T T T T T 1
-8000 -6000 -4000 -2000 2000 4000 6000 38000

Magnetization (emuw/g)

240 -
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Figure 6. Magnetization curves of Fe;O4 (a), Fe;0,@SiO, (b), and
Fe;0,@Si0,@MPS@P4VP (c). [Color figure can be viewed at wileyonline-
library.com.]
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Figure 7. TGA curves of MPS-modified Fe;0,@Si0,@MPS (a) and
Fe;0,@Si0,@P4VP (b). [Color figure can be viewed at wileyonlinelibrary.
com.]

2500000

/
2000000 |]

e A fter acidification

Before acidification

1500000 ‘

1000000 ‘

Counts

500000 |

-100 -50 0 50 100 150 200

-500000
Zeta potential (mV)

Figure 8. Zeta potential distribution curves for the Fe;0,@SiO,@P4VP
solution before and after acidification. [Color figure can be viewed at
wileyonlinelibrary.com. ]

beginning, many active sites are prepared to adsorb nitrate ions.
With increasing time, these sites are saturated and reduced
nitrate adsorption. According to Figure 11, the maximum of
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Figure 9. Effect of pH on nitrate removal (initial nitrate concentration,
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100 mg/L). [Color figure can be viewed at wileyonlinelibrary.com.]
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Figure 10. The change in conformation of the polymeric layer and wettability alteration in Fe;0,@SiO,@P4VP particles before (a) and after (b) acidifi-

cation. [Color figure can be viewed at wileyonlinelibrary.com.]

nitrate removal was obtained within 100 min, and then no sig-
nificant changes were observed for the following 80 min. The
obtained result shows better performance of the prepared nano-
particles compared to similar systems. Saad et al.’’ synthesized
three different ammonium-functionalized mesoporous silica for
nitrate removal and they reported 3 h as equilibrium time of
adsorption. Bekhradinassab et al.’® immobilized nanoscale zero-
valent iron (NZVI) on SiO,-FeOOH cores for removing nitrate
from drinking water and equilibrium time was about 2.5 h.

Effect of Sorbent Dosage. Figure 12 shows the effect of sorbent
added to the nitrate solution. Various amount (10-80 mg) of
synthesized sorbent were added to nitrate solutions and mass of
adsorbed nitrate for each solution was determined. It was seen
that increasing the amount of sorbent dosage up to 50 mg,
increased the nitrate adsorption and after adding a 50 mg sor-
bent, nitrate uptake reached equilibrium.

Adsorption Isotherms Modeling
To investigate the equilibrium adsorption of synthesized sor-
bent, experiments were done in different initial concentrations
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.-
80
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Figure 11. Effect of contact time on nitrate removal (C, =100 mg/L,
pH = 6). [Color figure can be viewed at wileyonlinelibrary.com.]
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of nitrate solutions (50-500 mg/L) under optimal conditions
(i.e., pH: 6, contact time: 100 min, and sorbent dosage: 50 mg)
and the volume of the nitrate solutions was 10 mL. Then, the
results were evaluated by Langmuir and Freundlich isotherm
models. Figure 13 shows the fitted experimental data with both
models. The constants and correlation coefficient (R?) of both
models are summarized in Table I. As seen, the Langmuir mod-
el could better describe the adsorption of nitrate by synthesized
sorbent. This implies monolayer coverage of nitrate ion on the
surface of sorbent.’® This would be reasonable that the -NH™
groups are the major functional groups in the adsorption pro-
cess and there is no interaction between sorbed nitrate ions.
Also, the maximum adsorption capacity of 80.6 (mg nitrate/g
sorbent) is expected, Comparison of the obtained capacities to
the amount of grafted 4-vinylpyridine groups on the Fe;O,@-
SiO, surface (1.45 mmol/g) depicts that, at most, only 84% of
the grafted groups were involved in the nitrate adsorption. This
may be attributed to the incomplete protonation of the 4VP
groups grafted on the magnetic cores.
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Figure 12. Effect of sorbent

(Cp:100 mg/L, pH = 6, and contact time = 100 min). [Color figure can be
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viewed at wileyonlinelibrary.com.]
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Table I. Adsorption Isotherms Parameters

Langmuir isotherm Freundlich isotherm
Omax aL RZ n K,: RZ

80.6 0.0224 0.9924 1.85 4.48 0.9872

The essential features of the Langmuir isotherm can be exp-
ressed in terms of the dimensionless equilibrium parameter, R;,
which is defined as:

_ 1

" 14aG

(8)
where a; is the Langmuir constant as described above and C; is
initial concentration (mg/L). The value of R; indicated the

shape of Langmuir isotherm to be irreversible (R; =0), linear
(R, =1), unfavorable (R;>1), or favorable (0<R;<1). In

% +  NaNO;
Desorptlou N* ol
Acllvallun %
N+L]'

Figure 14. Desorption and activation of the pyridyl groups to regenerate
Fe;0,@SiO,@P4VP nanosorbent.
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the present work, initial concentration of nitrate is 100 mg/L
and value of a; according to Table I is 0.0224 (L/g). So, the R,
value in the present work was found to be 0.308, indicating
favorable adsorption of the nitrate ions onto sorbent.

The relatively low value of correlation coefficient (R*=0.9872)
for Freundlich isotherm shows that the adsorption process
occurs mainly by the ionic interactions between nitrate anions
and NH™ cations on the surface of sorbent, so adsorption pro-
cess is not much heterogeneous.*' According to Mckay et al.*
the value of n (Freundlich constant) in the range of 1 <n<10
can represent a good adsorption. In the present study, as n lies
between 1 and 10 (n = 1.85) it indicates beneficial adsorption of

nitrate onto Fe;0,@Si0O,@P4VP nanosorbent.

Desorption and Regeneration

To check the desorption of nitrate ions from sorbent surface,
the saturated sorbent washed with 0.01 M NaOH solution for
10 min. Afterward the adsorbent was entered to HCI solution
(0.1 mol/L) to activate positive charges on surface (Figure 14).
Then, the regenerated sorbent dried and was placed in contact
with nitrate solution. After four adsorption—desorption cycles,
as one can see in Figure 15, the efficiency of sorbent was not
significantly reduced (about 9%). Therefore, the synthesized
sorbent could use as efficient and cost effective sorbent.

CONCLUSIONS

In the present work, Fe;0,@Si0,@MPS@P4VP nanospheres
were synthesized and proved to be an efficient sorbent for
removal of nitrate ions from aqueous solutions. Different ana-
lyzes including FTIR spectra, FE-SEM and TEM images, XRD
pattern, VSM, and TGA indicated successful synthesis of nano-
spheres. Effective parameters on nitrate adsorption pH, contact
time, and sorbent dosage were optimized. The adsorption data
were evaluated by Langmuir and Freundlich isotherm models.
The results showed that Langmuir model could better describe
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the adsorption of nitrate ions and the maximum expectance 23
adsorption capacity was 80.6 (mg nitrate/g sorbent). The )
desorption of the synthesized sorbent achieved within 10 min
using 0.01 M NaOH solution. Also, the efficiency of sorbent 24
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