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Abstract

Because of various disadvantages of chemical synthesis processes, these days
people are attracting towards green synthesis processes as it is devoid of toxic
by-products, cost-effective and eco-friendly. In this study, a simple green
synthesis method is applied for the synthesis of magnetite (Fe;O,) nanopar-
ticles (MNPs) by co-precipitation of FeCl;-6H,O and FeSO47H,O in the mo-
lar ratio of 2:1 using Azadirachta indica leaves extract under nitrogen envi-
ronment. FTIR, XRD, SEM etc. were used to characterize the synthesized
MNPs. Batch adsorption experiments were carried out to determine adsorp-
tion equilibrium of As(V) as a function of pH, adsorbent dose, contact time
and different initial concentrations. Kinetics results were best described by
pseudo-second order model with rate constant value 0.0052 g/(mg-min). The
equilibrium adsorption isotherm was best fitted with Langmuir adsorption
isotherm model. The maximum adsorption capacity was found to be 62.89
mg/g at pH 2. MNPs showed a high affinity for As(V) and avoids filtration
for solid-liquid separation, thus it would be employed as a promising material
for the removal of As(V) from water.
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1. Introduction

Contamination of water bodies due to the presence of certain heavy metal ions is

increasing day by day because of increased population and industrialization. Due
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to their toxicity, non-biodegradability and long-time persistent nature, their re-
moval becomes an absolute necessity. Moreover, the persistent nature makes it
accumulate in the food chains which with time reach harmful levels in living
beings, resulting in serious health hazards such as irritation in lungs and sto-
mach, cancer of different organs, low growth rates in plants and death of ani-
mals, etc. [1] [2]. Hence, heavy metals poisoning of water bodies is a serious
world health issue. Among such noxious heavy metals, arsenic is considered as
one of the most toxic heavy metal and due to its toxic nature, world health or-
ganization has set its limit as 10 ug-L™' in drinking water [3] [4]. The main
source of arsenic in water is due to the natural dissolution of ores and minerals
that contain arsenic, industrial discharges, agricultural use of arsenical herbi-
cides and pesticides [5] [6].

Removal of arsenic from drinking water can be accomplished by several phy-
siochemical methods such as adsorption, ion exchange, precipitation, filtration
and coagulation, reverse osmosis and electro dialysis etc. [7]. Among them, ad-
sorption is considered as one of the best methods available to eliminate conta-
minants from water bodies because it can reduce the pollutants concentration to
trace levels and its easiness of operation [8]. Although, different adsorbing ma-
terial such as activated carbon, oxides and hydroxides of metals, polymeric re-
sins, clay minerals and zeolites etc. have been reported for the arsenic removal,
in recent days different nanomaterials have been reported as promising mate-
rials for removal of toxic heavy metals from polluted water [9] [10]. Moreover, it
is suggested that Nanotechnology is considered to play a crucial role in provid-
ing clean and affordable water to meet human demands [11]. The iron based
NPS especially magnetite nanoparticles (MNPs) has attracted attention of many
researchers in this field because of high affinity of arsenic toward iron due to
high stability of arsenic-iron bond [12]. More interestingly, due to its magnetic
property, it can be efficiently separated from wastewater by using magnetic se-
parators avoiding the filtration process, which represents a difficulty in using
other nanosized materials at the treatment of great volumes of wastewaters in
environmental remediation [13].

Although different physical, chemical and biological synthetic routes have
been applied for preparation of MNPs [14] [15], these days people are attracting
towards bio (green) synthesis processes as it is devoid of toxic by-products,
cost-effective and eco-friendly, biocompatible and low toxicity and antimicrobial
effectiveness etc. [16] [17]. Hence, green synthesis of the NPs is taken as need of
today as it can address the green chemistry principles [18]. Biosynthesis can be
carried out either by using different microrganisms or by using extract of differ-
ent plants parts such as extract of root, stem, leaves, bark, flower and seeds etc.
[16] [19] [20]. Moreover, plant based synthesis are more popular as they are
natural, renewable, safe to handle and easily accessible [21]. Plant extracts con-
tain different metabolites (phytochemicals) like terpenoids, phenols, proteins or
carbohydrates etc., which are directly responsible to reduce the metallic salts to

NPs and also act as capping/stabilizing agents by hampering the aggregation of
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NPs [22]. Hence, in the present study, utilization of aqueous leaves extract of
Azadirachta indica (Neem) for the synthesis of MNPs to remove As(V) from
water has been explored.

2. Materials and Methods
2.1. Green Synthesis of Magnetite Nanoparticles (MNPs)

Azadirachta indica (Neem) fresh leaves were collected from the locality of Tarai
region of Nepal and were washed thoroughly with water. Green leaves were
dried under shade for 7 days and made power using mortar and pestle. Thus
prepared leaves powder was used to prepare leaves aqueous extract as described
elsewhere [23]. Conventionally, magnetite Fe;O4-NPs were prepared by adding a
base to an aqueous mixture of ferric (Fe**) and ferrous (Fe?*) at a 2:1 molar ratio
[29]. Hence in the present study, MNPs were prepared by the co-precipitation
method using ferric chloride hexahydrate, (FeCls-6H,O, 97%, Loba Chemie) and
ferrous sulfate heptahydrate (FeSO,-7H,0, 98%, Thermo Fisher Scientific) in the
ratio of 2:1 at 45°C under nitrogen atmosphere to prevent the unwanted oxida-
tion and aqueous ammonia (NH,OH, 25%, Merck Life Science Pvt. Ltd) was
added quickly into the reaction mixture solution under stirring condition until
the pH value of the solution reached to 10 - 11. About 5 ml of leaves extract was
added into the mixture and it was heated at 80°C for 1 hour. After 1 hour, re-
sulting MNPs were collected from the solution by external magnet and washed
several times by oxygen removed water and finally with ethanol, then dried un-
der vacuum conditions at 60°C for 12 hrs. The possible reaction for the forma-

tion of MNPs is given as follows [24].
Fe* +30H™ — Fe(OH)3

Fe(OH), —» FeOOH +H,0
Fe* +20H™ — Fe(OH),
2FeOOH +Fe(OH), — Fe,0,{ + 2H,0

The scheme for the green synthesis of MNPs is given in Figure 1 below.

2.2. Determination of pH Pzc

In this study, pHpzc is determined by pH drift method [25]. Different initial pH
solutions (2 - 11) with background electrolyte of 0.01 M sodium chloride (NaCl,
99.5%, Thermo Fisher Scientific) were prepared using sodium hydroxide
(NaOH, 97%, Thermo Fisher Scientific) and hydrochloric acid (HCI, Qualigens
Fine Chemicals). The final pH of the solutions with the dispersed adsorbent (25
/25mL of respective pH solution) was measured using glass electrode (Deluxe
pH Meter) after 24 hrs.

2.3. Batch adsorption Study

Batch sorption experiments as functions of pH (2 - 10), adsorbent dosage (0.025
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Figure 1. Experimental photograph for the preparation of MNPs.

- 3) g/L, contact time (10 - 240) min (kinetics study), as well as effect of initial
concentrations of adsorbate (10 - 100) mg/L (isotherm study) were carried out.
The solutions of As(V) comprised of disodium hydrogen arsenate
(Na,HAsO,47H,0, Fine Chemical Ltd) were taken into Erlenmeyer flasks. After
pH adjustment, a known quantity of adsorbent was added and finally, metal
bearing suspensions were kept under magnetic stirring. After shaking, the sus-
pension was allowed to settle using external magnet and the residual adsorbent
with metal ions was filtered using Whatman 42 filter paper. The amount of met-
al ions adsorbed (Q.) and percentage removal efficiency of the adsorbent is de-

termined by using following relations:

C,~C.)V
Qez( o e) (1)
m
R(%) ="~ x100 @)

0

where C, and C, are initial and equilibrium metal ion concentrations respective-
ly in mg/L, Vs the volume of metal solution in L, m is the weight of adsorbent
in g, Q. (mg/g) is the amount of adsorbate adsorbed at equilibrium and R(%) is
the percentage of metal ion adsorption from the solution. As(V) concentration
was measured molybdenum blue method by using spectrophotometer (Elec-
tronic, India, Model No 2306). Absorbance of the blue colored solution was
measured at A = 840 nm after 60 min against blank and the corresponding As(V)
concentrations were measured by molybdenum blue method (by) using spec-
trophotometer.
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3. Results and Discussion

Characterizations of Adsorbents

1) Functional group analysis by FTIR spectroscopy

FTIR provides information regarding the shifting/changing of some surface
functional groups that might have participated in the chemical modification.
Figure 2 showed the FTIR spectra of leaves extract of Azadirachta indica and
synthesized MNPs. In the case of Azadirachta indicaleaves extract (Figure 2(a)),
a broad peak at 3289 cm™ was observed which is attributed due to O-H stret-
ching vibration of phenolic compounds. The peak located at around 1640 cm™ is
ascribed due to C=0O stretching vibration [26] [27]. However in MNPs (Figure
2(b)), there is a shift of the band from1640 cm™ to 1604 cm™ and was attributed
to the binding of a C=0 group with the nanoparticles [24]. Literature shows that
the presence of inorganic lattice vibration appears in the range of 400 - 700 cm™.
Appearance of two entirely new peaks at around 547 and 404 cm™ in Fe;O04 NPs
can be attributed due to the Fe-O stretching band [28] [29] [30], which provides
the strong evidence that magnetite particles (MPs) were formed with the aid of
extract of Azadirachta indicaleaves.

2) Identification of MNPs phase and crystalline size

The XRD pattern of aqueous leaves extract of Azadirachta indica and synthe-
sized MNPs is shown in Figure 3 The diffraction peaks were found at 26 values
around 30.31, 35.92, 43.6, 57.38, and 62.96 which could be accounting for crystal
planes (220), (311), (400), (333), and (440) of crystalline MNPs respectively. The
observed XRD pattern was in good agreement with the standard XRD pattern of
magnetite (card JCPDS # 89-4319). Moreover, the pattern also showed that 311
plane is a major plane with the majority of the particles having faced centered

cubic (FCC) crystalline structure.

L ) |
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Figure 2. FTIR spectra of (a) aqueous Azadirachta indica leaves extract (b) synthesized
MNPs.
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Figure 3. X-ray diffraction (XRD) pattern of magnetite (Fe;O4) NPs.

The crystallite size (D) of the MNPs was determined by using Debye-Scherrer’s
equation as
ki
Y

3)

where D is the particle size of the crystal, k is a Sherrer constant (0.9), A is the
X-ray wavelength (1 = 1.541 A), Bis the full width at half maxima (FWHM) and
0 is the Braggs diffraction angle corresponding to the lattice plane. The average
particle size of the particles by using Scherrer’s equation was found to be 8.4 nm,
indicating the formation of MNPs.

3) Determination of surface morphology of synthesized MNPs

The surface morphology of the particles was carried out by the Scanning Elec-
tron Microscopy (SEM) (FE-SEM, Hitachi S-7400) and the results at different
magnification are shown in Figure 4(a) and Figure 4(b). From these images, the
structures of MNPs are spherical, uniform and in the nanometer ranges (less
than 100 nm). Moreover, in some place NPs were aggregated and forming large
aggregate. Similar SEM image is reported when hydrothermal synthesis of MNPs
was carried out using aloe vera (Aloe barbadensis Miller) plant extract solution
(31].

4) Effect of pH and As(V) adsorption mechanism

The pH of a solution is taken as one of the most important parameters in the
study of the adsorption of metal ions onto adsorbent as chemical speciation of
adsorbate as well as surface charge of the adsorbent are highly pH dependent in
aqueous medium. Figure 5 shows the effect of pH on As(V) removal by MNPs.
As can be observed from the result of this figure that maximum adsorption was
observed at pH 2 then it was observed to be decreased with the further increase

of equilibrium pH. At low pH, the surface of MNPs is positively charged so that
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Figure 4. SEM images of MNPs at different magnifications, (a) 100x, and (b) 200x.
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Figure 5. Effect of pH on As(V) removal by magnetite (Fe;O4) NPs.

interaction of negatively charged species of As(V) is more favorable, resulting in
the increasing of % adsorption. At high pH, the % removal of As(V) was ob-
served to be decreased which may be reasonably attributed due to the competi-
tion of hydroxyl ion with As(V) anion for the same active sites. Such nature of
adsorption behavior is in agreement with previous studies [32] [33]. High sorp-
tion performance of investigated MNPs at low pH can be explained as follows.

The pHpzc of the MNPs was found to be pH 7.5 from Figure 6. Hence below
pHpzc, surface charge of the MNPs is expected to be positive. As(V) exists as
H,AsO, (<2 pH), H,AsO, (2 - 6) pH, HAsO?" (6 - 11.5) pH and AsO?
(>11.5) pH [34]. The maximum uptake of As(V) by MNPs was observed at pH 2
where adsorption of monovalent species of As(V) occurred due to electrostatic
attraction.

5) Effect of contact time

Kinetic studies determine the equilibrium time and binding rate of adsorbate
on the adsorbent. The adsorption kinetics experiments were performed at the
optimum pH at desired period of contact time of As(V) ion by equilibrating in
solution. A rapid initial adsorption followed by gradual uptake and approach
equilibrium at the end of adsorption process was observed as shown in Figure 7.
The greater number of As(V) ions were available to adsorb onto MNPs so that
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Figure 6. Difference in pH against initial pH for the determination of pHrzc plot of
MNPs.
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Figure 7. A plot of the effect of contact time on the removal of As(V) onto MNPs.

adsorption rate was rapid at the beginning, then it was gradually adsorbed and
finally attains equilibrium after 90 minutes. Although adsorption equilibrium
was attained at 90 minutes but for the subsequent experiments, solid liquid
mixture was shaken for 24 h to ensure complete equilibrium. Moreover, the ki-
netic data obtained were analyzed using linear pseudo-first order and the pseu-
do-second order equations respectively.
Ky
2.303
.1 ; 1y (5)
Q KQ Q
where Q.and Q; are the amount of metal adsorbed (mg/g) at equilibrium and at
any contact time ¢ (min). Similarly, K and K; are pseudo-first order and pseu-
do-second order rate constants respectively. Two different plots of log(Q. — Q)
versus reaction time(?) (Figure 8(a)) and # Q; versus reaction time (Figure 8(b))
were drawn to evaluate respective rate constants and coefficient of determina-
tion (&%) for both types of kinetic models. The rate of reaction as well as the
As(V) uptake capacity from the slopes and intercepts of Figure 8(a) and Figure
8(b) plots are shown in Table 1. The As(V) uptake capacity determined from

t (4)

log(Q, -Q;)=logQ, -
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Figure 8. Modeling of kinetic data by pseudo (a) 1** order and, (b) 2*¢ order model on the
removal of As(V).

Table 1. Evaluated pseudo 1% and 2" order kinetic parameters for adsorption of As(V)
onto MNPs.

Pseudo-first order model Pseudo-second order model

Qexper. (mg/g) (K2 x 1072)
i1
Ki(min™) Qa (mg/g) R (g-min-tmg) Q2 (mg/g) R
44.04 0.036 8.11 0.93 0.52 45.46 0.99

pseudo-second order model (45.46 mg/g) is very close to the experimental value
(44.03 mg/g) than pseudo-first order model. Moreover, the correlation coeffi-
cient values of pseudo-first order and pseudo-second order models are 0.93 and
0.99 respectively. Hence, it is suggested that the pseudo-second order model best
describes the equilibrium adsorption data of As(V) adsorption onto MNPs and
the rate constant was found to be 0.0052 g mg™"-min".

6) Adsorption isotherm of As(V) ion

Adsorption isotherm is a graphical representation of the amount of the ad-
sorbate adsorbed per unit mass of the adsorbent as a function of the amount of
the adsorbate left in bulk solution at equilibrium at a given temperature. In or-
der to study the dominant adsorption mechanism and to compute various ad-
sorption parameters, different isotherm models such as Langmuir, Freundlich,
Dubinin-Radushkevich, Temkinl, Flory-Huggins, and Hill isotherm model etc.
have been developed [30]. Langmuir and Freundlich adsorption isotherm mod-
els of adsorption are well known among them. Experimental adsorption data
were fitted by the least square method to linearly transformed Freundlich and

Langmuir adsorption isotherms equations (Equation (6)) and (Equation (7)) re-

spectively.

1
logQ, =logK, +=logC, (6)

n

C 1 C
- 4 & (7)

Qe me Qm
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Using (Equation (6)), a plot of log Q. versus logC. yielded a linear Freundlich
plot (Figure 9(b)) and the intercept and slope of the plot give the empirical con-
stants Krand n which is related to adsorption capacity and adsorption affinity of
the adsorbent respectively. Similarly using (Equation (7)), a plot of C./Q. versus
C. resulted in a linear Langmuir plot (Figure 9(a)) and from the slope and in-
tercept the values of Qn.x (mg-g™), the maximum adsorption capacity corres-
ponding to complete monolayer coverage and b (L-mg™), the affinity of the
binding sites, also called the Langmuir constant was obtained. The evaluated
isotherms parameters for both the models are listed in Table 2.

The experimental data fitted well with Langmuir model. Further, observed
correlation coefficient of Langmuir plot (R = 0.98) is higher than that of Freun-
dlich plot (& = 0.87) and smaller }* value for Langmuir model than Feundlich
model suggests the experimental data best fitted with the Langmuir model. The
value of Freundlich constant (1/n) and Langmuir equilibrium parameter (R;) as
given (Equation (8)), was found to lies between 0 and 1 indicating that adsorp-
tion of As(V) by MNPS is favorable [35].

R = !
1+bC,

(8)

In addition to this, the equilibrium uptake capacity for both the models was
determined by using the investigated parameters and plotted together with expe-
rimental As(V) uptake capacity as shown in Figure 10. The result from this figure

1 2
y =0.015x + 0.099 °® [ V= 0.506x + 1.013
0.8 R2=0.984 R2= 0.873 o0
{
= 06 _ 15 1
~ .
3 g
Q: 0.4 <
1 -
© | ®
0.2 L
0 0.5 e
0 10 20 30 40 50 0 1 2
C. (mg/L) log (C,)

(a) (b)

Figure 9. Adsorption isotherms of MNPs for As(V) adsorption (a) Langmuir, and (b)
Freundlich model.

Table 2. Langmuir and Freundlich isotherm parameters for the adsorption of As(V) onto
MNPs.

Evaluated isotherm parameter for the removal of As(V) using MNPs
Langmuir Model Freundlich Model

Qmax. (mg/g) b(L/mg) R AG(KJmol') 4 Kr[(mg/g)(L/mg)'™] 1/n R

62.89 0.159 0.98 —23.52 3.28 10.31 0.507 0.87 15.41
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Figure 10. Adsorption isotherm plots for the adsorption of As(V) onto MNPs.

shows that the equilibrium As(V) uptake capacity evaluated from Langmuir iso-
therm model is more close than Freundlich model, suggesting that monolayer of
As(V) was formed on the surface of MNPs during adsorption process. Moreo-
ver, the Langmuir constant b is combining to free energy change of adsorption
AG (kJ-mol™) by the following relation [36] (Equation (9)) and is a critical factor

for determining the spontaneity of a process.

AG = - RT In(b*M *1000) 9)

The value of AG was found to be —23.52 kJ-mol™. The negative value of free
energy change (AG) in adsorption process reveals the spontaneous nature and
feasibility of the adsorption process for the adsorption of As(V) onto MNPS.
The observed value of AG confirms the adsorption process is favored by phy-
sio-chemical adsorption for As(V) ion.

7) Comparision of Maximum adsorption capacity of As(V) ions

The adsorption capacity of the adsorbent largely depends on different para-
meters such as particle size, surface morphology and pH of the solution. Table 3
shows the comparison of the maximum adsorption capacity of MNPs investi-
gated in this study for As(V) with other adsorbents reported in the literature. As
can be observed from the results of this table that the non-modified iron oxide
NPs [8] alone have very low adsorption capacity where as it is increased by
chemical modification [9]. The metal loaded adsorbents, magnetic iron oxide
NPs and MNPs possesses high adsorption capacity than other adsorbents [30]
[34] [35] [36]. Magnetite nanoparticles (MNPs) investigated in this study have
competitive adsorption potential for As(V) ion. Therefore it can be a promising
alternative for the remediation of aqueous solution polluted with As(V) ion.

8) Effect of adsorbent dose

The effect of adsorbent dose on adsorption efficiency of As(V) by MNPs is

shown in Figure 11. The maximum removal efficiency increased from 86% to
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Table 3. A comparison of maximum adsorption of capacity of investigated MNPs for
As(V) with other adsorbents reported in the various literature.

S.N. Name of sorbents pH Qmex (mg/g)  References
1 Iron oxide nanoparticles 7 3.33 (8]
2 Tonically modified the iron oxide nanoparticle 3 50.5 [9]
3 Bare iron oxide nanoparticle 3 25.1 [9]
4 Magnetic iron oxide nanoparticles (MION-Tea) 7 153.8 [30]
5 Zr(IV) loaded SOJR 3.1 74.42 [34]
6 Tire rubber-alumina composite (TRAL) 3 19.60 [35]
7 Activated carbon-alumina composites (ACAL) 3 23.80 [35]
8 Fe(III)-treated Staphylococcus xylosus biomass 3 61.34 [36]
9 Magnetite nanoparticles (MNPs) 2 62.89 This work
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Figure 11. Effect of adsorbent dose for As (V) removal by MNNPs.

99% on increasing the adsorbent dose from 0.025 - to 3 g/L. This is due to avail-
ability of more and more surface area of adsorbent for adsorbate at higher do-
sage. The adsorption of As(V) sharply increased from adsorbent dose 0.025 g/L
to 1 g/L, and become slower on further increasing to 2 g/L of adsorbent. Adsorp-
tion attained equilibrium at adsorbent dosage higher than 2.5 g/L. It is clear
from the result that percentage removal increases on increasing the adsorbent
dose but the corresponding value of As(V) uptake capacity decreased. This is
reasonably explained in the fact that the available number of As(V) ion per unit
mass of MNPs decreased with increasing adsorbent dosage, which caused the

decrease of As(V) uptake capacity at higher dosage.

4. Conclusion

In this research work, MNPs were successfully synthesized by using aqueous
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leaves extracts of Azadirachta indica (neem). Using prepared MNPs as adsorbent
for removal arsenate in synthetic water sample revealed that the maximum ad-
sorption capacity of As (V) was found to be 62.89 mg/g at optimum pH 2. The
kinetic data were best fitted to the pseudo-second order kinetic model with rate
constant 0.0052 g mgmin'. The calculated Gibb’s free energy (AG = —23.25
KJ-mol™ suggested that the sorption of arsenic onto MNPs is spontaneous in
nature. The values of §* and R concluded that the adsorption of As (V) followed
the Langmuir adsorption isotherm. Moreover, adsorption As(V) was favored by
electrostatic attraction between positively charged adsorbent surface and anions
of arsenate species in aqueous solution as the pHpzc of magnetite nanoparticle
was found to be 7.5. Hence, biosynthesized of MNPs using locally available
aqueous green (leaves extract of Azadirachta indica) resources is a simple, envi-
ronmentally friendly, and cost-effective approach as well as it could be a poten-

tial adsorbent for arsenate removal from polluted water.
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