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ABSTRACT

In this work, the pH-sensitive magnetic Fe;O,/polymethacrylic acid nanocomposite parti-
cles were synthesized by a new one-step method and used as adsorbents for the removal of
two cationic dyes from aqueous solution. The resulting product was characterized using
Fourier transform infrared spectra, transmission electron microscopy (TEM), thermogravi-
metric analysis, and vibrating sample magnetometer. Particles size distribution of product
and its pH responsivity was investigated by dynamic light scattering. Adsorption perfor-
mance of the magnetic adsorbent was tested with removal of methylene blue and maxilon
red GRL from aqueous solution. The effects of solution pH value, adsorption time and ini-
tial dye concentration were investigated. The adsorption behavior fits well with the Lang-
muir rather than the Freundlich model. The results reveal that the adsorbent has ability to
remove dyes rapidly within a few minutes due to the absence of the internal diffusion resis-
tance. Moreover, the synthesized adsorbent has good reusability.

Keywords: Fe;04 nanoparticle; Surface modification; Polymethacrylic acid; Cationic dyes; pH
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1. Introduction

Water contamination is one of the most unfavor-
able environmental problems in the world. Among
contaminants, dyes are harmful to our environment
due to their toxicity [1-3]. Pollution of water by dyes
even at low concentration is undesirable for human
consumption [4]. A large variety of dyes are produced
on a daily basis in textile, leather, paper, and food
industries [5]. Thus, the removal of dyes from
effluents is of most importance. Among the various
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techniques for dye removal from wastewater, such as
adsorption, electrochemical treatment, coagulation,
precipitation, and solvent extraction [6-8], adsorption
is an effective method particularly for its simplicity,
low cost, ease of operation, and ease of availability
[9,10]. Many works have been done for the develop-
ment of new adsorbents with a large surface area,
enhanced adsorption rate, selectivity for adsorbates,
and easy separation properties [11]. Various adsor-
bents have been used to remove dyes from wastewa-
ter such as activated carbon [12], kaolin [13],
montmorillonite clay [14], halloysite nanotube [15],
polymeric materials [16], etc. Among these adsorbents,
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nanoparticles have gained considerable attention for
the removal of dyes because of their high surface area
to volume ratio and ease of modifying their surface
but the difficulty for separating them from the aque-
ous phase limits their application potential in effluent
purification. Thus, it is necessary to use an adsorbent
that does not generate secondary waste and easily be
separated.

Compared to the traditional adsorbents, magnetic
nanomaterials not only have high efficient specific sur-
face area and fast kinetics but also have high separa-
tion efficiency and reusability [17,18]. However,
uncoated magnetite nanoparticles are fully sensitive to
air oxidation and are easily aggregated in aqueous
systems. To prevent the agglomeration of nanoparti-
cles, various stabilizers have been applied for stabiliz-
ing nanoparticles, such as surfactant [19] and
polymers [20,21]. Polymers coating on the surface of
magnetic nanoparticles prevent particle agglomeration
and improve the dispersion stability of the nanostruc-
tures in suspension medium [22,23]. In addition, these
polymeric coatings can also provide functional groups
for conjugation with various compounds such as dyes.

In recent years, many studies have been done for
the modification of the magnetic nanoparticles to pro-
vide a better surface specificity for the removal of dif-
ferent dyes from aqueous solutions. For instance, Zhu
et al. prepared Chitosan/kaolin/nanosized y-Fe,Os
composites by a microemulsion process and used
these materials for the adsorption of methyl orange
[24]. Adsorption behavior of Fe;O4 magnetic nanopar-
ticles modified with 3-glycidoxypropyltrimethoxysi-
lane (GPTMS) and glycine (Gly) for the removal of
anionic and cationic dyes has been reported [25]. The
removal of rhodamine 6G by hexadecyl functionalized
magnetic silica nanoparticles has been done [26].
Li et al. synthesized a magnetic nanomaterial modified
with aminoguanidine for the adsorption of acid dyes
[27]. Zargar et al. prepared magnetic nanoparticles
coated with cetyltrimethyl ammonium bromide
(CTAB) as an adsorbent for the removal of amaranth
from water solution [28]. Zhang and Kong synthesized
magnetic Fe;O,/C core-shell nanoparticles by a sim-
ple method and used as adsorbents for the removal of
organic dyes from aqueous solution and adsorption
behavior of these adsorbents were tested with removal
of methylene blue (MB) and cresol red from aqueous
solution [29]. Furthermore, adsorbents based on
biopolymer—magnetic = nanoparticles have  been
reported for the removal of dyes [30-33].

In this study, a pH-sensitive magnetic adsorbent
based on Fe;O,/poly(methacrylic acid)is synthesized
and used for the removal of cationic dyes such as MB
and maxilon red GRL (MR GRL) from aqueous
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solution. The physical and chemical characterization
of the Fe;O,/polymethacrylic acid (PMAA) nanocom-
posites particles is investigated. The effects of pH, ini-
tial dye concentration and contact time on the
adsorption behavior of the magnetic adsorbents are
also studied. Moreover, the recycling and reuse of the
used adsorbents is also performed for its great impor-
tance in practical applications.

2. Experimental
2.1. Materials

Iron oxide nanoparticles (Fe;O4, purity: >99.5%,
15-20 nm) were purchased from US Research Nano-
materials, Inc. Methacrylic acid monomer, N,N-methy-
lene-bis-acrylamide (MBA) as crosslinker, ammonium
persulfate (APS) as initiator and sodium dodecyl sul-
fate (SDS) as surfactant were acquired from Sigma-—
Aldrich Co., Ltd. Methanol, sodium hydroxide
(NaOH), hydrochloric acid (HCl) and acetic acid were
supplied from Merck Chemical Co. MB and MR GRL
were obtained from Ciba Co. All these chemicals were
used without further purification. The chemical struc-
tures of MB and MR GRL are illustrated in Fig. 1.

2.2. Synthesis of Fe;04/PMAA nanocomposites particles

In a three-neck round-bottom flask, Fe;0, nanopar-
ticles (0.264 g) and MAA monomer (0.13 ml) were
mixed in 100 ml of deionized water (DI), and ultrason-
icated for 25 min in an ice bath. Then, MAA (3 ml),
MBA (0.0564 g), and SDS (0.62 g) were mixed in 80 ml
of DI water and added to a suspension containing the
Fe;04 and MAA. This mixture was stirred at 300 rpm
for 40 min under a nitrogen atmosphere and heated to
75°C. 0.17 g APS as initiator was dissolved in 25 ml of
DI water and then added to the above mixture during
the reaction. Reaction was performed for 5 h under a
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Fig. 1. The structures of MB (a) and MR GRL (b).
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nitrogen atmosphere. The synthesized particles were
washed with DI water and dried in vacuum oven at
50°C overnight. Fig. 2 shows the procedure for the
synthesis of Fe;O04/PMAA nanocomposites particles.

2.3. Characterization

Fourier transform infrared (FT-IR) spectra were
determined on a Nicolet Nexus 670 FI-IR spectrome-
ter within the range of 500-4,000 cm ™" with the resolu-
tion of 4 cm™' and using of KBr pellets. Transmission
electron microscopy (TEM) images were taken on a
Philips CM30 TEM operated at 200 kV; samples were
dispersed in distilled water at an appropriate concen-
tration, cast onto a carbon-coated copper grids and
then dried under vacuum. Hydrodynamic diameters
(Dy) of the particles were measured by dynamic light
scattering (DLS) with a NanoBrook 90Plus particle size
analyzer at a fixed scattering angle of 90° and the con-
centration of each sample was 5 mg L™ DI. The mag-
netic property of the samples was investigated using a
vibrating sample magnetometer (VSM) with an
applied field from +10kOe to —10kOe at room
temperature (Magneto Kavir Co). Thermogravimetric

MAA monomer
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analysis (TGA) was carried out with a TGA Q50 V6.3
Build 189 thermogravimetric analyzer at heating rate
of 20°C/min in the temperature range of 25-600°C
under argon atmosphere. Cationic dye concentration
in solution was determined using a JENWAY 6105
UV-visible spectrophotometer at Ama.x =530 nm for
MR, Apnax = 664 nm for MB. The ultrasonication device
Model UP200S (200 W, 24 kHz) from Hielscher GmbH
was used for rising the dispersion of nanoparticles
inside of the samples.

2.4. Adsorption and desorption experiments

In general, 5 mg of adsorbent was added to 5 ml of
cationic dyes solution of desired concentration and
shaken over a period of time on a shaker at 170 rpm.
The samples were removed from the solution by
magnetic separation. The effects of contact time
(5-60 min), initial concentrations (10-350 mg LY were
examined throughout the experiments. The effect of
pH on adsorption of dye was also studied over a pH
range of 2.0-10.0. The pH was adjusted by adding
aqueous solutions of 1mol L™ HCl or 1mol L'
NaOH using a pH meter. At higher pH, it was very

APS, SDS
MAA
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Fig. 2. Schematic diagram for synthesis of Fe;0,/PMAA nanocomposite particles.
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difficult to investigate the adsorption behavior
accurately, because many cationic dyes are unstable
under strong alkaline conditions [34]. The adsorption
capacity in experiments, 4 (mgg '), was calculated
according to the following equation:

_ (CO - Ce)V
N m

q (1

where g (mg g™') is the amount adsorbed per gram of
adsorbent, Cy and C. are the initial and equilibrium
concentrations of dye in the solution (mg L™"), respec-
tively, m is the mass of the adsorbent used (g), and V
(L) is the initial volume of the dye solution.

For desorption, the magnetic material containing
dye was sonicated with 5 ml of methanol solution con-
taining 10% acetic acid for 10 min. The adsorbent was
collected by a magnet, then washed with DI water
and reused for adsorption again. This process was
repeated four times.

3. Results and discussion

3.1. Characterization of FesO4/PMAA nanocomposite
particles

Structure of the synthesized nanocomposite parti-
cles was characterized by FTIR spectroscopy. Fig. 3
shows the FTIR spectra of the Fe;O, nanoparticles and
Fe;04/PMAA nanocomposite particles. According to
the Fig. 3(b), the strong peak at 575 cm™' corresponds
to the characteristic band of Fe-O vibration. The peaks
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Fig. 3. FT-IR spectra of bare Fe;O4 (a) and Fe;O4/PMAA
(b).
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Fig. 4. Thermogravimetric curves of Fe;O, nanoparticles
(a) and Fe;04/PMAA (b).

around 1,701 and 1,254 cm™' are related to the C=0O
and C-O stretching vibration of carboxyl groups,
respectively, the broad band around 3,435 cm™" can be
assigned to the O-H stretching vibrations of carboxyl
groups and adsorbed water. The peaks at around
2,922 and 2,852 cm™! are ascribed to the CH, stretch-
ing vibrations; the C-O-H bending vibration is in the
region 1,458-1,387 cm ™', These results indicate that
surface of Fe;O, nanoparticles successfully coated with
PMAA.
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Fig. 5. Magnetization curves at room temperature of bare
Fe;0, (a) and Fe;0,/PMAA (b).
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The result of TGA for PMAA-coated magnetic
nanoparticles is shown in Fig. 4. We can determine
the amount of PMAA coated on the surface of FezO4
Sample M,(ug™ M, (ug") M/M, H.(Oe) nanoparticles using this analysis. The first mass losses
within the range of 25-250°C can be attributed to
water desorption. The second mass loss between 250
and 500°C is attributed to the thermal decomposition

Table 1
Magnetic properties of magnetic samples

Fe;04 87 9 0.103 94
Fe;O,/PMAA 75 7 0.093 99

Fe,0, Nanoparticles

Polymer Shell

Fig. 6. TEM image of Fe;O,4 nanoparticles (a) and Fe;04/PMAA nanocomposite particles (b and c).
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Fig. 7. Hydrodynamic diameter and size distribution of
Fe;04/PMAA nanocomposite particles at pH 2.5 (a) and
pH 9.5 (b) as determined by DLS.

of PMAA coated on magnetic nanoparticles (Fig. 4(b).
TGA curve shows that the percentage of coated
polymer is about 5%, indicating the particles contain
high inorganic magnetite. Therefore, nanocomposite
particles possess high magnetic sensitivity under an
external magnetic field and can be easily separated
from the water phase.

VSM was employed to compare the magnetic
property of Fe;O, nanoparticles and synthesized
Fe;0,/PMAA nanocomposites particles. As shown in
Fig. 5, the saturation magnetization value of Fe;O4
nanoparticles was 87 g™ at room temperature. After
coating of Fe;O, nanoparticles by PMAA, the satura-
tion magnetizations reduced to 75 ug~'. The decrease
in the saturation magnetization is related to the non-

pH>7
pH<7
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magnetic contribution of the polymer shell surround-
ing the Fe;O, nanoparticles. The polymer coating
alters surface magnetic anisotropy and leads to an
increase of the surface spins disorientation [35]. The
saturation magnetization (M), the remanent magneti-
zation (M,) per gram of samples, the coercivities (H.,),
and their remanences (calculated from remanent mag-
netization divided by saturation magnetization) were
listed in Table 1. The results showed almost low coer-
civity and remanence, exhibiting characteristics of soft
magnetic materials. Also Fe;O,/PMAA has high satu-
ration magnetization (75 pg~') that reflects the ability
of product to respond very fast to an external mag-
netic field.

Fig. 6 shows the TEM image of the Fe;O4 nanoparti-
cles and synthesized Fe;O0,/PMAA nanocomposite par-
ticles. As shown in Fig. 6(a) Fe;0, nanoparticles have
average diameter about 20 nm. As seen in Fig. 6(c), the
black particles are Fe;O,, and polymer shell is gray. It is
clear to see that polymer shell has surrounded mag-
netite nanoparticles and these particles have been suc-
cessfully encapsulated inside polymer shell. Also, the
resulting nanocomposite particles have good dis-
persibility with average size of about 390 nm. Further-
more, Fe;O4/PMAA nanocomposite particles have
cubic structures. We expected that the nanocomposite
particles have spherical structures but they showed
cubic structures. This may be related to the self-assem-
bly of Fe;0, nanoparticles like cubic shape and growth
of polymer chains around these structures. A similar
result has been observed for oligoamino-ester graft-
from magnetite nanoparticles previously [36].

The pH sensitivity characteristics of the Fe;O4/
PMAA particles were determined using DLS in aque-
ous solutions by investigating the change of particles
size at two pH values. The hydrodynamic diameter
(Dy) and size distribution of the FesO,/PMAA

Fig. 8. Schematic illustration of pH sensitive Fe;O4/PMAA nanocomposite particles.
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Fig. 9. Effect of pH on adsorption of MB and MR GRL by
Fe304/PMAA. Cy4ye: 50 mg LY, Temperature: 25°C.

nanocomposite particles at pH 2.5 and pH 9.5 are
shown in Fig. 7. From the curves of particles size dis-
tribution for Fe;O0,/PMAA nanocomposite particles, it
becomes clear that a single peak was appeared and
the average Dy of particles at pH 2.5 was 392 nm,
much lower than 579 nm at pH 9.5. Increasing of par-
ticles size at high pH is related to ionization of most
carboxylic groups along the PMAA chains and swel-
ling of PMAA shell due to electrostatic repulsions. In
the acidic medium, the protonation of most carboxylic
groups is occurred, and the shell of PMAA is col-
lapsed (Fig. 8). Polydispersity index (PDI) values
based on DLS of these samples were less than 0.01,
confirming high monodispersity of samples. The aver-
age Dy of particles at pH 2.5 was consistent with the
average diameter estimated from the TEM image.

3.2. Adsorption studies
3.2.1. Effect of pH

The effect of the initial pH on the adsorption
capacity of dyes by Fe;O,/PMAA nanocomposite par-
ticles was studied over the pH range from 2.0 to 10.0;
the results are shown in Fig. 9. As can be seen from
Fig. 9, the adsorption capacity increases with increas-
ing the pH of dye solution. Electrostatic interaction
could play an important role on dye adsorption onto
Fe;O,/PMAA particles at various pH values. With
increasing pH, most of the carboxylic groups are ion-
ized and changed to carboxylate anions thus they can
efficiently interact with the amino groups of the dyes
by positive charge. Moreover, the volume expansion
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Fig. 10. Effect of time on adsorption of MB and MR GRL
by Fe;O4/PMAA, pH 7.0 for MR GRL, pH 10 for MB,
Temperature: 25°C (a) and intra particle model for adsorp-
tion of MB and MR GRL on to Fe;O,/PMAA (b).

in the polymer network due to the electrostatic repul-
sion among the polymer chains at basic pH can
enhance the adsorption of cationic dyes. In addition,
the weaker dyes adsorption under lower solution pH
can be attributed to protonation of carboxylic groups
of the methacrylic acid. As shown in Fig. 9, removal
of MB dye at pH > 10 and MR GRL dye at pH>7,
decreased with increasing the pH value. This might be
attributed to the structural changes of dyes molecules
at this two pH values [37,38].

3.2.2. Effect of contact time

Fig. 10 shows the adsorption rate of MB and MR
GRL on Fe;O4/PMAA particles. The adsorption
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Fig. 11. Equilibrium isotherms of cationic dyes by Fe;O,/
PMAA. pH 7.0 for MR GRL, pH 10 for MB, Cationic dyes
10-350 mg LY, Temperature: 25°C, Time: 5 min.

capacity of dyes at the contact time from 5 to 60 min
had no significant differences at low concentration of
dyes (50 mg L") and the adsorption equilibrium was
reached within 5 min. But at high concentration of
dyes (600 mg L"), the adsorption reached equilibrium
within 20 min. It might be attributed to occupation of
active sites by the dye molecules at higher concentra-
tions. In other words, at low concentration of the dye,
the ratio of active sites of adsorbent to the number of
dyes molecules is high, so the adsorption becomes
independent of dyes concentration.

The fast dyes adsorption on to Fe;O,/PMAA
particles is related to the absence of internal particle
diffusion resistance [39,40]. To determine the adsorp-
tion mechanism, intra particle diffusion model was
introduced [41] which can be described by following
equation:

e = kat'/? )

Fig. 10(b) shows the plot of the intra particle diffusion
model for dyes adsorption on Fe;O,/PMAA particles
at two concentrations (50 and 600 mg L™"). As seen in
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Fig. 10(b), the adsorption of MB and MR GRL on to
adsorbent is affected by one step or two steps. In the
porous adsorbents, three steps take place during
adsorption including boundary layer diffusion, inter-
nal particle diffusion, and adsorption equilibrium. It
indicates that unlike the porous adsorbents, the intra-
particle diffusion is not the rate-limiting step because
of high specific surface area of magnetic nanoparticles,
and thus, the electrostatic interaction is the main inter-
action between the Fe;O,/PMAA adsorbent and dyes
molecules.

3.2.3. Adsorption isotherms

The adsorption isotherm is the most important
parameter for investigation of dye interaction with
adsorbent. Fig. 11 shows the adsorption isotherms of
the two cationic dyes at room temperature. The
adsorption isotherms could be explained by the Lang-
muir and Freundlich models, expressed by the Egs.
(3) and (4), respectively. Adsorption isotherm models:

Langmuir equation:

C. C 1
e 3
e Jm KLqm

where g. is the equilibrium adsorption capacity of
dyes on the adsorbent (mgg™'); C., the equilibrium
ions concentration in solution (mg LY, gm, the maxi-
mum capacity of the adsorbent (mgg™'); and Ky, the
Langmuir adsorption constant (L mg™").

Freundlich equation:

e = KpCl/" )

where equilibrium capacity (ge) and C, are defined as
above, Kg is the Freundlich constant (L mgfl), and # is
the heterogeneity factor. The maximum adsorption
capacity (4m) of the dyes was calculated by the Lang-
muir equation and is in Table 2. The considerable dif-
ference in ¢, between MB and MR GRL could be

Table 2
Langmuir, Freundlich adsorption isotherm constant, correlation coefficient and gy,

Langmuir Freundlich
Cationic -1 -1 1-1/ny1/n -1
dyes Ky (Lmg ) Im (Mg g ) Ke(mg "L g n R?
MB 0.017 68.96 0.9906 2.73 1.710 0.9661
MR GRL 0.009 27.74 0.9946 0.91 1.775 0.9846
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Fig. 12. Langmuir isotherms (a) Freundlich isotherms and
(b) for cationic dyes by Fe;O,/PMAA adsorbent.

attributed to the chemical structures of the dye mole-
cules. The fitting curves of the linear forms of the
Langmuir and Freundlich models are seen in
Fig. 12(a) and (b), respectively. The results showed
that the equilibrium adsorption data were fitted both
Freundlich and Langmuir models and slightly better
described by Langmuir isotherm, indicating that the
surface of adsorbent is monolayer covered with dyes
molecules. According to Langmuir isotherm, the maxi-
mum adsorption capacity (g,) of MB and MR GRL
was 68.96 and 27.74 mg g ', respectively.

3.2.4. Regeneration and reuse

The reusability of adsorbents is a very important
subject that should be investigated as a cost effective
process in water purification. In order to regenerate
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Fig. 13. Reusability of Fe;O04/PMAA for 10 cycles, Caye:
100 mg L™".

and reuse the Fe;O,/PMAA after adsorbing dyes, the
mixture solution of methanol and acetic acid was
selected as the regeneration agent. Ten cycles of
adsorption—-desorption studies were accordingly car-
ried out. The results are shown in Fig. 13. As seen in
Fig. 13 after first cycle, the adsorption capacity of MB
and MR GRL was reduced about 5 and 4%, respec-
tively, which was due to the incomplete desorption of
dyes. Also, the adsorption capacity of Fe;O,/PMAA
was retained about 78% of the fresh adsorbent after 10
cycles of desorption—adsorption. Therefore, the adsor-
bent shows reusability and good adsorption capacity.

4. Conclusions

In summary, Fe;0,/PMAA nanocomposite parti-
cles were successfully prepared via one-step method
and used for the removal of two cationic dyes (MB
and MR GRL) from aqueous solution. The binding of
PMAA onto the surface of magnetic Fe;O4 nanoparti-
cles was confirmed by FTIR and TGA. The VSM
results showed that Fe;O,/PMAA has high saturation
magnetization (75 p g ') that reflects the ability of pro-
duct to respond to an external magnetic field. The
resulting nanocomposite particles showed pH sensitiv-
ity as determined by DLS. TEM image indicated that
the product has cubic core-shell structure. The dye
adsorption is mainly ascribed to the electrostatic inter-
actions between negative charges on the Fe;0,/PMAA
surface and positive charges of dye molecules. The
equilibrium data were well fitted by the Langmuir
model and the adsorption capacities for MB and MR
GRL in the concentration range studied were 68.96
and 27.74 mg g~', respectively. The adsorption rate
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was very fast due to the absence of internal particle
diffusion resistance. Moreover, the adsorbent had
good reusability.
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