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ABSTRACT

Magnetic microparticles have many applications in various areas today. The aim of this study
was to develop hydrophobic magnetic microparticles as an alternative to traditional methods
for high capacity and low cost removal of Victoria Blue R (VBR), which is valuable for indus-
try and commercial, from wastewater and to determine the VBR adsorption ability of this
adsorbent. Fe(I)-Co(II) double salt incorporated magnetic poly(2-hydroxyethyl methacrylate-
N-methacryloyl-L-tryptophan) [m-poly(HEMA-MATrp)] microparticles were synthesized and
used as adsorbent. These microparticles were synthesized in aqueous dispersion medium via
microemulsion polymerization using MATrp and HEMA monomers. Magnetic hydrophobic
microparticles were characterized via Fourier transform infrared spectroscopy, scanning
electron microscopy, and vibrating sample magnetometer. Adsorption experiments were con-
ducted for different conditions (pH, interaction time, amount of microparticles, temperature,
and ionic strength) in batch system. VBR adsorption capacity of magnetic hydrophobic
microparticles was estimated as 89.46 pmol/g. Adsorption-desorption cycles were repeated 4
times, and there was no significant decrease for the adsorption capacity observed.

Keywords: Magnetic microparticle; Victoria Blue R; N-methacryloyl-L-tryptophan;
Hydrophobic; Adsorption

1. Introduction

Azo dyes are chemical compounds used for color-
ing textile products [1-3]. They are frequently used for
the food, pharmaceutical, and cosmetic industries due
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to the coloring properties [4]. Victoria Blue R (VBR)
dye is one of the preferred textile dyes and poses an
important place in the triphenyl methane dye family
(Fig. 1). Existence of triphenyl methane dye deriva-
tives showing phototoxic effects by forming reactive
oxygen species in textile industry wastewater even at
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Fig. 1. Molecular structure of Victoria Blue R.

very low concentrations is an esthetically undesirable
case as well as being a significant threat in terms of
ecology [5-7]. Therefore, the process for color removal
from the textile industry wastewater containing the
dye color is of utmost importance. Nowadays,
removal of dyes is carried out largely by physical and
chemical methods. However, these methods are very
expensive and disposal of the resulting large quanti-
ties of concentrated sludge causes problems. There-
fore, alternative methods for protecting biological
systems are needed to develop for the efficient
removal of colorant from a large volume of wastewa-
ter effectively and affordably [8-10].

Most commonly used methods for wastewater
treatment in textile industry are chemical oxidation
methods, chemical precipitation and flocculation
method, and purification by cucurbituril. Adsorption,
membrane filtration, and ion exchange methods are
physical, aerobic, anaerobic, and biosorption are bio-
logical methods used widely [11-17].

For recent years, applications of magnetic separa-
tion methods, in which small magnetic particles are
used, and development of these methods are given
great importance. Separation processes of biomaterials
performed via usage of magnetic particles provide
advantages in terms of application of biospecific affin-
ity reactions, selectivity, simplicity, and speed [18-23].
All steps of the purification process of magnetic sep-
aration techniques can be carried out only a single
sample container or in a test tube. Expensive chro-
matographic techniques or other equipment is not
needed. Separation process may be carried out in
crude samples containing directly suspended solid
material. This feature of the magnetic adsorbents pro-
vides relatively easy and selective removal from the
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sample. In addition, the strength and effectiveness of
magnetic separation process are very useful especially
for large-scale systems [24-31].

In this study, the magnetic properties of the
microparticles will be utilized via double salt pro-
duced via using nitrate salts of Fe(I)-Co(II) metals.
Double salt synthesized was milled and incorporated
into polymeric structure of poly(2-hydroxyethyl
methacrylate-N-methacryloyl-L-tryptophan)  [m-poly
(HEMA-MATrp)]. The size of the monomers in the
polymer to be formed is at the micrometer level, and
it is envisaged that the existing polymeric structure
will be used as an adsorbent for the removal of VBR
from wastewater. By this method, it is intended that a
much more effective method will be presented for the
adsorption of textile dyes from wastewater in the
literature. It is thought that a significant contribution
will be provided for the removal of azo colorant from
wastewater by combining the selectivity, simplicity,
and speed of magnetic separation with separation
techniques of the present.

2. Materials and methods
2.1. Chemicals

VBR (dye content 80%), toluene, sodium nitrite,
potassium carbonate, iron(Il) nitrate non-ahydrate, and
cobalt(Il) nitrate hexahydrate were obtained from
Sigma-Aldrich (St. Louis, MO, USA). 2-Hydroxyethyl
methacrylate (HEMA), ethylene glycol dimethacrylate
(EGDMA), polyvinyl alcohol (PVA) (cold water
soluble), L-tryptophan, and methacryloyl chloride were
supplied from Aldrich (Munich, Germany). Azobi-
sisobutyronitrile (AIBN) was obtained from Fluka (St.
Gallen, Switzerland). N-methacryloyl-L-tryptophan
(MATrp) was synthesized in laboratory conditions with
respect to method considering literature [32]. All chemi-
cals were of analytical grade and used as obtained.

2.2. Experimental methods
2.2.1. Synthesis of Fe(II)-Co(Il) double salt

0.04 mol of Fe(NOj3)»,9H,O and Co(NOs),-6H,O
were weighed and put in a beaker. Five hundred
milliliters of distilled water was added on salts.
Resultant solution was stirred magnetically at 50°C
for 2 h. Water was removed via evaporator. The solid
sample remained in the flask was dried in an oven
at 110°C for 2h. The dried sample was burned
within crucible in oven at 900°C for 4h and then
crushed in a mortar.
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2.2.2. Synthesis of microparticles containing Fe(II)-Co
(1) double salt

Microemulsion polymerization technique was uti-
lized for the synthesis of magnetic microparticles. Func-
tional monomer 2-hydroxyethyl methacrylate (HEMA,
2mL) and ethylene glycol dimethacrylate (EGDMA,
4 mL) were mixed, and 100 mg MATrp was added. Six
milliliters of toluene was added after complete solution
of MATrp, and monomer phase was achieved. Then,
polyvinyl alcohol (PVA) of 200 mg was dissolved in
50 mL distilled water, and disperse phase was formed.
The monomer phase and the disperse phase were
mixed, and the mixture was treated with nitrogen gas
(Ny) for 10 min. Fifty milligrams of AIBN and 1 g of Fe
(ID-Co(II) magnetic double salt were mixed, and the
mixture was stirred at the rate of 500 rpm at 65°C for
6 h and just after at 650 rpm at 85°C for 2 h. The mag-
netic microparticles obtained were washed extensively
with ethanol and water by means of decantation pro-
cesses. After completion of this step, microparticles
were dried in a vacuum oven at 45-50°C.

2.2.3. Characterization of microparticles

2.2.3.1. Analysis of magnetic properties. Magnetism
degree of microparticles was determined via using
vibrating sample magnetometer (VSM) (Quantum
Design, Physical Properties Measurement System
(PPMS), USA). Magnetism plot was obtained under
the condition of external magnetic field of 20,000/
+20,000 Gauss at room temperature. Magnetic proper-
ties of microparticles were obtained using hysteresis
curve.

2.2.3.2. Surface morphology. The surface morphology
magnetic microparticles were investigated by scanning
electron microscopy (SEM; Carl Zeiss AG—EVO® 50
Series, Germany). Before investigation, sample was
treated in freeze dryer to dry to be available for SEM
analysis. Appropriate amount of sample was put on
the sample holder plate and covered a thin gold layer
under vacuum. As a last step, sample to be monitored
via SEM was placed into the cell and images of sam-
ple were taken.

2.2.3.3. Fourier transform infrared spectroscopy analy-
sis. Fourier transform infrared spectroscopy (FTIR)
(Thermo Scientific, Nicolet 1S10, USA) was used to
determine characteristic functional groups of the mag-
netic microparticles. Magnetic microparticles, 2 mg
dry, were obtained in form of pellets by mixing pow-
der KBr (98 mg, IR-grade) homogeneously, and then,
FTIR spectrum was obtained.
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2.2.4. Adsorption studies

Batch system was preferred for adsorption experi-
ments. Samples were prepared by mixing of 1.0 mL of
VBR dye (100 mg/L) with 4.0 mL of buffer solution.
Dye and buffer solution were equilibrated with mixing
using rotator for 30 min. Then, adsorption was carried
out by the addition of magnetic microparticles.
Microparticles were precipitated at 9,000 rpm by cen-
trifugation for 10 min after completion of adsorption.
The quantification of dye molecules was performed by
UV-vis spectrometry at 615 nm.

Adsorbed amount was calculated according to the
following formula.

q=1[(Ci—C¢) x V]/m o

wherein g is adsorbed amount (umol/g), C; (umol/L)
is the concentration of dye before adsorption, C;
(umol/L) is the concentration of dye after adsorption,
V (L) is the volume of adsorption media, and m (g) is
the amount of magnetic microparticles.

2.2.5. Desorption and repeated use

Desorption of VBR dye which was adsorbed by
magnetic microparticles was conducted batch wise.
Dye-adsorbed particles (0.05 g) were stirred in 10 mL
of desorption media containing 0.5 M HCI for 1 h con-
tinuously. To estimate the reusability of the particles,
adsorption—desorption cycle was repeated four times
using the same particle. Desorption ratio was
calculated as follows:

Desorption
ratio (%) = [(amount of dye desorbed)
/(total dye amount adsorbed)] x 100

3. Results and discussion
3.1. Characterization of microparticles
3.1.1. Analysis of magnetic properties

Fig. 2 shows the curve of magnetism obtained via
the VSM. The magnetic microparticles synthesized
showed a typical hysteresis curve at room temperature
and have a typical paramagnetic behavior. It was
determined that saturation magnetism degree of mag-
netic polymer microparticles was less than that of bulk
material. The cause for the loss of magnetism was that
the oxidation during the process, and the presence of
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oxidative initiators during process might lead the
formation of some non-magnetic iron(Il) oxide and
cobalt(I) oxide.

3.1.2. Surface morphology

SEM images of the magnetic microparticles were
given in Fig. 3. As shown, magnetic microparticles
were in the shape of sphere and have rough surface
characteristics. This roughness and porosity provide
higher specific surface area and enhance adsorption
ability of microparticles.

3.1.3. FT-IR analysis

Molecular formula and FT-IR spectrum of the mag-
netic microparticles were given in Figs. 4 and 5. As
seen in the spectrum, the characteristics bands at
3432em™!, 2956 cm™!, 1,717em™’, 1,643 cm™’, and
1,456-1,381 cm™ ! belong to CH alkyl stretching, C=O
stretching, C=C stretching, OH stretching, and CN
aromatic, respectively. These groups were included in
functional monomer (MATrp) used. From these
results, it could be said that functional monomer was
incorporated successfully during polymerization
process.

3.2. Adsorption experiments
3.2.1. Effect of pH

To investigate the effect of pH on adsorption
capacity of magnetic microparticles, experiments were
conducted at the pH interval of 3-11. The maximum
adsorption capacity was achieved at pH 4.0 (Fig. 6).
According to this result, charge distribution and
hydrophobic interaction may closely be related with
target dye molecule and functional monomer
(MATrp). Indole ring in possession of VBR and
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Fig. 2. Magnetism curve of microparticles.
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Fig. 3. SEM images of (a) magnetic Fe(I)-Co(II) double salt
and (b and c) microparticles.

MATrp was almost uncharged (neutral) at pH 4.0.
Because hydrophobic interactions are very effective
when total net charge was zero, in this experiment,
highest adsorption capacity was reached at pH 4.0 as
well. Adsorption capacity was decreased at the higher
and lower pH values due to the change of charge
distribution at these pH values.
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Fig. 4. Molecular structure of poly(HEMA-MATrp) microparticles.
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Fig. 5. FTIR spectrum of magnetic microparticles.

3.2.2. Effect of microparticle amount

For examining the effect of amount of magnetic
microparticles in adsorption medium on the degree of
adsorption, magnetic microparticles of 5-100 mg were
used during adsorption process at pH 4.0 (Fig. 7). As

seen from the figure, adsorption capacity was
increased primarily with increasing amount of
microparticles, which increases the number of binding
sites for VBR. Then, especially after adding microparti-
cles of 50 mg, adsorption capacity did not change
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q (nmol VBR/ g polymer)

pH

Fig. 6. Effect of solution pH on VBR adsorption. Cygg:
20 mg/L; interaction time: 60 min; microparticle amount:
50 mg; temperature: 25°C.

significantly. As a result of experiments, it is decided
that adsorption capacity was fixed at microparticles
amount of 50 mg, and thus later, studies were con-
ducted considering the result obtained.

3.2.3. Effect of interaction time

Adsorption process was conducted at the adsorp-
tion time of 5-120 min at optimum pH value and
adsorbent amount determined. Adsorption capacity
values calculated during that time intervals were
given at Fig. 8. As seen from the figure, adsorption of
VBR at magnetic microparticles was taken place in
relatively short time. Ninety-eight percent of the maxi-
mum adsorption capacity was achieved at the first
10 min of interaction. After 60 min, the adsorption
capacity did not change significantly because of sat-
uration of active binding site and establishing
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Fig. 7. Effect of adsorbent amount on VBR adsorption. pH
4.0; Cypr: 20 mg/L; interaction time: 60 min; temperature:
25°C.
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dynamic equilibrium between solid and liquid phases.
Therefore, the optimal contact time of 60 min was
designated and applied in all studies.

3.2.4. Effect of temperature

To examine the effect of temperature on the
adsorption, adsorption process was conducted at 4, 22,
30, 40, 50, and 60°C. As a result of the experiments, it
has been noticed that the amount of adsorption was
increased with increasing temperature (Fig. 9).

As noted previously, a tryptophan-based monomer
was used as a functional monomer. Thus, the princi-
ple interactions between the analyte (VBR) and ligand
(MATrp) were expected to have hydrophobic charac-
ter. Results obtained were confirmed these expecta-
tions as the increasing adsorption capacity with
increasing temperature due to the fact that
hydrophobic interactions are directly proportional to
temperature.

3.2.5. Effect of ionic strength

To investigate the effect of ionic strength on
adsorption capacity, NaCl and (NH4),50, salts were
studied. Adsorption process was conducted separately
with the solution having 10400 mM salt concentra-
tion, and then adsorption capacities of these solutions
were calculated after adsorption process completed.
As expected, capacity of adsorption was increased
with increasing ionic strength (Fig. 10). According to
this result, it could be said that analyte-ligand interac-
tions are based on hydrophobicity. Because the pres-
ence of salt disturbs the distribution of water around
the apolar (hydrophobic) group and provides more
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Fig. 8. Effect of interaction time on VBR adsorption, pH
4.0; Cygr: 20 mg/L; microparticle amount: 50 mg; tempera-
ture: 25°C.
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Fig. 9. Effect of ambient temperature on VBR adsorption.
pH 4.0; Cygr: 20mg/L; interaction time: 60 min;
microparticle amount: 50 mg.

accessibility to apolar groups. Thus, the presence of
salt increases the likelihood of apolar-apolar interac-
tion and a higher adsorption capacity could be
achieved.

3.2.6. Comparison of VBR adsorption capacities of plain
and hydrophobic microparticles

VBR adsorption onto plain [poly(HEMA)] and
hydrophobic [m-poly(HEMA-MATrp)] microparticles
was studied with batch system separately (Fig. 11). As
seen from the graph, plain microparticles non-specifi-
cally adsorbed target VBR because of diffusing into
micropores of microparticle and/or interacting with
rough surface through physical adsorption. But, by
means of incorporation of functional MATrp monomer
into the structure, adsorption capacity enhanced

24T
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Fig. 10. Effect of ionic strength on VBR adsorption. pH 4.0;
Cypr: 20mg/L; interaction time: 60 min; microparticle
amount: 50 mg; temperature: 25°C.
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significantly due to specific interaction between
MATrp groups and VBR molecules. These results
proved the appropriateness of MATrp monomer as a
functional group for VBR removal in light of the speci-
fic analyte-ligand interaction.

3.3. Desorption and reusability

Desorption of VBR dye adsorbed by the magnetic
microparticles was studied batchwise as well to show
reusability of the adsorbent. Magnetic nanoparticles
(0.05 g) adsorbed dye was mixed with 0.5 M HCI solu-
tion in 10 mL of desorption media continuously for
1 h. To show the reusability of particles, adsorption—
desorption cycle was repeated four times using the
same particles. After each adsorption-desorption
cycle, the magnetic microparticles were washed with
1.0M HCI solution for 30 min for sterilization pur-
pose. After this process, microparticles were washed
with distilled water for 30 min and then were
equilibrated with acetate buffer (pH 4.0) for the next
cycle. The result revealed that VBR dye was recovered
with the ratio of 99% as a result of adsorption—desorp-
tion cycle, and there was no noticeable reduction
observed in the adsorption capacity (from 23.87 to
23.52 ymol/g) (Fig. 12).

3.4. Adsorption isotherms

To characterize the relationship between VBR dye
and magnetic microparticles, adsorption isotherms
were calculated. For this aim, we have evaluated the
relationship between initial VBR concentration and
dynamic adsorption capacity (Fig. 13(a)) and both

q (pmol VBR/g polymer)
v

Poly(HEMA-MATrp) Poly(HEMA)

Polymer Type

Fig. 11. Comparison of VBR adsorption capacities of plain
and hydrophobic microparticles. pH 4.0; Cygr: 20 mg/L;
interaction time: 60 min; microparticle amount: 50 mg;
temperature: 25°C.
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Fig. 12. Reusability of microparticles. pH 4.0; Cygg:

20 mg/L; interaction time: 60 min; microparticle amount:
50 mg; temperature: 25°C.

commonly used isotherms, Langmuir and Freundlich
were applied on the experimental data. According to
Langmuir adsorption isotherm, the adsorption is con-
sidered to be happen at the surface homogeneous and
as a single layer, whereas Freundlich isotherm indi-
cates the adsorption process as being not limited at
monolayer and considers the adsorption to be
heterogeneous. For Langmuir and Freundlich iso-
therms, following equations were used:

Langmuir equation: Qgq = Qpuax * b+ Ceq/(1 + b+ Qpax)
)

As a result of linearization of this equation:

1/Qeq = [1/(Qmax : b)}(l/ceq) + [1/Qmax] 3

From the 1/Ceq vs. 1/Qeq Plot, 1/Qmax and 1/Qmax - b
values can be obtained using y-intercept and slope of the
curve, respectively (Fig. 13(b)). Wherein Q is the amount
of dye adsorbed (umol/g), Ceq is the amount of dye at
equilibrium, b is the Langmuir adsorption constant (L/
pmol), and Q. is maximum capacity (umol/g).

Freundlich equation: In Q. =1In K + (1/n x In Ceq)
“)

Here, Kg and n indicate Freundlich adsorption iso-
therm the constant. From the In Q.q vs. In Coq plot,
In K and 1/n values can be used to find y-intercept
and slope, respectively (Fig. 13(c)).
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Fig. 13. Adsorption isotherms calculated for VBR adsorp-
tion. (a) The relationship between initial VBR concentration
and adsorption capacity, (b) Langmuir isotherm and (c)
Freundlich isotherm for VBR adsorption.

Adsorption and correlation constants required for
both adsorption isotherms were calculated and shown
by Table 1. According to the experimental data
obtained, correlation coefficient of Langmuir isotherm
was higher and Qmax value was compatible with the
actual data obtained in the experiments. So, the
adsorption process was homogeneously on the surface
of the microparticles. Adsorption occurred in all
regions was energetically equivalent, and lateral
interactions between neighboring regions were limited
or not available.
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Table 1
Parameters calculated from adsorption isotherms
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Langmuir constants

Freundlich constants

Qexperimental (“mOI/g) Qmax (umol/g)

b (mL/pmol) R?

Kg (x107%) 1/n R?

89.46 500.0 0.747

0.99402 2.582 0.8035 0.91721

3.5. Adsorption kinetic modeling

Kinetic model estimation was performed as
pseudo-first order and pseudo-second order. The

(@27

y=-0.0273x +0.2327
* R2=10.7906
1 =
-~
l-_
A
50
=2
3 Time (min)
(b) 6
y =0.0436x + 0.0108

R? = 1.000

t/q, (min.g/pmol)
B

0 + + {
0 50 100 150

Time (min)

Fig. 14. (a) Pseudo-first-order and (b) pseudo-second-order
kinetic models calculated for experimental data.

Table 2
Parameters calculated from kinetic models

linear form of pseudo-first-order equation is as given
below:

log [geq — 1] = log (qeq) — (k1 - 1)/2.303 )

In this equation, k; is the pseudo-first-order rate con-
stant of adsorption (1/min) and geq and g; are the
amount of dye (umol/g) at balance and adsorbed at
time t, respectively. According to this kinetic model,
log (geq) vs. t should give a linear graph (Fig. 14(a)).

The linear form of pseudo-second-order differential
equation is given as below:

(t/9) = (1/kz - 42) + (1/qeq)t ®)

In this equation, k, is the pseudo-second-order adsorp-
tion rate constant (g/umol min) and geq and g are the
amount of dye at balance and adsorbed at time f
(umol/g), respectively. According to this kinetic
model, t/q. vs. t should give a linear graph
(Fig. 14(b)).

The data obtained for both models were summa-
rized in Table 2. According to the results, it could be
concluded that goq value obtained from the pseudo-
second-order model was very close to the experimen-
tal geq value and the correlation coefficient was quite
high. So, dye adsorption on the magnetic microparti-
cles was fit to second-order kinetic model. As a result,
the adsorption process of VBR dye onto magnetic
microparticles was chemisorption and controlled by
chemical interactions between MATrp groups and
VBR molecules without any diffusional restrictions.

Pseudo-first-order equation:
y =—0.0273x + 0.2327

Pseudo-second-order equation:
y = 0.0436x + 0.0108

Qexperimental (Hm01/g) feq (l»lmOI/g) k1 (1/min)

R? Jeq (umol/g) k; (g/pmol min) R?

22.89 1.709 0.0629

0.7906 22.936 0.176 1.0000
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4. Conclusions

It is determined that the magnetic microparticles
were quite suitable for the adsorption of VBR dye
from aqueous solutions. It was thought that interac-
tion was taken place between hydrophobic indole
rings of tryptophan molecules located on the surface
of the microparticles and hydrophobic benzene and
alkyl groups of dye. Increasing in adsorption amount
with the increasing adsorption temperature and ionic
strength was an indication of the hydrophobic interac-
tions as well. Interaction between microparticles and
dye molecules was well fitted to the Langmuir adsorp-
tion model, i.e. the dye molecules were adsorbed on a
fixed number of well-defined regions, each of which
held only single molecule. Moreover, these regions
were equal in terms of energy, and thus, there was no
interaction assumed between the adsorbed molecules
and available neighboring (adjacent) regions.
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