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ABSTRACT

Mesoporous silicas MCM-48 and SBA-15 were synthesized and characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and Fourier transform infrared (FTIR) spectroscopy. Adsorption capacity of two mesoporous
silica for removing naphthalene from waste water was determined. The results indicate that under similar conditions, SBA-15 had a better
adsorption capacity than MCM-48. In this context, SBA-15 was modified using 3-aminopropyltrimethoxysilane and the effect of contact
time, adsorbent dose, solution pH and concentration of naphthalene was investigated in batch adsorption systems. Solution pH appeared
to be a key factor affecting the adsorption of naphthalene by NH,-SBA-15. The adsorption experiments revealed that a higher percentage
of up to 79.3% of naphthalene was adsorbed in highly acidic media (pH of 2). The equilibrium data were analyzed using Langmuir and
Freundlich isotherms and nonlinear regression analysis. This revealed that based on the correlation coefficient (R2 = 0.979) the Langmuir
model provided the best fit to the results. The adsorption kinetic was determined using the pseudo-first order, pseudo-second order and
Elovich kinetic models. Of the kinetics models tested, the pseudo-first-order equation provided the best fit to the results (R2 = 0.991) of the

absorption of naphthalene by the adsorbent.
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Introduction

Polycyclic aromatic hydrocarbon (PAHs) compounds
are included on the priority pollutant lists of the Eu-
ropean Union (EU) and United States Environmental
Protection Agency (USEPA) because of their mutagen-
ic, carcinogenic, and endocrine-disrupting properties
(Vidal et al. 2011). They are ubiquitous environmental
contaminants, which accumulate in coastal estuarine and
marine sediments as well as aquatic organisms. Because
it is difficult to degrade PAHs biologically they accumu-
late in the air, water bodies, soil and food. It is important,
therefore, to develop an effective way of removing PAHs
from the environment. The methods proposed include
biodegradation (Ebihara and Bishop 2002), absorption
(Chang et al. 2004) and high-energy electron beam ir-
radiation (Cooper et al. 2002). However, most of these
processes are difficult to handle and not always effective
or economical. Of these methods, the addition of adsor-
bents to water/waste water is an efficient and economical
way of removing PAHs from aqueous solutions (Vidal
et al. 2011). Hence, it is important for managing envi-
ronmental pollution to develop high capacity adsorbents
for removing persistent organic pollutants from aqueous
solutions (Lee et al. 2004). Mesostructured inorganic sil-
icas such as M41S, HMS, MSU and SBA are good adsor-
bents because of their large surface area and pore vol-
ume, and uniform pore size (Sanz et al. 2012). MCM-48
with an interwoven and branched pore structure seems
to be a good candidate for adsorbing PAHs from aqueous

solutions (Lee et al. 2004). Of the Among mesoporous
silicas, SBA-15 has one of the largest pore sizes, ranging
between 4.6 and 30 nm, with interconnected pore chan-
nels that make the ideal general purpose adsorbent (Sah-
bazi et al. 2012). There are very few studies on the ad-
sorption of PAHs by SBA-15 and MCM-48, especially the
adsorption of various PAHs by functionalized SBA-15. It
would, therefore, be of considerable interest to develop
functionalized mesoporous silicas for adsorbing PAHs
(Anbia and Amirmahmoodi 2011). Organic/inorganic
hybrids, synthesized by chemically grafting amines onto
mesoporous silicas, which have high adsorption energy
or potential charge association, have been successfully
used as adsorbents (Wang et al. 2006). The presence of
free pairs of electrons on the amine group of amine-func-
tionalized mesoporous silicas should increase their sorp-
tive properties for organic compounds in aqueous solu-
tions. NH,-SBA-15 is better at adsorbing halophenols
than SBA-15 (Anbia and Amirmahmoodi 2011). Tao et
al. (2010) report that adsorption of humic acid by SBA-
15 is substantially less than that adsorbed by aminopro-
pyl-functionalized SBA-15. The adsorption capacity and
rate of adsorption of Cr(IV) by aminopropyl-, imidaz-
ole- and triazole-functionalized SBA-15 are excellent (Li
et al. 2008). Compared to many PAHs, naphthalene, the
simplest PAH, is a frequently recorded pollutant (Chang
et al. 2004) and its efficient removal from waste water
would greatly benefit the environment.

The aim of this study was to compare the adsorption
of naphthalene from water by mesoporous MCM-48 and
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Fig. 1 Schematic illustration of the functionalization of SBA-15.

SBA-15, and find a more efficient mesoporous silica for
removing this pollutant. In particular, this work reports
the results of a study on the properties of amine-func-
tionalized SBA-15 silica as naphthalene adsorbent. For
this, the effects of various operating parameters such as
adsorbent dose, pH, and concentration of adsorbate and
contact time were studied, and the adsorption features
isothermally and kinetically modelled.

Material and Methods

Chemicals and Reagents

Tetraethyl orthosilicate (TEOS, 98%), 3-aminopro-
pyltrimethoxysilane (APS, 98%), cetyltrimethylam-
monium bromide (C,.H;;(CH,);NBr; CTAB), sodi-
um hydroxide, dry toluene (99.9%), methanol and
naphthalene (Mw = 128.17 g mol~!, water solubility
=31.0 g I"!) were purchased from Merck. Pluronic P123
(Mw = 5800 g mol-!; EO,,-PO,,EO,,) and HCI (37%)
from Aldrich. Aqueous solutions were prepared using
double distilled water.

Synthesis of MCM-48 Mesoporous Silica

MCM-48 was synthesized using the conventional hy-
drothermal method as described by Schumacher et al.
(1999). N-Hexadecyltrimethylammonium bromide was
dissolved in deionized water, sodium hydroxide, and
TEOS added to the mixture. The molar composition of
the gel was 1.0 M TEOS: 0.65 M CTAB: 0.62 M H,O. The
solution was stirred for about 1 h, transferred into a poly-
propylene reactor and then heated and kept at 110 °C for
3 days. The product was filtered, washed with water and
calcined at 550 °C for 6 h.

Synthesis and Modification of SBA-15 Mesoporous Silica

The SBA-15 material was synthesized as previously
reported (Zhao et al. 1998). In a typical synthesis, 4.0 g
of P123 was dispersed in 120 g of water and 8.64 g of
2.0 M HCI solution at 40 °C was added while stirring,
after which 8.54 g of tetraethyl orthosilicate was added to
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NH,-SBA-15

obtain a homogenous solution. The resultant gel mixture
was continuously stirred at 40 °C for 24 h and then placed
in a Teflon-lined autoclave kept at 100 °C for 2 days. After
cooling, the solid product was filtered off and template
removed by calcination in air at 500 °C for 4 h. For modi-
fication, SBA-15 mesoporous silica (1.0 g) was suspended
in 30 ml of dry toluene, then in an atmosphere of dry
nitrogen 4 ml of APS was added and the mixture refluxed
for 10 h. The solid product was recovered by filtration,
washed with dichloromethane and ethanol and dried. It
was then Soxhlet extracted with a mixture of ethanol and
dichloromethane (1 : 1) in order to remove the residue of
the silylating reagent. The material was dried at 70 °C un-
der a vacuum overnight (Lombardo et al. 2012; Shahbazi
et al. 2012). The way in which the SBA-15 was function-
alized is schematically illustrated in Fig. 1.

Characterization of Materials

The X-ray diffraction (XRD) of samples were record-
ed on a Philips 1830 powder X-ray diffractometer using
Cu-Ka radiation over a range of 0.8° to 6.6°, with a 20
step size of 0.01° and a step time of 1 s. Fourier transform
infrared (FTIR) spectra of materials were recorded with-
in a 500 to 4000 cm~! region on a BOMEM/MB Spec-
trometer in a KBr matrix. The morphology of the mes-
oporous materials was examined using a LEO 1455VP,
Cambridge, UK electron scanning microscope (SEM).
TEM images were taken on a JEM-200CX instrument at
an acceleration voltage of 200 kV. Single point BET anal-
ysis was carried out using a nitrogen adsorption tech-
nique and a Micromeritics ASAP 2010 analyzer.

Batch Equilibrium Isotherm and Kinetic Experiments

A series of naphthalene solutions (20% v/v methanol)
of different concentrations were prepared by diluting
a stock solution of 500 mg 1-1. The influence of experi-
mental parameters, such as adsorbent dose (0.5-3.5 g171),
pH of solution (2.0-10.0, step size: 1), initial concentra-
tion (1-18 mg1-!) and contact time (0.25-72 hours) were
studied using batch processing. The pH of the naphtha-
lene solution was adjusted by adding negligible volumes
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(0-15 ul) of 0.1 M HCl or 0.1 M NaOH. After reaching
equilibrium the adsorbents were separated from the
solution by centrifugation at 7000 rpm for 10 min. The
concentration of naphthalene in the solution was mea-
sured using a UV-vis spectrophotometer (UV-Vis 2100
shimadzu) at A, = 275.5 nm. The adsorption capacity of
the adsorbent and its efficiency in removing naphthalene
was calculated using equation (1) and (2), respectively:

(C)-C)V
= 170 el T (1)
w
R= CLCt x 100  (2)

0

where g, is the concentration of the adsorbed solute
(mg g1); C,and C, are the initial and equilibrium con-
centrations of the solute in solution (mg I-1); V is the
volume of the solution (1) and W (g) is the mass of the
adsorbent.

Adsorption isotherm for determining the relation-
ship between the amount of naphthalene adsorbed by
NH,-SBA-15 and the concentration in the aqueous phase
was recorded at pH 5 using solutions of predetermined
concentrations of naphthalene and a known amount of
NH,-SBA-15 adsorbent. Adsorption data for naphtha-
lene were fitted using the Langmuir and Freundlich iso-
therm equations. The Langmuir isotherm model assumes
a surface with homogeneous binding sites, equivalent
sorption energies and no interaction between the sub-
stances adsorbed (Lombardo et al. 2012). The mathemat-
ical equation defining this model is:

4bC,
—m ‘e 3
e 1+bC, ®

The efficiency with which the naphthalene was ad-
sorbed was checked using the dimensionless separation
parameter R; in the following equation:

1

= 4
1+bC, @

R

where gq,, and b represent the maximum adsorption ca-
pacity (mg g-!) and the energy constant (I mg-!) relat-
ed to the heat of adsorption, respectively. C, and C, are
the initial and equilibrium concentrations of the sol-
ute in solution (mg 1-!). The value of R; indicates if the
Langmuir isotherm is irreversible (R, = 0), favourable
(0 < R, <1) or unfavourable (R; > 1) (Huang et al. 2011a).
Freundlich model takes the form of an exponential equa-
tion and therefore, assumes that the concentration of ad-
sorbate on the adsorbent surface increases with increase
in the concentration of adsorbate. This model predicts an

infinite amount of adsorption (Qin et al. 2012), which is
defined by the following equation:

q.= Kf Cel/n (5)

where K; (mg(n~V/n ¢=1 I"1) and n are Freundlich con-
stants related to adsorption capacity and adsorption in-
tensity, respectively.

The effect of contact time on naphthalene removal was
determined by adding 0.6 g of adsorbent (NH,-SBA-15)
to 200 ml of a solution containing naphthalene at a con-
centration of 6 mg 1-! contained in 500 ml glass Erlen-
meyer flasks and stirred continuously at 25 °C and pH 5.
The samples were collected at different time intervals.

In order to determine the sorption rate, the experi-
mental data were analyzed using three kinetic models,
namely, the pseudo-first-order (Eq. 6), pseudo-sec-
ond-order (Eq. 7), and Elovich models (Eq. 8) (Benguella
and Benaissa 2002):

k
lo —g) =logg ——L 1t 6
g (9.-q,) = loggq, 5303 (6)

t 1 t
—~ = + = 7
9 K4S 4 )

L nap+Lint @)

q:= 8 8

where g, and g, are the amount of naphthalene adsorbed
by the adsorbent in mg g~! at equilibrium and time ¢, re-
spectively, k; is the constant of first-order adsorption in
min~! and k, is the rate constant of second-order adsorp-
tion in g mg~! min~!, a is the initial adsorption rate in
mg g-! min~!, and f3 is related to the extent to which the
surface is covered and the activation energy involved in
chemisorption in g mg-1.

Results and Discussion

Adsorbent Characterization

The XRD patterns of prepared samples are shown in
Fig. 2. The patterns for MCM-48 show (21 1) and (22 0)
diffraction peaks, which indicate an Ia3d space group
and that MCM-48 has a three-dimensional cubic mes-
oporous structure (Schumacher et al. 1999). The XRD
patterns of SBA-15 and NH,-SBA-15 have a single strong
peak (1 0 0) followed by two additional peaks (11 0,
2 0 0), which indicate they have a hexagonal lattice struc-
ture (Zhao et al. 1998). However, the sizes of the (1 1 0,
2 0 0) peaks recorded for NH,-SBA-15 are significantly
smaller due to the incorporation of organic groups inside
the channels of SBA-15 (Shahbazi et al. 2011). This pat-
tern confirms the presence of a 2D hexagonal structure to
the pores and suggests that the modification process did
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Fig. 2 The X-ray diffraction pattern of a) MCM-48; b) SBA-15 and NH,-SBA-15.
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Fig. 3 SEM micrograph of SBA-15.

not affect the integrity of the framework of the ordered
mesoporous SBA-15.

The SEM image of SBA-15 (Fig. 3) reveals that this
mesoporous silica consists of well-defined wheat-like
macro-structures aggregated in rope-like domains of
a relatively uniform size. This result is in good agreement
with the SBA-15 morphology presented in earlier reports
(Shahbazi et al. 2012). Single point BET analysis indicated
a surface area of 1238 m? g1, 690 m? g~! and 560 m? g~!
for MCM-48, SBA-15 and NH,-SBA-15, respectively.

TEM image of SBA-15 (Fig. 4) indicates well-ordered
hexagonal arrays of mesopores (1D channels) and further
confirms that SBA-15 has a 2D p6mm hexagonal struc-

100 nm
HW-200.0kvY

Fig. 4 TEM micrograph of SBA-15.

ture. Channel direction of the 2D-hexagonal structures
was parallel to the thickness direction of the nanostruc-
tured hexagonal platelet morphologies (Zhao et al. 1998).

The IR spectrum of MCM-48 is shown in Fig. 5a. The
peaks at 1078 cm™! and 797 cm™! are associated with
Si-O-Si vibrations (Schumacher et al. 1999). Figure 5b
shows the IR spectrum of SBA-15 before and after mod-
ification. As can be seen, there are several new bands
in the amino-functionalized SBA-15. Peaks at 2859 and
2937 are due to C-H stretching vibration and that at
1579 cm~! to N-H (primary amine) bending vibration
of the amine group on the surface of the silica (Anbia et
al. 2011).
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Fig. 5 The FT-IR spectra of a) MCM-48; b) SBA-15 and NH,-SBA-15.
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Fig. 6 Effect of the dose of the adsorbent on the percentage of
naphthalene removed by NH,-SBA-15. (Conditions: 20 ml of 7 mg I-" of
naphthalene solution, agitation time 24 h, temperature of 25 °C).

Effect of the Tpe of Adsorbent on Naphthalene Removal

The adsorption efficiencies of MCM-48 and SBA-15
were compared under the same sorption conditions. Ac-
cording to the results, the capacity for adsorbing naph-
thalene was 1.76 times higher for SBA-15 than MCM-48
(0.67 mg g~! vs. 0.38 mg g!). This could be due both
the micro- and mesoporosity structure and larger pore
diameter of SBA-15, which improve the diffusion and
mass transfer rates of adsorption processes (Huang et al.
2011b). Therefore, SBA-15 was selected for functionaliza-

b
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tion using APS and the follow up experiments on its use
as an adsorbent.

Effect of the Adsorbent Dosage

Experiments were done to establish an appropriate
adsorbent dose for naphthalene removal from aqueous
solutions (Fig. 6). The percentage of naphthalene re-
moved increased from 29.9 to 53.6 with increase in the
dosage of NH,-SBA-15 from 0.5 to 3.5 g I-! due to the in-
crease in contact surface of adsorbent and greater avail-
ability of the adsorbent (Shahbazi et al. 2012). Because
of the negligible increase in percentage removal with in-
crease in adsorbent dosage between 3 to 3.5 g1~ a dose of
3 gl-1 of NH,-SBA-15 (R = 52.2%) was chosen as the op-
timum adsorbent dosage for use in further experiments.

Effect of pH

The efficiency with which naphthalene is removed by
NH,-SBA-15 at various pHs is presented in Fig. 7. The
pH of solution may affect the surface charge of the ad-
sorbent by the protonation of the functional groups, free
surface hydroxyl groups and the degree of ionization and
hydrolysis of the species present in solution (Dimos et al.
2009). The highest percentage adsorption of naphthalene
by NH,-SBA-15 was recorded at pH= 2.0 (79.3%). With
increase in pH from 2 to 8 the percentage adsorption of
naphthalene decreased from 79.3% to 50.8%. However,
the percentage of naphthalene removed increased from
58.1% to 62.3% with increase in pH from 9.0 to 10.0.
It is highly likely that interactions occurred between
the positively charged amine functional groups of the
NH,-SBA-15 adsorbent in acidic media (Li et al. 2013)
and the delocalized electron system of the aromatic ring
of naphthalene (Horak et al. 2004).
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Fig. 7 Effect of pH of the solution on the percentage of naphthalene re-
moved by NH,-SBA-15. (Conditions: 0.06 g of adsorbent, 20 ml of 7 mg |-
of naphthalene solution, agitation time 24 h and temperature 25 °C).

Adsorption Isotherms

In order to show the sorption behaviour and estimate
the adsorption capacity, adsorption isotherms were stud-
ied. The fits of the nonlinear Langmuir and Freundlich
adsorption isotherms to the experimental results for the
absorption of naphthalene are shown in Fig. 8. The b,
G 1> Kf values and the nonlinear regression correlation
coefficients (R?) for Langmuir and Freundlich isotherms
are given in Table 1. Both isotherms indicate a sharp ini-
tial slope indicating that the adsorbent operates at high
efficiency at a low concentration and becomes saturated
at high adsorbate concentrations. The constant of the
adsorption capacity of the adsorbent i.e. K;in the Fre-
undlich isotherm is 0.922 (mgn-D/n g-1 1-T), The other
Freundlich constant, #, is a measure of both the relative
magnitude and diversity of energies associated with the
adsorption of naphthalene onto NH,-SBA-15 and that
the numerical values of 1/n are <unity, indicate that the
naphthalene was efficiently adsorbed by NH,-SBA-15.

The high values of correlation coefficients indicate that
the data conform well to the Langmuir model. The value
of g,, = 1.92 mg g~! predicted from the Langmuir curve
for naphthalene is similar to the 1.72 mg g~! recorded.

25

05 ® Experimental data
Langmuir
——= Freundlich
0.0 T T T T T T T T

Cey Mg/L

Fig. 8 Isotherms for the adsorption of naphthalene by NH,-SBA-15.
(Conditions: 0.06 g of adsorbent, agitation time 24 h, pH5, temperature
25 °C and 20 ml of different concentrations of naphthalene solution).

Similar results are reported for the adsorption of PAHs
by different adsorbents (Anbia and Moradi 2009). There-
fore, the adsorption process is likely to consist of the for-
mation of a monolayer cover of naphthalene on the sur-
face of the adsorbent. The efficiency of the NH,-SBA-15
adsorbent in adsorbing naphthalene can be defined in
terms of the separation factor (R,), the values of which
are presented in Table 2. As the values are 0 < R; <1 the
efficiency of adsorption of naphthalene of this adsorbent
is high.

Adsorption Kinetics

An understanding of adsorption kinetics is a basic
requirement for designing adsorption systems. Equi-
librium kinetic data for a specific adsorbate/adsorbent
system can be obtained from an experimental study of
the adsorption of a system after different periods of time
(GOk et al. 2008). The amount of naphthalene adsorbed
by NH,-SBA-15 was determined as a function of the ex-
posure time. Figure 9 shows the time dependence of the
amount of molecule solute adsorbed using this adsorbent.

The parameters of the kinetic models and the regres-
sion correlation coefficients (R?) are listed in Table 2.

Table 1. Isotherm parameters for adsorption of naphthalene onto NH,-SBA-15

Isotherm models
Langmuir Freundlich
qm,exp qm,cal b Kf
(mg gfl) (mg 971) (| mg—1) RL RZ (mg(n—'l)/n g—'l |'I) n RZ
1.72 1.92 0.864 0.060 0.979 0.922 3.77 0.880
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Table 2 Kinetic Parameters for adsorption of naphthalene
onto NH,-SBA-15

Kinetic model Parameter Value
q.lmgg) 1.71
k; (min-1) 0.678
Pseudo-first-order R? 0.991
q.mgg™) 1.92
ky(g mg~' min-") 0.449
Pseudo-second-order R? 0.959
a(mgg ' min') 6.22
B(gmg™) 0.001
Elovich R2 0.979
14
° [ J
R I, - CHUEEE SR,
o-0-—----
®  Experimental data
— Pseudo-first-order
0.2 1 === Pseudo-second-order
Elovich
0.0 ‘ T T T
0 20 40 60 80

t, hour

Fig. 9 Kinetics of the adsorption of naphthalene by NH,-SBA-15.
(Conditions: 0.3 g of adsorbent, 100 ml of 6 mg I-! of naphthalene,
agitation time 24 h, pH5, temperature 25 °C).

The removal efficiency increased sharply during the first
5 hours and then remains constant after 24 hours. Simi-
lar results are reported by Vidal et al. (2011) for the ad-
sorption of PAHs onto periodic mesoporous organosilica
(PMO). After 72 h the maximum percentage removed
was about 72%. The Elovich model assumes that the rate
of adsorption changes over time depending upon the
percentage of the surface of the adsorbent covered. This
kinetic model is valid for systems in which the adsorb-
ing surface is heterogeneous (Pérez-Marin et al. 2007).
The Elovich rate equation is commonly used to describe
the sorption behaviour in which the equilibrium rate is
rapidly reached and slowly decreases in the later periods
of the sorption process (Chang et al. 2004). The value of
Elovich « constant recorded is 6.22. This indicates the
rate of sorption and the 0.001 for 8 the surface coverage.

Elovich constants reveal that the rate of adsorption of
naphthalene was rapid in the initial stages and the surface
available for adsorption of the sorbate decreased with
time. Comparing the values of R? for the pseudo-first-or-
der, pseudo-second-order and Elovich equations indicate
that the pseudo-first-order was better than the two oth-
ers and could be used to predict the adsorption kinetics
of naphthalene by the NH,-SBA-15 adsorbent. Further-
more, the results indicate that the experimentally deter-
mined adsorption capacity (1.33 mg g~!) is similar to that
predicted (1.71 mg g~!) by the pseudo-first order model.

Conclusions

In this study, the efficiencies of two mesoporous sil-
icas, MCM-48 and SBA-15, in removing naphthalene
from waste water were compared. After determining that
SBA-15 was better at removing naphthalene, this meso-
porous silica was functionalized with amine groups. The
optimum conditions for the removal of naphthalene using
NH,-SBA-15 adsorbent is a pH of 5.0 and dose of 3 g1,
which resulted in a removal efficiency of 79.3%. Of the
equilibrium isotherm models investigated, the Langmuir
model provided a good fit to the experimental data with
high R? (0.979) and q,, (1.92 mg g-!) values. The kinetic
experiments showed that the adsorption of naphthalene
by the NH,-SBA-15 adsorbent was rapid and maximum
adsorption capacities were achieved in approximately
24 h. The results of the kinetic studies indicate that the
best fitting kinetic model was the pseudo-first order
(R? =0.991), followed by the Elovich (R? = 0.979) and the
pseudo-second order equations (R? = 0.959).
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