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ABSTRACT

On the basis of laboratory research, the adsorbent of cross-linked chitosan/Al;;-pillared
montmorillonite (CCPM) was examined on the removal of Cr(VI) from aqueous solutions.
In order to determine the effects of process parameters namely cross-linked chitosan-to-clay
ratio, temperature, initial solution pH, initial Cr(VI) concentration, adsorbent dose, and
contact time on Cr(VI) uptake, batch studies were systematically conducted. Equilibrium
data were applied to the Langmuir and Freundlich isotherm models and best described by
the Langmuir isotherm model. It was shown that monolayer adsorption capacity was
15.67 mg/g of Cr(VI) obtained by the Langmuir isotherm model. The kinetics of adsorption
correlated well with the pseudo-second-order equation. Moreover, the intra-particle
diffusion model was applied to investigate the mechanism of adsorption. Furthermore,
thermodynamic parameters including free energy change, enthalpy change, and entropy
change revealed that the adsorption of Cr(VI) onto CCPM was endothermic and sponta-
neous. The results suggest that CCPM is an effective adsorbent for removing Cr(VI) ions
from aqueous solutions.

Keywords:  Adsorption; Cr(VI); Cross-linked chitosan; Alyz-pillared montmorillonite;
Equilibrium isotherms; Kinetics

1. Introduction

Cr(VD is highly hazardous produced by several
industries, namely leather tanning, wood preservative
industries and manufacturing of dye, paper, and
paint. Chromium exists in the environment in the

*Corresponding authors.

trivalent state, that is, in the cationic form as Cr(II),
or in the hexavalent state as the Cr(VI) anions:
HCrO,;, CrO;, and Cr,03 [1]. If Cr(VI) enters the
gastric system, it will cause some diseases: epigastric
nausea, vomiting, severe diarrhea, corrosion of skin,
respiratory tract, and lungs carcinoma [2]. In terms of
industries, the discharge limit of Cr(VI) is less than
0.1 mg/L, while the permissible limit is 0.05 mg/L for
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drinking water [3]. Given the protection of public
health and requirement on the discharge limits, it is of
vital importance to reduce any excess amount of
Cr(VI) present in wastewater. The most commonly
used techniques for the removal of Cr(VI) focus on
methods including chemical precipitation, adsorption,
electrodepositing, filtration, and membrane systems
[4]. Among all of these, adsorption is now recognized
as a simple and efficient method for water decontam-
ination and separation for analytical purposes [5].

Chitosan, which contains hydroxyl (-OH) groups
and amino (-NH,) groups, has the ability to form
complexes with metals. However, the applications of
chitosan are limited because it easily dissolves in
dilute organic acids and forms a gel in aqueous solu-
tion, which results in the inaccessibility of its binding
sites [6]. Therefore, chemical modifications such as
cross-linking step are needed to improve the chemical
stability of the biosorbent in acid solutions. Montmo-
rillonite (MMT), a low-cost adsorbent, has a crystalline
structure with an alumina octahedral between two
tetrahedral layers of silica. It is addressed by the
modification through intercalating large organic or
inorganic cations into their interlayer space. Moreover,
for the preparation of Al-pillared MMT (PM), one of
the most intensively studied is the hydroxy-aluminum
polycations [7].

Though the scientific literature is replete with stud-
ies on preparation for chitosan/MMT composites, the
chitosan/MMT nanocomposite in most studies was
prepared by coating a thin layer of chitosan onto the
MMT surface. Cross-linked chitosan/Al;;-pillared
montmorillonite (CCPM), an efficient adsorbent, has
been demonstrated that chitosan did enter the silicate
layers by XRD and successfully used to removal
Cu (I) and PbdI) [8]. The aim of the present study
was to further investigate the adsorptive features of
CCPM for removing Cr(VI), considering that it may be
different from removing metal cations by CCPM. The
effects of the process parameters such as cross-linked
chitosan-to-clay ratio, concentrations, initial pH, con-
tact time, and adsorption temperature on Cr(VI)
removal were investigated under static conditions.
Finally, the applicable isotherm model, the suitable
kinetic mechanism, and the thermodynamic parame-
ters were also analyzed.

2. Experimental
2.1. Chemicals and equipment

The procedure for the preparation of the cross-
linked chitosan/Al-pillared montmorillonite nanocom-
posite (CCPM) was the same as that reported [8].
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Sodium montmorillonite (Na-Mt, 95%) was supplied
by Zhejiang Sanding Technology Co., Ltd., China.
Chitosan, with a deacetylation of 80.0-95.0% and aver-
age molecular weight of 9012-76-4, was supplied by
Aldrich. All reagents used in this study were of analyti-
cal reagent grade. Deionized water was prepared in all
experimental solutions. A UV-visible spectrophotome-
ter colorimetrically (UV-1800, KYOTO JAPAN) was
utilized at 540 nm in the analysis of residual Cr(VI).
The surface area analysis of chitosan, MMT, PM, and
CCPM was performed using BET-N, adsorption at
77 K in a Micromeritics ASAP (2020) equipment.

2.2. Solutions

A stock solution with a concentration of 1,000 mg/L
of Cr(VI) was prepared by dissolving KyCr,O;
(2.8286 g) in a separate 1,000 mL of distilled water. The
desired concentrations of experimental solutions were
obtained by diluting the stock Cr(VI) standard solution
with distilled water when necessary.

2.3. Batch study

Experiments were carried out using 0.5 g of CCPM
and 20mL of Cr(VI) solution on a temperature-
controlled incubator shaker (150 rpm). The effects of
cross-linked chitosan-to-clay ratios (0.20:1, 0.30:1,
0.45:1, 0.60:1, and 1.20:1) and initial concentration
(20-600 mg/L) on Cr(VI) removal were studied. The
initial pH of the reaction mixture was adjusted using
1M HCI or 1 M NaOH. The adsorption capacity and
the adsorption percentage were determined as follows:

m

(CO — Ce)

R =
Co

x 100% 2

where g; is adsorption capacity (mg/g) and C, is the
concentration (mg/L) of Cr(V]) at time ¢. V is the vol-
ume of Cr(VI) solution (mL). M is the mass of the
adsorbent (g) and Cy is the initial Cr(VI) concentration
(mg/L).

2.4. Batch kinetics

The kinetic studies were performed at different
temperatures (288-313 K), in which 0.5 g of adsorbent
was added in 20 mL of Cr(VI) solution with initial con-
centration of 100 mg/L. The flasks were agitated at
150 rpm for pre-determined time intervals (5-240 min).
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2.5. Equilibrium studies

Batch equilibrium studies were conducted using
20 mL aliquots of Cr(VI) at different temperatures
(288-313 K), where a fixed amount (0.5 g) of adsorbent
was added. The initial Cr(VI) concentration was
varied from 20 to 600 mg/L.

3. Results and discussion
3.1. Surface area analysis

The surface area characterization of chitosan,
MMT, PM, and CCPM are shown in Table 1. Chitosan
is observed to have the least specific surface area
(4.6787 m?/g) while PM has the highest surface area
(217.7490 m*/g). The composite material (CCPM) of
cross-linked chitosan and Al;s-pillared montmoril-
lonite (PM) resulted in a larger surface area than that
of chitosan and MMT but less than that of PM. The
specific surface area is in the order of PM >CCPM >
MMT > chitosan. The “inferior” properties of CCPM
bead are attributed to the interaction of cross-linked
chitosan in between the silicate layers of MMT. More-
over, it is also due to the occurrence of agglomeration,
where the MMT hydroxylated edges interacted with
each other [9].

3.2. Effect of cross-linked chitosan-to-clay ratios

The effect of the ratios of glucosamine
(MW =161 g/mol) among the cross-linked chitosan to
the CEC of MMT (110 mmol/100 g) on the Cr(VI)
removal is exhibited in Fig. 1. As the nanocomposite
adsorbent ratio increased from 0.2:1 to 1.2:1, both the
removal efficiency and the adsorption capacity
increased initially, and declined afterward, reaching its
optimum when the ratio was 0.6:1. It can be interpreted
by that the amount of intercalated chitosan was
saturated, which reduced the adsorption capability of
Cr(VD) [10]. We can also find that a small quantity of
cross-linked chitosan which intercalates into Al-pillared
montmorillonite nanocomposite can significantly
improve adsorption capacity. The modified ratio (0.6: 1)
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Fig. 1. Effect of modification ratio (conditions: initial
concentration of Cr(VI) 100 mg/L; temperature 298 K;
adsorbent dose 25 g/L; pH 5.37).

was chosen as the optimum one and was applied to the
following experiments.

3.3. Effect of pH

Solution pH, an important factor, has a great
impact on the adsorption of metal ions onto the solid—
liquid interface. To determine its effect on the removal
of Cr(VI), batch adsorption experiments were carried
out by varying the pH range between 4.70 and 8.12
(Fig. 2). Over the pH range, the optimal uptake
occurred at pH 5.37 (95%) at the given concentration.
It can be observed that the adsorption onto CCPM
was relatively less sensitive to an increase in pH at
values lower than 7. Within the range of pH values
from 7 to 8.12, the adsorption capacity declined drasti-
cally with increasing pH.

In acidic media (pH 2-6), Cr(VD) ions exist in
different forms such as Cr,03~, HCrO;, and HCrO,
predominates. At pH >7, chromate (CrO3") will
preferably exist in the solution [11]. Cr(VI) uptake is
higher at low pH values because most amino groups
of CCPM can undergo protonation to NH;" with
extent of protonation, which leads to a stronger attrac-
tion for a negatively charged ion in the solution and

Table 1
Surface area determination of chitosan, MMT, PM, and CCPM adsorbent

Chitosan MMT PM CcCPM
Pore volume (cm’/g) 0.0043 0.0468 0.0497 0.0285
Average pore width (nm) 6.1983 8.6163 5.1820 6.7017
BET surface area (m?/g) 4.6787 14.2370 217.7490 16.5747
Langmuir surface area (m?®/g) 8.7232 19.9035 289.0732 23.5284




10770
100 5.0

— | / 445 2
i\«s’ 90 A \A\A | §
= T~ 140 3
> n =
o 80 N o
£ - - 435 3
[ TT—n B+
1 (Y]

c - T
s 70 H30 8
- i —
g <
7} 60 - —A— adsorption removal 725 §
3 —m— adsorption capacity 1 Q
A 120 =}

50 ]
[ R TP R R R S S 15
45 50 55 60 65 70 75 80 85

pH

Fig. 2. Effect of pH (conditions: initial concentration of Cr(VI)
100 mg/L; temperature 298 K; adsorbent dose 25 g/L).

electrostatic interaction between the adsorbent and
HCrO, ions [12]. As the solution pH increased, the
chromate species (CrOj”) may require more adsorp-
tion sites. Also, the competition of OH for the limited
adsorption sites became more severe at higher
pH values [13].

3.4. Effect of CCPM dose

The influence of adsorbent dose on the removal of
Cr(VD) ions was discussed by varying adsorbent con-
centration. According to the results shown in Fig. 3,
the removal efficiency of Cr(VI) ions increased signifi-
cantly from 34 to 95%, with adsorption concentration
increasing from 5 to 25g/L; after the critical dose
(25 g/L), additional dose of CCPM does not lead to
obvious changes of Cr(VI) removal. The higher adsor-
bent concentration may provide greater availability of
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Fig. 3. Effect of adsorbent dose (conditions: initial Cr(VI)
concentration 100 mg/L; volume of Cr(VI) solution 20 mL;
Temperature = 298 K).
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exchangeable sites for adsorption, leading to the
enhanced removal efficiency. However, adsorption
capacity decreased at higher adsorbent concentration
because of competition of the Cr(VI) ions for the
adsorption sites available [14].

3.5. Effect of contact time and temperature

Temperature and the equilibrium time play critical
roles for the study of adsorption during the uptake of
pollutants from wastewater. Time needed to reach equi-
librium, a significant parameter, predicts the efficiency
and feasibility of an adsorbent when it is used for water
pollution control [15]. The adsorption of Cr(VI) onto
CCPM at different temperatures was investigated as a
function of time to identify the equilibrium. Based on
the results in Fig. 4, it was evident that the adsorption
of Cr(VI) ions onto CCPM was a fast process. Complete
adsorption equilibrium was reached after 120 min.
Since the adsorption process is an endothermic nature,
the uptake of Cr(VI) (3.71-3.85 mg/g) is enhanced as
the temperature increased from 288 to 313 K. The
increase of adsorption capacity corresponding to
increased temperature indicated that the adsorption of
Cr(VI) ions by CCPM might involve physical as well as
chemical sorption [16].

3.6. Effect of initial Cr(VI) concentration

The adsorption capacity and adsorption removal
were also associated with Cr(VI) initial concentration
(Fig. 5). The adsorption removal decreased from 95 to
46% as the initial Cr(VI) concentration increased from
20 to 600 mg/L. This is due to the saturation of adsor-
bent sites with adsorbed Cr(VI), at which point further
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Fig. 4. Effect of temperature and contact time (conditions:
initial Cr(VI) concentration 100 mg/L; pH 5.37; adsorbent
dose 25 g/L).
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addition of Cr(VI) hardly increases the amount of
adsorbed Cr(VD) dramatically [17]. It was also
observed that the adsorption capacity increased from
0.75 to 10.67mg/g as the initial concentration
increased up to 600 mg/L. This might be ascribed to
the fact that driving forces of higher initial Cr(VI) con-
centrations can help overcome all mass transfer resis-
tances between the aqueous solution and adsorbent
surface, which leads to faster adsorption process com-
pared to the lower concentrations of Cr(VI) at the
same dose of adsorbent [18].

3.7. Adsorption isotherms

To optimize the design of an adsorption system for
removing Cr(VI) from solutions, two important iso-
therm equations were applied to fit the equilibrium
data in the present work: the Langmuir and Freundlich
isotherms.

The Langmuir adsorption isotherm [19] can be
described by assuming a homogeneous surface with
adsorption on each equal site. Besides, the adsorption
at one site does not affect adsorption at an adjacent

site. The adsorption data were applied to the
equation:

C Ce 1

- 3

= +
e Qmax QmaxKL

where C, is equilibrium concentration of Cr(VI)
(mg/L), ge is the amount absorbed by per unit mass
of the adsorbent at equilibrium (mg/g), Qmax is the
Langmuir constant that means the maximum capac-
ity (mg/g), and the other Langmuir constant K,
which is related to the energy of adsorption (L/mg).
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The values of Qmax and Ki, can be obtained by the
slope and intercept of the straight line of C¢/ge vs. Ce.

In order to further analyze Langmuir equation, the
dimensionless equilibrium parameter can be deter-
mined by:

1
Ry = <m) 4)

where Cy (mg/L) is the initial Cr(VI) concentration.
The R, value determines the feasibility of adsorption
process. The obtained Rp values (listed in Table 1)
were lying between 0 and 1, which indicated that the
adsorption of Cr(VI) was favorable [16].

The Freundlich isotherm [20], an empirical equa-
tion, can be applied for adsorption onto heterogeneous
surfaces and multi-molecular layer. The equation is
expressed as follows:

ge = KpCl/" (5)

The linear form:

In C,

In ge =In Kp + .

(6)

where K is the Freundlich adsorption constant which
is indicative of the adsorption capacity of the adsor-
bent (mg/g) and 1/n is the constant related to the
intensity of the adsorption.

The values of 1/n and Kg were calculated from the
slope and intercept by plotting In g, vs. In C,,

All the correlation coefficients, the R? values, and
the constants obtained from the two isotherm models
are listed in Table 2. On the basis of the correlation
coefficients (R?), Freundlich isotherm model failed to
describe Cr(VI) adsorption on CCPM. The Langmuir

Table 2
Isotherm constants obtained for the adsorption of Cr(VI)
on CCPM

Isotherm models 298 K 303 K 313 K

Langmuir

Qmax (mg/g) 11.168 14.428 15.670

K¢ 0.0586 0.0604 0.0679

R? 0.9958 0.9894 0.9973

Ry 0.1457 0.1420 0.1282

Freundlich

Kg 1.15 1.13 1.46

1/n 0.421 0.517 0.481
2 0.897 0.876 0.841
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model correlated well with the equilibrium data, as
given by the highest R* values (R* > 0.98). This implies
that the adsorption process was a monolayer adsorp-
tion. Moreover, the value of Q... obtained from the
Langmuir model, which was 15.67 mg/g at 313K, is
approximately equal to the experimental one
(14.72 mg/g). Table 3 compares the adsorption capaci-
ties and experimental conditions of chitosan compos-
ites for Cr(VI). The experimental data were well
described by the Langmuir isotherm except the adsor-
bent chitosan/MMT and chitosan/ceramic alumina.
The adsorption capacity of CCPM (15.67 mg/g) is rela-
tive higher than the adsorbent chitosan/cellulose
(13.05mg/g) with shorter equilibrium time (2 h).
However, it needs 4-6 h and 5 h to reach equilibrium
with higher capacity using chitosan/MMT and chi-
tosan/perlite, respectively. Compared to the prepara-
tion of CCPM, the adsorbent magnetic chitosan was
synthesized under the protection of N, purge gas. For
the adsorbent chitosan/ceramic alumina, the experi-
ments were carried out in bed column, which should
consider a series of conditions: bed volume, number
of bed volume, and flow rate. Consequently, both the
material and procedure must be considered.

3.8. Adsorption kinetics

The study of adsorption kinetics was necessary,
with regard to the fact that it provided valuable insight
into the reaction pathways and into the mechanism of

Y.-M. Wang et al. | Desalination and Water Treatment 57 (2016) 10767-10775

the reaction [14,15]. For this, two kinetic models
including pseudo-first-order and pseudo-second-order
were used.

The Lagergren’s pseudo-first order, determining
the rate constant of Cr(VI) adsorption, is expressed as
follows [26]:

In(ge — q1) = In ge — kyt @)

where q; (mg/g) is the adsorption capacity at any
given time (min), k; (1/min) is the pseudo-first-order
kinetic rate constant.

The pseudo-second-order equation was based on
the equilibrium adsorption, assuming that adsorption
process involves chemisorption mechanism [27]. It can
be described as follows:

t 1 t
S, 8
g h o qe
h= kzqg (9)

where k, (g/mg/min) is the equilibrium rate constant
which can be calculated through plotting /g, against f.

Kinetic parameters were calculated and are listed
in Table 4. It can be found that the k; values decreased
with increasing temperature, which demonstrates that
adsorption was faster at higher temperature. Moreover,
both the higher coefficients of determination (R*) and

Table 3
Adsorption capacities and experimental conditions of chitosan composites for Cr(VI)
Adsorbent Type of study Qmax (mg/g) pH Isotherm Equilibrium time (h) References
Chitosan/cellulose Batch 13.05 5.8 Langmuir 10 [21]
Chitosan/MMT Batch 41.67 4.0 Frendlich 4-6 [22]
Magnetic chitosan Batch 69.40 4.0 Langmuir 1 [23]
Chitosan/perlite Batch 153.8 4.0 Langmuir 5 [24]
Chitosan/Ceramic alumina Column 153.8 4.0 Frendlich [25]
CCPM Batch 15.67 537  Langmuir 2 This study
Table 4
Kinetics parameters for Cr(VI) adsorption on CCPM

Pseudo-first order reaction kinetics Pseudo-second-order reaction kinetics

k1 k2

T/K Rz (minil) qe,cal qe,found R2 (g/(mg mln)) qe,cal qe,found
288 0.999 0.054 0.085 3.716 1.000 0.954 3.720 3.716
298 0.999 0.042 0.191 3.796 0.999 0.340 3.804 3.796
303 0.998 0.026 0.107 3.835 0.999 0.463 3.840 3.835
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the excellent agreement between the calculated and
experimental values led to the development of a con-
clusion in which the adsorption process follows the
pseudo-second-order model.

The present data were suitable to the pseudo-
second-order equation, demonstrating that chemisorp-
tion act as the rate-controlling step, which involves a
sharing or exchange of electrons between the adsor-
bate and the adsorbent [12]. A similar phenomenon
has been reported in the literature for removing
Cr(VI) for the adsorbents [14,15].

The adsorption kinetics were then further analyzed
to identify the rate-controlling step using the
intra-particle diffusion model [28], which can be repre-
sented by the following equation:

g =kt'/2+C (10)
where the slope kp (mg/g/ min'’/?) is the intra-particle
diffusion rate constant, and C represents the thickness
of boundary layer. If the rate-limiting process was
only due to the intra-particle diffusion, then these
lines pass through the origin (C =0) [29]. Otherwise,
external mass transfer is involved to some degree.

Based on these plots (Fig. 6), the sorption processes
are comprised by two phases, implying that more than
one process affected the adsorption for the whole reac-
tion [30]. At the beginning, diffusion of Cr(VI) was
fast from the solution to the external surface of CCPM.
Then, Cr(VI) entered into the inner of CCPM and
adsorbed onto the interior adsorption sites as the
external surface of the adsorbent reached saturation
[29]. The two stages in the plot indicate that the
adsorption process occurred by surface adsorption
and intra-particle diffusion.

3.9. Thermodynamics of adsorption

In order to better understand the effect of
temperature on the adsorption of Cr(VI), the thermo-
dynamic parameters such as fee Gibbs energy (AG),
enthalpy (AH), and entropy (AS) were studied

Table 5
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Fig. 6. Plots of intra-particle diffusion model for adsorption
of Cr(VI) on CCPM.

(Table 5). The constants were computed using the
following relationships:

(11)

where C,q (mg/L) is the equilibrium concentration of
Cr(VI) adsorbed on CCPM, and C, (mg/L) is the equi-
librium concentration of Cr(VI) in aqueous solution.

The standard free energy (AG) is calculated by the
following equation:

AG = —RT In Ky (12)

where T is temperature in Kelvin (273 K) and R is gas
constant (8.314 J/(mol K)). Enthalpy change (AH) can
be calculated by the relationships:

AG = AH — TAS (13)
AS AH

According to Eq. (14), AH and AS were obtained from
the slope and intercept (Table 5). The positive AS was

Thermodynamic parameters for adsorption of Cr(VI) on CCPM

T (K) Ko ~AG (K] /mol) AH (KJ /mol) AS (KJ/ (mol K))
298 12.89 5.80

303 13.29 5.87 40.10 0.155

313 26.78 7.46
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in line with the increased randomness appeared on the
solid—solution interface during Cr(VI) adsorption
process onto CCPM [31]. The value of AH is positive,
which showed that the adsorption process was
endothermic. The negative AG reflected that the
adsorption reaction was a spontaneous and thermody-
namically favorable process. Furthermore, the adsorp-
tion of Cr(VI) ions onto CCPM proceeded physically
because of AG values were lower than —20 kJ/mol [32].

4. Conclusion

CCPM was successfully prepared as an efficient
adsorbent to remove Cr(VI) ions in solution. Removal
of Cr(VI) is found to be effective in the lower pH
range and at higher temperatures. Equilibrium data
exhibited high correlation with the Langmuir model
over the overall concentration range studied. The
maximum monolayer adsorption capacity Qmax for
Cr(VD) adsorption onto CCPM was 15.67 mg/g at
313 K. Kinetic study can be best described by the
pseudo-second-order equation. Moreover, as a result
of intra-particle diffusion analysis, the adsorption of
Cr(VD) ions onto CCPM involved intra-particle diffu-
sion; however, that was not the only rate-controlling
step. Thermodynamic parameters suggested that the
adsorption was an endothermic and spontaneous
process. The mechanism may include mainly ionic
interactions (chemical interactions) as well as electro-
static attraction (physical interactions). The above
results further demonstrated that CCPM was an
effective adsorbent on the removal of Cr(VI).
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