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ABSTRACT

Ag/Zn-TiO, nanoparticles were synthesized via two different methods: sol-gel method in
the presence of ethanol under refluxing temperature and sol-gel low-temperature route in
the presence of acetic acid under 0°C. The prepared samples were characterized by X-ray
diffraction, transmission electron microscopy, energy-dispersive X-ray spectroscopy, N»
adsorption—desorption isotherm, and Brunauer-Emmett-Teller analysis methods. The effects
of preparation method on the crystalline structure, crystal size, and surface area of prepared
Ag/Zn-TiO, nanoparticles were studied. Photocatalytic activity of synthesized nanoparticles
was tested by photocatalytic removal of methyl orange (MO) under UV light radiation. The
effects of preparation method, initial dye concentration, and recyclability of photocatalysts
were studied. Ag/Zn-TiO, nanoparticles prepared via sol-gel method showed high
photocatalytic activity during degradation of MO under UV light radiation due to increase

in the specific surface area, total pore volume, and decrease in the crystallite size.

Keywords: Ag/Zn-TiO, nanoparticle; Sol-gel low-temperature; Preparation method;

Photocatalytic activity

1. Introduction

Large volumes of wastewater are generated in
manufacturing operations by the textile dyeing
industry [1]. Traditional treatment processes such as
micellar enhanced ultrafiltration, cation-exchange
membranes, adsorption/precipitation processes, inte-
grated chemical-biological degradation, integrated
iron (IlI) photoassisted-biological treatment, solar
photo-Fenton and biological processes cannot effi-
ciently degrade the synthetic dyes. A popular process
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which has high potential to control environmental
pollutants is heterogeneous photocatalysis [2,3].
Among different semiconductors, Titania nanoparticles
have received much interest due to its high photo-
chemical stability, low cost, lack of toxicity, and strong
photocatalytic activity [4]. However, photocatalytic
activity is low because of recombination of photo-
generated electron-hole pairs [5]. In order to increase
its efficiency, titanium dioxide is doped with different
metal oxides and ions [6]. Photogenerated electrons
can be trapped by dopants and electron-hole recom-
bination is prevented. There are many reports in the
case of doping metal ions which can increase the
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photocatalytic efficiency of TiO,. Saha et al. [7]
reported the impregnation of commercial TiO, with
silver nanoparticles at 1 and 2mol% Ag using a
simple “liquid impregnation followed by heat treat-
ment” method. In order to study the effect of silver
impregnation, they investigated UV-induced pho-
todegradation of malachite green (MG) using prepared
photocatalyst. They found that the presence of silver
in TiO, increases the photon-induced mineralization
of MG but decreases the decolorization efficiency.
Co-doping metal ions into the undoped TiO; is a suit-
able way to increase the activity of TiO, [8]. Segne
et al. [9] prepared TiO, nanocatalyst co-doped with
magnesium and copper. They reported that co-doping
of Mg®*/Cu*" into TiO, shifts the absorbance band of
TiO, from UV to visible region and the band gap
energy is reduced for co-doped catalyst (from 3.2
to 2.50 eV). Based their results, the photocatalytic
degradation of methylene blue over the catalyst sur-
face of nano co-doped Mg**/Cu** TiO, was higher
than over undoped TiO,. Estrellan et al. [10] presented
photocatalytic decomposition of perfluorooctanoic acid
by iron and niobium co-doped titanium dioxide. They
concluded that Fe:Nb-TiO, has the highest activity
compared to the undoped TiO, and the commercially
available TiO, which related to the influences of
co-doping both on the physico-chemical properties
and surface interfacial charge transfer mechanisms.

Since photoactivity of TiO, is directly related to its
morphology [11], all the oxidation reactions and photo-
catalysis take place on the surface of TiO,. Further-
more, the photodegradation efficiency depends on the
various parameters such as the number of catalytic sur-
face active sites, surface area of the photocatalyst, the
source of light, and other structural properties. Since
these properties can be improved via tailoring the
shape and dimensionality, the size and shape control
of TiO, is an important parameter for accessing to the
most applications of this photocatalyst [12]. Although
there are a variety of reports on different preparation
route of TiO,, however, a comparative investigation to
emphasize the influence of the different methods on
the properties of the samples has not been yet reported.
Herein, we report the preparation of anatase TiO, via
simple and inexpensive routes such as sol-gel and
sol-gel low-temperature methods. The purpose of this
research work was to compare the properties of the
products with each other and to study the relationship
between photocatalyst structure, crystal size, specific
surface area, and photocatalytic activity. We also
investigate the effect of Ag and Zn dopants on the pho-
toactivity of samples. The effect of various parameters
such as pollutant concentration and recyclability of
Ag/Zn-TiO, nanoparticles were studied.
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2. Materials and methods
2.1. Materials

Titanium n-butoxide (TBOT, Ti(OC4Hy)y) was used
as starting material. Ethanol with absolute grade, glacial
acetic acid, zinc nitrate, and silver nitrate were used
without any further purification. Methyl orange (MO)
was used as a model pollutant to measure the photocat-
alytic activity of synthesized samples. All chemicals used
in this work were supplied from Merck (Germany).

2.2. Sample preparation

2.2.1. Preparation of Ag/Zn-TiO, nanoparticles via
sol—gel method in the presence of ethanol under reflux
temperature

According to Behnajady et al. [13], for the synthesis
of TiO, nanoparticles, titanium n-butoxide was slowly
dissolved in absolute ethanol. Then, distilled H,O was
added drop by drop into a flask containing TBOT/EtOH
mixture under reflux and magnetic stirring. The molar
ratio of TBOT/EtOH/H,O was 1:1:65. The yellowish
transparent sol was yielded after continuously stirring
for 3 h. Then, TiO, xerogel was calcined at 450°C for 3 h
and TiO, nanoparticles were yielded. Ag/Zn-TiO,
nanoparticles were synthesized by the same method,
except that the water used for the synthesis contained
the required amount of AgNO; and Zn(NOj;),. The
components of mixed solution are listed in Table 1 (given
as molar ratio of doping silver and zinc).

2.2.2. Preparation of Ag/Zn-TiO, via sol-gel low-
temperature method in the presence of acetic acid under
0°C

According to Behnajady et al. [14], in order to pre-

pare TiO, nanoparticles by sol-gel low-temperature
method, titanium n-butoxide was slowly dissolved in

Table 1
kobs values for different photocatalysts in the photocatalytic
removal of MO

Catalyst Ag:Zn kobs

TiO, 0:0 0.059
Ag-TiO, 0.01:0 0.098
Ag-TiO, 0.03:0 0.13

Ag-TiO, 0.06:0 0.163
Ag-TiO, 0.09:0 0.181
Ag-TiO, 0.1:0 0.174
Zn-TiO, 0:0.01 0.081
Ag/Zn-TiO, 0.09:0.01 0.219
Ag/Zn-TiO, 0.09:0.02 0.242
Ag/Zn-TiO, 0.09:0.03 0.228
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glacial acetic acid (AcOH). After stirring for 5 min at
0°C, distilled water was added drop by drop to the
above solution under vigorous stirring conditions. The
molar ratio of TBOT/AcOH/H,O was 1:1:200. The
homogeneous solution was yielded after continuously
stirring for 1 h. Then, the obtained sol—solution was
kept in darkness for 12h for nucleation process.
Obtained solution was placed in an air oven at 70°C for
gelation procedure. The gel was then dried at 100°C for
overnight. Finally, the dry gel powder was calcined at
450°C for 3 h. Ag/Zn-TiO, nanoparticles (Ag 0.09 mol
%, Zn 0.02 mol%) were prepared via the same method,
except that the water used for the preparation con-
tained the required amount of AgNO; and Zn(NO3),.

2.3. Characterization of Ag/Zn-TiO, nanoparticles

The crystal phase composition and the crystallite
size of Ag/Zn-TiO, nanoparticles were recorded
using X-ray diffraction (XRD) (Siemens/D5000) with
CuKa radiation (0.15478 nm) in the 26 scan range of
15-70°. The structure and size of the prepared samples
were investigated using transmission electron micro-
scope (Philips CM-10 HT-100 kV). The chemical
composition of the prepared catalysts was analyzed
by an EDX system. BET measurement was performed
using Belsorp mini II instrument based on N, adsorp-
tion-desorption isotherms.

2.4. Photocatalytic degradation procedures

Photocatalytic removal of MO was conducted in a
batch quartz reactor. All photocatalytic experiments
were applied at ambient temperature and atmospheric
pressure. Artificial illumination was provided by 15 W
(UV-C) with a wavelength peak at 254 nm, which posi-
tioned above to the reactor. In each run, desired con-
centration of Ag/Zn-TiO, nanoparticles (400 mg L")
and MO was fed into the quartz tube reactor and
placed in the dark condition for 30 min with continu-
ous stirring for adsorption-desorption equilibrium and
then exposed to UV light irradiation [15]. Every 3 min
as interval time, a sample was withdrawn and cen-
trifuged to remove catalyst particles, and the concentra-
tion of MO was determined by UV-Vis Perkin-Elmer
550 SE spectrophotometer at wavelengths of 465 nm.

3. Results and discussion
3.1. Characterization of Ag/Zn-TiO, nanoparticles
3.1.1. X-ray diffraction

The phase composition and the crystallite size of
the synthesized samples were investigated by XRD
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analysis. The XRD patterns of Ag/Zn-TiO, powders
(Ag 0.09 mol%, Zn 0.02 mol%) synthesized by sol-gel
and sol-gel low-temperature methods are illustrated
in Fig. 1(a) and (b), respectively. All the peaks in the
XRD patterns can be indexed as anatase phases of
Ag/Zn-TiO,. The average crystal size was obtained
by Debye-Scherrer’'s formula given by following
equation [16]:

kA

" BcosO )
where D is the crystal size; 4 is the wavelength of the
X-ray radiation (1=0.15406 nm) for CuKe; K is usually
taken as 0.89; and f is the line width at half-maximum
height [17]. The crystallite size obtained using this for-
mula is 9 nm for sol-gel derived particles and 16.5 nm
in case of sol-gel low-temperature method-derived
particles. For both samples, Ag and Zn species were
not detected. It is related to low metal loading as well
as appropriate dispersion of metal ions on TiO, crystal
structure [18].

3.1.2. TEM analysis of prepared nanoparticles

TEM images provide adequate evidences to
investigate the morphology and the size of the
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Fig. 1. XRD patterns of Ag/Zn-TiO, nanoparticles

prepared by (a) sol-gel and (b) sol-gel low-temperature
methods.
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Fig. 2. TEM images of Ag/Zn-TiO, nanoparticles prepared by (a) sol-gel and (b) sol-gel low-temperature methods.

samples. TEM image of Ag/Zn-TiO, nanoparticles
(Ag 0.09 mol%, Zn 0.02 mol%) prepared by sol-gel
method is illustrated in Fig. 2(a). Clear global struc-
ture can be observed in TEM image. The mean size of
nanoparticles is estimated to be about 7-10 nm.
Fig. 2(b) shows TEM image of Ag/Zn-TiO, nanoparti-
cles prepared by sol-gel low-temperature method.
Agglomeration of sol-gel low-temperature derived
nanopowders is higher than that of sol-gel derived
nanopowders. As can be seen from the TEM image,
the average particle size is 14-18 nm. The crystallite
size of Ag/Zn-TiO, nanoparticles prepared by sol-gel
method is less than that of Ag/Zn-TiO, nanoparticles
prepared by sol-gel low-temperature method. This
difference in crystallite size could be ascribed to the
little aggregation of the nanoparticles obtained by
sol-gel method. The TEM results were in good agree-
ment with that calculated from the XRD pattern using
Scherrer equation.

3.1.3. Elemental analysis with energy-dispersive X-ray
spectroscopy (EDX):

The EDX data of Ag/Zn-TiO, nanoparticles
(Ag 0.09 mol%, Zn 0.02 mol%) prepared by sol-gel
method are illustrated in Fig. 3. TiO, shows a peak
around 0.5 keV, and another intense peak appears at
4.5 keV. The intense peak is assigned to TiO, in the
bulk form, and the less intense peak is assigned to
TiO, surface [19]. The existence of Ag* and Zn>* ions
in the solid catalyst can be confirmed by these results.
Detection of metals in very low content with this
analysis method is because of appropriate and uni-
form distribution of metals.

3.1.4. BET analysis

Fig. 4 shows nitrogen adsorption—desorption iso-
therms of Ag/Zn-TiO, nanoparticles (Ag 0.09 mol%,
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Fig. 3. EDX patterns of Ag/Zn-TiO, nanoparticles prepared by sol-gel method.
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Fig. 4. N, adsorption-desorption isotherms of Ag/Zn-TiO,
nanoparticles prepared by (a) sol-gel and (b) sol-gel low-
temperature methods.

Zn 0.02mol%) prepared by sol-gel and sol-gel
low-temperature methods. Both samples show type IV
isotherms. At high relative pressures from 0.55 to 0.85,
the shape of hysteresis loop is of type H2, implying
the existence of an ink bottle-type pores structure with
narrow necks and wide bodies, indicating that the
particles contain mesopores because of the aggregation
of crystallites [20]. The porous structure can help to
transport of reactant molecules and products through
the interior space because of the interconnected por-
ous frameworks and favor the harvesting of light
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because of large surface area and multiple scattering
within the porous network [21].

BET surface area and total pore volume for sol-gel
derived nanopowders (Ag 0.09 mol%, Zn 0.02 mol%)
were 98.61 m”’g ' and 0.185cm’g !, respectively,
which is higher than 61.5m*g ' and 0.127 ecm®g™" of
sol-gel low-temperature derived sample. The
increased surface area of sol-gel derived nanopowders
compared to sol-gel low-temperature-derived sample
is due to its increase in the mesopore size and meso-
pore volume [22]. It is known that heterogeneous
photocatalysis is affected mainly by surface area and
pore structure. Higher surface area and pore volume
is a main factor in the formation of photogenerated
electron-hole pairs.

3.2. Photocatalytic activity of prepared samples

The semi-logarithmic graph of the concentration of
MO in the presence of different photocatalysts vs. UV
light illumination time yield straight lines, which
confirm the pseudo-first-order kinetics for removal of
MO in this procedure. The pseudo-first-order rate con-
stant (kops) for photocatalytic removal of MO was
obtained from slope of the semi-logarithmic graphs.
Table 1 summarizes all the obtained k.., for removal
of MO in the presence of different samples.

Results in this table show that Ag-Zn/TiO, photo-
catalyst containing 0.09 mol% Ag and 0.02 mol% Zn
has better photocatalytic activity than TiO,, Ag/TiO,,
and Zn/TiO, in the removal of MO. Results in Table 1
indicate that k.s is increased significantly with
increasing in silver doping up to 0.09 mol%. Direct
calcination of the nanopowders containing Ag ions
can enable formation of Ag particles up 400°C via
thermal decomposition procedure [23]. Ag-doped TiO,
can indirectly modify the interfacial charge transfer
processes and also act as an efficient electron scav-
enger [24]. The Fermi levels of Ag is lower than the
CB of TiO, [25]. Therefore, photoexcited electrons can
be transferred from the CB of titanium dioxide to sil-
ver particles deposited on its surface, while photo-
generated VB holes stay on the photocatalyst.
Accumulated electrons on silver particles and holes on
TiO, can be used to carry out the reduction and
oxidation reaction, respectively. While holes on the
photocatalyst can be used to carry out the oxidation
reaction. So, recombination of photogenerated elec-
tron-hole can be prevented by doping of metals with
suitable work-function, which useful for higher photo-
catalytic activity.

However, Ag content more than 0.09 mol% lead to
decrease in the activity of photocatalyst due to
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following reasons: Reducing of active sites on the
photocatalyst surface in order to contact and adsorb of
dye and other species such as hydroxyl ions, decrease
of photogenerated e -h* pairs because of screening
the TiO, surface from light absorption aggregation of
silver particles and decrease of homogeneous distribu-
tion of dopant, and also the negatively charged Ag
sites can act as a recombination center [26,27].

Results in Table 1 also show the effect of zinc
dopant concentration on photocatalytic activity of
Ag/TiO; in the fixed silver content at optimum value
(0.09 mol%). From this figure, the photoactivity is
enhanced with doping of small amount of zinc
(0.02 mol%), but when the amount of Zn was more
than 0.02 mol%, the photocatalytic activity reduced
significantly. Zn similar to Ag because of lower Fermi
level than TiO, can capture the photoinduced
electrons. While at high zinc doping, the excessive Zn
species act as a significant center for electron-hole
recombination [28]. Lower optimum value for Zn in
the co-doped system can be attributed to the existence
of silver in the adjacent of zinc. It is known that ionic
radius of impregnated metal ion is a main factor
influences photocatalytic activity of TiO, [29]. The
impregnated metal ions with higher ionic radius than
Ti*" (such as Ag) in the interstitial positions are more
useful in photoactivity than the metal ions with ionic
radius close to Ti*" (such as Zn) which can occupy the
substitutional positions. The impregnated metal ions
in the interstitial positions cause better charge
separation and less electron-hole recombination.
According to these investigations, Ag in the interstitial
positions and Zn in the substitutional positions can
separately capture photoproduced electrons and inhi-
bit electron-hole recombination and consequently
improve photoactivity.

3.2.1. Effect of preparation method on the photocatalytic
activity of Ag/Zn-TiO, nanoparticles

The preparation method of Ag/Zn-TiO, nanoparti-
cles was assigned as an important factor which can
affect the efficiency of photocatalyst. From Fig. 5, the
photocatalytic activity of Ag/Zn-TiO, nanoparticles
(Ag 0.09 mol%, Zn 0.02 mol%) prepared by sol-gel
method is higher than that of Ag/Zn-TiO, nanoparti-
cles prepared by sol-gel low-temperature method. It is
known that photoactivity of photocatalyst depends on
the crystalline size, surface area, total pore volume,
and morphology of sample [30]. Particle size is a main
parameter influencing photocatalytic efficiency, since
the electron-hole recombination rate may depend on
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Fig. 5. Photocatalytic removal of MO in the presence of
Ag/Zn-TiO, nanoparticles prepared by (a) sol-gel and (b)
sol-gel low-temperature methods.

the particle size [31,32]. Partial variations in particle
sizes lead to significant modifications in the surface/
bulk ratio, thus influencing the recombination rates of
volume and surface electrons and holes [33]. Sol-
gel-derived nanoparticles with small particle size can
decrease the electron-hole recombination rate. Further-
more, higher degradation efficiency of sol-gel-derived
nanoparticles could be related to larger surface area
and total pore volume compared to another sample.
Large specific surface area allows more dyes to be
absorbed onto the surface of Ag/Zn-TiO, nanoparti-
cles, while high pore volume (mesopores) allows fast
diffusion of different liquid reactants and products
during the photocatalytic reaction, which can enhance
the rate of photocatalytic degradation [34,35]. The
results revealed that the sol-gel method for prepara-
tion of TiO, nanoparticles can produce photocatalyst
with better activity.

3.2.2. Kinetic study as function of initial dye
concentration

The influence of initial dye concentration was
investigated in the range of 10-40 mgL™". The plot
of In (Cy/C) vs. time for all the tests with various
dye concentration is shown in Fig. 6. The values of
kobs can be obtained by applying a least square
regression analysis. As can be seen from Fig. 7, the
value of k,ps is decreased by increasing initial dye
concentration. This behavior can be due to following
reasons:
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Fig. 6. Determination of the pseudo-first-order kinetic rate
constant, kops: (a) sol-gel and (b) sol-gel low-temperature
methods.

e With increasing of dye concentration, more and
more pollutant molecules are adsorbed on the
surface of Ag/Zn-TiO, nanoparticles. Therefore,
the generation of active species such as "“OH will
be decreased [36].

e With increasing of dye concentration, the solu-
tion becomes impermeable to UV radiation
because the molar extinction coefficient of MO at
wavelength of UV light (254 nm) is very high;
therefore, the photons get intercepted before
they can reach Ag/Zn-TiO, nanoparticles
surface [37].

Classic Langmuir-Hinshelwood (L-H) mechanism
can be applied to explain the kinetic of the photo-
catalytic removal of most organic dyes which in
terms of degradation kinetics can be described as
follows [38]:
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Fig. 7. Determination of the adsorption equilibrium con-
stant, kqye, and the second-order rate constant, k¢, for the
Langmuir-Hinshelwood kinetic model: (a) sol-gel and (b)
sol-gel low-temperature methods.

kckgye (C)
= 2
’ 1+ kdye(CQ)
L . )

kobs - kadye E

In these equations, k4ye and kc are the adsorption
equilibrium constant and surface reaction rate
constant, respectively. kgye and kc can be calculated
using the resulted data from photocatalytic tests with
different initial dye concentrations and plotting 1/kops
vs. Cyp. A straight line fitted the experimental data
indicates that photodegradation of MO follows
Langmuir-Hinshelwood kinetics (Fig. 7). From the
slope and the intercept of this line, kc and kgy. were
computed. Table 2 reports the values of kc and kgye
for both samples resulting from plot of ﬁ vs. “Cy”.

3.2.3. Recycling of Ag/Zn-TiO, nanoparticles

In order to investigate whether Ag/Zn-TiO,
nanoparticles (Ag 0.09 mol%, Zn 0.02 mol%) can be
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Table 2
kaye and kc values in photocatalytic removal of MO by
prepared samples

kC kdye
Sol-gel derived nanoparticles 495 0577
Sol-gel low-temperature derived 251 0.875
nanoparticles
0.25
02
-~ 015
g
)
5 01
Mn
0.05
0
1 2 3 4 5

Catalytic cycle

M Sol-gel derived nanoparticles

MW Sol-gellow t derived particles

Fig. 8. Catalytic yields of 400 mgL™" of Ag/Zn-TiO, as a
function of its reuse of 20 mgL™' of MO photocatalytic
removal.

reused after ~ photodegradation,  Ag/Zn-TiO,
nanoparticles were used and recycled for consecutive
reuse on MO removal. The reaction was repeated up to
five times, and the efficiency of the process was
investigated and compared between the reuse cycles.
From Fig. 8, Ag/Zn-TiO, nanoparticles demonstrated
good stability after recovery. As can be seen that, after
three cycles, the efficiency markedly decreased.
Agglomeration and sedimentation of MO molecules
around Ag/Zn-TiO, nanoparticles after each cycle of
photocatalytic reaction is a possible reason of the
observed decline on the photocatalytic activity, because
each time Ag/Zn-TiO, nanoparticles are reused new
parts of photocatalysts surface become unavailable for
pollutant adsorption and thus photon absorption,
reducing the efficiency of the photocatalyst.

4. Conclusions

We have successfully prepared Ag/Zn-TiO,
nanoparticles by different methods. Structure and
morphology of samples were characterized using
various techniques. The crystal size, surface area, and
pore volume strongly were affected by preparation
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method. The experimental results showed that
photocatalytic activity of Ag/Zn-TiO, nanoparticles
prepared by sol-gel method is more than that of
Ag/Zn-TiO, nanoparticles prepared by sol-gel
low-temperature method. The recycling of both
samples can be carried out with the photocatalyst
being able to be adequately used in other reactions.
Based on this research work, we conclude that better
crystallinity, high-specific surface area, and the
morphology correlate with the photocatalytic activity.
As technical advantages, this study provides an
approach for highly efficiency method to synthesize
high active anatase photocatalyst.
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