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ABSTRACT

Ag@AgClI-MWCNT nanocomposites were prepared using an in situ oxidation method.
Different techniques, such as XPS, XRD, Pl, TEM, UV-vis spectroscopy, and BET, were
employed to characterize Ag@AgCl and Ag@AgCI-MWCNT nanocomposites. The analytical
results demonstrated that the addition of MWCNT improved the dispersion of Ag and
AgCl. The photocatalytic performance of Ag@AgCl and Ag@AgCI-MWCNT nanocomposites
was studied by measuring the degradation of cyanide under visible light irradiation. The
addition of MWCNT to Ag@AgCl increased the photocatalytic performance of the nanocom-
posites. Specifically, the photocatalytic degradation of Ag@AgCl nanoparticles was lower
than that of Ag@AgCI-MWCNT nanocomposites because the addition of MWCNTSs pro-
moted the separation of electrons and holes. The degradation of cyanide by Ag@AgCl-
MWCNT nanocomposites followed first-order reaction kinetics.
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1. Introduction

Cyanide (CN) is an inorganic pollutant that is
released into the aquatic environment from different
anthropogenic sources. For example, cyanide is pro-
duced in various industries, such as photography,
pharmaceuticals, plastics, ore leaching, metal mining,
finishing, cleaning, plating, processing, electroplating,
automobile parts manufacture, steel milling, steel tem-
pering, and coal coking [1-3]. CN typically exists in
several different forms, such as simple salts (KCN or
NaCN and HCN) or complexes [2-8]. CNs are weakly
bonded within soils and form complexes with metals
such as copper, iron, zinc, and nickel, which are often
found in industrial effluents and remain in the water.

*Corresponding author.

CN anion and hydrogen cyanide are considered
the most toxic form of cyanide. CN forms a weak acid
dissociable complex with Cu, Cd, Zn, and Ni [6,7] and
a strong acid dissociable complex with Au, Co, Ag,
and Fe [6,7]. CNs also exist as organic compounds,
such as propionitrile and acrylonitrile [9].

The concentration of cyanide in the environment
primarily depends on the type of human activities.
The normal cyanide level of unpolluted streams and
lake waters is approximately 0.001-0.05 ppm [10]. The
cyanide concentration range for regular industrial
effluents is between 0.01 and 10 ppm [10], while the
cyanide concentration for the industrial effluent of an
electroplating plant is approximately 100,000 ppm
[10]. Hence, effluents from different industries must
be treated prior to release, and the minimum cyanide
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concentration of wastewater for discharge into sewers
is strictly controlled in many countries. For example,
the proposed limits for the total cyanide content of
aquatic biota and drinking water are 50-200 ppm,
respectively, according to the US Environmental
Protection Agency. Likewise, German and Swiss regu-
lations limit the cyanide concentration to 0.01 ppm for
surface water and 0.5 ppm for sewer water [11].

Accordingly, cyanide removal, degradation, and/
or recycling are crucial for reducing the cyanide con-
centration of aquatic environments to meet regulatory
limitations. Therefore, before discharging into the
environment, cyanide must be removed from effluent.
Different treatment methods for the removal of cya-
nides are known, including physical removal, adsorp-
tion, complexation, and oxidation [12-14]. Alkaline
chlorination is the most common technique for the
removal of cyanide. However, toxic cyanogens are
evolved in this process, and chlorination increases the
total dissolved solids content of the water [15].

Another method of contaminant removal is the
photocatalytic degradation of pollutants. When solar
light is used for degradation, these methods are even
more economical and widely applicable [16]. Titanium
dioxide is the most common photocatalyst [17-21]
because it is nontoxic and can be used many times
without reducing the photocatalytic activity. Com-
pared to conventional treatment methods, which are
less efficient, the use of TiO, particles for the photocat-
alytic degradation of dyes under UV or visible light
(VL) has attracted significant attention [19,20].

Nevertheless, TiO, is rarely used as a photocata-
lyst for wastewater treatment due to its low effective-
ness in photodegradation [22]. Many researchers
have devoted their efforts to enhance the photodegra-
dation efficiency of TiO, by deposition and the use
of metal dopants [23-27], which only slightly
enhanced the TiO, photocatalytic activity or even
decreased the efficiency [28]. The photocatalytic activ-
ity of ZnO or TiO, could be enhanced by adding
adsorbents such as zeolites, clay, silica, alumina, and
glass [29-34].

Currently, many studies have shown that activated
carbons can be used as co-adsorbents to enhance the
photocatalytic activity of TiO, due to their high
adsorption capacity and porous structure [30-35].
Many mechanisms have been proposed to explain the
removal of organic compounds by titania photocata-
lysts. For instance, one mechanism suggests that the
degradation of organic compounds may be initiated
by free radicals such as HO" [36]. In another mecha-
nism, organic compounds adsorb on the surface of the
photocatalyst, and excited superficial e-/h"™ pairs or
HOr radicals react with the pollutant [37]. Neverthe-
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less, few studies have reported the adsorption kinetics
of organic compounds on photocatalysts [38-40].

Carbon nanotubes (CNTs) have attracted the atten-
tion of scientists all over the world due to their unique
1-D structure, electronic properties, and extraordinary
mechanical properties, which has enabled their use in
different applications. Many advanced composites con-
tain CNTs due to their high mechanical strength [41].
CNTs may be metallic, semi-metallic or semi-conduct-
ing, depending on the tube diameter [42], allowing
their use in nanoscale electronic devices. Due to the
hollow and layered structures of CNTs, as well as their
large specific surface area, CNTs are excellent materials
for the storage of hydrogen [43]. Moreover, CNTs have
been successfully used as high efficiency adsorbents for
different pollutants [44-49]; thus, CNTs are considered
promising materials for environmental remediation.

Recently, considerable effort has been devoted to
the design of Ag/AgX (X = Cl, Br, I) composite materi-
als due to the surface plasmon resonance of metallic
Ag [48,50-53], which can dramatically enhance the
absorption of VL and provide new opportunities for
the development of VLD photocatalysts [54]. For exam-
ple, Ag/AgX (X =Cl, Br) [55], Ag/AgBr/TiO, [52,56],
and Ag@AgCl grafted onto graphene sheets [57] have
shown enhanced VLD photocatalytic activity for the
degradation of various organic pollutants in water.

Zhang et al. developed an effective photocatalytic
bacterial inactivation method wusing a AgBr-Ag-
Bi;,WOs nanojunction system under VL irradiation
(completely killed 5 x 10” cfu mL™" Escherichia coli K-12
within 15 min) [58]. Hu et al. prepared a novel Ag/
AgBr/TiO, photocatalyst, which showed high inacti-
vation efficiency for E. coli under VL irradiation [52].

However, photo-induced charge-transfer behavior
limits the photoconversion efficiency, and the reusabil-
ity of Ag/AgX is not acceptable [52,58]. Therefore,
loading Ag/AgX onto a suitable supporting material
may be an ideal solution for overcoming the above-
mentioned drawbacks of this type of photocatalyst.

In the present study, different Ag@AgCI-MWCNTs
were synthesized by the sol-gel technique. The
prepared nanocomposites were characterized using
various analytical tools and were evaluated for the
photocatalytic degradation of cyanide in wastewater.

2. Experimental
2.1. Catalyst preparation
2.1.1. Materials

High purity multi-walled carbon nanotubes
(MWCNTs) were purchased and used as received.
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Ethylene glycol (EG), silver nitrate, anhydrous ethanol,
sodium nitrate, ferric chloride, and ethanol were
obtained from Sigma-Aldrich.

2.1.2. Preparation of Ag

AgNO; was added to 40 mL of EG, and the mix-
ture was stirred vigorously for 10 min. The resulting
solution was heated to 180°C for 2 h. Finally, the Ag
nanoparticles were separated, washed with ethanol,
and dried at 60°C for 8 h.

2.1.3. Preparation of Ag-MWCNT

First, 0.5 g of MWCNTs were added into 40 mL of
EG, and the mixture was stirred vigorously for
10 min. The resulting solution was heated to 180°C for
2 h. AgNO; was added, and the mixture was stirred
for 30 min. The final suspension was cooled to room
temperature and was washed separately three times
with water and ethanol. Lastly, the composite was
dried at 60°C.

2.1.4. Preparation of AQ@AgCI-MWCNT

Ag@AgCl-MWCNT nanocomposites were synthe-
sized using an in situ oxidation method. Ag-MWCNT
powder was added to 20 mL of EG and was mechani-
cally stirred for 20 min to obtain any evenly dispersed
solution. Next, 5mL of FeCl; (Fe:Ag=0.9:1) was
added into the solution, which was maintained at a
temperature of 25°C for 10 min. Finally, the resulting
precipitate was quickly centrifuged, washed, and
dried at 60°C for 8 h. For comparison, Ag@AgCl was
prepared according to the above method without
using MWCNTs. In addition, the weight percent
(wt.%) of MWCNT was varied to produce nanocom-
posites with different MWCNT contents, including 0,
1,2, 3, and 4 wt.% MWCNT.

2.2. Photocatalyst characterization

A Bruker Axis D8 wusing Cu Ka radiation
(2 =1.540 A) was used to determine the X-ray diffrac-
tion patterns of Ag@AgCl and Ag@AgCI-MWCNT
nanocomposites. A Nova 2000 series Chromatech
apparatus was used to measure the BET surface area
of Ag@AgCl and Ag@AgCl-MWCNT nanocomposites.
Prior to measurement, the samples were heated under
vacuum for 3 h at 200°C. A UV/Vis/NIR spectropho-
tometer (V-570, JASCO, Japan) was used to measure
the band gap energy of Ag@AgCl and Ag@AgCl-
MWCNT nanocomposites, and a JEOL-JEM-1230
microscope was used to determine the shape and par-
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ticle sizes of the nanocomposites. Prior to analysis, the
samples were dispersed in ethanol for 30 min, and a
small portion of the samples was placed on a carbon-
coated copper grid. A Thermo Scientific K-ALPHA,
X-ray photoelectron spectroscope (XPS), England, was
used to determine the elemental composition of the
sample. Photoluminescence emission spectra were
measured using a Shimadzu RF-5301 fluorescence
spectrophotometer.

2.3. Photocatalytic activity

The use of the nanocomposites as catalysts for the
photodegradation of cyanide was investigated under
VL. The experiments were carried out using a hori-
zontal cylinder annular batch reactor. The photocata-
lyst was irradiated with blue fluorescent light (150 W),
and the reactor was covered with two UV filters. The
intensity of the UV light was confirmed to be less than
the detection limit (0.1 mW/cm?) of the UV radiome-
ter. In a typical experiment, the catalyst was sus-
pended in 300 mL of a potassium cyanide (KCN)
solution (100 mg/L, pH 10.5, to avoid the evolution of
HCN gas), which was adjusted using a solution of
ammonia. The reaction was carried out isothermally at
25°C, and samples of the reaction mixture were taken
at different intervals for a total reaction time of one
hour. The CN,, concentration of the samples was
estimated by volumetric titration with AgNO;, using
potassium iodide to determine the endpoint of the
titration. The removal efficiency of CN(,, was mea-
sured by applying the following equation:

% Removal efficiency = (C, — C)/C, x 100 (1)

where C, is the initial concentration of uncomplexed
CN(, in solution and C is the concentration of non-
oxidized CN,, in solution.

The photocatalytic reaction was carried out in the
absence of irradiated light and in the presence of
the photocatalyst to study the adsorption efficiency.
The reaction was also repeated in the presence of irra-
diated light and in the absence of the photocatalyst to
determine if degradation occurred due to light only.
No reaction was observed due to adsorption or light
only.

To study the effect of the MWCNT content on the
photocatalytic performance of Ag@AgCl for the
degradation of cyanide, experiments were carried out
under the following conditions: KCN concentra-
tion = 100 ppm of KCN; volume of KCN solu-
tion = 500 mL; pH of KCN solution = 10.5; weight of
the photocatalyst = 0.3 g; light source = visible light.
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To determine the effect of the amount of Ag@AgCl-
MWCNT-3 wt.% on the degradation of cyanide,
experiments were carried out under the following
conditions: concentration of KCN =100 ppm; volume
of KCN solution =500 mL; pH of KCN solution =
10.5; photocatalyst = Ag@AgCI-MWCNT-3 wt.%; light
source = visible light.

3. Results and discussion

3.1. Characterization of AQ@AGCI and Ag@AgCI-MWCNT
nanocomposites

The XRD patterns of Ag@AgCl and Ag@AgCl-
MWCNT nanocomposites are shown in Fig. 1. A peak
for MWCNT was not observed due to the excellent
distribution of MWCNT on the surface of AgCl or the
low MWCNT content. The characteristic peak for the
AgCl phase (JCPDs file, 31-1238) (27.8°, 32.3°, and
46.3°) appeared in all of the samples, and the charac-
teristic diffraction peak of Ag (JCPDS file, 65-8428)
facets at 37.8° was also detected. The characteristic
peak of AgCl became broader as the weight percent-
age of MWCNT increased, indicating that the crys-
talline size of AgCl decreased with an increase in the
MWCNT content.

The XPS spectra for Ag@AgCI-MWCNT-3 wt.% are
shown in Fig. 2. As shown in Fig. 2(A), which dis-
plays the XPS spectra for Ag 3d, the Ag 3d spectrum
consisted of two individual peaks at approximately
367.8-373.8 eV, which were attributed to the binding
energies of Ag 3d5/2 and Ag 3d3/2, respectively.

AgCI(200)
AgC (111) AgCI (220) Ag@AgCI
Ag(111) J hoc <31A1)Cl (222)
19 ) )
g U ‘ Ag@AgCI-MWCNT(1 wt%)
} I . A A
‘@
3 Ag@AgCI-MWCNT(2 wt%)
= u J J . A
Ag@AgCI-MWCNT(3 wt%)
J Ll . L
l Ag@AgCI-MWCNT (4 wt%)
L LI—J L 1 L 1 J:_l 1 L 1 .JL 1 L
20 30 40 50 60 70 80 90
20/degree

Fig. 1. XRD patterns of Ag@AgCl and Ag@AgCI-MWCNT
nanocomposites with different wt.% of MWCNT.
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Each peak was further deconvoluted into two peaks,
yielding two doublets. The first doublet at 367.8 and
373.8 eV, which occupied a larger area, was attributed
to Ag'* from AgCl, while the smaller doublet at 368.8
and 374.8 eV was assigned to metallic Ag0 [48,59,60].
Fig. 2(B) shows the XPS spectra for Cl 2p. Two peaks
were observed at binding energies of 198.2-199.7 eV
and were assigned to the characteristic doublets of ClI
2p3/2 and Cl 2p1/2, respectively [48,59,60]. The XPS
spectra for Ag 3d and Cl 2p confirmed that the
obtained product consisted of metallic Ag and AgCl
[48,59,60]. Fig. 2(C) shows the XPS spectra for the Cls
of MWCNT and Ag@AgCI-MWCNT. The Cls XPS
spectrum of Ag@AgCI-MWCNT exhibited C-O and
C=0 functionalities, and their peak intensities were
smaller than those of MWCNT.

The TEM images of Ag@AgCl and Ag@AgCl-
MWCNT are shown in Fig. 3. The results demon-
strated that the dispersion of Ag@AgCl on the surface
of the MWCNTs increased as the wt % of MWCNT
increased from 1 to 3 wt.%, as shown in Fig. 3(B)-(D).
However, when the wt% of MWCNT was greater
than 3%, a significant effect on the dispersion of
Ag@AgCl was not observed, as shown in Fig. 3(E).

The BET surface area of Ag@AgCl and Ag@AgCl-
MWCNT are shown in Table 1. The results revealed
that the addition of MWCNT to Ag@AgCl increased
the BET surface area. Specifically, the BET surface area
of Ag@AgCl increased from 6.4 to 7.7, 8.3, 9.6, and
10.1 m?/g as the wt.% of MWCNT increased from 0 to
1, 2, 3, and 4, respectively.

Fig. 4 shows the UV-vis spectra of Ag@AgCl and
Ag@AgCl-MWCNT. The results demonstrated that the
absorption edges of Ag@Ag(l shifted to longer wave-
lengths as the wt.% of MWCNT increased from 0 to
3 wt.%. However, the absorption edges of Ag@AgCl
remained unchanged when the wt.% of MWCNT was
greater than 3 wt.%, as shown in Fig. 4. The band gaps
of Ag@Ag(Cl and Ag@AgCI-MWCNT, which were
calculated from the UV-vis spectra results, were 2.5,
2.31, 2.11, 1.97, and 1.95 eV for Ag@AgCl, Ag@AgCl-
MWCNT-1 wt.%, Ag@AgCl-MWCNT-2 wt.%, Ag@Ag
CI-MWCNT-3 wt.%, and Ag@AgCI-MWCNT-4 wt.%,
respectively.

The Pl spectra of Ag@AgCl and Ag@AgCl-
MWCNT are shown in Fig. 5. The results demon-
strated that the Pl emission intensity of Ag@AgCl
decreased as the wt.% of MWCNT increased from 0 to
3wt.%. However, the Pl emission intensity of
Ag@AgCl remained unchanged when the wt.% of
MWCNT was greater than 3 wt.%, as shown in Fig. 5.
Thus, MWCNT trapped electrons, which increased the
life time of electron-hole recombination.
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Fig. 2. XPS spectra of Ag@AgCI-MWCNT-3 wt.%: (A) Ag 3d, (B) CI 2p, and (C) Cls.

3.2. The photocatalytic performance for the degradation of
cyanide

3.2.1. Effect of the wt.% of MWCNT on the
photocatalytic performance of Ag@AgCI for the
degradation of cyanide

Fig. 6 shows the effect of the wt.% of MWCNT on
the photocatalytic performance of Ag@AgCl. As the
wt.% of MWCNT increased from 0 to 3 wt.%, the pho-
tocatalytic performance of Ag@AgCl increased from
45 to 98%, respectively. However, increasing the con-
tent of MWCNT to more than 3 wt.% did not have a
significant effect on the photocatalytic performance of
Ag@AgCl. To confirm the complete degradation of
cyanide into CO, and N,, gases obtained from the
photocatalytic process was passed through a flask con-
taining 0.2 M sodium hydroxide, to which a solution
of barium nitrate was added, leading to the formation
of a white precipitate, which was examined by XRD.
Fig. 7 shows the XRD pattern of the white precipitate.
The results revealed that the pattern of the white pre-
cipitate were indicative of barium carbonate; therefore,
carbon dioxide was one of the products obtained by
the photocatalytic degradation of cyanide.

The reaction order with respect to cyanide was
determined by plotting the reaction time vs. log

[cyanide] for Ag@AgCl and Ag@AgCI-MWCNT,
according to the following equation:

Log|(C], = —kt + Log[C], (2
where [C], and [C]; represent the concentration of the
substrate in solution at time zero and the concentra-
tion of the substrate at the time of illumination,
respectively, and k represents the apparent rate con-
stant (min~"). The apparent rate constants are summa-
rized in Table 2. The results showed that the reaction
followed first-order kinetics with respect to cyanide,
and the rate constants ranged between 1,282 x 107
and 3,911 x 10° min~". The first-order rate equation
for cyanide was expressed as: R = k [cyanide]. The rate
of the reaction for Ag@AgCI-MWCNT-3 wt.% was
approximately three times greater than that of
Ag@AgCl.

3.2.2. Effect of the amount of AQ@AgCI-MWCNT-3
wt.% on the degradation of cyanide

The effect of the amount of Ag@AgCI-MWCNT-3
wt.% on the degradation of cyanide is shown in
Fig. 8. As the amount of Ag@AgCI-MWCNT-3 wt.%
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Fig. 3. TEM images of Ag@AgCl (A), Ag@AgCI-MWCNT-1wt.% (B), Ag@AgCI-MWCNT-2wt.% (C), Ag@AgCl-

MWCNT-3 wt.% (D), and Ag@AgCI-MWCNT-4 wt.% (E).

increased from 0.3 to 0.6 g/L, the photocatalytic per-
formance increased from 84 to 98%, respectively.
Moreover, the reaction time decreased from 60 to
40 min as the amount of Ag@AgCl-MWCNT-3 wt.%
increased from 0.6 to 0.9 g/L, respectively. The
observed decrease in the reaction time due to an

increase in the photocatalyst rose from 0.3 to 0.9 g/L
was attributed to an increase in the number of active
sites, which improved the photocatalytic activity.
However, when the amount of Ag@AgCl-MWCNT-
3wt.% was greater than 0.9 g/L, the reaction time
increased from 40 to 60 min because the high
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Table 1

BET surface area of Ag@AgCl and Ag@AgClI-MWCNT
nanocomposites

Sample Sper (M?/g)
Ag@AgCl 6.4
Ag@AgCI-MWCNT (1 wt.%) 7.7
Ag@AgCI-MWCNT (2 wt.%) 8.3
Ag@AgCI-MWCNT (3 wt.%) 9.6
Ag@AgCI-MWCNT (4 wt.%) 10.1

Absorbance, a.u.

—— Ag@AgCI-MWCNT (4 wt%)
—— Ag@AgCI-MWCNT(3 wt%)
—— Ag@AgCI-MWCNT(2 wt%)
—— Ag@AgCI-MWCNT(1 wt%)
— Ag@AgClI

250 300 350 400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Fig. 4. UV-vis spectra of Ag@Ag Cl and Ag@AgCl-
MWCNT with different wt.% of MWCNT.

Intensity (a. u.)

Ag@AgCI

Ag@AgCI-MWCNT(1 wt%)
Ag@AgCI-MWCNT(2 wt%)
Ag@AgCI-MWCNT(3 wt%)
Ag@AgCI-MWCNT (4 wt%)

1 A 1 A 1
510 540 570

1 . 1 . 1
630 660 690

Wavelength (nm)

Fig. 5. Pl spectra of Ag@AgCl and Ag@AgCI-MWCNT

with different wt.% of MWCNT.
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Fig. 7. XRD patterns of the white precipitate.

Table 2
Rate constant and reaction
cyanide by Ag@AgCl and
posites

kinetics of the degradation of
Ag@AgCl-MWCNT nanocom-

Catalyst kx 107> (min™")
Ag@AgCl 1,282
Ag@AgCI-MWCNT (1 wt.%) 1,838
Ag@AgCI-MWCNT (2 wt.%) 2,457
Ag@AgCI-MWCNT (3 wt.%) 3,800
Ag@AgCI-MWCNT (4 wt.%) 3,911
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Fig. 9. The photocatalytic degradation of cyanide using
Ag@AgCl-MWCNT-3 wt.% after five cycles.

photocatalyst content hindered the penetration of light
to the photocatalyst surface. As a result, the reaction
time increased and the photocatalytic activity
decreased. Thus, the optimum amount of Ag@AgCl-
MWCNT-3 wt.% was 0.9 g/L.

3.2.3. Photocatalytic stability

The photocatalytic degradation of cyanide using
Ag@AgCI-MWCNT-3 wt.% after five cycles is shown
in Fig. 9. The results demonstrated that the photocat-
alytic performance of Ag@AgCl-MWCNT-3 wt.% did
not change after five runs, which indicated that
Ag@AgCI-MWCNT-3 wt.% was stable after reuse.
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4. Conclusions

Ag@AgCI-MWCNT nanocomposites were pre-
pared using an in situ oxidation method. Different
techniques, such as XPS, XRD, Pl, TEM, UV-vis
spectroscopy, and BET, were used to characterize
Ag@AgCl and Ag@AgCl-MWCNT nanocomposites.
The results demonstrated that the wt.% of MWCNT
was an important parameter for controlling the BET
surface area, band gap, dispersion, and particle size of
Ag@AgCl. The addition of MWCNT to Ag@AgCl
shifted the absorption edges of Ag@AgCl to longer
wavelengths, which increased the photocatalytic
performance of Ag@AgCl for the degradation of
cyanide under VL. The photocatalytic performance of
Ag@AgCl-MWCNT was excellent because the addition
of MWCNTs enabled the trapping of photogenerated
electrons,  promoting electron-hole  separation.
Ag@AgCI-MWCNT nanocomposites showed high sta-
bility after being reused five times for the degradation
of cyanide under VL irradiation.
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