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ARTICLE INFO ABSTRACT

Silver vanadium oxides have received remarkable attention in recent years because of their stability, suitable
band gaps, and relatively superior photocatalytic abilities. This study reports the synthesis of silver vanadates by
the hydrothermal method and the investigation of their photocatalytic abilities for removing crystal violet (CV)
and atrazine pollutants under visible-light irradiation. The as-prepared silver vanadates are characterized by X-
ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and UV-vis
diffuse reflectance spectra (DRS). Crystal violet and atrazine could be successfully degraded in the presence of
the silver vanadate catalyst under visible-light irradiation. The obtained results show complete degradation of
crystal violet after 24 h of treatment and over 97% degradation of atrazine after 72h. The as-prepared silver
vanadate materials show extremely high catalytic stability and maintain stable activity after three catalytic
cycles. The scavenger studies indicate that "O,~ radicals are the main active species in the degradations of CV
and atrazine, while "OH and h* play an assistant role in these processes. Liquid chromatography coupled with
electrospray ionization mass spectrometry is used to analyze the samples obtained from the photocatalytic de-
gradation of CV and atrazine. The degradation pathways of atrazine are evaluated suggesting two different
routes including dechlorination-hydroxylation and alkylic-oxidation—de-alkylation. On the other hand, the de-
gradation of the CV takes place via N-de-methylation in a stepwise manner generating the various N-de-me-
thylated intermediate CV species. The excellent activity and photostability reveal that silver vanadates (in-
cluding Ag4V,07) are promising visible-light-responsive photocatalysts for water and wastewater treatment.
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1. Introduction

Semiconductor photocatalysts have attracted strong attention due to
their efficiency in environmental purifications and splitting of water
into hydrogen and oxygen gases [1-4] in addition to the importance of
catalysis in various domains of research. Silver-based oxides, with the
unique hybridized valence bands (O 2p and Ag 4d orbitals), exhibit a
narrow band gap (<3 eV) and highly dispersed valence bands (VB),
resulting in useful photoabsorption ability and high mobility of pho-
toholes, respectively. Therefore, these materials are prospective can-
didates as visible-light-sensitive photocatalysts in interesting applica-
tions [5-7]. Among the different silver-based semiconductors, the
efficiency of silver vanadium oxide materials (silver vanadates, SVO) in
photocatalytic applications using visible irradiation has been

documented, owing to their narrow band gap and good crystallization
[8-11]. SVO materials are among the most complex metal oxides, with
a number of phases present even in the case of a single atomic com-
position [12,13]. Moreover, SVO semiconductors exhibit a band gap
transition that allows strong absorption in the visible light region [14].
They also have potential uses in rechargeable high-energy density li-
thium batteries, solar energy conversions, and sensors [15-18].
Significant effort has been devoted in the past years to synthesize
different types of silver vanadates as well as different morphologies
[19-21]. Nevertheless, there are few studies that describe the impact of
the preparation factors on these vanadates such as the ratio of the silver
and vanadium sources, which has not yet been probed, and the effect of
the pH on the preparation [22]. Specifically, there exist four main types
of silver vanadates: AgVOs, Ag,V4011, AgsVO,, and Ag,V,0,. Among
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Table 1
Catalyst codes and crystalline phases of the silver vanadate samples prepared
under different reaction conditions.

Catalyst code Molar ratio pH Crystalline phase
AglV1-5 1:1 5 AgVO3

Aglv1-7 1:1 7 AgVOs3

Ag1V1-9 1:1 9 AgVOs

Ag2V1-5 2:1 5 Ag4V20,

Ag2V1-7 2:1 7 AgaV,0,

Ag2Vv1-9 2:1 9 Ag4V,0,

Ag3V1-5 31 5 Ag4V,0,

Ag3V1-7 3:1 7 AgaV,0, + AgsVO,
Ag3V1-9 31 9 Ag4V,0; + Ag3VO,

them, AgzVO,4 shows the highest photocatalytic activity. Research has
generally overlooked the activity of Ag,V,0,, which often coexists with
AgsVO0,, and investigations that focus on the photocatalytic efficiency
of Ag,V,0, are hitherto limited [11,14,23]. Wang et al. have shown that
pure Ag,V-0, materials prepared by the hydrothermal method exhibit
high photocurrent response, strong absorption in the region of visible
light, and high catalytic efficiency in RhB photodegradation using
visible irradiation [22]. Hence, Ag4V,0, has potential applications as
visible-light-sensitive photocatalysts in the removal and decomposition
of organic pollutants. In the continuity of our research related to pho-
tocatalysis and degradation of contaminants [24-28], we have been
interested in the preparation of Ag,V,0, and its applications in the
photocatalytic decomposition of toxic molecules under visible-light ir-
radiation.

Considering organic contaminants, atrazine herbicides are widely
used to control grassy weeds in cotton, corn, soybean, rice, and wheat
crop fields. Currently, around forty types of common herbicides contain
atrazine as one of the basic ingredients, and more than sixty countries
utilize this organic compound [29]. Atrazine and its byproducts are
known to be mutagens, possible carcinogens, and endocrine disruptors
that persist in the environment, making their way into both surface and
ground water [30,31]. These compounds have been frequently detected
in water supplies causing serious pollution problems, especially due to
their long half-lives. According to USEPA, long exposure to atrazine has
led to mammary gland tumors and endocrine perturbations in studies
carried out on animals. Moreover, even low quantities of atrazine can
adversely influence the sexual development of amphibians [32]. Hence,
the negative impact of atrazine and similar pollutants on ecosystems
and human health urges further investigations in order to develop ef-
ficient and environmentally friendly technologies for water treatment.

On the other hand, dyes constitute a widely used class of chemicals
for industrial and medicinal uses [33-38]. A great variety of dyes are
classified as environmental pollutants, which have different effects
ranging from skin irritations and moderate toxicity to more serious
carcinogenic and mutagenic effects on the aquatic system. The process
of detection of dyes is complex due to the diversity of functional groups
in different dyes. Crystal violet [Tris((dimethylamino)phenyl) methy-
lium chloride] dye is very stable and non-biodegradable due to the
electron-donating group in its unique structure. It is a known carci-
nogen, which raises concern as most of the commonly used primary and
secondary aromatic amines [39,40]. Thus, various semiconductors are
being studied in the removal of dyes [41-43].

The traditional techniques of water treatment involve biological
treatments, chemical oxidations, and activated carbon adsorptions,
among others. These methods suffer from limitations. For instance,
biological treatments need the disposal of activated sludge and are still
long processes due to the slow rates of these reactions. The adsorption
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Fig. 1. XRD patterns of the as-prepared silver vanadate samples under different
pH values and Ag/V molar ratio, at reaction temperature 140 °C and reaction
time 6 h.
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Fig. 2. SEM images of the silver vanadate samples prepared by the hydrothermal autoclave method at different pH values and Ag/V molar ratio.

methods do not include the degradation of the products but their phase
transfer only [25]. In contrast, the semiconductors ensure the catalytic
photodegradation of a wide range of pollutants into less harmful or
completely non-toxic products under ambient conditions and without
the use of additives. Therefore, photocatalysis is emerging as one of the
most effective tools of wastewater treatment [24,25,44-46].

The current work presents the synthesis of various silver vanadates
by the hydrothermal process including Ag,4V,0, material. The impact of
the factors of hydrothermal preparation including the ratio of starting
materials and the pH value on the structure-properties of silver vana-
dates is elaborated. Next, the photocatalytic activity of the obtained
semiconductors is examined in the degradation of atrazine and CV at
different conditions under visible-light irradiation. Moreover, the in-
fluence of scavengers of active species on the photocatalytic activity is
probed in detail and the stability of the photocatalyst is tested for three
successive runs. Finally, the intermediates of the photocatalytic de-
gradation are identified by LC/MS, and the possible degradation path-
ways of CV and atrazine by silver vanadates are proposed.

2. Experimental
2.1. Materials

The purchased atrazine from Sigma-Aldrich and CV dye from Tokyo
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Kasei Kogyo Co. were used without any further purification. A stock
solution containing 10mgL~! of atrazine (or CV) in water was pre-
pared, protected from light, and stored at 4 °C. HPLC analysis was used
to confirm the presence of atrazine (or CV dye) as a pure organic
compound. Silver nitrate AgNO3 (Aldrich, 99%) and ammonium me-
tavanadate NH,VO5; (Panreac, 99%) were used as the sources of the
silver and vanadates in the photocatalysts, respectively. Reagent-grade
ammonium acetate, sodium hydroxide, nitric acid, and HPLC-grade
methanol were purchased from Merck. Deionized water was used
throughout this study. The water was purified with a Milli-Q water ion-
exchange system (Millipore Co.) for a resistivity of 1.8 X 107 Q-cm.

2.2. Preparation and characterization of silver vanadates

In a typical procedure, NH,VO5; powder was put into a beaker with
20 mL hot de-ionized water (80°C) to form a transparent solution,
which was then cooled to room temperature. Subsequently, the aqueous
AgNO3 solution was added drop-wise to the NH,4VO3 solution under
vigorous stirring for 0.5 h. The ratio of silver to vanadium in the starting
materials was kept in a stoichiometric ratio (Ag: V = 1:1, 2:1, 3:1). The
final pH value of the solution was adjusted to 5-9 using ammonia so-
lution, followed by additional stirring at room temperature for 12h.
The obtained slurry was then transferred into a Teflon-lined stainless
steel autoclave and heated to 140°C for 6h. After being naturally
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Fig. 3. UV-vis absorption spectra of the prepared silver vanadate samples
under different pH values and Ag/V molar ratio. The inset shows the color of
the obtained silver vanadate samples.

cooled to room temperature, the obtained precipitate was collected by
filtration, washed several times with absolute ethanol and distilled
water, and dried at 60 °C for 12 h. Depending on the AgNO3/NH4VO5
molar ratio (Ag : V = 1:1, 2:1, 3:1) and the pH value (5, 7, 9), the silver
vanadate samples were prepared and marked as shown in Table 1; the
as-prepared samples were labeled using Ag1V1-5 through Ag3V1-9.
The phase and composition of the as-prepared silver vanadates were
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measured using an X-ray diffractometer (PHILIPS X’PERT Pro MPD).
The morphology of the silver vanadates was analyzed using a field-
emission scanning electron microscope (FE-SEM, HITACHI S-4800).
The UV-vis diffuse reflectance spectra of the silver vanadates were
measured using a UV-vis spectrophotometer equipped with an in-
tegration sphere (Perkin Elmer Lambda 35). The binding energy of Ag,
V, and O was measured at room temperature using an X-ray photo-
electron spectroscope (XPS, VG Scientific ESCALAB 250). The peak
position of each element was corrected by Cls (284.6eV). The
Brunauer-Emmett-Teller (BET) surface area of the silver vanadates was
analyzed by nitrogen adsorption-desorption measurement (ASAP
2020).

2.3. Apparatus and instruments

The apparatus used to study the photocatalytic degradation of the
CV and atrazine is described elsewhere [47]. The C-75 Chromato-Vue
UVP cabinet provided a wide area of illumination from 4 W visible-light
tubes positioned on two sides of the cabinet interior. A Waters ZQ LC/
MS system, equipped with a binary pump, a photodiode array detector,
an autosampler, and a micromass detector, was used for separation and
identification.

2.4. Procedures and analyses

The aqueous suspensions of atrazine (or CV) (100 mL, 10 mg L™H
and the photocatalyst powder (0.1 g) were mixed and used in the
photocatalytic experiments. For reactions in different pH media, the
initial pH of the suspension was adjusted by adding either NaOH or
HNO3 solution. Prior to irradiation, the suspension was magnetically
stirred in the dark for ca. 30 min to ensure the establishment of ad-
sorption/desorption equilibrium. Irradiation was carried out using two
fluorescent lamps (F4T5/CW, Philips Lighting Co.). The lamp mainly
provides visible light in the range of 400-700 nm. The average light
intensity striking the surface of the reaction solution was about 1420 lx,
as measured by a digital luxmeter. At any given irradiation time in-
terval, the suspension was sampled (5 mL) and centrifuged to separate
the silver vanadate powders.

After each irradiation cycle, the amount of the atrazine (or CV)
residue was determined by HPLC. The analysis of organic intermediates
was accomplished by HPLC-ESI-MS after readjusting the chromato-
graphic conditions to make the mobile phase compatible with the
working conditions of the mass spectrometer. Solvent A was 25 mM
aqueous ammonium acetate buffer (pH 6.9), and solvent B was me-
thanol. LC was carried out on an Atlantis™ dC;g column
(250 mm X 4.6 mm i.d., dp = 5um). The flow rate of the mobile phase
was set at 1 mL/min. A linear gradient was run as follows: t = 0,
A=95 B=5; t=20, A=50, B=50; t=35-40, A =10, B = 90;
and, t = 45, A = 95, B = 5. The elution was monitored at 220 nm for
atrazine or 580 nm for CV runs. The column effluent was introduced
into the ESI source of the mass spectrometer. The quadruple mass
spectrometer, equipped with an ESI interface with a heated nebulizer
probe at 350 °C, was used with an ion source temperature of 80 °C. ESI
was carried out with the vaporizer at 350 °C, and nitrogen was used as
sheath (80 psi) and auxiliary (20 psi) gas to assist with the preliminary
nebulization and to initiate the ionization process. A discharge current
of 5 pA was applied. The tube lens and capillary voltages were opti-
mized for maximum response during the perfusion of the atrazine (or
CV) standard.
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Table 2

Composition and characterization of silver vanadates.
Catalyst code EDS element atomic ratio (%) Energy gap BET (m?/

(eV) 2)
Ag \% o)

AglV1-5 12.46 11.00 76.53 1.90 24.55
Aglv1-7 13.96 12.98 73.06 1.85 29.40
AglV1-9 19.76 17.08 63.16 1.96 32.38
Ag2V1-5 21.37 11.62 67.00 2.15 9.78
Ag2V1-7 22.23 11.42 66.35 2.25 2.04
Ag2Vv1-9 21.05 8.75 70.20 2.23 1.84
Ag3V1-5 25.72 12.87 61.41 2.21 3.96
Ag3V1-7 33.43 11.34 55.22 1.90 0.99
Ag3V1-9 31.69 13.30 55.01 - 0.22

3. Results and discussion
3.1. Characterization of the as-prepared powders

The X-ray diffraction patterns of the obtained silver vanadate pho-
tocatalysts with various hydrothermal parameters are depicted in
Fig. 1. To simplify the discussion, the codes and the crystalline phases of
the prepared samples under different ratios and pH values are illu-
strated in Table 1. Three types of XRD patterns can be distinguished for
the prepared samples by hydrothermal synthesis. The different char-
acteristic peaks are assigned to the pure 3-AgVOs; (JCPDS 29-1154),
pure Ag4V,0, (JCPDS 77-0097), and to the mixed phases of Ag4V-0;,
and a-AgsVO,4 (JCPDS 43-0542), respectively [1]. When the ratio of
silver to vanadium was 1.0, the diffraction peaks can be readily indexed
to the pure phase of B-AgVO3; monoclinic structure. When the Ag/V
ratio was 2.0, the diffraction peaks can be attributed to the pure phase
of Ag4V,0; orthorhombic structure. The pH had no effect on the
composition or on the structure of the prepared silver vanadates at Ag/
V ratio = 1.0 or 2.0; slight lowering and widening of the XRD diffrac-
tion peaks were only observed as the pH decreased. On the other hand,
the influence of pH value was more noticeable in the hydrothermal
synthesis of the silver vanadates when the Ag/V ratio became 3.0. At
pH = 7, 9 and Ag/V ratio = 3.0, the diffraction peaks showed two sets
of diffraction lines: the first set can be assigned to the a-AgzVO,
structure, while the second set can be ascribed to Ag,V,0,. Accord-
ingly, the Ag3V1-7 and Ag3V1-9 samples had mixed phases of Ag,V>0,
and a-Ag;VO, [48]. However, at pH = 5 and Ag/V ratio = 3.0, all the
peaks corresponding to a-Ag;VO, disappeared, and pure Ag4V,0, was
obtained. It can be concluded that the molar ratio of silver to vanadium
has a principal role in these experiments, whereas the pH plays a minor
role in controlling the composition of the semiconductor products.

The influences of the Ag/V molar ratios and pH values on the
morphologies of the silver vanadate samples were investigated. Fig. 2
displays the SEM images of the as-prepared silver vanadates at various
conditions. As can be seen in Fig. 2(a-i), the shape of the silver vana-
date particles with Ag/V ratio = 1.0 was rod-like with a width of
0.05-0.1 pym and a length of several micrometers. In addition, the pH
value had little effect on the morphology of the synthesized silver va-
nadates since the different pH values did not impose a significant
change in the prepared samples with the same Ag/V molar ratio
[Fig. 2(a—c)]. However, the SEM images showed that the morphology of
the silver vanadates obtained at a higher Ag/V molar ratio changed
from rod-like particles to irregular particles. The samples synthesized at
molar ratios 2.0 and 3.0 showed particles of irregular shape with a
smooth surface and a varying particle size between 0.1 and 0.5 pm
[Fig. 2(e-i)]. These results are in line with the XRD data, signifying the
important impact of the Ag/V molar ratio and the minor effect of the pH
value during the synthesis.

The main factor that determines the photocatalytic activity of a
semiconductor is its optical absorption property, which is related to its
electronic structure [49]. Fig. 3 shows the UV-vis diffuse reflectance
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Fig. 4. High-resolution XPS spectra of silver vanadate prepared by the hydro-
thermal autoclave method under different Ag/V molar ratio, pH = 5. (a) Ag 3d;
(b) V 2p; () O 1s.

spectra of the as-prepared silver vanadate samples. All the samples
absorbed strongly in the visible light range. This eminent absorption
favors the use of the photocatalytic activity of these samples under
visible-light irradiation. The estimation of the band gaps of the silver
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vanadates ~was achieved wusing the following equation:
ahv = A(hv — Eg)"/ 2 [50]. The estimated values are depicted in Table 2
and were found to be 1.85-2.25eV from the onset of the absorption
edges. Some factors such as the size of the coupled oxides, the changes
of the crystalline phases, the individual compositions of the samples, in
addition to the defects might account for the differences in the band gap
energy [49,51].

The color of the synthesized samples offers further hints of their
different components and structures. The inset in Fig. 3 reveals that
Ag1V1-5 sample is orange in color, Ag2V1-5 sample is chrome yellow,
and Ag3V1-5 sample is dark goldenrod. Thus, it can be noticed that the
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color of the silver vanadates became darker with the increase in the Ag/
V ratio. The color of the obtained catalysts was also dependent on the
pH value and changed from dark goldenrod (Ag3V1-5) to reddish
brown (Ag3V1-7). Fig. 3b and c¢ show the extra absorption
(530-630 nm) for the catalysts obtained at pH = 7, 9 compared to the
catalysts obtained at pH = 5. Accordingly, the color of the catalysts
obtained at pH = 7, 9 is much darker than the catalysts obtained at
pH = 5. The absorption spectra are consistent with the colors of the
powders. However, the clear sharp cut off was not observed for Ag3V1-
7 and Ag3V1-9 samples, and this indicates the slight impurity present in
these materials. The EDS and the BET specific surface areas of the
samples are also shown in Table 2 and in the supplementary data
(Fig. 1S and 2S). The EDS shows the main elements of these samples
(Ag, V, and O). The Ag/V atomic ratios of the silver vanadate samples
were within the range of 1.08-2.95, which correspond to AgVOs,
Ag4V,0,, and Ag,4V,0,/Ag3V0, phases. The BET data will be discussed
in the section related to the photocatalytic activity (vide infra).

As a final characterization step, XPS analyses were conducted to
confirm the chemical and electronic states present in the different
photocatalysts. The XPS spectra of the obtained silver vanadates are
disclosed in Fig. 4(a—c), showing the characteristic spin-orbit split sig-
nals of Ag 3d;,, and Ag 3ds,, signals as well as the signals of V 2p; ,,
and V 2p3,» and the O 1s peak. The spectra of the Ag species (Fig. 4a)
manifested two symmetric peaks located at 367.4 and 373.7 eV binding
energies with a separation of 6 eV. These peaks are attributed to the
spin-orbit splitting characteristic of Ag 3ds,» and Ag 3d5,», respectively;
which conform to Ag™ ion. Fig. 4b exhibited a peak at 515.8 eV binding
energy, which is ascribed to V 2p;,, orbital, in addition to another peak
at 523.4 eV that corresponds to the V 2p; » orbital. These peaks signify
that V®7 is the form of the vanadium species present in the prepared
silver vanadates. Lastly, the obtained O 1s peak in Fig. 4c at 529.5eV is
attributed to the lattice oxygen in the crystalline silver vanadate
[25,52].

3.2. Photocatalytic reactions

The photocatalytic activity of the silver vanadates was evaluated by
examining the degradation of atrazine and CV dye in water under
visible light irradiation. Fig. 5(a and b) portrays the profile of the
photodegradation efficiency of these two molecules versus time. The
degradation of both atrazine and CV could not take place under visible
light irradiation in the absence of the photocatalysts. The presence of
the silver vanadates significantly improved the removal efficiencies of
these substances. The prepared catalysts were more efficient in the
photodegradation of CV. It can be seen from the figure that the de-
gradation of the CV dye is faster than the degradation of the organic
contaminant (atrazine) in the case of Ag3V1 samples. The complete
degradation of the CV dye took place within 24 h, while 40% of atrazine
degradation was achieved in 24 h of irradiation with visible light. These
results clearly indicate that the photocatalytic activity of AgsV,0,
(Ag3V1-5) is higher than the other silver vanadate samples including
the one with pure AgVOs3;, and they also reveal that this activity varies
with the nature of the substances. Hwang et al. have indicated that an
efficient photocatalyst requires a high surface area and a high crystal-
linity because many reaction steps of photocatalysis take place on the
surface and a defect in the structure can provide a site for the electron-
hole recombination [53]. In Table 2, it can be seen that the surface area
of Ag1V1 samples was estimated to be 24.55-32.38 m? g~ !, which was
larger than the area of Ag2V1 samples (1.84-9.78 m?g~!) and Ag3V1
samples (0.22-3.96 m* g~ '). However, the photocatalytic degradation
of atrazine showed the following trend (Fig. 5): Ag3V1 > Ag2V1l >
Agl1V1. The present results indicate that the specific surface area of
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Fig. 7. Cycling runs and XRD patterns acquired before and after the photocatalytic degradation of (a) atrazine and (b) CV in the presence of silver vanadate catalyst.

SVO is not the major factor that controls the photocatalytic activity. The
crystallinity and crystalline phase appear to be more important than the
surface area in the atrazine degradation.

The impact of the initial pH of solution on the photodegradation of
organic compounds has been reported in the literature [42,46,54]. This
important parameter was investigated and the effects of the initial pH
on the photodegradation rate of atrazine for the Ag4V,0, suspensions
are shown in Fig. 6. The results indicated that the decrease in pH led to
a decrease in the rate of degradation, while an alkaline medium (in-
crease in pH) resulted in a faster reaction. Specifically, raising the initial
pH from 3.0 to 9.0, the degradation rate of atrazine significantly in-
creased from 42% to 99% within 80 h. The faster photodegradation rate
in alkaline medium is associated to the increased concentration of OH ™
ions, resulting in increased hydroxylation on the surface of the photo-
catalyst. This in turn results in a higher concentration of the free radical
species ('OH), enhancing the overall rate of photodegradation [26].

3.3. Performance of the recycled catalyst

The stability of the silver vanadates and their reusability in the re-
moval of undesirable organic pollutants were studied by examining the
photocatalytic degradation using Ag,V,0, for three circulating runs
under visible light. The results are illustrated in Fig. 7(a and b) for
atrazine and CV, respectively. The photocatalytic activity of Ag,V,0,
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(Ag3V1-5) was consistent after three successive runs showing 99%,
98%, and 94% degradation of CV, respectively (Fig. 7b). It can be seen
from the figure that the XRD patterns of Ag4V,0, powder after the
reaction closely match those obtained before reaction although there
are some minor differences in the relative intensity of some peaks. It
also can be observed that the characteristic peaks of (220), (004),
(224),(040), (044), and (4 4 4) planes of used catalyst match those
peaks of standard XRD JCPDS card for Ag,V,07 [52]. The results clearly
show the stability and the insignificant changes in the photocatalyst.
Ag4V,0; was also stable for reusing in atrazine degradation, however
its performance slightly decreased to 78% after the third run (Fig. 7a).
The small decrease in the photocatalytic degradation efficiency might
be explained by the unavoidable small loss of the catalyst during each
sampling of aliquot for atrazine analysis. Thus, the Ag,V,0, catalyst
could be still considered rather stable for reuse. These findings de-
monstrate the significant stability and practical reusability of silver
vanadates in long-term photocatalytic applications without the risk of
photocorrosion.

3.4. Photocatalytic reaction mechanism

The role of active species (e.g. holes h™, hydroxyl radicals ('OH),
and superoxide radicals ('O, ")) in the initiation of photocatalytic de-
gradation is well documented [24,25,55-57]. Hence, we set out to
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Fig. 9. Schematic diagram illustrating the photocatalytic mechanism of the
Ag4V,0; photocatalyst.

investigate the different active species in the photodegradation of
atrazine and CV by silver vanadates using three kinds of scavengers.
Fig. 8(a and b) displays the results of the degradation of atrazine and CV
with Ag4V,0; catalyst under visible light and using different condi-
tions. The photocatalytic degradation of atrazine was 99% after 80 h of
treatment in the absence of scavengers. Next, ammonium oxalate (AO)
was added as a hole-scavenger [58], reducing the degradation of atra-
zine to 76%. Therefore, the degradation could be arising, to some ex-
tent, from the direct reaction with the photogenerated holes. In addi-
tion, the benzoquinone (BQ) significantly suppressed the atrazine
degradation to 63% in 80 h of treatment. BQ is known to trap ‘O,~ by a
simple electron-transfer mechanism [59], which means that 'O, might
play the most important role in the photocatalytic process. Lastly, the
addition of isopropyl alcohol (IPA) as a scavenger for ‘OH,[60] led to a
decrease in the atrazine degradation to 86%. These results suggest that
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'O, radicals are the dominant oxidative species of Ag4V>0,, where the
"OH and h™ play an assistant role in the degradation of atrazine. On the
other hand, the CV degradations were reduced to a lesser extent upon
adding the scavengers [Fig. 8(b)]; with BQ still imposing the strongest
effect. The results were thus consistent with those obtained with the
photodegradation of atrazine, confirming 'O,  radicals as the domi-
nant oxidative species.

The photocatalytic mechanism of the Ag,V,0, catalysts can be ex-
plained as follows: The irradiation of the Ag,V,0 catalyst with visible
light causes excitation of the electrons (e ) in the valence band (VB) to
the conduction band (CB), leaving the same amount of holes (h ™) in the
VB. The photogenerated electrons can then reduce O, into ‘O, spe-
cies, which lastly generate "OH [61]. The active oxygen species or the
oxidative holes can attack the pollutants to degrade them gradually.
The schematic diagram for the photocatalytic degradation mechanism
of CV and atrazine at the surface of Ag,V,0, catalysts under visible
light irradiation is illustrated in Fig. 9.

3.5. Separation and identification of the intermediates

Considering the environmental concerns on the atrazine pollutant,
we conducted a thorough product study on its degradation in an aqu-
eous solution using the Ag4V,0/visible light process. Fig. 10(a) pre-
sents the LC chromatogram of the atrazine solution in the presence of
Ag4V,0, catalyst under visible-light irradiation. At least 9 peaks are
characterized within a retention time of 50 min in addition to the one
attributed to the initial atrazine compound (peak Atr). The intensities of
the other nine peaks (1-9) increased firstly and then decreased, sig-
nifying that these peaks are the intermediates of the photodegradation,
which are subsequently formed and transformed. The molecular as-
signments of the intermediates of atrazine and their retention times are
shown in Table 3. Likewise, Fig. 10(b) displays the LC chromatogram of
the CV solution after 12h of visible-light irradiation. Seven inter-
mediates can be identified in addition to the CV peak that is dis-
appearing slowly. The analysis of the molecular ions peaks and the
corresponding fragmentation patterns permitted the structural assign-
ments of the detected intermediates (Table 4).

3.6. Degradation pathways of atrazine and CV dye

The LC/MS identified intermediates led to concluding the possible
pathways of the photodegradation of atrazine by silver vanadates. The
suggested pathway is depicted in Scheme 1 which is found to be con-
sistent with the atrazine degradation using other photocatalysts [62].
The photodegradation might have proceeded via two types of routes,
namely, alkylic-oxidation (parts I and 1II) and de-
chlorination-hydroxylation (part III). In the alkylic oxidation process,
the hydroxyl radicals can attack either of the ethyl (part I) or isopropyl
chains (part II) on the amino groups of the atrazine producing free
organic radicals. The oxidations of the radicals yield the intermediates 1
and 2. Further oxidations of the carbon atoms adjacent to the amine
functionalities by the hydroxyl radicals followed by dealkylation step
generate compounds 4 and 5, and consecutively 7 as intermediates. The
second route involves the sequence of dechlorination and hydroxylation
of the aromatic position holding the most scissile bond (C-Cl) in the
atrazine molecule. This two-step sequence generates the hydro-
xyatrazine intermediate 3. Then, mono-dealkylation of the alkylamino
groups of (3) leads to intermediates 6 and 8. The second dealkylation of
these intermediates produces the last compound (9), as identified by
our LC-MS analysis. It should be noted that the de-
chlorination-hydroxylation of intermediate 7 could also produce com-
pound (9).

Regarding the CV degradation pathway (Scheme 2), the N-de-me-
thylation of the CV molecule likely takes place via the attack of the
radical species on the N,N-dimethyl group. The dye molecule is ad-
sorbed through the positively-charged dimethylamine functionality,
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Table 3
Identification of the intermediates from the photodegradation of atrazine by
LC/MS.
Peaks Photodegradation intermediates R.T. (min) MS peaks (m/z)
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Table 4
Identification of the intermediates from the photodegradation of CV by HPLC-
ESI-MS.

Peaks Photodegradation intermediates R.T. (min) MS peaks (m/z)
1’ HsC § CHs 33.37 372
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Scheme 1. Proposed photocatalytic degradation pathway of atrazine followed by the identification of several intermediates by HPLC-ESI-MS technique.

which helps in the adsorption of the CV dye on the semiconductor. Two
stoichiometric free radicals are involved in a single N-de-methylation.
One radical abstracts a hydrogen atom from a methyl substituent of the
amino group and another radical attacks on the dimethyl amine leading
to mono-demethylation. The positively charged intermediate can also
be adsorbed on the photocatalyst surface where stepwise de-methyla-
tion of the remaining methylamino groups occurs until producing the
completely N-de-methylated adduct. It is worth noting that inter-
mediates that result from the attack of the free radicals on the central
carbon of the triphenyl group were less observed in this case, which
favors less the other possible degradation pathway by the adsorption of
the conjugated dye [63].

4. Conclusion

Silver vanadates have been synthesized by the hydrothermal
method. In the current process, the controllable crystal phases and
morphologies of the prepared silver vanadates could be achieved by
simply changing some hydrothermal parameters such as the molar ratio
(Ag/V) and pH value. The materials were characterized by X-ray dif-
fraction (XRD), scanning electron microscopy (SEM), X-ray photoelec-
tron spectroscopy (XPS), and UV-vis diffuse reflectance spectra (DRS).

The values of band gaps for all the silver vanadate samples were found
to be in the range of 1.85-2.25eV. The as-prepared silver vanadate
catalysts have displayed high photocatalytic activity, which degraded
nearly 100% of CV after 24 h under visible-light irradiation and over
97% of atrazine after 72h of treatment. The high activity can be at-
tributed to their efficient utilization of visible light. The durable pho-
tocatalytic activity and chemical stability of the Ag,V,0, catalysts were
demonstrated through recycling experiments and the XRD patterns of
the catalysts before and after reactions. Moreover, the quenching effects
of various scavengers revealed that ‘O, radicals played a major role
while 'OH and h* played an assistant role in the degradation of atra-
zine and CV dye. The possible degradation pathways for atrazine were
also  evaluated  exhibiting two  different  routes: de-
chlorination-hydroxylation and alkylic-oxidation—de-alkylation. On the
other hand, the degradation of the CV dye was proposed to take place
via N-de-methylation in a stepwise manner producing the various N-de-
methylated intermediate CV species. The excellent activity and photo-
stability reveal that the silver vanadates (including Ag,V.0) are pro-
mising visible-light-responsive photocatalysts for water and wastewater
treatment.
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