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Abstract

In this paper, the photocatalytic degradation of organic pollutants was studied using
AQ/ZnS nanoparticles at different noble metal loadings. The photocatalysts were
prepared using two different one step techniques (photodeposition and chemical
reduction) at room temperature. Specific surface area measurement, X-ray
photoelectron spectroscopy, X-ray Powder diffraction, ultraviolet-visible diffuse
reflectance and Raman spectroscopy were used to analyze the prepared samples. The
results revealed that Ag is present as intermediate state between nanostructured Ag’
and Ag,0 and that the addition of silver caused a significant change of the absorption
spectrum of bare ZnS, resulting in high absorbance from 400 nm to the entire visible
region, due to the Ag surface plasmon band. The influence of Ag loading and
preparation method was evaluated in terms of the photodegradation of methylene
blue (MB) as model organic cationic dye. It was observed an enhancement of
photocatalytic activity induced by silver addition in comparison to bare ZnS up to 0.1
wt% Ag loading. The results evidenced that the sample at 0.1 wt% Ag prepared by
chemical reduction method presented also a higher photoactivity with respect to the
sample prepared by photodeposition method at the same Ag loading (0.1 wt%). The
effect of various operating parameters, such as dye concentration, photocatalyst
dosage and light sources was also studied.

The almost complete MB degradation was obtained by using UV-LEDs as light
sources and 6 g L of photocatalyst dosage. Finally, the optimized Ag/ZnS
photocatalyst was employed for the removal of phenol, achieving a degradation

degree of 60% after 180 min of UV irradiation.

Keywords: Ag/ZnsS, silver loading, UV irradiation, methylene blue, phenol
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1. Introduction

Heterogeneous photocatalysis is one promising approach to protect the aquatic
environment based on its ability to remove also low concentrations of organic
pollutants in water [1]. In the past two decades, many oxide and sulfide
semiconductors such as TiO, ZnO, WQOg3, SrTiOs, ZrO,, ZnS and CdS were applied
as photocatalysts for environmental control technology and also for a wide range of
chemical reactions [2-4]. Among them, ZnS is an important 11-VI group
semiconductor existing in two main crystalline phases: a-phase (hexagonal wurtzite
structure) and B-phase (cubic sphalerite structure). ZnS has been considered as a
photocatalyst in different chemical reactions due to its relatively wide band gap value
and the high negative value of the conduction band potential [5, 6]. In particular, the
reported band gap energy of ZnS was 3.6 eV [7], meaning that it can absorb light
with wavelengths below 380 nm [8]. In addition, ZnS owns additional advantages,
such as good thermal stability, high electronic mobility, nontoxicity, water
insolubility, and comparatively inexpensive cost [9].

When ZnS semiconductor is irradiated with photons of energy equal or greater than
the band gap, an electron may be excited from the valence band into the conduction
band leaving a hole in the valance band. The electron and hole can recombine and
may release energy. If a suitable scavenger or surface defect is available in the
semiconductor, it could trap the electron or hole and the recombination is inhibited
[2]. This is a key aspect in applying ZnS as photocatalyst. In fact, for this
semiconductor, the photogenerated electrons and holes easily recombine before they
take part in photocatalysis [10].

Therefore, to retard the recombination of photoexcited electron—hole pairs and to

enhance the photocatalysis efficiency of ZnS, one of possible approach (commonly
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used also for other semiconductors such as TiO, [11, 12] and ZnO [13, 14]) is to
couple ZnS with materials that act as electron traps and, therefore, to extend the
charge carrier lifetime [15]. Numerous investigations have reported that the addition
of noble metals such as Au [16], Pt [17, 18] or Pd [19] enhances the overall
photoefficiency of photocatalysts. This effect is attributed to a reduction in the
recombination rate due to better charge separation between the electrons, which
accumulate on the metal, and the holes, which remain on the photocatalyst surface
[20]. Compared to the other noble metals, Ag is less expensive, so Ag based
photocatalysts may have a great attention to industrial practice [21-23] .

Many papers describe the effects of doping ZnS with silver [24-26]. In contrast, only
few studies report the effects of Ag deposited on ZnS nanoparticles [15]. However,
at our knowledge, no paper concerning the influence of Ag content on ZnS surface
for photocatalytic applications is present in literature.

Therefore, this paper reports the enhanced photocatalytic removal of organic
pollutants using Ag/ZnS nanoparticles at different noble metal loadings. The
photocatalysts were prepared using two different one step techniques
(photodeposition and chemical reduction). The influence of preparation method was
evaluated in terms of the photodegradation of methylene blue (MB) as model organic
cationic dye. The effect of various operating parameters, such as dye concentration,
photocatalyst dosage and light sources are studied. Finally, the best sample was

tested in the removal of phenol.

2. Materials and methods

2.1 Materials



©CO~NOOOTA~AWNPE

Zinc sulfide (ZnS), sodium borohydride (NaBH,) and silver nitrate (AgNO3) were
purchased from Sigma—Aldrich. Methylene blue (CisH1sCIN3S) and phenol
(CsHsOH) were purchased from Sigma—Aldrich, and used as model water pollutants

for photocatalytic tests.

2.2 Synthesis of Ag/ZnS nanoparticles using chemical reduction method

AQ/ZnS photocatalysts were synthesized through chemical reduction method starting
from 1 g of commercial ZnS suspended into 100 mL of distilled water. Different
amounts of AgNO; (in the range 0.785-31 mg) were added into the aqueous
suspension. The prepared reaction mixture was then stirred and a gaseous helium
flow (30 NL-h™) was bubbled inside the suspension.

Afterward, the reducing agent (NaBH,) was added to the system. The added quantity
of NaBH, was calculated with respect to the amount of AgNOj3 considering the

stoichiometric ratio of the following reaction with an excess equal to 30%:

2 AgNO; + 2 NaBH, = 2 Ag + H, + 2 NaNO; + B;Hg Eq.1

The suspension was left under stirring in presence of helium flow for 1 h, washed
with distilled water several times and finally dried overnight at room temperature.
The obtained Ag/ZnS photocatalysts will be denoted as xAg, where x indicates the

nominal Ag loading expressed as weight percentage (wt %) (Eqg.4).

%wAg=— 99 100 Eq.2
0Ag + gZnS

Where:
gAg is the weight of silver calculated from AgNO3 used in the preparation;

gZnSs is the weight of commercial ZnS used in the preparation.



©CO~NOOOTA~AWNPE

2.3. Synthesis of Ag/ZnS using photodeposition method

AQ/ZnS photocatalysts were synthesized through photodeposition method starting
from 1 g of commercial ZnS suspended into 100 mL of distilled water at room
temperature. 1.55 mg of AgNOs was then added into ZnS aqueous suspension. Then,
the reaction system was irradiated for 1h by two UV lamps emitting at 365 nm
(nominal power of 8 W, Philips). Helium (flow rate 30 NL-h™) was bubbled inside
the suspension during the overall irradiation time.

The photochemical reactions occurring during the photodeposition are summarized

as follows [18]:

ZnS + hv — ¢ (CB) + h* (VB) Eq.3
Ag*+e(CB) — Ag’ Eq.4
2H,0 + h*(VB) =0, + 4H" Eq.5

After the photodeposition, the suspension was centrifuged, washed with distilled
water for several times and finally dried overnight at room temperature.

All the prepared samples are listed in Table 1.

Table 1

2.4. Characterization of Ag/ZnS photocatalysts

Different characterization techniques were used to analyze Ag/ZnS photocatalysts. In
particular, the specific surface area (SSA) analysis was performed by BET method
using N2 adsorption with a Costech Sorptometer 1042 after a pretreatment at 35°C

for 2 hours in He flow (99.9990 %). X-ray photoelectron spectroscopy (XPS)
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characterization was performed on a PHI Versaprobe Il spectrometer using
monochromatized Al Ko radiation (1486.6 eV). Both survey and high-resolution
(HR) spectra were acquired. Pass energy of 117.4 eV and an energy step of 1.0 eV
were used in the former case, whereas a pass energy of 58.7 eV and an energy step of
0.125 eV in the latter. C1s, O1s, Ag3d, S2p, N1s, Zn2pss,, ZnL3MssMys regions were
analyzed. Surface elemental composition was evaluated by MultiPack™ (v. 9.5.0,
PHI-ULVAC) software. Peak fitting was carried out on CasaXPS™ (v. 2.3.18).
Binding energy (BE) scale was corrected taking as reference the Cls aliphatic

component at 284.8 eV.

The crystalline phases of the Ag/ZnS samples were determined by X-ray Powder
diffraction (XRD) patterns, obtained by using a using Brucker D8 diffractometer
with Cu Ko (4 = 0.154 nm) radiation. The diameter of the crystalline grain were

calculated according to Scherrer's formula [27].

The ultraviolet-visible diffuse reflectance spectra (UV-vis DRS) of the Ag/ZnS
samples were recorded using a Perkin Elmer spectrometer Lambda 35
spectrophotometer by means of a RSA-PE-20 reflectance spectroscopy accessory
(Labsphere Inc., North Sutton, NH). The optical band gap (Ens) Values of
photocatalysts were determined through the corresponding Kubelka—Munk function
(KM) (which is proportional to the absorption of radiation) and by plotting (KM x
hv)? against hv. Raman spectroscopy studies were carried out on a Dispersive

MicroRaman spectrometer (Invia, Renishaw) with a laser emitting at 514 nm.

2.5. Photocatalytic tests
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Methylene blue (MB) solutions were prepared by dissolving 15 mg in 1L of MilliQ-
grade water until to obtain an initial dye concentration equal to 15 mg L™. Phenol
solutions were prepared by dissolving 25 mg in 1L of MilliQ-grade water until to
obtain an initial phenol concentration equal to 25 mg L™.

The experiments were realized using a pyrex cylindrical photoreactor (ID= 2.5 cm)
equipped with an air distributor device (Q.=150 cm® min™ (STP)), a magnetic stirrer
to maintain the photocatalyst suspended in the aqueous solution and temperature
controller. Four UV lamps (nominal power of 32 W, Philips) or UV-LEDs (nominal
power 12 W, LEDIlightinghut) strips, emitting at 365 nm, were used as light sources.
The UV lamps were placed around the external surface of the photoreactor at an
equal distance from it (about 30 mm), while, the LEDs strip surrounded and
positioned in contact with the external body of the photoreactor. Prior to the
irradiation, the suspension was left in dark for 120 min to provide an
adsorption/desorption equilibrium on the photocatalyst surface and after, the
photocatalytic test was began under UV light irradiation up to 180 min.

During the irradiation time, slurry samples (almost 2 mL) were withdraw at fixed
time and then they were centrifuged to remove the catalyst powders before the
concentration measurement by a Perkin ElImer UV-Vis spectrophotometer at 663 nm

for MB concentration and at 270 nm for phenol concentration.

3. Results and Discussion

3.1 Characterization of the photocatalysts

3.1.1 Specific surface area (SSA)

Specific surface area of all sample are reported in Table 1. In particular, for Ag/ZnS
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samples prepared by chemical reduction method, the SSA values did not change
significantly with respect to bare ZnS (17 m?-g™") when the Ag content was in the
range 0.05-0.1 wt%. With the increase of Ag content up to 4 wt%, the SSA
decreased to 13 m?-g, due to a possible agglomeration of the Ag nanoparticles on
ZnS surface, as previously observed in literature for Ag deposited on semiconductor
surface [28]. A similar SSA value was achieved for 0.1Ag and 0.1Ag(F) samples
indicating that the preparation method did not influence the textural characteristics of

the final samples.

3.1.2 X-ray photoelectron spectroscopy (XPS)

XPS characterization was carried out on pristine ZnS powder and on the different
Ag-doped samples, evaluating the surface loading of the metal as well as element
chemical speciation. Zn, S, and Ag (only in doped specimens) as well as C and O
were detected. The presence of the last two elements was expected, considering that
the samples were stored in air, and no sputtering treatment (e.g. with Ar") was
performed before acquiring XP spectra. Typical surface composition of all the

analyzed materials is reported in Table 2.

Table 2

Stoichiometric ratio for ZnS is preserved in all the cases. Silver surface availability
tends to increase with the nominal Ag wt%, although Ag% is similar for 0.1Ag,
0.1(F)Ag, and 0.5Ag samples. This suggests that there is not a dramatic influence of
the synthesis process on the dopant surface content, in agreement with other

characterizations carried out in this work. Interestingly, the surface Ag wt%
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determined by XPS is by far higher than the nominal one. This is reasonable, since
the nominal Ag wt% is relevant to the bulk composition, while the data calculated
from the XPS analyses are related to the outer nanomaterial surface. In other words,
silver is more present at the outer layers. Additionally, the successful reduction of
silver nitrate precursor and the removal of unreacted precursor (if any), upon sample
washing were proven since no nitrogen XP signal was detected, even on 4Ag
catalysts. S2p and ZnLMM signals are reported for both pristine ZnS and 0.1Ag
samples in Figure 1. S2ps, falls at BE = 161.6 + 0.1 eV, characteristic of ZnS [29].
ZnLMM position at kinetic energy (KE) equal to 989.4 + 0.2 eV is also compatible

with ZnS [29].

Figure 1

It can be seen that there is no effect on ZnS matrix (in terms of peak shift and/or
lineshape modification) associated to Ag doping; this holds true also at the highest
Ag loading (data not shown). Silver speciation was studied by investigating both
Ag3d and AgMu4sN4sNgs Auger signals [30]. Typical Ag3d region is presented in
Figure 2a for 0.1Ag sample; the very same region showing no peak was also reported
for pristine ZnS for comparison. A single doublet can be observed for 0.1Ag, whose
Ag3ds, component is centered at BE = 368.2 + 0.1 eV. Peak position was unchanged
at other Ag loadings. Unfortunately, the chemical shift on Ag3d position associated
to different silver chemical environments is generally small, and their discrimination
is better achieved if AQMNN region is considered [30, 31]. This signal has a lower
intensity and was detectable only for nominal Ag wt% > 2. When measurable, the

AgMNN spectra indicated that Ag is essentially present as slightly oxidized

10
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nanoparticles [29]. AQMNN spectrum acquired on 4Ag sample is shown in Figure2b.
The most informative position (indicated by the dotted line) falls at KE = 356.8 £ 0.2
eV, which is attributed to an intermediate state between nanostructured Ag’ and
Ag,0. Such finding can be easily explained in terms of formation of uncapped silver

nanoclusters, which undergo partial oxidation upon air exposure [30].

Figure 2

3.1.5 X-ray diffraction (XRD)
The XRD patterns of bare ZnS together with the prepared Ag/ZnS photocatalysts

were recorded and the results are shown in Figure 3.

Figure 3

The patterns of all the samples showed a peak at about 26 = 28.4°, which can be
indexed as the (110) reflection of «-phase of 2ZnS (wurtzite), [32]
and at 28.37°, 33.19°, 47.63°, 56.49° and 76.95°, indexed respectively as (111),
(200), (220), (311) and (331), all assigned to B-phase of ZnS (cubic blende) [33, 34].
Because the (002) and (110) planes of the ZnS wurtzite structure overlap with the
(111) and (022) planes of the ZnS B-phase, the structures of both bare ZnS and
Ag/ZnS samples can be regarded as a mixture of ZnS a-phase and -phase with a
dominant cubic sphalerite structure (3-phase).

No peaks for Ag are detectable for any of the Ag/ZnS samples. This is probably an
indication of a better dispersion and smaller metal particle size for Ag (which make it

undetectable with XRD technique), or to an incomplete reduction of the Ag [35, 36].

11
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Finally, no differences in the XRD patterns of 0.1Ag and 0.1Ag(F) are observed
(Figure 3b).

Furthermore, the ZnS crystallite size of the samples was calculated using the
Sherrer’s formula based on the XRD patterns and considering the diffraction peak at
20~28.4° (Table 1). According to these calculations, the average crystallite size of
bare ZnS and Ag/ZnS samples was approximately constant up to 0.1 wt% Ag content
and it was equal to 23nm. In addition, it is important to underline that the preparation
method did not induce differences in crystallites size of the sample. On the contrary,
by increasing the Ag amount up to 4w%, it is possible to observe also an increase of
crystallite size up to 26 nm. A similar behavior has been reported for Ag/ZnO and

AQ/TiO; photocatalysts [36, 37].

3.1.6 UV-Vis spectroscopy (UV-vis DRS)
The Kubelka-Munk curves, derived from reflectance spectra, of the photocatalysts

are shown in Figure 4.

Figure 4

Unloaded ZnS particles did not absorb light in the visible region and have an
absorption onset at about 360 nm with maximum absorbance at 330 nm. Compared
to bare ZnS, Ag/ZnS samples exhibited an increase of absorption in the UV region
up to 2 wt% Ag content. In details, the intensity of the main band in the range 200-
360 nm increased together with an increase of Ag loading from 0.05 to 0.1 wt% and
progressively decreased for the 0.5Ag and 2Ag samples, until to completely

disappear for 4Ag sample. The obtained trend is in agreement with UV-vis DRS

12
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analysis performed on Ag-TiO; photocatalysts [37].

For 0.05Ag, 0.1Ag, 0.5Ag and 2Ag samples, beyond the absorption threshold of ZnS
at A <360 nm, it was observed that the addition of silver caused a significant change
of the absorption spectrum of bare ZnS, resulting in high absorbance from 400 nm to
the entire visible region, due to the Ag surface plasmon band [38, 39]. In particular,
the higher the amount of Ag content, the greater was the absorption in the visible
region [15, 36]. This absorption, resulted from the presence of the Ag nanoparticles,
coherently with the observation made by Yang et al. [40] regarding semiconducting
materials modified with silver. A completely different absorption spectrum was
achieved for 4Ag sample, evidencing only a main broad band centered at about 440
nm, due to Ag nanoparticles [41] that, probably, cover the entire ZnS surface.

The absorptions below 400 nm in the presence of silver should be attributed to the
formation of silver clusters partially or totally reduced, whose stoichiometry can
range from Ag," to Ag."". In particular for Ag0.1 a maximum at 337 nm, with
shoulders at around 320 and 275 nm, is observed. These absorptions indicate that the
charged clusters have different nuclearity. In particular, Ag," and Ag.>* are retained
to give bands at 340 and 270 nm, respectively [42]. The bands at 320 and 285 nm
were typical for absorption of neutral Ags and charged Ags" clusters, respectively
[43].

However, from the comparison between the spectra of Ag0.1 and Ag0.1F (figure X)
the different intensity of the absorption in the range 200-400 nm may indicate a
higher reduction degree of silver clusters with the NaBH,; method since, the
absorption at around 320 nm (to be attributed to neutral Ags clusters) increases [44].
The Epg values of the sample are reported in Table 1. The Eyq of bare ZnS is equal to

3.5 eV. The increase of Ag loading from 0.05 up to 0.5 wt% resulted in a slight

13
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decrease of the Epg that was equal to 3.4 eV for all the samples. The further increase
in Ag loading (2Ag and 4Ag samples) caused a reduction of the calculated Eyg, being
equal to 2.1eV and 1.8, respectively. The observed strong decrease of Epg for 2Ag
and 4Ag may be due to the high concentration of Ag nanoparticles on ZnS surface
[45]. These drastic decreases in Epg can also explain the changes in UV-visible
absorption properties and clearly indicate a progressive metallization of samples
caused by the Ag [45].

These observations suggest that the amount of Ag loaded on ZnS has an important
effect on Epg. The Mulliken electronegativity theory [46] was used for empirically
determine the valence band (VB) edge potential (Evs) of a ground-state

semiconductor by using the following equation:

Eve =Xsemiconductor — Ee + 0.5Epg Eq.6

Where:

Xsemiconductor 1S the electronegativity of the semiconductor (in this case 5.26 eV)[47];
E. is the energy of free electrons on the hydrogen scale (ca. 4.5 eV),

Eng is the optical band gap energy of the semiconductor (calculated by the method
described above).

The conduction band CB edge potential (Ecg) can be determined using the following

relationship [48]:

Ecg = Eve — Ebg Eq7

Because Epg of bare ZnS is 3.5 eV (Table 1), the estimated Eyg is 2.51 eV, and the

14
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corresponding Ecg is —0.99 eV. In contrast, the presence of Ag up to 0.5 wt%
loading determined a little variation of the Eyg and Ecg values (Table 1) meaning
that Ag/ZnS can maintain the strong redox potentials [49]. Ag species loaded on the
surface of ZnS can effectively capture the photoinduced electrons and holes. In
addition, the photoinduced electrons can quickly be transported to the species
adsorbed on the surface of ZnS under UV irradiation [50]. From the comparison
between 0.1Ag and 0.1Ag(F) samples, it was evidenced that, at the same Ag nominal
loading and using two different preparation methods, no differences in terms of Eyyg
and consequently no dissimilarity in terms of Eyg and Ecg values were observed.

For 2Ag and 4Ag samples, the Epg value was lower than the other samples and in

particular it was equal to 2.1 and 1.8 eV for 2Ag and 4Ag, respectively.

3.1.7 Raman spectroscopy

The Raman spectra of the samples are shown in Figure 5.

Figure 5

It is possible to observe that bare ZnS exhibited a main peak at 352 cm™'

, commonly
referred to LO mode [51, 52] of cubic blende zinc sulfide. In addition to this LO
peak, several weaker peaks are identified as pure acoustic or optical modes and
combinations of these [51-53].

After the addition of silver (Figure 5a), the intensity of the bands located at about
260 and 352 cm™ associated to ZnS decreased and become broader up to 0.5 wt% Ag

loading. This phenomenon was due to alterations in the ZnS interatomic distances

with a surface pressure increase induced by the increase of Ag content in Ag/ZnS

15
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samples [54]. For 2 and 4 wt % Ag loading, the main bands of bare ZnS tend to
disappear, as previously observed for Ag/TiO; [54].

Furthermore, the Ag deposition on ZnS surface was confirmed by the detection of
additional Raman bands. In particular, the signal at about 215 cm™ (whose intensity
increased up to 0.5 wt% Ag content) could be associated to the radial effect of Ag
atoms [55]. For 2Ag and 4Ag photocatalysts, the broad Raman bands approximately
between 380 up to about 580 cm™ are due to the presence of silver atoms producing
polar branches of A;(TO) and A1(LO) fundamental modes of Raman scattering [56]
Finally, the comparison between 0.1Ag and 0.1AgF evidenced that, at the same Ag
nominal loading, the sample prepared by chemical reduction showed a band located
at 215 cm™ with higher intensity than that observed for the sample prepared through

photodeposition method (Figure 5b).

3.2 Photocatalytic Activity

3.2.1 Photocatalytic decolourization of MB: the influence of Ag loading on ZnS

The photocatalytic degradation of MB under UV light irradiation using bare ZnS and
Ag/ZnS photocatalysts was investigated. The photocatalytic degradation was carried
out using 100 mL of MB solution with an initial concentration of 15 mg L™ and a

catalyst dosage of 3 g-L™.

Figure 6

The obtained results are reported in Figure 6. Before switching on the UV light, it

was evaluated the disappearance of MB due to the adsorption phenomena for 120

16
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min in dark. For all Ag/ZnS samples, it is possible to observe that the presence of Ag
increased the MB adsorption with respect to bare ZnS. In details, MB relative
concentration decreased from 7% to about 14% for 0.05Ag and 0.1Ag, respectively.
For Ag loading higher than 0.1wt% (0.5Ag, 2Ag and 4Ag samples), the MB

concentration decrease was lower and about 11%.

After the dark period, the solution was irradiated with UV lamps and the reaction
started to occur. Under irradiation, the MB relative concentration progressively
decreased for ZnS, 0.05Ag, 0.1Ag and 0.5Ag. In particular, using bare ZnS, the MB

decolourization degree was equal to 45% after 180 min of UV irradiation.

It is worthwhile to note that, at the same irradiation time (180 min), the MB
decolourization increased with the increase of Ag content up 0.1wt %, while for
higher metal loading (0.5 wt %) the photocatalytic activity of the samples decreased
until to be total inhibited for 2Ag and 4Ag samples. 0.1Ag photocatalyst
demonstrated the highest activity among all the catalysts leading to an MB
decolourization equal to 55%, thus indicating that the optimal Ag content was equal
to 0.1wt %. The reason of this result could be attributed to the presence of Ag on
ZnS surface that effectively inhibits the recombination of photoinduced electron and
hole pairs [57]. This observation was confirmed by UV-vis DRS spectra (Figure 4) in
which it was evidenced the presence of plasmon band. Possibly, thanks to the
presence of plasmon band, a large number of photoexcited electrons were generated
from the Ag particles surfaces to the conduction band of ZnS and consequently the
photocatalytic activity increased [58].

On the other hand, the decrease of photocatalytic activity observed at higher Ag
content (0.5Ag) can be explained considering both that Ag particles may act as a

recombination center and with the increase of agglomerated Ag particles size on ZnS
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(as argued from the reduction of specific surface area) surface[59]. These two effects
probably determined the worsening of photocatalytic activity, as also observed in
literature [60]. At Ag loading higher than 0.1wt%, the probability of the holes
capture is increased by the large number of silver particles, which decrease the
probability of holes reacting with adsorbed species at the ZnS surface [59]. In the
case of 2Ag and 4Ag, the absence of photocatalytic activity could also be explained
considering the UV-vis characterization. In fact, the very low optical band-gap of
these samples (2.1 eV for 2Ag and 1.8 eV for 4Ag) brings to the inhibition of MB
photodegradation process because of the possible more facile electron/hole

recombination in the excited state of the catalyst [15].

3.2.2 Photocatalytic decolourization of MB: comparison between UV lamps and UV-

LEDs.

Figure 7 show the comparison of the photocatalytic experiments carried out using
two different external light sources (UV lamps or UV-LEDs), at the same initial MB

initial concentration (15 mgL™) and 0.1Ag catalyst dosage (3g L™).

Figure 7

The obtained values showed that, after 180 min of UV exposure time, in the case of
UV lamps, the MB decolourization was equal to 55% while, when UV-LEDs are
used as light sources, MB decolourization increased until a value of 76% was
reached. This last results can be explained considering that the use of the UV-LEDs

strip allows to reduce the dispersion of the UV photons in the external environment
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due to its geometry [61] and due to higher luminous efficiency the for the LEDs that

consent to increase the number of photons per hour entering into reactor [61, 62].

3.2.3Photocatalytic decolourization of MB: comparison between different synthesis

method (0.1Ag and 0.1Ag(F))

In order to compare the efficiency of Ag loaded on the ZnS prepared by different
synthesis method (chemical reduction and photodeposition), photocatalytic tests

were carried out on 0.1Ag and 0.1Ag(F) samples.

Figure 8

The decolourization of MB using the same amount of Ag loaded on ZnS surface was
higher for 0.1Ag than 0.1Ag(F). In particular, at the same irradiation time (Figure 8),
the 0.1Ag photocatalyst showed higher MB decolourization (76%) compared to
0.1Ag(F) (54%). Since no significant differences were observed from XPS results, it
is most probable for the sample 0.1Ag(F) that the decrease of adsorption (Figura 4)
in the UV region could be associated to the formation of Ag~ cluster, and therefore

photocatalytic activity worsened [63].

3.2.4Photocatalytic decolourization of MB: the influences of initial concentration

The effect of MB initial concentration in the range 2.5-15 mg-L™, has been

investigated by using 0.1Ag catalyst (Figure 9).

Figure 9
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The adsorption in dark conditions evidenced that the amount of MB adsorbed on
0.1Ag surface was almost constant and equal to 6.6x1.5mg/g.,: for all the tested MB
initial concentration. Under UV irradiation, at the lowest dye concentration (2.5 mg
L), the MB decolourization was almost complete while was found to be reduced
when MB initial concentration increased up to 15 mg L™ This behavior can be
explained on the basis of change in optical absorption of the MB solution at varying
concentration [64]. The colour of solutions increased with the increase in the MB
concentration, limiting the penetration of the light in the agueous medium [65]. As a

consequence the photocatalytic activity was lower.

3.2.4Photocatalytic decolourization of MB: the influences of 0.1Ag dosage

The effect of 0.1Ag photocatalyst dosage (in the range 1.5-7.5 g-L™) has been

investigated at 15 mg L™ MB initial concentration.

Figure 10

Figure 10 shows that the photocatalytic activity increased with the increase in 0.1Ag
from 1.5g-L™ to 6 g-L™, reaching the almost complete MB decolourization after 180
min of UV irradiation time. The observed enhancement in this range is probably due
to an increased number of available adsorption and catalytic sites on the surface of
0.1Ag photocatalyst [66]. When the dosage of 0.1Ag was increased up to 7.5 g L™,
the decolourization rate did not change significantly. These results, commonly
observed for the photocatalytic slurry systems [66], can be explained considering that

when the photocatalyst dosage in the aqueous medium is too high, the solution
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became turbid and the UV light were not able to penetrate and interact with the
photocatalyst [67]. Moreover, a possible additional explanation of the previous result
is that the high amount of catalyst may generate particles aggregation phenomena
[68] that induces the scattering of UV light, leading to worsen the photodegradation

efficiency.

3.2.5Photocatalytic degradation of phenol

In order to evaluate the efficiency of 0.1Ag photocatalyst with a colorless pollutant, a
photocatalytic test has been carried out using an aqueous solution containing phenol.
In particular, the photocatalytic degradation of phenol under UV light irradiation

using bare ZnS and 0.1Ag photocatalysts was investigated Figure 11.

Figure 11

For both samples, in dark condition, the adsorption equilibrium reached the same
value indicating that the presence of Ag did not affect the phenol adsorption.
Different phenol degradation trend was observed under UV light. In fact using the
0.1Ag photocatalyst, after 180 min of UV irradiation, the degradation of phenol was
equal to 60% while the presence of only bare ZnS led to a phenol degradation of only

27%.

4. Conclusions

In this work the photocatalytic degradation of water pollutants under UV light
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irradiation was studied using Ag/ZnS nanoparticles at different noble metal loadings.
The photocatalysts were prepared at room temperature using two different one step
techniques (photodeposition and chemical reduction) and they were characterized
from a chemical-physical point of view by means of different techniques. XPS
results evidenced the successful reduction of silver nitrate precursor and that Ag is
present as intermediate state between nanostructured Ag® and Ag,O. XRD analysis
showed that the structures of both bare ZnS and Ag/ZnS samples can be regarded as
a mixture of ZnS a-phase and B-phase with a dominant cubic sphalerite structure (p3-
phase). Additionally, no peaks for Ag are detectable for any of the Ag/ZnS samples,
indicating a good dispersion of Ag-species. UV-Vis DRS results revealed that bare
ZnS particles did not absorb light in the visible region whereas the presence of Ag
induced an increase of absorption in the UV region up to 2 wt% Ag content.
Moreover, the addition of noble metal caused a significant change of the absorption
spectrum of bare ZnS, resulting in high absorbance from 400 nm to the entire visible
region, due to the Ag surface plasmon band. The comparison between the samples
prepared with photodeposition and chemical reduction evidenced absorption bands in
the range 200-400 nm at different intensity, indicating a higher reduction degree of
silver clusters with the chemical reduction method. Finally, the comparison between
the Raman spectra evidenced that, at the same Ag nominal loading, the sample
prepared by chemical reduction showed band located at 215 cm™ (associated to the
radial effect of Ag atoms) with higher intensity than that observed for the sample

prepared through photodeposition method.

The photocatalytic activity was evaluated in terms of the photodegradation of
methylene blue (MB). It was observed an enhancement of photocatalytic activity

induced by silver addition in comparison to bare ZnS up to 0.1 wt% Ag content.
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The reason of this result could be attributed to the presence the presence of plasmon
band, able to generate large number of photoexcited electrons from the Ag particles
surfaces to the conduction band of ZnS. Moreover photocatalytic results evidenced
that the sample at 0.1 wt% Ag loading prepared by chemical reduction method
showed higher performances with respect to the sample prepared with
photodeposition method at the same Ag loading (0.1 wt%).

By using the optimized photocatalyst, the almost complete MB degradation was
obtained by using UV-LEDs as light sources and 6 g L™ of catalyst dosage.
Moreover, the optimized Ag/ZnS photocatalyst was also able to effectively degrade

phenol in aqueous solution under UV irradiation.
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Figure 1 (a) S2p and (b) ZnLMM spectra relevant to bare ZnS (dashed curves) and to 0.1Ag sample
(solid curves)
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Figure 2 (a) Ag3d spectra relevant to bare ZnS (dashed curves) and to 0.1Ag (solid curves). Curve-
fit of Ag3d doublet is shown; (b) AgMNN region associated to 4Ag. Auger peak position is
indicated by the vertical dotted line.
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Figure 4 Kubelka Munk from UV-Vis spectra in the range 200-800nm for (a) bare ZnS and
Ag/ZnS samples; (b) bare ZnS, 0.1Ag and 0.1Ag(F) samples
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300 450 600
Raman schift, cm™?

Intensity, a.u.

150

—7nS
=== 0.1Ag
e 0.1Ag(F)

300 450
Raman schift, cm™?

600




5: Figure 6

1«
0.9 -
0.8 -
S
O 0.7 - Dark
: adsorption
0.6 Light on 0.5Ag
ZnS
0.05Ag
0.5 -
0.1Ag
04 T T T T T T
0 50 100 150 200 250 300 350

Run time, min

Figure 6 Photocatalytic MB decolourization over bare ZnS and Ag/ZnS catalysts; MB initial
concentration: 15 mg L™; solution volume: 100 ml; photocatalyst dosage: 3g L™; light sources: UV
lamps
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Figure 7 Photocatalytic decolourization of MB in the presence of UV-LEDs and UV-lamps 0.1Ag
photocatalyst; MB initial concentration: 15 mg L™*; solution volume: 100 ml; photocatalyst dosage:
3gL?
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Figure 8 Photocatalytic MB decolourization under UV light (LEDs) over 0.1Ag and 0.1Ag(F)
catalysts; MB initial concentration: 15 mg L™; solution volume: 100 ml; photocatalyst dosage: 0.3g
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Figure 9 Influences of MB initial concentration; photocatalyst: 0.1Ag; solution volume: 100 ml;
photocatalyst dosage: 0.3g L™ light sources: UV LEDs
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Figure 11 Photocatalytic degradation of phenol over bare ZnS and 0.1Ag catalysts; phenol initial
concentration: 25 mg L™; solution volume: 100 ml; photocatalyst dosage: 0.3g L™; light sources:
UV LEDs



6: Table 1

Table 1 Ag nominal loading, crystallites size, specific surface area (SSA), band- gap energy (Epqg),
valence band edge potential (Eyvg) and conduction band CB edge potential (Ecg)

Catalyst | Nominal loading Ag, | Crystallit | SSA, Ebg, €V Evs, eV | Ecg, eV
wt% esize, nm | m?/g

ZnS - 22 17 3.5 3.075 -1.555
0.05Ag 0.05 23 16 3.4 2.51 -0.99
0.1Ag 0.1 23 16 3.3 2.46 -0.94
0.1Ag (F) | 0.1 22 17 3.4 2.41 -0.89
0.5Ag 0.5 24 15 2.8 2.46 -0.94
2Ag 2 25 14 2.1 2.16 -0.64
4Ag 4 26 13 1.8 1.81 -0.29




6: Table 2

Table 2 Surface chemical composition of bare ZnS and Ag/ZnS for different Ag wt% loadings
(error on atomic percentages (At%) is £0.2% for Ag and Zn, and +0.5% for the other elements).
The surface silver weight % calculated from XPS data (Ag wt %) is reported in the last column.

Sample Zn% S% Ag% C% 0% Ag wt %
ZnS 16.6 17.8 - 54.4 11.2 -

0.05Ag 30.3 28.9 0.6 29.0 11.2 1.8
0.1Ag 32.0 311 1.4 26.3 9.2 4.1
0.1Ag(F) 32.8 31.0 1.3 26.0 8.9 3.8
0.5Ag 31.6 30.1 1.3 27.3 10.5 3.8

2Ag 21.8 21.9 2.4 43.4 10.5 8.4

4Ag 22.9 211 5.7 37.3 13.0 17.8




