10

15

20

25

30

Photocatalytic degradation of dyes in water by analytical reagent
grade ZnO, TiO2 and SnO2: A comparative study

Dnyaneshwar R. Shinde, Popat S. Tambade*, Manohar G. Chaskar, Kisan M. Gadave

Prof.Ramkrishna More Arts, Commerce and Science College, Akurdi, Pune-44,
Affiliated Savitribai Phule Pune University (India)

Correspondence: Popat S. Tambade (pstam3@rediffmail.com)

Abstract. In this study, we evaluated the photocatalytic activities of analytical reagent (AR) grade ZnO, TiO», and SnO> to
identify a low-cost photocatalyst for dye degradation. The obtained samples of ZnO, TiO, and SnO, were characterized by
XRD, scanning electron microscope imaging, UV-VIS diffuse reflectance spectroscopy. The decolourization of three
structurally diverse dyes, namely crystal violet, basic blue, and methyl red under solar irradiation was used to evaluate the
photocatalytic activities of three metal oxides. The photocatalytic activities of as received three metal oxides were tested with
the photocatalytic degradation of dyes and compared with Degussa P-25. Dye solutions with each metal oxide at initial pH 9
were subjected to irradiation under sunlight and monitored for up to the stage of complete decolourization. The results indicate
that ZnO exhibited the highest photocatalytic activity as compared to TiO, and SnO, as well as that of Degussa P-25 (TiO,).
The photocatalytic dye decolourization rates with ZnO were 1.14—1.35, 1.70-3.1, and 4-8.5 times higher than those of the
Degussa P-25, TiO, and SnO», respectively. The percentage COD removal was studied for ZnO and partial removal was
observed at the decolourization stage. To enhance photocatalytic activity of AR grade ZnO it was loaded with Ag metal and

about 20% enhancement in the activity was observed.
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1 Introduction

Dyes and pigments are extensively used in industries that manufacture and process textiles, paper, plastics, leather, food, and
cosmetic products. The release of dye-containing effluents from these industries into water bodies possess a considerable threat
to aquatic life as well as the environment. Numerous studies have investigated the efficient removal of hazardous organic
molecules from waste water during past decades. These studies have demonstrated that the hazardous organic molecules in
waste water can be degraded using photo excited charge carriers in an excited semiconductor (Yang et al., 2001; Qi et al.,
2014; Singh et al., 2015; Wang et al., 2016; Keane et al., 2014; Shinde et al., 2015). This process is termed photocatalysis. The
most suitable natural energy source for semiconductor-based photocatalysis is solar irradiation (Nguyen et al. 2015). However,
solar irradiation can be optimally used for photocatalysis only by designing an efficient solar-irradiation-driven photocatalytic
system. Recently, many semiconductors, such as SnO,, WOs3, TiO,, CeO,, and ZnO, have been used in heterogeneous

photocatalysis (Xu et al., 2013; Herrmann, 1999). Most of these semiconductors are wide-band-gap semiconductors, which



require ultraviolet (UV) irradiation for photocatalysis (Lin and Lin, 2007; Abo et al., 2016). When a wide-band-gap
photocatalyst is irradiated with light of energy equal to or higher than its band-gap energy, electron—hole pairs are created. In

an aqueous medium, reactants may be adsorbed on the surface of a photocatalyst and may react directly or indirectly with the
photo generated electrons and holes (Girish Kumar and Koteswara Rao, 2015; Nagaraja et al., 2012). Photocatalysis was

5 reported to enable efficient degradation of a wide range of organic pollutants and hazardous inorganic materials into readily
biodegradable compounds, and eventually mineralize them into relatively harmless CO, and water (Chong et al., 2010). In the
category of semiconductor photocatalysts TiO, and ZnO have been widely investigated (Pardeshi and Patil, 2008; Parida and
Parija, 2006). TiO> is generally considered to be a non-toxic, chemically inert, and photo stable catalyst, and it has the ability

to degrade dyes as well as several organic pollutants (Hu et al., 2013; Zhou et al., 2011; Akpan and Hameed, 2009). The

10  Degussa P-25 photocatalyst(Mixture of anatase and rutile TiO,) exhibited significantly higher photocatalytic activity in organic
dye degradation than do other commercially used forms of TiO, (Lydakis-Simantiris et al., 2010; Zhou et al., 2012; Hou et al.,
2015). The extensive use of TiO, for large-scale water treatment is uneconomical; therefore, studies to identify suitable
alternatives to TiO, have been conducted worldwide. ZnO has been widely studied as a photocatalyst in water treatment
because of its low cost and favourable optoelectronic and catalytic properties (Nagaraja et al., 2012). ZnO is an n-type

15 semiconductor with many attractive features. It has a wide band gap of 3.2 eV and a large number of active sites. ZnO is an
efficient visible-light photocatalyst and generates large quantities of hydroxyl radicals. Surface and core defects, such as
oxygen vacancies, zinc interstitials, and oxygen interstitials, in ZnO play a vital role in the photocatalytic reactions by providing
active sites for preventing electron—hole recombination (Hans et al., 2012; Janotti and Van de Walle, 2009). This, in turn,
enhances the generation of hydrogen peroxide (H20.), superoxide (O, *)radicals, and hydroxyl (OH*) radicals, which have

20  been reported to be responsible for the photocatalytic activity (Girish Kumar and Koteswara Rao, 2015), on the ZnO surface.
Doping ZnO nanoparticles with metals and transition metals such as Ag, Pb, Mn, and Co can increase the photocatalytic

activity because doping increases surface defects (Patil et al., 2010; Sood et al., 2014;Zhi-gang et al., 2012).

We systematically studied the photocatalytic activity of commercially available analytical reagent (AR) grade ZnO,
Ti0,, and SnO, powders during the degradation of industrial dyes, namely crystal violet (CV), basic blue (BB), and methyl red
25 (MR) in aqueous solutions under solar irradiation. Furthermore, the activities of these photocatalysts were compared with that
of the Degussa P-25 photocatalyst. Dye degradation studies were performed in a specially designed reactor called the flat slurry
reactor (FSR). We expect that this work will provide crucial theoretical insights and will have practical applications in the
treatment of polluted water that results from the widespread disposal of organic pollutants.
2 Experimental methods
30 2.1 Materials
The Degussa P-25 photocatalyst was obtained from Nanoshel (US) (characteristic information: in Support file Table-1) and
used as a benchmark photocatalyst. Commercially available AR grade TiO», ZnO;, and SnO, were purchased from Loba

Chemie Ltd. (India). Three structurally diverse dyes, namely crystal violet (CV), methyl red (MR), and basic blue (BB), used
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in this investigation were purchased from Sigma—Aldrich (India) (Support file Table-2). All the materials were used without
further purification. Tap water was used for preparation of dye solutions, and the pH of the solutions was adjusted using 1 M
NaOH or 1 M H,SO4.

2.2 Characterization of photocatalysts

The powder X-ray diffractogram (XRD) of the as-received ZnO, TiO,, and SnO, samples were recorded and analysed to
determine their crystal structure and lattice parameters. The average particle size of each metal oxide was estimated using the
Debye—Scherrer formula. The band gaps were evaluated from diffuse reflectance spectra (DRS) of metal oxides in absorbance
mode. Particle morphology was analysed through scanning electron microscopic (SEM) imaging. Specific surface areas were
calculated using a prescribed method (Jiji et al., 2006; Jo-Yong et al., 2006).

2.3 Photoreactor and degradation experiment

Photocatalytic experiments were carried out in a specially designed FSR. The reactor consisted of rectangular reaction vessel
of size 20 x 30 x 4 cm?. The reaction vessel was connected to a stirring tank (volume 300 mL) through polyethylene pipes of
10 mm diameter (Fig.1). The reaction mixture was collected from the reaction vessel into a stirring tank, stirred, and pumped
back into the reaction vessel. The reaction mixture was stirred and circulated continuously to maintain the catalyst in the form
of a suspension. The experiments were performed using solar irradiation incident between 10 A.M.and 3 P.M., where the

intensity of the irradiation was 57000-66000 lx.

Solar irradiations

Stirring tank

Figure 1: Reactor set-up for photodegradation of dye under solar irradiation

The reaction conditions such as pH, catalyst dose, stirring rate, circulation rate of reaction mixture were optimized in
preliminary experiments and reaction was performed under optimized experimental conditions. Except pH and temperature all
other parameters remained constant during experiment. pH of dye solution was decreased from 9+0.1 to 8.6+1 while
temperature raised from room temperature to 39+3°C. Each dye solution (10 mg L") was prepared using tap water. To 2000
mL of dye solution, 400 mg L™! photocatalyst was added and a suspension was developed by stirring. The suspension was
placed in dark for 1 h to achieve the adsorption—desorption equilibrium before exposure to solar irradiation. Then 1.2 L

suspension was transferred to the reactor and exposed to solar irradiation. The same procedure was used for all the catalysts

3



used in the study. The photocatalytic activity of each metal oxide was determined under optimised conditions of pH of the dye
solution (pH=9). At predetermined time intervals, 10 mL of each reaction mixture was withdrawn and centrifuged, and the
absorbance of supernatant was determined at Amax of the dye at specified pH. The rate constant of decolourization reaction was

determined using the Langmuir—Hinshelwood equation (Chong et al., 2009):

_ 2303
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where, kobs is the apparent reaction rate constant, Ay is the initial absorbance of the dye solution, and A is the absorbance of
dye solution after irradiation at time t.
Finally we have determined decrease in chemical oxygen demand (COD) of treated dye solution according to
previously described method (Pawar et al., 2016).
10 2.5 Loading Ag metal on AR grade ZnO
Five grams of AR grade ZnO was sonicated for 5 minutes in 100 mL 0.01M AgNOs solution, stirred for 30 minutes and
centrifuged to recover ZnO. The recovered ZnO was suspended in an alkaline (using ammonia) glucose solution (0.1M, 100
mL, pH=9) and was boiled for 5 min. The ZnO was recovered through centrifugation; it was washed with distilled water until
it was free from alkali. Finally, it was annealed for 30 min in a furnace at 450°C.
15 3 Results and discussion
3.1 Characterisation of catalysts
Powder XRD analyses were conducted on the as-received AR grade ZnO, TiO,, and SnO; to investigate their crystalline phases,
lattice parameters, and average crystallite sizes. Fig. 2 represents the XRDs of the three as-received semiconductor samples.
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Fig. 2(a) depicts the XRD patterns of ZnO. The major diffraction peaks are observed for ZnO at 20 angles 31.78°, 34.44°,
36.27°,47.55°, 56.61°, 62.87°, 66.39°, 67.96°, and 69.10°, which are indexed to the planes [100], [002], [101], [102], [110],
[103], [200], [112], and [201], respectively. These peaks match the hexagonal cubic (wurtzite) structure of ZnO (JCPDS 36-
1451) (Pawar et al., 2016). In Fig. 2(b), separate and sharp diffraction peaks of TiO, are observed at 25.3°, 37.79°, 48.04°,
53.9°,55.07°, 62.7°, 68.78°, 70.30°, and 75.08°, corresponding to planes,[101], [004], [200], [105], [211], [213], [116], [220],
and [215] respectively, of the pure anatase (tetragonal) phase of TiO, (JCPDS 21-1272). Fig. 2(c) depicts the diffraction peaks
of SnO; at 26.66°, 34.03°, 38.07°, 39.15°, 42.67°, 51.93°, 54.94°, 57.96°, 62.04°, 64.88°, 66.07°, 71.34°, and 78.81° which
can be indexed to the planes [100], 10 [101], [200], [111], [220], [211], [220], [002], [310], [112], [301], [202], and [321],
respectively, of the rutile (cassiterite) crystalline phase of SnO, (JCPDS 77-0451) (Zhang et al., 2009, Elsayed et al., 2014).
Lattice parameters were calculated for all three metal oxides by using XRD data and are listed in Table 1. The lattice
parameters were consistent with reported values (Pawar et al., 2016; Cheng et al., 2011; Li et al., 2014; Li et al., 2013).
Crystallite sizes were calculated using the intense peaks in XRD by the Debay—Sherrer formula; they were103 nm, 36 nm and
66 nm for ZnO, TiO,, and SnO,, respectively.
Table 1. Unit cell parameters calculated from XRD data

Parameters ZnO TiO2 SnO:
a(A) 3.248 | 3.784 4.734
c(A) 5203 | 9514 3.179
c/a ratio 1.602 2.514 0.672
Unit cell volume (x1072* cm?) 4756 | 13.62 7.125
X-ray Density (g cm™>) 5.681 3.894 7.023

3.2 SEM micrographs of catalysts

Fig. 3 presents typical SEM micrographs of the as-received catalysts. The SEM micrographs of metal oxides reveal the
agglomeration of primary particles (crystallites) to form grains of larger size. Fewer ZnO crystallites were agglomerated into
cubic grains many into elongated hexagonal rods of various diameters. TiO, grains are roughly spherical with various diameters
(range 55—170 nm). SnO; exhibits roughly spherical or irregular-shaped particles of sizes in the range 86—230 nm. The particles

of all three oxides are small and have smooth surfaces.



Figure 3: SEM micrographs of ZnO (A),TiO2(B), and SnO2(C)
3.3 Band gaps of ZnO, TiO: and ZnO

The corresponding DRS in the absorbance mode of the as received oxides namely, ZnO, TiO,, and SnO; are provided in Fig.
4. These spectra indicate strong absorbance in the UV region and an absorption edge between 300 and 400 nm because of the
relatively large excitation binding energy. The absorbance onsets of wurtzite ZnO, anatase TiO,, and rutile SnO, are 384, 387,

and 341 nm, respectively.
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Figure 4: diffuse absorbance spectra of ZnO, TiOz, and SnO:

The experimentally evaluated band gaps of ZnO, TiO,, and SnO, are 3.23, 3.20, and 3.64 ¢V, respectively (Support file Fig.1).
The observed band gaps are strongly correlated with reported values (Cheng et al., 2013; Anand et al., 2008; Gupta and
Tripathi, 2011). The band gap order of these three oxides is TiO2~ZnO < SnO,.

3.4 Specific surface area of catalysts

The specific surface areas of AR grade ZnO, TiO,, and SnO, powders were determined using a prescribed method. Among
the three oxides, TiO, exhibited the highest specific surface area (42.54 m?g ') because of its relatively small particle size and
low crystal density. ZnO and SnO» have comparable specific surface areas, 10.18 and 12.91 m?g !, respectively, which are
approximately four times less than that of TiO». Such differences can be attributed to large crystallite sizes and high crystal
densities of ZnO and SnO,compared with those of TiO,. The specific surface area of the Degussa P-25 catalyst is approximately
50 m’g".

3.5 Photocatalytic activity

To compare the photocatalytic activity of commercially available AR grade metal oxides, namely ZnO, TiO», and SnO,, and
P-25, a set of photocatalytic experiments were performed under similar conditions using the dyes CV, BB, and MR. In present
study we have utilized FSR, since it has suitable design for external source of irradiation like sunlight and easy to operate. In
preliminary experiments we have optimized process parameters affecting the rate of degradation of dyes. The parameters
studied were initial pH of dye solution, catalyst dose, depth of dye solution in the reactor and the circulation rate. pH variation
was performed over limited range (5 to 9) as a very high or low pH is not desirable in water treatment. Depending on the
results of these experiments we have selected process parameters in this study. The selected parameters were pH = 9, catalyst
dose = 400 mgL!, depth of solution in reactor = 1.5 ¢cm, and circulation rate = 130 ml min"!. Control experiments were
performed on the dye solutions for three hours (i) under solar irradiation without catalyst and (ii) in dark with addition of

catalyst. When dye solutions were irradiated with the light without catalyst loading, negligible decolourization (less than 2%)
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was observed. When the experiments were performed with catalyst loadings in dark, 5-16% decolourization was observed for
CV and BB which could be attributed to the adsorption of these dyes on the catalyst surface (Table-2).

Table 2. Percent decolourization (adsorption) of three dyes on photocatalysts in dark

Percent decolourization
Photocatalyst
Cv BB MR 4
ZnO 9.8+1.2 | 16.3£0.8 | negligible
TiO, 5.3+0.7 | 8.4£l1.1 | negligible
SnO, 4.6+0.8 | 7.4+0.4 | negligible
Degussa 6.9£0.6 | 7.4+0.6 | negligible

The photocatalytic activities were compared in terms of the rate constant of decolourization of dyes, which were obtained
using the graphical method (graph of logio(Ao/As) against time; Support File Fig.2) on photocatalysts and are listed in Table 3.
Table 3. Comparison of photocatalytic activities in terms of reaction rate constants for three dyes

Photo- Cv BB MR
ctalyst k tin k tin k tin

(min™") | (min) |(min™") | (min) | (min™") | (min)
ZnO | 0.079 | 8.8 0.10 6.9 | 0.014 | 49.6
TiO2 | 0.026 | 26.9 | 0.045| 15.5| 0.008 | 84.1
Sn0O: | 0.010 | 71.0 | 0.017 | 40.7 | 0.004 | 196.7
P25 | 0.060| 11.6 | 0.076 | 9.1 | 0.012| 564

The results indicate that for all three dyes, ZnO exhibited higher photocatalytic activity than did TiO,, SnO,, and P-25.
Comparative studies on ZnO and TiO, (the Degussa P-25 TiO,) photocatalysts have been performed by many other researchers,
where synthetic ZnO has shown a higher performance than TiO, (Hussein and Abass, 2010; Sakthivel et al., 2003; Qamar and
Muneer, 2009). Han et al. (2012) accounted for enhanced photocatalytic activity of ZnO in terms of higher absorbance of
radiations by ZnO than by TiO; in the UV region. The surface area of a photocatalyst is one of the key parameters that affects
photocatalytic activity. Among the four catalysts used in the study, ZnO displayed the lowest specific surface area while the
Degussa P-25 photocatalyst had the highest specific surface area. The results revealed that despite having a low specific surface
area, ZnO exhibited a higher photocatalytic activity than did TiO, and SnO». This might be because of differences in the
intrinsic characteristics of ZnO, TiO», and SnO,. Quantum efficiency may be used to explain the differences in photocatalytic
activity; ZnO has a greater quantum efficiency than do TiO; and SnO, (Kansal et al., 2007). Another critical factor affecting
the photocatalytic activity is the band gap. In our study, SnO; exhibited a relatively low activity because of its wide band gap

(3.64 eV). Since wide band gap photocatalyst needs a large amount of UV radiation to excite electron and to form electron-



hole pairs in the catalyst (Sakthivel et al., 2003; Abo et al., 2016). ZnO and TiOexhibited comparable band gaps (3.24 and

3.20 eV, respectively). The Degussa P-25 photocatalyst has the lowest band gap (3.00 eV) and was expected to exhibit a higher

photocatalytic activity than ZnO. However, the experimental results clearly indicate that ZnO had a higher photocatal ytic

activity than did the Degussa P-25 photocatalyst and TiO,. Solar irradiation consists of 5-7% in the ultraviolet radiations. The

5 results of the photocatalytic activities provide in direct evidence that ZnO may be able to absorb larger fractions of photon

energy more efficiently than P-25 and TiO, within the UV region (Pardeshi and Patil, 2008). This behaviour may be attributed

to the intrinsic defects in ZnO crystals. The predominant defects in the ZnO are positively charged Zn interstitials and oxygen

vacancies. When electron—hole pairs are formed, the Zn interstitials and oxygen vacancies facilitate redox reactions by trapping

photogenerated electrons. This reduces the recombination of electrons and holes, and they are available for dye degradation

10 (Hans et al., 2012). The Degussa P-25 photocatalyst is a blend of rutile (30%) and anatase (70%) TiO,, which prevents the
recombination of electrons and holes; therefore, it shows more photocatalytic activity than does anatase TiO,.

Dye degradation by photocatalyst under solar irradiation takes place through two different mechanisms. In the first
mechanism, when the photocatalyst is illuminated, a photon of energy higher than or equal to the band gap, causes excitation of
electrons into the conduction band (CB) of photocatalyst. Simultaneously, an equal number of holes are generated in the valence

15 band (VB). The high oxidative potential of the hole in the CB of catalyst permits the direct oxidation of the dye to reactive
intermediates followed by degradation. The process is expressed as (Konstantinou, and Albanis, 2004):

MO/MO; + hv — MO/MO»(ecs™ + hvs") (2)

hvs* + dye — dyex — dye degradation 3)

The degeneration of dyes also occurs due to their reaction with hydroxyl (OH") and superoxide (03 ) free radicals. OH" is a
20 highly reactive, strong oxidising chemical species, which is either formed through decomposition of water or by the reaction

of a hole with surface-bound hydroxyl groups (OH"):

hyg" + H,O — H" + OH* @)

hyg"+ OH™ — OH* %)

The conduction band (€.5) potential was sufficient negative to reduce O, which is adsorbed on the surface of catalyst to

25 generate O3
ecg 0, > 05 (6)
The subsequent reactions of OH™ and O3 can also generate OH'. The reactions of OH" and O3 with dye molecules degrade

them into simple molecules (Chen and Ray, 2001).The second mechanism is a dye sensitization mechanism. In this mechanism,
the dye molecules adsorbed on the surface of catalyst absorb visible radiations and undergo electronic excitation from the
30 highest occupied molecular orbitals to the lowest unoccupied molecular orbitals (LUMO). Then excited electrons from the
LUMO of the dye molecule are injected into the conduction band (CB) of the photocatalyst and the dye is converted into

cationic dye radical (Lakshmi Prasanna and Rajagopalan, 2016). This dye radical undergoes degradation to produce
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mineralised products (Li et al., 2002; Muthirulan et al., 2013). The electron in the CB of the metal oxide is further scavenged
by oxygen to produce O3 and results in the decolourisation of dyes. This mechanism is prominent when dye molecules are

in adsorbed state on the catalyst surface. These two mechanisms are depicted in Fig. 5.

Dye r
Sunlight
HOMO

Catalyst 4
OH o

OH"

OH'/ 02" + Dye — Dye degradation

Figure 5: Schematics of photodegradation of dye in solar irradiation
The adsorption study of dyes in solution by photocatalyst showed that CV and BB were adsorbed to certain extent on all four
photocatalyst while MR was adsorbed to negligible extent (Table 2).

The quantity of adsorption clearly reflected in terms of the decolourization rate constants of these dyes. When rate
constants (Table 3) are compared with percentage adsorption (Table 2), it is observed that MR has the least rate constant which
might be due to negligible adsorption. Furthermore, BB is adsorbed to greater extent than CV thereby it showed greater
decolourization rates with all four catalysts. This supports the dye sensitised mechanism.

3.6 Enhancement of photocatalytic activity of AR grade ZnO

To broaden the photo response of ZnO catalyst for the solar spectrum, various material engineering approaches have been
devised. These approaches include doping (with metals, non-metals or metalloids), composite with carbon nano-tubes,
formation of hetero-structures with noble metals or other semiconductors, dye sensitisers (Zhang and Zeng, 2010). In this
study, we attempted to enhance the photocatalytic activity of commercially available ZnO by loading silver metal on its surface.
The ZnO was suspended in an AgNOs3 solution, where it adsorbed Ag™ ions on its surface (adsorbed quantity 1.9 mg/g ZnO).
When the ZnO with adsorbed Ag" was treated with an alkaline glucose solution, the Ag” was reduced to Ag-metal according

to the following chemical reaction (Eq. 7).

. NH,OH,A
Ag™ + C¢H1306 — Agmetal + CsHy20; (N

The presence of Ag metal on surface was clearly indicated by the appearance of a light-grey colour to the surface sensitised
ZnO. The Ag-sensitised ZnO was characterised by powder XRD, which showed extra peaks at 26=38.1°, 44.3°, 64.5°, and

77.9° in addition to hexagonal wurtzite peaks of ZnO (Support file, Fig-3). These peaks were characteristic of face-centred

10



10

15

20

25

cubic crystallised Ag metal (JCDS data file no. 04-0783) (Ma et al., 2014). Relatively small peak intensities corresponding to
Ag metal indicate its smaller crystal size on the surface of ZnO. The presence of Ag metal was also confirmed through DRS
in absorbance mode and energy-dispersive X-ray spectroscopy (Support file, Fig-4 and 5).

The process of photocatalysis by Ag/ZnO is depicted in Fig. 6. The coupling of Ag metal with ZnO alters the band
structure of the photocatalyst. The CB energy of Ag metal is lower than that of ZnO. Molecules of the dyes that adhered to the
ZnO particle surface are excited by the incoming light and release electrons from the LUMO to the CB of ZnO. The ZnO is
also excited by UV component of solar irradiation, thus forming electron—hole pairs and the electrons are available in the CB
of ZnO. Eventually, these electrons are transported to the CB of the Ag metal. This delocalization of the electrons is
thermodynamically favourable and facilitates reduction of the rate of recombination of electron—hole pairs produced during
the photo-excitation of ZnO. In turn, more electrons and holes are made available for chemical reactions, which enhance the
photocatalytic activity of Ag-loaded ZnO (Kuriakose et al., 2014; Jing et al., 2006). These electrons and holes are responsible

for the generation of and OH" free radicals respectively, which are extremely strong oxidants for the decomposition of dyes.

Figure 6: Schematic diagram representing the band structure silver metal loaded ZnO, electronic excitation process, dye
sensitized mechanism and electron delocalization in silver metal loaded ZnO

The calculated rate constant for decolourization of MR, CV and BB using the Ag-loaded ZnO is 1.22, 1.28 and 1.33
times higher, respectively, than that of pure ZnO. These results indicate that the loading of Ag on ZnO enhances the
photocatalytic activity of ZnO in solar irradiation. Ag deposits on ZnO surfaces have been reported to act as electron sinks and
hinder the recombination of photo-induced electrons and holes. This ensures that the charge separation on Ag-loaded ZnO is
higher than that on ZnO. The charge-transfer process occurring at the Ag—ZnO interface assists the transport of electrons to
the surface, which is responsible for enhancing photocatalytic activity (Patil et al., 2015, Zeng et al., 2008). Dinesh et al. (2014)
demonstrated that the hybrid ZnO@Ag core—shell nano rods exhibit more effective degradation of rhodamine 6G, Congo red,
and amido black B-10 than ZnO nano rods.

3.8. COD Removal
In this study, we have estimated COD removal of treated dye solution with AR grade ZnO as it showed higher photocatalytic

activity. The results showed that a partial COD removal was occurred at decolourization stages of dyes (46% for CV, 53% for

11
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BB and 38% for MR). To achieve further COD removal, experiment was continued up to 5 h. Analysis of the results indicated
that COD removal is not significantly different at 4 and 5 h irradiation time. At the end of 5 h irradiation time, observed COD
removal was 92% for CV, 95% for BB and 8§9% for MR (Support file Table-3).

3.7 Cost comparison

The suitability of a particular photocatalyst during the photocatalytic removal of organic pollutants in the water depends on its
activity and cost. ZnO, TiO», and SnO; cost Rs. 1100=00, 2800=00, and 8000=00, per kg respectively, while the cost of Degusa
P-25 is Rs.120000=00 per kg. A comparison of costs reveals that AR grade ZnO is less expensive hence affordable than are
Degussa P-250r AR grade TiO; and SnO,. Even after accounting for the cost of starting material and other chemicals, labour,
time, special requirements of equipment, and electricity consumed, any laboratory-synthesised form of ZnO, TiO,, and SnO,
will remain costlier than the commercially available AR metal oxides. In brief, AR grade ZnO is a cost-effective and efficient
material for the photocatalytic degradation of organic dyes under solar irradiation in an aqueous medium.

4. Conclusion

Photocatalysis based on metal oxide semiconductors is an important approach to the utilization of the abundant energy from
the sun for dye degradation. Intense research efforts have led to significant progress for the complete mineralization of organic
pollutants using nanomaterial like ZnO, TiO», SnO; etc. under light illumination. In the present study, authors have compared
photocatalytic activity of ZnO, TiO,, SnO; and Degussa P-25 in the degradation of industrial dyes (CV, BB, and MR) under
optimized conditions of pH (pH 9), catalyst dose (400 mg L!), depth of dye solution (1.5 cm) and rate of circulation (130 ml
min") and identical conditions of sunlight intensity and dye concentration. A comparison of the photocatalytic activity of ZnO
with the benchmark, the Degussa P-25 (TiO;), as well as with AR grade TiO; and SnO, showed that despite low specific
surface area and relatively large grain size, ZnO displayed higher photocatalytic activity in the degradation of dyes (CV, BB,
and MR) under solar irradiation. The photocatalytic activity of AR grade ZnO can be enhanced by coupling it with a noble
metal such as Ag. The cost of AR grade ZnO is lower than that of the other photocatalyst used in this study. Therefore, we

suggest solar photocatalysis using AR grade ZnO can prove to be cost effective and an energy efficient method.
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