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a b s t r a c t
Silver metal/Ti-doped ZnO, silver metal/ZnO, Ti(IV)-doped ZnO and ZnO photocatalysts were 
obtained by thermal decomposition of respective oxalate precursors. The synthesized photocatalysts 
were characterized by chemical and spectroscopic methods. The doping of ZnO with Ti(IV) and the 
formation of silver metal heterostructures in ZnO nanostructures were confirmed through powder 
X-ray diffraction and tunneling electron microscopy analysis. The ZnO and Ti-doped ZnO have
crystallized in hexagonal wurtzite structure while heterostructured catalysts showed the presence of
additional cubic crystalline phase belonging to Ag metal. Surface morphology was observed through
scanning electron microscopic imaging while surface area was determined by Brunauer–Emmett–
Teller method. The photocatalytic activity of the photocatalysts was studied on the structurally diverse
dyes in the sunlight and under optimized conditions of pH of dye solutions and catalyst dose. The
degradation of dyes was measured in terms of decolourization as well as chemical oxygen demand.
The photocatalytic activities of the catalysts were compared in terms of first-order rate constants of the
decolourization of dyes. The photocatalytic activity of the heterostructured Ag metal/Ti-doped ZnO
catalysts was found superior to the photocatalytic activity of ZnO, silver metal/ZnO and Ti-doped
ZnO catalysts.
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1. Introduction

Dyes are the coloured organic compounds, which are
often employed for colouring a wide variety of the consumer 
products. To meet the requirement of different industries, 
every year, large quantities of structurally and chemically 
diverse dyes are manufactured. Consequently, they are 
released in large quantities into surrounding water bod-
ies thereby emerged as one of the major water pollutants. 
Effluents released from dye production and textile dyeing 
industries are the major sources of dyes in the aquatic envi-
ronment. Approximately 12% of the dyes applied to textiles 
are lost during processing operations [1]. Many dyes and 

their degradation products in water are reported as toxic, 
carcinogenic, and mutagenic chemical species [2]. Hence, 
removal of dyes from effluents is biologically and envi-
ronmentally important. Photocatalytic degradation driven 
by sunlight is one of the emerging technologies useful for 
the complete mineralization of a wide range of organic 
dyes and organic pollutants [3–5]. Nanocrystalline ZnO 
has proven to be a promising photocatalyst for this pur-
pose owing to its high activity in sunlight, low cost, and 
environment-friendly nature [2,6,7]. Furthermore, it pos-
sesses high quantum efficiency, high redox potential, and 
high physical and chemical stability as well as advantages 
such as ease of preparation, and very low toxicity [2,3,6–9]. 
However, the principal drawbacks of nanocrystalline ZnO 
are a rapid recombination rate of the photogenerated 
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electron–hole pairs and the inefficient utilization of sun-
light. These drawbacks hamper the applications of ZnO to 
utilize it in the large-scale treatment of effluents containing 
dyes [10–15]. Several strategies such as doping ZnO with 
metallic or non-metallic ions, coupling ZnO with other 
semiconductor materials, and sensitizing ZnO with lower 
band gap materials were adopted to overcome these lim-
itations [16–25]. ZnO–noble metal-type nanoheterostruc-
tures are among the most promising hybrid materials that 
enhance the photocatalytic activity of ZnO [18,26]. In the 
present study, we have attempted to enhance the photocata-
lytic activity of ZnO by simultaneously doping it with Ti(IV) 
and coupling it with nanocrystalline silver metal particles, 
which represents hybrid catalyst system. Furthermore, the 
photocatalytic activities of the catalysts were evaluated on 
three structurally diverse dyes in the presence of sunlight. 
Finally, from application viewpoint, mineralization of dyes 
was studied at pilot scale in channel reactor using Ag metal/
Ti-doped ZnO as a photocatalyst.

2. Materials and methods 

2.1. Synthesis of photocatalysts

All the chemicals used in the present study are of analyt-
ical reagents grade (Loba Chemi Pvt. Ltd., Mumbai, India) 
and were used without further purification.

ZnO, Ti-doped ZnO, and heterostructured Ti-doped 
ZnO/Ag metal photocatalysts were prepared by the ther-
mal decomposition of oxalate precursors according to the 
prescribed method [27]. Zinc oxalate precursor was pre-
pared by the dry chemical reaction between zinc acetate 
and oxalic acid in mortar. These two reactants were mixed 
in 1:1.1 molar proportion in an agate mortar and ground 
until the odour of acetic acid completely disappeared. The 
precursor was then decomposed to ZnO in an open atmo-
sphere by heating on a Bunsen burner in a platinum cru-
cible followed by annealing at 600°C for 1.5 h in a muffle 
furnace. Similarly, Ti(IV)-doped ZnO photocatalyst and het-
erostructured Ti(IV)-doped ZnO/Ag metal photocatalysts 
were synthesized, wherein calculated quantities of AgNO3 
and Ti(OH)4 were added to the reaction mixture during the 
preparation of the precursors. Ti(OH)4 was obtained by the 
precipitation of appropriate quantity of TiCl4 with ammonia 
followed by centrifugation.

2.2. Characterization of photocatalysts 

The content of Zn(II), Ag metal, and Ti(IV) in the syn-
thesized photocatalysts were confirmed by chemical analysis 
using prescribed methods [28]. Furthermore, the elements 
in synthesized catalysts were confirmed by SEM–EDS anal-
ysis. The crystal phase of the photocatalysts was confirmed 
by powder X-ray diffraction (XRD) analysis, whereas par-
ticle morphology was studied through scanning electron 
microscopic (SEM) and Tunneling electron microscopy 
(TEM) imaging. The band gap was obtained from diffuse 
reflectance spectra (DRS) using pure powdered BaSO4 as 
reference material. Specific surface areas were measured 
with Brunauer–Emmett–Teller (BET) method using N2 gas. 
Photoluminescence (PL) spectra were recorded at room tem-
perature using an excitation wavelength of 350 nm.

2.3. Determination of photocatalytic activity

The photocatalytic activities of catalysts were evalu-
ated on structurally diverse dyes: crystal violet, Orange 
M2R (OM-2R), and amido black B-10 (ABB) (supplemen-
tary file, Table S-1 and Figs. S-1(a–c)) under solar irradi-
ation (intensity: 5.9 × 103–6.8 × 103 lx). The reactions were 
performed under optimized condition of pH (pH = 10 for 
CV and pH = 11 for OM-2 R and ABB; supplementary file, 
Figs. S-2(a–c)) and catalyst dose (0.4 g L–1 of the dye solu-
tion) (supplementary file, Table S-2). The solutions of dyes 
(concentration 10 mg L–1) were prepared separately in dis-
tilled water, and the pH was adjusted by the addition of 
NaOH. 

In the kinetics of decolourization dyes, 100 mL of the dye 
solution was sonicated with 30 mg photocatalyst; the result-
ing suspension was poured into Petri plates (area = 125 cm2) 
and placed in sunlight. At a definite time interval, 5 mL dye 
solution was withdrawn, and the absorbance was recorded at 
the λmax of the dye solution [2,29]. The percentage decolour-
ization was calculated using Eq. (1):

Percent decolourization  
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=
−

×
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A
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where A0 is the initial absorbance of the dye at lmax, and A 
is the absorbance of the dye solution at lmax after the experi-
ment. From the experimental data, first-order rate constants 
were determined by a graphical method [29]. The photocata-
lytic activities of the photocatalysts were compared in terms 
of the first-order rate constants. 

Finally, photo degradation of the dyes was performed in 
a channel reactor (tabletop model of area 0.4 m2 and capac-
ity 4 L; supplementary file, Fig. S-3) of which design and 
working were explained elsewhere [30]. It was installed in 
sunlight. Suspensions of the particular photocatalyst were 
prepared in the dye solution by stirring, and the pH was 
adjusted to the requisite value and then allowed to pass 
through a reactor at controlled flow rate (CV = 15 mL/min, 
ABB and OM-2R = 10 mL/min; these are the optimized flow 
rates for optimum mineralization of the dyes). In this exper-
iment, decolourization was evaluated by the decrease in 
absorbance, whereas mineralization in terms of the decrease 
in chemical oxygen demands (COD) measurement [28]. The 
recyclability of catalysts was studied by repetitive use of the 
recovered catalyst.

3. Results and discussion 

A preliminary study indicated that Ti0.05Zn0.95O exhib-
ited highest catalytic activity among the various catalysts 
prepared by doping different levels of Ti(IV) in ZnO. 
Hence, in next step, we have synthesized heterostructured 
catalysts containing various percentages of Ag metal in 
Ti0.05Zn0.95O. Among the catalysts containing various per-
centages of Ag metal in Ti0.05Zn0.95O, the catalyst contain-
ing ~7% Ag metal exhibited highest photocatalytic activity 
(supplementary file, Table S-3). Therefore, herein, we have 
compared the photocatalytic activities of typical catalysts, 
which are Ag metal (7%)/Ti0.05Zn0.95O (Ag/TiZnO), Ag 
metal (7%)/ZnO (Ag/ZnO), and Ti0.05Zn0.95O (TiZnO) with 
pure ZnO (ZnO) [31].



S. Kanade et al. / Desalination and Water Treatment 71 (2017) 388–398390

3.1. Chemical analysis

Chemical analyses of the photocatalysts were performed 
for Zn(II), Ti(IV), and Ag metal (Table 1). The observed 
percentage of the constituents in the synthesized catalysts 
was concurred with expected stoichiometry of the catalyst. 
Furthermore, EDS analysis of catalysts (Fig. 1) was per-
formed, which showed the presence of respective elements in 
requisite proportion in photocatalysts (see also supplemen-
tary file, Figs. S-4(a–c)).

3.2. XRD characteristics 

Fig. 2 shows the powder XRD pattern of the ZnO, Ag/
ZnO, TiZnO, and Ag/TiZnO photocatalysts. The diffraction 
peaks in XRD of all four catalysts at 2θ = 31.77°, 34.42°, 36.24°, 
47.55°, 56.59°, 62.88°, 66.39°, 67.94°, and 69.09° can be indexed 
to the different planes of hexagonal phase of ZnO (Joint com-
mittee on powder diffraction standards (JCPDS) card no. 
36-1451) [2]. The diffraction data obtained from these peaks 
concurred with the JCPDS card for ZnO (calculated crys-
tal characteristics are lattice parameters: a = 3.2499 Å and 
c = 5.2065 Å, X-ray density = 5.6751 g/cm3, crystal volume = 
4.76 × 10–23 cm3, and Zn–O bond length = 1.9785 Å).

The peaks in the XRD of the catalysts Ag/ZnO and Ag/
TiZnO can be ascribed as two different sets. The first set 
of peaks (2θ = 31.77°, 34.42°, 36.24°, 47.55°, 56.59°, 62.88°, 
66.39°, 67.94°, and 69.09°) corresponds to the hexagonal 
phase of ZnO (JCPDS card no. 36-1451) while the second 
set of peaks (2θ = 38.13°, 44.85°, 64.91°, and 77.85°) can be 
indexed to face centered cubic (FCC) crystal structure of 
Ag metal (JCPDS card no. 04-0783) [9,26]. Furthermore, the 
XRD data obtained from the second set of peaks showed 
best agreement with JCPDS card of silver metal (calculated 
crystal characteristics are lattice constant: a = 4.0843 Å, 

atomic size Ag = 1.444 Å, X-ray density = 10.4504 g cm–3, and 
unit cell volume = 6.8132 × 10–23 cm–3). The XRD patterns of 
 Ag/ZnO and Ag/TiZnO reveal that in these catalysts, ZnO 
and Ag metal crystallites exist together. Extra peaks are not 
observed in the XRD TiZnO and Ag/TiZnO other than hex-
agonal and FCC phases, indicating that the doping of Ti(IV) 
has taken place perfectly in ZnO to form single crystalline 
phase. The perfect doping of Ti(IV) in ZnO is due to the 
comparable ionic sizes Ti(IV) and Zn(II) ions as well as rel-
atively low amount Ti(IV) in the catalysts. The formation of 
Ag metal particles in the catalysts is a result of the anneal-
ing of the catalysts in an oxygen-rich environment above 
the stability temperature of Ag2O [8]. Georgekutty et al. [32] 
reported that Ag2O is stable up to 300°C, beyond which it 
decomposes to form metallic silver (Eq. (2)) [7]: 

Ag O 2Ag 1
2
O2 2

∆ → +  (2)

The crystallite size of the different catalysts was calcu-
lated by Debay–Shereer’s formula and was found to be 32 nm 
for pure ZnO, 28 nm for TiZnO, 29 nm of ZnO, 26 nm for Ag 
metal in Ag/ZnO, 24 nm for TiZnO, and 18 nm for Ag metal 
in Ag/TiZnO catalysts.

3.3. Morphology and microstructure

The surface morphology of the synthesized photocata-
lysts was investigated through SEM imaging (Figs. 3(a)–(d)). 
These images clearly reveal the presence of a large number of 
bunched nanorod-like structures in ZnO and thin nanosheet-
like structures in Ag/ZnO. 

Fig. 1. EDS of Ag metal/TiZnO catalyst. Fig. 2. XRD of photocatalysts.

Table 1 
Percent content of the metal ions in the photocatalysts

Catalyst Content (% by weight)
Zn(II) Ag metal Ti(IV)

ZnO 80.03 ± 0.32 0.00 0.00
TiZnO 72.31 ± 0.18 0.00 6.27 ± 0.49
Ag/ZnO 69.56 ± 0.22 12.06 ± 0.06 00.00
Ag/TiZnO 71.78 ± 0.06 6.74 ± 0.14 2.81 ± 0.32
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In depth, further structural information of the photocat-
alysts was obtained by TEM imaging (Figs. 4(a)–(d)). From a 
low magnification TEM image, size and shape of photocatalyst 
particles were observed. It showed the presence of nanostruc-
tured particles (average particle size for ZnO, 64 nm, and for 
Ag/TiZnO, 37 nm) of anisotropic shapes in the photocatalysts. 
High resolution tunneling electron microscopy (HRTEM) 
images of ZnO photocatalyst clearly showed a lattice spacing 
of 2.8, 2.48, and 1.47 Å belonging to (100), (101), and (103) planes 
of hexagonal crystal structure. The lattice spacing in Ag/TiZnO 
photocatalyst was observed at 2.8 and 1.64 Å that belong to 
(100) and (110) planes of hexagonal crystal structure of ZnO. 
Furthermore, the lattice spacing of 2.32 Å was observed in 
Ag/TiZnO that belongs to (111) plane of cubic crystal structure 
of silver metal. Thus, HRTEM images of Ag/TiZnO photocata-
lyst indicated the presence of heterostructured silver metal in 
ZnO. Selected area diffraction pattern shows concentric rings 
consisting of distinct spots, which suggest the crystalline struc-
ture of photocatalysts. The presence of silver metal in hetero-
structured photocatalysts is also indicated by thin mesh-like 
structure in TEM image of the photocatalyst (Fig. 4(c)). 

3.4. Band gap 

Fig. 5 depicts K–M plots of photocatalysts [33] while 
Fig. 6 represents the diffuse UV-visible spectra in absorbance 
mode. The band gap was obtained from K–M plot by extrap-
olation of the linear vertical region to the energy axis, and 

they are 3.20 eV for ZnO and TiZnO, 3.16 eV for Ag/TiZnO, 
and 3.31 eV for Ag/ZnO. This observation indicate that band 
gap of ZnO is affected by Ti(IV) doping as well by presence 
of Ag metal nanoparticles in it, and among the presented cat-
alysts, Ag/TiZnO exhibited lowest band gap. The absorption 
spectrum heterostructured catalysts (Fig. 6) showed strong 
absorption in visible region indicating enhanced absorption 
of visible light due to the presence of Ag metal [26]. 

3.5. Photoluminescence spectroscopic characterization

Typical PL spectra of the synthesized catalysts at exci-
tation wavelength 350 nm are presented in Fig. 7. The PL 
spectrum of ZnO is composed of two emission bands: 
one in the UV region and the other in the visible region. 
Furthermore, the broad emission band in the visible region 
consists of sharp emission peaks at 407, 439, 458, 475, and 
483 nm. The emission band in the UV region can be assigned 
to a near band-edge emission while the peaks in the visible 
region can be attributed to the defects in ZnO [34,35]. In the 
PL spectrum of ZnO, the band-edge emission peak is centred 
at 384 nm, whereas a small shift in the position of this band 
to higher wavelength is observed in PL spectra of TiZnO and 
Ag/TiZnO. The intensity of the bands in the PL spectrum 
of ZnO is significantly quenched in the spectra of TiZnO, 
AgZnO, and Ag/TiZnO catalysts, indicating the existence of 
a direct interaction between Ag metal and ZnO crystallites. 
The direct interaction between ZnO and Ag metal particles 

 

 

Fig. 3. SEM images of: (a) pure ZnO, (b) TiZnO, (c) Ag/TiZnO, and (d) Ag/ZnO.
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Fig. 4. TEM micrographs of pure ZnO (a and b) and Ag/TiZnO (c and d).

Fig. 5. K–M plots of photocatalysts. Fig. 6. UV-DRS spectrum of photocatalysts.
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allows the non-irradiative relaxations of excited electrons in 
ZnO by extracting them into the conduction band (CB) of Ag 
metal crystallites [7,26,36]. Thus, the Ag metal particles asso-
ciated with ZnO acts as a sink to store and transport pho-
to-generated electrons, and it is the reason for quenching of 
PL intensity. Such delocalization of photogenerated electrons 
within photocatalyst assists to enhance the photocatalytic 
activity of ZnO [6].

3.6. Photocatalytic activity

The photocatalytic activities of the catalysts were com-
pared in terms of the first-order rate constants and half-life 
period of the reaction (Table 2) under optimized conditions 
of pH and catalyst dose (supplementary file, Figs. S-5(a–c)). 

The results presented in Table 2 reveal that among the 
four catalysts Ag/TiZnO exhibited the highest photocatalytic 
activity while Ag/ZnO and TiZnO exhibited higher pho-
tocatalytic activity than ZnO. The superior activity of Ag/
TiZnO can be accounted in terms of the BET surface area, 
presence of dopant, i.e., Ti(IV) in it, and coupling of Ag 
metal particles with TiZnO crystallites. One of the factors 
governing photocatalytic activities of a catalyst is its surface 
area. Ti(IV) doping and crystallization of Ag metal in ZnO 
resulted in the decrease of crystallite size, which reflects 
into increase in the surface area of the catalyst. Among the 
four catalysts, ZnO possesses the lowest BET surface area 
(10.3 m2/gm); therefore, it exhibited the lowest photocatalytic 
activity. Though the BET, surface areas of three catalysts, i.e., 
Ag/ZnO (16.2 m2/gm), TiZnO (18.6 m2/gm), and Ag/TiZnO 
(17.1 m2/gm), are comparable; the catalyst Ag/TiZnO exhib-
ited considerably higher photocatalytic activity. Such high 
catalytic activity is associated with the delocalization of the 
excited-state electron from the TiZnO crystal to Ag metal 
(Fig. 8) [37]. The delocalization of photo-excited electrons 
decreases the recombination rate of electron–hole pair in 
base catalyst; therefore, more electron–hole pairs are made 
available for the chemical reaction at the crystal–liquid 
interface. Furthermore, Ag metal nanoparticles in the cata-
lyst absorb visible light and form excited Ag atoms, which 
consist of excited, i.e., hot electrons. These electrons delo-
calize into CB of base photocatalyst, and thereby, presence 
of Ag metal increases the activity of the catalyst [26,38]. 

The higher activity observed for the Ag/TiZnO over Ag/ZnO 
can be attributed to the presence of dopant in it and small 
crystallite sizes TiZnO and Ag metal crystallites in it. Ti(IV) 
may act as a sink for excited electron and avoid recombina-
tion of electron–hole pair. Furthermore, high activity of the 
Ag/TiZnO over TiZnO can be ascribed to the presence of Ag 
metal in it [7]. In the Ag/TiZnO photocatalyst, electron–hole 
pair separation is more efficient due to the presence of both, 
i.e., dopant and Ag metal, which make it superior catalyst 
over other presented catalyst in the study.

Electron–hole pairs at the catalyst surface are reaction 
centres. In alkaline conditions, the hydroxyl-free radical 
(OH˙) is generated by the trapping of a photo-generated hole 
by the OH– ion while the oxygen-free radical (O2˙) is formed 
by the trapping of a photo-generated electron by dissolved 
O2 in the dye solution (Fig. 7). Both these species are strong 
oxidizing agents that react with dye molecule and, in a num-
ber of steps, result in the mineralization of the dye molecule 
[2,39].

The different rates of decolourization of the different dyes 
using the same catalyst can be attributed to the differences in 
the extent of adsorption of the dyes. Observations showed 
that dyes adsorbed on the catalyst surface to different extents 
on account of differences in their structures, charges, and 
functional groups. It was observed that among the three dyes, 
CV was most adsorbed dye at the catalyst surface (18.73% 
± 2.56%) and thereby exhibited the highest decolourization 
rate; whereas OM-2R was least adsorbed (6.44% ± 1.84%) and 

Fig. 7. PL spectra of photocatalysts.

Fig. 8. Sensitization mechanism of ZnO by Ag metal.

Table 2 
First-order rate constants and half-life period of the 
decolourization of the dyes

OM-2R ABB CV
K, 
min–1

t1/2, 
min

K, 
min–1

t1/2, 
min

K, 
min–1

t1/2, 
min

ZnO 0.018 37.6 0.025 27.4 0.060 11.6
Ag/ZnO 0.028 25.1 0.060 11.6 0.078 8.9
TiZnO 0.030 23.1 0.076 9.1 0.076 9.1
Ag/TiZnO 0.037 18.8 0.127 5.5 0.099 7.0
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exhibited the lowest decolourization rate. The adsorption of 
dyes results in the surface sensitization of the photocatalyst. 
ZnO is nearly transparent in visible region while dye mol-
ecules exhibit strong absorbance in the same region [38,40]. 
The dye molecule undergoes electronic excitation with the 
absorption of sunlight (at or near λmax of the dye), and the 
excited-state electron from the dye molecule is injected into 
the CB of the photocatalyst (Fig. 9). This is the dye sensitized 
mechanism [33,41]. Such processes extract the electron from 
the dye and cause the oxidation of the dye molecule as well 
as supply an electron to the photocatalyst for chemical reac-
tion. Consequently, the adsorption of the dye molecules on 
the photocatalysts enhances the degradation rate of the dye 
through the sensitization process [33], and the dye adsorbed 
to greater extent shows faster rates of decolourization.

3.7. Degradation using a channel reactor 

From the application viewpoint of photocatalytic deg-
radation of dyes, in the present study, we have performed 
the degradation of dyes in pilot-scale channel reactor [24]. The 
performance of the catalyst was evaluated in terms of the dec-
olourization and mineralization of the dyes. Under optimized 
conditions of pH of dye solution, catalyst dose, and flow rate 
(of the dye solution), 100% decolourization of all dyes was 
observed within initial 1–1.5 m length in the reactor. However, 
it was observed that the just decolourized dye solution had 
considerably high UV absorbance (Fig. 10) and COD (percent 
of COD removal at decolourization stage of dye CV = 48.81, 
ABB = 43.78, and OM-2R = 39.54). Shanthi and Kuzhalosai [42], 
Yusoff et al. [43], and Singh et al. [44,45] reported similar 
observations on degradation of different dyes and phenol 
with ZnO photocatalyst. Decolourization of the dyes at a 
much faster rate compared with that of mineralization is com-
mon because mineralization takes place in stepwise fragmen-
tation of a dye molecule and mineralization is a last step hence 
it require much longer time [46]. When the decolourized dye 
solution pass in the forward direction through the reactor, a 
further decrease in COD and UV absorbance was observed. 
However, we did not observe 100% removal of UV absorbance 
and COD of the dye solution, even at a very slow flow rate (2 
mL min–1) of the dye solutions. The maximum COD removal 
we observed did not exceed 80% of the original COD for any 
of the three dye solutions (percent of COD removal CV = 

71.81, ABB = 79.78, and OM-2R = 74.11). This might be due to 
formation of more stable fragments of the dye molecules that 
require much more time for degradation and low availability 
of photocatalyst at end part of the reactor.

4. Conclusions

We have successfully synthesized the heterostructured 
silver metal Ti(IV)-doped ZnO with enhanced photocata-
lytic activity by facile route. ZnO nanostructures doped with 
Ti(IV) and consisting of heterostructured silver metal in defi-
nite proportion significantly enhanced photocatalytic activ-
ity of ZnO. We have demonstrated that channel reactor can 
be utilized for the removal organic dyes from the aqueous 
medium by photocatalytic process using sunlight. However, 
for large-scale application of the reactor, further research 
work is needed to modify the reactor design so as to attain 
100% mineralization and to improve the time required for the 
completion degradation reaction. 
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Supplementary data

Table S-1 
Structure of dye and lmax of dyes

Sr. No. Name of the dye Structure lmax and pH of dye 
solution

Molecular 
weight 

1 Orange M2R (OM-2R)

Molecular formula: C23N3H16Cl2N6S3O10

498.8 nm, pH = 7 712.47 g

2 Amido Black B-10 (ABB)

Molecular formula: C22H14N6Na2O9S2

620.6 nm, pH = 7 616.49 g

3 Crystal violet (CV)  

N N
H3C

H3C CH3

CH3

N
CH3H3C

Cl

Molecular formula: C25H30ClN3•9H2O

592.4 nm, pH = 7 269.31 g

Table S-3 
Comparison of photocatalytic activity of catalysts in terms of % degradation

Catalyst % Degradation for ABB % Degradation for OM-2R % Degradation for CV
Ag (0%)/Ti0.10Zn0.9O 39.81 ± 1.13 28.43 ± 1.15 34.5 ± 1.05
Ag (3.5%)/Ti0.075Zn0.9O 46.33 ± 0.93 31.90 ± 1.55 36.13 ± 0.85
Ag (7%)/Ti0.05Zn0.9O 90.54 ± 1.40 83.57 ± 0.94 89.73 ± 0.91
Ag (10.5%)/Ti0.025Zn0.9O 71.46 ± 1.40 70.97 ± 1.06 77.70 ± 0.50
Ag (14%)/Ti0.0Zn0.9O 55.37 ± 1.55 62.34 ± 0.99 57.47 ± 0.80
Pure ZnO 61.38 ± 1.93 63.50 ± 0.68 68.47 ± 1.27

Table S-2 
Effect of catalyst dose on the dye degradation

Weight of ZnO per litre, mg % Degradation for ABB % Degradation for OM-2R % Degradation for CV
100 47.24 ± 0.98 50.52 ± 0.83 56.87 ± 0.74
200 58.92 ± 1.24 63.14 ± 1.56 71.28 ± 1.01
300 78.06 ± 0.50 76.76 ± 1.05 89.06 ± 0.69
400 87.35 ± 1.33 90.10 ± 1.11 92.63 ± 0.86
500 87.24 ± 1.16 89.15 ± 1.03 93.14 ± 0.88
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Fig. S-1(a). Absorption spectra of OM-2R dye.

Fig. S-1(b). Absorption spectra of ABB dye.

Fig. S-1(c). Absorption spectra of CV dye.

Fig. S-2(a). Influence of pH on % degradation of OM-2R.

Fig. S-2(b). Effect of pH on % degradation of ABB.

Fig. S-2(c). Influence of pH on degradation of CV.



S. Kanade et al. / Desalination and Water Treatment 71 (2017) 388–398398

Fig. S-3. Design of channel reactor.

Fig. S-5(a). Absorbance spectra of CV at different time interval 
in kinetics of decolourization. 

Fig. S-5(b). Absorbance spectra of ABB at different time interval 
in kinetics of decolourization. 

Fig. S-5(c). UV-visible spectra of OM-2R at different time interval 
of kinetic of decolourization.

Fig. S-4(a). EDS of ZnO.

Fig. S-4(b). EDS of TiZnO.

Fig. S-4(c). EDS of heterostructured Ag metal/ZnO.


