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a b s t r a c t
Photo-degradation of pharmaceutical drug zidovudine (ZDV) by synthesized ruthenium doped 
titanium dioxide nanoparticles (RDTDONPs) at 254 nm and pH (4.0 to 8.0) was investigated. 0.2%, 
0.4%, 0.6%, and 0.8% (mole ratio) RDTDONPs were prepared by liquid impregnation method and 
characterised by different sophisticated techniques. Three photo-degraded products of ZDV are 
analysed. The photo-generated electron-hole pair mechanism was proposed in agreement with 
kinetic data. The calculated average crystallite size of 0.8% (mole ratio) RDTDONPs is 14.38 nm 
using the Scherrer equation. This smaller average crystallite size of 0.8% (mole ratio) RDTDONPs 
enhances the rate of mineralization due to the increase in surface area of nanoparticles. The effect 
of different parameters on the rate of mineralization of ZDV was investigated. The rate of mineral-
ization of ZDV increases with the initial increase in [ZDV]. The rate of mineralization of ZDV was 
found higher in acidic conditions than alkaline conditions. Experimental results show that the rate 
of mineralization of ZDV moiety was found to be increased with an increase in the dosage of 0.8% 
(mole ratio) RDTDONPs. The rate of mineralization of ZDV was found to be increased with an 
increase in % doping of ruthenium from 0.2% to 0.8% (mole ratio) and then decreased beyond 0.8% 
ruthenium doping. The kinetic data reveals that the rate of mineralization of ZDV increases with an 
increase in light intensity.
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1. Introduction

Pharmaceutical drugs have been consumed on a large 
scale by living beings to cure diseases and are detected in 
the aquatic environment by many advanced techniques. 
These emerging water contaminants have a detrimental 
effect on human beings, animals and aquatic organisms [1]. 
It is very much essential to remove emerging contaminants 
from an aquatic environment to make it safe and secure for 
our next generations [2]. Many conventional and biologi-
cal techniques were reported in the earlier studies and not 

found capable to eliminate emerging water contaminants 
[3]. Therefore, there was a necessity of new advanced meth-
ods to eliminate the toxic organic contaminants detected 
in the aquatic environment. A literature study reveals that 
advanced oxidation processes (AOPs) are found to be 
capable of the complete mineralization of emerging water 
contaminants into harmless products [4]. AOPs generate 
highly powerful hydroxyl radicals that degrade the organic 
substrates adsorbed on the surface of photocatalyst [5,6]. 
The semiconductor materials such as undoped titanium 
dioxide nanoparticles (UTDONPs) have been used for the 



289V.S. Bhamare, R.M. Kulkarni / Desalination and Water Treatment 182 (2020) 288–298

elimination of toxic emerging contaminants present in the 
aquatic environment due to its specific features. UTDONPs 
are cheaper, stable and effective to eliminate toxic emerging 
contaminants. Preparation of RuO2/TiO2 mesoporous het-
erostructures and their enhanced photocatalytic properties 
for the photodecomposition of emerging organic contami-
nants are reported in the literature [7–9]. The properties of 
UTDONPs can be modified by doping a foreign material 
into its crystal lattice which reduces the particle size and 
increases the photocatalytic activity of semiconductor pho-
tocatalyst. The transition metal ruthenium can be doped 
into the crystal lattice of UTDONPs due to a slightly smaller 
atomic radius of ruthenium (0.056 nm) than titanium 
(0.060 nm) [10]. This doping of ruthenium in UTDONPs 
reduces the rate of wasteful recombination of photo-gener-
ated electron-hole pair and hence increases the rate of min-
eralization of organic contaminants adsorbed on the surface 
of photocatalyst [11,12]. The bandgap energy of ruthe-
nium doped titanium dioxide nanoparticles (RDTDONPs) 
is smaller than UTDONPs. The rate of mineralization of 
organic contaminants by RDTDONPs is higher due to more 
number of surface defects observed in photocatalyst [13].

Zidovudine (ZDV) (Fig. 1) is used as a model compound 
mixed with the double-distilled water for this investigation. 
It is the first antiretroviral drug used for treating Acquired 
Immune Deficiency Syndrome (AIDS) [14]. A literature sur-
vey reveals the presence of antiretroviral drugs in the aquatic 
environment. The molecular mass of ZDV is 267.24 g mol–1 

[15]. A literature survey shows that there are no studies 
found on the mineralization of organic substrate ZDV by 
RDTDONPs under UV illumination. Hence, a detailed study 
was undertaken to eliminate organic contaminant ZDV with 
the help of RDTDONP by varying different parameters. 
Photo-degraded products of ZDV were analysed. A suitable 
mechanism is proposed in agreement with the experimental 
results and kinetic data.

2. Experiments and materials

2.1. Chemical reagents

The model compound pharmaceutical drug ZDV was 
obtained Sigma-Aldrich (Bengaluru, India) and its freshly 
prepared stock solution in double-distilled water were used 
for the investigation. The semiconductor photocatalyst 
RDTDONPs of different mole ratio 0.2%, 0.4%, 0.6%, and 
0.8% were synthesized in the laboratory with the help of 
RuCl3·3H2O and TiO2 (anatase form). Acetate, phosphate and 
borate buffers were prepared to maintain acidic, neutral and 
alkaline conditions.

2.2. Instruments and methods

The pH was recorded with the help of Elico pH meter 
(models LI 120, Hyderabad, India). The characterisation of 
semiconductor photocatalysts was carried out with the help 
of sophisticated methods such as Siemens X-ray diffractom-
eter (Texas, USA) (XRD) (Cu source) AXS D5005, scanning 
electron microscopy (SEM) JEOL JSM 6360 (Peabody, USA), 
energy-dispersive X-ray (EDX) spectroscopy and transmis-
sion electron microscopy (TEM) JEOL JEM-2010. The surfaces 

of UTDONPs and RDTDONPs were illuminated with UV 
light intensity = 4 mW cm–2 inside the UV cabinet (Mercury 
lamp, PHILIPS (Mumbai, India), TUV 8W T5, Emax = 254 nm) 
to generate powerful hydroxyl free radicals for the complete 
mineralization of ZDV. The UV light intensity which was 
used for the illumination of the photocatalyst was recorded 
using an optical power meter (Newport 2936 - C). The kinetic 
investigation was performed with the help of A CARY 50 Bio 
UV-VIS spectrophotometer (Varian BV, The Netherlands) 
with a temperature controller to record the absorbance of the 
reaction mixture. The analysis and identification of different 
photo-degraded products of substrate ZDV were performed 
using a high-resolution mass spectrophotometer (HR-MS) 
(Thermo Scientific Q Exactive, Waltham, United States) with 
Column-Thermo Scientific Hypersil Gold C18 (Waltham, 
United States) (dimension 150 × 4.6 mm–8 μm) and high-per-
formance liquid chromatography (Shimadzu Prominence, 
Kyoto, Japan). Rate constants were found reproducible 
within the error margin of ±7%. The semiconductor photocat-
alysts were dispersed in a suitable solvent ultrasonically and 
dropped on a copper grid. After drying, the photocatalyst 
material was used for the characterisation by TEM. Bandgap 
measurement of photocatalyst was done with the help of 
Fourier transform infrared (FTIR) PerkinElmer model-spec-
trum 100 (Bridgeport Avenue Shelton, CT 06484-4794 USA).

2.3. Synthesis of photocatalysts by liquid impregnation method

0.2%, 0.4%, 0.6%, and 0.8% (mole ratio) RDTDONPs are 
synthesized with the help of liquid impregnation method 
by adding an appropriate quantity of RuCl3

.3H2O in 100 mL 
of 0.2 M HCl solution. Thereafter, 1.0 g of titanium dioxide 
nanoparticles (anatase) was added into the reaction mix-
ture. Subsequently, this mixture was stirred continuously for 
a period of 5 h and left untouched for 20 h to settle down. 
Further, the slurry was placed in an oven at a constant tem-
perature of 85°C for 15 h to convert it into dried form. Then, 
the dried solids were grounded with the help of mortar and 
pestle. The process of calcination was carried out at 400°C in 
a muffle furnace (heating rate is 10°C/min) for 3 h. The tem-
perature in a muffle furnace should not be higher than 400°C 
to avoid the conversion of TiO2 (anatase) into TiO2 (rutile) [16].

2.4. Photocatalytic degradation of substrate ZDV under 
UV illumination

This process of photo-degradation was initiated by 
adding appropriate concentrations of organic substrate 
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Fig. 1. Chemical structure of ZDV.
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ZDV and a suitable buffer into a Pyrex beaker. Thereafter, 
a dosage of 0.10 g L–1 RDTDONPs was added into a Pyrex 
beaker. This reaction mixture was left untouched for the 
period of 3 h in a dark room to establish the equilibrium 
of adsorption and desorption between the semiconduc-
tor RDTDONPs and organic substrate ZDV. Subsequently, 
this reaction mixture was placed on a magnetic stirrer for 
nonstop stirring and the surface of the photocatalyst was 
irradiated with 8 W UV-lamp (Phillips) at 254 nm. Thereafter, 
the small quantity of this photo-degraded mixture was 
transferred for the centrifugation process at regular inter-
vals. The centrifugation of reaction mixture was carried out 
at 5,000 revolutions per minute for 15 min. Subsequently, 
this reaction mixture was transferred into cuvette to mon-
itor the decrease in the absorbance at 267 nm with the help 
of a spectrophotometer. Then, the photo-degraded mixture 
was filtered properly and used for the analysis of photo- 
degraded products of ZDV with the help of HR-MS. The 
verification of Lambert-Beers law was performed by chang-
ing the [ZDV] from 1.0 × 10–6 to 1.0 × 10–5 mol L–1 at 267 nm. 
The pseudo- first-order rate constants were determined from 
the plot of log absorbance vs. time.

3. Results and discussion

3.1. Comparison of different treatments for the 
mineralization of ZDV

Experimental results show that the rates of minerali-
zation of ZDV with modified RDTDONPs under UV illumi-
nation are higher than UV and UV/UTDONPs as presented 
in Fig. 2.

Kinetic data shows that the rate of mineralization of 
substrate ZDV is higher using 0.8% (mole ratio) RDTDONPs 
than 0.2%, 0.4%, and 0.6% (mole ratio) RDTDONPs as pre-
sented in Fig. 3. This may be due to a decrease in particle 
size, increase in surface area and enhancement in the pho-
tocatalytic activity of the photocatalyst 0.8% (mole ratio) 
RDTDONPs. 0.8% (mole ratio) RDTDONPs enhances the 
surface charge transfer, increases surface reactivity and 
decelerates the wasteful recombination of photo-generated 

electron-hole pair [17]. It is also observed from the kinetic 
data that the rate of mineralization of ZDV is found to be 
decreased beyond 0.8% (mole ratio) RDTDONPs. This may 
due to the accumulation of ruthenium metal on the photo-
catalyst surface and not entering into the crystalline structure 
of photocatalyst.

Experimental results show that the percentage degrada-
tion efficiency of ZDV with UV, UV/UTDONPs, 0.2%,0.4%, 
and 0.8% (mole ratio) RDTDONPs are found to be 50%, 
62%, 75%, 82%, and 96% respectively as presented in Fig. 4.

This indicates that percentage degradation efficiency 
of ZDV is higher with 0.8% (mole ratio) RDTDONPs 
treatment as compared to other treatments in 100 min 
at fixed reaction conditions [ZDV] = 1 × 10–5 mol L–1, 
[Photocatalyst] = 100 mg L–1, light intensity = 4 mW cm–2 
and pH = 4. The percentage degradation efficiency of ZDV 
moiety in dark was found to be very low.

3.2. Characterization of UTDONPs and 
RDTDONPs photocatalysts

3.2.1. XRD analysis and Scherrer equation

The particle size and phase purity of UTDONPs and 
0.2%, 0.4%, and 0.8% (mole ratio) RDTDONPs were stud-
ied and determined with the help of XRD pattern using 
Cu Kα radiation over a scan range of 2θ (0°–90°). XRD 
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Fig. 2. Rate constants for the mineralization of substrate ZDV by 
various treatments.
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pattern shows well-defined reflections for all 10 peaks of 
UTDONPs and RDTDONPs from crystal planes. XRD pat-
tern does not show an additional peak associated with sec-
ondary phases of photocatalysts. This observation confirms 
the proper doping of ruthenium into the interstitial position 
of the crystal lattice of the photocatalyst. It means that the 
anatase form of photocatalyst is not disturbed by doping 
0.2%, 0.4%, and 0.8% (mole ratio) of ruthenium metal into 
the crystal structure. This shows that the photocatalysts are 
in a single phase. XRD shows 10 peaks at crystal planes (101), 
(004), (200), (105), (211), (204), (116), (220), and (215), (224) of 
photo catalyst over a scan range of 2θ (0°–90°) as reported in 
our earlier investigation [6]. Scherrer Eq. (1) was applied to 
determine the average particle size of UTDONPs and modi-
fied RDTDONPs from a full-width half-maximum of a (101) 
peak of photocatalyst [18].

D k
=

λ
β θcos

 (1)

D (the average crystalline diameter) can be calculated 
by substituting the values for different terms such as l 
(X-ray wavelength = 0.154 × 10–9 m), k (dimensionless shape 
factor = 0.94), θ (Bragg diffraction angle from XRD pat-
tern) and β (full width at half – maximum from XRD pat-
tern) in Eq. (1). The calculated average particle size from 
Scherrer equation were found to be 17.05 nm for UTDONPs, 
16.74 nm for 0.2% (mole ratio) RDTDONPs, 15.67 nm for 
0.4% (mole ratio) RDTDONPs, and 14.38 nm for 0.8% (mole 
ratio) RDTDONPs. The smaller average particle size in 0.8% 
(mole ratio) RDT DONPs shows the increase in the rate of 
mineralization of substrate ZDV due to the enhancement of 
photocatalytic activity and surface area.

3.2.2. SEM analysis for UTDONPs and 0.8% (mole ratio) 
RDTDONPs

UTDONPs and 0.8% (mole ratio) RDTDONPs were 
characterized with the help of JEOL JSM 6360 SEM to study 
the morphologies of photocatalysts. SEM images were 
obtained at higher magnification (15,000×), precision dis-
tance (1-micrometer length) and applied voltage (20 kV). 
SEM micrograph of 0.8% (mole ratio) RDTDONPs shows a 
porous and spongy network of unequal shapes. SEM micro-
graph of 0.8% (mole ratio) RDTDONPs is reported in our 
previous investigation [6]. This enhances the photocatalytic 
activity and surface area of 0.8% (mole ratio) RDTDONPs 
which accelerates the rate of mineralization of ZDV into 
harmless products. It is also observed from the SEM image 
of 0.8% (mole ratio) RDTDONPs that ruthenium metal is not 
equally decorated on the photocatalyst surface [18].

3.2.3. EDX analysis for UTDONPs and 0.8% (mole ratio) 
RDTDONPs

The quantitative element analysis of UTDONPs and 0.8% 
(mole ratio) RDTDONPs was performed by EDX JEOL JED-
2300 and was reported in our earlier work of photocatalytic 
degradation of Linezolid by 0.8% (mole ratio) RDTDONPs 
[6]. There are two and three peaks observed in the EDX of 

photocatalyst UTDONPs and 0.8% (mole ratio) RDTDONPs 
respectively. The atomic percentage of titanium, oxygen 
and ruthenium as shown by the EDX spectrum are 36.42, 
62.78, and 0.80 respectively. This non-stoichiometric ratio of 
three elements observed in photocatalyst 0.8% (mole ratio) 
RDTDONPs enhances the photocatalytic activity and rate of 
photo-degradation of substrate ZDV [19]. EDX spectrum of 
0.8% (mole ratio) RDTDONPs related with O Kα, Ru Kα, and 
Ti Kα confirms the presence of only three elements (Ti, O and 
Ru) and hence no other impurity is observed.

3.2.4. TEM analysis for 0.8% (mole ratio) RDTDONPs at 
100 nm and 20 nm resolutions

TEM JEOL JEM-2010 was used to investigate the particle 
size and morphology of 0.8% (mole ratio) RDTDONPs photo-
catalyst which was synthesized by the Liquid Impregnation 
method. TEM micrographs of 0.8% (mole ratio) RDTDONPs 
photocatalyst at 100 nm and 20 nm resolutions (inset SAED 
pattern) are presented in our earlier study [6]. TEM micro-
graphs of 0.8% (mole ratio) RDTDONPs photocatalyst show 
that the particles are found to be well crystallized uniformly 
dispersed aggregates and rod shape without any defects. 
TEM micrographs show the mean diameter of 0.8% (mole 
ratio) RDTDONPs from 15 to 20 nm. This average diameter of 
the photocatalyst is found closer to the values obtained from 
the X-ray line broadening of XRD spectra. TEM micrographs 
show doping of 0.8% (mole ratio) ruthenium into interstitial 
positions of the crystal structure due to the smaller size of 
ruthenium than titanium.

3.2.5. FTIR spectra of UTDONPs and RDTDONPs

Analysis of FTIR spectra of UTDONPs and modified 
RDTDONPs indicates a broad bandgap (3,500 to 3,000 cm–1) for 
the characteristic band of OH groups. It is also observed from 
the FTIR spectra of photocatalysts that peak at 1,635 is related 
to the stretching vibration of the OH group and indicating 
H2O as moisture [20]. Further analysis of FTIR spectra shows 
the peak between 750 to 500 cm–1 is related to Ti–O stretch-
ing bands present in the photocatalysts. FTIR spectra show a 
strong band (800 to 450 cm–1) associated with the calcination 
of the synthesized photocatalysts UTDONPs and RDTDONPs 
in a muffle furnace (heating rate is 10°C/min) [10,21].

3.2.6. Measurement of band gaps of photocatalysts 
RDTDONPs

Measurement of band gaps of photocatalysts RDTDONPs 
were carried out with the help of a PerkinElmer Lambda 
950 UV/Vis/NIR spectrophotometer having a 150 mm inte-
grating sphere attachment. Barium sulphate was used as 
a reflectance standard to record diffuse reflectance in the 
range from 800 to 200 nm of modified RDTDONPs. Diffuse 
reflectance spectra were used to calculate the optical band 
gaps (Eg) of modified semiconductor RDTDONPs from the 
Tauc plot of the Kubelka-Munk function which is shown 
with the help of Eq. (2).

F R
R
R

( ) = −( )1
2

2

 (2)
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In Eq. (2), the term R denotes the diffuse reflectance of 
the photocatalyst. The optical band gaps for modified semi-
conductor RDTDONPs are calculated from the plot of [F(R) 
hυ]1/2 vs. the photon energy (hυ) curve by extrapolating the 
linear portion of the modified Kubelka-Munk function on 
the zero ordinate [10]. In this case, the direct application of 
the Tauc method has resulted from the inaccurate estimation 
of bandgap energy. It is difficult to split the Kubelka-Munk 
spectrum into individual components. Hence, a baseline 
approach is applied to estimate the bandgap energies of 
modified semiconductor photocatalysts [22]. The linear fit 
of the fundamental peak is applied as per the Tauc method. 
Additionally, a linear fit is used as an abscissa for the slope 
below the fundamental absorption. As per the baseline 
approach, the accurate bandgap energies are estimated from 
the intersection of two fitting lines for the modified semicon-
ductor photocatalysts. These estimated bandgap energies as 
per baseline approach for 0.2%, 0.4%, and 0.8% (mole ratio) 
RDTDONPs are 3.13, 3.09, and 3.02 eV respectively. These 
values of band gaps are found smaller for RDTDONPs as 
compared to UTDONPs (bandgap 3.22 eV) as reported in 
the previous studies. This bandgap measurement data 
confirms the proper doping of ruthenium metal into the 
crystal lattice of photocatalyst [23].

3.2.7. Measurement of surface area of photocatalysts 
UTDONPs and RDTDONPs

The rate of mineralization of substrate ZDV is related to 
the surface area of photocatalysts. Therefore, it is very crucial 
to find out the surface area of semiconductor photocatalysts 
UTDONPs and modified RDTDONPs. The measurement 
of surface area was performed by Brunauer–Emmett–Teller 
nitrogen gas adsorption method and smart instruments sur-
face area analyser (Smart Sorb 92/93). The surface area of 
semiconductor photocatalysts UTDONPs, 0.2%, 0.4%, and 
0.8% (mole ratio) RDTDONPs are found to be 85.19, 88.82, 
92.97, and 94.31 m2/g respectively. The reason behind the a 
decrease in particle size can be understood with the help 
of Nae-Lih Wu’s theory [10]. This theory elucidates that 
decrease in particle size of the modified photocatalyst is due 
to an interaction on the boundaries between titanium diox-
ide nanoparticles and ruthenium. This causes the restriction 
on the motion of crystallites. As a result of this, the specific 
area of modified photocatalyst increases with a decrease in 
the size of the nanoparticles. Hence, the increase in surface 
area of 0.8% (mole ratio) RDTDONPs enhances the photo-
catalytic activity and rate of mineralization of ZDV moiety.

3.3. Influence of loading of semiconductor photocatalysts on the 
rate of mineralization of ZDV

The influence of UTDONPs and 0.8% RDTDONPs on 
the rate of mineralization of ZDV was performed by vary-
ing the photocatalyst dosage from 0.05 to 0.250 g L–1 into the 
reaction mixture which is kept inside the UV cabinet at fixed 
[ZDV]  = 1 × 10–5 mol L–1, UV light intensity = 4 mW cm–2 
and pH = 4. It is observed from the kinetic data that the 
rate of mineralization of ZDV accelerates with an increase 
in photocatalyst dosage from 0.05 to 0.1 g L–1 as presented 
in Fig. 5. This increase in the rate of mineralization of ZDV 

by photocatalyst dosage from 0.05 to 0.1 g L–1 may be due 
increase in exposed surface area and active sites of UTDONPs 
and RDTDONPs for the adsorption of substrate ZDV mole-
cules. There is an increase in the powerful hydroxyl species 
to mineralize the substrate ZDV molecules into harmless 
products. This is also supported by previous investigations 
[10]. It is also interesting to note that the further addition of 
photo catalyst dosage beyond 0.1 g L–1 decelerates the rate of 
mineralization of substrate ZDV. This decrease in the rate of 
mineralization of ZDV beyond the limiting value of 0.1 g L–1 

of photocatalyst dosage maybe because there is an increase 
in turbidity into the beaker placed inside the UV cabinet 
and inhibits the photon energy to produce more number 
of powerful hydroxyl species [24–26].

3.4. Effect of variation in concentration of substrate ZDV

The rate of photocatalytic degradation of ZDV moiety 
was investigated by varying the concentration of ZDV moi-
ety from 2.0 × 10–6 to 2.0 × 10–5 mol L–1 at fixed conditions 
such as the concentration of photocatalyst 0.8% (mole ratio) 
RDTDONPs = 1 g L–1, UV light intensity = 4 mW cm–2 inside 
the UV cabinet and pH = 4. Experimental results show that 
the rate of photocatalytic degradation of substrate ZDV was 
found to be increased with an initial increase in the concen-
tration of substrate ZDV at fixed conditions as presented 
in Fig. 6 for UV, UV/UTDONPs and UV/0.8% (mole ratio) 
RDTDONPs treatments. This can be attributed to the fact 
that as the concentration of ZDV increases from 2.0 × 10–6 
to 1.0 × 10–5 mol L–1, there may be a higher rate of adsorp-
tion of a large number of exciting ZDV molecules on the 
surface of photocatalyst 0.8% (mole ratio) RDTDONPs. 
The kinetic data also reveals that the rate of photocata-
lytic degradation of substrate ZDV reaches a maximum at 
[ZDV]  = 1.0 × 10–5 mol L–1. Thereafter, it is observed that the 
rate of photocatalytic degradation of ZDV declines beyond 
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293V.S. Bhamare, R.M. Kulkarni / Desalination and Water Treatment 182 (2020) 288–298

the higher concentration 1.0 × 10–5 mol L–1 of substrate ZDV 
due to very large number of ZDV molecules which works 
as a filter and hence it prevents the light photons from illu-
minating the surface of photocatalyst. As a result of this, 
there is no further increase in photo-generated hydroxyl free 
radicals and superoxide radical anions [24].

3.5. Adsorption capacities at different pH of reaction mixture

The adsorption efficiency at different pH values (4.0 to 
8.0) is evaluated by changing the concentration of substrate 
ZDV moiety in the range 2.0 × 10–6 to 1.0 × 10–5 mol L–1 and 
UV light intensity = 4 mW cm–2 inside the UV cabinet. 10 mg 
of photocatalyst 0.8% (mole ratio) RDTDONPs was mixed 
in100 mL beaker containing a suitable quantity of substrate 
ZDV solution placed inside the UV cabinet. Thereafter, the 
particular pH conditions (acidic, neutral and alkaline) of 
reaction mixtures were adjusted and recorded using Elico 
pH meter. This reaction mixture was sealed and continuously 
stirred at a temperature of 25°C for a period of 12 h in a dark 
room. Subsequently, this reaction mixture was placed in a 
centrifuge machine for 10 min. Thereafter, the absorbance 
of the supernatant was recorded with the help of a spectro-
photometer. The adsorption capacity (S) was evaluated with 
the help of Eq. (3).

S
C C V
m

=
−( )0  (3)

By putting the values for different terms such as C0 
(Initial concentration of substrate ZDV moiety in mol L–1), 
C (Equilibrium concentration of substrate ZDV moiety 

in mol L–1), V (Volume of the reaction mixture in l) and m 
(Amount of photocatalyst 0.8% mole ratio RDTDONPs 
in g) in the above Eq. (3), adsorption capacities at different 
pH of the reaction mixture were evaluated and listed in 
Table 1. Experimental results show that adsorption capaci-
ties are higher in acidic conditions than the basic condition of 
the reaction mixture.

The phenomenon of adsorption of substrate ZDV mol-
ecules on the surface of RDTDONPs was carried out by 
placing the reaction mixture in a dark room with continu-
ous stirring in a beaker using a magnetic stirrer for over-
night by adding different quantities of photocatalyst 0.8% 
(mole ratio) RDTDONPs. Thereafter, this reaction mixture 
was centrifuged in a centrifuge tube for 10 min and recorded 
the concentration of the supernatant. The experimental 
result indicates that there was no considerable loss of sub-
strate ZDV at the surface of photocatalyst. Therefore, the 
phenomenon of adsorption has no significant effect on the 
degradation rate of ZDV in the absence of UV light [10].

3.6. Effect of pH on the rate of mineralization of substrate 
ZDV molecules by photocatalyst

The pH of the medium affects the adsorption capacity 
and surface properties of the semiconductor 0.8% (mole 
ratio) RDTDONPs. The effect of variation in pH (4.0–8.0) 
of the medium on the rate of mineralization of ZDV moi-
ety was carried out by keeping the concentration of 0.8% 
(mole ratio) RDTDONPs = 1 g L–1, [ZDV] = 1 × 10–5 mol L–1 
and UV lamp light intensity = 4 mW cm–2 fitted inside the 
UV cabinet. The kinetic measurement indicates that the rate 
of mineralization of ZDV by photocatalyst is found to be 
accelerated in acidic conditions as presented in Fig. 7. This 
may be because the positively charged surface of photo-
catalyst 0.8% (mole ratio) RDTDONPs adsorbs more neg-
atively charged ZDV ions on its surface in acidic medium. 
Ru-TiOH2

+ is found to be a major active species in acidic 
medium (pH 4.0 to 6.0). Due to this, there is an increase in 
a number of effective collisions between ZDV moiety and 
semiconductor 0.8% (mole ratio) RDTDONPs and hence 
the rate of mineralization of ZDV by photocatalyst is found 
higher in acidic medium. The rate of mineralization of ZDV 
by photo catalyst decelerates in alkaline conditions. This 
may be because negatively charged hydroxyl ions are accu-
mulated on the surface of photocatalyst 0.8% (mole ratio) 
RDTDONPs in the alkaline condition of the reaction mix-
ture. Consequently, the repulsive forces between negatively 
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Fig. 6. Effect of varying [ZDV] from 2 × 10–6 to 2 × 10–5 mol L–1 
on the rate of photodegradation of ZDV by UV, UV/UTDONPs 
and UV/0.8% (mole ratio) RDTDONPs.

Table 1
Adsorption capacities with different pH of reaction mixtures at 
[ZDV] = 1 × 10–1 mol L–1, 0.8% (mole ratio) RDTDONPs = 100 g L–1, 
pH = 4 and UV light intensity = 4 mW cm–2

pH of reaction mixtures Adsorption capacities (mol g–1)

4.0 0.00093
5.0 0.00085
6.0 0.00077
7.0 0.00071
8.0 0.00062



V.S. Bhamare, R.M. Kulkarni / Desalination and Water Treatment 182 (2020) 288–298294

charged ZDV ions and negatively charged hydroxyl ions 
enhance in alkaline conditions. Ru-TiO– is found to be major 
active species in basic medium (pH 7.0 to 8.0). Therefore, 
the rate of mineralization of ZDV molecules by 0.8% (mole 
ratio) RDTDONPs is higher in acidic conditions as com-
pared to the basic condition [27–29]. The experimental data 
indicate that the adsorption capacity of the photocatalyst 
is higher in acidic medium in comparison to the alkaline 
medium. ZDV interacts with hydrogen and hydroxyl ions 
which results in ZDV° (neutral) and ZDV– (anion). ZDV° 
(neutral) species are adsorbed more on the surface of pho-
tocatalyst RDTDONPs in acidic conditions as compared to 
highly ionized species. ZDV– (anion) species dominates in 
alkaline medium at higher pH and consequently hampers 
the adsorption of substrate species on the surface of pho-
tocatalyst RDTDONPs due to electrostatic repulsive forces. 
On the other hand, the adsorption of ZDV° (neutral) species 
on the surface of RDTDONPs in alkaline medium may be 
due to weak van der Waals forces of attraction. It is well 
supported by previous investigations [30].

3.7. UV light intensity effect on the rate of mineralization of 
ZDV moiety

UV light intensity effect on the rate of mineralization of 
ZDV moiety by photocatalyst RDTDONPs was performed 
by altering the distance of UV lamp (Mercury lamp, PHILIPS 
(Mumbai, India), TUV 8W T5, Emax = 254 nm) from the beaker 
placed inside the UV cabinet to generate powerful hydroxyl 
free radicals for the complete mineralization of substrate 
ZDV. The UV light intensity which was used for the illumi-
nation of photo catalyst RDTDONPs was recorded with the 
help of Newport 2936-C, Deere Avenue Irvine, California 
92606.. The kinetic data shows that the rate of mineraliza-
tion of substrate ZDV moiety enhances with an increase in 
UV light intensity (Fig. 8). The reason behind this may be 
that there is an increase in a number of photons striking the 
per unit area of 0.8% (mole ratio) RDTDONPs which con-
sequently enhances the photo-generated electron-hole pairs. 
The photo-generated holes at the surface of photocatalyst 
0.8% (mole ratio) RDTDONPs mineralize adsorbed ZDV 
moiety effectively into harmless products [31].

3.8. Photo-degradation electron-hole pair mechanism of ZDV 
with 0.8% (mole ratio) RDTDONPs

The surface of photocatalyst 0.8% (mole ratio) RDTDONPs 
was irradiated with UV light of appropriate intensity to 
produce electron-hole pairs for the mineralization of sub-
strate ZDV into harmless products [32]. Most of these 
photo- generated electron-hole pairs present on the surface 
of photocatalyst 0.8% (mole ratio) RDTDONPs undergo 
wasteful recombination. Redox reactions are initiated by 
non-combined photo-generated electron-hole pairs on the 
surface of photocatalyst 0.8% (mole ratio) RDTDONPs to 
mineralize ZDV into harmless products [29]. There are var-
ious reactions taking place at the valence and conduction 
bands of the photocatalyst 0.8% (mole ratio) RDTDONPs.

RDTDONPs + hv → RDTDONPs (h+ + e–) (4)

Reactions at the valence band: photo-generated holes 
(RDTDONPs) h+ generated at the surface of photocatalyst 
reacts with H2O molecules and forms hydroxyl free radicals 
(•OH) as shown in Eq. (5).

(RDTDONPs) h+ + H2O → H+ + •OH (5)

Strong hydroxyl free radicals (•OH) mineralize the sub-
strate ZDV moiety into harmless photo-degraded products 
[10,29,33].

ZDV + •OH → Photo-degraded harmless products (6)

Reactions at the conduction band: photo-generated elec-
trons (RDTDONPs) e– interacts with oxygen molecules at 
the surface of photocatalyst 0.8% (mole ratio) RDTDONPs 
and produces superoxide radical anions (•O–

2). The formation 
of superoxide radical anions would be possible due to the 
transfer of trapped e– from the surface of ruthenium metal to 
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Fig. 7. Effect of variation in pH on the rate of mineraliza-
tion of ZDV with 0.8% (mole ratio) RDTDONPs = 1 g L–1, 
[ZDV] = 1 × 10–5 mol L–1 and UV lamp light intensity = 4 mW cm–2. 0.005

0.01

0.015

0.02

0.025

0.03

2 3 4 5 6 7 8 9
Intensity of  the UV lamp (mW/cm2)

k o
bs

(m
in

-1
)
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[ZDV] = 1 × 10–5 mol L–1 and pH = 4.
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oxygen atom [34]. As a result of this, the wasteful recombi-
nation of (RDTDONPs) h+ and (RDTDONPs) e– is prevented. 
This enhances the rate of mineralization of substrate ZDV 
moiety into harmless photo-degraded products using the 
photocatalyst 0.8% (mole ratio) RDTDONPs.

(RDTDONPs) e– + O2 → •O–
2 (7)

Thereafter, •O–
2 reacts with H+ to form HO•

2 free radicals 
at the surface of semiconductor photocatalyst.

•O–
2 + H+ → HO2

• (8)

Subsequently, these free radicals interact with 
(RDTDONPs) e– at the conduction band of the photocatalyst 
and forms HO2

– species [35,36].

HO2
• + (RDTDONPs) e– → HO2

– (9)

The powerful oxidizing agent H2O2 is formed at the 
conduction band of photocatalyst due to the interaction 
between HO2

– anion and H+ ions.

HO2
– + H+ → H2O2 (10)

Thereafter, H2O2 interacts with (RDTDONPs) e– at the 
conduction band of the photocatalyst to generate powerful 
hydroxyl species (•OH).

H2O2 + (RDTDONPs) e– → OH– + •OH (11)

Subsequently, these powerful hydroxyl species (•OH) 
mineralizes the substrate ZDV moiety at the conduction 
band into photo-degraded harmless products [10,33,37].

•OH + ZDV → Photo-degraded harmless products (12)

This photo-degradation of substrate ZDV moiety on 
the surface of photocatalyst 0.8% (mole ratio) RDTDONPs 
takes place due to dissolved O2 and H2O molecules as per 
the plausible mechanism. The formation of •OH species and 
photo-degradation of substrate ZDV moiety would have 
not been possible without O2 and H2O molecules [6,29].

Three photo-degraded products of ZDV are identified 
over the mass range 100–800 m/z and labeled as ZDV_P1, 
ZDV_P2 and ZDV_P3. These UV degraded products of 
ZDV along with their structures and names are presented in 
Fig. 9 and listed in Table 2.

Three UV degraded products of ZDV were analysed and 
identified by positive mode electrospray ionization (ESI+) 
technique using HR-MS over the mass range 100–800 m/z. 
The mass spectra of standard ZDV and photo-degraded ZDV 
are presented in Figs. 10a and b.

The photocatalytic degradation of substrate ZDV moiety 
adsorbed on the surface of 0.8% (mole ratio) RDTDONPs 
is presented in Fig. 11 using kinetic data, experimental 
results and HR-MS analysis.

4. Conclusion

A suitable photo-generated electron-hole pair mechanism 
is proposed in agreement with kinetic data and experimental 
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Fig. 9. Photo-degraded products of substrate ZDV under UV illumination at 254 nm.
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Table 2
Photo-degraded products of substrate ZDV with the help of HR-MS analysis

ZDV 
Products

Measured 
M+H+/M+ Na+

Theoretical 
mass (Da)

Molecular 
formula

Name of the identified photo degraded products of substrate 
ZDV

ZDV_P1 246.89 224.21 C10H12N2O4 1-(5-Hydroxymethyl-2,5-dihydro-furan-2-yl)-5-methyl-1H-
pyrimidine-2,4-dione

ZDV_P2 149.01 126.11 C5H6N2O2 5-Methyl-1H-pyrimidine-2,4-dione
ZDV_P3 136.00 113.11 C5H7NO2 N-(2-Methyl-3-oxo-propenyl)-formamide

(a)

(b)

Fig. 10. (a) Mass spectra of pure substrate ZDV moiety using HR-MS and (b) mass spectra of three identified UV degraded products 
of substrate ZDV using HR-MS.
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results. Three photo-degraded products of substrate ZDV 
are analysed and identified by HR-MS. The Liquid impreg-
nation method was used for the preparation of photo catalyst. 
The higher surface area of 0.8% (mole ratio) RDTDONPs 
(94.31 m2/g) enhances its photocatalytic activity and rate of 
mineralization of substrate ZDV moiety. EDX spectrum of 
0.8% (mole ratio) RDTDONPs confirms the presence of only 
three elements (Ti, O and Ru) and proper doping of ruthe-
nium into the crystal lattice. The experimental data shows 
that there is a decrease in particle size with an increase in 
% doping of ruthenium in photocatalyst. The smaller aver-
age particle size of 0.8% (mole ratio) RDTDONPs (14.38 nm) 
obtained from Scherrer equation confirms the increase in the 
rate of mineralization of substrate ZDV due to the enhance-
ment of photocatalytic activity and surface area. The kinetic 
measurement confirms that the rate of mineralization of 

substrate ZDV by 0.8% (mole ratio) RDTDONPs is higher 
in acidic condition than alkaline condition due to Ru-TiOH2

+ 
which is found to be a major active species in acidic medium. 
The kinetic measurement concludes that the rate of min-
eralization of ZDV enhances with an increase in UV light 
intensity. The percentage degradation efficiency of substrate 
ZDV moiety in dark was found to be very low. Experimental 
results conclude that 0.8% (mole ratio) RDTDONPs enhances 
the surface charge transfer, increases surface reactivity and 
decelerates the wasteful recombination of photo-generated 
electron-hole pair. Experimental results conclude that the 
percentage degradation efficiency of substrate ZDV is higher 
with 0.8% (mole ratio) RDTDONPs treatment. Experimental 
results confirm that the maximum mineralization of sub-
strate ZDV moiety could be attained in 100 min with 0.1 g L–1 

dosage of photocatalyst 0.8% (mole ratio) RDTDONPs, 
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V.S. Bhamare, R.M. Kulkarni / Desalination and Water Treatment 182 (2020) 288–298298

[ZDV] = 1 × 10–5 mol L–1, light intensity = 4 mW cm–2 and 
pH = 4. Experimental results conclude that 0.8% (mole ratio) 
RDTDONPs is a very efficient photocatalyst for the pho-
to-degradation of ZDV present in environmental waters.
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