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Abstract
Undoped zinc oxide nano-particles (ZONPs) and 5% (mole ratio) barium doped zinc oxide nano-particles (BZONPs) were 
synthesized by chemical precipitation method. These semiconducting materials were used for the photocatalytic deg-
radation of antibacterial drug Linezolid (LNZ) for the pH ranging from 4.0 to 8.0. X-ray diffraction (XRD) patterns show 
that the intensity of peak is slightly stronger in ZONPs than in 5% (mole ratio) BZONPs. The calculated average grain 
size using Scherrer equation for ZONPs and 5% (mole ratio) BZONPs are found to be 35.08 (± 3) nm and 24.39 (± 2) nm 
respectively. Scanning Electron Microscopy images show that both semiconductor materials are uniform and homogene-
ous with closely aggregate oval in shape. Energy dispersive X-ray spectroscopy (EDX) of 5% (mole ratio) BZONPs shows 
that the mass percentage of zinc is 71.2, oxygen is 23.9 and barium is 4.78. The influences of different parameters on the 
photocatalytic degradation of LNZ were investigated thoroughly. The rate of photocatalytic degradation of LNZ was 
increased first from 0.05 to 0.1 g/L dosage of photocatalyst but after that the rate decreases with increase of dosage of 
photocatalyst. The kinetic data reveals that there was initial increase in the rate of reaction with increase in the [LNZ]. The 
effect of pH indicates that there is increase in the rate of reaction from pH 4.0 to 8.0.The rate of degree of mineralization 
of LNZ is found higher at the higher light intensities of UV lamp.

Keywords  Semiconductor materials · Photocatalysis · Barium doped zinc oxide nanoparticles · Water treatment · 
Linezolid

1  Introduction

It has been reported by various research studies that toxic 
organic contaminants which are found in environmental 
waters have detrimental effects on human beings and 
animals. A detail and organized investigation is must to 
comprehend the transport, occurrence and fate of toxic 
organic contaminants in environmental waters. There is 
basic and immediate requirement to retain drinking water 
resources clean, innocuous and safe [1, 2].

There are various oxidation techniques reported in the 
literature to eliminate toxic organic contaminants present 

in environmental waters [3]. The conventional method of 
chlorination is used to kill the germs present in drinking 
water but it also produces harmful side products during 
the water treatment process [4]. Heptavalent manganese 
(HVMG) is used as an oxidant and disinfectant during 
water treatment process due to its ability to oxidize the 
toxic organic contaminants [5]. HVMG gives unpleasant 
colour to the treated drinking water. This is a major draw-
back of this oxidant in the process of water treatment 
[6–8]. These traditional methods are not very effective to 
eliminate toxic organic contaminants [9].
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Literature study reveals that various transition metals 
are widely used for homogeneous catalysis to eliminate 
toxic organic contaminants. There are many drawbacks of 
homogenous catalysis such as high cost, difficult recovery, 
poor thermal stability and single active sites of transition 
metal catalyst as reported in previous studies [6]. In order 
to overcome these drawbacks, heterogeneous catalysis 
is used during water treatment process [10]. Advanced 
oxidation processes (AOPs) are considered as very potent 
and innovative methods for eliminating the toxic organic 
contaminants present in environmental waters [11, 12]. 
Semiconductor materials such as pristine ZnO and anatase 
TiO2 are used in AOPs under the UV or sunlight illumina-
tion for the photocatalytic degradation of toxic organic 
contaminants during water treatment process [13].

The semiconductor material ZnO is having higher exci-
ton binding energy (60 meV). Zinc oxide nanoparticles 
(ZONPs) is a better photo-catalyst over anatase TiO2 nan-
oparticles for the degradation of toxic organic contami-
nants due its stability, wide band gap (3.3 eV), low-cost 
and better efficiency. Literature study reveals that ZONPs 
displays better results for the photo-degradation of toxic 
organic contaminants in acidic, neutral and basic reaction 
conditions while TiO2 nanoparticles are effective in acidic 
reaction conditions [14, 15].

ZONPs can be doped with various transition metals to 
reduce the particle size of nanoparticles and decline the 
rate of electron–hole recombination in this semiconduc-
tor material. Doping of transition metals involved in AOPs 
mainly focus on activating the semiconductor material 
ZONPs under UV or visible light to generate reactive spe-
cies. These highly reactive species (HO2, HO·) degrades the 
toxic organic contaminants under the UV or visible light 
[16, 17].

Doping transition metals into the structure of ZONPs 
change electronic structure of semiconductor which 
improves the optical, electrical and magnetic properties. 
Doping also improves photoreaction and photocatalytic 
activity of semiconductor materials. Doped semiconductor 
materials induce widening of wavelength from UV to vis-
ible light. Doped nano-sized materials facilitate interfacial 
electron transfer process at the surface of the photocata-
lyst which increases the surface reactivity [18, 19]. Doped 
ZONPs have low band gap energy than undoped ZONPs 
[20]. Doping technique increases the number of surface 
defects in doped ZONPs than undoped ZONPs which 
enhances the photocatalytic degradation of toxic organic 
contaminants present in environmental waters [21].

Linezolid (LNZ) was the first antibacterial agent 
approved for the clinical use. It was found very effective 
against the specific severe infections caused by bacteria. 
Moreover, LNZ is also prescribed by the doctors for the 
viral infection in patients. LNZ is a better antibacterial 

agent for the human beings irrespective of their age. It 
is also secure antibacterial agent for the treatment in 
patients having kidney and liver related diseases [22]. 
The pKa value of antibacterial drug LNZ is 1.80. Hence, 
it shows weak basic properties. LNZ is slightly soluble in 
water having pH values from 5.0 to 9.0 [23–25].
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Chemical structure of Linezolid C16H20FN3O4

Literature study reveals that there are no reports 
found on the investigation of photo-catalytic degrada-
tion of antibacterial drug LNZ moiety by semiconduc-
tor material barium doped zinc oxide nano-particles 
(BZONPs) as a photocatalyst. In the current investiga-
tion, ZONPs and BZONPs were prepared by chemical 
precipitation method and characterized by different 
techniques. The rates of photocatalytic degradation 
of LNZ were determined to examine the efficiency of 
the BZONPs as a photocatalyst. The present study also 
includes the effects of different parameters on the rate 
of photocatalytic degradation of LNZ moiety. The various 
photo-degraded products formed during the photocata-
lytic degradation of antibacterial drug LNZ moiety using 
semiconducting materials are identified and a suitable 
mechanism is projected.

2 � Experimental

2.1 � Chemical reagents and methods

The different analytical reagents such as Zn (NO3)2.4H2O, 
NaOH and BaNO3 were purchased from the HIMEDIA to 
prepare semiconductor materials ZONPs and BZONPs by 
chemical precipitation method for the photo-degradation 
of antibacterial drug LNZ. Antibacterial drug Linezolid was 
obtained from Sigma Aldrich to prepare stock solutions of 
different concentrations for the photo-degradation study. 
The different buffers includes acetate buffer (pH 4.0–5.0), 
phosphate buffer (pH 6.0–7.0) and borate buffer (pH 
8.0–9.0) of suitable concentrations were mixed in the reac-
tion mixtures during photocatalytic study of LNZ to main-
tain a fixed pH and to provide a constant ionic strength.
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2.2 � Instruments

(1)	 Kinetic investigation of photo-degradation of anti-
bacterial drug LNZ moiety was performed using CARY 
50 Bio UV–VIS Spectrophotometer (Varian BV, The 
Netherlands) with temperature controller and HPLC 
system (Shimadzu Prominence).

(2)	 Surfaces of semiconductor materials ZONPs and 
BZONPs are activated and illuminated under UV light 
(Light intensity = 4 mW cm−2) which was mounted 
inside the UV cabinet (Mercury lamp, PHILIPS, TUV 
8 W T5, Emax = 254 nm) to produce highly reactive spe-
cies (HO2, HO·) for the photocatalytic degradation of 
antibacterial drug LNZ.

(3)	 During the photo-catalytic degradation process the 
intensity of UV light used for the activation of sur-
faces of ZONPs and BZONPs was measured using an 
optical power meter (Newport 2936-C) while pH of 
reaction mixtures was measured using sensitive Elico 
pH meter (models LI 120).

(4)	 The Particle size of prepared semiconductor materials 
ZONPs and BZONPs were calculated using Siemens 
X-ray Diffractometer (Cu source) (XRD) AXS D5005.

(5)	 The surface Topography of prepared semiconductor 
materials ZONPs and BZONPs was examined using a 
Scanning electron microscope (SEM) JEOL JSM 6360.

(6)	 Transmission electron microscopy (TEM) JEOL JEM-
2010 was used to understand the particle size and 
morphology of prepared semiconductor materials 
ZONPs and BZONPs.

2.3 � Preparation of photocatalysts

Photocatalysts semiconductor materials ZONPs and 
BZONPs were prepared by chemical precipitation 
method in the laboratory. 100 ml Zn (NO3)2·4H2O solu-
tion of suitable concentration (0.1 mol dm−3) and 100 ml 
NaOH solution (0.2 mol dm−3) were prepared in deion-
ized water separately. A beaker of capacity 500 ml was 
placed on a magnetic stirrer. 100  ml Zn (NO3)2·4H2O 
aqueous solution was poured into the beaker properly. 
10 mg/L of sodium dodecyl sulphate was added into 
Zn (NO3)2·4H2O aqueous solution as a capping agent 
[26] to control particle size of Zn (OH)2 particles which 
would be formed into the beaker after the addition of 
100 ml basic aqueous solution of NaOH (0.2 mol dm−3) 
drop by drop using burette with continuous stirring 
(2000 RPM). This produces the crystals of zinc hydrox-
ide in the beaker. This reaction mixture was stirred for 
a period of 5 h. Then, the resultant mixture was not dis-
turbed for a period of 10 h. Then, the supernant part of 
this reaction mixture was discarded carefully to sepa-
rate a white precipitate of Zn (OH)2. Deionized water 

and ethanol were used for washing a white precipitate 
to treat the impurities adhered to nanoparticles. Then 
washed nanoparticles were centrifuged. After washing 
and centrifugation, slurry of Zn (OH) 2 placed in an oven 
to dry it at the temperature 120 °C for a period of 4 h. 
The dried Zn (OH)2 was grounded in a mortar properly. 
This grounded material was calcined at the tempera-
ture 500 °C in a muffle furnace (Heating rate is 10 °C 
per minute) for a period of 2 h. At this temperature of 
500 °C, Zn (OH) 2 gets converted into semiconductor 
material ZONPs. Similarly, semiconductor material 5% 
(mole ratio) BZONPs were prepared in the laboratory by 
a chemical precipitation method. The only difference in 
preparing doped 5% (mole ratio) BZONPs was that of 
addition of 0.05 mol dm−3 Ba (NO3)2 aqueous solution 
into 0.1 mol dm−3 of Zn (NO3)2·4H2O aqueous solution 
to enter barium metal into the interstitial positions of 
semiconductor material ZONPs. The same experimental 
procedure was followed [27, 28].

2.4 � The photocatalytic degradation process

In order to study the photocatalytic degradation of anti-
bacterial drug LNZ, a required amount of LNZ and suitable 
buffer solutions were poured into a Pyrex beaker. Then, a 
dose of 0.10 g dm−3 of semiconductor ZONPs was added 
into this reaction mixture and placed it undisturbed for a 
period of 3 h before the illumination of surfaces of nano-
particles by UV lamp to establish equilibrium of adsorption 
and desorption between the semiconductor material and 
antibacterial drug LNZ. This reaction mixture was placed 
on a magnetic stirrer with continuous stirring inside the 
UV cabinet mounted with UV lamp of 8 W (Philips) hav-
ing wavelength peak at 254 nm and light intensity of 4 
mW  cm−2. During the degradation process under UV 
illumination, a small amount of degraded solution was 
taken out after every 10 min and kept for centrifugation 
at 5000 rpm for 5 min. A small amount of this centrifuged 
degraded mixture was taken into a cuvette to record its 
absorbance at 267 nm by using UV–Visible spectropho-
tometer for the kinetic investigation of photocatalytic 
degradation of antibacterial agent LNZ moiety. Similarly, 
the same experimental procedure is followed to investi-
gate the degree of mineralization of LNZ moiety using 
another semiconductor material 5% (mole ratio) BZONPs 
under UV illumination. The application of Lambert-Beers 
law was verified for [LNZ] at maximum wavelength 252 nm 
(ε = 32620 dm3 mol−1 cm−1). Pseudo first order rate con-
stant values were calculated from the plot of log absorb-
ance versus time. The completion of degradation reaction 
of LNZ moiety by 5% (mole ratio) BZONPs was checked by 
HR-MS instrument.
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3 � Results and discussion

3.1 � Comparison of UV, UV/ZONPs and UV/5% (mole 
ratio) BZONPs treatments

The values of absorbance were recorded by UV–Vis spec-
trophotometer to calculate the values of rate constant 
for the photocatalytic degradation of antibacterial drug 
LNZ moiety using different photocatalyst such as UV, UV/
ZONPs and UV/5% (mole ratio) BZONPs. The kinetic data 
obtained from UV–Vis spectrophotometer reveals that the 
photocatalytic activity of photocatalyst UV/5% (mole ratio) 
BZONPs is better as compared to UV and UV/ZONPs for 
the degradation of antibacterial drug LNZ moiety (Fig. 1).

The influence of various % of barium doping on the 
photocatalytic degradation of antibacterial drug LNZ 
under UV illumination was studied. The kinetic data 
reveals that the rate constants are higher in 5% (mole 
ratio) BZONPs than 1% and 2% (mole ratio) BZONPs. 
This may due to decrease in particle size of 5% (mole 
ratio) BZONPs than 1% and 2% (mole ratio) BZONPs. This 
increases the surface reactivity of semiconductor material 
5% (mole ratio) BZONPs as compared to 1% and 2% (mole 
ratio) BZONPs. As a result of this, 5% (mole ratio) BZONPs 
increases the surface charge transfer and hinder the rate 
of recombination of photo-generated electron and hole. 
This increases the photocatalytic activity of 5% (mole ratio) 
BZONPs for the photocatalytic degradation of antibacte-
rial drug LNZ moiety under UV illumination [29]. It is also 
observed that the increase in % of doping beyond 5% in 
semiconducting material decreases the rate of degree of 
mineralization of LNZ present in environmental waters. 

This may due to the accumulation of barium on the surface 
of doped semiconductor material and not entering inside 
the crystal lattice. Henceforth, the further study was car-
ried out by using semiconductor material 5% (mole ratio) 
BZONPs.

3.2 � Characterization of semiconductor material 
ZONPs and 5% (mole ratio) BZONPs

3.2.1 � X‑ray diffraction (XRD) studies

The XRD pattern (Fig.  2) of semiconducting materials 
ZONPs and 5% (mole ratio) BZONPs was obtained with 
the help of Siemens X-ray Diffractometer (Cu source) 
AXS D5005 to find out the particle size and phase purity. 
The XRD pattern of ZONPs and 5% (mole ratio) BZONPs 
revealed that these semiconducting materials have hexag-
onal wurzite structure. XRD patterns show that the inten-
sity of peak is slightly stronger in ZONPs than in 5% (mole 
ratio) BZONPs. Barium metal is bigger in size than zinc. It 
is observed from the XRD patterns that peaks of 5% (mole 
ratio) BZONPs slightly shifted towards the lower angles 
than ZONPs. This shifting of peaks takes place due to differ-
ence in ionic radii of Zn2+ = 0.088 nm and Ba2+ = 0.135 nm 
and shows a lattice distortion of the crystal lattice. After 
analyzing XDR patterns, Line broadening is observed in 
5% Ba doped ZnO indicating Ba atoms have entered the 
crystal structure of ZnO and possibly occupying interstitial 
position as their sizes are bigger than Zn. [30]. XRD pattern 
of ZONPs and 5% (mole ratio) BZONPs shows that there 
is no impurity peak observed which confirms the proper 
doping and decorating with 5% (mole ratio) barium metal 
in the lattice structure of doped ZONPs.
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Fig. 1   Rate constants for the photocatalytic degradation of LNZ by 
various treatments

Fig. 2   XRD patterns of semiconducting material ZONPs and 5% 
(mole ratio) BZONPs
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Scherrer equation was used to evaluate the particle 
size of ZONPs and 5% (mole ratio) BZONPs semiconduct-
ing materials from the broadening of wurzite main intense 
peak (101) [31].

After putting the values of different terms involved in 
above Scherrer equation such as k . denotes the dimen-
sionless shape factor (0.94), � denotes the full width at 
half-maximum (WDHM), D denotes average crystal-
line diameter, λ denotes X-ray wavelength in angstrom 
(0.154 × 10−9 m) and θ denotes Bragg diffraction angle; 
average crystallite size of ZONPs and 5% (mole ratio) 
BZONPs were found to be 35.2 (± 3) nm and 24.5 (± 2) nm 
respectively. These calculated values of average crystallite 
size are in agreement with literature (10 nm to 40 nm). The 
barium cation attracts oxygen anion towards it and hence 
reduces the crystalline size of 5% (mole ratio) BZONPs than 
undoped ZONPs. This can be attributed to the fact that 
as the size of 5% (mole ratio) BZONPs decreases, the rate 
of photocatalytic degradation of LNZ increases due to 
increase in surface area of 5% (mole ratio) BZONPs [11]. 5% 
(mole ratio) BZONPs facilitate interfacial electron transfer 
process at the surface of the photocatalyst which increases 
the surface reactivity [18, 19].

3.2.2 � Scanning electron microscope (SEM) 
for photocatalysts

JEOL JSM 6360 SEM was used to study morphologies of 
prepared semiconducting materials ZONPs and 5% (mole 
ratio) BZONPs. The precision distance (1 micro meter 
length) and voltage (20 kv) were adjusted to get magni-
fied image of semiconducting materials ZONPs and 5% 
(mole ratio) BZONPs. SEM images as presented in Fig. 3a, 
b for ZONPs and 5% (mole ratio) BZONPs show that these 
semiconducting materials are uniform and homogene-
ous with tightly aggregate oval in shape. Analysis of SEM 
images shows slightly increase surface area in 5% (mole 
ratio) BZONPs. Hence the rate of degree of mineralization 
of LNZ by 5% (mole ratio) BZONPs is more than ZONPs 
under UV illumination.

3.2.3 � Energy dispersive X‑ray (EDX) spectroscopy 
for photocatalysts

EDX JEOL JED-2300 was used to perform quantitative ele-
ment analysis for semiconducting materials ZONPs and 5% 
(mole ratio) BZONPs photocatalyst. EDX of ZONPs shows 
two peaks while EDX of 5% BZONPs shows three peaks. 
The Peaks at 8.630, 0.252 and 4.464 k eV in EDX of ZONPs 
and 5% BZONPs reveal the presence of zinc, oxygen and 
barium respectively. This proves that there are only three 

(1)D = k�∕� cos �

elements (Zn, Ba and O) are present in the semiconduct-
ing materials. No additional peak in EDX of ZONPs and 5% 
BZONPs are observed which confirms that no impurity 
is present in semiconducting materials. The calculated 
atomic percentages of zinc, oxygen and barium elements 
from EDX data are 41.6, 57.1 and 1.33% respectively. The 
mass % for zinc, oxygen and barium elements obtained 
from EDX data are 71.26, 23.95 and 4.78 respectively. This 
quantitative analysis confirms that 4.78% barium is pre-
sent in the crystal lattice of 5% (mole ratio) BZONPs which 
is an efficient photocatalyst for the photocatalytic degra-
dation of LNZ.

3.2.4 � Transmission electron microscope (TEM) 
for photocatalysts

The particle size and morphology of semiconducting 
materials ZONPs and 5% (mole ratio) BZONPs were ana-
lyzed with the help of TEM JEOL JEM-2010 which shows 
5% (mole ratio) BZONPs semiconducting materials are 
agglomerated with non-uniformly distributed having 
barrel shaped crystalline structures (Fig. 4a, b).TEM micro-
graphs of 5% (mole ratio) BZONPs shows a dispersion of 

Fig. 3   a SEM Micrographs of semiconducting material ZONPs. 
b SEM Micrographs of semiconducting material 5% (mole ratio) 
BZONPs
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small black spots which confirms the presence of barium 
atoms in the crystal lattice of ZONPs with approximately 
15–20 nm and 25–30 nm in width and length dimension 
respectively. These crystal dimensions of semiconduct-
ing materials obtained from TEM are found closer to the 
dimensions obtained from XRD.

3.3 � Influence of loading of semiconducting 
materials on the reaction rate

The rate of mineralization of LNZ was investigated by 
adding different amounts of semiconducting material 
5% (mole ratio) BZONP ranging from 0.05 to 0.250 g dm−3 
into the reaction mixture kept in a photo-reactor at fixed 
[LNZ] and pH = 8. The kinetic data reveals that the rate of 
mineralization of LNZ increases by loading the semicon-
ducting material 5% (mole ratio) BZONP ranging from 
0.05 to 0.1 g dm−3 into the reaction mixture which may be 
due to increase in surface area of semiconducting mate-
rial 5% (mole ratio) BZONP and hence it increases the 
active centers on the semiconducting material 5% (mole 
ratio) BZONP. This generates higher number of hydroxyl 
radicals which enhances the rate of mineralization of LNZ. 
But beyond this limiting value of 0.1 g dm−3 of semicon-
ducting material 5% (mole ratio) BZONP, the rate of min-
eralization of LNZ decreases due to increase in turbidity of 
the LNZ suspension which hinders UV-light to reach the 

surface of the semiconducting material [28]. The plots of 
rate constant (min−1) versus loading of the semiconduct-
ing materials ZONPs and 5% (mole ratio) BZONP are pre-
sented in Fig. 5 and listed in Table 1.

3.4 � Influence of substrate concentration 
on reaction rates

The rate of mineralization of substrate antibacterial drug 
LNZ moiety was investigated by changing the [LNZ] 
from 5.0 × 10−6 to 5.0 × 10−5 mol dm−3 at fixed amount of 
ZNOPs = 0.1 g dm−3, 5% (mole ratio) BZONPs = 0.1 g dm−3 
and pH = 8. The absorbance of reaction mixture placed 
in UV cabinet was recorded with the help of spectropho-
tometer at different concentration of LNZ. The experi-
mental data reveals that the rate of mineralization of 
antibacterial drug LNZ moiety increases initially till the 
[LNZ] = 3.0 × 10−5 mol dm−3 (Fig. 6, Table 2). This increase 
in rate constants may be due to excitation of higher num-
ber of LNZ drug molecules which are then adsorbed on 

Fig. 4   a TEM micrographs of semiconducting material ZONPs. 
b TEM micrographs of semiconducting material 5% (mole ratio) 
BZONPs

0

0.01

0.02

0.03

0.04

0 0.05 0.1 0.15 0.2 0.25 0.3

5%
BZONPs

ZONPs

Loading of Photocatalyst

k o
bs

(m
in

-1
)

Fig. 5   Influence of loading of different quantities of semi-
conducting material ZONPs and 5% (mole ratio) BZONPs at 
[LNZ] = 3 × 10−5 mol dm−3 and pH = 8

Table 1   Influence of loading of different quantities of semi-
conducting material ZONPs and 5% (mole ratio) BZONPs at 
[LNZ] = 3 × 10−5 mol dm−3 and pH = 8

ZONPs or 5% 
[BZONPs] g dm−3

kobs × 103 (min−1) 
with ZONPs

kobs × 102 (min−1) with 
5% (mole ratio) BZONPs

0.025 6.00 1.50
0.050 8.20 2.05
0.100 12.20 3.04
0.150 10.80 2.66
0.200 9.11 2.27
0.250 7.05 1.76
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the active centers of semiconducting material surfaces. It 
is also very interesting to note that after the limiting value 
of [LNZ] = 3.00 × 10−5 mol dm−3, the organic substrate LNZ 
itself acts as a filter for the UV radiations. As a result of 
this, the photons can’t reach the surface of semiconduct-
ing material and hence the rate of mineralization of LNZ 
declines [32, 33].

3.5 � Influence of varying pH on the mineralization 
of LNZ

The pH of the photo-degradation reaction usually affects 
the adsorption capacity of the semiconductor adsorbent 
in aqueous medium. This is due to the modification in the 
surface properties of the semiconductor adsorbent. The 

influence of varying pH in the range of 4.0–8.0 was inves-
tigated thoroughly under the UV illumination by main-
taining other reaction conditions fixed and recorded the 
absorbance using UV–Vis spectrophotometer. The plot of 
kobs (min−1) versus pH was presented in Fig. 7. The experi-
mental data obtained from spectrophotometer indicates 
that the rate of mineralization of LNZ is lower at the acidic 
pH (4.0–6.0) and higher at the alkaline pH (8.0) of the reac-
tion mixture under UV illumination. The reason behind the 
increase in rate of mineralization of LNZ moiety may be 
due to increase in higher number of OH− ions at alkaline 
pH = 8.0 which are responsible for the formation of more 
number of reactive hydroxyl radicals by combining with 
holes. It means that 5% (mole ratio) BZONPs confirms 
higher degree of mineralization of LNZ moiety under UV 
illumination at slightly higher alkaline pH of reaction mix-
ture, smaller particle size and more crystallanity of semi-
conducting material.

3.6 � Influence of light intensity on the rate 
of mineralization of LNZ

The distance of UV lamp from the reaction mixture placed 
in a photo-reactor was varied to investigate the influence 
of light intensity on the rate of mineralization of LNZ using 
semiconductor materials. The kinetic data reveals that the 
rate of mineralization of LNZ increases with increase in 
light intensity. The reason behind this increase in rate of 
the reaction may be due to increase in photons striking 
per unit area of semiconducting material 5% (mole ratio) 
BZONPs. This enhances the number of photo-generated 
electron–hole pairs. The number of holes degrades the 
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[5% BZONPs] = 0.1 g dm−3 and pH = 8

Table 2   Influence of variation in [LNZ] from 5 × 10−6 to 
5 × 10−5 mol dm−3 on the rate of photo degradation of LNZ by UV, 
UV/ZONPs and UV/5% (mole ratio) BZONPs at [ZONPs] = 0.1 g dm−3, 
[5% BZONPs] = 0.1 g dm−3 and pH = 8

[LNZ] × 105 
mol dm−3

kobs × 103 
(min−1) with 
UV

kobs × 103 
(min−1) with 
ZONPs

kobs × 103 (min−1) with 
5% (mole ratio) BZONPs

0.5 0.76 3.80 9.51
1.0 1.14 5.70 14.25
2.0 1.68 8.40 21.00
3.0 2.11 10.55 26.37
4.0 1.32 6.03 17.08
5.0 0.32 1.63 4.09
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Fig. 7   Influence of varying pH on the rate of mineralization of LNZ 
using 5% (mole ratio) BZONPs at fixed [5% BZONPs] = 0.1  g  dm−3 
and [LNZ] = 3.0 × 10−5 mol dm−3
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LNZ moiety adsorbed on the surface of semiconducting 
material 5% (mole ratio) BZONPs into simple substances 
[34]. Hence, the rate of mineralization of LNZ using 5% 
(mole ratio) BZONPs increases with increase in light inten-
sity inside the UV photo-reactor at fixed pH of the reaction 
mixture (Fig. 8).

3.7 � The photo‑generated electron hole pair 
mechanism

Propan-2-ol as a scavenger of powerful ·OH species or 
potassium iodide as a quencher of h+ and ·OH were mixed 
with substrate LNZ to check the mechanism and photo-
catalytic activity of semiconducting material 5% (mole 
ratio) BZONPs. The experimental data shows that h+ are 
reactive species in proposed mechanism of mineralization 
of LNZ using 5% (mole ratio) BZONPs. Hence, it is supposed 
that after the adsorption of LNZ moiety on semiconduct-
ing material 5% (mole ratio) BZONPs at dark, the minerali-
zation of LNZ moiety under UV illumination takes place 
through direct reactions of LNZ moiety with h+ which is 
trapped on the semiconducting material.

The analysis and identification of the photo-degraded 
products of LNZ moiety under UV illumination was per-
formed by HR-MS using positive mode electro spray ioniza-
tion (ESI+). The mass spectra obtained from HR-MS for pure 
antibacterial drug LNZ moiety without UV and degradation 
products of LNZ under UV illumination are shown in Fig. 9. 
The photo-degradation products of LNZ under UV illumi-
nation are listed in Table 3 in the range 100-800 m/z. The 
structures of photo-degradation products of LNZ under 
UV illumination are shown in Fig. 10. The photo-generated 

electron hole pair mechanism is proposed in Fig. 11 for the 
mineralization of LNZ moiety using 5 (mole ratio) % BZONPs 
under UV illumination in agreement with the experimental 
results and HR-MS data.

Electron–hole pairs are generated at the surfaces of 
semiconducting material 5% (mole ratio) BZONPs under 
UV illumination of suitable wavelength [35]. Most of these 
photo-generated electron–hole pairs undergo wasteful 
recombination while remaining photo-generated elec-
tron–hole pairs takes part in redox reactions to degrade the 
adsorbed antibacterial drug LNZ moiety on the surface of 
semiconducting material 5% (mole ratio) BZONPs under UV 
illumination. This photo-degradation using semiconductor 
material takes place due to higher values of redox potentials 
of photo generated excitons [12].

The photo-generated holes (5% BZONPs) h+ of the 
valence band as shown in above equation interacts with 
the water molecules and generates very reactive hydroxyl 
free radical species (·OH).

The photo-generated (5% BZONPs) h+ may also interact 
with OH− species to generate the highly reactive ·OH species 
at the valence band of semiconducting material.

The hydroxyl reactive species (·OH) at the valence band 
of the 5% (mole ratio) BZONPs interacts with the adsorbed 
antibacterial drug LNZ moiety to mineralize harmful drug 
molecules into harmless simple substances.

The interaction between 5% (mole ratio) BZONPs with 
O2 molecules produces super oxide radical anions (·O2

−) 
at the conduction band of the semiconducting material 
under UV illumination. The reason behind this generation 
of ·O2

− may be due to transfer of trapped e− from the sur-
face of semiconducting material to oxygen atom [36]. Super 
oxide radical anions (·O2

−) prevent the recombination of 
photo-generated e− and h+. As a result of this, the rate of 
mineralization of adsorbed LNZ moiety on the surface of 
semiconducting material 5% (mole ratio) BZONPs increases 
under UV illumination.

After this, ·O2
− species interacts with H+ ions to generate 

HO·
2 free radicals.

HO·
2 free radicals may interact with photo-generated 

(5%BZONPs) e− to form HO−
2 anion.

(2)5% BZONPs + hv → 5% BZONPs
(

h
+ + e−

)

(3)(5% BZONPs) h
+ + H2O → H+ + .OH
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→
.OH
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Fig. 8   Influence of variation in light intensity of UV lamp on the 
rate of mineralization of LNZ using 5% (mole ratio) BZONPs at fixed 
[5%BZONPs] = 0.1 g dm−3 and [LNZ] = 3.0 × 10−5 mol dm−3
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Fig. 9   HR-MS spectra of (a) Pure antibacterial drug LNZ moiety (b) Photo-degraded products of LNZ under UV illumination with its molecu-
lar ion peaks at m/z
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Then HO−
2 anion combines with H+ ions to produce H2O2 

[37, 38].

Subsequently, H2O2 interacts with (5% BZONPs) e− at 
the conduction band of the semiconductor material 5% 
(mole ratio) BZONPs to generate −OH and ·OH species.

(8)HO−
2
+ H+

→ H2O2

These ·OH species which are formed in above equation 
may remove the LNZ moiety adsorbed on the surface of 
semiconducting material 5% (mole ratio) BZONPs to form 
harmless simple substances [11, 39, 40].

Thus, LNZ moiety can be photo-degraded into harm-
less simple substances using semiconducting material 5% 
(mole ratio) BZONPs. The formation of highly reactive ·OH 
species in this proposed mechanism is possible only due 
to dissolved oxygen and water molecules. This initiates the 
mineralization of adsorbed LNZ moiety on the surface of 
semiconducting material 5% (mole ratio) BZONPs.

4 � Conclusion

The semiconducting materials ZONPs and 5% (mole 
ratio) BZONPs were synthesized by chemical precipita-
tion method. The photo-degraded products of LNZ moi-
ety under UV illumination are analyzed. The XRD pattern 
of ZONPs and 5% (mole ratio) BZONPs revealed that these 
semiconducting materials have hexagonal wurzite struc-
ture. A suitable photo-generated electron–hole pair mech-
anism is proposed in agreement with experimental results 
and HR-MS data. Average crystallite size of ZONPs and 5% 
(mole ratio) BZONPs were found to be 35.2 (± 3) nm and 
24.5 (± 2) nm respectively which are in agreement with 
literature. Analysis of SEM images shows slightly increase 
in surface area in 5% (mole ratio) BZONPs as compared 
to ZONPs. Hence, the rate of degree of mineralization of 
LNZ by semiconducting material 5% (mole ratio) BZONPs 
is more than ZONPs under UV illumination. EDX of 5% 
(mole ratio) BZONPs shows that the mass percentage of 
zinc is 71.2, oxygen is 23.9 and barium is 4.78. Kinetic data 
shows that there is increase in the rate constant values 

(9)H2O2 + (BZONPs) e− → OH− + .OH

(10).OH + LNZ → Photo-degraded products

Table 3   Degraded Products of LNZ with UV illumination by HR-MS analysis

Linezolid Products and 
degraded moiety

Measured 
molecular ion peak 
(M + H+)

Theoretical Mass of 
products (Da)

MF (molecular 
formulae of the 
products)

(Measured 
mass—theoreti-
cal mass)

Name of the analyzed 
products and degraded 
moiety

Linezolid_P11 (Oxazolidi-
none moiety)

159.12 158 C6H10O3N2 + 1.12 N-(2-Oxozolidin-
5-ylmethyl)-acetamide

Linezolid_P12 (Oxazolidi-
none moiety)

132.25 131 C5H10O2N2 + 1.25 5-methylaminomethyl-
oxazolidin-2-one

Linezolid_P13 (Oxazolidi-
none moiety)

117.95 116 C4H8O2N2 + 1.95 5-Aminomethyl-oxazolidin-
2-one

Linezolid_P21 (Morpho-
line and phenyl moiety)

181.05 180 (Major product) C10H11NOF + 1.12 4-(2-Fluro-phenyl)-mor-
pholine

Linezolid_P22 (Morpho-
line moiety)

198.43 197 C9H5O2NF + 1.12 3-Fluoro-4-methyl-4-mor-
pholin-4-yl-cyclohexa-
2,5-dienone
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Fig. 10   Photo-degraded products of antibacterial drug LNZ under 
UV light
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with increase in the light intensities of UV lamp. Maximum 
photo-degradation of antibacterial drug LNZ could be 
achieved in 100 min using photocatalyst semiconductor 
material 5% (mole ratio) BZONPs of dosage of 0.1 g dm−3. 
Experimental results conclude that 5% (mole ratio) BZONPs 
is a very efficient photocatalyst for the photo degradation 
of LNZ present in environmental waters.
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