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Abstract
An efficient gamma radiolytic decomposition of one of the extensively used pharmaceutical ornidazole (ORZ) was explored
under different experimental conditions by varying initial concentrations, solution pHs, and doses and concentrations of inor-

ganic (CO2−
3 ) and organic (t-BuOH) additives. The results showed that lowORZ concentrations could be efficiently decomposed

using gamma irradiation. The decomposition was followed by pseudo first-order reaction kinetics with rate constant values of
2.34, 1.48, 1.11, and 0.80 kGy−1 for the following initial concentrations: 25, 50, 75, and 100mgL−1 with their corresponding (G(-
ORZ)) values of 1.004, 1.683, 2.237, and 2.273, respectively. Decomposition rate of ORZwas remarkably improved under acidic
condition when compared to neutral or alkalinemedium. It was also observed that the decomposition was primarily caused by the
reaction of ORZ with radiolytically generated reactive HO• radicals. The addition of H2O2 had a synergistic effect on the
decomposition and mineralization extent of ORZ. However, the removal of total organic carbon (TOC) was not as effective as
the decomposition of ORZ. Finally, the quantum chemical calculations were employed to optimize the geometry structure of
ORZ and liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QTOF-MS) was used to identify the decom-
position intermediates. On the basis of Gaussian calculations and analysis of LC-QTOF-MS, it can be inferred that ORZ
radiolytic decomposition was mainly attributed to oxidative HO• radicals and the direct cleavage of ORZ molecules. Possible
pathways for ORZ decomposition using gamma irradiation in aqueous medium were proposed.
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Introduction

Occurrence of pharmaceutical contaminants in the environ-
ment has lifted plenteous contemplation owing to their poten-
tial ecological and environmental impacts (Schwarzenbach

et al. 2006; Kumar and Xagoraraki 2010). Antibiotics are
among one of the most important and extensively used class
of pharmaceuticals in today’s medicine which may intrude
into the environment as parent compounds or metabolites after
being excreted (Sánchez-Polo et al. 2009). Ornidazole (ORZ)
is a profusely utilized pharmaceutical drug for human and
veterinary treatment (Zhao et al. 2012). Due to its
antibacterial/antiprotozoal properties, ORZ has been widely
used for the treatment of trichomoniasis, giardiasis
(lambliasis), genitourinary infections, bacterial vaginosis,
trichomoniasis (Khattab et al. 2012). Available literature sug-
gests that within 5 days of consumption of a single ORZ oral
dose, 85% fraction is discharged from the body with corre-
sponding 63% via urine and remaining 22% fraction in the
feces (Schwartz and Jeunet 1976; Solomon et al. 2008).
Continuous input of ORZ leads to chronic low-level environ-
mental risk, inflation, and may induce unfavorable effects on
ecosystems and life (Changotra et al. 2018a).

Due to the high endurance towards conventional biodegra-
dation, pharmaceuticals have been intermittently detected in
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drinking water (Andreozzi et al. 2006;Schaider et al. 2014);
surface water (Dinh et al. 2011; Henzler et al. 2014;
Shanmugam et al. 2014; Changotra et al. 2017); wastewater
(Nam et al. 2014; Kostich et al. 2014); and sediments (Chen
and Zhou 2014). Studies showed that biological treatments
were inept in degrading and eliminating genotoxicity of clin-
ically important antibiotics. A combined aerobic and anaero-
bic treatment system utilized for the treatment of high-strength
pharmaceutical wastewater was found efficient in reducing
chemical oxygen demand (COD), but was incompetent to-
wards antibiotic removal (Kümmerer et al. 2000). The sewage
treatment plants are ineffective in degrading these com-
pounds, thereby increasing the organic load of the treated
wastewater, which becomes non-recyclable. Therefore,
discharging the wastewater to the main water stream also ad-
versely affects the ecosystem of aquatic environment
(Watkinson et al. 2007; Le-Minh et al. 2010). Moreover, the
photo and thermal stability of ORZ in natural aqueous envi-
ronment demand to find an effective treatment method for
efficient decomposition of such pollutant in order to enhance
recyclability of wastewaters as well as to reduce the adverse
impacts on environment (Singh et al. 2003; Puttaswamy and
Shubha 2009; Zhao et al. 2012).

As an alternative to conventional methods, advanced oxi-
dation processes (AOPs) such as photocatalysis, fenton, and
ozonation have been proven eminently robust for the decom-
position of numerous types of organic pharmaceutical pollut-
ants due to their ability to produce non-selective and highly
reactive species such as hydroxyl radical (HO•). These reac-
tive species react with the high molecular weight contaminant
and are able to degrade it into low molecular weight by-prod-
ucts, or even attaining their complete mineralization (Dantas
et al. 2008; Zhao et al. 2012; Panizza et al. 2014; Tayo et al.
2018). On the other hand, toxicity of selective by-products,
higher treatment cost, dependence on the surface properties of
the photocatalyst based on the composition of wastewater and
lesser mineralization extents of the intermediate products
formed by these AOPs limit their practical application
(Hapeshi et al. 2010; Michael et al. 2010; Guin et al. 2014;
Guin et al. 2014a; Tay and Madehi 2015). However, from
literature review, it is obvious that limited studies are available
on the decomposition of aqueous solution of ORZ by the
application of AOPs. Puttaswamy and Shubha (2009) demon-
strated the extent of decomposition of ORZ in Ruthenium (III)
- Osmium (VIII) - catalyzed oxidation reaction system. On the
other hand, Zhao et al. (2012) evaluated the decomposition
efficiency of ORZ in presence of visible light-activated Y3+-
Bi5Nb3O15 catalyst. However, these methods either generated
the secondary pollution during the treatment processes or
showed relatively low removal efficiency with high cost of
treatment.

As an advanced oxidation process, gamma radiolysis is
considered as a promising treatment option which has been

extensively used for the decomposition of wide variety of
stable organic pollutants including, herbicides (Bojanowska-
Czajka et al. 2006), pesticides (Mohamed et al. 2009),
nitroaromatic compounds (Bao et al. 2009; Basfar et al.
2009), and pharmaceuticals (Razavi et al. 2009; Liu et al.
2011; Liu et al. 2015; Khan et al. 2015; Sayed et al. 2016;
Guo et al. 2017; Kim et al. 2017). Easier operation, least
requirement of additional chemicals, minimum production of
toxic intermediates, devoid of any sludge production, insensi-
tive to suspended solids and color in the wastewater are few
advantages of high energy radiation technology (Cantwell and
Hofmann 2011; Paul et al. 2014; Borrely et al. 2016; Liu et al.
2018; Changotra et al. 2018). Earlier investigations revealed
the significant role of radiation technology on improving the
treatment efficiency of sewage, paper mill and textile dye
effluent (Paul et al. 2013). Radiation-based dye effluent and
sludge treatment plants were also established nationally and
internationally. Therefore, radiation technology could also
play a prominent role in near future in pilot as well as com-
mercial scale to treat real pharmaceutical effluent.

Literature analysis showed that radiolytic decomposition of
aqueous solution of ORZ was rarely investigated. Therefore,
the present study was aimed to assess the effect of gamma
radiation on ORZ decomposition for the first time. Effect of
various reaction parameters such as initial concentrations of
ORZ, oxidant, doses, and solution pHs were judiciously opti-
mized in order to obtain best radiolytic decomposition effi-
ciency of ORZ. The decomposition kinetics of ORZ under
different reaction conditions and in presence of oxidant was
thoroughly monitored to demonstrate viability of radiolytic
decomposition of ORZ in aqueous medium. The probable
reaction routes and decomposition products were analyzed
in order to understand the insight decomposition mechanism
of ORZ.

Experimental

Chemicals and reagents

Ornidazole (purity ≥ 99%), tert-Butanol and HPLC grade ace-
tonitrile (purity ≥ 99.9%) were procured from Sigma-Aldrich.
Hydrogen peroxide 30% (w/v), sodium hydroxide (> 99%),
hydrochloric acid (37%), and phosphoric acid (88%) were
analytic grade reagents with high purity obtained from
Merck. Sodium carbonate (purity > 99%) was purchased from
TCI Chemicals. The culture media, Muller Hinton Agar
(MHA) was procured from Himedia. The microbes,
Escherichia coli (DH5-α strain), Bacillus subtilis (MTCC
441), and Pseudomonas aeruginosa (MTCC 647), were ob-
tained from the Department of Biotechnology, Thapar
Institute of Engineering and Technology, Patiala (Punjab).
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Ultrapure water fromMilli-Q system was used throughout the
experimental work.

Experimental

Aqueous solutions of ORZ were permitted to attain state of
equilibrium under room temperature and atmospheric pressure
prior to radiation exposure and were tightly closed in order to
prevent the introduction of air. Irradiation studies were per-
formed in a GC-5000 gamma chamber having 60Co as a
source of gamma radiation. The dose rate was found to be
0.75 kGy h−1 as determined by means of Fricke dosimetry
[G (Fe3+) = 1.61 μm/J]. Aqueous solutions of ORZ with dif-
ferent initial concentrations (25, 50, 75, and 100 mg L−1) were
irradiated at different doses in a 30-mL air-tight borosilicate
glass vials loaded with 20 mL solution at different doses in
presence of Na2CO3, t-BuOH, and H2O2. The pH values of
the solutions were adjusted using 1 M HCl and 1 M NaOH.
The glass container with solutions was placed inside a closed
lead-shielded gamma source with the aid of an electronically
controlled motorized stage ensuring the safety of the operator.
The irradiation with gamma energy 1.25MeV was carried out
in non-contact mode. It does not induce radioactivity to the
ORZ composed of low atomic number elements like C, H, and
N and hence does not promote any health hazards (Spinks and
Woods 1990). After gamma radiolysis of ORZ solution at a
specified dose (the irradiation time was calculated with the
quotient of specified dose and dose rate), the irradiated sam-
ples were preserved in refrigerator at 4 °C until further
analysis.

Analytical techniques

The concentration of ORZ in aqueous medium was examined
using high-performance liquid chromatography (HPLC
20AD, Shimadzu Corporation, Japan) which was equipped
with C18 reversed-phase column (Enable C18G (250 ×
4.6 mm; 5 μm)) and diode array detector (SPD-M20A). The
elution was carried out with mobile phase of water and aceto-
nitrile (60:40, v/v) at 1 mLmin−1 flow rate; and with detection
of ORZ at 320 nm. A fixed volume injection loop was used to
inject 20 μL of sample for every determination. Typically, the
retention time of ORZwas 5.35min under these conditions. In
order to validate the stability of the system, linear standard
calibration curves with four or five point were plotted regular-
ly during the analysis period.

TOC analyzer (multi N/C 2100, AJ Analytikjena,
Germany) was used to estimate the mineralization efficiency
in terms of total organic carbon (TOC) content of irradiated
samples. pH of ORZ solution was measured by Cyber Scan
PCD 650 multiparameter analyzer.

The identification of ORZ and its intermediate products
were characterized by using liquid chromatography

quadrupole time-of-flight mass spectrometer (LC-QTOF/
MS, Micromass Q-TOF micro, Waters, USA) equipped with
Unisol YVR C18 reverse-phased column and separation mod-
ule (Waters Alliance 2795). The sample injection volume was
20 μL and similar mobile phase conditions were utilized as
used in the analysis of ORZ in HPLC system. The ESI-MS
analysis was executed in positive mode using electro spray
ionization source with source temperature at 110 °C and spray
voltage of 3000 V. Nitrogen was used as sheath gas with flow
rate of 30 L hr−1 and pressure of 6–7 bar. The full scan mode
was used to acquire spectrum over the mass range 60–400 m/z
and other parameters were as follows: 550 L h−1 desolvation
gas flow rate; 300 °C desolvation temperature; 110 °C source
temperature; and 3 kV capillary voltage. Cytotoxicity poten-
tial of ORZ and its irradiated solutions was examined through
Standard Kirby-Bauer (disk diffusion method) against clinical
isolates of three microbes: E. coli, B. subtilus, and
P. aeruginosa and same procedure was followed as reported
in the study (Changotra et al. 2018). Statistical significance of
the experiment results were analyzed using one-way analysis
of variance (ANOVA) test with the aid of GraphPad Prism
Software Version 5.01.

Radiation-chemicals yield (G(-ORZ)) and dose
constants calculation

The decomposition extent of ORZ is usually expressed in the
terms of radiation-chemical yields (G(-ORZ)) values, using
Eq. 1. (Spinks and Woods 1990; Woods and Pikaev 1994):

G ¼ A 6:023� 1023
� �

D 6:24� 1016
� � ð1Þ

where A is the change in the concentration of ORZ (M);
6.023 × 1023 is Avogadro’s number; D is absorbed dose (Gy);
and 6.24 × 1016 is the Gy to 100 eV L−1 conversion factor.

The dose constant (k) was determined using slope of the
plot of natural logarithm [ln] of ORZ concentration against
absorbed dose (kGy). The dose constants values were utilized
to determine the required dose to decompose 50% (D0.50) and
90% (D0.90) ORZ by the Eqs. (2) and (3).

D0:50 ¼ ln2=k ð2Þ
D0:90 ¼ ln10=k ð3Þ

Results and discussion

Radiolytic decomposition of ORZ

The gamma radiolytic decomposition of aqueous solution of
ORZ at different initial concentrations was investigated
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(Fig. 1a). It was observed from the figure that extent of de-
composition of ORZ was increased with increase in an
absorbed dose for a particular concentration of the compound.
99.2 and 99% of decompositions were achieved at dose of
3.0 kGy with the initial concentrations (ORZ) of 25 and
50 mg L−1, respectively. However, the decomposition of
ORZ decreased with increasing initial concentrations with
the dose. At an absorbed dose of 1.0 kGy, 91.5, 75.9, 58.7,
and 51.5% of ORZ decomposition were achieved at the initial
concentrations of 25, 50, 75, and 100 mg L−1, respectively.
The degradation of ORZ was found to be negligible under
control experiment carried out at room temperature in absence
of gamma radiation. Moreover, the decomposition extent (re-
moval (%)) of 50 mg L−1 ORZ was also compared with cal-
culated (G(-ORZ)) values (Fig. 2). The inset of Fig. 2 shows
the pattern of absorption spectra of irradiated ORZ solutions.
The intensities in the characteristic absorption peaks of ORZ
at 320 nm and 232 nm were decreased with increase in the
doses owing to the removal of the compound. Further, the (G(-
ORZ)) values for the radiolytic decomposition of ORZ were
calculated to be 1.68 and 0.72 for an absorbed doses of 1.0 and
3.0 kGy, respectively. Results revealed a decrease in (G(-
ORZ)) value and an increase in decomposition of ORZ with
the increasing absorbed doses. Gamma radiolytic decomposi-
tion of the organic pollutants in aqueous solution is initiated
by the reaction with the reactive radicals (HO•, e−aq, and H•)

produced during the gamma radiolysis of water as mentioned
in Eq. 4 (Woods and Pikaev 1994).

H2O→HO : 0:28ð Þ þ e−aq 0:28ð Þ þ H : 0:06ð Þ
þ H2O2 0:073ð Þ þ H2 0:047ð Þ þ H3Oþ 0:28ð Þ ð4Þ

where the numbers in parentheses indicate the radiation
chemical yield of species production (G value) in μmol J−1.
However, the decrease in (G (-ORZ)) with the increase in
absorbed doses is attributed due to the increase in probability
of competition reactions between ORZ and decomposed prod-
ucts of ORZ molecules for reacting with the reactive radical
species produced during water radiolysis in Eq. 4(Basfar et al.
2005; Sánchez-Polo et al. 2009). Moreover, radical-radical

recombination reaction during radiolysis also leads to a de-
crease in G(-ORZ) values with doses (Liu et al. 2011). The
increases in the absorption of ORZ with increase in absorbed
dose in the wavelength range of 190–230 nm also signifies the
generation of reaction by-products or intermediates as evi-
denced from inset of Fig. 2 (Chu et al. 2016; Huang et al.
2016). Further, the appearance of isosbestic point at 246 nm
indicates the generation and accumulation of intermediates
during the radiolytic decomposition of ORZ (Tian et al.
2009; el mehdi Benacherine et al. 2017). However, an en-
hancement in the increase in total amount of reactive radicals
in solution with increase in accumulated absorbed dose leads
to increase the overall decomposition extent of ORZ at each
dose.

From Fig. 1b, it was evident that ORZ concentration was
decreased exponentially with the increase in absorbed dose.
This is represented by Eq. 5, which is in agreement with the
pseudo first-order-rate kinetics.

−ln C=Coð Þ ¼ Dk ð5Þ

where C is residual concentration of ORZ after irradiation
treatment, Co is the ORZ concentration before irradiation
treatment, D is the irradiation absorbed dose (kGy), and k is
the dose constant of ORZ decomposition (kGy−1), which

Fig. 1 Radiolytic decomposition
of different concentration of ORZ
against absorbed dose (a) and the
pseudo-first-order kinetics of
ORZ decomposition (b)

Fig. 2 G values versus percent removal of ORZ using gamma irradiation.
[(ORZ)o = 50 mg L−1; pH = 6.5] (inset: absorption spectrum of ORZ at
190–400 nm after irradiation treatment)
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could be effected by the several experimental conditions such
as, solution pH, chemical structure of organic contaminant,
initial concentration of organic contaminant, and the charac-
teristics of solvent and/or additive used. Therefore, in this
study, the decomposition rate of ORZ at different initial con-
centrations could be well-fitted to Eq. 5 to calculate dose
constants.

The corresponding dose constants are shown in Table 1.
Interestingly, the decrease in k value from 2.340 to
0.806 kGy−1 for the initial ORZ concentration of 25 to
100 mg L−1 were observed which showed the significant de-
pendence of initial concentration on the corresponding dose
constant. The decrease in k value with increased initial con-
centration of ORZ was resulted due to simultaneous competi-
tion reactions of ORZ and its decomposition intermediates
with the radiolytically generated reactive radicals
(Magureanu et al. 2010). The dose constant, k, was taken into
account to determine the dose required to bring about 50%
(D0.50 values) and 90% (D0.90 values) decomposition of ORZ
as calculated by Eqs. 2 and 3 and the results obtained are
shown in Table 1.These results also signify that, at lower Co

of ORZ, lower dose was required to obtain 50% and 90%
decomposition extents of ORZ with correspondingly higher
dose constant values and vice versa.

Effect of solution pH

Figure 3 represents the influence of solution pH on gamma
radiolytic decomposition of ORZ. It was found that the ORZ
decomposition efficiency was higher in the acidic medium
when compared to alkaline and neutral medium. With

1.0 kGy of an absorbed dose, ORZ decomposition efficiency
was found to be 75, 70.1, and 66.3% at the pH of 3, 6.5, and 11
with the corresponding k values of 1.631, 1.260, and
0.995 kGy−1, respectively (Table 1, experiments 5–7).

The pKa of ORZ was reported as 2.4 and thus ORZ was
expected to in its molecular form in the studied pH range (Salo
et al. 2003). The decomposition rate of pollutant during gam-
ma radiolysis explicitly depends upon the existing radical spe-
cies (Guo et al. 2015; Liu et al. 2015). It is understood that pH
of the solution influences the yield of key reactive species
during water radiolysis and hence affects the decomposition
efficiency of ORZ. In acidic solution (pH 3.0), fraction of e−aq
is converted into H• on reaction with H+ (2.3×1010 L
mol−1 s−1) (Guo et al. 2012). The reduced e−aq concentration

confines its reaction with HO• to form OH−, thus increases
relative concentration of HO • radical (G value =
0.28 μmol J−1) in the aqueous medium to react with ORZ
molecules (Spinks and Woods 1990; Zheng et al. 2011).
Thus, HO• is expected to initiate the decomposition of ORZ
via formation of ORZ epoxide. It degrades into 2-methyl-5-
nitroimidazole through subsequent cleavage of epoxide ring
followed by demethylation (Zhao et al. 2012). Overall reac-
tion increases the decomposition efficiency of ORZ. On the
other hand, in alkaline solution (pH 11.0), fraction of HO•

radical (pKa = 11.9) reacts with OH− ions to produce weak
oxidative O•- species and H2O (1.30 × 1010 L mol−1 s−1).
Thus, it decreases the concentration of HO• (G value <
0.28 μmol J−1) in the aqueous medium as well as decomposi-
tion efficiency of ORZ (Basfar et al. 2005). Similar trend in
results were also observed in the published reports (Sayed
et al. 2016; Chu et al. 2016; Changotra et al. 2018). From

Table 1 Data from gamma
radiolytic experiments of ORZ:
influence of initial concentration,
pH, and various additives. [G
value calculated for 1 kGy dose
using Eq. 1]

Exp. [ORZ]o
(mg L−1)

pH [Na2CO3]
(M)

[t-BuOH]
(M)

[H2O2]
(mM)

G
value

k
(kGy−1)

D0.5

(kGy)
D0.9

(kGy)

1 25 6.5 0 0 0 1.004 2.340 0.296 0.983

2 50 6.5 0 0 0 1.683 1.483 0.467 1.552

3 75 6.5 0 0 0 2.237 1.119 0.619 2.057

4 100 6.5 0 0 0 2.273 0.806 0.859 2.856

5 50 3 0 0 0 1.724 1.631 0.424 1.411

6 50 6.5 0 0 0 1.627 1.260 0.547 1.818

7 50 11 0 0 0 1.464 0.995 0.696 2.314

8 50 6.5 0.05 0 0 1.190 0.650 1.066 3.542

9 50 6.5 0.1 0 0 0.990 0.482 1.438 4.777

10 50 6.5 0 0.05 0 0.345 0.186 3.726 12.37

11 50 6.5 0 0.1 0 0.215 0.123 5.635 18.72

12 50 6.5 0 0 0.5 1.884 1.970 0.351 1.168

13 50 6.5 0 0 5 2.009 2.234 0.310 1.030

14 50 6.5 0 0 10 1.987 1.730 0.400 1.330

15 50 6.5 0 0 20 1.852 1.528 0.453 1.506
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the results, it can be said that HO• radical play a predominant
role in decomposition of aqueous solution of ORZ.

Effect of additives on ORZ radiolysis

Natural water and wastewater are considered to be complex
matrices that consist of many organic and inorganic species
which may retard the extent of gamma-induced radiolytic de-
composition of ORZ by competing with the reactive radical
species produced during gamma radiolysis. Therefore, to as-
sess their effect on the decomposition extent of ORZ, the
radiolytic decomposition efficiency of 50 mg L−1 ORZ was

monitored in presence of different concentrations of CO2−
3 and

tert-butanol (t-BuOH) at pH 6.5. It can be seen from Fig. 4a, b
that at a given absorbed dose, decomposition efficiency of
ORZ in the solution was higher without the additives when

compared to those in the presence of additives, CO2−
3 and t-

BuOH. 99.4% ORZ decomposition was achieved in the aque-
ous solution at an absorbed dose of 3.0 kGy, while 68% and
34.5% ORZ decomposition efficiencies were obtained in the

presence of 0.1 M CO2−
3 and t-BuOH, respectively. This can

be attributed due to the scavenging effect of CO2−
3 and t-

BuOH for the radical species such as HO•, e−aq, and H• as

shown by Eqs. 6–14. Table 1 exhibited that the pseudo first-
order reaction dose constants (k) for radiolytic decomposition
of ORZ were decreased with increase in the concentration of

CO2−
3 (Table 1, experiments 8–9) and t-BuOH (Table 1, ex-

periments 10–11) in the aqueous solution. Moreover, the k
values of ORZ in the presence of 0.1 M CO2−

3 and t-BuOH
were found to be 0.4821 and 0.1234 kGy−1, respectively
which was lower than 1.483 kGy−1 in the solution without
the additives. Hence, the k value decreased with the addition

of CO2−
3 and t-BuOH in the aqueous solution. It was also

observed from Table 1 that the G(-ORZ) value was calculated
to be higher in presence of CO2−

3 (0.990 for 0.1 M) compared
to in presence of t-BuOH (0.215 for 0.1 M).

The preferential scavenging of HO• radicals by CO2−
3 ion

leads to the formation of carbonate radical anion (•CO−
3 ) (Eq.

6). Although, the CO2−
3 ions can directly react with e−aq, but at a

much lower reaction rates (Eq. 7). It should be pointed out that
the equilibrium state (Eq. 8) is established in the aqueous
solution with a pKa value of 10.33, accordingly, at working
pH (which is < 10), the given equilibrium shifts to the left with
a prevalence of HCO−

3 ions (Eqs. 9, 10, and 11) (Buxton et al.
1988). On the other hand, the •CO−

3 radical generated in reac-
tion 6, 9, and 11 has a redox potential of 1.78 Vat neutral pH,
which can slowly oxidize ORZ (Huie et al. 1991; Hu and
Wang 2007; Changotra et al. 2018).

CO2−
3 þ HO⋅→OH−þ•CO−

3 k ¼ 3:9� 108L mol−1s−1
� � ð6Þ

CO2−
3 þ e−aq→CO3−

3 k ¼ 3:5� 105L mol−1s−1
� � ð7Þ

HCO−
3⇌CO

2−
3 þ Hþ ð8Þ

HCO−
3 þ HO:→•CO−

3 þ H2O k ¼ 8:5� 106L mol‐1s‐1
� � ð9Þ

HCO−
3 þ e−aq→HCO2−

3 k ¼ 6:0� 105L mol‐1s−1
� � ð10Þ

HCO−
3 þ H:→�CO−

3 þ H2 k ¼ 4:0� 104L mol−1s−1
� � ð11Þ

Results in Fig. 4b also demonstrated that the decomposi-
tion efficiency of ORZwith the addition of t-BuOHwas lower
than that without t-BuOH. Here, only 45% and 34.5% ORZ

Fig. 3 Influence of solution pH on radiolytic decomposition of
ORZ[(ORZ)o = 50 mg L−1; pH = 6.5]

Fig. 4 Effect of CO2−
3 (a) and

t-BuOH (b) on radiolytic
decomposition ORZ[(ORZ)o =
50 mg L−1; pH = 6.5]

32596 Environ Sci Pollut Res (2018) 25:32591–32602



decomposition was achieved with the addition of 0.05 M and
0.1M t-BuOH, respectively. t-BuOH could react with reactive
species, which are summarized as Eqs. 12–14.

HO� þ C CH3ð Þ3OH→•CH2C CH3ð Þ2OH
þ H2O k ¼ 6:1� 108 Lmol‐1s‐1

� � ð12Þ
H• þ C CH3ð Þ3OH→H2

þ CH2OH k ¼ 1:7� 105L mol−1s−1
� � ð13Þ

e−aq þ C CH3ð Þ3OH→Hþ

þ CH3C CH3ð Þ2O‐ k ¼ 4:1� 105 L mol‐1s‐1
� �

ð14Þ

t-BuOH reacts with HO• radicals with moderately high rate
constant (Eq. 12) (Basfar et al. 2005) and form inert radical
•CH2C(CH3)2OH. Compared to that between CO2−

3 and HO•,
the higher rate constant between t-BuOH and HO• results in
less HO• radical available to react with ORZ (Eqs. 6 and 12).
The lower decomposition of ORZ with t-BuOH than that with

CO2−
3 suggests that HO• radical plays a dominant role in ORZ

removal from the aqueous solution. Thus, two additives ex-
hibit different radical reaction patterns (Eqs. 6–14), which
explain the difference found in the extent of decomposition
of ORZ (Table 1, experiments 8–11).

Effect of H2O2 on ORZ radiolysis

H2O2 is an HO
• promoter and can enhance the decomposition

efficiency of pollutants in the aqueous medium (Liu andWang
2013). Figure 5 depicts the effect of H2O2 on the decomposi-
tion of ORZ by gamma radiolysis and the corresponding re-
sults obtained are shown in Table 1 (experiments 12–15). The
results showed that the addition of concentration of 0.5 and
5 mM H2O2 favored ORZ decomposition with k values of
1.970 and 2.234 kGy−1, respectively versus the k value
(1.483 kGy−1) obtained without the addition of H2O2 at
pH 6.5 (Table 1, experiment 2). This can be explained by
the fact that the rapid reaction of H2O2 with e−aq (Eq. 15) and

H• (Eq. 16) enhances the HO• radical concentration in the
aqueous solution and thus helped to enhance the decomposi-
tion efficiency of ORZ (Buxton et al. 1988).

H2O2 þ e−aq→HO: þ OH− k ¼ 1:1� 1010L mol−1s−1
� � ð15Þ

H2O2 þ H:→HO: þ H2O k ¼ 9:0� 107L mol−1s−1
� � ð16Þ

However, k = 1.730 kGy−1 was obtained with initial H2O2

concentration of 10 mM. It indicates that reactions 17 and 18
predominantly occur at this H2O2 concentration, generating
less reactive peroxyl radical species compared to HO• radical
(Buxton et al. 1988). Moreover, the formed peroxyl radical

species facilitates the recombination reaction with HO• radical
(Eq. (17)) resulting a decrease in the k value (Table 1).

HO : þ H2O2→HO2
:

þ H2O k ¼ 2:7� 107L mol−1s−1
� � ð17Þ

HO : þ HO2
:→H2Oþ O2 k ¼ 6:0� 109L mol−1s−1

� � ð18Þ

Accordingly, optimal concentration of H2O2 in the gamma
radiolytic decomposition of ORZwas found to be 5mMunder
the given experimental conditions. These results are consistent
with the above section assuming that HO• radical is the pri-
mary species accountable for ORZ decomposition.

Mineralization study

The radiolysis treatment efficiency not only depends on the
potency of radiolytic decomposition of ORZ but also on the
extent of mineralization of the ORZ and its generated inter-
mediates. Thus, the TOC removal of the irradiated aqueous
solutions of ORZ at different doses was assessed to evaluate
the effect of H2O2 on the extent of mineralization of ORZ
(Fig. 6). The removal of TOC was found to be ~ 35% at
3.0 kGy in absence of H2O2. For gamma irradiation/H2O2

process, rather enhanced TOC removals were observed indi-
cating that the presence of H2O2 had more obvious effect on
mineralization of ORZ than on its decomposition. For exam-
ple, it can be seen from Figs. 5 and 6, with the initial H2O2

concentration of 0.5, 5, 10, and 20 mM, the decomposition
efficiency of ORZ was found to be 99.5, 99.7, 99.1, and
92.6% respectively; whereas, the TOC removal efficiency
was found to be 34.9, 38.4, 44.0, and 57%, respectively. In
the dose range of 0–3.0 kGy, TOC was removed quickly with
gamma irradiation/H2O2 process and this trend was more ob-
vious at initial concentration range of 5–20 mM H2O2. The
concentration of HO• increases during radiolysis in presence
of H2O2 due to the conversion of the reducing species, e−aq and
H•, into HO• (Eqs. 15 and 16). The generated HO•, reacts non-

Fig. 5 Effect of H2O2 on radiolytic decomposition of ORZ [(ORZ)o =
50 mg L−1; pH = 6.5]
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selectively with ORZ, its decomposition intermediates and
eventually leads to the enhanced mineralization. However, at
an absorbed dose of 3.0 kGy, organic by-products formed
during ORZ decomposition are expected to exhibit remaining
TOC in the solutions despite almost complete decomposition
of ORZ at 3.0 kGy. Similar results were also obtained in the
decomposition of chlorophenols (Hu and Wang 2007), nitro-
phenol (Yu et al. 2010), sulfamethazine (Liu and Wang 2013)
ofloxacin (Changotra et al. 2018), and dyes (Wang et al. 2006)
under irradiations.

Statistical analysis

Statistic comparison significant test (p = 0.05) using ANOVA
(analysis of variance) single factor hypothesis was applied to
assess the significant difference between the results available
in Table 1. In general, if p value is less than 0.05, the design
model is considered to be significant and can be used as sta-
tistical predictive model. For all the experiments, the very
small p value and high F value indicated that the model was
statistically significant and valid (Table S1, supplementary
data).

Gaussian calculations

Gaussian 03 Software (Frisch et al. 2003) at density functional
theory with B3LYP/6-31G(d) level was considered to opti-
mize the geometry structure of ORZ molecule, which might
be used to evaluate the charge distribution of the ORZ mole-
cule through Gaussian calculations. Figure 7 shows the result
of charge distribution of ORZ obtained by Gaussian calcula-
tion. It was found that C[16] had the highest negative charge
(− 0.574). Therefore, the strong electrophilic species HO• rad-
icals can attack to C[16] atom. As a result, the bond Cl[19]–

C[16] becomes most susceptible to be cleaved to form new
intermediates as also evidenced from product analysis studies
in the subsequent section. Thus, we can presume that the
gamma-radiolytic decomposition of ORZ is mainly attributed
to HO• oxidation. In addition, O[14] (− 0.507) possess the
second higher negative charge, which shows that HO• radical
can also attack O[14]. Similarly, the bonds of C[21]–H[24],
C[12]–C[9], N[1]–C[20], and N[9]–C[8]may be possibly bro-
ken due to negative charges. Based on the prediction of
Gaussian calculations, we can propose the possible cleavage
of bonds of O[14]–C[12], H[24]–C[21], N[9]–C[8], C[20]–
N[1], C[9]–C[12], and C[16]–Cl[19] under gamma radiolysis
and subsequent formation of some new products.

Reaction mechanism

To confirm the formation of intermediates/products from the
gamma radiolytic decomposition of ORZ, the reaction by-
products of irradiated solutions were analyzed by LC-
QTOF-MS. The radiolytic decomposition products of
50 mg L−1 ORZ at an absorbed dose of 2.0 kGy were identi-
fied using LC-QTOF-MS. Six major decomposition by-
products were identified, and their retention time as well as
molecular structure are listed in Table 2. Based on the obtained
results, the removal pathways of gamma-induced radiolytic
decomposition of ORZ can be inferred in Fig. 8.

In one instance, HO• radicals can react with ORZ to gen-
erate intermediate A (ornidazole epoxide), which represents
one of the oxidative decomposition products of ORZ as
discussed in previous studies (Zhao et al. 2012; Salo et al.
2003). The obtained intermediate is in consistent with the
results of Gaussian calculations. The second instance may be
the direct decomposition of ORZ under gamma radiolysis.

Fig. 7 ORZ molecule structure and its charge distribution

Fig. 6 Effect of absorbed dose and initial H2O2 concentration on TOC
removal ([ORZ]o = 50 mg L−1; [TOC]o = 82.5 mg L−1; pH = 6.5)
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Further, breaking of C[9]–C[12] bond in ornidazole epoxide
generates intermediate C (1,2-dimethyl-5-nitroimidazole),
which further generates intermediate D (2-methyl-5-
nitroimidazole) by demethylation of intermediate C (Salo
et al. 2003). In addition, the intermediate D may also be gen-
erated by breaking of N[8]–C[9] bond in intermediate A
(ornidazole epoxide). Further, intermediate B (ornidazole gly-
col) can be generated fromORZ by hydrolytic halogenation of
aliphatic halomethyl Cl[19]. In addition to this, intermediate B
is expected to be formed from intermediate A by the attack of
HO• radicals (Salo et al. 2003). Combining with the

optimization results of ORZ molecule, B was cleaved, leading
to D and to a moiety corresponding to the hydroxylated ali-
phatic chain, itself being oxidized to E and F. Based on the
intermediate B, the products of E and F could be generated
during the gamma radiolysis due to the instability of O[14]–
C[12], N[8]–C[9], C[21]–H[24], and N[1]–C[20] bonds.

Therefore, we could attribute the main decomposition
mechanism of ORZ during gamma radiolysis to HO• radicals
oxidation and the direct decomposition of ORZ molecule. In
addition, results of LC-QTOF/MS and the Gaussian calcula-
tions are able to predict the ORZ decomposition mechanism.

Table 2 Intermediate compounds during gamma radiolytic decomposition of ORZ

Compound    Retention time   Observed m/z    Calculated m/z      Elemental composition      Proposed 
(min)                  [M+H]+ [M+H]+ [M+H]+ structure [M+H]+

ORZ               5.35                   221.0019      219.0381 C7H10ClN3O3

N

N

O2N CH3

Cl

OH

A                    5.12                  184.0030              184.06439           C7H9N3O3

B                    5.18               201.0030 201.07496     C7H11N3O4

C                    2.46                  142.0294              142.05385            C5H7N3O2                        

D                    3.32                  128.0560              128.03818            C4H5N3O2

E                     5.12-5.18          104.0521              104.01096            C3H4O4

F                     5.12-5.18           104.0521              104.01096            C3H4O4

N

N

O2N CH3

O

N
N

CH3

OH

OH

O2N

N

N

O2N CH3

CH3

N NH

CH3

O2N

OH

OH

O

O

O

OH

OH

O
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Toxicity study

The toxicity potential of ORZ and its irradiated solutions (at
different absorbed dose) was studied through Standard Kirby-
Bauer (disk diffusion) method against clinical isolates of three
microbes: E. coli, B. subtilus, and P. aeruginosa. The results
indicated that the irradiated as well as un-irradiated ORZ so-
lution (i.e., 50 mg L−1 ORZ concentration) did not showed
any toxicity against any of the microbes. Thus, it can be con-
cluded that the parent compound (ORZ) as well as the inter-
mediates produced during gamma radiolytic decomposition of
ORZ are non-toxic to the studied microbes. However, as
discussed in the BMineralization study^ section, the TOC of
the solution significantly decreased upon gamma irradiation
and that is most important for the availability of dissolved
oxygen in water.

Conclusion

Gamma radiolysis proved to be an effective method to decom-
pose ORZ in the aqueous medium and the decomposition
followed pseudo first-order kinetics model. G-(ORZ) in-
creased and dose constant reduced with higher initial concen-
trations of ORZ. ORZ decomposition efficiency increased in
acidic medium when compared to alkaline/neutral medium.

Studies with the additives (CO2−
3 and t-BuOH) revealed that

the main pathway of ORZ decomposition was via the HO•

oxidation. Addition of H2O2 resulted in the effective mineral-
ization of ORZ. Gaussian calculations and LC-QTOF-MS
analysis demonstrated that radiolytic decomposition of ORZ
was mainly controlled by the oxidation of HO• radicals and
the direct decomposition of ORZ molecules. Thus, the results
stimulate to employ gamma radiolysis as a competent and
promising wastewater treatment technology for the effective
decomposition as well as mineralization of water

contaminants. The treated water can further be recycled in
various agricultural fields for irrigation purpose.
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