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ABSTRACT

In the current paper, the removal efficiency of metronidazole (MNZ) using a catalytic
ozonation process (COP) in the presence of magnesium oxide nanocrystals, as a catalyst, was
investigated in deionized water and compared with a sole ozonation process (SOP). The
influence of several operational factors on both removal processes was evaluated: solution
pH, MgO dosage, initial MNZ concentration, and reaction time. Biodegradability
improvement, mineralization rate, oxidation intermediates, and toxicity were also studied for
the COP. The results showed that MgO nanocrystals accelerated MNZ removal compared to
the SOP. The optimum pH for both SOP and COP was obtained at 10 and optimum MgO
dosage for the COP was determined 0.25 g/L. Under optimum conditions, after 20 min and
35 min, the complete removal of 40 mg/L MNZ solution occurred in COP and SOP, respec-
tively. The COP significantly increased the biological oxygen demand/chemical oxygen
demand ratio (from 0.09 to 0.43), caused 93.5% MNZ mineralization, and reduced the toxicity
of the MNZ.
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1. Introduction

A first-generation member of 5-nirtroimidazole
drugs derivatives, metronidazole (MNZ) [1,2], is uni-
versally used in clinical applications and extensively
used for the treatment of infectious diseases caused by
protozoa, anaerobic bacteria [2], and some types of
periodontal disease [3]. Apart from these applications
for humans, MNZ is also abused as an additive in hen
and fish feed to eliminate parasites. Thereupon, MNZ
is accumulated in animals, fish farm water, and efflu-
ents from meat industries [4]. According to the US
National Institutes of Health, MNZ induces several
inconvenient harmful effects such as headache, gas-
trointestinal disorders, and hypersensitivity reactions
[5]. MNZ is also employed for radiosensitization of
hypoxic tumors, being included as a potential human
carcinogen by the International Agency for Research
on Cancer [5]. Based on the MNZ genotoxicity evalua-
tion using the comet assay, MNZ was found to induce
DNA damage in human lymphocytes [6]. Moreover, it
has been detected in hospital wastewaters at concen-
trations of 1.8–9.4 μg/L [1]. As is obvious, the amount
of MNZ in the aquatic environment is low. Neverthe-
less, its continuous input may constitute a potential
risk for aquatic and terrestrial organisms [7]. There-
fore, it is essential to eliminate this contaminant from
water and wastewater in the long term. The chemical
and physical characteristics of MNZ are summarized
in Table 1 [4,8]. Due to low biodegradability [4], high
toxicity [7], high solubility, and resistant character [9],
its removal from water and wastewater is difficult.
However, it can be removed via methods such as

biological methods [10], sorption [11], oxidation pro-
cesses [12], physical methods [13], application of
nanoscale zero-valent iron [4], and advanced oxidation
processes (AOPs) [8]. Rivera-Utrilla et al. have studied
the removal of nitroimidazole antibiotics from aque-
ous solution by adsorption/bioadsorption on activated
carbon, and he concluded that the presence of micro-
organisms increases nitroimidazole antibiotics adsorp-
tion/bioadsorption on the activated carbon. However,
micro-organisms used in wastewater treatment plant
cannot degrade these compounds [11], and conven-
tional biological technologies involve long periods of
treatment and cannot achieve high removal efficiency
[10]. Physical methods, such as flocculation and cen-
trifugal separation, always cause secondary contam-
ination [13]. Using UV radiation for direct photolysis
of metronidazole in aqueous solution requires high
detention time (8 h) which increases the costs [12]. In
adsorption process, contaminants are accumulated
and separated from the water, but they were only
transformed from one phase to another phase (from
the aqueous phase to solid phase) without any
degradation [11]. Based on the mentioned researches,
it is necessary to search novel and viable technologies
for effective removal of metronidazole from water. In
recent years, AOPs have been increasingly applied for
the removal of various types of organic compounds.
Among them, substantial attention has been paid to
invest the catalytic ozonation process (COP) as a new
method of AOP. In this process, in order to enhance
ozone decomposition, forming highly reactive and
non-selective hydroxyl radicals, a catalyst is applied.
These radicals are able to oxidize the toxic and/or
resistant organic compounds into final inorganic prod-
ucts and sometimes convert them to less toxic and
more biodegradable intermediates [14]. Thus, using a
catalyst along the ozonation increased oxidation rate
and decreased reaction time, thereby reducing the
required costs. However, the operational variables
such as solution pH, temperature, ozone dosage, dose
and type of the catalyst, structure of the pollutant(s),
and reactor con affect the efficiency of the COP [15].
COPs are often categorized as homogenous and
heterogeneous processes. Due to its ease of operation,
ability to function at ambient pressure and tempera-
ture, low cost, simplicity of catalyst separation, and
lack of byproducts, the heterogeneous COP is one of
the best methods among recently developed AOPs for
treating industrial wastewaters containing persistent

Table 1
Physical and chemical characteristics of MNZ

Molecular formula C6H9N3O3

Molecular weight (g mol−1) 171.2
Water solubility (g L−1) 9.5
pKa 2.55
Vp (Pa) 4.07 × 10−7

KH (mol dm−3 atm−1) 5.92 × 107

Melting point (˚C) 159–163
Molecular structure
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compounds [14]. In recent years, in order to improve
COP efficiency in the removal of different contami-
nants, most efforts have been focused on preparing
and perusing new catalysts [15]. Numerous natural
and synthetic catalysts such as activated carbon, metal
oxides, and metal ions have been applied in COPs for
removing various organic compounds [14]. Owing to
adsorption capacity, destructive adsorbent, high sur-
face, reactivity, simplicity of production, and lower
cost, alkaline earth metal oxides on the nanoscale are
very promising materials for catalyst applications. A
study conducted by He et al. indicated that using
magnesium oxide (MgO) in conjunction with the sole
ozonation process (SOP) could accelerate phenol and
chemical oxygen demand (COD) removal from solu-
tion [16–19]. Moussavi et al. used MgO/GAC along
with ozonation for catechol removal [20]. However,
SOP and COP efficiencies for MNZ removal and cat-
alytic capacity of MgO nanocrystals in the COP have
not been reported for any antibiotic removal. This
work focused on the preparation and application of
MgO nanocrystals as catalysts in the COP for the
removal of MNZ (as a model of nitroimidazole antibi-
otics), comparing the performance with SOP, a survey
of mineralization rate and biodegradability improve-
ment of MNZ solution, identification of oxidation
intermediates and bioassay of effluent using Daphnia
Magna in COP. The effect of the main operating vari-
ables, including pH, reaction time, catalyst dose, and
initial MNZ concentration [15], on the COP’s perfor-
mance was compared to the performance of the SOP
under the same conditions.

2. Material and methods

2.1. Material and catalyst preparation

Metronidazole and acetonitrile (HPLC grade) were
obtained from the Sigma-Aldrich and Samchun (South
Korea), respectively. Mg(NO3)2 and all of the other
chemicals and reagents used were of analytical grade
and purchased from Merck (Germany). NaH2PO4

solution, as the buffer, (50 mM) was used to adjust the
pH of experimental solutions. In order to prepare all
solutions, distilled water was used. Also, for the credi-
bility of results, all experiments were performed in
duplicate. MgO nanocrystals were prepared by a sim-
ple calcination as follows: first, the appropriate
amount of Mg(NO3)2 was solved in distilled water;
then, the prepared solution was dried at 100˚C for
24 h; and finally, the remaining material was calci-
nated in the presence of air at 500˚C for 2 h and was
crushed [15].

2.2. Experimental apparatus and procedure

2.2.1. Sole and catalytic ozonation process reactor

The sole and catalytic ozonation reactor was a
stainless steel cylindrical sparger with a total volume
of 1 L, which was fitted with other components
including a pure oxygen supply, a flow meter, an
ozone generator, an ozone output control system and
valves, and tubing. All experiments were performed
at a temperature of 22 ± 3˚C under batch reaction, with
a solution volume fixed at 500 ml in each run. MgO
nanocrystals were used as catalyst along ozonation for
MNZ oxidation. Ozone was generated from the pure
oxygen by a commercial generator (ARDA, model
COG-OM, type 1A) with 5 gO3/h capacity. The dose
of ozone was considered constant at 0.5 g/h. In order
to quench and destruct ozone in the off-gas stream of
the reactor, KI solution was used.

2.2.2. Biodegradability and mineralization

In order to assess the biodegradability and the
mineralization rate of the COP under the optimum
condition, the samples were taken from the beginning
and end of the reaction and analyzed for biological
oxygen demand (BOD5), COD, and total organic car-
bon (TOC) tests [21]. Comparison of the BOD5/COD
and TOC for the influent and effluent of the reactor
indicated the biodegradability and mineralization
changes, respectively.

2.2.3. Oxidation intermediates and toxicity assessment

In order to identify oxidation intermediates under
optimum condition, the samples were taken after
10-min ozonation in COP and analyzed by gas chro-
matography–mass spectrometry (GC–MS). Bioassay of
the COP influent and effluent was performed in lab-
oratory scale. First, by the detection range tests, the
desired concentrations for bioassay were obtained and
10 numbers of cultured D.Magna were added in each
concentration. The mortality percentage was investi-
gated after 24-h and 48-h contact times. Then, lethal
concentration 50 (LC50) and toxicity unit (TU) were
calculated.

2.3. Analytical methods

The pHzpc of MgO nanocrystals was measured by
the pH drift method [22]. Using the scanning electron
microscopy images (SEM, HITACHI, S-4160), the mor-
phology of the nanocrystals was investigated. MNZ
concentration was determined by high-performance
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liquid chromatography (HPLC, CECIL, 4100)
equipped with a UV/VIS detector (model, 4200) at
320 nm. A C18ec HPLC column (MACHEREY-
NAGEL, 5 μm, 250 × 4.6 mm) was used and the mobile
phase was composed of water and acetonitrile (80/20,
v/v). The flow was set at 1 ml min−1 and injection
volumes were 20 μL. A GC–MS system (AGILENT
Technologies, 7890A-5975C) was applied for the
identification of oxidation intermediates. pH was
determined using an electrode (HACH, HQ 40d) and
TOC was measured by TOC analyzer (SHIMADZU,
TOC-VCSH). The bioassay testing method was based
on a standard method referred by Weber CI [23].
Using the Probit analysis in SPSS ver.16, the average
mortality rate for experiments was analyzed and LC50

was determined. Moreover, the TU was calculated
according to Eq. (1). In order to analyze the ozone
concentration, the iodometric titration method was
used [21].

TU ¼ 100=LC50 (1)

3. Results and discussion

3.1. Catalyst characteristics

The pH-drift experiment results showed a pHzpc
value of 12.3 for MgO nanocrystals; this characteristic
affects ozone decomposition and performance of pro-
cess [24]. Fig. 1 shows the pattern of the synthesized
MgO, which demonstrates the pure and cubic MgO
crystalline particles in the powder [19]. Based on

Scherer’s equation, the average size of crystals was
found to be 73 nm. In order to visualize the surface
morphology of the produced MgO, the SEM image
shown in Fig. 2 is used; the image demonstrates
agglomerated and porous nanocrystals. The surface
area of the synthesized powder was investigated by
nitrogen adsorption–desorption isotherm (data not
shown), which indicated that BET surface area was
137 m2/g. Based on these results, it is clear that the
fabricated powder was composed of mesoporous
nanocrystals that had a high specific surface area.

3.2. Effect of initial pH

Since during an oxidation process, solution pH is
one of the main factors that affects the contaminant
degradation mechanism, it is important to evaluate
this parameter on catalytic ozonation of the selected
model antibiotic. Therefore, the effect of initial pH of
the MNZ solution on MNZ degradation was studied
at different pH values ranging from 3 to 12, under
constant reaction time and ozone dosing rate in both
processes. Removal percentages of MNZ, as a function
of initial pH in SOP and COP, have been shown in
Fig. 3(a) and (b), respectively.

As seen in Fig. 3(a), the percentage of MNZ
removal in SOP at an acidic pH 3 was 91.8%, it
decreased to 90.7% at pH 5 and it decreased to 74.1%
again with an increase in pH to 7. The high MNZ
removal at pH 3 can be explained by direct oxidation
of MNZ molecules with ozone, which is best per-
formed at more acidic pH [25]. The removal of MNZ
increased for pH values above 7 and reached 97% at
pH 10, which is 22.9% higher than that at pH 7. The
efficiency of MNZ remained almost unchanged until
pH was raised to 12 (97.1%). The rate of ozone decom-
position accelerated under alkaline conditions,
resulted in the production of more reactive radicals

Fig. 1. XRD pattern of the produced powder. Fig. 2. SEM images of produced MgO nanocrystals.
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[26]. Hence, high degradation of MNZ molecules and
high removal of MNZ, at alkaline pHs likely occur by
indirect oxidation with radicals. However, some direct
oxidation with ozone molecules might also take place.
The influence of initial pH on antibiotic ozonation var-
ies in different water backgrounds [27]. The maximum
level of antibiotic degradation was reported to occur
at a pH level of 10 in hospital wastewater treatment
effluent [28]. However, in deionized water, the maxi-
mum efficiency of antibiotic removal was reported at
both acidic [29] and alkaline pH [30].

Fig. 3(b) presents the efficiency of the COP with
MgO nanocrystals. 83.3% of MNZ was removed at pH
3, but contrary to expectation, it increased to 92%
when the pH increased to 5. MNZ removal decreased
to 85.2% at pH 7. This reveals that at acidic pH, the
dominant mechanism was direct oxidation by the
ozone molecules, as per the SOP. With an increase
inthe pH above 7, the efficiency began to increase and
reached a maximum of 98.3% at pH 10 and it
decreased to 88.4% when pH increased to 12. Due to
the generation of hydroxyl radicals at pH above 10
[31,32] and direct oxidation by ozone molecules under
acidic pH, a decrease in the MNZ removal under

strong acidic and alkaline condition can be explained
by pKa of MNZ (2.55) and pHzpc of MgO nanocrys-
tals (12.3). Based on these two parameters, between
solution pH 2.55 and 12.3, MNZ is positively charged
and a negative charge is developed on the MgO
nanocrystal’s surface. Due to zero surface charge of
MNZ and catalyst under strong acidic and alkaline
conditions, respectively, the affinity of them is
restricted to each other. These findings imply that the
pH of the MNZ solution acts as an important factor in
both SOP and COP. Sui et al. [33] found a negative
effect of pH on the catalytic ozonation of ciprofloxacin
with carbon nanotube-supported manganese oxides.

In order to confirm the MNZ degradation by the
radical oxidation mechanism, tert-butanol was added
to the COP [34–37], which resulted in the efficiency.
This illustrates that MNZ degradation followed the
radical oxidation mechanism. However, direct oxida-
tion of MNZ by ozone molecules might also occur in
the COP, as is seen with the SOP. Due to the large
specific surface area of the catalyst, the degradation
on the surface of catalyst was likely the main mecha-
nism. However, MNZ molecules and intermediates
oxidation might be taking place by both radicals and
molecular ozone in both bulk solution and on the cata-
lyst surface. According to the results, the maximum
MNZ removal in both COP and SOP was at pH 10,
thereby this figure was selected as the optimum value
in the subsequent catalytic and non-catalytic ozonation
experiments.

3.3. Effect of reaction time

Reaction time, as a time required to reach the
favorable goals of the process, is one of the important
variables in order to design and operate an oxidation
process. Hence, after pH optimization, the second
phase of this experiment investigated the removal of
MNZ by both COP and SOP as a function of reaction
time, under the optimum initial pH value of 10. The
results have been presented in Fig. 4.

An increase in reaction time increased the removal
of MNZ in both processes, although at a higher rate
for COP than SOP. For the SOP, the efficiency
increased around 62% after 20 min of ozonation.
Increasing the reaction time to 35 min led to 98.8%
MNZ removal. As observed in Fig. 4, the COP could
achieve 92% MNZ removal after a reaction time of
only 15 min. The percentage of MNZ removal
increased to 99% after 20 min of ozonation. Kinetics of
MNZ degradation in both SOP and COP was investi-
gated for zero-order, first-order, pseudo-first-order,
second-order, and pseudo-second-order (linearized
form type I, II, III, and IV) kinetic models [38]. The

Fig. 3. The effect of initial pH on MNZ removal at: (a) the
SOP (MNZ concentration = 40 mg/L, reaction time = 35 min)
and (b) the COP (MNZ concentration = 40 mg/L, MgO
dosage = 1 g/L, reaction time = 20 min).
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results have been summarized in Table 2. According
to these findings, MNZ degradation in both SOP and
COP was best fitted with the pseudo-second-order
model (linearized form type II), with a reaction con-
stant of approximately 0.055 and 1.6 min−1, respec-
tively. Comparing the results indicates that the MgO
nanocrystals with the ozonation process could acceler-
ate the decomposition rate of MNZ. Hence, a higher
rate of oxidation reaction and a shorter reaction time
decrease the treatment costs. No previously published
report could be found on the COP and SOP for MNZ
removal for comparison with the results of the present
work. The results presented here insinuate that due to
high surface area and reactivity [17,18], simplicity of
production, and destructive ability [19], the MgO

nanocrystals are very promising catalysts for
application in ozonation of MNZ-containing solutions.

3.4. Effect of MgO dosage

In order to invest catalyst dosage, the removal of
MNZ was determined by the COP in the presence of
various concentrations of MgO nanocrystals (ranging
between 0.25 and 4 g/L). All experiments in this
phase were carried out at the constant MNZ concen-
tration of 40 mg/L, the optimum pH 10, and the reac-
tion time of 15 min (at which the previous
experiments showed 92% MNZ removal). MNZ
removal variations as a function of catalyst concentra-
tion are shown in Fig. 5. According to Fig. 5, the MNZ
removal increased from 45.2% in the absence of cata-
lyst (SOP) to 92.4% in the presence of 0.25 g/L MgO
nanocrystal powder. Afterward, it reached over 98%
when the MgO dosage was increased to 3 g/L. A fur-
ther increase in MgO dosage to 4 g/L did not increase
the MNZ removal. Thus, due to the high surface area
of MgO nanocrystals and an increase in the radical
generation, small dosages of MgO nanocrystals are
adequate to catalyze and raise the degradation of
MNZ. The mechanisms were supposed to cause radi-
cal formation in the presence of ozone and MgO as
shown below:

O3 þ MgO� s
� � ! MgO� sOs

� �
(2)

MgO� sOs
� � ! MgO� sO

�� �þO2 (3)

MgO� sO
�� �þ 2H2OþO3 !

MgO� s�OH
� �þ 3�OHþO2

(4)

Fig. 4. Effect of reaction time on MNZ removal at: (a) the
SOP (MNZ concentration = 40 mg/L, initial pH 10) and (b)
the COP (MNZ concentration = 40 mg/L, initial pH 10,
MgO dosage = 0.25 g/L).

Table 2
The results of kinetic models investigation by the linear regression method for degradation of MNZ by the SOP (MNZ
concentration = 40 mg/L, initial pH 10) and the COP (MNZ concentration = 40 mg/L, initial pH 10, MgO
dosage = 0.25 g/L)

Kinetic models

COP SOP

R2 Constant (min−1) R2 Constant (min−1)

Zero-order 0.9604 k0 = −0.00185 0.9886 k0 = −0.0012
First-order 0.8177 k1 = −0.0945 0.8961 k1 = −0.0652
Pseudo-first-order 0.9440 k1p= 0.2252 0.8498 k1p= 0.1299
Second-order 0.5731 k2 = −6.6 0.7046 k2 = −4.7
Pseudo-second-order
Type (I) 0.9776 k2p= 0.9 0.3353 k2p= 0.014
Type (II) 0.9937 k2p= 1.6 0.996 k2p= 0.055
Type (III) 0.9247 k2p= 1.1 0.3932 k2p= 0.12
Type (IV) 0.9247 k2p= 0.94 0.3932 k2p= 0.016
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As seen in Eqs. (2)–(4), the MgO nanocrystals act as
an initiator for radical formation. Ozone is adsorbed
on the surface of MgO and disintegrated into several
active radicals. Indirect oxidation of MNZ molecules
occurred because of all these radicals with higher rates
than those seen with single ozone oxidation [39,40].
On the basis of these results and due to economic
problems, 0.25 g/L was selected as the optimum
dosage of MgO for the subsequent experiments.
Moussavi et al. [15] added 5 g/L of MgO powder to
the ozonation reactor in order to accelerate the oxida-
tion efficiency of reactive red 198 dye.

The adsorption capacity of catalyst is one of the
most important factors that can affect COP efficiency.
In order to study the catalysts’ adsorption capacity,
0.25 mg/L of MgO nanocrystals was added to 500 ml
of the MNZ solution (MNZ concentration = 40 mg/L,
initial pH 10) for 20 min of contact time without
ozonation. The MNZ adsorption efficiency by the
MgO nanocrystals under the optimum condition was
determined to be less than 1%. This finding indicates
that the main mechanism of MNZ degradation is reac-
tions that are catalyzed by MgO nanocrystals and
occurred on the surface of the catalyst.

3.5. Effect of initial MNZ concentration

Pharmaceutical wastewaters often contain different
concentrations of antibiotics. Nevertheless, most of the
COPs have been studied with a specific concentration
of target contaminants. Hence, investigation of MNZ
removal, as a function of the initial concentration of
antibiotic, is very important. The effect of initial MNZ
concentrations (1–40 mg/L) on MNZ removal in COP
was investigated under the constant condition (initial

pH 10 and a reaction time of 5 min). Fig. 6 depicts the
removal of MNZ at various initial concentrations.

As shown in Fig. 6, removal efficiencies in COP for
initial concentrations of 1, 5, 10, 20, 30, and 40 mg/L
were 100, 90.6, 82.1, 52.8, 44.5, and 42.7%, respectively.
These findings indicate that with an increase in the
initial concentration of the antibiotic, the removal effi-
ciency declined. This can be supplied by an increase
in the ozone flow rate and/or ozonation time.

3.6. Biodegradability and mineralization

BOD5/COD ratio usually indicates the wastewater
biodegradability. A wastewater with BOD5 to COD
ratio of 0.4 or higher is considered easily biodegrad-
able [15]. The biodegradability of raw and COP-treated
MNZ solutions was investigated at a concentration of
40 mg/L of MNZ solution (selected concentration),
which was 0.09 indicating that MNZ is a resistance
compound. This ratio after passing the treatment in
COP (under conditions of pH 10, MgO dose = 0.25 g/L,
and reaction time = 20 min) increased to 0.43. These
findings illustrate that the biodegradability of MNZ
markedly ameliorated after a reaction time in COP and
it was converted to a biodegradable waste. Farzadkia
et al. [41] improved the biodegradability of MNZ solu-
tion from approximately 0 to 0.091 by nano-ZnO/UV
photocatalytic process within 180 min.

TOC analysis showed that TOC of raw MNZ
solution at 40 mg/L MNZ and COP effluent (under
condition of pH 10, MgO dose = 0.25 g/L, and reaction
time = 20 min) were 17 and 1.1 mg/L, respectively.
These findings imply that the MNZ treatment with

Fig. 5. Effect of MgO nanocrystals dosage on MNZ
removal in the COP (MNZ concentration = 40 mg/L, initial
pH 10, reaction time = 15 min).

Fig. 6. Effect of initial MNZ concentration on MNZ
removal in the COP (initial pH 10, reaction time = 5 min,
MgO dosage = 0.25 g/L).
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COP has a mineralization rate of about 93.5%. High
mineralization reduces the environmental risks of
effluent discharges.

3.7. Oxidation intermediates and effluent toxicity

All of the methods used for the degradation of
contaminants will have some intermediates during the
process and likely some byproducts at the end of the
process. Sometimes these byproducts can be more
dangerous than initial target contaminants. Fig. 7
shows the GC–MS chromatogram for intermediates’
identification. According to Fig. 7, there are four
intermediates for MNZ oxidation in COP. The first
peak in the chromatogram is the solvent used for

sample extraction. The characteristics of intermediates
are shown in Table 3.

In order to invest toxicity changes in the COP, the
LC50 of the effluent was determined after 24 h and 48 h
by bioassay using D.Magna, under the optimum condi-
tions (MNZ concentration = 40 mg/L, initial pH 10,
MgO dosage = 0.25 g/L, and reaction time = 20 min)
and compared with the bioassay results for the influ-
ent. The obtained desired concentrations were 0, 0.2,
0.4, 0.8, 2, 4, 8, 12, 20, 30, and 40 mg/L of MNZ. The
results have been summarized in Table 4; the TU-24h
and TU-48h for the influent of the COP decreased from
0.86 and 1.24 to 0.27 and 0.32 in the effluent, respec-
tively. These findings indicate that longer contact time
increased the MNZ toxicity and the COP with MgO

Fig. 7. MNZ oxidation intermediates after 10 min ozonation in COP (40 mg/L MNZ concentration, pH 10, 0.25 g/L MgO
nanocrystal).

Table 3
Characteristics of oxidation intermediates

Peak number Compound name Chemical formula Quality (%) Molecular mass (g/mol)

1 Chloroform CHCL3 78 119.39
2 2,4 dimethyl Oxazole C5H7NO 63 97.12
3 3-acetyl-2-oxazolidinone C5H7NO3 79 129.11
4 Dodecane C12H26 94 170.33
5 1-Eicosanol C20H42O 52 298.55

Table 4
Toxicity changes in influent and effluent of the COP

Solution Remained MNZ (mg/L) Time (h) LC50 (% v:v) TUa

Pearson goodness-of-fit test

χ2 df p-value

Influent 40 24 115.73 0.86 98.23 8 p < 0.01
Influent 40 48 80.76 1.24 143.69 8 p < 0.01
Effluent n.db 24 370.36 0.27 48.39 8 p < 0.01
Effluent n.d 48 314.87 0.32 58.05 8 p < 0.01

aToxicity unit.
bNon-detectable.
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nanocrystals significantly reduced MNZ toxicity.
Lanzky et.al also reported the acute toxicity of MNZ to
freshwater and marine organisms [42].

4. Conclusions

The results of this study indicated that the COP by
MgO nanocrystals can be applied as a complete or
pre-treatment system for metronidazole-containing
wastewaters. The optimum pH, MgO dosage, and
required time for removal of 40 mg/L were 10,
0.25 g/L, and 20 min, respectively. Adding the MgO
nanocrystals increased MNZ removal about 47% and
decreased the required time compared to the conven-
tional ozonation under the optimum condition. The
COP had MNZ a mineralization rate of approximately
94% and significantly decreased the toxicity reducing
the environmental risks of effluent discharges. Also, it
improved the biodegradability of MNZ-containing
solutions which makes it possible to be considered as
post-treatment in a bioreactor.
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