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ion process using a MgO nano-
catalyst to degrade methotrexate from aqueous
solutions and cytotoxicity studies in human lung
epithelial cells (A549) after treatment
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Pharmaceutical compounds which enter the environment are classified as emerging pollutants. Among

different drug compounds, anti-cancer drugs like methotrexate are of more concern due to their

mutagenic, carcinogenic, and genotoxic properties. Therefore, the main objective of this study was to

use catalytic ozonation processes (COPs) as novel advanced oxidation processes to degrade

methotrexate from aqueous solutions. The calcination method was used to obtain a nitrate magnesium

oxide nano-catalyst. The main variables considering the effect of single ozonation processes (SOPs) and

COPs on the target pollutant were initial methotrexate concentration, contact time, solution pH, and

MgO dosage. The BET results indicated that the surface area of the MgO nano-catalyst was 140.031 m2

g�1. Based on the BJH plot, the size of the MgO nano-catalyst and average pore volume were 44.5 nm

and 0.4454 cm3 g�1, respectively. The weight percent of Mg and O was 61.09% and 38.91%, respectively.

In acidic and alkaline pH, the degradation rate of methotrexate showed a higher increase in SOPs and

COPs than at neutral pH. The degradation rate of methotrexate decreased with increasing

concentration. By increasing the contact time, the degradation rate of methotrexate of both SOPs and

COPs increased. Actually, the methotrexate degradation in COPs was faster than in SOPs. When using

tert-butanol as a scavenger, the reduced removal efficiency in SOPs and COPs was 32% and 31%,

respectively.
Introduction

Drug or pharmaceutical compounds which enter the environ-
ment are classied as emerging pollutants. Recently, various
studies have been reported on the presence of these compounds
in surface waters and ground waters.1 Among different drug
compounds, anti-cancer drugs are of more concern due to their
mutagenic, carcinogenic, and genotoxic properties. Also, these
compounds usually have low biodegradability.2 Methotrexate is
one of the most important drugs used in chemotherapeutic
applications. Methotrexate is an analogue of folic acid and can
inhibit the enzyme dihydrofolate reductase.2,3 It is used in
chemotherapy at both high and low doses in the treatment of
some autoimmune diseases, such as rheumatoid arthritis, adult
psoriasis, or ectopic pregnancy.4,5 Findings showed that with
intravenous administration, more than 85% of the injected
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dose was excreted unchanged within 24 hours via the urine.6,7

As a result, it can enter municipal wastewater through hospital
wastewater,8 and even concentrations of it in drinking water are
detected.3,9 According to studies, methotrexate is partially
eliminated by conventional wastewater treatment processes.4,10

These drug compounds, depending on their concentration, can
have different effects on human health.3 So far, various
processes have been investigated to remove or degrade drug
compounds from effluents.11,12 Processes considered to remove
methotrexate are UV-TiO2,13 UV-H2O2/UV-Fe

2+-H2O2/UV-TiO2,14

sonolysis–ozonolysis,15 electro-synthesized ferrate(VI) ion,16 and
single ozonation processes (SOPs).3 As several studies have
shown, advanced oxidation processes (AOPs) are some of the
most important processes for the removal or the degradation of
pharmaceutical compounds from various types of waste-
water.17–19 AOPs are suitable processes for treating compounds
that are refractory to biodegradation treatment like
antibiotics.11,20

One of the most important innovations in AOPs is the use of
a solid as a catalyst: catalytic ozonation processes (COPs).
Actually, SOPs have a relatively low efficiency in the degradation
of refractory organic pollutants. The most important problems
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The methotrexate (crystalline powder and orange-brown)
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in SOPs are low solubility and low stability of O3 in water and
slow reaction with some organic compounds.21 In COPs, the
presence of metal oxides can increase the production of active
radicals to degrade refractory compounds (eqn (1)–(3)):22

O3 + [MgO–S] 0 [MgO–SO3] (1)

[MgO–SO3] 0 [MgO–SOc] + O2 (2)

[MgO–SOc] + 2H2O + O3 0 [MgO–S$OH] + 3$OH + O2 (3)

The use of COPs eliminates or mitigates the disadvantages
of SOPs. The advantages of COPs are a simple operation, low
cost, proper mineralization, environment-friendly, non-toxic,
highly stable, easy to produce, and short time.23 Due to high
surface area and low recovery and production costs, metal
oxides have a high potential for application in water and
wastewater treatment.24 COPs represent a new technology for
the removal or the degradation of organic pollutants in water
and wastewater and include two process types: homogeneous
and heterogeneous. Heterogeneous COP has attracted a great
deal of attention recently due to its high efficiency in the
degradation and mineralization of organic pollutants with low
adverse effects.25 The heterogeneous COP is an attractive
oxidation process which involves a solid catalyst in combina-
tion with O3 that can improve the efficiency of O3 in the
breaking down of refractory organic compounds by radical
reactions.26 A review of the literature suggests that the use of
magnesium oxide (MgO) as a catalyst is signicantly associ-
ated with the ozonation process and has a useful effect on the
degradation of pollutants that are refractory to biodegradation
such as antibiotics.27,28 The catalyst is also widely used in
conventional wastewater treatment, and for industrial and
pharmaceutical sewages, dyes and phenolic materials. MgO,
due to its adsorption properties, is also a promising substance
as an adsorbent.29 MgO is a material with a wide application
range.24 MgO is heterogeneous which means it has high
catalytic potential for the degradation of refractory pollutants,
such as drugs.23,28 The high-power degradation is one of the
most important features of this catalyst.30 MgO is a cheap
catalyst with electromagnetic absorption characteristics at
high wavelengths near those of visible light, and under
sunlight in the range of 200 to 400 nm wavelength can be
exhibit. MgO nano-catalysts exhibit their highest absorption in
the wavelength range 385 nm to 360 nm.31,32 Metal oxides due
to their high surface area and low recovery and production
costs have a high potential for application in water and
wastewater treatment. MgO, among the large family of metal
oxides, is a widely used material.24 MgO is considered as one of
the metallic semiconductors which degrade refractory
compounds such as drugs by ultraviolet radiation, although it
is applied to a lesser extent than TiO2. MgO has a bonded
cavity (2/3 eV) similar to TiO2.31 Based on a literature review, so
far, for different pollutants like dyes, formaldehyde, catechol,
and VOCs, heterogeneous COPs has been used, but no reports
have yet been published of the removal or degradation of
methotrexate. For this reason, MgO has been selected as
This journal is © The Royal Society of Chemistry 2019
a solid catalyst for the removal or the degradation of metho-
trexate. Therefore, the main objective of this study was to use
COPs as novel AOPs to degrade methotrexate from aqueous
solutions.
Experimental
Chemicals

Chemicals needed in this research included methotrexate
(purity > 99%), magnesium nitrate (Mg(NO3)2), sulfuric acid
(H2SO4), sodium hydroxide (NaOH) and tert-butanol (C4H10O).
All materials were obtained as high analytical grade fromMerck
and Sigma-Aldrich Chemicals Company.
Preparation of MgO nano-catalyst and experimental
procedures and analytical methods

To prepare the magnesium oxide nano-catalyst (MgO), the
procedure of Moussavi et al.30 was used. In this procedure, the
calcination method was used to obtain nitrate magnesium
oxide nano-catalyst. In this way, MgO was obtained from
natural mineral magnesite from Iran. Initially, magnesium ore
became ne particles by crushing. Aer the initial crushing,
the crushed particles were washed with distilled water and
then dried. To eliminate impurities in the crushed particles,
they were placed in an acid solution for 5 h. Aer soaking in
acid solution, the crushed particles were dried at 100 �C for
24 h. Then, the dried crushed particles were calcined at 700 �C
for 2 h in a furnace. Ultimately, the prepared MgO nano-
catalyst was manually powdered. Aer preparation, the nal
product for next use was placed in a polyethylene container.
The detailed characterizations of the MgO were conducted
with eld emission scanning electron microscopy (SEM; Sigma
model VP-500, Zeiss), Fourier transform infrared (FTIR) spec-
troscopy (Spectrum Two model, PerkinElmer), X-ray diffrac-
tion (XRD; X'pert Pro model, Panalytical), and energy
dispersive X-ray spectroscopy (EDX). Brunauer–Emmett–Teller
(BET; Belsorp Mini model, Microtrac Bel Corp.) surface area
and total pore volumes of the nano-catalyst were determined
via nitrogen adsorption isotherms at 77 K. All the experiments
with the methotrexate drug were performed aer catalyst
conrmation. The methotrexate structural formula and its
structural formula and its properties.
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Fig. 2 A view of the pilot used.
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properties are shown in Fig. 1. Its molecular formula is
C20H22N8O5 and its molecular weight is 454.447 g mol�1. Also,
its solubility in water is 2600 mg l�1. All experiments were
carried out in batch conditions. Fig. 2 shows a view of the pilot
used. The pilot used and its components were similar to those
of the Moussavi et al. study.28 Main parts of the pilot used
included an (A) air pump, (B) ozone generator and (C) supply
system, a ow controller, an ozonation reactor, glass reactor,
magnet, diffuser, catalyst particles, ozone bubbler, magnetic
stirrer, a destruction system of off-gas O3, and solution ask of
potassium iodide (KI). Ozone is formed by an ozonator and it
can be passed through the glass diffuser to the reactor. The
reactions of SOPs and COPs were performed in a 250 ml Pyrex
glass reactor. To create ne bubbles, a magnetic stirrer was
used. A stock solution of methotrexate (500 mg l�1) was
prepared weekly in high-quality distilled water and stored at
standard temperature (4 �C). The main variables considered
for the effect of SOPs and COPs on target pollutant were initial
methotrexate concentration (5 to 30 mg l�1), contact time (5 to
60 min), solution pH (4 to 10), and MgO dosage (0.1 to 0.5 g
l�1). Also, the methotrexate mineralization was determined
using TOC (total organic carbon).33 To determine the metho-
trexate concentration, high-performance liquid chromatog-
raphy (HPLC) was used. An HPLC system (Shimadzu Corp.,
Kyoto, Japan) consisting of a quaternary pump (LC-10ATvp),
UV-visible detector (SPD-M10Avp), vacuum degasser and
system controller (SCL-10Avp) was used. A manual injector
with a 10 ml sample loop was used for loading the sample. A
Class VP-LC workstation was used to acquire and process
chromatographic data. An RP cyano analytical column (150 �
4.6 mm, 5 mm; MZ-Analysentechnik GmbH, Germany) was
used. Also, the inuence of a scavenger on the performance of
8206 | RSC Adv., 2019, 9, 8204–8214
COPs in methotrexate oxidation was studied. tert-Butanol
(0.5 g l�1) was used as the scavenger. To study the mechanism
dominating the interaction of COPs with MgO in methotrexate
oxidation, the tert-butanol method was used.28
Cell cultures

In the present work, the effect of MTX, SOP (O3) and COP (MgO
+ O3) extracts on the A549 cell line was investigated by MTT
assay. Cell cultures were conducted with A549 cells derived from
type II like human lung epithelial carcinoma in sterile plastic
asks. In this study, the A549 cells were purchased from the
National Center for Cell Bank Science, Pasteur Institute of Iran
(Tehran) (NCBI Code: C137). The asks were maintained in low-
glucose medium (DMEM) that contained 10 mg ml�1 of 1%
penicillin/streptomycin, 10% fetal calf serum, and 200 mM of
2% L-glutamine. Then, they were exposed to 5% atmospheric
carbon dioxide at 37 �C. Aer maintaining the A549 cell cultures
(1 � 104 cells per ml) in plates for 24 h, they were treated with
MTX, SOP, and COP extracts at a concentration of 150 ml for
12 h, 24 h, or 36 h. Fig. 10 shows contrast-phase microscopy
images of A549 cells exposed to extracts.34
Cytotoxicity assay by MTT method

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium)
assay was performed to determine the number of viable cells
present. The A549 cell line was cultured in a 96-well plate, and
then MTT was added to each well and incubated for 4 h. Aer
removing the supernatant, the dark blue formazan crystals were
dissolved in DMSO. The absorbance of the suspension was
measured at 570 nm. The measured values were reported as
This journal is © The Royal Society of Chemistry 2019



Table 1 Some properties of MgO from adsorption–desorption
experiments (based on N2) at 77 K

Sample SABET (m2 g�1)
Total pore volume
(m3 g�1)

Mean pore diameter
(nm)

MgO 140 0.3124 44.5

Paper RSC Advances
a percentage of the control.35 The toxicity and viability were
calculated using eqn (4) and (5), respectively:

Toxicity% ¼
�
1� mean OD of sample

mean OD of control

�
� 100 (4)

Viability% ¼ 100� toxicity% (5)
Results and discussion
MgO characterization

Different experiments were performed to determine the char-
acteristics of the synthesized MgO. The SEM image of the MgO
nano-catalyst is shown in Fig. 3A. The XRD pattern of the
synthesized MgO is presented in Fig. 3B and indicates the
crystalline particles of MgO in the powder. The results of the
synthesis of MgO nano-crystals are consistent with the results
of other researchers.22,36 BET test results are presented in Table
1. The BET results indicated the surface area of MgO nano-
catalyst was 140 m2 g�1. Based on the BJH plot, the size of
MgO nano-catalyst particles was 44.5 nm. The Debye–Scherrer
equation was also used to estimate the size of MgO nano-
crystals more accurately.23 Based on this equation, a size of
MgO nano-crystals of 42.5 nm was obtained. In the Moussavi
et al. study, the size of the synthesized MgO was in the range of
38 nm to 44 nm, with an average specic surface area of 153.7
m2 g�1.37 In the Kermani et al. study, the size of the synthe-
sized MgO was 43 nm, with an average specic surface area of
137 m2 g�1.38 Also, an average pore volume of MgO, based on
BET, was 0.4454 cm3 g�1. The constituent elements of
synthesized MgO were determined with EDX analysis, as
shown in Fig. 4. The weight percent of Mg and O was 61.09%
and 38.91%, respectively. As seen in Fig. 4, the prepared nano-
catalyst was composed mainly of MgO. Fig. 5 shows the FTIR
spectrum (4000–400 cm�1) of the MgO nano-catalyst. In this
spectrum, several different peaks are seen. The 3700 cm�1

band was associated with the O–H bonds and phenolic func-
tional groups.39 The bands at 2000 cm�1 to 2500 cm�1 were
related to CO2 from the atmosphere. Also, the range between
Fig. 3 SEM image (A) and XRD pattern (B) of the synthesized MgO nano

This journal is © The Royal Society of Chemistry 2019
1000 and 1500 cm�1 shows bands due to the MgO
framework.11,28,39

Inuence of pH on the process

The solution pH is an inuential parameter in the degradation
of organic matter during SOPs and COPs. Actually, due to the
amphoteric behavior of most semiconductor oxides, the solu-
tion pH is one of the important parameters in these reactions.40

The solution pH affects the state of degradation materials, O3

decomposition, and the properties of the surface catalyst.41,42 To
better consider the effect of solution pH on the degradation of
methotrexate using ametal catalyst, its effect on SOPs and COPs
was investigated. The removal efficiency of methotrexate by the
combined process was considered in the pH range of 4 to 10.
The results of the effect of solution pH on the degradation of
methotrexate are shown in Fig. 6. As shown in Fig. 6, the solu-
tion pH plays an important role in the photo-catalytic reactions.
In acidic and alkaline pH, the degradation of methotrexate
showed a higher increase in the SOPs and COPs than neutral
pH. The degradation of methotrexate from the solution
increased for a pH of 7 and reached a maximum of 87% at a pH
near 8, which is 23% higher than that at a pH of 4. When pH
increases to alkaline pH, the degradation rate of O3 accelerates,
resulting in the production of more reactive radicals.22,38 The
main reason for increasing the degradation rate of methotrexate
in acidic pH can be attributed to the very slow O3 degradation in
such conditions and O3 is the main radical of the reaction with
the pollutants which reacts selectively. In COPs with MgO nano-
crystals, the degradation of methotrexate increases with
increasing pH. The main reason is that O3 acts as an electro-
phile agent and can attack the centers of high electron density
of methotrexate. As mentioned earlier, at pH higher than pKa, it
-catalyst.
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Fig. 4 EDX spectrum of the synthesized MgO nano-catalyst.
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contaminates the anionic material, and thus the O3 reacts with
it.43 The pH of zero point of charge (pHzpc) for MgO was ob-
tained as nearly 10.5. Based on pHzpc, the surface charges on
MgO at pH higher and lower than pHzpc are negative and
positive, respectively. Another reason for the increasing degra-
dation rate of methotrexate in alkaline pH in COPs is the
increase in the production of $OH radicals in comparison with
SOPs. Also, in fact, increasing the solution pH increases both
the transfer of O3 gas and its degradation rate in COPs. For the
study and determination of the COPs mechanism, determining
the pHzpc is very important. The role of pHzpc in the perfor-
mance of metal catalysts is in three ways: (1) if the solution pH
is less than pHzpc, the surface charge of the catalyst is positive,
(2) if the solution pH is more than pHzpc, the surface charge of
the catalyst is negative, and (3) if the solution pH is equal pHzpc,
the surface charge of the catalyst is neutral.44 In this study, the
best pH for the degradation of methotrexate was found to be
Fig. 5 FTIR spectrum of the synthesized MgO nano-catalyst.

8208 | RSC Adv., 2019, 9, 8204–8214
near 8. The ndings of this study showed that the degradation
rate of methotrexate was higher in alkaline conditions. In
alkaline pH, the concentration of $OH, which has a better
oxidation power than O3, increased. So, it is expected that in
alkaline conditions, due to the dominance of indirect oxidation,
the degradation rate of methotrexate is higher than that in
acidic conditions (direct oxidation). In fact, increasing the
solution pH will increase the transfer of O3 gas and its degra-
dation rate in the heterogeneous COPs. These reactions lead to
the formation of highly reactive $OH radicals and other radicals
such as OH, HO2, and HO3 which ultimately lead to an increase
in the degradation rate of the pollutants.45

Inuence of initial methotrexate concentration, and catalyst
dosage

Of other variables that affect the degradation of methotrexate is
its initial concentration. Actually, methotrexate is found in
This journal is © The Royal Society of Chemistry 2019



Fig. 6 The effect of the solution pH on methotrexate degradation by SOPs and COPs.
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different concentrations in various wastewaters. Pharmaceu-
tical wastewaters oen have different concentrations of drugs.
Therefore, different concentrations of methotrexate were
investigated. The initial concentration of methotrexate was
considered in the range of 5–30 mg l�1. The effect of the initial
concentration of target pollutant on the methotrexate degra-
dation by SOPs and COPs is shown in Fig. 7. Based on Fig. 7, the
degradation rate of methotrexate decreased with increasing
concentration (from 5 to 30 mg l�1). By increasing the concen-
tration, the methotrexate molecules increase in the environ-
ment, but because of the low $OH radical production from O3

depletion, its degradation occurred more slowly at higher
concentrations. As can be seen from Fig. 7, the degradation rate
of methotrexate decreased with increasing concentration. The
reduction in the degradation rate of methotrexate due to an
increase in concentration can be attributed to the competition
of the reaction with $OH radicals at higher concentrations.46 By
increasing the initial concentration, the removal efficiency
decreases and there is an inverse correlation between the
methotrexate concentration and the degradation rate. At higher
Fig. 7 The effect of initial concentration on methotrexate degradation b

This journal is © The Royal Society of Chemistry 2019
concentrations, available sites for methotrexate adsorption are
reduced which ultimately leads to a reduction in the degrada-
tion rate. Also, active sites on MgO are occupied by metho-
trexate molecules with a negative charge. One of the main
reasons for the reduction in the degradation rate of metho-
trexate is the production of intermediates which are formed
during the degradation. These intermediates can occupy active
sites on the catalyst and, nally, reduce the reaction sites for
methotrexate.25 One of the other variables that affect the
degradation rate of methotrexate is the required catalyst (MgO3)
dosage. Actually, one of the main parameters in the continua-
tion of the COPs is determining the required catalyst content.
According to a review, catalyst dosage can increase surface area
and active sites for more O3 degradation. Also, the character-
ization of the catalyst will play a vital role in COPs.47 To deter-
mine the optimal dose of MgO, the COP was performed with
different concentrations of nano-crystal (0.1–0.5 g l�1). At rst,
by increasing the MgO dose, the degradation rate of metho-
trexate in the COP increased. In these conditions, the main
reason for the increased degradation of methotrexate can be
y SOPs and COPs.

RSC Adv., 2019, 9, 8204–8214 | 8209
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attributed to the increasing active sites and levels on the surface
of the catalyst for more O3 and drug. The maximum removal
efficiency was observed at MgO dose of 0.4 g l�1. Further
increases in MgO dosage do not have a signicant effect on the
degradation of methotrexate. The optimal dose of MgO nano-
crystal has been reported by Kermani et al., in the removal of
metronidazole with COPs, and byMoussavi et al., in the removal
of the reactive red 198 azo dye with COPs, with values of 0.25 g
l�1 and 5 g l�1, respectively.22,38 Also, the results of these studies
showed that at higher doses than optimal, the amount of
removal of the target pollutants is reduced. Depending on the
type of pollutant, the optimum dose can also be different. The
reaction mechanism of the degradation of O3 on metal oxides
has been reported as follows:48

O3 + * 0 O* + O2 (6)

O3 þO*0O*
2 þO2 (7)

O*
20þO2 þ * (8)

There are various reports that the use of metal oxides as
a catalyst can enhance the efficiency of SOPs for the degradation
of environmental pollutants.49,50 In the application of any type
of catalyst in the degradation of pollutants, the adsorption
process will be unavoidable. Catalytic adsorption capacity is one
of the important factors that can affect the efficiency of COPs.
For this, the adsorption capacity of MgO nano-crystal was
considered. The results showed that the adsorption of metho-
trexate onMgO was very low and can be ignored. The ndings of
Kermani et al. on the removal of metronidazole by COPs in the
presence of MgO nanoparticles showed that the adsorption rate
of the drug was less than 1%.38 By increasing the contact time,
the degradation rate of methotrexate in both SOPs and COPs
was increased. Actually, the methotrexate degradation in COPs
was faster than in SOPs. It was also observed that in a shorter
time, the degradation of methotrexate in COPs was much
higher than that in SOPs. These results can be attributed to the
synergistic properties of COPs. In previous studies, such
synergistic properties have also been observed.11,51,52 The
Fig. 8 The effect of tert-butanol on degradation and mineralization of m

8210 | RSC Adv., 2019, 9, 8204–8214
reactions which occurred in the presence of a catalyst and lead
to the synergistic properties of COPs can be expressed as
follows: as the catalyst dose increases, the available surface area
and active sites increase, so more O3 will be adsorbed in places.
The net result of these interactions would be to increase the
production of $OH radicals and surface reactions.11,51

Inuence of scavenger and mineralization on the degradation
of methotrexate

One of the important problems with SOPs and COPs is the
negative effects of interfering factors through radical
consumption and the consequent reduction of the removal
efficiency of these processes. The presence of a scavenger in
SOPs and COPs prevents proper formation of $OH radicals. In
the absence of a scavenger and in usual conditions, O3 mole-
cules can adsorb on the surface of metal oxide (MgO) and react
with $OH on the catalyst surface. In the presence of a scavenger,
because of interfering agents on the catalyst surface, O3 mole-
cules cannot react with $OH surface groups. Subsequent reac-
tions, as a result, for the production of active radicals will be
disrupted and the degradation rate of the pollutants will be
reduced.47,53 Fig. 8 shows the effect of tert-butanol on the
degradation of methotrexate in SOPs and COPs. The study
ndings showed that the use of tert-butanol as a scavenger
reduced the degradation rate of methotrexate. Reduced removal
efficiency in SOPs (single O3) and COPs (O3 +MgO) was 32% and
31%, respectively. Based on the ndings of this study, it can be
said that the main mechanism involved in the degradation of
methotrexate is an indirect reaction with $OH radicals. Reduc-
tion of drug degradation rate when adding tert-butanol
conrms the predominance of the indirect oxidation system in
the process. Other researchers have reported similar results.47,52

tert-Butanol, as a powerful scavenger, with the formation of
a stronger bond with functional groups on the MgO surface,
prevents the proper performance of the oxidation.54 In aquatic
environments, the degradation rate of O3 molecules because of
the presence of $OH scavengers can considerably decrease. tert-
Butanol is an alcohol and can function in AOPs as a scavenger;
therefore, it can greatly reduce the degradation rate of metho-
trexate molecules. This phenomenon can be justied in that the
ethotrexate in SOPs and COPs.

This journal is © The Royal Society of Chemistry 2019
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reaction rate between O3 and tert-butanol is higher than that
between O3 and methotrexate molecules. It ultimately leads to
a reduction in production of $OH radicals. The reaction rate of
O3 and tert-butanol and of O3 and methotrexate molecules (as
a pollutant) is 5 � 108 mol per second and 0.3 mol per second,
respectively. While for SOPs in the presence of oxidant agents,
reduction of the effectiveness of the process will be negli-
gible.52,55 So, it can be concluded that degradation reactions of
methotrexate occurred more at the MgO surface. TOC
measurement for the degradation of methotrexate indicates
mineralization of the target pollutant in SOPs and COPs. Fig. 9
shows the effect of mineralization of methotrexate in SOP and
COP based on TOC. Highest mineralization in the degradation
of methotrexate was related to COP (O3 + MgO). The minerali-
zation in SOP and COP was 20% and 45%, respectively. There-
fore, COPs in comparison with SOPs can have high power in the
mineralization of environmental pollutants.
Effect of reaction time and kinetics of methotrexate
degradation in catalyst ozonation processes

The results of kinetics of reactions showed that the reaction rate
of SOPs increased from 0.0345 min�1 to 0.0965 min�1 for COPs.
It can be concluded that the addition of MgO nanocrystals
increased the degradation rate of methotrexate in COPs by
about 2.79 times compared to SOPs. Based on the ozonation
theory and the results of this study, in the COP of methotrexate
in the presence of MgO nanocrystals, molecules of O3 and
methotrexate were adsorbed in the MgO surface and then the
pollutant was oxidized using O3. Adsorption by the MgO
nanocrystals increased the probability of reaction between O3

molecules and methotrexate; as a result, the degradation rate of
methotrexate increased. In addition to the direct reactions of
methotrexate with O3 molecules, the indirect reactions of the
radicals produced at the MgO surface and in the solution can
also be involved in the mechanism of methotrexate degrada-
tion. The degradation of pollutants in the ozonation process
consists of two main paths: direct (using O3 molecules) and
indirect (using other radicals generated by O3) oxidation. The
Fig. 9 The effect of mineralization of methotrexate in SOPs and COPs

This journal is © The Royal Society of Chemistry 2019
indirect oxidation system has high efficiency due to the pres-
ence of $OH radicals and high oxidation of these radicals
compared to O3 molecules.38 According to the ndings of
Moussavi et al.27 and Kermani et al.,37 the three suggested
pathways are as follows (direct and indirect reactions):

Direct reactions:

MgO�O3 + methotrexate 0 MgO + CO2 + H2O

+ intermediates (9)

MgO�methotrexate + O3 0MgO + CO2 + H2O + intermediates(10)

O3 + methotrexate 0 CO2 + H2O + intermediates (11)

Indirect reactions:

MgO�OH + methotrexate 0 MgO + CO2 + H2O

+ intermediates (12)

MgO�methotrexate + $OH 0 MgO + CO2 + H2O

+ intermediates (13)

$OH + methotrexate 0 CO2 + H2O + intermediates (14)

$OH radicals react with organic matter in the ozonation
process due to their reactivity and oxidation potential. For
determining the best kinetic model of the degradation of
methotrexate, rst-order reaction (FOR) and second-order
reaction (SOR) were examined. Kinetic constants for degrada-
tion and mineralization of methotrexate in SOPs and COPs are
shown in Table 2. Based on Table 2, the best kinetic model
describing the data obtained in SOPs and COPs was FOR. The
model of FOR had the highest coefficient of determination (R2

or R-square).
Cytotoxicity analysis

In this study, the effect of MTX, SOP, and COP extracts aer
treatment on the cell viability of A549 cells determined by MTT
assay for a concentration of 150 ml with different contact times
based on TOC.
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Table 2 Kinetic constants for degradation and mineralization of
methotrexate in catalyst ozonation processes

Type of process
First-order
reaction

Second-order
reaction

SOP (O3) 0.87 0.76
COP (MgO + O3) 0.95 0.85
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of 12, 24, or 36 h was investigated. The results are shown in
Fig. 10 and 11. The cytotoxicity results are presented as the
percentage decrease in viable cells with respect to negative
controls. A wide range of cytotoxicity values was obtained for
the three extracts (MTX, SOP, and COP) ranging from 8% to
92% for 12 h, 24 h, or 36 h. As shown in Fig. 11, all three types
of extract (MTX, SOP, and COP) inhibit cell proliferation and
decrease cell viability. In accordance with other studies, the
cell viability for MTX extract for the different contact times
signicantly decreased in comparison with the control cells
(Pvalue < 0.05). Generally, the greatest survival percentage of
Fig. 10 Contrast phasemicroscopy observations of extract-exposed A54
and COP (MgO + O3) extracts.

Fig. 11 Effect of exposure toMTX, SOP (O3) and COP (MgO+O3) extracts
with different contact times of 12, 24, or 36 h.

8212 | RSC Adv., 2019, 9, 8204–8214
cells in each of the three types of extract was observed for the
COP extract at an incubation time of 12 h (92%), whereas the
lowest was observed for the MTX extract at an incubation time
of 48 h (25.6%). Statistical analysis revealed a signicant
difference between the MTX extract and SOP and COP samples
in terms of the percentage of viable cells when in contact with
A549 cell line. The ndings indicated that the cytotoxicity
effect strengthens with an increase of the drug concentration
and contact time.14 MTX is found to be more toxic with
a viability of 25.6% and 8% for 12 h and 36 h of incubation,
respectively. More toxicity, in this case, is due to the free
existence and direct contact of the drug with the cells. Cyto-
toxicity assay done on A549 cell line revealed that the COP
extract exhibited an average of 53% and 44% of cell death for
24 h and 36 h of incubation, respectively. MTX belongs to
a group of drugs with high-risk side effects. It is a mutagen and
a teratogen anticancer drug which belongs to the subgroup of
the antimetabolites and acts by blocking enzyme activity and
disrupting DNA synthesis.56 In an in vitro study on A549 cell
line culture, the cytotoxicity of MTX extract and SOP and COP
9 cells. (a) Non-exposed cells. (b) A549 cells treated with MTX, SOP (O3)

on cell viability of A549 cells by MTT assay for a concentration of 150 ml

This journal is © The Royal Society of Chemistry 2019
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samples was investigated. The effect of these extracts and their
combination on viability (MTT test) and apoptosis of the cells
was assessed.

Conclusions

The present study considered the effects of SOPs and COPs on
the removal and the degradation of methotrexate from aqueous
solutions. The main variables considered were initial metho-
trexate concentration, contact time, solution pH, and MgO
dosage. All the experiments with the methotrexate drug were
performed aer catalyst conrmation. The results of the varia-
tion of pH showed that with increasing solution pH, the
degradation of methotrexate increased. As the results show, at
all pH values investigated, COP has a better performance than
SOP, and, as pH rises, the removal of methotrexate increased.
The degradation rate of methotrexate decreased with increasing
concentration. At higher concentrations, available sites for
methotrexate adsorption are reduced which ultimately leads to
a reduction in the degradation rate. Also, active sites on MgO
are occupied by methotrexate molecules with a negative charge.
By increasing the MgO dose, the degradation rate of metho-
trexate by COPs increased. In these conditions, the main reason
for the increased degradation of methotrexate can be attributed
to an increase in active sites and levels on the surface of the
catalyst for more O3 and drug. It can be concluded that the
addition of MgO nanocrystals increased the degradation rate of
methotrexate in COPs by about 2.79 times compared to SOPs. In
addition to the direct reactions of methotrexate with O3 mole-
cules, the indirect reactions of the radicals produced at the MgO
surface and in solution can also be involved in the mechanism
of methotrexate degradation. High mineralization with this
method can greatly reduce the environmental risks associated
with the discharge of effluents containing methotrexate. In
accordance with other studies, the cell viability on exposure to
MTX extract for different contact times signicantly decreased
in comparison with the control cells (Pvalue < 0.05). The results
of this study showed that the COP using MgO nanocrystals can
be used as a pretreatment or a complete treatment for phar-
maceutical wastewater or aqueous solutions containing
methotrexate.
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