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Abstract
In the present study, green synthesized nanoparticles were used to activate persulfate and used for
oxidation of metronidazole (MTZ). In the process of green synthesis, the walnut green skin was used for
the synthesis of zero-valent iron (nZVI) particles. These nanoparticles' FESEM images revealed that they
were spherical-shaped nanoparticles with a diameter ranging from 18 to 72 nm. Also, the FTIR spectra
indicated the functional groups of polyphenols on the surfaces of the nZVI nanoparticles. Moreover, the
XRD pattern illustrated that the synthesized particles possessed a high crystalline quality structure.
According to the results, under the optimum conditions, the removal e�ciency of the process in
degradation of MTZ was 90.3%. LC-MS chromatography showed 7 by-products with reduced toxicity in
the reactor outputs. It was found that the green synthesized nZVI had a good effect on the activation of
the PS and the PS/nZVI process had a high ability in degradation of MTZ from aqueous solutions.

1. Introduction
In the last decade, the presence of pollutants in water resources has been a serious threat to the
environment and pharmaceutical compounds are one of the most dangerous sources polluting the
environment [1–3]. Among drug contaminants, since antibiotics are not metabolized completely during
treatment and a signi�cant proportion of them are excreted into active pharmaceutical forms that are
continuously discharged, even at low concentrations; as a result they can produce bacterial resistance
[4–7]. Metronidazole (MTZ) is one of the most widely used antibiotics in the world with antimicrobial and
anti-in�ammatory properties[8]. It is used to treat infectious diseases caused by anaerobic bacteria and
protozoans such as Giardia Lamblia and Trichomonas vaginalis [9]. In addition, it is utilized as an
additive in chicken and �sh food to eliminate parasites [1, 5]. Due to its low degradability and high
solubility in water, this antibiotic is not removed by conventional methods and its accumulation in
aquatic environments will cause side effects in humans and the environment [10, 11]. The physical and
chemical properties of MTZ can also be described in the same way (Table 1).

Several methods including adsorption, optical analysis, biodegradation [1], coagulation and centrifuge,
chemical oxidation by iron salts (Ferrate), Ozonation, catalytic ozonation, photocatalytic ozonation,
O3/H2O2, photo-Fenton, photocatalyst with TiO2, UV photolysis and UV/H2O2 have been proposed to
remove antibiotics from aqueous environments [12]. Today, the use of persulfate as an oxidizing agent is
increasing[13]. It is a non-selective anion and a soluble, relatively stable material at room temperature and
is the strongest oxidant in the peroxygen family. Its oxidation potential is 2.01 v and compared with
hydrogen peroxide (1.8 v) and permanganate (1.7 v). But it is slightly weaker than ozone (2.07 v) [14].
Under atmospheric conditions, persulfate oxidation does not have much effect on organic pollutants.
However, if the heat, light, or certain metal ions are used as a catalyst, the reaction of persulfates
increases signi�cantly [15]. The reactions (Eqs. 1 and 2) occurring in the use of persulfates as follows
[16]:

S2O8
2− + heat or UV → 2SO4

−● (1)
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S2O8
2− + Metal ions→ M++ SO4

2−+2SO4
−● (2)

Therefore, the use of metal ions, such as iron and cobalt, is one of the ways to activate persulfate. Iron
has been attracting great attention because of its non-toxicity, low cost, and effectiveness. The reactions
that occur with iron ion include the following reaction [17]:

S2O8
2− + Me2+ → SO4

●− + Me3+ + SO4
2− (3)

This reaction illustrates the chemical activation of PS with the intermediate metal. Among metals, the
most commonly used one is Fe2+, the major disadvantages of which are high sludge production, and the
consumption of SO4

−● radicals at its high concentrations [18]. Due to problems associated with the use
of this activator, nZVI from the green synthesis was used in this study, which is able to act as a
permanent source of Fe2 + and reactivates it continuously. In recent years, green methods have been used
to synthesize metal nanoparticles [19–22]. In these methods, the extraction of herbal products with high
antioxidant capacity is used [22]. The advantage of this method is the presence of non-toxic reducing
agent inside the extract[22]. As a result of the reaction of the compounds in the extract with bivalent iron,
nZVI is synthesized [23, 24].

Since no studies have been conducted on the removal of MTZ by the activation of persulfate with zero-
valent iron nanoparticles (synthesized by the novel "green synthesis" method), this research was selected.

2. Materials And Methods

2.1. Materials and chemicals used in experiments
MTZ was purchased from Sigma Aldrich Company. The fresh walnut green skin was obtained from the
gardens of the city of Kosar, Ardabil Province, Iran. Acetonitrile (HPLC grade), ferro sulfate, sulfuric acid,
sodium hydroxide, methanol and potassium persulfate were procured from German Merk Company. The
instruments used included a HPLC device (CE4100, England), digital PH meter (HACH Germany), and
ultrasonic (Elmasonic E 30H).

This experimental study was conducted in the Laboratory of Water and Wastewater, Faculty of Health,
Ardabil University of Medical Sciences. Firstly, the nanoparticles of zero-valent iron were prepared by a
green synthesis method using walnut green skin.

2.2. Green synthesis of nZVI from walnut green skin
In this research, the extract of green walnut skin was prepared by boiling 20 g/L of walnut green skin at
60°C for 20 min. After settling for 1 hour, the green skin of the walnut was �ltered by a vacuum pump.
Then, a 0.2 N FeSO4 solution was prepared by adding 13.9 g of solid FeSO4 in 250 ml distilled water.
Subsequently, the 0.2 N solution of FeSO4 was added to the extract of the walnut green skin in a ratio of 2
to 3. In the next step, pH adjustment was performed using a 1N solution of sulfuric acid and sodium
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hydroxide. At this moment, the appearance of dark-colored deposits indicates the formation of the zero-
valent iron nanoparticles from the extract of the walnut green skin [25, 26]. The formed nanoparticles
were separated by evaporation on a hot plate surface and collected by washing three times with
deionized water and placed in nitrogen gas to prevent oxidation [25, 27]. The average size and surface
morphology of the nanoparticles were determined using SEM (Scanning Electron Microscope) and XRD
(X-Ray Diffraction) images, respectively.

2.3. Characterization of green synthesized nZVI
The nano zero-valent iron particle was synthesized from the extract of green walnut skin. The high-
resolution transmission electron microscopy (HRTEM, CM30 Philips, Holand, 300kv), X-ray diffraction
patterns of samples before and after reaction were investigated by an X-ray diffractometer (XRD, Model:
X'Pert MPD, Company: Philips, Country: Holland, Tube: Co, λ: 1.78897 Å, Step Size: 0.02°/s, Operating
voltage: 40 kV, Current: 40 mA), FTIR (Fourier transform-infrared) spectra were obtained using an FTIR
spectrometer (Perkin Elmer, Pectrum Two) in a KBr pellet. The nitrogen adsorption/desorption isotherms
were studied by the BET analysis (II BELSORP mini) at 77 °K to measure the pore volume and speci�c
surface area of the nZVI and Field Emission Scanning Electron Microscope image (FESEM,MIRA3
TESCAN-XMU) analysis was used to con�rm the structure of the nZVI nanoparticles.

2.4. HPLC and LC-MS apparatuses for MTZ quanti�cation
The concentrations of MTZ were measured by a high performance liquid chromatography (HPLC) device
(CE4100, England, CECIL equipped with the MACHERE2-NAGEL column in Germany with the
speci�cations of 5 µM, C18ec, Nucleodur100-5, 250x4.6 mm with a UV-visible detector set at 230 nm)
with a �ow rate of 1 ml.min− 1 using a mobile phase of 20% acetonitrile and 80% twice distilled water. The
retention tim for MTZ was 3.17 min. To determine the intermediates of MTZ degradation during the
process, the LC-MS Machine (model: Quattro Micro API micro mass Waters 2695) of the Central Research
Laboratory of Chemistry and Iran Chemical Engineering was used.

2.5. Batch Experiments
In this study, all the variables were optimized by means of one factor at a time OFAT. Also, all experiments
were repeated three times and the average results were reported. In order to evaluate the e�ciency of
MTZ removal by the nano/PS process, the MTZ stoke solution was prepared according to the method
described in the Standard Methods for the Examination of Water and Wastewater [28]. Then, the
concentrations of 5, 15, 25, 50 and 75 mg/L of MTZ were obtained by stoke dilution.

Next, in a 100-ml balloon, a concentration of 25 mg/L of MTZ was prepared using the stoke solution and
then transferred to a 100-ml Erlenmeyer �ask and was placed on the shaker at 250 rpm to provide the
necessary mixing. In the next step, in order to prevent iron clotting in the samples, the solution pH was
�rst adjusted using 0.1 N solutions of H2SO4sulfuric acid and NaOH. In this way, the optimum pH value
was obtained over a 30 min of contact time. Afterwards, the optimum doses of nanoparticle and PS and
contact time were obtained. Finally, under all the optimized conditions, concentrations of MTZ (1-120
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mg/L) were prepared and tested. At all steps, in order to prevent the effects of remaining nanoparticles in
measuring the by-products, as well as damage to the column of the HPLC device, the samples were
centrifuged at 10000 rpm for 3 min before injection and then the supernatant was sampled by a 0.22
micron �ltered syringe.

2.6. Toxicity Test
In bioassays, aquatic organisms are applied to detect or measure the impacts and potency of one or
more toxic substances on living cells or tissues. In this study, the microbiological culture was used to
determine the toxicity of the inlet solution and the process outlet. All used chemicals had the highest
degree of purity and purchased from Merk Company (Germany). The inhibitory effect of the solution
containing MTZ, treated and untreated, on a Gram-positive bacterial strain of Staphylococcus aureus
ATCC 6538 and a Gram-negative Escherichia coli ATCC 25922 was evaluated.

First, in order to reach the optical density of 0.1 at a wavelength of 600 nm (OD600), each bacterial
species was cultured in broth lactose culture media. The inlet (concentration: 25 mg/L) and outlet of the
reactor were sampled individually and cultured in broth lactose medium and incubated (37°C). The OD600

variations of each cultured strain caused by the growth of bacterial species were measured every 2 hours
for 10 hours by a spectrophotometer at a wavelength of 600 nm. For each stage of the experiment, a
control sample containing culture media and bacteria (without MTZ) was considered. Also, at each step,
a sterilized solution of lactose broth was used to zero the spectrophotometer [29, 30].

Finally, the percentage inhibition of bacterial growth was also calculated by the following equation:

GI% = [(1-OD600S/OD600B)] ×100 (6)

GI%: the inhibitory rate of growth

OD600S: optical density of the sample at a wavelength of 600 nm

OD600B: optical density of control sample at a wavelength of 600 nm

3. Results And Discussion

3.1. Characterization of the nZVI
Figure 1 (a and b) shows the FESEM of nZVI before and after the process, illustrating the successful
synthesis of the nanoparticles with an external diameter of 100 nm. The FESEM images of nZVI revealed
that they were both spherical shaped nanoparticles with a diameter ranging from 18 to 72 nm. The
produced nZVI particles were observed by HR-TEM (Fig. 2) and showed to have nano-sized dimensions
from 20 to 50 nm (less than 100 nm) con�rming the ability of this green synthesis method to produce
nZVI with a dense spherical structure and to become an economic and ‘friendly environment’ option than
chemical production methods [20]. FTIR spectra were recorded for the nZVI before and after the oxidation



Page 6/20

reactions of MTZ (Fig. 3).The absorption bands at 3463, 3250 and 3381 cm− 1 on the nZVI surface
correspond to polyphenols compounds [25]. The presence of bands attributed to polyphenolic
compounds is due to O-H stretching vibration, 3250 and 2950 cm− 1 for C-H aromatic vibration, 1623cm− 1

for C = C band because of unsaturated hydrocarbon compounds, carbonyl group which shows
heterocyclic compounds at 1104 ,1132 and 614 cm_1 for Fe-O stretching vibration [31]. Thus, functional
groups, including polyphenols, amines and carbonyl groups of polyphenol are con�rmed in the green
walnut skin extracts. Meanwhile, the FTIR spectra of the prepared nZVI after the reaction displayed:
stretch vibration at 604 cm_1 refer to fe2+ and fe3+ caused by the oxidation of nZVI, as well as at 1229
and 1014 cm_1 for C-N of minor absorption of MTZ [32]. As mentioned above, the functional groups of
polyphenols on the surfaces of the nZVI were con�rmed.

The XRD pattern of the synthesized nZVI particles has been shown in Fig. 4. The apparent peak at the 2θ
of 45° indicated the presence of Fe0 (nZVI). The sharp and intense iron peak implies that the synthesized
nZVI particles possess a high crystalline quality structure. Also, the XRD pattern of the prepared
nanoparticles after the reaction presented the presence of fe3+ caused by the oxidation of nZVI at the 2θ
of 33.7° and 35.8°.

The BET surface area values of nZVI were studied by N2 adsorption/desorption analysis (Fig. 5. and

Table 2). It is seen that the nZVI has a surface area of 149.43 m2/g with pore volume of 0.3796 cm3/g.
According to the literatures, the BET surface area values has been reported at levels 14.5 [33], 33.5 [34],
36.5 [35] and 3.05 [36]. In addition, the speci�c surface area of the commercial iron powder has been
reported at 0.9 [34]. It should be noted that an increase in surface area means an increase in total amount
of iron on the surfaces [37]. Therefore, the green synthesized nZVI has good properties (with 149.43 m2/g
surface area) and its active participation in the oxidation reaction is approved.

Table 2
The main physical properties of nZVI

Material SBET

(m2/g)

Smicro

(m2/g)

Smeso

(m2/g)

VTotal

(cm3/g)

Vmicro

(cm3/g)

Vmeso

(cm3/g)

Dp

(nm)

nZVI 149.43 86.56 62.87 0.3796 0.1123 0.2673 2.33

 

3.2. Effect of initial pH
The effect of pH on the PS/nZVI oxidation of MTZ has been shown in Fig. 6. Because pH is the most
effective parameter in the performance of chemical processes and it has a great effect on the reactions
[38], in this study, the effect of pH changes from 3 to 11 was investigated. At pHs above 4, Fe2 + ions are
converted to Fe3 +, which has little ability to activate PS and produce SO4

●. With a further increase in pH,

Fe3 + ions are converted to ferric hydroxide and increase sludge production. Also, in alkaline pH, the
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product of PS activation is radical hydroxyl (OH●), and because in alkaline conditions, the oxidation
potential of OH● is sharply reduced; as a result, the process e�ciency is expected to be low even in the
presence of this radical [16]. That is why the process e�ciency is high in acidic conditions. Also, in
neutral pH, sulfate and hydroxyl radicals react with each other so that the reactor is free of radicals and,
in turn, the process e�ciency declines [39].The results of other studies also show that, in Fenton and
Fenton-like processes (PS/nZVI process), the highest e�ciency is reached in acidic conditions at a pH of
2 to 4 [5, 38, 40]. Particularly, acidic conditions are favorable for the formation and maintenance of
ferrous ions (Fe2+) that play an important role in producing sulfate radicals [18]. In this research,
therefore, pH 3 was selected as the optimal value.

3.3. Effect of nano-sized zero-valent iron particles
In order to attain maximum removal of MTZ, the optimal dose of nZVI with a constant concentration of
pollutant, PS dosage and pH was determined. The �ndings illustrated that, in the �xed conditions and
after the initial nZVI loading was raised from 0.025 to 2 g/L, degradation rate increased, respectively,
from 5.8 to 94.07% (Fig. 7). By increasing the concentration of nZVI and consequently Fe2 + from the
speci�ed values, due to the occurrence of self-subsidence (Eq. 4) and the absorption of SO4 radicals by

Fe+ 2 (Eq. 7), the e�ciency of the process remains constant or decreases [39].

SO4
●− + Fe2+ → SO4

2− + Fe3+ (7)

Wang et al., who evaluating the e�ciency of the PS/US/ZVI process in orange-acid 7 degradation, the
amount of zero iron was optimized at 0.5 g/L [41], Which is in accordance with this study.

3.4. Effect of contact time
To evaluate the effect of contact time on the process e�ciency, �rst, a solution of MTZ was prepared at a
concentration of 25 mg/L and its pH was adjusted at the optimum value. Then, in the presence of the
default value of the catalyst and PS, based on previous studies, the MTZ removal e�ciency was
measured after the reaction at 5-150 min. As shown in Fig. 8, the removal e�cacy of MTZ was 85% in 30
min. It should be pointed out that in oxidation processes the selection of a suitable contact time is of
great importance, particularly in terms of designing and operating the processes. Therefore, in order to
avoid increasing the reactor volume and economic conditions, the contact time of 30 min was regarded
as the optimum amount [42]. It should be noted that this process required less reaction time. This
reduction in reaction time is probably due to the production of sulfate radical resulting from the presence
of nZVI, which increases the power and speed of the removal reactions [5].

3.5. Effect of PS dose
At this stage of the study, the effect of different concentrations of the PS anions on the process e�ciency
under the optimum conditions obtained in the previous steps was investigated. To this end, nZVI and PS
were added to the reactor and the process initiated. All the reactors were placed on a shaker (250 rpm) to
ensure complete mixing. Next, the samples were collected at the designated times with a 10-mL falcon
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tube, centrifuged at 10000 rpm for 3 min and then �ltered with a 0.22-µ membrane. Finally, 1.85 mmol
dose of PS was found to be the optimal amount at 30 min. The effect of PS dose on the MTZ
degradation has been shown in Fig. 9. When PS dose was 0.1 mM, almost 6.9% of MTZ was oxidized
within 30 min. However, when the dose was further raised to 3.33 mM, approximately 4.9% of MTZ still
remained in solution; it is probably due to the reaction between S2O8

2− and SO4
●− (Eq. 8) and the

recombination between two SO4
●2− (Eq. 9). Thus, regarding the concentration of PS, increasing the

concentration of this substance to a speci�c level not only does not increase the e�ciency of pollutant
removal, but also become a factor for the use of sulfate radicals in the aqueous solution, which causes
the process to be continuously or functionally reduce [5, 43]. Therefore, 1.85 mM PS was the optimal
dose at 30 min. The study by Wang et al. also con�rmed the same results [41].

S2O8
2− + SO4

●−→ S2O8
●− + SO4

2− (8)

SO4
●− + SO4

●−→ S2O8
2− (9)

3.6. Effect of initial MTZ concentration
The effect of initial MTZ concentration on the nZVI-activated PS oxidation of MTZ has been presented in
Fig. 10. Because the concentration of pollutants is an important parameter, in this section, the effect of
initial concentrations of 120, 100, 75, 50, 25, 10, 5 and 1 mg/L of MTZ was investigated. It is observed
that, with increasing initial MTZ concentration from 1-120 mg/L, the percentage removal decreased from
100 to 80.42% for the PS/nZVI process at 30 min. Despite an increase in pollutant concentrations, the
amounts of produced so4

— are constant, resulting in a decline degradation rate [44]. As a result, the
oxidation of pollutants occurs slowly at higher concentrations, which is also mentioned in the study by
Wei et al. [45].

3.7. Synergistic effects of process components
The purpose of this section was to determine the relative effect of each of the parameters studied on the
process e�ciency and their synergistic effect. As shown in Fig. 11, the e�cacy of MTZ removal was
14.5% when PS was utilized separately. It was also found to be 13.4% for the separate application of the
zero-valent iron nanoparticles. While the process e�ciency was 90.3 % in the use of process components
simultaneously; that is, the combined process of these two components is more e�cient than their total
performance separately. Therefore, the synergistic rate, in this case, was as follows: the e�cacy of the PS
/ nZVI process was minus the separation e�ciency of PS and nZVI, which was equal to 62.4% in the
removal of MTZ. In the study by Liu et al., in which the synergistic degradation of acid scarlet dyeing
wastewater by the ultrasound/Fenton method was tested, the e�ciency rates of the separation Fenton
and US processes were 40 and 4%, respectively; but they reported that the combined process of
Fenton/US was very effective with a removal e�ciency of 90% [46]. Also, the results are similar to the
previous work reported by Wang et al [41].

3.8. By-products from MTZ degradation (LC-MS analysis)
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Chromatograms for the detection of intermediate compounds derived from MTZ oxidation during the
PS/nZVI process have been shown in Fig. 12. The chromatogram is in positive mode with TIC (total ion
chromatogram) technique. The analysis time was about 10 min and the average sample extraction time
was 2.89 min. In comparing the peaks of Fig. 12 with the baseline peaks of the LC-MS device, there are
seven known masses presented in Table 3. These seven compounds are fractions of MTZ oxidation
during the process. Concerning the reduction of 70% and 53.8% of the e�uent microbial toxicity of the
e�uent, it can be concluded that the compounds produced by the oxidation process have less toxicity
and fewer risks than MTZ [47].

Table 3
Characteristics of oxidation intermediates

Peak number m/z chemical formula Compound name

1 58 C2H4NO Acetylamide

2 62 C2H8NO 2-Hidroxyethanaminium

3 83 C4H7N2 Methylimidazolium

4 91 C6H5N Cyclopentadienecarbonitrile

5 101 C4H8N2O 2-Hydroxyethyl amino

6 103 C4H11N2O 2-Acetamidoethanaminium

7 165 C6H3N3O3 2-Hydroxy-5-Nitronicotinonitrile

 

 

3.9. Test for Bacterial Growth Inhibition
The results for measuring the toxicity level using the bioassay method, the growth inhibition percentage
(GI%), have been presented in Table 4. In determining biological indicators, it is necessary that they are
selected from species that are abundant in the environment and can be easily cultivated in common
culture media. Therefore, as two species of Escherichia coli (gram negative) and Staphylococcus aureus
(gram positive), which have these characteristics and are found in abundance in wastewater, were
selected as bioassay indicators. The average 10-hour growth inhibition percentage calculated by Eq. 6 for
the Escherichia coli was 26.8% of the reactor's inlet solution to 8% for the reactor's outlet solution (70%
reduction in toxicity) and for the Staphylococcus aureus bacterium from 15.6% of the inlet solution
decreased to 7.2% of the outlet solution (53.8% reduction in toxicity). As indicated by the microbial
growth patterns, the toxicity of the inlet solution after the treatment is reduced, which is consistent with
the �ndings of Rahmani et al. in the removal of sulfathiazole (30%) and sulfamethoxazole (48%) [29, 48].



Page 10/20

In bioassay study, the percentage growth inhibition (GI%) of selected bacteria in the outlet solution of
PS/nZVI process was reduced.

Table 4
Toxicity changes in in�uent and e�uent of the reactor

  S. aureus growth inhibitory percent E. coli growth inhibitory percent

Time (h) In�uent(%) E�uent(%) In�uent(%) E�uent(%)

2 19.1 8.9 38 13

4 18.3 10.1 25.2 7.3

6 14.8 8.1 24.3 5.9

8 14.2 5.9 22.7 6.4

10 13.1 5.6 25.1 9.9

Average 10 hours 15.6 7.2 26.8 8

 

4. Conclusion
In this study, the zero-valent iron nanoparticles synthesized by a "green synthesis" method, as a new
catalyst for MTZ removal, were used by the AOP. The properties of these nanoparticles were studied using
FESEM, FTIR, TEM, BET and XRD techniques. These nanoparticles had dimensions of less than 100 nm
and had a positive effect on the PS / nZVI process by the activating PS to sulfate radicals with a 2.6 v
oxidation potential and increasing the removal e�ciency. The results showed that the PS/nZVI process
had a signi�cant effect (90.3%) on MTZ removal under the optimal conditions: pH = 3, PS concentration 
= 1.85 mM, nZVI dosage = 0.5 gr/L and contact time = 30 min. It was also found that the PS/nZVI process
was much better in removing MTZ compared to nZVI and PS alone (62.4% increase). Also, during the
process, the toxicity of the e�uent had been reduced, which indicates the lower toxicity of products
derived from the decomposition of MTZ based on the LC-MS results. Therefore, the PS/nZVI process can
be used as an effective technology for the removal of MTZ from aqueous solutions due to high e�ciency,
low cost and reduced toxicity of reactor outputs.
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Tables
Due to technical limitations, table 1 is only available as a download in the Supplemental Files section.

Figures

Figure 1

FESEM images of the prepared nZVI (a) Before oxidation (b) after oxidation
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Figure 2

HR-TEM image of the prepared nZVI

Figure 3
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FT-IR spectra of the green synthesized nanoparticles: (a) before and (b) after the reaction

Figure 4

XRD pattern of the green synthesized nanoparticles (nZVI) before reaction and Fe2O3 after reaction
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Figure 5

(A) Nitrogen adsorption isotherms of nZVI (B) and the pore size distribution

Figure 6

Effect of the pH on the removal of MTZ (C0 = 25 mg/L, nZVI = 0.5 g/L, PS = 1.85m M, T = 30 min)

Figure 7
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Effects of nZVI concentration on the removal of MTZ (C0 = 25 mg/L, pH = 3, PS = 1.85m M, T = 30 min)

Figure 8

Effects of contact time on the removal of MTZ (C0 = 25 mg/L, pH = 3, PS = 1.85m M, nZVI = 0.5 g/L)

Figure 9

Effects of PS concentration on the removal of MTZ (C0 = 25 mg/L, pH = 3, T = 30 min, nZVI = 0.5 g/L)

Figure 10
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Effect of initial concentration of MTZ on the process (PS = 1.85 mM, pH = 3, T = 30 min, nZVI = 0.5 g/L)

Figure 11

Synergistic Effect of the PS and nZVI (C0 = 25 mg/L, PS = 1.85 mM, pH = 3, T = 30 min, nZVI = 0.5 g/L)

Figure 12

MTZ oxidation intermediates under optimal condition (25 mg/L MTZ, pH= 3, 0.5 g/L nZVI, 1.85 mM PS,
30 min contact time).
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