Iranian Journal of Chemistry and Chemical Engineering (IJCCE)

The role of second metal
on the catalytic in-situ generation of H2O>
by Fe/Ni bimetallic nanoparticles:
degradation studies of Metronidazole antibiotic

Burgin YILDIZY", Ecehan SENER?, Ozge HANAY?
!Department of Environmental Engineering, Faculty of Engineering, Van Yiiziincii Yil University, 65080, Van, Turkey

2Department of Environmental Engineering, Faculty of Engineering, Firat-University, 23119, Elazig, Turkey

*Corresponding author: Burgin Yildiz, e-mail: burcinyildiz@yyu.edu.tr, ORCID: https://orcid.org/0000-
0001-9750-7278 Phone: +90 432 4445065-28235; Fax: +90 432 2251730

ABSTRACT: Fe-based bimetallic particles have been shown potential for Fenton process but the investigation
of a second metal role on bimetallic particles remains challenging. In this study, nano sized Fe/Ni (nFe/Ni)
particles were synthesized at different Ni loading rates (1, 3.5, 10 wt%) and used as catalyst for in-situ generation
of H20, by activating dissolved oxygen. Fenton process efficiency was defined via the degradation of a model
organic pollutant as metronidazole (MNZ) antibiotic under different operational parameters. The experimental
results indicate that the addition of Ni to nZVI particles with high loading significantly increased the production
of H202, while low Ni loading rate resulted in high MNZ removal efficiency. The maximum removal efficiency of
MNZ was about 99% obtained for 0.1 g/L nFe/Ni synthesized at 1% Ni loading rate at pH:3 within 1 hr. At pH:7,
the MNZ removal was entirely due to adsorption, which was dependent on the catalyst dosage. In addition, the
potential degradation products of MNZ were suggested based on the intermediates detected by LC-MS/MS. The
conversion of MNZ to low and different molar mass intermediates confirmed the different degrees of MNZ
degradation.
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INTRODUCTION

The Fenton process, which is one of the advanced oxidation processes (AOPs), is very effective for oxidizing and

mineralizing many refractory organic compounds due the formation of non-selective and highly reactive hydroxyl

radicals ("OH). In the Fenton process, using the iron-based heterogeneous materials results in less sludge and the
catalyst can be easily separated from the aqueous solution and reuse of the catalyst is usually possible [1]. Nano
zero-valent iron (nZVI) particles are widely accepted due to their low toxicity, high specific surface area, and
efficient vapor permeation [2]. Studies have shown that nZV1 is an effective material for removing a variety of

environmental contaminants, including organic solvents, dyes, metals, and mineral compounds [3].

However, the addition of nZVI to water containing dissolved oxygen (DO) results in the preduction of H,0,
through a two-electron transfer from the particle surface to oxygen. (R.1) [1]. Asolution of Fe?*/Fe3*and hydrogen

peroxide (H202), known as a Fenton reagent, promotes the formation of highly reactive “OH (R.2) [4].

Fe’ + 0, + 2H" - Fe** + H,0, @

Fe’* + H,0, - Fe** + OH + OH™ k:4o-80Mi &)
.S

On the other hand, the in-situ generation of H2O2also offers-an attractive alternative to external addition
of H2O,, overcoming the considerable concerns such as high cost, handling, storing and transporting of

concentrated H,O; [5]. Recent studies have suggested the available methods for in-situ continuous production of
H,0/ *OH, including photo-fenton, electro-Fenton and ZV1/O, system [6-8]. Although high mineralization of

organic compounds has been provided via “OH.generated by electro-Fenton and photo-Fenton, high cost of these

processes hinder their large-scale applications. The in-situ generation of H,O: under oxic and acidic conditions

by using nano zero valent iron (nZV1) have been demonstrated although the concentration of H,O,/ *OH produced
in situ is still low.to be utilized for the degradation of organic pollutants [9]. To enhance the H,O; generation in
ZV1/oxygen systems, the particle surface structure can be modified by different approaches. For this purpose,
bimetallic zero valent iron technology, in which Fe acts as the reducing agent along with the transition metals such
as Cu, Ni, Ag and Pd incorporated to ZV1 have been used [10-12]. The transition metal called as second metal
plays different roles in bimetallic system due to facilitating the production of activated atomic hydrogen (H*)
adsorbed on the bimetallic catalysts and enhancing the oxidation of ZVI through the formation of galvanic cells
without an external power supply [13, 14]. The presence of atomic hydrogens enhances the reductive degradation
of organic pollutants. The transition metal also improves the reactivity of ZVI by preventing the formation of iron
hydroxide or hydroxide on the ZV1 surface and the aggregation via Van der Waals and strong magnetic attraction
forces of iron particles [15]. These competitive effects on the reactivity of ZVI changed with solution pH and

particle surface structure [16].

To date many studies have focused on either the reductive degradation, precipitation and adsorption or
oxidative degradation of many organic compounds (acetamiprid, ibuprofen, dyes, nitrobenzene, dichlorophenol,

DDT) by using different bimetallic particles [11, 12, 17-20]. Although these studies could aid in understanding



the function of bimetallic particles in removing the studied contaminants by evaluating the reaction conditions,
(solution pH, catalyst dosage, concentration of contaminants and reaction time) a few studies about the effect of
second metal loading rate on the iron elution and dissolved oxygen consumption which significantly influence the

performance of oxygen-driven heterogeneous Fenton/ Fenton-like processes are available in the literature. For

example, Wang et al. [21] found the increase of "OH radical generation using Fe/Cu bimetallic nanoparticles with
external addition of H,O, when Cu deposition was formed on iron. Yamaguchi et al. [14] evaluated in-situ

generation of H,0O, and *OH radical depending on Cu loading rate by using Fe/Cu bimetallic nanoparticles in

detail. They found that the loading of Cu on the ZV1 surface hindered *OH radical generation while the removal
of Orange Il enhanced via the enhancement of adsorption capability of Fe/Cu bimetallic. Therefore, itiis still not
clear the extent of second metal loading on the ZVI surface and there is a need for further study by using different
metals. For this purpose, we choose Ni with a positive redox potential (Eq= -0.25 V) deposited on nano Fe (0)
with a negative redox potential (Eq= -0.44 V) to improve the reactivity of the catalyst. Nickel is also low cost and

shows good corrosion stability [17]. Hence, this work aimed to examine the effect of transition metal loading rate

onto nZV1 surface on in-situ generation of H,0, and "OH radical by considering the oxygen consumption, iron
elution and change in surface structure before and after the reaction and to determine the removal mechanism of
Metronidazole (MNZ) antibiotic as a model organic pollutant. The initial parameters such as the value of solution
pH and bimetallic dosage in the Fenton process were also investigated for MNZ degradation and removal of total
organic carbon (TOC). Furthermore, the evolutions of the intermediates under the various nickel loading rates

were monitored.
EXPERIMENTAL SECTION
Chemicals

The physicochemical properties.of Metronidazole (C¢HgN3Os3), was given in Table 1. It was purchased
from Maybridge in 99% purity while reagent grades of (NH4)H2PO4 (98% purity), NiCl,.6H20 (%99.9% purity),
HCIO4 (70% purity),NaOH (98% purity) and H.SO4 (95-98% purity) were purchased from Merck.

Table 1. The physicochemical properties of MNZ [22]

Molecular Molecular structure Solubility in pKow pKaz pKaz
weight, g/mol water, mol/L
171.15 N 0.041 0.02 2.58 14.44
s
02N N CH3
OH

Preparation of nZVI and nanoscale Fe/Ni bimetallic and characterizations

nZVI particles prepared according to the method reported by Hwang et al. [23] were used in the
experiments. nZV1 synthesis was carried out under conditions of reductant delivery rate: 20 mL/min, [BH4]: 358.5

mM and [Fe**]: 71.7 mM. The reduction reaction can be explained according to (R.3). The solution was filtered



by vacuum filtration to collect the resulting gray-black nZV1 and then the formed particles were washed several

times with ethanol, dried and stored in an anaerobic chamber.

3 —
2Fe gy + 6BHigouny + 18H,0 = 2Fe(qpy + 6B(OH) 5 + 21H(gaz) ©))

A method given by Li et al. [13] was used to prepare a series of nFe/Ni bimetallic. For this purpose,
firstly, 300 mL of ethanol and 2 g of nZVI were added to an Erlenmeyer flask. Then, 1 mL of NiCl..6H,0 solution
prepared in 20 g/L ethanol was added to flask. The addition of NiCl, solution was adjusted by considering the
desired Ni accumulation on nZVI, and mass balance calculations were made separately for Ni content of 1 wt%,
3.5 wt% and 10 wt%.

The concoction was agitated at a velocity of 300 revolutions per minute for a duration of 15 minutes,
facilitating the adherence of Ni onto the nZVI substrate. Subsequent to Ni's adherence onto nZVI (R.4), the
resultant Fe/Ni composites were segregated via magnetic means. In order to ascertainthe coverage of ZVI particles
by Ni, the concentration of Ni in the filtrate was quantified utilizing an Atomic Absorption.Spectrometer (AAS).
Conclusively, the Fe/Ni composites underwent a cleansing process with ethanol'and were subjected to drying for

a span of 2 hours at a temperature of 100°C.
Fe’ + Ni** » Fe*™ + Ni® | 4)

The structural characteristics of nFe/Ni and the alterations in their chemical compositions pre and post-
reaction were evaluated through the employment of @ ZEISS Sigma 300 scanning electron microscope (SEM)
(Cambridge, England) coupled with an energy-dispersive X-ray spectrometer (EDX) for analysis. Imagery of the
specimens was captured at varied zoom levels; employing an operational voltage setting of 20 kV. The assessment
of the surface area and the distribution-of pore sizes within the samples was conducted using a Micromeritics
Tristar 11 3020, through the pracess of nitrogen adsorption and desorption technigues, with the surface area being

deduced via the Brunauer-Emmett-Teller (BET) approach.

Experimental procedures

Studies on the'generation of H,0; and *OH radicals using the nFe/Ni catalyst were conducted at ambient
conditions\(22+2 °C) in a 500 mL beaker exposed to the open air. Throughout the chemical processes, atmospheric
air was propelled into the beaker using an air sparger at a delivery rate of 150 L/hr. A motor-powered impeller
(Heidolph RZR 2041), positioned at the beaker's base, was utilized to stir the solution at a speed of 300 revolutions
per minute, ensuring a homogeneous dispersion of the bimetallic nanoparticles. Visual documentation of the
experimental setup is provided in Supplementary Materials S1. The concentration of dissolved oxygen was
monitored in real-time with a DO meter, which was adjusted to reach saturation at the experiment's inception. To
thoroughly assess the pH's impact on the Fenton reaction, the initial pH of the solution was regulated to both 3
and 7 through the addition of 1 N H,SO4 and NaOH, with manual adjustments made throughout the experiment.
The ideal dosage of nFe/Ni was determined by conducting tests at both an initial MNZ concentration of 25 mg/L

and at the aforementioned pH levels. The starting concentration of MNZ was set at a higher threshold to facilitate



the analytical detection limit via HPLC and to elucidate the mechanism behind MNZ removal. All experiments

were replicated for accuracy.

Analysis

To assess the levels of H,0,, total Fe, Fe(ll) and Fe(l11), MNZ, and TOC, samples were collected at
specific intervals. The H,O, content was measured using a UV-VIS spectrophotometer (PerkinElmer Lambda
365) at a wavelength of 385 nm employing potassium titanium oxalate as per reference [24], while the
concentrations of total Fe and Fe(Il) were quantified via the ferrozine method referenced in [25]. Samples were
filtered through 0.22 um disposable syringe filters. For the analysis of Fe(ll), 1 mL of 3.6 M H3SO4;1 mL:of 4.9
mM Ferrozine solution, and 1 mL of acetate buffer were sequentially added to the samples before measurements
were taken with a UV-spectrophotometer. The total concentration of Fe(lll) in selution.could be deduced by
subtracting the Fe(ll) concentration from the total dissolved iron content. Calibration curves for H,O,, ranging
from 5-30 mg/L, were established, demonstrating a high correlation coefficient (0.999). The concentration of
MNZ was determined through HPLC (Shimadzu) using an AllureBiPh column (5 um, 150 x 4.6 mm) for 2 mL
samples collected and filtered through a 0.22 pm membrane at predetermined times. The mobile phase, a mix of
ammonium dihydrogen phosphate/acetonitrile (20:80, v/v), had a pH of 2.45 to 2.55. The volume and flow rate
for the samples were set at 100 pL and 1.2 mL/min, respectively..MNZ detection was executed at 315 nm using
a diode array detector, noting a retention time of 3.4 minutes. A-calibration curve, drawn from five standards
ranging between 20 and 100 mg/L, resulted in an R2value of approximately 0.998. TOC levels were gauged using
a Shimadzu (TOC-VOPN) analyzer. LC-MS/MS (Shimadzu UFLC, AB 3200 Qtrap MS/MS) facilitated the
identification of MNZ degradation products, examining an ion mass/charge ratio from 40/350 m/z. The
AllureBiPh column (5 pm, 150x4.6 mm) was utilized with a mobile phase of 50:50 ultrapure water + 0.1% formic
acid/acetonitrile + 0.1% formic acid, maintaining a flow rate of 0.4 mL/min and a column temperature of 40 °C,

with the injection volume set at 100 pL.

RESULTS AND DISCUSSION
Fe/Ni characterization

The morphologies of nFe/Ni at different Ni loading rates before and after the reaction at pH:3 and 7 were
characterized by SEM and the elemental changes of nFe/Ni surface were analyzed by EDX. As shown in
Supplementary Materials S2 (a,b,c), the raw nFe/Ni particles tend to accumulate because of the magnetic
properties of the iron particle, it has an aggregation property. The particle diameter showed a distribution in the
range of 40-80 nm. There were no remarkable changes in the morphologies of bimetallic particles synthesized at
different Ni loading rates. However, as we expected, the element’s content of nFe/Ni before reaction varied
depending on Ni loading rate. For instance, Ni content was 1.30, 3.65, and 10.77 wt% corresponding to 1, 3.5,
and 10 wt% of Ni loading rate, respectively.

After the reaction of pH:3, changes in surface morphologies showed that the spherical structure
deteriorated independent of the nickel loading rate as shown in Supplementary Materials S3 (a,b,c). This may be

due to Fe dissolution in acidic conditions and the formation of iron oxide by aeration. Combined with the SEM



images, the oxygen content increased in all bimetallic particles due to continuous aeration while the contents of
Fe and Ni decreased. The slight variation in oxygen content according to Ni loading rate was observed. For
example, the oxygen content was found to be 27.9, 23.1, and 20.3 wt% at 1, 3.5, and 10 wt% of Ni loading rate,

respectively.

The shape of the nFe/Ni bimetallic particle obtained after the experiments carried out under pH:7
condition showed a different structure compared to that of pH:3, as seen in Supplementary Materials S4 (a,b,c).
Much more agglomeration of particles was observed and core-shell structure related to iron oxide was seen as
prominent. This is consistent with the study of Yamaguchi et al. [14] which showed that high pH (pH:8) triggered
the formation of iron oxide/hydroxide. Moreover, the increases in C elements (16.73 wt% at:1 wt% of Ni loading
rate) suggest that MNZ and its intermediates could be adsorbed onto the ZVI surface since more active sites
resulted from the formation of iron/hydroxide were available for adsorption of contaminants. On the.other hand,
according to the BET analysis, the specific surface area of raw nFe/Ni and nFe/Ni after the reaction of pH:3 and
7 were found to be 40.77, 124, and 62.57 m?/g, respectively. Moreover, there was a remarkable increase in the
BET surface area of the synthesized nFe/Ni bimetallic particles in the experiments carried out at pH:3. At low pH,
the surface area of BET increased approximately 3 times, due tobreaking from the:surface. This situation was
also related to the iron corrosion that appeared to occur from the SEM images, (Supplementary Materials S3).
After the reaction at pH:7, there was a slight increase in the BET surface area which may be related to the denser

iron oxide layer covering the ZVI surface. Thus, the less:active sites presented for nitrogen adsorption [14].

The effect of Ni loading on profiles of Fe species, DO, H202, MNZ, and TOC
The profiles of Fe species

It is well known that the effect of pH was considered with two approaches. On one hand, Fenton oxidation
of organic contaminants occurred. faster:at low pH thanks to the release of more Fe*? ions, resulting in more
hydroxyl radicals (R:1). On the other hand, a passive film involving iron oxide/hydroxide formed on the iron
surface may be responsible for removal of organic contaminants and their intermediate products [16]. Therefore,
the influence of the second metal loading rate on profiles of Fe species, DO, H,O,, MNZ, and TOC was also
examined at initial solution pH of 3 and 7. In order to find optimum pH, all experiments were employed 25 mg/L
of MNZ and 0.1 g/L nFe/Ni. Fig 1(a) shows the results of the concentration of Fe*? against time for all nFe/Ni at
different Ni loading rates at pH:3. Fe(ll) was released into the solution within 30 min at all experiments. The iron
elution of nke/Ni also continuously and gradually raised in the presence of oxygen according to R(1). For 1 wt%
of Ni loading rate, the Fe*2 concentration was 10.66 mg/L within 1 hr while it reached about 15 mg/L at the end
of the reaction time (2 hr). Considering high MNZ removal within 1 hr as discussed below, it was concluded that
extending the reaction time under acidic conditions would not provide an advantage. The increasing Ni loading
rate resulted in a slight decrease in iron elution after 1 hr as the dissolved Fe*? concentration was 10.66, 9.12, and
8.11 mg/L for 1, 3.5, and 10 wt% of Ni loading rate, respectively. It is evident that higher Ni loading could not

provide protection against iron corrosion under acidic conditions. However, iron elution is of great significance

in the stability and reuse of catalysts as well as in-situ generation of H,O, and "OH radicals. Our results also show

that dissolved Fe (1) at all Ni loading rates was in the range of 10-20% of 0.1 g/L nFe/Ni dosage. Several studies



on heterogeneous Fenton reactions by using zero-valent iron-based particles determined the iron elution to
different extents. For example, Harada et al. [9] determined that complete dissolution occurred after 1440 minutes
in experiments performed at an initial ZV1 concentration of 0.9 mM and pH:3. Shimizu et al. [26] stated that the
Fe?* concentration reached up t01000 mg/L after 100 minutes and this value would be sufficient to continue the
Fenton reaction. Takayanagi et al. [27] and Fujioka et al. [16] also determined Fe dissolution as being about 20%
and 90% of the initial dosage, respectively. Furthermore, the analysis results belonging to the Fe3* show that the
concentration Fe*® was very low hence it was not shown in the graphs. These results concluded that the reduction
of Fe3* or the regeneration of Fe?* formed in the process. On the other hand, no elution of Fe ions occurred at pH:7
as the concentration of Fe*? was found as low as 0.1 mg/L and remained approximately constant. Therefore the
effect of Ni loading rate on Fe(ll) concentration at pH:7 was negligible as depicted in Fig 1(b). This implies that
the surface of nFe/Ni is covered by the passive iron hydroxide layer because of the processof hydrolysis of iron
ions. This result was also supported by EDX and BET analysis at pH:7 condition, which.revealed the formation
of iron hydroxide.
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Fig 1 Fe(l1) concentration during the reaction at pH:3 (a) and pH:7 (b) (for 25 mg/L of MNZ and 0.1 g/L nFe/Ni)

The profiles of DO and H.0-



Dissolved oxygen concentration affects the generation of *OH radical as well as the formation of an iron
oxide/hydroxide layer [9, 26]. The experiments were conducted solely at pH 3, with varying nFe/Ni dosages for
all Ni loading rates since the results for DO and H,O, obtained at pH 7 showed that the DO concentration remained
constant while the H,O, concentration was close to zero.

Fig 2 shows the change of DO concentration at different Ni loading rates. The DO concentration changed
over the course of the reaction time, even though it was at saturation at the beginning of the experiments. This
could be related to the balance between dissolution and consumption of DO by the nFe/Ni bimetallic surface
according to R(4) and iron oxide layer formation. By considering the H,O, detection as depicted in Fig 3 (a,b,c),
DO is remarkably used to generate in-situ H.O; as well as to form an iron oxide/hydroxide layer. It-also implies
that DO consumption was considerably fast even if the oxygen was continuously sparged into.the solution. As
shown in Fig 2, the concentration of DO decreased from 8.72 mg/L to 1.41 mg/L within 1 hr and then reached to
5.24 mg/L at dosage of 0.5 g/L for 1 wt%. For, 3.5 wt% and 10 wt% of Ni loading rate, DO was found to be 2.57

and 5.17 mg/L within the same reaction time and complete recovery of DO was not detected during the reaction
time.
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Fig 2 Dissolved oxygen concentration during the reaction at pH:3, 25 mg/L initial MNZ concentration, different Ni loading
rate and nFe/Ni dosages (1 wt% Ni (a), 3.5 wt% Ni (b), 10 wt% Ni (c))

It is also clearly seen from Fig 2(a) that the DO concentration was more affected by nFe/Ni dosage than
the Ni loading rate. The increase in Fe/Ni dosages led to a greater decrease in DO. For instance, the minimum DO
concentrations reached for the nFe/Ni dosages of 0.5 and 0.05 g/L within 1 hr. were 1.41 and 4.1 mg/L,
respectively. High nFe/Ni dose increases the number of active sites on the bimetallic surface and the release of
Fe(l), facilitating the reactions with DO and the formation of H,O,. Similar to the present results, Feitz et al. [28]
found that nZVI particles with a large specific surface area rapidly reacted with H>0, and DO to generate Fe(ll)
and iron oxides/hydroxides during the initial stage. Takayanagi etal. [27] also reported that oxygen consumption
accelerated by increasing ZV1 dosage because of the much higher-iron oxides/hydroxides formation.

Fig 3 (a,b,c) illustrates the concentration of H,O, employing the reaction with different nFe/Ni dosages
at 1 wt%, 3.5 wt%, and 10 wt% of Ni loading rate, respectively. It is clear that the increase in nFe/Ni dosage
caused more generation of H,O- at all Ni/loading. rates especially for 3.5 and 10 wt% of Ni loading rate. For
instance, an increase of more than 10 times for H,O concentration was determined by increasing nFe/Ni dosage
from 0.05 g/L to 0.5 g/L at 10 wt% of Ni loading rate. This implies that more active sites with a high dosage of
nFe/Ni could react with dissolved oxygenito form H,O,. In contrast to results from DO profiles at different nFe/Ni
dosages, a remarkable effect of Ni loading rate on the in-situ generation of H,O, was also observed. The maximum
H20; concentration was found as 3.29 mg/L, 11.97 mg/L, and 19 mg/L at Ni loading rates of 1, 3.5, and 10 wt%,
respectively:In many studies the H.O, concentration could not be analyzed because the H,O, formed was quickly
consumed to form <OH-radicals according to R(1) [9, 14, 26]. Therefore, the formation of *OH radicals was
confirmed by adding a radical scavenger to the solution or by measuring the *OH radical concentration. However,
Liu et al. [24] investigated the degradation of sulfamethoxazole by Zn-Fe-CNTs via a Fenton-like process and
found that the H,O concentration at pH: 1.5 and 7 within 10 min was 5.26 mg/L and 22.2 mg/L, respectively.
Karim et al. [29] also studied the degradation of 17-ethinylestradiol with nano-zerovalent iron at different

dissolved oxygen levels and different pHs and analyzed the H,O, concentration as 8 pM. Hence, it is more

important to confirm the formation of “OH radical by considering the MNZ and TOC removals than to detect the

concentration of H,O; as discussed in Section 3.2.3.
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Fig 3 H202 concentration during the reaction at pH:3, 25 mg/L initial MNZ concentration, different Ni loading rate and
nFe/Ni dosages (1 wt% Ni (a), 3.5 wt% Ni (b), 10 wt% Ni (c))

MNZ and TOC removal and insight into removal mechanism by nFe/Ni

The effect of Ni loading rate on the Fenton-like process was also evaluated with MNZ and TOC removal
since the degradation of organic compounds is generally inhibited by the hydroxyl radicals which are rapidly
scavenged by Fe?*, H,0,, *OH radical, HO in Fenton process [17, 26]. According to the leaching experiment of
Fe ions (Fig 1), a significant effect of Ni loading rate on the dissolution of nFe/Ni was not observed. However,

the concentration of H,O, was strongly related to the change in the Ni loading rate. The removal of MNZ and



TOC was mainly controlled by the reaction between MNZ oxidation and the production of *OH radical, which
was the main oxidant in the oxidation process. Fig 4(a,b) shows the MNZ and TOC removals for 1 wt% Ni loading
rate at pH:3 and 7, respectively. MNZ removal was found approximately 99% with all nFe/Ni dosages except for
the dosage of 0.05 g/L at both pH (Fig 4(a,b)). Although the high removal efficiency of MNZ was achieved at
pH:7, the removal mechanism was differed greatly from that of pH:3. By considering little iron elution at pH:7
mentioned above it may be concluded that the nFe/Ni surface could mainly contribute to the adsorption of MNZ.
Moreover, it is clear that TOC removal (between 5% and 20%) at pH:7 shows that the removal mechanism of
MNZ depends on the adsorption process. It is also apparent from Fig 4(a), further increase in catalyst dosage led
to a significant increase in TOC removal at pH:3. When the catalyst dosage was increased from 0.1 g/L to 0.5 g/L,
the efficiency of TOC removal increased significantly from 28% to 45% at the end of the reaction. Yang et al.
[30] and Pourabadeh et al. [3] found that increasing the amount of adsorbent led to higher dye and drug adsorption

efficiency due to the increase in the number of active sites and adsorbent surface.
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Fig 5(a,b) shows the results belonging to MNZ and TOC removal at 3.5 wt% Ni loading rate at pH:3 and
7, respectively. A clear dependency of MNZ and TOC removal on nFe/Ni dosage was determined. At pH:3, the
MNZ removal reached 99% and 57% by 0.1 g/L and 0.05 g/L of nFe/Ni within 1 hr, respectively. In contrast to
high MNZ removal, only 12% TOC removal was achieved by 0.1 g/L of nFe/Ni while the maximum TOC removal
was found as 28% by 0.5 g/L of nFe/Ni. As depicted in Fig 5(b), a remarkable reduction in MNZ removal was
also observed with low nFe/Ni dosage at pH:7. The MNZ removal efficiency within 120 min was 71% and 18%
with a dosage of 0.1 g/L and 0.05 g/L, respectively. Similar to findings of 1 wt% Ni loading rate, TOC removal
was negligible at pH:7 because iron oxide/hydroxide would form a passivation film layer on the nFe/Ni surface
under alkaline and neutral conditions, inhibiting iron corrosion and react with organic contaminants. According
to Luo et al. [31], the degradation efficiency of MNZ using B-FeOOH decreased as the initial pH increased from
3 to 9. This was attributed to the low *OH radical via H2O, activation. Compared to.1 wt% Ni loading rate, the
lower TOC removal was obtained at 3.5 wt% of Ni loading rate at pH:3. Based on the‘leaching experiment, Fe
ions dissolved slightly more at 3.5 wt% nFe/Ni than that at 1 wt% of Ni loading rate:' Hence, it shows that another
parameter can play a key role to inhibit the further oxidizing ability of tMNZ. The reason for decreased TOC
removal might be more generation of H,O, which can employ as a scavenger of *OH radical that inhibit the further
degradation of organic compounds [32-34]. This was also confirmed at the experiments of 10 wt% Ni loading rate
in which excess H,0, was obtained as discussed in Section 3.2.2 and decreases in MNZ and TOC removal were
determined at pH:3. Figure 6(a) shows that after 1 hr of reaction, MNZ.removal efficiency was approximately
93% and 50% with 0.1 g/L and 0.05 g/L of nFe/Ni dosage, respectively. As can be seen in Fig 6(b), similar
behavior was observed in TOC removal which decreased from 20% to 10% with the same nFe/Ni dosage. Herein
itis important to note that the optimal H,O2/nFe/Niimassratio plays a crucial role in the production of *OH radicals
(R.5). Deng et al. [33] stated that the mass ratio of H,O2/nZVI can affect the scavenging of *OH radicals, which
can retard the degradation of sulfamethazine in the Fenton-like process. On the other hand, the increasing Ni
loading could not improve thedMNZ removal at pH:7 since the removal mechanism mainly depended on surface
adsorption. At neutral pH, it is also apparent that nFe/Ni dosage has a more remarkable effect on the removal of
MNZ rather than the<Ni loading rate. It can relate to the high surface area provided by using high dosage in
adsorption process:’/Additionally, a significant TOC removal was not achieved, consistent with the results obtained
at 1 wt% and 3.5 wt% Ni loading rate.

OH 4+ H,0, - HO, /05 - +H,0 ®)
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On the other hand, to evaluate the performance of the Fenton-like process for MNZ and TOC removal,
several experiments were conducted to control potential MNZ losses during the reactions. These control
experiments are as follows: only H.O; treatment, only aeration, and only with nFe/Ni bimetallic particles at initial
pH values with 25 mg/L of MNZ. Furthermore, to confirm the impact of OH radicals on MNZ removal and their
presence, 200 mM t-butanol was added as a scavenger. Figure 7 shows the results from blank experiments. It was
noteworthy that no significant decrease in MNZ concentration was observed in all other blank experiments, except
for the experiments with pH: 3 solution and H,O, alone, where MNZ removal efficiency was 12% and 23%,
respectively. The inability to remove MNZ with only 0.1 g/L nFe/Ni within 120 minutes at pH 3 confirms that
MNZ could not adsorbed at this pH. In contrast, employing the reaction at pH:7 without the addition of nFe/Ni,
the efficiency of MNZ removal was approximately 5%, indicating a strong reliance on the adsorption process for

MNZ elimination. Conversely, to gain deeper insight into the mechanism of removal at pH 3, two distinct TOC



measurements were conducted. Initially, TOC levels in the aqueous samples highlighted the MNZ removal
process, as depicted in the graphical data. Subsequently, after the completion of the reaction, the precipitated and
non-soluble nFe/Ni was filtered, dried for 3 hours at 30 °C, and then acidified using 9.4 mM H>SO, before
performing TOC analysis. These results were intended to reflect the concentration of MNZ and its degradation
products in the presence of nFe/Ni. However, the TOC values were unobtainable through this method,
corroborating the inability of MNZ and its by-products to adsorption to the nFe/Ni surfaces at pH 3. Furthermore,
Fig 7 illustrates that the excessive inclusion of t-butanol significantly impeded the MNZ removal process. This
observation aligns with other research findings related to the degradation of substances such as chlorpheniraming,
diclofenac, sulfadiazine, and sulfamethazine through ZVI in a Fenton-like reaction [24, 32, 35, 36].
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Fig 7 Results of blank experiments performed under different conditions for MNZ removal

TOC conversion is important in.removing pollutants to eliminate environmental hazards caused by
wastewater discharge: In our study, TOC removal was low in all experiments compared to the complete removal
of MNZ. Formation of poorly degradable intermediates can result in low TOC removal. Several studies have
achieved complete removal of MNZ with varying degrees of degradation. For example, Nasseh et al. [22] utilised
a FeNis/SiO2 magnetic nanocomposite to oxidize MNZ in a heterogeneous Fenton-like process. They were able
to achieve a maximum removal of 59% of TOC. In another study, total MNZ degradation in the electro-Fenton
process was investigated and 40% mineralization was achieved in electrolysis with 0.1 mM iron ions for 20
minutes and 135 minutes respectively at pH:3 and 0.07 mA/cm? [37]. Furthermore, a study using a solar
photoelectron-Fenton process detected a slight improvement in biodegradation as a result of the recalcification of
metronidazole by-products. [22].

Since approximately 45%, 27% and 20% of the initial TOC was removed after 120 min at Ni loading of 1
wt%, 3.5 wt% and 10 wt%, respectively, intermediates of MNZ were identified by LC/MS-MS technique and
mineralization process of MNZ by nFe/Ni bimetallic was explained. The batch experiments were conducted with
0.1 g/L nFe/Ni and 25 mg/L MNZ at pH:3. Figure 8 presents a schematic representation of the proposed
degradation products for MNZ. A variety of identified products was shown in Supplementary Materials S5. They
include m/z 128 (2-methyl-4-nitroimidazole or 2-methyl-5-nitroimidazole), 114 (4-nitroimidazole), 172 (ethanol)



and 82 (2-methyl-1H-imidazole) which proves the occurrence of MNZ mineralization with variable degrees at all
nFe/Ni loading rate. This is well consistent with the findings of Yan et al. [37] and Chen et al. [38] who also
observed similar intermediates belonging to the MNZ by a modified electrochemical Fenton and adsorption
process, respectively. The reduction of the nitroso group of MNZ to the amino group resulted in the formation of
2-methyl-5-nitroimidazole, -(2-hydroxyethyl)-2-methyl-5-aminoimidazole intermediates. The degradation
pathways for MNZ are carried out by nitro reduction and N-denitration [38]. Then, with the continuous formation
of the *OH radicals, the products formed were converted to 2-methyl-1H-imidazol-5-ol by dealkalization and
decarboxylation reactions, and in the last stage, smaller molecules were formed by the separation of the ring in
the MNZ structure [31].
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Fig 8 Degradation intermediates of MNZ with 0.1 g/L nFe/Ni (for 25 mg/L initial MNZ concentration and pH:3)

CONCLUSIONS

Compared to.previous studies focusing on second metal loading, in this study the addition of Ni to zero-valent
iron significantly affected the in-situ generation of H.O,. Higher Ni loading on nFe/Ni was found to enhance the
generation of H.O; at acidic pH and increase the adsorption capability of nFe/Ni at neutral pH. However, it was
observed that this did not stimulate the generation of *OH radicals due to the scavenging effect of excessive H05.
Increasing the nickel loading ratio from 1 wt% to 10 wt% resulted in a six-fold increase in the maximum measured
H202 concentration, from 3.29 mg/L to 19 mg/L. Besides the Ni loading rate, nFe/Ni dosage also increased the
amount of H,0O, formation, and for a 10 wt% Ni loading rate, a 10-fold increase in nFe/Ni dosage increased the
H,0, concentration more than 10 times. MNZ can be completely removed within 1 hr using nFe/Ni 0.1 g/L
synthesized with a 1 wt% Ni loading rate and an initial MNZ concentration of 25 mg/L at pH 3 while only 45%
TOC was removed after 2 hr. In addition, possible degradation products have been proposed considering the

intermediates determined by LC/MS-MS. The conversion of MNZ to fragments with different molar masses



indicated that the degradation of MNZ occurred at varying degrees. Almost complete degradation of MNZ

revealed that nFe/Ni particles have excellent potential for MNZ degradation.
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