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ABSTRACT

Pharmaceutical wastewater is a source of many pollutants, the most important of which are
antibiotics that can be toxic and carcinogenic to humans and animals. Therefore, finding a way to
remove antibiotics from wastewater before discharging is of utmost importance by environmen-
tal researchers. In this study, the authors evaluated two widely used treatment methods which are
adsorption and heterogeneous Fenton for metronidazole (MNZ) antibiotic removal. As an adsor-
bent and catalyst for the suggested processes, the FeNi, nanoparticles were applied. The applica-
tion of FeNi, nanoparticles in the adsorption and heterogeneous Fenton processes achieved 45.09%
and 100% MNZ antibiotic removal efficiencies, respectively. The effects study showed that the
optimum conditions for removal are pH =7 and 3 for adsorption and Fenton processes, respec-
tively, reaction time = 180 min, MNZ antibiotic concentration = 10 mg/L, FeNi, nanoparticles
dose = 0.005 g/L, and H,0, concentration in Fenton process = 150 mg/L. The adsorption isotherm
and kinetics data are consistent with the Langmuir isotherm and pseudo-second-order kinetic mod-
els, respectively. In addition, the kinetics data of MNZ antibiotic degradation using the heteroge-
neous Fenton process agreed with the pseudo-first-order reaction kinetics. It was found that the used
FeNi, nanoparticles can be recycled five times in both processes with losses of less than 7% of MNZ
antibiotic removal efficiencies from the first to fifth cycle.
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1. Introduction

Antibiotics are a class of drugs used to prevent and
treat bacterial infections, with strong inhibitory 32 and
lethal effects on bacteria, moulds, mycoplasma, and many
other pathogenic microorganisms [1]. Compounds contain-
ing nitroaromatic groups are used to treat a wide variety
of indications including Parkinson’s disease, angina, and
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insomnia. Additionally, several nitroaromatics are used
as anti-infective agents, including drugs to treat parasitic
infections: for example, nitazoxanide is approved for giar-
diasis and cryptosporidiosis, metronidazole (MNZ) for
trichomoniasis, giardiasis, and amoebiasis, and nifurtimox
[2,3]. Nitroimidazole (C;H,N,O,) is a common antibiotic
mainly applied to treat parasitic and anaerobic bacterial
infections [4]. From the chemistry perspective, this antibiotic
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comprises three derivatives: MNZ, tinidazole, and nimora-
zole, where the first is the most produced by pharmaceuti-
cal factories [5]. MNZ is an antibiotic that has high activity
against anaerobic bacteria and several types of protozoa. In
addition, formulations containing MNZ have been used as
safe medicines during pregnancy and lactation [6-8]. This
antibiotic is on the WHO's List of Essential Medicines for
humans [9]. The concentration of MNZ antibiotic in several
samples taken from pharmaceutical wastewater has been
reported to be 0.5 to 10 pg/mL [10]. In fact, the antibiotic
residues are the main source of refractory micro-pollut-
ants in the environment that they are present in notable
concentrations in the liquid waste of pharmaceutical and
care compounds industries. These residues are classified as
highly toxic and carcinogenetic compounds, besides they
resist the biodegradation processes, thus, they can cause
great harm to water quality, aquatic life, animals, and even-
tually to human health [11]. The MNZ antibiotic has a ring
structure which makes it potential to be carcinogenic and
mutagenic by destroying the DNA of lymphocytes [12].
Therefore, it is critically necessary to find a treatment
technology to properly remove the antibiotic pollutants
from pharmaceutical wastewater prior to discharge into
the environment. To achieve this goal, various techniques
were tested to investigate their effectiveness and suitability
in removing pharmaceutical compounds including anti-
biotics, such as advanced oxidation [13,14], ion exchange
[15], activated carbon adsorption [16-18], membrane [19],
biological purification [20], and ozonation [21]. Among the
above-mentioned techniques, advanced oxidation processes
(AOPs) have gained great interest in the treatment systems
as this technology was found efficacious in the treating of
pharmaceutical compounds laden wastewater [22-24].
AOPs are divided into photochemical and non-photochem-
ical processes. The heterogeneous Fenton reaction process
is one of the non-photochemical AOPs. The heterogeneous
Fenton process is widely used to treat a large variety of water
organic pollution such as pharmaceutical compounds, phe-
nols, formaldehyde, dyes, pesticides, and rubber chemicals.
The wide use of this process is due to its high efficiency in
removing intractable elements in a relatively short operat-
ing time, relatively cheap, and its ability to mineralize the
organic pollutants [25-28]. In addition, it does not required
special equipment and there is no need for energy to acti-
vate hydrogen peroxide (H,0,). The mechanism of organic
pollutant degradation by the Fenton method is based on
the initial combination of H,O, an oxidant agent and Fe*
catalyst in an acidic media, as illustrated in the chemical
reactions [Egs. (1)-(7)] [26,29]. During these reactions, Fe?'
was rapidly oxidized by the strong oxidants (H,O, and gen-
erated *OH radicals) to Fe** ions [Egs. (1) and (2)], while
Fe? is regenerated through a so-called Fenton-like reaction
that occurs between Fe* and H,0, [Eq. (5)]. Egs. (6) and (7)
depict the resultant by-products from the Fenton method.

Fe*" +H,0, - Fe* +*OH+OH" 1)
Fe?" + "OH — Fe* + OH @)
RH+ "OH — H,0 + R — further oxidation 3)

R® +Fe® — Fe* +R* 4)
Fe’ +H,0, — Fe’* + "OOH + H" (5)
*OH + H,0, — "O0H + H,0 (6)
*OH + *OH — *OOH + OH" %)

Nanomaterials have wide applications in different
engineering fields, particularly in adsorption treatment
systems of water and wastewater. This is because nanoma-
terials have high ability to remove many contaminants that
are difficult to remove by conventional methods [30,31].
In this direction, using nanoparticles of magnetic proper-
ties as adsorbents has attracted great attention as simple
and economical technology [32]. In fact, the application
of magnetic nanoparticles in the treatment system facili-
tates their separation by the magnetic field and this helps
in the disposal of these particles in easy and safe ways
after treatment. More importantly, the separated magnetic
nanoparticles can be recycled, and no hazardous wastes
are generated during treatment processes. Currently,
widely used magnetic nanoparticles as a treatment agent
include FeNi, nanoparticles. This is because of their high
electromagnetism value, and most importantly, they are
non-toxic materials [33,34]. Given the good reputation
that FeNi,@ nanoparticles have in the field of treatment
systems of pharmaceutical wastewater, the ability of these
nanoparticles for MNZ antibiotic removal was not previ-
ously investigated. Therefore, in this study, FeNi, nanopar-
ticles were initially synthesized and then applied as a
treatment agent for the removal of MNZ antibiotic from
wastewater using adsorption and heterogeneous Fenton
processes. The mechanism of MNZ antibiotic removal in
both processes, effects of operational parameters, kinetic
and adsorption processes were studied.

2. Materials and methodology
2.1. Materials

The MNZ of a powder form (purity > 99.9%) was pur-
chased from Sigma Aldridge Co. (Germany). The MNZ
working solutions were prepared via dissolving appropriate
weights of MNZ using distilled water. Table 1 is listed in
the physiochemical properties of the used MNZ antibiotics.
The FeNi, nanoparticles were synthesized using the fol-
lowing chemicals: polyethylene glycol (PEG, C, H, O, ),
iron chloride (FeCl,.4H,0), nickel chloride (NiCl,.6H,O),
hydrazine hydrate (N,H,.H,0), ethanol (C,H,OH), all pur-
chased from Merck (Germany). In this study, the H O, was
used as an oxidizing agent. In addition, HCl and NaOH
solutions (0.2 M) were used for pH adjustment of working
solutions (Merck, Germany), using a pH-meter (Knick 761
pH meter, Calimatic).

2.2. Methods
2.2.1. Synthesis of FeNi, nanoparticles

To synthesis FeNi, nanoparticles, the following experi-
mental steps of the co-precipitation process were adopted
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Table 1
Physiochemical properties of metronidazole (MNZ) antibiotic
used in this study

Property Value

Molecular formula CH,N,O,

Molecular weight 171.20 g/mol

pKa value 2.55

Solubility in water 9.50 g/L

Molecular structure N

&YCHS
N OH

OsN ~_/

(1, 21): first, 2 g of PEG was dissolved in 300 mL deionized
water. Next, 0.6 g of FeCl.4H,0 and 1.4 g of NiCl,.6H,0
were separately dissolved in 30 mL deionized water and
poured into a pre-prepared PEG solution. The pH value
of the mixture was set at a range of 12 to 13 by dropwise
addition of HCl or NaOH. Then, 27 mL of N,H_.HO
(concentration 80%) were mixed with the obtained solu-
tion at 150 rpm for 24 h, where the pH value of this mix-
ture was also controlled at 12-13. At the end of this reac-
tion, FeNi, nanoparticles as a black precipitate was formed,
which withdraw using N42 magnet, washed with deion-
ized water, and finally dried at 75°C before being applied
in the adsorption and heterogeneous Fenton processes.

2.2.2. Experimental work

The experiments of MNZ antibiotics adsorption and
degradation were conducted in a batch system using a
1-L opaque flask at the laboratory temperature. Initially,
the MNZ stock solution of concentration 100 mg/L was
prepared by dissolving a specific amount of MNZ anti-
biotic powder in deionized water. Afterwards, the work-
ing solutions at different concentrations were prepared
by dilution. It is worth mentioning that all the prepared
MNZ antibiotic solutions were kept in the darkness at 4°C
in order to avoid the interaction of MNZ antibiotics with
light and used for one week at most. A magnetic mixer
(Agitateur magnétique chauffant 10 L — DC180 — Froilabo)
was used to mix solutions at 350 rpm. Both processes were
conducted at the following conditions: pH (3-11), FeNi,
nanoparticle dose (0.005-0.1 g/L), initial MNZ antibiotic
concentration (10-30 mg/L), reaction time (0-180 min), and
H,0, concentration in the Fenton process (100-200 mg/L).
Samples of 2 mL were sucked with a syringe at different
intervals of reaction time and the remaining MNZ anti-
biotics concentration was determined by a UV/VIS spec-
trophotometer (T80" UV/Visible, PG Instruments Ltd)
at a 320 nm spectral peak [35]. The removal efficiency
was determined by comparing the initial and remaining
MNZ antibiotic concentrations. Notably, for the samples
taken from the Fenton flask, a 200 uL of 0.2% Na,S,0,
normal solution was added to these samples immedi-
ately after being taken to minimalize the interventional
effect of H,O,. Once the adsorption or Fenton reaction
is over, FeNi, nanoparticles are magnetically separated
from the solution and the total quantity is collected in a

container to be prepared for the regeneration tests. Each
sample was tested three times in the UV/VIS spectropho-
tometer where the average value was taken in the calcu-
lations. The removal efficiency [R(%)] of FeNi, nanopar-
ticles for MNZ antibiotic were determined using Eq. (8):

(CO—C[)

RE (%)= c

<V ®)

0

where C; and C, are the measured MNZ antibiotic concen-
trations (mg/L) before the adsorption/Fenton process and
after a specific period of the treatment process (¢, min),
respectively.

In addition, Eq. (9) is used to determine the adsorption
capacity (g,) which is an essential parameter in the adsorp-
tion study to evaluate the adsorption of pollutants by the
used adsorbent. Notably, the concentration and adsorption
capacity at adsorption equilibrium time is denoted by C,
(mg/L) and g, (mg/g), respectively.

_CO_Ct
ql_ M/V

©)

where M/V denotes the used adsorbent dose (g/L) in the
contaminated solution [36].

2.2.3. Isotherm and kinetics of adsorption

For this study, an experiment was performed to deter-
mine the relationship between adsorption capacity values
[Eq. (9)] of FeNi, nanoparticles for MNZ antibiotic con-
centration at equilibrium status (contact time = 120 min).
On another side, the results of the effects of MNZ antibi-
otic concentration at different contact times were used
for the kinetic study. The well-known Langmuir and
Freundlich isotherm models were used to fit the isother-
mal data of equilibrium adsorption of MNZ antibiotic
onto FeNi, nanoparticles. The Langmuir model [Eq. (10)]
is used to modeling of mono-layer isotherm adsorp-
tion, which means each pollutant molecule interacts with
one site located on the adsorbent surface. In addition,
the used adsorbent has a homogenous adsorption site of
limited capacity toward pollutant adsorption [27,37,38].

CE 1 e

- S 10
. 49K 4, o
where g, (mg/g) is a Langmuir model parameter denot-
ing the maximum adsorption capacity of the used adsor-
bent, and K, (L/mg) is an equilibrium constant that reflects
the affinity level of adsorption sites of the adsorbent used
for adsorption of target pollutant from aqueous solution.

In addition, the characteristic of the adsorption pro-
cess using Langmuir isotherm can be defined based on
the dimensionless separation factor (R;) [Eq. (11)]. Based
on this factor value, the favorable adsorption case can
be only diagnosed at 0 <R, <1.

1
R, :m (1)
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The Freundlich equation [Eq. (12)] is an empirical iso-
therm formula that is generally used, unlike the Langmuir
model, to describe the multi-layer and heterogeneous
adsorption systems [37,39].

logg, = llogCe +logK, (12)
n

where K, is a parameter associated with binding energy,
and 1/n is the heterogeneity parameter.

In addition, the experimental data of Fig. 3b were
first treated using Eq. (9) and then analyzed in terms of
pseudo-first-order [Eq. (13)] and pseudo-second-order
[Eq. (14)] equations of kinetics adsorption [40].

K
log(q —q.)=logg ——1_¢ 13
08(q, =q,) =loga, ~ = (13)
t 1 t
LA . (14)
q, Kg 4,

where K| (1/min) and K, (g/mg min) are the rate constants,
respectively, and ¢ is the adsorption time (min).

3. Result and discussion
3.1. Effect of pH on the MNZ antibiotics removal efficiency

The effect of solution pH on the adsorption and deg-
radation efficiency for MNZ antibiotic removal by FeNi,
nanoparticles was investigated at pH = 3, 5,7, 9, and 10.
The other experimental parameters were fixed at reaction
time = 60 min, FeNi, nanoparticles dose = 0.02 g/L, and
MNZ antibiotic concentration = 20 mg/L, and H,O, con-
centration in Fenton process = 150 mg/L. The results of
this experiment were depicted in Fig. 2. The highest val-
ues for MNZ antibiotic removal via adsorption (Fig. 2a)
and degradation (Fig. 2b) processes were recorded at pH
7 and pH 3, respectively. The results depicted from the
adsorption process (Fig. 2a) can be reasoned based on the
nature and valance of both adsorbent surface and pollut-
ant molecule at a specific pH value. In this direction, the
pHpzc is a useful parameter to indicate the surface charge

30 mL
deionized

water

300mL :

14gof
NiCl,.6H;0

06p | D

FeCl,.4H,0

deionized
water

30mL
deionized
water

Fig. 1. Schematic of FeNi, nanoparticles synthesis.

//
)

type (positive or negative) of an adsorbent as a function of
pH [27]. Notably, the experiment for this parameter was
conducted depending on the detailed steps mentioned in
Mohseni-Bandpei et al. [39]. Accordingly, the pHpzc of a
sample of FeNi, nanoparticles was determined to be 6.7
as shown in Fig. 1c. This means that FeNi, nanoparticles
will have a positive charge at a solution pH < 6.7 and vice
versa. From another side, it is known that the dissocia-
tion constant defined by the pKa value of MNZ antibiotic
molecules is 2.55 (Fig. 1d). However, the MNZ-H" will be
the surplus speciation form of the MNZ antibiotic mole-
cule in an acidic medium [43,44]. As a result, the solution
pH < pHpzc, a high repulsive rate between the adsorbent
particle and pollutant molecules will be occurred. This phe-
nomenon, in fact, restricts the adsorption of MNZ antibi-
otic molecules onto FeNi, nanoparticles; consequently, the
removal efficiency of MNZ antibiotic was decreased when
the solution being more acidic. At neutral pH, the repul-
sive force almost non-existent. Thus, the MNZ molecules
will have a high tendency to be adsorbed FeNi, nanoparti-
cles. This will promote MNZ antibiotic removal efficiency
via the adsorption process. At pH > 7, the adsorbent parti-
cles will have negative charges as this pH value > pHpzc.
In addition, the MNZ molecule at alkaline medium will
be of MNZ-OH~ form. Under these circumstances, the
repulsive force between the MNZ-OH™ and negatively
charged FeNi, nanoparticles will be high, leading to a
low adsorption rate. In the heterogonous Fenton process,
where H,O, was added in this experiment with concentra-
tion = 150 mg/L, the degradation rate of MNZ molecules
was high at acidic medium (Fig. 2b). This is due to the
hydration of the catalyst surface by surplus H* at acidic pH
values. This will promote the adhering of the MNZ mol-
ecules of the anionic form,that is, MNZ-OH". Thus, high
reaction rate produces high removal rate via degradation
reactions. Another reason is the conversion of the sur-
plus H' to H™ radicals in acidic solutions. As a result, the
increase of these strong radicals in high concentration in
the aqueous solution will enhance the degradation activity
of the used catalyst in the Fenton process which will inten-
sify the degradation rate of the organic pollutants. Hence,
high removal efficiency of MNZ antibiotic was determined
at pH = 3. From another side, catalyst surface is negative

at amounts of pH more than pH_,. and hydroxide groups

HCI or NaOH

withdrawn

27 mL Mixing for the black

N;H4.H,0 24 hours precipitate
g ¢ G g
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Fig. 2. Effect of pH value on MNZ antibiotic removal efficiency using adsorption process (a) and heterogeneous Fenton process (b),

and pH,,. analysis (c).

on it are deprotonated and produce OH". Ionized iron in
this structure may combine with OH"™ groups and result
in Ferrous oxide sediment and as a result, does not allow
to absorb sites. Moreover, the catalytic ability of FeNi,
decreases due to a decrease in hydroxyl radical in alkali
media. Thus, contaminant removal percent decreases at
these amounts of pH due to its adsorption on nanocata-
lyst surface and proton deficiency stops Fenton reaction.
The surface charge of FeNi, is positive at a pH lower than
pH,. In these conditions, H* contained in solutions pro-
motes hydroxyl groups at the surface of this catalyst and
as a result, the catalyst surface goes to be more hydrated.
Moreover, hydroxyl groups start to sediment at pH more
than 4 and H,O, forms oxonium ion at pH lower than 2
which is its oxidation power is very higher and is more
stable. Hydroxyl ion discharge increases by H" at pH lower
than 2 which affects degradation efficiency. The reaction
system will face a change in iron concentration when pH
goes from acidic to neutral and alkali form, such that oxi-
dation concentration of Fe (Fe?*) decreases in these media
and thus, intervenes catalyst activity [43]. Results given
from Hu et al. [1] and Rahmatinia [44] studies are consis-
tent with current research [1,44]. From this experiment, one can
deduce that the pH value and thus the rate of attraction
between the FeNi, nanoparticles particles and the MNZ
molecules have a major role in the removal process in
both adsorption and Fenton processes.

3.2. Effect of FeNi dose

The effect of FeNi, nanoparticles dose on the
adsorption and degradation processes of MNZ antibi-
otic is shown in Fig. 3a and b. The conditions at which
this experiment was conducted were: pH = 7 and 3 for
adsorption and Fenton processes, respectively, reaction

time = 0-180 min, FeNi, nanoparticles dose = 0.005-0.1 g/L,
MNZ antibiotic concentration = 20 mg/L, and H,O, con-
centration in Fenton process = 150 mg/L. For adsorption
processes, when the catalyst dose increased, the removal
efficiencies of MNZ antibiotic were also increased. This is
due to the increase of the active site number as a result
of an increase of catalyst dose. In contrast, the increase of
FeNi, dose from on MNZ antibiotic 0.05 to 0.1 g/L had a
negative effect on the MNZ antibiotic removal efficiency.
In reality, this finding may be the outcome of turbidity
increase as a result of the agglomeration of some of the
FeNi, particles. This increase in turbidity means that the
surface reaction sites will reduce. Comparison of the two
figures it can be seen that the Fenton process has a more
powerful activity for MNZ antibiotic removal than the
adsorption process, and this is an evidence of the important
role of H,O, play in the MNZ antibiotic removal process.

3.3. Effect of MNZ antibiotic concentration on
its removal efficiency

The effects of the variation of MNZ antibiotic concen-
trations on its removal efficiency by the adsorption and
heterogeneous Fenton process are shown in Fig. 4. This
experiment was conducted under conditions: pH = 7 and
3 for adsorption and Fenton processes, respectively, reac-
tion time = 0-180 min, FeNi, nanoparticles dose = 0.005 g/L,
and H,0, concentration in Fenton process = 150 mg/L.
Clearly, the MNZ antibiotic removal percent increases in
both processes with an increase in MNZ antibiotic ini-
tial concentration, such that the highest removal percent
is seen at the initial concentration = 10 mg/L and the low-
est removal percent is seen at 30 mg/L. In the adsorption
process (Fig. 4a), the removal efficiency of MNZ antibi-
otic was decreased from 45.09% to 27.09% with the initial
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Fig. 3. Effect of FeNi, dose on the MNZ antibiotic removal efficiency using adsorption process (a), and heterogeneous Fenton

process (b).
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Fig. 4. Effect of MNZ antibiotic concentration on its removal

Fenton process (b).

concentration decreased from 10 to 30 mg/L. This is due to
that for all MNZ antibiotic concentration range, the used
quantity of adsorbent is fixed. This means that when the
pollutant concentration increased in an aqueous solution,
the competition among its molecules will intensify for the
available sites for the adsorption. As a result of this phenom-
enon, the available sites (onto the surface of FeNi, nanopar-
ticles) will be quickly saturation at high concentrations of
MNZ antibiotic [45,46]. At low pollutant concentrations, the
ratio of the number of active sites to the MNZ molecules is
low and thus high removal efficiency was determined. From

10U
100 1 (a)
90 A
80
70
—~ 60
S
e« 50
40
30 4 —e—10mg/L  —E—15mg/L
20 - 20mg/L  —<—25mg/L
—%—30mg/L
10 A
0 m T T 1 T 1 T T T T
0 20 40 60 80 100120 140 160 180 200
Time (min)

efficiency using adsorption process (a), and heterogeneous

this experiment, it can be concluded that the MNZ antibi-
otic removal efficiency in the adsorption process was highly
dependent on its concentration in the aqueous solution. In
the Fenton process, it was achieved a 100% of MNZ antibi-
otic degradation of 10 mg/L concentration and at a 180 min
reaction time. While the degradation process was above
77% in the case of MNZ antibiotic concentration = 30 mg/L
(Fig. 4b). This is because the amount of catalyst and H,O,
concentration are fixed for both concentration values thus
the amount of hydroxyl radical produced in the Fenton pro-
cess is the same. Therefore, the degradation efficiency will
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more at low concentration since the percentage of hydroxyl
radicals number to MNZ molecules will be high at low
MNZ antibiotic concentration and vice versa [47].

From another side, Figs. 3 and 4, also indicated that
the removal efficiency was rapid so that it significantly
increased by more than 55% in the first 20 min adsorption/
degradation time. Then, it was reached to equilibrium at
120 min. In reality, the rapid removal property for FeNi,
nanoparticles is a desirable feature and favorable practi-
cal utility in the suggested treatment and it usually results
from the abundance of reaction sites on the surface of the
used adsorbent/catalyst at the beginning of the reaction.

3.4. Effect of H,0O, concentration added in Fenton process

Effect of H,O, concentration (50200 mg/L) on cata-
lytic Fenton was examined in the following conditions:
pH = 3, reaction time = 0-180 min, and FeNi3 nanoparti-
cles dose = 0.005 g/L. It is worth mentioning that the H,0,
should be carefully selected according to in according to
the type and concentration of the contaminant. Various
studies show that adding H,0O, in most cases results in
increased oxidation in Fenton catalytic processes. However,
as can be seen in Fig. 5, the efficiency of MNZ antibiotic
removal increases with increasing H,O, concentration from
50 to 150 mg/L and decreases at 200 mg/L. It is worthy to
mention that H,O, concentration is a key factor in the deg-
radation of organic materials in advanced oxidation pro-
cesses including heterogeneous Fenton reaction, as this
agent is responsible for the production of oxidizing radicals
via the reactions illustrated in the following equations [48].

H,0, +¢” —OH +OH" (15)
H,0,+0; - OH' +OH +0, (16)

From another side, by increasing H,O, concentration
more than 150 mg/L, the performance of heterogeneous
Fenton for MNZ antibiotic degradation has clearly reduced.

100 933

90
80 -
70
60

50 +

R (%)

40 +
30

20 4 —e— 50 mg/L —— 100mg/L

10 150mg/L —¢—200mg/L

0 ® T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Time (min)

Fig. 5. Effect of H,O, concentration on MNZ antibiotic
degradation in heterogeneous Fenton process.

This may be due to the overreaction of H,O, with OH"
radicals and the formation of HO, radicals as shown in
Egs. (17) and (18) [49].

OH’ +H,0, —» H,0+HO; 17)

H,0,+h" - H" + HO; (18)

Prados et al. [50] studied the photodegradation pro-
cess efficiency in MNZ antibiotic removal using ultraviolet
radiation. The results of this study revealed that removal
efficiency decreases by increasing H,O, concentration. In
addition, similar results were obtained in Nasseh et al.
study [48].

3.5. Isotherm and kinetics of adsorption

The kinetics results of the MNZ antibiotic adsorp-
tion onto FeNi, nanoparticles analysis are listed in Table
2. Results showed that high regression values were
obtained for the pseudo-second-order model, in contrast
with pseudo-first-order results. Additionally, the values
of g, (cal) of the pseudo-second-order were close to the g,
(exp) values. In reality, these results indicating chemisorp-
tion reactions of the MNZ antibiotic molecules and FeNi,
nanoparticles [1,51].

Table 2 lists the results of the determined constants
of each isotherm model and coefficient of determination
(R?. The highest R?* values were found for the Langmuir
model; indicating that each MNZ molecule will be adsorbed
onto one active site of FeNi, nanoparticles (mono-layer
adsorption). In addition, the maximum adsorption capac-
ity of FeNi, nanoparticles for MNZ antibiotic based was
131.58 mg/g. Based on the determined R, values of the
Langmuir model, which is between zero and one, the
adsorption process of MNZ antibiotic onto FeNi, nanoparti-
cles is determined to be favorable. Results of the Freundlich
model showed that the adsorption process is referred to be
desirable, as the value of the parameter 7 is greater than one.

3.6. Kinetics study of degradation

To study the kinetics process of the MTZ degrada-
tion, the applied pseudo-first-order kinetics model of the
degradation process [Eq. (19)] was fitted with the exper-
imental degradation data depicted in Fig. 3b. In fact, this
model is proposed as the most suitable formula to describe
the experimental kinetic data of degradation pollutants
using the Fenton process [27,51].

C
In| =L |=—k t 19
n[COJ obs ( )

Table 3 lists the results of the kinetics analysis includ-
ing the rate constant of the pseudo-first-order model
(k. min™), half-life time corresponding to 50% MTZ
degradation efficiency (t,,,, min), and coefficient of deter-
mination (R?) values. The k , _values were found from the
linear plot of In(C/C,) and irradiation time (f min), and
t.,, is equal to=0.693/k , [25]. The R? values in the studied

obs
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range of MTZ antibiotic concentration (10-30 mg/L) were
found to be high (>0.93); thus, the degradation kinetics
data of MTZ in heterogeneous Fenton treatment pro-
cess using FeNi, nanoparticles is highly consistent with
pseudo-first-order kinetics. Furthermore, the rate con-
stant values were decreased with the increase in the MNZ
antibiotic concentration. This reduction is a result of the
generation of intermediate byproducts during MNZ anti-
biotic degradation, which prevent reaction of MNZ mole-
cules with the active hydroxyl radicals, thus lowering the
rate constant.

3.7. Regeneration study

The reusability of a treatment agent (adsorbent or cat-
alyst) is an important parameter related to the cost of the
treatment system [52,53]. In the present study, the recy-
clability of the FeNi, nanoparticles was tested for five
consecutive cycles of MNZ antibiotic adsorption and deg-
radation in the Fenton process. This experiment was per-
formed under optimal conditions for each process: pH =7
and 3 for adsorption and Fenton process, respectively, reac-
tion time = 180 min, FeNi, nanoparticles dose = 0.005 g/L,
MNZ antibiotic concentration = 10 mg/L, and H,O, con-
centration in Fenton process = 150 mg/L. At the end of each
adsorption/heterogeneous Fenton process cycle, the used
quantity of FeNi, nanoparticles was withdrawn from the
MNZ antibiotic solution using N,, magnet, rinsed with eth-
anol and deionized water to remove the attached MNZ mol-
ecules onto FeNi, nanoparticles, dried overnight at 70°C,

Table 2
Isotherm and kinetics models parameters of MNZ antibiotic
adsorption onto FeNi, nanoparticles

Isotherm models

Langmuir Freundlich
q, K, R? R, K, n R2
131.58 0.083  0.09973 0.38 18.08 1.92  0.9589

Kinetics models

Pseudo-first-order Pseudo-second-order

q, (cal) Kk, R? q,(cal) Kk, R? q, (exp)
8.36 0.0179 0.96 144.93 0.0366 0.99 150.23
Table 3
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and then reused in the next adsorption/degradation cycle.
The results depicted in Fig. 6 indicating that the FeNi,
nanoparticles can be recycled to a greater degree in the
adsorption process than in the Fenton process. Such results
may be due to the loss of activity of some FeNi, nanoparti-
cles during the degradation reactions, while the adsorption
process did not lead to damage in the adsorbent’s active
groups responsible for the MNZ antibiotic adsorption from
the aqueous solution. In addition, the used FeNi, nanopar-
ticles can be regenerated and reused five times in both treat-
ment processes with only slight losses in their activity (<7%).

4. Conclusion

In the present research, FeNi, nanoparticles were pre-
pared by the coprecipitation process and then applied
as an adsorbent in the adsorption system and catalyst
in the heterogeneous Fenton reaction to eliminate MNZ
antibiotic from the contaminated solution. It was found
that the heterogeneous Fenton process was more power-
ful to degrade the MNZ molecules than the adsorption
process. From the results, the maximum removal effi-
ciencies achieved in the adsorption and heterogeneous
Fenton process were 45.09% and 100%, respectively, at the
optimized conditions (pH = 7 and 3 for adsorption and
Fenton processes, respectively, reaction time = 180 min,
FeNi, nanoparticles dose = 0.005 g/L, MNZ antibiotic

100 A 94 91 W Adsorption O Degradation
] 87.5 87 86.9

80
70
60

R(%)

50 { 45 44.2

39.8 39.2 39

40
30 |
20
10 -

1 2 3 4 5
Treatment cycle

Fig. 6. Regeneration and recycling analysis of FeNi, nano-
particles for MNZ antibiotic removal via adsorption, and
heterogeneous Fenton process.

Kinetics of the MNZ antibiotic degradation in heterogeneous Fenton process using FeNi, nanoparticles

MNZ concentration k. (min™) tp, (MIN) R? Equation of the linear plot,
(mg/L) where Y =In(C/C) and x =t
10 221x10° 31.35 0.9893 Y =0.0221x + 1.3167

15 1.41 x 103 49.15 0.9803 Y =0.0141x + 1.2314

20 0.96 x 10°® 72.18 0.9318 Y =0.0096x + 1.1409

25 0.53 x 10°® 130.75 0.9379 Y =0.0053x +0.8821

30 0.50 x 10°® 138.60 0.9490 Y =0.0050x +0.6721
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concentration =10 mg/L, and HZO2 concentration in Fenton
process = 150 mg/L). The results of the isotherm study
showed that the Langmuir model has been found to be
the best fit model for the adsorption isothermal data with
the maximum uptake = 131.58 mg/g. Additionally, the
kinetics data revealed that the MNZ antibiotic adsorption
occurred through chemical reactions as the kinetics data
followed well the pseudo-second-order reaction. From
another side, kinetics data of MNZ antibiotic degrada-
tion in the heterogeneous Fenton process followed pseu-
do-first-order reaction kinetics. The regeneration study
demonstrated that the FeNi, nanoparticles can be recycled
to a greater degree in the adsorption process than in the
Fenton process. In addition, these nanoparticles can be
regenerated and reused five times in both treatment pro-
cess with only slight losses in its removal efficiency for
MNZ antibiotic (<7%). From this study, it was found that
the FeNi, nanoparticles are an active catalyst for MNZ
antibiotic removal and, thus, it is recommended to apply
it in the heterogeneous Fenton process for the treatment
of pharmaceutical wastewater, including MNZ antibi-
otic. Also, it is suggested to apply FeNi, nanoparticles as
an adsorbent in the adsorption process which is can be
installed as a complementary process for the btreatment
of pharmaceutical wastewater.
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