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ABSTRACT

CoFe,0,@methylcellulose (MC)/activated carbon (AC) as a novel magnetic nanohybrid adsorbent
was synthesized and characterized with field-emission scanning electron microscope, energy-dis-
persive X-ray-mapping and linescan, X-ray diffraction, Fourier-transform infrared spectrometer,
vibrating sample magnetometer, and Brunauer-Emmett-Teller techniques. Then, on synthetic and
real samples, the adsorption process of metronidazole was investigated, and the parameters affect-
ing the adsorption process were optimized. Finally, the toxicity of the effluent from the process was
investigated. The maximum removal efficiency of metronidazole for synthetic and real wastewater
samples was 93% and 85%, respectively, under optimal conditions of pH 3, adsorbent dose of 2.5 g/L,
10 mg/L initial concentration of metronidazole, temperature 25°C, and contact time of 20 min. The
adsorption of metronidazole by CoFe,0,@MC/AC followed pseudo-second-order kinetic (R* = 0.999)
and Freundlich isotherms (R? = 0.972). Furthermore, the thermodynamic findings of the process
revealed AH =-19.82 (k]J/mol) and AS = -53.57 (J/molK), as well as negative Gibbs free energy val-
ues, indicating that the process was spontaneous and exothermic. After four regeneration cycles,
the CoFe,0,@MC/AC was able to remove 66% of metronidazole while maintaining high chemical
stability. The effects of effluent toxicity on Daphnia and Artemia were enhanced by increasing efflu-
ent concentration and exposure duration, according to the LC,, values. However, the mortality
rate for Daphnia and Artemia after 72 h at the maximum effluent concentration (100% by volume)
was 33.3% for Daphnia and 26.6% for Artemia, according to the results. According to the findings,
CoFe,0,@MC/AC can be employed as a novel magnetic nanoadsorbent with a high adsorption
ability to eliminate pharmaceutical pollutants from aqueous solutions.
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1. Introduction inorganic chemicals into natural ecosystems is one of the
most significant sources of pollution. Drugs are one of
the most persistent pollutants in wastewater, which has
prompted a greater focus on the presence of various drug
groups in aquatic ecosystems. Agricultural runoff, direct

Water supplies are in great jeopardy today as a result
of population increase, pollution, and climate change.
The release of industrial effluents including organic and
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disposal from municipal and hospital wastewater treatment
facilities, direct disposal of medical, veterinary, and indus-
trial waste, and disposal of expired pharmaceuticals are all
ways that drugs are imposed on the ecosystem [1,2]. Drugs
that are discharged into the environment can go up the food
chain, with varying degrees of toxicity depending on the
compound. However, while the quantity of these chemicals
in water is relatively low (around nanograms or micrograms
per liter), their build-up in poultry, animals, and plants
can eventually cause diseases in living organisms [3].

Antibiotics, which are commonly used to treat dis-
eases caused by parasites and anaerobic bacteria such as
Giardia lamblia, Helicobacter pylori, and Trichomonas vaginalis,
are among the pharmaceutical compounds [2,3]. Some of
these compounds’ metabolites are excreted from the body
and discharged into the environment because they are not
fully digested in the human body. This raises major con-
cerns about the safety of drinking water, highlighting the
need of identifying and removing harmful chemicals from
aquatic habitats. Antibiotics in the raw wastewater treat-
ment plant units, on the other hand, might generate unde-
sirable by-products during the chlorination and ozonation
stages of water. These compounds are classified as probable
human carcinogen and mutant due to lymphocyte damage,
and they must be removed from the effluent before it is
discharged into the environment [3].

Metronidazole is a 5-nitroimidazole derivative from
the first generation having strong antibacterial properties
against trichomonas, anaerobic bacteria, giardiasis, and
amoebiasis. Metronidazole can found in hospital wastewa-
ter in concentrations ranging from 1.8 to 9.4 ug/L. Although
the amount of metronidazole in the aquatic environment
is low, it is considered an emerging environmental pol-
lutant since its continued introduction might provide a
long-term threat to living species [4,5].

Antibiotics can be eliminated using a variety of physi-
cal, chemical, and biological techniques, depending on the
chemical and physical features of the pollutants [3,5,6]. UV
photolysis [7], surface adsorption [8-10], biodegradation
[11], photocatalytic degradation [12,13], chemical oxidation
[14-17] during Fenton processes [18], photo Fenton [19,20],
electro-Fenton [15], photo-electro-Fenton [21], ozonation
[22], and catalytic ozonation [23] are some examples of these
techniques. Despite their benefits, each of these techniques
has disadvantages that make their usage challenging in
most circumstances. Compounds are utilized as oxidants
in chemical processes, particularly advanced oxidation
[24-29], which are generally expensive, damaging to equip-
ment, poisonous, and produce compounds and by-prod-
ucts with higher toxicity [30]. The removal effectiveness of
physical techniques such as microfiltration [31], ultrafiltra-
tion [32], nanofiltration [31], and reverse osmosis is high,
but the maintenance of these systems is expensive, and the
membranes become clogged and damaged throughout the
process [33]. High doses of antibiotics induce toxicity to
the microorganisms utilized in the treatment and biomass
formation throughout the treatment process in biological
approaches such as activated sludge [34].

The adsorption process is a promising process to
reduce pollutants such as medicinal, heavy metals, and
dye compounds due to low operating costs, high flexibility,

insensitivity of the process to toxic compounds and pollut-
ants, no secondary pollution in the system, the possibility of
adsorbent separation, efficiency, and high specific level for
removal [35-37]. Solid porous adsorbents perform the major-
ity of adsorption processes, and many adsorbents are pro-
duced with pores in the nanoscale range [38,39]. Because of
their large surface area and active sites, nanomaterials have
a high adsorption capability [40—-43]. Magnetic nanoadsor-
bents can also be separated and reused in the past [44—46].
The adsorption process is greatly aided by selecting the
appropriate adsorbent [36,47-51]. Activated carbon [52-58],
graphene oxide [59], clay minerals [60], organic metal frames
[59], and biochar have all been utilized as adsorbents to
remove different antibiotics and pollutants [61]. They can
eliminate various chemical pollutants because of their low
toxicity, availability, ease of access, and cost-effectiveness.

In the production and synthesis of magnetic compounds,
iron oxides and other ferrite compounds have gotten a lot
of interest [62]. Magnetic adsorbents are materials that have
found a suitable role in water treatment because of their high
adsorption effectiveness, inexpensive production costs, fast
separation, minimal pollutant generation, and ability to treat
a large volume of water in a short period [63,64]. Among the
magnetic nanoadsorbents utilized thus far are (MOF@GO)
[65], (SF-Fe,0-EDTA) [66], (CoFe,0,@y-Fe,0,) [67], Zn-Fe
(thioglycolic-modified Zn-Fe layer double hydroxide) [68],
(CoFe,0,@Si0,-C,) [69], (GO/g-C,N,-Fe,0,) [70], FeO,@
Si0,@CS/GO [71], Ni/HAP/CoFe,0, [72], AC-Fe,0, [73].

It is critical to incorporate biological components in the
synthesis of these magnetic nanoadsorbents to optimize
their performance and structure. Cellulose is a polysaccha-
ride made up of a linear carbohydrate chain formed of hun-
dreds to thousands of glucose units. Cellulose is the most
prevalent and accessible natural biopolymer, and it is one
of the most essential structural components of the main cell
wall of green plants and a variety of algae. Methylcellulose
is one of the cellulose ether derivatives, which is mainly
composed of glucose units bonded together by alpha-be-
ta-glycosidic bonds [74]. Cellulose-derived carbohydrate
biopolymers such as methylcellulose, carboxymethylcel-
lulose, and chitosan are biodegradable, low-cost, readily
accessible, renewable, stable, non-toxic, high-permeability
compounds with numerous uses in water and wastewater
treatment processes. Despite all of the benefits, separating
these biopolymers from the purification process necessitate
time-consuming centrifugation and filtration techniques
[75,76]. By magnetizing these polymeric carbohydrates
and synthesizing ferrite nano-biocomposites, this problem
can be overcome. Other ferrite nano-biocomposites deriv-
atives, such as CoFe,O,@MC, CuFe,0,@MC, ZnFeO,@
MC, and ZnFe, O,@CMC, have been synthesized recently,
and their physical and chemical characteristics have been
investigated and confirmed, and also these ferrite nano-
composites have been employed in the treatment of water
and wastewater [25,26,77-84].

Despite the high effectiveness of magnetic nanoadsor-
bents, attention should be paid to the environmental issue
of effluent entrance into the environment as well as the tox-
icity of these compounds. When this effluent comes into
interaction with biological ecosystems, it may exhibit a vari-
ety of behaviors, indicating the necessity to investigate the
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effluent’s toxicity from several perspectives. If this effluent
is not assessed for toxicity before entering the food chain, it
might produce acute, chronic, or long-term negative effects.
They also get into cells and internal components like mito-
chondria and nuclei, causing oxidative damage to the cell
surface and genetic damage through direct and indirect
methods [85]. As a result, the risk of these compounds con-
taminating humans has grown, and their potential toxicity
should be considered and investigated [86].

Experiments that employ living organisms as biomark-
ers for measuring the toxicity of chemicals are known as
biometrics or bioassays [87]. The bioassay of many organ-
isms such as fish, algae, bacteria, and freshwater and marine
organisms such as Artemia [88] and Daphnia [89], are widely
used to identify the toxicity of chemicals and evaluate the
toxicity of leachate, municipal and industrial wastewater,
and the quality of water resources [90]. In addition to cheap
cost, short test time, simplicity, and low-test cost, the use of
these two aquatic organisms in bioassays is also very sen-
sitive [88]. Artemia belongs to the arthropod branch, crus-
tacean, end gill subspecies, uncovered order, Branchiothidae
family, and genus Artemia, and is a biomarker of high salin-
ity waters. This crustacean’s larval stages are extremely sen-
sitive to pollutants and chemicals in the environment [88].
Daphnia is another well-known and commonly utilized
organism in bioassay. Daphnia babies range in size from 0.8
to 1 mm in length and are visible to the naked eye. At this
stage of the life cycle, Daphnia is highly essential in bioas-
say investigations [91]. Artemia grows in brackish and brack-
ish water, whereas Daphnia lives in freshwater. As a result,
they exhibit varying levels of resistance and susceptibility
to environmental stimuli. As a result, these two types of
water were examined in the current study’s bioassay test of
the effluent produced by this process.

According to previous studies, CoFe,0,@MC/AC mag-
netic nano-biocomposite has not been synthesized in a
green and ecologically friendly manner, and it has not been
evaluated for the removal of metronidazole antibiotic. The
purpose of this study was to synthesize CoFe,O,@MC/AC
magnetic nano-biocomposite by co-precipitation technique
assisted with microwaves as a magnetic nanoadsorbent, to
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Fig. 1. Schematic of CoFe,0,@MC/AC preparation.

characterize the structure of this nanoadsorbent, and to eval-
uate its effectiveness in adsorbing the antibiotic metronida-
zole from aqueous environments through the adsorption
process. Subsequently, using a bioassay approach on two
aquatic organisms including Daphnia living in fresh water
and Artemia living in salt and brackish water, the toxicity
level of magnetic nanoadsorbent and the effluent from the
process was also assessed.

2. Materials and methods
2.1. Chemicals and instruments

All chemicals and reagents including iron(III) chloride
hexahydrate (FeCl,-H,0), cobalt(Il) chloride hexahydrate
(CoCl,6H,0), methylcellulose (MC), sodium hydroxide
(NaOH), and activated carbon (AC) were purchased from
Sigma-Aldrich Co. Deionized water was used during the
experiments. HCl and NaOH were used for adjusting the
solution pH. In this study, devices such as a spectropho-
tometer (SHIMADZU, UV-1800), microwave (SAMSUNG,
2450MHz, 800W), and pH meters (HANNA instruments,
pH 212) were used.

2.2. Preparation of CoFe,0,@MC/AC

Stoichiometric amounts of metals chloride and MC
were separately dissolved in 100 mL of deionized water.
Then 6 g of NaOH was added for 1 hr. to alkalize the pH
of the solution. In the final stages of the synthesis, 1 g of
activated carbon was added to the reaction container and
stirred. After adding activated carbon to the solution, the
mixture was placed in the microwave oven at 450 W 3 times
for 5 min to obtain a black precipitate. The obtained pre-
cipitate was separated using a magnet and washed sev-
eral times with deionized water to neutralize the final
pH. Finally, the black precipitate was dried for 24 h at
70°C temperature in the furnace (Fig. 1).

2.3. Batch adsorption experiments

At first, MNZ stock solution was made with a concen-
tration of 100 mg/L and then concentrations of 10, 15, 20, 30,
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and 40 mg/L were prepared from it. To optimize the adsor-
bent dose, amounts of 1-3 g/L were investigated. Solutions
of 1 N NaOH and HCI were used to adjust the pH and pHs
of 3,5, 7,9, and 11 were surveyed. Contact times of 20 min
and temperatures of 25°C, 30°C, 35°C, 40°C, and 60°C were
investigated and optimized. Finally, the adsorption effi-
ciency [Eq. (1)], and adsorption capacity [Eq. (2)], were
calculated by the following formulas:

R, (%) =%x100 1)

0

where R adsorption efficiency (%); C, and C,: initial and
final concentrations (mg/L), respectively.

(C,-C)V

m

Q.= )

where Q : adsorption capacity; C and C;: initial and final con-
centrations (mg/L), respectively; V: volume of solution (L);
m: adsorbent mass (g).

2.4. Regeneration experiments (reusability and chemical stability)

The adsorbent was gathered by a magnet from the pro-
cess medium and placed in a furnace at 200°C for 1 h to
assess the regenerability of the nanoadsorbent utilized.
Then the efficacy of the adsorbent under optimal conditions
for metronidazole removal was investigated for four cycles.

2.5. Adsorption isotherm models

The Langmuir and Freundlich isotherms were used
to assess the equilibrium state throughout this procedure.
Adsorption occurs in a single layer in the Langmuir model
[Eq. (3)], with the adsorbed molecule on the adsorbent sur-
face with constant adsorption energy, and adsorption of one
molecule in an adsorption site does not affect the adsorption
of additional molecules.

C 1 C

e

— + —e
Qg QmaxKL Qmax

®)

where g (mg/g) represents the maximum adsorption
capacity, C, (mg/L) represents the metronidazole equilibrium
concentration, Q, (mg/g) represents the amount adsorbed
at equilibrium, and K, represents the Langmuir coefficient.

R, [Eq. (4)] is another metric that investigates the adsorp-
tion process. As a result, the adsorption process is irrevers-
ible if R, = 0, the ideal adsorption process if 0 < R, < 1, the
adsorption process is linear if R, = 1, and the adsorption
process is undesirable if R, > 1.

1
" 1+K,C,

)

where K| is the Langmuir constant, and C, is the initial
metronidazole concentration in mg/L [92].

For multilayer adsorption with heterogeneous heat
distribution and adsorption on heterogeneous surfaces,
the Freundlich model [Eq. (5)] can be utilized.

logg, =logk, +llogCB 5)
n

The adsorption capacity is represented by k, (mg/g)
(I/mg) in this equation. 1/n is a heterogeneity factor or
surface adsorption intensity that specifies the kind of
isotherm, with 1/n = 0 indicating reversible adsorption,
1 < 1/n < 0 indicating favorable adsorption, and 1/n > 1
indicating undesirable adsorption [93].

2.6. Kinetic study

To better understand the dynamics and effects of vari-
ables impacting the rate of metronidazole adsorption on
the adsorbent, the adsorption kinetics of metronidazole
were studied using pseudo-first-order [Eq. (6)] and pseudo-
second-order [Eq. (7)] kinetic models.

ln(qt, —q,)zlnqe -Kt (6)

The rate constant of the pseudo-first-order model is K,
in this equation. The amounts of metronidazole adsorbed
at equilibrium and at particular times (min) are shown in
g,and g, respectively.

N N @)

9. Kg, 4,

where K, is a kinetic constant of pseudo-second-order.
The amounts of metronidazole adsorbed at equilibrium
and at particular times (min) are represented by g, and g,
(mg/g). The slope of the line graph of Eq. (7) can be used
to calculate the rate constant K, [94].

2.7. Thermodynamic study

Thermodynamic factors such as Gibbs free energy (AG),
enthalpy (AH), and entropy (AS) changes can be studied
using constant equilibrium changes with equilibrium tem-
perature. Eq. (8) calculates the Gibbs free energy changes
in the adsorption process.

AG =-RTlInk, )

where AG (k]J/mol) is the Gibbs free energy change, R is the
general constant of gases with the value 8.314 (J/mol:K),
and temperature in Kelvin. Eq. (9) is also used to compute
the equilibrium constant.

k- L (GG ©)
w C

e

where C, (mg/L) and C, (mg/L) are the initial and equilibrium
concentrations, respectively, with V (mL) representing the
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volume of the solution and W (g) representing the mass of
the adsorbent [95,96].

2.8. pH_ _determination

zpc

50 mL of KCI 0.1 M solutions at six different pH (2, 4,
6, 8, 10, and 12) and 0.01 g of magnetic nanoparticles were
applied to the determination of pH, . Then the prepared
solutions place on the shaker and measured the final pH
after 24 h. ApH = pH,__-pH, .. was calculated and its curve
was plotted as the X = pH,_ . and Y = ApH. The intersec-
tion of the curve with the X-axis is equal to pH,_[78].

2.9. Toxicity evaluation

The toxicity of the process effluent was assessed using
Daphnia and Artemia. Daphnia and Artemia were first prop-
agated in growth-friendly conditions. Daphnia culture
medium was made by combining 5 g of dry sheep manure,
25 g of garden soil, and 1 L of spring water according to the
conventional procedure to produce Daphnia babies. Several
mature Daphnia were propagated by transferring them
to the culture medium. After then, the babies were born,
cared for, and fed. Dry yeast was utilized to feed Daphnia
regularly, and the aquarium was slowly aerated with an
aquarium air pump [97].

To assess Artemia toxicity, Artemia eggs were hatched
at pH 7.8, 27°C, and 2,000 lux light. Because Artemia is a
saline aquifer, the utilized water was synthetic saline water
(1 L piped water with 30 g of sea salt), which was vigor-
ously aerated for a week to dechlorinate. The Artemia nau-
plii hatched 24 h after the addition of Artemia eggs, and
due to light exposure, the Artemia nauplii were placed in a
container in a dark spot so that healthy and mobile babies
may congregate on the container’s surface and be collected
using a Pasteur pipette [88].

Finally, samples with various dilutions of 0, 10, 25, 50,
75, and 100 mg/L were prepared from the process efflu-
ent and a certain number of Daphnia (30) and Artemia (30)
were added to these samples to determine the toxicity of
the effluent from the process following the Organization for
Economic Cooperation and Development’s (OECD) stan-
dard guideline No. 202 [98]. The mortality rate of these two
aquatic species was next investigated at 12, 24, 36, and 48 h.
Immobile aquatic species were enumerated and recorded
as dead after contact with certain concentrations of efflu-
ent from the process, and the LC,, quantity of effluent was
computed using a probit test in SPSS software [99].

3. Results and discussion
3.1. Characterization of the synthesized magnetic nanoadsorbent

Initially, the novel magnetic nanoadsorbent CoFe,O,@
MC/AC was prepared from Co* and Fe** with the existence
of MC and AC by using a new microwave-assisted tech-
nique based on the experimental procedure. To character-
ize this magnetic nanoadsorbent, several techniques were
applied. This black precipitate, which acts as a magnetic
nanoadsorbent, was structurally characterized by X-ray
diffraction (XRD; PHILIPS PW1730), Fourier-transform

infrared spectroscopy (FTIR; AVATAR, Thermo), field-emis-
sion scanning electron microscope (FESEM; TESCAN
MIRA T1II), energy-dispersive X-ray (EDS)-mapping and
Linescan (TESCAN MIRA II, SAMX Detector), Brunauer—
Emmett-Teller (BET; BELSORP MINI II) and vibrating sam-
ple magnetometer (VSM; LBKFB, BEAMGOSTAR TABAN
Company) devices. After confirming the physical and chem-
ical structure of the magnetic nanoadsorbent, this compound
was used as an adsorbent in the MNZ removal process.

To determine the morphology and size, the FESEM
images of the produced CoFe,0,@MC/AC were illustrated.
Fig. 2a depicts the FESEM images of CoFe,O,@MC/AC syn-
thesized in the presence of methylcellulose as a biopoly-
mer. The impact of methylcellulose on the morphology of
CoFe,0,@MC/AC formed smoothly, uniformly, and loosely
aggregated pseudo spherical shape magnetic nanoad-
sorbent (~11 nm), even in the composite structure.

Mapping and line scanning were used to investigate the
CoFe,0,@MC/AC magnetic nanoadsorbent element distri-
bution (Fig. 2b and c). Based on the obtained results shown
in Fig. 4a (mapping), Co, Fe, O, and C had a homogeneous
distribution that indicates high uniformity of the synthe-
sized CoFe,0,@MC/AC. Also, line scanning which showed
in Fig. 4b has confirmed these results.

The synthesized CoFe,0,@MC/AC purity and chemi-
cal structure were evaluated by EDS analysis (Fig. 2d) The
EDS results demonstrate 34.71% Fe, 32.21% O, 19.18% Co,
and 13.89% C in the chemical structure of CoFe,0,@MC/
AC magnetic nanoadsorbent which were following the
expected values.

Fourier-transform infrared spectroscopy (FTIR) has been
used to obtain the functional group of synthesized nanopar-
ticles. By using a KBr disc, the powdered CoFe,0,@MC/
AC was investigated (Fig. 3).

Fig. 3 presents a comparison of the KBr pellet for the FTIR
spectra of MC and CoFe,0,@MC/AC to obtain the functional
group of synthesized nanoparticles. Based on FTIR spec-
tra, the MC vibrational absorption bands were as follows:
C-H stretching at >3,000 cm™, O-H stretching at 3,461 cm™,
adsorbed water stretching at 1,644 cm™, C-O stretching at
1,100-1,150 cm™, C-H bending of methyl and methylene
groups at 1,377 and 1,457 cm™, and C-O-C stretching vibra-
tion of the methylcellulose glycosidic bond at 1,066 cm™
respectively [100-104]. As well, two confirming absorption
peaks of the metal spinel ferrite structure were seen at 434
and 601 cm™ which demonstrated the metal cation at the
octahedral site M_, -O and the intrinsic stretching vibrations
of the metal cation at the tetrahedral site M, _-O, respectively.

XRD analysis was used to characterize structures,
phases, and crystalline composition of CoFe,0O,@MC/AC.
The achieved results are shown in Fig. 4.

The XRD pattern of AC and MC presented a promi-
nent peak centered at 11.00° and 18.23°, respectively. Based
on the JCPDS 96-591-0064, the CoFe,0,@MC/AC crystal
phase structure and XRD pattern with diffraction peaks at
20 =29.98°, 35.31°, 42.95°, 53.47°, 56.82°, 62.47°, and 74.15°
are indexed to the CoFe,O, cubic spinel phase [78]. According
to the obtained results, the CoFe,O, crystal structure was
well protected in the MC and AC composition. It was so
interesting that the XRD spectrum of CoFe O,@MC/AC
indicated the characteristic peaks linked with both MC and
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ket

Fig. 2. FESEM (a), mapping (b), line scanning (c), and EDS (d) of CoFe,0,@MC/AC magnetic nanoadsorbent.
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Fig. 4. XRD patterns of CoFe,0,@MC/AC magnetic nanoadsor-
bent and MC.

AC and CoFe,0,, which points to the successful synthesis
of CoFe,0,@MC/AC magnetic nanoadsorbent.

Fig. 5 shows the adsorption/desorption isotherm and
BET-plot specific surface area of the synthesized CoFe,O,@
MC/AC (Fig. 5a and b).

According to the BET plot the specific surface area,
mean pore diameter, and total pore volume (p/p, = 0.99)

of synthesized magnetic nanoadsorbent were obtained
128.22 m?/g, 7.1194 nm, and 0.2282 cm’/g, respectively.
According to the IUPAC, pores are arranged into three
groups: microporous, mesoporous, and macroporous
materials [105]. Based on the IUPAC definition, the meso-
porous material is a material including pores with diameters
between 2 and 50 nm. Also, the pores sizes of microporous
and macroporous are smaller than 2 nm and larger than
50 nm, respectively [105]. CoFe,0,@MC/AC could be classi-
fied as a mesoporous material.

By wusing a vibrating sample magnetometer, The
CoFe,0,@MC/AC magnetic nanoadsorbent property was
investigated (Fig. 6)

The remnant magnetization (Mr), saturation magnetiza-
tion (Ms), and coercive force (Hc) values were obtained as
15.46 emu/g, 57.91 emu/g, and 400 Oe, respectively (Fig. 8).
These values were evidence for the CoFe,O,@MC/AC mag-
netic nanoadsorbent which has high magnetic strength. The
results demonstrated that the CoFe,O, magnetic property
in the CoFe, O,@MC/AC structure is preserved.

3.2. Adsorption test optimization
3.2.1. Effect of adsorbent dose

Fig. 7a shows the influence of the nanoadsorbent dos-
age on metronidazole removal efficiency after 70 min. At
initial concentrations of 10 mg/L metronidazole, pH 3, and
25°C, nanoadsorbent dosages of 1, 1.5, 2, 2.5, and 3 g/L
were investigated. According to the findings, increasing
the quantity of nanoadsorbent from 1 to 3 g/L improved
the antibiotic removal efficiency from 35% to 69%. This
might be caused to an increase in the amount of adsorbent
contact and the number of adsorption sites available [106].
The removal efficiency of metronidazole rose from 65% to
69% after increasing the quantity of adsorbent from 2.5 to
3 g/L, indicating that 2.5 g/L was the optimum dosage of
nanoadsorbent. Guo et al. [107] showed that increasing the
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Fig. 5. Adsorption/desorption isotherm (a) and BET surface area (b) of CoFe,0,@MC/AC magnetic nanoadsorbent.
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Fig. 6. VSM magnetization curve of CoFe,O,@MC/AC magnetic
nanoadsorbent; the photo inset shows the solution after mag-
netic separation of the magnetic nanoadsorbent.

adsorbent dosage from 0.1 to 1 g/L increased the removal
efficiency from 47% to 98%, which was consistent with
the findings of this study.

3.2.2. Effect of the initial concentration

Concentrations of 10, 15, 20, 30, and 40 mg/L were eval-
uated to optimize the concentration of metronidazole in the
adsorption process. The adsorption efficiency of metronida-
zole decreases from 93.5% to 77% when the initial concen-
tration of the solution is increased from 10 to 40 mg/L, as
illustrated in Fig. 7b. As a result, the optimum metronida-
zole concentration was 10 mg/L. The decrease in metronida-
zole removal efficiency with increasing its concentration is

because as the initial concentration rises, the density of pol-
lutant molecules in the environment rises, causing the active
sites on the adsorbent surface to become occupied, so low-
ering metronidazole removal efficiency [108]. The adsorp-
tion of metronidazole from wastewater using a floating bed
reactor by iron and coal was also reported by Malakootian
et al. [5], who found that when the concentration of met-
ronidazole increases, the removal efficiency declines,
which was consistent with the findings of this work.

3.2.3. Effect of temperature

Another aspect that affects the adsorption process is
the process temperature. Fig. 7c depicts the influence of
temperature fluctuations on metronidazole adsorption
efficiency. Temperatures ranging from 25°C to 60°C were
investigated in this study. The findings of the investigation
of the influence of process temperature on metronidazole
removal efficiency indicated that at 25°C, metronidazole
removal efficiency by nanoadsorbent is 93%, whereas as
the temperature increased to 60°C, metronidazole removal
efficiency declined to 87%. The adsorption process is exo-
thermic, according to this conclusion. A similar result was
observed in Sun et al. [109] study for metronidazole removal,
which was compatible with the findings of this investigation.

3.2.4. Effect of pH

The impact of pH on the adsorption process is signif-
icant. The findings of the influence of pH on the removal
efficiency of metronidazole by magnetic nanocomposite at
an initial concentration of 10 mg/L, the nanoadsorbent dose
of 2.5 g/L, as well as contact time of 70 min are presented
in (Fig. 7d). According to the results, the highest removal
efficiency of metronidazole was 80% at pH = 3. On the
other hand, it was found that by increasing the pH from
3 to 9, the removal efficiency decreases to 62%, so pH = 3
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metronidazole removal efficiency (temperature = 25°C, pH = 3, dosage nanoadsorbent = 2.5 g/L, concentration MNZ = 10 mg/L).

was considered the optimal pH. Using electrostatic and lyo-
phobic forces, the adsorption behavior of metronidazole
on the adsorbent surface was investigated. Metronidazole
has two pKa, as shown in Fig. 7e. The five-ring nitrogen is

represented by pKa, = 2.55, whereas the hydroxyl group
is represented by pKa, = 14.44. In the pH range of 4 to
12, metronidazole becomes closer to the anionic form as
the pH rises, but at pHs lower than 4, the cationic form
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predominates. Given that the study’s optimal pH was 3,
metronidazole may be expected to be present in cationic
form. The pH, _of CoFe,0,@MC/AC magnetic nanocompos-
ite, on the other hand, was measured and found to be 6.5.
According to pH, , the adsorbent’s surface charge is nega-
tive at pHs more than 6.5 and positive at pHs less than 6.5.
Since the optimal pH of process 3 is already, the adsorbent’s
surface has a positive charge, causing electrostatic repulsion
with the positive charge of metronidazole. Although metro-
nidazole is an organic component in the aqueous medium, it
tends to separate from the solution and reach the adsorbent
surface under the influence of lyophobic forces under these
circumstances, and this process is dominant [110]. Similar
results were found in research on metronidazole adsorp-
tion done by Malakootian et al. [26]. They also discov-
ered that metronidazole removal efficiency was greater at
acidic pHs.

3.3. Adsorption isotherm models

Table 1 shows the results of Freundlich and Langmuir
equilibrium isotherms [93].

According to the results, the R? value of the Freundlich
model (0.972) was larger than the R? value of the Langmuir
model (0.952), and the metronidazole adsorption pro-
cess followed the Freundlich model. In addition, in the
Freundlich model, the value of 1/n was between zero and
one, indicating that the metronidazole adsorption pro-
cess is favorable. The metronidazole removal by magnetic
nanoadsorbents was studied by Asgari et al. [106] and
the results revealed that the adsorption process followed
the Freundlich isotherm, which was compatible with the
findings of this study.

3.4. Kinetic study

Table 2 shows the findings of kinetic investigations of
metronidazole adsorption by CoFe,O,@MC/AC.

Given that the value of R? in the pseudo-second-
order model (0.999) was greater than the value of R? in
the pseudo-first-order model (0.289), the pseudo-second-
order model explains the adsorption behavior of metro-
nidazole on nanoadsorbents is more appropriate, and the
adsorption process of metronidazole by CoFe,0,@MC/AC
followed the pseudo-second-order kinetic model. Asgari
et al. [106] kinetic’s study of metronidazole adsorption using

Table 1
Langmuir and Freundlich isotherm parameters (adsorbent:
2.5 g/L, contact time: 20 min, pH: 3)

Freundlich isotherm

Rk (mg/g)(1/mg) 1/n R R Q, K,

Langmuir isotherm

(mg/g) (1/mg)
0.221
0.159
449 0972 0.469 0952 0.124 15.898 0.341
0.086
0.066

Fe,O,-chitosan nanoadsorbent revealed that the adsorption
process kinetic followed a pseudo-second-order kinetic,
which was compatible with the findings of this study.

3.5. Thermodynamic study

Table 3 shows the findings of thermodynamic inves-
tigations of the metronidazole adsorption mechanism by
CoFe,0,@MC/AC. The exothermic adsorption process is
indicated by negative standard enthalpy changes in the
reaction.

The values of standard enthalpy changes (AH) and stan-
dard entropy changes (AS) can be obtained by plotting the
pick-up diagram InK, vs. 1/T (Fig. 8) and deriving the line
equation. The Gibbs standard free energy changes (AG)
can then be calculated at the required temperatures using
Eq. (8) [111].

The negative Gibbs energy suggests that the adsorption
process is spontaneous, which was compatible with Nasseh
et al. [112] investigation on the adsorption of the antibiotic

Table 2
Coefficients for the adsorption kinetics models (MNZ: 10 mg/L,
adsorbent: 2.5 g/L, pH = 3)

Pseudo-first-order kinetic Pseudo-second-order kinetic

model model
R K q, R K, q,
(min™)  (mg/g) (g/mgmin)  (mg/g)
0.289 0.0817 0.083 0.999 1.73 3.6523
Table 3

Values of thermodynamic parameters of metronidazole adsorp-
tion onto CoFe,0,@MC/AC

T(K)  AG°(K/mol)  AH°(kJ/mol)  AS° (J/mol'K)
298 -4.16
303 -3.45
308 317 -19.82 5357
313 -2.75
333 215
1.8
1.6 °©
1.4 e o
2 e o
1 e = 3
2 0s o Yo
£ 06 '
0.4
02
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0.0029 0.003 0.0031 0.0032 0.0033 0.0034
T

Fig. 8. Van't Hoff plot (pH = 3, dosage nanoadsorbent = 2.5 g/L,
concentration MNZ = 10 mg/L).
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metronidazole utilizing a novel magnetic nanocompos-
ite derived from simulated wastewater. Negative standard
enthalpy changes in the adsorption process imply that it is
exothermic, while negative standard entropy changes indi-
cate that the adsorption process is becoming less irregular.
The standard entropy changes of the process were nega-
tive and demonstrated a reduction in process irregularities
in Sun et al. [113] work on the adsorption of metronida-
zole by sugarcane-derived biochar, which was compatible
with the results of this investigation.

3.6. Efficiency of process on real wastewater

The metronidazole adsorption process was carried out
on Kerman University of Medical Sciences’ real wastewater
sample under optimal conditions (pH = 3, nanoadsorbent
dose = 2.5 g/L, time = 20 min, temperature = 25°C, MNZ
concentration = 10 mg/L). Table 4 shows the results of the
physio-chemical quality of this effluent.

In the real sample, the maximum adsorption efficiency
was 85%. The efficiency decrease in the real sample is due
to the existence of interfering components in the waste-
water sample, such as anions and cations, which hinder
metronidazole from adsorbing on the adsorbent surface
and compete with metronidazole for adsorption on the
adsorbent surface [114].

Table 4
Physico-chemical characteristics of real wastewater samples

Amount Parameters

7.38 pH

143.5 SO, (mg/L)

8.0 BOD (mg/L)

26.1 COD (mg/L)

78 TSS (mg/L)

1,194 TDS (mg/L)

1.40 N(NH,) (mg/L)

1.82 TKN (mg/L)

38.38 PO, Orto (mg/L)

10 Metronidazole (mg/L)
Table 5

Comparison of CoFe,0 4@MC/AC with other adsorbents

3.7. Comparison of CoFe,0,@MC/AC efficiency with other
adsorbents

In Table 5, the efficiency of the CoFe,0O,@MC/AC mag-
netic nanocomposite in removing pharmaceuticals was
compared to that of other synthesized magnetic adsorbents.

The CoFe,0,@MC/AC magnetic nanocomposite showed
a greater removal efficiency in less time, according to
Table 5. After four cycles of recovery and reuse, the removal
efficiency was 66%. In addition, its efficiency of 85% for real
wastewater samples demonstrates the high efficiency of this
magnetic nanocomposite in contrast to other synthesized
adsorbents.

3.8. Investigation of reusability and stability of CoFe,0,@MC/AC

Regeneration and reusability of the adsorbent are crit-
ical in the adsorption process, both economically and eco-
logically. Due to its high magnetic strength, the CoFe,O,@
MC/AC magnetic nanocomposite is readily removed from
the process environment by a magnet and does not cause
secondary contamination in the environment. The removal
efficiency of the CoFe,0,@MC/AC magnetic nanocompos-
ite was 93% in the first cycle and fell to 82% in the second
cycle. The contaminant’s occupation of adsorbent sites
could be the cause of this decrease in efficiency. The chem-
ical stability of the adsorbent was further studied using
XRD and FESEM analyses after four times of regeneration
and reuse (Fig. 9). The crystal structure and morphology
of the nanoadsorbent were still preserved after four steps
of regeneration and reuse, according to XRD and FESEM
findings, and it can be utilized frequently for the treatment
of metronidazole-containing wastewater [25,26,43].

3.9. Adsorption mechanism

The FTIR spectra of the adsorbent were studied before
and after the adsorption process to investigate the mecha-
nism of metronidazole adsorption (Fig. 10a). The strength
of several peaks in the FTIR spectrum of the adsorbent
after the adsorption process reduced or shifted to a lower
wavelength, indicating that these functional groups were
engaged in the metronidazole adsorption process. As can
be seen, the adsorption bands in the 3,450 cm™ are related

No. Adsorbent Pollutant Doseof  Concentration Contact  Efficiency (%)  Recovery Absorption Ref.
adsorbent (mg/L) time Synthetic Real (%) capacity
(8/L) (min) sample  sample (mg/g)
1 Fe,O,-Chitosan ~ Metronidazole 2 10 90 99.05 - - - [88]
2 Biochar derived Metronidazole 4 10 120 88.8 - - 23.61 [91]
from sugarcane
bagasse
3 Rice husk Metronidazole 3 100 90 90 - - - [122]
4 Biochar rice bran Metronidazole 1.5 10 45 90 - - 21.33 [123]
5 CoFe,0,@MC/ Metronidazole 2 10 20 93 85 66% 4 15.90 This
AC cycles work
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Fig. 9. Recycling of CoFe,0,@MC/AC in the removal of metronidazole (a), XRD (b), and FESEM (c) analysis after four recovery steps.

to the tensile vibrations of the hydroxyl functional groups,
the adsorption band in the 1,600 cm™ is related to the ten-
sile vibrations of the dual bands C=C, and the adsorption
band in the 1,081 cm™ is related to the tensile vibrations of
the bands C-O-C have decreased in intensity and shifted
to lower wavelengths, demonstrating that these groups
are involved in the metronidazole adsorption process.
Also, the possible mechanisms for metronidazole adsorp-
tion by CoFe,0,@MC/AC are shown in Fig. 10b. The addi-
tional interactions may be implicated in the metronidazole
adsorption step through the electrostatic attraction between
metronidazole and the adsorbent. The m-electron of the
metronidazole molecule’s heterocyclic aromatic ring, on the
other hand, would interact with distinct CoFe,O,@MC/AC
sites. Methylcellulose is a polymer made mostly of polysac-
charides that is highly hydrated. The foundation of MC is a
highly hydrophilic polymer and long-chain polysaccharide
comprising glucose monomers that are joined together by
beta bonds. The polysaccharide CH group forms a CH-nt
bond with the m-electrons of aromatic molecules [115,116].
As a result, metronidazole molecule adsorption in the
scaffold of the polysaccharide matrix would require a van
der Waals attraction between the mt-electron of the hetero-
cyclic aromatic ring of the metronidazole molecule and
the hydrogen atom of the CH group of the MC to gener-
ate a CH-m bond. Another mechanism might be an OH-mt
bond with the Hydroxyl group of MC. CoFe,O,@MC/AC,
on the other hand, has a complicated structure in which
the OH groups of MC engaged in intermolecular inter-
actions may be depleted of free OH to form bonds with

metronidazole [115]. Saccharides are polar, however, due
to the direction of OH groups, which have a preference for
forming hydrogen bonds with hydrophobic compounds,
they may include some hydrophobic constituents [115,117].
Metronidazole’s hydrophobic imidazole ring would gener-
ate an OH-m bond with hydrophobic moieties” OH groups.
Metronidazole interacts with its m electron to generate m—mt
dispersion bonds with other molecules, according to pre-
vious research [118]. CoFe,0,@MC/AC magnetic adsorbent
with AC with 7 electron would be predicted to facilitate
the development of m—m dispersion bonds for metroni-
dazole interaction. Metronidazole’s alkyl side chain also
contributes to the adsorbent’s binding [119]. Additionally,
the CoFe,0,@MC/AC magnetic adsorbent was included
functional groups such as hydroxyl and methoxy groups
that may form H-bonds with metronidazole.

3.10. Performance comparison of CoFe,0,@MC/AC, AC,
and CoFe,O,

Fig. 11 compares the metronidazole adsorption effi-
ciencies of activated carbon, CoFe,O,, and the CoFe,O,@
MC/AC nanocomposite under optimum adsorption cir-
cumstances. The results revealed that activated carbon,
which has a higher adsorption capacity than CoFe,0O,@MC/
AC and CoFe,O,, had a better removal efficiency than the
other two adsorbents. However, its separation and regen-
eration require more time, cost, and energy than those of
the other two adsorbents. Due to the lack of active carbon

and methyl cellulose in its structure, the CoFe,O, adsorbent
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Fig. 10. FTIR of CoFe,0,@MC/AC before and after metronidazole adsorption (a) and mechanism of metronidazole adsorption.

was less effective in removing metronidazole than the other
two adsorbents. The adsorbent’s effectiveness in adsorbing
metronidazole is increased by the high capacity of activated
carbon for adsorption and the existence of functional groups
in methylcellulose in its structural composition [48]. Because
active carbon and methylcellulose were included in the
structure of the produced CoFe,0,@MC/AC nanocomposite,
it exhibited a better removal efficiency than cobalt ferrite.

4. Toxicity assay through Artemia and Daphnia

In accordance with the OECD Guideline (2014) on evalu-
ating the environmental destiny of nanomaterials in aquatic
environments, and given that, before this study, very limited

information was only known on the possible risk assess-
ment of chemical magnetite nanoparticles in organisms like
Artemia and Daphnia, these animals have a very significant
place in the pyramid of matter and energy in aquatic food
chains as models of nano-ecological animals and even higher
levels of food chains can act as representatives of the sec-
ondary consumer group and can act as transmitter nanopar-
ticles [120]. As a result, the acute toxicity of CoFe,0,@MC/
AC nanoparticles in saline and freshwater aquatic species
was assessed and compared in this study. Table 6 shows
the results of toxicity studies of synthetic effluent samples
on Artemia and Daphnia aquifers under optimal condi-
tions. Toxicity was assessed on a synthetic effluent sample
of 10 to 100 vol.% (10%, 25%, 50%, 75%, and 100%) and a
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Table 6
Determination of LC, value and toxicity unit (TU) of effluent by Artemia and Daphnia
Desired criteria 12h 24h 36h 48 h 72h
(95% confidence) Artemia Daphnia ~ Artemia  Daphnia  Artemia  Daphnia ~ Artemia ~ Daphnia ~ Artemia  Daphnia
LC,, (mg/L) 224.073 166.37 181.118  212.398  172.383 185580 157984  181.458 152.598  173.201
LC,, max. (mg/L) 4,277.165 587.738  522.673 1560 439514 844562 335278 1,303.393 310.876  988.821
LC,,min. (mg/L)  140.175 122.461  126.083 134.7 122.167  120.731  115.337  114.626 111.967  110.952
TU (toxicity unit)  0.446 0.601 0.552 0.470 0.580 0.539 0.633 0.551 0.655 0.577
B CoFe204@MC/AC 500.000
AC (a)
100 CoFe204 _ i a ~ 400.000
_ -
S g0 300.000
ey - = Q
g T i i i i < 200000
-5 60 = —o—LC50 12 h:224
= = —0—LC5024 h:181
Sa} 0 100.000 LC5036 h:172
=4 LCS0 48 h:157
2 —8—LC50 72 h:152
g 0.000
g 20 40 60 80 100 120
[
~100.000
0 Mortality (%)
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Time (min)
600.000
Fig. 11. The performance comparison of CoFe,0,@MC/AC, 500,000 )
AC, and CoFeO, for metronidazole adsorption (tempera-
ture = 25°C, pH = 3, dosage nanoadsorbent = 2.5 g/L, concentra- 400.000
tion MNZ =10 mg/L).
300.000
. . 2 200.000 ~0—LC50 12 h:166
control sample with three repeats. Given that there were 30 & —8—LC50 24 h:212
Artemia and Daphnia in each sample container at the begin- .= 100.000 11:828 22 Eigf
ning, the number of dead Artemia and Daphnia was counted = 0.000 ——LC50 72 h:173
after 12, 24, 36, 48, and 72 h. The LC,, of the samples, as ’ 100 120
well as the toxicity unit (TU), were then calculated using -100.000 |
SPSS software probit analysis [88,121]. Artemia and Daphnia
. . . . -200.000
might both die at varying doses of metronidazole, as seen
in Fig. 12a and b. The effects of effluent toxicity on Daphnia -300.000

and Artemia have risen with increasing concentration and
also with increasing exposure time, as shown in Table 6.
However, the death rate for Daphnia and Artemia after 72 h.
at the maximum effluent concentration (100% by volume)
was 33.3% for Daphnia and 26.6% for Artemia, according
to the findings. The toxicity of the effluent following the
adsorption process was found to be minimal under opti-
mal conditions, indicating that it was not detrimental to the
environment.

5. Conclusion

The magnetic nanocomposite CoFe,0,@MC/AC was syn-
thesized utilizing a rapid green method in the presence of
methylcellulose biopolymers and activated carbon in this
study. BET, VSM, XRD, FESEM, EDS, FTIR, and mapping
& Line scan techniques were used to structurally evaluate

Mortality (%)

Fig. 12. Artemia (a) and Daphnia (b) mortality at different times
and concentrations of effluent.

the synthesized magnetic nanocomposites. The structural
study revealed that the nano-scale nanoadsorbent was syn-
thesized as homogeneous spherical nanoparticles with no
lumps, high magnetic strength (57.91 emu/g), high surface
area (128.22 m?/g), and strong heat resistance while preserv-
ing the crystal structure. The removal efficiency of metroni-
dazole by this magnetic nanocomposite in synthetic and real
wastewater samples was 93% and 85%, respectively, under
optimal conditions of pH = 3, nanoadsorbent dose = 2.5 g/L,
contact time = 20 min, temperature = 25°C, and MNZ initial
concentration = 10 mg/L. The adsorption mechanism for
metronidazole was consistent with a pseudo-second-order
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kinetic and Freundlich isotherm, according to adsorption
kinetics and isotherms. Metronidazole adsorption was an
exothermic process. The synthesized magnetic nanocom-
posite could also regenerate and reuse, and had a removal
efficiency of 66% of metronidazole from the aqueous solu-
tion after four cycles of regeneration and reuse. The toxic-
ity effects of Daphnia and Artemia effluents increased with
increasing concentration and also with increasing effluent
exposure time, according to the LC_ values. However, the
death rate for Daphnia and Artemia after 72 h at the maxi-
mum effluent concentration (100% by volume) was 33.3%
for Daphnia and 26.6% for Artemia, according to the findings.
These findings indicated that this magnetic nanocompos-
ite can be utilized to eliminate metronidazole from water
polluted with contaminants and might be employed in the
pharmaceutical industries for wastewater treatment.
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