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ABSTRACT

Pharmaceutical pollutants, especially antibiotics, are a serious concern and one of the most polluting
sources of the environment, and are harmful to the environment and human health. The purpose of this
study was to evaluate the removal of metronidazole (MNZ) using powdered and granular magnetic
activated carbon nanocomposites (magnetic powdered activated carbon (PAC) and magnetic granular
activated carbon (GAC)) with adsorption from aqueous solutions. In this experimental-laboratory study,
the adsorbent characteristics were determined by scanning electron microscopy (SEM), X-ray diffraction,
vibrating sample magnetometer, Brunauer-Emmet-Teller (BET), Fourier transform infrared spectros-
copy, and energy-dispersive X-ray spectroscopy analyses. The effects of different parameters includ-
ing pH (3-11), MNZ concentration (10-30 mg/L), adsorbent dosage (0.2-3 g/L) were investigated
on the adsorption process. Then, the adsorption isotherm and kinetics equations were investigated.
The obtained results of SEM images showed the porosity on the magnetic activated carbon surface
with varied sizes, almost uniform dispersion, and a diameter between 20 and 50 nm. Furthermore,
the BET results showed that the specific surface area and the pore volume were 109.91 m*/g, and
0.2552 cm?/g for the Magnetic PAC, and 561.16 m*/g and 0.2898 cm?/g for the magnetic GAC. Also,
the magnetization curve showed that the nanoparticles have super paramagnetic nature, whose
magnetic saturation value was 30.717 emu/g for the powdered magnetic activated carbon nanoparti-
cles, and 32.992 emu/g for the granular magnetic activated carbon nanoparticles. The results showed
that the highest efficiency of magnetic GAC in the removal of MNZ (92/4%) was in conditions with
an initial antibiotic concentration of 20 mg/L, pH = 7, adsorbent dosage 1 g/L, and for 90 min. The
highest efficiency of magnetic PAC in the removal of MNZ (29.94%) was in conditions with pH =3,
adsorbent dosage of 0.2 g/L and for 30 min. The data obtained from equilibrium isotherms revealed
that the MNZ absorption process through the magnetic GAC adsorbent (Langmuir (R? = 0.83),
Freundlich (R? = 0.98)), magnetic PAC adsorbent (Langmuir (R? = 0.89), and Freundlich (R? = 0.94))
were in consistent with the Freundlich model. Also, the data obtained from the reaction kinetic cal-
culations showed that the absorption of MNZ by the adsorbents was in accordance with a pseudo-
second-order model (R* = 0.98 for magnetic GAC adsorbent and R* = 1 for magnetic PAC adsor-
bent). The results obtained in this study showed that magnetic GAC as an effective adsorbent and
magnetic PAC along with other methods could be used to remove MNZ from the aqueous solutions.
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1. Introduction

The presence of organic pollutants in water resources
is a serious threat to the environment and human health in
recent decades. Pharmaceutical compounds are of the types
of these pollutants that enter the surface and underground
water resources, mainly due to urban and industrial sew-
age and wastewater. The presence of drug substances in
the environment, due to their high stability, not only dis-
rupts the conventional processes of wastewater treatment,
but also imposes toxic effects on humans and other living
organisms; for this reason, the removal of this pollutant has
attracted further attention of researchers [1,2]. One of the
drug pollutants is antibiotics that are metabolized incom-
pletely in the human body after ingestion. The metabolized
portion runs into wastewater treatment plants through
waste materials, and the non-metabolized portion is dis-
charged into the environment as activated compounds.
Research in this area in Germany found that 70% of the used
antibiotics are excreted unchanged [3]. It should also be
noted that the wastewater treatment plants are often unable
to treat the antibiotics discharged and eventually penetrate
with wastewater into the recipient water [4]. Antibiotics
have a negative effect on the environment in two ways: the
effect on non-target animals and the development of bacte-
rial resistance [5].

Metronidazole (MNZ), as one of the most commonly
used antibiotics in the world, belongs to the Nitro imidaz-
ole group [6]. This antibiotic has a ring structure [7], whose
applications include the treatment of infectious diseases
caused by anaerobic bacteria and protozoans, and anti-
parasitic drugs in chicken and fish food [1]. The International
Agency for Research on Cancer (IARC) has reported the
mutagenicity and Geno toxicity of MNZ on human cells
and carcinogenicity on animals. The carcinogenesis of this
antibiotic on humans has not yet been proven [6]. The MNZ
is highly soluble in water, has a low degradability, and is
not well-removed by conventional treatment methods [8].

Various methods, such as adsorption [9], photochemi-
cal oxidation [7], electro-Fenton process [10], and biological
methods [11] have been used to remove the MNZ. Many
researchers have used activated carbon to adsorb antibi-
otics from aqueous solutions [12]. The activated carbon as
an adsorbent is proposed due to porosity and high surface
area, an appropriate option for effective removal of aque-
ous solutions, but its use on a large scale is limited due to
problems such as filtration, dispersion, and opacity and
high cost of reduction [13]. Hence, magnetization, adsorb-
ing contaminants with the help of an external magnet, can
provide conditions for the optimal use of activated car-
bon and the production of effluent with very low opacity.
Recently, the magnetic field has been widely considered due
to low cost, simplicity, and proper separation rate as well
as high efficiency. In this regard, there are various adsor-
bents, such as ion-exchange resins, zeolites, activated carbon
fibers, polymeric and waste adsorbents, and even magnetic
nanoparticles [14]. However, the requirement for magnetic
separation of adsorbents is their synthesis or combination
with nanoparticles mainly in the form of Fe,O, MNPs, which
are adsorbed by a magnet to combine or pollute the target
and eventually separate or remove from aqueous solutions.

In addition, the presence of magnetic iron oxide (Fe,O,)
leads to chemical stability, toxicity reduction, and excellent
adsorption capability [15]. The advantage of using this sep-
aration technology is that harmful substances are separated
from the environment with magnetic particles, using a mag-
netic field. After magnetic separation, harmful compounds
are easily removed from magnetic particles, and retrieved
magnetic particles can be reused [16].

Ahmed and Theydan [17] investigated the adsorp-
tion of MNZ on activated carbon from an agricultural
waste and showed that the adsorption rate followed a
pseudo-second-order kinetic model. Also the removal
process of MNZ from aqueous solutions over nanozerov-
alent iron (NZVI) encapsulated within poly (acrylic acid)
(PAA)/poly (vinylidene fluoride) (PVDF) membranes was
reported [18].

In this study, a new substrate was provided for the
removal of MNZ and the in vitro conditions were optimized
to increase its adsorption capacity and then to describe
the adsorption mechanism and the mechanism of adsorp-
tion isotherm equations, as well as to describe the adsorp-
tion process behavior. The kinetic equations of adsorption
were used in time unit and prediction of adsorption rate.

Due to the absence of any study on the adsorption of
MNZ antibiotic using magnetic activated carbon nano-
composite (magnetic powdered activated carbon (PAC)
and magnetic granular activated carbon (GAC)), this study
was conducted to compare the efficiency of magnetic acti-
vated carbon nanoparticles (powdered and granular) in
adsorbing the MNZ from the aqueous solutions.

2. Materials and methods

The materials used in this study included the pure
powder of MNZ (Sigma-Aldrich, Germany), which is
described in the table, powdered and granular activated
carbon (Merck, Germany), 0.1 N HCL and NaOH, iron salts
of FeCl, and FeSO, (Merck, German), and DMSO solution
(Sigma-Aldrich, Germany). A scanning electron microscopy
(SEM, SIGMA VP-500 model, ZEISS, Germany) equipped
with an X-ray diffraction spectrometer (XRD) was used
to study the shape, mean diameter, surface detail, and
structural analysis of powdered and granular activated
carbon nanoparticles. The XRD device (model Pert x, Pro,
Panalytical) was used to determine the crystalline structure
of nanoparticles, the Fourier transform infrared spectros-
copy (FT-IR) analysis (FT-IR device, model AVATAR 370)
to detect the functional groups on the adsorbent surface,
the vibrating sample magnetometer (VSM) test using the
vibration sampling magnetometer device (VSM 7400) was
employed to measure the magnitude of the magnetic prop-
erty, and the Brunauer-Emmet-Teller (BET) test was used
to determine the specific surface area of the adsorbent. The
BET test, using adsorption and desorption of nitrogen gas
on the adsorbent, can determine the specific surface area,
pore-volume, and pore size. The test was carried out by
the American-Japanese device Belsorp, D-Petronik, and
the energy-dispersive X-ray spectroscopy (EDS) analysis
to measure the percentage of adsorbent-forming elements
with the help of DayPetronik, Ranian. Table 1 describes
the physicochemical properties of MNZ [1,6].
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Table 1
Structure and physicochemical properties of metronidazole
(MNZ)

Trade name 1-(B-Hydroxyethyl)-2-methyl-5-

nitroimidazole
Chemical formula CHN,O,
Molecular weight 171.5 (g/mol)
Water solubility 9.5 (g/L)
Pka 2.55
V. (Pa) 4.07 x 107
Molecular structure (\OH
CHy
O:N NY
‘& J
M

2.1. Preparation and modification of magnetic activated carbon
nanocomposite (magnetic GAC and magnetic PAC)

The adsorbents used in this study, powdered, and gran-
ular activated carbon nanoparticles, find a magnetic prop-
erty stoichiometrically by co-precipitation of iron sulfate
(FeSO,-7H,0) and iron chloride (FeCL,-6H,O).

In the first step, 1 g of activated carbon and 100 mL
of sodium hydroxide (with a purity of 49% by mass) are
stirred for 2 h, and then the mixture is filtered with filter
paper to remove excess sodium hydroxide. In the second
step, 2.7 g of iron chloride and 1.2 g of iron sulfate are dis-
solved in 300 mL of DM water (which is deoxygenated by
nitrogen gas and heated at 60°C-70°C). In the third step,
the activated carbon impregnated with sodium hydroxide
is gradually added to the iron salts solution to precipitate
the iron ions present in the solution as iron oxide (Fe,0,)
inside the activated carbon pores. At this stage, stirring is
very effective in reducing the size of the deposited Fe,O,
nanoparticles on the activated carbon. The composite is col-
lected by a strong magnet at the bottom of the container
and washed several times with DM water to remove excess
sodium hydroxide and then dried in an oven at 80°C for
1 h. PAC and GAC were mixed in alkaline solution over a
specified period and added to bivalent and trivalent iron
salts, and blended with nitrogen gas for deoxygenation, and
thus the adsorbents were synthesized [19], and used for the
adsorption experiments.

2.2. MNZ adsorption stage

The adsorption experiments were carried out in a dis-
continuous adsorption system using MNZ as an adsor-
bent by powdered and granular magnetic activated carbon
adsorbents. We prepared MNZ stock solution by dissolv-
ing the pure antibiotic powder in double distilled water.
The amount of drugs was calculated based on molecular
mass and its purity, and the stock solution was prepared at a
concentration of 100 mg/L.

The experiment was performed discontinuously in 100 cc
flasks on a shaker. The stock solution was used to prepare
various concentrations of MNZ. To perform experiments, at

first, 50 cc of the sample was taken at a specific concentra-
tion, and after adjusting the pH, a certain adsorbent dos-
age was weighed and added to the solution, and the mixing
was carried out on a shaker at different contact times and
concentrations. In this regard, the contact time in the reac-
tor (5, 10, 15, 30, 60, 90, 120, and 200 min) and the initial
pH values (3, 5, 7, 9, and 11), the initial MNZ concentra-
tion (10, 15, 20, 25, and 30 mg/L), and the adsorbent dosage
(0.2, 0.5, 1, 2, and 3 g/L) were adjusted with a stirring rate
of 300 rpm and the ambient temperature. To measure resid-
ual MNZ concentration, a calibration curve was drawn at
different concentrations of MNZ (0.1, 0.15, 0.25, 0.5, 1, 2, 3,
5, 7, and 10 mg/L), whose R?* was equal to 0.99. Then, the
residual MNZ concentration was measured using a spectro-
photometer device at a wavelength of 320 nm [20]. The iso-
therms of adsorption were investigated using Langmuir and
Freundlich models. The kinetics of adsorption was investi-
gated using pseudo-first-order and pseudo-second-order
equations.

The Freundlich equation states the adsorption on hetero-
geneous surfaces in terms of adsorption energy. Indeed, the
Freundlich model assumes a monolayer adsorption but in a
no uniform manner. The following equation represents the
mathematical model of Freundlich adsorption isotherm.

g, =KC!" M

where g, is the mass ratio of the solid phase, which is the
adsorbed mass/adsorbent mass ratio (mg/g), C, is the equi-
librium concentration (mg/L), K is the experimental constant
(Freundlich equation coefficient).

In the Langmuir adsorption isotherm, the adsorption
is monolayered and the adsorption areas on the adsorbent
surface are uniform with the equal adsorption capacity.
Moreover, the connections and bonds of adsorption are
reversible. The mathematical model of Langmuir adsorption
isotherm is shown by the following equation.

K,C,
qﬁ — qlmax L—e (2)
+K,C,
where g is the maximum adsorption capacity (mg/g),

K, is the experimental constant (Langmuir equation coef-
ficient). C, and g, parameters are similar to Freundlich
adsorption isotherm.

3. Results and discussion
3.1. Charactristics of magnetic PAC and magnetic GAC

Investigating spectra related to the profile of magnetic
adsorbents (magnetic PAC and magnetic GAC). The adsor-
bents were characterized by specific diagnostic techniques,
whose findings are illustrated as follows.

The FT-IR spectrum shows that the presence of the
peak adsorption band of iron ferrite nanoparticles below
600 cm™ is related to Fe*" <> O and Fe* <> O, indicating the
formation of Fe,O, or Fe,O, nanostructures. In fact, it is a
proof of the Fe-O vibration. The presence of peaks at the
range of 1,000-1,300 and 2,000-3,000 cm™ is related to C=H
and C-O stretching modes and the peaks above 3,000 cm™
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is related to O-H vibration groups in the composition, all
confirming the presence of existing functional groups in the
nanostructure. These changes in the IR spectrum show that
the desired nanoparticles have been successfully synthe-
sized (Fig. 1).

The nanoparticles were studied by a magnetometer,
sample vibration (VSM) at room temperature, to evaluate
the magnetic properties. The plot of the magnetic moment vs.
magnetic field (M-H ring) in the 300 K for magnetic acti-
vated carbon nanoparticles is given in Fig. 2 The magne-
tization curve shows that the nanoparticles have super
paramagnetic nature, whose magnetic saturation value is
30.717 emu/g for the powdered magnetic activated carbon
nanoparticles, and 32.992 emu/g for the granular magnetic
activated carbon nanoparticles. The synthesized adsor-
bent is dispersed in water, can be easily collected by the
external magnetic field in a few minutes, and can then be
re-dispersed with a slight flicker. The results show that
the particles have a good magnetic property, and can be
re-dispersed, which indicates a simple application of mag-
netic adsorption.
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The crystalline structure of the nanoparticles by the
XRD is represented in Fig. 3. The XRD patterns provide
specific peaks for the magnetic PAC at 272.30 (2 2 0), 659.35
(31 1), 301.37 (2 2 2), 341.43 (4 0 0), 778.53 (4 2 2), 331.57
(3 3 3), 949.62 (4 4 0), 603.26 (6 0 0), and 402.18 (1 1 1),
indicating the consistency with the JCPDS database.

The XRD patterns indicate specific peaks for magnetic
GAC at 272.30 (2 2 0), 659.35 (3 1 1), 301.37 (2 2 2), 341.43
(4 0 0), 778.53 (4 2 2), 331.57 (3 3 3), 949.62 (4 4 0), 603.26
(3 0 0), and 402.18 (1 1 1), which are consistent with the
JCPDS database.

The shape and size of the nanoparticles were deter-
mined by SEM.

The SEM is widely used to determine the morphol-
ogy, shape, and particle size estimation in the micro and
nano dimensions. These images represent the formation
of nano-scale structures. The surface properties of mag-
netic activated carbon obtained from the SEM in 15 kev
are shown in Fig. 4. The figure shows porosity on the mag-
netic activated carbon surface with varied sizes, almost
uniform dispersion, and a diameter between 20 and 50 nm.

(b)

Fig. 1. FT-IR spectrum of magnetic PAC (a) and magnetic GAC (b).
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Fig. 2. VSM curve of magnetic PAC (a) and magnetic GAC (b).
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Fig. 3. XRD spectrum of magnetic PAC (a) and magnetic GAC (b).
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Fig. 4. SEM image of magnetic PAC (a) and magnetic GAC (b).

The SEM images of these nanoparticles indicate that the size
of the magnetic PAC was in the range of 20.10-41.05 nm,
which changed to 31.44-43.67 nm after the MNZ adsorp-
tion; and the size of the magnetic GAC was in the range of
27.98-46.12 nm, which increased to 24.38-51.95 nm after the
MNZ adsorption.

The specific surface area test (BET) showed that the spe-
cific surface area and the pore volume were 109.91 m%g,
and 0.2552 cm?/g for the magnetic PAC, and 561.16 m?/g
and 0.2898 cm?/g for the magnetic GAC (Fig. 5). This type
of isotherm is used for porous materials. It indicates that
the material has very thin pores and capillaries, in which
case the adsorption rate is significantly increased and the
adsorbed material is concentrated on the surface. This type
of isotherm is often observed for industrial catalysts and
the corresponding curve is used to determine the pore size
distribution. The reversibility of the adsorption reaction
is also illustrated in the diagram (Fig. 5).

The EDS analysis in Fig. 6 shows that iron, carbon,
and oxygen elements had a percent weight of 44.2, 37.9,
and 179 for the powdered magnetic activated carbon

®
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nanoparticles, and 77.9, 16.8, and 5.3 for the granular mag-
netic activated carbon adsorbents, respectively.

3.2. Effect of pH

According to the results of the experiments on pow-
dered and granular magnetic activated carbon adsorbents
coated with iron oxide magnetic nanoparticles, it was
found that the reduction of pH resulted in an increase
in the efficiency of magnetic PAC nanoparticles and this
nanocomposite had the highest removal efficiency at
pH = 3. At high pH values, negatively charged hydroxyl
functional groups on the surface of adsorbate can cause
the repulsive of MNZ anions. Increasing pH reduces
MNZ adsorption efficiency by magnetic PAC, while low
pH values, due to the negative charge of MNZ, increase
electrostatic forces between adsorbent and pollutant,
thus enhancing the adsorption efficiency.

According to the adsorption curve of MNZ by mag-
netic GAC (Fig. 7a) it is shown that the antibiotic adsorp-
tion level is higher at lower pH values in the initial contact
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Fig. 5. Adsorption and desorption hysteresis of magnetic PAC (a) and magnetic GAC (b).

time, but this adsorbent has high removal efficiency at all
pH values with prolongation of the contact time; for this
reason, pH = 7 was selected as the optimal pH value that
could reduce the consumption of laboratory materials and
to advance the test in the natural conditions.

pH of solution is an important parameter that deter-
mines the adsorption amount of contaminant over the sor-
bent. According to result, pH, _for powder activated and
magnetic granule carbon nanoparticles is 9 and 7, respec-
tively. These results show that the level of magnetic pow-
der activated carbon nanoparticles is negative per pH > 9;
therefore, the adsorption amount of materials such as
MNZ bearing negative charge reduces in alkaline pHs. In
addition, it is more probable that higher pHs due to abun-
dance of hydroxyl ion create repulsion between the sorbent
level of magnetic powder activated carbon and MNZ, both
possessing negative charges which might be the reason for
little adsorption of MNZ in higher pHs. The reduction of
removal efficiency in alkaline pHs can be the result of elec-
trostatic repulsion between the negative activated carbon
level and anions for adsorption over the activated sites on
the sorbent level. In acid pHs, due to the released positive
ions from sorbent level, attraction force is created between
ions and negative MNZ that adsorb antibiotic and increase
removal efficiency by magnetic powder activated car-
bon. According to the experiments, pH-optimum is 3 for
powder activated carbon which is in line with Kakavandi
being equal with optimal 5 [21].

Fang et al. [1] and Chen et al. [22] reported pH = 3 as
pH-optimum in studying MNZ adsorption by nanoscale
zero-valent iron.

According to the diagram of MNZ adsorption by mag-
netic GAC, the amount of antibiotic adsorption in lower

pHs at initial times is higher, but the contact of this sor-
bent in all pHs possesses high removal efficiency and solu-
tion pH does not have any effect on removal efficiency. If
adsorption occurs for all pHs during the adsorption pro-
cess of contaminants by sorbents, reduction, or increase
in adsorption on the sorbent will not be due to the elec-
trostatic attraction but it is related to the chemical attrac-
tion force with enough energy to overcome ionic repulsion
force. To do so, pH =7 is selected as pH-optimum to reduce
the consumption of laboratory materials to regulate pH
and develop test in natural conditions. Rivera-Utrilla et
al. [23] showed that pH of solution does not have a certain
effect on the removal efficiency of MNZ by means of acti-
vated carbon. In the study performed by Nasseh et al. [20].
Considering the efficiency of the newly synthesized nano-
composites in MNZ adsorption, the highest percentage of
the pollutant adsorption was observed at pH =7 [20].

3.3. Effect of adsorbent dosage

As shown in Fig. 8a, increasing the adsorbent dosage
of magnetic GAC increases the efficiency of MNZ removal.
The adsorbent dosage was in the range of 0.2-3 g/L. In the
doses of 1, 2, and 3 g/L, the increase in adsorbent dosage
had no significant effect on the removal efficiency, because
the number of active sites on the adsorbent is increased and
further active site can be presented to the metal ions by
increasing the adsorbent dosage. Therefore, the number of
trapped metal ions in the adsorbent phase rises. According
to this, 1 g/L of adsorbent was selected. This may be due to
an increase in adsorbent surface or an increase in the avail-
ability of MNZ molecules to activated carbon pores. In a
study of Rivera-Utrilla et al. [23] on the removal of MNZ
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Fig. 8. Effect of adsorbent dosage in the efficiency of metronidazole removal by magnetic PAC (a) and magnetic GAC
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by activated carbon, and also in a study of Abdoli et al. [24]
on the removal of MNZ by activated carbon coated with
magnesium oxide, increased adsorbent dosage enhanced
the removal efficiency of nitroimidazole.

Depending on Fig. 8b of MNZ removal by magnetic
PAC, according to the chromogenic nature of the powdered
activated carbon and its solubility in water, the removal effi-
ciency decreases by increasing the adsorbent dosage. For this
reason, the lowest adsorbent dosage was selected at 0.2 g/L
as the optimal dosage. In a study of Salehnia et al. [25] the
increase in adsorbent dosage had no effect on the removal
efficiency.

Magnetic GAC had the highest efficiency of adsorp-
tion of MNZ at 3 g/L dose (97/24%) and magnetic PAC also
had the highest MNZ adsorption at 0.2 g/L (29/94%).

3.4. Effect of contact time and concentration

Prolonging the contact time increases the removal
efficiency of granular activated carbon coated with iron
oxide nanoparticles, and the removal efficiency has a steady
gradient from 90 min later. It should be noted that the con-
tact time had no much effect on the removal efficiency of
powdered magnetic activated carbon. The optimal contact
time for magnetic PAC and magnetic GAC was obtained at
90 and 30 min, respectively, as shown in Fig. 9. Increasing
the initial MNZ concentration reduces the removal effi-
ciency and increases the adsorption capacity, due to the
occupation of active adsorption sites on the nanoparticle
surfaces. Increasing the MNZ concentration gradually leads
to the desorption process from the surface of nanoparticles.

Given the results presented in the contact time and
removal efficiency curves, it is clear that the adsorption
of MNZ by the magnetic GAC is fast in the first minutes
and then there is a steep slope in the curve that is related to
physical adsorption. Then, the slope becomes a bit milder
due to resistance to penetration, so that after occupation of
free sites by antibiotics, creation of repulsive forces between

the fluid bulk, and the adsorbed molecules and reduction
of removal efficiency, the adsorption reaches saturated state
finally. From this time onwards, the removal efficiency
does not increase with time, which is the time of equilib-
rium, and the removal efficiency after that is kept con-
stant or slightly reduced. This decrease in adsorption may
be due to desorption [26]. Akbar et al. [27], and Altun and
Pehlivan [28] also achieved similar results. Therefore, con-
tact time had no significant effect on the MNZ removal by
magnetic PAC, and the contact time of 30 min was consid-
ered as optimum. These results are in line with a study by
Salehnia et al. [25].

Fig. 9 shows that an increase in the initial antibiotic
concentration reduces the efficiency of MNZ removal,
because the adsorbents had a limited number of active
sites that are saturated at high concentrations. Reducing
the initial antibiotic concentration reduces the amount of
adsorbate and causes the adsorption of a high percentage
of MNZ [21,29]. Because the concentration of the solution
is a limiting factor for adsorption at low concentrations,
the adsorption capacity has little effect on the antibiotic
removal efficiency, and vice versa, the adsorbent mass unit
plays a more important role in adsorbing MNZ at higher
concentrations, due to the increased concentration of
MNZ for binding sites available on the adsorbent surface.
Investigations on the adsorption of various antibiotics by
different adsorbents frequently examined the effect of the
initial antibiotic concentration on the removal efficiency
of these pollutants. In most cases, the results of studies
have shown that increasing antibiotic concentration in the
solution reduces the removal efficiency.

The pharmaceutical industry wastewaters often have
different concentrations of antibiotics. Therefore, the
study of the efficacy of MNZ removal as a function of ini-
tial antibiotic concentration is very important. The effects
of the initial MNZ concentrations were observed in the
range of 10-30 mg/L. At the concentrations of 10, 15, 20,
25, and 30 mg/L, the removal efficiency was 93%, 93.001%,
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Fig. 9. Effect of the contact time and initial metronidazole concentration in the efficiency of metronidazole adsorption by

magnetic PAC (a) and magnetic GAC (b) [pH (magnetic PAC) =

(magnetic GAC) =1 g/L, and v = 300 rpm].
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Fig. 10. Results of equilibrium data fit to determine the isotherms of magnetic PAC (a) and magnetic GAC (b).

92.24%, 91.11%, and 91.33% using the magnetic GAC as
well as 31.8%, 30.24%, 28.71%, 26.53%, and 26.77% using
the magnetic PAC adsorbent, respectively. Increasing ini-
tial pollutant concentration in optimal conditions reduces
the removal efficiency, which is similar with studies
performed by Bahrami Asl et al. [30] and Seidmohammadi
et al. [31] in removing MNZ, which showed that the rate
and efficiency of the reaction are affected by increasing
the initial pollutant concentration.

3.5. Study of adsorption isotherms

In studies on adsorption of pollutants on various
adsorbents, determination of adsorption isotherm is one
of the most important characteristics to be considered.
In fact, isotherm parameters provide important infor-
mation for designing and modeling the adsorption pro-
cess. The adsorption isotherms are often used to explain
the adsorption of materials on the adsorbent. This study
examined the Langmuir and Freundlich isotherms for
magnetic PAC and magnetic GAC adsorption.

As shown in Fig. 10, the correlation coefficient
also shows that the MNZ adsorption behavior on both
adsorbents is more consistent with the Freundlich isotherm.
Therefore, the surface of the nanoparticles studied is heteroge-
neous and the MNZ is adsorbed as multilayered manner. In
other studies, various results have been obtained due to the
removal of various pollutants with magnetic activated car-
bon nanoparticles. According to the nature of various pol-
lutants, other authors reported different isotherm models.
In a study by Liu et al. [12] on the adsorption of cefalexin
antibiotic by the activated carbon, the Freundlich model was
found to be suitable for the adsorption process. Hu et al.
[32] analyzed the MNZ adsorption on the modified mag-
netite with polymer and reported that MNZ adsorption
on the magnetite with Freundlich and Langmuir models.

3.6. Study of adsorption kinetics

The chemical kinetics indicates the rate of chemical
reactions. In this study, the rate constant of MNZ adsorp-
tion by powdered and granular magnetic activated carbon
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adsorbents was matched with pseudo-first-order and pseu-
do-second-order kinetics models and the most appropriate
model was determined.

One of the important factors for explaining the adsorp-
tion system and determining the optimal contact time is to
determine the adsorption process rate.

Adsorption kinetics provides important information
about the mechanism of adsorption, the rate of adsorption
of the adsorbed material, and the time control of the adsorp-
tion process [33]. In the pseudo-first-order kinetic model,
it is assumed that the rate of change in the uptake by time
is directly proportional to the changes in saturation con-
centration and the amount of uptake by time [34]. In the
pseudo-quadratic model, it is assumed that the chemical
adsorption controls the adsorption phenomenon and the
rate of occupation of the adsorption sites is proportional
to the square of the number of unoccupied sites [35].

In this study, the laboratory data showed that the MNZ
adsorption follows the second-order equation. The sec-
ond-order reactions proceed at a speed proportional to the
second exponent of the primary material [35].

The kinetics of MNZ adsorption by the powdered
and granular magnetic activated carbon adsorbents was
the concentration of 20 mg/L and the adsorbent dosage
of 0.2 g/L for the powdered magnetic activated carbon,
and 1 g/L for the granular magnetic activated carbon
in the contact time of 5-90 min, and pH = 3 for magnetic
PAC and pH = 7 for magnetic GAC. The adsorption data
from pseudo-first-order and pseudo-second-order models
were used to determine the kinetics of the reaction.

ln(qe 7qt):Ln q,—-Kt 3)
t 1 t
e @
9. k4 a.

where g, is the equilibrium concentration of adsorbent
phase (mg/g), g, is the antibiotic concentration at the time
t (mg/g), and k, and k, are the rates constant of pseu-
do-first-order and pseudo-second-order equations. Based
on the results of the adsorption kinetics (Fig. 11), the
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correlation coefficients in the pseudo-first-order and pseu-
do-second-order kinetics were 0.9889 and 0.9893 for the
powdered magnetic activated carbon, and 0.9698 and 1 for
the granular magnetic activated carbon.

The values obtained from the correlation coefficient
of the kinetic models of the MNZ adsorption process on
powdered and granular activated carbon nanoparticles
indicate that the adsorption process follows the pseudo-
second-order kinetic model.

The pseudo-quadratic model shows position fit using
revised experiences and can follow MNZ pseudo-quadratic
model. These explanations show that you can succeed and
work with honor. In fact, Greece is in the solution through
a chemical bond that binds you covalently to the adsorbent
surface.

The pseudo-quadratic model fits better with the
experimental data and the MNZ uptake follows the pseudo-
quadratic model. This suggests that the uptake of antibiot-
ics by activated carbon occurs through chemical processes
that are related to electron sharing or exchange. In fact,
the ions in the solution are bonded to the adsorbent by
chemical bonding, which is usually covalent.

In research by Putra et al. [36] on the adsorption of
amoxicillin on the granular activated carbon, the adsorption
behavior followed the pseudo-second-order kinetics.

According to Table 2, the comparison different adsor-
bent for MNZ adsorption, magnetic PAC, and magnetic
GAC had a high adsorption capacity.

4. Conclusion

The efficiency of MNZ adsorption by magnetic GAC
is not affected by the acidity of the media and is increased
by prolonging contact time and increasing adsorbent dos-
age as well as decreased by increasing the initial MNZ
concentration. The removal of this pollutant by mag-
netic PAC is higher at lower pH values and the removal
of the pollutant is not dependent on the contact time.
Increasing the adsorbent dosage and the MNZ concentra-
tion reduces the removal efficiency. Both adsorbents fol-
low the adsorption isotherms of the Freundlich model and
pseudo-second-order kinetics.

¥ = 0/0381x + 1/4939
R®= 0/9893

40 80 80 100

Fig. 11. Results of the kinetics of magnetic PAC (a) and magnetic GAC (b).
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Table 2
Comparison of MNZ maximum capacity onto different adsorbents

Sorbent T (K) t (h) Dose (g/L) 9., (Mg/g) Reference
GAC (Fe,0)) 298 15 1 83/52 This study
PAC (Fe,0O,) 298 0.5 0.2 13/95 This study
MWCNT 298 1 49/85 [37]
MWCNT-HNO, 298 1 54/40 [37]
Petroleum coke-carbon 298 192 1.0 287.53 [23]
Natural clinoptilolite 298 24 50 1.19 [38]
Commercial-carbon 298 192 1.0 328.61 [23]
Attapulgite clay 310 2 50 7 [39]

Siris seed pods-carbon 323 15 0.5 196.31 [17]
FeNi,/SiO,/CuS 293 3 0.1 147 [20]
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