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ABSTRACT

In this study, alginate, magnetite, and hydroxyapatite were used to fabricate alginate-hydroxyapatite
(Alg-Hap), alginate-Fe,O, (Alg-Fe,0,), and alginate-magnetic hydroxyapatite (Alg-mHap) using ferric
chloride (lll) crosslinker to remove cefixime from an aqueous solution. FTIR, SEM, VSM, BET, and XRD
tests were used to determine the functional groups, morphology, magnetization behavior, surface area,
and crystallinity of catalysts, respectively. The optimal pH for the Fenton reaction was determined to be
3.3 for Alg-Hap and Alg-Fe O, catalysts and 4 for Alg-mHap catalysts. Increases in the concentration of
hydrogen peroxide (1 to 3 mM) and the amount of catalyst (50 to 90 gr/L) increased the percentage of
degradation to approximately 8% and 6%, respectively. The degradation efficiency of cefixime by using
Alg-mHap as the best catalyst in the Fenton process was achieved 91%, at optimum condition (pH of 4,
catalyst amount of 90 gr/L, initial cefixime concentration of 5 mg/L, H,O, concentration of 3 mM within 90
min). Moreover, the second-order kinetic equation fits the experimental data for cefixime degradation for
all three catalysts. Furthermore, not only did the catalysts display a negligible iron leaching (0.92 mg/L for
Alg-mHap) but also after three consecutive cycles, the catalysts indicated long-term stability. Comparison

between synthesized catalysts and other methods proved its effectiveness.
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INTRODUCTION

In recent years, numerous pharmaceutical
wastes have been detected in wastewater,
groundwater, surface water, and drinking
water. Given that drug compounds can cause
widespread changes in the ecosystem, their
persistence in the aquatic environment is a cause
for concern. Antibiotics are one of the most
severe pharmaceutical concerns [1]. Antibiotics
are chemical compounds that inhibit the growth
of microorganisms; however, they are frequently
derived from microorganisms and are synthesized
semi-artificially or artificially [2-4]. Antibiotics
have a variety of uses, including treatment of
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microbial infection and as feed additives. However,
because their metabolism is incomplete, most
of it is returned to the environment, where their
excessive spread causes complications such as
aquatic environment toxicity and increased
resistance to pathogenic bacteria. Additionally,
these compounds can persist in the environment
for an extended time [5]. Approximately 40% to
50% of antibiotics are excreted in the urine and
are subsequently released into the environment
via hospital and domestic sewage. Due to limited
water resources and the dangers of antibiotics, it
is deemed critical to remove these contaminants
[6]. Cefixime is one of these antibiotics; it is a
third-generation cephalosporin with the molecular
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formula C, H N.O.S, and a molecular weight of
453 g/mole. Cefixime is chemically unstable, and
its solubility in water is pH-dependent. It is used
to treat bacterial infections such as pneumonia,
bronchitis, syphilis, and infections of the ear,
throat, lung, and urinary tract [7,8].

Antibiotics can be eliminated physically,
chemically, or biologically. Filtration, coagulation,
ion exchange, membrane separation, and
adsorption are all physical methods [9,10]. It
is important to note that these methods do not
eliminate the pollutant but rather transfer it
from one phase to another. Chemical methods
include the advanced oxidation process (AOP),
which is one of the most well-known, ozone,
ultrasonic, photochemical, electro Fenton, photo
Fenton, and Fenton reactions, the latter of which
is one of the most well-known the most attractive
[1,11,12]. The advantages of this method include
its high degradation efficiency, simplicity (it can
be performed at room temperature and pressure),
and ability to purify a wide variety of contaminants.
It is also non-toxic, cost-effective, and stable.
The Fenton reaction is catalyzed by hydrogen
peroxide and aqueous ferrous irons, resulting in
the formation of hydroxyl free radicals, which are
highly reactive with organic compounds (Equation
1) [13-15]:

Fe*™ +H,0, >OH +Fe’* +OH" (1)
The reaction of Fe** with H,O, (Fenton-like

reaction) proceeds through the generation of
hydroperoxyl radical ( HO; ) as follows:

Fe" +H,0, > Fe* + HO, +H* ()
Fe'" + HO, —» Fe* + H' +0, 3)
Fe* +OH" — Fe’* +OH~ 4)
H,0,+O0H" — HO; + H,0 (5)
Fe** + HO;, — Fe** + HO, (6)

The Fenton and photo-Fenton reactions are
sensitive to the amount of H,0O, and iron added and
the operating pH value [11,16]. The Fenton process
is classified into two distinct types: homogeneous
and heterogeneous Fenton. The distinction
between these two methods is in the location of
the catalytic reaction. Catalytic activity occurs
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throughout the liquid phase in the homogeneous
Fenton process, whereas catalytic activity occurs
at the catalyst surface in the heterogeneous Fenton
process. The Fenton process involves the addition
of a homogeneous iron (II) catalyst directly to the
medium, which results in the formation of a large
ferric sludge that is considered contamination
and requires a complex process to remove [17].
Additionally, iron catalysts are generally not
recyclable in their homogeneous form and require
acidic conditions with a pH less than 3, which is not
cost-effective; thus, a catalyst that performs better
in acidic conditions should be used to be recovered
and reused [18,19].

Due to the high magnetic properties of
magnetite (Fe,O,) nanoparticles, they are used
in various fields, including adsorption of bio
pollutants, cancer treatment, and release and drug
delivery. Additional characteristics include low
toxicity, ease of coverage, and modification [20-22].
Mostafa loo et al. (2019) used magnetic bismuth
ferrite nanoparticles to study the photocatalytic
degradation of cefixime in an aqueous solution
under visible light. Additionally, the best
experimental conditions resulted in a maximum
degradation rate of up to 91.8% [6].

Furthermore, polymers such as sodium alginate,
a cost-effective, non-toxic, and biodegradable
natural biopolymer, are used nowadays to preserve
and immobilize iron ions and prevent their
deposition in solution. Due to its carboxylate groups
and anions’ adsorption properties, this polymer is
used in the adsorption process. Iron nanoparticles
are well-dispersed within the alginate polymer
network and act as a catalyst substrate [23,24].
Due to antibiotic adsorption, hydroxyapatite is an
effective filler in the catalyst structure. Moreover,
this nanomaterial is environmentally friendly due
to its unique structural properties, biodegradability,
and high adsorption. As a result, it is widely used
in water treatment [25,26]. Ergiit et al. (2019)
investigated the decolorization of malachite green
using a heterogeneous Fenton reaction and a
nanocomposite of iron oxide and hydroxyapatite.
Their findings indicated that the synthesized
catalyst was highly efficient in the Fenton reaction,
achieving 100% decolorization efficiency after six
uses [27]. Hassani et al. (2020) investigated the
effect of the sono-electro-Fenton process on the
removal of cefixime from water using the RSM
method and the microorganism toxicity of the
effluent. Following that, the results indicated that
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the sono-electro Fenton process effectively removed
cefixime to a maximum of 97.5% [1]. The loss of
oxidants due to H,O,s radical-scavenging effect,
the continuous leaching of iron ions and formation
of solid sludge, and H,O, self-decomposition
are the primary disadvantages of using Fenton
reactions in wastewater treatment may affect the
processs environmental and economic viability.
To circumvent these constraints, loading iron
species onto solid or polymer network support
appears to be a promising method for generating
heterogeneous catalysts.

In this study, first hydroxyapatite was
synthesized from fish scales, and then new
catalysts were synthesized by loading magnetic
and hydroxyapatite NPs into the alginate polymer
network, which was ionically crosslinked using a
simple protocol. These beads could be beneficial
as catalysts in the heterogeneous Fenton process
because the numerous functional groups
distributed along the Alg chains stabilize iron
ions without using chelating agents or organic
solvents. Additionally, MNPs can act as Fenton
catalysts, and trapping Fe,O, nanoparticles within
the alginate polymer network facilitates their
removal from the solution. Moreover, Hap as
catalyst support strengthens the catalyst beads and
possesses excellent adsorption properties, resulting
in pollutant adsorption on the catalyst surface and
subsequent degradation by the oxidizing species
produced. Apart from that, these solid catalysts
may reduce iron ion loss, thereby preventing
the formation of solid sludge and secondary
contamination of treated water. Therefore, if Alg,
Hap, and Fe,O, are rationally integrated into a
ternary composite, there would be synergistic effects
for the enhancement of Fenton performance. To
the best of our knowledge, this is the first study on
the heterogeneous Fenton degradation of cefixime
using Alg modified by Hap and Fe,O, NPs. Herein,
(1) the feasibility of alginate-magnetite (Alg-
Fe,O,), alginate-hydroxyapatite (Alg-Hap), and
alginate-magnetic hydroxyapatite (Alg-mHap) as
heterogeneous Fenton catalysts in the degradation
of cefixime, a representative antibiotic widely used,
was investigated. (2) It would be expected that
the performance of Alg-mHap ternary composite
would surpass those of binary Alg-Fe O, and Alg-
Hap in the Fenton process. First, the structure and
morphology of synthesized catalysts were specified
using Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction, Brunauer-Emmett-Teller

(BET), vibrating sample magnetometer (VSM),
and field emission scanning electron microscopy
(FESEM). Then, all-controlling factors which are
cefixime and hydrogen peroxide concentrations
in the aqueous medium, and changes in catalyst
concentration and initial pH were evaluated, as well
as the mechanisms underlying the highly efficient
Fenton activity. The rapid separation and efficient
recycling of catalysts after the Fenton process was
considered.

MATERIALS AND METHODS
Materials

Scales of Rutilus kutum were obtained from
the bazaar of Bandar Anzali (Iran). Cefixime
was obtained from Pars Daroo Company in
Iran, whereas sodium alginate (C_H ONa) and
ammonium hydroxide (25%) were obtained
from Sigma Aldrich and Merck, respectively.
FeSO,.7H,0 and FeCl,.6H,O were obtained from
the Qatran Shimi Company (Iran) to prepare Fe,O,
nanoparticles.

Synthesis of hydroxyapatite nanoparticles

The synthesis of hydroxyapatite from fish
scales was carried out following Kongsri et al.
[28]. As such, the prepared fish scales were washed
several times with distilled water to remove visible
contaminants such as fat, sand, and salt and then
dried at room temperature. The scales were then
deproteinized for 5 hours with 0.1M hydrochloric
acid. They were then washed with distilled water
several times to neutralize. The remaining proteins
in fish scales were then removed by washing
with a 5% (w/v%) NaOH solution at 70 °C for 5
hours. The white precipitate was neutralized with
distilled water and separated using centrifugation
at 5000 rpm. The resulting white powder was dried
at 60 °C and rinsed again for 1 hour at 100 °C at
a concentration of 50% (w/v%). Following that,
the prepared hydroxyapatite nanoparticles were
washed and dried at a temperature of 60 °C.

Synthesis of magnetic iron oxide nanoparticles (Fe,0,)

Magnetic iron nanoparticles were synthesized
using the chemical co-precipitation method [29].
Both FeCl,.6H,0O and FeSO,.7H,O were dissolved
in 100 ml of distilled water (the Fe(II)/Fe(III)
molar ratio was 1:2) and stirred at 80 °C for 20
minutes. The solution was then rapidly added with
25% ammonium hydroxide. The solutions color
changed to dark brown (pH>10) at this point.
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After 30 minutes, the mixture was allowed to stand
until the formation of nanoparticle crystals was
complete, as described in the following equation.

FeSO,.TH,0+2FeCl,.6H,0+8NH,OH —>
Fe,0, + 6NH,Cl + (NH,),S0, +17H,0 )

After several washes with distilled water to
achieve a neutral pH, the magnetic nanoparticles
were dried in an oven at 40 °C and stored for use in
Fenton experiments.

Synthesis of magnetic hydroxyapatite nanoparticles

Magnetic hydroxyapatite nanoparticles were
prepared using the co-precipitation method [29].
In 100 mL of water, 76.7 g of FeCl..6H,O and 4 g
of FeSO,.7H,O were dissolved and stirred in a 2:1
molar ratio. The solution was then supplemented
with 1 g of the hydroxyapatite nanoparticles
synthesized in the preceding step, and the pH
was adjusted to 10 with NaOH. After 30 minutes
of stirring, the mixture was centrifuged to
separate the components (5000 rpm). Magnetized
hydroxyapatite nanoparticles were washed with
distilled water until their pH reached neutral and
then dried for 24 hours at 40 °C.

Synthesis of sodium alginate nanocomposite catalysts
To prepare sodium alginate-magnetic
hydroxyapatite nanocomposite (Alg-mHap), 2 g
sodium alginate was mixed with distilled water (2
w/v%) for 7 hours. The alginate solution was then
added 1 g of magnetic hydroxyapatite nanoparticles
and thoroughly mixed and homogenized. The
viscous solution obtained was added dropwise into
a 0.5 M solution of FeCl, using a 1 mm diameter
syringe. For 24 hours, the formed grains were
immersed in an iron chloride solution. It was then
rinsed several times with distilled water and left in
distilled water for an additional 24 hours to remove
any iron ions that did not react with the catalyst.
Finally, the catalysts were stored in distilled water
until further experiments could be conducted.
Instead of magnetic hydroxyapatite nanoparticles,
magnetic and  hydroxyapatite nanoparticles
were used to prepare Alg-Fe,O, and Alg-Hap,
respectively. Catalysts synthesized were kept in
water and used wet in subsequent experiments.

Structural analysis of synthesized catalysts
In the wavelength range 400-4000 cm,
Fourier-Transform Infrared (FTIR) spectroscopy
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(Nicolet 560) was used to identify and determine
the functional groups of the catalyst before the
Fenton reaction and cefixime degradation. Before
the heterogeneous Fenton process, the surface
morphology of the catalysts was examined using
field emission scanning electron microscopy
(FESEM, Philips XL30, and Netherland). The
amount of iron leached into the solution was
determined using atomic absorption (AAS 8020,
South Korea). The measurement of pore size and
adsorption/desorption isotherms was analyzed
using the Brunauer-Emmett-Teller (BET) theory to
estimate the specific surface area (BELSORP MINI
II, Microtrac Bel Corp, Japan). The magnetization
behavior was measured by vibrating sample
magnetometer (VSM), (LBKFB model, Meghnatis
Kavir Kashan, Iran). X-ray diffraction technique
was used, which provides detailed information
about the crystal structure of chemical substances
and compounds containing cobalt anode (Philips,
X’Pert, Netherlands, and landa=1.54 A ). The
crystallite’s size can be determined indirectly using
X-ray diffraction. The Scherrer formula can be
used for this purpose [28]:
Do kA ()
PCosA

D denotes the size of the crystallite, k denotes
the Scherer constant value of 0.9, [ the actual
diffraction line width (diffraction width at half
the height of the most significant peak), and 6 the
desired diffraction angle.

Point of Zero Charge (pH ,..)

The point of zero charges (PHy.c ) was specified
by using 0.01 M NaCl solution. First, the NaCl
solutions’ pH was set at 3-11 via adding an
adequate value of 0.01 M and/or 0.1 M NaOH or
HCI solution. Second, 0.1 g of catalyst was added
into the solutions; then, the solutions’ final pH was
obtained after 48 h. The PH,,. was obtained from
the intersection point of the curve of pHg, vs.

PH i -

Batch Fenton studies

To determine the effect of pH, a cefixime solution
containing 20 mg/L was prepared and stabilized
at the desired pH using HCI (3 M) and NaOH (1
M), followed by the addition of 3.6 g of the desired
catalyst and stirring at 125 rpm in an incubator
shaker. Cefixime concentration was determined
using a spectrophotometer (Cary 50 bio UV-
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visible, A e — 285 nm), and the calibration curve
(R*=99.98) and removal percentage of cefixime
were calculated using the following equation:

c,-C,

%R = ©)

0

Where C (mg/L) is the cefixime concentration
remaining after degradation at time t (min), and
C, (mg/L) is the initial cefixime concentration. To
determine the effect of catalyst amount, different
amounts of catalyst (50, 72, and 90 gr/L) were added
to a cefixime solution containing 20 mg/L cefixime
at an optimal pH and 2 mM H,O,. Additionally,
to determine the effect of the initial cefixime
concentration, three samples (5, 20, and 30 mg/L)
were prepared, the optimal pH was stabilized,
3.6 g of each catalyst was added, and the removal
percentage was determined at various times.

To determine the effect of the initial
concentration of hydrogen peroxide, four samples
of cefixime solution (20 mg/L and optimal pH)
and 3.6 g of each catalyst were prepared in various
concentrations of hydrogen peroxide (1, 2, 3, and
10 mM), and the cefixime removal percentage was
calculated using Equation 1. To determine the
reusability of catalysts, they were rinsed several
times with distilled water following one step of
using the catalyst and performing the Fenton
reaction under optimal conditions. Catalysts were
reused under the same conditions as previously, and
each catalyst was tested three times. Additionally, it
should be noted that iron leaching was determined
under optimal conditions.

Degradation kinetics

The zero-order kinetic equation is one of
the kinetic equations examined during drug
degradation. The concentration gradient with time
is independent of the material concentration in
this equation, implying that the drug degrades at a
constant and linear rate.

C =kit+C, (10)

Furthermore, equations 11 and 12 employ first-
and second-order kinetic equations, respectively
[30]:

In(C,/C,)=kt (11)
1 1

_1_ 12
c C, kat (12)

Where k (mg/L min), k, (1/min), and k, (L/mg
min) are zero-order, first-order, and second-order
reaction rate constants, respectively.

The Langmuir-Hinschelwood kinetic model can
be used to express the speed of catalytic reactions
such as heterogeneous Fenton. This model begins
with the adsorption of the removal material on the
catalyst’s surface and continues with the chemical
reaction occurring on the surface [31].

_ﬂ _ kdegkadc (13)

d 1+k,

Where k ;, (L/mg) and K deg (mg/L min) denote
the rate constants for adsorption and surface
reaction, respectively.

RESULTS AND DISCUSSION
FTIR analysis

Fig. 1 depicts the FTIR diagrams of Alg-Hap,
Alg-mHap, and Alg-Fe,O,. For Alg-Hap, the
phosphate group peak at 524.5 cm™ corresponds to
phosphate in the hydroxyapatite structure, the peak
at 794-810 cm™ corresponds to Na-O stretching
vibrations, and the peak at 1041 cm™ corresponds
to C-O or C-O-C stretching vibrations that overlap
with the C-O vibrations. The 1419 cm™ wavelength
is associated with the COO- asymmetric vibrations
present in all three diagrams, whereas the 1620-
1627 cm wavelength is associated with the
carboxylate group in the alginate structure.
Additionally, the peak at approximately 3400
cm™ is related to the hydroxyl group. The peak
at 563.5 cm™ in Alg-Fe,O, was derived from the
Fe-O bond in the synthetic composite structure.
The phosphate group peak appears to overlap
with the Fe-O stretching peak at 594 cm™ for Alg-
mHap. Interactions between functional groups
can change the absorption strength, and or peak
shape positioning. As can be seen in the spectrum
of Alg-mHap, the peak intensities have decreased
compared to the other two catalysts. Furthermore,
peaks associated with the functional groups of the
alginate polymer were observed in the composite
spectrum. These interpretations imply that the
catalyst used contains alginate, hydroxyapatite, and
Fe,O, nanoparticles [24,32-34].

Morphological analysis

Fig. 2 illustrates the surface morphology of the
synthesized catalysts. Alg-Hap (Fig. 2a) has a nearly
smooth surface with fine wrinkles. Alg-Fe,O, (Fig.
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Alg-mHap
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Fig. 1. FTIR analysis of Alg-Hap, Alg-Fe,O, and Alg-mHap

Fig. 2. SEM micrograph of (a) Alg-Hap (b) Alg-Fe,O, (c) Alg-mHap (500 nm), and (d) Alg-mHap (50 nm)

2b) has a rough surface with an accumulation of  hydroxyapatite nanoparticles. Meanwhile, it is clear
magnetic NPs points. As shown in Fig. 2c and 2d, that by adding Fe,O, NPs and m-Hap, the surface
the surface of the Alg-mHap is wrinkled, but it also of the catalysts reveals a rough morphology. By
has large cracks due to the presence of magnetic adding Fe,O, and Hap NPs to the Alg network, the
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(e) Alg-Fe;O,

W
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Fig. 3. X-ray diffraction of (a) Hap, (b) Hap-Fe,O,, (c) Alg-Hap, (d) Alg-mHap and (e) Alg-Fe ,O,

Table 1. Information on crystal size and crystallinity percentage of synthesized samples

sample crystallinity percentage 26 (°) D (nm)
Hap 55.83 323 6.9
Hap-Fe;O4 40.61 35.6 5.12
Alg-Hap - - -
Alg-FesO4 28.47 35.8 7.59
Alg-mHap 13.6 35.7 4.38

surface was fully shielded with accumulated NPs,
which were approximately spherical with formed
aggregates. However, the presence of nanoparticles
and agglomeration is clear, which can act as a place
to adsorb cefixime.

X-ray diffraction analysis

Fig. 3 illustrates the results of X-ray diffraction
analysis on the synthesized samples. Peaks
observed in (26 = 49.6, 46.9, 39.9, 2.33, 32, and
25.9°) hydroxyapatite (Fig. 3a) correspond well
to the XRD pattern of hydroxyapatite found in
the Joint Committee’s diffraction standard card
number [0033-24] and indicates the formation
of the crystalline structure of hydroxyapatite
[35]. Furthermore, in addition to hydroxyapatite
diffraction, peaks at angles (26= 35.5, 62.8,
57, 43.3, 2.30, and 21.2°) were observed, which,
according to JCPDS [0033-75], indicates the
presence of Fe,O, NPs in magnetic hydroxyapatite
(Fig. 3b) [31,36]. The intensity of peaks decreased

in the XRD pattern of the Alg-Hap catalyst (Fig.
3c¢), which could be due to the natural pattern of
amorphous sodium alginate covering the surface
of hydroxyapatite and overcoming its crystalline
property or to the low amount of hydroxyapatite.
Additionally, diffraction associated with magnetic
nanoparticles is observed in the structure of
Alg-Fe,O, (Fig. 3d) and Alg-mHap (Fig. 3e)
samples. However, in the Alg-mHap sample,
no hydroxyapatite nanoparticle dispersions are
observed in the catalyst structure, implying that
this issue was caused by the amorphous structure
of alginate and the relatively small amount of this
nanoparticle in the catalyst structure.

Additionally, the percentage of crystallinity was
determined by dividing the peaks’ area by the XRD
diagram’s total area, as shown in Table 1. The results
indicate that the presence of alginate polymer
decreases the crystallinity percentage, whereas
the presence of Fe,O, NPs is critical for catalyst
crystallization.
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Fig. 4. Magnetic hysteresis loops of Fe,O,, Alg-Fe O,, and Alg-mHap.
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Fig. 5. N, adsorption-desorption isotherms for a) Alg-Hap, b) Alg-Fe,O,, and c) Alg-mHap.
VSM analysis BET analysis

Fig. 4 shows the results of the VSM analysis
of Fe,0,, Alg-Fe,O,, and Alg-mHap. A study of
the curves revealed a decrease in the saturation
magnetization value with 26 emu/g, and 16.6
emu/g for Alg-Fe O,, and Alg-mHap, respectively,
compared to Fe304 NPs (57.4 emu/g). This
reduction of saturation magnetization is can
be related to the size of particles, structure,
morphology, and, the isolation effect of Algand Hap
[37]. It should be noted that almost no hysteresis
loops were found in the magnetization curves,
suggesting the superparamagnetic of Fe,O,, Alg-
Fe,O,, and Alg-mHap. Furthermore, the Alg-Fe,O,
and Alg-mHap possess enough magnetization that
gives them an advantage for practical application
involving the dispersion of Alg-Fe O,, and Alg-
mHap catalysts in water and their collection using
a magnetic field [38].
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The specific surface area of Alg-Hap, Alg-
Fe,O,, and Alg-mHap are found to be 7.92 m’/g,
15.2 m?/g, and 28.6 m?/g, respectively. As a result,
it can be established that the loading mHap into
the Alg network has decreased the surface area
of the catalyst and possessed effective adsorption
properties.  Adsorption/desorption  diagrams
obtained for all three catalysts are given in Fig. 5. The
adsorption/desorption diagrams of the synthesized
adsorbents are most similar to type IV of the IUPAC
classification which confirmed the mesoporous
characters of the obtained catalysts [39]. The total
pore volume of Alg-mHap nanocomposites (0.157
cm’/g) is higher than Alg-Fe,O, (0.061 cm®/g)
and Alg-Hap (0.02 cm’/g) which can increase
its adsorption capacity. Therefore, the binding
of mHap to the polymer chains can be lead to an
increase in mesoporous at the Alg-mHap surface.
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Fig. 6. a) pH of point zero charges of catalysts, b) Effect of initial pH on cefixime removal (H,0, = 2 mM, catalyst amount =72 gr/L,
cefixime concentartion = 20 mg/L)

Furthermore, the smaller surface area of Alg-Hap
compared with Alg-Fe O, could be due to the
aggregation of Hap nanoparticles.

Fenton process condition analysis
Effect of pH

An influential factor of pH-sensitive adsorbents
is pH > which specifies the linearity of the pH
sensitivity domain and then determines the
surfaces’ adsorption capabilities and the type of
surface-active centers. At point zero charges (PZC)
the total surface positive charge is in equilibrium
with the overall negative charge of the surface.
Also, the surface is charged positively below pH,,,
, while at pH values above pH,, the surface is
charged negatively [40]. The curves’ intersection
with the straight line for final pH vs initial pH gives
the pH,,, (Fig. 6a), and the amount is ~8.1 for all
three catalysts.

Fig. 6b illustrates the effect of the initial pH of
the solution on cefixime removal. According to the
obtained data, Alg-Hap demonstrated the highest
and lowest removal rates at pH 3.3 (67.7% ) and
pH 10.8 (16.37% ), respectively. Alg-Fe O, also had
the highest removal rate at pH 3.3 (80.9%) and the
lowest removal rate at pH 10.8 (30.9%), while Alg-
mHap had the highest and lowest removal rates at
pH 4 and 10.8, respectively, of 87.7% and 57.7%.
Alg-mHaps superior performance to the other
two catalysts may be attributed to the deposition
of magnetic nanoparticles on the hydroxyapatite
substrate (as seen in SEM images). As a result, it
can exert a greater degree of influence over the
Fenton process.

On the other hand, hydroxyapatite is an
excellent adsorbent for cefixime, which increases
the catalyst’s efficiency. The Fenton processs

efficiency is highly dependent on the reaction
medium’s pH, and it is also more effective in an
acidic environment than in an alkaline one [41]. At
pH values less than 3.3, the free hydroxyl formed
during the reaction of H,O, and Fe** participates
in reaction 14, lowering the cefixime removal
percentage. Additionally, at pH values greater than
3.3 for Alg-Fe304 and Alg-Hap, and pH values
greater than 4 for Alg-mHap, Fe’* precipitated as
Fe(OH), and produced H,O,, which is unstable
and decomposes into O, and H,O, thereby losing
its oxidizing properties [9,34].
OH'+H" +e¢ —>H,0 (14)
Effect of initial concentration of cefixime

Another critical aspect of the Fenton process to
consider is the effect of the initial concentration of
the material to be removed on its efficiency in real
environments (Fig. 7). Alg-Hap’s results indicated
that increasing the initial cefixime concentration
from 5to 30 mg/L decreased the removal percentage
from 70 to 60.5%. The removal percentage of Alg-
Fe,O, changed similarly at the same concentrations
of 5, 20, and 30 mg/L, decreasing from 82.7 to
81 and 80.4%, respectively, and in the case of
Alg-mHap, the removal percentage decreased
from 88.7 to 84%, respectively, when the initial
concentration of cefixime was increased from 5 to
30 mg/L. When high concentrations of cefixime
are combined with a constant amount of H,O, and
catalyst, the generated free radicals are insufficient
to remove all target pollutants. Additionally, the
active sites of the radical reaction are limited. As
a result, degradation is inhibited at high cefixime
concentrations, necessitating additional time for
drug degradation [42].
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Fig. 7. Effect of initial cefixime concentration on cefixime removal (a) Alg-Hap, (b) Alg-Fe,O, and (c) Alg-mHap (H,0, =2 mM, cat-
alyst amount =72 gr/L, pH =4)

Effect of the catalyst amount

As illustrated in Fig. 8, increasing the amount
of Alg-Hap catalyst from 50 to 90 gr/L increased
the removal percentage from 64.8 to 71.2%,
respectively, indicating that the removal percentage
increases with increasing the amount of catalyst in
other catalysts. By increasing the amount of Alg-
Fe304 catalyst from 50 to 90 gr/L, the removal
percentage increased from 80.7 to 83.9%, and by
increasing the amount of Alg-mHap catalyst from
50 to 90 gr/L, the removal percentage increased
from 86.7 to 91%. Although increasing the amount
of catalyst had a negligible effect on the percentage
of cefixime degradation, increasing the amount
of catalyst also increases the number of active
sites, effectively degrading hydrogen peroxide
and producing more hydroxyl free radicals, which
further degrades the cefixime [43].

Effect of hydrogen peroxide concentration

The concentration of hydrogen peroxide is
critical in the Fenton reaction, which can have
either positive or negative consequences. The results
of the hydrogen peroxide concentration gradient
are depicted in Fig. 9. According to the data, for all
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three catalysts, when the concentration of hydrogen
peroxide was increased from 1 to 3 mM, the removal
percentage increased approximately 8%. Given that
the rate of cefixime degradation is proportional
to the amount of hydroxyl radical produced, it is
reasonable to assume that as the concentration of
hydrogen peroxide increases, the percentage of
antibiotics removed increases. However, increasing
the concentration of hydrogen peroxide to 10 mM
had no effect, and even the removal percentage
decreased. Furthermore, the same holds for the
other two catalysts, with the removal percentage in
Alg-Fe,O, decreasing from 83.3 to 76.9% when the
hydrogen peroxide concentration was increased
from 3 to 10 mM, and in Alg-mHap decreasing
from 90 to 82.2% when the hydrogen peroxide
concentration was increased from 3 to 10 mM.
This decrease in removal percentage could be due
to one of two factors. Initially, alginate inhibits
hydroxyl production and competes with cefixime
during the degradation process by increasing the
concentration of hydrogen peroxide and producing
excess free radicals [24,42]. This is naturally possible
when the catalyst beads degrade, and iron ions
diffuse into the aqueous medium on the surface,
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as demonstrated in the following section (release
of iron ions). Second, H,0, is a potent hydroxyl
scavenger at high concentrations (reactions 15 and
16). Excessive hydrogen peroxide concentrations
result in the formation of less active hydroperoxy
radicals that are significantly less reactive with
organic molecules [44]. As a result, it is possible
to conclude that cefixime degrades rapidly at low
H,0, concentrations.

H,0,+0H" —H,0+00H" (15)
OOH +OH" - H,0+ O, (16)

Evaluation of iron leaching from the catalyst beads

The highest amount of iron released was
8.89 mg/L from the Alg-Fe O, catalyst. After the
Fenton process, the concentration of iron ions was
measured to be 2.6 mg/L in a solution containing
the Alg-Hap catalyst and 0.92 mg/L in a solution
containing the Alg-mHap catalyst. According
to the results and Iranian water standards, a
concentration of 0.3 to 2 mg/L is considered safe
for drinking, while a 5 to 20 mg/L concentration
is considered safe for agricultural use. Additionally,
concentrations less than 1 mg/L are suitable for
industrial use, depending on the type of industrial
activity. As a result, the amount of iron released
by all synthesized catalysts is within an acceptable
range.

Reusability and oxidative behavior of the synthesized
catalyst beads

Reusability of the catalyst is one of the most
critical considerations when working with a
heterogeneous catalyst. Catalyst beads must be
reusable to be used on a large scale. Consecutive
experiments with the same recovered beads were
conducted following each stage of their application
in this regard. After three times, the Alg-mHap
catalyst’s removal percentage decreased from 87.67
to 77.95 and 77.14%, respectively. After three
catalyst use and recovery stages, the Alg-Fe,O,
catalyst’s removal percentage decreased from 80.91
to 76.47 and 72.69%, respectively. In the case of
the Alg-Hap catalyst, the removal percentage did
not decrease significantly after three stages of use
(80 to 69.7%), which is an excellent result for a
heterogeneous Fenton process catalyst.

Alg-mHap has the highest removal percentage
of all other catalysts (91%), as illustrated in Fig. 10a.
The Fenton reaction with Alg-Fe,O, and Alg-Hap
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is followed by the Fenton reaction with Alg-Fe,O,
and Alg-Hap at 84 and 71.2%, respectively. Without
adding hydrogen peroxide (adsorption), the Alg-
mHap, Alg-Fe,O,, and Alg-Hap catalysts removed
48.6%, 30.7%, and 25.8% of cefixime, respectively,
indicating that the Alg-mHap catalyst is a better
adsorbent for cefixime than the other two catalysts.

The degradation of cefixime on the surface of
an Alg-mHap catalyst in the presence of H,O, is
depicted schematically (Fig. 10b). The catalyst’s
surface is highly pH-dependent due to the presence
of carboxylate functional groups in alginate and
phosphate functional groups in hydroxyapatite.
At pH=3, the non-ionized functional groups of
cefixime and the catalyst (COOH and H,PO,)
reduce electrostatic repulsion between the catalyst
and cefixime. As a result, the cefixime is readily
adsorbed to the catalyst surface via hydrogen
bonding.

Due to the presence of Fe?* and Fe** in MNPs
and Fe** as a crosslinker of polymer chains, the
Fe**/Fe** redox cycle is initiated in the Alg-mHAp
catalyst via reactions 1-3. This process is analogous
to that which occurs in a homogeneous Fenton
system.

Additionally, mHAp provides additional active
sites for H O, adsorption on the catalyst surface.
Furthermore, adding HAp and mHAp increases the
catalyst’s active sites, increasing the mass transfer of
organic pollutants between the liquid phase and the
catalyst surface. Eventually, cefixime molecules are
attacked and converted to CO, and HO by OH"
radicals formed on the surface of Alg-mHAp
catalysts.

Degradation kinetics and mechanism

Table 2 summarizes the effect of various
parameters on the kinetic constants and R? values.
The study results on the degradation kinetics of all
three catalysts using zero, first, and second-order
kinetic models demonstrated that the experimental
data fit well with the second-order degradation
kinetics equation. According to the obtained
results, the constant rate of degradation decreases
as the concentration of cefixime increases, and
it can also be stated that the Alg-mHap catalyst
is more efficient than the other two catalysts at a
constant cefixime concentration. Furthermore,
increasing the concentration of hydrogen peroxide
from 1 to 3 mM increased the rate constant from
0.0023 to 0.0059, while increasing the hydrogen
peroxide concentration to 10 mM decreased it to
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0.0019. The results indicate that Alg-mHap has a
greater removal rate than the other two catalysts.
By increasing the Alg-Fe,O, amount from 50 to 90
gr/L, the degradation reaction rate constant was
increased from 0.0014 to 0.0024, while, for the
Alg-mHap catalyst was increased from 0.0021 to
0.0038, and for the Alg-Hap catalyst was increased
from 0.0008 to 0.0013. Table 3 also includes the
results of the Langmuir-Hinschelwood equation

constant. As can be seen, the degradation reaction
rate constant was significantly more significant than
the adsorption reaction rate constant, indicating
that the cefixime degradation process had a more
significant effect on the adsorption reaction during
the Fenton process.

A comparison between the results of this study
and other similar studies using the AOP process to
degradation of cefixime from an aqueous solution
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Table 2. Kinetic constants during the Fenton process

H20: Concentration of Catalyst

ko /L k /L ko /L
Catalyst  concentration R? (mg) cefixime R? 0 (mg) dosage R? (mg)
min min min
(mM) (mg/L) (g/L)
1 0.7092 0.0153 5 0.7259 0.0398 50 0.7607 0.1575
Alg- 2 0.727 0.1682 20 0.727 0.1628 72 0.728 0.1628
mHap 3 0.6447 0.1666
30 0.751 0.2352 90 0.6672 0.1545
10 0.7369 0.1487
1 0.7048 0.1369 5 0.762 0.0442 50 0.7315 0.1409
Zero Alg- 2 0.6888 0.1449 20 0.6888 0.1449 72 0.6888 0.1449
FesO. 3 0.6452 0.1491
Order i 30 07629 02142 90 06787 01591
10 0.7345 0.1366
1 0.8928 0.134 5 0.798 0.0311 50 0.8778 0.1263
Ale-H 2 0.8527 0.1177 20 0.8557 0.1177 72 0.8557 0.1177
gap 3 0.8456 01471
30 0.9766 0.1789 90 0.8441 0.1409
10 0.9198 0.1148
H0: Concentration of Catalyst
Catalyst  concentration R? ki (1/min) cefixime R? ki (1/min) dosage R? ki (1/min)
(mM) (mg/L) (gr/L)
1 0.9009 0.0172 5 0.965 0.0259 50 0.9217 0.0167
Alg- 2 0.9175 0.0194 20 0.9175 0.0194 72 0.9175 0.0194
mHap 3 0.9236 0.0255
30 0.9259 0.0174 90 0.8944 0.0211
10 0.9128 0.0155
1 0.8528 0.0138 5 0.9672 0.0274 50 0.8782 0.0133
First Alg- 2 0.8572 0.0151 20 0.8572 0.0151 72 0.8572 0.0151
Order Fes04 3 0.8574 0.0174
30 0.8896 0.0133 90 0.8822 0.0175
10 0.8598 0.0124
1 0.9659 0.01 5 0.9258 0.0122 50 0.9587 0.01
2 0.9513 0.0108 20 0.9513 0.0108 72 0.9513 0.0108
Alg-Hap
3 0.9555 0.0126
30 0.9813 0.0088 90 0.9567 0.0127
10 0.9742 0.0085
H202 Concentration of Catalyst
ka (L/ ka (L/ ke (L/
Catalyst  concentration R? 2 ( K mg cefixime R? 2 ( ; mg dosage R? ( X mg
min) min) min)
(mM) (mg/L) (g/L)
1 0.9941 0.0023 5 0.9553 0.0252 50 0.9971 0.0021
Alg- 2 0.9992 0.0029 20 0.9992 0.0029 72 0.9992 0.0029
mHap 3 0.9836 0.0059
30 0.9979 0.0016 90 0.9983 0.0038
10 0.9922 0.0019
1 0.9604 0.0016 5 0.9752 0.0267 50 0.9748 0.0014
Second Alg- 2 0.972 0.0019 20 0.972 0.0019 72 0.972 0.0019
Order FesO4 3 0.9805 0.0025
30 0.9742 0.0009 90 0.9919 0.0024
10 0.9509 0.0012
1 0.982 0.0008 5 0.9902 0.0053 50 0.9855 0.0008
2 0.9792 0.0011 20 0.9792 0.0011 72 0.9792 0.0011
Alg-Hap
3 0.9696 0.0012
30 0.9516 0.0005 90 0.9856 0.0013
10 0.9949 0.0007
Table 3. Langmuir-Hinschelwood kinetic constants
Catalyst Adsorption reaction rate constant Degradation reaction rate constant R?
Alg-mHap 0.0216 1.298 0.9698
Alg-FesO4 0.0522 0.632 0.966
Alg-Hap 0.0166 0.8187 0.8489
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Table 4. Comparison of the cefixime removal percentage in different studies

Reference Method Catalyst Removal (%)
This study Heterogenous Fenton Alg-mHap 91
This study Heterogenous Fenton Alg-FesO4 84
This study Heterogenous Fenton Alg-Hap 71.2
[2] UV/H:0: process 100
[6] Photo-catalyst BiFeOs/Magnetic nanocomposite 91.8
[8] Photo-catalyst a-Fex03/ZnO 80
[1] Sono-electro-Fenton 97.5
[45] Photo-catalyst MIL-53(Fe)/urchin-like g-C3N4 nanocomposite 94%
[46] Photocatalytic (visible light)-ozonation Nano N-TiO2/graphene oxide/titan grid sheets 80%
[47] Photo-catalyst (UV/A) TiO2/GO/chitosan 95.34%
[48] Photo-catalyst (UV/A) SWCNT/ZnO/Fe304 94.19
is shown in Table 4. According to the operating CONFLICT OF INTEREST

conditions used in each study, it is observed that
the removal percentage of cefixime in the present
study is equal to or higher than other studies. This
can be related to the different conditions used in
each experiment.

CONCLUSIONS

Three polymeric catalysts were synthesized
in this study using alginate polymer, magnetite
nanoparticles, and magnetic hydroxyapatite
nanoparticles and were used to remove cefixime
in a heterogeneous Fenton process. FTIR analysis
confirmed the presence of functional groups in
the structure of the synthesized catalyst beads,
whereas SEM, VSM, and XRD analysis confirmed
the presence of hydroxyapatite and Fe,O,
nanoparticles in the structure of the catalysts. The
optimal pH was 3.3 for Alg-Fe O, and Alg-Hap and
4 for Alg-mHap. The results indicated that as the
initial concentration of cefixime and the amount
of catalyst increase, the percentage of cefixime
removed decreases and increases, respectively.
Calculating the degradation reaction rate and the
adsorption reaction constants revealed that the
degradation reaction occurs more rapidly than the
adsorption reaction over the surface of all three
catalysts. When the efficiency of the catalysts in the
heterogeneous Fenton process was compared, it
was determined that Alg-mHap performed better
than the other two catalysts. Moreover, the Alg-
mHap catalyst releases fewer iron ions than the
other two catalysts. When kinetic equations were
used to analyze the experimental results, it became
clear that the data were more consistent with the
second kinetic equation.

The authors declare that they have no
known competing financial interests or personal
relationships that could have appeared to influence
the work reported in this paper.
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