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Abstract

Magnetic iron oxide and iron/copper nanoparticles were synthesized using Lathyrus
brachypterus extract, and then magnetic Fe;O,~CS, Fe;0,~AT, Fe/Cu—CS and Fe/
Cu—AT nanocomposite beads were synthesized using chitosan and alginate natural
polymers. They were used for both adsorption and heterogeneous catalysts for the
catalytic wet peroxidation (CWPO) of naproxen (NPX), diclofenac (DCF) and
NPX+DCF drugs which are important micro-organic pollutants, separately and
together (NPX +DCF) from aqueous media. In adsorption studies, the drugs were
adsorbed very quickly in the first minutes and then, desorbed in between 8 and
10 min. In competitive adsorption, the adsorbents showed selective properties for
DCF and NPX. In CWPO technique, drug removal was achieved in 9 min with a
conversion capacity of 92% for DCF with Fe/Cu-CS and 84% for NPX with Fe/
Cu-AT optimum experimental conditions, such as pH 5, 30% of H,O,, 100 mg
catalyst and 298 K. Based on reusability of the catalysts, it was seen that there was
a slight decrease in the removal efficiencies in the third cycle and the stable and
active structure of the catalyst was preserved to the desired extent. Furthermore, the
oxidation reaction was in good agreement with the pseudo-first-order kinetic model.
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Introduction

The rapid increase in the world population and limited resources have made the
growth of industrialization inevitable [1]. Accordingly, the rate of getting sick
in humans is constantly increasing due to many reasons, such as living areas
becoming industrial areas, inadequacy of healthy foods and difficulties in accessing
these foods, fast and stressful life [2]. On the other hand, in addition to the usual
processes, extraordinary pandemic situations (such as the COVID-19 epidemic
that has been going on for more than 2 years) cause a sudden and very significant
increase in the disease process. Due to the increase in disease rates, increasing
global drug production and high consumption of drugs cause the pollution of natural
water resources, drinking water and wastewater by pharmaceutical components,
making this an important environmental problem [1, 2]. Among the pharmaceutical
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components, ‘“nonsteroidal anti-inflammatory” drugs, which have analgesic
and antipyretic effects, are the most widely used group of drugs with the highest
environmental pollution risk [3-5]. Naproxen sodium (NPX) is one of the most
consumed active pharmaceutical ingredients in this group [6, 7]. Studies conducted
on living things have determined that NPX adversely affects especially aquatic
organisms that even low doses can be fatal for embryos and larvae [8, 9], and there
is even a risk of damaging the genetic structures of living things [10]. Diclofenac
sodium (DCF), which prevents the inflammatory reaction, has painkiller (analgesic)
and antipyretic (antipyretic) effects; it is a nonsteroidal anti-inflammatory drug. DCF
is used in the treatment of headache, chronic muscle pain and arthritic pain [11-13].
Since DCF is the chemical with the highest acute effect among the chemicals with
an anti-inflammatory nature, it is of great importance in terms of environmental risk
[14]. Studies have reported changes in liver, kidney and gill cells, deterioration in
kidney tissue and changes in gill structures in fish [15]. Delays and failures in the
hatching process were observed in fish exposed to 0.01-10 mg/L DCF concentration
[16]. Therefore, NPX and DCF are considered to be effective environmental
pollutants in terms of their potential to adversely affect living organisms and pose a
threat to living things in the natural environment. For these reasons, the removal of
NPX and DCF from aqueous media is very important and remarkable.

Many techniques, such as chlorination [17], coagulation/sedimentation [18, 19],
ozonation [20-22], oxidation [23-26], biofiltration [27-29], adsorption [3, 30-34],
have been used for drug removal from aqueous media. Among these methods,
adsorption and catalytic wet peroxidation (CWPO) have an important place with
the advantages of easy application, economic and effective removal potential
[35-37]. Hydrogen peroxide as an oxidation agent during the degradation of organic
substances by CWPO method is an environmentally friendly oxidant that does
not cause harmful by-product formation, and hydroxyl radicals are formed by the
decomposition of hydrogen peroxide with the effect of catalyst and heat.

In this study, magnetic iron oxide (Fe;O,NPs) and iron/copper (Fe/CuNPs)
nanoparticles were synthesized using an endemic plant species, Lathyrus
brachypterus extract, with a fast, economical, harmless to human health, and
environmentally friendly green synthesis method. The synthesized magnetic
nanoparticles were separately modified with chitosan and alginate natural polymers.
The magnetic nanoparticles/nanocomposites were characterized by FTIR, TEM,
XRD, SEM-EDX and UV-VIS techniques. To the best of our knowledge, this is the
first study because magnetic nanoparticles/nanocomposites were synthesized using
endemic Lathyrus brachypterus plant extract, and they were used for both adsorbent
and catalyst to remove separately and together of both DCF and NPX from aqueous
media. Magnetic nanoparticles were preferred because of their high catalyst loading
capacity, high dispersion property, high stability, recyclability and high surface
area properties. In addition, the recovery of the catalyst from the liquid-phase
reaction medium by magnetic separation is easier than filtration and centrifugation,
and it is very convenient in terms of reducing the time. Various experimental
parameters such as pHpzc, temperature and H,O, amount were optimized to
investigate the adsorption and oxidation processes of NPX, DCF and NPX+DCF
in aqueous solution with magnetic nanoparticles/nanocomposites. The synthesized

@ Springer



5212 M. Sahin et al.

nanoparticles and nanocomposites could be easily dispersed in the environment and
collected quickly with the help of a magnet without losing efficiency for removal of
drugs.

Materials and methods
Materials and reagents

Iron (I) sulphate heptahydrate (FeSO,.7H,0), iron (III) chloride hexahydrate
(FeCl;.6H,0) hydrogen peroxide (H,0,), sodium hydroxide (NaOH), diclofenac
sodium (C,4H,,Cl,NNaO,) and chitosan were received from Sigma-Aldrich.
Acetic acid (CH;COOH) and sodium alginate (C4H,O¢Na) were received from
Merck. Calcium chloride (CaCl,) was received from Fluka. Naproxen sodium
(C,4H3NaO;) was received from Acros Organics. Copper (II) sulphate pentahydrate
(CuSO,-5H,0) was received from Indosaw. Double-distilled water was used
throughout all experimental studies (18.2 MQ cm). All of the materials were in
analytical reagent grade and utilized as received without any purification.

Characterization techniques

The chemical and morphological characterizations for the nanoparticles were
realized by Shimadzu UV-1800 (UV-VIS), PerkinElmer Frontier model FT-IR,
Bruker D8 Advance model X-ray diffraction (XRD) with a Cu K, radiation source
in 20 range from 10° to 90°, TEM-120 kV transmission electron microscope
(TEM) and Carl Zeiss EVO-LS 10 scanning electron microscope (SEM). Common
drift method [30] was used to determine the pH (pHpzc) of nanoparticles and
nanocomposites at the zero charge point. For this, 50 mL of 0.01 M NaCl solution
was placed in a closed flask. The pH value was adjusted to a value between 2.0
and 12.0 by adding 0.1 M HCI and/or 0.1 M NaOH solutions. Then, 0.05 g of each
nanoparticles/nanocomposites was added, and the final pH was measured using
the pH meter (Thermo Scientific, Orion 3 Star) after 24 h under shaking at room
temperature. The intersection point of initial pH and final pH values was determined
to be pHpzc.

Synthesis of Fe;0,NPs and Fe/CuNPs

One gram of ground Lathyrus brachypterus plant was weighed and added to 50 mL
of distilled water. Then, the mixture was stirred continuously at 25 °C for 5 h
and filtrated using a Whatman No 1 filter paper (90 mm, 82 g/m® and pore size:
15-19 um) to obtain plant extract. For the synthesis of Fe;O,NPs, 100 mL solution
including 0.56 g FeSO,-7H,0 and 0.81 g FeCl;-6H,0 was prepared and 10 mL of
the plant extract was added to the prepared solution. For the synthesis of Fe/CulNPs,
100 mL solution including 1.38 g FeSO,-7H,O and 0.69 g CuSO,-5H,0 was
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prepared and 10 mL of the plant extract was added to the prepared solution. Then,
they were mixed at room temperature for 30 min at 500 rpm on a magnetic stirrer
and left to settle. The resulting Fe;O, and Fe/Cu nanoparticles were separated from
the filtrate with a magnet and washed three times with distilled water and dried in an
oven.

Synthesis of Fe;0,—CS and Fe/Cu-CS

0.50 g of chitosan was mixed with 50 mL of 1% acetic acid until a homogeneous
mixture was obtained. Then, 0.40 g of the synthesized magnetic Fe;O,NPs was
added to this mixture and dropped into 100 mL of 1 M NaOH solution with a
dropper to form Fe;0,-CS beads. The formed beads were kept in NaOH for 12 h,
washed with distilled water. At the end of the period, half of them were kept in
distilled water at 4 °C, and the other half was dried in an oven at 50 °C to compare
their adsorption and oxidation effects separately. The same process was performed
by replacing Fe;O,NPs with Fe/CuNPs for the synthesis of Fe/Cu—CS.

Synthesis of Fe;0,-AT and Fe/Cu-AT

0.60 g of sodium alginate was mixed with 50 mL of distilled water until a
homogeneous solution was formed. 0.50 g Fe;O,NPs was added to the prepared
mixture and sonicated for 30 min. Then, Fe;0,—AT beads were formed by dropping
the obtained homogeneous solution into 2% of CaCl, solution. The obtained beads
were washed with distilled water. At the end of the period, half of them were kept in
distilled water at 4 °C, and the other half was dried in an oven at 50 °C to compare
their adsorption and oxidation effects separately. The same process was performed
by replacing Fe;O,NPs with Fe/CuNPs for the synthesis of Fe/Cu—AT.

Adsorption experiments

Adsorption of NPX, DCF and NPX+DCF on magnetic nanoparticles/
nanocomposites was carried out using the batch adsorption method. For this,
25 mg adsorbents was separately mixed with 30 mL of 25 mg/L drug solutions in
50 mL falcon tubes at pH=5 and 298 K. Then, all tubes were mixed at 250 rpm
for 10 min, and the drug concentrations remaining unadsorbed in the solution were
determined by measuring the absorbances for NPX and DCF at 272 nm and 254 nm,
respectively, with a UV-VIS spectrophotometer [38, 39].

Catalytic wet peroxidation of NPX, DCF and NPX + DCF

To investigate the catalytic activities of nanoparticles/nanocomposites for NPX,
DCF and NPX + DCEF, there different solutions containing 100 mL of 25 mg/L NPX,
100 mL of 25 mg/L DCF and 100 mL of 25 mg/L NPX and 25 mg/L DCF mixture
were separately prepared. The catalytic process was started by adding both 3 mL
of freshly prepared 30% H,O, and 0.1 g magnetic nanoparticles/nanocomposites
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catalyst to all there solutions, and they were mixed with a magnetic stirrer at
250 rpm. Then, 3 mL of sample was separately taken at regular intervals, separated
from the catalyst by magnet, mixed with a 1 mL of distilled water and then UV-VIS
measurements were taken. The oxidation experiments were carried out at pH=5
at room temperature. Catalytic activities of Fe;O,—CS, Fe;O,~AT, Fe/Cu—CS and
Fe/Cu—AT beads stored both in pure water at 4 °C and dried in an oven at 50 °C
were also compared, and it was seen that the ones stored in pure water at 4 °C gave
better catalytic activity. Therefore, those stored in pure water at 4 °C were used in all
further studies. To determine catalytic activities of nanoparticles/nanocomposites for
NPX, DCF and NPX + DCF, some experimental conditions, such as catalyst amount
(50 mg, 100 mg, 150 mg and 200 mg), pH (2, 4, 5 and 6), temperature (298 K, 313 K
and 328 K) and H,0, concentration (30%, 40% and 50%), were optimized and found
to be 100 mg catalyst, pH 5, 298 K and 30% of H,0,, respectively. Furthermore,
reusability of catalysts and reaction kinetics were investigated in detail.

Results and discussion
Characterization

The peaks seen in UV-VIS (Fig. 1a) is the characteristic peaks of Fe;O,NPs and Fe/
CuNPs, and it was confirmed that the nanoparticles were successfully synthesized
[40, 41]. The pHpzc values of Fe,O,NPs, Fe;O,~CS, Fe;O,~AT, Fe/CuNPs, Fe/
Cu—CS and Fe/Cu-AT were found to be 6.47; 5.18; 5.65; 6.32; 5.54 and 5.87,
respectively (Fig. 1b). The studies were carried out at pH=35, which is below the pzc
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Fig.1 a UV-VIS spectra of Fe/CuNPs and Fe;O,NPs (conditions: plant extract volume 10 mL, 1.38 g
FeSO4-7H,0, 0.18 g CuSO,-5H,0, 25 °C and 0.56 g FeSO,-7H,0, 0.81 g FeCl;-6H,0) and b pHp, of
the adsorbents (conditions: 50 mg each nanoparticles/nanocomposites, 50 mL 0.01 M NaCl, 25 °C and
24 h)
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value for all adsorbents. If the pH is below the pH,,,. value, the surface charge of the
adsorbent becomes positive, so anions can be adsorbed [42]. Since the pKa values of
DCF and NPX were around 4.1 [42] and 4.2 [30], respectively, and both pKa values
for drugs are lower than the solution pH, both drugs are in anionic form and so there
is electrostatic attraction with the adsorbent [42].

FTIR results of Fe/CuNPs, Fe/Cu-CS, Fe/Cu-AT, Fe,O,NPs, Fe;O,—CS,
Fe;O,~AT and L. Brachypterus extract are given comparatively in Fig. 2a. The
characteristic peak at 555 cm™! seen in all nanoparticles FT-IR spectra is due to
the stretching vibration of the Fe—O bond [43, 44], and the characteristic peak at
1008 cm™! is due to the presence of Cu [45]. The peak seen at 3465 cm™ in the
FT-IR spectrum of both Fe/Cu—-CS and Fe;0,~CS belongs to the -NH or -OH
asymmetric vibration of chitosan. The width of this peak is due to the presence
of hydrogen bonding in the nanocomposite. A H bond is formed by attaching the
—NH or —OH group of pure chitosan to the —OH group of acetic acid [46]. Apart
from these, the stretching vibration of C=0 at 1732 cm~!, the C—-O-C bonds of
the polysaccharide skeleton at 1028 cm™' and the characteristic peaks of p-1,4-
glycosidic bond at 1153 and 895 cm™" show that chitosan is present in the structure
[47]. In the FT-IR spectrum of both Fe/Cu—AT and Fe;O,—AT, O-H stretches at
3313 cm™!, asymmetric and symmetrical stresses due to —COO at 1595 and
1417 cm™!, —O—C—O- stretches of ether groups and —C—O- stretches of alcohol
groups at 1100—1300 cm™" indicate that there is alginate in the structure [48—50].

The X-ray diffraction patterns of Fe/CuNPs, Fe/Cu—CS, Fe/Cu—AT, Fe;O,NPs,
Fe;O0,~CS and Fe;O,~AT magnetic nanoparticles are shown in Fig. 2b. In the
XRD pattern of Fe/CuNPs, four peaks corresponding to 260=37.4, 44.6, 57.8 and
61.4 angle values belong to CuFeO,, zero-valent iron (Fe’), Fe,0; and Cu,O,
respectively [51-54]. The particle size of Fe/CuNPs was calculated as 18.05 nm
from the Debye—Scherrer equation using the peak intensity observed at 20=37.4
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Fig.2 a FTIR spectrum and b XRD models of nanoparticles/nanocomposites
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in the diffraction pattern of these nanoparticles. In the XRD pattern of Fe;O,NPs,
six peaks belonging to the crystal structures 220, 311, 400, 422, 511 and 440 were
observed, corresponding to the angle values of 260=30.18, 35.47, 43.30, 53.42,
57.18 and 62.70 (JCPDS 65-3107). The particle size of Fe;O,NPs was calculated
as 11.02 nm from the Debye—Scherrer equation using the peak intensity observed at
20=35.47 in the diffraction pattern of these nanoparticles. The four peaks detected
in the XRD pattern of Fe/CuNPs were also detected in the diffraction pattern
of both Fe/Cu—CS and Fe/Cu—AT nanocomposites, and six peaks detected in the
XRD pattern of Fe;O,NPs were also detected in the diffraction pattern of both
Fe;0,~CS and Fe;0,—AT nanocomposites. This result showed that the coating of
both Fe/CuNPs and Fe;O,NPs with chitosan and alginate did not change the crystal
structure.

The shape and size of the Fe/CuNPs were also determined by TEM and SEM
analysis (Fig. 3a—d). The SEM images show individualistic Fe/CuNPs besides a
series of aggregates (Fig. 3b). The map data of elemental mapping confirmed the
presence of Fe and Cu and are consistent with the SEM images (Fig. 3b, c¢). In
addition, as seen from the EDX analysis results (Fig. 3d), it was confirmed that
the bimetallic nanoparticle was synthesized with a ratio including both 58.06%
Fe and 35.76% Cu in the structure. TEM images (Fig. 3a) obviously show that
the nanoparticles are nearly spherical in shape. Figure 3a also indicates the size
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Fig.3 a TEM images and histograms of Fe/CuNPs b SEM images of Fe/CuNPs ¢ elemental mapping of
Fe/CuNPs and d EDX analysis of Fe/CuNPs
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distribution histogram of the particles and the mean size of the particles is found
to be 18.05+0.04 nm and the size of the nanoparticles varies between 6 and
30 nm and showed superparamagnetic property [55, 56]. As seen, there is a good
agreement with the particle sizes calculated by the Scherrer equation in the XRD
spectra shown in Fig. 2b.

The shape and size of the Fe;O,NPs were also determined by TEM and SEM
analysis (Fig. 4a—c). The SEM images show individualistic Fe;O,NPs besides a
series of aggregates. The map data of elemental mapping confirmed the presence
of Fe and O and are consistent with the SEM-EDX images (Fig. 4a, c) [44, 57].
From TEM images (Fig. 4b), it is obviously seen that the nanoparticles are nearly
spherical in shape. Figure 4b also indicates the size distribution histogram of
the particles and the mean size of the particles is found to be 11.02+0.15 nm,
and the size of the nanoparticles varies between 5 and 42 nm and showed
superparamagnetic property [55, 56]. As seen, there is a good agreement with the
particle sizes calculated by the Scherrer equation in the XRD spectra shown in
Fig. 2b.
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Fig.4 a SEM images of b TEM, HR-TEM and histograms of ¢ EDX and elemental mapping of
Fe;0,NPs
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Adsorption capacity of nanoparticles/nanocomposites for NPX, DCF
and NPX + DCF

The adsorption of 25 mg/L 30 mL of NPX, DCF and NPX+DCF by separately
using 25 mg of Fe;O,NPs, Fe;0,~CS, Fe;0,~AT, Fe/CuNPs, Fe/Cu—CS and Fe/
Cu-AT magnetic nanoparticles at room temperature was investigated, and the results
are given in Fig. Sa—d. As can be seen from Fig. 5, adsorption capacity of Fe/CuNPs
bimetallic nanoparticle adsorbent for NPX, DCF and NPX+ DCEF is higher than
that of Fe;O,NPs. It was also observed that adsorption capacity of nanocomposites
for NPX, DCF and NPX+DCF is higher than that of nanoparticles. As the
nanocomposites have larger surface area, more porosity and more functional groups
with respect to nanoparticles, the adsorption capacity of them is higher than that of
nanoparticles [48, 50]. However, during the adsorption studies, it was observed that
the fact drugs that adsorbed rapidly in the first minutes were desorpted again in the
first 10 min reveals that the interaction between the adsorbate and the adsorbent is
the type of physical adsorption explained by the van der Waals force [58-62], and
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Fig.5 Comparative a NPX b NPX (NPX+DCF) ¢ DCF and d DCF (NPX+DCF) adsorption of
Fe;O4NPs, Fe;0,~CS, Fe;0,-AT, Fe/CuNPs, Fe/Cu—CS and Fe/Cu—AT removal efficiency (initial drug
concentration: 25 mg/L, adsorbent dosage: 25 mg/50 mL, T=298 K, pH=5)
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it is seen that the adsorption can be easily reversed due to the weak intermolecular
attraction force.

As seen in Fig. 5a, c, around 60% removal efficiency for both 25 mg/L. NPX and
25 mg/L DCF was separately achieved within the first 5 min. On the other hand, as
seen in Fig. 5b, d (competitive adsorption), the removal efficiency of 25 mg/L. NPX
and 25 mg/L DCF were separately reduced to around 48% and 56%, respectively,
indicating an antagonistic interaction between drug components [63]. Based on
results obtained from the competitive adsorption experiments, in which NPX and
DCEF drugs were mixed, it was revealed that all of the nanoparticles/nanocomposites
acted more selectively against DCF. The binding sites of DCF based on shape,
size and having more functional groups were higher than that of NPX molecule.
Therefore, these higher binding sites of DCF molecules cause higher selectivity by
nanocomposites [64].

Catalytic activity of nanoparticles/nanocomposites for NPX, DCF and NPX + DCF

Because of the fact that adsorption studies for the removal of NPX, DCF and
NPX+DCF were not performed efficiently due to desorption, catalytic activity of
nanoparticles/nanocomposites was conducted for NPX, DCF and NPX + DCF with
CWPO technique. For this, 25 mg/L of 100 mL NPX, DCF and NPX + DCF with
CWPO at pH=5 in the presence of 30% H,0O, as oxidation agent at room temperature
were separately mixed with 100 mg of Fe;O,NPs, Fe;0,—CS, Fe;O,—AT, Fe/CuNPs,
Fe/Cu—CS and Fe/Cu—AT magnetic nanoparticles/nanocomposites used as catalysts
and the results are given in Fig. 6a—d.

Fe/Cu-CS with 92% in DCF removal and Fe/Cu—-AT with 84% in NPX
removal provided the highest removal. In the competitive CWPO experiment,
it was observed that Fe/Cu—CS, which gave the best results in the removal of
NPX + DCF drug mixture, started to remove DCF at the first and the DCF removal
rate in the mixture was higher than that of NPX (Fig. 6c, d). In addition, it was
observed that the individual removal efficiency of NPX and DCF was higher than
the binary competitive oxidation. In general, the hydrophobic interactions played
an important role in the CWPO process. NPX is a monocarboxylic acid consisting
of a methoxynaphthalene, and DCF is a monocarboxylic acid consisting of the
amino group and phenylacetic (2,6-dichlorophenyl). NPX (pKa=4.2) molecule is
more stable than that of DCF (pKa=4.1), so DCF removal was observed higher in
competitive oxidation.

In principle, it can be said that the decompositions of drugs by oxidation are
based on the principle of producing OH' radicals. H,O, adsorbed by the metal
nanoparticle takes electrons from the metal nanoparticle and forms OH' radicals
as a result of OH™ ion oxidation. These radicals adsorbed by the nanoparticle react
with the drug on the surface and cause the drugs to decompose. In other words, the
OH' radical oxidizes the drug and converts it to CO, and H,O. The rate of catalytic
oxidation depends on both adsorptions of H,O, on the nanoparticle surface and
electron transfers from the nanoparticle. It can be said that nanoparticles effectively
weaken the O—O bond, providing an advantage for H,O, adsorption and increasing
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the electron transport rate. In the literature, it has been explained that the possible
oxidation reaction mechanism occurs in the presence of hydroxyl (HO’) and
hydroperoxyl (HOO') radicals formed from H,O, [35].

Optimization studies were carried out with Fe/Cu—-CS and Fe/Cu—AT, which
provide the highest DCF and NPX removal in the shortest time, and oxidation
reaction Kkinetics were investigated. When the experiments were performed
at pH=2, 4, 5 and 6, respectively, the best result was obtained at pH=4, and
the drug removal efficiency decreases with increasing pH (Fig. 7a). However,
considering the minimum corrosion and the drug removal efficiency at pH=5
being close to that of pH=4, the optimum pH value was chosen as 5, and further
studies were carried out at this pH. In CWPO experiments performed at 25,
40 and 55 °C, drug removal efficiency was best achieved at 25 °C (Fig. 7a).
From the results obtained, the reaction is considered to be exothermic. In order
to understand the effect of H,O, concentration on drug removal 30, 40 and 50%
(v/v) of H,O, solutions were separately used. It was determined that with the
increase in hydrogen peroxide concentration from 30 to 40, the decomposition
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Fig.7 Effect of a pH and temperature b catalyst dose and H,0, concentration and ¢ pseudo-first-order
and d pseudo-second-order kinetic models for CWPO of NPX on Fe/Cu—AT and DCF on Fe/Cu-CS

reaction of H,0, to radicals accelerated, and the drug degradation increased up to
a point and then, tended to decrease as it increased from 40 to 50 (Fig. 7b). This
is because at high concentrations, hydrogen peroxide prevents the formation of
hydroxyl radicals, causing the reduction of these radicals. Saleh and Taufik (2019)
examined the removal of methylene blue and Congo red dyes with Fe;0,/ZnO/
graphene composite, it was found that the increase in the H,0, dosage from 1 to
4 mL increases the dye removal efficiency and decreases after 4 mL dosage. Shi
et al. (2018) found that the dye removal efficiency increased with the increase in the
hydrogen peroxide concentration from 10 to 50 mmol/L, but the removal efficiencies
decreased at the H,0, concentrations of 70 mmol/L and above because the excess
hydrogen peroxide reacts with the OH radicals causing the formation of 'OOH
radicals with low-oxidation capacity. [65-67].

The reaction that takes place in the presence of excess hydrogen peroxide in the
reaction medium is given below [65]:
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H,0, + OH — H,0 + OOH

'OOH + OH — H,0 + O,

To examine the effect of the catalyst amount, the experiments were carried
out by adding 50, 100, 150 and 200 mg of magnetic Fe/Cu—CS and Fe/Cu—-AT
nanocomposites. As can be seen in Fig. 7b, with the increase in the amount of
catalyst, the drug removal does not change much, but increases slightly. With
the increase in the amount of catalyst, the number of active centers required
for oxidation increases, which increases the drug removal efficiency [68, 69].
According to the pseudo-first-order kinetic model, In C values against ¢ were
plotted, and the k, rate constant was determined from the slope. The graph drawn
for the pseudo-first-order kinetic model is given in Fig. 7c. According to the
pseudo-second-order kinetic model, ¢ versus 1/C values were plotted, and the k,
rate constant was determined from the slope. The graph obtained for the pseudo-
second-order kinetic model is given in Fig. 7d. The rate constants and coefficients
of determination (R?) calculated for pseudo-first-order and pseudo-second-order
kinetic models are given in Table 1.

When the coefficients of determination of the two kinetic models are compared,
it is seen that the reaction kinetics with a higher R* value are compatible with the
pseudo-first-order kinetic model. The activation energy (E,) of the reactions for
NPX, DCF, competitive NPX and competitive DCF is calculated from Eq. 1 and
found to be 10.56, 8.83, 12.07 and 9.35 kJ/mol, respectively.

k = Ae_E“/RT (1)

The oxidation capacities of the nanocatalyst synthesized in this study and the
different catalyst in the literature for the degradation of pollutants are given in
Table 2.

In order to examine the reusability of the catalyst, the magnetic Fe/Cu—CS and
Fe/Cu-AT catalysts, which were separated from the solution by magnet at the end
of the experiment, were reused and this process was repeated for three cycles.
When the results are examined, it is seen that there is a slight decrease in the

Table 1 Pseudo-first-order and pseudo-second-order model constants with the CWPO technique

Pseudo-first-order Pseudo-second-order

k, (min~") R? ky (2 L™! min71) R?
NPX* 0.2789 0.9955 0.0264 0.6614
DCF#** 0.2493 0.9968 0.0414 0.6478
NPX (competitive)** 0.2080 0.9814 0.0137 0.7632
DCF (competitive)** 0.2271 0.9961 0.0118 0.7885

*Fe/Cu—AT catalyst was used
**Fe/Cu—CS catalyst was used
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Table2 A comparison of the oxidation capacity of the prepared catalyst with those announced in the
literature

Pollutant Catalyst % Removal Time (min.) Reference
Phenol Fe-AC 100 240 [70]

Orange 11 Fe-AC 98 240 [71]

Orange 11 Fe;O4NPs 70.5 180 [72]
Rhodamine B GO-Fe;0, 88.3 60 [73]

MB Fe;0,/rGO 98.6 120 [74]
Bisphenol A Fe;0,-MWCNT 90 240 [75]
Bisphenol A FeCu-MC 93 60 [76]
Naproxen Fe/Ti-PB 82 120 [77]
Diclofenac Fe;0,-MWCNT 95 180 [78]
Naproxen Fe/Cu-AT 84 9 Present study
Diclofenac Fe/Cu-CS 92 9 Present study

Fig. 8 Reusability of catalysts

removal efficiencies in the third cycle, and the stable and active structure of the
catalyst are preserved to the desired extent (Fig. 8).

Conclusion

Magnetic metaloxide and bimetallic nanoparticles (Fe;O,NPs and Fe/CuNPs) were
synthesized by economical and environmentally friendly green synthesis method
using the endemic plant species Lathyrus brachypterus extract. Characterizations of
synthesized MNPs were performed. By using natural polymers, such as chitosan and
alginate, nanocomposite beads (Fe;0,~CS, Fe;0,~AT, Fe/Cu-CS and Fe/Cu-AT)
were synthesized. The separately or together removal of naproxen and diclofenac
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which are among nonsteroidal anti-inflammatory drugs and threaten natural life from
waste waters was conducted by using nanoparticles/nanocomposites used as both
adsorbent and catalyst. The optimum conditions for drug removal with the highest
efficiency in the shortest time were determined, and kinetic studies were carried
out. All MNPs provide drug removal in CWPO studies but it was observed that Fe/
Cu—CS for DCF removal and Fe/Cu—AT for NPX removal gave the best results.
Furthermore, it was found that adsorption of both NPX and DCF on nanoparticle
and nanocomposite beads was occurred as physical bonding.
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