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ABSTRACT

The photocatalytic performances of Ni-Fe-LDH, Co-Fe-LDH, and Cu-Fe-LDH, (LDH: Layered Double Hydroxide)
were investigated for the removal of oxytetracycline hydrochloride (OTC-HCI) from water. Layered double
hydroxide materials were synthesized by using the co-precipitation method. The photocatalysts were characterized
by SEM, XRD, XPS, and BET surface area analyses. The highest pharmaceutical removal efficiency was obtained
by using Ni-Fe-LDH photocatalyst. Box-Behnken design was used to examine the influences of reaction parameters
on OTC-HCI removal and to determine the optimal reaction conditions. In the parametric study, the interactive
influences of photocatalyst loading, solution pH, and the initial oxidant concentration on oxytetracycline
hydrochloride removal were investigated. Under visible light irradiation, the optimal conditions were determined to
be 1.5 g/L catalyst loading, pH 5, and 1.48 mM H,O, concentration by using Ni-Fe-LDH photocatalyst. OTC-HCI
degradation was calculated as 67.1% under the optimal conditions. Hydroxyl radical was determined to be the main
effective reactive. Phytotoxicity tests were performed using Lepidium sativum seeds. Veterinary antibiotic
degradation fit to first order reaction. The Arrhenius constant and activation energy were evaluated as 2.6 min* and
14.21 kJ/mol, respectively.

Keywords: Layered double hydroxide, tetracycline antibiotics, photocatalytic oxidation, kinetic modelling
OZET

Oksitetrasiklin hidroklorik asidin (OTC-HCI) sudan uzaklastirilmasi i¢in Ni-Fe-TCH, Co-Fe-TCH ve Cu-Fe-
TCH'nin (TCH: Tabakali Cift Hidroksit) fotokatalitik performanslar arastirilmistir. Tabakali ¢ift hidroksit
malzemeler kopresipitasyon yontemi kullanilarak sentezlenmistir. Fotokatalizoérler SEM, XRD, XPS ve BET yiizey
alamt analizleri ile karakterize edilmistir. En yiiksek farmasotik giderim degeri, Ni-Fe-TCH fotokatalizoriintin
varliginda elde edilmistir. Reaksiyon parametrelerinin OTC-HCI giderimi iizerindeki etkilerini aragtirmak ve
optimum reaksiyon kosullarini belirlemek i¢in Box Behnken tasarimi kullanilmigtir. Parametrik g¢alismada
fotokatalizor dozu, ¢ozelti pH degeri ve baslangi¢ oksidan derisiminin oksitetrasiklin hidroklorik asit giderimi
tizerine interaktif etkileri incelenmistir. Ni-Fe-TCH fotokatalizor kullanilarak goriiniir 151k altinda optimum reaksiyon
kosullart 1,5 g/L fotokatalizér dozu, 1,48 mM H>0O- konsantrasyonu ve pH 5 olarak belirlenmistir. Optimum kosullar
altinda OTC-HCI giderimi %67,1 olarak hesaplanmustir. Radikal tuzaklama deneylerinde hidroksil radikalinin
baslica etkili reaktif tiir oldugu tespit edilmistir. Lepidium sativum tohumlar1 kullanilarak fitotoksisite testleri
gergeklestitlmistir. Kinetik calismalarda veteriner antibiyotik bozunmasmin birinci dereceden reaksiyon hiz
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modeline uydugu sonucuna varilmistir. Aktivasyon enerjisi 14,21 kJ/mol ve on iistel faktér 2,6 min? olarak
hesaplanmistir.

Anahtar Kelimeler: Tabakali ¢ift hidroksit, tetrasiklin antibiyotikler, fotokatalitik oksidasyon, kinetik modelleme

INTRODUCTION

The wastewater contaminated with pharmaceutical drugs constitutes a major international concern for surface waters
and drinking waters. Veterinary antibiotics have been used worldwide in large amounts to treat disease and protect
animal health. They have been used at large scales in animal farming and pollute water sources through the disposal
of metabolized and unmetabolized (expired or unused) antibiotics (Leavey-Roback, Krasner, and Suffet, 2016;
Sarmah, Meyer, and Boxall, 2006). In addition, the antibiotics are released into the environment hospital effluents,
pharmaceutical industry wastewaters, and runoff from agricultural lands into sewers (Michael et al., 2013; Ngigi,
Magu, and Muendo, 2020). In agriculture (poultry, farming of swine, cattle breeding, etc.) use of antibiotics
comprises treatment, disease prevention, growth promotion, and control (Done, Venkatesan, and Halden, 2015).
Tetracyclines are the most commonly used antibacterial pharmaceuticals followed by sulfonamides. The main
tetracycline drugs are chlortetracycline, doxycycline, tetracycline, and oxytetracycline. Tetracyclines are known to
be effective against a large number of bacteria from various groups, as well as rickettsia, chlamydia, spirochetes,
mycoplasmas, leptospires, and some protozoa (Samanidou, Nikolaidou, and Papadoyannis, 2007). The presence of
tetracyclines in the environment may result in serious influences on human health including contribution to antibiotic
resistance (Yildirim-Tirgil et al., 2019).

The emerging contaminants in present wastewater discharged from various industries including pharmaceutical,
textile, food, etc. have gained attention due to their toxicity and persistence in the environment. The persistence of
the organic compounds is assessed by the rates at which they are removed by physical, chemical, and biological
processes. Persistent organic pollutants are chemicals whose long-term persistence results in accumulation in the
environment and biota due to chronic exposure (Chauhan et al., 2021; Papa and Gramatica, 2008). Antibiotics are
regarded as persistent since the rate of entering into the environment is more than the rate of decomposition. Most of
the pharmaceuticals including the antibiotics are non-biodegradable and have very stable chemical structures.
Antibiotic residues may result in adverse effects such as generation of stable organic by-products, which are difficult
to eliminate by the traditional wastewater treatment methods. (Gothwal and Shashidhar, 2015; Rokesh, Sakar, and
Do, 2021).

In addition, incomplete mineralization of antibiotics may result in formation of degradation products that are more
toxic than the parent compound. Therefore, advanced oxidation methods are good alternatives to treat antibiotic
containing wastewater since they are capable of complete mineralization (Adeyemi, Ajiboye, and Onwudiwe, 2021).

Among the many methods applied for pollutant removal, such as adsorption, coagulation-flotation, filtration, and
biological treatment, advanced oxidation processes stand out due to the complete degradation of pollutants instead
of their transfer from one phase to another. Reactive radicals released in advanced oxidation processes, which have
an important role among the environmentally friendly methods applied in wastewater treatment, non-selectively
transform a wide range of organic pollutants into H,O, CO., and simple inorganic salts.

Most of the active ingredients in drugs are persistent in the aquatic environment due to their non-biodegradable
characteristics. The pharmaceutical residues in water produce hazardous effects in both human bodies and aquatic
ecosystems. Endocrine system disruption is one of the important issues arising from the effect of chemicals.
Therefore, it is crucial to degrade the drug residues in water before discharging the drug containing wastewater (Gupta
etal., 2022).

Most of the traditional wastewater treatment methods are insufficient to decompose the persistent compounds.
Advanced oxidation processes are promising technologies to eliminate the persistent pharmaceuticals in wastewater
through the formation of hydroxyl radicals (Lin et al., 2017). Among the advanced oxidation processes,
photocatalysis and photo Fenton-like oxidation have received attention since these methods are cost-effective and
environmentally friendly in comparison to many other wastewater treatment processes. Organic contaminants can be
mineralized completely by using photocatalytic oxidation in contrast to nondestructive treatment methods such as
coagulation and adsorption. In these processes, various reactive species including "OH, "O;, and h* are formed in the
presence of photocatalysts (Bagherzadeh, Kazemeini, and Mahmoodi, 2021). Therefore, the development of
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inexpensive and effective photocatalysts for the decomposition of persistent organic pollutants has become a
significant research area.

Layered double hydroxide (LDH) materials which are known to be anionic clays and hydrotalcite-like materials have
gained attention for the effective elimination of organic pollutants in wastewater. Layered double hydroxides consist
of exchangeable interlayer anions, divalent and trivalent metals, and interlayer anions. Due to their large surface area,
crystal structure, and molecular stability, layered double hydroxides are among the promising multifunctional
materials for applications in wastewater treatment. By using layered double hydroxides containing copper and iron
ions, peroxide activation can be achieved with negligible metal leaching. Due to their anion exchange capacity, and
the ability to capture inorganic and organic anions, layered double hydroxides have a great potential to be used in
catalytic processes, ion exchange, adsorption, photochemical and electrochemical applications (F. Li and Duan, 2005;
Yan et al., 2017).

According to the study reported in the literature, the layered double hydroxides showed a promising performance for
the removal of antibiotics from water. For instance, Ao et al. (2019) studied middle pressure UV/peroxymonosulfate
(MPUV/PMS) oxidation in the presence of sulfate radical to remove tetracycline in water. Optimal removal was
achieved at an initial tetracycline dosage of 11.25 um at pH=3.7, a PMS dose of 0.2um, and a 250 mJcm 2 UV light
irradiation. As a result, 82% of tetracycline was degraded by the MPUV/PMS system (Ao et al., 2019). Chen et al.
(2019) investigated the photocatalytic performance of Ag.O/Ag decorated layered double hydroxide catalyst. LDH-
Ag20/Ag was prepared by depositing Ag.O on LDH surface and converted into silver nanoparticles after heat
treatment. The optimal catalytic efficiency of LDH-Agio catalysts (0.0184 mint) was nearly 46 times higher than
that of bare layered double hydroxide (0.0004 min~!). Radical quenching experiments showed that *OH is the
dominant reactive oxygen species whereas h* and *O;,™ have also affected the tetracycline oxidation (C. R. Chen et
al., 2019). Fan et al. (2012) studied anion exchange precipitation process to prepare bifunctional Ag/AgBr/Co—Ni—
NOs; LDH nanocomposites. It was observed that Ag/AgBr nanoparticles were widely spread on Co—Ni-NO;LDH
layers. Nanocomposites have been used to absorb and photocatalytically decompose organic pollutants from water.
For the removal of dyes and phenol, the catalytic activities of nanocomposites were found to be higher than Co—Ni—
Br LDH and Ag/AgBr. This method may be preferred for the preparation of other LDH/silver salt compositions. It
was concluded that these kinds of nanostructures have extensive applications in treatment due to their high absorption
capacity and high photocatalytic activity (Fan et al., 2013).

Panplado et al. (2019) studied on degradation of tetracycline antibiotics from wastewater. In situ-adsorption method
includes formation of mixed metal hydroxide materials which act as an adsorbent for tetracycline removal from
aqueous solutions, by using the components of layered double hydroxide materials under alkaline conditions. 100%
removal of tetracycline was achieved under optimized conditions. Recovery of tetracycline was tested in the presence
of various anions. Due to the high charge density, 98% recovery was obtained by using phosphate (Panplado et al.,
2019). Zhu et al. (2021) analyzed the photocatalytic removal performance of Cu-Fe/LDH@BIiOl; s photocatalyst
designed with a simple hydrothermal synthesis method. The tests of photocatalytic oxidation of tetracycline indicated
that the highest removal reached 73% in 75 minutes in the presence of 1:10 Cu-Fe/LDH@BIOls catalyst. The
dominant reactive oxygen species were determined to be O,* and h* in radical trapping experiments (Zhu et al.,
2021).

When the studies in the literature on the oxidation of industrial pollutants in the presence of layered double hydroxide
catalysts are evaluated, it is concluded that layered double hydroxide catalysts are effective in antibiotic removal.
Though the catalytic activities of several types of layered double hydroxides were tested in literature studies, the
comparison of the photocatalytic performances of copper, cobalt, and nickel containing layered double hydroxides,
optimization of the reaction conditions by response surface methods and investigation of the reaction kinetics and
toxicity assessment under optimized conditions constitute the innovative approaches of this study.

MATERIAL AND METHOD

Chemicals

Fe(NO3)3:9H.O (Merck, 99-102%), Cu(NOa3)2-:3H.O (Tekkim Kimya), Co(NOa3)..6H.O (Carlo Erba),
Ni(NO3),-6H,O (Merck, 99-102), and sodium hydroxide (Merck, >99%) were used to prepare layered double
hydroxide catalysts. Hydrogen peroxide (H20., Merck, 35%) and oxytetracycline hydrochloride (C22H24N2Oq-HCI,
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Doga Ilag) were used as the oxidant and the target veterinary antibiotic, respectively, in the photocatalytic
experiments.

Catalyst Preparation

Layered double hydroxides were prepared according to the co-precipitation method adopted from the literature
(Khataee et al., 2019; Mandal, Mayadevi, and Kulkarni, 2009; Mikami et al., 2016; Z. Shi, et al., 2020). The trivalent
metal nitrate (iron nitrate nonahydrate) and the divalent metal nitrate (nitrate salt of copper, cobalt, or nickel) were
dissolved in pure water by setting the molar ratio of M3*/M?*to 1/3. 2 N NaOH solution was added into the solution
dropwise until the pH of the solution reaches to 10. The resulting mixture was stirred vigorously. The resulting
precipitates were filtered, aged at ambient conditions, and dried in an oven at 80 °C for 8 h to obtain the layered
double hydroxide photocatalysts.

Catalyst Characterization

The surface texture of the layered double hydroxides was analyzed by a Thermo Scientific Apreo S Scanning Electron
Microscopy and the chemical states of elements present on a sample surface were examined via a Thermo Scientific
K-Alpha X-Ray Photoelectron Spectrometer in Ege University Application and Research Center for Testing and
Analysis. The phases of the layered double hydroxides were analyzed via a Philips X'Pert Pro X-Ray Diffractometer
and the surface area measurements were performed by using Mikromeritics Gemini V analyzer in Izmir Institute of
Technology Materials Research Center.

Experimental System and Procedure

The photocatalytic oxidation of oxytetracycline hydrochloride (OTC-HCI) was performed in a beaker by using a
temperature-controlled hot plate. An 80-Watt halogen lamp was used as a visible light source. In a typical run, 200
mL of 50 ppm OTC-HCI solutions are prepared and the pH of the pharmaceutical solutions is adjusted to the desired
values by the addition of HCI or NaOH solutions. After the addition of catalyst, the experiments are carried out in
darkness for 30 minutes to reach equilibrium. Subsequently, the required amount of hydrogen peroxide is added and
the visible lamp is turned on. The photocatalysis lasted for 60 minutes. Samples are taken periodically to analyze the
OTC-HCI degradation.

Experimental Plan

The photocatalytic performances of Ni-Fe-LDH, Co-Fe-LDH, and Cu-Fe-LDH were tested at pH 4 and 1 g/L catalyst
loading in the presence and the absence of hydrogen peroxide comparatively. After the most effective layered double
hydroxide was selected, the interactive influences of catalyst dose, pH, and H2O, dosage on OTC-HCI degradation
were studied in the presence of the chosen catalyst. The experimental plan was determined based on Box—Behnken
design. The factors and their levels used in the parametric study are listed in Table 1.

Table 1. Boundaries of the Experimental Design and Coded and Actual Values of the Reaction Parameters
Ranges of levels

Variable Symbol

-1 0 1

Initial pH X1 4 7 10
Catalyst Loading, g/L Xz 0.5 15 2
[H205]0, MM X3 0 1 2

The generation of hydroxyl radicals in the photo Fenton-like oxidation process by using layered double hydroxides
was analyzed by radical trapping experiments. Isopropanol and methanol were used as hydroxyl radical scavengers
(C. Lietal., 2018; S. Li and Hu, 2016). Under the optimal conditions, kinetic studies were conducted at 25°C, 35°C,
and 45°C to evaluate the activation energy and to obtain the reaction rate equation expressing the photocatalysis of
OTC-HCI by using the most effective layered double hydroxide.

Analysis

Adsorption and photocatalytic degradation of OTC-HCI was determined by spectrophotometric analysis according
to the literature studies (F. Chen et al., 2016; Kang, Xu, and Shi, 2019; B. Liu et al., 2019; Luo et al., 2015; W. Shi
et al., 2020). The decrease in OTC-HCI concentration during the photocatalytic oxidation was determined by
measuring the absorbance values in a UV-VIS Spectrophotometer. The absorbance was measured at 275 nm since
the rings containing N-groups which are associated with the absorbance at 275 nm are harder to open when compared
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to the other rings in the OTC-HCI molecule (Soltani, Tayyebi, & Lee, 2019). OTC-HCI degradation was evaluated
according to Equation 1:

[C]o- [C]

OTC-HCI Degradation, %= i L x 100 (1)
t

Co: The initial OTC-HCI concentration, ppm
C:: OTC-HCI concentration at time t, ppm

Toxicity Tests

Toxicity tests were performed to determine whether toxic oxidation products are formed during the photocatalytic
oxidation (Hoekstra, Bosker, and Lantinga, 2002; Palas, Ersoz, and Atalay, 2019). The toxicity based on growth
inhibition was evaluated by measuring the root length of the seeds grown in treated and untreated OTC-HCI solutions
and in water. 5mL treated and untreated OTC-HCI solutions and water were added into separate petri dishes
containing Lepidium sativum seeds. The seeds were incubated for 3 days in darkness. After 3 days, lengths of the
roots growing in different mediums were measured and the inhibition of root growth was calculated based on Eq. 2:

Lc-Ly
Lc

Root Growth Inhibition,%= [ ] %100 (2)

Lc: Mean length of roots of L. sativum growing in water (control medium), cm
Lp: Mean length of roots of L. sativum roots growing in treated or untreated OTC-HCI solutions, cm

EXPERIMENTAL RESULTS AND DISCUSSIONS
Characterization of Catalysts
Investigation of Surface Morphology

The SEM images of layered double hydroxides are shown in Figure 1. Scanning electron microscope images are
recorded at 50000x and 100000x magnifications. As seen in Figure 1, Cu-Fe-LDH catalyst structure is almost
homogeneous, and leaf like structures are observed on the surface. Co-Fe-LDH micrographs show that plate-like
particles are aggregated and piled indicating the formation of layered double structures. Ni-Fe LDH catalyst samples
present aggregates of poorly defined shapes. Ni-Fe-LDH consists of thin layers and coacervates which is the typical
product of the co-precipitation method.
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Figure 1. Scanning Electron Micrographs of Cu-Fe-LDH (a,b), Co-Fe-LDH (c,d), and Ni-Fe-LDH (e,f) Recorded
at 50000 and 100000 Times Magnifications
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XRD Analysis

X-ray diffraction analyses were carried out to determine the composition and structural parameters of layered double
hydroxide photocatalysts. XRD pattern of Ni-Fe-LDH Cu-Fe-LDH, and Co-Fe-LDH are presented in Figure 2.
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Figure 2. XRD Pattern of LDH Photocatalysts

The XRD pattern of Ni-Fe LDH catalyst shows the characteristic peaks of hydrotalcite-like compounds. The sharp
and high-intensity peaks indicate the formation of crystalline structures instead of amorphous structures. Well-
defined peaks at 11.6°, 35.5°, and 62.9° are assigned to the (003), (009), and (113) planes of the Ni—-Fe LDH,
respectively, which confirms that the layered double hydroxide crystals are formed (J. Chen et al., 2018; Ren et al.,
2019; Sirisomboonchai et al., 2019). The peaks at 29.3° and 50.8° are associated with the impurities of NiggFe2404
phase (Anantharaj et al., 2017) and Ni—Fe alloys (Rosmini et al., 2022).

The diffraction peaks at 27.1°, 29.5, 36.1°, and 55.2° are indexed into (006), (105), (015), and (110) planes of Co-
Fe-LDH (Arif etal., 2019). Cu-Fe LDH displayed several sharp diffraction peaks at 35.9°, 38.9°, 48.5°, 58.0°, 61.8°,
63.2°, 66°, 68.2°, and 75.2°. The XRD pattern showed that Cu-Fe-LDH was well crystallized with a typical layered
structure. In the literature, similar XRD patterns are reported for Cu-Fe LDH (L. Liu et al., 2019).

Surface Analysis
The results of BET surface area measurements performed for Cu-Fe LDH, Ni-Fe LDH, and Co-Fe photocatalysts are
presented in Table 2, and the N, adsorption isotherms are shown in Figure 3.

Table 2. Surface Area, Pore VVolume, and Size Results for LDH Photocatalysts

Cu-Fe LDH Ni-Fe LDH Co-Fe LDH
BET Surface Area, m?/g 35.65 2.55 22.63
Pore Volume, cm®/g 0.134 0.125 0.164
Pore Size, A 150.62 336.19 289.1

The surface areas of the layered double hydroxides prepared in this study and the literature studies are similar. For
instance, Utami et al. (2022) reported that the surface area of NiAl LDH is 3.288 m?/g (Utami, Ahmad, Zahara,
Lesbani, and Mohadi, 2022). Wei et al. (2022) revealed that the surface areas of Mg-Al-Cl LDHs and Ca-Al-COs-
LDHs were 8.4 and 7.6 m?/g, respectively (Wei, Li, Ye, Rietveld, and van Halem, 2022). N, adsorption and
desorption isotherms of Ni-Fe-LDH are presented in Figure 3.

The adsorption and desorption isotherms of LDH photocatalysts corresponded to Type Il isotherms indicating a
multilayer structure according to the IUPAC classification. Type Il indicates weak interactions of adsorbent and
adsorbate on macroporous adsorbents (Rouguerol et al., 2014). Type-1Il isotherm is convex with respect to the
relative pressure axis throughout the entire range. For each catalyst, the P/P, value difference between adsorption and
desorption was found to be <0, which tells microporous volume is relatively less. Based on the IUPAC classification,
the resemblance of Hs type hysteresis loop reveals the existence of flat particles or slit-shaped pores (L. Liu et al.,
2019; Tagliazucca, et al., 2013).
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Figure 3. N2 Adsorption and Desorption Isotherms of Layered Double Hydroxides
XPS Analysis

Valence states of the most effective layered double hydroxide catalyst were determined by XPS analysis and X-ray
photoelectron spectra of Ni-Fe-LDH were presented in Figure 4.
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Figure 4. XPS Spectrum of Ni-Fe-LDH Catalyst (a) Ni2p Scan, (b) Fe2p Scan, (c) O1s Scan, and (d) XPS Survey

Figure 4 shows the chemical states of nickel, iron, oxygen, and carbon. In Ni 2p spectrum, the peaks are located at
872.08, 856.78, 855.58, 855.28, and 854.88 eV. The peaks observed at 854.88 eV and 855.28 eV are associated with
the presence of Ni-O bond and Ni(OH), group, respectively (Mauraya et al., 2022). In Fe 2p spectrum, the peaks are
centered at 727.18, 725.28, 723.98, 714.18, 712.48, and 710.88 eV. The peak appeared at 710.88 eV indicating the
presence of Fe;Os. The peak located at 723.98 eV confirms +3 oxidation state of iron. The peaks are centered at
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541.98, 537.18, 536.58, 532.88, 531.18, 530.38 eV. In O1s spectra of Ni-Fe-LDH catalyst, the peaks around 530.38
and 531.18 corresponded to metal-oxygen bond and oxygen defects in the layered double hydroxide, respectively.
The peak around 532.88 is attributed to the adsorbed oxygen resulting from hydroxyl groups including adsorbed
water (X. Feng et al., 2021; C. Song et al., 2021).

Catalyst Screening

Antibiotic removal performances of Cu-Fe-LDH, Co-Fe-LDH, and Ni-Fe-LDH layered double hydroxides were
studied at pH 4 and 1 g/L of catalyst dose under visible light irradiation. The experimental study was carried out in
darkness and without oxidant during the first 30 minutes to reach the adsorption equilibrium. After 30 min,
photocatalytic oxidation was maintained for 1 hour under visible light with or without using H-0O, as an oxidant. In
case of using oxidant, H.O dosage was fixed at 1 mM. The experimental results obtained from the catalyst screening
study are presented in Figure 5.

© 100 Photocatalytic oxidation without H20: ° 100 Photocatalytic oxidation with Hz0-
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Figure 5. Photocatalytic Activities of Various Layered Double Hydroxides in the Absence (a) and in the Presence
of Oxidant (b) (Reaction conditions: pH 4, 1 g/L of catalyst loading)

According to the literature survey, a negligible degradation was observed for the photolysis of tetracycline indicating
that was stable in the absence of photocatalyst (B. Liu et al., 2019; Reyes et al., 2006; Wu et al., 2020). The
experimental results show that the adsorption performances of the layered double hydroxides varied between 15.1%
and 19.7%. The highest photocatalytic degradation efficiency was obtained by using a Ni-containing catalyst. The
photocatalytic degradation efficiencies of OTC-HCI were evaluated as 15.4%, 24%, and 27.7% by using Cu-Fe-
LDH, Co-Fe-LDH, and Ni-Fe-LDH, respectively, whereas these efficiencies increased to 31.1%, 26.9%, and 34.4%
in the presence of H2O.. The highest cumulative antibiotic removal including the adsorption and photocatalytic
oxidation was calculated as 49.5% in the presence of Ni-Fe-LDH catalyst.

Interactive Influences of Reaction Parameters

Ni-Fe LDH, which provides the most effective removal, was used in the parametric study. As in the catalyst
screening, the experiments were carried out in two sections including the adsorption performed in darkness and the
subsequent photocatalysis under visible light irradiation. The parametric study plan was formed based on the Box-
Behnken design using the Minitab17 program. The response surface methodology was applied to determine the
interactive influences of process variables on antibiotic removal with a confidence level of 95%. The upper and lower
limits of the oxidation parameters were 4-10 for pH, 0.5-1.5 g/L for catalyst loading, and 0-2 mM for H,O, dosage.
The response surface plots showing the interactive influences of catalyst loading (CL), initial pH, and the initial H.O,
dosage (HPC) are presented in Figure 6.

In photo Fenton oxidation processes, the organic pollutants were decomposed and reacted with the hydroxyl radicals
mainly generated in the following reactions:

Fe(OH)* + hv — Fe?* + HO®
Fe?* + H,0, — Fe(OH)?*+ HO*

The reactions of hydroxyl radicals with organic compounds containing C-H or C=C bonds generally proceed with
rate constants approaching the diffusion-controlled limit. For this reason, oxidation rates are generally limited by the
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rates of hydroxyl radical formation and competition by other hydroxyl radical scavengers in reaction medium rather
than by reactivity with the oxidant (Haag and David Yao, 1992).
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Figure 6. Surface Plots Showing the Interactive Influences of pH and CL (a), pH and HPC (b), and CL and HPC
(c) on OTC-HCI Degradation

Catalyst loading is one of the important parameters affecting the hydroxyl radical formation and performance of
Fenton oxidation-based processes. In the presence of Ni-Fe-LDH reactive oxygen species are formed in the reactions
between the oxidant and both of the ferric and nickel ions. From Figures 6a and 6c, it is concluded that OTC-HCI
removal was improved by increasing the catalyst loading up to the optimal value. The enhancement of antibiotic
degradation efficiency can be explained by the increase in the number of active sites on the surface of the catalyst at
a higher catalyst loading (Q. Feng et al., 2020). However, above the optimal catalyst dose, the removal efficiencies
can be explained by *OH scavenging resulting from the excess iron and nickel species. Additionally, light penetration
through the reaction medium is reduced at high catalyst loadings and the total number of photons that could reach
hydrogen peroxide molecules decreases (Kasiri, Aleboyeh, and Aleboyeh, 2008). Kerchich et al. (2021) reported that
the dye removal efficiencies increased up to 0.5 g/L &-Fe.Os/MgAI-LDH photocatalyst dose due to the increase in
absorption sites on the catalyst surface leading to the formation of hydroxyl radicals. However, above the optimum
photocatalyst dosage, the removal efficiencies decreased due to the reduction of the light penetration and the
agglomeration of the photocatalyst particles (Kerchich, et al., 2021).

Figures 6a and 6b depicted that increasing the initial pH resulted in decrease in OTC-HCI degradation. Fenton-based
processes at acidic conditions. The lower degradation efficiency at high pH values can be attributed to the
decomposition of hydrogen peroxide into water and oxygen which reduces the formation of *OH (Arshadi et al.,
2016). Moreover, the performance of Fenton-based processes decreases at basic conditions due to the tendency to
formation of HO,"® that is less reactive than *OH.

Similarly, the improvement of antibiotic degradation in acidic medium by using layered double hydroxide catalysts
is reported in literature studies. Sahoo et al. (2019) reported that tetracycline degradation efficiency is maximum at
pH 4.5 since in a weak acidic environment, hydrogen ions can easily react with ‘O, to generate *“OH (Sahoo, Patnaik,
and Parida, 2019). Song et al. (2022) stated that the photocatalytic performance of Ce/TiO.@LDH decreases with
the increase of pH value due to the hydroxide anions coming from high pH conditions reacted with hydroxyl radicals,
resulting in the deactivation of hydroxyl radicals (Z. Song, Gao, Liao, Zhang, and Wang, 2022).

The increase in oxidant dosage favored antibiotic degradation. Studies in the literature are also consistent with the
fact that the use of hydrogen peroxide increases antibiotic removal up to the optimal dosage. For instance, Gholami
et al. (2020) revealed that the addition of hydrogen peroxide favored the photocatalytic degradation of gemifloxacin
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antibiotic using Zn-Co-LDH@biochar photocatalyst (Gholami, Khataee, Soltani, Dinpazhoh, and Bhatnagar, 2020).
However, the excessive use of oxidant also reduces the degradation efficiencies. Yang et al. (2022) revealed that in
the presence of FeNi-LDH/TisC,, the tetracycline degradation efficiency was remarkably decreased at high
H-O> concertation since excessive H,O, quench the hydroxyl radicals to produce hydroperoxyl radicals which further
consume the hydroxyl radicals (Yang et al., 2022).

The variation in H,O, dosage was less effective than pH. It is recommended to operate near the upper boundary of
oxidant dosage in an acidic medium to reach the highest OTC-HCI degradation.

By the synergetic effect of H.O, and metal ions (M), hydroxyl radicals are formed in the following reaction:
M"™* + H,0, » M™*1 + HO® + OH~

To examine the interactive influences of catalyst and H,O; loadings, the catalyst loading was changed in the range
of 0.5 and 1.5 g/L whereas the pH varied between 4 and 10. Figure 5c¢ depicts that catalyst loading was more effective
in comparison to hydrogen peroxide dosage since the variation in antibiotic degradation efficiency with respect to
catalyst loading was higher than the variation with respect to oxidant dosage.

Response Optimization

The optimal photo Fenton-like oxidation conditions were decided by maximizing the OTC-HCI degradation. Catalyst
dose, pH, and the initial H.O, dosage were optimized at 1.5 g/L, 5, and 1.48 mM, respectively, and the degradation
efficiency is predicted as 68.7%. A set of experiments were conducted at the optimal conditions to test the accuracy
of the model by the comparison of the predicted and the experimental degradation efficiencies. Under the optimal
conditions, 67.1% OTC-HCI degradation was achieved. The error was calculated as approximately 2.3%. Since the
calculated error is below 10%, the model equation can be accepted as accurate and used to predict the degradation at
any reaction condition in the range of the defined upper and lower boundaries of reaction parameters. The decrease
in OTC-HCI concentration under the optimal conditions is shown in Figure 7.
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Figure 7. The Decrease in OTC-HCI Concentration under the Optimum Photocatalytic Conditions
Radical Quenching Experiments

To determine whether *OH radicals are generated during the photo Fenton-like reactions, OTC-HCI degradation was
calculated both in the presence and absence of hydroxyl radical scavengers. Radical trapping studies were performed
at the optimal operating conditions by adding isopropanol or methanol separately. The degradation efficiencies
obtained by the addition of radical quenchers are given in Figure 8.

Antibiotic degradation efficiencies decreased by the addition of methanol and isopropanol significantly. OTC-HCI
degradation efficiencies were evaluated as 27.4% and 18.5% by using methanol and isopropanol, respectively. The
results demonstrated that mainly *OH was involved and played an effective role in OTC-HCI degradation.

Toxicity Tests

In the context of this study, the photocatalytic conditions including the photocatalyst and oxidant dosages and pH
were optimized by using response surface methodology and Box-Behnken Design. The toxicity of the photocatalytic
oxidation products was analyzed for the optimized reaction conditions which are recommended for practical
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applications in further studies. Toxicity tests were performed to assess the toxicity of the intermediates and end
products generated during the photocatalytic oxidation of OTC-HCI by using layered double hydroxides.
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Figure 8. Radical Trapping Experimental Results

The mean root lengths of L. sativum roots growing in treated and untreated OTC-HCI solutions were 19.46 and 14.66
mm, respectively, whereas the mean length of the roots growing in water was 37.13 mm. The toxicity of the untreated
and treated pharmaceutical solutions in terms of growth inhibition was calculated as 60.51% and 47.59%,
respectively. Since the growth inhibition was reduced by 12.92% after the photo Fenton-like oxidation treatment in
the presence of Ni-Fe-LDH catalyst, it is determined that this treatment method and Ni-Fe-LDH photocatalyst were
effective in decreasing the toxicity of OTC-HCI solutions.

Kinetic Study

Kinetic studies were conducted to derive reaction rate equation expressing photocatalytic degradation of the parent
compound, OTC-HCI using layered double hydroxides. The Kinetic study on oxytetracycline hydrochloride
degradation in the presence of Ni-Fe-LDH was carried out in a temperature range of 25-45°C under the optimal
reaction conditions which were determined as pH 5, 1.5 g/L catalyst loading, and 1.48 mM H,0O, dosage. The initial
OTC-HCI dosage was fixed at 50 mg/L in the kinetic study. For the determination of the most suitable kinetic model
for the kinetic data, power rate models, which are the most commonly used reaction kinetic models, were proposed
and the most appropriate reaction rate expression was determined by comparing the regression coefficients. The
suitability of the 1%tand 2" order reaction rate models given in Equations 3 and 4 were tested by the application of
regression analysis.

dCorc. Corc.

— 2~k Corenar by integrating: IHM =kt ®
m [Corc-ncll

dCorcnci 2 by i ! 1

—OTCHA e Coren. by integrating: = kot *
" 2-orcHer DY MICEIAHNE: 16— ™ 1 [Corcncle | 2 ®

where Corc-nai [mg/L] is the concentration of OTC-HCI, ki [min?] and k. [L.mgmin] are the first and second-
order reaction rate constants, respectively, and t [min] is the reaction time.

The graphics showing the 1% and the 2" order reaction rates and corresponding regression coefficients are presented
in Figure 9, and the calculated values of the kinetic parameters are tabulated in Table 3.

Table 3. Regression Coefficients and Rate Constants Calculated based on the 1% and 2" Order Reaction Rate

Models
1%t Order Reaction Rate Model 2" Order Reaction Rate Model
ki [min] R? k2 [L.mgt.min?] R?
25°C 0.0081 0.93 0.0002 0.88
35°C 0.0105 0.94 0.0003 0.878
45°C 0.0116 0.95 0.0004 0.88

k: Reaction rate constant, R% Regression coefficient
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Figure 9. Regression Coefficients and Reaction Rate Constants Derived based on the 1% (a) and 2" (b) Order
Reaction Rate Models

As the reaction temperature rose from 25°C to 45°C, the reaction rate constants increased due to the faster antibiotic
degradation. The high R? values varying between 0.93 and 0.96 indicated that the 1 order reaction rate model fit
well with the antibiotic degradation data. It has been reported in many literature studies that the tetracycline
degradation in photo Fenton oxidation processes follows first-order reaction kinetics (Lu et al., 2023; Palanivel et al.,
2021; Thi et al., 2022; Yuan et al., 2023).

The Arrhenius plot of photo Fenton-like oxidation of OTC-HCI by using Ni-Fe-LDH (Figure 10) was drawn by using
first-order rate constant. The activation energy and Arrhenius constant were determined as 14.21 kJ/mol and 2.58
L.mgmin?, respectively. This value is slightly higher than the activation of the diffusion controlling reactions, which
is usually in the range of 10-13 kJ/mol indicating that the intrinsic chemical reactions on the catalyst surface are
more effective than the rate of mass transfer (Zhou et al., 2022).
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Figure 10. Arrhenius Plot Drawn based on the 1% Order Reaction Rate Model

In literature, the reported values of activation energies calculated for photo-Fenton like oxidation of tetracycline
antibiotics are usually similar to or higher than activation energy value determined in this study. For instance, Yuan
et al. (2023) reported 39.8 kJ/mol of activation energy for tetracycline hydrochloride removal in the presence of
FesSa/g-CsNa4 catalyst (Yuan et al., 2023). Thi et al. (2022) evaluated the activation energy as 17.91 kJ/mol for
tetracycline removal in the presence of Prussian blue decorated g-CsN4 as photo-Fenton catalyst (Thi et al., 2022).
Zhou et al. (2022) evaluated the activation energy as 27.88 kJ/mol for tetracycline hydrochloride removal by using
FesS4/MoS; catalyst (Zhou et al., 2022). Activation energy calculated in the present study is lower than that in the
literature, indicating that the tetracycline degradation by photocatalytic reaction requires a relatively low energy and
can be easily achieved.

CONCLUSIONS

The photocatalytic performances of various layered double hydroxides including Ni-Fe-LDH, Co-Fe-LDH, and Cu-
Fe-LDH were synthesized, and their visible light-driven catalytic activities were compared for the degradation of the
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target veterinary antibiotic. Ni-Fe-LDH exhibited the highest photocatalytic performance in photo Fenton-like
oxidation. The interactive influences of catalyst dosage, pH, and H,O, dose on OTC-HCI degradation were analyzed,
and the reaction conditions were maximized according to Box-Behnken design. Oxytetracycline hydrochloride
degradation was optimized at pH 5, 1.5 g/L of catalyst loading, and 1.48 mM H-0., concentration. At the optimal
reaction conditions, 67.1% antibiotic degradation was achieved. Hydroxyl radicals were the main reactive active
species responsible for the antibiotic degradation. The photo Fenton oxidation of the antibiotic fits the first-order
reaction rate model well. The low activation energy showed that rapid reactions occur by using Ni-Fe-LDH catalyst.
The toxicity was reduced by 12.92% during the photocatalytic oxidation.

Investigation of the photocatalytic performances of copper, cobalt, and nickel containing layered double hydroxides
for the degradation of veterinary antibiotics, optimization of the reaction conditions by response surface methods,
and derivation of kinetic models expressing the OTC-HCI degradation in the presence of layered double hydroxides,
and toxicity assessment under optimized conditions constitute the innovative approaches of this experimental study.

The results indicated that the Ni-Fe-LDH is a promising and efficient candidate to be used as a photocatalyst in
environmentally friendly applications of veterinary pharmaceutical wastewater treatment. The application of efficient
wastewater technologies would contribute to the protection of aquatic life and improvement of environmental health
by keeping the water sources clean. The kinetic models expressing the pollutant degradation can provide background
for scale-up studies and can encourage practical applications of environmentally friendly advanced oxidation
methods in wastewater treatment facilities.
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