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SUMMARY

In this thesis, the degradation of refractory organic pollutants by sonocatalytic
and photocatalytic processes was investigated by enhancing the catalytic properties of
layered double hydroxide (LDHSs) through various modifications. The catalytic
performance of ZnFe LDH was enhanced through lanthanum (La) doping. Following
that, the synthesized La-ZnFe LDH was immobilized onto the polydimethylsiloxane
(PDMS) sponge to increase the reusability of the catalyst. The morphological,
structural, and optical properties of the LaZnFe LDH and immobilized catalyst were
determined via XRD, FTIR, SEM, EDX, TEM, XPS, BET, and DRS analyses. Firstly,
LaznFe LDH was used for the peroxydisulfate-assisted sonocatalytic degradation of
the metribuzin. By optimizing LaZnFe LDH dosage, metribuzin concentration, PDS
concentration, pH, and ultrasonic power, 90.1% of the metribuzin was degraded.
Secondly, LaZnFe LDH-embedded PDMS sponge was used for the
peroxymonosulfate-assisted photocatalytic degradation of rifampicin. The effect of
rifampicin concentration, PDMS sponge number, PMS dosage, pH, and light intensity
on the rifampicin photodegradation process was investigated. Under optimal
conditions, the rifampicin degradation efficiency of the process reached 92.8%.
LaZnFe LDH and the immobilized catalyst were found to have good reusability and
stability after four and seven consecutive cycles, respectively. By-products generated
during the degradation of metribuzin, and rifampicin were detected by GC-MS
analysis and these by-products were found to be less toxic or non-toxic in comparison
to the target pollutants. According to the results, the application of modified LDHs for
the sonocatalytic and photocatalytic processes for the degradation of refractory organic
pollutants is quite effective.

Key Words: Refractory organic pollutant, Layered double hydroxide,
Sonocatalytic degradation, Photocatalytic degradation, Nanomaterials.
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OZET

Bu tezde, direngli organik kirleticilerin sonokatalitik ve fotokatalitik yontemlerle
bozunmasi, g¢esitli modifikasyonlar yoluyla katmanli ¢ift hidroksitin (LDH'ler)
katalitik ozelliklerini artirarak incelenmistir. ZnFe LDH'nin katalitik performansi,
lantanyum (La) katkilama yoluyla gelistirilmistir. Bunu takiben, katalizériin yeniden
kullanilabilirligini arttirmak igin sentezlenen La-ZnFe LDH, polidimetilsiloksan
(PDMS) siingeri iizerine immobilize edilmistir. LaZnFe LDH' nin ve
hareketsizlestirilmis katalizoriin morfolojik, yapisal ve optik 6zellikleri XRD, FTIR,
SEM, EDX, TEM, XPS, BET ve DRS analizleri ile belirlenmistir. ilk olarak,
metribuzinin peroksidisiilfat destekli sonokatalitik degradasyonu i¢in La-katkili ZnFe
LDH kullanilmistir. LaZnFe LDH dozaji, metribuzin konsantrasyonu, PDS
konsantrasyonu, pH ve ultrasonik gii¢ optimize edilerek, metribuzinin %90,1'i
bozulmustur. Ikinci olarak, rifampisinin peroksimonosiilfat destekli fotokatalitik
bozunmasi i¢in LaZnFe LDH gomiilii PDMS siingeri kullanilmigtir. Rifampisin
konsantrasyonunun, PDMS siinger sayisinin, PMS dozajinin, pH'in ve 1s1k
yogunlugunun rifampisin fotodegradasyon siireci ilizerindeki etkisi arastirilmistir.
Optimum kosullar altinda, prosesin rifampisin bozunma verimliligi %92,8'e
ulasmigtir. LaZnFe LDH ve hareketsizlestirilmis katalizoriin, sirastyla dort ve yedi
ardisik dongiliden sonra iyi bir yeniden kullanilabilirlik ve kararliliga sahip oldugu
bulunmustur. Metribuzin ve rifampisin bozunmasi sirasinda olusan yan triinler GC-
MS analizi ile tespit edilmis ve bu yan iiriinlerin hedef kirleticilere gére daha az toksik
oldugu veya toksik olmadigi bulunmustur. Bu c¢alismanin bulgularina gore, kalici
organik kirleticilerin sonokatalitik ve fotokatalitik gideriminde modifiye LDH'lerin

kullanimi oldukga etkilidir.

Anahtar Kelimeler: Direncli organik Kirleticiler, Cift katmanh hidroksitler,

Sonokatalitik bozunma, Fotokatalitik bozunma, Nanomateryaller.
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1. INTRODUCTION

1.1. Aim of the Thesis

In the present study, the sonocatalytic and photocatalytic processes are used as
the advanced oxidation processes that synergize in degrading refractory organic
pollutants in the aqueous environment. The LaZnFe LDH was utilized to activate
peroxydisulfate (PDS) under ultrasonic irradiation to degrade metribuzin. At the same
time, the photocatalytic degradation of rifampicin via peroxymonosufate activation
was achieved by using LaznFe LDH embedded PDMS sponge. Different analyses
such as X-ray diffraction (XRD), Brunauer — Emmett — Teller (BET), SEM (Scanning
electron microscopy), Fourier transform infrared (FT-IR), Energy dispersive x-ray
analysis (EDX), and so forth are used to characterize the synthesized LDHSs. The effect
of various effective parameters on processes, including ultrasonic power, catalyst
dosage, and pH is evaluated. Moreover, the degradation products of processes detected
employing GC-MS analysis. Eventually, the generated ROSs and the degradation
mechanism are introduced. It is expected that this study can help to know better the
efficiency of LDHs and their modification with advanced oxidation processes to

degrade refractory organic pollutants.



2. LITERATURE REVIEW

2.1. Refractory Organic Pollutant

In recent years, the release of organic pollutants into the aquatic media has
become a global concern because of population growth and industrialization.
Refractory organic pollutants refer to the class of organic compounds resistant to
degradation because of their stable chemical structure [1]. A wide range of compounds,
including pesticides, polychlorinated biphenyls (PCBs), antibiotics, dioxins,
polycyclic aromatic hydrocarbons (PAHS), and certain dyes have been identified as
refractory organic pollutants [2]. These pollutants are highly stable, have a long half-
life, can be transported over long distances, and have a significant potential for
bioaccumulation [3], [4]. Even in trace quantities, refractory organic pollutants pose a
significant threat to the ecological environment as they are highly carcinogenic,
teratogenic, and mutagenic in aquatic environments [5], [6]. Since pesticides and
antibiotics are both refractory organic pollutants in the scope of the thesis, these two

pollutants are also discussed in more detail and comprehensively.
2.1.1. Pesticides

Pesticides are chemicals used to prevent, eliminate, or control insects, fungi,
weeds, and molds. Pesticides are categorized according to their target species,
formulations, mechanism of action, and utilization patterns [7]. They are typically
classified into insecticides, fungicides, herbicides, rodenticides, nematicides,
virucides, and avicides based on their target species. Also, they can be categorized
based on their chemical composition, such as organochlorines, carbamates,
organophosphates, pyrethroids, and triazine [8]. Due to their persistence and toxicity,
organochlorine pesticides are the most hazardous to the environment among pesticides
[9]. Carbamates are chemical ester compounds derived from carbamic acids developed
as a substitute for organochlorine pesticides. In comparison to organochlorine
compounds, its simplified structure, easier degradability, and lower bioaccumulation
make it widely preferred for use in applications [10]. Organophosphate pesticides were
initially developed to control pests and currently account for 45% of the total pesticides

2



utilized globally [11], [12]. Despite being less persistent in the environment than
organochlorines and carbamates, many organophosphate pesticides have a high level
of toxicity [13]. Another insecticide class, pyrethroids, are made from pyrethrins
extracted from Chrysanthemum Cinerariaefolium pyrethrum flowers [14]. Although it
is less dangerous than other pesticide classes, its widespread usage endangers the
aquatic ecosystem [15]. Triazines comprise a six-membered cyclic structure
containing three nitrogen atoms and one Azina [16]. These pesticides, which are used
for the control of weeds, have a long half-life, and may disrupt endocrine systems; as
a result, they pose a risk to both human and environmental health [17]. Pesticide
contamination typically originates from agricultural and industrial activities, and they
can enter aquatic ecosystems via surface run-off, accidental leakage, spray drift,
evaporation, and soil erosion [18]. Due to their toxicity, resistance to biodegradation,
and persistence even in trace amounts, pesticides can significantly impact
the ecosystem and human health [7]. In addition, because they have both acute and
chronic impacts on non-target species, it is important to develop methods to efficiently

remove these pollutants from the environment.

2.1.2. Antibiotics

Antibiotics, which treat a range of bacterial diseases in humans and livestock are
one of the most prevalent types of pollutants detected in water bodies [19]. They can
be categorized according to their chemical structure and mechanism of action [20]. In
addition, they can be divided into narrow-spectrum and broad-spectrum antibiotics
based on the types of bacteria they target [21]. Based on their chemical structure,
antibiotics  include tetracyclines, aminoglycosides, [B-lactams, macrolides,
sulfonamides, amphenicol, lincosamides, ansamycin, glycopeptides, quinolones, and
others [22]. Generally, hospitals, pharmaceutical industries, livestock, and aquaculture
are the major sources of antibiotics in raw and treated wastewater [23]. The
uncontrolled increase in the release of antibiotics to the environment and the inability
of conventional wastewater treatment processes to degrade antibiotics may cause
negative effects on the ecosystem [24]. When antibiotics are released into the
environment, they are not readily biodegradable, persisting in the environment for a

long time.



As a result, antimicrobial resistance genes and bacteria develop [25], [26].
Furthermore, the World Health Organization (WHO) identifies antibiotic resistance as
a global health crisis, so it is crucial to develop techniques to eliminate antibiotic
residues [27].

2.1.3. Treatment of Refractory Organic Pollutants

Refractory organic pollutants such as pesticides, and antibiotics have the
characteristics of strong chemical stability, high toxicity, and low biodegradability
[28], [29]. Many biological, physical, chemical, and combined processes have been
developed to degrade refractory organic pollutants from aquatic environments [30]-
[32]. Due to their low cost and eco-friendliness, biological treatment methods are
extensively employed in wastewater remediation. However, it is not successful in
eliminating pollutants with low biodegradability, high stability, and high toxicity, and
it takes time for microorganisms to decompose the pollutants [33], [34]. Physical
methods include coagulation, adsorption, air stripping, and membrane technologies.
Nevertheless, these methods are more expensive than biological methods and require
post-treatment due to secondary pollution [33], [35]. Therefore, it is essential to find
effective methods for the removal of refractory organic pollutants. AOPs, which have
been developed as an alternative to conventional treatment methods, have recently
attracted considerable interest due to their rapid degradation rates and ability to
mineralize pollutants [36].

2.2. Advanced Oxidation Processes

Advanced oxidation processes (AOPs) are promising methods for degrading
organic pollutants. These methods rely on the in-situ formation of reactive oxygen
species (ROS) such as hydroxyl radicals ("OH), sulfate radicals (SO4™), superoxide
anion radicals (O2™), and hydroperoxyl radicals (HO2") which have high oxidation
potential for pollutant removal [36]. Produced ROSs destroy and mineralize pollutants
into CO2, H2O, or harmless compounds [37]. Table 2.1 shows the oxidation potential
of some oxidative species. According to Table 2.1, the, "OH and SO4™ have a greater

oxidizing capacity than the others; therefore, they are the most frequently used oxidant



types in AOPs [38], [39]. The numerous AOPs utilized for pollutant removal are

briefly described.
Table 2.1: Oxidation potential of oxidizing species.
Oxidizing Species Oxidation potential (eV)
Hydroxyl radical ("OH) 2.80
Oxygen (O») 1.23
Ozone (O3) 2.10
Hydroperoxyl radical (HO>") 1.65
Sulfate (SO4™) 2.60
Peroxydisulfate (S20s%) 2.01
Peroxymonosulfate (HSOs") 1.80
Chlorine (Cl,) 1.36

2.2.1. Fenton and Photo-Fenton

Fenton, one of the oldest AOP processes, relies on the production of *OH radicals
due to the reaction of Fe (1) with H20: in an acidic environment. The process starts
when ferrous ion decomposes H>O> (Equation 2.1). The ferric ion can react with
another H20- to be converted back to the iron ion, resulting in the formation of the

HO." and the regeneration of the ferrous ion (Equations 2.2 and 2.3) [40].

Fe?* + H,0, + H* - Fe3* + H,0 + *OH (2.1)
Fe3* + H,0, » HOj, + Fe?* + H* (2.2)
2H,0, - HO3 + "OH + H,0 (2.3)

2.2.2. Ozone-based Oxidation

Ozone, a powerful oxidant (2.07 eV), is very effective at mineralizing refractory
organic pollutants. Ozone can eliminate pollutants via two different mechanisms:
direct oxidation of the ozone molecule and oxidation by the "OH radical generated
during ozone decomposition [41]. Despite the high redox potential of ozone, direct
oxidation of the organic pollutant by ozone is slow, resulting in a low degradation

efficiency because the organic pollutant is not completely oxidized [42]. Combining
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ozonation with other processes has been suggested to solve this problem. These
methods, also known as ozone-based processes, consist of Os/H>O», catalytic

ozonation, photocatalytic ozonation, sonolytic ozonation, and Os/Fenton [43], [44].

2.2.3. Electrochemical Oxidation Processes

Electrochemical AOPs have emerged as an effective method for destroying
pollutants in recent years [45]. It has the advantages of requiring no or very few
additional chemicals or catalysts during the process, not causing secondary pollution,
and having a high pollutant removal efficiency [46]. It comprises, electro-Fenton (EF),
anodic oxidation, photoelectro-Fenton, and solar electro- Fenton processes [47]. In the
EF process, H202 is generated in-situ at the cathode and then reacts with Fe?* to
generate the hydroxyl radical ("OH) via Equations 2.4 and 2.1 [48], [49].

0, + 2H' + 2e~ - H,0, (2.4)

In the photoelectron-Fenton process, the pollutant is exposed to UV or visible
light irradiation under electro-Fenton conditions. By reducing Fe (OH)?*, Fe?* is
regenerated, and an additional "OH radical is produced. Fe (lllI) can also form
photoactive complexes with R(CO>), and photolysis of these Fe (I1l) complexes
usually makes carboxylic acids that are hard for the "OH to destroy (Equations 2.5 and
2.6) [50].

Fe(OH)?"+hv—Fe?*+°*0OH (2.5)

[Fe(RCO,)] ?* + hv —» Fe?* + CO, + °R (2.6)

In addition, the solar-based electro-Fenton processes have been developed
because of the cost of UV lamps. In this procedure, solar radiation, a renewable energy
resource, is employed as a replacement for ultraviolet radiation [51].

The oldest and simplest process, anodic oxidation, happens in two ways: direct
and indirect oxidation. In direct oxidation, the pollutant is directly oxidized via
electron transfer on the anode surface. In indirect oxidation, the pollutant is oxidized

via electrogenerated oxidants on the anode [52].



2.2.4. Wet Air Oxidation

The wet air oxidation process relies on the oxidation of organic pollutants at high
temperatures (100 °C-300 °C) and pressure (0.5 MPa- 20 MPa) in the presence of an
oxidant [53]. In this procedure, by utilizing air or oxygen as the oxidizing agent,
organic pollutants can be effectively converted into CO, and H.O or less toxic

intermediates [54].

2.2.5. Sonolysis and Sonocatalysis

The use of ultrasound irradiation to degrade organic pollutants has attracted
considerable interest. Ultrasound is sound waves with a certain frequency exceeding
the human ear's audible range (20—1,000 kHz) [55]. Ultrasound waves comprise cycles
of compression and expansion. When ultrasonic waves pass through an aqueous

medium, acoustic cavitation occurs. Figure 2.1 shows the cavitation phenomenon [56].
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Figure 2.1: Schematic of cavitation phenomenon.

Microbubbles produced due to acoustic cavitation have a constant tendency to
increase and decrease in size. When bubbles reach a size range of resonance, they
achieve a maximum and collapse [57], [58]. The collapse of the bubble creates a local
"hot spot" with high temperature (~5000K), and high pressure (~1000 atm) [55]. This

high temperature and pressure combination causes water molecules to disassemble into
7



thermally highly reactive "OH and H" radicals (Equation 2.7) [59]. Additionally, some
of the reactions occur according to (Equations 2.8-2.19). [60].

H,04)))—°0OH+ H* (2.7)
0,+)))—20" (2.8)
*OH + 0° - HOS (2.9)
0°+ H,0-2°0H (2.10)
H* 4+ 0, - HO; (2.11)
*OH+ H*—H,0 (2.12)
2°0H—H,0+°0 (2.13)
HO5 — H,0, + 0, (2.14)
2°'0H-H,0, (2.15)
2HO5 — H,0, + 0, (2.16)
H*+H,0,-*0H+H,0 (2.17)
*OH + H,0, —» HO% + H,0 (2.18)
2°'H-H, (2.19)

Compared to other methods, it has advantages such as being environmentally
friendly, chemical-free, simple to operate, causing no secondary pollution, and
generating oxidizing species in-situ [61]-[63]. However, sonolysis has limitations,
such as high operating costs due to high energy consumption and the time necessary
to completely mineralize pollutants. To overcome these limitations, ultrasonic

processes can be combined with suitable catalysts to degrade pollutants [64], [65]. In

8



this method, known as sonocatalysis, the addition of a catalyst provides extra
cavitation nuclei and increases the formation of reactive radical species, thereby
enhancing the pollutants' removal performance [66]. Figure 2.2 shows the comparison
of cavitation bubble formation in the sonolytic and sonocatalytic processes [67]. The
mechanism of the sonocatalytic process consists of heterogeneous nucleation,
sonoluminescence, and thermal catalytic mechanisms, respectively. In heterogeneous
nucleation, the presence of the catalytic particle creates preferential sites on the solid
surface or nucleation sites, thereby increasing the formation of cavitation bubbles and
free radicals [68]. Sonoluminescence (SL) is a phenomenon that results from cavitation
bubble collapsing. The light emitted during SL has a broad wavelength range (200-
700 nm) and is composed of high-energy photons [69]. The energy from the produced
light can exceed the band gap of the catalyst in the presence of the catalyst, leading
electrons to move from the valence band (VB) to the conduction band (CB). This
results in the hole generation in the valence band. Afterward, photogenerated electron-
hole pairs react with accessible oxidants to produce reactive radicals [70], [71].
According to the hot spot theory, high temperatures can cause the thermal excitement

of the catalyst and can also lead to the formation of electron-hole pairs [72].
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Figure 2.2: Cavitation bubble formation in sonolytic and sonocatalytic processes.

2.2.6. Photocatalysis

Among AOPs, photocatalysis garners a great deal of interest due to its cost-
effectiveness, absence of secondary pollution, chemical stability of the utilized

catalyst, and efficiency in pollutant removal [73].



The photocatalysis process can be categorized as homogeneous or
heterogeneous. If the photocatalyst and the reaction medium are in the same phase, it
is called homogeneous photocatalysis, whereas if they are not, it is referred to as
heterogeneous photocatalysis [74]. The mechanism of the photocatalytic proses is

shown in Figure 2.3 [75].
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Figure 2.3: The mechanism of the photocatalytic process.

In the heterogeneous photocatalytic process, the semiconductor is initially
illuminated with light. Photon absorption occurs when the excitation source's energy
is equal to or greater than the bandgap energy of the semiconductor. An electron (e7)
in the valence band absorbs photon energy and is excited to the conduction band.
Consequently, a hole (h*) is formed in the valence band (Equation 2.20) [76].

Photocatalyst + hv — ecg + hig (2.20)

hve® reacts with water to produce hydroxyl radicals ("OH) (Equations 2.21 and

2.22), and ecp” reacts with oxygen to produce O>" radicals or HO>" radicals (Equations
2.23,2.24, and 2.16).

h{g + H,0 - *OH + H* (2.21)
h{g + OH™ - °OH (2.22)
ecg + 0, - 05 (2.23)
05 + H* - HO;} (2.24)
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After these reactions, the H>O. is immediately separated by light into the "OH
(Equation 2.25).

H,0, - 2°0H (2.25)

The radicals that are formed degrade the pollutant into CO., H.O, and
intermediates via Equation 2.26 [77]-[80].

Pollutant + ("OH, HO3, h{g, 057) — CO, + H,0 + degradation product (2.26)
2.2.7. Persulfate-based Processes

Persulfate-based AOPs have been developed due to the properties of the SO4™
which include stronger oxidation potential, higher rate of radical generation, and fewer
requirement reaction conditions than the ‘OH [81]. Persulfate (PS) includes
peroxydisulfate (PDS) and peroxymonosulfate (PMS). Since the oxidative potential of
the PS anion is less than that of the SO4™ radical, PS must be activated to accelerate
degradation reactions and produce SO4™ radicals [82]. Therefore, various methods
including light radiation, ultrasound irradiation, heat, transition metals, and catalysts
are employed for persulfate activation [24]. The heat activation of PS is based only on
the formation of SO4™ radicals by temperature control, with no requirement for any
additives. The O-O bond of PS is absorbed and broken as the temperature of the
reaction increases, resulting in SO4™ radical generation. Similarly, PS is activated by
breaking the O-O bond in the presence of UV radiation [83].

The activation of PDS and PMS by ultrasound irradiation primarily involves the
hydrolysis of water molecules (Equation 2.7). Because of the cavitation effect, PDS
produces SO4™ (Equation 2.27). Then, SO4™ reacts with OH formed as a result of the
hydrolysis of H.O to form the *OH (Equation 2.28). As a result of certain reactions,
various ROS can be produced (Equations 2.29 and 2.30). The PMS then generates
SO4" radicals under ultrasonic irradiation due to cavitation (Equation 2.31). The *OH
radical is formed when SO4 radicals react with water (Equation 2.32). In addition,

the PMS reaction can generate singlet oxygen (*O2) (Equation 2.33) [84].

S,03°+4)))—-2S0y (2.27)
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SOy + OH~ - SO%™ + *OH (2.28)

S,0%2 4 2H,0 - HO?* 4 2503~ + 3H* (2.29)
HO; + 5,03~ - SO; +S0%~ + H* + 03° (2.30)
HSO;4)))—S05 +°OH (2.31)

SO;™ + H,0 - HSO; + *OH (2.32)

HSOZ + SO%~ - HSO; + S03™ + !0, (2.33)

In addition, PS can be activated via homogenous or heterogenous catalysis. Due
to the difficulty of recovering homogeneous catalysts and the metal ion leaching
problem, activation with heterogeneous catalysts is preferred [85]. Radical and non-
radical pathways are involved in the activation of PS by heterogeneous catalysts.
Biochar, metal-doped material, and LDHs are examples of heterogeneous catalysts
used in the activation of PS [86].

2.3. Layered Double Hydroxides

Layered double hydroxides (LDHs), also known as two-dimensional anionic
clay or hydrotalcite-like compounds, have recently gained interest in various
application fields [87]. They are represented by the general formula [M?*:
«M3*(OH)2]**. A™wn. mH20, where M?* is a divalent cation (Mg*?, Mn*2, Zn*2, Ni*?,
etc.), M®" is a trivalent cation (Fe*3, Mn*3, AI*3, Cr*3, etc.), A™ is the interlayer anion,
and x is molar ratio of M3*/(M?*+M?3") [88], [89]. The x value is typically in the range
of 0.2-0.33 i.e., the ratio M?*/M3" is between 2:1 and 4:1 [90]. A™ can be inorganic,
organic, or complex biomolecule anions such as ClI-, CO3?2, SO4?, acetate, lactate,

amino acids, etc. [91].

12



2.3.1. The General Structure of LDHs

The general structure of LDHSs is shown in Figure 2.4 [90]. The structure of
LDHs is derived from the brucite mineral Mg (OH)., in which Mg*? ions are
octahedrally coordinated with six OH™ groups at the vertices [92]. By sharing their
edges, these octahedrons form flat layers of neutral charge that are held together by
hydrogen bonds [93]. As trivalent metal cations replace divalent metal cations, a
positive charge occurs on the layers that are subsequently stabilized by the presence of
anions and water molecules in the interlayer space [94]. Due to the lack of restrictions
on the choice of divalent and trivalent cations other than charge and size, and almost
no restrictions on the choice of anions between layers, LDH exhibits flexibility in

composition and structure [95].

—» Metal hydroxide layer
' [M2* 1 M3*,(OH),]**

Basal spacing

Interlayer space
[Ax/n]n-'mHZO

Figure 2.4: General structure of layered double hydroxides.

2.3.2. Characteristics of LDHs

The physicochemical characteristics of LDHs make them promising and
practical nanomaterials that have applications in many fields. Compositional
flexibility, adjustable bandgap high surface area, high anion exchange capacity, and
high chemical stability are the essential characteristics of LDHs [96]. Because its
structure contains covalent and electrostatic attraction and hydrogen bonding, LDH
possesses high thermal stability [97]. Additionally, LDH has a "memory effect"

characteristic. After the calcination process, LDHs are converted into mixed metallic
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oxides. This indicates that calcined LDHs can reconstitute their original layered
structure when put in a solution containing guest anions [98]. In addition, its simple
synthesis, low cost, and excellent recyclability are significant properties [99,100].
Therefore, LDHs have been widely used in various applications including drug
delivery systems [101], adsorption [89], [102], catalysis [103]-[105], CO. capture
systems [106], electrochemical sensors [107], [108], supercapacitors [109] thanks to

compositional variation in the layers and the interlayer anions.

2.3.3. Synthesis Methods of LDHSs

LDH and LDH-based nanocomposites can be synthesized using a variety of
synthesis methods, according to the literature. The choice of synthesis technique can
affect the properties of LDH and its application functionality [110]. In addition to the
choice of synthesis method, other important variables in LDH synthesis include the
pH of the solution, the presence of anions in its interlayers, the M*?/M*3 ratio, drying
and aging techniques, the speed at which the precursors are mixed, temperature, and
pressure [111].

Co-precipitation is the most common and easy method for the preparation of
LDH. This method can be performed under low or high supersaturation conditions.
Co-precipitation at low supersaturation is based on slowly adding a solution containing
the target anion to be intercalated into a vessel that already has a predetermined amount
of divalent and trivalent cations present and then creating an alkaline environment by
adding base or urea hydrolysis. Metal salts precipitate by increasing the pH and
maintaining it at a specific value. A solution containing mixed metal salts is introduced
dropwise to an alkaline solution containing the required interlayer anion in high
supersaturation co-precipitation. Nevertheless, because the pH is continually changing
in the high supersaturation co-precipitation process, less crystalline material is
produced [91]. Following that, the precipitated solution undergoes a thermal treatment
and aging process to improve the materials' crystallinity and purity.

In the ion exchange method, also known as the indirect method, LDH is first
prepared by co-precipitation with host anions, and then it is changed with the preferred
anions. When the divalent or trivalent metal cations or anions are unstable in an

alkaline solution, this method can be preferred [112]. The following equation can be
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used to understand the synthesis of a new phase of LDHSs via an ion exchange method
[91]:

[M2+-M3+-A™]+B™ - M2+-M3+-(Bm‘)m] +A™ (2.34)
n

where A™ and B™ are host anions and desired anions, respectively. The
electrostatic interactions between the exchanged anions and the positively charged
LDH layers determine the anion exchangeability [113].

One of the frequently used methods, the hydrothermal method, allows for the
formation of LDHs with characteristics like high crystallinity, small particle size, and
large surface area [114]. LDH's characteristics are improved, and its efficiency is
increased by using the hydrothermal method in addition to other synthesis techniques
[115].

The reconstruction method known as the memory effect method may also be
used to synthesize LDH. This method is based on calcining LDHs at high temperatures
(300-500 °C) to remove their anions, water molecules, and hydroxyl groups from their
interlayers to obtain mixed metal oxides [116]. In addition, these calcined LDHs can
regenerate when exposed to water and anions.

Due to its high-water solubility and weak Bronsted base characteristics, urea can
be employed as a precipitating precursor in the synthesis of LDH [117]. The urea
hydrolysis method is based on mixing the metal ion solution and the urea solution,
followed by the decomposition of the urea by hydrothermal treatment. Due to the slow
rate of urea hydrolysis, this method results in LDH production with high crystallinity
and homogenous particle distribution [112]. However, using this method only for

synthesizing LDH-containing carbonate interlayer reduces its applicability [114].
2.3.4. Modification of LDHs

LDHs are employed as an efficient catalyst for the decomposing of persistent
organic pollutants. However, the catalytic performance of LDHs may be impacted by
their low charge transfer efficiency and irregular aggregation [118]. Some strategies
are developed to enhance the physic-chemical properties and catalytic activity of

LDHSs. Moreover, modification strategies enable the design and production of catalysts
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based on new functional LDHSs [100]. The application of some modified LDHs in AOP
methods is given in Table 2.2. The primary techniques for modification include the
adjustment of active metal ions, the adjustment of intercalated anions, and the
modification of the active sites [119]. For instance, anion intercalation increases the
structure's stability by balancing the positive charge of brucite layers. Various anions
such as inorganic anions, metal complexes, phthalocyanine, and polyoxometalates, are
utilized depending on the application [120].

Cation or anion doping is one of the most effective strategies for enhancing the
catalytic performance of LDHs. In cationic doping, another cation is introduced into
the main layer of LDHs to replace the divalent or trivalent cation, whereas, in anionic
doping, anions with a high-resolution product constant are introduced into the host
layer to partially replace the hydroxyl group in the octahedral units [119]. The charge
density of the LDH laminates is modified and efficient separation of the
photogenerated hole with the photo-excited electron is achieved by doping agents such
as noble metal, transition metal, and rare earth elements to the basic octahedral
structure of LDHSs, thereby improving the catalytic performance of LDH [121], [122].
In metal element doping, rare earth elements with abundant reserves, high stability,
and oxygen storage-release capacity are particularly interesting [118]. Rare earth
elements can effectively capture photogenerated electrons, thereby impeding the
recombination of photogenerated electrons and holes [123]. For instance, Wani et al.
synthesized neodymium-ZnAl LDH (Nd-ZnAl LDH) by hydrothermal technique, and
Nd-ZnAl LDH showed higher photocatalytic activity than ZnAl LDH because Nd
reduced electron-hole pair recombination [124]. Furthermore, the introduction of Nd
doping enhanced the specific surface area of ZnAl LDH, leading to an enhanced
adsorption capacity for pollutant molecules on its surface. In another study, Ce doping
was used to modify ZnAl LDH to enhance its phenol degradation efficiency [125].
Undoped LDH and Ce-doped LDH achieved the photocatalytic degradation of phenol
IS 63% and 90%, respectively. This increase in degradation efficiency can be attributed
to increased electron-hole separation by Ce doping.

Another modification method is in combination with semiconductor, carbon-
based, and magnetic materials [126]. Many metal oxides, including TiO2, Cu20,
NiFe204, CeO2, ZnTiO3, Fe304, SNO2, ZnFe204, and can be combined with LDH due

to its high stability and absorption capabilities. This results in an increase in specific
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surface area and efficient separation of photo-induced electrons (e”) and holes (h"),
which improves the efficiency of LDHs [100], [127].

Due to their high specific surface area, electrical conductivity, chemical
stability, and durability, carbon-based materials such as biochar (BC), graphitic carbon
nitride (g-CsNa4), carbon fibers, carbon quantum dots, graphene, carbon nanotubes
(CNTs) and are combined with LDHs [100]. For example, Gholomi et al. [128]
incorporated the BC material into the ZnCo LDH structure and used it to remove
gemifloxacin under UV light irradiation. When ZnCoLDH was combined with BC,
the removal efficiency of gemifloxacin increased by 32.3%, attributed to the reduction
in LDH aggregation and decreased electron/hole recombination rate.
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Table 2.2: Utilization of modified LDHs in various AOP applications.

MOdt';';stlon LDH type Synthesis method Pollutant Degradation process Ref.
. o . Sonocatalytic
Doping V-ZnFe Co-precipitation Pymetrozine degradation [129]
. ] Congo red, Rose Bengal, Photocatalytic
Doping Nd-ZnAl Hydrothermal Fast green dye degradation [124]
. o Photocatalytic
Doping Ce-ZnAl Co-precipitation Phenol degradation [125]
Doping Mn-MgAl Co-precipitation Phenol Persulfate activation [130]
Doping La- CoFe Co-precipitation Tetracycline Persulfate activation [131]
Heterostructure Photocatalvtic
formation and F and Cl-g-C3N4/ZnAl Co-precipitation Tetracycline q nd [132]
) egradation
doping
Heterostructure . Photocatalytic
formation g-C3N4/ Ce- MgAl Solvothermal Congo red organic dye degradation [133]
Heterostrl_Jcture r-GO/NiFe Hydrothermal Moxifloxacin Sonophotoca_ltalytlc [134]
formation degradation
Heterostructure - :

: S and Graphitic Carbon o - Photocatalytic
forrggg;)nngand Nitride/NiEe Co-precipitation 2,4-Dinitrophenol degradation [135]
HeterostrL_Jcture CdS/ZnCr Hydrothermal Tetracycline Photocata!ync [136]

formation degradation
Heterostrt_Jctu re BC@ZnCo Hydrothermal Gemifloxacin Photocata!ytlc [128]
formation degradation




2.3.5. Applications of LDHs on Sonocatalytic and Photocatalytic
Processes

LDH and LDH-based nanocomposites are used in many AOP methods due to
their excellent properties. LDHs are increasingly used as semiconductor material in
the sonocatalytic and photocatalytic degradation of pollutants. Table 2.3 demonstrates
the sonocatalytic degradation activity of several LDHs and LDH-based materials. For
example, Gholami et al. [137] utilized FeCu LDH for the sonocatalytic decomposition
of cefazolin sodium. While the sonolysis process had a degradation efficiency of 6.8%
for cefazolin sodium, the efficiency was enhanced to 73.4% when FeCu LDH was used
as a sonocatalyst. In another study, Sadeghi Rad et al. [138] synthesized rGO-CuCr
LDH for sonocatalytic degradation of dimethyl phthalate. While the rGO-CuCr LDH
alone had a 30% dimethyl phthalate degradation efficiency, the combination of
ultrasonic irradiation and rGO-CuCr LDH increased the removal efficiency to 72%.

In addition, the photocatalytic degradation of different pollutants through LDH
and LDH-based nanocomposites is shown in Table 2.4. For instance, Acatitla et al.
[139] synthesized MgAl LDH for the photocatalytic degradation of oxytetracycline.
Under UV-light, MgAl LDH dosage of 0.5 g/L was used to degrade 50 mg/L of
oxytetracycline, achieving a 70% degradation within 300 min. Wang et al. [140]
examined the performance of ZnFe-LDH for tetracycline photocatalytic degradation.
In this study, 15 mg/L of tetracycline was degraded 66.9% in 120 min using 1 g/L
ZnAl LDH under 500 W visible light.
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Table 2.3: Applications of some LDHs and LDH-based materials on the sonocatalytic process.

Degradation

LDH Type Pollutant Experimental Conditions Efficiency Ref.
(%)
. . [Catalyst]: 1 g/L, [Pollutant]: 0.1 mM, US
FeCu Cefazolin sodium power: 300 W, pH: 6.5, contact time:80 min. 34 [137]
[Catalyst]: 0.5 g/L, [Pollutant]: 20 mg/L,
ZnFe Acid Red 17 US power: 300 W, pH: 6, contact time: 120 92 [141]
min
. . . [Catalyst]: 1 g/L, [Pollutant]: 20 mg/L, US
rGO/NiFe Moxifloxacin power: 150 W, pH: 8, contact time: 60 min 24 [134]
. . [Catalyst]: 1.5 g/L, [Pollutant]: 15 mg /L, US
rGO/ZnCr Rifampicin power:150 W, pH: 8, contact time: 60 min 64.3 [142]
Dimethvl [Catalyst]: 0.75 g /L, [Pollutant]: 15 mg /L,
rGO/CuCr phthalaé US power: 150 W, pH: 8, contact time: 30 72 [138]
min
cuznTi Methylene blue [Pollutant]: 10 mg/L, [Catalyst]: 0.5 g/L, pH: 71 [103]

natural pH , contact time: 90 min
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Table 2.4: Applications of some LDHs and LDH-based materials on the photocatalytic process.

Degradation

LDH type Pollutant sla:Jnge Experimental conditions Efficiency Ref.
(%)
[Pollutant]: 15 mg/L, [Catalyst]:
i . T 0.75 g/L, pH: 5.5, Light intensity: 10
ZnCo Gemifloxacin UV- light W (UV-B) 60.4 [128]
Contact time:130 min
[Pollutant]: 50 mg/L, [Catalyst]: 0.5
MgAl Oxytetracycline | UV- light g/L Light intensity: 2.16 W 70 [139]
pH: natural pH, Contact time: 300 min
[Pollutant]: 10 mg/L, [Catalyst]: 1
ZnAlITi Methylene blue | Solar light | g/L, pH: natural pH, Contact time:120 99 [143]
min
Visible [Pollutant]: 10 mg/L [Catalyst]: 0.5
Ag/ZnO/ZnAl Bisphenol A liaht g/L, pH:7, Light intensity: 120 W, 80 [144]
g Contact time:360 min
i Xenon [Pollutant]: 10 mg/L, [Catalyst]: 0.4
SnO./ZnAl 4-chlorophenol lamp g/L, Light intensity:500 W 95.2 [145]
Visible [Pollutant]: 15 mg/L, [Catalyst]: 1
ZnFe Tetracycline . g/L, Light intensity: 500 W Contact 66.9 [140]
light

time: 120 min




3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Test Compounds

In this study, two separate refractory organic pollutants from the herbicide and
antibiotic classes were chosen as the model pollutants. These pollutants are metribuzin
and rifampicin, respectively.

Metribuzin, a herbicide of the triazine class, is employed to control of weeds
[146]. This herbicide, which is extensively used due to its low cost and effectiveness,
can contaminate surface and groundwater through runoff and leaching due to its
physicochemical properties [147]. Due to its half-life of 5-50 days, high solubility,
resistance to hydrolysis, and toxicity, it poses a threat to aquatic life [148,149].
Metribuzin exhibits high toxicity towards aquatic organisms, as evidenced by its 96-h
LC50 values for rainbow trout ranging from 42 to 76 mg/L, 96-h LC50 value of 175.1
mg/L for carp, and 48-h LC50 value of 150 mg/L for copepods [150]-[152]. In
addition, exposure to metribuzin causes toxic symptoms in mammals on the activities
of the central nervous system and organs such as the liver and kidneys [153]. The
characteristics of this pollutant are described in Table 3.1 [154], [155].

Table 3.1: Physicochemical properties of metribuzin.

Name Metribuzin
IUPAC name 4-am|no-6-tert-bu_ty|_-3-methy|su|fany|-

1,2 ,4-triazin-5-one

CAS Number 21087-64-9

CH, 0

Molecular 2-D CHs A

Structure CH, | )\
N\N/ SCH4

Molecular formula CsH14N4OS
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Table 3.1: Continued.

Molecular WEight 214.29 g/mol
Acid dissociation 10
constant (pKa) '

Octanol-water
partitioning

coefficient (log L7
Kow)
Amax (nm) 294

Rifampicin a semi-synthetic broad-spectrum antibiotic, is widely utilized in
tuberculosis treatment. This antibiotic inhibits DNA-dependent RNA synthesis,
thereby inhibiting bacterial growth [156]. It is of concern because of its low biological
stability and high water solubility, as well as the emergence of antibiotic-resistant
bacteria if released into the aquatic environment [157]. Moreover, its toxicity to both
humans and animals is quite considerable. The LC50 value for Artemia salina was
determined to be 312.94 ug/mL, while the LD50 values for rats and mice were 550
and 640 mg/kg, respectively [158], [159]. The characteristics of rifampicin are
described in Table 3.2 [160].

Table 3.2: Physicochemical properties of rifampicin.

Name Rifampicin
5,6,9,17,19,21-hexahydroxy-23-methoxy-
2,4,12,16,18,20,22-heptamethyl-8-[N-(4-
methyl-1-piperazinyl)formimidoyl]-2,7-

IUPAC name (epoxypentadeca[1,11,13]trienimino)-
naphtho[2,1-b]furan-1,11(2H)-dione 21-
acetate
CAS Number 13292-46-1
e L
—/<u O e on ~ e
Molecular 2-D o N )\vl\\\:ﬂ
Structure o I A
W TTTL
Molecular formula Ca3Hs8N4012
Molecular weight 822.9 g/mol
Acid dissociation 17
constant (pKa) '
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Table 3.2: Continued.

Octanol-water
partitioning
coefficient (log 4.24
Kow)
Amax (NmM) 334

3.1.2. Characteristic of Wastewater

Real wastewater was collected from the Gebze Organized Industrial Zone in
Turkey. The wastewater sample was collected in plastic bottles and transported to the
laboratory immediately. It was then stored in the refrigerator at +4°C to prevent any

biological activity. Table 3.3 provides details about a wastewater sample.

Table 3.3: Characteristic of wastewater sample.

pH 7.75
Temperature (°C) 23
Electrical conductivity (us/cm) 1905
COD (mg/L) 60
TOC (mg/L) 16

3.1.3. Reagents

Lanthanum (111) chloride heptahydrate (LaCls.7H20), zinc chloride (ZnCly),
potassium  peroxydisulfate (K2S,0s?), potassium hydrogen monopersulfate
(2KHSOs-KHSO4-K2SO03, 98%), iron (I1l) chloride hexahydrate (FeCls-6H20, >
99%), hydrogen peroxide (H202, 30%), sodium hydroxide pellets (NaOH, 99%), 1,4-
benzoquinone (CsH4O2, 99%), isopropanol ((CHs).CHOH, > 99.5%), ethanol
(CoHsOH, > 99.5%), hydrochloric acid (HCI, 30%), sodium percarbonate
(Na2C03.1.5H203), sodium nitrate (NaNOs, 99%), formic acid (HCOOH), N,O-
Bis(trimethylsilyl)acetamide (CsH21NOSiy), diethyl ether ((C2Hs)20), and nitric acid
(HNOs3, 65%), purchased from Merck, Germany. Dow Corning Corporation (USA)
supplied the polydimethylsiloxane prepolymer (PDMS, Sylgard 184A) and curing
agent (Sylgard 184B). Cube sugar (Dogus cube sugar, 20 mm x 10 mm % 10 mm) was

purchased from the local market in Turkey.
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3.2. Experimental Procedures

3.2.1. Preparation of ZnFe and LaZnFe LDHs

Following the co-precipitation technique, undoped LDH and LaZnFe LDH were
synthesized. For ZnFe LDH, 3 mmol ZnCl; and 1 mmol FeCls-6H20 were dissolved
in 120 mL of distilled water under N2 atmosphere. 0.2 mol/L of NaOH was slowly
added to adjust the pH to 8. The solution in the magnetic stirrer was aged for 24 h
following pH adjustment. The precipitates were centrifuged and repeatedly washed
with distilled water. Finally, powdered ZnFe LDH was obtained after drying for 7 h at
50 °C in an oven.

For LazZnFe LDH synthesis, 3 mmol ZnCl,, 1 mmol FeCl3-6H20, and
LaCls.7H20 were added to 120 mL distilled water. The remaining synthesis processes
are the same as for ZnFe LDH synthesis. The schematic illustration of the preparation

procedure of LaZnFe LDH is illustrated in Figure 3.1.

Centrifugation
and
washing

Grinding
and
sieving

La- doped ZnFe LDH

Figure 3.1: Synthesis procedure of LaZnFe LDH.

3.2.2. Preparation of LaZnFe LDH@PDMS Sponges

Firstly, the LaZnFe LDH was added to 1 mg/mL ethanol and exposed to
ultrasonication for 15 min to prepare LazZnFe LDH immobilized porous
polydimethylsiloxane (PDMS) sponges. This catalyst dispersion was absorbed into

25



sugar cubes, which were then dried for 24 h at 50 °C in the oven. Around 0.024 g of
catalyst on a sugar cube after the catalyst coating procedure was carried out ten times.
After repeated coating processes, the catalyst-coated sugar was kept in a vacuum oven
for 48 h at 40 °C. In Petri dishes, Sylgard 184A and 184B elastomers were mixed at a
ratio of 10:1, respectively. To remove the air bubbles from the catalyst-coated sugar,
it was immersed into the PDMS elastomer mixture and then kept in a vacuum at 3 Pa
at room temperature for 3 h. The sugar cube used as a template was removed by
repeatedly washing it in distilled water heated at 90 °C. Lastly, porous PDMS sponges
immobilized with LaZnFe LDH were dried at 50 °C in a vacuum oven for a week.
Figure 3.2 depicts the production of the LaZnFe LDH catalyst immobilized on porous
PDMS sponges.

La-ZnFe LDH
& dispersed in
ethanol

Dispersion

in ethanol Curing

T—

La-ZnFe LDH-

La-ZnFe LDH Sugar cube

sugar cube

and
curing

1 Degassing

La-ZnFe LDH Removal of Immersion in
immobilized porous sugar cube by PDMS
PDMS sponges washing DI elastomer mixture

Figure 3.2: Schematic illustration of the preparation of LaZnFe LDH embedded
PDMS sponges.

3.2.3. Sonocatalytic Process Procedure

Experiments were carried out in a VWR USC300T model ultrasonic bath. The
device has a total volume of 2.8 L and a frequency of 45 kHz with an output power of
120 W. During experiments, the reactor temperature was kept constant at 25 + 1°C by
the use of ice cubes. An image of the experimental set-up is given in Figure 3.3. For
the sonocatalytic degradation process, metribuzin was used as a model pollutant. The
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Erlenmeyer was placed into the ultrasonic bath with a volume of 100 mL of metribuzin
solution. Before starting the experiment, the distance between the erlenmeyer and the
ultrasonic probe was set to 4 cm. Firstly, a predetermined amount of LaZnFe LDH and
PDS was added to the solution. For a total of 90 min of the experiment, 5 mL samples
were collected every 10 min, and 1 mL of ethanol was added to each sample. Finally,
UV-Vis spectrophotometer was utilized to measure the absorbance of the metribuzin
solution after the samples were filtered through a 0.22 pm syringe filter. The optimum
initial metribuzin concentration, LaZnFe dosage, pH, PDS dosage, and US power were
determined based on the efficiency of degradation. The role of reactive oxygen species
in the degradation process was determined with scavenger test. The effect of the
sonocatalytic process on the degradation of various pollutants, including rifampicin,
phenazopyridine, and methylene blue was studied. Additionally, US/LaZnFe
LDH/PDS process was studied with real wastewater. Before conducting the
experiment, 15 mg/L of metribuzin was added to the wastewater, and the total volume
of the solution was adjusted to 100 mL. The experiment was conducted for 360 min
under optimal conditions. At intervals of 90 min, 5 mL samples were collected and
subsequently subjected to filtration using a 0.22 pm syringe filter. The performance of
the process in the wastewater matrix was evaluated by measuring the absorbance of

metribuzin in wastewater using a UV-Vis spectrophotometer.

Figure 3.3: Experimental set-up for sonocatalytic process.

3.2.4. Photocatalytic Process Procedure

The experimental setup of the antibiotic degradation process is shown in Figure
3.4. For investigating the photocatalytic activity of the LaZnFe LDH embedded PDMS

sponge, a 100 W LED lamp was used as the visible light source. Rifampicin was a
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model pollutant for photocatalytic experiments. All experiments were performed
under visible light irradiation. All experiments were operated in a 250-mL crystallizing
dish under magnetically stirring at room temperature. Before starting the experiment,
the sponges were added to the rifampicin solution. The solution was stirred, and a
certain amount of PMS was added at predetermined time intervals during the 60-min
irritation. During the experiment period, 3 mL of solution was taken out from the
solution at given intervals and 1 mL of ethanol was added to each sample. The residual
rifampicin concentration was measured by a UV—Vis spectrophotometer. In this study,
the effect of initial rifampicin concentration, LaZnFe LDH@PDMS sponge amount,
pH, PMS dosage, and light power were optimized for the effective degradation of
rifampicin. The impact of reactive oxygen species on the degradation process was
assessed through scavenger experiment. Moreover, the efficacy of the visible
light/LaznFe LDH@PDMS sponge/PMS process was evaluated using actual
wastewater. Before the experiment, which was conducted under optimum conditions,
15 mg/L of rifampicin was added to the wastewater, and the volume of the total
solution was adjusted to 200 mL. After collecting 5 mL samples every 90 minutes, the
efficacy of the process in the wastewater matrix was evaluated by measuring the

rifampicin absorbance in the wastewater using a UV-Vis spectrophotometer.

Figure 3.4: Experimental set-up for the photocatalytic process.
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3.3. Analytical Procedure

3.3.1. Characterization Methods of As-Synthesized Materials

To determine the crystal structure of samples, XRD Bruker D8 Advance
diffractometer (Germany) with and Cu Ka source (1:1.5406 A) operating at a voltage
of 40 kV and Tongda-TD-3700 diffractometer (China) with Cu Ka source (A:1.5406
A) operating at a voltage of 30 kV was used. The surface functionality of as-prepared
materials was evaluated using Fourier Transform Infrared (FTIR) spectrophotometer
(Perkin Elmer Spectrum 100, Germany). The surface morphologies of materials were
examined via scanning electron microscope (Tescan, MIRA 3, Czech Republic and
Philips XL30 SFEG, the Netherlands). was examined with the transmission electron
microscope (JEOL JEM-2100 Plus, Japan) operated at 200 kV was utilized to examine
the microstructure of catalyst. The elemental composition of samples was analyzed via
EDX spectrometer (Philips XL30 SFEG, Netherlands). The optical properties of
LaZnFe LDH were analyzed using Ultraviolet-visible (UV-Vis) diffuse reflection
spectra (DRS) (Shimadzu UV-2600 spectrophotometer, Japan). The surface chemical
states and the compositions of LazZnFe LDH were characterized by X-ray
photoelectron spectroscopy (Thermo Scientific Escalab 250Xi+, USA). The surface
area and pore volume of samples were determined by analyzing the N2 adsorption-
desorption isotherm with the Brunauer-Emmett -Teller (BET) instrument (BELSORP
Mini 1, Japan), Finally, inductively coupled plasma mass spectrometry (ICP-MS)
(Agilent 7800, USA) was utilized to evaluate the leaching of components.

3.3.2. Generating Calibration Curves and Determination of Pollutant
Concentration

First, the wavelengths of the model pollutants were scanned in the UV-Visible
Spectrophotometer and the maximum absorbance wavelengths (Amax) wWere
determined. The Amax for metribuzin and rifampicin were found as 294 nm and 334
nm, respectively.

Standard solutions of 5,10,15,20,25,30 and 35 mg/L of each pollutant were
prepared to generate calibration curves. Using a UV-Vis spectrophotometer, standard
solutions of rifampicin and metribuzin were analyzed at 334 nm and 294 nm,
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respectively, and concentration-absorbance graphs were obtained. The calibration

curve of metribuzin and rifampicin are shown in Figures 3.5 and 3.6.
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Figure 3.5 The calibration curve of metribuzin at 294 nm.
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Figure 3.6: The calibration curve of rifampicin at 334 nm.

The degradation rate of pollutants was determined according to the following

formula (Equation 3.1) by measuring the absorbance of pollutants at a Amax.

-C
£x 100 (3.1)

C
Degradation efficiency (%):
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where, Co and C; are the initial and instantaneous pollutant concentration values after

the degradation process, respectively.

3.3.3. Determination of Point of Zero Charge

To determine the pH value at which the net surface area of the catalyst is equal
to zero, the zero charge point (PZC) was calculated using the pH drift method. This
was accomplished by adjusting the initial pH of the erlenmeyers containing 20 mL of
0.1 mol/L NaNOz to 2,4,6,8, and 10. Then, 1 g/L of LaZnFe LDH was added and the
erlenmeyer was shaken. After 24 hours of shaking, the solutions' final pH was
measured. The catalyst's pHpzc was determined by plotting the initial pH values against

the difference between the final and initial pH.

3.3.4. Determination of Intermediates

To detect by-products produced on the sonocatalytic and photocatalytic
processes, gas chromatography-mass spectrometer (GC-MS) (Agilent 6890N, USA)
was used. Under optimal conditions, metribuzin and rifampicin were treated for 30
min to identify intermediates formed during the photocatalytic degradation of
rifampicin and the sonocatalytic degradation of metribuzin. After the solution was
filtered through a 0.45 pm filter, organic components were extracted twice with diethyl
ether. Diethyl ether was evaporated, and the residual material was dissolved in 100 pL
of N,O-bis(trimethylsilyl)acetamide and agitated for 15 min at 60 °C. Finally, the
intermediate products produced during the degradation processes were determined by
GC-MS analysis.
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4. RESULTS AND DISCUSSION

4.1. Degradation of Metribuzin via PDS- Assisted
Sonocatalytic Process

4.1.1. Characterization of LaZnFe LDH

The crystalline structure of LDHs was determined with XRD analysis. Figure
4.1 shows the XRD pattern of LDHSs before and after La-doping. The characteristic
peaks at 20:11.38°, 28.28°, 30.52°, 32.7°, 34.76°, 37.16°, and 58.36° belong to the
(003), (110), (201), (009), (012), (015) and (110) plane of ZnFe LDH, respectively
(JCPDS 38-0486). LaznFe LDH had a similar pattern to ZnFe LDH, indicating that
the structure of LDH was preserved. Additionally, the peak's position did not change
after La-doping, as shown by the magnified region in Figure 4.1. However, the
relatively broadened peak demonstrated that the La doping had an impact on LDH's

crystallinity and caused a decrease in the crystallinity of the material.

La-ZnFe LDH
ZnFe LDH

Intensity (a.u)

10 20 30 40 50 60 70 80

20 (degrees)

Figure 4.1: The XRD patterns of as-prepared materials.

The interplanar spacing of samples was determined with the Bragg formula:

nA=2dsin 0 (4.1)
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where d, n, A, and 0 are interlayer distance, diffraction order, X-ray wavelength
(nm), and diffraction angle, respectively. The undoped LDH has an interplanar spacing
value of 7.76 A, whereas LaZnFe LDH has a value of 7.88 A. La-doping did not affect
the distance between cations, which was determined to be 3.14 A. The distance
between the layers for undoped LDH and LaZnFe LDH was determined to be 23.28 A
and 23.64 A, respectively. The H2O molecules between the layers can be responsible
for the increased distance between the layers. In addition, the main crystallite size of
LaZnFe LDH was determined as 17 nm using the Debye—Scherrer Equation [161].

The functional groups of materials were examined via FTIR analysis. As
demonstrated in Figure 4.2, the FTIR peaks of undoped LDH and LaZnFe LDH were
quite similar. The bands related to the metal-oxygen (M-0O) and oxygen-metal-oxygen
(O-M-0) stretching vibrations appeared below 1030 1/cm [162]. The bands between
1350 and 1500 1/cm are attributed to the stretching vibration of carbonate anions in
the interlayer [163]. The peaks at 1607.5 1/cm corresponded to the bending vibration
of the interlayer water molecules [164]. The characteristic absorption peaks at 3455.5
1/cm are associated with the stretching vibration of hydrogen-bonded hydroxyl groups

from both the interlayer water and the hydroxyl group in the layers [129].

ZnFe LDH
La- ZnFe LDH

Transmittance

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.2: The FT-IR spectra of as-prepared materials.

The surface morphology of LaZnFe LDH is shown in Figure 4.3. From the SEM
images, it can be observed that the LaZznFe LDH had lamellar structure. In addition,
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using ImageJ software, the average thickness

determined as 26 nm.

of as-synthesized material was

Figure 4.3: The SEM images of LaZnFe LDH ata) 2 um, b) 1 um, ¢) 1 um, and d)

500 nm.

The element distribution in LDH was provided by EDX analysis. As can be seen

in Figure 4.4, O, Cl, La, Fe, and Zn elements appeared in the EDX spectrum with the
percentages of atomic 31.04%, 8.74% and 1.52%, 7.17%, and 51.54%, respectively.

14K

6K

Intensity (counts)

12K

10K

=]
K

ZnL

Element Weight (%) Atomic (%)
(o] 10.37 31.04
Cl 6.47 8.74
La 4.4 1.52
Fe 8.37 717
Zn 70.38 51.54

Cl Ka

Energy (KeV)

Figure 4.4: The EDX spectrum of LaZnFe LDH.

34



To determine lattice morphology, TEM and HRTEM analyses were performed
(Figure 4.5). TEM images highlighted the lamellar structure of LaZnFe LDH.
Furthermore, the HRTEM images indicated the interplanar spacing of 0.32 nm is
ascribed to the (110) plane of LaZnFe LDH.

Figure 4.5: TEM and HRTEM images of LaZnFe LDH at a) 100 nm b) 50 nm c) 20
nm, and d) 5 nm.

Textural features of LaZnFe LDH such as specific surface area (Sget), pore
volume, and porosity were investigated by N2 adsorption-desorption isotherms (Figure
4.6). In accordance with the ITUPAC standard, the adsorption-desorption hysteresis
loop curve revealed a type IV isotherm, indicating that LaZnFe LDH possessed a
mesoporous structure. The specific surface area of LaZnFe LDH was found as 110.93
m?/g. Besides, the average pore diameter and pore volume (Vm) of LaZnFe LDH were
found to be 9.67 nm, and 0.27 cm®/g, respectively. According to previous studies, the
Sget of ZnFe LDH can range from 46.9 to 108.8 m?/g. Because La-doping increases
surface roughness, LaZnFe LDH has a greater specific area than ZnFe LDH. Increased
specific surface area can supply more electroactive sites, thus boosting the charge
storage ability of LDH [165]. Moreover, as the Sget improves, active site quantity also
increases, leading to an enhancement in the efficiency of the degradation mechanism
[166].
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Figure 4.6: N2 adsorption—desorption isotherm of LaZnFe LDH.

The optical properties of LaZznFe LDH were identified utilizing UV-Vis diffuse
reflectance spectroscopy (DRS) with a wavelength range of 200 to 800 nm. Figure 4.7
shows UV-vis DRS spectra and the bandgaps (Eg) of LaZnFe LDH. The LaZnFe LDH
shows absorption performance in the UV wavelength region with an absorption peak
at nearly 300 nm. From the Kubelka-Munk function (Equation 4.2), the Eq of LaZnFe

LDH was calculated:

ahv: A (hv — Eg)g (4.2)

where a is absorption coefficient h is Planck’s constant, v is light frequency and n

is semiconductor type (n:1 for direct transition) [167]. The Eq was calculated as 2.40
eV by Kubelka—Munk function.
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Figure 4.7: Kubelka-Munk transformed function plots for LaZnFe LDH (inset shows
the UV-vis absorption spectra).

As illustrated in Figure 4.8, X-ray photoelectron spectroscopy (XPS) was used
to evaluate the chemical composition and the chemical bonding state of the catalyst.
The survey scan of LaZnFe LDH showed that it contains Zn, Cl, La, Fe, O, and C
elements. The binding energy of 1022.10 and 1045.30 eV were respectively for Zn
2p3rz and Zn 2p12 of Zn 2p. In the high-resolution Fe 2p spectrum of LaZnFe LDH,
two peaks at 711.10 and 724.70 eV are attributed to Fe 2p3/2 and Fe 2pl/2.
Furthermore, three peaks at 704.40, 717.60, and 731.70 eV are assigned to satellite
peaks of Fe 2p. The peaks of 198.60 eV and 200.10 eV in the Cl 2p XPS spectrum
correspond to Cl 2p3/2 and CI 2p1/2. In addition, the peaks at 835.30 eV and 852 eV
are attributed to La 3d5/2 and La 3d3/2, respectively. La 3d exhibits satellite peaks at
833.90 and 855 eV.

37



(a) 1s0 (b) 400

Survey

350
120
300}
90 21y 250

200

Cps x 104
Cps x 103

La Fe o 150

3 100
0 c ¢

50 -

1000 800 600 400 2(‘)0 0 1050 1045 1040 1035 1030 1025 1020 1015
Binding energy (eV) Binding energy (eV)

(c) 72 (d) 70

740 730 720 710 700 855 850 845 840 835 830
Binding Energy (eV) Binding energy (eV)

Figure 4.8: XPS spectra of LaZnFe LDH: a) survey and b) Zn 2p, c) Fe 2p, and d) La
3d.

4.1.2. Effect of Operational Parameters on Metribuzin Degradation

To evaluate the performance of the as-prepared material, metribuzin was chosen
as the target pollutant. Metribuzin degradation tests were carried out in a variety of
processes, including only ultrasonication (US), adsorption, only PDS, US/PDS,
US/LazZnFe LDH, and US/LaznFe LDH/PDS. Moreover, to show the importance of
doping, the degradation efficiency of undoped LDH and LaZnFe LDH was compared
in the same test conditions. The degradation of metribuzin (15 mg/L) under 120 W
ultrasonic power was studied using 1 g/L LaZnFe LDH and 2 mmol/L PDS at its
natural pH in a 90-min reaction time. As can be seen in Figure 4.9, PDS solely
degraded only 3.2% because it has a low reaction rate, and various strategies are
needed to activate it. The efficiency of LaZnFe LDH and US in degrading metribuzin
was 12.7% and 19.0%, respectively. The decomposition efficiency improved to 40%
when the US activated PDS. The activation of LaZnFe LDH with US boosted the
generation of "OH radicals and improved the metribuzin removal ratio to 55.6%.
Furthermore, the degradation efficiency was %64.8 when undoped LDH is introduced
to the US/PDS system. This is because the addition of ZnFe LDH increased the number
of nucleation sites for cavitation and the number of bubbles [168]. However, when
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LaZnFe LDH was introduced, the process's degradation efficiency rose by 14.3%. This
IS because the La addition increases the number of active sites and electron-hole
separation [125]. In addition, The US/LaZnFe LDH/PDS process demonstrated
metribuzin degradation efficiency of 90.1% within 360 min, under optimal conditions.
Nevertheless, given that the efficiency of 90-min process (79.1%) proved to be
adequate, the contact time was maintained at 90 min for subsequent experiments.

100

—a— US/La-ZnFe LDH/PDS
—e— US/ZnFe LDH/PDS

| —¢—US/La-ZnFe LDH
—a— US/PDS
——US

—aA— La-ZnFe LDH
-—e—PDS

o
0 20 40 60 80 100
Time (min)

Figure 4.9: Influence of various processes on metribuzin degradation.

The reaction kinetics for sonocatalytic degradation of degradation is investigated
by Langmuir-Hinshelwood model and the experimental results can be obtained using

pseudo-first-order kinetics based on Equation 4.3 [169].

C,
In—t :kt (4.3)
o

where Ci and C; refer to the pollutant concentration at time 0 and t (mg/L),
respectively, k is the apparent rate constant (1/min), and t is the experimental time
(1/min). According to this equation, the reaction rate constants (kapp) were 0.0009
1/min, 0.0014 1/min, 0.0022 1/min for only PDS, only LaZnFe LDH, only US process,
respectively. Also, the kapp values were 0.0111 1/min when LaZnFe LDH was
combined with US; 0.0119 1/min when US and ZnFe LDH was combined with PDS;
and 00168 1/min when US, La-ZnFe LDH, and PDS were combined.
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Figure 4.10: Comparison of the kapp value of different processes on metribuzin
degradation.

The Kapp for the process involving the combination of US, LaZnFe LDH, and
PDS was found to be higher than the sum of the Kappus), Kapp(Laznre LDH), and Kappeps),
as shown in Figure 4.10. This demonstrated the synergistic effect of separate processes
when applied together. By calculating the synergy factor, the synergistic relationship
between the processes can be better understood. A synergistic factor higher than 1
shows that the combination of processes has a synergistic effect and improves the
degradation performance [170]. The synergy factor was determined to be 3.73 using

Equation 4.4.

kapp(US/ LaZnFe LDH/ PDS)

Synergy Factor: (4.4)

kapp(US) +kapp(LaZnFe LDH) +kapp(PDS)

To determine the impact of catalyst concentration on the US/LaZnFe LDH/PDS
degradation process, the experiments were further conducted under -catalyst
concentrations of 0.1, 0.3, 0.5, 0.7, and 1 g/L. The experiment conducted for 90 min
employed metribuzin concentration of 15 mg/L, pH of 6.35 ultrasonic power of 120
W, and PDS concentration of 2 mmol/L. The results showed that the decomposition
rate of metribuzin enhanced from 35.9% to 79.1% with the increase in catalyst amount
(Figure 4.11). Because as the dosage of LaZnFe LDH increases, a greater number of
active sites may be present, thus facilitating the reactive species generation and
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increasing the degradation performance [168]. As a result, the optimum dose for the

following experiments was determined as 1 g/L.
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Figure 4.11: Influence of catalyst dosage on the metribuzin degradation by the
US/LaZnFe LDH/PDS process.

The role of initial pollutant concentrations of 10-30 mg/L on the US/LaZnFe
LDH/PDS was investigated keeping the pH of 6.35, US power of 120 W, and catalyst
dosage of 1 g/L. According to Figure 4.12, when the initial amount of metribuzin was
10 mg/L, the degradation efficiency could obtain 81.6% at 90 min. However, the
degradation rate gradually decreased as the pollutant concentration increased. The
degradation efficiencies of the process were 81.6%, 79.1%, 75%, 71.2%, and 65.1%
when the initial metribuzin concentrations were 10 mg/L, 15 mg/L, 20 mg/L, 25 mg/L,
and 30 mg/L respectively. This can be attributed to the fact that metribuzin molecules
coat the surface of the LaZnFe LDH and prevent the adsorption of heat and energy
necessary for the cavitation bubbles to collapse. In addition, coating the surface with
metribuzin molecules reduces the number of active sites [171]. ROS are inadequate at

high pollutant concentrations for efficient removal, which is another reason [172].
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Figure 4.12: Influence of pollutant concentration on the metribuzin degradation by
the US/LazZnFe LDH/PDS process.

The effect of PDS concentration (1, 1.5, 2, and 2.5 mmol/L) on the degradation
of metribuzin was studied with 15 mg/L metribuzin, 1 g/L of catalyst dosage, pH of
6.35, and 120 W of US power. According to Figure 4.13., the degradation rate was
70.2%, 75%, and 79.1%, when the PDS dosage was 1,1.5 and 2 mmol/L, respectively.
The observed increase in degradation with higher dosages of PDS may be attributed
to more ROS production. However, when the excessive dosage of PDS was added (2.5
mmol/L), a decrement in the degradation rate was observed (73.8%). Because when
an excess amount of PDS is introduced, it can capture the SO4™ produced, induce a
radical-radical reaction, or quench "OH radical (Equations 4.5-4.7) [173]. Therefore, 2
mmol/L was considered the optimum dosage of PDS.

SO;™ + S,02™ > S02™ + 5,05 (4.5)
SO;™ + SO, — S,0%" (4.6)
S,02” + *OH - S,05 + OH™ (4.7)
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Figure 4.13: Influence of PDS dosage on the metribuzin degradation by the
US/LaZnFe LDH/PDS process.

To investigate the influence of initial pH on sonocatalytic activity, the initial pH
values were adjusted to 4, 6, 8, 10, and 12. The experiment was conducted with
metribuzin concentration of 15 mg/L, PDS dosage of 2 mmol/L, and ultrasonic power
of 120 W. As illustrated in Figure. 4.14, the lowest degradation rate was found at pH
12, whereas the maximum degradation rate was found at pH 8. To better explain the
results, LaZnFe LDH's point of zero charges (pHpzc) was measured. According to

Figure 4.15, the pHp. catalyst was determined as 7.1.
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Figure 4.14: Influence of pH on the metribuzin degradation by the US/LazZnFe
LDH/PDS process.
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The catalyst surface has a negative charge when the pH is higher than pHpc due
to hydroxide anions' adsorption. In contrast, the catalyst surface has a positive charge
when the pH is lower than pHp.c due to the adsorption of protons [174]. Additionally,
metribuzin has a pKa of about 1.0, which indicates that the metribuzin molecules are
positively charged at pH higher than 1.0 and negatively charged at pH lower than 1.0.
As a result, the negatively charged molecules of metribuzin and the surface of the
catalyst cause electrostatic repulsion when the pH level is higher than 7.1, which
decreases the degradation efficiency [174]. Another reason for the decrease in
degradation efficiency at pH 10 and pH 12 is the conversion of SO4~ to "OH with
lower redox potential by reacting with OH™ in an alkaline media (Equation 2.28) [175].

5}
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1t PHpzc = 7.1
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2+
3t
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pHj

Figure 4.15: Determination of pHpzc of LaZnFe LDH.

The US power is another crucial parameter in the sonocatalytic degradation
process. The effect of ultrasonic power on metribuzin degradation was carried out at
different ultrasonic power in the presence of 1 g/L catalyst, pH of 6.35, 2 mmol/L of
PDS, and 15 mg/L of metribuzin. According to Figure 4.16, 79.1%, 81.2%, and 83.9%
of the metribuzin were removed at US power of 120 W 200 W, and 300 W,
respectively. With a rise in US power, the system's turbulence rises, which affects the
mass transfer rate [129]. Another reason may be the higher US power leads more ROS
to being produced because of the PDS molecule's dissociation [176]. Nevertheless,
increasing the power intensity to 300 W resulted in a minor improvement in process
performance. Hence, the US power for the following experiment was determined to be

120 W.
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Figure 4.16: Influence of US power on the metribuzin degradation by the US/LaZnFe
LDH/PDS process.

The impact of different oxidants such as hydrogen peroxide (H205),
percarbonate (Na.COs), and PDS anion on the sonocatalytic activity was studied. This
parameter was studied with 15 mg/L metribuzin, 2 mmol/L of oxidant, 1 g/L of catalyst
concentration, pH of 6.35, and 120 W of US power. As illustrated in Figure 4.17, the
enhancers increase the degradation efficiency from 55.6% to 63.7%, 74.5%, and
79.1% respectively. The influence of hydrogen peroxide results from the
decomposition of H20> into *OH during ultrasonic irradiation, according to Equations
4.8 and 4.9 [177].

H,0, + ultrasonic irradiation — 2°OH (4.8)

H,0, + e~ > "OH + OH- (4.9)

Based on Equations 4.10 and 4.11, the addition of percarbonate can also increase

degradation efficiency owing to the additional "OH radical generation [178].

2N32CO3 ¢ 3H202 i 2N32CO3 + 3H202 (4‘10)

H,0, + US - *OH + OH- (4.11)
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Compared to other oxidant agents, PDS has a higher enhancing effect. This is
due to the PDS breakdown to SO4" and more "OH radicals production, as demonstrated
by Equations 2.27 and 2.32 [179].
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Figure 4.17: Influence of different enhancers on metribuzin degradation by the
US/LaZnFe LDH/PDS process.

To determine the role of various free radicals in the degradation process, free
radical quenching experiments were carried out. The effect of scavenger on the
degradation of metribuzin was studied with 15 mg/L metribuzin, 2 mmol/L of PDS, 1
g/L of catalyst dosage, pH of 6.35, and 120 W of US power. As shown in Figure 4.18,
the metribuzin showed good degradation ability without adding a scavenger, and the
degradation efficiency reached 79.1%. One of the scavengers, isopropanol is utilized
to quench "OH and has kou.:1.9 x 10° 1/Ms for the reaction between the hydroxyl
radical and it [180]. When isopropanol was used as scavenger, the degradation rate
decreased to 56.1%. The degradation efficiency decreased to 50.6% after adding
formic acid, which is a hys* scavenger. p-benzoquinone (koz--:1.2 x 10° 1/Ms) and
phenol (K.on :6.6x 10° 1/Ms, ksos™:8.8x 10° 1/Ms) were utilized as O,"~ scavenger,
and both "OH and SO radicals, respectively (Koz™ :1.2 x 10° 1/Ms) [181]. The
degradation efficiency dropped to 26.6% and 17.3% when p-benzoquinone and phenol
were present, respectively. The findings show that O>™ and SO4™ played significant
roles in the degradation process. In the presence of isopropanol and phenol, the

removal efficiency decreased by 23% and 61.8%, respectively. It is possible to infer
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the impact of the radical on the degradation process from the variation between these

two scavenger agents. Because phenol inhibited the degradation process more than

isopropanol, the predominant oxidant species were SO4" radicals.
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Figure 4.18: Influence of different scavengers on metribuzin degradation by the

In addition, to detect 'OH radical in the degradation process,

US/LaZnFe LDH/PDS process.

O-

phenylenediamine (OPD) was utilized as a probe [182]. The experimental conditions
for the experiment were 15 mg/L metribuzin, 2 mmol/L PDS, 1 g/L LaZnFe LDH, 120

W ultrasonic power, and 90 min of reaction time. The reaction between OPD and the

‘OH radical results in the formation of a yellow-colored 2,3-diamino phenazine

(Equation 4.12). Following an experiment that was conducted under optimum

conditions, the OPD-trapped *OH was identified using a UV-Vis spectrophotometer at

a wavelength of 417 nm. Based on these spectra, it can be concluded that the

production of "“OH increased with reaction time (Figure 4.19).

(4.12)
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Figure 4.19: Spectra of OPD-trapped hydroxyl radical in metribuzin degradation by
the US/LaZnFe LDH/PDS process.

Moreover, methylene blue, rifampicin, and phenazopyridine were chosen as
model pollutants to investigate the impact of the US/LaZnFe LDH/PDS process on
other pollutants. These experiments were studied by keeping the pollutant
concentration of 15 mg/L, the catalyst dosage of 1 g/L, PDS dosage of 2 mmol/L pH
of natural, US power of 120 W, and 90 min of reaction time. According to Figure 4.20,
The US/LazZnFe LDH/PDS process degraded 52.1%, 43.8%, and 85.4% of methylene
blue, rifampicin, and phenazopyridine, respectively. The differences in the molecular
structures and chemical compositions of the pollutants may be used to explain why the
US/LaZnFe LDH/PDS process has varying efficiency in pollutant removal. For
example, when comparing molecular weight, rifampicin (MWiitampicin: 822.94 g/mol)
> methylene blue (MWmethylene blue: 319.85 g/mol) > metribuzin (MWetribuzin: 214.29
g/mol) > phenazopyridine (MWphenazopyridine: 213.239 g/mol). In addition, metribuzin
contains a heterocyclic ring, whereas methylene blue contains two aromatic rings and
a heterocyclic ring, and rifampicin contains a heterocyclic ring containing
naphthoquinone. As a result, US/LaZnFe LDH/PDS process demonstrated that it is
successful in degrading various pollutant groups such as dyes, pharmaceuticals, and

herbicides.
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Figure 4.20: Influence of US/LazZnFe LDH/PDS process on the decomposition of
different pollutants.

The reusability of the catalyst is crucial for an economic and pilot-scale
application. Accordingly, LaZnFe LDH's reusability was examined using PDS dosage
of 2 mmol/L, LaZnFe LDH dosage of 1 g/L, pH of 6.35, metribuzin concentration of
15 mg/L, US power of 120 W, and contact time of 90 min. For the reusability
experiment of the catalyst, the catalyst was collected after each process, washed with
distilled water, dried, and made ready for the next cycle. Accordingly, the retrievability
of LaZnFe LDH was examined after 4 consecutive cycles, as shown in Figure 4.21.
The degradation efficiencies for the four sonocatalytic cycles of LaZnFe LDH were
79%, 76.6%, 72.4%, and 68.3%, respectively. It was seen that after four cycles,
LazZnFe LDH had good recyclability. The decline in efficiency could be caused by
degradation intermediates occupying the LaZnFe LDH surface, which reduced active
site numbers in the catalyst [183].
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Figure 4.21: Reusability of LaZnFe LDH in US/LaZnFe LDH/PDS process.

Following the reusability test, SEM and XRD analyses were done to examine
the changes in the morphological and crystal structure of the catalyst. According to
SEM images (Figure 4.22), the catalyst's morphology had not significantly changed.
In addition, as shown in Figure 4.23, the used LaZnFe LDH had similar XRD peak

positions to the fresh.
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Figure 4.22: The SEM images of the used catalyst at a) 1 pm, and b) 500 nm.

Moreover, to assess the catalyst's stability, a metal-ion leaching analysis was
carried out. La and Fe leaching was not found, and only 0.003% of the Zn had leached,
according to the ICP-MS analysis. All the information suggested that LaZznFe LDH
had excellent reusability and stability and was expected to be an effective catalyst for
practical application for degrading refractory pollutants.
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Figure 4.23: The XRD pattern of the used catalyst.

Additionally, US/LaZnFe LDH/PDS process was applied to the metribuzin
degradation in the wastewater matrix. The characteristics of wastewater used in the
experiment was described in Table 3.3. The sonocatalytic activity was examined in the
presence of 1 g/L of LaZnFe LDH, 15 mg/L of metribuzin, 2 mmol/L PDS, and 120
W of ultrasonic power. According to Figure 4.24, US/LaZnFe LDH/PDS system
demonstrated 52.8% degradation efficiency of metribuzin in 360 min. Compared to
the experiment conducted under the same conditions for 360 min with distilled water,
the removal efficacy decreased by 37.3%. This decrease can be ascribed to the
existence of various inorganic and organic substances in wastewater, which reduce the
activity of the produced ROS [184].
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Figure 4.24: UV-Vis spectra of the metribuzin degradation in real wastewater by
US/LaZnFe LDH/PDS process.

The possible degradation mechanism was proposed for the US/LaZnFe
LDH/PDS process on the basis of the results. The sonocatalytic degradation method is
based on both the sonoluminescence phenomenon and ultrasonic cavitation effects
[185]. The cavitation bubbles first undergo formation, growth, and collapse processes
when exposed to ultrasonic irradiation. The high temperature and pressure caused by
the cavitation effect result in the breakdown of H>O, resulting in the formation *OH
and H’ radicals (Equation 2.7) [186]. At the same time, sonoluminescence e/h* pairs
are produced on the catalyst's surface because of ultrasonic irradiation (Equation 4.13)
[187]. Moreover, the US irradiation breaks the chemical bonds in PDS, leading to
SO4™ radicals formation (Equation 2.27) [188]. By reacting with PDS and oxygen
molecules, the activated electrons (e-) generate SO4™ and O2", respectively (Equations
4.14 and 2.23) and [179]. In addition, the holes (h*) on the surface of the catalyst could
react with H.O and OH" to generate "OH radical. (Equations 2.21 and 2.22) [129]. As
a result, metribuzin and its byproducts are degraded by ‘OH, Oz, h, and SO4™
(Equation 4.15) [188].

LaZnFe LDH+ )))— LaZnFe LDH (e +h") (4.13)
S,0%™ + e~ - SO + S0%~ (4.14)
*OH, S0;~,h™, 05 + Metribuzin — degradation products (4.15)
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4.1.3. Intermediates Formed During Metribuzin Degradation

Because of the decomposition of the metribuzin molecular structure, various
intermediates were generated during US/LaZnFe LDH/PDS process. To detect the
intermediates of metribuzin degradation, GC-MS was applied. Desulfurization and
deamination should be the initial steps in the degradation process, based on the
metribuzin structure [189], [190]. The degradation of metribuzin is mostly caused by
the bond breakage of basic structures like C-C, N-N, C-S, and C-N [191]. According
to the detected by-products, the final degradation products of metribuzin are linear
compounds, most of which have no more than four carbon atoms. Table 4.1 shows the
names, structures, retention times (tr), and fragments (m/z) of the six by-products that
were detected. Some intermediates may not have been detected due to instrumental

limitations.
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Table 4.1: The detected by-products formed during the degradation of metribuzin.

No. Cafgpound Structures tr (Min) Main fragments (m/z) /(percent)
Names
. o 75.10 (100%), 116.10 (84.12%), 73.10 (13.60%),
1 Acetamide M 5.603 117.10(8.32%), 76.10 (7.35%)
NH,
. 174.10 (100%), 100.10 (58.29%), 73.10 (31.22%), 175.10
2 Ethanamine < SNH, 6.244 ( ) (18.679%). 59.00 (17.23%)
. o]
3 Alanine 6.307 144.10 (100%), 73.10 (58.62%), 158.20 (34.41%), 59.10
on ' (13.19%), 145.05 (13.14%)
NH,
(o]
. 144.10 (100%), 73.10 (56.34%), 158.10 (34.14%), 59.00
4 L-norvaline \/ﬁ)kon 6.312 (13.23%), 145.20 (12.57%)
NH»
5 2-Propenoic J’\/ 6.976 147.10 (100%), 73.00 (76.74%), 217.20 (21.54%), 188.10
acid Ho” N ' (20.98%), 207.00 (14.45%)




In addition, the ECOSAR model was used to evaluate the toxicity of metribuzin
and its intermediates. Indicators such as fish, daphnia, and algae were utilized to assess
the acute and chronic toxicity of the by-products. Acute toxicity was expressed by half
effective concentration (EC50) and half lethal concentration (LC50), while chronic
toxicity was expressed by chronic value (ChV). Based on their toxicity levels, products
have been categorized as "not harmful,” "“harmful,” "toxic,"” or "very toxic" in
accordance with the Globally Harmonized System of Chemical Classification and
Labeling (GHS) [192]. Consequently, if the EC50, LC50, and ChV values are equal to
or greater than 100 mg/L, the compound is non-toxic. If the EC50, LC50, and ChV
values range from 1 mg/L to 10 mg/L, the compound is toxic to the organism. If the
EC50, LC50, and ChV values are less than or equal to 1 mg/L, the compound is highly
toxic to living organisms. According to Table 4.2, the acute and chronic toxicity of
metribuzin to fish, daphnia, and algae was very toxic. All identified by-products of the
degradation process exhibited lower acute and chronic toxicity compared to

metribuzin.

Table 4.2: The acute and chronic toxicities of metribuzin and intermediates.

Acute toxicity (mg/L) Chronic toxicity (mg/L)

. Dapnia | Green . Dapnia | Green
Compounds | Fish Fish

(LC50) Magna | Algae (ChV) Magna | Algae

(LC50) | (EC50) (ChV) | (Chv)
Metribuzin | 1.12 | 2.33 | 0914 | 0.108 | 0485 | 0.108

Acetamide | 33600 | 14200 3170 2320 616 433
Ethylamine 223 20.7 28 27.8 1.33 7.77

Alanine 325000 | 21700 | 56400 | 11000 1010 12300

L-norvaline | 96700 7240 15000 | 2.3300 378 3560
2-
Propenoic | 14900 7310 3000 1230 477 571
acid

4.1.4. Energy Analysis and Degradation Turnover Calculation

For the long-term utilization of the process, it is also essential that it be
economically feasible. The expression "electrical energy per order” (EEO) was created
to assess the economic feasibility of the process. The electrical energy required to
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remove pollution from a specified volume was determined using the following formula
[193].

B Pxtx 1000
0"y x60x log (C;/Cy)

(4.16)

where P is US power (kW), t is contact time (min), V is the volume of reactor (L),
Co is the initial pollutant concentration (mg/L), and Cs is the final pollutant
concentration (mg/L). Accordingly, the EEO value was determined as 2537.6
kwh/m?3order. The EEO values of the sonocatalytic degradation of various pollutants
are shown in Table 4.2. The fact that the US/LaZnFe LDH/PDS process has a lower
EEO value than other sonocatalytic degradation studies can be attributed to the

existence of PDS, which accelerates the degradation reaction.

A degradation turnover (dTON) calculation was performed to further
demonstrate the effectiveness of the process. The following formula (Equation 4.17)
was used to calculate the degradation turnover rate, which was determined to be 37.5

umol/hgcat.

[Col - [Cf]
4TON: =5 = (4.17)

where Co is initial pollutant concentration (umol/L), Ct is the final pollutant
concentration (umol/L), t is contact time (h), and A is LaZnFe LDH dosage (g/L)
[194].
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Table 4.3: Comparison of EEO value of different sonocatalytic processes.

kapp

EEO

Catalyst type Pollutant Reaction conditions (1/min) | (kWh/mPorder) Ref.
2,4- [Catalyst] :0.5 g/L, [Pollutant]: 75
TiO2 Dichlorophenoxyacetic mg/L, contact time:60 min, and - 10791 [195]
Acid pH:2
[Catalyst] :0.4 g/L, US power:120
TiO, Ofloxacin pn:”nngr';f?ﬂt’]ﬁg ?c?r{ t';’ct 0.0015 7040.6 [196]
time:120 min
[Catalyst] :0.4 g/L, US power:120
ZnO Ofloxacin W, [Pollutant]:20 mg/L, contact 0.0019 6154.5 [196]
time:120 min, and pH:natural pH
[Catalyst] :0.3 g/L, US power:120
Cu20/MoS,/rGO Tetracycline W, [Pollutant]:20 mg/L, contact 0.018 2560 [197]
time:75 min, and pH:natural pH
[Catalyst] :1 g/L, US power:120
LaZnFe LDH Metribuzin W, [Pollutant]:15 mg/L, contact 0.0168 2537.6 This study

time:90 min, and pH:natural pH




4.2. Degradation of Rifampicin via PMS- Assisted
Photocatalytic Process

In this section, the objective was to enhance the stability and reusability of the
catalyst. To achieve this, the La-ZnFe LDH catalyst was immobilized on
polydimethylsiloxane (PDMS) sponge, which served as a supporting substrate. In
addition, the performance of the LaZnFe LDH@PDMS sponge was evaluated using
the photocatalytic degradation process under visible light, which is economically

feasible.
4.2.1. Characterization of LaZnFe LDH@PDMS Sponge

XRD patterns were used to identify the crystallinity phase of LaZnFe LDH, pure
PDMS sponge, and LaZnFe LDH@PDMS samples (Figure 4.25). For LaZnFe LDH
typical diffraction peaks at 20:11.38°, 28.28°, 30.52°, 32.7°, 34.76°, 37.16°, and 58.36°
were assigned well to (003), (110), (101), (009), (012), (015), and (110) planes,
respectively (JCPDS No 38-0486) [194]. A large peak between 10° and 24° in the
XRD pattern of the PDMS sponge indicates that the material is amorphous [198]. In
addition, the XRD pattern for the LaZnFe LDH@PDMS sponge was quite similar to
that of the PDMS sponge.
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Figure 4.25: The XRD patterns of LaZnFe LDH, PDMS sponge, and LaZnFe LDH
immobilized porous PDMS sponges.

FTIR spectra were used to determine the functional classes of materials, and the
results are illustrated in Figure 4.26. On the LaZnFe LDH spectrum, the strong peaks
at 3455.5 cm %, 1607.5 cm 1, and below 1030 cm™ can be ascribed respectively to
O-H, H-O-H, and M-O stretching vibrations [199]. For the PDMS sponge, the C-H
stretching vibration peaks appeared at 2962.6 cm™. The absorption peak at 1257.3
cm* and 788.2 cm™* belongs to the Si—CHj stretching vibration. Besides, the peak at
1008.3 cm™* corresponds to the Si—-O-Si stretching vibration [200]. Moreover, similar

peaks are also seen in the LaZnFe LDH catalyst-immobilized porous PDMS sponges.
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Figure 4.26: The FT-IR spectra of LaZnFe LDH, PDMS sponge, and LaZnFe LDH
immobilized porous PDMS sponges.

The SEM images of PDMS and LaZnFe LDH catalyst-immobilized porous
PDMS sponges were shown in Figure 4.27. The findings indicate that both the PDMS
sponge and the LaZnFe LDH@PDMS sponge displayed an irregular closed-cell
structure pore structure. Furthermore, it is observed that the rough structure is
enhanced by embedding of LaZnFe LDH on the PDMS sponge.
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Figure 4.27: The SEM images of a) PDMS sponge at 5 um, b) PDMS sponge at 2
um, ¢) LaZnFe LDH@PDMS sponge at 5 um, and d) LaZnFe LDH@PDMS sponge
at 2 pm.

EDX was used to evaluate the element distribution of LaZznFe LDH catalyst-
immobilized porous PDMS sponges. Figure 4.28a shows an SEM image of the area
where the elemental distribution is being investigated. As shown in Figure 4.28b. The
EDX spectra showed the presence of the elements C, O, Si, Cl, La, Zn, and Fe at atomic
percentages of 45%, 27.1%, 23.9%, 0.8%, 0.1%, 2.7%, and 0.4% respectively.

b 12K -
Si K Element  Weight (%)  Atomic (%)
c 288 45.0
10K - o 234 274
si 357 239
cl 1.6 08
8K - La 0.4 0.1

Fe 11 04
Zn 9.3 27

Intensity (counts)
»
=

oK

2K L) znL Cl Ka
_CIKp Fe K\n Zn 5:1 o T-

K CLam
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Figure 4.28: SEM-EDX analysis of LaZnFe LDH immobilized porous PDMS
sponges: a) SEM images of EDX area, and b) The EDX spectrum.
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In addition, the EDX elemental mapping images reveal that C, O, Si, Zn, Fe, and
La are uniformly distributed on the LaZnFe LDH@PDMS sponge (Figure 4.29). This
demonstrates that LaZnFe LDH was successfully embedded in the PDMS sponge.

Figure 4.29: The dot-mapping of LaZnFe LDH catalyst immobilized porous PDMS
sponges.

Figures 4.30 and 4.31. show the N adsorption-desorption isotherms for PDMS
and LaZnFe LDH@PDMS sponges. According to the IUPAC standard, PDMS and
LaZznFe LDH@PDMS sponges had the type IV classification with an H3-type
hysteresis loop [201], [202]. The findings suggest that both PDMS and LaZnFe

LDH@PDMS sponge had the characteristic of mesoporous material.
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Figure 4.30: N2 adsorption—desorption isotherm of PDMS sponge.

The BET-specific surface area of PDMS and LaZnFe LDH@PDMS sponges are
7.1 and 5.94 m?/g, respectively. The average pore diameter decreased from 8.13 to
4.89 nm after embedding LaZnFe in the PDMS sponge. At the same time, the pore
volume reduced slightly (from 1.63 cm®/g to 1.36 cm®/g). The decline in BET surface
area, mean pore diameter, and pore volume is attributable to the filling of the PDMS

sponge's porous structure with LaZnFe LDH.
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Figure 4.31: N2 adsorption—desorption isotherm of LaZnFe LDH immobilized porous
PDMS sponge.

63



Contact angle measurement was used to assess the wetting behavior of the
surfaces of the prepared samples. The sample is hydrophilic if the contact angle
between the water drop and the solid surface is less than 90°, hydrophobic between
90° and 150°, and superhydrophobic above 150° [203]. Figure 4.32a and 4.32b
demonstrates the contact angle results of PDMS and LaZnFe LDH@PDMS sponge,
respectively. LaZnFe LDH embedding increased the contact angle of the PDMS
sponge from 123° to 134°. In another study, it has been found that coating the PDMS
sponge with ZnO Rod increased surface hydrophobicity [204]. With the addition of
catalyst, the micro-roughness of the surface of the PDMS sponge may have increased,

which could be responsible for the increase in contact angle.

(a) (b) —

123° 134°

Figure 4.32: Contact angle results of a) PDMS and b) LaZnFe LDH immobilized
porous PDMS sponges.

4.2.2. Effect of Operation Parameters on Rifampicin Degradation

Rifampicin was chosen as a model pollutant for assessing the photocatalytic
activity of the LaZnFe LDH embedding PDMS sponge. Comparative experiments
were carried out to examine the role of various processes in rifampicin removal (Figure
4.33). The experiments were further conducted for 60 min using rifampicin of 15
mg/L, LaZnFe LDH@PDMS sponge of 118 pieces, PMS concentration of 0.2 mmol/L,
pH of 8, LED power of 100 W. The degradation efficiency of the adsorption and visible
light only processes were 3.7% and 7.2%, indicating that rifampicin was quite resistant
to decomposition. PMS demonstrated a removal efficiency of 27% through self-
degradation (Equation 2.33) [205]. Notably, the visible light/LaznFe LDH@PDMS

sponge/PMS process achieved degradation efficiency of 59.6% for rifampicin within
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60 min. Because the visible light and LaZnFe LDH@PDMS sponge activate the PMS,
the PMS can catch the photo-induced electrons and inhibit the carriers of the
photocatalysts from recombining. Consequently, more electrons and holes can be
involved in forming ROS and the decomposition of rifampicin [206]. In addition, the
rifampicin degradation efficiency increased to 92.8% within 360 min, under optimal
conditions. However, because the 60-min process was sufficient, the contact time was

set to 60 min in subsequent experiments.
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Figure 4.33: Influence of different processes on rifampicin degradation.

The degradation rate can be expressed using a model of pseudo-first-order
Kinetics. The kapp Of the process and its components were calculated via Equation 4.3.
According to Figure. 4.34, Kapp follows the order of Kuisiblelight/LaznFeLDH@PDMSPMS
(0.0281 1/min)> kpms(0.0056 1/min)> Kphotolysis(0.0017 1/min)>  Kadsorption (0.001
1/min). Moreover, the kapp of visible light/LaZnFe LDH@PDMS/PMS process is
greater than the sum of the rate constants of the adsorption, photolysis, and PMS
processes alone (0.0083 1/min), indicating the synergistic relationship between the
processes. To demonstrate the synergistic relationship between the processes, the
synergy factor of the degradation process was calculated using Equation 4.4 and found

to be 3.38.
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Figure 4.34: Comparison of the reaction rate constant of different processes.

The influence of rifampicin concentration on rifampicin degradation by visible
light/LaznFe LDH@PDMS/PMS process was analyzed using rifampicin
concentration of 10 mg/L -30 mg/L. The effect of rifampicin concentration was
investigated keeping LaZnFe LDH@PDMS sponge of 118 pieces, PMS concentration
of 0.2 mmol/L, pH of 8, LED power of 100 W. According to Figure 4.35, the process
achieved 66.5% degradation efficiency in the presence of 10 mg/L rifampicin. When
the rifampicin concentration increased to 30 mg/L, the degradation rate decreased to
41.2%. The decline in degradation performance with increasing rifampicin
concentration can be ascribed to the occupation of active sites in the LaZnFe
LDH@PDMS sponge by rifampicin molecules and inadequate production of reactive
oxygen species (ROS).In addition, an increase in rifampicin molecules can decrease
the light transmission into the solution [126]. Thus, the optimum rifampicin

concentration for the following tests was determined to be 15 mg/L.
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Figure 4.35: Influence of initial rifampicin concentration on the rifampicin
photodegradation process using visible light/LaZnFe LDH@PDMS sponge/PMS.

The impact of the number of immobilized sponges on the efficiency of
rifampicin degradation was investigated in the presence of LED power of 100 W,
rifampicin of 15 mg/L, PMS concentration of 0.2 mmol/L, and pH of 8. Degradation
efficiencies were 43.7%, 55.1%, and 59.6% in the presence of 40, 80, and 118 pieces
of LaZnFe LDH@PDMS sponges, respectively, according to Figure 4.36. Because as
the number of sponges increased, additional active sites for PMS activation became

available, increasing the degradation efficiency [207].
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Figure 4.36: Influence of sponge number on the rifampicin photodegradation process

using visible light/LaZznFe LDH@PDMS sponge/PMS.
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The effect of PMS dosage on rifampicin degradation was evaluated in the range
of 0.05-0.3 mmol/L. The experiment was conducted for 60 min in the presence of
rifampicin of 15 mg/L, LaZnFe LDH@PDMS sponge of 118 pieces, pH of 8, and LED
power of 100 W. According to Figure 4.37, the degradation efficiency improved from
48.6% to 59.6% with an increase in PMS dosage from 0.05 mmol/L to 0.2 mmol/L.
Because of the increased PMS dosage, more free radicals were created. When the PMS
concentration increased to 0.3 mmol/L, the degradation efficiency reached 61.4%. The
limited number of photocarriers may not be sufficient for the activation of excess PMS,
which may explain why the removal efficiency does not increase substantially as the
PMS dose increases above a given dosage [208]. Therefore, the optimum PMS dosage

was selected as 0.2 mmol/L.
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Figure 4.37: Influence of PMS concentration on the rifampicin photodegradation
process using visible light/LaZznFe LDH@PDMS sponge/PMS.

The influence of light intensity was examined in the presence of 15 mg/L
rifampicin, 118 pieces LaZnFe LDH@PDMS sponge, 0.2 mmol/L PMS, and pH 8.
Rifampicin degradation efficiencies of 50.2%, 55.6%, and 59.6% were obtained under
30 W, 50 W, and 100 W LED power, respectively (Figure 4.38). With an increase in
light intensity, the generation of electron-hole pairs also increases, which contributes
to a boost in decomposition efficiency.

68



70
60 |-
50
;\? 40 |
11} L
W 30
20 |
—— 100 W
—+—30W
0 I 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)

Figure 4.38: Influence of LED power on the rifampicin photodegradation process
using visible light/LaznFe LDH@PDMS sponge/PMS.

To investigate the impact of solution pH was conducted under the same
conditions at varying pH levels ranging from 2 to 10. As displayed in Figure 4.39, the
greatest degradation efficiency was obtained at pH 8. The least efficiency was obtained
at pH 10 and pH 2. This decrease can be explained by pHp.c and the properties of the
PDMS sponge. The pHpzc of LaZnFe LDH was calculated as 7.1 in (Figure 4.15)
Furthermore, the pKa value of rifampicin was found to be 1.7 and 7.9 [174]. According
to the pHpzc of rifampicin, the catalyst's surface charge is positively charged at pH
values lower than 7.1 and negatively charged at pH values above 7.1. On the other
hand, The molecule of rifampicin is positive below pH 1.7, negative above pH 7.9,
and zwitterion state between pH 1.7 and 7.9 [209]. The decrease in degradation
efficiency at pH 10 can be explained by the fact that PDMS sponges are unstable in an

alkaline environment [210].
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Figure 4.39: Influence of solution pH of the rifampicin photodegradation process
using visible light/LaznFe LDH@PDMS sponge/PMS.

The selection of the oxidant is a crucial determinant in the efficiency of the
photocatalytic degradation of the pollutant. The oxidant species of H.02, PDS, and
PMS were employed to examine the influence of oxidant species on the degradation
process. The experiments were further conducted using rifampicin of 15 mg/L,
LaZnFe LDH@PDMS sponge of 118 pieces, oxidant concentration of 0.2 mmol/L, pH
of 8, and LED power of 100 W. As shown in Figure 4.40, the visible light/LaZnFe
LDH@PDMS sponge system exhibited a 13.8% removal efficiency of rifampicin in
the absence of an oxidizing agent. When H20. was utilized as the oxidant, it enhanced
the removal efficiency to 18.5% by capturing photogenerated electrons and production
*OH radical via Equation 4.9 [211]. Because of its greater O-O bond energy, hydrogen
peroxide (H202) is more difficult to activate than PMS and PDS which likely explains
why the system generated with H.O> was less effective in degrading rifampicin [35].
The degradation efficiency of rifampicin increased to 33.5% when PDS was present.
PDS can capture photogenerated electrons to produce SO4™ radicals (Equation 4.18).
In addition, the generated SO4™ reacted with H>O or OH" to generate the "OH radical
(Equations 2.32 and 2.28) [212]. The lower rifampicin degradation efficiency of PDS
compared to PMS can be attributed to the lower energy cleavage of the O-O bond of
PMS [194].

S,02™ + egg — SO; + SOZ™ (4.18)
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Figure 4.40: Influence of oxidant on the rifampicin photodegradation process using
visible light/LaZznFe LDH@PDMS sponge/PMS.

The utilization of an OPD tracer under the sponge number of 118, rifampicin of
15 mg/L, PMS dosage of 0.2 mmol/L, pH of 8, and LED power of 100 W was
employed to demonstrate the generation of ‘OH radical during the rifampicin
photodegradation process. Figure 4.41. indicates that the peak observed at 416 nm can
be attributed to the generation of "OH radicals. The ability of the photocatalytic process
to produce "OH radicals has been demonstrated by the increase in ‘OH radical

production as the reaction time is increased.
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Figure 4.41: Spectra of OPD-trapped hydroxyl radical in rifampicin degradation by
visible light/LaZnFe LDH@PDMS sponge/PMS process.
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Radical quenching studies were conducted to ascertain the role of active species
on the effectiveness of rifampicin degradation in the visible light/LaZnFe
LDH@PDMS/PMS system (Figure 4.42). *OH radicals, both *OH and SO4™ radicals,
h*, O." radicals, were quenched using isopropanol (IPA), phenol (pHOH), formic
acid, and p-benzoquinone (BQ), respectively. The effect of the scavenger was
investigated, keeping rifampicin of 15 mg/L, LaZnFe LDH@PDMS sponge of 118
pieces, PMS concentration of 0.2 mmol/L, pH of 8, LED power of 100 W. The
presence of BQ had the greatest inhibiting effect on the photocatalytic degradation of
rifampicin by directly removing O2" from the solution, and the removal rate was
reduced to 6.5%. On the other hand, degradation decreased from 59.6% to 47.1, 49.1,
and 57.62% with the addition of IPA, pHOH, and formic acid scavengers, respectively.
According to the findings, the influence of h* was quite minor. As a result, ‘OH, SO4™,
and O radicals had a crucial role in the visible light/LaZzZnFe LDH@PDMS
sponge/PMS process.
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Figure 4.42: Influence of scavenger on the rifampicin photodegradation process
using visible light/LaznFe LDH@PDMS/PMS.

In addition, the visible light/LaZznFe LDH@PDMS sponge/PMS process was
tested on the degradation of different pollutants such as methylene blue and
metribuzin. These experiments were conducted with pollutant concentration of 15
mg/L, PMS dosage of 0.2 mmol/L, sponge number of 118, and LED power of 100 W
under 90 min. According to Figure 4.43, the visible light/LaznFe LDH@PDMS
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sponge/PMS process degraded 32.8%, 37.2%, and 59.6% of methylene blue,
metribuzin, and rifampicin, respectively. The highest degradation efficiency of
rifampicin can be attributed to the fact that the functional groups of rifampicin can

facilitate the binding of rifampicin to metal of the catalyst [213].

100

80

DE (%)

Metribuzin Methylene Blue Rifampicin

Figure 4.43: Influence of visible light/LaZnFe LDH@PDMS sponge/PMS process on
the degradation of different pollutants.

The high stability and reusability of the LaZnFe LDH@PDMS sponge are very
important in terms of both economical and practical application. The reusability of the
as-synthesized sponge was investigated in visible light/LaznFe LDH@PDMS/PMS
process during seven consecutive cycles under optimum experimental conditions.
After each cycle, the sponges were washed with distilled water, dried a 55 °C, and
reused in the experiment. As shown in Figure 4.44, the decline in degradation rate from

59.6% to 58% after seven cycles demonstrates that this sponge has great reusability

potential.
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Figure 4.44: Reusability of LaZnFe LDH@PDMS sponge in visible light/LaZnFe
LDH@PDMS sponge/PMS process.

Moreover, the images, SEM images, and XRD patterns of fresh and used LaZnFe
LDH@PDMS sponges were compared. As illustrated in Figure 4.45, there is a

negligible change in the appearance of the sponges.

(a) Fresh (b) After the 7th cycle

Figure 4.45: The images of a) fresh and b) used LaZnFe LDH@PDMS sponge.

SEM and XRD analysis showed that the morphological structure and structural
stability of the sponge used remained almost the same when compared to the fresh

sponge (Figures 4.46 and 4.47).
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Figure 4.46: The SEM images of used LaZznFe LDH@PDMS sponge at a) 5 um, and
b) I pm.
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Figure 4.47: The XRD pattern of used LaZnFe LDH@PDMS sponge.

In addition, a leaching test was performed to assess the photocatalyst's stability.
According to the ICP-OES results, the leaching concentration of zinc, iron, and silicon
was 2.827 mg/L, 0.031 mg/L, and 0.944 mg/L, respectively. These values are below
the allowable limit values for potable water determined by the World Health
Organization [214].

The visible light/LaZznFe LDH@PDMS/PMS process was further applied to the
rifampicin degradation in real wastewater matrix. PMS-assisted photocatalytic
degradation of rifampicin was investigated in the presence of 118 pieces of LaZnFe

LDH@PDMS sponge, 15 mg/L of rifampicin, 0.2 mmol/L PMS, and 100 W of LED
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power. After 360 min of the photocatalytic process, the rifampicin degradation
efficiency reached 67.6%, as illustrated in Figure 4.48. Comparing the 360-min
treatment of the visible light/LaznFe LDH@PDMS/PMS process on distilled water
and wastewater reveals that rifampicin is degraded 25.2% less from the wastewater.
The reason for this decrease in degradation efficiency was the dissolution of organic
components and the presence of inorganic anions in the wastewater matrix [215].
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Figure 4.48: UV-Vis spectra of the degradation process of rifampicin in wastewater
matrix using visible light/LaznFe LDH@PDMS sponge/PMS.

On the basis of the results of the analyses, the mechanism of rifampicin
degradation by visible light/LaZznFe LDH/PMS was investigated. Initially, visible light
causes the formation of e™-h™ pairs on the surface of the LaZnFe LDH@PDMS sponge
(Equation 2.20). h* in the VB of the LaZnFeLDH@PDMS sponge reacts with OH" or
H20, leading to the *OH radical generation (Equation 2.21 and Equation 2.22). On the
other hand, the e located in the CB of the PDMS@LazZnFe LDH sponge exhibits a
reaction with O, resulting in the O>™ formation (Equation 2.23). Simultaneously, upon
exposure to light, PMS undergoes reactions with e” to produce the SO, radical, and
with h* to generate the SOs"" radical. Furthermore, the formation of “OH radical occurs
through the reaction between SO4™~ and H20 (Equation 2.32). As a result, rifampicin
is converted first to by-products and then to CO; and H2O with the help of h*, SO4™,
0>, and "OH, and species (Equation 4.21).
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HSO:+e —S0} +°OH (4.19)

HSO;+h*t-S0: + H* (4.20)

Rifampicin + *OH,S0;~,h*, 05~ — Intermediates + CO, + H,0 (4.21)
4.2.3. Intermediates Formed During Rifampicin Degradation

The reaction intermediates generated during the photocatalytic process were
detected using GC-MS under optimal conditions. Table 4.4 lists seven intermediates
resulting from rifampicin degradation. Breaking bonds like C-C, C-N, and N-N may
occur initially, according to the structure of by-products. Then, due to the ring's
breakage, lower carbon aliphatic by-products such as acids and amines were produced.
These simple structures have the potential to mineralize into the water and carbon
dioxide molecules in the last stage. Furthermore, some additional undetected

intermediates may have been generated during the degradation of rifampicin.
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Table 4.4: The detected by-products formed during the photodegradation of rifampicin.

Detention time

Compounds Structures (min) Main fragments (m/z) / (percent)
o) 75.10 (100%), 116.10(83.80),
Acetic Acid P 5.609 73.10(14.25%), 117.10(8.43%),
H,C~ “OH 76.10(7.43%)
N0 147.05 (100%), 73.10(44.58%),
Ethanimidic acid HiC CHs 6.164 148.05(20.82%), 203.20(18.95%),
CHs 188.10(11.30%)
OH
144.05(100%), 73.05(57.34%),
1-Naphthalenol 6.318 158.10(34.25%), 145.05(12.39%),
59.05(11.84%)
HN. 0O 58.05(100%), 115.00(49.93%),
Acetamide Y 7.045 72.00(26.87%), 100.10(10.13%),
CH; 116.00(6.36%)
OH
205.15(100%), 220.20(25.13%),
Phenol 14.609 206.20(15.10%), 57.10(11.43%),

145.05(10.18%)




In addition, the acute and chronic toxicity of rifampicin and its intermediates on
indicators such as fish, daphnia, and algae were evaluated using the ECOSAR model.
In Section 4.1.3, the toxicity classifications of the compounds according to LC50,
EC50, and ChV values are detailed. As shown in Table 4.5, both the acute and chronic
toxicity of rifampicin to fish, daphnia, and algae was highly toxic. The LC50 and ChV
values for acetic acid and acetamide demonstrate that these two intermediates were
non-harmful for fish, green algae, and daphnia magna. In addition, ethylamine, 1-
naphthalenol, and phenol showed lower acute and chronic toxicity than rifampicin.
Consequently, rifampicin can be successfully detoxified using visible light/La-ZnFe
LDH@PDMS sponge/PMS process.

Table 4.5: The acute and chronic toxicities of rifampicin and intermediates.

Compounds Acute toxicity (mg/L) Chronic toxicity ( mg/L)

Fish | Daphnia | Green Fish | Daphnia | Green

(LC50) | magna | algae | (ChV) | magna | algae

(LC50) | (EC50) (ChV) | (ChV)

Rifampicin 0.269 | 0.148 0.335 | 0.0084 | 0.058 0.348
Acetic Acid | 25800 | 1230 4400 2050 732 778
Ethylamine 223 20.7 28 27.8 1.33 7.77
1- 6.60 3.9 8.56 0.701 0.482 1.49

Naphthalenol

Acetamide 33600 | 14200 3170 2320 616 433
Phenol 27.7 9.64 344 2.61 0.969 4.53

4.2.4. Energy Analysis

To determine the applicability of a process to real-world applications, it is crucial
to calculate the electrical energy consumption. The economic feasibility of the process
is assessed through the calculation of the EEO value using Equation 4.16. Accordingly,
the EEO value for the rifampicin degradation process was calculated to be 986.17
kWh/m3order. In addition, the EEO values obtained in various photocatalytic removal
processes are given in Table 4.6. Since the visible light/LaznFe LDH/PMS process
has a lower EEO value than other photocatalytic processes, it may be more
economically feasible.
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Table 4.6: Comparison of EEO value of different photocatalytic processes.

Catalyst type | Pollutant Reaction kapp EEO

conditions (1/min) | (kWh/m3order) Ref.
[Catalyst]: 0.4
g/L, [Pollutant]:
20 mg/L, Light
intensity: 125 W, | 0.0054 1729.5 [196]
contact time: 120
min, and pH:
natural pH
[Catalyst]: 0.5 g/L,
[Pollutant]: 10
PANI- mg/L, Light
rGO@Mn0O2 Ibuprofen intensity: 18 W, 0.027 1467
contact time: 120
min, and pH: 4
[Catalyst]: 0.5 g/L,
[Pollutant]: 52
mg/L, Light
intensity: 13.4 W, LLE 1666.6
contact time: 350
min
[Catalyst]: 0.4 g/L,
[Pollutant]: 20
mg/L, Light
intensity: 125 W, | 0.0081 1228.2 [196]
contact time: 120
min, and pH:
natural pH
[Pollutant]: 15
LaZnFe

mg/L, Light
LDH@PDMS | Rifampicin | intensity: 100 W, | 0.0281 986.2
sponge contact time: 60

min, and pH: 8

TiO2 Ofloxacin

[216]

Acid Red
Zn0O 37 [217]

ZnO Ofloxacin

This
study
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5. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, the synthesis, and modifications of ZnFe LDH-based
nanomaterials to enhance their catalytic performance and applications in AOPs for the
degradation of persistent pollutants metribuzin and rifampicin were studied. First, the
La element was doped into ZnFe LDH, and utilized for the sonocatalytic degradation
of metribuzin via PDS activation. Then, LaZnFe LDH was then immobilized on PDMS
sponge to improve its reusability and stability. This immobilized catalyst was used for
photocatalytic degradation of rifampicin by PMS activation under visible light
irradiation. Various characterization techniques were used to determine the
morphological, structural, and optical properties of LaZnFe LDH and immobilized
catalyst. The optimum conditions were determined by assessing various parameters
including catalyst concentration, oxidant concentration, pH, pollutant concentration,

light power, and US power. The results obtained from the studies are as follows:

e The optimum conditions for metribuzin degradation in US/LaZnFe LDH/PDS
process were found as catalyst dosage of 1 g/L, metribuzin concentration of 15
mg/L, natural pH, PDS dosage of 2 mmol/L, and ultrasonic power of 120 W
during contact time of 90 min.

e Under optimal conditions, US/LaZnFe LDH/PDS process achieved 90.1%
metribuzin degradation efficiency within 360 min.

e Comparing the US/ZnFe LDH/PDS process to the US/LaZnFe LDH/PDS
process revealed that the addition of La to ZnFe LDH increased metribuzin
removal efficiency by 14.3%.

e While PDS solely degraded 3.2% of metribuzin, with the addition of LDH and
US, the degradation efficiency was increased to 79.1%. This can be attributed to
the activation of PDS by the LaZnFe LDH and ultrasonic irradiation.

e SEM images of the LaZnFe LDH@PDMS sponge reveal that LaZnFe LDH was
successfully embedded in the PDMS sponge.

e The optimum operating conditions for the visible light/LaZnFe LDH@PDMS
sponge/PMS were determined as 15 mg/L of rifampicin, 0.2 mmol/L of PMS,
100 W of light intensity, and pH of 8, conducting the rifampicin degradation

efficiency to 92.8% within 360 min.
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e The synergy factor was 3.73 for US/LaZnFe LDH process applied in metribuzin
degradation and 3.38 for visible light/LaznFe LDH@PDMS/PMS process
applied in rifampicin degradation, proving the synergistic relationship between
process components.

e Scavenger experiments revealed that h*, *OH, SO.™, and O2"" contribute to the
degradation of metribuzin and rifampicin. However, while SO4™ had a major
role in the US/LaZnFe LDH/PDS process in which metribuzin is eliminated, O>™
had a significant role in the visible light/LaZznFe LDH@PDMS/PMS process in
which rifampicin is eliminated.

¢ The rifampicin degradation efficiency of the immobilized catalyst used in visible
light/LaZznFe LDH@PDMS sponge /PMS process decreased by only 1.5% after
seven consecutive cycles, indicating high reusability and stability of the
immobilized catalyst.

e Metribuzin and rifampicin degradation efficiencies in the wastewater matrix
were 52.8% and 67.2%, respectively, after 360 min of contact time for the
US/LazZnFe LDH/PDS and visible light/LaZnFe LDH@PDMS sponge/PMS
processes. The fact that the removal of pollutants in the wastewater matrix
requires more time can be attributed to the inhibitory effect of inorganic anions

and organic substances in the wastewater.

The following recommendation can be suggested for future research based on

the results:

¢ Although LDH is quite effective at degrading specific pollutants from an aquatic
solution, real wastewater contains many competing anions. Consequently, it is
necessary to focus on using LDH to degrade pollutants from real wastewater.

e The immobilization of LDHs on various supporting substrates such as glass,
polymers, and carbon nanotubes, and the use of immobilized catalysts in
pollutant removal, should be studied further.

e Improving the reusability of LDHs is crucial for the process's long-term
application. Various modification techniques should be utilized to improve the

reusability and stability of LDHSs.
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e The use of diverse biopolymers in the synthesis of LDHs can solve the metal
leaching problem of some LDHSs, which is critical for environmental health.

e |t should concentrate on the development and implementation of reactor designs

to evaluate the degradation performance of LDHs more accurately.
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