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Abstract: The 3-Lactam antibiotic amoxicillin is among the most widely used antibiotics in human
and veterinary medicine. Consequently, amoxicillin is abundant in natural waters and can undergo
diverse abiotic reactions to form degradation compounds under environmental conditions. Yet, little
is known about these decay pathways and mineralogical impacts on environmental amoxicillin
degradation. The current study focuses on understanding the mineralogical influences of amoxicillin
degradation under ecological conditions. We studied the role of anatase and kaolinite on amoxicillin
degradation under irradiated and non-irradiated conditions. Anatase increases amoxicillin degra-
dation by 4.5-fold in the presence of light compared to just being exposed to sunlight. Interestingly,
anatase also showed a higher degradation rate under dark than light controls. Conversely, kaolinite
diminishes the amoxicillin degradation under irradiation. The formation of degradation compounds
was mineralogy-controlled, while no mineralization was observed. Further, we irradiated amoxicillin
with a high-intensity light to evaluate its removal from wastewater. The formation of varying amox-
icillin degradation products with high-intensity light will limit its removal from wastewater. Our
study emphasizes that the mineralogical impact on amoxicillin degradation is diverse, and the role of
anatase is significant. Consequently, the increased addition of manufactured titanium nanoparticles
to the environment can further enhance these effects.

Keywords: amoxicillin; environmental pharmaceuticals; heterogeneous photocatalysis; mineralogy;

anatase; kaolinite

1. Introduction

Pharmaceuticals in the environment are a recurring problem that threatens human
health and ecosystem balance due to their widespread availability. Pharmaceuticals are
designed for specific therapeutic functions and may cause unexpected physiological ef-
fects on non-target species [1]. The potential consequences of these compounds in the
environment have to be considered seriously, and growing attention has been directed
to pharmaceuticals in ecological systems. The primary pathway for pharmaceuticals to
penetrate the environment is direct disposal by hospitals, industrial, and domestic sewage.
Additional sources of drug pollution are represented by metabolites, mainly via human and
veterinary excretion [2-5]. Given that only about 25% of antibiotics are effectively used in
aquaculture, the animal body poorly absorbs most antibiotics, and 30-90% of antibiotics are
excreted via urine and feces into the environment. Consequently, antibiotics are frequently
detected in surface water, groundwater, soils, and sediments [1,6,7].

Amoxicillin, a semi-synthetic broad-spectrum (3-lactam antibiotic, is one of the most
widely used antibiotics in the world. This drug is widely used in veterinary practices and
can reach the environment primarily via aquaculture, livestock breeding, or human and
veterinary excretion. It has been used extensively for disease control and livestock feed
for several decades due to its excellent therapeutic value [1,4,7,8]. As a result, livestock
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agriculture is considered a significant source of amoxicillin pollution. Human excretion is
recognized as another major entry point. Previous reports indicate that amoxicillin is poorly
metabolized in the human body, and consequently, 40-80% of unmetabolized amoxicillin is
excreted after oral application [2,6,9].

The continuous input of amoxicillin and poor metabolism in the human body should result
in a relatively high concentration of amoxicillin in wastewater and surface water. Conversely,
the reported amoxicillin concentrations in wastewater are at low levels [10,11]. Previous reports
indicate that the environmental concentrations of amoxicillin are typically low in raw
sewage, which can vary from several ng L~! to ug L=! [1,9,12,13], except some rare cases
showed mg L~! levels [12]. The infrequent detection of amoxicillin may be explained
by a short retention time of amoxicillin in the environment due to the highly reactive
-lactam ring, which can be broken under environmental conditions and transformed into
different products [4,6,9-11,14]. On the other hand, these compounds are tremendously
challenging to trace due to the too low sensitivity of the analytical methods and lack of
standards [4,10,15].

The fate of amoxicillin in the environment can be influenced by various factors, such
as the physicochemical properties of the amoxicillin and the characteristics of the receiving
environment. It can thus undergo degradation via various biotic, involves microorganisms
mediated degradation of the organic compound, and abiotic pathways. Photolysis, hy-
drolysis, and chemical oxidation in surface waters are the most critical abiotic processes to
convert amoxicillin into various secondary compounds [4]. Certain degradation products
of amoxicillin have been found in the natural environment. A major degradation product,
amoxicillin diketopiperazine, was confirmed in Israel wastewater effluents [10] and Spain
river water [15] samples. These degradation compounds may exhibit more persistent
and more hazardous than amoxicillin. For example, amoxicilloic acid, one of the primary
degradation products of amoxicillin, retains allergenic properties that can cause adverse
reactions in sensitive individuals [9].

A handful of studies have reported their attempts to identify amoxicillin degradation
compounds under various simulated environmental conditions [14,16]. These studies
have no or limited focus on the mineralogical impacts of amoxicillin degradation. The
environmental minerals contain catalytic surfaces, which can result in different degradation
products and decay rates of amoxicillin in the environment in combination with sunlight
and water. Therefore, the current work’s most considerable interest is understanding
potential mineralogical impacts on environmental amoxicillin degradation. Here, we
selected two common environmental minerals, anatase and kaolinite. Anatase (TiO;) is
a semiconductor mineral, present in suspended soil particles, with high photocatalytic
activity [17,18]. On the other hand, kaolinite was selected as a proxy for the soil clay
minerals [7,19-22].

Continuous exposure to low, subtoxic concentrations of amoxicillin can cause unex-
pected consequences and unintended effects on non-target species, such as the development
of antibiotic-resistant microbial strains [8,13] and some negative impacts on the growth
of several algal species in the environment [23]. Chronic exposure to antibiotics or other
toxicants, along with antibiotics, may exert pressure on the evolution of antibiotic-resistant
bacteria, which has become a significant environmental concern [3,4,7]. Furthermore, the
bioaccumulation of small quantities of antibiotics may cause severe problems for humans
and animals in the long term [4]. Therefore, amoxicillin can be recognized as a significant
environmental contaminant. Due to its high usage in food-producing animals, amoxicillin
residues can be present in food, leading to long-term health problems in humans and the
spread of drug-resistant microorganisms. To ensure the safety of food for consumers, the
European Union (EU) Commission has laid down maximum residue limits of 50 ppb of
amoxicillin in animal tissues and four ppb in milk [24]. Additionally, degradation products
of amoxicillin can enhance different interactions among diverse species within the ecosys-
tems. These interactions can have more adverse effects on humans than parent amoxicillin.
Yet, the amoxicillin degradation products” occurrence, persistence, and toxicological effects
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are poorly understood. Although our current work does not focus on reporting such toxi-
cological impacts, the results of this study can be exploited to make confident predictions
of those issues in future studies.

Several chemical and biological methods for antibiotic removal from wastewater
sludge have been proposed. These approaches include chemical processes such as ozona-
tion, solid-phase separation, flocculation, coagulation, ultrasonic degradation, photodegra-
dation, electrochemical degradation, and advanced oxidation processes [25,26]. Antibiotic
degradation via biological processes has also been proposed [25]. These technologies suffer
from various flaws as they are technically sophisticated or economically unfavorable. More-
over, these processes can result in antibiotic degradation products, potentially more toxic
than the parent compound [14]. Therefore, the current work further focuses on mineralogy-
controlled or mineralogy-dependent amoxicillin degradation with a high-intensity light to
access such methods to remove amoxicillin from wastewater. Overall, the current study re-
ports the photodegradation of environmental amoxicillin and the formation of degradation
products, which are highly mineralogy-dependent.

2. Materials and Methods
2.1. Materials

Amoxicillin (98% purity) was purchased from the TCI chemicals and used without fur-
ther purification. Amoxicillin solution of 1 mM was prepared using double DI Milli-Q water
(Res > 18.2 M), Millipore Advance A10, MilliporeSigma, Burlington, VT, USA). Anatase
and kaolinite KGa-1b were purchased from the Source Clay Repository in Washington
County, Georgia, USA, as proxy soil minerals.

2.2. Particle Characterization

The shape and size of mineral particles were determined from single particle anal-
ysis with a scanning electron microscope (SEM) and a transmission electron microscope
(TEM). The detailed experimental protocols are provided in our previous work [27-29].
The size distribution was determined by analyzing ~800 particles using the software
package Image]. Surface areas of mineral samples were measured in a seven-point Np-
Brunauer-Emmet-Teller (BET) isotherm using a Quantachrome Autosorb-1 surface area
analyzer. Samples were outgassed overnight (~24 h) at a temperature of 105 °C prior to
the BET analysis. X-ray diffraction (XRD) of mineral proxies was measured in an X'Pert
Pro Diffractometer (Malvern Panalytical, Westborough, MA, USA) equipped with a Cu
source. Sample spectra were compared with reference XRD using ICDD database provided
by International Centre for Diffraction Data. Attenuated total reflectance-Fourier transform
infrared (ATR)-FTIR spectra of samples were obtained using a Nicolet IS50 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MX, USA), equipped with a liquid-nitrogen
cooled mercury—cadmium-telluride (MCT) detector and Ge ATR element.

2.3. Degradation Studies
2.3.1. Batch Reactor Studies

The experiments were conducted under a nitrogen environment in custom-built glass
reactors with a suspension capacity of 100 mL and a removable air-tight cap with a quartz
window on the top. The quartz window (12.5 cm?) permitted light entry during the solar
experiments. During light experiments, the solution surface received a solar flux of ~105
mW /cm? and remained constant throughout reaction time. During the experiments, 1 mM
amoxicillin solutions were used. Due to the difficulty in detecting transformed products
in the final mixture, a high initial concentration of amoxicillin was used. On the other
hand, these compounds are tremendously challenging to trace due to the low sensitivity
of the analytical methods and lack of standards. Further, the added amoxicillin can be
continuously transformed into other products leading to lower reported values. Therefore,
concentrations of amoxicillin in the natural environment can be at higher levels than we
used in the current study. These experiments were conducted in the presence and absence
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of a solar simulator (150 W xenon lamp, New Port Corporation, Irvine, USA) with Air
Mass 1.5G and Air Mass 0 filters. The temperature was kept constant throughout the
experiment using a water jacket. The particle loading was maintained at 0.1 g L~! of
anatase and kaolinite in solutions of 1 mM amoxicillin. The pH of the amoxicillin solution
was allowed to vary freely during the experiment and was measured every 24 h (Thermo
Orion, model 9272, Thermo Fisher Scientific, Beverly, MA, USA, equipped with an Orion
Ross combination electrode). Over 14 days, samples were removed at 24 h intervals from
the reactor using a disposable syringe connected to 12 cm of Teflon tubing. Aliquots
(1.5 mL) were collected into HPLC vials after passing through a 0.2 um PTEFE filter (Cole-
Parmer, Vernon Hills, USA). The filtered extracts were analyzed by reverse-phase HPLC
(Agilent HPLC 1200 series, Eclipse Plus C18 Column, UV detector). The HPLC analyses
were performed in isocratic mode with mobile phase 15% acetonitrile and 85% sodium
phosphate buffer at 1 mL min~! flow rate. The wavelength of the UV detector was set to
220 nm. The HPLC validation data for linearity is provided in Figure S5 in Supporting
Information.

2.3.2. Liquid Chromatography-Mass Spectroscopy (LC-MS)

Filtered samples collected at the end of the batch reactor experiments were analyzed
using LC-MS to identify the amoxicillin degradation products in the reaction mixture.
All LC-MS experiments were performed at the Montana State University Proteomics,
Metabolomics, and Mass Spectrometry Facility. An Agilent 1290 LC was coupled to an
Agilent 6538 quadrupole time-of-flight mass spectrometer. Liquid chromatography was
performed on Waters Acquity C1g HSST3 (1.8 um particle size, 2.1 x 100 mm) column
maintained at 50 °C. The mobile phases consisted of water (0.1% formic acid) as solvent
A and acetonitrile (0.1% formic acid) as solvent B. The initial mobile phase composition
of 95% A was maintained for 1 min, followed by a linear gradient to 95% B over 4 min,
held at 95% B for 4.5 min, and returning to 95% A for 0.5 min. A flow rate of 0.6 mL min !
was used. The LC eluent was coupled to an electrospray ionization source operating in
the positive-ion mode. The mass spectrometer was operated at 1 Hz over a mass range of
50-1000 m/ z.

2.4. Statistical Analysis

All dark and light experiments were conducted at least in triplicate with average
measurements reported. The kinetic of amoxicillin degradation is modeled as the pseudo-
first-order using the equation In C/Cy = —kt.

3. Results and Discussion
3.1. Particle Characterization

Surface and bulk characterization of the mineral particles provides essential informa-
tion on their particle size, shapes, crystal phases, and purity. As reported in our previous
work [27,28], anatase (TiO,) has an average particle size of 25 (£3) nm, determined from
SEM and TEM images. That of kaolinite was 46 (+5) um. The specific surface areas of
anatase and kaolinite were 59 (+2) m? g™! and 10.1 (:0.1) m? g7}, respectively. SEM image
showed that the clays are highly irregular in shape. XRD patterns of mineral samples
are in good agreement with their respective reference XRD patterns, confirming no phase
change or contamination. ATR-FTIR spectrum of kaolinite showed the absorption bands at
3750-3550 cm ™!, confirming the presence of surface hydroxyl groups [29].

3.2. Photo-Degradation Studies

The photodegradation of amoxicillin was measured in the presence of anatase and
kaolinite under dark and irradiated conditions. A solar simulator was used as the light
source. Samples were irradiated with terrestrial solar spectrum using AM 1.5G filter and
high-intensity light using AM 0 filter. The solar spectrum corresponding to each filter is
provided in Figure S6 in Supporting Information. The kinetics of amoxicillin degradation
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is modeled as the pseudo-first-order using the equation In C/Cy = —kt to calculate initial
decay rates for the first 150 h [30-32]. All the observed rate constants, half-life, and R?
values are given in Table 1. The kinetic data with fitted lines are provided in Figure S2 in
Supporting Information. It is essential to mention that heterogeneous processes can be
more complex than a simple first-order reaction, including the formation of adsorption
complexes, equilibrium reactions among adsorbed and “free” chemical species, desorption,
and many more. The observed minor deviations from the linearity for some experimental
conditions in Figure S2 could be due to these processes, which are unaccounted for in the
pseudo-first-order model. The reactions among adsorbed complexes are challenging to
evaluate, and we suggest them for future studies.

Table 1. Rate constants, the half-life of amoxicillin with different mineral surfaces, and the correlation
coefficient of reactions with AM 1.5G filter.

Surface Rate Constant (h—1) R? Half-Life (h)
Light Control 1.74 x 1073 0.994 398
Kaolinite Solar 1.05 x 1073 0.997 660
Anatase Solar 7.73 x 1073 0.992 89.6
Dark Control 0.250 x 1073 0.964 2770
Kaolinite Dark 1.28 x 1073 0.971 541
Anatase Dark 4.69 x 1073 0.987 148

3.3. Amoxicillin Degradation with Terrestrial Solar Spectrum (AM 1.5G Filter)

The photodegradation of amoxicillin under terrestrial solar light is shown in Figure 1A.
The contribution of the direct photolysis on the amoxicillin degradation in the experimental
conditions adopted was relatively low. In the “Light Control,” which does not contain any
mineral, only 30% of amoxicillin was degraded after 14 days of irradiation (Figure 1A). The
rate constant and half-life for the Light Control were 0.00174 h1 (R2 =0.994) and 398 h,
respectively. The observed low photodegradation of amoxicillin can be attributed to little or
no overlapping between the amoxicillin light absorption profile (<280 nm) and the effective
near UV /vis irradiation reaching the aqueous solution (>300 nm). Previous reports claim
that amoxicillin is relatively stable and shows resistance to photolytic transformation in the
presence of wavelengths above 300 nm [23,32,33]. Besides direct photolysis, amoxicillin
can degrade via hydrolysis. This pathway proceeds via an attack by H,O, acting as a
nucleophile to the 3-lactam ring, followed by ring-opening [32,34]. Thus, a mechanism
combining direct and indirect photodegradation of amoxicillin is proposed in the current
study. For direct photodegradation, amoxicillin absorbs irradiation to reach a singlet-
excited state. It then undergoes intersystem crossing to a triplet excited state, which
leads to the transformation of amoxicillin molecules to degradation products, as shown in
Equations (1) and (2). For indirect photodegradation, amoxicillin molecules are supposed
to react with hydroxyl radicals according to Equations (3)—(5).

Direct photodegradation:

AMO +hv — ' AMO * — 3 AMO 1)

3 AMO * — Products )

Indirect photodegradation:
AMO +hv — ' AMO* — 3 AMO * (3)

3 AMO * + H,O — AMO + *OH (4)
AMO + *OH — Products 5)
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where AMO is the ground state of pollutant, ! AMO * is the singlet-excited state of AMO,
3 AMO * is the triplet excited state of AMO [35].
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Figure 1. A comparison of amoxicillin decay under various experimental conditions. (A) Decay
curves of amoxicillin with anatase and kaolinite under light and dark conditions. (B) pH variation of
the amoxicillin with different experimental conditions.

It is also important to mention that the Dark Control showed 10% amoxicillin degra-
dation (Figure 1A), which could be attributed to the hydrolysis reaction taken place by
the nucleophilic attack on the beta-lactam ring from water molecules. Interestingly, af-
ter introducing the anatase into the reaction mixture with light, the degradation rate of
amoxicillin increased 4.4-fold compared to the Light Control, showing the degradation
rate 0.00773 h~! (R? = 0.992) with a half-life of 89.6 h. Rapid decay of more than 70% of
the initial concentration of amoxicillin (Figure 1A) was observed during the first 150 h of
irradiation with anatase. The increased degradation rate reveals the “catalytic effect” of
anatase surface during the amoxicillin degradation.

Anatase is a semiconductor having a bandgap of 3.2 eV. The bandgap is the energy
difference between the valence band (VB) and the conduction band (CB). It relates to
the photon energy required to excite the electron from the VB to the CB to create an
electron—-hole pair (e~ and h*) [12,32,33,36,37]. During photocatalytic reactions, electrons
and holes on the surface of a semiconductor participate in redox reactions that produce
reactive species (ROS) such as hydroxyl radicals (*OH) and superoxide anion radicals
(*O27) [32,34,36,37]. ROS reacts readily with surface adsorbed organic molecules, either by
electron or hydrogen atom abstraction forming organic radical cations or by adding reac-
tions to unsaturated bonds. Moreover, photogenerated holes can directly decompose the
organic compounds [32,33,38]. The primary photocatalytic and redox reaction mechanisms
are summarized in Equations (6)-(16) [32,36,39].

Photoexcitation: TiO, + hv — TiO, (e~ + h*) (6)

Formation of hydroxyls with water: h* + H,O — H" + *OH (7)
Formation of hydroxyls with holes: h* + OH™ — *OH 8)
Photodegradation by *OH: organics + *OH — Degradation Products )
Direct photo holes degradation: organics + h* — Degradation Products (10)
Photo-excited electron scavenging: e~ + Oy — *Oy ™ (11)

Protonation of superoxide: H* + *O,~ — *HO, (12)
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Co scavenging of e : *HO, + e~ — HO, ™ (13)
Formation of H,O,: H* + HO,™ — H,0, (14)

H,0, breakdown: H,O, + e~ — *OH + OH™ (15)
Electron-hole recombination e (rgy + h*(yg) — e~ (cp) + heat (16)

The current study was carried out under reduced conditions, and thus it is hard to
claim the formation of superoxide radicals. Conversely, our experiments cannot expect
Equations (11)—(15) in the above photocatalytic oxidation and reduction mechanism. The
photodegradation of amoxicillin in the presence of TiO, can be thus attributed to the
reactive species, i.e., hydroxyl radicals and holes produced [32].

The inherent limitations of the broad bandgap for TiO, (3.2 eV) will facilitate the
electron-hole recombination according to Equation (16), which yields the low photo quan-
tum efficiency, typically limiting its catalytic activity under visible light irradiation. In the
absence of an electron scavenger, the photoexcited electron recombines with the valence
band hole in nanoseconds [12,32,37]. Electron scavengers are vital in the photocatalysis of
TiO; to retard recombination. Often, oxygen acts as an electron scavenger, prevents the re-
combination of the electron-hole pair, and allows superoxide formation (O, ™). Superoxide
radicals can be protonated to form hydroperoxyl radicals (*HO;) that can react further to
form H;O, [32,36]. Interestingly, irradiation of amoxicillin with anatase showed a rapid
decay even in the reduced environment. The pH of the reaction is considered an essential
factor since it influences the surface charge properties of both anatase and amoxicillin.

Amoxicillin molecule possesses amphoteric properties (Figure S1) due to three main
functional groups; COOH (pK,1 =2.7), NHy (pK;2 = 7.4), and OH (pK,3 = 9.6) [31,32,37,40,41].
Similarly, pH affects the surface charge of the catalyst, making it one of the most significant
operating parameters in heterogeneous photocatalysis. The net surface charge of the catalyst
can be positive or negative due to the amphoteric behavior of the metal oxide catalyst. The
pH of the point of zero charge (pHpzc), the pH at which the surface charge of the catalyst
is zero, helps define the effect of pH on the surface charge of the catalyst. Several studies
have reported that the pHpzc of TiO; ranges between pH 6 and 8 [36]. For acidic conditions
(pH < pHpzc), the surface charge of anatase is positive and increases the attraction for negatively
charged contaminants. The anatase surface charge is negative for basic conditions (pH > pHpzc),
attracting positively charged pollutants. Equations (17) and (18) show the protonation and
deprotonation of TiO, with pH.

< pzc: 11 + — 11 2
pH < pHpzc: TIOH + H* — TiOH,* (17)

pH > pHpzc: TIOH + OH™ — TiO~ + H,O (18)

Figure 1B shows that the pH of the reaction mixture of amoxicillin in the presence of
anatase varies from 4.7 to 4.2. The acidic environment is favorable for forming a positive
charge at the surface. Meanwhile, amoxicillin owns both positive and negative charges in
its structure, allowing more amoxicillin molecules to be adsorbed onto the photocatalyst
surface. As a result, photogenerated holes will have less chance to undergo recombination.
A large amount of amoxicillin adsorbed onto the anatase surface should be effectively
degraded by *OH radicals and photogenerated holes (h™). Previous reports claim that
photogenerated holes (h*) are the dominant oxidizing species at low pH, where hydroxyl
radicals play the dominant role in pollutant oxidation while under neutral or alkaline
solutions [30,36,39,42]. Thus, photogenerated holes may play a significant role in the
degradation of amoxicillin on the anatase surface. Besides, it is well known that TiO,
particles tend to form agglomerates when dispersed in aqueous media. Such agglomeration
strongly depends on parameters such as ionic strength and the pH of the suspension. It has
been reported that agglomeration of TiO; particles in water decreases at acidic conditions
compared to neutral or alkaline conditions, thus increasing the effective surface area of the
catalyst [31,37].
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Another possible pathway to retard the electron-hole recombination in an acidic
medium is capturing electrons by hydrogen ions according to Equation (19) [27]. It further
helps to prevent electron-hole recombination. These factors can collectively enhance the
catalytic activity of anatase for amoxicillin degradation.

2H* +2e — Hy (19)

The overall process of heterogeneous photocatalysis can be decomposed into five
steps. First, amoxicillin moves from the fluid phase to the interface region of the catalyst
by diffusion. Second, amoxicillin is adsorbed onto the surface of the photocatalyst. Third,
a chemical reaction occurs with oxidizing and/or reducing species in the vicinity of the
surface. Fourth, by-products desorb. Finally, products are removed from the interface
region into the bulk fluid [36].

It is worth highlighting that the catalytic effect of anatase for amoxicillin degradation
was also significant under dark conditions. Figure 1A shows that adding anatase to
the reaction medium increased the amoxicillin degradation rate by 19-fold compared to
its Dark Control (no surface). The decay constant for Anatase_Dark was 0.00469 h-!
(R? = 0.987), while the half-life was 148 h. Interestingly, the Anatase_Dark reaction showed
a 2.2-fold increase in degradation rate compared to the Light Control. Figure 1B shows that
the pH of the Anatase_Dark reaction changed from 4.4 to 4.0, during which the anatase
surface was positively charged. Amoxicillin owns both positive and negative charges in
its structure at this pH. This will lead more amoxicillin molecules to adsorb to the anatase
surface. Further, hydroxyl radicals can rapidly react with the aromatic ring in the side
chain of amoxicillin [42]. Hence, the observed rapid degradation of amoxicillin could be
attributed to the catalytic effect of surface hydroxyl groups of anatase.

Conversely, the amoxicillin degradation was lower in kaolinite (band gap =4.99 eV) [43]
presence under irradiated conditions than the Light Control. The observed rate constant
was 0.00105 h~! (R? = 0.997) with a half-life of 660 h. The photocatalytic effect of the
kaolinite for amoxicillin degradation is insignificant due to limited light penetration in the
presence of clay particles. However, the observed 20% amoxicillin loss over the 14 days
could be attributed to the hydrolysis of amoxicillin via hydroxyl groups on the kaolinite
surface. The pH of the point of zero charge (pHpzc) of kaolinite lies between 6 and 6.5 [44].
Figure 1B shows that pH of the kaolinite reaction under light varies from 4.5 to 3.8, and the
kaolinite surface will be positively charged. Amoxicillin owns both negative and positive
charges in its structure at this pH. Hence, amoxicillin can be adsorbed to the positively
charged kaolinite surface via an ionized carboxylate group. This is further confirmed by
the 20% amoxicillin loss in the presence of kaolinite under dark conditions (Figure 1A).
Moreover, we observed a 5-fold increase in amoxicillin degradation compared to the Dark
Control, which reveals the catalytic effect of the kaolinite surface to increase the hydrolysis
of the 3-lactam ring.

3.4. Amoxicillin Degradation Mechanism under Terrestrial Solar Radiation

The proposed degradation pathways of amoxicillin degradation under dark and light
conditions are discussed below. Our results highlighted that the formation of degradation
products is highly mineralogy-controlled. Here, we will compare all the proposed degrada-
tion mechanisms with the Light Control. The complete degradation pathway of amoxicillin
with the proposed degradation products in the absence of a mineral surface is summarized
in Figure 2.

The degradation of amoxicillin in an acidic pH starts with the opening of the strained
four-membered beta-lactam ring to yield the hydrolysis by-product 1, amoxicillin penicil-
loic acid [14,16,34,41,45-49]. Compound 1 can undergo two possible degradation pathways
to yield several different transformed compounds. In one path, the decarboxylation of the
free carboxylic acid of compound 1 leads to the formation of stereoisomeric compound
2, amoxicillin penilloic acid [14,16,34,41,46—48]. The subsequent release of the carboxylic
group from the penilloic acid generates the degradation compound 3. Another possi-
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ble degradation pathway of compound 1 is forming a new, stable, six-membered ring,
amoxicillin diketopiperazine, compound 4 via cyclization reaction after removing a water
molecule [14,16,34,45,49,50]. Compound 2, amoxicillin penilloic acid, can undergo hydrol-
ysis at the amide bond, leading to the formation of another two amoxicillin degradation
products, 5 [49] and 6. Several of the above degradation products have been previously
reported for actual environmental samples. For example, amoxicillin penicilloic acid was
detected in Israel’s secondary effluents, and amoxicillin diketopiperazine was detected in
groundwater in Israel [14].
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Figure 2. Proposed degradation mechanism of amoxicillin in the absence of mineral surface under
dark and terrestrial solar radiation (AM 1.5G filter).

After introducing kaolinite into the reaction mixture, we observed the formation of a
fewer number of degradation products compared to the Light Control. According to Figure
53, irradiation of amoxicillin in the presence of kaolinite produced only compounds 1, 2,
and 3. Here, kaolinite did not facilitate the cyclization reaction of compound 1, amoxicillin
penicilloic acid, to form amoxicillin diketopiperazine, compound 4. Further, we did not
observe the hydrolysis of compound 2, amoxicillin penilloic acid, to form compounds 5 and
6. As explained above, light penetration is limited after introducing kaolinite compared
to the Light Control. Hence, limited energy for amoxicillin molecules to undergo further
degradation could be the reason for forming fewer transformed products.

Interestingly, we observed significant differences in the formation of amoxicillin degra-
dation products after introducing anatase into the reaction mixture (Figure 3). It is worth
highlighting that anatase facilitated a different amoxicillin degradation pathway that was
not observed in the Light Control or kaolinite reaction. Hydrolysis of amoxicillin amide
bond was observed to produce intermediate 7, and subsequent decarboxylation of interme-
diate 7 produced the degradation compound 8. However, intermediate 7 was not detected
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in our LC-MS analysis due to the rapid degradation in the presence of the anatase surface.
Apart from the amoxicillin amide bond hydrolysis pathway, amoxicillin degradation via
hydrolysis of the 3-lactam ring was also observed, similar to the Light Control and kaolinite
reactions.
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Figure 3. Proposed degradation mechanism of amoxicillin in the presence of anatase under irradiated
conditions using AM 1.5G filter. Red-colored compounds were not detected in this work.

Only compound 3 was observed on the 14th day, while compounds 1 and 2 disap-
peared. Though the hydrolysis of the amide bond of compound 2 was observed, only
compound 5 was detected in the reaction mixture on the 14th day, while compound 6
disappeared. Furthermore, compound 4, amoxicillin diketopiperazine, was not observed.
The high catalytic effect of anatase leads to fast degradation of these intermediates, which
could be attributed to the disappearance of some intermediates.

3.5. Amoxicillin Degradation under Dark Conditions

In the Dark Control, compound 1, amoxicillin penicilloic acid, was the only degrada-
tion product observed. Similar to the Dark Control, the kaolinite reaction in the dark also
showed the formation of only compound 1 as an amoxicillin degradation compound.

Interestingly, anatase showed significant differences in the formation of amoxicillin
degradation products under dark conditions compared to the Dark Control and kaolinite
dark reactions. The proposed reaction mechanism is illustrated in Figure S4. We observed
that anatase could facilitate the formation of compounds 1, 2, 3, 5, and 6 under non-
irradiated conditions. The catalytic effect of the anatase surface via surface hydroxyl groups
could facilitate the formation of these compounds. However, it did not form compound 4,
amoxicillin diketopiperazine, the cyclization product of compound 1. It should be high-
lighted that anatase can produce similar amoxicillin degradation compounds under dark
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conditions similar to the Light Control except for compound 4. These observations further
reveal the significant impact of the anatase on environmental amoxicillin degradation.

3.6. Amoxicillin Degradation with High-Intensity Light (AM 0 Filter)

Further, we continued our experiments by irradiating amoxicillin under high-intensity
light using AM 0 filter in the solar simulator. Our primary focus in these experiments
was to understand the possibility of using high-intensity light to remove amoxicillin from
wastewater. These decay curves and kinetics of amoxicillin degradation under these
conditions are shown in Figure 4. Here, the Dark Control, Kaolinite Dark, and Anatase
Dark are the same decay curves presented in Figure 1 and Table 1, and included in Figure 4
for comparison.

6.0

5
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r‘
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Figure 4. (A) Decay curve of amoxicillin with anatase and kaolinite under AM 0 filter light and dark

conditions. (B) pH variation of amoxicillin experiments under AM O filter light. The Dark Control,

Kaolinite Dark, and Anatase Dark are the same decay curves presented in Figure 1 and Table 1, and

included here for comparison.

We observed that amoxicillin degradation rates were significantly increased in every
case. Similar to the terrestrial light, anatase showed the highest degradation rate of amox-
icillin (k = 0.0206 h~1). This is a 2.7-fold increase compared to amoxicillin degradation
under terrestrial light when mixed with anatase. The rate of degradation of amoxicillin
in the Light Control was 0.0140 h~! which is an 8-fold increase from the terrestrial light.
In the presence of kaolinite, the amoxicillin degradation rate showed a 12.8-fold increase
compared to the AM 1.5G filter light. Even though the degradation rate of amoxicillin
was significantly increased with high-intensity light, we did not observe mineralization of
amoxicillin in any case. Interestingly, LC-MS analysis conformed formation of degradation
products for high-intensity light different from terrestrial light. These degradation com-
pounds’ ecological impacts and human health effects are not well understood yet, and thus
it will limit the use of high-intensity light in removing amoxicillin from wastewater. The
observed rate constants, R?, and half-life values for amoxicillin with high-intensity light
are given in Table 2.

Table 2. Rate constants, the half-life of amoxicillin with different mineral surfaces, and the correlation
coefficient of reactions with AM 0 filter.

Surface Rate Constant h—1 R2 Half-Life (h)
Light Control 1.40 x 1072 0.957 495
Kaolinite Solar 1.34 x 1072 0.980 51.7

Anatase Solar 2.06 x 1072 0.996 33.6
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3.7. Amoxicillin Degradation Mechanisms with High-Intensity Light

Our results highlight the formation of several degradation products of amoxicillin
under high-intensity light (Figure 5). When high-intensity light was used in the Light
Control, the amoxicillin degradation rate increased significantly compared to the terrestrial
light. However, we did not observe differences in the formation of degradation products
with a high-intensity light. Instead, the exact degradation mechanism for amoxicillin was
observed to be similar to the terrestrial solar spectrum, as depicted in Figure 2.
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Figure 5. Proposed degradation mechanism of amoxicillin in the presence of anatase and high-
intensity light (AM 0 filter). Red-colored compounds were not detected in this reaction.

In contrast, irradiation of amoxicillin with high-intensity light and kaolinite showed
extended degradation compared to terrestrial light. Apart from degradation compounds
1, 2, and 3 here, we observed the formation of compounds 4, 5, and 6, which were not
detected under terrestrial light (Figure S3). The amount of available photons for amoxicillin
molecules to degrade is higher with the AM 0 filter than with the AM 1.5G filter, and that
could be the reason for the formation of compounds 4, 5, and 6 under AM 0 filter.

Excitingly, in the presence of anatase, we observed significant differences in the for-
mation of degradation compounds with a high-intensity light. The proposed degradation
mechanism in the presence of anatase and high-intensity light (AM 0 filter) is provided in
Figure 5. Amoxicillin was able to undergo deamination reactions with AM 0 filter light
which were not observed in any of the other cases. Here, we observed the formation of two
new degradation compounds, 9 and 10, via deamination reactions. Hence, compound 5 un-
dergoes deamination to produce compound 9. Additionally, compound 3 yields compound
10 after a deamination reaction.

Similar to the anatase reaction with terrestrial light, amoxicillin undergoes a hydrolysis
reaction at the amide bond to form intermediate 7 and subsequent decarboxylation to
produce degradation compound 8. Here, amoxicillin also undergoes the usual 3-lactam
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ring hydrolysis pathway. Due to amoxicillin’s significantly high degradation rate with
anatase and high-intensity light, we did not observe compounds 1, 2, 3, 5, and 7 in the
final reaction mixture. Overall, we observed amoxicillin degradation compounds 8, 9, and
10 in the final reaction mixture in the presence of anatase with a high-intensity light. It
should be highlighted that compounds 9 and 10 formed via deamination reactions were
only observed in high-intensity light and anatase.

Based on our results, we confirm that amoxicillin can degrade significantly faster with
a high-intensity light. However, the use of high-intensity light to remove amoxicillin from
wastewater is still a concern due to the formation of considerable degradation products in
high-intensity light and minerals. Besides, the toxicological impacts of the observed amoxi-
cillin degradation products are not well understood yet and are strongly recommended for
future studies.

4. Conclusions

Our study investigated the photolytic degradation of 3-lactam antibiotic amoxicillin
upon exposure to light and ecological minerals anatase and kaolinite. Here, we proposed a
combination of direct photolysis and indirect photodegradation mechanisms for amoxicillin
in the environment. Our study highlighted for the first time that the rate of amoxicillin
degradation could be varied with the exposed mineral surface, while anatase caused the
highest degradation rate. On the other hand, solar flux under ecological conditions was
not sufficient to activate the kaolinite as photocatalyst. Thus, the material acted only as
an adsorbent. Moreover, the formation of degradation compounds also varied with the
available mineral surface. Light Control formed the compounds 1, 2, 3, 4, 5, and 6, and
kaolinite formed only compounds 1, 2, and 3. Anatase formed compounds 3, 5, and 8.

In dark reactions, the effect of anatase was significant on amoxicillin degradation.
However, the Light Control and kaolinite mineral presence caused a slow degradation. In
terms of amoxicillin degradation compounds, anatase formed compounds 1, 2, 3, 5, and
6, while Light Control and kaolinite reactions produced only compound 1. It reveals that
environmental mineralogy can play a significant role in the degradation of amoxicillin and
the formation of degradation products regardless of the light availability.

Further, we irradiated amoxicillin with a high-intensity light to understand the possible
method to remove amoxicillin from wastewater. Here, we observed that amoxicillin
degraded significantly faster with high-intensity light than in terrestrial light—however,
the formation of different amoxicillin degradation products limits high-intensity light to
remove amoxicillin from wastewater. Here, anatase formed compounds 8, 9, and 10. Light
Control and kaolinite reactions formed 1, 2, 3, 4, 5, and 6. The toxicological impacts of these
degradation compounds can be very different from the parent pharmaceutical amoxicillin
on human health and environmental species. In further research, we suggest investigating
the effects of amoxicillin degradation products in the short term and long term.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments9070077 /s1, Figure S1: Different forms of amoxicillin
with pKa values; Figure S2: Kinetics of amoxicillin decay. (A) AM 1.5G filter. (B) AM 0 filter;
Figure S3: Proposed degradation mechanism of amoxicillin in the presence of kaolinite under
irradiated conditions. Blue-colored compounds were not detected with AM 1.5G filter light; Figure S4:
The proposed degradation mechanism of amoxicillin in the presence of anatase under dark conditions;
Figure S5: HPLC instrument and Reverse phase C18 column validation for linearity; Figure S6: Solar
spectrum for different filters used in the experiments.

Author Contributions: Conceptualization, G.R.; methodology, N.E.; software, N.E.; validation, N.E.
and G.R,; formal analysis, N.E. and G.R.; investigation, N.E.; resources, G.R.; data curation, N.E,;
writing—original draft preparation, N.E.; writing—review and editing, G.R.; supervision, G.R.;
project administration, G.R.; funding acquisition, G.R. All authors have read and agreed to the
published version of the manuscript.


https://www.mdpi.com/article/10.3390/environments9070077/s1
https://www.mdpi.com/article/10.3390/environments9070077/s1

Environments 2022, 9, 77 14 of 16

Funding: This research was funded by National Institute of General Medical Sciences (NIGMS) under
grant number P20GM103451.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in https://1drv.
ms/x/s!AmSLMLzj6fUWglAYva75Gka2UtL4 (accessed on 25 May 2022); https://1drv.ms/x/s!Am5
LMLzj6fUWgl]fipmewkuSzuAh (accessed on 25 May 2022).

Acknowledgments: This work was supported by the New Mexico Tech and an Institutional Develop-
ment Award (IDeA) from the National Institute of General Medical Sciences of the National Institutes
of Health, which we acknowledge with thanks.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lee, S.; Kim, C; Liu, X; Lee, S.; Kho, Y.; Kim, W.-K_; Kim, P.; Choi, K. Ecological Risk Assessment of Amoxicillin, Enrofloxacin,
and Neomycin: Are Their Current Levels in the Freshwater Environment Safe? Toxics 2021, 9, 196. [CrossRef] [PubMed]

2. Litskas, V.D.; Karamanlis, X.N.; Prousali, S.P.; Koveos, D.S. Effects of the Antibiotic Amoxicillin on Key Species of the Terrestrial
Environment. Bull. Environ. Contam. Toxicol. 2018, 100, 509-515. [CrossRef] [PubMed]

3. Jung, YJ.; Kim, W.G;; Yoon, Y.; Kang, ].-W.; Hong, Y.M.; Kim, H-W. Removal of amoxicillin by UV and UV /H;O; processes. Sci.
Total Environ. 2012, 420, 160-167. [CrossRef] [PubMed]

4. Andreozzi, R.; Caprio, V.; Ciniglia, C.; de Champdoré, M.; Lo Giudice, R.; Marotta, R.; Zuccato, E. Antibiotics in the Environment:
Occurrence in Italian STPs, Fate, and Preliminary Assessment on Algal Toxicity of Amoxicillin. Environ. Sci. Technol. 2004, 38,
6832-6838. [CrossRef] [PubMed]

5. Broccoli, A.; Anselmi, S.; Cavallo, A.; Ferrari, V.; Prevedelli, D.; Pastorino, P.; Renzi, M. Ecotoxicological effects of new generation
pollutants (nanoparticles, amoxicillin and white musk) on freshwater and marine phytoplankton species. Chemosphere 2021, 279,
130623. [CrossRef]

6. Sun, X;; Qin, Y.; Zhou, W. Degradation of amoxicillin from water by ultrasound-zero-valent iron activated sodium persulfate.
Sep. Purif. Technol. 2021, 275, 119080. [CrossRef]

7. Zhao, Y,; Geng, J.; Wang, X.; Gu, X.; Gao, S. Tetracycline adsorption on kaolinite: pH, metal cations and humic acid effects.
Ecotoxicology 2011, 20, 1141-1147. [CrossRef]

8.  Xu, H.; Cooper, W].; Jung, J.; Song, W. Photosensitized degradation of amoxicillin in natural organic matter isolate solutions.
Water Res. 2011, 45, 632-638. [CrossRef]

9.  Pereira, ] H.O.S,; Reis, A.C.; Homem, V; Silva, J.A.; Alves, A.; Borges, M.T.; Boaventura, R.A.R,; Vilar, V.J.P.; Nunes, O.C. Solar
photocatalytic oxidation of recalcitrant natural metabolic by-products of amoxicillin biodegradation. Water Res. 2014, 65, 307-320.
[CrossRef]

10. Lamm, A.; Gozlan, I.; Rotstein, A.; Avisar, D. Detection of amoxicillin—diketopiperazine-2’ , 5 in wastewater samples. J. Environ.
Sci. Health Part A 2009, 44, 1512-1517. [CrossRef]

11. Timm, A ; Borowska, E.; Majewsky, M.; Merel, S.; Zwiener, C.; Brise, S.; Horn, H. Photolysis of four $-lactam antibiotics under
simulated environmental conditions: Degradation, transformation products and antibacterial activity. Sci. Total Environ. 2019,
651, 1605-1612. [CrossRef] [PubMed]

12.  Karim, A.V,; Shriwastav, A. Degradation of amoxicillin with sono, photo, and sonophotocatalytic oxidation under low-frequency
ultrasound and visible light. Environ. Res. 2021, 200, 111515. [CrossRef] [PubMed]

13. Ebele, A.].; Oluseyi, T.; Drage, D.S.; Harrad, S.; Abou-Elwafa Abdallah, M. Occurrence, seasonal variation and human exposure
to pharmaceuticals and personal care products in surface water, groundwater and drinking water in Lagos State, Nigeria. Emerg.
Contam. 2020, 6, 124-132. [CrossRef]

14. Gozlan, I; Rotstein, A.; Avisar, D. Amoxicillin-degradation products formed under controlled environmental conditions:
Identification and determination in the aquatic environment. Chemosphere 2013, 91, 985-992. [CrossRef]

15. Pérez-Parada, A.; Agtiera, A.; Gomez-Ramos, M.d.M.; Garcia-Reyes, ].F.; Heinzen, H.; Fernandez-Alba, A.R. Behavior of amoxi-
cillin in wastewater and river water: Identification of its main transformation products by liquid chromatography/electrospray
quadrupole time-of-flight mass spectrometry. Rapid Commun. Mass Spectrom. 2011, 25, 731-742. [CrossRef]

16. Liu, N.; Han, H.; Yin, H.; Han, L.; Huang, G. Variations in the fate and risk analysis of amoxicillin and its degradation products
during pig manure aerobic composting. |. Hazard. Mater. 2018, 346, 234-241. [CrossRef]

17.  Chen, H.; Nanayakkara, C.E.; Grassian, V.H. Titanium Dioxide Photocatalysis in Atmospheric Chemistry. Chem. Rev. 2012, 112,
5919-5948. [CrossRef]

18. Katal, R.; Masudy-Panah, S.; Tanhaei, M.; Farahani, M.H.D.A ; Jiangyong, H. A review on the synthesis of the various types of

anatase TiO, facets and their applications for photocatalysis. Chem. Eng. ]. 2020, 384, 123384. [CrossRef]


https://1drv.ms/x/s!Am5LMLzj6fUWglAYva7SGka2UtL4
https://1drv.ms/x/s!Am5LMLzj6fUWglAYva7SGka2UtL4
https://1drv.ms/x/s!Am5LMLzj6fUWglJfipmewkuSzuAh
https://1drv.ms/x/s!Am5LMLzj6fUWglJfipmewkuSzuAh
http://doi.org/10.3390/toxics9080196
http://www.ncbi.nlm.nih.gov/pubmed/34437514
http://doi.org/10.1007/s00128-018-2302-z
http://www.ncbi.nlm.nih.gov/pubmed/29484446
http://doi.org/10.1016/j.scitotenv.2011.12.011
http://www.ncbi.nlm.nih.gov/pubmed/22326316
http://doi.org/10.1021/es049509a
http://www.ncbi.nlm.nih.gov/pubmed/15669346
http://doi.org/10.1016/j.chemosphere.2021.130623
http://doi.org/10.1016/j.seppur.2021.119080
http://doi.org/10.1007/s10646-011-0665-6
http://doi.org/10.1016/j.watres.2010.08.024
http://doi.org/10.1016/j.watres.2014.07.037
http://doi.org/10.1080/10934520903263306
http://doi.org/10.1016/j.scitotenv.2018.09.248
http://www.ncbi.nlm.nih.gov/pubmed/30360286
http://doi.org/10.1016/j.envres.2021.111515
http://www.ncbi.nlm.nih.gov/pubmed/34129864
http://doi.org/10.1016/j.emcon.2020.02.004
http://doi.org/10.1016/j.chemosphere.2013.01.095
http://doi.org/10.1002/rcm.4902
http://doi.org/10.1016/j.jhazmat.2017.11.050
http://doi.org/10.1021/cr3002092
http://doi.org/10.1016/j.cej.2019.123384

Environments 2022, 9, 77 15 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kelleher, B.; O’dwyer, T. Intercalation of benzamide into expanded kaolinite under ambient environmental conditions. Clays Clay
Miner 2002, 50, 331-335. [CrossRef]

Scott, A.M.; Burns, E.A ; Hill, F.C. Theoretical study of adsorption of nitrogen-containing environmental contaminants on kaolinite
surfaces. J. Mol. Model. 2014, 20, 2373. [CrossRef]

Scott, A.M.; Burns, E.A; Lafferty, B.J.; Hill, EC. Theoretical predictions of thermodynamic parameters of adsorption of nitrogen
containing environmental contaminants on kaolinite. . Mol. Model. 2015, 21, 21. [CrossRef] [PubMed]

Yadav, V.B.; Gadji, R.; Kalra, S. Synthesis and characterization of novel nanocomposite by using kaolinite and carbon nanotubes.
Appl. Clay Sci. 2018, 155, 30-36. [CrossRef]

Benacherine, M.e.m.; Debbache, N.; Ghoul, I.; Mameri, Y. Heterogeneous photoinduced degradation of amoxicillin by Goethite
under artificial and natural irradiation. J. Photochem. Photobiol. A Chem. 2017, 335, 70-77. [CrossRef]

Bogialli, S.; Capitolino, V.; Curini, R.; Di Corcia, A.; Nazzari, M.; Sergi, M. Simple and Rapid Liquid Chromatography —Tandem
Mass Spectrometry Confirmatory Assay for Determining Amoxicillin and Ampicillin in Bovine Tissues and Milk. J. Agric. Food
Chem. 2004, 52, 3286-3291. [CrossRef]

Yang, C.-W,; Liu, C.; Chang, B.-V. Biodegradation of Amoxicillin, Tetracyclines and Sulfonamides in Wastewater Sludge. Water
2020, 12, 2147. [CrossRef]

Khan, S.A ; Siddiqui, M.E,; Khan, T.A. Synthesis of Poly(methacrylic acid) /Montmorillonite Hydrogel Nanocomposite for Efficient
Adsorption of Amoxicillin and Diclofenac from Aqueous Environment: Kinetic, Isotherm, Reusability, and Thermodynamic
Investigations. ACS Omega 2020, 5, 2843-2855. [CrossRef]

Hettiarachchi, E.; Rubasinghege, G. Mechanistic Study on Iron Solubility in Atmospheric Mineral Dust Aerosol: Roles of Titanium,
Dissolved Oxygen, and Solar Flux in Solutions Containing Different Acid Anions. ACS Earth Space Chem. 2020, 4, 101-111.
[CrossRef]

Hettiarachchi, E.; Hurab, O.; Rubasinghege, G. Atmospheric Processing and Iron Mobilization of Ilmenite: Iron-Containing
Ternary Oxide in Mineral Dust Aerosol. J. Phys. Chem. A 2018, 122, 1291-1302. [CrossRef]

Rubasinghege, G.; Gurung, R.; Rijal, H.; Maldonado-Torres, S.; Chan, A.; Acharya, S.; Rogelj, S.; Piyasena, M. Abiotic degradation
and environmental toxicity of ibuprofen: Roles of mineral particles and solar radiation. Water Res. 2018, 131, 22-32. [CrossRef]
Wahyuni, E.; Yulikayani, P.; Aprilita, N. Enhancement of visible-light photocatalytic activity of Cu-doped TiO, for photodegrada-
tion of amoxicillin in water. J. Mater. Environ. Sci. 2020, 11, 670-683.

Dimitrakopoulou, D.; Rethemiotaki, I.; Frontistis, Z.; Xekoukoulotakis, N.P.; Venieri, D.; Mantzavinos, D. Degradation, min-
eralization and antibiotic inactivation of amoxicillin by UV-A/TiO, photocatalysis. |. Environ. Manage. 2012, 98, 168-174.
[CrossRef]

Elmolla, E.S.; Chaudhuri, M. Photocatalytic degradation of amoxicillin, ampicillin and cloxacillin antibiotics in aqueous solution
using UV/TiO; and UV /H,0,/TiO, photocatalysis. Desalination 2010, 252, 46-52. [CrossRef]

Moreira, N.EE,; Orge, C.A.; Ribeiro, A.R.; Faria, J.L.; Nunes, O.C.; Pereira, M.ER.; Silva, A.M.T. Fast mineralization and
detoxification of amoxicillin and diclofenac by photocatalytic ozonation and application to an urban wastewater. Water Res. 2015,
87, 87-96. [CrossRef] [PubMed]

Bergamonti, L.; Bergonzi, C.; Graiff, C.; Lottici, P.P,; Bettini, R.; Elviri, L. 3D printed chitosan scaffolds: A new TiO2 support for
the photocatalytic degradation of amoxicillin in water. Water Res. 2019, 163, 114841. [CrossRef] [PubMed]

Zhao, Q.; Feng, L.; Cheng, X.; Chen, C.; Zhang, L. Photodegradation of amoxicillin in aqueous solution under simulated
irradiation: Influencing factors and mechanisms. Water Sci. Technol. 2013, 67, 1605-1611. [CrossRef] [PubMed]

Awfa, D.; Ateia, M,; Fujii, M.; Johnson, M.S.; Yoshimura, C. Photodegradation of pharmaceuticals and personal care products in
water treatment using carbonaceous-TiO, composites: A critical review of recent literature. Water Res. 2018, 142, 26-45. [CrossRef]
Caglar Yilmaz, H.; Akgeyik, E.; Bougarrani, S.; El Azzouzi, M.; Erdemoglu, S. Photocatalytic degradation of amoxicillin using
Co-doped TiO;, synthesized by reflux method and monitoring of degradation products by LC-MS/MS. |. Dispers. Sci. Technol
2020, 41, 414-425. [CrossRef]

Li, Q. Jia, R,; Shao, J.; He, Y. Photocatalytic degradation of amoxicillin via TiO, nanoparticle coupling with a novel submerged
porous ceramic membrane reactor. J. Clean. Prod. 2019, 209, 755-761. [CrossRef]

Lai, WW.-P; Hsu, M.-H.; Lin, A.Y.-C. The role of bicarbonate anions in methotrexate degradation via UV /TiO,: Mechanisms,
reactivity and increased toxicity. Water Res. 2017, 112, 157-166. [CrossRef]

Tan, T.-Y.; Zeng, Z.-T.; Zeng, G.-M.; Gong, ].-L.; Xiao, R.; Zhang, P.; Song, B.; Tang, W.-W.; Ren, X.-Y. Electrochemically enhanced
simultaneous degradation of sulfamethoxazole, ciprofloxacin and amoxicillin from aqueous solution by multi-walled carbon
nanotube filter. Sep. Purif. Technol. 2020, 235, 116167. [CrossRef]

Aksu Demirezen, D.; Yildiz, Y.S.; Demirezen Yilmaz, D. Amoxicillin degradation using green synthesized iron oxide nanoparticles:
Kinetics and mechanism analysis. Environ. Nanotechnol. Monit. Manag. 2019, 11, 100219. [CrossRef]

Olama, N.; Dehghani, M.; Malakootian, M. The removal of amoxicillin from aquatic solutions using the TiO, /UV-C nanophoto-
catalytic method doped with trivalent iron. Appl. Water Sci. 2018, 8, 97. [CrossRef]

Zhao, J.; Qin, X.; Wang, J.; He, M. Effect of Mg(Il) and Na(I) Doping on the Electronic Structure and Mechanical Properties of
Kaolinite. Minerals 2020, 10, 368. [CrossRef]

Tombdcz, E.; Szekeres, M. Surface charge heterogeneity of kaolinite in aqueous suspension in comparison with montmorillonite.
Appl. Clay Sci. 2006, 34, 105-124. [CrossRef]


http://doi.org/10.1346/00098600260358085
http://doi.org/10.1007/s00894-014-2373-7
http://doi.org/10.1007/s00894-015-2577-5
http://www.ncbi.nlm.nih.gov/pubmed/25620422
http://doi.org/10.1016/j.clay.2017.11.043
http://doi.org/10.1016/j.jphotochem.2016.11.008
http://doi.org/10.1021/jf0499572
http://doi.org/10.3390/w12082147
http://doi.org/10.1021/acsomega.9b03617
http://doi.org/10.1021/acsearthspacechem.9b00280
http://doi.org/10.1021/acs.jpca.7b11320
http://doi.org/10.1016/j.watres.2017.12.016
http://doi.org/10.1016/j.jenvman.2012.01.010
http://doi.org/10.1016/j.desal.2009.11.003
http://doi.org/10.1016/j.watres.2015.08.059
http://www.ncbi.nlm.nih.gov/pubmed/26397450
http://doi.org/10.1016/j.watres.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31306940
http://doi.org/10.2166/wst.2013.033
http://www.ncbi.nlm.nih.gov/pubmed/23552251
http://doi.org/10.1016/j.watres.2018.05.036
http://doi.org/10.1080/01932691.2019.1583576
http://doi.org/10.1016/j.jclepro.2018.10.183
http://doi.org/10.1016/j.watres.2017.01.040
http://doi.org/10.1016/j.seppur.2019.116167
http://doi.org/10.1016/j.enmm.2019.100219
http://doi.org/10.1007/s13201-018-0733-7
http://doi.org/10.3390/min10040368
http://doi.org/10.1016/j.clay.2006.05.009

Environments 2022, 9, 77 16 of 16

45.

46.

47.

48.

49.

50.

Li, X,; Shen, T.; Wang, D.; Yue, X; Liu, X,; Yang, Q.; Cao, J.; Zheng, W.; Zeng, G. Photodegradation of amoxicillin by catalyzed
Fe3* /H,0, process. |. Environ. Sci. 2012, 24, 269-275. [CrossRef]

Zhang, Y.; Xiao, Y.; Zhong, Y.; Lim, T.-T. Comparison of amoxicillin photodegradation in the UV/H,0, and UV /persulfate
systems: Reaction kinetics, degradation pathways, and antibacterial activity. Chem. Eng. J. 2019, 372, 420-428. [CrossRef]
Zhang, C.; Zhao, Z.; Dong, S.; Zhou, D. Simultaneous elimination of amoxicillin and antibiotic resistance genes in activated
sludge process: Contributions of easy-to-biodegrade food. Sci. Total Environ. 2020, 764, 142907. [CrossRef]

Trovo, A.G.; Pupo Nogueira, R.F.; Agiiera, A.; Fernandez-Alba, A.R.; Malato, S. Degradation of the antibiotic amoxicillin by
photo-Fenton process—Chemical and toxicological assessment. Water Res. 2011, 45, 1394-1402. [CrossRef]

Busto, R.V.; Roberts, J.; Hunter, C.; Escudero, A.; Helwig, K.; Coelho, L.H.G. Mechanistic and ecotoxicological studies of
amoxicillin removal through anaerobic degradation systems. Ecotoxicol. Environ. Saf. 2020, 192, 110207. [CrossRef]

Négele, E.; Moritz, R. Structure elucidation of degradation products of the antibiotic amoxicillin with ion trap MSn and accurate
mass determination by ESI TOF. |. Am. Soc. Mass Spectrom. 2005, 16, 1670-1676. [CrossRef]


http://doi.org/10.1016/S1001-0742(11)60765-1
http://doi.org/10.1016/j.cej.2019.04.160
http://doi.org/10.1016/j.scitotenv.2020.142907
http://doi.org/10.1016/j.watres.2010.10.029
http://doi.org/10.1016/j.ecoenv.2020.110207
http://doi.org/10.1016/j.jasms.2005.06.002

	Introduction 
	Materials and Methods 
	Materials 
	Particle Characterization 
	Degradation Studies 
	Batch Reactor Studies 
	Liquid Chromatography-Mass Spectroscopy (LC-MS) 

	Statistical Analysis 

	Results and Discussion 
	Particle Characterization 
	Photo-Degradation Studies 
	Amoxicillin Degradation with Terrestrial Solar Spectrum (AM 1.5G Filter) 
	Amoxicillin Degradation Mechanism under Terrestrial Solar Radiation 
	Amoxicillin Degradation under Dark Conditions 
	Amoxicillin Degradation with High-Intensity Light (AM 0 Filter) 
	Amoxicillin Degradation Mechanisms with High-Intensity Light 

	Conclusions 
	References

