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Abstract: The aim of the study was to determine oxidation potential of selected persistent, envi-
ronmentally relevant antibiotics (Amoxicillin, Levofloxacin, and their mixture with Vancomycin) to
reduce their environmental emissions. Ozonation (O3) and indirect ozonation at pH 9.5 (O3/pH9.5)
were catalytically enhanced by addition of Fe2+ (O3/Fe2+) and photocatalytic ozonation in com-
bination with Fe2+ and UV-A black light (O3/Fe2+/UV) at two temperatures using total organic
carbon (TOC) and chemical oxygen demand (COD) to identify formation of by-products. Oxidative
degradation followed pseudo-first order consecutive reactions. Initial phase of oxidation was more
intensive than mineralisation at 21 and 40 ◦C: up to 57.3% and 69.2%, respectively. After 120 min
mineralization at 21 ◦C was up to 64.9% while at 40 ◦C it was up to 84.6%. Oxidation reached up to
86.6% and 93.4% at 21 ◦C and 40 ◦C, respectively. The most efficient processes were indirect ozonation
at pH 9.5 (O3/pH9.5) (up to 93.4%) and photocatalytic enhanced ozonation with Fe2+ and UV-A black
light (O3/Fe2+/UV) (up to 89.8%). The lowest efficiency was determined in experiments with direct
ozonation (up to 75.5%). Amoxicillin was the only one completely mineralised. Study confirmed
that ozonation with addition of Fe2+ and UV radiation has the potential to improve efficiency of the
antibiotic-removal processes. Further experiments varying amounts of Fe2+ and other experimental
conditions should be accomplished to set up more general methodological approach for reduction of
antibiotics emissions.
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1. Introduction

Broad use of pharmaceuticals is polluting environment and thus they are becoming
a global environmental problem [1]. Analyses of wastewater treatment plants’ effluents
and surface waters have been reporting presence of a wide range of pharmaceuticals since
1980s. Their removal from wastewaters is incomplete and they easily enter natural water
system including drinking water [2]. Most risky pharmaceuticals are antibiotics because
of their high animal and human consumption resulted from application in treatment of
bacterial infections and nowadays they are considered as emerging contaminants (ECs).
The main sources of antibiotics in environment are incorrect discharge when expired,
human excretion and agricultural activities with emphasis on livestock production. In
the environment antibiotics can be in their original form or as pharmacologically active
metabolites or as transformational products [3,4]. They are accumulated in the environment
and consequently induce bacterial resistance to antibiotics [5]. The rapid growth of resistant
strains results in highly resistant bacteria and therefore bacterial infections may not be
treated as successfully as in the past. Furthermore, the World Health Organization (WHO)
declared antimicrobial resistance to be global life-threatening danger [3,6].
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Striving to predict environmental risks of antibiotic persistence, several studies have
already been made, following guidelines given by the Environmental Protection Agency
(EPA) and the Organization for Economic Co-operation and Development (OECD) [3].
Many studies confirmed that the annual mean antibiotic concentrations are relatively low
(below 10 ng·L−1 [7]), or up to few µg·L−1 [8] in most of the European rivers and also in
North America, but studies from Africa demonstrate concentrations from ng·L−1 to several
orders of magnitude higher [6].

One of the often-used antibiotic is Amoxicillin (AM). It prevents building of cell
wall in bacteria suppressing infections such as arthritis, pneumonia, tonsillitis, bron-
chitis and infections of the ear, skin, nose and urinary tract [4,9]. It was detected in
the effluents of the Italian WWTPs from 1.80–120 ng·L−1 [3]. In the surface waters of
China its median concentration was 1 ng·L−1 [10]. It is toxic to algae M. aeruginosa
(72hEC50 = 0.0037 mg·L−1), S. capricornutum (72hNOEC = 250 mg·L−1), S. leopoliensis
(EC50 = 2.22 µg·L−1, NOEC = 0.78 µg·L−1, LOEC = 1.56 µg·L−1), all based on measurement
of growth inhibition [11]. It was also toxic to bacteria V. fischeri: 15minEC50 = 3597 mg·L−1 [11].

Levofloxacin (LV) which is used for treating pneumonia, skin infections, bronchitis, si-
nusitis, active tuberculosis, anthrax and some types of plague in human medicine [4,12] was
found in South Korea river water in concentration up to 87.4 ± 13.0 ng·L−1 [11]. In effluent
from municipal WWTPs in Japan LV was detected at concentrations 152–323 ng·L−1 [12]. In
river water in Shandong province in eastern China concentration range was 0.3–6.0 ng·L−1

while in wastewater higher concentrations were detected (0.5–19,981.6 ng·L−1). Different
environmental samples were also found to contain LV: river sediments (0.77–100.91 µg·kg−1),
soil (0.2–6.5 µg·kg−1), pig manure (0.51–5.66 µg·kg−1) and vegetable (0.602 µg·kg−1) [13].
Growth inhibition to algae P. subcapitata (96hEC50 = 1200 µg·L−1, 96hNOEC = 310 µg·L−1,
LOEC = 630 µg·L−1) was caused by LV [12]. It was also toxic to fish O. latipes
(96hLC50 > 100 mg·L−1), crustaceans T. platyurus (24hLC50 > 100 mg·L−1) and D. magna
(21dEC50 = 340 µg·L−1, 21dLOEC = 63 µg·L−1) [11]. Toxicity testing with V. fischeri up to
8.2 mg·L−1 of LV did not confirm significant toxic effect [12].

Environmental occurrence of Vancomycin (VM) in the environment was also deter-
mined. It is used for treating infections caused by Gram-positive organisms [4,14,15]. Influ-
ent concentration of VM in Milan city WWTP was 9.6 ± 1.8 mg·day−1·1000 inhabitants−1

while in Varese city WWTP it was 14 ± 20 mg·day−1·1000 inhabitants−1. VM mean
concentrations in the river Po and Arno were 4.8 ± 4.9 ng·L−1 and 2.6 ± 2.2 ng·L−1, respec-
tively [16]. It is toxic to D. magna (48hEC50 = 686.9 mg·L−1), P. subcapitata
(72hEC50 = 370.8 mg·L−1) and F. candida (28dEC50 = 546 mg·kg−1) [17].

It is important to develop efficient and environmentally friendly methods for complete
removal of emerging contaminants. The most efficient methods to degrade them and
prevent their entrance into the environment seem to be advanced oxidation processes
(AOPs). AOPs are aqueous phase treatment processes based on in-situ production of
powerful oxidants such as hydroxyl radicals (•OH) and ozone (O3) which results in a
variety of degradation mechanisms of pollutants, reduction of their toxicity and increased
biodegradability. Those processes are ozonation, ozonation in combination with UV-light
(photocatalytic processes) and/or H2O2 and/or Fe2+ or other catalysts, mainly metal
oxides [2,18–20]. There are two mechanisms of ozonation. Direct ozonation at lower pH
is slow and selective and usually results in formation of aldehydes and carboxylic acids,
which means that total mineralization of organics does not occur. Second mechanism is
indirect ozonation at higher pH through production of hydroxyl radicals (•OH), which
are non-selective. Indirect ozonation quickly degrades organics and mainly leads to
more complete mineralization [21,22]. However, it was proven that ozone efficiently
oxidizes antibiotics leading to changes in their molecular structure or functional groups [23].
Nevertheless, much is still unknown about by-products of ozonation and other advanced
oxidation processes of antibiotics [24].

There are a lot of data on feasibility of AOPs and their optimization attempts for
removal of human and veterinary antibiotics form different aquatic samples [20,23,25].
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However, due to the different and sometimes poorly described methods and experimental
conditions used it is not possible to make direct comparison and evaluate technical feasi-
bility of the process. Kidak et al. [26] confirmed good mineralization of Amoxicillin with
ozonation at pH = 7. At average ozone concentration of 23 ± 2 mg·L−1 more than 99%
of Amoxicillin was removed in 10 min. In the study of Marcelino et al. [27], wastewater
was a mixture of water, cleaning products, antibiotics, solvents and excipients, which had
been generated during the formulation of Amoxicillin-based medicines. Flux of the ozone
produced was 18 mg·L−1, pH = 10 and time of ozonation 180 min. Ozonation itself was
able to remove wastewater original colour by removing up to 99% of the initial Amoxicillin
content and up to 80% of aromaticity. Removal of TOC was 46% and COD 73%. Ozonation
experiments were carried out also with Levofloxacin. 20.5 mg·L−1 of ozone led to its
complete degradation [28]. Vancomycin was also confirmed as highly reactive toward O3
between pH = 3 and 8 [29]. However, there is a lack of data on efficiency of ozonation
in various experimental conditions (pH, T, etc.) and in combination with other processes
(H2O2, Fe2+, Fe3+, zero-valent iron, UV-light, etc.) especially when processes in actual
wastewaters containing mixture of different antibiotics or scale-up is considered.

The aim of this research was to study degradation of Amoxicillin (AM), Levofloxacin
(LV), and their mixture with Vancomycin (MIX) in aqueous solutions—model wastewaters.
Different methods such as direct ozonation (O3), indirect ozonation at pH = 9.5 (O3/pH9.5),
catalytic ozonation with Fe2+ (O3/Fe2+) and photocatalytic ozonation with Fe2+ and UV-A
black light (O3/Fe2+/UV) were accomplished at two temperatures (21/40 ± 1 ◦C) and
compared. The removal efficiency of each method was determined by total organic carbon
(TOC) and chemical oxygen demand (COD) measurements. The kinetics of degradation
was also determined and related to temperature of the processes. Lab-scale experiments
led to preliminary determination of the most feasible conditions in the above mentioned
ozonation-based processes for removal of selected persistent antibiotics and their mixture.

2. Materials and Methods
2.1. Model Antibiotics

As model substances two antibiotics Amoxicillin (AM) and Levofloxacin (LV) were
used (Figure 1). They belong to different groups of antibiotics with different modes of
microbial action. These antibiotics were selected as they have been already found in
municipal treatment plant effluents and surface waters in several studies and represent
environmental concern [3,12,30,31].
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Figure 1. Structure of antibiotics used in the study: (A) Amoxicillin, (B) Levofloxacin and (C) Vancomycin substances [1,21,24].

AM is structured of a thiazolidine ring and β-lactam ring which classifies it as peni-
cillin. Its molecular weight is 353.4 g·mol−1 and its molecular formula is C16H19N3O5S [3].
LV belongs to the group of fluoroquinolones because it consists of two rings with ketone
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group, carboxylic group, and fluorine. Its molecular weight is 361.4 g·mol−1 and its molec-
ular formula is C18H20FN3O4 [4,12]. VM is glycopeptide antibiotic. Its structure consists
of carbohydrates and amino acids. Its molecular weight is 1449.3 g·mol−1 and molecular
formula C66H75Cl2N9O24 [1].

Susceptibility to oxidation processes was studied for each antibiotic separately
(400 mg·L−1) as well as their mixture (MIX) with another resistant antibiotic Vancomycin
(100 mg·L−1 each) was investigated. Vancomycin (VM) was added because its presence
was often confirmed in environmental samples [11].

2.2. Thermal Stability Testing

All investigated antibiotics were tested for thermal stability before ozonation ex-
periments. To obtain temperature dependence of the oxidation reaction rate constants
experiments at different temperatures were accomplished (21/40 ± 1 ◦C). Each of the
antibiotic’s solution (400 mg·L−1) was heated from 20 to 50 ◦C. At temperature increase
for every 5 ◦C sample was taken, and total organic carbon (TOC) and chemical oxygen
demand (COD) were determined to confirm thermal stability of the substance.

2.3. Experimental Set-Up

To compare efficiency of ozone-based oxidation methods for removal of persistent an-
tibiotics, different methods such as ozonation (O3), indirect ozonation at pH 9.5 (O3/pH9.5),
catalytic ozonation with Fe2+ (O3/Fe2+) and photocatalytic ozonation with Fe2+ and UV-A
black light (O3/Fe2+/UV) were studied (Table 1). Volume of the solution was 300 mL.
When performing indirect ozonation at pH 9.5 ± 0.2, antibiotic was solubilized directly
in a buffer solution, which was prepared from 0.05 M di-sodium tetraborate 10-hydrate
and 0.1 M NaOH at volume ratio of 4/1. The initial concentration of each investigated
antibiotic (AM, LV) was 400 mg·L−1. When testing the mixture (MIX), concentration of
each antibiotic (AM, LV, VM) was 100 mg·L−1.

Table 1. Design of the oxidation experiments.

Treatment Method Ozonation Setting Buffer
Solution pH at t = 0 min [/] Concentration of

Fe2+ [mmol·L−1] UV

Direct ozonation (O3) Ø = 30 L·h−1

γ = 0.1 g·L−1 / <3.0 / /

Indirect ozonation (O3/pH9.5)
Ø = 30 L·h−1

γ = 0.1 g·L−1

1 
 

✓ 9.5 ± 0.2 / /

Catalytic ozonation (O3/Fe2+) Ø = 30 L·h−1

γ = 0.1 g·L−1 / <3.0 1.0 /

Photocatalytic ozonation
(O3/Fe2+/UV)

Ø = 30 L·h−1

γ = 0.1 g·L−1 / <3.0 1.0

1 
 

✓ 

Ø—Gas inflow; γ—Mass concentration of ozone in gas;/—Not added;

1 
 

✓ —Added.

In oxidation experiments solid iron (II) sulphate heptahydrate (FeSO4·7H2O,
99.0–103.4%) and sodium hydroxide (NaOH, 98–100.5%) were used, obtained from Sigma-
Adrich. For buffer solution solid di-sodium tetraborate 10-hydrate (Na2B4O7 10H2O, 99.5%)
was obtained from Kemika d.d. UV light used was 6 W and 42 V (436.0 ± 9.6 lux).

In the laboratory experimental set-up ozone generator was connected to a cylindrical
glass reactor with volume of 300 mL (Figure 2). Experiments were conducted in a batch
mode. The reactor was placed on the magnetic stirrer (600 rpm) and ozone was introduced
into the reactor via a porous glass frit. Experiments were performed under following
conditions: pressure of the ozone generator was 0.5 bar, the gas flow was 30 L·h−1, the
nominal concentration of ozone in the gas phase was 0.1 g·L−1 and an overall system
capacity of ozone production was 3 g·h−1. Parameters and ozone doses were determined
previously in studies with persistent veterinary antibiotic Tiamulin [32]. Ozone dose in
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experiment with single antibiotic increased with time and it was 0, 2.08, 4.16, 6.25, 12.5,
25 and 50 mgozone·mgsubstance

−1 at 0, 5, 10, 15, 30, 60 and 120 min, respectively. In the
experiments with mixture of the antibiotics, doses were lower (0, 0.52, 1.04, 1.56, 3.12, 6.25
and 12.50 mgozone·mgsubstance

−1) regarding each antibiotic in the solution (3 × 100 mg·L−1).
All calculations are based on initial concentrations of the antibiotics.
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Figure 2. Laboratory set-up of oxidation experiments: (A) scheme of experimental set-up, (B) catalytic ozonation (O3/Fe2+)
at t = 0 min, (C) catalytic ozonation (O3/Fe2+) at t = 120 min.

To assess actual mass transport of ozone and the range of its expected concentrations
in solution of the antibiotics additional experiments were accomplished. 3 L of deionized
water was first purged with nitrogen for one hour to remove all dissolved oxygen. Then,
while stirring (600 rpm, 22 ± 2 ◦C), ozone was introduced under the same conditions as
described above and the dissolved ozone concentration was measured every 2 min till
final concentration plateau was reached. 118,755 Merck Ozone test was used, based on the
reaction of ozone in weakly acidic solution with dipropyl-p-phenylenediamine (DPD) to
form a red-violet dye (>0.007 mgozone·L−1) semi-quantitatively by visual comparison of the
colour. The ozone concentration in (mg·L−1) vs. time (min) was plotted and the constant of
mass transfer calculated from the linear part of the curve (0.66 mgozone·min−1, R2 = 0.9341).
It was confirmed that actual ozone doses in the solution were lower as determined on
the basis of nominal ozone concentrations in the gaseous phase. In 15 min, theoretical
ozone dose was 12.5 mgozone·mgsubstance

−1 while on the basis of ozone concentrations
measurement it was 9.9 mgozone·mgsubstance

−1. Concentrations of ozone were followed in
liquid phase also during some of the experiments (0.3–18 mg·L−1), but measurements were
not reliable and repeatable enough to be considered for any material balance of ozone.

All experiments were run for 120 min, samples were redrawn at 0, 5, 10, 15, 30, 60
and 120 min, where chemical oxygen demand (COD) and total organic carbon (TOC)
was determined, according to ISO 6060 (1989) and ISO 8245 (1999), respectively. pH
was also followed during the experiments. When direct ozonation was performed, the
initial pH values were approximately 5.0 ± 0.3, 6.8 ± 0.2 and 6.0 ± 0.3 for AM, LV, and
MIX, respectively. At the end of the ozonation pH lowered to approximately 2.5 ± 0.5 in
all treated solutions. Indirect ozonation (O3/pH9.5) was performed in a buffer solution,
therefore the pH was constant over time (9.5 ± 0.5) for all samples. When performing
catalytic ozonation with Fe2+ (O3/Fe2+, O3/Fe2+/UV), initial pH value was 3.4 ± 0.5 for
all samples and was decreasing with time to pH 2.5 ± 0.5.

Experiments were performed at two different temperatures (21/40 ± 1 ◦C) to deter-
mine the effect of the temperature to the oxidation efficiency and Arrhenius parameters
were determined. Experiments at lower temperature (21 ± 1 ◦C) were performed twice,
standard deviations were calculated. To maintain required temperature, reactor was put
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into the water bath (Figure 2C) and the temperature was monitored during the experiment
periodically.

For correct interpretation of experimental data obtained at different temperatures the
impact of temperature on ozone solubility must be considered [33]. It is dependent upon
the temperature of water, concentration of ozone gas, and pressure of water. A small change
in water temperature may create a large difference in potential ozone dissolved into water.
Moreover, changes in ozone concentration in gaseous phase will change the ozone solubility
dramatically. Experimental ozone concentration of 6.99% by weight (100 mgozone·L−1 in
gaseous phase, Table 1) corresponds to 14.3 g·m−3 (1% by weight). Solubility of ozone at 5,
10, 20 and 40 ◦C is approx. 50, 39, 24 and 10 mg·L−1, respectively [33]. The ratio among
solubility at 20 and 40 ◦C is high (2.4-times), affecting dose of ozone in liquid phase as well
as mass ratio of ozone to substance significantly. This should also be considered when
results are discussed.

2.4. Degradation Kinetics

Ozone-based degradation reactions usually occur in two consecutive steps. In the
first step initial oxidation of the substance occurs and in the second step slow degradation
of formed intermediates is proceeded [21]. Degradation kinetics of individual antibiotics
and their mixture was determined using Equation (1). Rate constant (k) was calculated by
Equations (2) and (3) for two consecutive steps of degradation based on the TOC and COD
measurements using least-squares curve fitting to the experimental data.

dC
dt

= −kc (1)

ln
TOC
TOC0

= −kt (2)

ln
COD
COD0

= −kt (3)

C is the concentration of the substance [mg·L−1] at time t, k is a pseudo-first order rate
constant [min−1], t is time [min], TOC0 is the initial total organic carbon [mg·L−1], TOC
is total organic carbon at time t [mg·L−1], COD0 is the initial chemical oxygen demand
[mg·L−1] and COD is chemical oxygen demand [mg·L−1] at time t. TOC and COD were
plotted versus time and rate constant k1 [min−1] was determined from the first part of
the graph, while the second part was related to k2 [min−1]. k1 was calculated from the
TOC and COD data obtained in the first 15 min of the experiments with majority having
R2 between 0.900–1.000. Only five R2 values were in the range of 0.6888–0.9000. k2 was
generally calculated from TOC and COD data in the second phase (15–120 min) where R2

was in the range of 0.7433–1.000 with majority of them above 0.9000.
Experiments were run for each antibiotic at two different temperatures (21 ± 1 ◦C and

40 ± 1 ◦C). The rate constant was related to the temperature of the reaction according to the
Arrhenius law (Equation (4)), where A is the frequency factor [min−1], ∆E is the activation
energy [J·mol−1], R the gas constant [8.314 J·mol−1·K−1] and T is the temperature [K].

k = A· exp (−∆E
R

·T) (4)

In any case, removal of the antibiotic depends upon dispersion of ozone in liquid phase
(bubble size and mixing regime), its dissolution and possible dissociation into hydroxyl
radicals depending upon pH and other factors of the system [34]. If the ozone is utilized
fast enough through substances’ removal reactions, then mass transfer is usually limiting.
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3. Results and Discussion
3.1. Model Antibiotics

In the Table 2 TOC [mg·L−1] and COD [mg·L−1] of initial solutions of model antibiotics
Amoxicillin (AM) and Levofloxacin (LV) and their mixture (MIX) with Vancomycin (VM)
are presented. Despite different chemical structure of selected compounds, initial TOC
values were comparable (209.4–233.9 mg·L−1) as well as COD values (575.6–598.5 mg·L−1).
Based on these measurements also the amount of antibiotics in the mixture were selected
(100 mg·L−1 of each). Additional persistent antibiotic Vancomycin (VM) was added to have
comparable TOC and COD values of the mixture to those of single compounds. This led to
easy data evaluation due to the comparable ozone dose applied in each of the experiment.

Table 2. TOC and COD [mg·L−1] of initial solutions of model antibiotics Amoxicillin, Levofloxacin,
and their mixture with Vancomycin.

Antibiotic Concentration [mg·L−1] TOC [mg·L−1] COD [mg·L−1]

Amoxicillin (AM) 400 209.4 ± 0.8 598.5 ± 1.2
Levofloxacin (LV) 400 233.9 ± 0.7 575.6 ± 26.4
The mixture (MIX) 100 AM + 100 LV + 100 VM 152.3 ± 1.4 428.0 ± 32.0

In Figure 3 TOC and COD during thermal stability testing of AM, LV and MIX
(AM+LV+VM) are presented. In the investigated temperature range (20–50 ◦C) COD and
TOC of the solutions did not change significantly (± 4%) and thus it was confirmed that
measured changes of both parameters are due to the oxidative treatment and not related to
the temperature changes.
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of AM, LV and VM determined by TOC (A) and COD (B) measurements.

3.2. Ozonation

Ozonation (O3), indirect ozonation at pH 9.5 (O3/pH9.5), catalytic ozonation with Fe2+

(O3/Fe2+) and photocatalytic ozonation with Fe2+ and UV-A black light (O3/Fe2+/UV)
were studied at two different temperatures (21 ± 1 ◦C and 40 ± 1 ◦C) for AM and LV as well
as their mixture with VM. Data on treatment efficiencies vs. time were used to calculate
reaction rate constants (k1 and k2, min−1) using Equations (2) and (3) and temperature
dependency (Equation (4)). k1 was obtained from the first 15 min of the experiment (the
first phase), while k2 was calculated from 15–120 min data (the second phase, Section 2.4).
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3.2.1. Ozonation

Treatment efficiencies of direct ozonation (O3) are presented in Table 3. Results were
obtained at both investigated temperatures (21 ± 1 ◦C and 40 ± 1 ◦C) after 15 (the first
phase) and 120 min (the second phase) of ozonation.

Table 3. Treatment efficiencies [%] in ozonation (O3) experiments.

Treatment Efficiency [%]

TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

Phase of ozonation 1st 2nd 1st 2nd 1st 2nd 1st 2nd

Amoxicillin (AM) 9.8 ± 1.2 27.7 ± 5.3 15.7 40.8 38.3 ± 1.6 60.6 ± 3.1 49.7 68.5
Levofloxacin (LV) 16.2 ± 1.6 38.5 ± 2.5 10.9 56.4 42.7 ± 12.7 67.2 ± 3.6 41.9 75.1
The mixture (MIX) 19.7 ± 0.2 36.4 ± 3.4 32.0 60.4 48.2 ± 0.0 67.2 ± 1.8 38.0 75.7

120 min ozonation at 21 ◦C of AM led to 27.7% and 60.6% TOC and COD removal,
respectively. Measurements confirmed that complete mineralisation was not achieved at
this temperature (Table 3). Higher temperature increased TOC (40.8%) and COD (68.5%)
removal. The difference among the first and the second phase removal at 21 ◦C for AM
was significant (9.8/27.7% according to TOC and 38.3/60.6% according to COD) but it was
a consequence of intensive increase in ozone dose with time (15/120 min). The same was
also noticed at higher temperature (40 ◦C, Table 3). Ozonation of LV was more efficient than
ozonation of AM even at lower temperature in both phases. Increased temperature was
not important in the first phase according to TOC (16.2%/10.9%) and COD (42.7%/41.9%)
measurements while it contributed to more efficient removal efficiencies (38.5%/56.4%
according to TOC and 67.2%/75.1% according to COD) in the second phase. The oxidative
removal of MIX was comparable to oxidation efficiency of single AM and LV. According to
COD and TOC measurements temperature increased oxidation (75.7%/67.2%) and also
mineralization (36.4%/60.4%, Table 3).

Initial pH of the test mixtures was for all of the samples in the range of 5.0–6.8
(Section 2.3) and was decreasing with time to pH 2.5 ± 0.5. It was assumed, that main
mechanism is selective ozonation and thus by-products were formed as can be seen from
COD (oxidation) and TOC measurements (mineralisation) comparison [21,22]. If data for
the second phase of ozonation in Table 3 are compared we can clearly see, that in general
only 50–75% of mineralization is achieved. For LV at 21 ◦C mineralization reached 57%
(TOC/COD = 38.5%/67.2%), while at 40 ◦C it was 75% (TOC/COD = 56.4%/75.1%).

At both temperatures reaction rate constants in the first phase were higher confirming
oxidation (COD removal) as well as mineralisation (TOC removal) of AM, LV and MIX
(Table 4). In some cases, the difference was up to 10-folder magnitude (e.g., k1/k2 at
21 ◦C for TOC: 0.0125/0.0015). Generally, the reaction was faster with higher temperature,
while in some cases it was reduced. Temperature significantly reduces solubility of ozone
in liquid phase leading to lower actual ozone dose. Thus, lower reaction rate at higher
temperature could be a consequence of lower dose of ozone not increased temperature. At
the same time, higher reaction rates and better removal efficiencies at higher temperature
could be assigned to a positive effect of increased temperature assuming that theoretically
2.4-times less ozone is available in the solution [33]. For AM higher temperature increased
k2 based on TOC calculations and both rate constants according to COD. Higher tem-
perature reduced the first phase of LV oxidation, while k2 were much higher for TOC
(0.0017/0.0061) and COD (0.0036/0.0072) indicating better mineralisation of LV in terms of
TOC removal. The elevated temperature increased rate constants for both parameters of
MIX. Added VM did not significantly affect ozonation potential of investigated antibiotics.
Reaction rate constants of MIX were comparable to AM and LV (Table 4).
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Table 4. Rate constants [min−1] for ozonation.

Rate Constants [min−1]

TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

k1 k2 k1 k2 k1 k2 k1 k2

Amoxicillin (AM) 0.0125 0.0015 0.0117 0.0031 0.0352 0.0033 0.0462 0.0041
Levofloxacin (LV) 0.0186 0.0017 0.0080 0.0061 0.0474 0.0036 0.0336 0.0072
The mixture (MIX) 0.0163 0.0016 0.0240 0.0046 0.0447 0.0019 0.0324 0.0077

In Table 5 Arrhenius parameters obtained during direct ozonation are presented. In
some cases, Ea [J·mol−1] was not possible to calculate due to low differences in k1/k2
at different temperatures leading to calculated negative values of Ea. According to TOC
measurements for MIX, Ea in the second phase is higher, while according to COD it is
lower due to the previously accomplished mineralisation in the second phase. However,
oxidation processes are affected by dissolution of ozone in liquid phase, its mass transfer
and chemical reaction rate and thus on the basis of presented data is not possible to reliably
confirm the reaction order. The same is even more evident in the case of mixture, where
pseudo-first order generally fit the most summarizing different reaction rates of substances
present. Low mass transfer coefficient (0.66 mgozone·min−1, Section 2.3) indicated that
the reaction kinetics are largely controlled by mass transfer. This can be also seen from
time-increased removal efficiency of AM, LV, and MIX (Table 3).

Table 5. Calculated frequency factors A [min−1] and activation energy Ea [J·mol−1] for ozonation.

Arrhenius Parameters

TOC COD

Phase of Ozonation 1st 2nd 1st 2nd

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

Amoxicillin (AM) 0 / 234.3 29,231 3.11 10,950 0.12 8741
Levofloxacin (LV) 0 / 2.35 × 106 51,447 4.87 × 1012 78,862 328 27,911
The mixture (MIX) 2.84 × 1017 108,297 1.71 × 1021 135,242 0 / 1.95 × 107 56,348

/—Not calculated.

Feasibility of the direct ozonation of selected antibiotics was also confirmed by other
authors. In the study of Kidak et al. [26] ozonation (ozone dose 6.67 mgozone·min−1,
23 ± 2 mgozone·L−1 in liquid phase) of aqueous AM solutions (25 and 100 mg·L−1) in a
250 mL batch reactor was run. More than 99% of AM removal was achieved in 10 min at
pH = 7. Pseudo-first order reaction rate constant for ozonation was 0.321 ± 0.028 min−1.
In our case TOC and COD removal efficiency and rates were lower (up to 60% at 21 ◦C)
because we did not follow actual concentration of the substance. At the same time, pH was
lower and thus direct ozonation was favorized [2]. However, reaction rate at comparable
pH = 3 (0.064 ± 0.006 min−1) was in the same range as it has been determined in our
study (0.0125–0.0352 min−1, Table 4). TOC and COD indicated formation of by-products,
which were confirmed in study of Kidak et al. [26] by toxicity testing. Mojiri et al. [35]
also confirmed 90% removal of AM after 4 min and 18% mineralization after 20 min of
ozonation (1.6 × 10−4 M O3, pH = 2.5–7.2). In our case after 15 and 120 min 9.8% and 27.7%
mineralization in terms of TOC removal was determined despite higher O3 doses we had
applied (2.08 - 50 mgozone·mgAM

−1 vs. 0.307 mgozone·mgAM
−1).

Nasuhoglu et al. [28] preformed ozonation experiments (3.3 gozone·h−1) in a 2 L reactor
containing 500 mL of LV solution (20 mg·L−1). After 45 s (dose of 20.5 mgozone·L−1) no LV
was detected. The applied dose of ozone (1.02 mgozone·mgLV

−1) was lower than applied in
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presented experiments (6.25 mgozone·mgLV
−1 in 15 min) to achieve 16.2% TOC and 42.7%

COD removal. However, they had measured concentration of LV and did not determine
any possible by-products while in our case mineralization was followed (TOC/COD).
Results of Witte et al. [36] who observed half-life time about 80-times longer (12.8 min,
initial concentration of LV was 16.4 mg·L−1) than Nasuhoglu et al. [28], are more correlated
to data obtained in this study.

Ozonation experiments were conducted in batch system with VM-spiked wastewater
at various O3 doses, at 20 ◦C and pH 7.7 [29]. Ozone doses above 3 mg·L−1 yielded in
more than 99% depletion of contaminants. In the paper presented data do not allow direct
comparison to our study due to different experimental approaches.

3.2.2. Indirect Ozonation

Treatment efficiencies of indirect ozonation at pH 9.5 (O3/pH9.5) are presented in
Table 6. Results were obtained at both investigated temperatures (21 ± 1 ◦C and 40 ± 1 ◦C)
after 15/120 min of ozonation at increased pH to favor formation of non-selective •OH
radicals with higher oxidation potential [2]. 120 min O3/pH9.5 process at 21 ◦C led to more
efficient removal of AM in comparison to ozonation; 49.5% and 86.6% of TOC and COD
removal was achieved, respectively. Complete mineralisation was again not achieved at
this temperature (Table 6). Higher temperature increased TOC (73.5%) and COD (91.9%)
removal indicating better oxidation and lower formation of by-products. The removal
in the second phase at 21 ◦C for AM was twice as high as in the first phase (21.1/49.5%
according to TOC and 56.2/86.6% according to COD), which was a consequence of longer
oxidation (15/120 min). Higher temperature caused the same effect leading to quite
efficient mineralisation with 73.5% removal of TOC and almost complete oxidation (91.9%).
Indirect ozonation (O3/pH9.5) of LV was comparable at both temperatures in both phases,
however more intensive mineralisation in terms of more reduced TOC could be observed
(Table 6). The impact of the temperature on oxidation of LV was the most evident in the
second phase where COD removal at 40 ◦C reached up to 92.1%. The oxidative removal of
MIX was comparable to oxidation efficiency of single AM and LV. In all cases efficiencies
were higher than obtained during direct ozonation (Table 3, Table 6). This was explained as
a consequence of higher pH which because of the buffer solution added (Table 1) remained
for all of the samples in the range of 9.1–9.5. It was assumed, that main mechanism is
formation of hydroxyl radicals with higher oxidation potential leading to less selective
ozonation accompanied by better mineralization [21,22]. If data for the second phase of
ozonation in Table 6 are compared as it has been done for direct ozonation higher extent
of mineralization is generally observed. For LV at 21 ◦C mineralization reached 76%
(TOC/COD = 60.8%/79.5%), while at 40 ◦C it was 85% (TOC/COD = 78.1%/92.1%). Both
values were 10-20% higher than in the case of direct ozonation (Section 3.2.1).

Table 6. Treatment efficiencies [%] for indirect ozonation (O3/pH9.5).

Treatment Efficiency [%]

TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

Phase of ozonation 1st 2nd 1st 2nd 1st 2nd 1st 2nd

Amoxicillin (AM) 21.1 ± 3.4 49.5 ± 4.7 36.6 73.5 56.2 ± 3.5 86.6 ± 1.3 69.2 91.9
Levofloxacin (LV) 23.6 ± 0.7 60.8 ± 8.6 31.4 78.1 53.3 ± 3.1 79.5 ± 6.1 60.4 92.1
The mixture (MIX) 27.7 ± 7.1 51.6 ± 4.2 33.7 73.6 55.4 ± 13.5 79.6 ± 1.6 56.2 93.4

At both temperatures reaction rate in the first phase was higher confirming intensive
initial oxidation (COD) as well as mineralisation (TOC) of AM, LV and MIX (Table 7).
Reaction rate constants were generally twice as high as in the case of direct ozonation
(Tables 4 and 7) confirming formation of •OH radicals at higher pH (3.0/9.5). Reactions
were faster at higher temperature in spite of expected lower solubility of ozone in liquid
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phase followed by lower ozone dose [33]. Increased temperature was the most efficient in
the case of AM and MIX.

Table 7. Rate constants [min−1] for indirect ozonation (O3/pH9.5).

Rate Constants [min−1]

TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

k1 k2 k1 k2 k1 k2 k1 k2

Amoxicillin (AM) 0.0187 0.0035 0.0302 0.0082 0.0562 0.0096 0.0820 0.0097
Levofloxacin (LV) 0.0182 0.0047 0.0260 0.0101 0.0517 0.0042 0.0605 0.0070
The mixture (MIX) 0.0194 0.0028 0.0263 0.0080 0.0488 0.0043 0.0528 0.0142

Calculated Arrhenius parameters (A, Ea) obtained during indirect ozonation (O3/pH9.5)
were not very comparable to those obtained in direct ozonation (Table 5, Table 8). Ac-
cording to TOC reduction, Ea [J·mol−1] was comparable for AM, LV, and MIX in both
phases, while according to COD differences between samples were significant. Pseudo-first
order again seems to be the best fit of obtained data. Hence, the mechanism of reaction is
assumed to be different than in the case of direct ozonation due to the expected formation
of hydroxyl radicals, which react faster and less selective with test compounds it can be
again assumed, that the reaction kinetics are largely controlled by mass transfer.

Table 8. Calculated frequency factors A [min−1] and activation energy Ea [J·mol−1] for indirect ozonation (O3/pH9.5).

Arrhenius Parameters

TOC COD

Phase of Ozonation 1st 2nd 1st 2nd

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

Amoxicillin (AM) 50.24 19,301 4317 34,282 28.36 15,213 0.011 417.3
Levofloxacin (LV) 6.48 14,362 1397 30,804 0.69 6329 18.96 20,569
The mixture (MIX) 2.92 12,253 90,790 42,273 0.18 3172 1.5·106 48,104

There are scarce data on indirect ozonation (O3/pH9.5) of selected antibiotics.
Mojiri et al. [35] determined pseudo-first order reaction rate constants for ozonation of
AM at pH 10 (1.970 ± 0.051 min−1) where 32% mineralization occurred after 90 min.
In presented study comparable 49.5% mineralization (TOC) in 120 min was achieved.
Rate constants could not be compared due to different parameters monitored (concentra-
tion of AM vs. TOC/COD). De Witte et al. [36] performed ozonation of LV in a bubble
column containing 1.75 L water buffered with 2.53 mM borax buffer (pH = 10). Initial Lev-
ofloxacin concentration was 16.4 mg·L−1. After 60 min 10% degradation was obtained with
3.80 ± 0.05 mM·min−1 reaction rate constant. Values were much lower and not comparable
to our data, due to different experimental conditions and design (Table 1, Table 6).

3.3. Catalytic Ozonation

3.3.1. Ozonation with Fe2+

Treatment efficiencies of catalytic ozonation with Fe2+ (O3/Fe2+) are presented in
Table 9. Experiments were conducted at both investigated temperatures (21 ± 1 ◦C and
40 ± 1 ◦C) for 15/120 min of ozonation in the presence of Fe2+ to increase formation of non-
selective •OH radicals with higher oxidation potential due to the occurrence of Fenton reac-
tions [2]. Initial addition of 14.15 mg of Fe2+ and 50 mgozone·mgsubstance

−1 delivered in the
solution in 120 min (Table 1) resulted in theoretical substance (AM/LV):O3:Fe2+ mass ratio
of 1:50:14.15. In the case of the MIX, the mass ratio was substance (AM+LV+VM):O3:Fe2+ =
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0.75:35.5:14.15 due to the fact, that MIX contains only 300 mg·L−1 of antibiotics (AM+LV+VM)
in comparison to 400 mg·L−1 of single antibiotic in the solution.

Table 9. Treatment efficiencies [%] for catalytic ozonation with Fe2+ (O3/Fe2+).

Treatment Efficiency [%]
TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

Phase of ozonation 1st 2nd 1st 2nd 1st 2nd 1st 2nd

Amoxicillin (AM) 17.0 ± 3.3 46.6 ± 14.7 45.1 82.7 47.6 ± 15.9 85.8 ± 5.7 45.1 82.8
Levofloxacin (LV) 7.0 ± 1.8 50.7 ± 1.2 14.5 60.9 45.1 ± 7.4 81.9 ± 0.3 44.7 87.6
The mixture (MIX) 15.5 ± 6.3 46.7 ± 1.1 30.1 62.8 51.4 ± 19.2 79.9 ± 1.1 54.7 77.4

After 120 min of Fe2+ enhanced ozonation at 21 ◦C removal efficiency of AM was
twice as high as noticed in the case of direct ozonation; 46.6% and 85.8% of TOC and
COD removal was achieved, respectively (Table 9). Values were comparable to those
obtained in O3/pH9.5 process (Table 6). Complete mineralisation was again not achieved
(Table 9) but oxidation in terms of COD removal was higher than in direct ozonation
and lower than in O3/pH9.5. Identical TOC (82.7%) and COD (82.8%) removal in the
case of AM indicated complete oxidation. The removal in the second phase at 21 ◦C for
AM was again twice as high as in the first phase attributed to longer duration of the
second phase. Higher temperature affected efficiency of the first phase according to TOC
measurements (extent of mineralisation), while COD values were not increased. The same
was also noticed for LV, where very low mineralisation was measured in the first phase
at both temperatures (7.0/14.5%) accompanied with good COD removal (45.1/44.7%)
explained as intensive oxidation leading to formation of by-products. As in the case
of AM the impact of the temperature on oxidation of LV was the most evident in the
first phase where it enhanced mineralisation. The oxidation of MIX was comparable to
oxidation efficiency of single AM and LV. In all of the cases efficiencies were higher than
obtained during direct ozonation (Tables 3 and 9) and lower than those obtained by indirect
ozonation O3/pH9.5 (Tables 6 and 9). Catalytic ozonation employs catalysts to enhance
the decomposition of O3 and intensive formation of •OH radicals. Fe2+ is often used as
catalyst to increase the degradation rate of persistent organic compounds. Metal ions could
influence the rate of reaction, the selectivity of oxidation by ozone and the efficiency of
ozone utilization [14]. Lower efficiency of the process in comparison to indirect ozonation
could also be a consequence of pH values decreasing from initial pH value 3.4 ± 0.5 to pH
2.5 ± 0.5 again favoring more selective direct ozonation [21].

At both temperatures reaction rate constants in the first phase were again higher
confirming oxidation (COD) as well as mineralisation (TOC) of AM, LV and MIX (Table 10).
Reaction rates in the first phase were generally twice as high as in the case of direct
ozonation (Tables 4 and 10) but a bit lower than in the case of indirect O3/pH9.5 oxidation
(Table 7). Reactions were faster with higher temperature despite expected lower ozone dose
when mineralisation (TOC removal) is considered. In the case of COD removal, higher T
did not increase the extent of oxidation in the second phase.

Table 10. Rate constants [min−1] for catalytic ozonation with Fe2+ (O3/Fe2+).

Rate Constants [min−1]
TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

k1 k2 k1 k2 k1 k2 k1 k2

Amoxicillin (AM) 0.0211 0.0026 0.0293 0.0028 0.0534 0.0092 0.0385 0.0063
Levofloxacin (LV) 0.0181 0.0038 0.0113 0.0055 0.0437 0.0089 0.0399 0.0086

The mixture
(MIX) 0.0228 0.0032 0.0231 0.0047 0.0605 0.0041 0.0514 0.0027
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In Table 11 Arrhenius parameters obtained during catalytically enhanced ozonation
with Fe2+ (O3/Fe2+) are presented. In some cases, Ea [J·mol−1] was not possible to calculate
due to low differences in k1/k2 at different temperatures leading to calculated negative
values. Calculated Arrhenius parameters (A, Ea) obtained in O3/Fe2+ process are again non
comparable to those obtained in previously run experiments (Tables 5, 8 and 11). According
to TOC reduction, Ea [J·mol−1] was comparable for AM, LV, and MIX in the second phase,
while according to COD data did not enable Ea calculations. Low Ea in the second phase
calculated from TOC measurements indicated easy mineralisation in the first phase formed
by-products during oxidation of all three samples. As in previous experiments, we cannot
exactly determine the prevailing limiting process of the reaction and again the pseudo first
reaction seemed to be the best fit.

Table 11. Calculated frequency factors A [min−1] and activation energy Ea [J·mol−1] for catalytic ozonation with Fe2+

(O3/Fe2+).

Arrhenius Parameters

TOC COD

Phase of Ozonation 1st 2nd 1st 2nd

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

Amoxicillin (AM) 4.71 13,220 0.0088 2984 0 / 1.80·10−5 /
Levofloxacin (LV) 0 / 1.68 14,889 0.01 / 0.005 /
The mixture (MIX) 0.03 526 1.80 15,479 0 / 4.21·10−6 /

/—Not calculated.

There are not many data available on catalytic oxidation of selected antibiotics.
Wang et al. [20] discussed oxidative treatment of AM using zero valent iron, Fe2+ and
Fe2+ in combination with H2O2 at various pHs. Removal rates were from 80 to 100%,
comparable to our values based on COD determination (Table 9). They concluded that
doses of catalysts were very important as well as pH of the system associated to different
ionisation state of pollutant and catalyst.

3.3.2. Ozonation with Fe2+ and UV

Removal efficiencies of photocatalytic ozonation with Fe2+ and UV-A black light
(O3/Fe2+/UV) at both investigated temperatures (21 ± 1 ◦C and 40 ± 1 ◦C) are presented
in Table 12 (15/120 min). The ratio of Fe2+ vs. O3 per mg of the substance was the same as
in previously described experiments (Table 1, Section 2.3). UV radiation increases efficiency
of catalytic system by initiating photolysis of ozone followed by the production of •OH
radicals due to the reactions of •O with water. Synergistic effect of components promotes
ozone decomposition by direct and indirect production of hydroxyl radicals and increases
treatment efficiency [23].

Table 12. Treatment efficiencies [%] for catalytic ozonation with Fe2+ and UV (O3/Fe2+/UV).

Treatment Efficiency [%]

TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

Phase of ozonation 1st 2nd 1st 2nd 1st 2nd 1st 2nd

Amoxicillin (AM) 23.4 ± 0.0 60.7 ± 8.4 51.5 84.6 57.3 ± 0.4 85.4 ± 3.6 51.5 84.6
Levofloxacin (LV) 12.2 ± 4.8 59.2 ± 5.2 11.4 58.0 39.3 ± 5.1 86.0 ± 6.2 64.3 87.5
The mixture (MIX) 13.0 ± 7.1 64.9 ± 0.6 8.1 71.5 28.3 ± 8.5 85.3 ± 2.5 34.5 89.8
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After 120 min of Fe2+/UV enhanced ozonation at 21 ◦C better removal of AM in
comparison to O3/Fe2+ process was noticed (Table 9, Table 12). 60.7% and 85.4% of
TOC and COD removal was achieved, respectively indicating better mineralisation and
comparable oxidation. Comparison to O3/pH9.5 process (Table 6, Table 9, Table 12) again
confirmed the most efficient oxidation in O3/pH9.5 system. Higher temperature increased
only TOC removal (84.6%) indicating better mineralisation of AM in such conditions. UV
radiation also improved TOC and COD removal of LV in comparison to O3/Fe2+, but
not significantly. The difference in TOC and COD removal at both temperatures in the
first phase of LV removal was again related to intensive oxidation leading to formation of
by-products. The oxidation of MIX was comparable to oxidation efficiency of single AM
and LV. In all the cases efficiencies were generally higher than those obtained during direct
ozonation or catalytic ozonation (O3/Fe2+) (Table 3, Table 9, Table 12) and lower than those
obtained by indirect ozonation O3/pH9.5 (Table 6, Table 12). Increased temperature again
showed positive effect only in some cases, mainly it increased mineralisation in terms of
more efficient TOC removal. In the case of AM at 40 ◦C almost complete mineralisation
was attained at the end of experiment, because TOC removal equals COD decrease. The
extent of mineralisation due to the temperature increase was the most evident for AM
(Table 12).

At 21 ◦C reaction rate in the first phase was again higher confirming oxidation (COD)
as well as mineralisation (TOC) of AM (Table 13), while higher temperature reduced rate
constants as a consequence of lower ozone solubility. They were generally higher than in
the case of direct ozonation (Tables 4 and 13) and comparable to values obtained by catalytic
O3/Fe2+ process (Tables 10 and 13). In the case of LV and MIX at lower temperature reaction
rates are lower than in O3/Fe2+ process. The impact of temperature was not consistent.

Table 13. Rate constants [min−1] for photocatalytic ozonation with Fe2+ and UV (O3/Fe2+/UV).

Rate Constants [min−1]

TOC COD

Temperature [◦C] 21 ± 1 40 ± 1 21 ± 1 40 ± 1

k1 k2 k1 k2 k1 k2 k1 k2

Amoxicillin (AM) 0.0176 0.0054 0.0146 0.0025 0.0573 0.0085 0.0487 0.0068
Levofloxacin (LV) 0.0056 0.0084 0.0090 0.0057 0.0328 0.0116 0.0679 0.0099
The mixture (MIX) 0.0054 0.0069 0.0052 0.0084 0.0326 0.0074 0.0282 0.0135

In some cases, Ea [J·mol−1] was not possible to calculate (Table 14). It can be concluded
that reaction rate is not solemnly affected by chemical reaction but also by mass transfer
and solubility of ozone in liquid phase led to non-reliable characterization of temperature
dependency of the oxidation process (Tables 5, 8, 11 and 14).

Table 14. Calculated frequency factors A [min−1] and activation energy Ea [J·mol−1] for photocatalytic ozonation with Fe2+

and UV (O3/Fe2+/UV).

Arrhenius Parameters

TOC COD

Phase of Ozonation 1st 2nd 1st 2nd

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

A
[min−1]

Ea
[J·mol−1]

Amoxicillin (AM) 0 / 1.67 × 10−8 / 0 / 0.000215 /
Levofloxacin (LV) 13.89 19,105 1.41 × 10−5 / 5266 29,298 0.00085 /
The mixture (MIX) 0 / 0.18 7921 0 / 148.1 24,209

/—Not calculated.
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Lofrano et al. [37] measured photocatalytic degradation of VM B using different TiO2
doses of 0.1 and 0.2 g·L−1. Removal rates of 0.013 and 0.036 min−1 were determined
based on measurement of VM B concentrations. Values are comparable to the reaction
rates obtained in the first phase for MIX containing VM (Table 13). Wang et al. [20] also
addressed the impact of radiation on degradation of different antibiotics. AM degraded in
the UV-A/TiO2 system 100% [38] while LV was removed by TiO2 and rGO-CdS up to 90
and 82.7%, respectively [39,40]. In our case AM was removed 85.4% according to COD and
60.7% according to TOC (21 ◦C, 120 min, Table 12). The difference can again be attributed
to different analytical techniques (concentration of the substance vs. summary parameters)
which enables us detection of oxidation by-products still present in the solution. The same
applies also for LV. Removal rate of VM was 95% in the study of Lofrano et al. [37]. It is
not possible to make direct comparison due to the different concentration of substances,
experimental systems and analytical approaches used.

4. Conclusions

The aim of this research was to study oxidative degradation of two environmentally
relevant antibiotics (Amoxicillin, Levofloxacin) and their mixture with persistent Van-
comycin in aqueous solutions. Methods of direct ozonation (O3), indirect ozonation at pH
9.5 (O3/pH9.5), catalytic ozonation with Fe2+ (O3/Fe2+) and photocatalytic ozonation with
Fe2+ and UV-A black light (O3/Fe2+/UV) were accomplished at two temperatures (21 and
40 ◦C). Thermal stability of the antibiotics was confirmed. Only in the case of ozonation of
Amoxicillin complete mineralisation occurred. Addition of persistent Vancomycin to the
mixture did not significantly affect the treatability of Amoxicillin and Levofloxacin. Deter-
mination of COD and TOC simultaneously confirmed formation of oxidative by-products.
In the first 15 min intensive oxidation at 21 and 40 ◦C was measured: 28.3–57.3% and
34.5–69.2%, respectively. Lower mineralization took place in this phase: 7.0–27.7% (21 ◦C)
and 8.1–51.5% (40 ◦C), respectively. Longer ozonation led to better treatment potential. The
difference between antibiotics and processes were not significant, but the most efficient
seemed to be indirect ozonation at pH 9.5 (O3/pH9.5) and photocatalytic ozonation with
Fe2+ and UV-A black light (O3/Fe2+/UV) where the highest final treatment efficiencies
were determined (up to 93.4% and 89.8%, respectively). The lowest efficiency was obtained
by direct ozonation (up to 75.7%). Reaction rate based on presumption of pseudo-first
order kinetics was affected by mass transfer and solubility of ozone in liquid phase due to
different conditions leading to unreliable characterization of temperature dependency of
the processes. It was concluded that ozone-based oxidation is a viable option for effective
removal of antibiotics, but they are relatively demanding to accomplish complete miner-
alization of pollutants. Further research is focused on optimization of applied enhanced
ozonation processes for removal of selected antibiotics and their mixtures by determination
of by-products using chemical analyses and biotests.
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