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Abstract

Efficiencies of direct ozonation and hydroxyl radical oxidation by Fenton process were compared, aiming to improve
biotreatability of antibiotics contaminated water (tiamulin, amoxicillin and levofloxacin). Biodegradability, COD (chem-
ical oxygen demand) and TOC (total organic carbon) were measured before and after applying oxidative process. It was
confirmed that significantly smaller molar dose of ozone (1.1 mgqo; / mg,,) against the hydrogen peroxide (17 mgy,0,
/ mg,y), deliver comparable improvements of biodegradability; Tiamulin biodegraded up to 60%, levofloxacin close to
100%. Ozonation removed more TOC (10%, 29% and 8% for tiamulin, levofloxacin and amoxicillin, respectively) than
Fenton process. This is confirming mineralization of antibiotics, not only biodegradable intermediates formation. In
terms of costs, ozonation is more feasible in oxidizing complex antibiotics in water, as it targets functional groups which
carry antimicrobial properties. This brings not only improved biodegradability needed for a conventional biological
treatment plant, but also reduces long-term impacts of the antibiotics in the environment.
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1. Introduction

Since discovered, antibiotics have brought immense
benefits in terms of human and animal health, as well as
food production. On the other hand, antibiotics are source
of environmental pollution of growing attention, especial-
ly in the perspective of bacterial antibiotic resistance phe-
nomena. Studies indicate that surface water concentra-
tions of some most common antibiotics are low, an order
of magnitude lower than the toxic concentrations to water
organisms.">3 A study of Johnson et al.* found, that the
average concentration of antibiotic in most European riv-
ers does not exceed 10 ng L1, Although without any direct
toxic effects, such concentrations do promote a develop-
ment of bacterial antibiotic resistance genes. Resistance
was found most frequently against tetracyclines and sulfo-
namides, as nowadays we see more and more resistance
against advanced generation antibiotics such as -lactams.’
In order to control the distribution of antibiotics into the
environment, use of proper antibiotic removal or deactiva-
tion techniques is mandatory. These should ensure that
antimicrobial properties of the substance are removed.
This not only enables conventional biological treatment,

but also limits antibiotic resistance development, as the
molecules are released into the environment.

Ozone is reacting with organic matter by direct reac-
tion with dissolved ozone or indirectly through hydroxyl
radicals. Scope of both mechanisms and degradation rate
of the organic matter depends on the properties of the
matter itself, ozone dose and pH of the media. Under pH
4, direct reaction is prevailing, while above pH 9, indirect
path of oxidation (hydroxyl radicals) is dominant.® Ozona-
tion in general does not lead to full mineralization; there-
fore, combination with subsequent biological treatment
may be appropriate.” It case of antibiotics it has been found
that, e.g., erythromycin and ethyl-paraben can be removed
by low doses of ozone within two minutes and even eryth-
romycin and ethyl-paraben resistant bacteria (Escherichia
coli) were eliminated after 15 min of ozonation.® Antibiot-
ics are susceptible to ozonation, as they carry one or more
reactive functional groups in their molecular structure,
such as amine nitrogen, sulfur, carbon-carbon double
bond and the activated aromatic ring. During ozonation
the molecule is partially decomposed as well as the struc-
ture of the key ozone-susceptible functional groups is
changed. This transforms a molecule into pharmacologi-
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cally inactive, biodegradable form. Identification and
quantification of degradation by products arising from
ozonation, as well as their environmental properties are a
continuing topic of research.>!?

Fenton oxidation is a technique using free hydroxyl
radicals as oxidant reagent. It is a mixture of hydrogen perox-
ide (oxidizing reagent) and Fe salt (catalyst), which oxidizes
organic matter by means of hydroxyl radicals, which are
powerful, non-selective oxidants. Reaction rate is deter-
mined by the rate of radical generation, which is controlled
by a concentration of iron catalyst. Common molar ration
Fe?* : H,0, is 1 : (5-10), although concentrations of Fe** be-
low 25 - 50 mg L~! may lead to disproportionally long reac-
tion time (from 10 to 48 hours). The drawback of oxidation
with Fenton process is that it generates waste ferric sludge,
which requires further disposal, as well as treated pollutants
or by-products of the process at higher concentrations may
adsorb to the sludge®. A few studies have demonstrated high
effectiveness of Fenton process in treating wastewaters from
antibiotics formulation (cefuroxime axetil, ceftriaxone,
sulfisoxazole), with COD as high as 1,000 mg L™ as well as
treatment of wastewater with single antibiotic (norfloxacin),
reaching mineralization rate of 55% in 60 min.!!

The aim of our study was to evaluate and compare
effectiveness of direct ozonation and Fenton process gen-
erating non-selective hydroxyl radicals for oxidation of
selected antibiotics dissolved in water, leading to increased
biodegradability. Selected antibiotics in the study were
from three different groups; i) tiamulin (TML), diterpene,
veterinary antibiotic, poorly biodegradable; ii) amoxicillin
(AMX), P-lactam, biodegradable; and iii) levofloxacin
(LFX), fluoroquinolone, non-biodegradable. This study
has generated new data regarding behaviour of the antibi-
otics during different AOPs, evaluated through biodegra-
dability and process kinetics. This should support both
development of a treatment process that delivers an opti-
mum effectiveness in terms of cost and long-term environ-
ment impact mitigation.

2. Materials and Methods

Lab scale ozonation of water, contaminated with an-
tibiotic was conducted in a continuous mode with water
circulation, while Fenton oxidation experiments were con-
ducted in a conventional homogenous batch mode, with
hydrogen peroxide and Fe(II)sulfate as a catalyst. The ef-
fectiveness of the methods applied was evaluated by meas-
uring a change of Chemical Oxygen Demand (COD), To-
tal Organic Carbon (TOC) and aerobic biodegradability.
Antibiotics belonging to three different groups were used
in the experiments, all containing several functional
groups in their structure (amine nitrogen, sulfur, car-
bon-carbon double bond, activated aromatic ring), which
are susceptible to direct reactions with ozone, as presented
in Table 1.

These groups, marked in Table 1, are susceptible to a
reaction with hydroxyl radicals as well.!> Experiments
were performed using 400 and 100 mg L~! solutions of an-
tibiotics in demineralized water. pH of the solutions was in
the case of TML 6.0 + 0.1, and for AMX and LFX 7.0 + 0.1,
at the ambient temperature of 22 + 2 °C. In this case, the
prevailing reaction route was assumed a direct reaction
with ozone. Before or during the ozonation, no pH adjust-
ment was done.

2. 1. Ozonation

In the experimental set-up, ozone was purged
through a glass column (3,500 mL, diameter 12 cm, height
50 cm), as shown in Figure 1.

Water solution of antibiotic was circulated in a coun-
ter-current mode with respect to ozone bubble path, in a
closed loop including a reservoir with a flow of 1 mL s™! at
ambient temperature (22 + 2 °C). The operating pressure
of the ozone generator (Xylem Water Solutions, Herford
GmbH, Germany, 2012) was 0.5 bar, the gas flow of 0.05
m? h7l, and the capacity of the system was 7 g h™!. The

Tiamulin (TML) Amoxicilin (AMX) Levofloksacin (LFX)
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Diterpene antibiotic B-lactam, pencillin Fluoroquinolone
C32Hs1NOsS C16H1sN30OsS C1sH20FN304
609.8 g mol™ 365.4 g mol! 361.4 g mol'’

Ben etal. 2012

Andreozzi et al. 2005

El Najjar et al. 2013

Table 1: Molecular structure of antibiotics and proposed attack points of ozone in direct ozonation reaction.
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Figure 1: Bench-scale ozonation system

nominal concentration of ozone in the gas phase was 140 g
m~> (NTP). The ozone amount delivered into the liquid
phase was determined by the calibration line.!> Calibra-
tion line was derived by ozonating water in the same set-
up and conditions as the experiments, while measuring
ozone concentration colorimetrically (118755, Merck
Ozone Test) every five minutes until saturation. Ozone
concentration (y, mgg,o.. L™!) was plotted against time (x,
min) and the ozone delivery rate was determined by the
constant in the line equation, which was 3 mg,,one L
min~!. Oxidant dose was then determined by the time of
ozonation, which was ranging from 45 to 180 minutes as a
maximal ozonation time for selected antibiotic. Doses and
other experimental details are outlined in Table 2. In order
to achieve significant, measurable changes in COD, TOC
and especially in biodegradability, rather large doses of
ozone were used.

Table 2: Ozone doses used at experiments.

Ozonation Ozone dose* Ozone dose **

time’ min mOIOZone n‘IOICOD_1 mg,;one ga.nitbiotic_l
TML LFX AMX  All antibiotics

0 0.00 0.00 0.00 0

15 0.04 0.03 0.04 104

30 0.07 0.07 0.07 182

45 0.11 0.10 0.15 286

90 0.22 0.21 0.23 572

120 0.29 0.28 0.29 754

135 0.33 0.31 0.35 858

180 0.44 0.42 0.44 1,144

* Calculated according to the initial COD of the solution of the an-
tibiotic. ** Calculated according to the initial mass of the antibiot-
ic in the solution, the same for all antibiotics.

2. 2. Fenton Process

For Fenton process, common laboratory glassware
was used. 200 mL of antibiotic solution (400 mg L!) was
put in a beaker and stirred at 200 rpm; pH was adjusted to

2.5-3.0 with concentrated HCI (Merck, Germany). Rea-
gents Ferrous sulphate heptahydrate (FeSO, - 7H,0; Fluka
Analytical, Germany) and hydrogen peroxide (H,0,, 30%;
Merck, Germany) were used in a molar ratio FeSO,/H,0,
= 1/10. This ratio is at the high end among the commonly
used ratios in Fenton process, aiming to have most oxidant
available for the reaction. Experiments were conducted at
ambient temperature (22 + 2 °C). After 30 minutes, solu-
tion was boiled for 3 minutes to remove any possible resid-
ual peroxide. Antibiotic molecules were proven to be sta-
ble during this period, as separate blank test was carried
out, with boiling antibiotic solution for 3 minutes - there
was no change observed in TOC before and after the boil-
ing. Samples were cooled, pH raised to 9.0 + 0.1 to precip-
itate Fe>* salts, then filtered by using paper filter Whatman
No. 41. Filtrate was used for further analysis. Experiments
were run in duplicates. Doses of oxidant are outlined in
Table 3. Same as for the ozonation, rather large doses of
oxidant were used to deliver significant, measurable
changes in COD, TOC and especially in biodegradability.

Table 3: Hydrogen peroxide doses used at Fenton process.

Expe- V H,0, Dose H,0,* Dose H,0,**
riment ml moly, o, molgop™! mgu,02
gantibiotc_1
TML LFX AMX All antibiotics
I 0.5 0.9 1.1 1.1 2,081
II. 1.0 1.8 2.1 2.2 4,163
II1. 2.0 3.6 4.1 4.4 8,325
V. 4.0 7.1 8.5 8.8 16,650

*Calculated according to the initial COD of the antibiotic solution.
** Calculated according to the initial mass of the antibiotic in the
solution, the same for all antibiotics.

2. 3. Analytical Methods

The degradation rate of all selected antibiotics before
and after the oxidation was evaluated by measuring COD
and TOC, according to standard ISO methods 6060:1989
and 8245:1999.'!15 Actual concentrations of the antibiot-
ics were not measured. Biodegradability was assessed ac-
cording to ISO 9408:1999 method.!¢ This method evalu-
ates the ultimate aerobic biodegradability of organic
compounds, by determining oxygen demand in a closed
respirometer, using aerobic microorganisms. Solution
(150 mL) of investigated antibiotic (400 mg L™!) was added
to non-adapted activated sludge microorganisms (30 mg
vss L), including nutrient mineral solution (6.5 mL) and
stirred in a closed flask (total volume 500 mL). The degra-
dation was followed over a period of 22 days by measuring
oxygen consumption as a consequence of biodegradation.
Activated sludge microorganisms were taken from a mu-
nicipal wastewater treatment plant of Ljubljana city, Slove-
nia. Overall measuring accuracy was £2% for the TOC,
+4% for the COD and +6% for the biodegradabilty.
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3. Results and Discussion
3. 1. Ozonation

COD and TOC removal yields in ozonation experi-
ments for all three investigated antibiotics are shown in
Figure 2. pH remained constant during the process.

Figure 2 (A-C) comparison of COD and TOC re-
moval yields in ozonation experiments with antibiotics,
shows that the maximum incremental effect is achieved
with the smallest dose of 0.1 mol,,,,.molgop~*. At this
dose, a COD reduction of 15% is achieved with TML (Fig
2 A), 49% with LFX (Fig 2 B) and 42% with AMX (Fig 2
C). TOC reduction is 10%, 29% and 8% for TML, LFX and
AMX, respectively. A double or even quadruple dose of
ozone did not lead to proportionally larger effect; a four-
fold dose size resulted in doubled effect of COD removal

A
100 100

As Figure 3 (A-C) biodegradability before and after
ozonation (100 mg L' of antibiotics) shows, analogous to
the removal of COD or TOC, a double dose (0.2 vs. 0.4
mol ozone per moloop™!) did not significantly affect the
change in biodegradability. At both doses, TML biodegra-
dability improves from less than 20 to 60% and for LEX
from non-biodegradable to completely biodegradable. Ac-
cording to the studies of El Naijar et al. (2013) and Andre-
ozzi et al. (2005) where oxidative degradation of LFX and
AMX was studied, complex organic molecules react with
ozone in a direct or indirect way to the point where prod-
ucts are formed, that do not react with ozone anymore. For
this reason, further increase in ozone dose delivers no sig-
nificant improvement in COD or TOC removal, as noticed
in our study, too. Furthermore, biodegradability of AMX
after ozonation is lower (from 100 to 80%), which could be

C
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Figure 2 (A-C): Comparison of COD and TOC removal yields in ozonation experiments with antibiotics (100 mg L~! of antibiotics); A - tiamulin;

B - levofloxacin; C - amoxicillin.

for TML, and 1.7 times larger removal with LFX and AMX.
The increase in TOC reduction effect was 1.6-fold for TML
and LFX and 1.9-fold for AMX.

Since ozonation is considered primarily as a pre-
treatment method prior to biological treatment, its effect
on biodegradation is particularly important, which is
shown in Figure 3.

due to a product of ozonation (2-amino-2-(p-hidroxyphe-
nyl)aceto acid) which exhibits lower biodegradability than
the parent molecule (Andreozzi et al. 2005). The biodegra-
dation was followed over a period of 22 days although in
most cases, maximal level of biodegradation was reached
within 14 days. Abiotic degradation of all three antibiotics
was checked and found to be < 2% which confirms that

A C
100 100 —
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Figure 3: Biodegradability before and after ozonation (100 mg L™ of antibiotics): A - tiamulin;

Ozone dose (Mol gge MOlgp™)

Ozone dose (Mol ;g MOlgp™)

B - levofloxacin; C - amoxicillin.
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measured degradation is not related to any non-biological,
physicochemical processes.

Combining the data from Figures 2 and 3, it can be
assumed that for the pretreatment of the antibiotics TML
and LFX, a dose of ozone 0.22 mol,,,,.molcop~! is suffi-
cient to achieve a significant biodegradability improve-
ment (TML to 60% and LFX to 100%). Furthermore, COD
was reduced by 23% in the case of TML (Fig 2 A) and by
64% in the case of LFX (Fig 2 B); TOC was reduced by 13%
in the case of TML (Fig 2 A) and by 39% in the case of LFX
(Fig 2 B). Considering the reduction of biodegradation of
AMX after ozonation (from 100 to 82 % at 0.22 mol,,,,.
«molcop~! and from 100 to 91% at 0.44 mol,,o,.molcop™
Fig 3 C), ozonation is of no value here, although the bio-
degradation process begins earlier (in two days) compar-
ing to the start of biodegradation of parent molecule (six
days).

3. 2. Hydroxyl Radical Oxidation - Fenton
Process

COD and TOC removal yields achieved by Fenton
process are shown in Figure 4 (A-C) comparison of COD
and TOC removal yields in Fenton process experiments

A

100 100

with antibiotics. pH remained constant during the experi-
ments (+0.4). Figure 4 shows that the maximum incre-
mental effect is achieved with the lowest dose, 1 moly,n.
,molcop~!. At this dose, a COD reduction of 37% for TML
(Fig 4 A), 41% for LFX (Fig 4 B) and 57% for AMX (Fig 4
C) is achieved. The TOC reduction is 24%, 34% and 38%
for TML, LFX and AMX respectively. Reduction is larger
for COD than TOC as the antibiotics are oxidized, but on-
ly partially mineralized, so COD decreases faster than
TOC.

An increased dose of hydrogen peroxide does not re-
sult in a linear increase of removal yield; a fourfold dose
resulted in a 60% removal yield increase of COD at TML,
a 7% increase at LFX, and 8% increase at AMX. The reduc-
tion of TOC was 90% higher for TML, 10% for LFX and
7% for AMX. The oxidation products apparently no longer
react with hydroxyl radicals, so oxidation does not pro-
gress and the removal effects do not increase proportional-
ly with the H,0, dose increase (Figure 4).

Since Fenton oxidation is considered here as a
pre-treatment method before biological treatment, the ef-
fect on biodegradation is important, shown in Figure 5 (A-
C), biodegradability before and after Fenton process.
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Figure 4: Comparison of COD and TOC removal yields in Fenton process experiments with antibiotics (400 mg L™! of antibiotics): A -tiamulin; B

- levofloxacin; C - amoxicillin.

A B C
100 e 100 100
= before I ® before
™L T . +_FX = befo
__ B0 1 Dafter _ 80 | pafter [T 1 __ 80
£ £ ES Oafter
= ] £ ] -
= 60 £ 60 = 60 AMX
20 40 A ® 40 4 = 40
B B B
@ a &
20 A 20 20
0 4 ; - o N — 0 :
09 71 11 8.5 11 88

Peroxide dose (moly;00 Moleap?)

Peroxide dose (mol,pe, Molgpt)

Peroxide dose (Moluag; Molegn.?)

Figure 5: Biodegradability before and after Fenton process (400 mg L™! of antibiotic): A - tiamulin; B - levofloxacin; C - amoxicillin.
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As can be seen from Figure 5 (A-C), biodegradability
before and after Fenton process, the largest change in bio-
degradability is achieved with relatively small doses of hy-
drogen peroxide, 1 moly,o,molcop~!. At this dose of oxi-
dant, biodegradability of both TML and LFX reached 80%.
Increasing the dose does not have a proportional effect on
increasing biodegradability because the oxidation prod-
ucts no longer react with hydroxyl radicals. It can be as-
sumed that for the purpose of antibiotic pretreatment, re-
sulting in increased biodegradability, a dose of 1 moly,0,
molcop™! is sufficient.

3. 3. Comparison of Direct Reaction with
Ozone and Oxidation by Hydroxyl
Radicals

A comparison of the effects of direct reaction with
ozone and oxidation with hydroxyl radicals from Fenton
process is outlined in Figure 6 (A-F), comparison of effects
of ozonation and Fenton process to COD/TOC reduction
and change of biodegradability of antibiotics water solu-
tion. With Fenton process five times higher molar dose of
oxidant per unit of COD was used in comparison to ozo-
nation. Reaction mechanism of Fenton process is based on
generation of free radicals, which then react with organic
matter, while ozone reacts directly with organic com-

o -1
Ozone, dose: 0.2 mol ,,,. mol cop

pounds. In spite of higher oxidant dose in the case of Fen-
ton as well as with more aggressive reaction mechanism,
the effects on COD or TOC reduction between the two
techniques do not

For TML, reduction of COD with Fenton’s process is
1.6-fold larger than in the case of ozonation while a reduc-
tion of TOC is larger by 1.8 times. The opposite is true with
LFX, where reductions of COD and TOC are larger in the
case of ozone against the Fenton’s process. For AMX, re-
duction of COD with Fenton’s process is the same as with
ozone, while the reduction in TOC is 3.5-fold larger with
Fenton’s process. Oxidation with Fenton improves biodeg-
radability of TML from 17 to 83%, biodegradability of
LVX is increased up to 80%, and the biodegradability of
AMX is 100%.

Figure 6 shows that for comparable COD and TOC
removal efficiencies, significantly higher doses of oxidant
need to be used for Fenton process comparing to ozona-
tion. The improvement of LFX biodegradability actually
larger at a lower dose of ozone compared to a higher dose
of hydrogen peroxide. Higher doses of Fenton otherwise
achieve better biodegradability for TML and AMX. The
results show that both ozonation and Fenton process are
effective techniques for the oxidation of antibiotics in
aqueous solution, but the effects are not easily predictable
due to formation of variety of different transformation
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Figure 6: Comparison of effects of ozonation and Fenton process to COD/TOC reduction and change of biodegradability of antibiotics water solu-
tion, ozone dose 0.2 moly,,n.molcop™ (100 mg L~ of antibiotics), Fenton dose 1.0 molg,0, molcop™'s (400 mg L! of antibiotics) A, D - tiamulin; B,

E - levofloxacin; C, F — amoxicillin.
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products, exhibiting lower or higher biodegradability as
the parent molecule. Above all, experiments indicated that
it may not be assumed that higher doses of oxidant will
result in proportionally larger effects in COD/TOC reduc-
tions, regardless of the oxidation technique used.

Considering the operational costs of both ozone and
Fenton, referencing to the study of Cafiizares et al.,!” cost
of ozone treatment according to Figure 6 is 0.5 € molcop ),
while Fenton treatment cost is in the range of 0.1 € mol-
cop . This is considerable difference, also if sludge treat-
ment costs are added, in the range of 100 € m~ dry sludge.
On the other hand, ozone treatment neither generates any
waste that needs further disposal nor uses any chemicals
that require transport, storage and disposal. In terms of
environmental sustainability, this advantage, which eco-
nomically may not yet be fully recognized.

3. 4. Reaction Kinetics of Ozonation

To determine the kinetics of the direct reaction of
ozone, measured through the removal of COD and TOC,
a completely mixed two-phase system was assumed. CO,
and ozonation intermediates are constantly generated in
the process. The reaction stops at the stage where oxida-
tion products no longer react with ozone. Due to the purg-
ing of the solution with ozone-containing gas, CO, formed
during the oxidation of antibiotics is continuously re-
moved from the system. For both TML and LFX, reduc-
tion of TOC and COD over time follows zero-order kinet-

70
$....
60 T ..
- [ T B °
SO F k=018 mg L min! Kz~ 0.02 mg L' min!
= 40 | Rpi-pe3s7 z 3
= 33 R 09386
@
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=] s
E 20 L &  TOC experimental
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10 |
4]
[+] 50 100 150 200
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Figure 7. Removal of TOC by ozonation of tiamulin solution (100
mg L 1), measured values and assumed course by zero-order kinet-
ics.

200
160 0.'---1._,“ ky = 0.22 mg L~ min
e RT - 0.9480
120 | K, - 057 mg L min! ol .o
- I B o xS - .
Eﬂ R~ 0.9531
= 80
=}
(=]
Yo e COD experimenal
------ COD proposed
0 i a
] 50 100 150 200
Time {min}

Figure 8. Removal of COD by ozonation of tiamulin solution (100
mg L1), measured values and assumed course by zero-order kinet-
ics.

ics, however in two phases — where the reaction rate is
higher in the first than in the second phase. The stepwise
nature of the reaction can be justified by the analysis of
structural changes of the molecule during ozonation. First,
oxidation intermediates appear in the process, which react
further and are transformed into molecular entities, which
eventually no longer react with ozone.

Ozonation of TML leads in the first 30 minutes to the
formation of a carboxylic acid and as well as sulfur atom is
oxidized, which produces the molecule (with a mass of 543
g mol™!), predominant in the first phase of ozonation. In
the second phase, this is then followed by the oxidation of
the nitrogen atom and thus the degradation of TML grad-
ually progresses.!® The two reaction phases are clearly seen
in Figure 7 for TOC and Figure 8 for COD.

The reaction rate constants are; TOC (Figure 7): k; =
0.15 min}, k, = 0.02 L mg! and COD (Figure 8): k; = 0.57
min~!, k, = 0.22 L mg™}; respectively for the first and for
the second phase of reaction.

In case of LFX, the first ozonation product is formed
as a consequence of a rapid direct attack of ozone on to the
double bond of the quinolone moiety, followed by decar-
boxylation. The second product is formed because of the
ozone attack on to the tertiary amine of the piperazine
moiety. The ozonation products are in the second phase
formed due to the ozone attack on to the tertiary amine of
the piperazine moiety with the loss of the methyl group,
which is again followed by the quinolone double bond at-
tack and decarboxylation. ! Reaction kinetics of COD and

70

60 : k, ~ 038 mg L' min* &  TOC experimental
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Figure 9. Removal of TOC by ozonation of levofloxacin solution
(100 mg L1), measured values and assumed course by zero-order
kinetics.
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Figure 10. Removal of COD by ozonation of levofloxacin solution
(100 mg L1), measured values and assumed course by zero-order
kinetics
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TOC removal follows zero order (Figure 9 for TOC and
Figure 10 for COD), with two phases, first being signifi-
cantly faster than the second is. The reaction rate constants
are; TOC (Figure 9): k; = 0.38 min~!, k, = 0.04 L mg~! and
COD (Figure 10): k; = 2.58 min}, k, = 0.26 L mg™! respec-
tively for the first and for the second phase of reaction. A
rate constant of LFX (parent molecule) ozonation was re-
ported to be 6.0 x 104 M~ sl at pH 7.2. 1°

As can be seen from Figures 9 and 10, the transition
from the first and the second stage of the reaction is very
pronounced. The TOC decreases 11 times faster in the first
stage and the COD 10 times faster than in the second
stage.

For AMX data shows that the decrease of TOC and
COD over time follows kinetics of variable order (from ze-
ro to first). Reaction rate constants are; TOC (Figure 11):
k; (s) =0.18 min}, k, (s) = 1.29 L mg~! and COD (Figure
12): k; (s) = 0.85 min}, k, (s) = 0.25 L mg™!, respectively
for the first and for the second phase of reaction. AMX is
degraded by an attack of ozone on the phenolic ring and
the sulfur atom, leading to the formation of two isomers,
and the reaction is terminated by a single product. 2°
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Figure 11. Removal of TOC by ozonation of amoxicillin solution
(100 mg L), measured values and assumed course of variable or-
der kinetics.
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Figure 12. Removal of COD by ozonation of amoxicillin solution
(100 mg L!), measured values and assumed course of variable or-
der kinetics

As it can be seen from Figure 11, TOC reduces for
only about 5 %, while the final product of amoxicillin ozo-
nation is formed with 90% yield?® — which is also consist-
ent with a significant COD reduction of 70 % (Figure 12).

4, Conclusions

The aim of the work was to compare oxidation effi-
ciency in case of antibiotics dissolved in water, either by a
direct reaction with ozone or by means of indirect oxida-
tion with hydroxyl radicals from Fenton reagent. Overall
goal was to increase biodegradability to a degree that ena-
bles further biological treatment. Selected antibiotics were
TML, LFX and AMX.

In terms of oxidant reagent consumption, direct re-
action with ozone has proven to be more efficient, as com-
parable biodegradability improvement, including TOC
reduction was achieved with an ozone dose, tenfold small-
er than the equivalent molar dose of oxidant (H,0,) from
Fenton reagent. On the other hand, comparable COD re-
ductions were achieved with oxidant doses (O; and H,0,)
in the same order of magnitude. This means that antibiot-
ics were oxidized equally either by direct reaction with
ozone or hydroxyl radicals from Fenton reagent. In case of
direct ozone reaction however, entities of the molecule,
which carry antibiotic potential, were targeted. This deliv-
ers effective biodegradability improvements already at low
doses of oxidant. Overall rate of mineralization is not crit-
ical, as this is not primary the objective of the oxidation.
Reaction kinetics of ozonation shows that there are two
phases of the reaction, with the first being significantly
faster than the second. This is also the part, where biodeg-
radability is improved most, while in the second phase,
molecule is being degraded further and mineralized.

In terms of operational costs, Fenton costs about five
times less than ozone, providing the effectiveness dis-
cussed in this study, however ozone has advantages in
terms of broader sustainability, given that generates no
side waste that requires further treatment and disposal.
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Primerjana je bila u¢inkovitost neposrednega ozoniranja in oksidacije hidroksilnih radikalov s Fentonovim postopkom z
namenom izbolj$anja ¢i$¢enja vode, onesnazene z antibiotiki (tiamulin, amoksicilin in levofloksacin). Biorazgradljivost,
KPK (kemijska potreba po kisiku) in TOC (celotni organski ogljik) so bili izmerjeni pred in po uporabi oksidativnega
postopka. Potrjeno je bilo, da znatno manjsi molski odmerek ozona (1,1 mgg; / mg,y,) v primerjavi z vodikovim perok-
sidom (17 mg,0, / mg,y,) zagotavlja primerljive izbolj$ave biorazgradljivosti: tiamulin je biorazgradljiv do 60 % in levo-
floksacin blizu 100 %. Ozoniranje je odstranilo ve¢ TOC (10 % za tiamulin, 29 % za levofloksacin in 8 % za amoksicilin)
kot Fentonov postopek. To potrjuje mineralizacijo antibiotikov, ne le tvorbo biorazgradljivih intermediatov. Z vidika
stro$kov je ozoniranje pri oksidaciji kompleksnih antibiotikov v vodi bolj primerno, saj cilja na funkcionalne skupine,
ki imajo protimikrobne lastnosti. To ne vpliva samo na izbolj$anje bioloske razgradljivosti, potrebne za konvencionalno
biolosgko ¢istilno napravo, ampak tudi zmanjsa dolgoro¢ni vpliv antibiotikov na okolje.
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