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ABSTRACT

This research deals with photolytic (UV-C, 254 nm and UV-A, 365 nm) and photocatalytic degradation
of anthelmintic drug febantel. In photocatalytic experiments, TiO, was used as a catalyst in the form
of a nanostructured thin film. UV-C irradiation proved to be effective during photolytic and photo-
catalytic degradation. The most effective process proved to be photocatalytic degradation with UV-C
radiation and febantel half-life time was 2.10 min. During the photocatalytic degradation process nine
degradation products were detected. High resolution mass spectrometry data were used to propose
degradation products structural formulae and corresponding degradation pathways. The main degra-
dation processes are the hydroxylation of the phenyl ring of febantel and methoxyacetamide substitu-
ent reduction in febantel. Toxicity of the samples during photocatalysis was investigated using Vibrio
fischeri bacteria. Samples showed increase in toxicity as the process advanced which can be attributed
to the formation of methyl carbamate derivates as the degradation products.
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1. Introduction

Pharmaceuticals are molecules with different physico-
chemical and biological properties and functionalities. They
have an important role in treatment and prevention of dis-
ease both in humans and in animals. Pharmaceuticals and
their metabolites are being continually introduced in the
environment via different pathways [1,2]. The source of their
discharge to the environment can be divided into two ways:
point source pollution and diffuse pollution. Point source
pollution is a single source that can be easily identified and
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which originates from separate locations such as industrial
effluent, hospital effluent, sewage treatment plants and sep-
tic tanks. On the other hand, for diffuse pollution it is hard to
identify the exact location. Examples are runoff such as agri-
cultural runoff from the animal waste and manure or urban
runoff from domestic waste [3]. The most important source
of release of pharmaceuticals into the aquatic environment
is by domestic and hospital wastewaters. These waters con-
tain not only the main compound but also metabolites and
conjugates formed after consumption and transformations
during the metabolite processes in the body [4]. Regardless
of the way they are introduced to the environment, most of
the pharmaceuticals end up in the aquatic systems. Since
surface waters are often used as a source for drinking water
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production, the concern on presence of pharmaceuticals in
aquatic environment is directly connected to the influence
they may have on human health [5]. Vast usage of veterinary
pharmaceuticals is either to prevent and to treat disease or as
growth promoters results in their indubitable presence in the
environment. Because of their nature, they can also have unin-
tended effects on non-target animals and micro-organisms in
the environment [6].

Anthelmintic drugs, such as febantel, are the most
often used pharmaceuticals in veterinary practice. Febantel
(N-{-[2,3-bis-(methoxycarbonyl)-guanido]-5-(phenylthio)-
phenyl}-2-methoxyacetamide) is an anthelmintic agent active
against a range of gastrointestinal parasites in animals [7].
According to its chemical structure it belongs to the group
of diphenylsulfide anthelmintic drugs. They are adminis-
tered to a wide range of animals in agriculture and aquacul-
ture for treatment against parasites such as nematodes and
arthropods [8,9]. After administration the molecule is partly
metabolized in the organism and consequently excreted.
The molecule and the newly formed metabolites end up in
wastewaters of livestock wastewater treatment plants. The
investigated concentrations in influent has been reported as
143 pg L™ and the same study reported that most of the inves-
tigated anthelmintics showed insignificant or inconsistent
removal patterns with large variation [10]. Once in the envi-
ronment they may have possible negative effects on the liv-
ing organisms — despite that only a few papers deal with the
environmental fate and behavior of the anthelmintics drugs
[11-16]. In order to prevent their entry into the environment
it is necessary to improve existing wastewater treatment.

Among new technologies for the elimination of emerging
contaminants such as pharmaceuticals, advanced oxidation
processes (AOPs) are frequently considered to be one of the
most promising technologies [17]. Leading AOPs are het-
erogeneous and homogeneous photocatalysis based on near
ultraviolet or solar visible irradiation, ozonation, the Fenton’s
reagent, ultrasound and wet air oxidation. AOPs rely on
hydroxyl radicals (OH) as highly reactive, non-selective
oxidants that readily oxidize many organic compounds [18].
Although destruction of contaminants is generally efficient,
the main concern is the formation of transformation products
that retain harmful biological activity. Continued oxidation
ultimately produces carbon dioxide or other semivolatile
carbon products. Recent investigations have increasingly
focused on the two AOPs that can be powered by solar radia-
tion, that is, homogeneous catalysis relying on photo-Fenton
reactions and heterogeneous catalysis using UV/TiO, process.

Therefore, in this study we present the photolytic and
photocatalytic (as a part of AOPs) degradation kinetics of
anthelmintic drug febantel in aqueous media. The photo-
degradation products were identified and monitored along
irradiation time using liquid chromatography coupled to
high resolution mass spectrometry. In addition, during the
photocatalysis real-time toxicity evaluation was performed.
To the best of our knowledge, this is the first study assessing
degradation kinetics of febantel after AOP, identifying trans-
formation products and evaluating their toxicity. The final
results of this research give complete insight of the degrada-
tion process of febantel including efficiency, newly formed
compounds and toxicity evaluation. Also, TiO, was used
as photocatalyst in a form of a film instead of slurry which

makes this research more favorable when considering appli-
cation to existing water treatment processes.

2. Materials and methods
2.1. Materials and reagents

Analytical standard of febantel was obtained from
Veterina Animal Health (Kalinovica, Croatia). For chro-
matographic analysis, methanol (J.T. Baker, Deventer,
Netherlands), acetonitrile (J.T. Baker, Deventer, Netherlands)
and formic acid (Merck, Darmstadt, Germany) were used.
All solvents used were HPLC-grade. Ultrapure water was
prepared by a Millipore Simplicity UV system (Millipore
Corporation, Billerica, MA, USA) and was used for all exper-
iments. Febantel stock solution concentration of 1 g L™ was
prepared by weighing accurate mass of febantel standard
and dissolving in acetonitrile. Prepared stock solution was
kept in the dark at 4°C. The concentration of aqueous solu-
tion of febantel was 1 mg L™ for kinetic studies and the con-
centration of aqueous solution for investigating degradation
products was 10 mg L. Both of the solutions were prepared
from stock solution and kept in the dark below 4°C until
the experiments. The bacterial assay used was the commer-
cially available system LUMISMINI luminescent bacteria test
LCK 484 complete with reactivation solution (Hach Lange,
Varazdin, Croatia).

2.2. Photolytic and photocatalytic experiments

All experiments were carried out in the 0.11 L boro-
silicate glass cylinder reactor (with 200 mm in height and
30 mm in diameter). A scheme of the reactor was published
elsewhere [19].

The experiments of febantel degradation were carried out
at a temperature of 25°C + 0.2°C using water bath with ther-
mostat control. The experiments were conducted at neutral
conditions (no adjustment of pH) with continuous purging
with air (O,), using two different conditions:

¢ Under UV illumination (photolysis).
¢ Under UV illumination in the presence of sol-gel TiO,
film (photocatalysis).

The TiO, nanostructured film was deposited on inner
reactor surface by sol-gel method and dip-coating technique,
described in detail elsewhere [20]. Photocatalytic experi-
ments were conducted using UV-C and UV-A radiation and
TiO, film. The investigated solution was irradiated with two
different wavelengths and the degradation of febantel was
monitored: UV-C radiation (254 nm) and UV-A radiation
(365 nm).

Two different UV-radiation lamps were used: model
Pen-Ray 90-0019-04 with A__ =365 nm and incident photon
flux N = 4.295 x 10 Einstein s (UV-A lamp) and model
Pen-Ray 90-0004-07 with A =254 nm (UV-C lamp) and inci-
dent photon flux NP =1.033 x 10 Einstein s (UVP, Upland,
CA, USA). Incident photon flux was determined by actino-
metric experiments following the procedure described in
Kuhn et al. [21]. The lamp was placed in the center of reactor
and the UV radiation reaches the inner wall of the reactor
through the solution, causing the photolytic/photocatalytic
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oxidation process in reactor. During the experiments, sam-
ples for chromatographic analysis were taken from the reac-
tor at particular time intervals and stored in dark below 4°C
until analysis.

2.3. HPLC/ESI-QqQ-MS analysis

Samples from the photodegradation experiments for
kinetics investigations were analyzed on an Agilent Series
1200 HPLC system (Santa Clara, CA, USA) connected to a tri-
ple quadrupole mass spectrometer (QqQ) Agilent 6410 with
an electrospray ionization (ESI) interface. The column used for
chromatographic separation of the degradation products was
Synergi Polar C18 (100 mm x 2.0 mm, particle size 2.5 pm) sup-
plied by Phenomenex (Torrance, CA, USA). The mobile phase
was MilliQ water acidified with 0.1% formic acid (A) and ace-
tonitrile also acidified with 0.1% formic acid (B). The gradient
elution was started with 8% of B which was held for 3 min.
During the next 12 min the percentage of B was increased
linearly to 95% and was held for 5 min. During 0.01 min it
was set to 0% of B and was held for 10 min for equilibration
of column. The analyses were performed in the positive ion
mode. The conditions of the ion source of the mass spectrom-
eter were: drying gas temperature 350°C, capillary voltage
4 kV, drying gas flow 11 L min™ and nebulizer pressure 35 psi.
Injection volume was 5 pL. For acquisition and data process-
ing Agilent MassHunter software version B.01.03 was used.

Limit of quantification for febantel was 0.17 mg L, deter-
mined as the concentration where signal to noise ratio was 10.

2.4. HPLC/ESI-LTQ-MS analysis

HPLC-MS and MS/MS experiments for identification
of photodegradation products were performed on a
LTQ-Orbitrap Velos™ (linear trap quadrupole) coupled with
the Aria TLX-1 HPLC system (Thermo Fisher Scientific Inc.,
USA). Sample mixture was loaded (20 pL injection volume)
on Acquity UPLC HSS T, (2.1 mm x 50 mm, 1.8 um parti-
cle size, Waters, UK) column where the chromatographic
separation was achieved using a 8 min linear gradient from
5% to 95% methanol in 0.1% formic acid at the flow rate of
200 pL min™. The sample injection, separation and spectra
acquisition were carried out automatically. The electrospray
capillary voltage was set as 4 kV, capillary temperature was
at 300°C, m/z range from 100 to 1,000, the instrument resolu-
tion was 100,000 at 400 m/z and mass accuracy within error
of +5 ppm. Tandem mass spectrometry experiments were
performed using collision induced dissociation. Mass range
was from 100 to 600 m/z, isolation width was 1 Da with nor-
malized collision energy of 35 V and activation time of 30 ms.
Nitrogen was used as the collision gas. The acquisition soft-
ware was set up in auto MS/MS mode using three precursor
ions with active exclusion (precursor exclusion after 5 MS/MS
spectra for 20 s). Data extraction and analysis were done
using Thermo Xcalibur 2.2 SP1.48 (Thermo Fisher Scientific
Inc., USA), MZmine2.17 [22] and parts of Bquant script [23].

2.5. Toxicity evaluation with Vibrio fischeri bacteria

The acute toxicity evaluation in this study was based on a
bioluminescent method of short duration (30 min) according

to DIN 38412-L-34. Vibrio fischeri was used as test organisms.
The intensity of bacteria luminescence in the analyzed sam-
ples was measured on luminometer LUMIStox 300 (Hach
Lange, Germany) using the method of geometric progres-
sion dilution with 2% NaCl solution used for resuspension.
Inhibition (I, %) was determined by comparing the intensity
of luminescence of a saline control solution with the intensity
of luminescence of the diluted sample. Measurements were
conducted below 15°C + 1°C.

3. Results and discussion
3.1. Photolytic and photocatalytic degradation of febantel

Kinetic studies of photolytic and photocatalytic deg-
radation of febantel were made using aqueous solution
with concentration of 1 mg L. The obtained results are
presented in Fig. 1 as the integrated area of the chromato-
graphic peak at the specific time (A) divided by the inte-
grated area of the chromatographic peak of febantel at
t=0min (A)). Influence of febantel concentration on degra-
dation rate of photocatalytic process with 254 nm radiation
was investigated using higher concentration of febantel
(10 mg L.

In all experiments the degradation profiles fit a
pseudo-first-order kinetic model for the specified time
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Fig. 1. Photolytic and photocatalytic degradation profiles of
febantel below 254 nm (A) and 365 nm (B) irradiation.
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intervals. Using In — linear plot gathered results were pre-
sented and kinetic parameters for degradation of febantel
were calculated using linear regression (Table 1). The rate con-
stants, correlation coefficients and half-life times (¢, = In(2)/k)
are shown for each experiment. In all cases #* values were
higher than 0.98 indicating that the pseudo-first-order kinetic
model describes well the degradation of febantel under
investigated experimental conditions.

UV-C radiation treatments resulted with highest feban-
tel degradation rate constants, Fig. 1(A) and Table 1. The
influence of the TiO, catalyst, when UV-C radiation is used,
on the degradation process is observable, but rather low in
comparison with the process of direct photolysis. The differ-
ence in photolytic and photocatalytic degradation rate can be
explained that the remaining photon flux reaches the walls of
the reactor and initiates photocatalytic reaction which brings
to faster degradation. The increase in the starting concentra-
tion of febantel form 1 to 10 mg L resulted in increase in
degradation rate and it was completely degraded after three
times more time (60 min). More photons and more reactive
species formed during the photocatalytic reactions are neces-
sary to degrade higher quantity of febantel which results in
longer degradation.

The photolytic experiment under UV-A radiation
(Fig. 1(B)) showed that degradation of febantel was negligi-
ble. Since febantel absorbs no radiation of wavelength above
350 nm (Supplementary material, Fig. S1) therefore it can-
not be degraded by direct photolysis using UV-A radiation
(365 nm). However, when TiO, as a catalyst on the reactor
walls is used together with radiation of 365 nm the degra-
dation of febantel occurs. The radiation of wavelength of
365 nm possesses enough energy to activate the photocata-
lytic oxidation/reduction process on the TiO, surface [24,25]
which results in the degradation of febantel. While in the case
of UV-C radiation without TiO, film the photolytic process
is dominant, the reaction that occurs in photocatalytic sys-
tem is the reaction of excitation and the formation of elec-
tron-hole pairs on TiO, film. This reaction then initiates a
sequence of different reactions and one of them is the forma-
tion of hydroxyl radicals, OH*. They are primary oxidants
in the photocatalytic oxidation of organic compounds with
the UV-A radiation. Direct hole—organic compound reaction
is possible but not crucial for degradation of organic com-
pounds [26].

The difference in degradation rates of febantel, when
exposed to UV-C or UV-A light, can be partly explained by
the absorption spectra of febantel standard solution. Also,
the radiation at lower wavelengths has higher radiant energy
(Planck’s equation [27]).

Table 1
Parameters of the pseudo-first-order kinetic model for the
photolysis and photocatalysis of febantel

k (min™) 72 t,, (min)
UV-C (1 mgL7) 0.248 0.9991 2.79
UV-C+TiO, (1 mg L™) 0.330 0.9950 2.10
UV-C+TiO,(10mg L)  0.102 0.9817 6.80
UV-A +TiO, (1 mg L) 0.023 0.9906 30.14

3.2. Characterization of febantel photodegradation products

Degradation paths of febantel were monitored using
HPLC coupled to high resolution mass spectrometry.
Degradation products were investigated for photocatalytic
degradation with UV-C radiation as it proved to be the most
successful process for febantel degradation. These results
were compared to results after photocatalytic degradation
with UV-A radiation to compare the formed products.

In order to completely define degradation process it was
necessary to investigate possible degradation products that
evolve during such degradation. Nine degradation products
were detected during the investigated degradation processes
as newly formed peaks on the chromatogram (Fig. 2).

In order to elucidate the febantel photocatalytic degrada-
tion pathways, structures of degradation products (DP) were
suggested, primarily on the basis of mass spectra which were
very informative. Photocatalytic degradation process with
UV-C radiation of anthelmintic drug febantel gives photo-
degradation products DP1-DP9, as shown in Fig. 3.

Several processes can be suggested primarily from febantel
showing the molecular ion 111/z 447. These are the hydroxylation
of one of the phenyl rings of febantel to DP1 besides methoxy-
acetamide substituent reduction in febantel. From the hydrox-
ylated diphenylsulfide structure in DP1 secondary degradation
product DP3 with lower mass characteristics was obtained.
This proposed path includes the cleavage of carbon-sulfur
bond in the diphenylsulfide part of the structure giving deg-
radation product DP3, than consequent disappearance of the
carbamate side chain giving again DP2 and the final reduced
degradation molecule DP4. The obtained results revealed that
investigated febantel underwent rapid photodegradation to the
related phenol, carboxy, hydroxy and carbamate derivatives.

The structure of the photodegradation product DP1 is
supported by the molecular ion m/z 462, for 16 higher than the
molecular ion for febantel, obtained as the result of primary
hydroxylation process probably of the already substituted phe-
nyl ring in the diphenylsulfide part of the molecule, due to the
detection of the further degradation products DP3 and DP6.
Product DP3 was suggested according to mass spectrum by
molecular ion m/z 355 for 107 lower than m/z for DP1, obtained
after the cleavage of carbon—sulfur bond in the diphenylsulfide
part of the structure in the second photocatalytic degradation
step. In the third photodegradation step, the dehydroxyl-
ation of the phenyl ring in DP3 gives the product DP5 show-
ing molecular ion m/z 339 for 16 lower than the m/z for DP3,
besides the carbamate side chain separation to give DP2 with
m/z 176 and its reduction to the final degradation molecule DP4
with the corresponding mass of molecular ion m/z 118.

Product DP6 with the mass of molecular ion m/z 305 for
157 lower than those of DP1 is explained by the reduction of
the carbamate side chain in the primary degradation product
DP1 to the amino group as substituent on the hydroxylated
diphenylsulfide structure of DP6.

The structure of the degradation product DP7, with
the mass characteristics of molecular ion m/z 375, could
be explained and obtained through the reduction of the
methoxyacetamide substituent in the starting molecule of
febantel. The partial reduction of the methoxyacetamide sub-
stituent in the starting molecule of febantel can explain the
degradation product DP8 showing the mass of molecular ion
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Fig. 2. Chromatogram of sample degraded below 254 nm and with TiO, film after 30 min.
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m/z 405 for 42 mass units lower in comparison with febantel.
The compound DP9 having molecular ion m/z 281 has been
obtained as the consequence of the sulfur-carbon bond cleav-
age inside the diphenylsulfide part of DP8.

The collision induced dissociation of degradation prod-
ucts (DP1-DP9) revealed a facile loss of methanol, thus

confirming the presence of methoxy group in proposed
structures. In addition, the cyclization of the primary pho-
todegradation products DP6 and DP7 to stabile aromatized
systems was observed. Accurate masses of identified febantel
degradation products and fragmentation ions are shown in
Table 2
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Fig. 3. Tentative molecular structures of febantel photodegradation products.

Photocatalytic degradation with irradiation of 254 nm
proved to be the most efficient for degradation of febantel
and was therefore used to investigate newly formed degra-
dation products. During the first 60 min of the degradation
process all the detected degradation products are present
(Fig. 4). After 180 min of photocatalytic process all the degra-
dation products are eliminated except for DP4 and DP2, the
degradation products with the lowest molecular mass.

The change of irradiation source to 365 nm yielded differ-
ent results. During the photocatalysis with 365 nm the same
degradation products were formed as with 254 nm except
for DP9 which did not appear. DP9 is a result of degradation
of DP8 and considering that 365 nm has lower energy it is
probable that the degradation efficiency was not enough to
degrade DP8 to DP9. Generally, in photocatalysis with irradi-
ation of 365 nm the efficiency of the degradation process was
significantly lower since energy from radiation source was

not sufficient to degrade febantel and degradation products
to compounds with smaller molecular mass.

3.3. Toxicity evaluation of samples during the photocatalytic
degradation

Toxicities of febantel and the mixtures of its degrada-
tion products were evaluated by measuring luminescence
inhibition of Vibrio fischeri in the samples taken at particular
time during photocatalytic process with UV-C radiation. The
starting concentration of febantel in aqueous solution was
10 mg L™ and samples were taken every 30 min during pho-
tocatalytic degradation up to 240 min. Table 3 presents the
percentage of luminescence inhibition (I, %), 20% and 50%
bioluminescence inhibition (EC, and EC, , mg L") values cal-
culated from inhibition curve and the toxicity impact index
TIL,. Toxicity impact index is defined as (TII=100(EC, )™) [28].
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Table 2

Accurate masses of febantel degradation products and their fragmentation ions
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(Continued)
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Table 2 (Continued)
Name [M+H]J Molecular formula Delta, ppm RDB® Molecular structure
199.03257 C, HN,S 0.12 9.5 H
N.
N
I
MY
DP8 405.12286 C,H, ON,S 0.353 10.5
HN C//
OCH3
H+
HO/ k
373.09714 C,H ON,S 0.638 11.5 DP8
DP1 463.12802 C,,H,,ON,S -0.380 11.5 - 1
HN C//
OCH3
H+
o~ \CH20CH3
432.10617 C,H,ON,S -3.636 12.0 B N

Note: Bold values indicate that the ions are easily distinguished from fragments.

*RDB, ring and double-bond equivalents.

—a— m/z 118, DP4
—e— m/z 176, DP2
—A— m/z 281, DP9
7107 - —v— m/z 305, DP6
—<— m/z 339, DP5
—»— m/z 355, DP3
—&— m/z 375, DP7
—O— m/z 405, DP8
—A— m/z 463, DP1

6x10"
5x10"
4x10 4
< 3107
210"

1x10" A

Time (min)

Fig. 4. Degradation profiles of identified degradation products
during UV-A + TiO, experiment.

Table 3

Toxicity parameters obtained using Vibrio fischeri (UV-C
photocatalytic degradation, initial concentration of febantel
10 mg L)

t, min I % C,, mg L™ EC,, mg L™ TIL,
0 0 - - -
30 11.50 - - -
60 85.87 1.99 2.5 40.0
90 93.50 1.50 1.89 52.9
120 94.56 1.30 1.60 62.5
180 98.43 0.50 0.65 153.9
240 98.28 0.60 1.50 66.7

From the results in Table 3, it can be seen that 10 mg L™ solu-
tion of febantel prior to the photocatalysis is not toxic. The
first solution, which indicates luminescence inhibition of
Vibrio fischeri was solution sampled after 30 min (I = 11.5%),
and for that the sample was not possible to determine the EC,,
and EC,; values from inhibition curve. However, the sample
sampled at 60th minute showed very high luminescence
inhibition (85.9%), whereby luminescence inhibition grows
to 98.3% for sample sampled at 240th minute. Results for
toxicity evaluation may be correlated with the degradation
products profiles shown in Fig. 4. Hence, it can be concluded
that luminescence inhibition increases with the concentration
of degradation products m/z 118 and 176, while the concen-
tration of other degradation products decreases to minimum.
The highest value of toxicity impact index (TII,, = 153.9) is for
sample sampled at 180th minute where degradation prod-
ucts m/z 118 and 176 are at their maximum. After 180 min
toxicity impact index shows a decrease.

4, Conclusions

This study investigates degradation kinetics of febantel
during photolysis (UV-Aor UV-Cradiation) and photocatalysis
(UV-Aradiation + TiO, or UV-C radiation + TiO,). Degradation
of febantel occurred in all experiments except during the
photolysis by UV-A radiation. Kinetic study showed that
for all experiments degradation followed pseudo-first-order
reaction kinetics. The most efficient degradation process
proved to be photocatalysis with predominant light of 254 nm
with TiO, in a form of a sol-gel thin film during which febantel
was degraded in less than 20 min.

High resolution mass spectrometry was used to detect
and identify degradation products. During the photocatalytic
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degradation nine degradation products were identified in
total, during 254 nm + TiO, process. All detected degradation
products were degraded during the period of 180 min except
DP2 and DP4 most likely because more efficient degradation
is necessary to degrade smaller molecules. After 90 min of
photocatalytic degradation with 365 nm the same degrada-
tion products were formed except DP9. Also, predominant
degradation products were those with higher molecular
mass.

Degradation pathways and tentative structural formu-
lae of degradation products were proposed based on mass
spectral data and the principle of photocatalysis. The main
processes of degradation are the hydroxylation of the phe-
nyl ring of febantel besides methoxyacetamide substituent
reduction in febantel. The degradation paths include the
cleavage of carbon-sulfur bond in the diphenylsulfide part
of the structure, than consequent disappearance of the car-
bamate side chain and the final reduction step. The obtained
results revealed that investigated febantel underwent rapid
photodegradation to the related phenol, carboxy, hydroxy
and carbamate derivatives.

Toxicity test with Vibrio fischeri has shown that samples
after 60 and 240 min of degradation process indicated a
higher toxicity primarily due to degradation products DP4
(molecular mass of 118.06113) and DP2 (molecular mass of
176.06645). Also, after 180 min TIIL  indicates that the toxicity
reduces as degradation products are being degraded.
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Fig. S1. Absorption spectra of febantel.



