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ABSTRACT

The degradation of levofloxacin by bismuth vanadate (BiVO,) catalyst and visible light was carried out
in aqueous solution under optimized conditions. The drug degradation was monitored by observing
the change in its absorbance value (1 290 nm) using a spectrometer. Levofloxacin degraded by almost
76% in 170 min under optimized conditions and followed the first order kinetics (rate constant was
0.0089 min™). LC-MS technique, in addition to tandem mass spectrometry, was used to elucidate
the structures of the proposed transformation products/intermediates. Three main initial products
were determined after 30 min of reaction (Compound I Fig. 4: (S)-9-fluoro-2,3-dihydro-3-methyl-10-
(4-methylpiperazin-1yl)-[1,4]oxazino-[2,3,4-ij]quinolin-7-one, Compound IV Fig. 4: (S)-3,7-dihydro-
3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-2H-[1,4]oxazino-[2,3,4-ij]quinolone-6-carboxylic  acid,
and Compound X Fig. 5: (S)-3,7-dihydro-9-hydroxy-3-methyl-7-oxo-10-(piperazine-1-yl) -2H-[1,4]
oxazino-[2,3,4-ij]quinolone-6-carboxylic acid). Several pathways for the degradation of levofloxacin
can be recognized. They involve mechanisms such as demethylation, defluorination, decarboxyl-
ation, deamination, and hydroxylation resulting in the production of many different transformation
products such as malonic acid, piperazine, acetaldehyde, pyridone, and methylketone.

Keywords: Levofloxacin; Photocatalytic degradation; Transformation products; Mechanism; BiVO,;
Visible light

1. Introduction

Recent trends in environmental science have focused
on the removal of pharmaceuticals and their metabolites in
water bodies. The presence of pharmaceuticals in the envi-
ronment can result in exposure to non-target organisms
with wide ranging impacts. Extensive use of antibiotics and

* Corresponding author.

antimicrobial products has led to antibiotic resistance in
bacteria [1]. Moreover, a variety of aquatic organisms have
shown accumulated levels of prescription hormones, antimi-
crobials, and antidepressants [2]. These drugs, which are up
to 90% excreted in its original form, after human consump-
tion, can seep into surface and ground water from domestic
wastewater besides some effluents [3,4].
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Photocatalysis is one of the leading advanced oxidation
process (AOP) that degrades various organic compounds
and has been used extensively for the degradation of phar-
maceutical compounds in aqueous solution [5-7]. Recently,
various AOPs have been proposed for the degradation of
levofloxacin. Among others combined Fenton persulfate [8],
heterogeneous photocatalysis [9,10], sonolysis [11] and semi-
conductor photocatalysis using different metal oxides/sul-
fides (BiOCI/NaNbO, [12], BiMoO,/CdS [13], WO,/graphene-
based metal oxides) [14]. Under the influence of these
processes, levofloxacin is eventually converted to smaller
moieties which are less harmful to the environment.

Attempt by various researchers have been made to
develop various heterogeneous catalysts with increased oxi-
dative power. These mostly include metal and non-metal
doped catalysts [15].

Bismuth-based metal oxides such as BiVO,, Bi,WO,, etc.
have been reported as novel compounds [16-18], which show
enhanced photocatalytic efficiency and improved charge
transfer [19-21]. Bismuth vanadate (BiVO,) has exceptional
properties, including narrow band gap (~2.4 eV), resistance
to corrosion, non-toxicity and good dispersibility. It is also
stable to visible light in addition to its ability to degrade
pollutants [22-25].

Levofloxacin is a widely used second-generation fluo-
roquinolone antibiotic and as much as 87% of an oral dose
was discharged in urine within 2 d [26]. Typical levels of
levofloxacin in treated wastewater were found to be in the
range of 0.094-0.506 ug/L [27]. Therefore, levofloxacin can be
considered as a pollutant which needs to be removed from
water bodies.

The objective of this study is to degrade Levofloxacin in
the presence of BiVO, and visible light under optimized con-
ditions such as pH, drug concentration and catalyst loading.
In addition, isolation, characterization, and identification
of the transformation products formed during degradation
process were detected using LC-MS technique. Plausible
degradation pathways and reaction mechanism of the drug
degradation were proposed.

2. Experimental

Bismuth nitrate pentahydrate (Bi(NO,),'5H,0), ammo-
nium monovanadate (NH,VO,), acetic acid (CH,COOH),
nitric acid (HNO,), and levofloxacin (C H, FN.O,) 99%
purity were purchased from Sigma-Aldrich. All chemicals
were used without further purification. Solutions were pre-
pared in double distilled obtained from a Milli-Q® water

purification system.

2.1. Catalyst preparation and characterization

BiVO, was prepared according to the literature [28-31]
by co-precipitation method with bismuth nitrate pentahy-
drate, and ammonium monovanadate, with a stoichiomet-
ric proportion of (1:1, Bi:V). 5 g of (Bi(NO,),-5H,O) was
dissolved in 150 mL 4 M acetic acid, whereas, ammonium
monovanadate was dissolved in 300 mL deionized water.
The two solutions were mixed and stirred at room tempera-
ture. A given amount of concentrated nitric acid was added
to adjust the pH to 2. The resulting yellow colloidal solution

was left under constant stirring for 2 d followed by evapo-
rating the excess solvent. Finally, the obtained powder was
calcinated at 600°C for 6 h. Under this condition, there is a
phase change from tetragonal to monoclinic at 600°C, which
is the active phase under visible light. Characterization of
the catalyst was done using X-ray diffraction (XRD), ener-
gy-dispersive X-ray spectroscopy (EDS), UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS), scanning electron
microscope (SEM) and BET. A Shimadzu UV-3600 UV-Vis
spectrophotometer (Shimadzu, Japan) was used for UV-Vis
DRS measurements using BaSO, as a reference standard.
XRD was conducted on a Shimadzu-6100 powder XRD dif-
fractometer (40 kV-40 mA), Cu-K  radiation, (A, =1.542 A)
with a OneSight new wide-range high-speed detector.
Diffractogram was recorded in the range of 20 = 20°-80° with
a rate of 2 deg/min. SEM images and EDS were obtained
using JEOL JSM-6010LA (JEOL, Japan). After film prepara-
tion on ITO-coated glass, samples were rinsed and allowed
to dry. Images and data were then collected at accelerating
voltage of 20 kV.

2.2. Photocatalytic degradation of levofloxacin

Initially, the degradation of the drug was carried
out under different conditions, such as amount of cata-
lyst, pH, and irradiation time. The optimized conditions
for maximum drug degradation were as follows: 0.025 g
BiVO,/100 mL of [Levofloxacin] =1 x 10°M at pH = 6. The
drug solution and the catalyst were allowed to equilibrate,
with stirring, for a given time (usually 15-30 min) in the
dark before exposure to the light source using a photo-re-
actor (Luzchem, Canada, 12 visible lamps, cool white light,
LZC-420 white phosphore). A sample was then taken from
this irradiated mixture at 0, 10, 20, 30, 50, 75, 100, and
170 min. The latter was centrifuged, and the clear solu-
tion was transferred to a 1 cm quartz cell for absorbance
measurements using a Specord® 210 plus UV/Vis spectro-
photometer (Analytik Jena, Germany). The degradation
was monitored at A__ 290 nm for levofloxacin and the rate
constant was then calculated. Power/intensity of visible
light was measured to be 11,930 Lux (or 45 mW/cm?).

2.3. LC-UV/Vis-MS — product analysis and identification

A Waters Acquity UPLC BEH Shield RP 18 column
(1.7 pm particle size, 2.1 mm x 150 mm) (Waters, UK) was
used for separation of the degradation products on a
Shimadzu Nexera-i series LC-2040 liquid chromatograph
(Shimadzu, Japan) with quaternary solvent gradient pump
and a photodiode array detector. The oven temperature
was fixed at 50°C. The diode array detector had a range of
wavelengths 200-800 nm and signals were recorded using
LabSolution® software. The mobile phase consisted of 85%
CH,CN and 15% aqueous buffer solution (20 mM NH,HCO,,
pH 4.3). Other conditions were 0.2 mL/min flow rate and 5 uL
injection volume. Detection was performed on a triple quad-
rupole mass spectrometer LC-MS 8030 (Shimadzu, Japan)
coupled with an electrospray ionization source and oper-
ated in positive polarity with following conditions: interface
bias voltage: +4.5 kV, interface bias current = 0.73 pA V; the
nebulizer gas flow = 1.5 L min™; drying gas flow = 15 L min™
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and drying temperature = 400°C. The mass range was from
m/z 50 to 400 Da.

3. Results and discussion
3.1. Physical properties of BiVO,

Characterization of the catalyst was done using XRD,
EDS, UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS),
SEM and BET. The band gap energies were calculated using
the results from the DRS spectra and the application of the
Tauc Plot method and is shown in Fig. S1. In this figure, hv is
the energy of the light on the abscissa and the quantity (ahv)?
is on the ordinate, where a is the absorption coefficient of the
material. The band gap (E,) was found from this figure to be
242 eV.

EDS trace of BiVO, photocatalyst is shown in Fig. S2. Bi,
V, and O were the only elements which appeared in the EDS
trace. XRD and SEM images are presented in Figs. S3 and
54, respectively. All the detectable peaks could be indexed as
the monoclinic scheelite bismuth vanadate (m-BiVO,). The
lattice parameter of m-BiVO, is summarized in Table S1. SEM
result shows irregular sphere like morphology of prepared
m-BiVO,.

3.2. Principles of photocatalysis

A photocatalytic reaction is initiated by the absorption of
light by the catalyst followed by the generation of electron
(e") and hole (h*) pairs, which diffuse to the surface (conduc-
tion band, CB) where further reaction takes place such as
photo-reduction and photo-oxidation. The photogenerated
entities react with O, and H,O to produce O, and *OH which
can decompose organic molecules in solutions. These species
are well documented in the literature and their reactions are
also well known [32-34]. A summary of these reactions are
given below:

Catalyst +hv — e + h), 1)

where e, and h’, are the electrons in CB and the electron
vacancy in VB, respectively.

H,O0 + h), > "OH+H" )
O,+e, - O} (3)

Organic compound + *OH +O; — Degradation products  (4)

3.3. Degradation of levofloxacin under optimized conditions

Preliminary experiments were performed with or with-
out visible light or BiVO,. Neither light nor the catalyst by
itself degraded levofloxacin molecule (Fig. S5). However,
a combination of both visible light and BiVO, caused the
degradation of the drug. Levofloxacin exhibits two absorp-
tion peaks at 290 and 335 nm. The lower wavelength band
is due to —mt* excitation while the higher wavelength peak
is generated due to n—m* transition. The two characteristic
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absorption peaks decreased significantly, indicating the
breakdown of the drug molecule. The 290 nm wavelength
was used for further studies in this work. The decrease in
absorption intensity of levofloxacin was recorded at fixed
times as shown in Fig. 1. Percentage (%) degradation of the
drug was calculated as follows:

% degradation = [A“A_ A } %100 (5)

0

where A = initial absorbance of the drug solution, and
A = absorbance of the drug solution at time ¢. It was found
that levofloxacin degraded by almost 76% in 170 min under
optimized conditions. Levofloxacin degradation fitted best to
the pseudo-first-order kinetic equation:

h{é: } =k, t (6)

0

where C; = initial concentration of the drug solution, and
C = concentration of the drug solution at time ¢, k , = observed
reaction rate constant and was found to be 0.0089 min!
with R? = 0.9882 as shown in Fig. S6.

3.4. LC/MS studies of levofloxacin degradation

The degradation of any pharmaceutical compound
results in the formation of intermediates which are inher-
ently different in their mass number, thus their isolation
and characterization require the use of suitable analytical
techniques. In this regard, LC-UV/VIS-MS plays an import-
ant role. The drug, in the presence of both visible light and
the catalyst, showed an appreciable degradation in 170 min.
The three dimension chromatograms were monitored at
wavelengths range of 200-800 nm. Fig. S7 shows the 3D
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Fig. 1. Change in absorbance spectra of levofloxacin with time.
Initial concentration of levofloxacin was 1 x 10° M, concentra-
tion of BiVO, was 0.025 g/100 mL solution, pH 6 and at room
temperature.
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chromatogram plot for the separation of the drug before
and after the treatment. The appearance of new bands in
the chromatogram after treatment indicates the formation of
new compounds. The masses of the new compounds formed
from degradation were analyzed using mass spectrometry.
Fig. 2 shows the LC-MS chromatogram of the main products
which were formed in the initial stages (30 min). Fig. 3 shows
the MS/MS spectra of four intermediate products namely
m/z 125, 127, 151, and 211. The identity of these transforma-
tion products was confirmed using tandem mass spectrom-
etry and was assigned as structures I, IV, and X as shown in
Figs. 4 and 5. Table 1 summarizes the results from MS/MS
measurements.

3.5. Proposed mechanistic pathways of levofloxacin degradation

When visible light falls on the catalyst (BiVO,), hydroxyl
radicals (*OH) are produced in aqueous medium through a
series of reactions involving promotion of electrons from the
conduction band to the valence band, water and oxygen mol-
ecules [25]. These hydroxyl radicals and super oxide radical
anion (O;") are well known to be produced in similar cases
and have been reportedly detected using electron spin res-
onance techniques [6,35]. Hydroxyl radicals ("OH) are very
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Fig. 2. LC-MS chromatograms of levofloxacin drug (a) before
degradation and (b) after 30 min of degradation with BiVO,/
visible light. Peaks (1) drug, t,= 9.25 min, m/z 361, (2) com-
pound IV, C .H, N.O,, t,=7.95 min, m/z 343, (3) compound X,

CH,N,0, =109 min, m/z 345, (4) compound I, C, H, NF,0

17~ 720 372
t,=13.6 min, m/z 317. Initial concentration of levofloxacin was
1 x 10°M, concentration of BiVO, was 0.025 g/100 mL solution,

pH 6 and at room temperature.

short lived (~70 ns) and have a diffusion coefficient value of
~2.3 x 10 em?s™. Thus they will react with any organic mol-
ecules within an average range of 180 A [36]. *OH radicals
react with the drug to form intermediates [6]. LC-MS analysis
was used to monitor the intermediates/transformation prod-
ucts. Based on the fragmentation pattern of the compounds
in MS/MS studies, chemical structures were proposed and
are correlated in Figs. 4 and 5.

Several pathways for the degradation of levofloxacin can
be recognized. They involve mechanisms such as demeth-
ylation, defluorination, decarboxylation, deamination, and
hydroxylation. The general arrow-electron pushing of these
processes are amply discussed in our previous publication
[37]. All these mechanisms involve reactive *OH radicals.
These unselective radicals react with the substrate to make
new radicals, which are either quenched or enter in a series of
other radical reactions, which consequently lead to the deg-
radation products.

The first pathway (Fig. 4) involves the decarboxylation
of levofloxacin, mediated by *OH radicals, to provide struc-
ture I (m/z 317). The unsaturated piperidone is opened
and O=C-CH=CH unit is lost, probably as malonic acid
(HO,CCH,CO,H), to give structure II (m/z 265). Structure III
(m/z 317) is formed by the elimination of a piperazine moiety
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Fig. 3. Tandem mass spectra of four transformation products of
levofloxacin.
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Fig. 4. Pathway involving demethylation and defluorination of levofloxacin.

and ring opening of the morpholine structure with loss of a
CH,CH(CH,) unit. Levofloxacin can also be defluorinated to
structure IV (m/z 343). Another observed degradation route
involves the demethylation of levofloxacin to give structure
V (m/z 347). This compound underwent loss of small units
to yield structure VI (m/z 211). The latter was converted to
structure VII (m/z 172) by the loss of most of the piperazine
carbon skeleton and subsequent hydroxylation. Compound
VI can also be defluorinated and the piperazine converted
primary amine VIII (m/z 124). Structure II also gave rise to
compound IX (m/z 151).

An alternative degradation sequence identified in this
study (Fig. 5) is the defluorination and hydroxylation of

demethylated levofloxacin compound V to generate struc-
ture X (m/z 345). The latter is further hydroxylated to struc-
ture XI (m/z 375). Hydroxylation of X led to compound XIII
(m/z 361). Compound XIV (m/z 125) can be traced back to
structure X after major loss of structural units. The pyridone
unit V gives rise to methyl ketone XII (m/z 209). We propose
mechanisms for the degradation of pyridone I — II and
morpholine IT — III, which to our knowledge, has not been
reported in the literature.

An °*OH conjugate addition to the unsaturated pyr-
idone gives an a-carbon radical (Fig. 6, structure 1) which
in turn forms a ketene 2, which is hydrolyzed to an acid.
The ensuing phenyl radical is quenched with an H* to yield
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Fig. 6. Proposed mechanism for degradation of pyridone ring (I —1II).

structure 3. It should be noted that the hydroxylated com-
pound VII (Fig. 4) could result from a similar phenyl rad-
ical quenching by *OH. Decarboxylation of 3 followed by
cleavage of the resulting radical 4 yields acetaldehyde and
an amine radical 5. The latter forms amine II.

The conversion of the morpholine structure II (Fig. 7)
occurs through a nitrogen radical cation 6 followed by the
cleavage of a C-N bond to produce secondary radical 7.
Structure 7 forms propene and a stable phenolic radical
which is then converted to IIL

A close analysis of the proposed pathways suggests that
the initial degradation occurs through one of the follow-
ing mechanisms namely, decarboxylation, demethylation
and defluorination. The order of these operations cannot
be ascertained and are most probably occurring simul-
taneously. Comparison of our work with the literature
finding reveals a completely different set of degradation
products using Bi, WO, photocatalyst/visible light [6]. Their
suggested mechanism is dissimilar from the one we are
suggesting.
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Table 1
MS-MS data of various intermediates formed from levofloxacin
degradation

Precursor ion mass Product ion masses

124 108, 96, 83, 70, 55

125 109, 96, 83, 71, 55

127 109, 83, 73, 69, 59, 57

151 135, 97,93, 76, 59

172 154, 136,125, 101, 90, 73

209 194, 166, 151, 137, 93, 74

211 194, 170, 152, 35, 117

265 219,113, 102

343 325,240, 171, 147,102,

345 330, 316, 301, 288, 216, 173

347 303, 288, 262, 248, 230, 218, 186
361 343,317, 302, 287, 274, 246

375 357,331, 315, 290, 275, 214, 174

j - J - NH Lb -

HN. HNO) 5
sy +oY ]
( CH CH; CH;
°oH resulting NH™ quenched with H™
I 6 7

Fig. 7. Proposed mechanism for degradation of morpholine ring
(IT —1II).

4. Conclusion

BiVO, was prepared and characterized; then it was used
with visible light to degrade levofloxacin which showed
76% degradation in 170 min. The reaction followed pseu-
do-first-order kinetics. The LC-MS and MS/MS methods were
used to separate and identify the transformation products.
The preliminary products after 30 min of reaction were of
m/z values of 317 (compound I), 345 (compound IV) and 343
(compound X). Several mechanisms for the degradation of
levofloxacin were observed including demethylation, deflu-
orination, decarboxylation, deamination, and hydroxylation.
Many low molecular weight final products were detected
such as malonic acid, piperazine, acetaldehyde, pyridone,
and methylketone.
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Table S1
Physical structure parameters of BiVO,
Band gap Spere Pore size Vores Lattice constant (A) Average EDS (Atom %)
energy (eV) (m?g™) (nm) (cm’g™) Crystalline
a b c size (nm) Bi v (@]
242 0.9956 5.314 0.00132 5.1702 11.64 5.0738 6.7 32.42 28.96 38.62
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Fig. S5. Absorption spectra of levofloxacin drug: (a) without light
and catalyst, (b) with catalyst and no light, (c) with light and no
catalyst.
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Fig. S7. 3D chromatogram plot of levofloxacin drug: (a) before

and (b) after photocatalytic degradation. Initial concentra-
tion of levofloxacin was 1 x 10°M, concentration of BiVO, was
Fig. S6. First order kinetic plot of levofloxacin degradation. 0.025 g/100 mL solution, pH 6 and at room temperature.
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