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ABSTRACT

The kinetic and mechanistic investigation of oxidation of emerging contaminant lome-
floxacin (LMF) by alkaline permanganate was carried out spectrophotometrically. The
oxidation product 7-amino-1l-ethyl-6, 8-difluoro-4-oxo-quinoline-3-carboxylic acid was
identified by Agilent 6130 Series Quadrupole LC/MS. The stoichiometry was found to be
1:2, that is, 1 mol of lomefloxacin reacted with 2 mol Mn(VII). Orders with respect to [LMF]
and [OH] were found to be fractional and less that one. The oxidation reaction proceeds
via an alkali permanganate species that forms a complex with lomefloxacin and the complex
then decomposes to give the product. The rate of reaction was found to decrease with
decrease in the dielectric constant. The effects of initially added products and ionic strength
have also been investigated. The kinetics of the reaction was also studied at four different
temperatures, and the thermodynamic activation parameters for the reaction were evaluated
and discussed. The geometry optimization of reactants and activated complex were carried
out using density functional theory (DFT). The DFT calculations were accomplished with
the TURBOMOLE program package (Version-6.4). The activation energy was found to be
~21 kJ/mol at RI-BP86.def 2-TZVPP level of theory.
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1. Introduction

In synthetic organic chemistry (in acidic, alkaline,
or neutral medium), permanganate has been exten-
sively employed as an oxidizing agent [1,2]. The
mechanism of oxidation depends not only on

*Corresponding author.

permanganate but also on substrate and pH of the
medium [3]. Oxidation by permanganate ion gained
importance in synthetic organic chemistry after the
discovery of phase transfer catalysis [4-7]. Potassium
permanganate is also used as a disinfectant in water
and wastewater treatment, since its oxidation
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properties enable to oxidize the organic matter [8,9].
Permanganate is the strongest oxidizing species in
acidic, alkaline, and neutral media among all the
oxidation states of manganese [10,11]. The mechanistic
information is missing in the literature to differentiate
between a direct reduction of Mn(VII) to Mn(VD)
(Scheme 1) and a pathway involving Mn(V) formation
by two-electron reduction, subsequent rapid reoxida-
tion to Mn(VI) (Scheme 2) [12-14]. In this connection,
Bohm et al. [15] have proposed the process described
in Scheme 3. According to the values of the reduction
potentials for these chemical species, an alternative
process in which Mn(V) in the presence of Mn(VII)
gives rise to Mn(VI) and Mn(IV) (Scheme 3) is also
feasible.

The products of this latter reaction are Mn(IV) and
Mn(VI), may be relatively stable oxidation states of
manganese in alkali solution. The reaction is thermo-
dynamically very favored as revealed by the positive
value of the reaction potential.

Fluoroquinolones are broad-spectrum antibacterial
agents used to treat the bacterial infections in human
beings. Though, antibiotics have been used in large
extent for few decades, the presence of these
molecules in the environment has attracted little

K1
MnV" +S — MnV'+ S°
VI o K2 VI

Mn"" + S°— Mn"' + Products

Where S= substrate. k, >> k;

Scheme 1. Direct reduction of Mn(VII) to Mn(VI).

k'3
MnV"" = MnV + Products
Vil y K4 VI
Mn"" + Mn¥ — 2Mn
Where S= substrate. k, >> ki

Scheme 2. Mn(V) formation by two-electron reduction,
subsequent rapid reoxidation to Mn(VI).

K4
Mn""! + Mn¥ — 2 Mn"!
K'5
2 Mn¥ — Mn!YMn"!

K6
Mn” — Mn"V 43 MnV!

Where k’4s>k’s

Scheme 3. Mn(V) disproportionate in the presence of Mn
(VID to give Mn(VI) and Mn(IV).
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attention till today. Pharmaceuticals, of which
antibacterial groups are important, have been identi-
fied as emerging environmental contaminants [16].
These pharmaceuticals have emerged as a novel class
of pollutants because of their potential adverse effects
on human health and the environment [17-19]. A
major fraction of the prescribed dosage of fluoro-
quinolones enters into the domestic sewage due to
partial metabolism in the human body. This represents
the main route for entry of such pharmaceutical com-
pounds into natural aquatic environment. Micrograms
to nanogram per liter of fluoroquinolones have been
detected in municipal wastewater and effluents from
sewage treatment plants. The transformations of flu-
oroquinolone antibacterial agents in suitable water
treatment process definitely play a major role in this
context [20].

Lomefloxacin (LMF) (Scheme 4) belongs to the flu-
oroquinolone class of antibacterial agent, which is
used to treat various bacterial infections, such as bron-
chitis and urinary tract infections. Permanganate has
been extensively applied for the water and wastewater
treatment from last five decades [21]. The oxidation of
lomefloxacin by permanganate was studied to investi-
gate the kinetics, mechanism, and transformation of
lomefloxacin during wastewater treatment by perman-
ganate.

2. Experimental
2.1. Materials and methods

To prepare the stock solution of substrate, an
appropriate amount of LMF (Dr Reddy’s Laboratory)
was dissolved in double-distilled water. The stock
solution of potassium permanganate (MERCK) was
prepared in double-distilled water and standardized
by titrating against standard oxalic acid [22]. NaOH
(5d Fine) was used to maintain the pH > 12 and

Piperzine moiety

Scheme 4. Chemical structure of lomefloxacin.



10828

NaClO; (RANKEM) was used to maintain constant
ionic strength. All the chemicals and reagents were
used of analytical grade.

2.1.1. Instruments used

(1) UV-vis Spectrophotometer (CARY 50 Bio,
Varian BV, the Netherlands) with a tempera-
ture controller and HPLC system (Agilent 1100
series, USA) were used for kinetic studies.

(2) For product analysis, Agilent 6130 Series Quad-
rupole LC/MS. Column-Atlantis C18 (50 mm x
4.6 mm, 5 pm) dual mode was used.

(3) pH meter (Elico model LI 120) was used for
pH measurements.

2.2. Kinetic procedure

Lomefloxacin oxidation by permanganate was car-
ried out under pseudo-first-order conditions, where
LMF was taken in greater concentration than perman-
ganate at 25+ 0.2°C. The reaction was initiated by
mixing thermostatted solutions of permanganate and
LMF with required quantity of alkali and ionic
strength. The decrease in the concentration of perman-
ganate with time at 526 nm was followed using a
UV-vis Spectrophotometer to monitor the progress of
the reaction. The application of Beer’s law for perman-
ganate was followed at 526 nm and the molar absorp-
tivity was found to be &=2,283 +20 dm® mol ' cm™'
which is in agreement with literature [23]. It was
observed that there is no significant interference from
other compounds at this wavelength. UV-visible Spec-
tral changes during permanganate oxidation of LMF
at 25°C are shown in Fig. 1 and log (abs) vs. time plots
were used to evaluate the pseudo-first-order rate con-
stants (k/,.). The plots were found to be linear, up to
90% conclusion of the reaction. The obtained k.,
values were reproducible within an error margin of
+8% (Table 1) and are the mean of three separate runs.
The product analysis was done by Agilent 6130
Series Quadrupole LC/MS. Column-Atlantis C18
(50 mm x 4.6 mm, 5 pm) dual mode.

3. Results and discussion
3.1. Stoichiometry and product identification method

The reaction mixtures containing an excess
permanganate concentration over lomefloxacin, NaOH
of 0.10 mol dm73, and an adjusted ionic strength of
0.50 mol dm™> has allowed for reaction to 12h at
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Fig. 1. UV-visible spectral changes during the perman-
ganate oxidation of LMF at 25°C.

25 +0.2°C. The concentration of the unreacted
permanganate was analyzed after the conclusion of
the reaction. The results indicated that two mol of
permanganate were consumed by one mol of lome-
floxacin (Scheme 5).

The reactions by products were detected as ammo-
nia by Nessler’s test [24], Mn(VI) by visible spectrum
and CO, by lime water test [25]. The reaction mixture
containing lomefloxacin and excess concentration of
MnO, with constant OH™ were taken in a reaction
cell. The reaction mixture was kept for 24 h and the
products of LMF were investigated by Agilent quad-
rupole 6130 series HPLC system. For the HPLC analy-
sis 0.1% HCOOH, acetonitrile was used as a solvent
and flow rate 1.2 cm®min™' was maintained using
Column-Atlantis C18 (50 mm x 4.6 mm, 5 um) dual
mode (Fig. 2). LC/MS product analysis also shows
that permanganate attacks the piperazinyl moiety of
LMF and degrades completely and forms the final
product 7-Amino-1-ethyl-6, 8-difluoro-4-oxo-quinoline-
3-carboxylic acid, Mn(VI), loss of H,O, CO,, and NH;
from the piperazine group in the LMF molecule.

3.2. Reaction order

Reaction orders were experimentally determined
by graphical method. Reaction orders were obtained
from slopes of log k{,. vs. log (concentration) plots by
changing the concentrations of permanganate, LMF
and alkali, while maintaining all other experimental

conditions constant.

3.3. Influence of permanganate

The permanganate concentration was changed
in the range of 500x10”°moldm™ to
5.00 x 10* mol dm ™ with constant concentrations of
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Influence of variation of permanganate, LMF and OH on the oxidation of lomefloxacin by permanganate in aqueous

alkaline medium at 25°C. And I = 0.50 mol dm ™2

10* [Permanganate] 10° [LMF] 10' [OH'] 107 K, 10% ki ki (Expt.)
(mol dm™3) (mol dm™3) (mol dm™3) (s7hH (sH dm® mol ! s™!
0.50 2.00 1.00 2.02 1.91

1.00 2.00 1.00 2.03 1.91

1.50 2.00 1.00 2.01 1.91

2.00 2.00 1.00 2.00 1.91

2.50 2.00 1.00 1.96 1.91

3.00 2.00 1.00 1.92 1.91

3.50 2.00 1.00 1.90 1.91

2.50 0.50 1.00 0.49 0.49

2.50 1.00 1.00 0.96 0.97

2.50 1.50 1.00 1.50 1.43

2.50 2.00 1.00 1.96 1.91 9.357
2.50 2.50 1.00 247 2.40

250 3.00 1.00 2.98 2.82

2.50 3.50 1.00 3.24 3.30

2.50 2.00 0.20 0.52 0.46

250 2.00 0.40 0.96 0.88

2.50 2.00 0.80 1.71 1.60

2.50 2.00 1.00 1.96 1.91 0.142
250 2.00 1.20 235 2.21

2.50 2.00 1.60 2.74 2.73

2.50 2.00 2.00 3.06 3.10

Note: +8% Error.

LMF, 2.00 x 1072 mol dm 3, and alkali, 0.10 mol dm™3,
NaClO,, 0.40 mol dm™>. The plots of log [absorbance]
vs. time, for various initial concentrations of perman-
ganate were found to be linear, with values of
R*>0.988; k. values (Table 1) indicated the unit
order dependence of permanganate.

3.4. Influence of [LMF]

To study the influence of LMF concentration on
the rate of reaction, the concentration of substrate,
LMF was varied within the range of
0.50 x 10> mol dm™ to 3.50 x 107> mol dm™> main-
tained by keeping reaction conditions constant. The
rate constant, k;  (Table 1), was found to increase
with LMF concentration increases. The plot of log k[
vs. log [LMF] confirms the fractional order (0.810)
(R*>0.971) dependence on LMF. The order with
respect to LMF most probably results from the com-
plex formation between oxidant and LMF.

3.5. Influence of [OH ]

The influence of alkali concentration on the reac-
tion rate was studied, the concentration of alkali was
varied between 0.02moldm™ and 0.20 mol dm™

keeping other reaction conditions constant (Table 1).
The rate constant, k[, was observed to an instant
increase with increase in concentration of OH . The
plot of log k/; . vs. log [OH ] confirms fractional order

dependence on OH™ ions (0.510) (R* > 0.993).

3.6. Influence of ionic strength

To study the influence of ionic strength on the rate
of reaction, the concentration of sodium perchlorate
was varied from 0.10 to 1.00 mol dm™ at constant per-
manganate, LMF and alkali concentration. It has been
observed that increase in ionic strength has negligible
influence or no effect on to the rate constant. It was
observed that increase in ionic strength had negligible
effect or no influence on the rate constant. This points
out that insignificant effect of variation of ionic
strength on the rate of reaction explains the reaction is
between two neutral species or a neutral and a
charged species [26].

3.7. Influence of dielectric constant

The influence of dielectric constant (D) was ana-
lyzed by changing the tertiary-butanol-water volume
in the reaction mixture, while all remaining conditions
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Fig. 2. LC/MS spectra of lomefloxacin oxidation products.
reaction product m/z 269.

are kept unchanged. The rate of reaction decreases
with increase in the volume of tertiary-butanol. The
plot of log k., vs. 1/D was extending along a straight
line having a negative slope of —144.30 and R* > 0.974.
The negative slope indicates that the interaction is
between negative ions and dipole [27].

3.8. Influence of temperature

The kinetics study was conducted at four distinct
temperatures by changing the concentrations of LMF
by maintaining other conditions constant. Increase in
temperature from 10 to 40°C increased rate constants.
Arrhenius equation was made use to evaluate the
thermodynamic measurable activation parameters.
The energy of activation, E, (27.59 +2.76 k] mol ™)
related to those rate constants were reviewed from
plot of log k), vs. 1/T (R*>0.988) and other activa-
tion parameters AH? AS*, AG* calculation were made
and are specified in Tables 2 and 3.

(a) Total ion chromatogram (TIC). (b) Mass spectrum of

3.9. Influence of initially added products

Permanganate ion concentration variations carried to
change from 0.50 x 10~* mol dm ™~ to 3.5 x 10~* mol dm >
at constant lomefloxacin and alkali concentrations and
ionic strength. It was observed that initially added
permanganate ions have no influence on the rate
constant. The rate equation for the experimental results is
given as follows. Order with respect to each reactant is
given in Eq. (1) with +8% error.

—d[MnO; |

dt _ k[MnOZ]l[LMF]OSI [OH7]0.51

Rate = ¢))

3.10. Theoretical calculations

The geometry optimization of reactants and acti-
vated complex were carried out using density func-
tional theory (DFT). The reactants are fully optimized,
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Table 2
Influence of temperature on kinetics of oxidation of lomefloxacin by alkaline permanganate
Temperature K Kaop (dm® mol " s7") 1/T x 10° 10°ks™ log k k/T x 10° log (k/T)
283 5.16 3.53 1.03 0.71 18.23 -1.74
293 6.85 3.41 1.37 0.84 23.38 -1.63
298 8.90 3.36 1.78 0.95 29.87 -1.52
313 15.55 3.20 3.11 1.19 49.68 -1.30
Table 3

Thermodynamic activation parameters for the oxidation of
LMF by alkaline permanganate

Activation parameters Values

E, (k] mol™) 27.59 + 2.76
AH (k] mol ™) 25.55 + 2.60
AS JK ' mol ™) -0.87 +0.10
AG (k] mol™) 25.80 + 2.59
log A 5.70 + 0.28

and the activated complex was partially optimized.
The BP86 functional and def 2-TZVPP basis set inside
the RI (resolution-of-the-identity) approximation
[28,29] (RI-BP86/def2-TZVPP in short) was employed
for the optimization procedure. Frequency calculations

Energy

Reaction Coordmate

of the optimized structures were done to ensure that
they were true minima not the transition states. The
DFT calculations were accomplished with the Turbo
mole program package (Version-6.4) [30].

LMF reacts with MnO, giving rise to the forma-
tion of the activated complex, so that the formed acti-
vated complex decomposes to give the product. The
calculated activation energy 21+3.0kJmol' is in
agreement with experimentally determined activation
energy 27.59 + 3.0 k] mol™' (Fig. 3).

3.11. Test for free radicals

The participatory study of free radicals in the reac-
tion with addition acrylonitrile in the reaction mixture.

Theoretical ] Ezperimental
213 2759 +£27¢

Ea

____________ |

Products

The calculations were done at BP86/def 2-TZVPP level of theory using Turbo mole 6.4 suite software.

Fig. 3. Energy of activation for LMF/MnOj reaction based on kinetic data and LC-MS spectra.
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The reactants were allowed to react in an inert
atmosphere for 6 h and addition of methanol to the
reaction mixture did not produce any precipitate,
which indicates the absence of free radicals [31].

3.12. Proposed reaction pathway

Permanganate ion is a potent oxidant in an aque-
ous alkaline media. Since it shows various oxidation
states, the stoichiometric results and the pH of reac-
tion medium play a significant role. Present experi-
mental conditions above pH 12, the reduced form of
manganese (VII) is Mn(VI), which is stable and further
reduction of Mn(VI) may be checked as reported by
Simandi et al. [13,32]. However, prolong standing,
green Mn(V]) is reduced Mn(IV) under experimental
conditions. The permanganate shows various oxida-
tion states, such as Mn(VII), Mn(V), and Mn(VI) in the
alkaline medium. The color of the reaction mixture
turns from violet to blue, and then, it turns to green
except the accumulation of hypomanganate (V). The
violet color originates from the pink of permanganate,
and blue color from hypomanganate (V) was viewed
during the progress of the reaction. The change in the
color of permanganate solution from violet heptava-
lent manganese ion to dark green hexavalent Man-
ganese ion through blue pentavalent manganese ion
has been observed.

It is clear from Fig. 1 that during the course of reac-
tion the absorbance of permanganate decreases at
526 nm and the absorbance of product manganate (VI)
increases at 610 and 460 nm. If a longer time is elapsed,
the solution becomes colorless and then appears brown
precipitate. This proposes that the products formed
may be undergoing also oxidation ensuing in lesser
oxidation state of manganese, Mn(IV). In fact, a dark-
brown precipitate of MnO, is observed in many redox
reactions involving permanganate when the pH of the
medium is not acidic enough to enable further reduc-
tion of Mn(IV) to Mn(Il). This experimental evidence is
in good accordance with the reaction pathway
proposed in Scheme 3, where the formation of Mn(IV)

0 (0]
F

N

HN F

OH
|

CHs HaC

LMF
1-Ethyl-6,8-difluoro-7-(3-methyl-piperazin-1-yl)
-4-oxo-quinoline-3-carboxylic acid

CH3

+ 2MnOy +2 OH—>
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is predicted although kinetically handicapped. The
results indicate that OH™ ions first combined with
permanganate to form a basic permanganate reactive
species [MnO,OHI*” in a previous to equilibrium
state. Afterward [MnO,-OH]*  reacts with LMF to form
an complex (C) (Intermediate). The less than unit order
with respect to LMF may be due to the complex forma-
tion between the [MnO,OHJ*" and LMF before the
rate determining step. The major reaction product
identified by the analysis LC/MS spectrum was
7-amino-1-ethyl-6, 8-difluoro-4-oxo-quinoline-3-car-
boxylic acid (LMF-P), which has a lomefloxacin
structure, in which the piperazine ring was replaced
with -NH, group. The loss of piperazine ring results
in mass loss 99 daltons and addition of -NH, group
results in the mass increases with 16 daltons. This
would give up a net reduction of 83 daltons compara-
tive to the parent lomefloxacin molecule, correspond-
ing to the mass disparity between LMF (MW = 351)
and LMF-P (MW = 268). The same oxidation product
was reported for lomefloxacin oxidation by manganese
oxide and also by TiO, photo catalysis [33,34].
Scheme 6 shows the degradation mechanism of LMF
by permanganate manganese in alkaline medium. In
this degradation pathway, the complete elimination of
piperazynilic ring was observed for LMF. At the same
time, nitrogen moieties in LMF were transformed into
NH; (NHj ions) by the oxidation. This result is consis-
tent with previously reported literature for ciprofloxa-
cin and norfloxacin [18,35].
As stated in Schemes 5 and 6:

—d[MnO; |

T ()

Rate = = kK, K;[MnO; J[LMF];[OH" ]

The total [MnO; | can be written as:

MnOy ] = [MnO; |; + [MnOy - OHJ* + [Complex]
= [MnOj |; + K1 [MnO4 J[OH]
+ KiKa[MnO; | OH" |[LMF]
]

= [MnO; J;(1 + Ky [OH | + Ky Ko[OH ™ |[LMF])

0 O
F
OH
+H,0 + CO, + NHz*+ 2 MnO,>
HoN ',\l + other products
F H,C

2

CH,
LMF-P

7-Amino- 1-ethyl-6,8-difluoro-
4-oxo-quinoline-3-carboxylic acid

Scheme 5. Stoichiometric equation for the oxidation of lomefloxacin by alkaline permanganate.
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MnO, + OH’ [MnO,0H]
O
otet®
(e} 0] T -3
o o 4
F
: F
| ° Ko \1 [ °
2.
(\N N + [MnO,OHP? =—== (\N N
H'H) F | HN\) Fo
CH3 HZC\CH CH3 H2C\CH3
LMF — Complex C -
(o)
o=t
= _ -3 0
(||) NOH o o 0
F
F -
\‘ [ ° k. | ° N
(\N N Slow (\N N + MnO4 +H20+COZ
HN H
F | NH; F |
CH H,C
3 2¥™~CH HC—ch,
- Complex C -
o O o o
F. .
0 Fast j o
N ! [MnO,OH? — | +H,04 CO+ NHa+ MnO,2
NH, H Ha N
2 F | F \ + Other products
HZC\CH3 Hzc\CH3
1-Ethyl-6,8-difluoro-7-(3-methyl-piperazin-1-yl) LMF-P M.W. 268 _
-4-oxo-quinoline-3-carboxylic acid 7-Amino-1-ethyl-6,8-difluoro-
4-oxo-quinoline-3-carboxylic acid
Scheme 6. Proposed mechanism for the oxidation of lomefloxacin by alkaline permanganate.
where T and f stands for total and free
[LMFly = [LMFI¢ )
- MnO, | PP :
MnO, ]t = 3 . (3)- .
[MnO; I¢ 15 K [OH | + K, Ko [OF JILME] (3)  Substituting Egs. (3)-(5) in Eq. (2) we get,
Similarly, total [OH ] can be calculated as: kK1 K2 [MnO; |[OH " ][LMF]
Rate = 6
T 1T KI[OH |+ K K-[OH I[LMF] ©
[OH |;= [OH |; + [MnO, - OHI*~ + [Complex]
Rate kK1 K> [OH™ |[LMF]
In view of low concentration of MnO, and lomefloxacin [MnO, | obs = 171 K([OH | + K, K,[OH |[LMF] @)

used, above equation can written as:
[OH"];= [OH]; “

Similarly,

Eq. (7) confirms all the observed orders with respect
to different species, which can be verified by rearrang-
ing it to
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Fig. 4. Plot of 1/kl,, vs. 1/[LMF] for verification of rate equation (law) (7) in the form of (8) on the permanganate

obs
oxidation of lomefloxacin in aqueous alkaline medium at 25°C.

170

120

1/kobs(s)

70

20 L L

1/[OH] (dm3 molY)

Fig. 5. Plot of 1/kl,,vs. 1/[OH] for verification of rate equation (law) (7) in the form of (8) on the permanganate
oxidation of lomefloxacin in aqueous alkaline medium at 25°C.
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kow  KKiKo[OH J[LMF] " kKG[LME] | & ®

The plots of 1/k[,; vs. 1/[LMF] (Fig. 4) and 1/k/, vs.
1/[OH"] (Fig. 5) are drawn, cited for verifying the rate
law. A plot of 1/kl,, vs.1/[LMF] (Michaelis Menten
plot) (Fig. 4) shows intercepting, which is in concord
with complex being formed [29]. The UV-visible
spectra of the reaction mixture are evidence for a
hypsochromic shift of 4 nm from 287 to 283 nm and
hyperchromicity at 283 nm, which provides spectro-
scopic evidence in support of complex formation [36].
Two isobestic points were observed for this reaction
indicating the presence of two equilibrium steps previ-
ous to the slow step of the reaction mechanism
[37,38]. The literature review indicates that piperazine
ring of lomefloxacin is the tendency of reactivity

toward oxidation [39].

0.035
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The oxidation mechanism of lomefloxacin is quite
similar to that of ciprofloxacin. The second-order
rate constant of LMF (9.36 = 0.75 dm’> mol ™' s™") is
higher than that corresponding to norfloxacin
(1.63 £0.08dm®* mol 's™Y) [32], and ciprofloxacin
(0.16 + 0.01 dm® mol™'s™") [18]. The observed higher
rate constant of LMF as compared to norfloxacin
and ciprofloxacin (Fig. 6) is due to the presence of
two highly electronegative fluorine atoms on oxo-
quinoline moiety. Inductive effect (-I) due to the
electron retreating of the two fluorine atoms the aro-
matic ring of oxoquinoline moiety becomes electron
deficient, which in turn withdraws electrons from
nitrogen atom of piperazine moiety making it elec-
tron deficient and also the nitrogen atom of the
piperazine moiety releases electrons toward oxo-
quinoline moiety (Resonance effect) as shown in the
resonance structure due to which nitrogen atom
becomes electron deficient, susceptible for perman-
ganate ion attack.

0.03

0.025

0.02

kru‘us (s

0.015

0.01 ]

0.005

€ LMF
M NF

A CF

0 |
0 0.005

0.01

0.015 0.02

[Fluoroquinolone] (mol dm3)

Fig. 6. Second-order plots for oxidation of fluoroquinolones by permanganate in aqueous alkaline media.

*LMEF: This paper; **CF: Ref. [17]; and ***NF: Ref. [29].
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The plots of 1/k/, vs. 1/[LMF] of (R* > 0.971, Fig. 4)
and 1/k.,, vs. 1/[OH] (R*>0.999, Fig. 5) give the

slopes and intercepts values and help to calculate the
values of K;, Kp, and k (i.e. 2.20 + 0.15 mol dm >, 84.78
+6mol dm™ and 0.6 +0.03s™"), respectively, as per
the conditions in Table 1. The value of K; is in concord
with the earlier studies [33]. By using these values, the
rate constants were calculated under different experi-
mental conditions, and there is a realistic concurrence
between the calculated and experimental data.

The average values of AH” and AS" are in favor of
electron transfer processes. The values of AS" in the
range for radical reaction has been ascribed to the nat-
ure of electron pairing and unpairing process and to
the loss of degrees of freedom formerly avail to the
reactants upon the formation of rigid transition state
[40]. The negative value of AS" points out that the
complex (C) is more sequenced than the reactants [41].
The experiential relatively moderate enthalpy of
activation and a comparatively low value of the
entropy of activation in addition to a higher rate con-
stant of the slow step point toward that the oxidation
apparently taking place via inner-sphere mechanism
[42,43].

4. Conclusion

The outcome of this study is to indicate that lome-
floxacin is a fluoroquinoline group of antibiotic that is
partly reduced chemically under the experimental
condition, providing the degraded products. In this
reaction, the function of pH is important. It is interest-
ing that the oxidant species permanganate requires
pH > 12, below which the system becomes disturbed
and the reaction proceeds further to give a reduced
oxidation product as manganese (IV), which slowly
develops a yellow turbidity. The previous studies
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show that de-alkylated products of LMF have reduced
antibacterial action [44]. The oxidation-degradation
mechanism and pathway proposed for LMF, including
the elimination of piperazynilic ring, suggest the effec-
tive oxidation by permanganate can be used in the
water treatment at the place polluted by flouro-
quinolone antibacterial agents. Rate constant with
respect to slow step and other equilibrium constants
concerned in the mechanism are calculated and activa-
tion parameters with reverence to slow step of reac-
tion were calculated. The total mechanism described
here is in agreement with mechanism, product, and
kinetic studies. These results indicate that attractive
treatment technologies for the degradation of fluoro-
quinolones in aqueous solution are needed because
under oxidation-degradation process most of pro-
duced intermediates can be finally mineralized into
CO,, water, and mineral species.
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