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Abstract — The kinetics and mechanism of the Pd (ll) ion catalyzed reaction of levofloxacin (LFC) by free
available chlorine (FAC) during water chlorination processes was investigated for the first time between
the pH values 4.0 and 9.0. The pH dependent second order rate constants were found to decrease with
increase |n pH. (e g Apparent second order rate constant; k’ app‘ 105.45 dm® mol™*s™ at pH 4.0 and k' app =
16.93 dm® mol™*s™ at pH 9.0 and at 25 °C). The reaction rates revealed that Pd (Il) catalyzed reaction was
faster than the uncatalyzed reaction. The products of the reaction were determined by Liquid
chromatography and high resolution mass spectrometry. The reaction proceeds via formation of
intermediate complex between Pd (Il) ion and levofloxacin, then HOCI reacts with the complex to form
chlorinated product. The effect of catalyst, effect of initially added product, effect of dielectric constant
and effect of ionic strength on the rate of reaction was also studied. The effect of temperature on the rate
of the reaction was studied at four different temperatures and rate constants were found to increase with
increase in temperature and the thermodynamic activation parameters E,, AH’, AS" and AG" were
evaluated for the reaction and discussed.
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[. INTRODUCTION fluoroquinolones have been detected in municipal
waste water and effluents from sewage treatment

Levofloxacin (LFC) belongs to fluoroquinolone class of plants [7-8].

antibacterials. Antibiotics are the very important

compounds used for ef fective medication. Despite the o )

fact that, antibacterial agents have been applied in E

large quantities for last few decades, the presence of OH
these substances in the aquatic environment has |

attracted little attention until recently. The antibacterial N

classes of pharmaceuticals are very important, since K\N

they have been recognized as emerging N\) o\)\
environmental pollutants [1-2]. H3C/ CH,
Fluoroguinolones are broad-spectrum antibacterial Structure of levofloxacin(LFC)

agents used to treat the bacterial infections in human

beings [3]. An enormous portion of the totally, clinically Information on palladium catalyzed chlorination of
approved fluoroquinolones dosages are released in pharmaceutical compounds is scarce. Hence, the Pd
the domestic sewage due to partial metabolism of (I) catalyzed chlorination of levofloxacin was studied
these molecules in the body of human [4]. This with the objective of quantifying kinetics, to arrive at
represents a main route for entry of such transformation mechanism, identify reaction products

pharmaceutical compounds into natural aquatic
environment [5-6]. Micrograms to nanogram per litre of
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and to evaluate and discuss the thermodynamic
activation parameters of the reaction.

The d-block elements were used as catalysts to
catalyze many oxidation and reduction reactions,
because they show variable oxidation states. Recently,
d-block metal ions including Ag(l)/Ag(ll), Pd(II)/Pd(IV),
Os(IV)/Os(VIIl),  Ru(I)/Ru(lll),  Ir(IV)/1Ir(V1),  Rh(I1)/
Rh(VI) and are widely used as catalysts due to their
strong catalytic influences in various reactions. Alone
metals or as aqueous salt solution, acts as catalysts in
various oxidation and reduction reactions has involved
extensive interest. The reaction mechanism of
catalysis is dependent on the nature of the reactant,
oxidant and experimental condition; it has been proved
that metal ions can catalyze by one of form such as
the complex formation by combining with substrates
(reactants) or oxidation of the reactant (substrate) itself
or by free radicals formation [9].

Palladium (II) most probably used as either a catalyst
or as a reductant having the reduction potential of the
palladium (IV)/palladium (ll) couple in dilute acid as
0.532 V. Most of the studies employed the palladium
(I) as in the form of palladium (Il) chloride as a
catalyst. Several studies performed using palladium (II)
because of the commercial importance of palladium (I1)
catalyzed reactions. The reaction mechanism involving
Pd (Il) depends the oxidant and substrate used. The
Pd (II) usually forms an activated complex with
substrate molecule before forming the final products
[10].

Il. EXPERIMENTAL

A. Materials and Method

The chemicals used in the experiment were of
analytical quality and used with no purification.
Levofloxacin (a gift sample from Dr. Reddy
Laboratories) stock solution of was prepared by taking
calculated quantity in doubly distilled water. A stock
solution of Free Available Chlorine was prepared by
diluting calculated volume of 5% NaOCI (Thomas
Baker) in distilled water according to the procedure
described in the literature [11-12]. Standardization of
the stock solution FAC by DPD-FAS titrimetry and
iodometric respectively [13]. A stock solution of
palladium chloride (PdCl,) of known concentration was
prepared in chlorine free distilled water. 0.02 mol.dm™
acetate (pH 4.0-6.0), phosphate (pH 7.0), and borate
(pH 8.0-9.0) buffer solutions were used to keep

constant pH throughout the experiments conducted in
reagent water system.

B. Instruments Used
0] UV-Vis Spectrophotometer (CARY 50 Bio,

Varian BV, The Netherlands) with a
temperature controller and HPLC system

(Agilent 1100 series, USA) were used for
kinetic studies.

(ii) Product analysis was carried out, by using
LC/MSD Trap systems (Agilent 1200 series,
USA).

(iii) pH meter ( Elico model LI 120) was used for

pH measurements.
C. Kinetic procedure

All the reactants were kept in a thermostatic bath at
25.0 + 0.2 °C for at least 30 minutes to attain thermal
equilibrium. The kinetic study was followed in pseudo
first order condition with [FAC]: [LFC] =10:1 by
maintaining the constant ionic strength using 0.01
mol.dm™ buffers in both uncatalyzed and catalyzed
reactions. Reaction was initiated with addition of LFC,
PdCl, FAC solutions and with the necessary volume
of buffers thermostat. Reaction progress was studied
conveniently by monitoring the absorbance of LFC at
295 nm, which decreases with time. Spectral
changes during the chlorination of LFC by FAC in the
presence of Pd (ll) catalyst as shown in UV-Vis
spectra as shown in Fig.

The verification of Beer’s law for LFC at A ax 295 nm,
giving € = 59475 dm® mol™ cm™. Pseudo first-order
rate constants, k'yys, Were evaluated from the graph
plot of log (A-A.) Vs. time. The first order plots are in
most of the instances were extending along straight
line up to 60-80% reaction being completed and K’g,g
values were reproducible within an error margin of
7% (Table 1). The Parent compound loss was also
checked by HPLC system (Agilent 1100 series, USA)
with RX-C18 column (4.6 mm x 250 mm, 5 ym) with
UV diode array detector. The observed rate constants
from HPLC method were in good agreement with UV
visible methods. FAC concentration was measured
by DPD - colorimetry or DPD-FAS titrametry [12] on
the conclusion of each kinetic measurement.

0.0

T T T
250 300 350 400
Wavelength (nm)

Fig. 1 UV-Visible spectral changes during the
chlorination of LFC by FAC with Pd (ll) catalyst at
25+0.2°C
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TABLE 1 INFLUENCE OF VARIATION OF [FAC] ON
THE RATE OF CHLORINATION OF
LEVOFLOXACIN, AT DIFFERENT pH (VARIATION
AT pH 4.00 AND 9.00). | = 0.01 mol dm™ AT 25 °C.

pH 10*[FAC] 10°[LFC] 10°[ PA(11)] 10° ey 10%y (107 ke
(mol dm™) (mol dm™) (mol dm™) (s) (s (s7)

0.44 0.40 2.00 10.0 R.98 9.10

40 0.77 0.40 2.00 14.0 16.58 12.3
’ 1.10 0.40 2.00 16.6 19.05 |[14.69
1.43 0.40 2.00 19.2 2248 [16.95

1.76 0.40 2.00 24.8 2592 [22.20

0.44 0.40 2.00 5.16 3.60 4.80

0.77 0.40 2.00 7.33 547 6.97

5.0 1.10 0.40 2.00 8.00 8.80 7.12
1.43 0.40 2.00 10.78 10.4 9.74

1.76 0.40 2.00 12.76 13.9 11.37

0.44 0.40 2.00 2.16 2.55 1.91
0.77 0.40 2.00 3.33 495 2.84
6.0 1.10 0.40 2.00 5.00 7.44 4.26
1.43 0.40 2.00 6.78 B.61 5.92

1.76 0.40 2.00 8.76 10.08 7.75

0.44 0.40 2.00 1.52 1.11 1.49

0.77 0.40 2.00 2.71 2.90 242

7.0 1.10 0.40 2.00 3.74 3.18 3.42
1.43 0.40 2.00 5.40 6.15 4,79

1.76 0.40 2.00 7.44 8.08 6.63

0.44 0.40 2.00 1.01 0.90 0.92

8.0 0.77 0.40 2.00 2.61 1.10 2.50
1.10 0.40 2.00 3.56 1.82 3.37

1.43 0.40 2.00 4.44 2.05 4.24

1.76 0.40 2.00 6.02 5.85 5.44

0.44 0.40 2.00 0.84 0.45 0.80

0.77 0.40 2.00 0.96 0.65 0.89

9.0 1.10 0.40 2.00 1.11 0.84 1.03
1.43 040 2.00 2.21 0.98 2.11

1.76 0.40 2.00 3.01 1.15 2.90

+7 % Error
lll. RESULTS

A. Product identification method

100 mg dm™ amount % of Levofloxacin was added with
0.01 mol.dm? pH 7.00 phosphate buffers with
necessary volume wused to starting reaction
concentration. Free available chlorine solution was
then subsequently added to begin reactions at oxidant:
substrate molar ratios varying from 1:02 to 5:10. The
reaction mixture was kept for 12 hrs and the products
were analyzed using LC/MSD Trap system equipped
with RX-C18 column (250 x 4.6 mm, 5 pym), column
temperature was 25 °C and UV diode array detector
(Agilent 1200 series, USA) Analytical peaks were
resolved using gradient solvent with changing ratios of
0.2% (v/v) acetic acid to pure acetonitrile. MS
investigation was performed with positive mode Electro
Spray lonization (ESI"); over a mass scan variation
range of 50-1000 m/z. The mass spectrometer
fragmentation potential difference was normally
adjusted to 80.0 eV. Spray chamber temperature and
drying gas flow were adjusted to 320 °C and 10 dm®
min™* respectively. The observed peak of LC/MS
spectrum (Fig.2) interprets in agreement with the
proposed structure of the product. The major identified
product in the reaction is shown below (Schemel and
2).

B. Reaction order

The chlorination of LFC with FAC taking place with a
measurable rate without using Pd (IlI) and with Pd (II)
catalyzed reaction. It is observed that both reactions
are taking place in an almost parallel path. Hence the
sum of rate constants of the catalyzed (kc) and
uncatalyzed (ky) reactions are equal to total rate
constant (k1) so ke =kr = ky.

A plot of log kObS Vs. log [FAC] was linear with a slope
of unity at different pH as shown in Fig.3. indicating
that chlorination of levofloxacin can be their first order
with respect to FAC. The reaction LFC/FAC can be
elucidating as a second order, bimolecular reaction.
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Fig. 2. LC/MS spectra levofloxacin and
levofloxacin chlorination major product

SCHEME 1. PROPOSED REACTION FOR MAJOR
PRODUCT LFC /FAC REACTION BASED ON
LC/MS.

Uncatalyzed reaction

o]

j o
@ e
SN SN S + H0 +CO,

CHg HaC” \/\CH3
LFC-P M.W.351.9

HsC”

LFC M.W.361.4

SCHEME2. DETAILED SCHEME FOR Pd(Il)
CATALYZED CHLORINATION OF LEVOFLOXACIN
BY FAC.
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+ Pd(Il) ===~ Complex

k )y
Complex + HOCl —gow> h /ﬁ + H0 + €O, + Pd(ll)

HiC ™ CH3
LFC-P MW.351.9

C. Influence of [LFC]

The LFC concentrat|on varlatlon was carried out in the
range of 0.2 x 10° moldm™to 1.0 x 10 mol dm? wrth
constant concentrations of FAC 1.00 x 10 mol dm?,
and catalyst Pd (Il), 2.00 x10® mol dm™ at constant
ionic strength of 0.01 mol dm™ for both uncatalyzed
and catalyzed reactions. The pseudo-first order rate
constant remains constant. The k’yys values (shown in
table 2) indicating that the order with respect to [LFC]
was found to be unity.

TABLE 2. INFLUENCE OF VARIATION OF [LFC] ON
THE RATE OF CHLORINATION OF
LEVOFLOXACIN AT 25 °C. 1=0.01 mol.dm?

109FAC] | 107LFC] | ke x 10°
pH (mol dm™) | (mol dm™) (s)
1.00 0.20 3.09
1.00 0.40 3.46
7 1.00 0.60 3.73
1.00 0.80 3.01
1.00 1.00 3.90

D. Influence of [FAC]

The FAC vanatron was carned out in the range of 0.44
x10™* moldm™ to 1.76 x 10 moldm™ Wlth malntalnlng
the concentratlons of LFC 0.40 x 10®° mol.dm®, Pd
(1), 2.00 x 10°® mol dm™ and at constant ionic strength
of 0.01 moldm® The pseudo-first order rate
constants; K'ops values (Table 1) indicated that the
order with respect to [FAC] was found to be unity. It is
observed that the pseudo-first order rate constants
K'ops iINCrease with increases in concentration of FAC.
The plots of Kk'ops Vs. [FAC], with varying initial
concentrations of FAC are found to be linear (Fig.3).

2.50E-02
2.00E-02 |
@ pH=4
~ 150E-02 | P
Py mpH=5
%2
Z 1.00E-02 pH=6
7s]
< X pH=7
2 500E-03
*pH=8
7.00E-17 — o pH=9
400E-05 9.00E-05  I40E-04  190F-04
-5.00E-03

[FAC]mol dm?
Fig. 3- Second order plot of k’,,s Vs. [FAC]
E. Influence of pH

The pH of the reaction mixture was varied from pH =
4.00 to 9.00 by using acetate, phosphate and borate
buffers, keeping the other reaction conditions
constant. The rate constant was observed to be
decreasing with increasing pH values. A plot of
apparent second order rate constant, k”,,, Vs. pH for
uncatalyzed, catalyzed and total reaction is as shown
in the Fig.4.

The pH dependent apparent second order rate
constant for the catalyzed and uncatalyzed reaction
were calculated from the plot of kK”55p = (K'ops, / [FAC]y).
The variation in k4, from pH 4.00 to 9.00 can be
ascribed to the varying significance of specific
reaction between the individual acid -base conditions
of LFC and FAC.

§ 60 +kt
v
40 ——ku
20 % ke
0 i‘:‘:l_.i
3 5 7 9 11
pH

Fig.4 Influence of pH on the palladium catalyzed
chlorination of levofloxacin at 25 °C

F. Influence of ionic strength

The effect of ionic strength (I) at 25°C temperature
was studied by varying the buffer concentration from
0.001 to 0.01 mol.dm™at pH 7.00 conditions was
carried out. The rate constants were found to remain
almost constant (Table 5.4). It was observed that no
significant effect of ionic strength on the rate
constant.
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TABLE 3 .INFLUENCE OF IONIC STRENGTH ON
THE CHLORINATION OF LEVOFLOXACIN AT pH
7.0 AND 9.00 at 25°C

10°TFAC 10°[LFC . 3 Kaps % 10°
pH (mo[l dm':‘]) (mol[ dm':‘]) bufferx10° (s7)
1.0 0.4 1.00 3.15
1.0 0.4 3.00 3.00
7 1.0 0.4 5.00 3.30
1.0 0.4 7.00 2.90
1.0 0.4 10.0 3.40

I. Influence dielectric constant

The effect of dielectric constant (D) was studied by
varying the tertiary butyl alcohol water content in the
reaction mixture with all other conditions being
maintained constant. The D values were calculated
from the equation, D = DV  +DgV g, where Dy, and
Dg are dielectric constants of pure water and tertiary
butyl alcohol respectively, and V  and V g are the
volume fractions of components water and t-butyl
alcohol, respectively, in the total volume of the mixture.
The solvent tertiary butyl alcohol did not react with
FAC under experimental conditions [14].

The rate constant kobs decreases with decrease in the

dielectric constant of the medium. The plot of log Kobs
Vs. 1/D with was linear with a negative slope of 246.13
and R*20.985 (Fig.5).

240E+00 =
2.30E+00
2.20E+00
2.10E+00
2.00E+00
L.90E=00

L.BOE=00
0.008

y=-246.13x + 11.54
R?=0.985

A+logk,,,.

0.01 0.012

1/D

0.014 0.016

Fig.5. - Influence of dielectric constant on the
chlorination of LFC in the presence of Pd(ll)
catalyst.

J. Polymerization Study

For both uncatalyzed and catalyzed reactions, the
possible interference of free radicals was examined by
adding acrylonitrile to the reaction mixture, which was
kept in an inert atmosphere for 24 h. This reaction
mixture was diluted with methanol and no precipitate
was observed, which suggests that free radicals were
not involved in the reaction [15].

K. Influence of temperature

The Kkinetics was studied for both catalyzed and
uncatalyzed reactions at four different temperatures
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with varying [FAC] by keeping other experimental
conditions constant, the rate constant was found to
increase with increase in temperature. The first order
rate constants at four different temperatures 10, 20, 30
and 40 °‘C for uncatalyzed and catalyzed reactions
were obtained and listed in Table 4a. respectively. The
activation energy is related to these rate constants
was calculated using Arrhenius plot of logk’qps Vs. 1/T)
and from this other activation parameters were
obtained as shown in table 4b.

TABLE 4. INFLUENCE OF TEMPERATURE ON THE
CHLORINATION OF LEVOFLOXACIN AT
DIFFERENT TEMPERATURES. (WITH CATALYST)
AT 7.00 pH

(A)EFFECT OF TEMPERATURE

Temperatjure (Kelvin) 10°Kk( s
283 0.38
293 10.57
303 17.03
313 21.00

(B)ACTIVATION PARAMETERS

Activati Pd(I)
Activation Catalyzed Uncatalyzed reaction
parameters reaction /
Ea (k] mol™) 15.3322.0 286=3.0
AH (kJ mol™) 12.86=1.0 26.1+2.7
AS =(Jk" mol™) -30.16£2.5 12415
AG =( kJ mol™) 13.10=1.0 298=3.0

L. Influence of catalyst

The [Pd (II)] catalyst concentrations were varied from
1x10® to 10 x10® moldm™ range, keeping other
conditions constant and at constant ionic strength of
0.01 mol.dm™ constant ionic strength. The reaction
rate increases with increasing in the concentration of
Pd (I1). The order with respect to [Pd (I1)] was found to
be unity from the linearity of the plot of ke Vs. [Pd(Il)]
as shown in Fig .6.

Fig.6. Influence of catalyst for the reaction of LFC and
FAC at different concentrations of Pd (Il)

1.20E-02
1.OOE-02
8.00E-03
6.00E-03
4.00E-03
2.00E-03

0.00E-00
0.00E-00

v=1.0471x + 0.0009
R*=0.9934

-1
ks sec

3.00E-03  6.00E-03  9.00E-03  1.20E-02
[Pd(I1)
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Activity of catalyst

For both the uncatalyzed and catalyzed reactions
which proceeds simultaneously, it is observed by
Moelwyn—Hughes [16]

kp=k+~K[Pd(IDT*

Pseudo first order rate constants in the presence of
Pd(ll) catalyzed reaction is kr ky is for uncatalyzed
and K. is the catalytic constant and X’ the order of the
reaction with respect to Pd(ll). In the current
investigation, x values for the standard reaction run
was considered to be one.

,_ [kreky] ke _,
Ke= Paan = Pd(I)] 1.02 (Where kr-ky=kc)
DISCUSSION

Kinetics of FAC reactions with LFC

When sodium hypochlorite is dissolved in water, it
hydrolysis rapidly and combines with H" ions according
to the equation 3 and 4

NaQCl Na +0OCI’ (1)
Ki noa )
HOCI H +OCI (2)
H][ClO
K; M1 ] 3
[HOCI]

Hypochlorous acid is weak acid; it undergoes partial
ionization as shown in equation (5). Where K, is called
dissociation constant, [H'], [OCI] and [HOCI] are the
concentration of H*, OCI" and HOCI respectively, with

K
aHOCl = 107 [17]. The pKa value of HOCI is 7.54 at
25 °C and pKa value of HOCI is 7.82 at 0 °C [18]. The

decrease in the extent of kﬁ"” above pH 7.00 can be
ascribed toward decomposition of hypochlorous acid
to give up OCI, it is usually a weaker electrophile than
hypochlorous acid [19]. At lower pH HOCI dominant
active species & at higher pH OCI" dominant weaker
species. Hence, rate of reaction decreases with
increase in pH. The major product identified by LC/MS
spectrum was LFC-P, which has an LFC structure, in
that the quinolone carboxylic group was displaced by a
Chlorine atom. Elimination of carboxylic acid group
ensuing in a mass reduction of 45 daltons and addition
of chlorine atom (leads to mass gain of 35 daltons)
would give up a net reduction of 10 daltons relating to
the parent levofloxacin molecule, corresponding to the
mass variation between LFC and LFC-P. Electrophilic
halodecaboxylation is reported for enrofloxacin (EF)

with FAC reaction [20] and is quite well documented
for bromination and chlorination reactions [21-23] but
only for specific types’ substrates [24-25]. A variety of
mono and dihydroxy benzoic acid species have been
undergoing elimination of carboxylic acid group during
treatment with aqueous bromine or chlorine species.
Previous investigation as well suggests that HOCI can
elimination of carboxylic acid group from aliphatic (-
keto acids (via halogenation of their enol tautomers)
[26-27].

Confirmation for complex formation was explained
from the UV-Visible spectrum of reaction mixtures
where hypsochromic change of 5 nm from 294 to 289
nm and hyperchromicity was observed at 289 nm.

The rate law can be derived from the proposed
palladium catalyzed mechanism is

Rae KKK, [OCI] [HT] [Pd™] )

[LECT = Robs™ ™ [0CIT K, [H ] =@
[Pd™] _ 1 R 1 ) I s
ke KK | K3 [OCT][H] kK3[H] KK,[OCI)

From the plot Arrhenius of log k'gps Vs. 1/T, gives a
straight line. With the help of the plot activation
energy and other activation parameters like enthalpy,
entropy and Gibbs free energy changes, can
calculated and these values are given in Table 4
.both uncatalyzed and Pd (Il) catalyzed reactions.
The results indicate the average value of activation
energy (Ea) was found to be 15.33 kJmol™ for
palladium (Il) catalyzed oxidation and for uncatalyzed
was found to be 28.60 kJ.mol™, entropy of activation
AS* is -30.16 JK' mol® for palladium catalyzed
oxidation and for uncatalyzed was found to be -12.40
JK* mol™ and free energy of activation(AG#) is 13.10
kJ.mol™ for palladium catalyzed oxidation and for
uncatalyzed was found to be 29.80 kJ.mol™ and the
value of enthalpy of activation (AH") is 12.86 kJmol™
for palladium catalyzed oxidation and for uncatalyzed
was found to be 26.10 kJ.mol™. The positive value of
AH" and AG” (Table ) indicates that the transition
state is highly solvated, increases the size of
transition state the average values of AH" and AG”
were together consenting for electron transfer
processes [27]. The negative value of AS* denotes
that transition state is highly ordered than the
reactants. The activation parameters evaluated for
both catalyzed and uncatalyzed reactions make clear
the catalytic influence on the reaction. The catalyst
Pd(ll) forms a complex (C) with substrate, which
increase the reduction property of the reactant
compared with without using catalyst. Hence, the
Pd(ll) catalyst changes the reaction pathway by
decreasing the activation energy. A catalyst does
work by providing a different path, by lowering Ea, for
the reaction. The presence of a catalyst allows a
greater extent of the reactants to obtain enough
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energy to pass through the transition state and
become products [27].

The observed insignificant influence with the variation
of ionic strength on the rate of reaction indicates that
the reaction is between two neutral species or a
neutral and a charged species [28].

The influence of solvent polarity on the reaction rate
has been explained in detail in well known
monographs of Amis [29]. In the present study the rate
constant at pH 7 decreases with decrease in dielectric
constant of the medium. This is due to the zero angle
approach between two dipoles or an ion dipole

system, Amis has shown that a plot log Kobs Vs. 1/D
shows the straight line with the slope of negative value
due the interaction between negative ions and dipole
or two dipoles.

CONCLUSION

In drinking water treatment, toxic organic compounds
could combines with chlorine. pH plays an important
factor in affecting the chlorination process.
Levofloxacin reacts rapidly with chlorine over the
range of pH 4.0 to 9.0 with different rates. It undergoes
faster reaction in acidic medium and becomes slower
in basic medium by maintaining conventional
chlorination conditions are probable to be noticed in
conventional water chlorination methods. The
observed product the formation of major product
involves electrophilic halodecarboxylation of quinolone
moiety and hence, it may retain the antibacterial
activity as observed in ciprofloxacin and enrofloxacin.
Further toxicological studies on the degradation
products of LFC are required to understand the
environmental implications of the LFC reaction with
FAC[30].
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