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ABSTRACT: The kinetic and mechanistic study of Ag(I)-catalyzed chlorination of linezolid (LNZ)
by free available chlorine (FAC) was investigated at environmentally relevant pH 4.0–9.0. Ap-
parent second-order rate constants decreased with an increase in pH of the reaction mixture.
The apparent second-order rate constant for uncatalyzed reaction, e.g., k′′

app = 8.15 dm3 mol−1

s−1 at pH 4.0 and k′′
app. = 0.076 dm3 mol−1 s−1 at pH 9.0 and 25 ± 0.2°C and for Ag(I) catalyzed

reaction total apparent second-order rate constant, e.g., k′′
app = 51.50 dm3 mol−1 s−1 at pH

4.0 and k′′
app. = 1.03 dm3 mol−1 s−1 at pH 9.0 and 25 ± 0.2°C. The Ag(I) catalyst accelerates

the reaction of LNZ with FAC by 10-fold. A mechanism involving electrophilic halogenation has
been proposed based on the kinetic data and LC/ESI/MS spectra. The influence of temperature
on the rate of reaction was studied; the rate constants were found to increase with an increase
in temperature. The thermodynamic activation parameters Ea, �H#, �S#, and �G# were evalu-
ated for the reaction and discussed. The influence of catalyst, initially added product, dielectric
constant, and ionic strength on the rate of reaction was also investigated. The monochlorinated
substituted product along with degraded one was formed by the reaction of LNZ with FAC.
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INTRODUCTION

Chemical oxidizing agents, such as chlorine, chlo-
rine dioxide, chloramines, and ozone, have ability to
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disinfect microorganisms. Hence, they are commonly
used in water treatment processes. They are also used
for taste and odor control and to oxidize microcontam-
inants. But, in certain circumstances, oxidizing agents
having ability to form toxic by-products or they may re-
act with micropollutants present in water bodies. High
oxidation potential and low cost makes chlorine an effi-
cient disinfectant in municipal water treatment plants.
Chlorination is mainly carried out to remove ammonia
and to maintain residual chlorine in the water distri-
bution system [1,2]. Hypochlorous acid (HOCl) and
hypochlorite (OCl−) are the main chlorine species,
which are called free available chlorine (FAC). HOCl
and OCl are predominant species at pH below 7.5 and
above 7.5, respectively [3].

Chemical removal methods generate by-products,
which eventually enter the environment as aquatic toxic
pollutants. Physicochemical methods used for treat-
ment of pollutants in wastewater are adsorption, elec-
trolytic oxidation, and H2O2 [4,5]. During the oxida-
tion process, oxidizing agents transform these toxic
substances to less harmful compounds that are safe to
be discharged to the environment [6].

In recent years, research has confirmed the presence
of several antibacterial agents in the water environ-
ment [7–9]. The presence of antibiotics in the environ-
ment has led to numerous studies, investigating the role
of specific environmental and water treatment methods.
Environmental processes related to adsorption and/or
oxidation within soils and sediments [10–12], pho-
tolysis, and biodegradation have all been previously
investigated in depth [13–15]. Linezolid (LNZ) has
a 1,3-oxazolidinone moiety containing an acetamide
subgroup at the fifth methyl group position. LNZ has
been widely used as a human and veterinary drug for
the treatment of diseases and as a food supplement
to improve body mass of farm animals [16]. LNZ be-
longs to the oxazolidinone class of antimicrobial agents
and is nonbiodegradable. The pharmaceuticals of this
antibacterial group have been identified as emerging
environmental contaminants. The principal route for
the entry of antibacterial agents in the aquatic environ-
ment is through the incomplete metabolism of these
compounds within the human body; a large fraction of
the clinically prescribed oxazolidinone class of antimi-
crobial agents is discharged into municipal wastewater
systems [17].

Silver is one of the commonly used transition met-
als (d block element) as a catalyst in the industry. The
Ag(I) ions are also used to catalyze the intermolecular
molecular carbene insertion in C–X bonds (X = halo-
gen), C–H, and aromatic systems [18–20]. The direct
oxidation of alcohols, oxidative activation of alkenes,
and also simple alkanes has received considerable at-
tention [21]. The silver ions were used in the synthesis
of organic and inorganic compounds as a Lewis acid
catalyst [22]. Silver is used as a disinfectant in washing
machines to clean clothes. So, a trace amount of silver
may enter the water system [23].

There are no reports on the Ag(I)-catalyzed kinetic
investigation of LNZ by any oxidants. Hence, the re-
action of LNZ with FAC with and without the Ag(I)
catalyst was carried out to understand the mechanism
and identify the role of Ag(I) as a catalyst in water
treatment processes.

EXPERIMENTAL

Materials and Reagents

All the chemicals were used in this research are of an-
alytical grade and prepared in deionized water. A stock
solution of LNZ (99.8% purity; a gift from Dr. Reddy’s
Laboratories, Hyderabad, India.) was prepared by dis-
solving adequate amount of sample in deionized water.
The purity of the LNZ was further confirmed by the
single peak at 338.18 m/z (M + H+) in ESI LCMS. The
FAC solution was prepared by taking appropriate vol-
ume of 5% NaOCl (Thomas Baker) in distilled water
according to the procedure explained elsewhere [24].
A stock solution of silver nitrate (AgNO3) (Himedia,
Mumbai, India) of known concentration was prepared
in chlorine-free distilled water. The iodometry and
DPD-FAS titrimetry method were used for the stan-
dardization of stock solution of FAC. A stock solution
of chlorine was prepared by using 5% NaOCl (Thomas
Baker) in a distilled water aliquot diluted to 100 mL.
Five milliliters of 0.1 N KI solution was added to 2 mL
of phosphate buffer and 2 mL of DPD (diethyl-p-
phenylene diamine) indicator and titrated with the stan-
dard FAS (ferrous ammonium sulfate) solution until
the red color was obtained. The volume of FAS used in
the titration was used to calculate amount of chlorine
(in mg/L) [25,26]. Buffer solutions of 0.02 M acetate
(pH 4.0–5.0), phosphate (pH 6.4–7.0), and borate (pH
8.0–9.0) were used to keep the pH constant throughout
the experiment. To study the effect of initially added
products, chloramines were prepared by the reaction
of ammonia with sodium hypochlorite [27].
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Instruments Used

i. A UV–vis spectrophotometer (Cary 50 Bio, Var-
ian BV) and a HPLC system (Shimadzu Promi-
nence) were used for kinetic measurements.

ii. A Thermo Scientific Q Exactive high-resolution
mass spectrophotometer (HR-MS) was used; a
Thermo Scientific Hypersil Gold C18 (150 ×
4.6 mm-8µm) column was used for product anal-
ysis.

iii. pH measurements were done with a pH meter
(Elico LI 120).

Kinetic Measurements

The kinetic investigations were carried out by keep-
ing [FAC] � [LNZ] to maintain pseudo–first-order
conditions, and the buffers with 0.02 M were used
to maintain the ionic strength. The reaction was initi-
ated by mixing FAC, silver nitrate (AgNO3), and LNZ
with a required volume of buffers in the thermostat at
25 ± 0.2°C. The progress of the reaction was stud-
ied conveniently by measuring the absorbance of LNZ
at 252 nm, which decreases with time. The UV–vis
spectral changes in the presence of Ag(I) during the
chlorination of LNZ by the FAC catalyst are shown in
Fig. 1.

The application of Beer’s law of LNZ at λmax 252
nm was verified, yielding ε = 32,620 dm3 mol−1 cm−1

and the first-order constants (kobs) were evaluated from
the plots of log (At − A�) versus time by fitting the data
to the expression At = A�+ (A0 − A�) e−kt, where
At, A0, and A� are absorbances of LNZ at time t, 0
and �, respectively. The plots were linear up to about
60% completion of the reaction, and the rate constants
were reproducible within ±8%. At − A� was taken to
avoid the possible interference from the products [28].
The parent compound loss was also monitored by the
HPLC system (Agilent 1100 series) with a RX-C18
column (4.6 mm × 250 mm, 5 µm) with a UV diode
array detector. The observed rate constants obtained
from the HPLC method were in good agreement with
UV–vis methods with an experimental error of ±8%.
The FAC concentration was measured by DPD-FAS
titrimetry [26] at the conclusion of each kinetic exper-
iment. The completion of the reaction was checked by
LC/ESI/MS.

Product Identification Method

LNZ was added to 10 mM phosphate buffer (pH 7) to
attain a starting concentration of 100 mg dm−3. The
FAC solution was accordingly added to start the reac-
tions at oxidant: substrate molar ratios varying from 1:2

Figure 1 UV–vis spectral changes during the chlorination
of LNZ in the presence of the Ag(I) catalyst by FAC at
25 ± 0.2°C. [Color figure can be viewed at wileyonlineli-
brary.com]

to 5:1. This mixture was allowed to react via the oxida-
tion kinetics of LNZ by chlorine in a neutral medium
for the period of 12 h in a closed container at 25 ±
0.2°C. After completion of reaction, a small amount
of the reaction mixture was taken and filtered before
injecting into HPLC and HR-MS systems in which a
Thermo Scientific Hypersil Gold C18 column (150 ×
4.6 mm × 8 µm) was fitted for the separation and iden-
tification of degraded components of the reaction mix-
ture. To carry the reaction mixture, the mobile phase
(acetonitrile: water ratio 50:50) was used with the flow
rate of 500 µL/min and pressure (33.2 bar) throughout
the analysis of components of the reaction mixture. The
soft technique ESI+ (positive mode electro spray ion-
ization) was used for the product identification. With
the help of the HR-MS system, the chromatogram and
mass spectrum of the reaction mixture were recorded
over the mass scan range of 250–420 m/z. The HPLC
and mass spectra of standard LNZ and its product are
shown in Fig. S1 (in the Supporting Information). Pure
LNZ shows a single peak at retention time (tR) 4.10
min, and its mass is 338.15. The LNZ/FAC reaction
shows a single peak at retention time (tR) 3.87 min,
and its protonated peak [M + H+] 372.15 indicates
completion of the reaction and also infers that one
fundamental reaction product is formed. The major and
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Scheme 1 Chlorinated and degraded products of LNZ.

minor identified LC-ESI-MS products in the reaction
are presented in Scheme 1 and Table I. The proposed
mechanism for the major LNZ product of uncatalyzed
and catalyzed reactions is shown in Schemes 2 and 3.

The proposed mechanism involves the formation
of a complex that reacts with the substrate at rate-
determining steps to form a complex followed by a
slow reaction giving rise to a chlorinated product [16].

RESULTS AND DISCUSSION

Kinetic Modeling

The reaction of LNZ with FAC is first order with re-
spect to each reactant and hence can be treated as
second order and described with a second-order rate
equation:

d[LNZ]T

dt
= k′

obs[LNZ]T = k′′
app[FAC]T[LNZ]T (1)

where k′
obs is the pseudo–first-order rate constant, T

for a given reactant denotes the sum of all acid-
base species, and k′′

app represents the pH-dependent
apparent second-order rate constant for the over-
all reaction, which can be calculated from k′′

app

= (k′
obs/[FAC]T). The variation in k′′

app from pH
4.00 to 9.00 can be ascribed to the varying impor-
tance of the specific reaction among the individual
acid-base speciation of LNZ and FAC. The acid-
base speciation of FAC and LNZ can be modeled
by

HOCl
Ka,HOCl

� OCl− + H+

The decrease in the value of k′′
app above pH 7.50 can

be ascribed to deprotonation of HOCl to yield OCl−,
which is generally a much weaker electrophile than
HOCl [16].

Table I Chlorination and Degraded Products of LNZ

Linezolid
Chlorination Products

Measured Molecular
Ion Peak (M + H+)

Theoretical Mass of
Products (Da)

Molecular Formulae
of the Products

Measured Mass –
Theoretical Mass

Linezolid P1 371.11 371.79
(Major product)

C16H19ClFN3O4 −0.68

Linezolid P2 357.16 357.76
(Minor Product)

C15H17ClFN3O4 −0.60

Linezolid P3 375.11 375.82
(Minor Product)

C16H23ClFN3O4 −0.71

Linezolid P4 374.11 373.81
(Minor Product)

C16H21ClFN3O4 +0.30

Linezolid P5 378.92 377.84
(Minor Product)

C16H25ClFN3O4 +1.08
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Reaction Order

The oxidation of LNZ with FAC takes place with a
measurable rate in the reaction without the use of Ag(I),
and the catalytic reaction is believed to take place in an
almost identical way in both uncatalyzed and catalyzed
reactions. Therefore, the total rate constant (kT) is equal
to the addition of the rate constants of the uncatalyzed
(kU) and catalyzed (kC) reactions: kC = kT − kU.

Thus the experimental reaction orders are calculated
from the slopes of log k′

obs vs. log [Concentration]
plots by changing the concentrations of LNZ, FAC,
and catalyst Ag(I), while rest of conditions remained
constant.

The uncatalyzed reaction was studied by changing
the concentrations of LNZ and FAC, while retaining
the others conditions constant. For the uncatalyzed re-
action (kU), rate constants were determined by the plot
of log k′

obs vs. time.

Influence of [LNZ]

The concentration of LNZ was changed from 0.50 ×
10−5 to 2.50 × 10−5 M, while other reactant concentra-
tions and reaction conditions were kept constant. The
plots of log [absorbance] vs. time, used for different

initial concentrations of LNZ in both catalyzed and
uncatalyzed reactions, are found to be linear, showing
that the order with respect to [LNZ] was unity [16].
The pseudo–first-order rate constant remains the same
as shown in Table I.

Influence of [FAC]

The FAC concentration was varied from 0.50 ×
10−4 M to 2.50 × 10−4 M at constant concentrations
of LNZ: 1.00 × 10−5 M, Ag(I); 1.00 × 10−8 M and
at constant ionic strength of 0.01 M at pH 4.00, 5.00,
6.40, 7.00, 8.00, and 9.00 as shown in Table I. The plot
of log k′

obs vs. log [FAC] was linear with slope equaling
unity, indicating first order with respect to FAC. It is
observed that the pseudo–first-order rate constants k′

obs

increase with an increase in the concentration of FAC.

Influence of pH

The pH of the reaction mixture was varied from pH 4.00
to 9.00 using acetate, phosphate, and borate buffers,
while maintaining the other reaction conditions con-
stant during the experiment. The rate constants are
observed to decrease with an increase in pH (Table II).

International Journal of Chemical Kinetics DOI 10.1002/kin.21175
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Table II Influence of Variation of [FAC], on the Silver-Catalyzed Chlorination of LNZ at 25°C. I = 0.01M at Different
pH Values

pH 104 [FAC] (M) 105 [LNZ] (M) 108 [Ag+] (M)
104 k′

obs T. (s−1)
(Total) Found

105 k′
obs U (s−1)

(Uncatalyzed)
104 k′

obs C (s−1)
(Catalyzed)

4.00 0.50 1.00 1.00 3.06 7.40 2.32
1.00 1.00 1.00 6.13 17.00 4.43
1.50 1.00 1.00 18.30 57.50 12.55
2.00 1.00 1.00 43.20 99.00 33.30
2.50 1.00 1.00 69.80 139.00 55.90

5.00 0.50 1.00 1.00 1.81 4.35 1.37
1.00 1.00 1.00 4.30 19.70 2.33
1.50 1.00 1.00 12.83 30.90 9.74
2.00 1.00 1.00 18.60 52.10 13.39
2.50 1.00 1.00 30.80 60.20 24.78

6.40 0.50 1.00 1.00 1.11 3.22 0.79
1.00 1.00 1.00 4.27 12.10 3.06
1.50 1.00 1.00 10.80 19.70 8.83
2.00 1.00 1.00 15.00 26.10 12.39
2.50 1.00 1.00 21.10 31.80 17.92

7.00 0.50 1.00 1.00 0.86 3.53 0.51
1.00 1.00 1.00 1.20 5.56 0.64
1.50 1.00 1.00 2.27 8.32 1.44
2.00 1.00 1.00 3.18 12.20 1.96
2.50 1.00 1.00 4.33 13.50 2.98

7.00 1.50 0.50 1.00 2.19 8.56 1.33
1.50 1.00 1.00 2.12 8.32 1.28
1.50 1.50 1.00 2.27 8.38 1.44
1.50 2.00 1.00 2.56 8.52 1.71
1.50 2.50 1.00 2.81 8.73 1.93

8.00 0.50 1.00 1.00 0.47 1.69 0.30
1.00 1.00 1.00 0.93 2.61 0.67
1.50 1.00 1.00 1.20 4.72 0.73
2.00 1.00 1.00 2.54 5.18 2.02
2.50 1.00 1.00 3.01 5.25 2.49

9.00 0.50 1.00 1.00 0.38 0.56 0.32
1.00 1.00 1.00 0.62 1.08 0.51
1.50 1.00 1.00 0.97 1.68 0.80
2.00 1.00 1.00 1.35 1.63 1.19
2.50 1.00 1.00 2.60 2.19 2.38

7.00 1.50 0.50 1.00 2.19 8.56 1.33
1.50 1.00 1.00 2.12 8.32 1.28
1.50 1.50 1.00 2.27 8.38 1.44
1.50 2.00 1.00 2.56 8.52 1.71
1.50 2.50 1.00 2.81 8.73 1.93

7.00 1.00 1.00 1.00 1.20 – 1.20
1.00 1.00 2.00 7.34 – 7.34
1.00 1.00 3.00 8.77 – 8.77
1.00 1.00 4.00 16.70 – 16.70
1.00 1.00 5.00 25.20 – 25.20
1.00 1.00 6.00 30.50 – 30.50
1.00 1.00 7.00 39.00 – 39.00

Error ± 8%.

The second-order rate constants are also evaluated with
the plot of k′

obs vs. [FAC] for corresponding pH values
(Fig. 2). A graph of k′′

app vs. pH (Fig. 3) shows the

pH dependence of the apparent second-order rate con-
stants for the total Ag(I)-catalyzed chlorine reaction
with LNZ.

International Journal of Chemical Kinetics DOI 10.1002/kin.21175
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Figure 2 Second-order plot of k′
obs vs. [FAC]. [Color figure

can be viewed at wileyonlinelibrary.com]

The pH-dependent apparent second-order rate con-
stant for the catalyzed and uncatalyzed reactions was
calculated from the plot of k′′

app = (k′
obs./[FAC]T). The

variation in k′′
app. from pH 4.00 to 9.00 can be attributed

to the varying importance of specific reaction among
the individual acid–base conditions of LNZ and FAC.
LNZ has a pKa value of 1.8, which indicates that it
exists as an anion in aqueous media with pH > 4 [29].
The variation in k′′

app from pH 4.00 to 9.00 can be as-
cribed to the changing importance of specific reactions
among the individual acid–base speciation of FAC.
The decrease in the value of k′′

app above pH 7.0 can
be ascribed to deprotonation of HOCl to yield OCl−,
which is generally a much weaker electrophile than
HOCl [16].

Influence of Ionic Strength

The effect of ionic strength (I) at 25°C was determined
by changing the buffer concentration from 8.0 × 10−4

M to 8.0 × 10−3 M at pH 5.00, 7.00, and 9.00. The rate
constants were found to remain almost constant. It was
observed that the ionic strength had an insignificant
effect on the rate constant (Table III). The solvent did
not react with the oxidant in experimental conditions
[30].

Influence of Dielectric Constant

The influence of the dielectric constant (D) was deter-
mined by changing the tertiary-butanol water volume

0.0

10.0

20.0

30.0

40.0

50.0

60.0

3 4 5 6 7 8 9

k a
pp

pH

kt

kc

ku

Figure 3 Second-order rate constants; catalyzed, uncat-
alyzed, and total reaction plot of k′′

app vs. pH. [Color figure
can be viewed at wileyonlinelibrary.com]

in the reaction while other conditions were held con-
stant. The D values were calculated using the equa-
tion, D = DWVW + DBVB, where DB and DW are
dielectric constants of pure tertiary-butanol and water,
respectively, and VW and VB are the volume portion
of components, e.g., water with tertiary butyl alcohol,
respectively, in the total volume of the mixture. Deter-
mination of the comparative permittivities was unsuc-
cessful, so they were calculated from the data of pure
liquids [30]. The rate constant k′

obs decreases with a
decrease in the dielectric constant of the medium. The
graphical plot of log k′

obs vs. 1/D gives a straight line
with a negative slope of −15.67, and R2 � 0.993 for
the Ag(I)-catalyzed reaction as shown in Fig. 4.

Influence of Initially Added Products

The influence of initially added products was deter-
mined by adding common chlorination products, such
as chloramines or combined chlorine, to the reaction
mixture, and it is observed that the products did not
show any considerable influence on the reaction rate.

Rate = −d[LNZ]

dt
= kK1K2[OCl−][H+][LNZ][Ag+]

Rate

[LNZ]
= kobs = kK1K2[OCl−]1.02[H+]0.27[Ag+]1.13

Polymerization Study

For both uncatalyzed and catalyzed reactions, the pos-
sible interference of free radicals was examined by
adding acrylonitrile to the reaction mixture. It was
stored in an inert environment for 24 h. This reaction

International Journal of Chemical Kinetics DOI 10.1002/kin.21175
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Table III Influence of Ionic Strength on the Chlorination of LNZ at Different pH values and at 25 ± 0.2°C, [FAC] =
1.50 × 10−4 M, [LNZ] = 1.00 × 10−5 M, [Ag+] = 1.00 × 10−8 M, I = 0.01M

pH 103 [Buffer] (M) 104 kobs. (s−1) pH 103 [Buffer] (M) 105 kobs. (s−1) pH 103 [Buffer] (M) 105 kobs. (s−1)

0.80 3.37 0.80 6.14 0.80 1.12
2.00 3.02 2.00 6.38 2.00 1.05

5.00 4.00 3.06 7.0 4.00 6.69 9.0 4.00 1.49
6.00 3.67 6.00 6.73 6.00 0.99
8.00 3.52 8.00 6.99 8.00 1.10

Error ± 8%.

y = -15.674x + 1.2588
R² = 0.993

4.0E-01

6.0E-01

8.0E-01

1.0E+00

1.2E+00

0.00 0.01 0.02 0.03 0.04 0.05 0.06

5+
lo
gk

1/D

Figure 4 Influence of the dielectric constant on the chlori-
nation of LNZ in the presence of the Ag(I) catalyst.

mixture was diluted by methyl alcohol, and precipitate
was not observed, which suggests that free radicals
were not involved in the reaction [31,32].

Influence of Temperature

The kinetics of both catalyzed and uncatalyzed reac-
tions at five distinct temperatures was investigated by
varying [FAC] concentrations while other experimen-
tal conditions remained constant. The rate constant in-
creased with an increase in temperature. The second-
order rate constants k′′

app at five temperatures 15, 20,
25, 35, and 40°C for catalyzed and uncatalyzed re-
actions are listed in Table IV. The activation energy
related to these rate constants was calculated by the
Arrhenius plot of log k vs. 1/T, and other activation
parameters as calculated are shown in Table IV. The
effort shows the effect of different activation parame-
ters on the reaction mechanism. The activation ener-
gies at different pH values were determined as listed in

Table IV Activation Parameters for the Ag(I)-Catalyzed
Oxidation of LNZ by FAC with Respect during the
Chlorination Reaction. [LNZ] = 1.00 × 10−5 M, [Ag+] =
1.00 × 10−8 M, I = 10.0 × 10−3 M, [FAC] = 1.00 × 10−4

M, 1.50 × 10−4 M, 2.00 × 10−4 M, 2.50 × 10−4 M, 3.00 ×
10−4 M, and 3.50 × 10−4 M

Effect of Temperature

Temperature (K) 103 kU (s−1) 103 kC (s−1)

288 2.24 6.53
293 2.54 6.72
298 2.82 7.35
308 3.06 8.01
313 3.19 9.09

Activation Parameters

Activation Parameter Uncatalyzed Ag(I) Catalyzed

Ea (kJ mol−1) 14.33 ± 1.50 12.07 ± 2.0
�H# (kJ mol−1) 11.85 ± 1.20 9.58 ± 1.0
�S# (J K−1 mol−1) −12.40 ± 1.50 −257.88 ± 1.0
�G# (kJ mol−1) 15.54 ± 1.60 86.95 ± 2.0

Activation Energy at Different pH for LNZ and FAC
Reaction

Activation Energy, Ea (kJ mol−1)

pH Uncatalyzed Ag(I) Catalyzed

4.00 13.87 ± 1.50 11.34 ± 2.0
7.00 14.33 ± 1.50 12.07 ± 2.0
9.00 16.99 ± 1.50 13.63 ± 2.0

Table IV. The activation energy values were reported
for both silver(I)-catalyzed and uncatalyzed reactions
in Table IV; it is clear from the table that activation
energy increased with the increase in pH. HOCl is the
only reactive species at pH values below 5 and OCl−

is the only reactive species above pH 9 [24]. The ac-
tivation energy at pH 4 is due to the HOCl reaction
with LNZ−, and activation energy at pH 9 is due to the
OCl− reaction with LNZ−.
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Figure 5 First-order rate constant for the reaction of LNZ
and FAC at different concentrations of Ag(I). [Color figure
can be viewed at wileyonlinelibrary.com]

Influence of [Ag(I)] Catalyst

The [Ag(I)] catalyst concentrations were changed from
1.00 × 10−8 to 7.00 × 10−8 mol dm−3, at regular con-
centrations of LNZ, HOCl, and steady ionic strength.
The reaction rate increases with an increase in the con-
centration of Ag(I) (Table I). The order for [Ag(I)] was
calculated to be approximately unity from the linearity
plot of kC vs. [Ag(I)] as shown in Fig. 5 [33–35].

Activity of Catalyst

Moelwyn–Hughes [36] observed that both the uncat-
alyzed and catalyzed reactions proceed together, so
that,

kt = kU + PC [Ag(I)]x

where kt is the experimental pseudo–first-order rate
constant in the presence of the Ag(I) catalyst, kU is
the pseudo–first order rate constant in the absence of
catalyst, PC is the catalytic constant, and x is the order
of the reaction with reference to Ag(I). In the current
analysis, x values for the standard reaction run are
measured as unity. Then, the value of PC is determined
by the equation given below. The average value of PC

for the reaction was 212 ± 5.0.

PC = [kt − ku]

[Ag(I)]x
= kC

[Ag(I)]1.12

where kt − ku = kC.
The above figure indicates that the rate constant

k′
obs relies upon on the concentration of catalyst, and it

increases with an increase in [Ag+]. When a graph
is plotted for the [Ag+] concentration vs. the rate
constant, a straight line is obtained, representing that
the rate is linearly related to the Ag(I) concentration
(Fig. 5).

Kinetic Modeling

The reaction of LNZ with FAC in the presence of the
Ag(I) catalyst is first order with respect to every reac-
tant and it can be elucidated by using a second-order
rate equation:

d[LNZ]T

dt
= −k′

obs[LNZ]T

= −k′′
app[FAC]T[LNZ]T[Ag+]T (1)

where k′
obs is the experimental pseudo–first-order rate

constant, T is the total of all acid-base species for a
given reactant, and k′′

app(dm3 mol−1 s−1) is the pH-
dependent second-order rate constant for the whole
reaction, which can be determined from k′′

app =
(k′

obs/[FAC]T[Ag+]T). The pKa of LNZ is 1.8, which
means that it is a strong acid; hence LNZ dissociates to
form an anion [LNZ−]. The variation in k′′

app from pH
4.0 to 9.0 can be ascribed to the changing significance
of specific reaction among the individual acid–base
speciation of LNZ and FAC in the presence of the Ag(I)
catalyst. The results can possibly be understood from
Schemes 2 and 3. Similarly, electrophilic halogenation
is suggested for enrofloxacin with the FAC reaction
and it is relatively well documented with respect to
bromination and chlorination reactions [24]. LNZ has
a 1,3-oxazolidinone moiety containing an acetamide
subgroup at the fifth methyl group position. Owing
to the electron-withdrawing inductive effect (−I) of
the chlorine atom, the electron-deficient chlorine elec-
trophile susceptible to attacks on the nitrogen atom of
the acetamide group leads to formation of a chlorinated
product [30]. The major and minor products identified
by LC-ESI-MS in the reaction are given in Scheme 1
and Table I.

Rate law: The proposed mechanism of the Ag(I)-
catalyzed reaction with LNZ proceeds via an interme-
diate complex, which decomposed in a slow reaction
with FAC, giving rise to a chlorinated product:

OCl− + H+ K1� HOCl K1 = 10+7.5 (2)

Complex + HOCl
k→

Slow
LNZ − Cl + H2O + Co2 + Ag(I)

RateC = RateT − RateU

Rate = k[Complex] = k[Complex][HOCl]

= kK2[HOCl][LFC][Ag(I)]

= kK1K2[OCl−][H+][LNZ][Ag+]

(3)

[LNZ]T = [LNZ]f + [Complex]

= [LNZ]f + K2[LNZ][Ag+]
(4)
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Hypochlorous acid (HOCl) and hypochlorite
(OCl−) are the main chlorine species, which are called
FAC. HOCl is the predominant species below pH 7.5
and OCl− is predominant above pH 7.5. The decrease
in the magnitude of k′′

app above pH 7.5 can be at-
tributed to deprotonation of HOCl to yield OCl−, that
is generally a much weaker electrophile than HOCl; for
this reason HOCl has been considered as the reactive
species [32].

[LNZ]f = [LNZ]T

1 + K2[Ag+]

[Ag+]f = [Ag+]T

1 + K2[LNZ]
[OCl−]T = [OCl−]f + [HOCl]

= [OCl−]f + K1[OCl−][H+] + k[HOCl][Complex]

= [OCl−]f + K1[OCl−][H+] + kK1[OCl−][H+][Complex]

= [OCl]f + K1[OCl−][H+] + kK1K2[OCl−][H+][LNZ][Ag+]

(5)

[OCl−]f = [OCl−]T

1 + K1[H+] + kK1K2[H+][LNZ][Ag+]

[OCl−]f = [OCl−]T

1 + K1[H+]
[H+]T = [H+]f + [HOCl]

= [H+]f + [H+][OCl−]

(6)

[H+] = [H+]T

1 + K1[OCl−]
(7)

Substituting the values from Eqs. (4) to (7) in
Eq. (3)

Rate = kK1K2

[
[OCl−]T

1 + K1[H+]

] [
[H+]T

1 + K1[OCl−]

]

×
[

[LNZ]T

1 + K2[Ag+]

] [
[Ag+]T

1 + K2[LNZ]

]

Rate = kK1K2

× [OCl−]T[H+]T[LNZ]T[Ag+]T

{1 + K1[H+]} {1 + K1[OCl−]} {1 + K2[Ag+]} {1 + K2[LNZ]}
(8)

Rate = kK1K2
[OCl−]T[H+]T[LNZ]T[Ag+]T{
1 + K1[H+] + K1[OCl−]

}
{
1 + K2[Ag+]

} {1 + K2[LNZ]}

Rate = kK1K2[OCl−]T[H+]T[LNZ]T[Ag+]T

1 + K2[Ag+] + K2[LNZ]
+K1[H+] + K1K2[H+][Ag+]
+K1K2[H+][LNZ] + K1[OCl−]
+K1K2[OCl−][Ag+]
+K1K2[OCl−][LNZ]

(9)

At very low concentrations of silver and LNZ,
Eq. (9) reduces to

Rate

[LNZ]
= kobs = kK1K2[OCl−][H+][Ag+]

1 + K1[OCl−] + K1[H+]
(10)

Equation (10) confirms all the observed reaction
orders with respect to various species, which can be
verified by arranging

1

kobs
= 1

kK1K2[OCl−][H+][Ag+]
+ 1

kK2[H+][Ag+]

+ 1

kK2[H+][OCl−]
(11)

[Ag+]

kC
= 1

kK1K2[OCl−][H+]
+ 1

kK2[H+]

+ 1

kK[OCl−]
(12)

The influence of temperature on the reaction rate in
both the catalyzed and uncatalyzed reactions in terms
of second-order rate constants is presented in Table IV.
From the Arrhenius plot of log k1 vs. 1/T, the activa-
tion energy was determined, which help us to calculate
other activation parameters such as enthalpy of activa-
tion, entropy of activation, and Gibbs free energy of
activation, and these values are given in Table IV. The
results point out that the moderate value of activation
energy (Ea) was 14.33 kJ mol−1 for the uncatalyzed
reaction and for the silver(I)-catalyzed oxidation (Ea)
was found to be 12.07 kJ mol−1, which was lower than
the uncatalyzed reaction. Entropy of activation �S# is
−257.88 J K−1 mol−1 for the silver-catalyzed oxida-
tion and for the uncatalyzed reaction it was found to be
−12.40 J K−1 mol−1. The value of entropy of activation
is observed to be negative. The moderately high value
of negative �S# proposes the formation of greatly or-
dered activated complex with a decrease in the degree
of freedom of molecules, with free energy of activa-
tion �G# is 86.95 kJ mol−1 for the silver-catalyzed
oxidation and 15.54 kJ mol−1 for the uncatalyzed reac-
tion. The value of enthalpy of activation (�H#) is 9.58
kJ mol−1 for silver-catalyzed oxidation and for un-
catalyzed oxidation it was found to be 11.85 kJ mol−1.
Metal ions perform as a catalyst by one of these distinct
paths, leading to formation of complexes with reac-
tants [37]. An extremely solvated transition state due to
the positive value of �H# and �G#, given in Table IV,
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increases the size of transition state; the moderate val-
ues of �H# and �G# were favorable for electron trans-
fer processes [41,42]. A negative value of �S# repre-
sents that the transition state is more ordered than the
reactants [43]. The activation parameters calculated for
the catalyzed and uncatalyzed reactions reveal the in-
fluence of catalyst on the reaction.

The influence of pH on the kinetics of LNZ with
FAC was investigated at different temperatures and
different pH. Experiments were done at very acidic,
neutral, and very basic conditions. Oxidation rates de-
crease with increasing pH under reaction conditions.
The activation energy values are pH dependent, and we
have reported their relative contribution to the overall
oxidation rate. The activation energy values reported
for both silver(I)catalyzed and uncatalyzed oxidation
in Table IV are comparable with the literature.The
higher the value of activation energy the faster the ac-
celeration of the oxidation process when temperature
increases [44,45].

The Ag(I) catalyst develops a complex (C) with the
substrate, which reduces the character of the substrate
more than without a catalyst. Therefore, the Ag(I) cat-
alyst alters the reaction by reducing the activation en-
ergy. A catalyst functions by providing a different path
by lowering the Ea of the reaction. At any given inter-
val of time, the presence of a catalyst allows a greater
quantity of the reactant species, gains enough energy
to pass through the transition state, and turns reactants
into products [20,46].

Monochlorination of LNZ in the presence of Ag(I)
catalyst leads to a net mass gain of 34.5 Da rel-
ative to the parent LNZ molecule. Similarly, elec-
trophilic halogenation is suggested for the enrofloxacin
reaction with FAC and it is comparatively well
documented with reference to chlorination reactions
[47,49].

It is observed that changing of the ionic strength
had insignificant effect on the rate of reaction, which
is due to a neutral species or a neutral and a charged
species (see Table III) at pH of 5.00, 7.00, and 9 [49].
For a limiting case of a zero angle approach between
two dipoles or an ion–dipole system, Amis has shown
that a plot log k′

obs vs. 1/D gives a straight line with a
negative slope for reaction between negative ions and
dipole. In the present study, the rate constant at pH
7.0 decreases with a decrease in the dielectric constant
of the medium. The plot of log k′

obs vs. 1/D is linear
with a negative slope, indicating that the reaction is
between a negative ion and a dipole. This supports our
mechanism as it involves the reaction between [LNZ−]
and HOCl [50].

CONCLUSION

LNZ readily reacts with FAC at the oxidant concentra-
tion and pH environment observed in municipal wa-
ter chlorination processes. An apparent second-order
rate constant for the uncatalyzed reaction, i.e., k′′

app

= 8.15 dm3 mol−1 s−1 at pH 4.00 and k′′
app. = 0.076

dm3 mol−1 s−1 at pH 9.00 and at 25 ± 0.2°C, and
the total evident second-order rate constant for the
Ag(I)-catalyzed reaction, i.e., k′′

app = 51.50 dm3 mol−1

s−1 at pH 4.00 and k′′
app. = 1.03 dm3 mol−1 s−1 at pH

9.00 and at 25 ± 0.2°C, indicate that LNZ reacts with
FAC faster in the presence of catalyst in normal water
treatment processes.

The reaction of FAC with LNZ undergoes elec-
trophilic halogenation on the acetamide moiety of
LNZ, leading to the formation of a monohalogenated
product. Based on the kinetic data and LC/ESI/MS
spectra, the mechanism for the LNZ/FAC reaction is
proposed, indicating that catalyst does not alter the
nature of the product.

The antibacterial activity of LNZ is attributed to
oxazolidinone and morpholin moieties. The product of
the LNZ/FAC reaction retains both oxazolidinone and
morpholin moieties. Hence, the product may preserve
the antibacterial activity [16].
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