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ABSTRACT

The rapid increase in the population across the world has increased the consumption of
pharmaceutical substances. These pharmaceutical substances have penetrated into the water
through various ways. Mechanistic and spectroscopic investigations of Ru3+-catalyzed
oxidative degradation of azidothymidine (AZT) by heptavalent manganese was studied for
the first time. The values of pH-dependent apparent second-order rate constant show that
Ru3+ accelerates the rate of the oxidative degradation of AZT by heptavalent manganese
eight times faster than uncatalyzed reaction. Ru3+ catalytic oxidative degradation of AZT by
heptavalent manganese was greatly depending on the pH. The removal of the AZT by hep-
tavalent manganese in the presence of Ru3+ shows unit order with respect to heptavalent
manganese, Ru3+, and AZT. The influences of dielectric constant, ionic strength, pH, addi-
tion of monomer, variation in catalyst concentration, etc. on the rate of the reaction were
studied thoroughly and discussed in detail. The eight different products produced during
the reaction were analyzed using the high-resolution mass spectrometry. Activation parame-
ters were determined from variation in temperature during the reaction. The catalytic plau-
sible mechanism was projected in which Ru3+ is oxidized to higher oxidation states of
ruthenium by heptavalent manganese at environmentally relevant pH.

Keywords: Catalysis; Degradation; Azidothymidine; Heptavalent manganese; Kinetics;
Mechanism

1. Introduction

The World Health Organization (WHO) 2009
report concludes that there is a need of the systematic
investigation for the better understanding of the

transport, occurrence, and fate of pharmaceutical
compounds (PhACs) in drinking water [1]. These
PhACs penetrate into the drinking water through
many ways. It is predicted that these PhACs are not
disposed correctly and mixed into drinking water [2].
Many reviews have been published on the presence of
pharmaceutical residues in the potable water [3,4].
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The ubiquitous use of PhACs has resulted in the
contamination of water. These PhACs present in water
have adverse effects on human beings and the envi-
ronment [5–7]. In order to reduce these contaminants
present in the water, various oxidation techniques
have been proposed [8,9].

The antiretroviral drug azidothymidine (AZT) or
zidovudine (ZDV) is used for treating human Immun-
odeficiency virus/acquired immunodeficiency syn-
drome infection. AZT is a nucleoside analog reverse
transcriptase inhibitor (NTRI). AZT is a white to light
brown color crystalline solid. The molecular formula
and molecular weight of AZT are C10H13N5O4 and
267.24 g/mol, respectively [10,11]. The pKa value (dis-
sociation constant) for antiretroviral drug AZT is 9.68
[12]. The antiretroviral drug AZT is soluble in water
and its solubility is 25 mg mL−1 at 25˚C [13]. The
chemical name of the AZT is 3´-Azido-3´-deoxythymi-
dine. The structure of AZT is shown in Fig. 1.

Heptavalent manganese has been extensively used
for the treatment of drinking water to remove contam-
inants present in the water [14,15]. Heptavalent man-
ganese is found to be better and efficient oxidizing
agent as compared to other oxidizing agents due to its
better stability, low cost, and easy to handle for the
broad pH range [16,17]. Heptavalent manganese is the
most powerful oxidant in all media (acidic, neutral,
and alkaline) amongst various oxidation states of man-
ganese [18–21]. The heptavalent manganese is also uti-
lized as a disinfectant in water due to its ability to
oxidize the organic matter [22,23]. Due to unpleasant
color of heptavalent manganese, very low concentra-
tion of this promising oxidant is used for the removal
of organic contaminants from the water to make it fit
for drinking and to avoid the chromaticity in the
water [24–26]. Hence, the use of catalyst becomes very
essential for the removal of antiretroviral drug AZT

with the minimum concentration of heptavalent
manganese as oxidant.

There are many transition metals which are used
as catalyst to catalyze the redox reactions due to their
variable oxidation states [27]. Ru3+ has an ability to
catalyze many oxidative degradation transformations
which includes the oxidation of ethers, alcohols, phe-
nols, amines, and alkanes [28–30]. There are many
investigations found in the literature on the use of
aqueous Ru3+ for the catalytic oxidative degradation
of D-panthenol, L-arginine, L-leucine, and L-isoleucine
and atenolol in alkaline condition by heptavalent man-
ganese [31–34]. Ru3+ homogeneous catalytic oxidations
of Amitriptyline hydrochloride by permanganate, Thi-
amine by Chloramine T in acidic condition and
levothyroxine by N-bromosuccinimide were reported
in previous investigations [20,35,36]. There are no
reports found in the literature on the studies of
Ru3+-catalyzed oxidative degradation of AZT by hep-
tavalent manganese at environmentally relevant pH.

Therefore, the objective of the present investigation
was to study the removal of AZT by Ru3+-catalyzed
oxidative degradation of AZT by heptavalent man-
ganese at environmentally relevant pH. The effects of
various parameters on the rate of the Ru3+ catalytic
oxidative degradation reaction were studied thor-
oughly. The byproducts were identified and plausible
catalytic mechanism is proposed on the basis of
kinetic results.

2. Experiments and materials

2.1. Chemical reagents

The stock solutions of oxidant heptavalent man-
ganese (MERCK Specialties Pvt Ltd) and antiretroviral
drug AZT were prepared by dissolving a suitable
amount of potassium permanganate and AZT in dou-
ble-distilled water, respectively. After this the stock
solution of heptavalent manganese was standardized
using oxalic acid as per the laid down procedure in the
literature [37]. The experiments of Ru3+-catalyzed
oxidative degradation of AZT by heptavalent man-
ganese were performed at different pH using
0.02 mol dm−3 acetate, 0.02 mol dm−3 phosphate, and
0.02 mol dm−3 borate buffers for maintaining acidic,
neutral, and basic conditions, respectively. The stock
solution of the catalyst Ru3+ was prepared by mixing
the required quantity of RuCl3 (S. D. Fine Chem.) in
suitable concentration of HCl for the catalytic
degradation of AZT by heptavalent manganese. All
experiments on the kinetics of the removal of AZT by
heptavalent manganese in the presence of catalyst Ru3+

were performed using the freshly prepared solutions.
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Fig. 1. Structure of Azidothymidine (AZT).

28350 R.M. Kulkarni et al. / Desalination and Water Treatment 57 (2016) 28349–28362



2.2. Instruments used for the kinetic studies and product
analysis

A CARY 50 Bio UV–vis Spectrophotometer (Varian
BV, the Netherlands) with temperature controller was
used to measure absorbance of Ru3+ catalytic oxidative
degradation of AZT by heptavalent manganese. High-
performance liquid chromatography (HPLC) system
(Shimadzu prominence) and high-resolution mass
spectrophotometer (HR-MS) system (Thermo Scientific
Q Exactive) along with a column Thermo Scientific
Hypersil Gold C18 having dimension 150 × 4.6 mm–
8 μm were used for the identification of the total eight
products formed during the Ru3+ catalytic oxidative
degradation of AZT by heptavalent manganese.
Elico pH meter (Model Li 120) was used for the mea-
surement of pH during the kinetic study of Ru3+ cat-
alytic oxidative degradation of AZT by heptavalent
manganese.

2.3. Kinetic procedure

The kinetics of Ru3+ catalytic oxidative degradation
of AZT by heptavalent manganese was performed
under pseudo-first-order conditions, where the con-
centration of AZT was maintained 10 times excess
than the concentration of heptavalent manganese at
constant temperature 25 ± 0.2˚C. All these solutions of
analytical grade were kept in a thermostat to maintain
uniform temperature. The catalytic oxidative degrada-
tion reaction was then initiated by mixing required
quantities of thermostatted solutions. The progress of
the catalytic oxidative degradation was observed spec-
trophotometrically by recording the absorbance (opti-
cal density) of non reacted heptavalent manganese at
its wavelength λmax 526 nm. The value of extinction
coefficient was found 2,280 ± 20 dm3 mol−1 cm−1 from
the verification of Beer’s law. This value of extinction
coefficient is found to be close to the literature value
of extinction coefficient [38]. During the Ru3+ catalytic
oxidative degradation of AZT by heptavalent man-
ganese, there was no significant interference from the
other species [39]. The spectral changes oxidative
degradation of AZT by heptavalent manganese were
recorded using A CARY 50 Bio UV–vis Spectropho-
tometer at environmentally relevant pH and tempera-
ture 298 K [40]. The UV–visible spectral changes
indicate that the concentration of heptavalent man-
ganese decreases during the Ru3+ catalytic oxidative
degradation of AZT by heptavalent manganese. The
linear plots of log (absorbance) vs. time indicate that
the order is unity with respect to oxidant heptavalent
manganese at environmentally relevant pH.

2.4. Identification of the products formed during the
catalytic oxidative degradation

The reaction mixture of pure AZT, excess concen-
tration of heptavalent manganese over AZT, phos-
phate buffer, a very small concentration of catalyst
Ru3+ were mixed and placed for the period of 24 h at
the room temperature 25 ± 0.2˚C. After the period of
24 h, the reaction mixture was used for the analysis
and identification of byproducts formed in this Ru3+-
catalyzed oxidative degradation of AZT by heptava-
lent manganese. High-performance liquid chromatog-
raphy (HPLC) system (Shimadzu prominence) and
HR-MS system (Thermo Scientific Q Exactive) were
used for the analysis and identification of the byprod-
ucts formed in this catalytic degradation reaction.
The HR-MS instrumental conditions for the analysis of
the byproducts i.e. flow rate 500 μL/min, pressure
33.2 bar, mobile phase ratio 50:50 of acetonitrile, and
water mixture were maintained carefully. A pump
was used to offer a continuous flow of a solvent mix-
ture of acetone and water (50:50) during the analysis.
Then the reaction mixture traveled through a column
C 18 and the different byproducts were separated
based on their affinity. After this, the reaction mixture
passed through a mass detector. Positive mode
electrospray ionization (ESI+) was used for the identifi-
cation of the byproducts formed during the Ru3+-cat-
alyzed oxidative degradation of AZT by heptavalent
manganese over the mass scan range 100–800 m/z.
The total eight degraded products were identified
from the HR-MS data. The mass spectrum of the pure
antiretroviral drug AZT and eight byproducts formed
during the Ru3+-catalyzed oxidative degradation of
AZT by heptavalent manganese at environmentally
relevant pH are shown in Fig. 2 and listed in Table 1.

3. Results

3.1. Reaction orders

The oxidative degradation of antiretroviral drug
AZT by heptavalent manganese takes place with a
considerable rate at environmentally relevant pH.
Experimental results indicate that orders with respect
to AZT and heptavalent manganese are found to be
unity. Therefore, the rate of the reaction for the uncat-
alyzed oxidative degradation of AZT by heptavalent
manganese can be written as:

Rate ¼ �d½MnO�
4 �

dt
¼ kU½Mn7þ�1 AZT½ �0:75 (1)
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Fig. 2. HR-MS spectra of (a) pure AZT with its molecular ion peak m/z at 290.08, (b) oxidation products of
Ru3+-catalyzed AZT by heptavalent manganese at environmentally relevant pH with its molecular ion peaks m/z at
113.09 for AZT_P5, 130.9 for AZT_P8, 140.9 for AZT_P6, 149.02 for AZT_P4 and 181.9 for AZT_P1 and (c) oxidation
product of Ru3+ AZT by heptavalent manganese at environmentally relevant pH with its molecular ion peaks m/z at
114.05 for AZT_P7, 224.07 for AZT_P2, 239.91 for AZT_P3.
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In this above Eq. (1), kU is the rate constant for the
uncatalyzed oxidative degradation of AZT by heptava-
lent manganese at environmentally relevant pH.

Ru3+-catalyzed oxidative degradation of AZT by
heptavalent manganese shows parallel paths with
contributions from the uncatalyzed and catalyzed
oxidative degradation of antiretroviral drug AZT by
heptavalent manganese reactions (Eqs. (2)–(8)). Hence,
the net reaction constant (kN) using kU (rate constant
for the uncatalyzed reaction) and kC (rate constant for
the catalyzed reaction) can be expressed as:

kN ¼ kU þ kC (2)

The orders for the AZT, heptavalent manganese, and
catalyst Ru3+ are determined from the slopes of
log kobs vs. log (concentration) by varying the concen-
trations of AZT, heptavalent manganese and catalyst
Ru3+ while maintaining the others experimental condi-
tions constant.

kC ¼ kN � kU (3)

3Ru3þ þ 4Mn7þ �! 3Ru7þ þ 4Mn4þ (4)

Ru7þ þ AZT �! Ru3þ þAZT (Oxidized) (5)

Ru3þ þ Mn7þ �! Ru6þ þ Mn4þ (6)

Ru6þ þ AZT �! Ru3þ þ AZT (Oxidized) (7)

Mn7þ þ AZT �! Mn4þ þAZT (Oxidized) (8)

Using rate law, the rate of the Ru3+-catalyzed
oxidative degradation of AZT by heptavalent man-
ganese reaction at environmentally relevant pH can be
written as:

Rate ¼ �d½MnO�
4 �

dt
¼ kN½Mn7þ�½AZT� (9)

Rate ¼ �d½MnO�
4 �

dt
¼ ðkU þ kCÞ½Mn7þ�1 AZT½ �1 (10)

3.2. Influence of concentration of heptavalent manganese

The influence of variation in concentration of hep-
tavalent manganese on uncatalyzed and Ru3+-cat-
alyzed oxidative degradation reactions of AZT by
heptavalent manganese were investigated by varying
the concentration of heptavalent manganese from
2.5 × 10−5 to 2.5 × 10−4 mol dm−3 while keeping other
conditions fixed i.e. concentration of AZT = 1 × 10−3

mol dm−3, concentration of Ru3+ = 3 × 10−7 mol dm−3,

Table 1
Identified degraded products of AZT during the Ru3+-catalyzed oxidative degradation of AZT by heptavalent manganese
at environmentally relevant pH and temperature 298 K by High-Resolution Mass Spectrometry (HR-MS) analysis

AZT
Products

tR
(Min)

a

M + H+/
M + Na+

measured
Theoretical
mass (Da)

Molecular
formula

Difference in
measured and
theoretical mass Name of the identified compounds

AZT_P1 2.14 181.96 181.10 C5H6N2O4 +0.86 3-Hydroxy-5-hydroxymethyl-1H-
pyrimidine-2,4-dione

AZT_P2 3.42 224.07 224.21 C10H12N2O4 −0.14 1-(5-Hydroxymethyl-2,5-dihydro-furan-
2-yl)-5-methyl-1H-pyrimidine-2,4-dione

AZT_P3 3.42 239.91 238.20 C10H10N2O5 +1.71 5-(5-Methyl-2,4-dioxo-3,4-dihydro-2H-
pyrimidin-1-yl)-2,5-dihydro-furan-2-
carboxylic acid

AZT_P4 3.42 149.02 126.11 C5H6N2O2 −0.08 5-Methyl-1H-pyrimidine-2,4-dione
AZT_P5 2.14 113.09 113.11 C5H7NO2 −0.02 N-(2-Methyl-3-oxo-propenyl)-

formamide
AZT_P6 2.14 140.90 141.13 C5H7N3O2 −0.23 (3-Azido-2,3-dihydro-furan-2-yl)-

methanol
AZT_P7 2.14 114.05 115.13 C5H9NO2 −1.08 (3-Amino-2,3-dihydro-furan-2-yl)-

methanol
AZT_P8 2.14 130.90 131.13 C5H9NO3 −0.23 (3-Hydroxyamino-2,3-dihydro-furan-2-

yl)-methanol

atR(Min) indicates retention time in minutes.
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concentration of buffer = 6 × 10−3 mol dm−3, and Ionic
strength (I) = 0.02 mol dm−3 in order to maintain pH
and constant ionic strength at temperature 25 ± 0.2˚C.
Plots of log (absorbance) vs. time for different concen-
tration of permanganate were found in straight lines
in both uncatalyzed and catalyzed oxidative degrada-
tion of AZT by heptavalent manganese. These plots
show that the order with respect to heptavalent man-
ganese is unity for both uncatalyzed and catalyzed
oxidative degradation of AZT by heptavalent man-
ganese at environmentally relevant pH.

3.3. Influence of concentration of AZT on the oxidative
degradation reaction

The influence of variation in concentration of AZT
on the uncatalyzed and Ru3+-catalyzed oxidative
degradation of AZT by heptavalent manganese reac-
tions were investigated by varying the concentration
of AZT from 5 × 10−4 to 3.0 × 10−3 mol dm−3 while
keeping other reaction conditions constant i.e. concen-
tration of heptavalent manganese = 1 × 10−4 mol dm−3,
concentration of Ru3+ = 3 × 10−7 mol dm−3, concentra-
tion of buffer = 6 × 10−3 mol dm−3, and Ionic strength
(I) = 0.02 mol dm−3 in order to maintain pH and con-
stant ionic strength at temperature 25 ± 0.2˚C. The
kinetic outcome shows that the rate of the Ru3+ cat-
alytic oxidative degradation of AZT by heptavalent
manganese at environmentally relevant pH increases
with the increase in the concentration of AZT. The
plot of log kobs vs. log [AZT] is plotted from the
kinetic data. This plot found to be a straight line as
shown in Fig. 3. The slope of the straight line plot
shows the order with respect to AZT is unity (1.021).

3.4. Influence of variation in ionic strength on the oxidative
degradation reaction

In order to investigate the influence of variation in
ionic strength on the uncatalyzed and Ru3+-catalyzed
oxidative degradation reaction of AZT by heptavalent
manganese at environmentally relevant pH, the concen-
tration of buffer was varied from 0.002 to
0.012 mol dm−3 while keeping other reaction conditions
constant i.e. concentration of heptavalent man-
ganese = 1 × 10−4 mol dm−3, concentration of AZT =
1 × 10−3 mol dm−3, and concentration of Ru3+ =
3 × 10−7 mol dm−3 at temperature 25 ± 0.2˚C. The
kinetic results clearly indicate that there was no signifi-
cant effect of variation in ionic strength on the uncat-
alyzed and catalyzed degradation reactions at
environmentally relevant pH.

3.5. Influence of dielectric constant on the oxidative
degradation reaction

The influence of variation in dielectric constant or
solvent polarity was investigated by varying the con-
centration of the mixture of t-butanol and water while
keeping other reaction conditions fixed i.e. concentra-
tion of heptavalent manganese = 1 × 10−4 mol dm−3,
concentration of AZT = 1 × 10−3 mol dm−3, concentra-
tion of the Ru3+ = 3 × 10−7 mol dm−3, concentration of
buffer = 6 × 10−3 mol dm−3, and Ionic strength (I)
= 0.02 mol dm−3 in order to maintain pH and constant
ionic strength at temperature 25 ± 0.2˚C for uncatalyzed
and Ru3+-catalyzed oxidative degradation of AZT by
heptavalent manganese at environmentally relevant
pH. The kinetic results of experiments show that as the
volume of t-butanol increases or solvent polarity
decreases, the rate of the uncatalyzed, and Ru3+-cat-
alyzed oxidative degradation of AZT by heptavalent
manganese reactions decreases. Using experimental
data, the graphs of log kobs vs. 1/D was plotted for
Ru3+-catalyzed oxidative degradation of AZT by hep-
tavalent manganese at environmentally relevant pH.
This plot was found linear with negative slope as
shown in Fig. 4. Similar results were reported in previ-
ous studies [20].

Fig. 3. Influence of variation in concentration of antiretro-
viral drug AZT on Ru3+-catalyzed oxidative degradation of
AZT by heptavalent manganese at environmentally
relevant pH and temperature 298 K. [AZT] = 5 × 10−4 to
3 × 10−3 mol dm−3, [Mn7+] = 1 × 10−4 mol dm−3, [Ru3+]
= 3 × 10−7 mol dm−3, [Buffer] = 6 × 10−3 mol dm−3 and
Ionic strength (I) = 0.02 mol dm−3.
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3.6. Influence of the initially added product MnO2 on
oxidative degradation reaction

The influence of the initially added product on the
uncatalyzed and Ru3+-catalyzed oxidative degradation
of AZT by heptavalent manganese at environmentally
relevant pH were investigated by adding MnO2 in the
reaction mixtures. The kinetic results indicate that
there is a little catalytic effect of the addition of the
MnO2 on the uncatalyzed and Ru3+-catalyzed
oxidative degradation reactions at environmentally rel-
evant pH because the increase in pH of the reaction
mixture reduces the catalytic potential of the MnO2

significantly [24].

3.7. Test for the involvement of free radical

In order to verify the involvement of formation of
any free radical in uncatalyzed and Ru3+-catalyzed
oxidative degradation of AZT by heptavalent man-
ganese at environmentally relevant pH, a required
quantity of monomer acrylonitrile was added in both
reaction mixtures separately and kept for 8 h in an
inert atmosphere. These reaction mixtures were
diluted using methanol. It was observed that there
was no formation of any insoluble compound during
the degradation reactions. This indicates that there is
no involvement of any free radical in uncatalyzed and
Ru3+-catalyzed oxidative degradation of AZT reactions
at environmentally relevant pH [41].

3.8. Influence of pH on the oxidative degradation reaction

The influence of variation in pH on the uncat-
alyzed and Ru3+-catalyzed oxidative degradation of
AZT by heptavalent manganese reactions were
investigated at different pH from 3.0 to 9.0 while
keeping other reaction conditions constant at tempera-
ture 25 ± 0.2˚C. The kinetic results indicate that the
rate constants of the uncatalyzed (kU) and catalyzed
(kC) reactions are faster in acidic medium as compare
to alkaline medium. The second-order rate constants
for uncatalyzed (k00U) and catalyzed (k00C) reactions were
evaluated by plotting the graph of kobs vs. [AZT] at
temperature 25 ± 0.2˚C. Using these values of k00U, k00C
and k00N as given in Table 2, the graph of k00app vs. pH is
plotted as shown in Fig. 5. The influence of variation
in pH has indicated that the apparent second-order
rate constants are higher in acidic condition and lower
in alkaline condition.

3.9. Influence of temperature on oxidative degradation
reaction

The influence of variation in temperature on the
uncatalyzed and Ru3+-catalyzed oxidative degradation
of AZT by heptavalent manganese reactions at envi-
ronmentally relevant pH were investigated carefully
at different temperatures 283, 288, 293, and 299 K by
changing the concentration of AZT from 5 × 10−4 to
3.0 × 10−3 mol dm−3 and maintaining other reaction
conditions constant i.e. concentration of heptavalent
manganese = 1 × 10−4 mol dm−3, concentration of
catalyst Ru3+ = 3 × 10−7 mol dm−3, concentration of
buffer = 6 × 10−3 mol dm−3, and Ionic strength (I)
= 0.02 mol dm−3 in order to maintain pH and constant

Fig. 4. Influence of variation in dielectric constant on Ru3+

oxidative degradation of AZT by heptavalent manganese
at environmentally relevant pH and temperature 298 K by
varying the concentration of t-butanol. [Mn7+]
= 1 × 10−4 mol dm−3, [AZT] = 1 × 10−3 mol dm−3, [Ru3+]
= 3 × 10−7 mol dm−3, [Buffer] = 6 × 10−3 mol dm−3 and
Ionic strength (I) = 0.02 mol dm−3.

Table 2
pH-dependent second-order-rate constants for the effect of
variation in pH on the uncatalyzed and Ru3+-catalyzed
oxidative degradation of AZT by heptavalent manganese
at different pH from 3.0 to 9.0 (temperature 298 K).
[Mn7+] = 1 × 10−4 mol dm−3, [AZT] = 1 × 10−3 mol dm−3,
[Ru3+] = 3 × 10−7 mol dm−3, [Buffer] = 6 × 10−3 mol dm−3

and Ionic strength (I) = 0.02 mol dm−3

pH k00U k00N k00C

3.0 6.35 56.80 50.45
4.0 5.32 48.15 42.83
5.0 4.13 40.96 34.55
6.0 3.59 33.06 28.72
7.0 2.69 25.37 21.55
8.0 1.65 19.08 13.43
9.0 1.18 11.36 7.16

Note: ±8% Error.
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ionic strength. The kinetic results indicate that the rate
constant values increase with increase in temperature
from 283 to 299 K. From these rate constant values at
different temperatures, the various activation parame-
ters like Ea, ΔH

≠, ΔG≠, and ΔS≠ were determined using
Arrhenius plots log k vs. 1/T for uncatalyzed and
Ru3+-catalyzed oxidative degradation of AZT by
heptavalent manganese reactions at environmentally
relevant pH as shown in Fig. 6.

3.10. Influence of variation in concentration of catalyst
Ru3+ on the rate of the reaction

The influence of variation in concentration of Ru3+

catalyst on oxidative degradation of AZT by heptava-
lent manganese reaction at environmentally relevant
pH was investigated carefully by varying concentration
of Ru3+ from 1.0 × 10−7 to 1.0 × 10−6 mol dm−3 while
keeping other reaction conditions fixed i.e. concentra-
tion of heptavalent manganese = 1 × 10−4 mol dm−3,
concentration of AZT = 1 × 10−3 mol dm−3, concentra-
tion of Buffer = 6 × 10−3 mol dm−3, and Ionic strength
(I) = 0.02 mol dm−3 at temperature 25 ± 0.2˚C. The
kinetic data collected after performing an experiment
shows that the rate of the reaction is faster in Ru3+-cat-
alyzed oxidative degradation of AZT by heptavalent
manganese than uncatalyzed reaction. It clearly
indicates that Ru3+ is an effective and potential catalyst
for the removal of AZT by heptavalent manganese
at environmentally relevant pH. The graph log kobs vs.

log [Ru3+] is plotted as shown in Fig. 7 using an
experimental data. The nature of the graph is linear and
order with respect to Ru3+ is found to be unity.
Activity of the Ru3+ catalyst:

It is observed by Moelwyn–Hughes [42] that the
uncatalyzed and catalyzed reactions progress at the
same time, for that the net reaction constant (kN) can
be written as:

kN ¼ kU þ K�
C ½Ru3þ�n (11)

here kU is observed pseudo-first-order rate constant
for uncatalyzed reaction while K�

c is the catalytic
constant for the Ru3+-catalyzed reaction. The term
“n” represents the order with respect to catalyst
Ru3+.

From the above Eq. (11), the value of the K�
c can be

calculated as follows:

K�
C ¼ ½kN � kU�

½Ru3þ�n ¼ ½kC�
½Ru3þ�n where ðkN � kU ¼ kCÞ (12)

K�
C ¼ ð4:69 � 10�2Þ=ð3 � 10�7Þ

K�
C ¼ 1:56 � 105

Fig. 5. pH-dependent second-order-rate constants for Ru3+

catalytic oxidative degradation of AZT by heptavalent
manganese at different pH from 3.0 to 9.0 and temperature
298 K.

Fig. 6. Arrhenius plot log k vs. 1/T for four different
temperatures 283, 288, 296 and 299 K by varying the concen-
tration of AZT from 5 × 10−4 to 3 × 10−3 mol dm−3, while
freezing other experimental conditions such as [MnO�

4 ]
= 1 × 10−4 mol dm−3, [Ru3+] = 3 × 10−7 mol dm−3, [Buffer]
= 6 × 10−3 mol dm−3 and Ionic strength (I) = 0.02 mol dm−3.
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The above Eq. (12) can be rearranged as:

kC ¼ K�
C � ½Ru3þ�n (13)

The above Eq. (13) after taking logarithm becomes:

ln kC ¼ ln K�
C þ n ln ½Ru3þ� (14)

The straight line plot of the log KC vs. log [Ru3+]
shows the value of “n” i.e. order with respect to Ru3+

is unity. The intercept of the plot log KC vs. log [Ru3+]
gives the value of K�

c . Using the above Eq. (13) and
putting the values of orders with respect to catalyst
Ru3+, heptavalent manganese, and AZT, the Eq. (10)
becomes:

Rate ¼ �d½MnO�
4 �

dt
¼ ðkU þ K�

C ½Ru3þ�1Þ ½Mn7þ�1½AZT�1

(15)

4. Discussion

The kinetic data for the catalyzed oxidative degra-
dation of AZT by heptavalent manganese at environ-
mentally relevant pH indicates that the orders are
found to be unity with respect to heptavalent man-
ganese, antiretroviral drug AZT, and catalyst Ru3+.
The effect of pH indicates that the rate of the removal
of antiretroviral drug AZT reduces due to increase in

the pH and decrease in the oxidation potential of
heptavalent manganese. The values of apparent sec-
ond-order rate constants (from pH 3.0 to 9.0) for the
catalyzed reaction indicate that the rate of the removal
of AZT increases at the higher concentration of H+

and decreases at the lower concentration of H+. At the
higher concentration of H+ or lower values of pH, the
catalyst Ru3+ is oxidized to its higher oxidized forms
Ru6+ and Ru7+ due to the higher oxidation potential of
heptavalent manganese. During the oxidation of Ru3+

to higher oxidized forms by Mn7+, Ru3+ reduces Mn7+

to Mn4+ which was also observed by the previous
investigations [22,24,25]. Ru6+ and Ru7+ are having
higher oxidation potential than the heptavalent man-
ganese and hence they are better oxidizing agents than
Mn7+. Ru6+ is found to be unstable species due to its
rapid conversion into hydroxide of ruthenium i.e. Ru
(OH)4. The antiretroviral drug AZT was degraded in a
very small quantity by Ru6+ and gets reduced to the
lower oxidized form Ru3+ during this redox reaction.

In order to investigate the catalytic effect of Ru3+,
Ru7+, and Ru6+ separately, the kinetic experiments
were performed using KRuO4 (S. D. fine Chem.) and
K2RuO4 (synthesized) according to the procedure
reported by Greenwood and Earnshaw [43]. It was
cleared from the kinetic data that Ru7+ is an efficient
and potential cooxidant than Ru3+ and Ru6+. The rate
of removal of AZT at higher alkaline condition is very
low due to the formation of a very small quantity of
Ru6+ and Ru7+ for the Ru3+-catalyzed oxidative degra-
dation of AZT by heptavalent manganese. This is
because of the very low oxidation potential of the hep-
tavalent manganese at the higher alkaline pH.

A plausible catalytic mechanism (Scheme I) for the
Ru3+-catalyzed oxidative degradation of AZT by hep-
tavalent manganese at environmentally relevant pH is
proposed on the basis of kinetic data, chromatogram,
and mass spectrum as shown in Fig. 8. In this mecha-
nism, orders with respect to heptavalent manganese,
Ru3+, and AZT are taken unity.

The oxidative degraded products identified in
uncatalyzed and Ru3+-catalyzed oxidative degradation
of AZT by heptavalent manganese were found same.
There is interaction found between heptavalent man-
ganese and Ru3+ in this catalytic mechanism. The
eight products labeled as AZT_P1, AZT_P2, AZT_P3,
AZT_P4, AZT_P5, AZT_P6, and AZT_P7 and AZT_P8
were identified during the catalytic oxidative degrada-
tion using mass spectrum. The structures of all these
eight labeled degraded products formed after catalytic
oxidative degradation of AZT by heptavalent
manganese are shown in Fig. 9. AZT_P1 is formed
due to the fragmentation of AZT and oxidation of
methyl group to alcohol. Thymine compound AZT_P2

Fig. 7. Influence of variation in concentration of catalyst
Ru3+ on oxidative degradation of AZT by heptavalent
manganese at environmentally relevant pH (temperature
298 K). [Ru3+] = 1.0 × 10−7 mol dm−3 to 1.0 × 10−6 mol dm−3,
[Mn7+] = 1 × 10−4 mol dm−3, [AZT] = 1 × 10−3 mol dm−3,
[Buffer] = 6 × 10−3 mol dm−3 and Ionic strength (I) =
0.02 mol dm−3.
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is formed due to the elimination of azide group from
the ring. AZT_P3 is formed due to further oxidation
of –CH2OH group of thymine to –COOH group.
AZT_P4 is the fourth degraded product stavudine
formed due to degradation of AZT. AZT_P5 is the
fifth product formed containing two –CHO group due
to breaking of ring of the stavudine. AZT_P6 is the
next product formed after degradation of AZT.
AZT_P7 is formed due to the removal of N2 group
from the product AZT_P6. AZT_P8 is the eighth pro-
duct formed due to further oxidation of –NH2 group
to –NHOH group. In this Ru3+-catalyzed mechanism,
Ru7+ is the main active oxidized form of ruthenium
which rapidly degrades AZT into different byprod-
ucts. Ru3+ is playing a catalytic role of electron shuttle
for the elimination of AZT by its oxidative degrada-
tion at environmentally relevant pH and it is shown
in Fig. 10. The catalytic role of the Ru3+ as electron
shuttle was reported in the previous studies [22,24,25].

The reaction rates observed from the effect of vari-
ation in temperature indicates that the rate of removal
of AZT is faster in the presence of Ru3+-catalyzed
reaction than uncatalyzed reaction.

ln k ¼ ln A þ Ea

RT
(16)

Using above Arrhenius Eq. (16) and Arrhenius plots
of log k vs. 1/T, the values of activation energy (Ea)
in kJ mol−1 were calculated for the uncatalyzed and
Ru3+-catalyzed oxidative degradation of AZT by hep-
tavalent manganese and is presented in Table 3. The
smaller value of activation energy for Ru3+-catalyzed
reaction lowers the energy barrier of the Ru3+-cat-
alyzed oxidative degradation of AZT by heptavalent
manganese than uncatalyzed reaction. It means that
the lower value of Ea for Ru3+-catalyzed reaction
modifies the path of the oxidative degradation of
AZT by heptavalent manganese at environmentally
relevant pH. The other parameters i.e. activation
enthalpy (ΔH≠) and activation entropy (ΔS≠) were
determined from the Eyring equation [44]. The values
of ΔH≠ and ΔS≠ are 42.90 k J mol−1 and
−135.40 J mol−1 K−1, respectively, for uncatalyzed
oxidative degradation of AZT by heptavalent man-
ganese at environmentally relevant pH. Similarly, the
values of ΔH≠ and ΔS≠ are 33.70 k J mol−1 and
−167.70 J mol−1 K−1, respectively, for Ru3+-catalyzed
reaction. Using the values of ΔH≠ and ΔS≠, the val-
ues of activation Gibbs free energy ΔG≠ were calcu-
lated. ΔG≠ values for uncatalyzed and Ru3+-catalyzed
reactions are 82.30 and 79.40 kJ mol−1, respectively.
These values of ΔG≠ show that the higher oxidized
form of Ru3+ i.e. Ru7+ is a very reactive species and
attacks on the antiretroviral drug AZT to form more
ordered and tightly bound byproducts. ΔG≠ and ΔH≠

values are positive and indicate that the oxidative
degraded byproducts of AZT are solvated. The calcu-
lated values of Ea, ΔG

≠, ΔS≠ confirms that the homo-
geneous catalyst Ru3+ oxidizes quickly to the higher
oxidize form Ru7+ by heptavalent manganese as com-
pare to other catalyst. This higher oxidized form
Ru7+ degrades rapidly antiretroviral drug AZT and
increases the higher reducing property of AZT as
compare to uncatalyzed reaction. The projected Ru3+-
catalyzed mechanism for the oxidative degradation of
AZT by heptavalent manganese at environmentally
relevant pH is in good agreement with rate law.

The effect of variation in ionic strength on the
uncatalyzed and Ru3+-catalyzed oxidative degradation
reactions show that the effect of variation in ionic
strength is negligible on both these reactions. This
confirms that oxidative degradation reaction is
between neutral and charged species or two neutral
species [45]. The effect of variation in dielectric con-
stant by varying the concentration of tertiary butanol
on the uncatalyzed and Ru3+-catalyzed oxidative
degradation of AZT by heptavalent manganese reac-
tions at environmentally relevant pH indicates that the
reaction is between two dipoles [46].

3 Ru3++ 4 Mn7+
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O

H3C
O

O

N3

HO

AZT
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3 Ru7++ 4 Mn4+

Ru7+
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 Ru3+ + AZT degraded products

Mn7+ +
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Fig. 8. The plausible catalytic mechanism of Ru3+-catalyzed
oxidative degradation of AZT by heptavalent manganese
at environmentally relevant pH and temperature 298 K
(Scheme I).
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Fig. 9. Eight degraded products formed during the Ru3+-catalyzed oxidative degradation of AZT by heptavalent
manganese at environmentally relevant pH and termperature 298 K.
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5. Conclusion

Mechanistic and spectroscopic investigations of
Ru3+-catalyzed oxidative degradation of AZT by hep-
tavalent manganese at environmentally relevant pH
were investigated for the first time. The rate of the
Ru3+-catalyzed oxidative degradation of AZT by hep-
tavalent manganese at environmentally relevant pH
is found eight times faster than uncatalyzed reaction.
The effect of pH concludes that the medium plays a
very crucial role in this catalytic oxidative degrada-
tion reaction. The rate of the removal of the AZT by
heptavalent manganese in the presence of catalyst
Ru3+ at temperature 25 ± 0.2˚C is faster in strongly
acidic medium than in strongly alkaline medium due
to decrease in the oxidation potential of heptavalent
manganese from acidic to alkaline conditions. The
total number of eight products are analyzed and
identified in the Ru3+-catalyzed and uncatalyzed
oxidative degradation reactions. The degraded prod-
ucts formed in both uncatalyzed and Ru3+-catalyzed
reactions are found same. The kinetic outcome
concludes that the orders are found unity for the
heptavalent manganese, catalyst Ru3+, and the
antiretroviral drug AZT. The smaller value of activa-
tion energy Ea for the Ru3+-catalyzed reaction than
uncatalyzed reaction concludes that Ru3+ is a poten-
tial and versatile catalyst for the removal of AZT by

heptavalent manganese at environmentally relevant
pH. The negative value of the ΔS≠ shows that the
higher oxidized form Ru7+ attacks on the antiretrovi-
ral drug AZT to form more ordered byproducts. The
projected catalytic mechanism for Ru3+-catalyzed
oxidative degradation of AZT by heptavalent man-
ganese at environmentally relevant pH is in agree-
ment with the experimental results. This projected
Ru3+ catalytic mechanism shows that the higher oxi-
dized form of ruthenium i.e. Ru7+ is very active spe-
cies and catalyzes the oxidative degradation of the
antiretroviral drug AZT by heptavalent manganese
effectively at environmentally relevant pH. Ru3+ acts
as an electron shuttle which reduces heptavalent
manganese to Mn4+. This investigation clearly con-
cludes that the catalyst Ru3+ is a very efficient and
potential catalyst for the removal of antiretroviral
drug AZT by heptavalent manganese at environmen-
tally relevant pH.
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