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INTRODUCTION

Nanoparticles have great applications in various field i.e.

environment, health, food, biomedical sciences, chemical

industries, electronics, etc. [1-3]. One of the potential appli-

cations of nanoscience is to develop catalyst in nanosize which

can provide high surface area, new catalytic properties and

enhancement in the rate of reaction by several folds. Evaluating

the catalytic performance and the reaction kinetics are major

issues when new catalysts are synthesized, characterized and

introduced [4]. Shape, size and distribution of the nanoparticles

can control by adjusting the reaction conditions such as stabi-

lizer, employing method, etc. Preparation of silver nanoparticles

is an important area of research because of its idiosyncratic

properties and application i.e. antimicrobial, biosensor material,

cryogenic super conducting material, cosmetic product, etc.

It is also used for the treatment of ulcer, dermatitis, etc. [5]. Silver

nano catalyst is one of the most investigated catalysts owing

to its distinct reactivity, selectivity, stability and recyclability

in catalytic processes, it also prevents the growth of microbial

pathogens and have anti-inflammatory, antiviral effect [6].

Large scale synthesis of silver nanoparticles can be achie-

vable by chemical and physical methods, such as laser ablation,

lithography, photochemical reduction [7,8], etc. which remain

high cost and occasionally involve the use of toxic chemicals

that cause contamination on the surface of the silver nanoparticles
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and leads to adverse effects. Therefore, there is an urgent need

to develop environmentally benign synthetic route that doesn’t

involve hazardous chemicals in the synthesis protocols. The

biosynthesis of silver nanoparticles has become significant in

the present scenario. A number of plants i.e. Cinnamomum

zeylanicum, Cacumen platycladi extract, Pinus eldarica bark

extract, have been reported to synthesize silver nanoparticles

[9-11]. In present work, our synthetic strategy involves the

use of mint leaves extract to synthesize nanosilver catalyst.

Daughton and Ternes [12] studied the presence of pharma-

ceutical waste in the environment . In recent years, metronidazole

is being widely used because of its pharmaceutical significance

as well as its veterinary use. It is an antiprotozoal drug of nitroimi-

dazole derivative having activity against anaerobic bacteria

and protozoans [13-15]. This compound is highly hazardous,

if exposed in the environment owing to its carcinogenic and

mutagenic nature and found as a persistent toxic waste and is

frequently used for the protozoal infection [16-18]. Protozoal

infection occurs throughout the world and are main cause of

morbidity and mortality in South East Asia and Africa. Metroni-

dazole, tinidazole, nifuratel and ronidazole are some miscellaneous

antiprotozoal drug. These drugs causes nausea, vomiting, furred

tongue and its very toxic to pregnant woman. Among these

drugs for the present work we selected metronidazole, which

is highly soluble in water, low biodegradable and easily get

accumulated, resulting adverse effects to human and aquatic



environment [19,20]. The detection limit for metronidazole

in environment is 10-50 µg/mL [21]. Hence, it is important to

develop a low cost, environmentally benign way to degrade

metronidazole from aquatic system.

Hexacyanoferrate(III)/Hexacyanoferrate(II) is one electron

oxidant with redox potential + 0.36 V [22], it is used as an oxidant

for oxidation of variety of organic and inorganic compound in

both basic and acidic medium [23,24]. The mechanism of such

reaction involves the formation of outer sphere precursor complex

between [Fe(CN)6]
3-and substrate [25,26], it is an electron

abstracting reagent and oxidation mainly occur through direct

charge transfer process [27,28]. Still, there is no report available

on the oxidation of metronidazole by hexacyanoferrate in the

absence and presence of nanosilver catalyst in alkaline medium.

It is area of great interest to understand the redox chemistry of

Hexacyanoferrate(III).

In this study, we have acquired the green synthesis of silver

nanoparticles using mint leaves extract, which was further

confirmed by UV-visible, FESEM and FTIR.

EXPERIMENTAL

Metronidazole was purchased from Sigma Aldrich (Mumbai),

which later used without further purification for the preparation

of stock solution, sodium hydroxide (E. Merck), AgNO3, hexa-

cyanoferrate were obtained from Merck. Silver nitrate used as

silver source to prepare nanosilver catalyst and double distilled

water was used for the preparation of solution.

Preparation of the mint leaves extract (MLE): Mint

leaves extract was prepared by fresh leaves of mint, 25 g of

leave were thoroughly washed thrice in double distilled water

for 15 min, dried, cut into fine pieces and were boiled in a 500

mL conical flask with 100 mL of double distilled water for 30

min and were filtered. The filtrate acted as both reducing and

stabilizing agent to prepare nanosilver catalyst. Silver nitrate

solution (without mint leaves extract) neither developed the

reddish brown colour nor displayed the characteristic peaks

of silver nanoparticles (Fig. 1), indicated the mint leaves extract

only reducing Ag+ to Ag°, therefore it acted as reducing agent.

The polyphenol and flavonoid content in the mint leaves extract

were estimated using standard methods reported elsewhere in

the literature [29]. In brief, 5 mL of dilute ammonia solution

is added to the mint leaves extract followed by addition of conc.

sulphuric acid, turned a yellow coloured solution indicated

the presence of flavonoids in mint leave extract.

Synthesis of nanosilver catalyst: Silver nitrate solution

was prepared in double distilled water. 50 mL mint leaves extract

was added to a vigorously stirred 25 mL aqueous solution of

AgNO3 (1 × 10-2 M) and stirring continued for 1 min. Appearance

of reddish brown colour of solution indicated the formation of

silver nanoparticles. The formation of Ag° was monitored by

recording UV-visible spectrum of the above solution at different

time intervals after diluting a small aliquot of 1 mL of the sample

with 4 mL double distilled water. We observed that an absor-

ption peak developed in the wavelength range of 370 to 600

nm, centered at 435 nm confirmed the formation of silver

nanoparticles. The intensity of the peak increased with time.

Characterization techniques: The UV-visible spectra

were recorded using Varian, CARY 50 BIO UV-visible spectro-

photometer with samples in quartz cuvette. The colloidal

nanosilver catalyst solution was centrifuged at 12000 rpm for

15 min at 0 °C, supernatant was decanted off and finally nano-

silver catalyst were collected. The obtained nanosilver catalyst

was washed thrice with double distilled water followed by

ethanol. The morphology of as-synthesized nanosilver catalyst

was studied by VEGA II LSU SEM and FTIR spectra was

recorded using Thermo Nicolet Nexus 670 spectrometer with

4 cm–1 resolutions.

The detailed kinetic study for the oxidation of metro-

nidazole by alkaline hexacyanoferrate in the absence and

presence of nanosilver catalyst were carried out under pseudo

first order condition where [MTZ] > [Fe(CN)6]
3-. The reaction

was carried out by mixing the appropriate quantity of thermo-

stated solutions of metronidazole and hexacyanoferrate which

also contained fixed quantity of NaOH to maintain the

alkalinity on the reaction mixture.

RESULTS AND DISCUSSION

Characterization of nanosilver catalyst

UV-visible spectral: UV-visible spectroscopy is an impor-

tant tool to determine the formation and stability of nanosilver

catalyst. One of the most characteristics of silver nanoparticles

is the sharp surface plasmon resonance (SPR) band appeared

in the region of 350-600 nm [30]. In present study, the spectrum

of as-synthesized nanosilver catalyst consists of single SPR

band centered at 435 nm in the visible region. The shape of

the SPR band suggests about the size distribution of silver

nanoparticles [31]. Different size distribution and non-uniform

shape usually leads to broaden the SPR band. Silver nitrate

solution (without mint leaves extract) neither developed the

reddish brown colour nor displayed the characteristic peaks

of metallic nanosilver (Fig. 1). This result eliminated the possi-

bility of the abiotic reduction of silver nitrate under the reaction

conditions. It is observed that the SPR bands were broadened

with an absorption tail in the longer wavelengths, which may

be due to the different size and shape distribution of the nano-

particles (also verified by SEM analysis).
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Fig. 1. UV-visible absorption spectra of colloidal nanosilver catalyst solution

recorded at different time intervals. At time zero, no mint leaves

extract was added in the silver nitrate solution
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Morphological study: Fig. 2 showed the FE-scanning

electron micrographs of the nanosilver catalyst at different

magnifications. It is clearly observed that two different kinds

of structures are existing i.e. nanocubes and microplates. The

average size of the nanocubes and microplates are ~777 nm

and ~2.8 µm, respectively.

Fig. 2. FESEM images of as synthesized nanosilver catalyst at different

magnifications

FTIR analysis: To investigate the organic moieties parti-

cipating in the formation of nanosilver catalyst, FTIR analysis

was carried out in the wave number range from 4000 to 400

cm–1 using KBr method at room temperature (Fig. 3). A series

of infrared bands were observed in the spectrum. The broad

peak centred at 3421.61 cm–1 corresponds to O–H stretching

vibration frequency, indicated the presence of hydroxyl group

which could be adsorbed water on the surface of the nanosilver

catalyst. The C–H stretching frequency arises at around

2924.15 cm–1 and depicts the presence of an alkyl group. The

bands appeared at different vibrational frequencies such as

1625.11 cm–1, 1380.42 cm–1 and 1021.84 cm–1 corresponding

to C = C (aromatic ring), aromatic amines and aliphatic amines

respectively, are strongly supported the capping and reducing

behaviour of mint leaves extract.
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Fig. 3. FTIR spectrum of as synthesized nanosilver catalyst

Kinetic study for oxidation of metronidazole by hexa-

cyanoferrate in the presence and absence of nanosilver

catalyst: The progress of reaction was followed spectrophoto-

metrically by monitoring absorbance of unreacted hexacyano-

ferrate in the reaction mixture at the λmax i.e. 410 nm, as a

function of time (Figs. 4 and 5). The applicability of Beer’s

law was verified at 410 nm and it was verified that no other

species present in the reaction mixture interfere at this wave-

length. The pseudo first order rate constants kobs were calculated

from the plots of log (absorbance) vs. time for the completion

of 85 % of reaction with the varying concentration of oxidant,

reductant and catalyst. The rate constants were reproducible

within ± 5 % and are average of at three independent kinetic

runs.
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Fig. 4. Spectral changes during the oxidation of metronidazole by

[K3Fe(CN)6] in alkaline medium at 301 K: [K3Fe(CN)6] = 6 × 10-4 M,

[MTZ] = 6 × 10-3 M, [OH–] = 1.5 × 10-2 M, time interval = 2 min,

upto 112 min

1.0

0.8

0.6

0.4

0.2

0

A
b
s
o
rb

a
n
c
e

380 400 420 440 460 480 500
Wavelength (nm)

Fig. 5. Spectral changes during the oxidation of metronidazole by

[K3Fe(CN)6] in alkaline medium at 301 K: [K3Fe(CN)6] = 6 × 10-4

M, [MTZ] = 6 × 10-3 M, [OH–] = 1.5 × 10-2 M, [Ag°] = 4 × 10-6 M,

time interval = 2 min, upto 40 min

Reaction order: Oxidation of metronidazole by alkaline

hexacyanoferrate [Fe(CN)6]
3- studied separately for both

uncatalyzed and nanosilver catalyzed reactions under pseudo-

first order reaction condition. It was observed that the rate of

reaction increased for nanosilver catalyzed reaction. The rate

constant was determined for each experimental set in order to

know the dependence of reaction rate on each reactant. The

reaction orders were determined from the slope of the plot

between log kobs vs. log [reactant].

A continuous decrease in rate (kobs) with the increase in

oxidant concentration (1 × 10-4 to 10 × 10-4 M) for both uncata-

lyzed and nanosilver catalyzed reaction were observed (Table-1).
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The experimental results showed that rate of the reaction

increased for both uncatalyzed and catalyzed reaction with

increase in metronidazole concentration in the range of (2 ×

10-3 to 20 × 10-3 M) at constant [Fe(CN)6]
3–, [OH–] and [Ag°].

Plot of log k vs. log [MTZ] was linear, indicated first order

reaction with respect to metronidazole (Fig. 6, Table-1).

TABLE-1 
EFFECT OF VARIATION OF [Fe(CN)6]

3-, [MTZ], [OH–]  
ON THE OXIDATION OF METRONIDAZOLE BY 
HEXACYANOFERRATE IN ALKALINE MEDIUM  
FOR BOTH UNCATALYZED AND NANOSILVER  

CATALYZED REACTION AT 301 K 

104 

[Fe(CN)6]
3- 

(M) 

103 [MTZ] 
(M) 

102 [OH] 
(M) 

104 kobs (s
-1) 

Uncatalyzed 

104 kobs (s
-1) 

(Nanosilver 
catalyzed) 

Ag° 

1.0 

2.0 

4.0 

5.0 

6.0 

8.0 

10.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

14.0 

16.0 

20.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

5.0 

7.36 

5.11 

4.42 

3.67 

2.54 

2.39 

2.29 

0.85 

1.65 

2.14 

3.71 

4.91 

6.17 

7.57 

8.38 

10.13 

0.70 

1.41 

2.12 

2.80 

3.50 

4.20 

5.60 

7.01 

14.13 

11.98 

8.15 

7.53 

6.07 

5.27 

4.78 

2.64 

4.09 

6.01 

8.06 

10.9 

13.81 

15.73 

16.88 

20.03 

1.54 

3.73 

5.90 

8.59 

10.56 

11.62 

12.67 

14.77 

[Ag°] = 4 × 10-6 M for catalyzed reaction 
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Fig. 6. Plot of 3 + log [MTZ] vs. 4 + log kobs; Reaction condition: uncatalyzed

= [K3Fe(CN)6] = 6 × 10-4 M, [OH–] = 1.5 × 10-2 M, [MTZ] × 10-3 M

= 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 20.0; catalyzed =

[K3Fe(CN)6] = 6 × 10-4 M, [OH–] = 1.5 × 10-2 M, [Ag°] = 4.0 × 10-6

M, [MTZ] × 10-3 M = 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 20.0

To study the effect of [OH–] on the rate of reaction, NaOH

concentration varied in the range of 0.5 × 10-2 to 5.0 × 10-2 M

by keeping other reactants constants i.e. [Fe(CN)6]
3-, [MTZ]

and [Ag°] at 301 K. The result elucidated that the rate of reaction

increased with [OH–]. Plot of log k vs. log [OH–] was linear

with fractional value of slope indicated fractional order of

reaction with respect to medium (Fig. 7).
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Fig. 7. Plot of 2 + log [OH–] vs. 4 + log kobs; Reaction condition: uncatalyzed

= [K3Fe(CN)6] = 6 × 10-4 M, [MTZ] = 6 × 10-3 M, [OH–] 10-2 M =

0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0; Catalyzed = [K3Fe(CN)6] = 6 ×

10-4 M, [MTZ] = 6× 10-3 M, [Ag°] = 4× 10-6 M [OH–] 10-2 M = 0.5,

1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0

To find the effect of silver nanocatalyst, [Ag°] varied in

the range of 2.0 × 10-6 to 20.0 × 10-6 M at while concentration

of other reactants was constant at 301 K. The result showed

that rate of reaction increased with increase in [Ag°]. Plot of

log k vs. log [Ag°] was linear with fractional value of slope

(0.4), indicated that the reaction followed fractional order with

respect to nanosilver catalyst (Fig. 8 and Table-2).
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Fig. 8. Plot of 6 + log [Ag°] vs. 4 + log kobs; Reaction conditions:

[K3Fe(CN)6] = 6 × 10-4 M, [MTZ] = 6 × 10-3 M, [OH–] = 1.5 × 10-2

M, [Ag°] 10-6 M = 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 20.0
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TABLE-2 
EFFECT OF NANOSILVER CATALYST IN THE OXIDATION  

OF METRONIDAZOLE BY HEXACYANOFERRATE 

Ag° [Catalyst] 106 104 kobs (s
-1) 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

14.0 

16.0 

20.0 

3.32 

5.80 

6.12 

6.66 

7.22 

7.66 

8.11 

8.22 

9.36 

 
The concentration of hexacyanoferrate(II) varied by keeping

all the reaction condition constant. Constant value in the rate

clearly showed that change in the concentration of hexacyano-

ferrate does not affect the oxidation of metronidazole in the

absence or presence of nanocatalyst. Variation of ionic strength

of the medium by the addition of variable amount of KNO3

(0.02 to 0.1 M) had no effect on the rate of reaction. The effect

of dielectric permittivity (D) of the medium on the reaction

rate was studied by varying the percentage of acetonitrile (0-

30 %) in the reacting system. The results revealed that the rate

of reaction decreased with increase in percentage of solvent.

A plot of log kobs vs. 1/D exhibit straight line with negative slope.

The permittivity (D) for CH3CN-H2O mixtures were calculated

with the help of the following equation, D = DWVW + DAVA,

where VW and VA are the volume fractions of water and aceto-

nitrile whereas DW and DA are the dielectric permittivity of

pure water and acetonitrile, respectively.

Effect of temperature: The reaction was studied at diffe-

rent temperatures (298-318 K) keeping other experimental

conditions constant. From Arrhenius plot of log k vs. 1/T the

values of thermodynamic parameters were calculated for both

uncatalyzed and nanosilver catalyzed reactions These values

confirmed that formation of activation complex was easier in

the case of nanosilver catalyzed reaction (Fig. 9 and Table-3).
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Fig. 9. Plot of 1/T vs. 4 + log kobs; Reaction Conditions: Uncatalyzed =

[K3Fe(CN)6] = 6 × 10-4 M, [MTZ] = 6 × 10-3 M, [OH–] = 1.5 × 10-2

M, Catalyzed = [K3Fe(CN)6] = 6 × 10-4 M, [MTZ] = 6 × 10-3 M,

[OH–] = 1.5 × 10-2 M [Ag°] = 4 × 10-6 M

TABLE-3 
EFFECT OF VARYING TEMPERATURE ON THE  

REACTION RATE AND ACTIVATION PARAMETERS  
FOR THE OXIDATION OF METRONIDAZOLE 

Temperature (K) 
104 kobs (s

-1) 
Uncatalyzed 

104 kobs (s
-1) Ag° 

298 

301 

308 

313 

318 

Ea (kJ mol-1) 

∆H# (kJ mol-1) 

∆S# (J K mol-1) 

∆G# (kJ mol-1) 

log Pzc 

1.64 

2.13 

5.50 

9.00 

15.17 

89.59 

87.09 

17.65 

81.77 

-3.671 

3.91 

6.12 

10.48 

13.40 

20.24 

61.12 

58.63 

103.53 

27.46 

-3.213 

Reaction conditions: [K3Fe(CN)6] = 6 × 10-4 M, [MTZ] = 6 × 10-3 M, 
[OH–] = 1.5 × 10-2 M 

 
Stoichiometry and product analysis: To determine the

oxidation products, different sets of reaction mixture con-

taining different ratio of hexacyanoferrate to metronidazole

with a certain amount of OH– in the reaction mixture and kept

in thermostatic water bath at 303 K for 72 h. The unreacted

amount of hexacyanoferrate was assayed spectrophotometrically

at the wavelength of 410 nm. The result indicated that one

mole of metronidazole was consumed by one moles of hexa-

cyanoferrate for both the reactions. The main reaction product

of oxidation of metronidazole was supposed to be 2-methyl-

5-nitro-1-imidazole ethanal as reported in the literature. The

reaction products were extracted with ether. The aldehyde was

detected by usual spot tests and also by 2,4-dinitrophenyl hydrazine

derivative [32].
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Scheme-I

Spectral evidence for the complex formation: Spectral

evidence for the complex formation between oxidant and

substrate was found from UV-visible spectra of metronidazole,

[Fe(CN)6]
3-, [OH–], [Ag°] and a mixture of metronidazole and

[Fe(CN)6]
3- (Fig. 10). Absorption peaks appeared at 315 nm

and 410 nm for metronidazole and [Fe(CN)6]
3-, respectively.

Hypsochromic shifts from 315 to 290 nm of metronidazole

suggested that there was complex formation between metro-

nidazole and [Fe(CN)6]
3-. Spectral evidence showed that absor-

bance was increased with increase in [MTZ] which was result

of complex formation between metronidazole and oxidant.
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Fig. 10. Spectra of the solution [1-7] recorded at room temperature, solution

conditions: 1. [MTZ] = 8.0 × 10-5 M, 2. [HCF] = 8.0 × 10-5 M, 3.

[MTZ] = 8.0 × 10-5 M, [HCF] = 8.0 × 10-5, 4. [MTZ] = 1.0 × 10-4 M,

[HCF] = 8.0 × 10-5, 5. [MTZ] = 1.5 × 10-4 M, [HCF] = 8.0 × 10-5, 6.

[MTZ] = 2.0 × 10-4 M, [HCF] = 8.0 × 10-5, 7. [MTZ] = 3.0 × 10-4 M,

[HCF] = 8.0 × 10-5

Conclusion

We have successfully synthesized and employed nanosilver

catalyst for the degradation of metronidazole in a pseudo first

order reaction condition. The oxidation of metronidazole

became more facile in the presence of nanosilver catalyst. The

oxidation product of metronidazole is found to be 2-methyl-

5-nitro-1-imidazole ethanal.
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