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ABSTRACT
In this study, the degradation of azo-dye acid orange 10 (AO 10) has been investigated using 
Polyvinylpyrrolidone (PVP) and Polyoxyethylene Lauryl Ether (Brij-35) stabilized Iridium oxide (IrO2) 
nanoclusters as catalysts. A simple chemical reduction method was used to synthesize the above-
mentioned nanoclusters. The characteristics of the nanocatalysts were determined by UV-visible 
spectrophotometer, TEM, and XRD. The kinetic study has been carried out at λmax of the reaction mixture 
i.e. 479 nm spectrophotometrically. The degradation follows first-order kinetics concerning oxidant and 
catalyst concentration while an order is one at lower substrate concentration tending towards zero 
at higher concentration. The degradation kinetics has been supported by the derived rate law. The 
results showed that PVP-stabilized IrO2 nanoclusters outperformed Brij-35 stabilized IrO2 nanoclusters, 
exhibiting the fastest degradation rate. The progress of the degradation process was monitored by UV-
vis spectroscopy. Using PVP-stabilized IrO2 nanoclusters as a catalyst is a very promising approach for 
the remediation of acid orange 10 due to the fast degradation rate and high degradation efficiency. In 
addition, PVP-stabilized IrO2 nanoclusters can be easily recovered and recycled for three consecutive 
cycles. It can be inferred from this study that catalytic oxidation methods are active and environment-
friendly for the remediation of dyes.
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INTRODUCTION
Synthetic dyes have been widely used in 

various fields, especially in the textile and printing 
industries. Azo dyes which constitute a significant 
proportion of synthetic dyes pose a significant 
threat to the environment and eco-biology because 
of their non-biodegradability and potential 
genotoxic and carcinogenic nature [1,2].  Dye 
removal or degradation from wastewater has been 
extensively studied to reduce its impact on the 
environment [3,4]. Several physicochemical and 

biological methods, such as adsorption, ozonation, 
photocatalysis, Fenton, reductive and oxidative 
degradation, and two or more combination 
methods have been successfully applied to the 
treatment of various dyes [5–7].

Among these methods, oxidative degradation is 
a fast, simple, and low-cost method, which is easy 
to implement in industries for the degradation of 
dyes [8]. Conventional chemical oxidation of dyes 
typically involves the use of oxidizing agents such 
as chlorine in the form of sodium hypochlorite, 
ozone (O3), hydrogen peroxide, and permanganate 

http://creativecommons.org/licenses/by/4.0/.
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[9]. Chlorination and ozonation have slower rates 
and high operating costs and limited effects on 
carbon content [10,11]. Therefore, during the 
last decade, special attention has been focused 
on the studies concerning the use of advanced 
oxidation processes (AOPs) utilizing Fenton 
and photo-assisted Fenton reactions for azo dye 
degradation [12]. Their effectiveness results from 
the generation of highly reactive hydroxyl radicals 
(OH.) that decolorize both soluble and insoluble 
dyes. However, the generation of large volumes of 
iron sludge is a major demerit of the process. There 
are reports for the use of metal nanoparticles in 
azo dye remediation, including nano zero-valent 
iron,(NZVI) [13, 14] and iron-based bimetallic 
nanoparticle, such as Fe/Ni [15]. Recently, Iridium 
(Ir) nanoparticles have emerged as a promising 
agent to treat azo dyes [16].

Oxidation by iron(III) in the form of various 
complexes has received much attention presumably 
due to its easy availability, less complexity involved 
in the oxidation, and its ability to act in acidic 
and alkaline medium both [17]. In this paper, a 
very fast oxidative degradation method for acid 
orange 10 (AO 10) based on novel PVP and Brij-
35 stabilized IrO2 nanoclusters as nanocatalysts 
using Hexacyanoferrate(III) abbreviated as 
HCF(III) ions as an oxidant has been reported 
The degradation study has been monitored by UV-
vis spectrophotometer showing the decrease in 
absorbance with the decrease in the concentration 
of dye with time. The comparison of the catalytic 
activity of PVP stabilized & Brij-35 stabilized IrO2 
nanoclusters with IrCl3 proves their use as potential 
catalysts in the oxidative degradation of dyes. 
Recycling catalysts and calculation of turnover 
frequency is also important feature of this work.

The major advantage of IrO2 nanoparticles 
over other catalysts is their superior selectivity 
and efficiency in degrading pollutants. IrO2 
nanoclusters can effectively break down pollutants 
into simpler and more harmless compounds, while 
other catalysts may simply convert pollutants into 
different forms of pollutants [18]. Additionally, 
IrO2 nanoparticles are more stable in harsh 
environmental conditions and have longer lifespans 
compared to other catalysts. IrO2 nanoclusters are 
known to have excellent catalytic activity due to 
their high surface area and their ability to form 
strong bonds with other molecules [19].

This is the first study to compare the catalytic 
performance of PVP and Brij-35 stabilized IrO2 

nanoclusters. The results indicate that PVP and 
Brij-35 stabilized IrO2 nanoclusters have superior 
catalytic performance compared to other catalysts, 
such as activated carbon, for the degradation of 
Acid Orange 10. This research work provides new 
insight into the catalytic performance of PVP 
and Brij-35 stabilized IrO2 nanoclusters for the 
degradation of organic pollutants.

MATERIALS AND METHODS
Materials and chemicals

All the chemicals used in the fabrication of 
iridium oxide nanoclusters and degradation of 
acid orange 10 were of analytical grade. Iridium 
chloride (IrCl3.xH2O, 99.6%), the precursor for 
the synthesis of IrO2 nanoclusters was purchased 
from Loba Chemie Pvt. Ltd. Mumbai, India. 
Hexacyanoferrate(III)  purchased from Merck 
was recrystallized before use. A fresh solution 
was placed in amber-colored bottles to prevent 
photodecomposition as the aqueous solution of 
HCF(III) tends to get hydrolyzed in light. A fresh 
solution was prepared for each set of variations to 
get better results.

Acid orange 10 (C16H10N2Na2O7S2, pure, 
certified) was obtained from SRL Pvt. Ltd, India. 
Additionally, stabilizers, Polyvinylpyrrolidone 
(PVP) and Brij-35 were procured from Merck and 
Thomas Baker respectively. Potassium dihydrogen 
phosphate (KH2PO4, 99.0%) and Sodium Hydroxide 
(NaOH, extra pure) were used to maintain the pH 
of the reaction mixture

Synthesis of iridium nanoclusters
The PVP and Brij-35 stabilized IrO2 nanoclusters 

were synthesized by the wet reduction method as 
reported previously [20] as depicted in Fig. 1. The 
reaction was administered in a three-necked flask. 
A calculated amount of precursor solution (7.07 
× 10-4 moldm-3) was prepared in methanol, which 
was added to the pre-prepared solution of stabilizer 
(PVP/Brij-35) in water at room temperature 
with continuous stirring. 1 ml NaOH (0.2M) 
solution was added to the solution of precursor 
and stabilizer solution dropwise with vigorous 
stirring for 15 min to obtain a colorless solution. 
The solution was further agitated for 15 min before 
refluxing for 2 hours in an oil bath. A series of color 
changes were witnessed before the fabrication of 
IrO2 nanoclusters. Finally, the blackish-brown 
colloidal dispersion of iridium nanoclusters was 
obtained without any precipitation.  There was an 
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increase in the temperature from 30 0C to 80 0C 
during synthesis which tends to become constant 
after the fabrication of IrO2 nanoclusters. 

Degradation of acid orange 10
The PVP and Brij-35 stabilized IrO2 nanoclusters 

were used as catalysts for the acid orange 10 
degradation at optimal pH (8.0) and temperature 
(40 ± 10C). The thermostat fixed to a rotator, 
rotating at 10 rpm was used to attain thermal 
equilibrium and maintain solution uniformity 
during the degradation process. The requisite 
amount of each reactant was thoroughly mixed in a 
250 ml iodine flask. Acid orange 10 solutions were 
added to the aforementioned reaction mixture 
containing a weighed amount of HCF(III), buffer, 
and IrO2 nanoclusters to initiate the degradation. 
The reaction was monitored by measuring the 
UV-vis absorption spectra of the sample solution 
taken out at regular intervals (0, 5, 10, 15, 20, 30, 
45, and 60 min at λmax of the reaction mixture i.e. 
479 nm. With time there was a gradual decrease in 
the absorbance of the dye showing its degradation. 
A kinetic study of the degradation process was 
determined by the initial rate method.

Instruments and Characterization
The XRD pattern of measurement was carried 

out using dried powder by Bruker AXS D-8 Advance 
diffractometer with monochromatized Cu Kα (λ = 
0.154 nm) radiation, 230 V, 50Hz, 6–5 kV A, scan 
rate 10 min-1 operating with a range of 2θ angles 
from 10° to 70°. The approximate particle size 

was determined by the Debye–Scherrer equation. 
Transmission electron microscopy (TEM) imaging 
was performed using an FEI-TECHNAIG-20 
transmission electron microscope operated at 200 
kV. TEM samples were prepared by placing a drop 
of the nanoparticle suspension in ethanol on a piece 
of TEM grid and drying under ambient conditions. 
A UV/Vis spectrophotometer (Systronics-117) was 
utilized to collect the absorption spectra of azo 
dye degradation. The pH value was measured by a 
digital pH meter (Systronics μ-pH System 361).

RESULTS AND DISCUSSION
Nanoclusters 

Table 1 shows the comparison of synthesis 
conditions and particle size of IrO2 nanoclusters 
formed with PVP and Brij-35 which is well 
supported by the XRD patterns shown in Fig. 
2. The approximate particle size of the IrO2 
nanoclusters was determined by employing the 
Scherrer equation:

D = 

where D is the average particle size of IrO2 
nanoclusters, λ is the wavelength of incident X-ray 
(corresponding to 0.154 nm), θ is the position 
of diffraction peak as well as Bragg’s angle, β 
corresponds to full-width at half maxima of the 
diffraction peak, FWHM (in radian). It is observed 
that the diffractogram of IrO2 nanoclusters 
formed with PVP is quite different from that of 
IrO2 nanoclusters formed with Brij-35. The PVP-
stabilized IrO2 nanoclusters are amorphous with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Schematic presentation of redox reaction during the fabrication of IrO2 nanoclusters with PVP and Brij-35 using methanol as 
a reducing agent
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broad peaks characteristic of materials with small 
size while Brij-35 stabilized IrO2 nanoclusters are 
crystalline in nature and larger in size. This may be 
attributed to the steric effect and chemical bonding 
of stabilizers on the particle size. The stabilization 
of colloidal metal particles with polymers in water 
is often discussed by the adsorption of the polymer 
on these particles. These large adsorbates provide 
a steric barrier that prevents close contact of 
metal nanoclusters to each other. The interaction 
between the surface of the metal particles and 
the polymers is considered to be hydrophobic. 
However, coordination of the polymer to metal 
particles has been proposed by the shift of the 
>C=O stretching in the IR spectra of the PVP and 
surrounding nanoclusters. PVP may play the same 
role for Au and other noble metal nanoparticles 
(IrO2nanoclusters). The large particle size and 
less stability of Brij-35 capped IrO2 may be due 

to less interaction of the train part of Brij -35and 
nanoclusters [20] Fig. 3(a) is the TEM image of 
PVP-stabilized IrO2 nanoparticles with a diameter 
of 4.05 ± 0.25 nm; Fig. 3(b) shows the TEM image 
of Brij-35 stabilized IrO2 nanoparticles having 
a diameter of 36.36 ± 1.0 nm. Under the same 
reaction conditions, the particle size of PVP-
stabilized IrO2 nanoclusters is nine times smaller 
than the IrO2 nanoclusters formed with Brij-35. 
TEM images demonstrate that IrO2 nanoclusters 
have an agglomeration tendency and are larger as 
compared to PVP-stabilized IrO2 nanoclusters. 

Comparison of degradation kinetics of AO 10
The comparison of catalytic activity of PVP-

stabilized IrO2 nanoclusters and Brij-35 stabilized 
IrO2 nanoclusters has been studied by kinetic–
spectrophotometric method in the oxidation of AO 
10 dye by hexacyanoferrate(III) ions in an aqueous 
alkaline medium. The reactions have been carried 
out at a constant pH and a constant temperature (40 
± 10C) at different concentrations of one reactant 
keeping the concentration of the other constant.

Influence of pH
 pH of the reaction mixture is the most important 

factor that affects the degradation kinetics of azo 
dyes. When it comes to ionic reactions (here, AO 
10 moieties and other reactants), the pH has an 
impact on ionization; hence, the ideal pH value 
for ionization is required, and the rate of reaction 
is then evaluated at that optimum pH value. By 
altering the pH of the solution from 6.0 to 9.5, the 
effect of pH on AO 10 degradation in a catalyst-
mediated system was investigated. The most 
favorable pH for the breakdown of AO 10 is 8.0, 
displaying the maximum ionization, as seen in 
Fig. 4. According to studies in the literature, OH– 

combines with dyes in an alkaline medium to 
extract proton (H+) and generates anionic species 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Fig. 2: XRD patterns of (a) PVP stabilized nanoclusters 
(b) Brij-35 Stabilized nanoclusters (JCPDS card no. 
15870) as represented in Table 1

 

Table 1: Synthesis conditions and particle size of IrO2 nanoclusters
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Fig. 4: Effect of pH on the degradation rate of AO 10 
by HCF(III). Experimental conditions: [AO 10] = 3.0 × 
10−5 mol dm−3 ; [HCF(III)] = 3.0 x 10-6 mol dm-3  ; [IrO2 
nanoclusters] =   1.004 × 10−7 mol dm−3; Temperature = 
40 ± 0.1˚C.

Fig. 5: Effect of [HCF(III)] on the degradation rate of 
AO 10 by HCF(III). Experimental conditions: [AO 10] 
= 3.0 × 10−5 mol dm−3 ; [IrO2 nanoclusters] =   1.004 × 
10−7 mol dm−3; pH=8.0; Temperature = 40 ± 0.1˚C.
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Fig. 3: TEM micrographs and corresponding particle size distribution histograms of (a) PVP-stabilized IrO2 nanoclus-
ters and (b) Brij-35 stabilized IrO2 nanoclusters.
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Table 2: Reaction rate and k1 of reactions catalyzed by PVP-stabilized IrO2 nanoclusters and Brij -35 stabilized IrO2 
nanoclusters

of dye in equilibrium, which can be assured by the 
proposed degradation mechanism. Because of the 
columbic repulsion between anionic dye surface 
and OH– ions, oxidation of organic compounds 
may decrease after reaching the optimal pH value 
[16].

Effect of oxidant concentration
Fig. 5 shows the kinetics of the oxidative 

removal of azo dye AO10 by HCF(III)  using PVP-
stabilized IrO2 nanoclusters and Brij-35 stabilized 
IrO2 nanoclusters as catalysts. The statistics indicate 
how the concentration of HCF(III) ions affects the 
reaction rate. The results show that AO 10 oxidation 
follows first-order kinetics concerning [HCF(III)]. 
It can be seen that rate of degradation of AO 10 
degradation rate increases as the concentration of 
HCF(III) increases. HCF(III) ions were present in 
concentrations ranging from 1.0 × 10−6 to 9.0 × 10−6 
mol dm-3.

Effect of dye concentration
It is crucial to look into the relationship 

between the initial dye concentration and the rate 
of degradation from an application standpoint. By 
altering the concentration of AO 10 from 1 × 10−5 
to 9 × 10−5 mol dm−3, the effect of dye concentration 
change was investigated. Fig. 6 depicts the first-order 
rate dependency on lower substrate concentrations, 
which tends to be zero order at larger concentrations 
i.e at low concentrations of dye, there is a steep 
increase in the rate of reaction with increasing dye 
concentration and the rate at which product can be 
formed is limited by the concentration of substrate 
available but as the concentration of dye increases, 
adding more substrate will not affect the rate of the 
reaction in any significant manner.

Effect of catalyst concentration
Because the quantity of catalyst can influence the 

rate of dye degradation, the concentration of IrO2 
nanoclusters was adjusted several times, ranging 
from 0.2 x10-7 to 1.204 x10-7 mol dm-3. As illustrated 
in Fig. 7, first-order kinetics concerning PVP-
stabilized IrO2 nanoclusters and Brij-35 stabilized 
IrO2 nanoclusters are revealed by a progressive 
increase in rate with their concentration. The 
increased rate indicates that the mass of the catalyst 
may have influenced the reaction rate.

Comparison of catalytic degradation efficiency 
of PVP-stabilized IrO2 nanoclusters and Brij-35 
stabilised IrO2 nanoclusters

Under comparable experimental settings, 
the influence of particle size of PVP-stabilized 
IrO2 nanoclusters and Brij-35 stabilized IrO2 
nanoclusters on the rate of degradation of AO 10 
was investigated. Table 2 and Fig. 8 demonstrate 
the degradation rate for the reaction catalyzed by 
IrCl3, PVP-stabilized IrO2 nanoclusters and Brij-
35 stabilized IrO2 nanoclusters. The rate is the 
highest for PVP-stabilized IrO2 nanoclusters when 
compared to other catalysts. This shows that PVP-
stabilized IrO2 nanoclusters had higher catalytic 
activity than Brij-35 stabilized IrO2 nanoclusters 
and IrCl3. It is possible due to the large surface 
area to volume ratio of the PVP-stabilized IrO2 
nanoclusters as compared to other catalysts.

Effect of Temperature on the reaction rate
In the present study, the effect of temperature on 

the oxidation of acid orange 10 at optimum pH in the 
presence of both, PVP-stabilized IrO2 nanoclusters 
and Brij-35 stabilized IrO2 nanoclusters has been 
studied at four different temperatures - 40, 45, 50, 
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and 55oC. The observations have been made under 
identical conditions at different temperatures 
taking the specific runs for each catalyst. The first 
order rates constant ‘k1’ were evaluated by the 
slope of log (a-x) vs time plots. The first order rate 
constant thus evaluated was divided by [S] to get 
the second order rate constant k2. A plot of log k2 
versus 1/T was linear showing that the Arrhenius 
equation was followed as shown in Fig. 9.

Recycling of catalysts and turnover frequency
The lifespan of PVP-stabilized IrO2 

nanoclusters was utilized to evaluate the economy 
of the current oxidative degradation process, 
which is the number of times a catalyst may be 
reused without compromising its efficiency. For 
three cycles, these nanoclusters were retrieved 

and reused. The treated reaction mixture was 
centrifuged after the first degradation cycle. 
The generated nanoclusters were rinsed five 
to six times with double distilled water before 
being utilized as a catalyst in the kinetic 
investigation. For two consecutive cycles with 
fixed experimental circumstances, the same 
procedure was used. Table 3 summarises the 
findings. The rate of reaction was discovered to 
be decreasing with each subsequent cycle. The 
persistent agglomeration of IrO2 nanoclusters 
after each cycle is, nevertheless, responsible for 
the progressive decline in catalytic efficacy. Fig.10, 
the XRD pattern of recovered nanoclusters after 
the first, second, and third cycles depict the 
increase in size of IrO2 nanoclusters after each 
cycle.
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Fig. 6: Effect of [AO 10] on the degradation rate of AO 10 
by HCF(III). Experimental conditions: [HCF(III)] = 3.0 
× 10−6 mol dm−3 ; [IrO2 nanoclusters] =   1.004 × 10−7 mol 
dm−3;  pH=8.0; Temperature = 40 ± 0.1˚C.

Fig. 7: Effect of [catalyst] on the degradation rate of AO 
10 by HCF(III). Experimental conditions: [HCF(III)] = 
3.0 × 10−6 mol dm−3 ; [AO 10] = 3.0 × 10−5 mol dm−3 ;  
pH=8.0; Temperature = 40 ± 0.1˚C
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 The values of turnover frequency (TOF) given 
in Table 3 reveal that the catalytic activity of PVP-
stabilized IrO2 nanoclusters decreased significantly 
with each successive cycle. These nanoclusters 
increase in size (because of Ostwald ripening) after 
each cycle, which accounted for TOF calculations in 
each cycle [21].                                                                                                             

Proposed degradation Pathway of AO10
The UV-vis spectrum of acid orange 10 

was recorded from 220 to 700 nm using a UV-
vis spectrophotometer (Systronics -117) with a 
spectrometric quartz cell (1cm path length). The 
maximum absorbance wavelength (λmax) was found 
at 479 nm which is attributed to              n       π* 
transition related to the –N=N- group in the 
acid orange 10 molecule [22, 23]. Therefore, the 
concentration of acid orange 10 in the reaction 
mixture at different times was determined by 
measuring the absorption intensity of the solution 

at 479 nm and using the calibration curve. Fig. 
11 confirms the successful degradation of acid 
orange 10. Initially, the spectrum corresponds to 
a broad band at 479 nm for acid orange 10. The 
intensity of this peak decreased with time and a 
new peak appeared at 241 nm suggesting that the 
chromophore responsible for the color of the dye 
(-N=N-) was broken leading to the degradation of 
a substrate to new product/products. 

The identification of extracted product/products 
was performed by Liquid chromatography-mass 
spectrometry (LC-MS) (BRUKER, ELITE) using C18 
column with acetonitrile: water (1:1) as mobile phase 
at a flow rate of 300µL/min. LC-MS spectra of the 
extracted product/products given in Fig. 12 indicate 
the formation of anticipated 3-(hydroxyamino) 
benzene -1,2-diethanoic acid, 3-(hydroxyamino) 
benzene-1,2-diethanoic anhydride and  5-hydroxy 
naphthalene -1, 3- disulphonic acid as minor 
degradation products and pentanoic acid, propanoic 
acid, ethanoic acid as major degradation products 
which are simple and less hazardous.

The products, depicted in the proposed 
degradation pathway (Scheme 1) arise from the 
indiscriminate attack of OH- ions at various sites 
on the dye molecule. The formation of hydroxylated 
products mainly arises from the attack of hydroxyl 
ions on the dye surface [15]. Initially, more active 
bonds are hydroxylated. This includes the C-N bond 
linked to the benzene or naphthalene ring and C-S 
bond of the sulfate group linked to the naphthalene 
ring or the benzene ring, to form organic acids 
with or without hydroxyl group and the related 
ions (SO4

2- and NH4
+). These aromatic acids are 

subsequently hydroxylated and lead to the cleavage 
of the aromatic ring to form aliphatic acids [12].

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10:  XRD patterns of  PVP stabilized nanoclusters 
(a) First cycle (b) Second cycle(c) Third cycle 

Table 3: Turnover frequency, Particle size, and k1 of PVP-stabilized IrO2 nanoclusters before and after recovery up to 
three consecutive cycles
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Scheme 1. 
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 Scheme 1: Proposed degradation pathway for acid orange 10
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Fig. 11: UV-vis spectra showing the degradation of acid orange 10.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: LC-MS spectra showing the degradation of acid orange 10.

Mechanism
Though it is impossible to propose a mechanism 

for such a complicated reaction the experimental 
results and previous evidence lead us to propose 
a mechanism for the aforementioned electron 
transfer reaction which involves binding of 
substrate to the surface of IrO2 nanoclusters (Irn) 
and then reacting with HCF(III) ions present in 
solution.

In Scheme 2, acid orange 10 is believed to exist as 
an anion, D- in an alkaline medium where it forms 
a loosely bonded complex with IrO2 nanoclusters 
(Irn). This complex slowly reacts with HCF(III) ion, 
yielding Irn and Fe(CN)6

4- as products [21]. It has 
been claimed that the metal ion complexing with 
organic substrate facilitates electron transport. 
The formation of the complex was also proved 
kinetically by the Michaelis-Menton plot i.e. a 
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Fig. 13: Plot of rate-1 vs [HCF(III)]-1
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non-zero intercept on the plot of 1/rate versus 1/
[Substrate] (Figs. 13,14).

Rate Law
Based on the above mechanism and 

experimental facts, the following rate law has been 
derived:

          

(1)

The rate law shows Pseudo first-order kinetics 
concerning Irn as well as retarding trend to 
HCF(III) and [D-]. 

At very low concentrations of HCF(III) ions 
and organic substrate, the value of k2[HCF(III)] 
and k1[D-] will be quite small. Hence neglecting 
these factors in the denominator, equation (1) 

reduces to –

          
(2) 

          
Equation (2) accounts for the first-order kinetics 

concerning [HCF(III)], [D-], and the catalyst at 
their lower concentration. Equation (1) at constant 

[Irn]T  becomes –
          

(3)

         
 For the verification of rate law at higher 

concentration equation (3) can be written as -

      
(4)       

                                            
According to equation (4), plots of 1/rate 

versus 1/[substrate], 1/rate versus 1/[HCF(III)] 
were found linear. Such plots are presented in 
Figs. 13 & 14. A close examination of these figures 
indicates that these are straight lines with positive 
intercepts at the 1/rate axis showing the validity 

of the derived rate law equation based on the 
proposed mechanism.

CONCLUSION
Acid orange 10 is one of the most stable azo 

dyes which is extensively used in the textile 
industry and is resistant to biodegradation. 
This study demonstrates the effectiveness of 
the PVP and Brij stabilized IrO2 nanoclusters 
in the degradation of acid orange 10. This study 
provides a comprehensive comparison between 
polyvinylpyrrolidone (PVP) and Brij-35 stabilized 
nanoclusters as catalysts for the degradation 
of Acid Orange 10. Both catalysts exhibited 
high activity and stability, with PVP-stabilized 
nanoclusters showing slightly higher activity. 
The  PVP and Brij stabilized IrO2 nanoclusters 
synthesized by the wet chemical method exhibited 
fast catalytic properties and reduced acid orange 
10 to carboxylic acids. The dye degradation rates 
were very sensitive to pH and worked best at pH 
8. The rate of degradation increased linearly with 
an increase in the concentration of HCF(III) 
and catalysts while the order of the reaction was 
found to be one at a lower concentration of dye 
tending towards zero at its higher concentration. 
The derived rate law supported the degradation 
mechanism. The catalytic activity of the PVP-
stabilized IrO2 nanoclusters was the highest 
among the three catalysts (PVP-stabilized IrO2 
nanoclusters, Brij-35 stabilized IrO2 nanoclusters, 
and IrCl3) used.  The PVP-stabilized IrO2 
nanoclusters were repeatedly used over 3 cycles 
without significant loss of catalyst mass; a decrease 
in reaction rate constants is apparently due to the 
persistent agglomeration of IrO2 nanoclusters 
after each cycle. Further, the degradation 
products analyzed by LC-MS were simpler and 
less hazardous. This is a novel approach to the 

 

Scheme 2. 
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Scheme 2:   Reaction mechanism for degradation of acid oranage 10
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degradation process, which could potentially 
be more efficient and cost-effective than more 
traditional methods. Additionally, this study also 
provides a comparative analysis of the catalytic 
performance of these nanoclusters compared to 
other catalysts, allowing for a more comprehensive 
evaluation of the material's effectiveness. Finally, 
the study provides a detailed discussion of the 
mechanism of action and potential applications 
for these nanoclusters, which further enhances 
the value of the study.
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