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Abstract 

Decolorization is proven to be the most efficient, eco-friendly and cost effective technique for 

the decolorization of dyes in wastewater. In this work, oxidative decolorization of azo dyes viz. 

Methyl orange (MO) and Ethyl Orange (EO) by CAB/ HClO4/Ir(III),  was studied. Variation of 

dye, oxidant, catalyst and acid concentrations on the rate of decolourization was carried 

out. Under optimal experimental conditions, 85% decolorizations of dyes are achieved in 80 

minutes and in the presence of Iridium tri chloride (Ir(III)), it has been drastically reduced to 

20 minutes. Hence Ir(III),  catalyst is proved to be an efficient homogenous catalyst in the 

present kinetic redox system. Kinetic rate law and mechanistic pathway have been 

deduced. Mass spectral analysis was utilized for the identification of degradation 

products. COD and phytotoxicity analysis revealed that degradation products were less toxic as 

compared to the original dyes.   
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1. Introduction 
Thousands of dye stuff commercially available are widely used in textile dyeing, food, cosmetic, 

leather and pharmaceutical industries[1]. Effluents generated from these industries contain high 

concentrations of organic compounds and characterized by strong colour, high COD and TOC 

values. It has become an enormous task to optimize the procedures for the decolorization of dyes 

to meet the new discharge values given by the regulatory[2]. Hence, research on decolorization 

and degradation of dyes from industrial effluents are receiving increasing attention.  Various 

methods such as chemical, biological, physical (sorption, membrane separation, as coagulation, 

flocculation) and photocatalytic processes have been adopted to abolish the dye effluents in 

waste water. Direct biological treatment of effluent is futile in removal of colour and degradation 

of dye materials. Hence physical or chemical method is carried out before biodegradation.  

Physical processes like flocculation and activated carbon adsorption causes sludge formation and 

poor regeneration of adsorbent[3-5]. Photocatalytic technology is another promising route to 

minimize the dye effluents in waste water.  But the problem being faced using these 

semiconductors is their wide band gap. Therefore, it is not successful to meet the industrial 

requirement due to the following reasons: low utilization of sunlight, low quantum efficiency, 

low recyclability, and low photocatalytic efficiency[6]. Hence, currently, the most promising way 

to remove the dye effluents in the waste water is the chemical oxidation process. Chemical 

oxidation processes are very powerful and can break down even the chemical structures of dyes 

with double bonds and complex aromatic rings using oxidizing agents. Various oxidizing agents 

are used in the decolorization of the dye viz.  Ozone, Chlorine, hydrogen peroxide, Potassium 

permanganate, Fenton’s reagent irradiation with UV light  [7].  

The model dyes chosen in this work are mono azo dyes viz. Methyl orange (MO) and 

Ethyl orange (EO) which are extensively used in dyeing, food, cosmetic and printing of textiles.  

An extensive literature survey revealed that several methods have been proposed to minimize 

concentrations of this dye in wastewater.  

Shaban et al.,[8] have reported oxidation of methyl orange using a Fenton reaction at 

normal laboratory temperature and at atmospheric pressure.  Nawi etal.,[9] have fabricated an 

immobilized TiO2/Polyaniline biocatalyst to decolorize methyl orange in aqueous solution. 

Mortza etal.,[10] have reported the photocatalytic decomposition of EO by nano-titanium dioxide 
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in the presence of  buffer solutions under irradiation by 400 W high pressure mercury lamp. 

Norzita Ngadi [11] adopted Chitosan and Zinc oxide hybrid to remove the EO dye effluent from 

waste water.  Ahmad Ali etal[12] have adopted bacterial decolorization of MO under aerobic 

conditions using the technique of adsorption .However, the draw-back associated with this 

method is, it needs a special environment to keep them functional in the activated sludge 

systems. Despite the decontamination efficiency of these techniques, each method has some 

shortcomings associated with it. To mention few, the inability to use in visible light, high cost, 

skills, maintenance of equipments, ineffectiveness at high pH. Futility associated with 

conventional biological treatment, sludge generation and adsorbent regeneration.  

On the other hand, there are various advantages of chemical oxidation methods like 

economical, environmentally compatible, and achievement of higher percentage of 

decolorization within a short reaction time. This prompted us to adopt chemical oxidative 

decolorization technique using environmentally benign CAB/Ir(III)/HClO4 chemical mixture for 

the decolorization of MO and EO dye effluent in wastewater. 

Chloramine T (CAT) is a well known monohaloamine class of compounds and 

chloramine B (CAB) is its analogue. The N–Cl bond in CAT and CAB is highly polar and hence 

these two compounds are fairly strong electrophiles, since chlorine leaves as Cl+ in these 

reactions. CAT is widely used in the oxidative decolorization of the dye. Inspite CAB being a 

stable compound with slightly higher active chlorine content than its analogue CAT.  But there is 

meager information available in literature on the use of CAB[13]. Besides, CAB is commercially 

obtainable, cost-effective, water soluble, non-toxic and easy to handle. Hence, there is a 

considerable scope for the extension of work with CAB to get better insight of the speciation of 

CAB reaction models and deliberate its redox chemistry in solution. A review of previous works 

directs that the information on the oxidation of dyes with CAB are fairly meagre from its kinetic 

oxidative decolorization and mechanistic standpoint[14].  This prompted us to use CAB as 

oxidant.  

A small amount of transition metal catalyst IrCl3 chloride is used to enhance the 

decolorization rate. Various platinum metal ions such as Os(VIII), Ru(III), Pd(II), Rh(III), Pt(IV) 

and Ir(III) are employed in many redox reactions and some of the systems have been proved 

Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

Volume 24, Issue 5, May - 2022 143



4 
 

appropriate for kinetic analysis.[15]. As far as our knowledge, there are no reports on the use of 

IrCl3 metal ion in the dye decolorization studies to understand the mechanistic chemistry of dye, 

CAB and IrCl3 redox system 

In this paper, the following studies were carried out; (i) decolorization of 2 different azo 

dye solutions by CAB in the presence of metal ion as catalyst was examined.  (ii) establish the 

optimum conditions for the facile oxidative decolorization of dyes (iii) elucidate the mechanistic 

chemistry of the redox system kinetically, (iv) ascertain the reactive species of CAB, dyes and 

Ir(III), (v) deduce the rate law for the reaction, (vi)  justify the use of IrCl3 catalyst, (vii) 

determine chemical oxygen demand (viii) phytotoxicity analysis and  (ix) cost analysis. 

The proposed soft solution chemical oxidation method offers various advantages such as 

simplicity, efficiency, cost-effectiveness, short reaction times, mild experimental conditions and 

use of environmentally benign reagents which embraces great potential in pollutant control. By 

keeping these views, we expect that this method is a valuable inclusion to the prevailing 

methods.  Further, this method can be conveniently scaled up for industrial applications with 

suitable experimental changes for treating these dyes present in industrial wastewater to decrease 

the toxicity.  

 
2. Experimental 

2.1. Materials  

Chloramine-B (Sigma) was purified by the method of Morris et al. [16] An aqueous solution of 

CAB was prepared afresh whenever required, standardized by iodometric method and stored in 

brown bottles until further use. The concentration of stock solution of CAB was periodically 

determined iodometrically. Ethyl orange and methyl orange (S.D fine Chem. Pvt. Ltd. Mumbai, 

India) was used as received and an aqueous solution of the desired strength of the dye was 

prepared afresh each time. IrCl3 (Ir(III)) (S.D fine Chem. Pvt. Ltd) solutions were prepared in 20 

mM HCl. The amount of acid present in the catalyst solutions was considered while preparing 

reaction mixtures for kinetic runs. All other chemicals used were of analytical grade.  Doubly 

distilled water was used all through the experiment.  
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2.2. Spectrophotometric kinetic measurements 

The kinetic runs were performed under pseudo-first-order conditions by ensuring an excess of 

CAB over substrate in HClO4 medium at 303 K. In this research, UV-visible spectrophotometry 

(SL 159. Elico Ltd. India) was used to measure the absorbance and measurements were made at 

λmax= 474 nm for EO and λmax= 460 nm for MO.[15] The progress of the redox reaction was 

monitored for  more than 85%  of its completion. The absorbance readings at t=0 and t=t are D0 

and Dt. were made to evaluate. The pseudo- first-order rate constants (k/s-1) were calculated 

using the plots of log Do/Dt versus time. All the measurements were repeated twice to check the 

reproducibility and it were found to be reproducible with ± 2% error. The mean values of the rate 

constants were reported. Regression coefficients (R2) were evaluated using fx-100 W scientific 

calculator. Standard deviation for the kinetic runs were calculated and found to be closest to the 

mean value. 

Initial optimization studies showed that the dye decolorization with CAB is most 

effective in acidic conditions. In acid medium, the dye decolorizes in 80 min but under the 

similar experimental conditions in presence of a trace amount of Ir(III) catalyst it decolorizes in 

20 min. The rate constant for the reaction between dye and CAB in presence of HClO4 under the 

standard experimental conditions of [CAB]o = 6.4 × 10-3 mol dm-3,  [dye]o = 6.0 × 10-4 mol dm-3, 

[HClO4] = 4.0 × 10-3 mol dm-3 at 303 K were found to be 2.30 × 10-4 s-1 and 1.10 × 10-4 s-1 

respectively for EO and MO dyes. For the same reaction in presence of   2.0 × 10-5 mol dm-3 

Ir(III)  catalyst the rate were found to be 11.9 × 10-4 s-1 and 5.54 × 10-4 s-1 respectively for EO 

and MO dyes. Therefore, it can be said that Ir(III) acts as an proficient homogeneous catalyst for 

the present redox system. Accordingly, the kinetics and mechanism of oxidative decolorization 

of dye with CAB in HClO4 medium have been studied at 303 K in presence of Ir(III) as a 

homogeneous catalyst for the first time 

3. Results and Discussion 

3.1. Effect of reactants on the decolourization  rate 

The oxidative decolorization of dye by CAB was kinetically investigated at different initial 

[reactants] in presence of HClO4 and Ir(III) catalyst at 303 K. The related oxidation and kinetic 

behaviour was seen for both EO and MO dyes studied in the present case. 

The kinetic investigations were carried out under pseudo-first-order conditions of [CAB]o
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[dye]o. The first-order dependence of rate on [dye]o was obtained from the plots of log 

(absorbance) versus time  (R2 > 0.9890), at fixed  [CAB]o, [HClO4], [Ir(III)] and temperature.  

The pseudo-first-order rate constant (k/s-1) were originate to be free of [dye]o (Table 1), 

confirming the first-order dependence of rate on [dye]o. Under the similar experimental 

conditions, an increase in [CAB]o led to enhance in the k/ values and plots of log k/ versus log 

[CAB] were found to be linear (R2 = 0.9940) with slopes less than unity (0.54 and 0.50), 

suggesting the fractional-order dependence of rate on [CAB]o. Additionally, plots of k/ versus 

[CAB] were linear (R2= 0.9980) with a y-intercept, confirming the order as less than unity with 

respect to [CAB]o. 

The reaction rate is enhanced with surge in [HClO4] (Table 2) and the log-log plots of k/ 

and [HClO4] were found to be linear (R2=0.9959) with slopes of 0.82 and 0.75. It clearly 

confirms that the order with regard to [HClO4] is fractional. Moreover, plots of k/ versus 

[HClO4] were linear (R2=0.9878) with a y-intercept conforming to the rate law of the type, rate = 

a+b [H+]. The rate of the reaction increased by increasing Ir(III) catalyst (Table 2) and plots of 

log k/ versus log [Ir(III)] were linear (R2=0.9970) with a slopes of 0.63 and 0.58. This ensures 

that the order of the reaction with respect to [Ir(III)] is also fractional.   

3.2. Effect of solvent on the decolorization rate 

The dielectric constant (D) of the medium was altered by adding different volumes of 

methanol (MeOH) to the reaction mixture, keeping other experimental conditions unaltered. The 

rate was found to increase with increase in MeOH content (Table 3). Plots of log k/ versus 1/D 

were linear (Figure 4: R2 = 0.9999) with a positive slope. The values of dielectric constant of 

MeOH - H2O mixtures reported in the literature were used [17]. Moreover, it was noticed that no 

reaction of the dielectric with the oxidant under the blank experimental conditions employed. 

Blank experiments made displayed that MeOH was not oxidized considerably by CAB under the 

prevailing experimental conditions. 

 

3.3. Effect of reductant product on the decolorization rate 

 

Addition of 3.0 × 10-2 mol dm-3 benzenesulfonamide(BSA or PhSO2NH2), the reductant 

to the reaction mixtures showed insignificant impact on the reaction rate in both the cases. It 

implies that the BSA is not intricate in any step proceeding to the rate determining steps (rds) in 
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the reaction schemes.  

The rate remained constant with the addition of Cl- ion in the form of NaCl (2.0 × 10-2 

mol dm-3), indicating that no inter halogen or free chlorine is generated in the reaction sequence. 

 

The impact of ionic strength on the reaction rate was studied by adding 0.2 mol dm-3 

NaClO4 solution. It was found that the ionic strength has trivial effect on the reaction rate, 

signifying the participation of non-ionic species in the rate determining step. Therefore, no effort 

was made to fix the ionic strength of the medium during the kinetic runs.  

3.4. Effect of temperature on the decolorization rate 

The oxidation-kinetic runs were performed at five different temperatures (293, 298, 303, 308 and 

313 K), by maintaining other experimental settings fixed. The activation energy (Ea) were 

calculated from the linear Arrhenius plots of log k/ versus 1/T (R2 = 0.9939). Thermodynamic 

parameters such as enthalpy of activation (ΔH≠), entropy of activation (ΔS≠), Gibbs free energy 

of activation (ΔG≠) and Arrhenius factor (log A) were calculated for all the five aforesaid 

temperatures using standard equations and the mean values are reported. All these results are 

summarized in Table 4.  

The polymerization study was carried out by the addition of a known quantity of aqueous 

acrylamide solution to the reaction mixture and kept in an inert atmosphere for 1 h. No 

precipitation was observed, which portentous the absence of free radical species.  

 

3.5. Reaction stoichiometry and Products characterization 

The reaction  stoichiometry was found  by equilibrating varying ratios of [CAB] and [dye] in  

presence of 4.0 × 10-3 mol dm-3 HClO4 and  2.0 × 10-5 mol dm-3 IrCl3 at 303 K for 24 h, followed 

by estimation of   unreacted CAB. The results obtained indicate that one mole of dye required 

one mole of CAB.  
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SO3HN
OH
H

N

O

 Na+ Cl-

   (benzenesulfonamide)

+ + + +

(R)2N

(N-(4-dialkylamino-phenyl)
-hydroxylamine)

(4-nitroso-benzene
 sulfonic acid)

                         (1)

N=N PhSO2NClNa 2H2OSO3H + +

(CAB)(dye)

H+  / Ir(III) 

(Here R= (CH3)2 for methyl orange and R = (C2H5)2 for ethyl orange 

(R)2N PhSO2NH2

 
 

After the completion of reaction, the reaction products were neutralized with dilute NaOH and 

extracted with ethyl acetate. Separation of these products was achieved using silica gel (60-100 

mesh) column chromatography using hexane/ethyl acetate (8:6,v/v) as mobile phase. The organic 

products of ethyl orange were identified as N-(4-diethylamino-phenyl)-hydroxylamine 

(molecular peak at 180) and 4-nitroso-benzenesulfonic acid (molecular peak at 152) and for 

methyl orange were N-(4-dimethylamino-phenyl)-hydroxylamine (molecular peak at 187) and 4-

nitroso-benzenesulfonic acid respectively and confirmed by mass spectral analysis (Figures.1-3). 

No added oxidation of these products took place under the present set of experimental 

conditions. Benzenesulfonamide (BSA or PhSO2NH2), the reduction product of CAB, was 

detected[17] by TLC using light petroleum-chloroform-butan-1-ol (2:2:1v/v/v) as the solvent and 

iodine for detection. The Rf value was found to be 0.88, which is in superior agreement with the 

literature value [18].  

3.6. Reactive species of CAB 

The possible reactive species in acidic solutions of CAB are PhSO2NHCl, PhSO2NCl2, 

HOCl and possibly H2O+Cl. The first-order dependence of rate on [CAB]o and the addition of 

PhSO2NH2 having no effect on the reaction rate both indicate that PhSO2NCl2 and HOCl may 

not be the reactive species. pH-dependant relative concentrations study by Hardy and Johnston 
[19] and also the observed kinetic results points out that most likely species can exist in the 

acidified conditions is PhSO2NHCl. Narayanan and Rao [21] and, Subhashini et al [22] have 

reported that CAB can further be protonated at pH  2 to give PhSO2N+H2Cl. In the present 
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case, protonated oxidant (PhSO2N+H2Cl) generates the free conjugate acid (PhSO2NHCl) in the 

acid retarding step and hence PhSO2NHCl is the active oxidizing species. In view of these 

points, Scheme 1 can be formulated for the decolorization of dye with CAB in acidic medium. 

The fractional-order dependence of [CAB] indicates that PhSO2NHCl is not involved in  the rate 

determining step and the order with respect to [H+] is fractional signifies the protonation of dye. 

The dye is in the salt form and hence the protonation of dye is favored. Consequently, the 

protonated substrate species is assumed to be the reactive species.  

3.7. Reactive species of the Ir(III) catalyst  

Iridium chloride exists as [IrCI6]3- in acidic medium.  On hydrolysis, it results in different 

species .[23-26] It has also been reported that [IrCl6]3- is involved in equilibrium as follows [26]: 
3 2

6 2 5 2[IrCl ]   + H O     [IrCl (H O)]  + Cl− − −  

Since there is no influence of chloride ion on the reaction rate, [IrCl6]3− has been deliberated to 

be the reactive species of the catalyst in the present study, which also has been reported by other 

research workers[25]. Oxidation state of iridium tri chloride may vary during the course of the 

reaction result in the removal of chloride ion(s), which retards the reaction velocity. In the 

present case, negligible effect of chloride ions may not possible to change the oxidation state of 

the catalyst. Based on Scheme 1, [IrCl6]3− combines with complex X to give complex X/. This 

intermediate complex in the next slow and rate determining step (rds) gets hydrolyzed to give 

other intermediate complex with the regeneration of the catalyst species. Finally, it will undergo 

rearrangements with few steps to yields final products. 

3.8. Spectroscopic evidence for complex studies 

The formation of complexes X and X/ is studied by taking MO dye as test sample and similar 

complex may appear for EO dye apart from wavelength of the EO dye. First X is formed 

between MO  and CAB, and CAB-MO and Ir(III) catalyst, was obtained by U.V.-Vis spectra of 

(a) MO , (b) Ir(III) catalyst, (c) CAB+MO mixture, and (d) [CAB+MO mixture]+ Ir(III) catalyst. 

Absorbance maxima in acid medium appear at 460 nm for MO, 452nm for [CAB+MO mixture] 

(X), 479 nm for Ir(III), 444 nm for [MO+CAB mixture]+ Ir(III) catalyst (X/). Bathochromic 

shifts of 8 nm from 460 to 452 nm for MO and 24 nm from 479 to 455 nm for Ir(III) suggest the 
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formation of complex between MO and CAB (X), and Ir(III) + (CAB-MO mixture) (X/). This X 

and X/ are illustrated in Figure 6. 

 

Based on the above facts and experimental results, Scheme 1 is proposed to explain the 

reaction mechanism for Ir(III) catalyzed decolorization of dyes with CAB in HClO4 medium. 

The detailed mechanism involving electrons transfer for this redox system and the structures of 

the intermediate complexes X and X/ can also be seen in Scheme 1. In an initial equilibrium (step 

(i)) of Scheme 1, the sodium salt of dye gets protonated to yield the protonated species of dye. In 

the next fast equilibrium step (step (ii)), the lone pair of nitrogen of the protonated substrate 

attracts the electron poor chlorine of the conjugate acid of the CAB trailed by hydrolysis to form 

a substrate-oxidant intermediate (X), with the elimination of PhSO2NH2. In the next fast step 

(step (iii)), X complexes with the catalyst species forming another transient complex (X/). This 

transient complex in the next slow and rds gets hydrolyzed to yield the final products with the 

regeneration of the catalyst species.  

3.9. Rate law  

Based on Scheme 1, the rate law for the reaction can be deduced as follows: 

According to the reaction Scheme 1, the total effective concentration of the substrate is given by 

the equation, [dye]T = [dye] + [dye H+] + [X] + [X/] .  Here, [dye]T,  [dye]  and [dye H+] are the 

total, free and protonated concentrations of the dyes. From steps (i), (ii) and (iii) of Scheme 1, 

solving for [X/], one obtains 
                      K1K2K3 [CAB] [dye]T [HClO4] [Ir(III)]

1+ K1 [HClO4] + K1K2 [CAB] [HClO4] + K1K2K3 [CAB] [HClO4] [Ir(III)]
                                                           (2)[X/] =

 
From the slow step (iv) of Scheme 1,  

Rate = k4 [X/]                                                                                                                                 (3) 

Upon substitution of  [X/] from Eq. 2 into Eq. 3 and in the meanwhile the absorbance 

corresponds to both CAB and PhSO2NHCl, CAB is expended only in the formation of 

PhSO2NHCl, the following rate law is obtained: 

Rate = 
                      K1K2K3k4 [CAB] [dye]T [HClO4] [Ir(III)]

1+ K1 [HClO4] + K1K2 [CAB] [HClO4] + K1K2K3 [CAB] [HClO4] [Ir(III)]
                                                         (4)
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Rate law (4) is in accord with the experimental findings. Since rate = k/[dye]T, Eq.(4) can be 

transformed into the following equations: 
                   K1K2K3k4 [CAB] [HClO4] [Ir(III)]

1+ K1 [HClO4] + K1K2 [CAB] [HClO4] + K1K2K3 [CAB] [HClO4] [Ir(III)]
k/ =                                                        (5)

 

k/ 

1
=

1

K1K2K3k4 [CAB] [HClO4] [Ir(III)]
+

K2K3k4 [CAB]  [Ir(III)]

1
+ 

      1

K3k4  [Ir(III)] k4

1
+                            (6)

 

k/ 

1
=

1

K1K2K3k4 [CAB] [HClO4] 
+

K2K3k4 [CAB]  

1
+ 

      1

K3k4  k4

1
+ 

1

[Ir(III)]                                               (7)}{
 

 

Plots of 1/k/ versus 1/[Ir(III)] from Eq. 7 is a straight line (R2 = 0.9872). From the intercept of 

such a plot, the value of k4 was calculated and found to be 2.75 × 10-2 s-1.  

 

The proposed mechanism and derived rate law are in conformity with the following experimental 

findings. 

Solvents play an important role in determining chemical reactivity. The effect of varying 

solvent (MeOH) composition on the reaction rate has been reported.[27-31]  Amis and Jaffe[27] 

have explained considering limiting case of zero angle of approach between two dipoles or an 

ion-dipole system. The positive dielectric effect observed in the present redox system directs the 

interaction between a positive ion and a dipole in the rds of Scheme 1. It also signifies the charge 

dispersal in the transition state, which is less polar than the reactant state. 

The primary salt effect on the reaction rates have been well described[32] by the Bronsted 

and Bjerrum theory. Bestowing to this theory, the effect of ionic strength (µ)  on the rate of the 

reaction (k) connecting two ions A and B is given by the relation: log k = log ko + 1.018ZAZB 

√µ. Based on this equation a plots of log k/ versus √µ should be linear with a slope of 

1.018ZAZB and intercept log ko. In the current studies, altering ionic strength of the medium by 

adding 0.2 mol dm-3 NaClO4 solution does not change the rate significantly. It clearly indicates 

that one of the reactant species in the rds of Scheme 1 is non-electrolytic or neutral in nature. 

Hence, the observed ionic strength effect is consistent with the Bronsted and Bjerrum concept 

and the proposed Scheme. 
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3.10. Isokinetic relationship 

Isokinetic temperature  (β ) and the compensation effect in catalysis are found when a series of  

Arrhenius rate equation plots intersect at a common point. At this point the rates of reaction are 

the same with a linear relationship between the logarithm of the pre-exponential factor, ln A, and 

the experimental activation energy, E. The isokinetic point is reached when the isokinetic 

temperature reaches the same value as experimental activation energy (Ea).  Variation in rate 

within a reaction series may be caused by changes in both enthalpy of activation (∆H≠) and 

entropy of activation ((∆S≠), but these quantities vary in a parallel fashion. These variables are 

correlated by a linear relationship: ∆H≠ = ∆H≠
o + β ∆S≠  . A linear relationship exhibits between 

enthalpy, and entropy which is known as enthalpy-entropy compensation.  

The enthalpy-entropy compensation points out that the variations of ΔH# in are compensated by 

variations in ΔS#[34] . 
 

The rate constants and activation energies in Table 4 reveal that activation energy is highest for 

the slowest reaction and vice-versa as expected intricating that the reaction is under enthalpy 

controlled. The isokinetic temperature (β) from the slope of the linear plot of ∆H≠ versus ∆S≠ 

(Figure 6; R2 = 0.9987) is found to be 387 K, which is higher than the experimental temperature 

(303 K). The genuine nature of isokinetic relationship was also tested through the Exner 

criterion[33] by plotting log k/
(313 K) versus log k/

(303K) (Figure 6; R2 = 0.9987). The isokinetic 

temperature β can be also evaluated from the expression:  β = T1T2 (q -1) / (qT2-T1) where q is 

the slope of the Exner plot; β was found to be 395 K.  

 

When the experimental temperature  T < β, the reaction rate or equilibrium is mainly by the 

enthalpy change. In this region, the reaction with the lowest activation energy will react fast, and 

the interpretation involved in potential energy surfaces can be made. Conversely, T > β the 

reaction rate is controlled by entropy factors.  Activation energy is the highest for the slowest 

reaction and vice-versa (Table 4), and the value of  obtained is higher than the experimental 

temperature, which clearly indicates that the reaction is enthalpy controlled in the present case. 

This result also implies that the family of reactions proceeds through same mechanistic 

pathways. The suggested mechanism is also supported by the moderate values of energy of 

activation and other thermodynamic parameters. The fairly high negative ∆S≠ values reflect a 
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higher  degree of ordering in the transition state than the initial state, due to an increase in 

solvation during the solvation process. The near constancy of ∆G≠ values indicates that the same 

types of reaction mechanism could be operative for both dyes decolorized by CAB studied. 

Similar results were reported in the literature[35] 

3.11. Relative reactivity of dyes 

The rate of oxidative decolorization of dyes by CAB in presence of HClO4 and Ir(III) catalyst 

increased in the order: ethyl orange > methyl orange and tabulated in Table 4. This tendency may 

be ascribed due to inductive effect of the alkyl amino groups. The substituents at para positions 

increase the stability of the tertiary carbocation by dispersing the positive charge and stabilizing 

the carbocation. The  reactivity declines with increase in stability of carbocation (–N(C2H5)2 > –

N(CH3)2) and hence the perceived order of reactivity matches with the experimental observation, 

i.e., ethyl orange > methyl orange. 

3.12. Catalytic efficiency of Ir(III) 

Further, Moelwyn – Hughes[36] pointed out that in the presence of the catalyst, uncatalyzed and 

uncatalyzed reactions proceed simultaneously and correlated as, 

 

k1
 = ko+ KC [catalyst]x                                                                                                                   

(8) 

                                                                    

Here k1 is the observed pseudo-first-order rate constant obtained in the presence of Ir(III) 

catalyst, ko is that for the uncatalyzed reaction, KC is the catalytic constant and x is the order of 

the reaction with respect to Ir(III), which are found to be 0.63 and 0.58 for ethyl orange and 

methyl orange dyes respectively in the present study. The value of catalytic constant KC at five 

different temperatures 293, 298, 303, 308 and 313 K was calculated using the relationship 

KC = (k1 – ko) / [Ir(III)] x                                                                                                                                                                      

(9) 

The values of KC evaluated at different temperatures vary with temperature. Activation energy 

with respect to Ir(III) catalyst were evaluated by a linear plots of log KC versus 1/T (R2 = 

0.9996). Other activation parameters for the catalyst were computed and the results are 

summarized in Table 5.  

Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

Volume 24, Issue 5, May - 2022 153



14 
 

 

3.13. Comparison of Ir(III) catalyzed and uncatalyzed reactions  

It was deliberate to relate the Ir(III) catalyzed oxidative decolorization of dye by CAB with that 

of uncatalyzed reaction (without catalyst) under similar experimental conditions. Accordingly, 

the reactions were planned at different temperatures (293-313 K) and from the Arrhenius plots of 

log k/ versus 1/T (r = 0.9939), Ea and other activation parameters for the uncatalyzed reactions 

were computed (Table 3). The observed rates of oxidative decolorization of dye in presence of 

Ir(III) catalyst revealed that the reactions are about five fold faster than the uncatalyzed reactions 

(Table 2 and Table 4). The variance in activation energies for the catalyzed and uncatalyzed 

reactions validates catalytic effect on the rate of the reaction. This may be attributed to the 

formation of the intermediate complex X/ between Ir(III) catalyst and oxidant-substrate species 

(X), which increases the oxidizing property of the catalyst. Further, Ir(III) favorably modifies the 

reaction path by stabilizing the transition state, which intern provides an alternative path having 

lower activation energy for the reaction. Further, the results also suggest that Ir(III) has been an 

efficient catalyst in effecting the facile oxidative decolorization of dyes by CAB in acid medium. 

 The mechanism proposed is consistent with the moderate values of energy of activation 

and other thermodynamic parameters. The large positive value of ΔG≠ suggests that the transition 

state is highly solvated. The high negative value of entropy of activation indicates a more 

ordered activated complex. Further, this oxidative decolorization method is a simple, efficient 

and inexpensive, and hence it is expected to be helpful to treat dye contamination present in 

wastewater after suitable experimental adaptation. 

3.14. Chemical oxygen demand (COD) analysis 

The wastewater released from dyeing industries has elevated COD value and other parameters. A 

large values of COD show that the toxic waste is present in the effluent which in turn reduces  

the dissolved oxygen in water bodies.. The foundation for the COD test is that almost all organic 

compounds can be fully oxidized to carbon dioxide with a strong oxidizing agent under acidic 

conditions. Standard dichromate method was followed to determine COD for untreated and 

treated dyes[37]. Underneath the experimental setup, the untreated dyes solution showed high 

COD values indicates that it has highly oxygen demanding waste which stances threats for 
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aquatic life. The COD values before and after decolorization process are 1033mg/L and 286 

mg/L and 1120 mg/L and 252 mg/L respectively for EO and MO dyes respectively 

3.15. Effect of additives in dyeing process 

Several chemical salts are commonly used as additives in dye industries for dyeing process. The 

interference of salts on the present decolorization process is determined by using sodium salts of 

carbonate, sulfate, nitrate, and chloride ions at 0.05 M concentrations. The oxidative 

decolorization rate constants k/ (104 s−1) obtained at 0.05 M of Cl−, NO3
2−, SO4

2-, and CO3
2- are 

12.0, 11.5, 11.1 and 11.7 for EO dye and 6.10, 5.28, 4.96 and 5.68 for MO dye. The rate of Ir(III) 

catalyzed decolorization for the standard runs are 11.9 × 10−4 s−1 and 5.54 × 10−4 s−1 for EO and 

MO dye respectively. Based on the above values, the rates of nitrate and sulphate ions declines 

the decolorization rates with the increase in their concentrations. On the other hand, chloride and 

carbonate are not having any predominant influence on the decolorization rate.  

3.16. Phytotoxicity analysis 

Inappropriate dumping of the dye effluents containing reactive groups causes a severe problem to 

environment and health. These effluents when dumped into the water bodies are of serious concern 

mainly when such water is used for cultivation. Hence there was need to analyze the phytotoxicity of 

the dye before and after degradation. The native dyes EO and MO, and its degraded products (after 

48 h) were evaluated for their phytotoxicity effect. The studies were carried out using zea mays 

(maize) seeds.[38] Ten seeds of each were grown in the petri plates with daily supply of 5 ml of 

the untreated and treated dye solutions were incubated at room temperature. After 7 days growth, 

shoot and root length was measured. Percentage of germination was also recorded and shown 

below:  

Description Untreated EO Treated EO Untreated  MO Treated MO 

Shoot length 
(cm) 5.21 7.42 4.72 7.56 

Root length 
(cm) 4.32 6.21 3.84 6.45 

Percentage of 
germination 

(%)           43 75 48 86 
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Effect of untreated and treated dye solutions on the growth of shoot, root and germination process 

were shown in the graphs (Figure 7 and 8).  The obtained results confirm that decolorized dye 

solution is less toxic than untreated dye samples. 

3.17. Economy analysis 

Cost is one of the key parameter looked into while designing the waste water treatment method. 

In the suggested decolorization method, since environmentally benevolent chemicals plays a 

major role, cost of the chemicals were taken into consideration as major cost items.[25] The 

operating cost was calculated using Equation  

Operating cost (USD/m3) = X + Y + Z 

X= Cost of chloramine B  

Y= Cost of perchloric acid  

Z= Cost of Ir(III) (catalyst)  

For treating 1 m3 (1000 L) of the synthesized aqueous dye solution under the optimum condition 

requires 0.3 Kg of CAB (8.33 USD/m3), 2.1 L of perchloric acid (52.6 USD) and 25 g of Ir(III) 

(5250 USD). The consideration of catalyst is optional as it involves only in speed up the reaction. 

With this data, the operating cost was calculated to be 60.9 USD/m3 

4. Conclusion 

From this research, the following conclusions are drawn: 

(i)   A simple, efficient and cost-effective oxidation process for the decolorization of dye effluent 

using a simple redox system. 

(ii)  Derived rate laws and schemes completely agreement with the experimental results. 

(iii) Oxidation products of dyes were characterized by mass spectral analysis.  

(iv) Based on the kinetic results, suitable mechanism and related rate laws have been worked out. 

(v)  Usage of Ir(III) in this method has drastically reduced the time of decolorization of the dye 

solutions achieving higher percentage. 

(vi)  COD and phytotoxicity and cost analysis revealed that degradation products were less toxic 

as compared to the original dyes. The proposed method is thus highly, efficient, eco-friendly and 

cost effective technique for the decolorization of  chosen azo dyes in waste water.  
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Table 1 Effect of [CAB] and [dyes] on the rate of reaction at 303Ka. 
 

103 [CAB] 
(mol dm-3) 

104 [dye]o 
(mol dm-3) 

104 k/ (s-1)  

  ethyl orange methyl  orange 
1.2 6.0 4.14 1.48 
3.4 6.0 7.42 2.82 
6.4 6.0 11.9 5.54 
8.4 6.0 13.8 7.49 
10.0 6.0 16.1 9.24 

    
6.4 1.50 12.1 5.52 
6.4 3.0 11.2 5.57 
6.4 6.0 11.9 5.54 
6.4 8.0 11.5 5.51 
6.4 10.0 118 5.56 

aExperimental conditions: [HClO4] = 4.0 × 10-3 mol dm-3, [Ir(III)] = 2.0 × 10-5 mol dm-3 

 

 
 
Table 2 Effect of [HClO4] and [IrCl3] on the rate of reaction at 303Ka. 
 
 

103 [HClO4] 
(mol dm-3) 

105 [IrCl3]o 
(mol dm-3) 

104 k/ (s-1)  

  ethyl orange methyl  orange 
1.0 2.0 4.28 1.94 
2.0 2.0 6.58 3.12 
4.0 2.0 11.9 5.54 
6.0 2.0 12.3 5.51 
8.0 2.0 18.4 5.56 

    
4.0 0.5 3.58 1.99 
4.0 1.0 7.24 3.49 
4.0 2.0 11.9 5.54 
4.0 4.0 17.3 8.12 
4.0 6.0 21.4 10.4 

 
Experimental conditions: [CAB]o = 6.4 × 10-3 mol dm-3,  [dyes]o = 6.0 × 10-4 mol dm-3, 
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Table 3  Effect of varying dielectric constant of the medium on the rate of reaction at 303 K. 
  

 
% MeOH 

(v/v) 

 
D 

   
               k/ ×104  
 

  ethyl orange methyl orange 

0 76.73 11.9 5.54 

10 72.37 12.4 5.92 

20 67.48 12.8 6.38 

30 62.71 13.2 6.94 

Experimental conditions: [CAB]o = 6.4 × 10-3 mol dm-3,  [dyes]o = 6.0 × 10-4 mol dm-3, 
                                         [HClO4] = 4.0 × 10-3 mol dm-3, [Ir(III)] = 2.0 × 10-5 mol dm-3 at 303K. 
 
 
Table 4 Effect of varying temperature on the rate of the reaction, and activation parameters for 
               the Ir(III) catalyzed oxidation of dyes by CAB in HClO4 medium. 
 

Temperature 
        (K) 

104 k/ (s-1)  

 ethyl orange methyl  orange 
293 5.28 (1.15) 2.62 (0.65) 
298 9.34(1.74) 4.26(0.90) 
303 11.9(2.30) 5.54(1.10) 
308 18.1(3.48) 8.35(1.65) 
313 24.2(4.60) 11.2(2.23) 
   
Ea(kJ mol-1) 42.1(51.7) 52.3(61 .3) 
∆H≠  (kJ mol-1) 39.6(49.2) 49.9(58.8) 
∆G≠  (kJ mol-1) 91.2(95.4) 93.2(56.2) 
∆S≠   (JK-1mol-1) -170(-152) -143(-127) 
Log A 7.81 6.95 

 
Values in the parentheses refer to the decolorization of dyes by CAB in absence of Ir(III). 
Experimental conditions are same as catalyzed reactions without IrCl3 catalyst. 
aExperimental conditions for catalyzed reactions: [CAB]o = 6.4 × 10-3 mol dm-3,  [dyes]o = 6.0 × 
10-4 mol dm-3,   [HClO4] = 4.0 × 10-3 mol dm-3, [Ir(III)] = 2.0 × 10-5 mol dm-3 . 
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Table 5 Values of catalytic constant (Kc) at different temperatures and activation parameters 
calculated using Kc values a 
 

Temperature 
        (K) 

        104 k/ (s-1)  

 ethyl orange methyl  orange 
293 0.37 0.40 
298 0.69 0.67 
303 0.88 0.89 
308 1.34 1.35 
313 1.90 1.81 
   
Ea(kJ mol-1) 44.0 38.3 
∆H≠  (kJ mol-1) 43.4 35.7 
∆G≠  (kJ mol-1) 89.4 63.5 
∆S≠  (JK-1mol-1) -174 -93.2 
Log A 6.94 8.34 

 
Experimental conditions: [CAB]o = 6.4 × 10-3 mol dm-3,  [dyes]o = 6.0 × 10-4 mol dm-3, 
                                         [HClO4] = 4.0 × 10-3 mol dm-3, [Ir(III)] = 2.0 × 10-5 mol dm-3. 
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Figure 1. Mass spectrum of   N-(4-diethylamino-phenyl)-hydroxylamine with its parent 

               molecular ion peak at 180 amu. EO dye 
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Figure 2. Mass spectrum of   N-(4-dimethylamino-phenyl)-hydroxyamine  
                with its parent  molecular ion peak at 152 amu. 
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   Figure 3.  Mass spectrum of 4-nitroso-benzenesulphonic acid with its  
                     parent molecular  ion peak at 187 amu.   
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Figure 4. Plots of log k/ versus 1/D. 
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Figure 5. U.V-Vis spectra of (a) MO , (b) Ir(III) catalyst, (c) CAB+MO mixture, and  
               (d) [CAB+MO mixture]+ Ir(III) catalyst. 
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Figure 6. Isokinetic plots of (a). log k/

(303K) versus log k/
(293K)  (b). ∆H≠ versus ∆S≠ 

 

 
Figure 7. Graph shows phytotoxicity analysis on root and shoot growth on Zea mays Seed. 
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Figure 8. Graph shows phytotoxicity analysis on Zea mays Seed germination. 
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Scheme 1.   A detailed mechanistic Scheme for Ir(III) catalyzed oxidative decolorization  
                    of dye with CAB in HClO4 medium. 
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