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INTRODUCTION

Dyes are extensively used in paper, food, plastic, printing,
textile, pharmaceutical industries, etc. These dyes in effluent
water discharged from industries contaminated the natural
streams and other water bodies  [1-3]. The products of these
dyes are carcinogenic, mutagenic and allergenic [4-7]. The
dyes in water bodies have severe hazardous impacts making
the water bodies unfit for human and aquatic life [8].

Indigo carmine, an anionic dye, contains cross conjugation
or hydrogen chromophore attached to the double-bonded
carbon atoms, which exhibit an intense blue colour in the
aqueous solution [9,10]. However, this dye is toxic and shows
adverse effects on eyes, skin, reproductive, developmental and
neuronal systems [11,12].

Researchers investigated several analytical methods to
remove Indigo carmine dye from the water  effluents [13,14].
Moreover, the kinetics oxidation of Indigo carmine dye can
be done by using oxidants like potassium peroxydisulphate
[15], sodium metaperiodate [16], N-bromosuccinimide [17]
and potassium bromate [18]. In present investigation, the
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authors have shown interest to investigate the kinetics and
mechanism of oxidation of Indigo carmine with potassium
peroxydiphosphate in aqueous and micellar media.

EXPERIMENTAL

The stock solutions of Indigo carmine (IC), sulphuric acid
and sodium sulphate (E-Merck India Pvt. Ltd.) were prepared
in triple distilled water and standardized according to the
literature [19,20]. The stock solutions of sodium dodecyl
sulphate (SDS) and cetyltrimethylammonium bromide (CTAB)
were prepared without purification from their standard samples
and their CMC was determined by surface tension method. A
stock solution  of potassium peroxydiphosphate (PDP, 1.0 ×
10-1 mol dm-3) was prepared and standardized cerimetrically
using N-phenyl anthranilic as indicator [21].

General procedure: The oxidation of Indigo carmine with
potassium peroxydiphosphate was analyzed using Systronics
106 visible spectrophotometer. The reaction was followed by
fixing the wavelength at 620 nm in aqueous and SDS micellar
media and at 570 nm in cationic CTAB micellar media [22].
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All the kinetic investigations were performed under pseudo
zero order conditions [PDP] >> [IC]. The pseudo rate constants
were determined from the linear plots drawn between absor-
bance versus time.

Detection method: The stoichiometric reaction was deter-
mined by mole ratio method [16], which is reported as 1:2
(Scheme-I). The colourless solution formed after decolouri-
zation of Indigo carmine is made alkaline and 4-nitro phenyl
hydrazine, magnesium nitrate was added. The formation of
blue colour precipitate confirmed the product as isatin-5-
monosulphonic acid [23].

RESULTS AND DISCUSSION

The reaction exhibits zero order kinetics with varying [IC]
in aqueous and micellar media. Plots drawn between absor-
bance versus time are linear under the condition [PDP] >>
[IC] (Table-1). The reaction shows first order kinetics with

TABLE-1 
EFFECT OF [INDIGO CARMINE] ON RATE OF REACTION 

[IC] × 
105 (mol 

dm-3) 

[H+] 
(mol  
dm-3) 

[PDP] × 
102 (mol 

dm-3) 

[SDS] × 
103 (mol 

dm-3) 

[CTAB] × 
103 (mol 

dm-3) 

103 K0 
(mol dm-3 

min-1) 

1.000 0.7 1.0 – – 4.900 
1.500 0.7 1.0 – – 5.200 
2.000 0.7 1.0 – – 5.100 
2.500 0.7 1.0 – – 5.500 
3.000 0.7 1.0 – – 5.200 
1.000 0.7 2.0 5.0 – 5.500 
1.500 0.7 2.0 5.0 – 5.700 
2.000 0.7 2.0 5.0 – 6.000 
2.500 0.7 2.0 5.0 – 6.900 
3.000 0.7 2.0 5.0 – 6.200 
0.827 0.4 1.0 – 1.0 0.835 
1.654 0.4 1.0 – 1.0 0.898 
2.480 0.4 1.0 – 1.0 0.855 
3.300 0.4 1.0 – 1.0 0.837 
4.130 0.4 1.0 – 1.0 0.844 

 

varying [H+] in aqueous and micellar media (Table-2), since
the plot drawn between of k versus [H+] is a straight line passing
through origin (Fig. 1).

TABLE-2 
EFFECT OF [H+] ION ON REACTION RATE 

[IC] × 
105 (mol 

dm-3) 

[H+] 
(mol  
dm-3) 

[PDP] × 
102 (mol 

dm-3) 

[SDS] × 
103 (mol 

dm-3) 

[CTAB] × 
103 (mol 

dm-3) 

103 K0 
(mol dm-3 

min-1) 

2.0 0.36 1.0 – – 2.30 
2.0 0.42 1.0 – – 3.40 
2.0 0.48 1.0 – – 4.30 
2.0 0.60 1.0 – – 5.05 
2.0 0.66 1.0 – – 5.16 
2.0 0.72 1.0 – – 6.75 
2.0 0.96 1.0 – – 7.28 
2.0 1.08 1.0 – – 8.26 
1.0 0.30 2.0 5.0 – 1.50 
1.0 0.60 2.0 5.0 – 2.50 
1.0 0.90 2.0 5.0 – 3.20 
1.0 1.20 2.0 5.0 – 6.00 
1.0 1.50 2.0 5.0 – 7.20 
2.0 0.03 1.0 – 1.0 3.12 
2.0 0.06 1.0 – 1.0 9.09 
2.0 0.12 1.0 – 1.0 12.4 
2.0 0.18 1.0 – 1.0 20.0 
2.0 0.24 1.0 – 1.0 24.4 
2.0 0.30 1.0 – 1.0 29.8 

 
The reaction also followed first order kinetics with varying

[PDP] (Table-3). Plot drawn between k vs. [PDP] is a straight
line passing through origin (Fig. 2).

The reaction rate was accelerated with varying [SDS] and
[CTAB] and reached a limiting value (Table-4, Fig. 3).

The following dissociation equilibria of potassium peroxy-
diphosphate (PDP) was considered to recognize the nature of
the reactive species in the present reaction.
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Fig. 1. Effect of hydrogen ion concentration on rate
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TABLE-3 
EFFECT OF [PDP] ON REACTION RATE 

[IC] × 
105 (mol 

dm-3) 

[H+] 
(mol  
dm-3) 

[PDP] × 
102 (mol 

dm-3) 

[SDS] × 
103 (mol 

dm-3) 

[CTAB] × 
103 (mol 

dm-3) 

103 K0 
(mol dm-3 

min-1) 

2.0 0.72 0.80 – – 1.96 
2.0 0.72 1.20 – – 2.25 
2.0 0.72 1.60 – – 2.53 
2.0 0.72 2.00 – – 5.27 
2.0 0.72 3.00 – – 6.82 
2.0 0.72 3.50 – – 7.81 
2.0 0.72 4.00 – – 9.25 
2.0 0.72 5.00 – – 12.3 
3.0 0.72 0.50 5.0 – 1.42 
3.0 0.72 0.80 5.0 – 2.75 
3.0 0.72 1.00 5.0 – 3.50 
3.0 0.72 1.50 5.0 – 5.30 
3.0 0.72 2.00 5.0 – 6.40 
3.0 0.72 0.10 – 0.94 15.0 
3.0 0.72 0.25 – 0.94 27.0 
3.0 0.72 0.50 – 0.94 41.5 
3.0 0.72 0.75 – 0.94 64.7 
3.0 0.72 1.00 – 0.94 79.9 
3.0 0.72 1.20 – 0.94 88.0 

 
H3P2O8

– 
K2

 H2P2O8
2– + H+ (2)

H2P2O8
2– 

K3

 HP2O8
3– + H+ (3)

HP2O8
3– 

K4

 P2O8
4– + H+ (4)

TABLE-4 
EFFECT OF [SURFACTANT] ON REACTION RATE 

[IC] × 
105 (mol 

dm-3) 

[H+] 
(mol  
dm-3) 

[PDP] × 
102 (mol 

dm-3) 

[SDS] × 
103 (mol 

dm-3) 

[CTAB] × 
103 (mol 

dm-3) 

103 K0 
(mol dm-3 

min-1) 

2.0 0.48 1.0 0.0 – 0.202 
2.0 0.48 1.0 1.0 – 0.385 
2.0 0.48 1.0 2.0 – 0.538 
2.0 0.48 1.0 3.0 – 0.630 
2.0 0.48 1.0 4.0 – 0.655 
2.0 0.48 1.0 6.0 – 0.884 
2.0 0.48 1.0 8.0 – 0.993 
2.0 0.48 1.0 10.0 – 0.971 
2.0 0.48 1.0 15.0 – 1.072 
2.0 0.48 1.0 20.0 – 1.020 
2.0 0.48 1.0 25.0 – 1.050 
2.0 0.72 1.0 – 0.0 0.430 
2.0 0.72 1.0 – 0.1 2.070 
2.0 0.72 1.0 – 0.3 2.150 
2.0 0.72 1.0 – 0.5 4.110 
2.0 0.72 1.0 – 0.7 5.130 
2.0 0.72 1.0 – 0.9 6.720 
2.0 0.72 1.0 – 1.1 9.210 
2.0 0.72 1.0 – 1.5 10.77 
2.0 0.72 1.0 – 2.0 14.87 
2.0 0.72 1.0 – 3.0 16.40 
2.0 0.72 1.0 – 4.0 16.90 
2.0 0.72 1.0 – 5.0 17.00 
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Fig. 2. Effect of [PDP] on oxidation of Indigo carmine

0.0 10.0 20.0 30.0 40.0 50.0
0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

10  [CTAB] (mol dm )
4 –3

10  [SDS] (mol dm )
3 –3

1
0

 k
 m

ol
 d

m
 s

2
–3

–1
0

1
0

 k
 m

ol
 d

m
 m

in
2

–3
–1

0

0.0 5.0 10.0 15.0 20.0 25.0

0.2

0.4

0.6

0.8

1.0

1.2
CTAB effect SDS effect

Fig. 3. Effect of [surfactant] on reaction kinetics
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It has been reported in the literature [21,24-26] that the
values of K1, K2, K3, K4 were as follows: K1 > 40, K2 = 40, K3

= 6.6 × 10-6 M, K4 = 2.1 × 10-8 M at room temperature.
Since the kinetic investigations have been carried out in

the range of [H+] = 0.3 to 1.0 mol dm-3, the third and fourth
dissociation equilibria need not be considered. Assuming K1

is considerably higher than 40 M, one can conclude that PDP
in aqueous acid solution is mainly in the form of H2P2O8

2– and
hence the acid catalysis can be analyzed using the equilibrium:
1/K2

H2P2O8
2− + H+ 

1/K2

 H3P2O8
− (5)

Using the mass balance equation:

[PDP]t = [H3P2O8
−] + [H2P2O8

2−] (6)

3 2 8
2 2

2 2 8

[H P O ]
K

[H P O ][H ]

−

− +
′ = (7)

where K′2 = 1/K2.

2 3 2 8
2 2 8

2

[H P O ]
[H P O ]

K [H ]

−
−

+=
′ (8)

3 2 8
t 3 2 8

2

[H P O ]
[PDP] [H P O ]

K [H ]

−
−

+= +
′ (9)

3 2 8 2
t

2

[H P O ](K [H ] 1)
[PDP]

K [H ]

− +

+

′ +
=

′ (10)

2 t
3 2 8

2

K [H ][PDP]
[H P O ]

1 K [H ]

+
−

+

′
=

′+ (11)

Between [H2P2O8
2−] and [H3P2O8

−], the former being more
highly protonated can be considered to be the more active
oxidizing species.

H2P2O5
2− + H+ 

K2
1

k
 H3P2O8

− (12)

H3P2O8
− + H2O → H2PO5

− + H3PO4  (13)
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(15)

Since, zero order kinetics has been observed with respect
to Indigo carmine, the magnitude of k2 must be far higher

than k1 and the oxidation step involving Indigo carmine must
be fast and not rate determining.

Therefore, decomposition of H3P2O8
− to peroxymono-

phosphate ion (H2PO5
−) and H3PO4 should be slow and rate

determining. The rate law for the proposed mechanism can be
written as:

-d[IC]/dt = k1 [H3P2O8
−] (16)

1 2 t

2

k K [PDP] [H ]

1 K [H ]

+

+

′
=

′+ (17)

and

1 2
0

2

k K [H ]
k

1 K [H ]

+

+

′
=

′+ (18)

Zero-order kinetics observed for Indigo carmine conforms
to this expression. The value of K2 = 40 M or K′2 = 1/40 M-1.
The reaction is also first order in [H+]. In the range of [H+]
employed, K′2 is far less than 1and hence can be neglected.
Then the rate law assumes the form:

1 2 t

d[IC]
k K [PDP] [H ]

dt
+′− = (19)

If the rate determining step involves H3P2O8
2−, the plot of

k0 versus [H+] would be not have passed through origin. The
assumption that k1 is very much more significant than k2 and
assumed mechanism involving the decomposition of H3P2O8

−

to permonophosphate ion (H3PO5
−) as the sole rate determining

process will be valid, if the rate constants of the reaction are
in the same order as that of rate of aqueous decomposition of
PDP in aqueous acidic solution.

The dependence of H+ is same in both these reactions [28],
substantiated by the reported kinetic study of latter reaction
carried out by Santappa et al. [27-29]. The aqueous decompo-
sition of PDP also obeys the first order kinetics in [H+]. The
specific rate constant of the reaction calculated from their data
is 0.3 × 10-4 M-1 S-1, which is in the same order as that observed
in the present reaction (0.5 × 10-4 M-1 S-1).

Effect of micelles: The reaction kinetics has been investi-
gated in the presence of sodium dodecyl sulphate and cetyl-
trimethylammonium bromide at different concentrations of
these surfactants to understand the nature and kinetic features
of micellar effects. Under the experimental conditions, PDP
does not oxidize either of these surfactants with detectable
rate. The reaction obeys first order kinetics in PDP and H+ ion
and zero order kinetics in Indigo carmine in the presence of
either of the surfactants.

Effect of CTAB: CTAB being a positive micelle can be
expected to bind PDP more strongly. So in Indigo carmine,
due to ionization of the sulphonic acid group is also bound
CTAB micelles. The significant acceleration of the reaction in
CTAB medium compared to that in the presence of SDS, which
gives a negatively charged micellar pseudo phase. The binding
of Indigo carmine by CTAB is not reflected in the kinetics
because of the zero order behaviour with respect to Indigo
carmine (i.e. independence of rate on bound or unbound Indigo
carmine).
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The rate law of the reaction is:

k0 = Rate = k [H+][PDP] (20)

Since zero order kinetics has been found with respect to
Indigo carmine but first order behaviour with respect to H+ ion
and PDP, the reaction rate is equal to sum of rates of reactions
in the aqueous and micellar pseudo phases.

Therefore,

0k
k

[H ][PDP]+= (21)

2 m PDP H

PDP H

k (1 CV) k P P CV

(1 K C)(1 K C)

+

+

− +
=

+ + (22)

But KPDP = PPDPV, KH+ = PH+V
Therefore

2 m PDP H

PDP H

k (1 CV) k K K C
k

(1 K C)(1 K C)

+

+

− +
=

+ + (23)

where

M
M

k
k

V
= (24)

But monopositive and most highly hydrophilic H+ ion can
be expected to be associated with low values of KH

+ and hence
it is assumed that (1 + KH

+C) ≅ 1 in the range of values of C
employed.

Therefore,

2 m PDP H

PDP

k (1 CV) k ·K K C
k

1 K C

+− +
=

+ (25)

The plot of k versus C is approaching limiting values of k
at higher concentration leading to a plateau as required by
eqn. 25:

If eqn. 25 involves, then these assumptions holds:

PDP

m PDP m PDPH H

K C1 1

k k K K C k ·K K C+ +

= + (26)

m PDP mH H

1 1 1

k k K K C k ·K+ +

= + (27)

Then a plot of 1/k versus 1/C should be linear with inter-
cept = 1/kMKH

+ and slope = 1/kMKH
+KPDP.

Therefore,

PDP

Intercept
Binding constant of  PDP with CTAB

Slope
K ( )=

Such a linear behaviour (Fig. 4) was observed from the
experimental results (Berezin kinetic model), which yield KPDP

= 2194.0 ± 109.7 dm3 mol-1 andkMKH
+ = 0.197 mol dm-3 min-1.

The KPDP obtained from this plot was in good agreement with
the value of 2441.7 ± 122.08 dm3 mol-1 determined separately.

Effect of SDS: Since the positive CTAB micelles have
catalytic effect on the reaction, it is interesting to study the
micellar effect in the presence of negative micelles. Contrary
to the usual behaviour of the reaction involving anion in the
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presence of negative micelles, which is the inhibitory effect,
acceleration of the reaction has been observed though the
acceleration observed is less than that in the CTAB effect. The
accelerating effect of SDS has also been observed on the
reactions involving anionic reactants like chromium(VI) [30],
potassium hexacyanoferrate (III) [31], Ag(I) catalyzed persul-
phate oxidation of phenylazodiphenylamine [32].

Ion-pairs are assumed to be formed between head groups
of SDS, Ag+ and these ion-pairs will, in turn, react more predo-
minantly with oxidant ion, leading to the increase in overall
rate. In the case of chromic acid oxidation of maleic acid [33],
the acceleration has been attributed to binding of the neutral
chromic acid followed by interaction between H+ and HCrO4

−.
The oxidation of aniline by hexacyanoferrate(III) is also catal-
yzed by negative SDS micelles [31]. The author proposed that
ion-pair formation between Na+ and [Fe(CN)6]3− appears to be
a factor in determining the rate, which increase with [SDS].
The free [Na+] increases attracting [Fe(CN)6]3− ions towards
stern layer increasing its effective concentration, which then
reacts with aniline present in the stern layer [31].

The binding constant of PDP with SDS was determined
as procedure similar to CTAB using eqn. 28:

m PDP mH H

1 1 1

k k ·K K C k ·K+ +

= + (28)

Then a plot of 1/k versus 1/C should be linear with inter-
cept = 1/kMKH

+ and slope = 1/kMKH
+KPDP

Therefore,

PDP

Intercept
Binding constant of  PDP with SDS

Slope
K ( )=

Such a linear behaviour (Fig. 5) was observed from the
experimental results, which yield KPDP = 944.05 ± 47.2 dm3

mol-1 andkMKH
+ = 0.0104 min-1. The value of KPDP obtained

from this plot was in good agreement with the value of 1176.0
± 58.3 dm3 mol-1 determined separately.

It is considered that repulsion between H2P2O8
2− and the

negative charge on the micelle must be overcome if its
decomposition to permonophosphoric acid is to take place in
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the micellar pseudo phase. It is accomplished by the H+ ions,
which can be expected to be present at higher concentration at
the micellar interface and forming ion-pairs with H3P2O8

2− in
that region which can thus decompose to form permono-
phosphoric acid ion. The latter oxidizes the Indigo carmine in
a fast step. This proposed ion-pair formation can be justified
by the different micro-dielectric properties of the water present
in the micelles using NMR and charge transfer studies [34]
definitely point to the lower dielectric constant of water in the
micellar region. It can undoubtedly promote the ion-pair form-
ation between H+ and H2P2O8

2−, which subsequently decom-
poses to permonophosphate ion. Hydrogen ion concentration
at the interface increases with increase in the micellar concen-
tration as [SDS] increased.

Determination of binding constant of PDP with SDS
and CTAB: For determining binding constant values of PDP
with SDS and CTAB micelles at [H+] = 0.7 mol dm-3 and µ =
3.0 mol dm-3 adjusted with Na2SO4. The spectra of these subs-
tances have been scanned at different concentrations of SDS
and CTAB above critical micellar concentration and under the
condition [SDS, CTAB] < [PDP]. The AM and A0

w are the absor-
bance in presence and absence of micelles, respectively, have
been determined for various SDS and CTAB concentrations.
The spectrophotometric data is reported in Tables 5 and 6,
respectively. The binding constant of PDP (KOx) was deter-
mined by the following equation:

( ) ( ) ( )0 0 0 0 0
M W M W M W Ox

1 1 1

A A A A A A K C
= +

− − −

where, AM and A0
W are the absorbance in the presence and

absence of micelles respectively, A0
M is limiting absorbance in

the presence of micelles. The binding constant was determined
from the value of slope and intercept obtained from the plot
of 1/(AM-A0

W) versus 1/C {C = ([SDS, CTAB] – CMC of SDS,
CTAB)}. The binding constant of PDP with SDS and CTAB
from spectrophotometric method was found to be 1176.0 ±
58.3 dm3 mol-1 and 2441.7 ± 122.08 dm3 mol-1.

Conclusion

The oxidation of Indigo carmine (IC) was investigated using
potassium peroxydiphosphate (PDP) in aqueous and micellar

TABLE-5 
DETERMINATION OF BINDING CONSTANT OF PDP IN 

PRESENCE OF SDS (SPECTROPHOTOMETRIC METHOD) 
[PDP] = 1.0 × 10-2 mol dm-3, [H+] = 7.0 × 10-1 mol dm-3,  

µ = 3.0 mol dm-3, λmax= 220 nm 

103 [SDS]  
(mol dm-3) 

Absorbance 103 [SDS]  
(mol dm-3) 

Absorbance 

0.0 0.039 5.0 0.097 
2.0 0.077 6.0 0.102 
3.0 0.089 8.0 0.109 

 

TABLE-6 
DETERMINATION OF BINDING CONSTANTS OF PDP IN 

PRESENCE OF CTAB (SPECTROPHOTOMETRIC METHOD) 
[PDP] = 1.0 × 10-2 mol dm-3,  

[H+] = 7.0 × 10-1 mol dm-3, µ = 3.0 mol dm-3 

103 [CTAB]  
(mol dm-3) 

Absorbance 103 [CTAB]  
(mol dm-3) 

Absorbance 

0.0 0.039 5.0 0.107 
1.0 0.058 7.0 0.118 
2.0 0.078 9.0 0.130 
3.0 0.098 – – 

 
media. The kinetics of the reaction was followed by varying
[IC], [H+] and [PDP]. The rate constant of the reaction was
determined and found to be

1 2 t

d[IC]
k K [PDP] [H ]

dt
+′− =

The reaction was accelerated with varying [SDS] and
[CTAB] and reached a limiting value. The binding constant of
PDP with CTAB and SDS was determined by following
Berezin kinetic model and reported as 2194.0 ± 109.7 dm3

mol-1 and 944.05 ± 47.2 dm3 mol-1.
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