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ABSTRACT: The use of hydrogen peroxide in addition to ferrous and ferric salts has been
shown an effective method in the decoloration of indigocarmine (IDS), Indigo- 5,59-disulfonic
acid disodium salt.

The kinetic experiments control have been carried out by means of a conventional spec-
trophotometric technique. In acid medium and the initial absence of Fe12, the decoloration
process obeys the following rate law:

Effects of reagents concentrations, temperature, and acidity on the rate experimental con-
stant have been discussed. A feasible reaction mechanism is finally proposed. The rate equa-
tion deducted from the mechanism is according to the achieved experimental results. © 1997

John Wiley and Sons, Inc. Int J Chem Kinet 29: 575–578, 1997.
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d[IDS]

dt
5 kexp.[IDS]

INTRODUCTION

Wastewater from colorants production and textile in-
dustries with a dying processes are highly colored.
The traditional methods for decoloration, such as
chemical coagulation, activated carbon adsorption, or
biotreatments, may be insufficient in many cases [1].
These facts have suggested the possibility of applying
some advanced oxidation techniques, such as ultravi-
olet radiation with hydrogen peroxide [2,3] or tita-
nium dioxide [4–6]. Such treatments, although effec-
tive, result in a high cost for the moment.
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Fenton’s reagent has been extensively used in or-
der to eliminate organic compounds from wastewater;
phenol [7], chlorophenols [8,9], chlorobenzene [10],
atrazine [11], etc.

However, not many articles with reference to col-
orants oxidation by such reagent have been pub-
lished. Spadaro and colleagues [12] have studied the
degradation of some azoic colorants, and Kuo [13]
has investigated the elimination of both an-
thraquinone and azo dyes.

On the other hand, Venkatesha and colleagues [14]
have carried out a kinetic study on the oxidation of
indigocarmine by chloramine-T. Nevertheless, no ref-
erences on the oxidation of indigo dyes by Fenton’s
reagent have been found.
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Figure 1 Representative examples of the rate law.
mol ; mol ;

mol ; ; 
mol , mol ,
mol ; 0.9927; 

and .rxy(D) 5 0.9920
rxy(x) 5dm23 (D).rxy(0) 5 0.9942.1023

1.6 3dm23 (x)1.2 3 1023dm23 (0)1023
[Fe31] 5T 5 298 Kdm23[SO4H2] 5 5 3 1022

dm23[H2O2] 5 5 3 1022dm23[IDS]0 5 1024

In this report, kinetic and mechanistic studies of
indigocarmine oxidation by hydrogen peroxide with
ferrous and ferric ions in sulfuric acid medium have
been performed. Kinetic study results allow optimiz-
ing the efficacy of this treatment. Mechanistic study
provides a possible interpretation about the decol-
oration process.

EXPERIMENTAL

All r eagents used in this investigation were MERCK
and SIGMA brand, standard analysis quality. The re-
action medium was an aqueous solution of sulfuric
acid. The water was previously distilled and deion-
ized. The ferrous sulphate, ferric sulfate, and hydro-
gen peroxide solutions were titrated according to the
methods described by Vogel [15,16]. In all kinetic ex-
periments,concentrations of hydrogen peroxide and
protons were in an excess compared to the colorant
concentration.

The progress of the reactions was monitored by
measuring the absorbance of the reactive mixture. An
UV.-vis. UVIKON-930 spectrophotometer, equipped
with a thermostatic system by forced water circula-
tion was used. The indigocarmine (IDS) shows a ab-
sorption maximum at 610 nm,whereas the rest of the
present species do not substantially absorb such radi-
ation. So,this wave-length was selected for the exper-
iments control. The achieved value for the molar ab-
sorptivity of IDS at 610 nm was 22200 dm3 mol21

cm21.

RESULTS

Rate Equation

In all experiments,with the initial absence of Fe21,
the plots profiles of the absorbance vs. reaction time
suggest a first-order process,according to the follow-
ing rate law:

(1)

kexp. being the rate experimental constant,including
the dependence of the rest of factors.

Integrating this equation, the next expression is
obtained:

(2)

where [IDS]0 is [IDS] at time zero.

ln
[IDS]

[IDS]0
5 2kexp.t

2
d[IDS]

dt
5 kexp.[IDS]

To accomplish this law, a linear dependence be-
tween ln{[IDS]/[IDS]0} and the reaction time is re-
quired. In all cases,good linear correlations between
both parameters have been achieved. So,the validity
of the proposed rate equation is confirmed. Some rep-
resentative examples are displayed in Figure 1.

Influence of the Experimental Conditions
on the Rate Constant

Various series of experiments have been carried out,
without the initial presence of ferrous salts. The pur-
pose is to analyze the influence of different kinetic
parameters on the rate pseudo-constant kexp . The pa-
rameter to investigate is modified and the rest of the
factors are kept constant.

A straight line of positive slope was obtained
when kexp. was represented vs. the concentration of
ferric ions (Fig. 2). This result shows first-order for

.
The variation of the rate pseudo-constant vs. the

Fe31

Figure 2 Effect of the concentration of Fe31 ions on the
rate experimental constant. mol ;

mol ; mol
; ; and .rxy 5 0.9966KT 5 298dm23

[SO4H2] 5 5 3 1022dm23[H2O2] 5 5 3 1022
dm23[IDS]0 5 1024
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Figure 3 Influence of the hydrogen peroxide concentra-
tion. ; mol ;

mol ; ; and
.rxy 5 0.9739

KT 5 298dm23[SO4H2] 5 5 3 1022
dm23[Fe31] 5 1023dm23mol[IDS]0 5 1024

Table I Effect of Temperature on the Experimental
Rate Constant

T/K

296
300
304
309
314

[IDS]0 ; [H2O2] ;
and 

Note:Errors have been estimated with reliability of 95%.

1022 mol dm23
[SO4H2] 5 5 3[Fe31] 5 1023 mol dm23;

5 5 3 1022 mol dm235 1024
 mol dm23

5.51 6 0.43
4.07 6 0.44
3.36 6 0.29
2.90 6 0.18
2.23 6 0.14

kexp. 3 103/s21

concentration of hydrogen peroxide corresponds to a
saturation curve. This fact leads to the representation
of the inverse of kexp. vs. the inverse of the oxidant
concentration. A straight line of positive slope is ob-
tained (Fig. 3).

If the protons concentration in the medium is in-
creased, kexp. decreases. If such pseudo-constant is
represented vs. the inverse of protons concentration, a
straight line is achieved (Figure 4).
An increase in the value of kexp. is observed when ris-
ing the temperature (Table I). Moreover, the accom-
plishment of Arrhenius law was verified.

Effect of the Ions

Several series of experiments using ferrous instead of
ferric salts have been carried out. A sudden fall of the
absorbance during the first moments of the process
has been observed in all cases (see Fig. 5). Such re-
sults suggest that the participation of Fe21 in the sub-
strate decoloration is more efficient than the presence
of .Fe31

Fe21

DISCUSSION

Considering the experimental results,and taking into
account the bibliography references,a possible mech-
anism is proposed.

reacts with the hydrogen peroxide according
to the following stages [17,18]:

(3)

(4)

Ferrous ions are rapidly oxided by the hydrogen per-
oxide, generating hydroxyl radicals,according to the
next process [17,19]:

(5)

OH2, resulted from the former stage, reacts with the
medium protons in acid solution.

(6)OH2 1 H1 ;:
kw H2O

Fe21 1 H2O2 9:
k3 Fe31 1 OH? 1 OH2

(Fe . . . O2H)21 9:
k2 Fe21 1 HO?2

O2H)21 1 H1Fe31 1 H2O2 IJ
k1

k21
(Fe . . . 

Fe31

Figure 4 Effect of the protons concentration.
mol ; mol ;
mol ; K; and .rxy 5 0.9963T 5 298dm23[Fe31] 5 1023

dm23[H2O2] 5 5 3 1022dm23[IDS]0 5 1024

Figure 5 Influence of the initial concentration 
of the ions on the rate of the degradation process.

mol ; mol ;
mol ; K; and

mol , mol ,
mol .(D)dm235 3 1024

(x)dm233 3 1024dm23 (0)[Fe21]0 5 1024
T 5 298dm23[SO4H2] 5 5 3 1022

dm23[H2O2] 5 5 3 1022dm23[IDS]0 5 1024
Fe21

36369_5308_p575-578  7/25/97 12:44 PM  Page 577    (Black plate)



578 CAMARERO, PECHE, AND COLLADO

36369 Journal of Chemical Kinetics (Wiley-Interscience) art 5308 oc JC 6/4/97

Hydroxyl radicals attack the hydrogen peroxide, ac-
cording to the following process [17,18]:

(7)

Hydroperoxyl radicals can react with the ferric ions
[17,18].

(8)

radicals are more reactive than hydroperoxyl
ones [20]. The formation of an addition complex be-
tween the radical and the colorant is proposed.

(9)

Formation of addition complexes between and
the substrate in the oxidation of organic compounds
by Fenton reactive has been referred [8,10].

The effect of peroxide hydrogen on this complex
leads to the decoloration products.

(10)

In order to obtain a rate equation from the proposed
mechanism,the steady-state hypothesis has been ap-
plied to all unstable intermediates , ,

.
With the former considerations,and accepting: (I)

The radicals concentrations are very small; (II) The
protonation rate of is much higher
than the rate of its decomposition; and (III) The hy-
drogen peroxide concentration widely exceeds the
colorant one, the next equation has been deducted:

(11)

When comparing this equation with the rate law
shown in eq. (1),the following expression is obtained
for the rate experimental constant:

(12)kexp. 5
k1k2k6k7[Fe31]

k21k4[H1]
 5 [H2O2]

k26 1 k7[H2O2] 6

5
k1k2k6k7[Fe31]

k21k4[H1]
 5 [H2O2]

k26 1 k7[H2O2] 6[IDS]

2
[IDS]

dt

(Fe . . . O2H)21

OH? . . . C16O2N2H8(SO3
2)2}(Fe . . . O2H)21

Fe21,OH2?{OH?

1 H2O2 9:
k7 products

OH? . . . C16O2N2H8(SO3
2)2

OH?

OH? . . . C16O2N2H8(SO3
2)2

OH? 1 C16O2N2H8(SO3
2)2 IJ

k6

k
26

OH?

OH?

HO?2 1 Fe31 9:
k5 Fe21 1 H1 1 O2

OH? 1 H2O2 9:
k4 HO2? 1 H2O2

Rate equation deducted from the proposed mecha-
nism is coherent with the results,because:(1) First-
order for both the colorant and the ferric ions is ex-
plained; (2) The straight line, obtained representing
the inverse of the rate pseudo-constant vs. the recip-
rocal of the hydrogen peroxide concentration, is justi-
fied; and (3) The good linear correlation between kexp.
and the inverse of the protons concentration is under-
stood.

Finally, the results obtained in initial presence of
ferrous ions,are according with the proposed mecha-
nism.

Unfortunately, adequate techniques to identify and
quantify the decoloration products is not possible yet.
So,this task is left for further research.
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