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ABSTRACT: The hydroxyl radical (�OH)-mediated oxidation of two simple textile azo dyes, methyl orange and
calmagite, was studied by the pulse radiolysis technique. The oxidation of methyl orange and calmagite by hydroxyl
radicals was extremely fast, with second-order rate constants of (2.0� 0.3)� 1010 and (1.1� 0.2)� 1010 l molÿ1

sÿ1, respectively, at 25°C and pH 9.2. The transient intermediates formed by the interaction of hydroxyl radical with
the dyes displayed absorption bands at 300, 480 and 720 nm for calmagite and 360 and 580 nm for methyl orange.
These transients decompose by first-order kinetics with half-lives of 150–200ms. In the case of methyl orange,
hydroxyl radical reacts by one-electron oxidation at the nitrogen center, forming the anilino cation radical. This was
confirmed by comparing the absorption spectrum of the intermediate formed by the interaction of�OH with methyl
orange and that obtained by the reaction between a one-electron oxidant such as carbonate radical (CO3

ÿ�) and methyl
orange. Hydroxyl radicals react with calmagite by addition to the benzene ring, producing hydroxycyclohexadienyl
radicals, which rapidly decompose to phenoxyl-type radicals by water elimination. Copyright 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

Azo dyes are synthetic organic dyes that are used in the
textile, cosmetic, paper, drug and food processing
industries. They are designed to be adherent, long lasting
and resistant to chemical processes. However, it is
essential that these dyes be removed from industrial
effluents and several methods such as degradation by
treating with one-electron oxidants1–3 and photocatalytic
processes4–6 have been employed. Hydroxyl radicals
were extensively used as primary oxidants in advanced
oxidation processes for the degradation of organic
pollutants2,3 and textile dyes7,8 from industrial wastes
owing to their high reactivity. On the other hand, in the
case of dyed fabrics it is required that the dyes should not
fade through oxidation in the normal washing pro-
cesses.9,10 In any case, a detailed understanding on the
kinetics and mechanism of the oxidation of textile dyes
by one-electron oxidants is important. The reaction of
hydroxyl radical with azobenzene,11 the simplest of azo
dyes, is reported to be a diffusion-controlled reaction
with a rate constant of 2� 1010 l molÿ1 sÿ1. There are no
reports in the literature on the reaction of methyl orange
and calmagite with hydroxyl radicals. In order to
understand the mechanism of oxidation of textile azo

dyes by hydroxyl radical, we selected methyl orange and
calmagite as model compounds for the present investiga-
tion. With the pulse radiolysis technique, one can
selectively generate oxidizing or reducing species from
radiolysis of water.12–15 Thus in neutral or alkaline
solutions, the interaction of high-energy electrons with
water molecules leads to the production of hydroxyl
radicals and hydrated electrons in equal yields. By
scavenging aqueous electrons with suitable scavengers
such as N2O, one can produce the hydroxyl radical as the
ultimate reacting species. Hydroxyl radical in water
exhibits a very weak optical absorption at 230 nm (�230=
665 l molÿ1 cmÿ1), with the result that its reactivity
cannot be determined by direct observation.16 In the
presence of added substrates, the reaction of hydroxyl
radicals with the substrate can be studied by optical
absorption spectroscopy either by competition kinetics17

or by following the product build-up.18 Here we report
the results of our investigation on the oxidation of two
model azo dyes by pulse radiolytically generated
hydroxyl radicals. The kinetics, nature of the transients
formed and the mode of reaction of hydroxyl radical with
methyl orange and calmagite are discussed.

EXPERIMENTAL

Materials and methods. Methyl orange and calmagite
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were purchased from Aldrich Chemical (Milwaukee, WI,
USA). Buffer solutions were prepared by literature
methods and Milli-Q water was used for preparing all
solutions. Solutions were prepared freshly and saturated
with N2O before irradiation. The solutions were allowed
to flow through an irradiation cell with a 2 cm optical
pathlength perpendicular to the electron beam. The flow-
rate was sufficient to replenish the solution in the cell
between pulses. All experiments were performed at room
temperature. Absorption spectra were recorded using a
Hewlett-Packard Model 8645 diode-array spectro-
photometer.

Pulse Radiolysis. Pulse radiolysis experiments were
conducted at the National Institute of Standards and
Technology (Gaithersburg, MD, USA). We used a
Febetron 705 accelerator supplying 50 ns pulses of 2
MeV electrons as the source for water radiolysis. The
dose per pulse was usually 5 Gy, determined using KSCN
dosimetry. For optical detection we used a Varian 300 W
xenon lamp separated from the cell by a shutter, and a
monochromator and photomultiplier located in a separate
room from the irradiation region. Reactions were
followed by monitoring the build-up of the product
absorption. For kinetic studies, reactions were carried out
under pseudo-first-order conditions with respect to the
substrate. The kinetic traces were digitized by using a
Tektronix Model 7612 transient recorder and processed
by a computer. Second-order rate constants were deter-
mined from the slope of the plots of pseudo-first-order
rate constantsvs concentration of the substrate. Time-
dependent absorption spectra were measured by monitor-
ing the absorbances of the transients at different
wavelengths.

RESULTS

Reaction of hydroxyl radical with calmagite

Hydroxyl radicals were generated by the pulse radiolysis
of an N2O-saturated aqueous solution:

H2O! :
OH;eÿaq;

:
H;H2O2;H2;H3O

� �1�

eÿaq� N2O� H2O! N2� :
OH�OHÿ �2�

The rate constant for reaction (2) is diffusion con-
trolled (k2 = 9.8� 109 l molÿ1 sÿ1)19 such that in N2O-
saturated solutions all hydrated electrons (eÿ

aq) formed
will be quantitatively converted to hydroxyl radicals. The
electronic absorption spectrum and the molecular struc-
ture of an aqueous solution of calmagite at pH 9.5 are
shown in Fig. 1. The chromophoric absorption for
calmagite has a maximum at 605 nm with a molar

absorptivity of � = 20,300 l molÿ1 cmÿ1.20 Pulse radi-
olysis of an N2O-saturated aqueous solution containing
20mM calmagite at pH 9.5 resulted in the rapid formation
of a transient with the absorption spectrum shown in Fig.
2. It exhibits absorption bands at 300 and 720 nm with a
shoulder at 480 nm. The strong negative absorption at
600 nm is due to the bleaching of the dye. The bleaching
maximum corresponds to the ground-state absorption
maximum of the dye (Fig. 1). The absorptions at both 300
and 720 nm decay by first-order kinetics with an overall
lifetime of 150ms. The second-order rate constant for the
reaction between calmagite and hydroxyl radical was
determined from the build-up of the transient absorption
at 300 nm to be (1.1� 0.2)� 1010 l molÿ1 sÿ1.

Figure 1. Molecular structure and electronic absorption
spectrum of an aqueous solution containing 100 mM

calmagite at pH 9.5

Figure 2. Time-resolved absorption spectrum of the
transient obtained on the pulse radiolysis of an aqueous
N2O saturated solution of calmagite (20 mM) at pH 9.5. The
pH of the solutions was maintained using 10 mM borate
buffer. The solid line represents the spectrum at 2 ms after
the pulse and the dotted line at 20 ms after the pulse
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Reaction of hydroxyl radical with methyl orange

Figure 3 shows the molecular structure and electronic
absorption spectrum of methyl orange at pH 9.5. The
transient absorption spectrum of the intermediate pro-
duced in the pulse radiolysis of an N2O-saturated aqueous
solution of methyl orange (20mM) at pH 9.2 is shown in
Fig. 4. The absorption spectrum shows maxima at 360
and 580 nm with bleaching at 500 nm corresponding to
the ground-state absorption of methyl orange. At longer
times, the transient absorptions at both 360 and 580 nm
decayed by first-order kinetics to stable products with a
rate constant of 5.6� 103 sÿ1.

The kinetics of the reaction between�OH and methyl
orange were monitored by following the build-up of the
transient absorption at 580 nm. The reaction was found to

have a second-order rate constant of (2.0� 0.3)�
1010 l molÿ1 sÿ1 at 25°C, approximately twice that
obtained for calmagite. These pulse radiolysis studies
characterize the initial reaction steps between�OH
radical and methyl orange.

The hydroxyl radical is an unselective radical and
reacts with substrates by multiple mechanisms such as
electron transfer, addition and hydrogen abstraction.21–23

Therefore, it is possible that the transient intermediates
observed in the case of calmagite and methyl orange
could be an OH adduct or a one-electron oxidation
product of the dye, or both. In order to understand the
nature of the transient intermediate from�OH with
methyl orange, we decided to compare the reactivities of
a known one-electron oxidant and hydroxyl radical
towards this dye. For this purpose, we selected carbonate
radical, which is known to react with aromatic com-
pounds by one-electron transfer.24 Further, carbonate is a
major contaminant in wastewaters,25and in any advanced
oxidation processes the primarily formed hydroxyl
radical could react with natural source of carbonate in
water to form the carbonate radical anion. For textile
dyeing effluents where the pH is much greater than
neutral, scavenging of�OH radicals by carbonate ion will
be a major pathway. Hence the carbonate radical could
contribute significantly to the degradation of organic
pollutants, including azo dyes. Therefore, understanding
the reactivity of carbonate radical towards dyes and other
organic pollutants could provide new insights into the
development of efficient advanced oxidation processes
for wastewater treatment.

Carbonate radicals

Carbonate radicals were generated by the pulse radiolysis
of an aqueous solution of 0.1M sodium carbonate26 at pH
11.0 according to Eqn. 3. Carbonate radical has a reduc-
tion potential of 1.6 V27 and can be detected by its well
resolved absorption spectrum with�max at 600 nm.28

:
OH� CO2ÿ

3 ! ÿOH� COÿ:3 �k3

� 3:9� 108l molÿ1sÿ1�17 �3�

The formation of the carbonate radical anion was
confirmed by a transient, with an absorption maximum at
600 nm, very similar to the absorption spectrum of
carbonate radical reported in the literature.28 The study
was carried out at pH 11.0 since the reaction of�OH with
carbonate ion is much faster than that with hydrogencar-
bonate ion (8.5� 106 l molÿ1 sÿ1).17 The carbonate
radical exists in equilibrium with the less reactive
hydrogencarbonate radical, HCO3

�, [Eqn. 4] with a pKa

of 9.6.29 Therefore, at pH 11.0 the reactive species in
solution is predominantly the carbonate radical anion.
Thus formed, the carbonate radical decayed by second-

Figure 3. Molecular structure and electronic absorption
spectrum of an aqueous solution containing 40 mM methyl
orange at pH 9.5

Figure 4. Time-resolved absorption spectrum of the
transient obtained on the pulse radiolysis of an N2O
saturated aqueous solution of 20 mM methyl orange at pH
9.2. The pH of the solutions was maintained using 10 mM

borate buffer. The solid line represents the spectrum at 4 ms
after the pulse and the dotted line at 30 ms after the pulse
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order kinetics with a rate constant of 1.2� 107 l molÿ1

sÿ1 at 25°C.

HCO:
3� COÿ:3 � H��pKa � 9:6� �4�

Reactions of CO3
ÿ. with methyl orange

The reaction of carbonate radical with methyl orange was
studied at pH 11.0 and 25°C. The kinetics were followed
by monitoring the decay of carbonate radical at 600 nm.
In the presence of methyl orange, the apparent carbonate
radical decay at 600 nm did not go to zero absorption
owing to its reaction with the dye and subsequent
formation of a transient having absorption in the same
range where CO3

ÿ. absorbs. The initial decay of
carbonate radical at 600 nm was analyzed to extract the
pseudo-first-order rate constants at different initial
concentrations of methyl orange. The second-order rate
constant for the reaction between carbonate radical and
methyl orange at pH 11.0 was determined to be
(2.1� 0.3)� 108 l molÿ1 sÿ1, which is two orders of
magnitude lower than that of the reaction of hydroxyl
radicals with methyl orange (2.0� 1010 l molÿ1 sÿ1).

The transient absorption spectrum of the intermediate
formed in the reaction between carbonate radicals and
methyl orange was determined by measuring the
absorbance over the wavelength range 300–800 nm.
Since the rate constant for the reaction between methyl
orange and carbonate radicals is low, a high concentra-
tion of the dye (0.2 mM) was used to obtain a measurable
concentration of the transient intermediate. Owing to this
high dye concentration, the analyzing light intensity was
close to zero in the wavelength region from 380 to
500 nm, making it impossible to measure the transient
absorption in this region. Figure 5 shows the transient
absorption spectrum obtained in the pulse radiolysis of an
aqueous solution of 0.1M carbonate in the presence of 0.2
mM methyl orange at pH 11.0. This absorption spectrum
exhibits maxima at 360 and 580 nm with an absorbance
ratio (A360/A580) of 1.2. The carbonate radical is a one-
electron oxidant and therefore the absorption spectrum
shown in Fig. 5 should be that of the one-electron
oxidation product of methyl orange, the anilino cation
radical. If one compares Fig. 5 with Fig. 4 (spectrum of
the transient from �OH with methyl orange), the
absorption spectrum shows the same maxima in either
case and also the ratio of the absorbance between 360 and
580 (A360/A580= 1.2) is identical. This suggests that the
same intermediate is formed in the reactions of�OH and
CO3

ÿ. radicals with methyl orange.

DISCUSSION

The hydroxyl radical-induced oxidation of two model

textile azo dyes, calmagite and methyl orange, was
studied by the pulse radiolysis technique. The reactions
of hydroxyl radicals with these azo dyes are diffusion
controlled with rate constants of 1.1� 1010 and
2.0� 1010 l molÿ1 sÿ1, respectively, at 25°C. These rate
constants are in good agreement with that of 2.0� 1010 l
molÿ1 sÿ1 reported11 for the reaction of �OH with
azobenzene, the simplest model for an azo dye. In the
reaction of hydroxyl radicals with methyl orange, a
transient intermediate is observed immediately after the
reaction which decomposes to stable products at longer
times. The rate (rate constant� concentration) of�OH
radicals reacting with methyl orange is 4.0� 105 sÿ1

under the experimental conditions used in Fig. 2. This
value is much higher than the rate of self decay of�OH
radicals (4.2� 104 sÿ1), suggesting that all the�OH
radicals have reacted with methyl orange. Hydroxyl
radicals are known to add to the benzene ring to form
hydroxycyclohexadienyl radicals absorbing in the region
300–320 nm.30,31 Since methyl orange has a dimethyla-
mino group, this will be the most likely site of oxidation
by the hydroxyl radical. Hydroxyl radicals could attack
the dimethylamino group of methyl orange by abstracting
a methyl hydrogen, formingN-methylanilinomethyl
radical. The hydrogen abstraction reactions of�OH from
substituents are usually one to two orders of magnitude
slower than that of addition and electron transfer
reactions.17 The high rate constant for the reaction of�OH with methyl orange (2.0� 1010 l molÿ1 sÿ1)
observed in the present case strongly argues against the
possibility of hydrogen atom abstraction. However, such
hydrogen atom abstraction reactions leading to the
formation of anilinomethyl radical (30% yield) is
observed in the reaction of�OH with N,N-dimethylaniline
with the other 70% resulting in the one-electron oxidation
product.21 Given this possibility, reaction of�OH with
methyl orange can also be expected to occur by a mixed

Figure 5. Transient optical absorption spectrum obtained on
pulse radiolysis of an N2O-saturated aqueous solution
containing 0.1 M carbonate and 0.2 mM methyl orange at
pH 11.0. The absorbances were measured at 30 ms after the
pulse
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transient formation. If the absorption spectrum shown in
Fig. 4 is due to a mixture of transients, the rate at which
the absorptions at 360 and 580 nm decay would be
different. However, the transient absorptions at 360 and
580 nm decayed with the same rate constant and
additionally the ratio of the absorbances at 360 to
580 nm at different times was found to be the same.
Therefore, this suggests that in the reaction of�OH with
methyl orange only one transient is formed. The nitrogen
of the dimethylamino group of methyl orange is highly
electron rich, making it more susceptible to attack by the
radical through one-electron transfer [Eqn. 5]. Hence the
absorption espectrum shown in Fig. 2 should be that of
the anilino cation radical (1).

In order to confirm this, we studied the reaction of
methyl orange with a known one-electron oxidant such as
carbonate radical. The reaction between methyl orange
and carbonate radical produced a transient with an
absorption spectrum (Fig. 5) similar to that obtained from
the reaction of�OH with methyl orange (Fig. 4). Further,
the ratio of the absorbances at 360 to 580 nm is 1.2,
suggesting that in either case these are the same transient
intermediates. Therefore, the results strongly suggest that
hydroxyl radical reacts with methyl orange by one-
electron transfer to produce the cation radical as the
immediate product of the reaction. The cation radical
thus formed has a lifetime of 180ms and decomposes to
stable products at longer times.

Calmagite is ano,o'-dihydroxy azo dye which can exist
in either one of two tautomeric forms,32 an azo form or a
hydrazone form, or an equilibrium mixture of both,
depending on the pH. The pKa values of the naphtholic
and phenolic OH groups of calmagite are 8.14 and 12.35,
respectively.33 In the present study, since the reactions
were carried out at pH 9.5, it is possible that calmagite
exists predominantly in the azo form. Hydroxyl radicals
can react with calmagite through multiple pathways
owing to the presence of different reactive sites. One-
electron oxidation of the phenolic and naphtholic OH
groups gives the phenoxyl and naphthoxyl radicals,
respectively, which typically absorb near 400 nm.34

Addition to the benzene ring produces hydroxycyclo-
hexadienyl radicals with absorption in the range 300–
320 nm. The reaction of hydroxyl radical with phenol
leading to the formation of phenoxyl radical has been
reported by Land and Ebert.34 They proposed a mechan-
ism involving the formation of an�OH adduct of phenol
as the initial step, followed by rapid water elimination
generating the phenoxyl radical. However, Fieldet al.35

reported that in the reaction of�OH with phenol a
substantial amount of direct hydrogen abstraction from
the phenolic OH group also occurs, leading to the
formation of phenoxyl radical. The rate constant for the
reactions of �OH with phenol and 2-naphthol are
1.4� 1010 and 1.2� 1010 l molÿ1 sÿ1, respectively,17,36

close to that obtained for the reaction of�OH with
calmagite. Since calmagite has both naphtholic and
phenolic OH groups, the interaction with hydroxyl
radical could produce a mixture of phenoxyl- and
naphthoxyl-type radicals or possibly the naphthoxyl in
preference to the phenoxyl (the reduction potential of
naphthol is lower than that of phenol). It is also known
that the decomposition of the initial OH adducts of
phenol to form phenoxyl radical is catalyzed by both
bases and buffers.34 In our studies, the reaction of�OH
with calmagite was carried out at pH 9.5 in the presence
of borate buffer. Therefore, it is possible that the initial
OH adduct of calmagite decomposes rapidly to the
phenoxyl-type radical on the time-scale during which we
monitored the reaction. Thus, the absorption spectrum
shown in Fig. 2 could be due to a mixture of phenoxyl and
naphthoxyl radicals. Scheme 1 shows the possible
intermediates that could be formed in the reaction of
hydroxyl radicals with calmagite.

Further mechanistic understanding of these reactions
will come from identifying the end products of the
reactions of hydroxyl radicals with methyl orange and
calmagite. These experiments are currently under way.
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