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Mechanism of bleaching by peroxides�

Part 6. Kinetics of the peroxide bleaching of methyl orange
catalysed by MoO42− and WO4

2− at pH 10
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Abstract

The kinetics of bleaching of the azo dye methyl orange (4-[[(4-dimethylamino)phenyl]-azo]benzenesulfonic acid sodium salt) by hydrogen
peroxide both alone and catalysed by [MoO4]2− and [WO4]2− have been studied at 25◦C at pH 10. The effects of adding the sequestrant CIX
(diethylenetriaminepentakis-methylenephosphonic acid), free radical and singlet oxygen traps were investigated. It was established that two
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arallel catalytic pathways were involved: bleaching by peroxomolybdate or peroxotungstate species and oxidation by singlet o
atter being generated by peroxo species.

2005 Elsevier B.V. All rights reserved.
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. Introduction

We have reported in earlier work the catalytic effects
f molybdate and tungstate ions, MoO4

2− and WO4
2−,

or the bleaching of phenolphthalein[1] and of malvin
hloride [2] by hydrogen peroxide. The conditions used
ere those applicable to domestic laundry bleaching, i.e.,
t ambient temperatures and at normal domestic bleach pH
ca. 10). In later work[3], we compared the efficacies of
hese catalysts with those of a series of polyoxomolyb-
ate and polyoxotungstate complexes for the bleaching by
2O2 of the azo dye methyl orange and of the carotenoid
ye crocetin. The kinetics and mechanism of the bleach-

ng by H2O2 catalysed by the triple sandwich polyoxometa-
ate Na12[Co3

II W{CoII W9O34}2(H2O)2]·47H2O were then
tudied in more detail[4].

Here we report a fuller study of the kinetics of bleaching of
ethyl orange Na(Me2NC6H4N NC6H4SO3) by hydrogen
eroxide using MoO42− and WO4

2− as catalysts. Methyl

� For Part 5 see[4].
∗ Corresponding authors. Tel.: +44 20 7594 5759; fax: +44 20 7594 5804.

orange may be taken as a typical azo dye. The kinetic
mechanism of its uncatalysed bleaching by peroxosulfat
by several organic peracids have recently been studie
Oakes and Gratton[5] who have also studied the oxidati
of several related arylazo dyes[6,7].

2. Experimental

2.1. Materials and conditions

Starting materials were purchased from Aldrich or B
and used without further purification. Methyl orange was
tained from Sigma–Aldrich while CIX (diethylenetriamin
pentakismethylenephosphonic acid) and 30% stabil
hydrogen peroxide were provided by Solvay Inte
Buffer components were purchased from Merck.
concentration of H2O2 was determined by permangan
titration [8]. Triply de-ionised water (18 M� cm) was use
throughout.

The methyl orange was twice recrystallised from w
and then analysed (found C, 42.6; H, 4.6; N, 10.5%. Calc
E-mail address:w.griffith@imperial.ac.uk (W.P. Griffith). C14H20N3O6Na C, 43.0; H, 4.1; N, 10.7%).

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.02.029
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2.2. Experimental procedures

Buffered solutions of the dye and CIX were mixed in one
flask while H2O2 and the catalyst, also in buffered solution,
were mixed in another flask. Equal volumes (1.2 cm3) of these
liquids were combined by adding them to a 10 mm quartz cu-
vette using a Gilson P5000 pipette with a fresh tip. The con-
tents were mixed by stirring with a plastic cuvette stirrer or by
capping the cell and carefully inverting it. The cell was then
placed into a temperature-controlled cell holder and the opti-
cal absorbance at the appropriate wavelength was measured
every 30 or 60 s. For reactions carried out at temperatures
other than ambient the flasks containing buffered solutions
of reactants had been immersed in an external temperature-
controlled water bath.

Buffer solutions were made by modifications of the
procedures given by Bates[9]. For the pH 10 buffer,
4.2 g of NaHCO3 and 276 cm3 of aqueous 0.1 M NaOH
(M = mol dm−3) solution were diluted with triply de-ionised
water to give a total volume of 1000 cm3. Buffer solutions
were stored in polythene bottles which had been soaked for
>24 h in a 5% Decon 90 solution and then thoroughly rinsed
with de-ionised water.

2.3. Instrumentation
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Fig. 1. Variation ofkobs with [MoO4
2−] with (�) and without (©) 5 mM

DMFu for the bleaching of methyl orange (34.8�M) by H2O2 (58 mM) in
the presence of CIX (0.1 mM) at 25◦C in pH 10 bicarbonate buffer.

the concentrations of the buffer components were adjusted to
keep the pH constant.

The uncatalysed reaction was very slow. The pseudo
first-order rate constantkobs was proportional to the H2O2
concentration, giving a second-order rate constantkuncat of
2.5× 10−5 M−1 s−1 at 25◦C and pH 10.

3.2. Catalysed bleaching

3.2.1. Bleaching catalysed by MoO42−
Addition of quite small concentrations of MoO4

2− greatly
increased the rate of bleaching by H2O2. The electronic spec-
trum of the methyl orange from 190 to 1100 nm was not af-
fected by the presence of the molybdate or any of the products
of the reaction, and in the absence of H2O2 kobswas zero. At a
fixed H2O2 concentration,kobs rose linearly with [MoO4

2−]
as shown inFig. 1, so that the catalytic reaction was first-order
with respect to molybdate.

In all our experiments the large excess of H2O2 would have
converted most of the MoO42− to the oxotriperoxo species
MoO(O2)32− [12,13]and the values of the “free” H2O2 con-
centrations were corrected accordingly. When [MoO4

2−] was
kept constant,kobsrose in a non-linear fashion at low [H2O2]
and then approached an asymptotic maximum as seen in
Fig. 2. Similarly shaped plots were obtained at other MoO4

2−
concentrations up to 750�M. The asymptotic maximum was
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Electronic spectra were measured on a Perkin-E
ambda 2 spectrophotometer fitted with an LKB2219 M

itemp II thermostatic circulator and controlled by an Ep
X2 computer. Values of pH were determined with a
ioSpares 610 540 pH meter. ICP analyses were record
n ARL instrument by Mr. B. Coles of the Geology Dep
ent, Imperial College.

. Results and discussion

.1. General conditions

In aqueous solution methyl orange is almost comple
imerised above 2× 10−4 M and undergoes further a
regation at millimolar and higher concentrations[10].
e therefore used a dye concentration in the 10−5 M

ange, typically 34.8�M, where the Beer–Lambert law
beyed. Reactions at pH 10 were followed at the b
eak at 464 nm in the electronic absorption spec
= 2.68× 104 M−1 cm−1 [5]. To avoid adventitious catal
is by traces of transition metal impurities, runs were ca
ut with 0.1 mM of the sequestrant CIX, used by us in

ier work [3,4], which greatly improved the kinetic repr
ucibility.

Good linear plots of lnA (A is the absorbance) versus ti
were obtained under the pseudo first-order conditions
ith hydrogen peroxide concentrations usually in the ra
0–120 mM. As partial dissociation of H2O2 (pKa11.65[11])

n the alkaline solution produced a small decrease in the
ound to increase proportionally to the MoO4
2− concentra

ion with a gradient of 0.265 M−1 s−1.

.2.2. Bleaching catalysed by WO42−
As with molybdate, the electronic spectrum of methyl

nge (190–1100 nm) was unaffected by addition of tungs
owever, WO4

2− had a lower catalytic activity than MoO42−
nder the same conditions, as we had found earlier for th
xide bleaching of phenolphthalein[1] and of malvin chlo
ide [2] catalysed by these two ions. A plot ofkobs versus
WO4

2−] was linear at any given H2O2 concentration. In ex
eriments with fixed tungstate concentrations and var

H2O2], the latter were corrected to “free” H2O2 by allow-
ng for the formation of the predominant[14,15] diperoxo
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Fig. 2. Plots ofkobsvs. [H2O2] for the bleaching of methyl orange (34.8�M)
catalysed by 500�M MoO4

2− with (�) and without (©) 5 mM DMFu in
the presence of 0.1 mM CIX at 25◦C in pH 10 bicarbonate buffer.

species WO2(O2)22− at pH 10.Fig. 3shows that the result-
ing graphs possess an unusual shape: thekobsvalues increase
rapidly with increasing [H2O2] and then pass through a peak
near 35 mM of the latter before gently decreasing. The max-
imum values forkobs are approximately 55× 10−6 s−1 for
0.5 mM WO4

2− and 105× 10−6 s−1 for 1 mM WO4
2−.

3.2.3. Bleaching by other catalysts
Brief studies were made with two other potential cata-

lysts. Potassium chromate had previously been shown to be
a moderately effective catalyst for the bleaching by H2O2
of phenolphthalein[1] and of malvin chloride[2], but with
methyl orange the rate was only slightly increased by addi-
tion of K2CrO4. Addition of [Co(NH3)5Cl]Cl2, particularly
at the higher concentration of 1 mM, was actually found to
inhibit the peroxide bleaching of methyl orange.

3.2.4. Effect of varying the dye concentration
In the above experiments the catalyst concentration ex-

ceeded that of methyl orange because of the large extinction
coefficient of the latter and the high concentration of catalyst
needed to achieve a reasonably fast rate. Work was therefore
carried out with higher concentrations of dye (34.8, 69.6, 104
and 176�M), with and without each catalyst, by using quartz

F
c
t

cells of 1, 5 and 10 mm widths, in order to keep the initial
absorbances at 464 nm close to the optimal 0.8. The values
obtained forkobs varied slightly but displayed no trend with
rising dye concentrations, confirming that the reaction was
first-order with respect to methyl orange.

3.2.5. Effect of light and of free radical trapping agents
Experiments were carried out to establish whether the

spectrophotometer radiation at 464 nm affected the rate of
bleaching by blocking out the light for periods between mea-
surements. There was no discernible effect onkobs for either
MoO4

2−- or WO4
2−-catalysed bleaching.

Addition of 0.5 mMN-tert-butyl-�-phenylnitrone, an ef-
fective trap for free-radicals in alkaline solutions[1,2,16], to
reaction mixtures of 34.8�M methyl orange, 58 mM H2O2,
0.1 mM CIX, and 1 mM MoO42− or WO4

2−, in pH 10
aqueous bicarbonate buffer at 25◦C, gave values ofkobs of
235× 10−6 s−1 for MoO4

2− and 104× 10−6 s−1 for WO4
2−.

These are very close to those found in the absence of trapping
agent (241× 10−6 s−1 and 98.4× 10−6 s−1, respectively),
indicating that free radicals do not play a significant role
under these conditions.

3.2.6. Effect of a singlet oxygen trapping agent
As in our earlier work[1,2,16], the possible involve-

ment of singlet oxygen (1O ) was detected by the1O trap
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ig. 3. Plots ofkobsvs. [H2O2] for the bleaching of methyl orange (34.8�M)
atalysed by 500�M WO4

2−, with (�) and without (©) 5 mM DMFu in
he presence of 0.1 mM CIX at 25◦C at pH 10.
2 2
,5-dimethyfuran (DMFu). In initial experiments at pH
nd at 58 mM H2O2, DMFu at concentrations between
nd 7.5 mM was added to reactions catalysed by 0.5
O4

2− (M = Mo, W) so that it was in excess of both d
nd catalyst concentrations. The values ofkobsthen decrease
arkedly, suggesting that1O2 did indeed play a significa

ole. With MoO4
2− kobs decreased from 123× 10−6 s−1 to

minimum of ca. 43× 10−6 s−1 when the concentration
MFu reached 5 mM: at higher DMFu concentrations
alue of kobs did not decrease further. For WO4

2− a con-
entration of 4 mM DMFu was needed forkobs to fall from
9× 10−6 s−1 to a minimum of 25× 10−6 s−1. It is likely that

ungstate needed less DMFu than molybdate because W4
2−

roduces less1O2 than does MoO42− in alkaline solution
13,14]. In all subsequent experiments we used at least 5
f DMFu.

It follows that1O2 is an active oxidant in the bleaching
ethyl orange, contributing some 70% ofkobs for MoO4

2−
nd 50% for WO42−. Additional evidence for the involve
ent of 1O2 in these systems was provided by compa

eaction rates carried out in2H2O buffer solutions. The sho
ifetime of1O2 arises from the efficiency of H2O as a quench
ng agent;2H2O is much less efficient in this respect, and
orresponding lifetime of1O2 is 14± 1 times longer in2H2O
17]. It follows that if the bleaching of methyl orange involv
ubstantial participation of1O2, kobs should increase in de
eriated buffer solutions. In agreement with this,kobs values
or 0.5 mM MoO4

2− and WO4
2− in pH 10 aqueous bicarbo

te buffer at 25◦C were 123× 10−6 s−1 and 49× 10−6 s−1,
espectively, while in a 50% by volume deuteriated bu
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solution the corresponding values were 194× 10−6 s−1 and
72× 10−6 s−1. The larger rise inkobs of 58% for MoO4

2−
than of 47% for WO42− in the partially deuteriated buffer
again reflects the greater ability of molybdate to generate
singlet oxygen[13].

3.2.7. Reaction paths in molybdate catalysed bleaching
AsFig. 1shows,kobsincreased linearly with added sodium

molybdate in the presence of 5 mM DMFu as well as in its ab-
sence. However, the resulting second-order rate constant was
much reduced by adding DMFu, from 24.5× 10−2 M−1 s−1

to 6.5× 10−2 M−1 s−1. The directly measured uncatalysed
rate constant was not affected by addition of DMFu.

At given molybdate concentrations in the presence of
DMFu, kobs initially rose with increasing [H2O2] and then
gradually levelled off to an apparent plateau. The plateau val-
ues were approximately proportional to the molybdate con-
centrations used. As seen inFig. 2, although the general pat-
tern was fairly similar to that found in the absence of DMFu,
the rate constants were all much smaller when DMFu was
present to trap singlet oxygen.

We now postulate the additivity hypothesis that bleach-
ing catalysis by the peroxomolybdate species (represented by
the DMFu results) and bleaching catalysis by singlet oxygen
(generated by the peroxomolybdate system) proceed side by
s tion
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Fig. 5. Speciation diagram for peroxomolybdates at pH 10 calculated from
the data of Nardello et al.[13].

dence for a singlet oxygen pathway in the catalysed bleaching
of methyl orange.

The experiments involving DMFu provide the rate con-
stants of the other catalytic pathway. To identify the rele-
vant catalytic agent the results need to be compared with
the behaviour of the various peroxomolybdate species. Sev-
eral research groups[12,13,15,19,20]have investigated the
peroxomolybdate system by a variety of spectroscopic and
kinetic techniques. Although the work of Nardello et al.[13]
used concentrations of MoO42− and H2O2 in the molar range,
their equilibrium constants seem to be the most reliable (af-
ter Thompson et al.[1] clarified certain contradictions be-
tween some of their data and those of Csányi et al.[12]). We
have therefore based our speciation calculations on them. The
resultant speciation diagram inFig. 5 applies to molybdate
concentrations sufficiently low for dimeric species such as
Mo2O3(O2)42− to be almost fully dissociated. Comparison
with the DMFu runs inFig. 2clearly points to MoO(O2)32− as
the most likely species responsible for catalysing the bleach-
ing reaction. Nardello et al.[13] concluded that it was also
the main precursor of molecular oxygen formation.

3.2.8. Reaction paths in tungstate catalysed bleaching
Plots ofkobs against the concentration of added sodium

tungstate were linear in the presence of 58 mM H2O2 and
5 −2 −1 −1

t
t
t
d t
i .
A Fu
b

k

l ygen
a

m t-
ide, independently of each other. It follows that subtrac
f the kobs values obtained with DMFu (which suppres

he1O2 path) from the overallkobsvalues obtained in the a
ence of DMFu, leads to rate constants (calledksing) due to
leaching by singlet oxygen alone.

The resultant values ofksing have been plotted inFig. 4
gainst the corrected concentrations of free H2O2 at 0.25
nd 0.5 mM molybdate concentrations. Superimposed
een the rates of generation of1O2 published by Aubry an
azin [17] for 1 mM molybdate in otherwise very simil
onditions. A closely similar plot for1O2 formation at 1 mM
olybdate was obtained by Böhme and Brauer[18]. The
greement between the shape of the1O2 curve and ourksing
ata supports the additivity hypothesis and underpins th

ig. 4. Variation ofksing with [H2O2] in the presence of 250�M (�) and
00�M (©) MoO4

2− and 0.1 mM CIX in pH 10 bicarbonate buffer at 25◦C,
ompared with the rate of evolutionv of 1O2 in the presence of 1000�M
oO4

2− and 0.1 mM EDTA in pH 10.5 phosphate buffer at 25◦C reported
y Aubry and Cazin[17].
mM DMFu, but with a smaller slope of 4.3× 10 M s
han without DMFu (9.8× 10−2 M−1 s−1). However, when
he tungstate concentrations were kept constant,Fig. 3shows
hatkobspassed over a peak at around 40 mM H2O2 and then
eclined. With the addition of DMFu,kobs became almos

ndependent of the concentration of H2O2 after an initial rise
ll the rate constants were lowered by addition of DM
ecause it eliminated the1O2 catalytic pathway.

Application of the additivity equation

obs− kobs(with DMFu) = ksing (1)

eads to the rate constants for bleaching by singlet ox
lone.

In Fig. 6ksing is seen to rise with increasing [H2O2] to a
arked peak near 40 mM H2O2, and then to decline. This la
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Fig. 6. A plot ofksing vs. [H2O2] in the presence of 500�M WO4
2− and

0.1 mM CIX at pH 10 and 25◦C.

ter behaviour parallels that of the concentration of the diper-
oxotungstate species WO2(O2)22− in the speciation diagram
(Fig. 7) calculated from the data of Nardello et al.[14] for
the peroxotungstate system. However, the diperoxo curve in
Fig. 7 fails to explain the steep rise in theksing values at low
H2O2 concentrations. This suggests that the diperoxo species
may not be the precursor of1O2 as proposed by Nardello et
al. [14].

The bleaching rate constants by the other catalytic path-
way are given by the DMFu runs inFig. 3. The dependence
of thekobs(DMFu) results on [H2O2] is quite different from
the [H2O2] variation of either the diperoxo WO2(O2)22− or
the tetraperoxo W(O2)42− species inFig. 7. Although no ev-
idence for a triperoxotungstate WO(O2)32− species was pro-
vided by the183W NMR spectra of 1 M WO42− solutions in
H2O2, Nardello et al. stated that formation of such a species
could not be completely ruled out[14]. It is just such a triper-
oxo ion, MoO(O2)32−, which fitted the kinetic results in the
analogous molybdate system discussed above.

3.2.9. Reaction products
There seem to be no reports in the literature concerning the

nature of the products formed on oxidation of methyl orange
by H2O2 catalysed by molybdate or tungstate, or oxidised by
1O2. We found that oxidation of methyl orange on a prepara-
tive scale by excess HO at pH 10 in the presence of sodium

F from
t

molybdate over a period of 2 weeks gave a clear pale orange
solution. Its electronic spectrum had a peak at 319 nm and
a profile which, as in the work of Oates and Gratton using
peroxysulfate as co-oxidant[5], closely matched that of the
amine oxide Me2N+O−C6H4N2C6H5 reported by Pentimalli
[21]. Electron-spray mass spectroscopy and HPLC analyses
were also used on solutions near pH 10 containing H2O2,
MoO4

2−, CIX and dye, but although at least five fragments
were observed in HPLC none could be identified with cer-
tainty by mass spectroscopy.

Recent work has shown that the oxidation products
of methyl orange by H2O2 catalysed by [Mn2(�-O)3
(TMTACN)]2+ (TMTACN = 1,4,7-trimethyl-1,4,7-triazacyc-
lononane) include its N-oxide, the azoxy-N-oxide and mon-
odemethylated methyl orange[22].

4. Conclusions

The bleaching of methyl orange by H2O2 is strongly catal-
ysed by molybdate and tungstate at pH 10. Both catalysed
reactions are first-order with respect to dye and catalyst con-
centrations with a more complex peroxide dependence. The
bleaching consists of two parts: metal-catalysed, which does
not involve free radicals, and by singlet oxygen, generated
b
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